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Abstract

Symbiotic nitrogen-fixing rhizobium bacteria and arbuscular mycorrhizal
fungi use lipochitooligosaccharide (LCO) signals to communicate with po-
tential host plants. Upon a compatible match, an intimate relation is estab-
lished during which the microsymbiont is allowed to enter root (-derived)
cells. Plants perceive microbial LCO molecules by specific LysM-domain-
containing receptor-like kinases. These do not only activate a common sym-
biosis signaling pathway that is shared in both symbioses but also modulate
innate immune responses. Recent studies revealed that symbiotic LCO re-
ceptors are closely related to chitin innate immune receptors, and some of
these receptors even function in symbiosis as well as immunity. This raises
questions about how plants manage to translate structurally very similar mi-
crobial signals into different outputs. Here, we describe the current view
on chitin and LCO perception in innate immunity and endosymbiosis and
question how LCOs might modulate the immune system. Furthermore, we
discuss what it takes to become an endosymbiont.
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INTRODUCTION

Plants are continuously exposed to microbes that range from beneficial to pathogenic. Plant roots,
in particular, encounter massive numbers of microbes, known as the soil-root microbiome (17,
118). Two of the most extensively studied examples of beneficial microbes are arbuscular myc-
orrhizal (AM) fungi and nitrogen-fixing rhizobium bacteria. These microbes can live in intimate
contact with their plant hosts and are intracellularly accommodated to establish an endosymbiotic
relation. AM fungi are hosted inside the root inner cortex cells of the vast majority of land plants.
Their highly branched hyphae are contained within specialized host membrane compartments
to form host-microbe interface structures called arbuscules. The resulting symbiotic interface
facilitates the exchange of nutrients, such as phosphorus and nitrogen, for photosynthates (66).
Rhizobium bacteria establish an endosymbiosis with leguminous plants, which results in formation
of a novel organ, the root nodule. Inside nodule cells, rhizobium bacteria are hosted as transient
nitrogen-fixing organelles called symbiosomes. Symbiosomes contain a plant-derived outer mem-
brane that forms a symbiotic interface between plant cytoplasm and bacterium, which facilitates
the exchange of nutrients between both partners. At the other end of the spectrum, pathogenic
microbes can invade plant roots and extract nutrients at the expense of the plant. Biotrophic
pathogens colonize living plant cells, where they form feeding structures, such as haustoria, that
function as interfaces between plants and microbes, which are analogous to symbiotic interfaces.

Given the plethora of microbes that roots are exposed to, plants must be able to distinguish
between friend and foe. Like pathogens, symbiotic microbes are initially recognized as foreign
organisms, which triggers the plant innate immune system (188). Microbes typically express a
range of microbe/pathogen-associated molecular patterns (MAMPs/PAMPs) that are perceived
by plant pattern recognition receptors to activate immune responses. This forms a first, basal level
of defense to block microbial penetration of plant cells (19, 81, 136). Therefore, endosymbionts
like rhizobium and AM fungi have to modulate the innate immune system.

To establish symbiosis and evade innate immune responses, symbiotic microbes engage in
a molecular dialog with potential plant hosts. Microbial lipochitooligosaccharides (LCOs) have
been identified as the key signals to allow entry of the microbes into plant root cells. The use of
LCOs appears to have been invented at least two times independently in evolution to establish an
endosymbiosis with plants, first by AM fungi and later by rhizobium bacteria and possibly also by
actinorhizal Frankia bacteria (168, 169). LCOs are structurally related to MAMPs such as chitin-
oligosaccharides and peptidoglycans. In recent years, it has become clear that perception of all
these chitin-like molecules involves related LysM (lysin motif)-domain-containing receptor-like
proteins. Furthermore, recent data indicate that perception of symbiotic LCOs is much more
intertwined with innate immune signaling than previously imagined. This raises questions about
how plants manage to integrate very similar microbial signals to distinguish friend from foe. Here,
we review our current understanding of the perception of chitin-like molecules in endosymbioses
and innate immune signaling and discuss how LCOs might modulate the immune system. Fur-
thermore, we discuss what it takes to become an endosymbiont.

The Ancient Arbuscular Mycorrhizal Symbiosis

AM symbiosis between plants and fungi of the Glomeromycota phylum is thought to have orig-
inated ∼450 million years ago in the Devonian era (134, 145). Fossil records from that period
suggest that since then AM symbiosis has remained largely unchanged (146). Fungal colonization
of the root generally starts with formation of a hyphal hyphopodium at the epidermis. Subse-
quently, the plant actively facilitates the entry of fungal hyphae by formation of a prepenetration
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apparatus through remodeling of its cytoskeleton (56). After crossing the epidermis, fungal hyphae
mostly spread intercellularly until they reach root inner cortex cells, where the hyphae branch and
form intracellular arbuscules. During arbuscule formation, the hyphae become surrounded by a
specialized host membrane to form an optimized symbiotic interface that facilitates the efficient
exchange of nutrients (66). This interface lacks a structured cell wall, which implies that extensive
modulation of the host cell wall occurs (11). Recently, unraveling of the genome sequence of
the model AM fungus Rhizophagus irregularis revealed that this species lacks cell wall–degrading
enzymes (100, 171). This indicates that AM fungi mostly rely on their plant hosts to deliver
cell wall–remodeling enzymes to facilitate infection. Such enzymes might be delivered through
a symbiosis-dedicated exocytosis pathway. Two homologous v-SNARE proteins, part of a sym-
biotic clade, have been identified in the legume Medicago truncatula, which are essential for the
formation of the cell wall–free interface in both AM and rhizobial symbioses (79). Because fun-
gal cell wall–degrading enzymes can release so-called damage-associated molecular patterns that
trigger defense responses (14, 47), the absence of cell wall–degrading enzymes in AM fungi may
therefore be a key adaptation to avoid a strong defense response.

