
Comparative transcriptomics of rice reveals an
ancient pattern of response to microbial colonization
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Glomalean fungi induce and colonize symbiotic tissue called ar-
buscular mycorrhiza on the roots of most land plants. Other fungi
also colonize plants but cause disease not symbiosis. Whole-
transcriptome analysis using a custom-designed Affymetrix Gene-
Chip and confirmation with real-time RT-PCR revealed 224 genes
affected during arbuscular mycorrhizal symbiosis. We compared
these transcription profiles with those from rice roots that were
colonized by pathogens (Magnaporthe grisea and Fusarium mo-
niliforme). Over 40% of genes showed differential regulation
caused by both the symbiotic and at least one of the pathogenic
interactions. A set of genes was similarly expressed in all three
associations, revealing a conserved response to fungal coloniza-
tion. The responses that were shared between pathogen and
symbiont infection may play a role in compatibility. Likewise, the
responses that are different may cause disease. Some of the genes
that respond to mycorrhizal colonization may be involved in the
uptake of phosphate. Indeed, phosphate addition mimicked the
effect of mycorrhiza on 8% of the tested genes. We found that 34%
of the mycorrhiza-associated rice genes were also associated with
mycorrhiza in dicots, revealing a conserved pattern of response
between the two angiosperm classes.
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Symbioses known as arbuscular mycorrhiza (AM) origi-
nated �400 million years ago, coincident with land colo-

nization by plants (1–5). The ancient nature of the AM
symbiosis suggests that it is ancestral to other plant–microbe
interactions (reviewed in refs. 6 and 7). There are genes in
legumes that affect symbiosis with both eukaryotic AM fungi
and prokaryotic Rhizobia (8–12), indicating conservation of
symbiotic mechanisms. Furthermore, both bacterial and fungal
root symbioses share signal-transduction components with
root-knot nematodes, indicating the recruitment of symbiont-
response pathways by the pathogen (13).

The mutualism of the life-long AM association is manifested
in a bidirectional nutrient exchange between the partners. The
fungus provides the plant with minerals, mainly phosphate, and,
in turn, obtains carbohydrates. AM fungi are obligate biotrophs
and associate intimately with the root cortex of their host. They
frequently establish intracellular highly differentiated haustoria
(arbuscules), which are the key structures thought to be involved
in bidirectional nutrient exchange (14, 15). Development of the
symbiosis requires significant physiological changes of both
partners (14, 16), which must result from plant–fungal commu-
nication and should, in part, be mirrored by changes in tran-
scription of particular genes.

Many groups have pioneered molecular techniques to screen
for dicotyledonous-plant genes regulated in response to mycor-
rhizal colonization. These techniques include hybridization of
subtracted cDNA libraries (17), differential display (18–20),
suppressive subtractive hybridization (21–24), large-scale EST
sequencing of various root cDNA libraries (25, 26), and hybrid-

ization of cDNA macro- and microarrays (22, 26–28). Although
the techniques allowed only partial characterization of host
transcriptomes, an extensive list of candidate genes was ob-
tained, indicating a broad host-response to the interaction.

Monocotyledonous plants such as rice enter into AM symbi-
oses, but global profiling to detect mycorrhiza-regulated genes
has not been reported. Arabidopsis is refractory to colonization
by AM fungi, so rice is currently the only mycorrhizal plant with
a completely sequenced genome and whole-genome profiling
tools (29, 30). Here, we present a microarray study of rice after
colonization by a symbiotic fungus. Studying the expression of
the resulting genes on pathogenic interactions, we discovered a
common set of genes that respond to fungal colonization. A
subset of the AM-affected genes are changed by elevated Pi
fertilization, indicating that rice may be responding to AM as a
source of Pi. The data reveal genes in both mono- and dicoty-
ledonous plants that respond to AM and suggest a conserved
mechanism.

Materials and Methods
Plant Growth and Inoculation. Mycorrhiza and Pi. Seeds of Oryza
sativa cv. Nipponbare were surface-sterilized in sodium hypo-
chlorite solution (2% active chlorine), washed repeatedly with
sterile water, and planted in autoclaved sand. Plants were grown
in phytochambers with a 12-h day�night cycle at 28°C�23°C and
were watered every second day with half-strength Hoagland
solution. For mycorrhizal experiments, Hoagland solution was
supplemented with 100 �M KH2PO4 and, for Pi experiments,
with 5, 100, and 500 �M KH2PO4. Aseptically grown Glomus
intraradices was used to inoculate rice roots as described in ref.
31. For each treatment, 45 plants were raised and harvested at
6 weeks.
Pathogen infection. The Magnaporthe grisea strain Guy 11 and
Fusarium moniliforme were used to infect the roots of 10-day-old
rice seedlings, as outlined in refs. 31 and 32. Root tissue was
collected at 2, 4, and 6 days postinoculation (dpi).

