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Terrestrial autotrophs such as higher plants are
confronted with challenges largely unknown to their
counterparts in the seas, including extreme patchiness
of inorganic nutrients. Evolution of higher plants has
yielded interesting and important solutions to the
problem of nutrient acquisition on land. Some of the
most intriguing of these involve mutually beneficial
symbioses. In fact, evolution of a fungal-plant symbi-
osis around 450 million years ago may have been the
key innovation that enabled plants to colonize the land
(Pirozynski and Malloch, 1975; Remy et al., 1994).
Related mycorrhizal associations continue to exist for
more than 90% of land plants, a reflection of their
ancient origin and importance. Mycorrhizal associa-
tions enhance the ability of plants to scavenge nu-
trients such as phosphate from the soil, by virtue of the
greater volume of soil exploited by the filamentous
fungal partner (Smith and Read, 1997; Smith et al.,
2003). In return for its services, the fungus is provided
with a carbon source, derived from plant photo-
synthesis, for biosynthesis and energy metabolism. To
avoid exploitation, however, plants have evolved
a series of checkpoints that help to discern friend
from foe, which presumably switch off defense re-
sponses against robbers when a friend comes to visit.

A different kind of beneficial plant-microbe interac-
tion that provides a more restricted range of plants with
the often-limiting macronutrient nitrogen is symbiotic
nitrogen fixation (SNF). This type of symbiosis evolved
more recently, some 60 million years ago, and is con-
fined to legumes and a few nonlegumes (Doyle, 1998),
which form intracellular symbioses with rhizobia or
other nitrogen-fixing bacteria, respectively (Pawlowski
and Bisseling, 1996). Once again, the plant provides its
beneficial endosymbiont with photosynthate, together
with other nutrients, in exchange for valuable fixed
nitrogen, in the form of ammonium and amino acids
(Udvardi and Day, 1997). Interestingly, some of the
signaling pathways that mediate peace between le-
gumes and mycorrhizal fungi also function in the
rhizobial symbiosis, and stunning progress has been
made recently in identifying a few of the genes in-

volved. Significant progress has also been made in
identifying changes in transport and metabolism dur-
ing symbiosis development, which will contribute to
a better understanding of the nature of trade between
legumes and their microsymbionts. These break-
throughs largely stem from focused research on two
model legumes, Lotus japonicus and Medicago truncatula,
and the conjunction of genetics, genomics, and func-
tional genomics. This Update focuses on recent discov-
eries in the areas of legume-microbe communication and
trade, two essential aspects of stable mutualism.

UNDERGROUND PEACE TALKS: RECENT
ADVANCES IN LEGUME MICROBE SIGNALING

Symbiotic interactions involve molecular communi-
cation between the host plant and its microbial sym-
biont in the rhizosphere. The legume symbioses, SNF
and arbuscular mycorrhizae (AM), share common
features in early signaling. Discoveries in the signaling
pathways that underpin these symbioses are among
the most exciting recent advances in legume research.
It is becoming clear that calcium plays a crucial role in
the symbiotic signaling and may be a common feature
of legume/symbiont peace talks.

NOD FACTOR SIGNALING

The invasion of the bacteria into the plant root occurs
through an invagination of the plant cell (termed the
infection thread) that initiates at the primary site of the
interaction, the root hair cell, but spans the entire root
cortex, allowing bacterial invasion into the dividing
cells of the nodule primordium. Bacteria are released
from the infection thread into membrane bound com-
partments, where they differentiate into bacteroids.
Nod factors, or lipo-chito-oligosaccharide signaling
molecules, are central to the initial establishment of
the legume-rhizobial symbiosis (Dénarié et al., 1996;
Long, 1996; Oldroyd, 2001). Production of this signal-
ing molecule is activated by the release of plant
phenolic signals, predominantly flavonoids, into the
rhizosphere, where they activate Nod factor produc-
tion through induction of a set of nod genes in the
appropriate rhizobial strain. The nature of both the
flavonoid signal and the structure of Nod factor
are central to the maintenance of specificity in this
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interaction, ensuring that the plant only accommodates
a friendly rhizobial strain. Nod factors are critical both
at the early stages of the interaction and during in-
fection thread development, and may play a role dur-
ing bacterial release (Ardourel et al., 1994; Downie and
Walker, 1999). It is clear that understanding the plant’s
perception of this signaling molecule is key to un-
derstanding this symbiosis. Since the work of Ehrhardt
nearly a decadeago (Ehrhardt et al., 1996), it is becoming
more apparent that calcium is an important component
of Nod factor signaling, and such a calcium-centric
viewpoint has been validated by more recent work.

