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Plant signalling in

symbiosis and immunity

Cyril Zipfel' & Giles E. D. Oldroyd?

Plants encounter a myriad of microorganisms, particularly at the root-soil interface, that can invade with detrimental
or beneficial outcomes. Prevalent beneficial associations between plants and microorganisms include those that promote
plant growth by facilitating the acquisition of limiting nutrients such as nitrogen and phosphorus. But while promoting
such symbiotic relationships, plants must restrict the formation of pathogenic associations. Achieving this balance requires
the perception of potential invading microorganisms through the signals that they produce, followed by the activation of
either symbiotic responses that promote microbial colonization or immune responses that limit it.

action of a plant with its immediate environment and its

microbial communities) requires the plant to be able to sense
its surroundings and to respond appropriately’. Plants can recog-
nize microbial molecules’, which ultimately leads to mutualism
(referred to here as symbiosis, for simplicity) or immunity. The
restriction of invading organisms as governed by immune sig-
nalling is effective against all types of plant pathogens and pests,
including viruses, insects, nematodes and even parasitic plants®”
By contrast, the establishment of symbiotic associations is restricted
to a few species of bacteria and fungi. These processes are governed
by the perception of both pathogen-associated molecular patterns
(PAMPs) and symbiotic signals. The most widespread (present in
most land plants) and evolutionarily ancient symbiosis in plants is
the relationship with arbuscular mycorrhizal fungi of the phylum
Glomeromycota, which helps to provide the plant with nutrients
such as phosphorus®. Several plants, including members of the fam-
ily Fabaceae (legumes), have developed a root symbiosis with nitro-
gen-fixing bacteria, of the genus Frankia or rhizobia, that provide
access to the main source of nitrogen in the atmosphere, which is too
inert for use in most biological processes®. Both of these symbioses
are intracellular: arbuscular mycorrhizal fungi are accommodated
in specialized host-membrane compartments in root cortical cells,
forming arbuscules, and rhizobia are accommodated in root-derived
organs called nodules. Other symbiotic associations exist in the plant
kingdom but, in most cases, the signalling mechanisms that gov-
ern these symbioses are unknown. In this Review, we will therefore
focus on the association of plants with arbuscular mycorrhizal fungi
and rhizobia.

In the past 10 years, exciting discoveries have been made about
the identity of the receptors and ligands involved in the perception
of microorganisms by plants, the molecular mechanisms of these
perception events and the downstream signalling components®".
Here, we summarize our knowledge of the early perception and sig-
nalling events of immunity and symbiosis, with special emphasis on
receptor kinase complexes and calcium signalling. We also discuss
the strategies that symbionts use to avoid or overcome the plant
immune response and examine biotechnological efforts that aim to
engineer broad-spectrum disease resistance and root-nodule sym-
biosis in crops, both of which are required for a more sustainable and
resilient agriculture.

The establishment of a homeostatic phytobiome (the inter-

Immune and symbiotic receptors are similar yet distinct
Plants use cell-surface receptors to perceive their immediate external
environment. In the past decade, the receptors involved in the percep-
tion of pathogenic or symbiotic microorganisms have been revealed,
highlighting similarities but also differences between the recognition
events that they facilitate.

The immunogenic perception of bacteria

Plant recognition of microbial signals, whether they be PAMPs or
symbiotic signals, involves complexes of cell-surface receptor kinases.
PAMP recognition receptors can be either receptor kinases, which pos-
sess an extracellular domain that is involved in ligand perception, a
single-pass transmembrane domain and an intracellular kinase domain,
or receptor-like proteins that have an extracellular domain but lack an
intracellular signalling domain'® (Fig. 1). Archetypal bacterial mole-
cules that are recognized by the plant immune system include flagellin,
elongation factor Tu (EF-Tu), lipopolysaccharides and peptidoglycans’.
Although the recognition of microbial molecules across the plant king-
dom is partially conserved, at least some of this conservation is the result
of convergent evolution to recognize widely conserved bacterial pro-
teins through the recognition of various epitopes by distinct receptors.
For instance, flagellin and EF-Tu both display several immunogenic
epitopes, including the conserved 22-amino-acid epitope flg22 that is
recognized by most land plants through the leucine-rich repeat (LRR)
receptor kinase FLS2 (ref. 3). However, the tomato plant Solanum lyco-
persicum (as well as other species that belong to the family Solanaceae)
and rice (Oryza sativa) can perceive further flagellin epitopes in a FLS2-
independent manner'. Similarly, plants from the family Brassicaceae
can perceive the EF-Tu-derived 18-amino-acid epitope elf18 through
the LRR-receptor kinase EFR’, whereas rice plants recognize another
epitope'’. The wider conservation of these PAMPs would render nitro-
gen-fixing rhizobial bacteria susceptible to immune detection during
initial contact with legumes, which could impede the establishment
of symbiosis". However, rhizobial-derived flg22 is not immunogenic
because important residues that are required for its recognition are not
conserved’, which suggests that rhizobia have evolved to evade the
recognition of this potent PAMP.