Signals in Arbuscular Mycorrhizal Symbiosis

AM fungi sense the presence of potential host plants by plant secreted signals such as strigolactones,
2-hydroxy fatty acids, and flavonoids (124). Perception of these molecules stimulates growth and
branching of fungal hyphae, which increase the chance to contact the roots of a host plant. In turn,
AM fungi release diffusible signals that are perceived by the host and induce symbiosis-specific re-
sponses. Typical responses include the induction of calcium oscillations in and around the nucleus
(known as calcium spiking), stimulation of lateral root formation, activation of symbiosis-specific
genes, and branching of root hairs (29, 88–91). The nature of such AM signals was recently re-
vealed by purifying exudate fractions of in vitro root cultures infected with R. irregularis and from
germinated fungal spores (55, 109). By testing these fractions in various bioassays for symbiotic
responses, it was found that R. irregularis makes acylated chitin-like molecules called myc-LCOs.
myc-LCOs consist of β-1-4-linked N-acetyl glucosamine (GlcNac) residues with an acyl chain at
the nonreducing residue (109). R. irregularis produces a mix of sulfated and nonsulfated tetrameric
and pentameric LCOs mostly acylated with either an oleic acid (C18:1) or palmitic acid (C16:0)
(109). Application of such myc-LCO mixtures at subnanomolar concentrations stimulates myc-
orrhization in a variety of plant species. This indicates that myc-LCOs are efficiently perceived
by a broad range of plants.

A key response that is triggered by myc-LCOs is the activation of calcium spiking, which
forms a central response in a genetically identified signaling network. Initially, this network has
been characterized in two legume species: M. truncatula and Lotus japonicus. Because the identified
genes are essential for both AM and rhizobial symbioses, the genetic network is referred to as the
common symbiosis signaling pathway (129, 134). This pathway consists of an LRR (leucine-rich
repeat)-receptor kinase (named LjSYMRK in L. japonicus and MtDMI2 in M. truncatula) (42,
167), a putative cation channel located at the nuclear envelope (LjCASTOR, LjPOLLUX, and
MtDMI1) (3, 78, 135, 151), components of the nuclear pore (64, 84, 154), and a calcium channel
(MtMCA8) (27). These components are all required to induce calcium spiking (30, 160). These
regular oscillations in calcium concentration induced upon LCO perception are decoded by a
nuclear-localized calcium-calmodulin-dependent kinase (CCaMK; in M. truncatula also called
MtDMI3) that interacts directly with the transcription factor LjCYCLOPS/MtIPD3 (75, 119,
185). Phylogenetic studies revealed that the core components of the common symbiosis signaling
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pathway are conserved in the earliest land plants (37, 177). This is in line with the ancient origin
of the AM symbiosis and the fact that AM fungi have an extremely wide host range.

In addition to LCOs, short-chain chitooligosaccharides consisting of four or five GlcNAc
residues that lack an acyl chain have been proposed to play a role in AM symbiosis (55). Tetrameric
and pentameric chitooligosaccharides were identified in germinated spore exudates at markedly
higher concentration than LCOs and their secretion was induced by the application of strigo-
lactones. Such short-chain chitooligosaccharides are also able to trigger calcium oscillations in
epidermal cells of legume as well as nonlegume (cultured) roots (29, 55). Like myc-LCO sig-
naling, chitooligosaccharide-induced signaling is dependent on the common symbiosis signaling
pathway. However, in contrast to myc-LCOs, short-chain chitooligosaccharides fail to stimu-
late formation of lateral roots (109). Further, the calcium signatures that are induced by chitin
oligomers differ from the calcium spikes induced upon mycorrhizal (or rhizobial) infection or
LCO application. Both mycorrhizal infection (cell entry) and LCO perception are correlated with
high frequency and regular calcium spiking, whereas short-chain chitin oligomers induce irregular
calcium spikes that are less frequent (55, 159). Low frequency calcium spiking has been correlated
with preinfection stages (159). Therefore, the output of these calcium spikes may be different.
These studies also indicate that perception of LCOs and chitin oligomers in root organ cultures
differs markedly from that observed in intact plants. In contrast to intact plants, root organ cul-
tures appear to be more than 1,000 times less sensitive to LCOs. This might be explained by an
altered hormone balance in the root cultures. Therefore, it remains to be determined what role
short-chain chitin oligomers play in mycorrhization in intact plants, and how they cross talk with
myc-LCO signaling.

Rhizobium Co-Opted Lipochitooligosaccharide Biosynthesis
Through Convergent Evolution

myc-LCOs are structurally similar to LCOs produced by symbiotic nitrogen-fixing rhizobium
bacteria (also known as Nod factors) (95, 109). Rhizobium bacteria secrete LCOs in response
to a specific blend of among others flavonoids released by plant roots. Flavonoids activate the
transcriptional activator NodD, which in turn induces rhizobial nodulation (nod ) genes to produce
LCOs (31). Rhizobium LCOs control several key processes in symbiosis. They are essential,
and even sufficient, to induce formation of root nodules. Nodule organogenesis starts with the
reprogramming of root cortical cells that reenter the cell cycle to form a nodule primordium
(183). These primordium cells acquire the ability to take up rhizobium bacteria intracellularly.
However, to ensure their uptake the bacteria need to reach the primordium cells at the right time.
Therefore, the process of nodule organogenesis needs to be tightly coordinated with the entry
of the bacteria into the roots, i.e., the infection process. This infection process is also controlled
by rhizobium LCO signaling and can be genetically uncoupled from the organogenesis program
(141). Depending on the legume species, different modes of root infection have been identified
(164). The best studied and most common mechanism involves the formation of so-called infection
threads that initiate in the root hairs (52). Rhizobium bacteria attach to the root hairs and upon
LCO signaling induce continuous reorientation of the growth direction of the root hair to entrap
the bacteria in a closed cavity. From there, a cell wall–bound tube-like structure, the infection
thread, is formed that guides the bacteria to the nodule primordium cells. At this point, the bacteria
are first able to release from the infection threads to be taken up into the nodule cells and form
symbiosomes. Also, this process depends on rhizobium LCO signaling (123). The formation of
infection threads in the root hairs is most sensitive to structural variations in the LCO molecules,
which thereby play a major role in determining host specificity (8, 58, 137, 143, 161).
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Table 1 Overview of symbiotic rhizobia in the orders Rhizobiales and Burkholderiales

α-Proteobacteria

Number of symbiotic
Rhizobiales Genera genera Symbiotic genera
Aurantimonadaceae 4 –
Bartonellaceae 1 –
Beijerinckiaceae 8 –
Bradyrhizobiaceae 12 2 Bosea, Bradyrhizobium
Brucellaceae 6 1 Ochrobactrum
Cohaesibacteraceae 2 –
Hyphomicrobiaceae 21 1 Devosia
Methylobacteriaceae 3 2 Methylobacterium, Microvirga
Methylocystaceae 8 –
Phyllobacteriaceae 12 3 Aminobacter, Mesorhizobium,