RNA Isolation and GeneChip (Affymetrix) Hybridization Analysis. To-
tal RNA was isolated from frozen root tissue by using the
RNEasy Plant Maxi kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. The Syngenta-designed rice
GeneChip microarray (sySYNG003a) was used for this study
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(Syngenta, Basel). RNA labeling and hybridization were per-
formed as described in ref. 33 (for a detailed description of the
GeneChip hybridization analysis, see Supporting Text, which is
published as supporting information on the PNAS web site).

cDNA Synthesis and Real-Time RT-PCR. Total RNA was DNase-I-
treated according to the provided protocol (Invitrogen Life
Technologies). Before first-strand cDNA synthesis, the absence
of genomic DNA in the RNA samples was confirmed by PCR.
First-strand cDNA synthesis was carried out following the
manufacturer’s instructions by using SuperScript II Reverse
Transcriptase (Invitrogen Life Technologies). Primer design for
real-time RT-PCR was carried out with the software PRIMER
EXPRESS (Applied Biosystems) (see Table 1, which is published
as supporting information on the PNAS web site). To ensure
gene-specific amplification, primers were designed against the 3�
UTR of every candidate gene. For genes for which no 3� UTR
could be identified, at least one primer sequence spanned an
exon–exon boundary. For 119 of the 256 candidate genes, the
sequence information was obtained from full-length cDNA
libraries. For the remaining 137 genes, identification of 3� UTRs
and�or exon–exon boundaries relied on gene-structure predic-
tions. To further ensure gene specificity, primer sequences were
compared with the rice genome by using BLASTN. Real-time
RT-PCR was carried out in optical 384-well plates and labeled
by using the SYBR green master mix (Applied Biosystems), and
the fluorescence was quantified with a Prism 7900 HT sequence
detection system (Applied Biosystems). Because of the large-
scale nature of the project, liquid handling for the 384-well plates
was performed with a Biomek robot (Beckman Coulter). The
expression of each gene was assayed in triplicate in a total
volume of 10 �l containing 1� SYBR green reagent, 200 nM
each gene-specific primer pair, and 1 ng of cDNA or 50 ng of
fungal genomic DNA. The thermal profile recommended by
Applied Biosystems was used for amplification (50°C for 2 min,
95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min).
To verify amplification of one specific target cDNA, a melting-
curve analysis was included according to the thermal profile
suggested by the manufacturer (95°C for 15 s, 60°C for 15 s, and
95°C for 15 s). The generated data were analyzed with SDS 2.2
software (Applied Biosystems). For all amplification plots, the
baseline data were set with the automatic CT function available
with SDS 2.2, calculating the optimal baseline range and threshold
values by using the AutoCt algorithm (SDS 2.2 user’s manual).

Data Processing and Normalization. GeneChip. For a description of
the applied strategy to calculate gene-expression values and
normalization, see Supporting Text.
Real-time RT-PCR. Three constitutively expressed control genes
were selected for normalization of candidate-gene expression
levels. These genes were selected as constitutive controls because
of their steadily high transcript levels when profiling RNAs from
a variety of biological conditions and developmental stages (data
not shown). The genes were polyubiquitin 1 (OsRubQ1) (34); a
gene encoding a protein with homology to the Arabidopsis
thaliana ubiquitin-conjugating enzyme (AtUBC9) (35); and
OsSMT3 (also known as OsSUMO-1) (36), whose product is
annotated as a ubiquitin-like protein. The CT values determined
for the 3 control genes remained consistent across all PCR
replicates (data not shown). The geometric mean expression
levels of the 3 control genes were calculated and the error
propagation rules were applied to define normalization factor
and standard deviation (37). Constitutive controls were mea-
sured in each PCR run. Candidate-gene expression data from
real-time RT-PCR were plotted as 2(40�CT)�10, as described in
ref. 38, and normalized against the constitutive reference genes.
According to the manufacturer’s instructions, a CT value of �39
corresponds to nonspecific amplification marking the limits of