The perception of N-acetylglucosamine derivatives
The recognition of fungal and oomycete pathogenic species by plants is
dominated by the perception of the main components of the cell wall:
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Figure 1 | LysM-receptor-kinase complexes that are involved in the
sensing of microorganisms. Classes of the main receptor complexes
that are involved in the perception of microbial signals are shown. In
general, proteinaceous elicitors (for example, flg22 from flagellin and
nlp20, an epitope that is conserved in bacteria, fungi and oomycetes) are
perceived by receptors with LRR-type extracellular domains (orange)
that also associate with LRR-type co-receptors. GlcNAc-based elicitors
such as LCOs, chitin and peptidoglycan are bound by LysM motifs (red)
that are present in receptor complexes. Further classes of receptors that
are associated with the recognition of lipopolysaccharides (lectin-like

chitin in fungi and B-glucans in oomycetes. Because chitin recognition
is widespread in plants, including mosses™", the perception of chitin
must have been an early evolutionary innovation. Chitin oligosac-
charides are -1,4-linked polymers of N-acetylglucosamine (GlcNAc)
with various degrees of polymerization (Fig. 2a). Chitin oligosaccha-
ride hexamers or octamers are potent inducers of immune responses’.
Bacterial peptidoglycans, which are chief constituents of the cell walls
of Gram-positive and Gram-negative bacteria, are structurally similar
to chitin oligosaccharides but carry alternating B-1,4-linked GIcNAc
and N-acetylmuramic acid residues, with peptide linkers between the
two polymeric heteroglycan chains (Fig. 2b). Strikingly, the microbial
signals that are necessary for the establishment of arbuscular mycor-
rhizal symbioses (the Myc factors) and root-nodule symbioses (the Nod
factors) are also derivatives of chitin oligosaccharides. An important
difference, however, is the presence of lipid modifications on the chi-
tin-oligosaccharide backbone of these symbiotic signals, which trans-
forms them into lipochitooligosaccharides (LCOs) (Fig. 2c). Rhizobia
produce a diversity of modified Nod-LCOs that differ in the length of
their chitin-oligosaccharide chain, lipid acylation and the presence of
modifications such as sulfation, acetylation and fucosylation, which
probably contribute to plant host specificity'>'®". Notably, a role for chi-
tin oligosaccharide tetramers (chitotetraose) and heptamers in arbus-
cular mycorrhizal symbiosis has also been reported: these molecules
induce calcium oscillations in the cell nucleus, which is a hallmark of
early arbuscular mycorrhizal and root-nodule symbiotic signalling®,
in various legumes (pea (Pisum sativum), Medicago truncatula and
Lotus japonicus) and rice'®*". The initiation of arbuscular mycorrhizal
symbiosis therefore probably involves the coordinated perception of a
mixture of LCO and chitin oligosaccharide molecules. The similarities
between chitin and peptidoglycan and symbiotic chitin oligosaccharides
and LCOs also raise intriguing questions about how plants distinguish
chitin oligosaccharide-containing molecules that trigger immunity
from those that trigger symbiosis.

The roles of LysM receptors

The perception of GIcNAc-containing microbial molecules by plants
involves receptor kinases or receptor-like proteins that carry lysin motif
(LysM)-domain-containing extracellular domains™. In Arabidopsis thal-
iana, chitin is perceived by a ligand-induced heteromeric complex that

LysM-type receptors
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receptor

Lectin-like
receptor

receptors, yellow) and oligogalacturonides (EGF-type receptors, green)
are also being discovered. Each receptor complex contains at least one
receptor-like kinase with either functional or non-functional kinase
motifs. The complexes can also include receptor-like proteins that
contain a transmembrane domain and an extracellular domain but that
lack an intracellular signalling domain (for instance, RLP23 in the nlp20
receptor), or extracellular proteins that are anchored to the membrane
by glycosylphosphatidylinositol (GPI) (for instance, CEBiP in the chitin
receptor of rice and LYM1 and LYM3 in the peptidoglycan receptor of
Arabidopsis). EGF, epidermal growth factor.

is composed of the LysM-receptor kinases CERK1 and LYK5 (as well
as the LYK5 paralogue LYK4), in which LYKS5 serves as a high-affinity
binding receptor” (Fig. 1). In rice, the mechanism of chitin percep-
tion differs slightly because CERK1 does not form a ligand-induced
complex with a LysM-receptor kinase. Instead, it associates with the
glycosyl phosphatidylinositol-anchored LysM-receptor-like protein
CEBiP, which is the main high-affinity chitin-binding site” (Fig. 1).
Interestingly, in Arabidopsis, one of three CEBiP orthologues (LYM2)
also plays a part in chitin perception, in which it controls the chitin-
induced closure of plasmodesmata (cytoplasmic conduits that traverse
plant cell walls to enable intercellular continuity) and resistance to fun-
gal pathogens in a CERK1-independent manner* ™, indicating that
further chitin-receptor complexes must exist. Although the other Arabi-
dopsis CEBiP orthologues (LYM1 and LYM3) do not have a role in chitin
perception™, they bind peptidoglycan and probably form a heteromeric
complex with CERK1 to mediate peptidoglycan-induced immune
responses” (Fig. 1). Surprisingly, the rice LysM-receptor-like proteins
LYP4 and LYP6 function as receptors for both chitin and peptidoglycan
by forming a ligand-induced complex with CERK1 (refs 28-30).

