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Abstract: Plants form beneficial symbioses with a variety of different microbes.
Among these, the root associated arbuscular mycorrhizal fungi, ectomycorrhizal
fungi, rhizobial, and actinobacterial symbioses are some of the best understood.
The successful establishment of these symbioses relies on a complex, coordinated
signal exchange that arose from hundreds of millions of years of coevolution
between plants and their associatedmicrobes. Despite the diversity of these micro-
bial symbionts, common signalling mechanisms were evolved that include the
manipulation of host immunity and the use of similar plant- and microbe-derived
signals and receptors. Owing to the plethora of information on these diverse
symbioses, their signalling mechanisms are rarely reviewed together and even
less so within an evolutionary context. We provide an overview of what is known
regarding the evolution of these signals in an effort to highlight knowledge gaps
in our understanding of plant–microbe symbiosis.

Keywords: evolution, plant–microbe interactions, symbiosis, mycorrhiza,
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1 Introduction

The transition of plants from a predominantly aquatic to terrestrial lifestyle
was a pivotal transformation in earth’s history. This lifestyle shift brought
with it a number of challenges related to nutrient and water acquisition and
volatile environmental changes. In order to overcome these, the earliest land
plants, the bryophytes, entered into mutualisms with arbuscular mycor-
rhizal fungi (AMF) (Edwards et al., 2015; Lenton et al., 2016; Nelson et al.,
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2018). In order to distinguishing between AMF and potential pathogens,
plants evolved a complex signal exchange with AMF. In turn, AMF evolved
signals to perceive suitable hosts. Genetic evidence suggests that many
of the signalling components in land plants were present in advanced
Charophyceae algae, some of which were already terrestrial (Stebbins and
Hill, 1980; McCourt et al., 2004; Delaux et al., 2012a, 2015; Delwiche and
Cooper, 2015; Harholt et al., 2016). This pre-existing infrastructure was
utilised for a variety of plant–microbe symbioses ranging from AMF to
rhizobia (Delaux et al., 2012a, 2013b). Decades of research have revealed
many of the intricacies of crosstalk signalling between plants and their
symbiotic microbes yet many unanswered questions remain regarding the
specific roles that these signals play and how they relate to host specificity.
Given the prevalence of plant–microbe mutualisms and their ability to
facilitate growth under rapidly changing and stressful environments, there
has been a growing emphasis on deciphering the dialogue between plants
and microbes in order to encourage beneficial mutualisms and foster new
ones in the face of a global climate change (Ambrosio et al., 2017; Basu et al.,
2018).
AMF-plant mutualisms occur in 80–90% of all extant plant species, hav-

ing evolved ∼480 million years ago (Ma) (Martin et al., 2017; Lutzoni et al.,
2018; Strullu-Derrien et al., 2018) (Figure 1), and suggest how other subse-
quent plant–microbe associations might have begun (Wang and Qiu, 2006;
Humphreys et al., 2010). In addition to AMF, plants associate with a wide
range ofmicrobial symbionts from root-associated fungi andbacteria to endo-
phytic bacteria and fungi that livewithin leaf surfaces. Ectomycorrhizal fungi
(EMF) form mutualisms with ∼2% of plant species in which the fungus does
not penetrate the plant cell wall and evolved ∼220Ma from various sapro-
trophic lineages (Eastwood et al., 2011; Floudas et al., 2012; Kohler et al.,
2015; Martin et al., 2017; Lutzoni et al., 2018; Strullu-Derrien et al., 2018).
These surface-level interactions activate and suppress immunity similar to
AMF during host infection yet utilise distinct signalling mechanisms. More
recently (∼100Ma) (Soltis et al., 1995; Raymond et al., 2004; Werner et al.,
2014), AMF-associated angiosperms evolved symbioses with two types of
nitrogen-fixing bacteria, rhizobia, and actinobacteria (from the genus Frankia)
that allowed these plants to colonise areas with limited bioavailable nitro-
gen. Today, over 70% of legumes form symbioses with rhizobia (Sprent, 2007;
Divakar et al., 2015).
These four types of root-associated symbioses (AMF, EMF, rhizobia, and

Frankia) employ a common strategy for the infection of their plant hosts. First,
microbes suppress innate immunity, followed by a manipulation of plant
hormone signalling. In turn, plants secrete compounds for the recruitment
of mutualistic microbes existing within the proximity of plant roots. Micro-
bial symbionts respond by excreting compounds that induce physiological
changes in the plant through molecular machinery that is both conserved
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and unique to certain symbioses. In this article, we synthesise what is known
about the signalling mechanisms for these most well-studied plant–microbe
symbioses towards reconstructing a narrative for the coevolution of these
symbioses where possible. Our aim is to highlight what is known and bring
to light gaps in the literature that limit a holistic understanding of how these
symbioses coevolved.

2 Four Major Types of Interactions

The consortium of microbes associated with a plant is enormously complex
and includes thousands of commensal, potentially pathogenic, and benefi-
cial microbes (Vandenkoornhuyse et al., 2015). The best studied beneficial
symbionts are AMF, EMF, rhizobia, and Frankia, but there is also a growing
body of research regarding endophytic fungi and bacteria that grow in and
on the surface of leaves (Arnold et al., 2003; Arnold and Engelbrecht, 2007;
van der Heijden et al., 2015; Shaffer et al., 2017). Coevolution within the
individual plant ecosystem or holobiont is complex and occurs not only
between plant–symbiont but also between symbiont–symbiont and even
symbiont–plant–symbiont. However, for this article, we focus on comparing
bipartite, coevolved strategies between plants and their microbial symbionts
as there seems to be an incomplete synthesis in this space. For a framework
for assessing holobiont coevolution, we refer the reader to Hassani et al.
(2018) or recent reviews of leaf-associated fungi and bacteria byWagner et al.
(2016) and Stone et al. (2018).

2.1 Arbuscular Mycorrhizal Fungi (AMF) Physiology and Evolution

AMF are obligate biotrophs that fall within the Glomeromycotina subphy-
lum of the Mucoromycota (Spatafora et al., 2016). Glomeromycota represent
over 1000 species yet only ∼300 have been described by morphology (Oehl
et al., 2011; Redecker et al., 2013). This relatively small group of fungi
form obligate endosymbioses with a diverse range of plants spanning over
200 000 species and generally have low host specificity (Johnson and Jansa,
2017). AMF symbioses appear to have emerged around the same time
that bryophytes (moss, liverworts, and hornworts) diverged from a single
lineage of single-celled algal charophytes ∼440–530Ma (Remy et al., 1994;
Brundrett, 2002; Edwards et al., 2015; Lenton et al., 2016; Martin et al., 2017;
Lutzoni et al., 2018; Strullu-Derrien et al., 2018) (Figure 1). Bryophytes lack
a root structure making nutrient acquisition limited. It is hypothesised that
early bryophytes overcame this limitation by entering into symbioses with
AMF. In AMF-symbiosis, the fungus penetrates the plant cell wall (but
not the plasma membrane) and forms an intricately branched ‘arbuscule’

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

4



The Evolution of Symbiotic Plant–Microbe Signalling

structure inside the cortex of a cell (Figure 1). Some early fossil records
confirm this hypothesis as fossils from ∼407Ma show structures that appear
to be arbuscule like (Krings et al., 2012; Pressel et al., 2014; Strullu-Derrien
et al., 2014). Further, empirical data confirm that Glomeromycota and some
primitive Mucoromycota are capable of forming mutualistic symbioses with
extant liverworts under environmental elevated CO2 conditions similar to
the mid-Palaeozoic atmospheric concentrations (Field et al., 2012).
AMF colonization begins with fungal perception of plant-derived signals

such as strigolactones and flavonoids that initiate spore germination, hyphal
branching, and the production of fungal-symbiotic signals (Buee et al.,
2000; Akiyama et al., 2005; Besserer et al., 2006). AMF symbiotic signals
are a mixture of effector proteins and chitin-derived compounds such as
short-chained chitin oligosaccharides (COs) and lipo-chitin oligosaccharides
(LCOs) (Maillet et al., 2011). Plant perception of LCOs activates calcium oscil-
lations within the plant nucleus through a well-conserved set of genes part
of what is referred to as the ‘common symbiosis signalling pathway’ (CSSP)
(Delaux et al., 2013b) (Figure 2). Activation of the CSSP suppresses innate
immunity and facilitates hyphal attachment to the root surface followed
by penetration of the plant cortical cells using a pre-penetration apparatus.
The specialised arbuscule structure optimised for nutrient exchange is
then formed. After arbuscule formation, the CSSP is no longer active and
plant–fungal communication is conducted using alternative signalling and
nutrient pathways beyond the scope of this article (for a recent review see:
Choi et al. (2018)).

2.2 Ectomycorrhizal Fungi (EMF) Evolution and Physiology

EMF are known to provide a number of ecosystem services such as car-
bon sequestration, nutrient mobilization, and plant–plant communication
through common mycorrhizal networks (Courty et al., 2010; Clemmensen
et al., 2013). Like AMF, EMF establish symbiotic structures with plant roots
and help their host plant obtain nutrients (notably water, nitrogen, and phos-
phorus) and prevent infection by unwanted pathogens. The Ectomycorrhizae
are made up of over 20 000 species from the Basidiomycota, Ascomycota,
and Zygomycota fungal phyla (Brundrett, 2009) and typically associate
with woody plants. Phylogenetic analyses show that EMF evolved multiple
times from various saprotrophic lineages as far back as ∼180Ma (Kohler
et al., 2015) (Figure 1). Similar to their saprotrophic ancestors, EMF have a
diverse array of degradation enzymes that breakdown organic molecules
into their smaller nitrogen and phosphorus components; however, many
have lost most of their cell-wall degrading enzymes (Plett and Martin, 2011;
Kohler et al., 2015). The loss of cell-wall degrading enzymes necessary for
saprotrophy appears to be critical for the formation of beneficial EMF-plant
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The common symbiotic signaling pathway (CSSP)
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Figure 2 Major signals and receptors involved in the formation of plant-AMF and
plant-rhizobia symbioses. Plants perceive MAMPs that are either secreted or located on
the surface of rhizobia and AMF through MAMP (LysM-RLK) receptors. Effector proteins
are small, secreted proteins that are produced by plant mutualists and pathogens to
suppress innate immunity often via interference with plant-hormonal signalling (arrows
not drawn). Nodulating plants produce flavonoid compounds that are perceived by
rhizobia through a NodD (LysM-RLK) receptor. Rhizobia release a combination of Nod
factors and effector proteins; effector proteins are secreted through type III and IV
secretion systems (T3SS and T4SS) and often alter plant hormone signalling patterns in a
way that suppresses innate immunity. Plants produce strigolactones that are perceived by
an unknown receptor(s) in AMF (indicated by a question mark). AMF secrete Myc factors
and likely effector proteins through yet unidentified secretion systems (indicated by a
question mark). Plants perceive Nod and Myc factors through Nod and Myc
factor-specific (LysM-RLK) receptors located on the cell membrane. Activation of
Nod/Myc factor receptors initiates the common SYM pathway by signalling a potassium
channel (DMI1) in the nuclear membrane that triggers calcium oscillations within the
cells of the plant host. These calcium oscillations are perceived by a
calcium/calmodulin-dependent protein kinase (CCaMK) and distinct calcium spiking
patterns activate GRAS transcription factors that lead to the formation of specialised
endosymbiotic structures known as arbuscules (AMF) or nodules (rhizobia). AMF,
arbuscular mycorrhizal fungi; MAMP, microbial-associated molecular pattern; LysM-RLKs,
LysM receptor-like kinases; LCOs, lipochitin-oligosaccharides; COs, chitooligosaccharides.
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symbioses, as nearly all of the cellulose-degrading enzymes have been lost
in sequenced EMF (Kohler et al., 2015; Martin et al., 2016).
Despite the diversity of EMF, the symbiotic structures they form are

extremely similar. Initially, EMFmake hyphal contact with lateral plant roots
followed by the release of aquaporins and effector proteins that facilitate the
formation of a network of fungal hyphae in between plant cells within the
apoplast known as the ‘Hartig net’ (Navarro-Ródenas et al., 2015) (Figure 1).
Eventually, a thick layer of hyphae forms on the surface of the root to form
the mantle. EMF-plant structures have been identified in the fossil record
dating back as early as 41–56Ma (Lepage et al., 1997; Beimforde et al., 2011),
even though the EMF symbiosis appears to have arisen multiple times over
the course of an extended period between of 140 and 300Ma from various
saprotrophic lineages (Eastwood et al., 2011; Floudas et al., 2012; Kohler et al.,
2015; Martin et al., 2017; Lutzoni et al., 2018; Strullu-Derrien et al., 2018).

2.3 Rhizobia Evolution and Physiology

Greater than 70% of legumes and one nonlegume from the genus Parasponia
form symbioses with nitrogen-fixing bacteria, termed rhizobia (Sprent,
2008; Van Nguyen and Pawlowski, 2017). Rhizobia are a polyphyletic
group that come from 15 genera in 8 different families (Remigi et al., 2016).
Two competing hypotheses exist regarding the evolution of plant-rhizobia
symbioses. The first assumes that there are multiple origins of this symbiosis
given the phylogenetic distance between legumes and Parasponia (Geurts
et al., 2012; Behm et al., 2014). However, a more recent hypothesis suggests
that nitrogen-fixing symbioses evolved from a single angiosperm lineage
that was already in association with AMF (Werner et al., 2014); this cryptic
adaptation was identified in the rosids I clade originating ∼100Ma and is
believed to have been able to form stable nodulation with rhizobia. The
formation of stable nitrogen-fixing symbioses with rhizobia is believed to
have been subsequently lost and regained multiple times, resulting in the
host-symbiont specificity commonly observed (Oldroyd et al., 2011). The
degree to which coevolution played a role in the evolution of rhizobia is
much debated as the ability to nodulate may have been driven by plant
selection of beneficial symbionts, or plants may have cultivated symbioses
with rhizobia through the formation of nodules. Given the strong evidence
of widespread horizontal gene transfer (HGT) within the rhizobia and
the discordant speciation between legumes and rhizobia, plant-driven
coevolution seems unlikely to be the primary driver.
Plants stimulate rhizobial growth by excreting flavonoids as a means of

recruiting suitable nitrogen-fixing symbionts (Figure 2). In response, rhizobia
release effector proteins generally referred to as nodulation (Nod) factors
and a cocktail of LCOs (with the exception of Bradyrhizobia discussed in the
following text). Nod factors and effector proteins activate the same CSSP in
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plants required for the establishment of AMF symbioses. Plant activation
initiates root growth and the formation of young nodules. Rhizobia then
enter nodules through a transient, specialised structure known as the ‘sym-
biosome’ that becomes a nutrient exchange interface between the rhizobia
and the plant (Figure 1).

2.4 Actinobacteria (Frankia)

Filamentous, nitrogen-fixing bacteria within the genus Frankia form nodules
with a broad diversity of actinorhizal plants including >260 species within
the Fagales, Rosales, and Cucurbitales orders (Dawson, 2007) as opposed to
rhizobiawhich only associatewith legumes andParasponia. Generally, Frankia
use similar signalling mechanisms to rhizobia to induce symbioses with the
exception of clusters I and III Frankia, which lack the core nodABC nodulation
genes. The actual signals are unknown but cluster I and III species have been
shown to produce hydrophilic, chitinase-resistant molecules that induce
Ca2+ spiking characteristic of CSSP activation (Chabaud et al., 2015). This
evidence suggests that cluster I and III Frankia are secreting compounds that
act as Nod factors that are structurally distinct from chitin-based LCOs. The
proposed mechanism of cluster I and III symbiotic signalling likely involves
theCSSP given that LysM receptor-like kinases (LysM-RLKs)within theCSSP
are activated by a variety of compounds other than LCOs such as peptidogly-
cans and polysaccharides (Willmann et al., 2011). Despite some work in this
area, the identity of these Frankia-derived signals and their corresponding
plant receptors remain unknown (Nguyen and Pawlowski, 2017).
Actinorhizal plants belong to the Fabales clade (same as legumes and

Parasponia) further strengthening the hypothesis that nodule-forming plants
arose from a single predisposed lineage of angiosperms∼100Ma (Soltis et al.,
1995; Doyle, 1998, 2011) (Figure 1). Nodulation proceeds similarly to rhizobial
nodulation. However, actinobacteria form a thread-like structure, termed a
‘fixation thread’, instead of a symbiosome in order to penetrate the epidermis
and transit into the nodule (Figure 1). Unlike symbiosomes, fixation threads
remain intact once inside the plant cell; instead of opening, the cell wall thins
to allow the transfer of nutrients between the host and symbiont (Holmer
et al., 2017). Behm et al. (2014) argue that fixation threads found in the
Parasponia-rhizobia mutualisms are a younger interaction therefore represent
a more ancestral infection mechanism than symbiosomes.