detection, which is equivalent to an expression threshold of 0.2.
To minimize the effect of low values generating unrealistically
high changes, we corrected lower values to 0.2. A gene was
defined as differentially regulated after applying the Student t
test with a false discovery rate �0.05. The efficiency rate of PCR
amplification was analyzed for 10 representative genes by mea-
suring a series of input cDNA concentrations from 0.75 to 50 ng
(n � 3) and was found to be highly linear (Pearson correlation
coefficient r � 0.95). The data were imported into GENESPRING
software (Agilent Technologies, Palo Alto, CA) for further
analysis.

Results
Rice Transcriptome Analysis. Two independent experiments were
performed to compare wild-type O. sativa cv. Nipponbare
colonized by G. intraradices with mock-inoculated plants.
Colonization levels, expressed as percentages of total root
colonized (39, 40) reached 86 �6% and 85 �9% at 6 weeks
postinoculation (wpi). To monitor global transcriptional
changes in rice in response to mycorrhizal colonization, we
used a custom-designed whole-genome rice GeneChip array.
This DNA chip consisted of probe sets corresponding to
�50,000 unique known and predicted genes and EST clusters
based on the completed rice genome sequences (29, 30). Each
gene was represented by at least 1 probe set of 10 perfect-
match probes; the probes were 25-mer oligonucleotides. Tech-
nical assessment of the GeneChip microarray revealed high
reproducibility and sensitivity (www.syngentabiotech.com�
en�downloads�rice%20whole%20genome%20report1.pdf).

The aim of this study was to create a robust dataset by
identifying genes with moderate to high expression levels and
with clear changes in transcript level. Because of the second-
order kinetics of hybridization, the signal-to-noise ratio de-
creases exponentially with reduced transcript abundance; there-
fore, stringent filtering conditions were applied after
normalization of the data. Background expression was set at 50,
which is equivalent to the mean values (26.65 � 5.23) of the
negative controls (n � 37) plus four times the standard deviation.
Genes were considered to be regulated by mycorrhizal coloni-
zation if they showed a �3-fold change in expression level in
colonized plants relative to mock-inoculated plants at 6 wpi in
both experiments. A total of 256 genes met these criteria, of
which 20 were �3-fold down-regulated (3- to 14-fold) and 236
were �3-fold up-regulated (3- to 203-fold). The tissue was
harvested after symbiosis was established, and thus, genes that
were differentially regulated only at earlier infection stages were
undetected, as were genes with weak changes in expression. The
previously described mycorrhiza-induced phosphate transporter
OsPT11 (31) was present on the chip and was used as a positive
control for the mycorrhiza-specific accumulation of transcripts.
OsPT11 was one of the strongest up-regulated genes (154-fold
increase).

Validation of GeneChip Data by Real-Time RT-PCR. One of the two
RNA preparations used for chip hybridization was tested by
real-time RT-PCR to confirm that 224 of the 256 candidate
genes were regulated upon mycorrhizal colonization. Increases
in mRNA levels of 1.5- to �300,000-fold were seen for 209 genes,
whereas decreases of 2.4- to 23-fold were seen for 15 genes
(Table 1). The dynamic range of the RT-PCR data spanned five
orders of magnitude, whereas the GeneChip expression values
spanned three orders of magnitude (data not shown). The
mycorrhiza-inducible OsPT11 marker gene (31) was one of the
224 confirmed genes, with �1,500-fold up-regulation in colo-
nized versus mock-treated roots. To test for interference by
fungal transcripts, a representative set of 40 primer pairs cor-
responding to 40 up-regulated rice genes were tested on fungal
genomic DNA. No amplification products were obtained, con-
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firming that the monitored transcript accumulation was of rice
origin (data not shown).