Consistent with their biochemical similarity to chitin, Nod-LCOs
are perceived by pairs of LysM-receptor kinases in legumes, as occurs
in the perception of chitin in Arabidopsis (Fig. 1). In Lotus, this com-
plex is composed of NFR1 and NFR5, but in Medicago it contains the
orthologous proteins LYK3 and NFP’. Notably, NFR5 and NFP are non-
functional kinases, which suggests that they require NFR1 or LYK3 to be
present in their respective heteromeric receptor complexes to function
during root-nodule symbiosis’.

Since the discovery of Myc-LCOs'"’, researchers have been hunting
for their corresponding receptors. Given the molecular similari-
ties between Nod-LCOs and Myc-LCOs, as well as the fact that early
arbuscular-mycorrhizal and root-nodule symbiotic signalling share
components (that form the common symbiotic pathway), it was pro-
posed that the receptors involved in perceiving both types of LCO are
similar®". Indeed, NFP seems to be involved in Myc-LCO-induced
lateral-root formation, transcriptional changes and nuclear calcium
oscillations'’***'; however, it is not required for mycorrhization**** or
Myc-chitin-oligosaccahride-induced nuclear calcium oscillations'**.
The suggestion that a LysM-receptor kinase that is closely related to
NFP or NFR5 is involved in Myc-LCO perception is supported by
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Figure 2 | Similarities between the N-acetylglucosamine-containing
microbial molecules that are recognized by plants. a, Chitin is a simple
molecule that consists of repeating units of N-acetylglucosamine (GlcNAc).

b, Peptidoglycan possesses a backbone that is made of alternating GIcNAc and
muramic acid residues, with peptide linkers that connect to further sugar chains.
¢, LCOs have a chitin backbone but also possess an acyl group that is attached

to the non-reducing terminal GIcNAc. The LCOs that are produced by various
rhizobia and arbuscular mycorrhizal fungi possess further modifications, such
as the sulfation on the reducing terminal GlcNAc that is shown here.

the finding that the knockdown of an NFP orthologue in Parasponia
andersonii (the only non-leguminous plant that can achieve root-nodule
symbiosis with rhizobia) affects both arbuscular-mycorrhizal and root-
nodule symbioses™. Furthermore, the orthologue of NFP and NFR5
in tomato (SILYK10), but not their orthologue in rice (RLK2), seems
to be required for successful arbuscular mycorrhizal colonization”.
NEFP, NFR5 and RLK2 have several paralogues in their respective species
(Medicago, Lotus and rice), which implies that the lack of a clear pheno-
type in their mutants may be the result of genetic redundancy. Among
these paralogues, in Medicago LYR1 and LYR3 are potential candidates
for the Myc-LCO receptors. Indeed, LYRI expression is upregulated in
mycorrhization®* and LYR3 has a high affinity for LCOs and interacts
dynamically with the Nod-LCO receptor LYK3 in response to LCOs*' ™,
which suggests potential functions in the mycorrhizal association. NFR1
and LYK3 may also be involved in facilitating the arbuscular mycorrhi-
zal symbiosis as their respective mutants are partially impaired during
mycorrhization®. Interestingly, NFR1 and LYK3 are orthologous to rice
CERK1, which was shown to be involved in the arbuscular mycorrhizal
symbiosis, as well as having a well-documented role in immunity**”.
By contrast, CEBiP, the main chitin-binding receptor in rice, is not
required for the arbuscular mycorrhizal symbiosis”. This suggests that
several receptor complexes may be involved in Myc-LCO perception.
Furthermore, possibly owing to the heterogeneity of Myc-LCOs that
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are produced by a given arbuscular mycorrhizal fungus and also to the
functional redundancy of LysM-receptor kinases that are involved in
Myc-LCO perception, no definitive candidates for the Myc-LCO recep-
tors have yet emerged. Genetic redundancy may be complicated further
by the fact that arbuscular mycorrhizal fungi produce both LCOs and
chitin oligosaccharides. The receptor for chitotetraose produced by
arbuscular mycorrhizal fungi is still unknown, and it is possible that
successful arbuscular mycorrhizal colonization requires the coordinated
perception of Myc-LCOs and Myc-chitin oligosaccharides.