3 Plant Hormone Signalling

An overwhelming number of plant and microbial-derived signals and their
perception mechanisms have been identified (for review see: Venturi and
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Keel, 2016). While a variety of signals appear to be relevant to plant–microbe
signalling, strigolactones, and flavonoids are some of the best studied
plant-derived signals while LCOs, COs, and effector proteins are the most
well-understood microbial-derived cues. The majority of symbioses involv-
ing AMF, rhizobia, and Frankia have evolved to require the CSSP pathway in
plants to perceive these microbial-derived signals and alter plant hormonal
signalling in order to form the proper endosymbiotic structures (Delaux
et al., 2013b) (Figure 2). As discussed in the following section, plants use
this same pathway to distinguish between fungal and bacterial symbionts
that result in completely different endosymbiotic structures. The mechanism
behind how specific symbionts are perceived by the CSSP remains one of the
primary outstanding questions.

3.1 Algal Ancestors Contain the Building Blocks for the Common
Symbiosis Signalling Pathway (CSSP)

As mentioned earlier, the CSSP is a shared signalling pathway present
in nearly all land plants and used by both AMF, rhizobia, and acti-
nobacteria to modify plant hormone signalling and regulate root growth
(Figure 2). Briefly, the CSSP is induced by microbial derived LCOs and
COs (Genre et al., 2013) and perception of these microbial signals by plants
occurs via LysM-RLKs that, in turn, activate a symbiosis receptor kinase,
SYMRK, which is referred to as DMI2 in Medicago truncatula (Stracke et al.,
2002). SYMRK activates the potassium channel (DMI1) on the nuclear
membrane to produce Ca2+ oscillations. These Ca2+ signals are decoded
by calcium/calmodulin-dependent protein kinase (CCaMK) that leads
to the phosphorylation of the transcriptional regulators CYCLOPS (in
Lotus japonicus) or IPD3 (inM. truncatula) (Ané et al., 2004; Levy et al., 2004).
CYCLOPS/IPD3 regulates one ormore of four downstream “GRAS”-domain
transcriptional factors (Hirsch and Oldroyd, 2009) required for arbuscular
(RAM1 and RAD1) or nodulation (NSP1 and NSP2) specific symbioses
(Gobbato et al., 2012; Delaux et al., 2013a; Singh et al., 2014; Xue et al., 2015)
(Figure 2). The CSSP has been the subject of a number of recent reviews and
the reader is recommended to consult Oldroyd (2013) and MacLean et al.
(2017) for further details.
Comparative genomics have revealed the degree to which the CSSP is

conserved across terrestrial plants and their algal ancestors. A complete
set of CSSP-related orthologues (LysM-RLK, DMI1, DMI2, CCaMK, and
IPD3) were identified in bryophytes (Delaux et al., 2015). Homologues for
LysM-RLK and IPD3 were identified in select charophytes and a DMI2
orthologue was identified in a single charophyte. Perhaps most surprising,
potential DMI1 and CCaMK homologues were found in charophytes as well
as a few chlorophytes (Delaux et al., 2015). The selectivity filter domain of
the DMI1 potassium channel appears to have originated in chlorophytes but
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was significantly refined within the charophytes to the form represented
in extant terrestrial plants (Delaux et al., 2015). Additional homologues
downstream of CCaMK were identified in chlorophytes (e.g., an ABC trans-
porter, a H+-ATPase (HA), and a phosphate transporter (PT)) although more
were found in charophytes (all four of the GRAS transcription factors, two
ABC transporters, HA, and PT). Despite the presence of these downstream
components in algal ancestors, the majority of downstream components
only appear in the bryophytes (Delaux et al., 2015). Regardless, this genetic
evidence strongly suggests that fungal–algal interactions likely predated the
establishment of terrestrial bryophyte-AMF interactions.
Taken together, much of the CSSP predates terrestrial land plants and

several microbes have tapped into this signalling pathway to establish bene-
ficial symbioses. Mosses show highly diverged CSSP genes relative to those
of land plants, which show extremely high conservation, and transformation
with moss CCaMK could not rescue AMF colonization in M. truncatula
null mutants (Wang et al., 2010). The divergent loss of crucial CSSP genes
likely represents a secondary loss (Field and Pressel, 2018) and confirms the
importance of the CSSP as mosses do not form AMF symbioses. Current
evidence suggests that while the CSSP is required for AMF, rhizobial, and
actinobacterial-plant symbioses, it is not required for EMF-plant symbioses.
In fact, downstream components of the CSSP are absent in many of the
EMF-specific species within the Pinaceae family potentially due to genome
streamlining (Garcia et al., 2015).
However, the CSSP is present in other EMF-associated plants within

and outside of the Pinaceae family (Garcia et al., 2015). This means that
the CSSP could have been used in early EMF-plant associations and may
be partly required in some EMF-plant associations. For example, the
glycerol-3-phosphate acyltransferase (RAM2; Venkateshwaran et al., 2013)
involved in fatty acid biosynthesis that central to the CSSP is present in most
EMF associating plants including those within the Pinaceae that lack most of
the CSSP, suggesting that fatty acids may still play a role in EMF symbioses
(Garcia et al., 2015). To date, the importance of the CSSP to the evolution of
EMF symbioses remains unclear.

4 Suppression of Plant Immunity

While plant symbiotic signalling and innate immunity have commonly been
studied as distinct entities, they must work in concert for the establishment
of beneficial endosymbioses (for a detailed review, see: Desaki et al. (2018)
and Plett and Martin (2018)). Plant-immune responses are triggered by
the detection of common signatures of plant-associated microbes termed
‘microbe-associated-molecular-patterns’ (MAMPs) that include flagellin,
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peptidoglycan, chitin, and their molecular derivatives. Although AMF,
rhizobia, and actinobacteria secrete LCOs, these compounds are not clas-
sified as MAMPs because plant perception of LCOs typically results in
the formation of specialised endosymbiotic structures (arbuscules and
nodules) instead of a prolonged innate immune response (Hacquard et al.,
2017). While plant immune responses are often pathogen-specific, there
are common characteristics that indicate the activation of plant immunity;
typically, the secondary signalling compounds jasmonic acid, ethylene, and
salicylic acid are produced and reactive oxygen species (ROS) accumulate
in infected areas (Plett and Martin, 2018). As will be discussed below,
so-called ‘symbiotic’ signals have been shown to induce some of the same
physiological changes associated with innate immunity. Understanding the
connections between symbiosis and immunity should yield insights into
how plants distinguish between beneficial symbionts and pathogens as well
as how these signals coevolved.
The origins of plant immunity have been traced back to a superfamily

of Nod-like receptor (NLR) proteins that were present in early charophyte
algae and remain conserved across gymnosperms and angiosperms but lost
in grasses (Yue et al., 2012; Gao et al., 2018). The presence and diversification
of NLRs in the Charophyceae suggests that these proteins may have been
used to sense algal pathogens (Gao et al., 2018). This is not surprising as
algae and early embryophytes interact with a plethora of microbes. Some
algae are known to have tight mutualistic symbioses with bacteria (Croft
et al., 2005; Droop, 2007; Geng and Belas, 2010; Seymour et al., 2017; Hom
et al., 2015) as well as antagonistic symbioses (Rasconi et al., 2012; Knack
et al., 2015). The work by Gao and colleagues highlights the importance
of ancestral algal immunity on the evolution of advanced plant immune
responses (for a detailed discussion, see: Ortiz and Dodds (2018)). Future
work may illuminate the physiological responses of algae to microbial
contact that go beyond the mere presence of receptor proteins.

4.1 AMF and Plant Immunity

Immune responses are known to be triggered upon initial AMF contact,
followed by immune suppression during later stages of arbuscule formation
(Kapulnik et al., 1996; Fester and Hause, 2005; Fouad et al., 2014; Benhiba
et al., 2015; Mo et al., 2016; Sarkar et al., 2016). Some receptors associatedwith
MAMP perception appear to play a dual role in activating plant immunity
when faced with a pathogen and in establishing symbiotic arbuscules when
associated with AMF. The LysM receptor in rice, OsCERK1, is well known
to perceive LCOs produced by AMF (Carotenuto et al., 2017), while its
homologue in Arabidopsis is associated with triggering host immunity in
response to chitin perception (Miya et al., 2007; Shimizu et al., 2010). This
raises the question as to how OsCERK1 distinguishes between AMF and
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pathogens. OsCEBiP is a coreceptor protein that is required for pathogenic
chitin perception but that does not affect AMF colonization (Kaku et al.,
2006; Shimizu et al., 2010), suggesting that a yet unidentified membrane
protein coreceptor may be required for distinguishing AMF-specific LCOs.
The idea that plants rely on a numerous LysM-RLK receptors to perceive

different extracellular signals is not new. Bozsoki et al. (2017) identified
additional receptors in M. truncatula and Lotus japonicus that bind distinctly
to chitin and result in the activation of innate immunity while being unaf-
fected by LCO production, by AMF, or rhizobia. Desaki et al. (2018) further
reviews what is known about the role of specific LysM-RLK receptors used
in distinguishing between pathogens and specific beneficial symbionts.
There are some cases where pathogens appear to have coopted the CSSP
machinery associated with AMF and nitrogen-fixing bacteria in order to
avoid host immunity. Recent work has documented the necessity of various
CSSP genes (SYMRK, NUP133, SEC13, and POLLUX) in Arabidopsis thaliana
required for successful life cycle completion by the mildew pathogen
Hyaloperonospora arabidopsidis (Ried et al., 2018). It has yet to be determined
whether H. arabidopsidis has truly coopted the signalling machinery utilised
by AMF or if this is a snapshot in the coevolutionary arms race in which
H. arabidopsidis is evolving into a pathogen from initially being a mutualist.
At this point, the role of plant immunity in the formation of AMF symbioses
remains unclear. What is known is that an immune response is triggered
but subsequently suppressed when arbuscules form. Moreover, immune
suppression is linked to the activation of specific LysM-RLK receptors
responsible for the perception of AMF-derived LCOs and COs.

4.2 EMF and Plant Immunity

EMF appear to have evolved separately from AMF and rhizobia/actino-
bacteria. While EMF have retained a small number of cellulases, they appear
to have lost a great number of extracellular degradative enzymes present in
their saprotrophic fungal counterparts (Plett and Martin, 2011; Kohler et al.,
2015). This reduction appears crucial to the formation of stable symbioses
as plants have evolved so-called ‘damage-associated-molecular-patterns’
(DAMPs) that detect cell wall fragments such as oligogalacturonides,
galacturonic acid, and hyaluronan fragments (Land, 2003). Similarly, AMF
have very few if any cell wall modifying enzymes (Tisserant et al., 2013;
Kohler et al., 2015); rhizobia and Frankia have some active cellulases and
endoglucanases that are required for the formation of infection threads
and/or the establishment of a healthy nodule (Robledo et al., 2008, 2011).
Following the initial phases of plant colonization, the activation of plant
immunity by EMF is quickly attenuated (Duplessis et al., 2004; Plett et al.,
2014b, 2015). However, Plett et al. (2014b) found that ethylene and jasmonic
acid production (immune response markers, see above) was increased in
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Populus during later stages of EMF infection by Laccari bicolor. The authors
hypothesise that this enhanced host immunity during late-stage colonization
may be induced to limit the number of fungi able to inhabit the roots so
as avoid overtaxing the plant host. Stimulation of plant immunity during
late-stage colonization in AMF has not been reported, although the appro-
priate studies have not been conducted to see if plants use similar methods
to restrict colonization in AMF symbioses.

4.3 Rhizobia and Plant Immunity

The relationship between symbiotic signalling and innate plant immunity
is probably best understood with the rhizobia-plant endosymbiosis. Recent
studies have shown that rhizobia-specific LCOs and COs (Nod factors)
stimulate the upregulation of genes associated with innate immunity (Libault
et al., 2010; Nguyen et al., 2012; Rose et al., 2012). However, the precise
mechanism of plant immunity activation and the compounds associated
with activation are not yet understood. There are also numerous examples
of Nod factors that are required for the attentuation of an immune response.
For example, Nod factor deficient rhizobia (nodC mutants) were shown to
increase the amount of salicylic acid, a secondary signalling compound
associated with plant immunity (Martínez-Abarca et al., 1998). Nod factor
additions have also been associated with the reduction of ROS accumulation
in M. truncatula (Shaw and Long, 2003) as well as the reduction of a general
innate immune response brought on by the exogenous addition of the
MAMP, flg22, to Arabidopsis (Liang et al., 2013). Taken together, these find-
ings show a clear link between the Nod factors produced by rhizobia and the
manipulation of plant immunity. The catch-all term ‘Nod factors’ refers to a
complex cocktail of compounds that may mask the distinct effects of indi-
vidual compounds that may also elicit responses at different timescales. The
potentially paradoxical interaction between Nod factors and plant immunity
may simply be due to shared sensing machinery (gene sharing/pleiotropy
(Piatigorsky, 2007)) for immune activation and nodulation initiation and
perhaps the result of rhizobia having evolved from a pathogen that was
able to suppress plant immunity. Effector proteins are also known to play an
important role in the suppression of plant immunity (see Section 9).

4.4 Frankia and Plant Immunity

To date, we know little about the regulation of plant immunity with
respect to actinobacteria-plant symbioses. However, an important group
of smallsecreted hydrophilic, chitinase-resistant compounds is associated
with the establishment of Nod-independent nodule formation (Chabaud
et al., 2015; Cissoko et al., 2018) as well as the conservation and expression
of nad1, a gene associated with defence response in legume nodules, in
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actinorhizal plants (Wang et al., 2016). Plant innate immunity may play a
role in actinorhizal nodulation, but the mechanisms remain to be elucidated.
The production of other compounds associated with the suppression of
plant immunity such as Nod factors and effector proteins by Frankia cluster
II species is discussed in Sections 8.5 and 9, respectively.

5 Strigolactones

Strigolactones are synthesised by plants and serve a number of functions
for internal and external plant signalling (Smith, 2014). The effect of strigo-
lactones has been assessed on many plant developmental processes includ-
ing leaf elongation, thickening, senescence, outgrowth, lateral root formation,
and primary root growth (for a detailed review, see: Waters et al. (2017)).
Both low phosphate and low carbon conditions increase strigolactone pro-
duction, although low phosphate leads to increased lateral root formation
(Ruyter-Spira et al., 2011; De Cuyper et al., 2015) while low carbon leads to
increased primary root growth; both these responses appear to be well con-
served across plants. Low phosphate conditions have also been shown to
increase the amount of strigolactones secreted by plants into the surrounding
soil and is expected to impact neighbouring plants and microbes (Akiyama
et al., 2005; Kohlen et al., 2011).
The discovery by Akiyama et al. (2005) that strigolactones can stimulate

hyphal branching in AMF kicked off countless studies assessing the role of
strigolactones in plant–microbe interactions. To date, strigolactones have
been shown to stimulate growth in AMF, Frankia, and rhizobia, although the
role of strigolactones in EMF-plant associations is still not well understood
(reviewed by Holmer et al. (2017)). In the following sections, we discuss the
evolution of strigolactone production and perception within plants as well
as strigolactone perception by plant symbionts.

5.1 Evolution of Strigolactone Production and Perception
in Plants

Strigolactones are carotenoid-derived terpenoid lactones that serve as
intracellular and intercellular signals for symbiotic signalling and the
control of hormone production. Strigolactone production in plants requires
a carotenoid isomerase, two carotenoid cleaving dioxygenases, CCD7 and
CCD8, a cytochrome P450 (Alder et al., 2012; Zhang et al., 2014), and an
ABC-transporter, PDR1 (Kretzschmar et al., 2012). Chlorophyte algae do not
appear to have CCD7 or CCD8 orthologues and do not exhibit physiolog-
ical changes in response to strigolactone additions (Delaux et al., 2012b).
However, a recent study has shown that strigolactone-like compounds are
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produced by Trebouxia arboricola, a common green-algal symbiont in lichens
(Smýkalová et al., 2017) suggesting that the ancestral origins of plant strigo-
lactones may stem from algae earlier than previously thought (Delaux et al.,
2012a). Some advanced charophytes such as Nitella hyalina, Nitella pseudofla-
bellata, and Chara corallina have been shown to produce and respond to the
strigolactone and sorgolactone, while other charophytes such as Spirogyra sp.
and Coleochaete scutata are notably incapable of producing strigolactone-like
compounds (Delaux et al., 2012b). The lack of a clear CCD8 orthologue in
Nitella paired with strigolactone production in these Charophytes indicates
a CCD8-independent pathway for strigolactone production. Further studies
are needed to explore alternative strigolactone production pathways and to
elucidate the origins of strigolactone production and potential interspecies
strigolactone signalling. While alternative pathways appear to be crucial to
some algal ancestors, there does not appear to be an alternative strigolactone
production pathway in angiosperms (Gomez-Roldan et al., 2008; Umehara
et al., 2008). Basal land plants including liverworts and mosses appear to use
a canonical strigolactone production pathway, as they contain CCD7 and
CCD8 orthologues and are capable of producing strigolactones; they also
respond to exogenous strigolactone additions (Proust et al., 2011; Delaux
et al., 2012b).
Much less is understood about how plants perceive strigolactones that

they produce or that are produced by other plants. Strigolactone percep-
tion in angiosperms requires the α/β-hydrolase superfamily protein, D14
(Arite et al., 2009). However, D14 orthologues have only been identified in
spermatophytes, suggesting an alternative receptor protein in basal land
plants. The karrikin receptor, KAI2, appears to function as an alternative
strigolactone receptor (Scaffidi et al., 2014) and is well conserved across all
land plants and a number of charophytes (Bythell-Douglas et al., 2017). The
presence of KAI2 orthologues in early charophytes raises the question as to
the role they played in early algal ancestors and suggests that karrikin-like
compounds, such as strigolactones, were important signals well before the
evolution of land plants.