Phyllobacterium
Rhizobiaceae 6 3 Rhizobium/Agrobacterium, Sinella,

Sinorhizobium
Rhodobiaceae 9 –
Xanthobacteraceae 7 1 Azorhizobium
β-Proteobacteria
Burkholderiales
Alcaligenaceae 20 –
Burkholderiaceae 12 2 Burkholderia, Cupriavidus
Oxalobacteraceae 15 –
Sutterellaceae 2 –

Nitrogen-fixing rhizobium symbionts form a polyphyletic group representing 13 genera within
the α-proteobacteria and 2 genera within the β-proteobacteria [Table 1] (115, 155). Symbiotic
rhizobium bacteria have in common the fact that they combine two genetic traits, namely a set of
nitrogen fixation (nif ) genes that encode the nitrogenase enzyme complex and a set of (nod ) genes
that allow LCO biosynthesis. The nitrogen fixation trait has an ancient origin that dates back
1.5–2.2 billion years (22). This trait was repeatedly horizontally transmitted to a diverse range
of microbial species, including those that have given birth to current rhizobium symbionts (39,
144). An ancestral rhizobium symbiont managed, most probably as a unique evolutionary event,
to combine the nitrogen fixation trait with its ability to produce LCOs. This event must have
occurred at least 60 million years ago, prior to, or coinciding with, the birth of nitrogen-fixing root
nodules in legumes (40). Once established, the unique combination of nitrogen fixation and LCO
biosynthesis spread via lateral gene transfer (186). Such spreading is especially prominent within
the α-proteobacteria [Table 1]. These rhizobium symbionts have organized the nitrogen fixation
and LCO biosynthesis genes on symbiotic plasmids or as symbiotic islands in their genomes.

Symbiotic rhizobium species have in common a set of only five core nod genes, but generally
contain many more lineage-specific genes that allow variation in LCO structure. The core nod
genes encode an N-acetylglucosaminyltransferase (NodC) that synthesizes the chitin tetramer
or pentamer backbone, a chitooligosaccharide deacetylase (NodB) that removes the acetyl group
of the nonreducing glucosamine, and an N-acyltransferase (NodA) that subsequently attaches a
C16–C20 lipid tail to this position. Two additional core genes, nodI and nodJ, encode an ATP
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binding cassette (ABC) transporter that facilitates LCO secretion (28, 46, 163). As biosynthesis of
chitin oligomers is not a common feature of prokaryotes, it raises questions about the evolutionary
origin of these core nod genes. A survey of the R. irregularis genome sequence failed to identify
homologs of these genes. Therefore, it is unlikely that an ancestral rhizobium acquired the ability
to synthesize LCOs via lateral gene transfer from AM fungi. In search for paralogs of core nod
genes, it was found that Burkholderia species (β-proteobacteriales) harbor paralogs of nodI and
nodJ. The genus Burkholderia is made up of many symbiotic rhizobia, and their symbiotic capacity
is considered to be more than 50 million years old (4, 20). Interestingly, nodI-nodJ paralogous genes
are absent in nonsymbiotic α-proteobacteria, and phylogenetic analyses suggest that at least the
rhizobial LCO transport system originates from ancestral Burkholderia (7). However, the origin
of nodI and nodJ is not necessarily indicative for the origin of LCO biosynthesis in symbiotic
rhizobia. Similar studies with nodA, nodB, and nodC did not identify putative paralogous genes,
despite massive (meta) genome sequencing programs. Therefore, an alternative scenario in which
LCO biosynthesis genes evolved first in a different, yet unknown, species cannot be ruled out.
Only upon emergence of the nodABC operon in Burkholderia via lateral gene transfer were the
nodI and nodJ genes recruited to facilitate LCO secretion. As symbiotic α-proteobacteria display
greater sequence diversity in nodABC compared to Burkholderia, it is a likely scenario that this
operon evolved first in an ancestral α-proteobacterial species (7, 20).

Lipochitooligosaccharide Perception in Symbiosis Intertwines
with Innate Immune Signaling

Rhizobium- and myc-LCOs are structurally very similar and both are perceived by related LysM-
domain-containing receptor-like kinases (LysM-RKs). The LysM domain is a widely distributed
protein domain that is generally thought to bind GlcNAc molecules (25). Unique to plants is
the presence of LysM domains in the extracellular part of transmembrane receptor kinases (190).
LysM-RKs are characterized by an extracellular part with one to three LysM domains for which
a single evolutionary origin has been suggested (190).

Genetic and biochemical studies in L. japonicus and M. truncatula have led to the identifica-
tion of two different LysM-RKs that are essential for rhizobium LCO perception and signaling:
LjNFR1/MtLYK3 and LjNFR5/MtNFP (9, 24, 99, 107, 142). Strikingly, LjNFR5 and MtNFP
lack critical amino acids in the kinase domain and do not show autophosphorylation, indicating
that they have a dead kinase (9, 106, 107). However, deletion of the intracellular kinase domain
abolishes the activity of MtNFP (93, 140), which suggests that specific binding partners confer
the signaling role of these receptors. LjNFR5 and MtNFP have been shown to form a com-
plex with LjNFR1 and MtLYK3, respectively, in addition to both proteins forming homomers
(106, 123). LjNFR1 and MtLYK3 have a functional kinase domain, and heteromerization with
LjNFR5/MtNFP is therefore proposed to constitute a functional rhizobium LCO receptor com-
plex (106, 140). In addition, LjNFR1 and LjNFR5 were also found to interact with LjSYMRK, and
ectopic expression of the Nod-factor receptors or SYRMK initiates spontaneous nodule organo-
genesis in L. japonicus in the absence of rhizobia (6, 150). LjNFR5 was further shown to interact
with a small Rho-like GTPase LjROP6 (86). Both proteins, LjSYMRK/MtDMI2 and LjROP6,
likely in conjunction with LjNFR5/MtNFP, play a role in rhizobial infection.