Rice Genes Regulated in Response to Fungal Pathogen Infection. To
determine whether rice uses its symbiont-regulated pathways to
respond to pathogens, expression of the 224 mycorrhiza-
inducible genes was examined after challenging roots with two
pathogenic fungi, the hemibiotrophic M. grisea (causes blast
disease) and the necrotrophic F. moniliforme (causes bakanae�
foot rot). Expression was examined at 6 dpi, when both fungi had
penetrated root tissue. OsPR4 (pathogenesis-related type 4) was
shown previously to be induced in leaves infected by M. grisea
(41). Transcript levels of OsPR4 increased 21-fold and 15-fold in
roots infected with M. grisea and F. moniliforme, respectively. A
total of 26 genes were up-regulated and 4 genes were down-
regulated in all three interactions (Fig. 1A; see also Table 2,
which is published as supporting information on the PNAS web
site). In addition, roots infected with G. intraradices and M. grisea
shared 34 up-regulated and 9 down-regulated genes; those with
G. intraradices and F. moniliforme shared 21 up-regulated and 1
down-regulated gene (Fig. 1 A and Table 2). These observations
were confirmed by examining selected up-regulated genes in
replicates at 2 and 4 dpi for both pathogenic interactions. At 4
dpi, elevated transcript levels were observed for all 30 tested
genes upon infection with both pathogens. At 2 dpi, 12 and 15
genes were up-regulated by M. grisea and F. moniliforme infec-
tion, respectively, suggesting that 3 genes were induced only at
4 dpi and at later stages of M. grisea infection (data not shown).
The results corroborated the differential expression of 95 genes
in response to colonization by mycorrhizal fungi and one or both
of the two pathogens.

Rice Genes Regulated in Response to Increased Pi Availability. Be-
cause mycorrhiza assists the plant with Pi acquisition, we sought
to identify mycorrhiza-inducible genes that were regulated spe-
cifically in response to enhanced Pi supply. Real-time RT-PCR
was performed for the 129 mycorrhiza-regulated genes whose
expression did not change upon pathogen infection. These
included 128 up- and 1 down-regulated gene. RNA was taken

from roots supplemented with 5, 100, or 500 �M Pi. OsPT2,
which is inducible by Pi starvation, was used as a positive control
(31). Transcript levels of OsPT2 were 1.6- and 30-fold elevated
in roots grown at 5 �M, relative to those at 100 �M and 500 �M,
respectively. Of the 129 candidate genes, 10 were induced and 1
repressed by increased Pi concentrations (Fig. 1B and Table 2).

Rice Genes Expressed Exclusively in Mycorrhiza. Among the 118
mycorrhiza-induced genes that showed no transcriptional
changes after pathogen or Pi treatment (Fig. 1B), 12 had no
detectable background and were expressed exclusively in re-
sponse to mycorrhiza (Table 2). Because real-time RT-PCR has
a reported sensitivity of one transcript per 1,000 cells (38), we
conclude that these genes are not transcribed in the absence of
mycorrhizal symbiosis and, hence, are validated marker genes for
AM symbiosis. Relative expression values for the 12 genes
ranged from 1.8 to 67,465, with OsAM1 expressed the most
(Tables 1 and 2).

Mycorrhiza-Regulated Genes Are Conserved in Mono- and Dicotyle-
donous Plant Species. A collection of 625 dicotyledonous genes
previously reported to be induced or repressed upon mycorrhizal
colonization are referred to in the publications listed (15, 17–28,
42–65) (see Table 3, which is published as supporting informa-
tion on the PNAS web site). A reciprocal TBLASTX (66) analysis
was conducted between the 625 dicot and the 224 rice genes by
using a cutoff BLAST probability score of 1.00E-06. For both the
monocot and dicot samples, a mixture of complete and partial
sequences was used. A small fraction of the dicot sequences were
already described and characterized in the literature, and com-
plete cDNAs were available. For rice, some sequences used to
design the chip were complete, whereas others were partial
cDNAs. A total of 96 hits were identified, of which 76 showed the
same expression pattern in mono- and dicotyledonous plants,
whereas for 20 genes, opposite trends of expression were ob-
served (see Table 4, which is published as supporting informa-
tion on the PNAS web site). Of the 76 matches, 44 corresponded
to rice genes specifically regulated on mycorrhizal colonization,
25 belonged to the broader fungal-interaction program, and 7
were Pi-nutrition-related (Table 2). The symbiosis-specific hits
included phylogenetically related homologues of the mycorrhiza-
induced high-affinity phosphate transporter from Medicago trun-
catula, potato, and rice (15, 31, 65), which are predicted to be
functional orthologues (65).