5.2 AMF Perception of Strigolactones

In addition to increasing hyphal branching, strigolactones have been shown
to increase nuclear division (Akiyama et al., 2005; Besserer et al., 2006, 2008),
the production of short-chain COs (Genre et al., 2013), and induce expression
of a putative effector protein (RiSIS1) in AMF (Tsuzuki et al., 2016). In
general, increased plant strigolactone production is associated with the early
stages of AMF colonization that is reduced following successful colonization
(López-Ráez et al., 2011, 2015). It is believed that most AMF can respond
to low concentrations of strigolactones; for example, Gigaspora margarita
has been shown to respond to extremely low concentrations (10 nM) of the
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synthetic strigolactone GR24 (Besserer et al., 2006). However, AMF responses
to strigolactones are often concentration-dependent (Akiyama et al., 2005),
and were astutely noted by Holmer et al., 2017 to be codependent on the
presence of flavonoids (Besserer et al., 2008). Thus far, it has been difficult
to link specific strigolactone-induced signals with AMF physiological
changes because the mechanisms for AMF strigolactone perception are still
unknown despite this is too extreme attempts to identify AMF strigolactone
receptors (Tisserant et al., 2012, 2013). In large part, the difficulties associated
with determining AMF signal receptors stem from the apparent obligate
symbiotic nature of these fungi, making it impossible to grow these AMF
independently and thus practically difficult to generate mutant libraries for
screening. However, the recent discovery of the essential role of lipids in
symbiotic signalling (Bravo et al., 2017; Jiang et al., 2017; Keymer et al., 2017;
Luginbuehl and Oldroyd, 2017; Rich et al., 2017) (discussed in Section 7) may
make it technically feasible to culture these lipid-auxotrophic AMF apart
from their plant hosts.
Although strigolactone signalling is not absolutely required for AMF

colonization, it is beneficial: strigolactone-knockout mutants typically
show less colonization than their strigolactone-producing counterparts
(Gomez-Roldan et al., 2008; Koltai et al., 2010; Gutjahr et al., 2012). It is
unclear whether increased colonization is due to: (i) increased recruitment
of AMF from the surrounding soil, (ii) increased production of COs/effector
proteins that lead to an increased symbiotic response, or (iii) increased plant
growth in direct response to strigolactone self-stimulation. It is generally
believed that this last reason is less likely as mycorrhizal recruitment has
been linked to the presence of the strigolactone exporter (PDR1), suggesting
that strigolactones are primarily acting as signalling mechanisms for fungi
during the symbiont recruitment stage as opposed to phytohormones
(Kretzschmar et al., 2012). However, this does not rule out the possibility
that plants are responding to their own secreted strigolactones. It has yet to
be assessed if PDR1 is conserved in early bryophytes or algal lineages, but
this may shed light on the role of strigolactones in ancestral land plants as
the current hypothesis is that they are used only as phytohormones and not
as symbiotic signals (Delaux et al., 2012b).

5.3 EMF Perception of Strigolactones

Past experiments have shown that synthetic strigolactone additions (i.e.
GR24) have had no effect on the hyphal branching characteristics of EMF
(Steinkellner et al., 2007). However, strigolactones have been shown to reduce
hyphal branching in phytopathogenic fungi when added at relatively high
concentrations (Dor et al., 2011). The micromolar concentrations employed
by Dor and colleagues is far above the pico- and nanomolar concentrations
thought to be secreted by plants and their relevance to natural interactions
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are questionable (Xie et al., 2010). While strigolactones may not affect
EMF growth, it is possible that they activate the production of signalling
molecules such as effector proteins or LCOs/COs (Genre et al., 2013).
EMF-associated species from the Pinus genus maintain enzymes required for
strigolactone production (CCD7 and CCD8) although they have lost critical
genes related to the CSSP (Garcia et al., 2015); this is consistent with the
hypothesis that strigolactone acts as a phytohormone but not a symbiotic
signal. Future transcriptomic studies following exogenous strigolactone
additions (similar to one conducted by Tsuzuki et al. (2016) with AMF) may
confirm whether EMF have gene-level responses to strigolactone secretion.
Controlling for confounding cosignals in such studies, however, will be
critical; for example flavonoids have been shown to increase basidiomycete
spore germination (Kikuchi et al., 2007) and are known to be critical cosignals
with strigolactones in AMF symbioses (Besserer et al., 2008).

5.4 Rhizobia Perception of Strigolactones

Strigolactones have been shown to increase nodule formation in rhizobium-
legume symbioses (Soto et al., 2010) although without apparent effect on
rhizobia bacteria, whose growth and nodC expression (associated with
Nod-factor production) remained unchanged. At least some strigolac-
tones may act on the plant and not directly on their bacterial symbionts.
More recent work has shown that strigolactone-silenced plant mutants
have significantly less nodules than wild-type controls suggesting that
while strigolactones are not required for nodulation, they may impact
the number of nodules formed and plant fitness (Foo and Davies, 2011;
Liu et al., 2013; De Cuyper et al., 2015). These studies do not, however,
address whether strigolactones directly affect rhizobia or indirectly increase
nodulation by influencing plant growth. Strigolactones have been shown
to increase the motility and swarming ability of rhizobia, which is hypoth-
esised to be responsible in general for the increased rate of nodulation in
strigolactone-excreting plants (Tambalo et al., 2014). Peláez-Vico et al. (2016)
demonstrated that increased swarming ability of alfalfa-associated rhizobia
increased nodule formation, and for the first time showed that strigolactone
production decreased in response to successful nodulation. This negative
feedback of nodulation-colonization on strigolactone production mirrors the
well-established behaviour of AMF colonization on strigolactone production
(Lendzemo et al., 2007; Sun et al., 2008; Fernandez-Apricio et al., 2010;
López-Ráez et al., 2011; Aroca et al., 2013). As is the case with AMF, potential
strigolactone receptors have not been identified in rhizobia. Additional work
addressing this question may allow future studies to assess the prevalence of
strigolactone receptors in rhizobia as well as potentially track the activation
of receptors during pre-symbiotic signalling and nodule formation.
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5.5 Frankia Perception of Strigolactones

There is only one study we are aware of supporting strigolactones as a sig-
nal involved in the establishment of Frankia nodulation. Beauchemin et al.
(2012) showed that Casuarina root exudates increased Frankia growth and
induced hyphal ‘curling.’ However, the effects of strigolactones were not sep-
arated from those potentially caused by flavonoids as the authors were only
interested in the effect of bulk exudate applications on plant-Frankia symbio-
sis. The observed response could be due to flavonoids or other compounds
present in the root exudates. This is a critical distinction as flavonoids have
been directly shown to influence Frankia nodulation as is discussed in Section
6.5.

6 Flavonoids

6.1 Evolution of Flavonoid Production and Perception in Plants

Flavonoids are produced by plants and act as both phytohormonal and
direct symbiotic signals for microbial recruitment. Flavonoids are produced
in plants through the phenylpropanoid pathway. Phenylalanine ammonia
lyase (PAL) initiates the synthesis of flavonoids. Plants typically contain
five PAL gene homologues but may contain as many as twelve (Raes, 2003;
Cochrane et al., 2004; Tsai et al., 2006; Reichert et al., 2009; Huang et al.,
2010; Dong and Shang, 2013; De Jong et al., 2015). PAL genes are induced
by a variety of factors including environmental stress, pathogen infection,
and nutrient deprivation (Dixon and Paiva, 1995; Payyavula et al., 2012).
The regulation of auxin signalling within plants is one of the most critical
roles of flavonoids (Peer and Murphy, 2007). However, it has been known
for decades that flavonoids act as key signals in rhizobia-legume symbioses,
triggering rhizobia to produce LCOs and regulating the plant growth during
nodule formation (Redmond et al., 1986; Djordjevic et al., 1987; Wasson,
2006). Given the numerous functional roles of flavonoids, it has been difficult
to discern their original role (if only one) in ancestral plants although
protection against UV radiation is likely (Tripp et al., 2018).
It was previously thought that the phenylpropanoid biosynthetic pathway

originated byHGT from bacteria to the first land plants (Emiliani et al., 2009),
however, these analyses did not have the advantage of thewealth of sequenc-
ing data from streptophyte algae that has been generated in recent years (Ju
et al., 2015; Van de Poel et al., 2016). A recent survey of algal genome and
transcriptome data identified an orthologue for PAL in the charophyte, Kleb-
sormidium flaccidum, and identified a set genes related to the so-called ‘genetic
toolkit’ for phenylpropanoid synthesis (De Vries et al., 2017). To our knowl-
edge, metabolite screenings of Klebsormidium have not been conducted to see
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if flavonoid or flavonoid-like compounds are being produced. This may be
a fruitful avenue for research as there is some degree of specificity between
the types of flavonoids produced and their likely biological role, whether it
be for pathogen defence, phytohormonal signalling, or symbiotic signalling.
While flavonoids are typically thought of as plant-rhizobia signals, they have
been shown to play amodulatory role in the establishment of AMF, EMF, and
Frankia symbioses as well as with rhizobia.

6.2 AMF Perception of Flavonoids

Flavonoids are generally thought of as pre-symbiotic cues for AMF-plant
symbioses as they have been shown to stimulate spore germination and
hyphal branching (Tsai and Phillips, 1991; Bécard et al., 1992) and increase
overall mycorrhizal colonization (Garg and Singla, 2016). It has also been
suggested that flavonoids increase the number of entry points for colo-
nization by the fungus (Scervino et al., 2007). Some studies have evaluated
the role of specific flavonoids on particular mycorrhizal-plant symbioses;
however, an insufficient number of studies that evaluate the same set of
flavonoids across a broad range of AMF-plant interactions, as has been
done for rhizobial-plant symbioses (Reddy et al., 2007), prevents general
conclusions from being drawn about how flavonoids might influence AMF
host specificity.
While flavonoids have been shown to induce hyphal branching and

spore germination, the mechanism of flavonoid perception in AMF remains
unidentified. Identification of a flavonoid receptor would be important
for delineating downstream pathways. At this point, it is unclear whether
flavonoids are: (i) primarily perceived by the plant to regulate growth,
(ii) inducers of fungal growth that increase the likelihood of plant colo-
nization, (iii) a selective signal that helps the recruitment of symbionts
(Ellouze et al., 2012), or (iv) a signal perceived by AMF in order to induce
the production of LCO-based signalling compounds (mycorrhizal or ‘Myc’
factors). It has been suggested that flavonoids are capable of inducing hyphal
growth at longer distances than strigolactones thus acting as long-distance
signals that increase the probability of plants coming in contact with suitable
AMF (Nadal and Paszkowski, 2013).

6.3 EMF Perception of Flavonoids

Similar to AMF, flavonoids can enhance EMF hyphal branching, spore germi-
nation, and colonization of plants (Lagrange et al., 2001; Kikuchi et al., 2007;
reviewed by Abdel-Lateif et al. (2012)). Flavonoids have also been shown to
increase the production of effector proteins by the ectomycorrhizal fungus,
L. bicolor (Plett and Martin, 2012). Interestingly, the flavonoid, rutin, seems
to act as nonspecific signalling molecule that enhances the colonization of
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Pisolithus species on Eucalyptus trees (Lagrange et al., 2001) but also enhances
the growth of pathogenic fungi (Kalinova and Radova, 2009). This suggests
that for EMF, flavonoids may not specifically enhance the recruitment of ben-
eficial fungi as hypothesised for AMF systems. As with AMF, the mechanism
of flavonoid perception in EMF is yet unknown.

6.4 Rhizobial Perception of Flavonoids

Flavonoids have long been studied in the context of plant-rhizobial sym-
bioses and most of what is understood about the perception and the
physiological changes induced by flavonoids are in reference to rhizobia.
As is the case for AMF and EMF, flavonoids are thought of as pre-symbiotic
signalling compounds used to recruit compatible rhizobia. Flavonoids are
secreted primarily from the elongating root hair zone where nodules are
generally found (Zuanazzi et al., 1998). Flavonoids target LysR-type tran-
scriptional regulators in rhizobia, specifically NodD proteins (Honma et al.,
1990). In rhizobia, there are typically multiple operons that contain a NodD
promoter (Chen et al., 2005). These include genes required for the production
and secretion of rhizobia specific LCOs (Oldroyd, 2013; Limpens et al., 2015):
the enzymes N-acetylglucosaminyltransferase (NodC), chitooligosaccharide
deacetylase (NodB), N-acyltransferase (NodA), and components for an ABC
transporter (NodI and NodJ).
There has been extensive work to understand the role of specific

flavonoids on plant-rhizobia host specificity (Reddy et al., 2007). Cases in
which flavonoid compounds promote endosymbiosis in some instances
but antagonise endosymbiosis in others is a consistent pattern across AMF,
EMF, and Frankia symbioses (Lagrange et al., 2001; Kikuchi et al., 2007;
Reddy et al., 2007; Abdel-Lateif et al., 2012; Garg and Singla, 2016). The
aforementioned host-symbiont specific signals may be partly responsible for
these differences, although the timing of flavonoid release may be important
in dictating the observed outcomes (Figure 3). Previous studies have shown
that more mature roots will secrete different phenolics than younger root
tips (Peters and Long, 1988; Zuanazzi et al., 1998), suggesting that signal
timing may be critical for proper symbiont recruitment and productive
endosymbiosis.
Similar to strigolactones, flavonoids are known to act as symbiotic sig-

nals as well as key plant–plant signalling compounds. Flavonoids have
been shown to modulate auxin transport (Mathesius et al., 1998; Brown,
2001; Wasson, 2006), which is hypothesised to be important for successful
nodulation (Deinum et al., 2012). In turn, auxin transport is thought to be
regulated by cytokinin signalling (Pernisova et al., 2009; Ruzicka et al., 2009;
Marhavý et al., 2011, 2014). During nodulation, both cytokinin signalling
in the cortex of the root and auxin transport are increased. Recent work by
Ng et al. (2015) found that the flavonoid, naringenin, affects endogenous
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Ping-Pong model Combinatorial model

Figure 3 Two models for how multiple symbiotic signals between plant and microbes
could be exchanged. The ‘Ping-Pong’ Model illustrates how the perception of an initial
signal from symbiont X might activate signal secretion from symbiont Y, which in turn
stimulates the production of a secondary signal in symbiont X, and so forth. This type of
exchange implies a signalling order and the existence of time lags between signals
required for the formation of symbioses. The Combinatorial Model depicts how different
combinations of multiple signals are simultaneously released and perceived by symbionts
X and Y that may be required for the establishment of symbioses. These models are not
mutually exclusive and plant–microbe signal exchange is likely to possess aspects of both
models (e.g., signal ‘cocktails’ could be released and perceived in a ping-pong fashion,
and result in reciprocal cascades of events).

plant signalling during nodulation. This was confirmed in a nonnodulating
M. truncatula mutant lacking the cytokine receptor cre1. Applications of
naringenin restored auxin transport and restored nodulation in this mutant.
This work demonstrated that flavonoids behave similarly to cytokinins as
endogenous signals during nodulation suggesting that they may act as more
than simply plant-rhizobia signals.

6.5 Frankia Perception of Flavonoids

RNAi silencing of chalcone synthase, the first enzyme of flavonoid biosyn-
thesis, dramatically reduces Frankia nodulation with the wetland plant
Casuarina glauca (Abdel-Lateif et al., 2013), in support of the long-held
hypothesis that flavonoids play a fundamental role in Frankia-plant sym-
bioses (Van Ghelue et al., 1997; Hughes et al., 1999). Unlike rhizobia, a
systematic analysis of how specific flavonoids affect Frankia nodulation
has not been done. While it is apparent that some flavonoids affect Frankia
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nodulation, it is unclear whether flavonoid perception induces secondary
signal production by Frankia or if it simply alters the surface components of
the bacterium (Beauchemin et al., 2012).