CERKI1 is a common co-receptor for LysM receptors

The many roles of CERK1 in the perception of chitin, peptidoglycans and
Myc-LCOs indicate that this protein is used as a common co-receptor by
various high-affinity ligand-binding LysM-containing receptor kinases
and receptor-like proteins, and that it has a dual function in both immu-
nity and symbiosis. Interestingly, the Tyr-Ala-Gln or Tyr-Ala-Arg motifs
in NFR1, LYK3 and most CERK1 orthologues in non-leguminous plants
that form arbuscular mycorrhizal symbioses has been proposed to corre-
late with the ability to function in such a symbiosis but is not required for
immunity* . It will be interesting to test whether NFR1 and LYK3 play
apartin the perception of chitin or peptidoglycans, or whether they show
amore global involvement in immunity, as suggested by the observation
in Lotus that Nod-LCOs can induce the expression of immune-related
genes in an NFR1-dependent manner®. Also, the transient overexpres-
sion of NFR1 and NFR5, LYK3 and NFP, or CERK1 in Nicotiana bentha-
miana induces cell death — a response that is often associated with the
induction of immune responses — in a manner that is dependent on
functional NFR1 and LYK3 kinase domains*’~*. Notably, NFP also seems
to be involved in immunity because its expression can be correlated
positively with resistance to several fungal and oomycete pathogens™”".
Conversely, it has been proposed that some filamentous pathogens hijack
components of symbiosis to facilitate host-root colonization®. It is
therefore becoming clear that symbiotic and immune signalling path-
ways are more intertwined than was thought previously, which further
highlights the need to understand the molecular basis for the specificity
in signalling that ultimately leads to the plant’s decision to let friends
(symbionts) enter but leave foes (pathogens) at the door.

Other symbiotic signals

As well as symbiotic chitin oligosaccharides and LCO molecules, other
oligosaccharides, including lipopolysaccharides, exopolysaccharides,
cyclic B-glucans and peptidoglycans are known to be important for the
establishment of the root-nodule symbiosis™. Although some of these
molecules are proposed to help rhizobia to cope with immune responses
or environmental stresses, exopolysaccharides of varying composi-
tions and structures can contribute to host specificity’***. Importantly,
a LysM-receptor kinase, EPR3, was identified in Lotus that mediates
the direct recognition of exopolysaccharides from compatible rhizobial
strains™. Interestingly, expression of the gene EPR3 is induced upon
perception of Nod-LCO, which suggests a two-step mechanism: first,
rhizobia are sensed by the roots of legumes through NFR1-NFR5- or
LYK3-NFP-mediated Nod-LCO perception to initiate root-nodule
symbiotic signalling, which is followed by the EPR3-dependent sens-
ing of exopolysaccharides that further controls compatibility and colo-
nization™. This finding highlights the many important roles played by
LysM-receptor kinases in root symbioses.

Activation of symbiotic and immune receptor complexes
The downstream transmission of signals from receptor complexes
involves a variety of processes, with notable similarities between the
immunity and symbiosis signalling pathways. The recognition of
PAMPs by plant cells leads to a series of cellular events, including the
production of apoplastic reactive oxygen species, an increase in the
concentration of cytosolic calcium, the activation of cytosolic mito-
gen-activated protein (MAP) kinase and calcium-dependent protein
kinase (CDPKs) cascades, and transcriptional changes’. Most studies on
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signalling in symbiosis have focused on oscillations in nuclear calcium
concentrations, which regulate the expression of symbiotic genes®’.
However, Nod-LCO recognition also activates a transient increase
in reactive oxygen species and an influx of calcium across the plasma
membrane, both of which are associated with the tips of growing root
hairs’”*. These lesser-studied components of symbiosis signalling show
parallels with PAMP signalling (Fig. 3).

The formation of ligand -induced receptor kinase complexes

At the molecular level, components acting downstream of activated
PAMP receptors that induce immune responses are starting to be
uncovered in detail in both Arabidopsis and rice (see ref. 10 for a com-
prehensive review on this topic). A common theme is that ligand-bound
PAMP receptors form stable complexes with co-receptors that have
ectodomains containing similar biochemical domains (such as the LRR
or LysM) in a ligand-dependent manner. For example, in Arabidopsis,
the LRR-receptor kinase FLS2 forms a flg22-dependent complex with
the LRR-receptor kinase BAK1, and the LysM-receptor kinase LYK5
forms a chitin-dependent complex with CERK1; however, in rice the
LysM-receptor-like protein CEBiP forms a complex with CERK1 upon
chitin binding'®. LRR-receptor-like proteins such as RLP23 also form
complexes with BAK1 (or related somatic embryogenesis receptor-like
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kinases, SERKs) upon binding of ligands such as nlp20 but require a
further LRR-receptor kinase called SOBIR1 to do so™ (Fig. 1).

As mentioned previously, CERKI in rice and its orthologues in leg-
umes have a clear role as co-receptors that form part of LCO-perceiv-
ing and chitin-oligosaccharide-perceiving LysM-receptor complexes
in symbioses. Although these findings highlight a potential similar-
ity between immune and symbiotic signalling, they are more likely to
reflect common molecular strategies that are used by similar biochemi-
cal classes of ligand-binding receptors for their ligand-induced activa-
tion; for example, LRR-type receptors use LRR-type co-receptors such
as BAK1, whereas LysM-type receptors engage LysM-type co-receptors
such as CERK1). This is demonstrated further by the fact that BAK1
and SERK proteins function as co-receptors for LRR-receptor kinases
not only involved in immunity, but also in growth and development™.