Discussion
Some genes in legumes that determine the outcome of infection
by fungal or bacterial symbionts are shared (8–12). In addition,
expression profiling of legume roots responding to fungal (my-
corrhizal) or bacterial symbiosis revealed �100 genes with
similar patterns of expression (25, 28). The similarity of intra-
cellular structures formed during the interaction with AM and
biotrophic pathogenic fungi, plus the similarity of host-response
to bacterial and fungal symbionts, led to the prediction that
plants might use the same genetic programs for responding to
pathogens (7). Recently, this view was supported by the discov-
ery of a leguminous receptor-like kinase required for AM
symbiosis, nodulation, and root-knot nematode parasitism (13).

Arabidopsis and rice are the two plant species whose genomes
have been sequenced and for which whole transcriptome anal-
yses can be performed (29, 30, 67). In contrast to Arabidopsis,
rice is a host for AM fungi and, given the available tools, a
uniquely attractive plant for studying the mechanism of AM
symbiosis. For these reasons, we chose rice to investigate
whether plants use the same genetic pathways to respond to
fungal symbionts and fungal pathogens.

The pathogens we selected differ in their strategies for invad-
ing roots and accessing host nutrients. Glomalean fungi are

Fig. 1. Schematic overview of the number of mycorrhiza-responsive rice
genes present in each category. (A) Pathogenic interactions. (B) Elevated Pi

supply. Black numbers, induced genes; gray numbers, suppressed genes.

8068 � www.pnas.org�cgi�doi�10.1073�pnas.0502999102 Güimil et al.



obligate biotrophs, relying on a supply of organic nutrients from
living host cells. M. grisea is a hemibiotrophic fungus, exhibiting
both a transient type of biotrophy and a necrotrophic phase (68).
It was shown recently that M. grisea not only is a devastating
foliar pathogen but also possesses attributes of root-infecting
fungi, including inter- and intracellular growth within the root
cortex (32), reminiscent of Glomalean fungi. F. moniliforme, on
the other hand, is a necrotrophic fungus with no biotrophic
phase. Upon inoculation of rice roots, F. moniliforme penetrates
the root cortex by disorganizing the rhizodermal cell layer and
grows intercellularly before disintegrating cortex tissue (31).
Among the 224 mycorrhiza-regulated genes, a total of 30 genes
(26 up- and 4 down-regulated) were differentially expressed in a
similar way upon colonization by both pathogenic fungi. This
expression pattern reflects a general plant response to coloni-
zation by fungi. Among the induced genes, 1 encodes a WRKY
transcription factor (OsAM205). WRKY transcription factors
are an ancient type of eukaryotic transcription factors compris-
ing a large multigene family in plants but are absent from yeast
and animals (69). Individual members play a role in plant
development and defense against pathogen attack (69). Induc-
tion of OsAM205 during the three interactions suggests the
transcription factor to be involved in the regulation of the plant’s
response to the different fungal infections. Moreover, compar-
ison of G. intraradices with either M. grisea- or F. moniliforme-
infected roots revealed additional genes encoding putative reg-
ulatory proteins, such as zinc-finger or bZIP transcription factors
(e.g., OsAM115, OsAM137) or protein kinases (e.g., OsAM41,
OsAM191). It will be important to determine which role these
proteins play in controlling both symbiotic and pathogenic
plant–fungal interaction. In summary, 95 of 224 mycorrhiza-
induced rice genes (43%) responded similarly to infection by
fungal pathogens (Table 2). It is interesting that more genes were
shared between the biotroph�hemibiotroph-infected (43 genes)
than between the biotroph�necrotroph-infected (22 genes)
roots, which might be a molecular reflection of higher similarity
between interactions relying on related infection strategies.

It has been a general understanding that plant recognition of
avirulent pathogens leads to the activation of defense mecha-
nisms and limited pathogen invasion, whereas the lack of rec-
ognition leads to disease (refs. 70 and 71 and citations therein).
However, expression profiles of compatible and incompatible
interactions in Arabidopsis overlap but differ quantitatively (72),
suggesting an active participation of the plant in either interac-
tion. Typical of biotrophic fungi is the avoidance or the long-term
suppression of plant defense responses (68, 71). Upon coloni-
zation by biotrophic AM fungi, defense genes become either
promptly suppressed or transiently induced at early stages of the
interaction (ref. 26 and references therein). The present work
focused on a mature stage of the association, when early stages
of the interaction are underrepresented. Thus, there was a
selection against defense-related genes and an enrichment of
potential compatibility-related genes. In fact, marker genes
typical of plant defense response (e.g., PR1) were not induced
during symbiosis, indicating that the list of genes described here
may provide a set of previously unknown compatibility factors.