7 Lipid Signalling

It was previously thought that AMF only receive carbohydrates from their
plant partners, although it was recently found that AMF lack the core fatty
acid synthase genes and require the transfer of lipids from the plant host
in order to grow (Bravo et al., 2017; Jiang et al., 2017; Keymer et al., 2017;
Luginbuehl and Oldroyd, 2017; Rich et al., 2017) (Figure 2). Two lipid syn-
thesis enzymes, FatM and RAM2, in conjunction with an ABC transporter,
are required for lipid transfer (Bravo et al., 2017). Given the importance of
plant-AMF lipid transfer, it would be beneficial to identify ‘symbiotic lipid’
genes and determine their degree of conservation within basal plant and
algal lineages. Such work may shed additional light on early photoautotroph
interactions prior to terrestrialization. It is curious that AMF are lipid
auxotrophs, and yet AMF symbiosis is based on the release of lipid-modified
symbiotic signals from AMF (LCOs/Myc factors) to the plant host. The
machinery related to LCO/Myc factor biosynthesis is still uncharted, with
unconvincing fungal homologues for the NodA N-acyl transferase used to
transfer fatty acyl chains and generate LCOs fromCOs (Poinsot andCouderc,
2017). Nonetheless, fatty acyl chains for LCOs likely derive from the lipids
transferred from the plant host. For AMF to use a nutritional component
supplied from a plant host for symbiotic signalling may be a form of a ‘hand
shake’ or ‘honest signal’ (Maynard-Smith, 1991) that ensures partner fidelity
and serves to distinguish beneficial symbionts from pathogens. Recent work
has shown that lipids can be transferred not only to beneficial symbionts
but also to the fungal pathogens such as Golovionomyces cichoracerum (Jiang
et al., 2017). Jiang et al. (2017) show that lipid transfer is required for plant
colonization by this fungal pathogen. Such pathogens do not, however, sig-
nal back to the plant host with LCOs/Myc factors. As mentioned previously,
RAM2 has been shown to be conserved in the Pinaceae family where other
genes related to the CSSP have been lost (Garcia et al., 2015). This indicates
that lipid transfer may also be involved in EMF symbioses.

8 Microbial LCO and CO Production

8.1 Plant Perception of LCOs

Plant perception of LCOs both activates the common CSSP and has a role
in activating plant innate immunity (for recent review: Zipfel and Oldroyd
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(2017)). LCOs are perceived by three extracellular LysM receptor-like
kinases located on the cell membrane. While these three genes are only
present in land plants, LysM-RLK orthologues are present in some advanced
charophytes (Delaux et al., 2015) suggesting that algal ancestors may have
been able to recognise chitin-like compounds. LCO perception has been
best studied in the legumes, L. japonicus and M. truncatula, where the
formation of rhizobial symbioses is dependent on the LysM-RLKs LjNFR1
and LjNFR5 with L. japonicus, and MtLYK3 and MtNFP with M. truncatula.
LjNFR1/MtNFP and LjNFR5/MtLYK3 enhance mycorrhizal symbioses,
but they are nonessential for legumes to form arbuscules. Legumes may be
independent of these receptors because of alternative LysM-RLKs that have
arisen through gene duplication or other receptors used for plant perception
of mycorrhizal-derived COs. COs have been shown to be produced by
mycorrhizae along with LCOs and will enhance AMF colonization although
they do not influence lateral root growth. Analysis of LCO perception
in nonlegumes is illuminating as OsCERK1 is a chitin and LCO receptor
required for the activation of the immune response and AMF endosym-
biosis in rice (Miyata et al., 2014). Recent work has documented that the
NFR5/NFP orthologues, OsNFR5/OsRLK2, can activate OsCERK1 during
AMF colonization but are not required (Miyata et al., 2016). Further work is
needed to identify additional coreceptors that aid the plant in distinguishing
between mutualistic LCO signals and those from fungal pathogens.

8.2 AMF LCO/CO Production and Compatibility

Early research on AMF-plant signalling referred to AMF signals generically
as Myc factors, although recent work has started to differentiate Myc
factors more concretely as LCOs, COs, and/or various effector proteins.
AMF increase the production of LCOs and COs, which are more formally
referred to now as ‘Myc factors’, in response to the perception of sec-
ondary plant-derived metabolites such as strigolactones and flavonoids (see
Sections 5.2 and 6.2) (Genre et al., 2013). LCOs and COs both initiate similar
Ca2+ oscillations via activation of the CSSP (Sun et al., 2015b) and increase
the rate of AMF colonization, however, only LCOs have been shown to
stimulate lateral root formation (Maillet et al., 2011). While the importance of
LCO and CO secretion in the establishment of AMF-plant symbioses is well
understood, the genetic mechanisms in fungi responsible for the production
of LCOs and COs have not been identified. In addition, the isolated effect
of LCOs versus COs has not been established in AMF symbioses, yet there
appears to be a type of synergy that occurs between them as different Ca2+

spiking signatures are observed when LCOs and COs are present as opposed
to when they are added separately (Sun et al., 2015b).
Distinct Myc-factor receptors have not been fully identified in plants;

knockout mutants of all known rhizobia LCO receptors did not compromise
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AMF colonization of L. japonicus (Amor et al., 2003; Rasmussen et al., 2016).
However, recent work silencing the orthologue of NFP in the nonlegume
Solanum lycopersicum did prevent AMF colonization (Buendia et al., 2016).
It is possible that the orthologue present in S. lycopersicum represents a
more ancestral LCO receptor that was subsequently duplicated during the
divergence of legumes. This work underscores the difficulty of identifying
specific LysM-RLKs critical for AMF symbioses in legumes given extensive
redundancy.

8.3 EMF LCO/CO Production?

It has yet to be determinedwhether LCOs andCOsplay a role in the establish-
ment of EMF-plant symbioses (Martin et al., 2016). If LCOs/COs are found in
pine-EMF symbioses they must function independently of the CSSP and the
canonical LysM-RLK receptors since CSSP genes including NFP are absent
in some species of the Pinaceae family (Garcia et al., 2015). However, as dis-
cussed in Martin et al. (2016), the multiple origins of EMF decrease the likeli-
hood of a single, common symbiotic mechanism.

8.4 Rhizobia LCO Production and Compatibility

Rhizobia-derived Nod factors are made up of LCOs but lack the COs
included in Myc factors. Nonetheless, Nod-factor LCOs are structurally very
similar to AMF-LCOs with the exception of a few different decorations and
side chains that in part contribute to rhizobial host specificity (Dénarié et al.,
1996; Long, 2001). The nodABC genes are responsible for LCO production
in rhizobia (Rodpothong et al., 2009). NodIJ encodes for genes responsible
for exporting the LCOs (Aoki et al., 2013). Rhizobial plant host ranges have
been correlated with the composition of LCOs produced (Relić et al., 1993).
M. loti mutants lacking nodA and nodC are capable of forming nodules

independent of Nod factors with L. japonicus through crack entries (Madsen
et al., 2010). This suggests that more ancient rhizobial-plant symbioses may
have been Nod factor independent yet still activate Ca2+ oscillations after
entry. To date, themajority of LCO-related signalling studies have focused on
legumes as opposed to more basal plant species. It seems probable that mul-
tiple LysM-RLK receptors may have arisen due to gene duplication, leading
to the muddled view of the role that LCO perception plays in the formation
of rhizobial or AMF symbioses. The use of more basal, genetically tractable
monocots, dicots, and bryophytes for LCO signalling assessments may help
clarify mechanisms involved in LCO perception and shed light on the poten-
tial evolution of these mechanisms.
The similarity of AMF and rhizobial LCOs raises the question of how

plants activate such different symbiotic processes with such similar chemical
cues. One potential answer is that there are unique receptors for each specific
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(or specific class of) LCO. This hypothesis is based on genetic evidence that
plants have numerous LysM-RLK receptors; legumes have 21-26 whereas
plants that only associate with AMF have 5–9 (Arrighi et al., 2006; Zhang
et al., 2007; Lohmann et al., 2010). While unique LysM-RLK receptors may
play a role in distinguishing between symbionts, the relationship between
the CSSP and innate immunity (Section 4) and the secretion of additional
signals such as effector proteins suggest that there is more to microbe-host
specificity than just LCO-receptor dynamics (Limpens et al., 2015). Exper-
iments attempting to experimentally evolve nodulation bacteria highlight
this complexity and are discussed in Section 11.
Not all rhizobia produce LCOs. Some photosynthetic Bradyrhizobia are

capable of LCO-independent nodulation (Giraud et al., 2007). Photosyn-
thetic Bradyrhizobia are divided into two groups. Group I species contain
the canonical nodABC genes and produce LCOs while Group II species
are able to form nodules on a few plant species but do not possess the
nodABC genes nor appear to produce LCOs (Chaintreuil et al., 2001; Giraud
et al., 2007). Despite missing the genes associated with LCO production,
Fabre et al. (2015) showed that crucial components of the CSSP are active
during Bradyrhizobium-Aeschynomene evenia symbiosis as signal transduction
through SYMRK, Ca2+ oscillations, and CCaMK are required for nodulation.
This study raises the question as to what signals Group II Bradyrhizobia
produce to trigger the CSSP of hosts. Are there other genes responsible for
LCO production beyond the canonical nodABC orthologues? Giraud et al.
(2007) hypothesised that nodABC-lacking Bradyrhizobium species use purine
derivatives for plant signalling. What additional secondary metabolites
might be required for the formation of these endosymbioses? Other nodu-
lating bacteria such as Frankia also lack nodABC genes, underscoring the
importance of identifying other potential signalling mechanisms. Unfortu-
nately, no reverse genetic studies on LysM-RLKs have yet been conducted to
identify genes responsible for perception of cluster I/III Frankia signals.

8.5 Frankia: LCO-Independent Nodulation

Although Frankia cluster II species have the highly conserved nonABC genes
for LCO production, clusters I and III species do not (Tisa et al., 2013) and
yet are still able to form nodules through SYMRK signalling and activation
of Ca2+ oscillations (Gherbi et al., 2008; Franche et al., 2011; Chabaud et al.,
2015; Granqvist et al., 2015; Cissoko et al., 2018). However, cluster I and III
species appear to secrete water-soluble, low molecular weight compounds
(0.5–5 kDa) that are distinct from LCOs (Chabaud et al., 2015). Given that
LysM-RLK receptors are capable of binding to peptidoglycan (Willmann
et al., 2011) and exopolysaccharides (Kawaharada et al., 2015), it is possible
that cluster I and III Frankia use alternative signalling molecules to activate
the CSSP.
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Recentwork has suggested that nodA arose first in the basal genus, cluster II
Actinobacteria, and was subsequently transferred to rhizobia via lateral gene
transfer (Persson et al., 2015). Despite the presence of nodABC in cluster II
Frankia, it is unclear whether nodulation relies on the production of LCOs
(Nguyen and Pawlowski, 2017).

9 Microbial Derived Effector Proteins

The role of small secreted proteins, termed ‘effector proteins’, have long been
known to promote infection by plant pathogens through the manipulation of
innate plant immunity (reviewed by Rovenich et al. (2014)). However, it was
not until genes encoding for small secreted proteins were identified in the
first sequenced EMF fungus, L. bicolor, and confirmed by amycorrhizaemeta-
transcriptomic analysis that their importance inmycorrhizal interactions was
illuminated (Martin et al., 2008, 2016; Liao et al., 2014; Garcia et al., 2015;
Plett and Martin, 2015). In fact, all known fungal genomes encode for similar
small-secreted proteins (Martin et al., 2008, 2016; Kohler et al., 2015; Pelle-
grin et al., 2015; Kamel et al., 2017). While effector proteins are crucial in
the establishment of mutualistic symbioses and fungal pathogenesis, signifi-
cantly more small-secreted proteins were found to be expressed in symbiotic
AMF than in the saprotrophic brown-rot fungus, Serupla lacrymans, which has
roughly the same percentage of genes dedicated to small secreted proteins
(Kohler et al., 2015). S. lacrymans is a brown rot fungus that is a member of
the same clade that gave rise to the ectomycorrhizal Boletales, consistent with
the idea that the loss of decay mechanisms as well as changes in expression
patterns of effector proteins may facilitate the path to mutualistic symbio-
sis (Martin et al., 2008, 2016; Doré et al., 2015). Thus, it appears that effector
proteins may play a more significant role in the establishment of beneficial
symbioses than in pathogenesis.
Thus far, only two effector proteins have been characterised, SP7 and

MiSSP7 in the AMF R. irregularis and EMF L. bicolor, respectively (Kloppholz
et al., 2011; Plett et al., 2014a). SP7 is secreted by R. irregularis during the
early stages of the colonization of M. truncatula (Kloppholz et al., 2011).
SP7 is then perceived by a key transcription factor of the internal ethylene
signalling pathway ofM. truncatula (ERF19) resulting in a reduction in ERF19
expression. Decreased ERF19 expression is linked to decreased ethylene
production, which is associated with decreased plant immunity; thus SP7
reduces the immune response of M. truncatula and increase AMF coloniza-
tion (Xu et al., 1994; Camehl et al., 2010; Plett et al., 2014b). In the EMF L.
bicolor, MiSSP7 behaves similarly to SP7 except it impinges on jasmonate
instead of ethylene signalling. In Populus trichocarpa, L. bicolor production of
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MiSSP7 has been shown to reduce jasmonate production and thus reduce
immune response (Plett et al., 2011, 2014a).
Effector proteins also play a key role in nodulation. In particular, many

nonphotosynthetic bradyrhizobia that do not synthesise LCOs appear to rely
on effector protein secretion by the type III secretion system (T3SS) for nodu-
lation withAeschynomene species (Okazaki et al., 2013, 2016). However, many
of the photosynthetic Bradyrhizobium species found in the natural environ-
ment lack both nodABC genes and a T3SS. The mechanism by which these
bradyrhizobia are capable of nodulating has not yet been identified.

10 Other Signals and Coordination

The majority of plant–microbe endosymbioses rely on ‘primary’ signals such
as strigolactones, flavonoids, LCOs, COs, and effector proteins. However,
broader screenings of secondary metabolites involved in plant–microbe
signal exchange have yielded a number of other compounds that may play
fundamental roles in plant–microbe interactions. In rice, the plant receptor
DWARF 14 LIKE (D14L) for karrikin, a compound in smoke, was identified as
essential for the establishment of AMF with rice (Oryza sativa) (Gutjahr et al.,
2015). Karrikin perception induces seed germination in early plant colonis-
ers following fire (Flematti et al., 2004). D14L is conserved in liverworts,
suggesting that karrikin signal perception is ancient and may have been
important for early AMF-plant signalling. Future work should address how
essential D14L may be for the formation of other plant–microbe symbioses.
Beyond karrikin, a number of volatile organic compounds (VOCs) have

been associated with plant–microbe symbioses. Several fungal VOCs have
been identified as plant growth promoting compounds (Ezquer et al., 2010;
Minerdi et al., 2011; Splivallo et al., 2011; Yamagiwa et al., 2011; Paul and Park,
2013; Naznin et al., 2014; Bitas et al., 2015; Ditengou et al., 2015; for review
see: Li et al. (2016)). Similarly, a host of bacterial-derived VOCs have been
shown to positively promote plant growth (Ryu et al., 2003; Zou et al., 2010;
Velázquez-Becerra et al., 2011; Bailly et al., 2014). Only a few studies have
attempted to look at the role of fungal-derived VOCs in a plant-symbiont
context. Sesquiterpenes are exchanged between EMF and both Populus and
Arabidopsis plants and lead to lateral root growth (Ditengou et al., 2015). A
metatranscriptomic analysis by Liao et al. (2014) revealed the upregulation
of three gene groups related to terpene synthesis in ectomycorrhizal roots
associated with pines when compared to mycelium growing in soil alone.
However, sesquiterpene is not essential for the formation of these symbioses
and was found to induce a similar response in symbiotic and nonsymbiotic
plants (Ditengou et al., 2015). Nonetheless, terpenes may play an important
role in fungal–fungal signalling thus influencing the competition for EMF
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colonization of plant roots as terpenes have been recently shown to be
important for fungal-bacteria signalling (Schmidt et al., 2017).
Recent work has identified additional plant-derived signals that play a

role in AMF symbioses with rice. Nadal et al. (2017) showed that exudates
from rice plants lacking the N-acetylglucosamine (GlcNAc) transporter NO
PERCEPTION1 (NOPE1) induced a stress response from the model AMF,
R. irregularis, as opposed to a response more typical of pre-symbiotic sig-
nalling. Hyphal branching was unaffected; and there was no attempt to test
the degree of arbuscule formation with rice mutants vs. wild-type so the
essential function of NOPE1 remains unclear.
The production of specific exopolysaccharides by Sinorhizobium meliloti

and the exopolysaccharide receptor-like kinase EPR3 is essential for nodule
development (Kawaharada et al., 2015). Kawaharada and colleagues found
that Epr3 was induced by LCO perception and used to recognise surface
polysaccharides on the rhizobia. These findings document a ‘two-stage’
mechanism for nodulation (i.e. perception of LCOs followed by recognition
of rhizobial exopolysaccharides) and the importance of timing in nodule
formation. Modulation of surface exopolysaccharides remains a relatively
unexplored avenue responsible for fungal and bacterial host specificity.
The growing list of signalling compounds that are found to be important

for plant–microbe symbiosis (e.g. flavonoids, strigolactones, LCOs, effector
proteins) suggests that the signalling dialogue between partners may be
procedurally complex. For example, do partners ‘call-and-respond’ using a
sequential, ping-pong-like dialogue or are multiple signals simultaneously
and combinatorially exchanged (Figure 3) – or is it some combination of these
two different modes? The architecture of symbiont crosstalk has implications
on short timescales (i.e. hours) relevant to mutualism establishment as well
as for the evolution of mutualism since the timing of signal exchange could
fundamentally impact host-endosymbiont specificity. There are precedents
for the kinetics of signal exchange being a critical determinant of interaction
specificity; for example, large differences inmating kinetics have been shown
to prevent two strains of the budding yeast, Saccharomyces cerevisiae, from
mating, thus leading to reproductive isolation (Iwasa and Sasaki, 1987; Leu
and Murray, 2006). Differences in the kinetics of plant–microbe signalling
may lead to specificity barriers similar to this example, particularly if a
ping-pong model of signal exchange applies.