A number of studies using calcium dyes and ion-
selective electrodes have indicated significant Nod
factor-induced calcium changes in root hair cells
(Cardenas et al., 2000). This work can be summarized
into two main calcium events: an initial calcium flux
that occurs at the tip of the root hair and repetitive
cytosolic oscillations of calcium, termed calcium spik-
ing, in the region surrounding the nucleus (Oldroyd
and Downie, 2004). These two calcium responses are
separated both spatially and temporally, but can also
be separated by Nod factor concentrations: 10212 to
1029

M Nod factor activates spiking without inducing
the flux (Shaw and Long, 2003).

Calcium is a ubiquitous secondary messenger in
diverse organisms and can affect a wide variety of
cellular events. The Nod factor-induced calcium
changes are simply observations and provide little
insight into the actual roles that calcium plays during
this symbiosis. In animal systems, calcium spiking has
been shown to regulate gene expression in response to
a signaling molecule (Dolmetsch et al., 1998; Li et al.,
1998). A similar signaling role for calcium spiking
in Nod factor signal transduction is supported by the
fact that a number of genes essential for Nod factor
signaling are also required for activation of calcium
spiking (Wais et al., 2000; Walker et al., 2000b; Oldroyd
and Downie, 2004; Fig. 1).

The molecular identity of the gene products that link
Nod factor perception with induction of calcium spik-
ing (Fig. 1) is highly informative of the regulation of
calcium signaling in plants. The Nod factor receptor is
most likely a heterodimer of two classes of receptor-like
kinases that contain LysM domains in the extracellular

region (Limpens et al., 2003; Madsen et al., 2003;
Radutoiu et al., 2003). LysM domains are present in a
number of proteins and have been shown to bind poly-
saccharides, particularly glucosamine chains, which
form the backbone of the Nod factor molecule. Muta-
tions in these LysM receptor-like kinases abolish all
Nod factor-induced responses, including calcium spik-
ing and the calcium flux, which supports a role for these
proteins at a very early stage of the Nod factor signal
transduction pathway (Amor et al., 2003; Limpens et al.,
2003; Madsen et al., 2003; Radutoiu et al., 2003).

Functioning downstream of these LysM receptor-
like kinases are DMI1, a putative cation channel, and
NORK/SYMRK/DMI2, another receptor-like kinase
with Leu-rich repeat domains in the extracellular por-
tion (Endre et al., 2002; Stracke et al., 2002; Ane et al.,
2004). Mutations in both of these proteins abolish Nod
factor-induced calcium spiking and restrict the calcium
flux response to a single rapid calcium increase, rather
than a calcium increase that is maintained for a number
of minutes as is seen in wild-type plants (Wais et al.,
2000; Shaw and Long, 2003). The presence of two
receptor-like kinases that most likely make up the
Nod factor receptor and a second receptor-like kinase
functioning downstream implicates a phosphorylation
cascade early in Nod factor signaling, and defining the
targets of these kinases is crucial for linking Nod factor
perception with the activation of the downstream
calcium responses. The putative cation channel DMI1
may have a direct role in calcium spiking, in that it
could function as a calcium channel during both the
calcium flux and calcium spiking. However, two pro-
teins homologous to DMI1, CASTOR and POLLUX,
have recently been identified in L. japonicus that are
required for Nod factor signaling and show plastid
localization (Imaizumi-Anraku et al., 2005). The plastid
is an unlikely internal calcium store for calcium spiking,
and, therefore, this localization suggests that this class
of putative cation channels is not the calcium channel
involved in calcium spiking. Defining the ions trans-
ported by these channels is crucial for assessing their
role in the Nod factor signaling pathway.

DMI3 of M. truncatula is essential for Nod factor
signaling, and mutations in dmi3 are phenotypically
identical to dmi1and dmi2 except for the fact that