Interestingly, myc-LCOs are also perceived by MtNFP, as the ability of myc-LCOs to induce
lateral root formation in M. truncatula is dependent on MtNFP (109). Furthermore, early tran-
scriptional changes induced by myc-LCOs are largely dependent on MtNFP (32). Rhizobium-
and myc-LCOs each trigger their own set of transcriptional changes, and differences were even
observed between sulfated and nonsulfated myc-LCOs. This suggests that additional (co)receptors
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are involved. The involvement of additional myc-LCO (co)receptors is also supported by the fact
that Ljnfr5/Mtnfp knockout mutants are not impaired in mycorrhizal colonization (15, 142). In
M. truncatula, a paralog of MtNFP, MtLYR1, is upregulated upon mycorrhization (53, 62, 74).
Therefore, it has been proposed that duplication of an ancient LjNFR5/MtNFP-like myc-LCO
receptor allowed one copy to obtain a new function in Nod factor signaling while the other
maintained its role in mycorrhization (130). This hypothesis is supported by the observation that
in Parasponia, the only nonlegume species able to establish a rhizobium symbiosis, only a single
LjNFR5/MtNFP ortholog is present and is required for the intracellular accommodation of both
rhizobia and AM fungi (130). As Parasponia obtained the ability to nodulate relatively recently
and independently from legumes (13), this strongly suggests that perception of rhizobium LCOs
evolved from the ancient myc-LCO perception mechanism (168). A recent origin of nodulation
in Parasponia also fits with the primitive nature of rhizobium infection of this species. Whereas
most legumes guide their rhizobial symbionts via intracellular infection threads toward the newly
formed root nodule, Parasponia allow rhizobium to enter first apoplastically via a mechanism
known as crack entry (131). Only when it reaches the nodule is rhizobium hosted intracellularly.
However, it is not hosted as a symbiosome but rather in so-called fixation threads that have some
resemblance to mycorrhizal arbuscules. Knockdown of the Parasponia andersonii NFP ortholog
(PaNFP) specifically blocks the formation of fixation threads as well as arbuscules, suggesting that
this process may in fact be the generic function of symbiotic LCO signaling. In legumes, this
mechanism evolved to allow more strict control over rhizobium infection and in some legumes
coevolved into a highly specific plant-rhizobium partner selection mechanism (137). Whether
MtLYR1 is indeed involved in myc-LCO perception remains to be demonstrated, but additional
LCO (co)receptors may also be involved. Recently, it was shown that MtLYR3 has a high affinity
for LCOs and is expressed in roots and nodules (48). MtLYR3 and MtNFP are the result of ancient
tandem duplication, and their genomic location also shows synteny with the MtLYR1 genomic
region (9). Therefore, MtLYR3 may represent an additional coreceptor for LCO perception.

Analogous to LjNFR5/NFP-type LysM-RKs, it was found that LjNFR1 and MtLYK3 also
play a role in mycorrhization. Mtlyk3 and Ljnfr1 mutants are impaired in mycorrhizal infection
(189). However, infection is not completely blocked, again suggesting that additional LysM-RKs
are involved. These data further suggest evolution of the rhizobium LCO perception mechanism
from the ancient mycorrhizal signaling machinery. Intriguingly, it was found in rice (Oryza sativa)
that a single receptor, OsCERK1, facilitates infection of AM fungi but is also essential for chitin-
triggered defense responses (122, 189). OsCERK1 is a close homolog, if not an ortholog, of the
chitin innate immune receptor AtCERK1 of Arabidopsis thaliana (Arabidopsis) and the legume rhi-
zobium LCO receptors LjNFR1 and MtLYK3. The ability of LjNFR1/MtLYK3 and OsCERK1
to function in symbiotic signaling correlates with the presence of a YAQ/YAR motif in the kinase
domain (38, 122, 125). Defense-related chitin signaling does not require this motif, as Arabidopsis
AtCERK1 appears to have lost it (38, 125). Furthermore, the kinase domain of OsCERK1 when
fused to the extracellular part of LjNFR1 was able to fully complement the nodulation defect
of the Ljnfr1 mutant (122). This indicates that no additional evolution of the kinase domain is
required to function in nodulation and underlines that symbiotic LCO perception and innate
immune signaling intertwine.

Chitin-Induced Innate Immune Signaling Shows Analogies
to Symbiotic Lipochitooligosaccharide Signaling

In contrast to tetrameric and pentameric chitin oligomers, longer chain chitin oligomers (hexa-
to octamers) or peptidoglycans are typically perceived as MAMPs that trigger innate immunity
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(156, 166). Perception of these chitin-like molecules also involves LysM-RKs. The functioning
of these receptors has been best studied in Arabidopsis, a species that lost the AM symbiosis, and
in rice, which does form an AM symbiosis.

In Arabidopsis, at least three LysM-RKs are involved in chitin-induced innate immune signal-
ing: AtCERK1, AtLYK4, and AtLYK5 (26, 77, 121, 138, 158, 175, 176). As mentioned above,
AtCERK1 is a close homolog, or even an ortholog, of LjNFR1/MtLYK3 and was originally iden-
tified as the key chitin receptor on the basis of its mutant phenotype and its ability to bind chitin
oligomers. Octameric chitin oligomers cause dimerization of AtCERK1, leading to activation
of its kinase domain (101). Short-chain chitin oligomers also bind to the extracellular part of
AtCERK1 but fail to induce dimerization. Interestingly, such short-chain chitin oligomers could
attenuate AtCERK1 signaling in a dose-dependent manner (101). Therefore, it is possible that the
short-chain chitin oligomers found in the exudates of AM fungi (55) actually interfere with defense
activation by longer chain oligomers. The relative abundance of the different chitin oligomers may
in such cases play an important role in determining the outcome of the responses. AtCERK1 can
form a heteromer complex with AtLYK5 and AtLYK4 (26, 175). AtLYK5 and AtLYK4 belong
to the same LysM-RK subfamily as LjNFR5/MtNFP and likewise do not have an active kinase
domain. AtLYK5 binds chitin oligomers with much higher affinity than AtCERK1, indicating that
AtLYK5 is in fact the major chitin receptor in Arabidopsis. AtLYK5 functions partly redundantly
with AtLYK4, as both bind chitin and only a double mutant completely blocks chitin signaling,
similar to Atcerk1 mutants. Binding of chitin oligomers by AtLYK5 induces heteromerization with
AtCERK1, resulting in activation of its kinase domain (26). This indicates the involvement of a
receptor complex analogous to the LjNFR5-LjNFR1 and MtNFP-MtLYK3 receptor complexes
in symbiosis.