11 Experimental Evolution and Potential Signalling Gaps

While our understanding of plant–microbe signal exchange has dramatically
improved in the past 20 years, there are still many gaps in knowledge.
Attempts to leverage what we know by experimentally evolving novel
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plant–microbe symbioses have highlighted additional factors that influence
the formation of these symbioses (Marchetti et al., 2010, 2014; reviewed in
Remigi et al., 2016). Given the propensity of bacteria to undergo HGT and
the overwhelming evidence that HGT played a crucial role in the evolution
of rhizobia-plant symbioses (Galibert et al., 2001; Masson-Boivin et al., 2009;
Wang et al., 2014), several elegant experimental evolution studies have been
performed to understand how legume pathogens transformed with nod
genes from rhizobia might evolve into nodulating bacteria. These studies
have resulted in varying degrees of success, but each one has yielded key
insights into plant-rhizobial signalling. Marchetti et al. (2010) showed that
insertion of a symbiosis plasmid containing nod and nif genes into theMimosa
pathogen, Ralstonia solanacearum, was capable of inducing root hair curling,
but incapable of forming nodules. However, after ∼10–20 generations of
in planta evolution, virulence regulators were inactivated and nodulation
resulted. Subsequent generations yielded optimised strains that initiated a
weaker immune response although no nitrogen fixation was observed.
A subsequent study by Marchetti et al. (2014) focused on the experimen-

tal evolution of a transformed R. solanacearum containing nod and nif genes.
R. solanacearum mutants were inoculated into Mimosa pudica plants, allowed
to colonize the roots, and subsequently isolated in order to be re-inoculated.
Four hundred generations of this ex planta-in planta (i.e., off plant-on plant)
evolution resulted in reduced immune response by the host. Over the course
of this experiment, nitrogen fixation was not established due in part to low
nodulation efficiencies. Despite the presence of the required nod and nif genes,
extended periods of coevolution may be needed to optimise nodulation for
stable and productive endosymbiosis. The results of these evolution experi-
ments raise at least two fundamental questions: (i) what types of coevolved
traits are required for successful symbiosis, and (ii) what order might these
traits need to coevolve for productive endosymbiosis? The inactivation of
virulence factors and attenuation of antagonistic processes seem like a nec-
essary first step. It remains to be seen whether continued in planta evolu-
tion of evolved R. solanacearum lineages could result in nitrogen-fixing clones
if given enough time; the evolutionary trajectories that lead to successful
nitrogen-fixation would be fascinating to dissect and understand.
Attempts to engineer novel plant–microbe mutualisms may be the best

avenue for identifying additional signals required for symbiosis establish-
ment and advancing our ability to reconstruct the coevolution of these
ancient mutualisms. To our knowledge, there are no studies that have
attempted to genetically engineer alternative fungal symbionts to behave
like AMF or EMF. All attempts have thus far been conductedwith genetically
modified pathogenic α- and β-proteobacteria for the purpose of generating
nodulating bacteria. While these studies have been limited to rhizobial–plant
interactions, they have nevertheless been instructive and point to the power
of using evolution experiments to glean mechanistic insights.
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12 Conclusions and Future Directions

Given the interrelatedness of AMF-, rhizobia-, Frankia-, and to a lesser extent,
EMF-plant symbiotic signalling, there are some general lessons and several
common questions that emerge from the decades of plant signalling research.
The role of plant immunity in the establishment of successful symbioses and
its interrelatedness with the CSSP remains unclear. As seen across all four
symbioses, plant innate immunity appears to be activated during early stage
pre-symbiotic signalling but then suppressed during colonization, and in
some cases, an immune response is reactivated after successful colonization.
To what degree is this initial activation of plant immunity required for
successful colonization? Is the activation of immunity the result of MAMP
detection or does plant perception of Myc and Nod factors activate CSSP
and in turn trigger innate immunity? By answering these questions, we may
begin to better understand the coevolution of mutualistic microbes and their
pathogenic analogues.
It remains unclear how early beneficial fungal-photoautotroph symbioses

were first established. Recent reviews have discussed the strong evidence
for ancient AMF-bryophyte symbioses (Martin et al., 2017; Strullu-Derrien
et al., 2018) yet phylogenetic analyses suggest that much of the knownmech-
anisms required for plant-AMF symbioses may have existed in much ear-
lier diverging lineages like the charophyte algae (Delaux et al., 2012b, 2013b,
2015). To our knowledge, there have been no systematic studies to examine
fungal–algal interactions or the potential nutrient or signal exchanges that
can occur between these taxa. Hom and Murray (2014), however, demon-
strated an innate potential for fungi to form mutualisms with a chlorophyte
alga in an environmental-dependent manner, and ongoing work suggests
that the capacity for various fungi and algae to interact may be quite broad
(M.R. Clear and E.F.Y. Hom, unpublished data). While Hom and Murray
(2014) did not assess the potential exchange of the plant–fungal signals dis-
cussed in this article (e.g., Myc factors), their work does highlight the impor-
tance of more carefully examining the potential for algal–fungal interactions
in nature and as the basis for understanding plant–fungal symbiosis, as well
as the importance of the plant–fungal cell–cell interface in symbiosis.
Berbee et al. (2017) examined the evolution of the earliest fungal-photo-

autotroph interactions and proposed that fungi were interacting with the
cell walls of streptophyte algae as early as ∼750Ma. This interpretation
is based on phylogenetic work tracing the earliest pectinases to the same
age of pectin-containing streptophytes (Parfrey et al., 2011; Chang et al.,
2015). This assumption appears reasonable as pectins are largely found
only in streptophytes (Sørensen et al., 2011). These phylogenetic analysis
were possible because pectinase genes have long been identified in fungi
(Kubicek, 2012). Unfortunately, the majority of fungal genes related to
plant symbiosis have not yet been identified. Identification of potential
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strigolactone receptors in AMF should be prioritised. While this will likely
be a difficult undertaking given that no candidate strigolactone receptors
were identified in the R. irregularis genome (Tisserant et al., 2013), an affinity
proteomics approach (Ziegler et al., 2013)may be feasible given that synthetic
strigolactones such as GR24 are readily available.
Efforts to experimentally evolve transformed bacterial pathogens

into nodulating and nitrogen-fixing bacteria (Nandasena et al., 2006;
Masson-Boivin et al., 2009; Marchetti et al., 2010, 2014) is of significant
practical importance as it may help diversify the number of bacteria and
agricultural crops capable of fixing nitrogen (Castro et al., 2016). These
efforts have also highlighted the shortcomings of the current rhizobia-plant
signalling paradigms (Remigi et al., 2016) and strongly suggests similar
knowledge gaps exist in our understanding of AMF-plant signalling. In
particular, Marchetti et al. (2010) and Tamburini et al. (2014) showed that
additional genome modifications are required beyond insertion of the nod
and nif genes associated with symbiotic signalling and nitrogen fixation.
Rounds of experimental evolution revealed parallel evolution in genetic
regions of unknown function that were potentially related to pathogenicity.
However, nodulation rates remained low and nitrogen fixation was never
obtained. It remains unclear whether additional signals such as effector
proteins, specific LCOs, or yet undefined signals such as lipids are required
for optimised nodulation. Future work may benefit from assessing transcrip-
tional changes between transformed bacteria and mutants that have under-
gone experimental evolution. This may help address the fairly unexplored
issue of signal exchange timing and how it may influence nodulation rates.
As our understanding of the AMF genes required for pre-symbiotic

signalling improves, it will become more feasible to perform similar exper-
imental evolution studies with mycorrhizal fungi. Clarifying the additional
signals involved in pre-symbiotic signalling and the potential effect of signal
timing (Figure 3) will be important for addressing the longstanding question
of how plants distinguish between pathogens and specific symbionts using
the same CSSP. While recent work has continued to highlight the impor-
tance of numerous LysM-RLK receptors capable of distinguishing between
pathogen-associated chitin and AMF/rhizobia-derived LCOs (Bozsoki et al.,
2017), much of the work on signalling has been conducted solely on legumes
and the tendency may be to over-generalise these mechanisms for all plants.
This may be a poor assumption (Genre and Russo, 2016) as legumes are
unique in regards to the large number of LysM-RLKs involved relative
to in plants that associate with AMF only (21–26 vs. 5–9) (Arrighi et al.,
2006; Zhang et al., 2007; Lohmann et al., 2010). Recent work identifying the
importance of CERK1 in both pathogen and AMF recognition by rice plants
underscores the existence of more generalised receptors in nonlegumemodel
species (Zhang et al., 2015). Continuing to expand the number of studies uti-
lizing model nonlegume species (Gutjahr et al., 2009; Miyata et al., 2014; Sun
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et al., 2015a; Zhang et al., 2015) in conjunction with increasing the number of
sequenced AMF genomes will be key to broadening our understanding of
the evolutionary origins of plant–microbe signalling and will begin to shed
light on how the mechanisms of symbiotic signalling may have coevolved.

Acknowledgements

We thank Maya Kaup, Amber Horning, Xia Li, Margaret Campbell, and
Thomas Collins for feedback on early drafts of this manuscript. We thank
JasonHoeksema for comments and feedback regarding alternative signalling
compounds. We thank the LabEX TULIP program, the vibrant Laboratoire
des Interactions Plantes-Microorganisms (LIPM) community at CNRS-INRA
in Toulouse, and Catherine Masson-Boivin for hosting and supporting
EFYH during a summer visit in which some of the ideas in this article were
refined (all errors are ours). We also thank our MycoPhyGoLife team and
co-PIs (Betsy Arnold, Ignacio Carbone, Louis Lewis, and François Lutzoni)
for many stimulating discussions that have shaped our thinking about the
evolution of plant–microbe symbiosis. This work was supported in part by
a NSF GoLife grant DEB-1541538. This is publication number 5 of the Center
for Biodiversity and Conservation Research at the University of Mississippi.

Related Articles

Mycorrhizal Associations and PhosphorusAcquisition: FromCells to Ecosys-
tems
Legume Nitrogen Fixation and Soil Abiotic Stress: From Physiology to
Genomics and Beyond
Induced Resistance – Orchestrating Defence Mechanisms through Crosstalk
and Priming
Lipid Signals in Plant–Pathogen Interactions
The role of the Phyllosphere Microbiome in Plant Health and Function

References

Abdel-Lateif, K., Bogusz, D., and Hocher, V. (2012). The role of flavonoids in the
establishment of plant roots endosymbioses with arbuscular mycorrhiza fungi,
rhizobia and Frankia bacteria. Plant Signaling and Behavior 7 (6): 636–641. doi:
10.4161/psb.20039.

Abdel-Lateif, K., Vaissayre, V., Gherbi, H. et al. (2013). Silencing of the chalcone syn-
thase gene in Casuarina glauca highlights the important role of flavonoids during
nodulation. New Phytologist 199 (4): 1012–1021. doi: 10.1111/nph.12326.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

32



The Evolution of Symbiotic Plant–Microbe Signalling

Akiyama, K., Matsuzaki, K., and Hayashi, H. (2005). Plant sesquiterpenes induce
hyphal branching in arbuscular mycorrhizal fungi.Nature 435 (7043): 824–827. doi:
10.1038/nature03608.

Alder, A., Jamil,M.,Marzorati, M. et al. (2012). The path from β-carotene to carlactone,
a strigolactone-like plant hormone. Science 335 (6074): 1348–1351. doi: 10.1126/sci-
ence.1218094.

Ambrosio, R., Ortiz-Marquez, J.C.F., and Curatti, L. (2017). Metabolic engineering of a
diazotrophic bacterium improves ammonium release and biofertilization of plants
and microalgae.Metabolic Engineering 40: 59–68. doi: 10.1016/j.ymben.2017.01.002.

Amor, B.B., Shaw, S.L., Oldroyd, G.E. et al. (2003). The NFP locus of Medicago
truncatula controls an early step of Nod factor signal transduction upstream of a
rapid calcium flux and root hair deformation. Plant Journal 34 (4): 495–506. doi:
10.1046/j.1365-313X.2003.01743.x.

Ané, J.-M., Kiss, G.B., Riely, B.K. et al. (2004). Medicago truncatula DMI1 required
for bacterial and fungal symbioses in legumes. Science 303 (5662): 1364–1367. doi:
10.1126/science.1092986.

Aoki, S., Ito, M., and Iwasaki, W. (2013). From β- To α-proteobacteria: the origin and
evolution of rhizobial nodulation genes nodIJ. Molecular Biology and Evolution 30
(11): 2494–2508. doi: 10.1093/molbev/mst153.

Arite, T., Umehara, M., Ishikawa, S. et al. (2009). D14, a strigolactone-insensitive
mutant of rice, shows an accelerated outgrowth of tillers. Plant and Cell Physiology
50 (8): 1416–1424. doi: 10.1093/pcp/pcp091.

Arnold, A.E. and Engelbrecht, B.M.J. (2007). Fungal endophytes nearly double mini-
mum leaf conductance in seedlings of a neotropical tree species. Journal of Tropical
Ecology 23 (3): 369–372. doi: 10.1017/S0266467407004038.

Arnold, A.E., Mejía, L.C., Kyllo, D. et al. (2003). Fungal endophytes limit pathogen
damage in a tropical tree. Proceedings of the National Academy of Sciences of the United
States of America 100 (26): 15649–15654. doi: 10.1073/pnas.2533483100.

Aroca, R., Ruiz-Lozano, J.M., Zamarreño, Á.M. et al. (2013). Arbuscular myc-
orrhizal symbiosis influences strigolactone production under salinity and
alleviates salt stress in lettuce plants. Journal of Plant Physiology 170 (1): 47–55. doi:
10.1016/j.jplph.2012.08.020.

Arrighi, J.-F., Barre, A., Amor, B.B. et al. (2006). The Medicago truncatula lysine
motif-receptor-like kinase gene family includes NFP and new nodule-expressed
genes. Plant Physiology 142 (1): 265. doi: 10.2307/20205921.

Bailly, A., Groenhagen, U., Schulz, S. et al. (2014). The inter-kingdom volatile signal
indole promotes root development by interfering with auxin signalling. The Plant
Journal 80 (5): 758–771. doi: 10.1111/tpj.12666.

Basu, S., Rabara, R.C., and Negi, S. (2018). AMF: the future prospect for sus-
tainable agriculture. Physiological and Molecular Plant Pathology 102: 36–45. doi:
10.1016/j.pmpp.2017.11.007.

Beauchemin, N.J., Furnholm, T., Lavenus, J. et al. (2012). Casuarina root exudates alter
the physiology, surface properties, and plant infectivity of Frankia sp. strain CcI3.
Applied and Environmental Microbiology 78 (2): 575–580. doi: 10.1128/AEM.06183-11.

Bécard, G., Douds, D.D., and Pfeffer, P.E. (1992). Extensive in vitro hyphal growth
of vesicular-arbuscular mycorrhizal fungi in the presence of CO2 and flavonols.
Applied and Environmental Microbiology 58 (3): 821–825.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

33



MR Clear & EFY Hom

Behm, J.E., Geurts, R., and Kiers, E.T. (2014). Parasponia: a novel system for
studying mutualism stability. Trends in Plant Science 19 (12): 757–762. doi:
10.1016/j.tplants.2014.08.007.

Beimforde, C., Schäfer, N., Dörfelt, H. et al. (2011). Ectomycorrhizas from
a Lower Eocene angiosperm forest. New Phytologist 192 (4): 988–996. doi:
10.1111/j.1469-8137.2011.03868.x.

Benhiba, L., Fouad, M.O., Essahibi, A. et al. (2015). Arbuscular mycorrhizal symbiosis
enhanced growth and antioxidant metabolism in date palm subjected to long-term
drought. Trees 29 (6): 1725–1733. doi: 10.1007/s00468-015-1253-9.

Berbee, M.L., James, T.Y., and Strullu-Derrien, C. (2017). Early diverging fungi: diver-
sity and impact at the dawn of terrestrial life. Annual Review of Microbiology 71 (1):
41–60. doi: 10.1146/annurev-micro-030117-020324.