Figure 1. The Nod factor and mycorrhizal signaling pathways. This signaling pathway has been defined through genetics in the
model legumesM. truncatula and L. japonicus, andMedicago sativa. The genes identified are defined in boxes. Mutations in all
these genes have been characterized for calcium spiking except SYMRK. In addition, it has been shown that mutations in NFR5
andNFR1 lack the calcium flux, whereas mutations inDMI1 andDMI2 show the first phase of the flux response. Components of
the Nod factor (NF) signaling pathway are conserved with mycorrhizal signaling. We presume that genes specific to mycorrhizae
must exist at equivalent positions to NFR1 and NFR5 and possibly NSP1 and NSP2.
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dmi3 mutants can activate calcium spiking (Catoira
et al., 2000; Wais et al., 2000). This indicates that
DMI3 functions downstream of calcium spiking and
is a strong candidate for a protein able to perceive
and transduce the calcium spiking signal. This hypoth-
esis is validated by the identity of DMI3: a chi-
meric calcium/calmodulin-dependent protein kinase
(CCaMK; Levy et al., 2004; Mitra et al., 2004a). Clearly,
such a calcium activatable kinase has the hallmarks of
a protein able to decode the calcium spiking signal. If
this is indeed the function of DMI3, the absolute
requirement for this activity in Nod factor signaling
highlights the central role that calcium spiking plays in
transducing the Nod factor signal.

EARLY SIGNALING IN THE AM SYMBIOSIS

The symbiotic organelle of the AM symbiosis, the
arbuscule, forms within the root cortex. Entry into the
root is achieved through fungal appressoria that
develop on the plant epidermal cell surface. While this
is the first visible stage of the interaction, there is
evidence that the plant and fungus communicate prior
to physical contact. AM fungi respond to signals in
plant root exudates by altering their respiratory activ-
ity and hyphal morphology, while a diffusible sig-
nal from the fungus elicits alterations in plant gene
expression (Nagahashi and Douds, 1997; Buee et al.,
2000; Kosuta et al., 2003; Tamasloukht et al., 2003). The
nature of the signaling molecules is not known.

The signaling pathways involved in triggering the
cellular events required for development of the asso-
ciation are beginning to be revealed. The DMI genes of
M. truncatula and their reciprocal proteins in L. japo-
nicus and pea are not only required for nodulation, but
also the early development of the mycorrhizal associ-
ation (Fig. 1). Mutations in all these genes fail to allow
entry of the fungus into the cortex (Sagan et al., 1995;
Wegel et al., 1998). This implicates the NORK/
SYMRK/DMI2/SYM19 Leu-rich repeat receptor ki-
nase, the DMI1 channel protein, and the DMI3 CCaMK
in early mycorrhizal signaling (Endre et al., 2002;
Stracke et al., 2002; Ane et al., 2004; Levy et al., 2004;
Mitra et al., 2004a). Since the AM symbiosis is the older
of the two associations, the legume/rhizobial symbi-
osis probably co-opted part of a signaling pathway
that had been established initially for development of
the AM symbiosis. The fact that proteins involved in
the induction and perception of calcium spiking in
Nod factor signaling are also involved in mycorrhizal
signaling implicates calcium as a secondary messen-
ger in the mycorrhizal pathway. Nod factor signaling
contains nodulation-specific proteins both upstream
and downstream of the conserved pathway, and,
similarly, one would expect mycorrhiza-specific sig-
naling proteins. Genetic screens for these mycorrhiza-
specific mutants are currently under way in a number
of laboratories.

Recently, transcriptional profiling has identified
genes whose expression is differentially regulated in

M. truncatula in response to appressoria formation and
the early stages of development of the symbiosis (Liu
et al., 2003; Brechenmacher et al., 2004). Defense gene
transcripts are among those that show a transient in-
crease in the early stages of the AM symbiosis, followed
by a decrease coincident with proliferation of the
fungus within the roots. While similar defense gene
expression patterns had been noted earlier, the
genome-scale analyses have identified coregulated sig-
nal transduction proteins that may be involved in regu-
lating defense responses in the symbiosis (Liu et al.,
2003). It would appear that the plant initially reacts in
a defensive manner, but, following communications
with the fungus, peace ensues and the plant reduces
its defenses.

SPECIALIZATION AND TRADE: TWO KEYS
TO MUTUALISM

Effective and sustained communication is necessary
for any long-term relationship, but it is not sufficient.
The evolutionary success of legume-rhizobia and
mycorrhizal associations derives from the trade of
goods (metabolites) of value to each. The division
of labor that underpins such exchanges is achieved
by metabolic specialization/differentiation in each
symbiont during development of the symbiosis. The
following sections describe recent advances in our
understanding of these processes.