In contrast to AtCERK1, OsCERK1 was not found to bind chitin oligomers, indicating dif-
ferences in affinity for chitin-like molecules (82, 158). To perceive myc-LCOs, it is likely that
OsCERK1 pairs with LysM coreceptors, for which homologs of LjNFR5/MtNFP in rice, such as
OsLYR1, are key candidates. To perceive chitooligosaccharides, rice relies on the LysM-domain-
containing CHITIN ELICITOR BINDING PROTEIN (OsCEBiP) which lacks an intracellular
kinase domain (82). OsCEBiP binds chitin and forms a heteromer complex with OsCERK1 to ac-
tivate chitin-triggered defense responses (71, 157). Notably, homologs of OsCEBiP in Arabidopsis,
AtLYM1, AtLYM2, and AtLYM3, are not involved in AtCERK1-mediated innate immunity (158,
175). Nevertheless, AtLYM2 was shown to bind chitin and contributed to resistance against the
fungal pathogen Alternaria brassicicola in an AtCERK1-independent manner (126, 138). Addition-
ally, AtLYM2 was shown to control the transport ability of plasmodesmata in a chitin-dependent
manner, which plays a role in plant immunity to pathogenic fungi such as Botrytis cinerea (43).
This suggests that at least two different pathways (AtCERK1 dependent and AtCERK1 indepen-
dent) are operational in chitin-based defense. It is currently not known with which coreceptor(s)
AtLYM2 interacts to relay signaling. In contrast, AtLYM1 and AtLYM3 were shown to form a
complex with AtCERK1 to trigger immunity in response to peptidoglycans (182). In rice, the
LYM homologs OsLYP4 and OsLYP6 play a role in peptidoglycan perception as well as chitin
perception (101). Overall, these data indicate that CERK1 homologs function as a coreceptor in
diverse signaling complexes related to perception of chitin-like molecules, including LCOs.

Two Models for Dual Functioning of Lipochitooligosaccharide LysM-RKs

Specific gene duplication events early in legume evolution provided the freedom to evolve symbio-
sis specific functions of LjNFR1/MtLYK3 and LjNFR5/MtNFP (38, 130, 190). However, three
lines of evidence indicate that LjNFR1/MtLYK3 and LjNFR5/MtNFP still have a dual function
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in symbiosis and defense signaling, similar to the dual function of OsCERK1. (a) Rhizobium
LCOs transiently trigger defense-related gene expression in an LjNFR1-dependent manner (125).
(b) MtNFP acts, independent of MtLYK3, in defense against fungal pathogens, including Verticil-
lium albo-atrum and Colletotrichum trifolii, or the oomycete Aphanomyces euteiches (16, 148). A lack of
MtNFP makes plants more susceptible to such pathogens, whereas ectopic expression of MtNFP
increases resistance (148). (c) A strong coexpression of both receptors—LjNFR5-LjNFR1 or
MtNFP-MtLYK3—in Nicotiana benthamiana leaves triggered a spontaneous cell death response
(24, 140). This response requires an active LjNFR1/MtLYK3 kinase domain. An early cell death
response was also observed in M. truncatula nodules when MtNFP was overexpressed (123). This
work further showed that both receptors are under tight posttranslational control in legume
roots and nodules, likely to prevent premature induction of defense responses. Taken together,
these data suggest that dual functioning of LCO receptors in defense and symbiosis is not
unique for rice (and other nonlegumes) but has also been maintained in legumes to function in
rhizobium symbiosis. This implies that genetic constraints preserve this dual functioning (122).
The biological meaning of this dual functioning can be explained in two ways. A first model is
based on competition for CERK1/NFR1/LYK3-type proteins by different receptor complexes.
High affinity for LCOs (and/or short-chain chitin oligomers) leads to the preferential formation
of symbiotic receptor complexes at the expense of the formation of complexes that act in defense
signaling (122) (Figure 1a). Variations in affinities for different chitin-like molecules encoded
by the extracellular receptor domains determine which complexes are formed. This would au-
tomatically block chitin-induced defense responses, without the need to independently suppress
chitin-triggered immunity. This model is in line with the finding that LCOs can repress innate
immunity (96). As an alternative model, the MAMP-triggered responses may actually be recruited
to facilitate/regulate the infection process by symbiotic microbes (Figure 1b). For example,
several typical early MAMP-triggered responses, such as calcium influx, production of reactive
oxygen species (ROS), and focal exocytosis, have been implicated in the formation and growth
of infection threads during the rhizobium interaction (23). Infection threads are tip-growing
structures, and ROS production is thought to facilitate the oxidative cross-linking of the infection
thread matrix to allow the formation of a tube-like infection thread. The spatiotemporal regulation
of receptor complexes may then be important to fine-tune the responses to prevent too-strong
defense responses (123). This hypothesis is also in line with the essential role for symbiotic LCO
receptors in infection thread formation (8, 9, 58, 99, 161), which is independent from their role in
activating the common symbiosis signaling pathway (108). Several studies suggest that symbiotic
LCO receptors are located in lipid-raft-like membrane domains in the plasma membrane, which
is thought to play an important role in controlling their turnover and their ability to form specific
complexes (68, 80, 94). Localization of MtNFP and MtLYK3 in the nodule showed that these
receptors accumulate in a very narrow zone at the nodule apex and are rapidly removed from the
infection thread membrane to allow the release of the bacteria from the infection threads (123).

Lipochitooligosaccharide Perception Is Not Sufficient to Evade
Innate Immunity

LCO perception may play an even broader role in suppression of PAMP-triggered immune re-
sponses, as LCOs were shown to suppress flg22 (a 22 amino acid peptide fragment of flagellin)-
induced immune responses in various plant species. In Arabidopsis this response depends specifi-
cally on AtLYK3 but not on AtCERK1 (96). Atlyk3 mutants appear to be more resistant to fungal
pathogens such as B. cinerea and Pectobacterium carotovorum, suggesting that these pathogens ex-
ploit this receptor kinase to infect plants (132). These data led to the speculation that suppression
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of innate immunity may have been the original/first function of LCOs (97). However, it is difficult
to imagine why nonsymbiotic plants such as Arabidopsis would have maintained a LCO perception
system to repress innate immunity. It is also difficult to reconcile with the observation that LCOs
do trigger defense responses (125). Clearly, a better understanding of the cross talk between the
various receptor complexes, potentially via shared downstream partners, involved in LCO and
MAMP perception is required to resolve this apparent paradox.