Besserer, A., Puech-Pagès, V., Kiefer, P. et al. (2006). Strigolactones stimulate arbus-
cular mycorrhizal fungi by activating mitochondria. PLoS Biology 4 (7): 1239–1247.
doi: 10.1371/journal.pbio.0040226.

Besserer, A., Bécard, G., Jauneau, A. et al. (2008). GR24, a synthetic analog of strigo-
lactones, stimulates the mitosis and growth of the arbuscular mycorrhizal fungus
Gigaspora rosea by boosting its energymetabolism. Plant Physiology 148 (1): 402–413.
doi: 10.1104/pp. 108.121400.

Bitas, V.,McCartney,N., Li,N. et al. (2015). Fusarium oxysporum volatiles enhance plant
growth via affecting auxin transport and signaling. Frontiers in Microbiology 6: 1248.
doi: 10.3389/fmicb.2015.01248.

Bozsoki, Z., Cheng, J., Feng, F. et al. (2017). Receptor-mediated chitin perception in
legume roots is functionally separable from Nod factor perception. Proceedings of
the National Academy of Sciences of the United States of America 114 (38): E8118–E8127.
doi: 10.1073/pnas.1706795114.

Bravo,A., Brands,M.,Wewer, V. et al. (2017). Arbuscularmycorrhiza-specific enzymes
FatMandRAM2fine-tune lipid biosynthesis to promote development of arbuscular
mycorrhiza. New Phytologist 214 (4): 1631–1645. doi: 10.1111/nph.14533.

Brown, D.E. (2001). Flavonoids act as negative regulators of auxin transport in vivo
in Arabidopsis. Plant Physiology 126 (2): 524–535. doi: 10.1104/pp. 126.2.524.

Brundrett,M.C. (2002). Coevolution of roots andmycorrhizas of land plants.NewPhy-
tologist 154 (2): 275–304. doi: 10.1046/j.1469-8137.2002.00397.x.

Brundrett, M.C. (2009). Mycorrhizal associations and other means of nutrition of vas-
cular plants: understanding the global diversity of host plants by resolving con-
flicting information and developing reliable means of diagnosis. Plant and Soil 320
(1–2): 37–77. doi: 10.1007/s11104-008-9877-9.

Buee, M., Rossignol, M., Jauneau, A. et al. (2000). The pre-symbiotic growth of
arbuscular mycorrhizal fungi is induced by a branching factor partially purified
from plant root exudates. Molecular Plant-Microbe Interactions 13 (6): 693–698. doi:
10.1094/MPMI.2000.13.6.693.

Buendia, L.,Wang, T., Girardin, A. et al. (2016). The LysM receptor-like kinase SlLYK10
regulates the arbuscular mycorrhizal symbiosis in tomato. New Phytologist 210 (1):
184–195. doi: 10.1111/nph.13753.

Bythell-Douglas, R., Rothfels, C.J., Stevenson, D.W. et al. (2017). The complex origins
of strigolactone signalling in land plants. bioRxiv . doi: 10.1101/102715.

Camehl, I., Sherameti, I., Venus, Y. et al. (2010). Ethylene signalling and
ethylene-targeted transcription factors are required to balance beneficial and

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

34



The Evolution of Symbiotic Plant–Microbe Signalling

nonbeneficial traits in the symbiosis between the endophytic fungus Pirifor-
mospora indica and Arabidopsis thaliana. New Phytologist 185 (4): 1062–1073. doi:
10.1111/j.1469-8137.2009.03149.x.

Carotenuto, G., Chabaud, M., Miyata, K. et al. (2017). The rice LysM receptor-like
kinase OsCERK1 is required for the perception of short-chain chitin oligomers
in arbuscular mycorrhizal signaling. New Phytologist 214 (4): 1440–1446. doi:
10.1111/nph.14539.

Castro, I.V., Fareleira, P., and Ferreira, E. (2016). Nitrogen fixing symbiosis in
a sustainable agriculture. In: Plant, Soil and Microbes (ed. K.R. Hakeem,
M.S. Akhtar and S.N.A. Abdullah), 55–91. Switzerland: Springer, Cham. doi:
10.1007/978-3-319-27455-3_4.

Chabaud,M., Gherbi, H., Pirolles, E. et al. (2015). Chitinase-resistant hydrophilic sym-
biotic factors secreted by Frankia activate both Ca2+ spiking and NIN gene expres-
sion in the actinorhizal plant Casuarina glauca. New Phytologist 209 (1): 86–93. doi:
10.1111/nph.13732.

Chaintreuil, C., Boivin, C., Dreyfus, B. et al. (2001). Characterization of the common
nodulation genes of the photosynthetic Bradyrhizobium sp. ORS285 reveals the pres-
ence of a new insertion sequence upstream of nodA. FEMS Microbiology Letters 194
(1): 83–86. doi: 10.1016/S0378-1097(00)00512-7.

Chang, Y., Wang, S., Sekimoto, S. et al. (2015). Phylogenomic analyses indicate that
early fungi evolved digesting cell walls of algal ancestors of land plants. Genome
Biology and Evolution 7 (6): 1590–1601. doi: 10.1093/gbe/evv090.

Chen, X.C., Feng, J., Hou, B.H. et al. (2005). Modulating DNA bending affects
NodD-mediated transcriptional control in Rhizobium leguminosarum. Nucleic Acids
Research 33 (8): 2540–2548. doi: 10.1093/nar/gki537.

Choi, J., Summers, W., and Paszkowski, U. (2018). Mechanisms underlying establish-
ment of arbuscular mycorrhizal symbioses. Annual Review of Phytopathology 56 (1):
135–160. doi: 10.1146/annurev-phyto-080516.

Cissoko, M., Hocher, V., Gherbi, H. et al. (2018). Actinorhizal signaling molecules:
Frankia root hair deforming factor shares propertieswithNIN inducing factor. Fron-
tiers in Plant Science 9: 1494. doi: 10.3389/fpls.2018.01494.

Clemmensen, K.E., Bahr, A., Ovaskainen, O. et al. (2013). Roots and associated fungi
drive long-term carbon sequestration in boreal forest. Science 340 (6127): 1615–1618.
doi: 10.1126/science.1231923.

Cochrane, F.C., Davin, L.B., and Lewis, N.G. (2004). The Arabidopsis phenylalanine
ammonia lyase gene family: kinetic characterization of the four PAL isoforms. Phy-
tochemistry 65 (11): 1557–1564. doi: 10.1016/j.phytochem.2004.05.006.

Courty, P.-E., Buée, M., Diedhiou, A.G. et al. (2010). The role of ectomycorrhizal com-
munities in forest ecosystem processes: new perspectives and emerging concepts.
Soil Biology and Biochemistry 42 (5): 679–698. doi: 10.1016/j.soilbio.2009.12.006.

Croft, M.T., Lawrence, A.D., Raux-Deery, E. et al. (2005). Algae acquire vitamin
B12 through a symbiotic relationship with bacteria. Nature 438 (7064): 90–93. doi:
10.1038/nature04056.

Dawson, J.O. (2007). Ecology of actinorhizal plants. In: Nitrogen-Fixing Actinorhizal
Symbioses. Nitrogen Fixation: Origins, Applications, and Research Progress, vol. 6 (ed.
K. Pawlowski), 199–234. Dordrecht: Springer. doi: 10.1007/978-1-4020-3547-0_8.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

35



MR Clear & EFY Hom

De Cuyper, C., Fromentin, J., Yocgo, R.E. et al. (2015). From lateral root density
to nodule number, the strigolactone analogue GR24 shapes the root architec-
ture of Medicago truncatula. Journal of Experimental Botany 66 (1): 137–146. doi:
10.1093/jxb/eru404.

De Jong, F., Hanley, S.J., Beale, M.H. et al. (2015). Characterisation of the
willow phenylalanine ammonia-lyase (PAL) gene family reveals expres-
sion differences compared with poplar. Phytochemistry 117: 90–97. doi:
10.1016/j.phytochem.2015.06.005.

De Vries, J., de Vries, S., Slamovits, C.H. et al. (2017). How embryophytic is the biosyn-
thesis of phenylpropanoids and their derivatives in streptophyte algae? Plant and
Cell Physiology 58 (5): 934–945. doi: 10.1093/pcp/pcx037.

Deinum, E.E., Geurts, R., Bisseling, T. et al. (2012).Modeling a cortical auxinmaximum
for nodulation: different signatures of potential strategies. Frontiers in Plant Science
3: 1–19. doi: 10.3389/fpls.2012.00096.

Delaux, P.-M., Nanda, A.K., Mathé, C. et al. (2012a). Molecular and biochemical
aspects of plant terrestrialization. Perspectives in Plant Ecology, Evolution and
Systematics 14 (1): 49–59. doi: 10.1016/j.ppees.2011.09.001.

Delaux, P.-M., Xie, X., Timme, R.E. et al. (2012b). Origin of strigolactones in the green
lineage. New Phytologist 195 (4): 857–871. doi: 10.1111/j.1469-8137.2012.04209.x.

Delaux, P.-M., Bécard, G., and Combier, J.-P. (2013a). NSP1 is a component of the Myc
signaling pathway. New Phytologist 199 (1): 59–65. doi: 10.1111/nph.12340.

Delaux, P.-M., Séjalon-Delmas, N., Bécard, G. et al. (2013b). Evolution of the
plant–microbe symbiotic “toolkit”. Trends in Plant Science 18 (6): 298–304. doi:
10.1016/j.tplants.2013.01.008.

Delaux, P.-M., Radhakrishnan, G.V., Jayaraman, D. et al. (2015). Algal ancestor of land
plants was preadapted for symbiosis. Proceedings of the National Academy of Sciences
of the United States of America 112 (43): 13390–13395. doi: 10.1073/pnas.1515426112.

Delwiche, C.F. and Cooper, E.D. (2015). The evolutionary origin of a terrestrial flora.
Current Biology 25 (19): R899–R910. doi: 10.1016/j.cub.2015.08.029.

Dénarié, J., Debellé, F., and Promé, J.-C. (1996). Rhizobium lipo-chitooligosaccharide
nodulation factors: signaling molecules mediating recognition and morphogene-
sis.Annual Review of Biochemistry 65 (1): 503–535. doi: 10.1146/annurev.bi.65.070196.
002443.

Desaki, Y., Miyata, K., Suzuki, M. et al. (2018). Plant immunity and symbiosis
signaling mediated by LysM receptors. Innate Immunity 24 (2): 92–100. doi:
10.1177/1753425917738885.

Ditengou, F.A., Müller, A., Rosenkranz, M. et al. (2015). Volatile signalling by
sesquiterpenes from ectomycorrhizal fungi reprogrammes root architecture.
Nature Communications 6: 6279. doi: 10.1038/ncomms7279.

Divakar, P.K., Crespo, A., Wedin, M. et al. (2015). Evolution of complex symbiotic
relationships in a morphologically derived family of lichen-forming fungi. New
Phytologist 208 (4): 1217–1226. doi: 10.1111/nph.13553.

Dixon, R.A. and Paiva, N.L. (1995). Stress-induced phenylpropanoid metabolism. The
Plant Cell 7 (7): 1085–1097. doi: 10.2307/3870059.

Djordjevic, M.A., Redmond, J.W., Batley, M. et al. (1987). Clovers secrete spe-
cific phenolic compounds which either stimulate or repress nod gene
expression in Rhizobium trifolii. The EMBO Journal 6 (5): 1173–1179. doi:
10.1002/J.1460-2075.1987.TB02351.X.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

36



The Evolution of Symbiotic Plant–Microbe Signalling

Dong, C.J. and Shang, Q.M. (2013). Genome-wide characterization of phenylalanine
ammonia-lyase gene family in watermelon (Citrullus lanatus). Planta 238 (1): 35–49.
doi: 10.1007/s00425-013-1869-1.

Dor, E., Joel, D.M., Kapulnik, Y. et al. (2011). The synthetic strigolactone GR24 influ-
ences the growth pattern of phytopathogenic fungi. Planta 234 (2): 419–427. doi:
10.1007/s00425-011-1452-6.

Doré, J., Perraud, M., Dieryckx, C. et al. (2015). Comparative genomics, proteomics
and transcriptomics give new insight into the exoproteome of the basidiomycete
Hebeloma cylindrosporum and its involvement in ectomycorrhizal symbiosis. New
Phytologist 208 (4): 1169–1187. doi: 10.1111/nph.13546.

Doyle, J.J. (1998). Phylogenetic perspectives on nodulation: evolving views of
plants and symbiotic bacteria. Trends in Plant Science 3 (12): 473–478. doi:
10.1016/S1360-1385(98)01340-5.

Doyle, J.J. (2011). Phylogenetic perspectives on the origins of nodulation. Molecular
Plant-Microbe Interactions 24 (11): 1289–1295. doi: 10.1094/MPMI-05-11-0114.

Droop, M.R. (2007). Vitamins, phytoplankton and bacteria: symbiosis or scavenging?
Journal of Plankton Research 29 (2): 107–113. doi: 10.1093/plankt/fbm009.

Duplessis, S., Courty, P.E., Tagu, D. et al. (2004). Transcript patterns associated with
ectomycorrhiza development in Eucalyptus globulus and Pisolithus microcarpus.New
Phytologist 165 (2): 599–611. doi: 10.1111/j.1469-8137.2004.01248.x.

Eastwood,D.C., Floudas, D., Binder,M. et al. (2011). The plant cellwall – decomposing
machinery underlies the functional diversity of forest fungi. Science 333 (6043):
762–765. doi: 10.1126/science.1205411.

Edwards, D., Cherns, L., and Raven, J.A. (2015). Could land-based early photosynthe-
sizing ecosystems have bioengineered the planet in mid-Palaeozoic times? Palaeon-
tology 58 (5): 803–837. doi: 10.1111/pala.12187.

Ellouze, W., Hamel, C., Cruz, A.F. et al. (2012). Phytochemicals and spore germi-
nation: at the root of AMF host preference? Applied Soil Ecology 60: 98–104. doi:
10.1016/j.apsoil.2012.02.004.

Emiliani, G., Fondi, M., Fani, R. et al. (2009). A horizontal gene transfer at the origin
of phenylpropanoid metabolism: a key adaptation of plants to land. Biology Direct
4: 1–12. doi: 10.1186/1745-6150-4-7.

Ezquer, I., Li, J., Ovecka, M. et al. (2010). Microbial volatile emissions pro-
mote accumulation of exceptionally high levels of starch in leaves in mono-
and dicotyledonous plants. Plant and Cell Physiology 51 (10): 1674–1693. doi:
10.1093/pcp/pcq126.

Fabre, S., Gully, D., Poitout, A. et al. (2015). TheNod factor-independent nodulation in
Aeschynomene evenia required the common plant-microbe symbiotic “toolkit”. Plant
Physiology 169 (4): 2654–2664. doi: 10.1104/pp. 15.01134.

Fernandez-Apricio, M., García-Garrido, J.M., Ocampo, J.A. et al. (2010). Coloni-
sation of field pea roots by arbuscular mycorrhizal fungi reduces Orobanche
and Phelipanche species seed germination. Weed Research 50 (3): 262–268. doi:
10.1111/j.1365-3180.2010.00771.x.

Fester, T. andHause, G. (2005). Accumulation of reactive oxygen species in arbuscular
mycorrhizal roots.Mycorrhiza 15 (5): 373–379. doi: 10.1007/s00572-005-0363-4.

Field, K.J. and Pressel, S. (2018). Unity in diversity: structural and functional insights
into the ancient partnerships between plants and fungi. New Phytologist 220 (4):
996–1011. doi: 10.1111/nph.15158.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

37



MR Clear & EFY Hom

Field, K.J., Cameron, D.D., Leake, J.R. et al. (2012). Contrasting arbuscular mycor-
rhizal responses of vascular and non-vascular plants to a simulated Palaeozoic CO2
decline. Nature Communications 3: 835. doi: 10.1038/ncomms1831.

Flematti, G.R., Ghisalberti, E.L., Dixon, K.W. et al. (2004). A compound from
smoke that promotes seed germination. Science 305 (5686): 977. doi: 10.1126/sci-
ence.1099944.

Floudas, D., Binder, M., Riley, R. et al. (2012). The Paleozoic origin of enzymatic
lignin decomposition reconstructed from 31 fungal genomes. Science 336 (6089):
1715–1719. doi: 10.1126/science.1221748.

Foo, E. and Davies, N.W. (2011). Strigolactones promote nodulation in pea. Planta 234
(5): 1073–1081. doi: 10.1007/s00425-011-1516-7.

Fouad, M.O., Essahibi, A., Benhiba, L. et al. (2014). Effectiveness of arbuscular
mycorrhizal fungi in the protection of olive plants against oxidative stress
induced by drought. Spanish Journal of Agricultural Research 12 (3): 763–771. doi:
10.5424/sjar/2014123-4815.