DIFFERENTIATION OF LEGUMES AND RHIZOBIA
DURING SNF

Development of functional nodules requires differ-
entiation of both plant and bacterial cells, the latter
being converted to a distinct nitrogen-fixing form
called the bacteroid. Transcriptomics and proteomics
are beginning to reveal the true extent of plant and
bacterial differentiation during nodule development.
Hundreds of novel plant genes that are either induced
or repressed during nodule development have now
been identified using cDNA arrays (Colebatch et al.,
2002, 2004; El Yahyaoui et al., 2004; Kouchi et al., 2004;
Kuster et al., 2004; Lee et al., 2004), oligonucleotide
microarrays (Mitra et al., 2004b), and bioinformatic
approaches (Fedorova et al., 2002; Journet et al., 2002).
Many of these are involved in metabolism and trans-
port (Colebatch et al., 2004; El Yahyaoui et al., 2004;
Kouchi et al., 2004). Coordinate up-regulation of plant
genes involved in glycolysis, carbon fixation, and
amino acid biosynthesis highlight the importance of
these processes in carbon supply for bacteroid nitrogen
fixation and plant ammonium assimilation. While com-
patible solutes may not be a currency of trade between
legumes and rhizobia, induction of plant genes in-
volved in polyamine, polyol, and Pro synthesis indicate
that nodule cells may have to work overtime for
osmotic homeostasis (Colebatch et al., 2004). Of more
interest from the point of view of trade between
host and microsymbionts is the growing list of
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nodule-induced plant genes encoding transporters
(Colebatch et al., 2004; El Yahyaoui et al., 2004; Kouchi
et al., 2004), some of which appear to be located on the
symbiosome membrane, based on proteomics data
(Saalbach et al., 2002; Wienkoop and Saalbach, 2003;
Catalano et al., 2004). The symbiosome membrane is the
specialized plant membrane that separates bacteroids
from the host cell cytoplasm and controls the traffic of
nutrients between the two. Among the most interesting
of the nodule-induced transporters identified by tran-
scriptomics are homologs of AgDCAT1, a dicarboxylate
transporter of the nonlegume Alnus, which probably
delivers carbon substrates to nitrogen-fixing Frankia in
Alnus nodules (Jeong et al., 2004). The legume counter-
parts of AgDCAT1 may play a crucial role in SNF, as
dicarboxylic acids are believed to be the primary source
of carbon for bacteroid metabolism. Other nodule-
induced transporters include putative amino acid
transporters, which may provide a missing link in
intriguing models of amino acid cycling between
legumes and rhizobia (Lodwig and Poole, 2003).

Transcriptome analysis is also making important in-
roads in rhizobium biology. DNA arrays containing
essentially all the genes of Mesorhizobium loti (Uchiumi
et al., 2004) and Sinorhizobium meliloti (Becker et al.,
2004) have now been produced and used to obtain the
first global view of gene expression in symbiotic
rhizobia. Nodule development is accompanied by
declining levels of free oxygen, which is a prerequisite
for activity of oxygen-labile nitrogenase in rhizobia.
Oxygen levels control the expression of many genes in
rhizobia (Batut and Boistard, 1994), and low oxygen is
believed to be an important trigger for differentiation
of rhizobia into bacteroids in nodules. Transcript pro-
filing of oxygen-limited free-living bacteria indicated
that up to 5% of S. meliloti genes may be oxygen
regulated (Becker et al., 2004). However, microoxic and
bacteroid transcriptomes overlapped only partially,
indicating that low oxygen in nodules can account for
only a fraction of the changes in gene expression
observed during symbiotic development. Clearly,
other physiological or biochemical factors in nodules
are important for bacteroid differentiation, and it will
be interesting to learn what these are in the future.

Proteomic analysis has also contributed to knowl-
edge about bacterial and plant cell differentiation
during nodule development. The most comprehensive
work has been done on free-living and symbiotic
forms of S. meliloti isolated from Melilotus alba or M.
truncatula (Natera et al., 2000; Djordjevic et al., 2003,
2004). Of 170 bacteroid proteins identified, 27 appear
to be symbiosis specific, including nif and fix gene
products involved directly or indirectly in nitrogen
fixation. Also in this list are a raft of transporters that
are presumably involved in nutrient transfer between
host and microsymbiont (Djordjevic et al., 2003, 2004).
Among the proteins that were reduced or absent in
bacteroids compared to cultured cells were several
involved in nitrogen regulation and nitrogen assimi-
lation, which is consistent with past observations that

ammonium assimilation is repressed in bacteroids.
Not all of the differences in the proteomes of free-
living and bacteroid forms of S. meliloti are mirrored
by corresponding changes in gene transcript levels
(Becker et al., 2004). Such discrepancies may reflect
different levels of regulation (i.e. transcriptional ver-
sus posttranscriptional regulation), which is an in-
teresting area for future research.