Hijacking the LysM-RK-activated common symbiosis signaling pathway, which is operational
in the vast majority of land plants, would seem to be an attractive strategy for biotrophic pathogens
to colonize root cells (133, 149). However, studies that indicate that pathogens make use of this
strategy are exceptionally scarce. Root knot nematodes have been suggested to secrete signal
molecules, which trigger root hair deformations similar to those triggered by LCOs (179). This
ability is (partially) dependent on LjNFR1-LjNFR5 and LjSYMRK, and correspondently absent
in root hairs of Arabidopsis. This led to the suggestion that root knot nematodes may produce
LCO-like molecules to make use of the common symbiosis signaling pathway (179). However, a
clear involvement of the common symbiosis signaling pathway in root knot nematode infection
has not been shown, and the nature of the nematode signals remains to be determined.

In M. truncatula, the Mtccamk mutant fails to show cytoplasmic aggregation at attempted
penetration sites of C. trifolii and Phytophthora medicaginis (57), a response that is typically triggered
upon fungal contact (including AM fungi) or touch (69). However, this defect does not affect overall
fungal colonization, suggesting that MtCCaMK is not required for infection by these pathogens. In
fact, most studies on (hemi)biotrophic pathogenic fungi or oomycetes suggest that such pathogens
do not hijack the common symbiosis signaling pathway. In L. japonicus leaf cells, haustorium
formation by rust fungi is not dependent on the common symbiosis signaling pathway (117).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 1
Two hypothetical models to explain the evolutionarily conserved dual function of lipochitooligosaccharide
(LCO) receptors in symbiosis and immune signaling. Dashed arrows represent hypothesized interactions,
whereas solid arrows represent proven interactions. Different receptor types are shown in different colors.
(a) Chitooligosaccharides (COs) and LCOs are perceived by LysM-domain-containing receptors
OsCERK1/LjNFR1/MtLYK3. These LysM-RKs (receptor-like kinases) function as coreceptors in various
complexes. Different affinities for the various chitin-like molecules determine which complexes are formed.
In rice, chitin perception involves a complex between OsCERK1 and the membrane-anchored OsCEBiP.
Additionally, the GPI-anchored OsLYP4 and OsLYP6 are involved in chitin and peptidoglycan perception.
LCOs preferentially recruit the coreceptor CERK1/NFR1/LYK3 into the symbiotic complex at the expense
of the complexes involved in MAMP-triggered immune responses. LCO perception involves a complex
between CERK1/NFR1/LYK3 and NFR5/NFP homologs, which have a dead kinase. This leads to the
activation of the common symbiosis signaling pathway, which in turn may affect MAMP-triggered
immunity. (b) Symbiotic LCO receptor complexes activate early immune responses to facilitate symbiont
infection. Several early MAMP-triggered immune responses, such as ion changes (including calcium influx),
ROS (reactive oxygen species) production via respiratory burst oxidases (RBOH), and focal exocytosis, are
triggered upon LCO perception, have been implicated in rhizobial infection. LCO receptor heteromer
complexes may be formed especially at lipid-raft-like membrane domains (marked in red ). Such domains can
be marked by the symbiotic remorin SYMREM1 or flotillins, which controls their signaling potential and
endocytotic turnover to prevent too-strong defense responses. In addition to forming a heteromer complex
with the CERK1-orthologous LysM-RK LjNFR1, the kinase-dead LjNFR5 has been found to interact with
the common symbiosis signaling pathway LRR receptor kinase SYMRK as well as with the small GTPase
ROP6, which control rhizobial infection. Additionally, a U-box E3-ubiquitin ligase (PUB1) has been found
to interact with MtLYK3, which may control its ubiquitination-dependent turnover, similar to the role of
PUB homologs in immune receptor complexes. Activation of the common symbiosis signaling pathway,
marked by calcium spiking, may further influence the posttranslational turnover of the receptor complexes.
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Similarly, intracellular colonization of rice roots by the biotrophic rice blast fungus Magnaporthe
oryzae does not require OsCCaMK (110). Also, the oomycete Phytophthora palmivora does not
require any components of the common symbiosis signaling pathway to infect and form haustoria
in M. truncatula roots (147). Taken together, it appears that pathogenic fungi and oomycetes
do not exploit the common symbiosis signaling pathway by producing LCOs, or short-chain
chitin oligosaccharides, to facilitate plant colonization. Likewise, no bacterial pathogens have been
identified that gained the core nod genes via horizontal gene transfer, allowing them to exploit
these to colonize/parasitize potential host plants. This suggests that there may be as yet unknown
penalties associated with LCO-induced signaling that have been overcome by Glomeromycota
and symbiotic rhizobia. It suggests that additional adaptations are required to benefit from LCO
signaling. Such adaptations may include the evasion of recognition by the innate immune system.
For example, in the case of Glomeromycota, the lack of cell wall–degrading enzymes is thought to
minimize their perception as potential pathogens (171), and secreted effector proteins have evolved
to modulate defense (87). In the case of rhizobium (Sinorhizobium meliloti and Mesorhizobium loti ), it
was suggested that flagellin has been adapted so that it does not trigger defense responses (44, 103).
Furthermore, rhizobial surface polysaccharides play important roles in the suppression of defense
responses in legume roots (51). Additionally, adaptations in the rhizobial type III secretion system
(T3SS) and its associated effector proteins appear to play a key role, which is further discussed
below.