Franche, C., Gherbi, H., Benabdoun, M. et al. (2011). New insights in the molecular
events underlying actinorhizal nodulation in the tropical treeCasuarina glauca.BMC
Proceedings 5 (7): O33. doi: 10.1186/1753-6561-5-S7-O33.

Galibert, F., Finan, T.M., Long, S.R. et al. (2001). The composite genome of
the legume symbiont Sinorhizobium meliloti. Science 293 (5530): 668–672. doi:
10.1126/science.1060966.

Gao, Y., Wang, W., Zhang, T. et al. (2018). Out of water: the origin and early diversifi-
cation of plant R-genes. Plant Physiology 177 (1): 82–89. doi: 10.1104/pp. 18.00185.

Garcia, K., Delaux, P.-M., Cope, K.R. et al. (2015). Molecular signals required for the
establishment and maintenance of ectomycorrhizal symbioses. New Phytologist 208
(1): 79–87. doi: 10.1111/nph.13423.

Garg, N. and Singla, P. (2016). Stimulation of nitrogen fixation and trehalose biosyn-
thesis by naringenin (Nar) and arbuscular mycorrhiza (AM) in chickpea under
salinity stress. Plant Growth Regulation 80 (1): 5–22. doi: 10.1007/s10725-016-0146-2.

Geng, H. and Belas, R. (2010). Molecular mechanisms underlying roseobacter-
phytoplankton symbioses. Current Opinion in Biotechnology 21 (3): 332–338. doi:
10.1016/j.copbio.2010.03.013.

Genre, A. and Russo, G. (2016). Does a common pathway transduce symbiotic
signals in plant–microbe interactions? Frontiers in Plant Science 7: 1–8. doi:
10.3389/fpls.2016.00096.

Genre, A., Chabaud, M., Balzergue, C. et al. (2013). Short-chain chitin oligomers from
arbuscular mycorrhizal fungi trigger nuclear Ca2+ spiking in Medicago truncatula
roots and their production is enhanced by strigolactone. New Phytologist 198 (1):
190–202. doi: 10.1111/nph.12146.

Geurts, R., Lillo, A., and Bisseling, T. (2012). Exploiting an ancient signalling machin-
ery to enjoy a nitrogen fixing symbiosis. Current Opinion in Plant Biology 15 (4):
438–443. doi: 10.1016/j.pbi.2012.04.004.

Gherbi, H., Markmann, K., Svistoonoff, S. et al. (2008). SymRK defines a common
genetic basis for plant root endosymbioses with arbuscular mycorrhiza fungi,
rhizobia, and Frankia bacteria. Proceedings of the National Academy of Sciences of the
United States of America 105 (12): 4928–4932. doi: 10.1073/pnas.0710618105.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

38



The Evolution of Symbiotic Plant–Microbe Signalling

Giraud, E., Moulin, L., Vallenet, D. et al. (2007). Legumes symbioses: absence of
Nod genes in photosynthetic bradyrhizobia. Science 316 (5829): 1307–1312. doi:
10.1126/science.1139548.

Gobbato, E., Marsh, J.F., Vernié, T. et al. (2012). A GRAS-type transcription factor with
a specific function in mycorrhizal signaling. Current Biology 22 (23): 2236–2241. doi:
10.1016/j.cub.2012.09.044.

Gomez-Roldan, V., Fermas, S., Brewer, P.B. et al. (2008). Strigolactone inhibition of
shoot branching. Nature 455 (7210): 189–194. doi: 10.1038/nature07271.

Granqvist, E., Sun, J., den Camp, R.O. et al. (2015). Bacterial-induced calcium oscilla-
tions are common to nitrogen-fixing associations of nodulating legumes and non-
legumes. New Phytologist 207 (3): 551–558. doi: 10.1111/nph.13464.

Gutjahr, C., Novero, M., Guether, M. et al. (2009). Presymbiotic factors released
by the arbuscular mycorrhizal fungus Gigaspora margarita induce starch
accumulation in Lotus japonicus roots. New Phytologist 183 (1): 53–61. doi:
10.1111/j.1469-8137.2009.02871.x.

Gutjahr, C., Radovanovic, D., Geoffroy, J. et al. (2012). The half-size ABC transporters
STR1 and STR2 are indispensable formycorrhizal arbuscule formation in rice. Plant
Journal 69 (5): 906–920. doi: 10.1111/j.1365-313X.2011.04842.x.

Gutjahr, C., Gobbato, E., Choi, J. et al. (2015). Rice perception of symbiotic arbuscu-
lar mycorrhizal fungi requires the karrikin receptor complex. Science 350 (6267):
1521–1524. doi: 10.1126/science.aac9715.

Hacquard, S., Spaepen, S., Garrido-Oter, R. et al. (2017). Interplay between innate
immunity and the plantmicrobiota.Annual Review of Phytopathology 55 (1): 565–589.
doi: 10.1146/annurev-phyto-080516-035623.

Harholt, J., Moestrup, Ø., and Ulvskov, P. (2016). Why plants were terrestrial from the
beginning. Trends in Plant Science 21 (2): 96–101. doi: 10.1016/j.tplants.2015.11.010.

Hassani, M.A., Durán, P., and Hacquard, S. (2018). Microbial interactions within the
plant holobiont.Microbiome 6 (1): 58. doi: 10.1186/s40168-018-0445-0.

van der Heijden, M.G.A., Martin, F.M., Selosse, M.A. et al. (2015). Mycorrhizal ecol-
ogy and evolution: the past, the present, and the future. New Phytologist 205 (4):
1406–1423. doi: 10.1111/nph.13288.

Hirsch, S. and Oldroyd, G.E.D. (2009). GRAS-domain transcription factors that
regulate plant development. Plant Signaling & Behavior 4 (8): 698–700. doi:
10.4161/psb.4.8.9176.

Holmer, R., Rutten, L., Kohlen, W. et al. (2017). Commonalities in symbiotic
plant-microbe signalling. Advances in Botanical Research 82: 187–221. doi:
10.1016/bs.abr.2016.11.003.

Hom, E.F.Y. and Murray, A.W. (2014). Niche engineering demonstrates a latent
capacity for fungal-algal mutualism. Science 345 (6192): 94–98. doi: 10.1126/sci-
ence.1253320.

Hom, E.F.Y., Aiyar, P., Schaeme, D., et al. (2015). A chemical perspective onmicroalgal-
microbial interactions. Trends in Plant Sciences 20: 689–693. doi: 10.1016/j.tplants.
2015.09.004

Honma, M.A., Asomaning, M., and Ausubel, F.M. (1990). Rhizobium meliloti nodD
genes mediate host-specific activation of nodABC. Journal of Bacteriology 172 (2):
901–911. doi: 10.1128/jb.172.2.901-911.1990.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

39



MR Clear & EFY Hom

Huang, J., Gu, M., Lai, Z. et al. (2010). Functional analysis of the Arabidopsis PAL gene
family in plant growth, development, and response to environmental stress. Plant
Physiology 153 (4): 1526–1538. doi: 10.1104/pp. 110.157370.

Hughes, M., Donnelly, C., Crozier, A. et al. (1999). Effects of the exposure of roots of
Alnus glutinosa to light on flavonoids and nodulation. Canadian Journal of Botany 77
(9): 1311–1315. doi: 10.1139/b99-077.

Humphreys, C.P., Franks, P.J., Rees, M. et al. (2010). Mutualistic mycorrhiza-like sym-
biosis in the most ancient group of land plants. Nature Communications 1 (8): 103.
doi: 10.1038/ncomms1105.

Iwasa, Y. and Sasaki, A. (1987). Evolution of the number of sexes. Evolution 41 (1):
49–65. doi: 10.2307/2408972.

Jiang, Y., Wang, W., Xie, Q. et al. (2017). Plants transfer lipids to sustain colonization
by mutualistic mycorrhizal and parasitic fungi. Science 356 (6343): 1172–1173. doi:
10.1126/science.aam9970.

Johnson, N.C. and Jansa, J. (2017). Mycorrhizas: at the interface of biological,
soil, and earth sciences. In: Mycorrhizal Mediation of Soil. 1–6. Elsevier. doi:
10.1016/B978-0-12-804312-7.00001-2.

Ju, C., Van de Poel, B., Cooper, E.D. et al. (2015). Conservation of ethylene as a
plant hormone over 450 million years of evolution. Nature Plants 1 (1): 1–7. doi:
10.1038/nplants.2014.4.

Kaku, H., Nishizawa, Y., Ishii-Minami, N. et al. (2006). Plant cells recognize chitin
fragments for defense signaling through a plasma membrane receptor. Proceedings
of theNational Academy of Sciences of theUnited States of America 103 (29): 11086–11091.
doi: 10.1073/pnas.0508882103.

Kalinova, J. and Radova, S. (2009). Effects of rutin on the growth of Botrytis cinerea,
Alternaria alternata and Fusarium solani. Acta Phytopathologica et Entomologica Hun-
garica 44 (1): 39–47. doi: 10.1556/APhyt.44.2009.1.5.

Kamel, L., Keller-Pearson,M., Roux, C. et al. (2017). Biology and evolution of arbuscu-
lar mycorrhizal symbiosis in the light of genomics.New Phytologist 213 (2): 531–536.
doi: 10.1111/nph.14263.

Kapulnik, Y., Volpin, H., Itzhaki, H. et al. (1996). Suppression of defence responses
in mycorrhizal alfalfa and tobacco roots. New Phytologist 133 (1): 59–64. doi:
10.1111/j.1469-8137.1996.tb04341.x.

Kawaharada, Y., Kelly, S., Nielsen, M.W. et al. (2015). Receptor-mediated exopolysac-
charide perception controls bacterial infection. Nature 523 (7560): 308–312. doi:
10.1038/nature14611.

Keymer, A., Pimprikar, P., Wewer, V. et al. (2017). Lipid transfer from plants to arbus-
cular mycorrhiza fungi. eLife 6: 1–33. doi: 10.7554/eLife.29107.

Kikuchi, K., Matsushita, N., Suzuki, K. et al. (2007). Flavonoids induce germination
of basidiospores of the ectomycorrhizal fungus Suillus bovinus. Mycorrhiza 17 (7):
563–570. doi: 10.1007/s00572-007-0131-8.

Kloppholz, S., Kuhn, H., and Requena, N. (2011). A secreted fungal effector of glomus
intraradices promotes symbiotic biotrophy. Current Biology 21 (14): 1204–1209. doi:
10.1016/j.cub.2011.06.044.

Knack, J.J., Wilcox, L.W., Delaux, P.-M. et al. (2015). Microbiomes of Streptophyte
algae and Bryophytes suggest that a functional suite of microbiota fostered plant
colonization of land. International Journal of Plant Sciences 176 (5): 405–420. doi:
10.1086/681161.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

40



The Evolution of Symbiotic Plant–Microbe Signalling

Kohlen, W., Charnikhova, T., Liu, Q. et al. (2011). Strigolactones are transported
through the xylem and play a key role in shoot architectural response to phosphate
deficiency in nonarbuscular mycorrhizal host Arabidopsis. Plant Physiology 155
(2): 974–987. doi: 10.1104/pp. 110.164640.

Kohler, A., Kuo, A., Nagy, L.G. et al. (2015). Convergent losses of decay mechanisms
and rapid turnover of symbiosis genes in mycorrhizal mutualists. Nature Genetics
47 (4): 410–415. doi: 10.1038/ng.3223.

Koltai,H., LekKala, S.P., Bhattacharya, C. et al. (2010). A tomato strigolactone-impaired
mutant displays aberrant shoot morphology and plant interactions. Journal of
Experimental Botany 61 (6): 1739–1749. doi: 10.1093/jxb/erq041.

Kretzschmar, T., Kohlen, W., Sasse, J. et al. (2012). A petunia ABC protein controls
strigolactone-dependent symbiotic signalling and branching. Nature 483 (7389):
341–344. doi: 10.1038/nature10873.

Krings, M., Taylor, T.N., and Dotzler, N. (2012). Fungal endophytes as a driving
force in land plant evolution: evidence from the fossil record. In: Biocomplexity of
Plant-Fungal Interactions (ed. D. Southworth), 5–28. New York: John Wiley & Sons.
doi: 10.1002/9781118314364.ch1.

Kubicek, C.P. (2012). Fungi and Lignocellulosic Biomass. New York: John Wiley & Sons.
doi: 10.1002/9781118414514.

Lagrange, H., Jay-Allgmand, C., and Lapeyrie, F. (2001). Rutin, the phe-
nolglycoside from eucalyptus root exudates, stimulates Pisolithus hyphal
growth at picomolar concentrations. New Phytologist 149 (2): 349–355. doi:
10.1046/j.1469-8137.2001.00027.x.

Land, W. (2003). Allograft injury mediated by reactive oxygen species: from
conserved proteins of drosophila to acute and chronic rejection of human trans-
plants. Part III: interaction of (oxidative) stress-induced heat shock proteins
with toll-like receptor-bearing cells. Transplantation Reviews 17 (2): 67–86. doi:
10.1016/S0955-470X(02)00009-5.

Lendzemo, V.W., Kuyper, T.W., Matusova, R. et al. (2007). Colonization by arbuscu-
lar mycorrhizal fungi of sorghum leads to reduced germination and subsequent
attachment and emergence of Striga hermonthica. Plant Signaling and Behavior 2 (1):
58–62. doi: 10.4161/psb.2.1.3884.

Lenton, T.M., Dahl, T.W., Daines, S.J. et al. (2016). Earliest land plants created modern
levels of atmospheric oxygen. Proceedings of the National Academy of Sciences of the
United States of America 113 (35): 9704–9709. doi: 10.1073/pnas.1604787113.

Lepage, B.A., Currah, R.S., Stockey, R.A. et al. (1997). Fossil ectomycorrhizae from the
middle Eocene. American Journal of Botany 84 (3): 410–412. doi: 10.2307/2446014.

Leu, J.Y. and Murray, A.W. (2006). Experimental evolution of mating discrimination
in budding yeast. Current Biology 16 (3): 280–286. doi: 10.1016/j.cub.2005.12.028.

Levy, J., Bres, C., Geurts, R. et al. (2004). A putative Ca2+ and calmodulin-dependent
protein kinase required for bacterial and fungal symbioses. Science 303 (5662):
1361–1364. doi: 10.1126/science.1093038.

Li, N., Alfiky, A., and Vaughan, M.M. (2016). Stop and smell the fungi: fungal volatile
metabolites are overlooked signals involved in fungal interaction with plants. Fun-
gal Biology Reviews 30 (3): 1–11. doi: 10.1016/j.fbr.2016.06.004.

Liang, Y., Cao, Y., Tanaka, K. et al. (2013). Nonlegumes respond to rhizobial Nod fac-
tors by suppressing the innate immune response. Science 341 (6152): 1384–1387. doi:
10.1126/science.1242736.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

41



MR Clear & EFY Hom

Liao, H.L., Chen, Y., Bruns, T.D. et al. (2014). Metatranscriptomic analysis of ectomy-
corrhizal roots reveals genes associated with Piloderma-Pinus symbiosis: improved
methodologies for assessing gene expression in situ. Environmental Microbiology 16
(12): 3730–3742. doi: 10.1111/1462-2920.12619.

Libault, M., Farmer, A., Brechenmacher, L. et al. (2010). Complete transcriptome
of the soybean root hair cell, a single-cell model, and its alteration in response
to Bradyrhizobium japonicum infection. Plant Physiology 152 (2): 541–552. doi:
10.1104/pp. 109.148379.

Limpens, E., van Zeijl, A., and Geurts, R. (2015). Lipochitooligosaccharides modulate
plant host immunity to enable endosymbioses. Annual Review of Phytopathology 53
(1): 311–334. doi: 10.1146/annurev-phyto-080614-120149.

Liu, J., Novero, M., Charnikhova, T. et al. (2013). Carotenoid cleavage dioxygenase 7
modulates plant growth, reproduction, senescence, and determinate nodulation in
the model legume Lotus japonicus. Journal of Experimental Botany 64 (7): 1967–1981.
doi: 10.1093/jxb/ert056.

Lohmann, G.V., Shimoda, Y., Nielsen, M.W. et al. (2010). Evolution and regulation of
the Lotus japonicus LysM receptor gene family. Molecular Plant-Microbe Interactions
23 (4): 510–521. doi: 10.1094/MPMI-23-4-0510.

Long, S.R. (2001). Genes and signals in the Rhizobium-legume symbiosis. Plant Phys-
iology 125 (1): 69–72. doi: 10.1104/pp. 125.1.69.

López-Ráez, J.A., Charnikhova, T., Fernández, I. et al. (2011). Arbuscular mycorrhizal
symbiosis decreases strigolactone production in tomato. Journal of Plant Physiology
168 (3): 294–297. doi: 10.1016/j.jplph.2010.08.011.