The role of regulatory receptor kinases

Immune and symbiotic receptor complexes also contain regulatory
receptor kinases. For instance, the LRR-receptor kinase BIR2 nega-
tively regulates the formation of a complex between FLS2 and BAK1
in Arabidopsis*, whereas the Arabidopsis malectin-like LRR-receptor
kinase IOS1 is a positive regulator of this formation®. IOS1 also regu-
lates responses to chitin through an unknown mechanism® and the
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Figure 3 | Plant immune and symbiotic intracellular signalling

pathways. A simplified model of immunity signalling (left) and symbiosis
signalling (right) in plants, which shows the predominant components of these
signalling pathways. For immunity signalling, the pathway for the perception
of flagellin epitope flg22 is shown. Recognition of flg22 by the FLS2-BAK1
receptor complex leads to the phosphorylation of the receptor-like cytoplasmic
kinase BIK1, which then phosphorylates the N terminus of the NADPH
oxidase RBOHD, leading to the production of reactive oxygen species. This
release is proposed to activate an unknown calcium channel that is located

on the plasma membrane, causing an influx of calcium at the cytosol that is
recognized by CDPKs, which further phosphorylate RBOHD and enhances
its activation. CDPKs may also phosphorylate other targets that are thought to
be involved in the activation of genes involved in plant immunity. In parallel

to the calcium-mediated pathway, a MAP kinase (MAPK) pathway leads to
the phosphorylation of WRKY transcription factors that control aspects of
immunity gene expression. Symbiosis signalling involves the recognition of
Nod-LCOs by a receptor complex of the LysM receptor kinases NFR1 and
NFR5 and the LRR-containing receptor kinase SYMRK (known as DMI2 in

Nuclear
envelope

Symbiosis

Medicago). Pathway activation leads to a burst of reactive oxygen species and
an influx of calcium across the plasma membrane, similar to that observed in
immune signalling. The NADPH oxidase RBOH and the plasma-membrane-
localized calcium channel that are involved in symbiosis signalling have not
yet been defined. The recognition of LCOs (and chitin oligosaccharides) also
activates calcium oscillations in the nucleus. The 3-hydroxy-3-methylglutaryl-
CoA reductase (HMGR) that associates with SYMRK is involved in the
production of mevalonate, which may function as a secondary messenger

to the nucleus. Several channels that are located at the nuclear membrane
coordinate the release of calcium from the nuclear envelope and endoplasmic
reticulum: a complex of DMI1 (known as POLLUX in Lotus) and CNGC15
regulate counterflows of potassium and calcium, enabling these ions to flow
without impinging on membrane polarity, and the calcium ATPase MCA8
pumps calcium back into the nuclear envelope. Nuclear calcium oscillations
activate CCAMK, which phosphorylates CYCLOPS to promote the induction
of symbiosis gene expression. CYCLOPS may form part of a large complex that
contains a number of GRAS-domain-containing transcription factors (NSP1,
NSP2 and DELLA) that are also necessary for the expression of symbiosis genes.
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Arabidopsis CERK1-interacting LRR-receptor kinase LIK1 negatively
regulates chitin and flg22 responses®.

Similarly, symbiotic receptors interact with the orthologous malectin-
like LRR-receptor kinases SYMRK (in Lotus) and DMI2 (in Medicago)
that are required for both arbuscular mycorrhizal and rhizobial interac-
tions**** (Fig. 3). SYMRK associates with NFR5 and NFR1 and seems
to activate downstream signalling®®. The overexpression of SYMRK
is sufficient to induce nodule formation and arbuscular mycorrhizal-
related gene expression®. An interaction between SYMRK and the MAP
kinase kinase SIP2 has also been reported®. Furthermore, an inter-
action between DMI2 and 3-hydroxy-3-methylglutaryl-CoA reduc-
tase (HMGR) 1, a key enzyme of the mevalonate pathway, seems to be
associated with the activation of nuclear calcium oscillations, because
the application of mevalonate alone is sufficient to activate symbi-
otic nuclear calcium spiking and gene expression®. Interestingly, the
mevalonate pathway has been shown to be important during the innate
immune response in mammals® and this may reflect functions that are
common to both symbiosis and immunity signalling.