From Pathogen to Symbiont

As lateral gene transfer is a common mechanism in prokaryotes (33), it can be envisioned that new
potential symbionts may arise. However, the restricted number of actual rhizobium symbionts
suggests that evolution of de novo symbionts is hampered by genetic barriers that affect the
relation with potential host plants. To get insights into such barriers, comparative studies of a rel-
atively young symbiont with its nonsymbiotic relatives have been conducted. For this, Cupriavidus
taiwanensis is used, as it likely represents a recently evolved nitrogen-fixing symbiont. C. taiwanensis
is the only symbiotic species in the genus Cupriavidus and sister genus Ralstonia. Cupriavidus and
Ralstonia are diverged from Burkholderia and form a distinct lineage in the β-proteobacteriales
(20, 173). C. taiwanensis contains a 35-kb symbiotic region on a self-transferrable plasmid.
This region contains 31 symbiosis genes organized in operons interspersed with retroelements,
which may be indicative for recent structural rearrangements (2). C. taiwanensis contains only
a single operon, nodBCIJHASUQ, of 10 nod genes that are essential for LCO biosynthesis.
This enables C. taiwanensis to produce pentameric LCOs with either a vaccenic acid (C18:1) or
palmitic acid (C16:0) as the lipid tail. Additionally, an O-carbamoyl (determined by nodU), an
N-methyl (determined by nodS), and/or 6-O-sulfate group (determined by nodH and nodQ) can
be present (2). This pallet of LCOs is similar, as it is produced by a broad range of different
symbiotic rhizobia in the α-proteobacteriales (10, 105). But in contrast to several of these species,
C. taiwanensis has a restricted host range and nodulates only the legume Mimosa pudica. This
suggests that the host range of C. taiwanensis is constrained by other factors. In the search for these
factors, it was found that the host-range of C. taiwanensis can be extended by mutating its T3SS
(153). Wild-type C. taiwanensis forms only infective nodules with degenerative symbiosomes on
Leucaena leucocephala, whereas the T3SS knockout mutant forms fully functional nodules. This
suggests that wild-type C. taiwanensis secretes components during its symbiotic lifestyle that
hamper symbiosome development in L. leucocephala. Interestingly, the organization of the T3SS
operon in C. taiwanensis is atypical for symbiotic rhizobia, but more similar to what is found in the
opportunistic pathogen Burkholderia cenocepacia (153). The biological process in which the T3SS of
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C. taiwanensis functions remains unknown. However, these studies make apparent that the sym-
biotic lifestyle of C. taiwanensis is hampered by a not yet adapted T3SS, thereby restricting its
symbiotic potential.

A similar finding was obtained in an experimental evolutionary approach in which the sym-
biotic plasmid of C. taiwanensis was introduced into its relative, Ralstonia solanacearum (111).
R. solanacearum is a broad host range plant pathogen that invades roots intercellularly and causes
wilting upon colonization of the vascular system (54). The chimeric R. solanacearum produced
LCOs but was not able to trigger root nodule formation on M. pudica. However, this dramatically
changed upon inactivation of its T3SS and the master virulence regulator hrpG. Now the mutated
chimeric R. solanacearum strain could trigger infected root nodules, although the bacteria did not
yet fix nitrogen and triggered defense responses in the nodules (111). Again, this finding illustrates
that adaptive changes in the secretome are essential for a successful transfer of the nitrogen-fixing
symbiosis trait. Subsequent selection (co-culturing) cycles in M. pudica further increased the sym-
biotic capacity of the chimeric R. solanacearum, indicating that plants can select mutations in the
bacteria that further reduce the activation of host defenses (111, 112).

Besides potential negative effects, T3SS-dependent effector proteins can also be used by rhizo-
bium to facilitate symbiosis, and as such play a role, in addition to LCOs, as host range determinants
(113). The broad host range strain Sinorhizobium fredii NGR234 has been shown to use its T3SS
to inject so-called nodulation outer Proteins (Nops) into plant cells to suppress defense responses
(12, 35). Transcriptional activation of the T3SS-encoding genes was shown to be induced by
flavonoids in a NodD-dependent manner, indicating a common regulatory mechanism with LCO
biosynthesis genes (90, 178). Strikingly, some rhizobia have even evolved T3SS effector proteins
that allow them to bypass LCO signaling to enable nodulation. The LCO-deficient Bradyrhizo-
bium elkanii nodC mutant BEnodC was shown to induce nodulation in soybean by making use of its
T3SS (128). This suggests that this strain evolved effectors that when injected into the plant cells
can bypass the LCO receptors. It is currently not known how such effectors trigger nodulation.
It would be interesting to see whether they signal via the common symbiosis signaling pathway
or activate nodulation downstream of this pathway. The LCO-deficient B. elkanii strain failed
to form infection threads in roots hairs but instead invaded roots via crack entry (128). This is
in line with a specific role for rhizobium LCO receptors in infection thread formation, as dis-
cussed above. Most Bradyrhizobium species rely on LCOs to nodulate, which suggests that this
LCO-independent nodulation arose later in evolution. Furthermore, although the LCO-deficient
strain could nodulate, its effectiveness was much improved upon addition of LCOs, indicating that
LCO-induced signaling is a more efficient strategy.

PERSPECTIVE: HORMONAL RESPONSES MAY BE KEY
TO SYMBIOTIC LIPOCHITOOLIGOSACCHARIDE SIGNALING

The studies described above make clear that symbiotic rhizobia have not only gained the capacity
to produce LCOs but also need to reset their T3SS secretome to overcome pathogenicity. Fur-
thermore, we have presented two models that show how perception of LCOs can modulate the
balance between different LysM-RK receptor complexes and/or use the readout of innate immune
signaling to benefit rhizobial infection (Figure 1). It remains unclear, however, to what extent
symbiotic LCO signals can also actively repress innate immunity. In this last section, we focus on
the potential role of plant hormones in such active repression of innate immunity. On the basis
of recent studies, we speculate on a central role for DELLA proteins in hormonal cross talk to
repress defense responses in symbiosis. However, it should be noted that regulation and cross talk
between various hormones, especially in roots, is far from understood.
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Symbiotic LCO signaling causes changes in the hormonal landscape of the host plant. This
is most obvious in the case of rhizobium-induced nodule organogenesis, but myc-LCOs also
induce changes in root architecture. In fact, all classical plant hormones have been implicated in
nodulation as well as mycorrhization (45, 50, 120), including the major defense hormones salicylic
acid (SA), jasmonic acid ( JA), and ethylene (139). Therefore, cross talk between the LCO-induced
common symbiosis signaling pathway and various hormonal networks is likely to influence innate
immune signaling.

SA is an important regulator of resistance to biotrophic pathogens (60), and SA has also been
shown to have a negative effect on both rhizobial and mycorrhizal symbioses (18, 73, 114, 165,
174). AM fungi and rhizobia seem to employ LCO signaling to suppress SA-dependent defense
responses. Inoculation of alfalfa (Medicago sativa) plants with LCO-deficient rhizobia or an incom-
patible rhizobium strain induces accumulation of SA, whereas a slight reduction in SA levels is
observed upon inoculation with compatible rhizobia (114). Likewise, inoculation of tomato with
the rather incompatible AM fungal species Glomus mosseae elevates SA concentrations in the root
and expression of the SA-responsive gene PR1a, whereas this is not observed upon inoculation
with the very compatible fungal species R. irregularis (104). Studies in pea (Pisum sativum) revealed
that mycorrhization induces a transient rise in SA levels, which is repressed during prolonged col-
onization. In contrast, a constant rise in SA levels is induced in pea plants mutated in CCaMK,
suggesting that repression of SA biosynthesis is based on activation of the common symbiosis
signaling network (18).