AM fungi enhance the nutrition of plants by transferring Pi
from the soil into the cortex of roots at the periarbuscular
interface (16). In this report, the symbiosis was examined at an
advanced stage, when beneficial effects of Pi nutrition were most
pronounced. Pi-nutrition-associated genes were identified by
their transcriptional changes in response to Pi availability. We
examined the 129 mycorrhiza-specific genes and found 11 (10
induced and 1 suppressed) that responded similarly to symbiosis
and exogenous Pi. A moderate overlap between Pi-nutrition-
related genes was also observed by Liu et al. (26), who found 5
of 46 mycorrhiza-responsive M. truncatula genes to be commonly
up-regulated; none are homologous to the rice mycorrhiza-

specific genes, possibly reflecting different molecular responses
to nutritional changes between mono- and dicotyledonous
plants.

A putative high-affinity Pi transporter was identified
(OsAM113) among the large group of genes with basal tran-
scription but induction upon mycorrhizal colonization. The
sequence of OsAM113 corresponds to the previously reported
presumed pseudogene OsPT13 (31), which is phylogenetically
isolated relative to other known mono- and dicotyledonous Pi
transporters (31, 65). Similar to OsPT11, OsPT13 was not
regulated by Pi supply, but both genes were specifically induced
during the AM symbiosis. The level of induction differed
substantially, with �1,500-fold for OsPT11 and 14-fold for
OsPT13. The results suggest that OsPT13 may moderately con-
tribute to symbiotic Pi uptake.

The majority (53%) of the rice mycorrhizal-response genes
exhibited a mycorrhiza-specific expression profile under the
conditions applied. These up-regulated genes can be divided into
those with basal mRNA levels in control roots and those
detected only in mycorrhizal roots. Transcripts for 12 genes were
not detected in the absence of symbiosis. Of these, 1 gene was
found to code for a putative peroxidase (OsAM1), the gene most
strongly induced by mycorrhiza. Another gene encoded a puta-
tive germin-like protein (OsAM85), the homologue of which is
specifically induced in mycorrhizal roots of M. truncatula (62).
Members of both multigene families have H2O2-producing and
-scavenging enzyme activities (ref. 73 and citations therein and
ref. 74). Hydrogen peroxide may play a role in plant develop-
ment, such as root elongation (75) and responses to stress,
including pathogen attack (76) and mycorrhizal colonization
(77). It is noteworthy that three of the rice mycorrhiza-
responsive genes encode germin-like proteins (OsAM4, OsAM9,
OsAM85); all were strongly induced upon mycorrhizal coloni-
zation (Table 1) and cluster to a 6-kb region on chromosome 9,
possibly as a result of gene-duplication events.

The origin of the AM symbiosis has been estimated to be at
400–460 million years ago (1–5), predating the divergence of
mono- and dicotyledonous plants at 120–200 million years ago
(78). AM fungi have no specific host range, and they colonize
most flowering plants. Despite the phylogenetic divergence of
mono- and dicotyledonous plant species, parts of their host-
response to mycorrhizal colonization are probably conserved.
We compared the mycorrhiza-responsive genes of rice with those
that have been reported from dicotyledonous plants, and ap-
proximately one-third (76 of 224) are homologous. These genes
have a wide variety of functions, including transcriptional reg-
ulation, signal transduction, transport, and proteolysis, etc. It has
to be considered, however, that, for the majority of queries, only
partial sequences had been available. More complete sequence
information will be required for the identification of orthologous
gene pairs. The data presented here provide a glimpse of
common mechanisms of the symbiotic machinery in mono- and
dicotyledonous plants.

We have observed conservation of the transcriptional re-
sponse of rice to colonization by symbionts and pathogens, and
a portion of these molecular components are shared between
mono- and dicotyledonous plants. Pathogens do not initially
cause disease, which occurs only later, after infection has been
established. Therefore, the responses that are shared between
pathogen and symbiont infections may play a role in compati-
bility. The excellent genetic tools of rice and its relatives should
enable the clarification of roles played by the genes we have
identified.

We thank Patrick King for critically reading the manuscript and Laurent
Falquet for assisting during the bioinformatics analyses. This work was
supported by Swiss National Science Foundation Grant 3100A0-
104132�1.
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