Cytoplasmic receptor-like kinases as signal transducers

An emerging underlying principle of plant receptor-kinase-based sig-
nalling is the dynamic association and activation of receptor-like cyto-
plasmic kinases (RLCKSs), which are phylogenetically related to receptor
kinases but lack the transmembrane and extracellular domains, as the
direct, downstream substrates of receptor-kinase complexes. For exam-
ple, several members of the RLCK subfamily VII, including BIK1, PBLI,
PBL27 and PCRK1 in Arabidopsis or RLCK176 and RLCK185 in rice,
associate dynamically with PAMP receptors and are positive regulators
of immune signalling™”*”*. Interestingly, although some RLCKs (for
example, BIK1) can act downstream of both LRR-type and LysM-type
PAMP receptors, the regulatory function of others (such as PBL27) is
more restricted'’. Distinct RLCKs connect ligand-activated receptor
complexes to appropriate downstream signalling outputs. For example,
BIK1 interacts with and phosphorylates the Arabidopsis plasma mem-
brane NADPH oxidase RBOHD following elicitation by flg22, elf18
or chitin’®. However, BIK1 is not required for flg22-induced MAP
kinase activation”’. Conversely, Arabidopsis PBL27 and rice RLCK185
are required for chitin-induced MAP kinase activation but not for the
production of reactive oxygen species”>”*”*. An RLCK has been dem-
onstrated to be involved in nodulation but its exact role in symbiotic
signalling has not been ascertained”.

Calcium signalling in symbiosis and immunity

Calcium is a common component of immunity and symbiosis signalling
pathways. However, the cellular location and nature of these calcium
signals differ, which probably reflects mechanistically distinct calcium
encoding and decoding machinery.

Generation of symbiotic nuclear calcium signals

Calcium oscillations in the nucleus are a hallmark of symbiotic
responses’ and a number of studies have deciphered the components
that are required for this signalling output. As mentioned previously,
mevalonate is sufficient to induce symbiotic calcium spiking in the
nucleus, and this involves the cation channels DMI1 (in Medicago) or
CASTOR and POLLUX (in Lotus), which are located at the nuclear
envelope®. Although these channels are necessary for calcium spiking,
the identity of the calcium channel itself was unknown until 2016. In
Medicago, the cyclic nucleotide-gated channels CNGC15a, CNGC15b
and CNGC15c, which are found on the nuclear membrane, have been
shown to interact with DMI1 and to directly mediate nuclear calcium
oscillations in response to Nod-LCOs and Myc-LCOs™. The release
of calcium from the nuclear envelope is probably a function of the
CNGC15 proteins, with DMI1 repolarizing the membrane through
the transport of potassium into the nuclear envelope®' and nuclear cal-
cium homeostasis being maintained through the action of the calcium
ATPase MCAS (ref. 82).
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Decoding symbiotic nuclear calcium signals

Symbiotic oscillations in the calcium concentration of the nucleus are
decoded by the nuclear-localized calcium and calmodulin-dependent
protein kinase CCAMK in both Lotus and Medicago® *. CCAMK can
bind calcium directly through EF-hand domains or indirectly through
a calmodulin-binding domain. Binding of calcium to the EF-hand
domains suppresses the action of CCAMK by activating autophos-
phorylation, which promotes a hydrogen-bond network that stabilizes
the inactive state of the protein®*’. Mutations that interfere with this
hydrogen-bond network create autoactive forms of CCAMK that can
spontaneously activate rhizobial and mycorrhizal responses in the
plant®*, Calmodulin binding overides the CCAMK inactive state by
blocking autophosphorylation and promoting substrate phosphoryla-
tion®. Because calcium only binds to calmodulin during symbiotic cal-
cium oscillations, the calmodulin-mediated activation of CCAMK will
occur only in the symbiotically activated cell. The main substrates for
CCAMK are the transcriptional activators CYCLOPS in Lotus and IPD3
in Medicago®™*’. CCAMK-induced phosphorylation of CYCLOPS is suf-
ficient to activate nodulation®, which is analogous to gain-of-function
mutations in CCAMK®**, CYCLOPS is probably a component of a
much larger transcriptional complex that contains at least three GRAS-
domain-type transcription factors (NSP1, NSP2 and DELLA) for nodu-
lation signalling”®” or the DELLA proteins and unknown transcription
factors for mycorrhizal signalling™. The DELLA proteins play many
parts in plant development and their involvement in symbiosis provides
ameans to coordinate symbiosis with development through the plant
hormone gibberellin®**. Interestingly, DELLA proteins also function
during immunity in plants”, which provides a possible mechanism of
cross-talk between immunity and symbiotic signalling pathways.

Cytoplasmic symbiotic calcium signals

Most research on symbiosis signalling has focused on oscillations in
the calcium concentration of the nucleus. But in legumes, Nod-LCOs
can also induce changes in the calcium concentration of the cytosol”*,
through the movement of calcium across the plasma membrane. These
changes originate at the tip of growing root hairs and correlate both
spatially and temporally with Nod-LCO-induced changes in reactive
oxygen species”®”. The role of this transient release of reactive oxygen
species as a positive activator of symbiosis is supported by evidence to
show that silencing of NADPH oxidases in Medicago blocks infection
by rhizobia®'®. Interestingly, activation of the cytosolic calcium influx
requires higher concentrations of Nod-LCOs than does the activation of
nuclear calcium oscillations'". This implies a function for the cytosolic
calcium influx during rhizobial infection, after the bacteria have become
trapped in a curled root hair and are therefore increasing in number in
an enclosed compartment. Although the molecular mechanisms of this
Nod-LCO-induced transient release of calcium are poorly understood,
the correlations between reactive oxygen species and calcium suggest
the involvement of mechanisms that are comparable to those of PAMP
signalling (Fig. 3).