Whereas SA is a major signal in resistance to biotrophic pathogens, defense against necrotrophic
pathogens requires JA as a signal (139). Both hormones antagonize each other, such that activation
of JA signaling can compromise SA-dependent defense. Several biotrophic pathogens exploit
this antagonism to suppress SA-mediated defense (85). For example, several Pseudomonas syringae
strains produce the effector coronatine (COR), which acts as an analog of jasmonate-isoleucine
( JA-Ile), the bioactive form of JA (81). By binding the JA receptor COI1, COR induces proteosomal
degradation of the JAZ proteins that function as negative regulators (transcriptional repressors)
of JA signaling (139). COR-deficient strains of P. syringae have been shown to produce other
effectors to activate JA responses; e.g., HopX1. HopX1 encodes a cysteine protease that degrades
JAZ, thereby activating JA signaling in order to antagonize SA-mediated defense (59).

Recently, DELLA proteins have been implicated as important regulators of the JA-SA bal-
ance (127). DELLAs belong to the GRAS family of transcriptional regulators and were originally
identified as gibberellin (GA)-sensitive repressors of plant growth (34, 70). However, DELLA
proteins appear to form signaling hubs involved in various hormone signaling pathways, includ-
ing in auxin, ethylene, and JA signaling (180). DELLAs promote JA signaling by competing for
JAZ binding with MYC2, a key transcriptional activator of JA signaling (21, 76). Activation of
JA signaling by MYC2 promotes DELLA accumulation, further attenuating MYC2 repression
by JAZ proteins (181, 184). Recent data suggest that AM fungi may exploit this DELLA func-
tion to reduce SA-mediated defense responses. Experiments in rice and M. truncatula revealed
that DELLA mutants in rice (Osslr1) and M. truncatula (Mtdella1/Mtdella2 double mutant) are
severely impaired in root infection and/or arbuscule formation (49, 187), indicating that DELLA
proteins are essential transcriptional regulators of this endosymbiosis. In line with this, GA ap-
plication at high concentrations was shown to block colonization, whereas lower concentrations
were already sufficient to block arbuscule formation (41). It is therefore tempting to speculate that
DELLAs might promote colonization and arbuscule formation through immune modulation by
sequestering JAZ proteins, affecting the JA-SA signaling balance.

Ectopic expression in M. truncatula of a nondegradable MtDELLA1 allele (Mtdella1-Δ18) in
the vasculature and endodermis is sufficient to sustain arbuscule formation in the root cortex of the
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Mtdella1/Mtdella2 double mutant or upon GA application (50). Additionally, ectopic expression
of Mtdella1-Δ18 enables arbuscule formation in an L. japonicus Ljcyclops mutant. The CCaMK-
interacting protein LjCYCLOPS/MtIDP3 is a key protein of the common symbiotic signaling
pathway (185), suggesting that DELLA proteins intersect at some point with LCO signaling but do
so in a non-cell-autonomous fashion (49). Intriguingly, expression of the dominant active Mtdella1-
Δ18 allele in an M. truncatula Mtccamk mutant did not rescue the mycorrhizal colonization defect,
which indicates that additional input of CCAMK is required. In rice, the DELLA OsSLR1 was
shown to interact with the GRAS family OsDIP1 (DELLA interacting protein 1), which is induced
upon mycorrhization (187). DIP1 was also shown to interact with the GRAS protein RAM1
(required for arbuscular mycorrhization 1), which is essential for root colonization by AM fungi
(61). This led to the suggestion that DELLA, DIP1, and RAM1 are part of a larger GRAS protein
regulatory complex (65). Other GRAS family proteins that play a role in both mycorrhization
and nodulation include the transcriptional regulators NSP1 and NSP2 (36, 83, 102, 162). Both
proteins are required for the production of strigolactones (102), which act as plant signals that
promote hyphal branching of AM fungi as well as root and shoot architecture (1, 63, 152, 172).
Both NSP1 and NSP2 have been shown to control mycorrhizal colonization (36, 92, 102, 109,
170). However, the relatively mild effects on mycorrhizal colonization contrast with the essential
role for NSP1 and NSP2 during nodulation (72, 83, 162). This suggests that different GRAS
complexes are involved in the control of the two symbioses. However, our understanding of the
functioning of these GRAS complexes in relation to symbiotic LCO signaling remains scant (98)
and will remain a major objective in future research.

As has become apparent, the mechanisms behind LCO-mediated modulation of innate immu-
nity are far from clear. However, recent studies not only provided novel insight but also extended
the studies to other, nonlegume plant species, such as rice and Arabidopsis. This will open new
frontiers to unravel the fundamentals of symbiotic signaling.

SUMMARY POINTS

1. Combining the nitrogen fixation trait with the capacity to synthesize LCOs marked
the origin of nitrogen-fixing rhizobia. The ability to make LCOs enabled rhizobia to
activate the signaling pathway that is used by host plants to establish an endosymbiosis
with AM fungi. This common symbiosis signaling pathway is essential for the formation
of a symbiotic host-microbe interface. In legumes, this signaling pathway evolved to
allow formation of root nodules and a more strict control over rhizobium infection.

2. CERK1-type LysM-RKs have dual functions in immune signaling and symbiosis, indi-
cating that LCO signaling and chitin-based immune signaling are intertwined.

3. Two putative models have been put forward to explain this evolutionarily conserved dual
function. (a) Perception of LCOs modulates the balance between different LysM-RK re-
ceptor complexes, favoring a symbiotic complex at the expense of complexes required for
immune responses. (b) Early immune responses are co-opted to facilitate symbiont infec-
tion. Tight regulation of the receptor complexes at the posttranslational level, involving
rapid endocytotic turnover, subsequently prevents activation of defense responses.

4. Microbial activation of the common symbiosis signaling pathway is not sufficient to evade
innate immunity. Therefore, microbes need to evolve additional genetic adaptations to
benefit from LCO signaling. In rhizobia, the T3SS especially needs to be adapted to
evade immune responses.
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5. Microbial activation of the common symbiosis signaling pathway can modulate innate
immune responses through its effect on the hormonal landscape. On the basis of recent
studies, we speculate on a central role for DELLA proteins in hormonal cross talk to
repress defense responses in symbiosis, in part by influencing the SA-JA balance.
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