DIFFERENTIATION DURING
ARBUSCULE FORMATION

Unlike the rhizobium-legume symbiosis, the AM
symbiosis does not culminate in the formation of a new
plant organ. Instead, there are major rearrangements
within the root cortex where terminally differentiated
hyphae, termed arbuscules, form extensive dichoto-
mous branching within cortical cells, enveloped
within the plant derived periarbuscular membrane
(Bonfante-Fasolo, 1984). Transcriptional profiling has
allowed the identification of several novel plant genes
whose expression is activated coincident with arbus-
cule development (Liu et al., 2003; Wulf et al., 2003).
Further spatial expression analyses revealed at least
two distinct gene expression patterns: genes whose
expression occurs only in cells with arbuscules and
genes whose expression is activated more broadly
throughout the cortex in both colonized and non-
colonized cells. In addition to identifying candidate
genes implicated in development of the biotrophic
interface, these analyses point to the existence of both
cell autonomous and systemic signaling pathways
operating in the AM symbiosis. Current information
about the genomes of AM fungi is limited, but anal-
yses of one species, Glomus intraradices, suggest a ge-
nome size of 15 Mb (Hijiri and Sanders, 2004). Genome
sequencing is in progress and promises to provide the
first insights into the genome of a broad-host-range,
obligate symbiont.

Recent physiological and molecular data suggest
that when plants form an AM symbiosis, they alter
their phosphate acquisition pathways significantly.
Phosphate transporters operating at the root-soil in-
terface are down-regulated, and the plant relies largely
on phosphate delivered by the fungal symbiont (Liu
et al., 1998; Chiou et al., 2001; Smith et al., 2003). In
mycorrhizal roots, phosphate is acquired by the extra-
radical fungal hyphae and is then transferred to the
arbuscules, where it is released from the fungus and
transported across the periarbuscular membrane into
the cortical cell. In the past few years, there has been
progress in understanding the molecular basis of
phosphate transport in the symbiosis, and, most re-
cently, plant phosphate transporters implicated in the
uptake of phosphate released from the arbuscule have
been reported (Rausch et al., 2001; Harrison et al., 2002;
Paszkowski et al., 2002). In potato (Solanum tuberosum),
expression of a high-affinity phosphate transporter,
StPT3, is induced in mycorrhizal roots, particularly in
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cells containing arbuscules, making it a strong candi-
date for involvement in symbiotic phosphate transport
(Rausch et al., 2001). Bioinformatic analyses of M.
truncatula expressed sequence tag collections and the
complete rice (Oryza sativa) genome enabled the iden-
tification of the mycorrhiza-specific phosphate trans-
porters MtPT4 and OsPT11. These two transporters
share a high level of sequence identity but are less
closely related to StPT3 (Harrison et al., 2002;
Paszkowski et al., 2002). They also differ from StPT3
in that they are expressed exclusively in cells contain-
ing arbuscules, with the protein located on the peri-
arbuscular membrane (Harrison et al., 2002). Finally, in
contrast to StPT3, MtPT4 mediates low-affinity phos-
phate transport in yeast (Harrison et al., 2002). The
relative contribution of these transporters to phos-
phate transport across the periarbuscular membrane
remains to be determined. In the meantime, the differ-
ences between the phosphate transporters identified in
these different plant species are intriguing, particu-
larly because the phosphate transporters operating in
nonmycorrhizal roots are relatively well conserved
across species. Have these plant species evolved
different styles of phosphate transporters to mediate
symbiotic phosphate transport, or are there additional
transporters, as yet unidentified, in each species?

SUMMARY

The development of model legume systems has
revolutionized our understanding of plant symbioses.
These models have provided the genetic and genomic
platforms essential for dissecting the biological compo-
nents that underpin these fascinating interactions. The
recent isolation of a number of genes essential for both
rhizobial and mycorrhizal signal perception provides
significant insights into symbiotic signaling pathways
and the communication that is required to establish
peaceful relationships between these organisms. How-
ever, gene isolation is just the beginning, and defining
the function of these proteins, in particular how they
link Nod factor perception with activation and recog-
nition of calcium signals, is a major challenge for the
future. Although impressive in terms of the amount of
data that has been generated, the output of the various
‘‘omics’’ technologies has so far been largely descrip-
tive. Ultimately, we must work toward a better un-
derstanding of the genes/proteins and processes that
are central to both SNF and AM and the integration of
data from molecular, cellular, and physiological levels
into seamless models of the whole system.
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