Calcium signals in immunity signalling

Although nuclear calcium spiking is often presented as a defining output
of symbiotic signalling, PAMP perception can also induce oscillatory
changes in nuclear calcium concentrations'®'*”. Also, PAMP-induced
changes in cytosolic calcium concentrations were also shown to be
of an oscillatory nature using single-cell analysis'**'*. Whereas the
molecular mechanisms that underlie PAMP-induced changes in cal-
cium concentrations are still mostly unknown, both cyclic nucleotide-
gated channels and ionotropic glutamate-like receptors have been
proposed as candidates for PAMP-induced calcium channels'**'”. In
Arabidopsis, decoding of the PAMP-induced calcium response involves
at least four CDPKs that are necessary for transcriptional reprogram-
ming during immunity signalling'®. These CDPKs contribute to the
PAMP-activated production of reactive oxygen species'”, for example,
through the CPK5-mediated phosphorylation of RBOHD'”. RBOHD
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can therefore be phosphorylated by both BIK1 and CPK5 during
immunity signalling””®. It has been proposed that the PAMP-induced
changes in cytosolic calcium are biphasic, with an initial phase that is
independent of reactive oxygen species followed by a reactive-oxygen

species-dependent second phase'"’. A simple model has been suggested

in which BIK1 activation by the PAMP receptor complex triggers the
phosphorylation of RBOHD, which activates the enzyme and releases
an initial burst of reactive oxygen species. This promotes the activity of
a plasma-membrane-associated calcium channel that releases calcium
into the cytosol, which activates CDPKs to promote further RBOHD
activity through phosphorylation (Fig. 3). This circuit involving reac-
tive oxygen species and calcium has the potential to amplify the local
perception of an invading microorganism, and such amplification is
important for guarding other regions of the plant from further micro-
bial invasion'”. Salt stress can induce long-distance signalling through
waves of calcium flux, and such signalling is potentiated by an interplay
between calcium and reactive oxygen species''"''"*. Local PAMP percep-
tion probably also promotes long-distance signalling throughout the
plant using the same interplay.

Regulation of immunity by beneficial microorganisms
The colonization of host plants by microorganisms requires the regula-
tion of immunity signalling. In pathogenic associations, this regulation
is mainly the function of microbial effector molecules. Such effectors are
similarly involved in the regulation of immunity signalling during the
establishment of symbiotic associations, but plants also seem to directly
suppress immunity signalling following the recognition of symbiotic
microorganisms.

Recognition that is dependent on the expression of plant resistance
genes can limit the range of rhizobial species that can establish symbio-
sis with the host'", which implies that the activation of plant defences
restricts rhizobial colonization. To avoid such defences during symbio-
sis, symbionts can evade recognition by the plant (as discussed previ-
ously) or actively suppress the defences through the action of effectors.
Both rhizobia and arbuscular mycorrhizal fungi produce effectors that
promote colonization of their host plants"*'"*. Because mutations in the
type Il secretion system (a mechanism that delivers bacterial effectors
into the plant cell) of rhizobia alter the range of hosts that are available
to these bacteria, in both positive and negative ways'", it is clear that
such effectors promote rhizobial colonization. However, recognition of
these effectors by the host plant can promote immunity, which restricts
rhizobial colonization. The conversion of a species of pathogenic bac-
teria into one that is symbiotic requires the experimental transfer of
the ability to make Nod-LCOs in conjunction with the mutation of
effectors that restrict bacterial recognition"'*. Interestingly, the role of
effector proteins produced by some species of rhizobia are not limited
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Figure 4 | Nodulation involves the dampening
of plant defences. a, b, Root nodules in wild-
type Medicago truncatula (a) and the Medicago
7Y mutant (b), which is unable to restrict plant
defences in cells that have been infected by
rhizobia (a, b, scale bar, 250 mm). Nucleic acids
in both plant cells and bacteria are stained with
the dye SYTO 13 (green). Phenolic compounds
(autofluorescence, red), which indicate activated
plant defences, accumulate in the tissues in b.
Images courtesy of P. Kalo.

to the regulation of defences. A species from the genus Bradyrhizobium
that can colonize soybean (Glycine max) has the ability to do so even in
the absence of Nod-LCO production or recognition, and this function
is conferred by an effector that is delivered through a type III secretion
system'"”. This effector probably activates symbiotic signalling, which
therefore negates the need for Nod-LCO perception. A similar mecha-
nism may explain other examples in which nodulation occurs in the
absence of Nod-LCO production'™.

As well as the suppression or evasion of defences by the symbiont,
the plant also plays an important part in regulating its own defences
during symbiosis. Such regulation seems to take two forms: a direct
suppression of immunity signalling that occurs early in the interaction
with rhizobia (and presumably arbuscular mycorrhizal fungi) and a later
suppression of defences in the nodule. Expression profiling that reveals
alarge but transient suppression of defence-related genes in the first
24 hours of treatment with rhizobia or Nod-LCO clearly indicates that
plant defences are downregulated during symbiosis'"®. This is probably
the result of a direct suppression of immunity signalling that follows
the recognition of Nod-LCO and chitotetraose and may take the form
of a reduction in the level of PAMP receptors on the cell surface'>.
Interestingly, this suppression of immunity signalling by Nod-LCOs
and chitotetraose is present in Arabidopsis, even though the species
does not form root-nodule or arbuscular-mycorrhizal symbioses, and
may reflect the importance of plant defences during the production of
stable microbiomes and endophytic associations'*'. The end result of the
nitrogen-fixing symbiosis is a nodule with cells that have been colonized
intracellularly by rhizobial bacteria. Such colonization seems to require
a further level of regulation of plant defences — a suggestion that is
supported by evidence from a suite of genes in which certain mutations
cause the inappropriate activation of plant defences in the nodule'*"'*
(Fig. 4). A genetic pathway is emerging for this later regulation of plant
defences, which involves a receptor kinase'?, a phospholipase C** and
a protein of unknown function that resides in the endoplasmic reticu-
lum'®. It remains to be shown exactly how these genetic components
function together to regulate plant defences.

Improving immunity and symbiosis in crops

Now that a considerable level of understanding of the mechanisms
that underpin signalling in immunity and symbiosis exists, we are in a
position to modify these processes to engineer crops for better perfor-
mance in the field. PAMP receptors confer broad-spectrum resistance
to disease and several have been cloned from economically important
crops”'? ! Interestingly, a large number of PAMP receptors seem
to be restricted to certain taxonomic groups>>'?’, which most prob-
ably reflects the evolution of receptor kinase and receptor-like protein
families through duplication, expansion and divergence'**'*. As well as
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being useful for the identification of PAMP receptors, this knowledge
is facilitating efforts to improve disease resistance in crops through the
transfer of PAMP receptors (by means of classical breeding or genetic
engineering) between species, genera, families or classes of plants to
add new recognition specificity to the arsenal of PAMP receptors that
are already present in the recipients. The successful transgenic trans-
fer of several PAMP receptors has now been described in several spe-
cies”"***** and this represents a promising biotechnological approach
to engineering broad-spectrum disease resistance in crops. Notably,
the efficacy and durability of the disease resistance that is conferred by
PAMP-receptor engineering are yet to be demonstrated in field trials.
Furthermore, it will be interesting to test the impact of introducing new
PAMP receptors on symbioses and on the microbiome. The detailed
definition of phytobiomes may enable the use of isolated beneficial
strains, individually or as synthetic communities, to improve the resist-
ance of plants to biotic or abiotic stresses".

A more challenging venture is to transfer nitrogen-fixing symbio-
sis from legumes to cereal crops'*. Similar to the transfer of disease
resistance between species, engineering nitrogen-fixing symbiosis in
cereals will almost certainly require the transfer of recognition spe-
cificities, which will probably involve the transfer of symbiotic recep-
tors. However, nodulation involves more than just the recognition of
rhizobial bacteria, and the developmental pathways that are associated
with rhizobial infection and nodule organogenesis will probably also
need to be transferred to enable effective levels of nitrogen fixation in
cereal crops. An alternative approach to engineering nitrogen-fixing
cereal crops is the transfer of the bacterial enzyme nitrogenase, which
is responsible for nitrogen fixation'*’. Nitrogenase is a complex oxygen-
sensitive enzyme with unique cofactors that must also be engineered
into the plant. However, the first stages of transfering the components
of nitrogenase have delivered promising results'**'*.

It is foreseeable that a combination of the expression of ectopic PAMP
receptors, modifications to microbial communities and the expansion
of nitrogen-fixing capabilities to other species of crops will contribute
to the development of a more sustainable and resilient agriculture in
the future.

Concluding remarks

Recent insights have provided a detailed understanding of the mecha-
nisms that underlie signalling pathways in immunity and symbiosis in
plants. Although gaps in our knowledge remain, such as the nature of
the plasma-membrane-associated calcium channels that are responsible
for calcium influx following the perception of PAMP and symbiosis
signals, these are likely to be filled in the next few years. However, there
are also more challenging questions that relate to the interplay between
immunity and symbiosis signalling, which include how these signal-
ling processes impart specific outcomes and what happens when a cell
is challenged by many diverse signals. In its natural habitat, a plant is
exposed to a wide variety of microorganisms at the root and shoot and
must decide how and when to respond. Immunity and symbiosis signal-
ling must contribute to the nature of the microbiome, but the degree to
which these signalling processes can structure plant-associated micro-
bial communities is only beginning to be explored. However, there is no
doubt that such studies will provide exciting insights into the regulation
by plants of their biotic environment. m
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