López-Ráez, J.A., Fernández, I., García, J.M. et al. (2015). Differential spatio-temporal
expression of carotenoid cleavage dioxygenases regulates apocarotenoid fluxes
during AM symbiosis. Plant Science 230: 59–69. doi: 10.1016/j.plantsci.2014.10.010.

Luginbuehl, L.H. and Oldroyd, G.E.D. (2017). Understanding the arbuscule at the
heart of endomycorrhizal symbioses in plants. Current Biology 27 (17): R952–R963.
doi: 10.1016/j.cub.2017.06.042.

Lutzoni, F., Nowak, M.D., Alfaro, M.E. et al. (2018). Contemporaneous radiations
of fungi and plants linked to symbiosis. Nature Communications 9 (1): 5451. doi:
10.1038/s41467-018-07849-9.

MacLean, A.M., Bravo, A., and Harrison, M.J. (2017). Plant signaling and metabolic
pathways enabling arbuscular mycorrhizal symbiosis. The Plant Cell 29 (10):
2319–2335. doi: 10.1105/tpc.17.00555.

Madsen, L.H., Tirichine, L., Jurkiewicz, A. et al. (2010). The molecular network gov-
erning nodule organogenesis and infection in the model legume Lotus japonicus.
Nature Communications 1 (1): 10. doi: 10.1038/ncomms1009.

Maillet, F., Poinsot, V., André, O. et al. (2011). Fungal lipochitooligosaccharide
symbiotic signals in arbuscular mycorrhiza. Nature 469 (7328): 58–63. doi:
10.1038/nature09622.

Marchetti, M., Capela, D., Glew, M. et al. (2010). Experimental evolution of a plant
pathogen into a legume symbiont. PLoS Biology 8 (1): e1000280. doi: 10.1371/jour-
nal.pbio.1000280.

Marchetti, M., Jauneau, A., Capela, D. et al. (2014). Shaping bacterial symbiosis with
legumes by experimental evolution. Molecular Plant-Microbe Interactions 27 (9):
956–964. doi: 10.1094/MPMI-03-14-0083-R.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

42



The Evolution of Symbiotic Plant–Microbe Signalling

Marhavý, P., Bielach, A., Abas, L. et al. (2011). Cytokininmodulates endocytic traffick-
ing of PIN1 auxin efflux carrier to control plant organogenesis. Developmental Cell
21 (4): 796–804. doi: 10.1016/j.devcel.2011.08.014.

Marhavý, P., Duclercq, J., Weller, B. et al. (2014). Cytokinin controls polarity of
PIN1-dependent auxin transport during lateral root organogenesis. Current Biology
24 (9): 1031–1037. doi: 10.1016/j.cub.2014.04.002.

Martin, F., Aerts, A., Ahrén, D. et al. (2008). The genome of Laccaria bicolor
provides insights into mycorrhizal symbiosis. Nature 452 (7183): 88–92. doi:
10.1038/nature06556.

Martin, F., Kohler, A., Murat, C. et al. (2016). Unearthing the roots of ectomycor-
rhizal symbioses. Nature Reviews Microbiology 14 (12): 760–773. doi: 10.1038/nrmi-
cro.2016.149.

Martin, F., Uroz, S., and Barker, D.G. (2017). Ancestral alliances: Plant mutualistic
symbioses with fungi and bacteria. Science 356 (6340): aad4501. doi: 10.1126/sci-
ence.aad4501.

Martínez-Abarca, F., Herrera-Cervera, J.A., Bueno, P. et al. (1998). Involvement of sali-
cylic acid in the establishment of the Rhizobium meliloti-Alfalfa symbiosis.Molecular
Plant-Microbe Interactions 11 (2): 153–155. doi: 10.1094/MPMI.1998.11.2.153.

Masson-Boivin, C., Giraud, E., Perret, X. et al. (2009). Establishing nitrogen-fixing sym-
biosis with legumes: how many rhizobium recipes? Trends in Microbiology 17 (10):
458–466. doi: 10.1016/j.tim.2009.07.004.

Mathesius, U., Schlaman, H.R., Spaink, H.P. et al. (1998). Auxin transport inhibi-
tion precedes root nodule formation in white clover roots and is regulated by
flavonoids and derivatives of chitin oligosaccharides. Plant Journal 14 (1): 23–34.
doi: 10.1046/j.1365-313X.1998.00090.x.

McCourt, R.M., Delwiche, C.F., and Karol, K.G. (2004). Charophyte algae and
land plant origins. Trends in Ecology and Evolution 19 (12): 661–666. doi:
10.1016/j.tree.2004.09.013.

Minerdi, D., Bossi, S., Maffei, M.E. et al. (2011). Fusarium oxysporum and its bacte-
rial consortium promote lettuce growth and expansin A5 gene expression through
microbial volatile organic compound (MVOC) emission. FEMSMicrobiology Ecology
76 (2): 342–351. doi: 10.1111/j.1574-6941.2011.01051.x.

Miya, A., Albert, P., Shinya, T. et al. (2007). CERK1, a LysM receptor kinase, is
essential for chitin elicitor signaling in Arabidopsis. Proceedings of the National
Academy of Sciences of the United States of America 104 (49): 19613–19618. doi:
10.1073/pnas.0705147104.

Miyata, K., Kozaki, T., Kouzai, Y. et al. (2014). The bifunctional plant receptor,
OsCERK1, regulates both chitin-triggered immunity and arbuscular myc-
orrhizal symbiosis in rice. Plant and Cell Physiology 55 (11): 1864–1872. doi:
10.1093/pcp/pcu129.

Miyata, K., Hayafune, M., Kobae, Y. et al. (2016). Evaluation of the role of the LysM
receptor-like kinase, OsNFR5/OsRLK2 for AM symbiosis in rice. Plant and Cell
Physiology 57 (11): 2283–2290. doi: 10.1093/pcp/pcw144.

Mo, Y., Wang, Y., Yang, R. et al. (2016). Regulation of plant growth, photosynthesis,
antioxidation and osmosis by an arbuscular mycorrhizal fungus in watermelon
seedlings under well-watered and drought conditions. Frontiers in Plant Science 7:
1–15. doi: 10.3389/fpls.2016.00644.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

43



MR Clear & EFY Hom

Nadal, M. and Paszkowski, U. (2013). Polyphony in the rhizosphere: presymbiotic
communication in arbuscular mycorrhizal symbiosis. Current Opinion in Plant Biol-
ogy 16 (4): 473–479. doi: 10.1016/j.pbi.2013.06.005.

Nadal, M., Sawers, R., Naseem, S. et al. (2017). An N-acetylglucosamine transporter
required for arbuscular mycorrhizal symbioses in rice and maize. Nature Plants 3
(6): 17073. doi: 10.1038/nplants.2017.73.

Nandasena, K.G., O’Hara, G.W., Tiwari, R.P. et al. (2006). Rapid in situ evolution of
nodulating strains for Biserrula pelecinus L. through lateral transfer of a symbiosis
island from the original mesorhizobial inoculant. Applied and Environmental Micro-
biology 72 (11): 7365–7367. doi: 10.1128/AEM.00889-06.

Navarro-Ródenas, A., Xu, H.A.O., Kemppainen, M. et al. (2015). Laccaria bicolor aqua-
porin LbAQP1 is required for Hartig net development in trembling aspen (Populus
tremuloides). Plant Cell and Environment 38 (11): 2475–2486. doi: 10.1111/pce.12552.

Naznin, H.A., Kiyohara, D., Kimura, M. et al. (2014). Systemic resistance induced by
volatile organic compounds emitted by plant growth-promoting fungi in Arabidop-
sis thaliana. PLoS ONE 9 (1): e86882. doi: 10.1371/journal.pone.0086882.

Nelson, J.M., Hauser, D.A., Hinson, R. et al. (2018). A novel experimental system
using the liverwort Marchantia polymorpha and its fungal endophytes reveals
diverse and context-dependent effects. New Phytologist 218 (3): 1217–1232. doi:
10.1111/nph.15012.

Ng, J.L.P., Hassan, S., Truong, T.T. et al. (2015). Flavonoids and auxin transport
inhibitors rescue symbiotic nodulation in the Medicago truncatula cytokinin
perception mutant cre1. The Plant Cell 27: 2210–2226. doi: 10.1105/tpc.15.00231.

Nguyen, T.H.N., Brechenmacher, L., Aldrich, J.T. et al. (2012). Quantitative phospho-
proteomic analysis of soybean root hairs inoculated with Bradyrhizobium japonicum.
Molecular & Cellular Proteomics 11 (11): 1140–1155. doi: 10.1074/mcp.M112.018028.

Oehl, F., Sieverding, E., Palenzuela, J. et al. (2011). Advances in Glomeromycota
taxonomy and classification. IMA Fungus 2 (2): 191–199. doi: 10.5598/imafun-
gus.2011.02.02.10.

Okazaki, S., Kaneko, T., Sato, S. et al. (2013). Hijacking of leguminous nodulation
signaling by the rhizobial type III secretion system. Proceedings of the National
Academy of Sciences of the United States of America 110 (42): 17131–17136. doi:
10.1073/pnas.1302360110.

Okazaki, S., Tittabutr, P., Teulet, A. et al. (2016). Rhizobium-legume symbiosis in the
absence of Nod factors: two possible scenarios with or without the T3SS. The ISME
Journal 10 (1): 64–74. doi: 10.1038/ismej.2015.103.

Oldroyd, G.E.D. (2013). Speak, friend, and enter: signalling systems that promote ben-
eficial symbiotic associations in plants. Nature Reviews Microbiology 11 (4): 252–263.
doi: 10.1038/nrmicro2990.

Oldroyd, G.E.D., Murray, J.D., Poole, P.S. et al. (2011). The rules of engagement in
the legume-rhizobial symbiosis. Annual Review of Genetics 45 (1): 119–144. doi:
10.1146/annurev-genet-110410-132549.

Ortiz, D. and Dodds, P.N. (2018). Plant NLR origins traced back to green algae. Trends
in Plant Science 23 (8): 651–654. doi: 10.1016/j.tplants.2018.05.009.

Parfrey, L.W., Lahr, D.J., Knoll, A.H. et al. (2011). Estimating the timing of early
eukaryotic diversification with multigene molecular clocks. Proceedings of the
National Academy of Sciences of the United States of America 108 (33): 13624–13629.
doi: 10.1073/pnas.1110633108.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

44



The Evolution of Symbiotic Plant–Microbe Signalling

Paul, D. and Park, K. (2013). Identification of volatiles produced by Cladosporium cla-
dosporioides CL-1, a fungal biocontrol agent that promotes plant growth. Sensors 13
(10): 13969–13977. doi: 10.3390/s131013969.

Payyavula, R.S., Navarre, D.A., Kuhl, J.C. et al. (2012). Differential effects of environ-
ment on potato phenylpropanoid and carotenoid expression. BMC Plant Biology 12:
1–17. doi: 10.1186/1471-2229-12-39.

Peer, W.A. and Murphy, A.S. (2007). Flavonoids and auxin transport: modulators or
regulators? Trends in Plant Science 12 (12): 556–563. doi: 10.1016/j.tplants.2007.10.
003.

Peláez-Vico, M.A., Bernabéu-Roda, L., Kohlen, W. et al. (2016). Strigolactones in the
rhizobium-legume symbiosis: Stimulatory effect on bacterial surface motility and
down-regulation of their levels in nodulated plants. Plant Science 245: 119–127. doi:
10.1016/j.plantsci.2016.01.012.

Pellegrin, C., Morin, E., Martin, F.M. et al. (2015). Comparative analysis of secretomes
from ectomycorrhizal fungi with an emphasis on small-secreted proteins. Frontiers
in Microbiology 6: 1–15. doi: 10.3389/fmicb.2015.01278.

Pernisova, M., Klíma, P., Horák, J. et al. (2009). Cytokinins modulate auxin-induced
organogenesis in plants via regulation of the auxin efflux. Proceedings of the
National Academy of Sciences of the United States of America 106 (9): 3609–3614. doi:
10.1073/pnas.0811539106.

Persson, T., Battenberg, K., Demina, I.V. et al. (2015). Candidatus Frankia datiscae Dg1,
the Actinobacterial microsymbiont of Datisca glomerata, expresses the canonical
nod genes nodABC in symbiosis with its host plant. PLoS ONE 10 (5): 1–33. doi:
10.1371/journal.pone.0127630.

Peters, N.K. and Long, S.R. (1988). Alfalfa root exudates and compounds which pro-
mote or inhibit induction of Rhizobium meliloti nodulation genes. Plant Physiology
88 (2): 396–400. doi: 10.1104/pp. 88.2.396.

Piatigorsky, J. (2007). Gene Sharing and Evolution: The Diversity of Protein Functions.
Cambridge, MA: Harvard.

Plett, J.M. andMartin, F. (2011). Blurred boundaries: lifestyle lessons from ectomycor-
rhizal fungal genomes.Trends inGenetics 27 (1): 14–22. doi: 10.1016/j.tig.2010.10.005.

Plett, J.M. and Martin, F. (2012). Poplar root exudates contain compounds that induce
the expression of MiSSP7 in Laccaria bicolor. Plant Signaling & Behavior 7 (1): 12–15.
doi: 10.4161/psb.7.1.18357.

Plett, J.M. and Martin, F. (2015). Reconsidering mutualistic plant-fungal interactions
through the lens of effector biology. Current Opinion in Plant Biology 26: 45–50. doi:
10.1016/j.pbi.2015.06.001.

Plett, J.M. and Martin, F.M. (2018). Know your enemy, embrace your friend: using
omics to understand how plants respond differently to pathogenic and mutualistic
microorganisms. Plant Journal 93 (4): 729–746. doi: 10.1111/tpj.13802.

Plett, J.M., Kemppainen, M., Kale, S.D. et al. (2011). A secreted effector protein of
Laccaria bicolor is required for symbiosis development. Current Biology 21 (14):
1197–1203. doi: 10.1016/j.cub.2011.05.033.

Plett, J.M., Daguerre, Y., Wittulsky, S. et al. (2014a). Effector MiSSP7 of the mutual-
istic fungus Laccaria bicolor stabilizes the Populus JAZ6 protein and represses jas-
monic acid (JA) responsive genes. Proceedings of the National Academy of Sciences of
the United States of America 111 (22): 8299–8304. doi: 10.1073/pnas.1322671111.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

45



MR Clear & EFY Hom

Plett, J.M., Khachane, A., Ouassou, M. et al. (2014b). Ethylene and jasmonic acid act
as negative modulators during mutualistic symbiosis between Laccaria bicolor and
Populus roots. New Phytologist 202 (1): 270–286. doi: 10.1111/nph.12655.

Plett, J.M., Tisserant, E., Brun, A. et al. (2015). The mutualist Laccaria bicolor expresses
a core gene regulon during the colonization of diverse host plants and a variable
regulon to counteract host-specific defenses.Molecular Plant-Microbe Interactions 28
(3): 261–273. doi: 10.1094/MPMI-05-14-0129-FI.

Poinsot, V. and Couderc, F. (2017). Formation of lipochitin oligosaccharide signaling
molecules. In: Biogenesis of Fatty Acids, Lipids and Membranes. Handbook of Hydrocar-
bon and Lipid Microbiology (ed. O. Geiger), 1–23. Switzerland: Springer, Cham.

Pressel, S., Bidartondo, M.I., Ligrone, R. et al. (2014). Fungal symbioses in bryophytes:
new insights in the twenty first century. Phytotaxa 9 (1): 238–253. doi: 10.11646/phy-
totaxa.9.1.13.

Proust, H., Hoffmann, B., Xie, X. et al. (2011). Strigolactones regulate protonema
branching and act as a quorum sensing-like signal in the moss Physcomitrella
patens. Development 138 (8): 1531–1539. doi: 10.1242/dev.058495.

Raes, J. (2003). Genome-wide characterization of the lignification toolbox inArabidop-
sis. Plant Physiology 133 (3): 1051–1071. doi: 10.1104/pp. 103.026484.

Rasconi, S., Niquil, N., and Sime-Ngando, T. (2012). Phytoplankton chytridiomyco-
sis: community structure and infectivity of fungal parasites in aquatic ecosystems.
Environmental Microbiology 14 (8): 2151–2170. doi: 10.1111/j.1462-2920.2011.02690.x.

Rasmussen, S.R., Füchtbauer, W., Novero, M. et al. (2016). Intraradical colonization
by arbuscular mycorrhizal fungi triggers induction of a lipochitooligosaccharide
receptor. Scientific Reports 6: 1–12. doi: 10.1038/srep29733.

Raymond, J., Siefert, J.L., Staples, C.R. et al. (2004). The natural history of nitrogen fix-
ation.Molecular Biology and Evolution 21 (3): 541–554. doi: 10.1093/molbev/msh047.

Reddy, P., Rendón-Anaya, M., de los Dolores Soto del Rio, M. et al. (2007). Flavonoids
as signaling molecules and regulators of root nodule development. Dynamic Soil,
Dynamic Plant 1 (2): 83–94.

Redecker, D., Schüßler, A., Stockinger, H. et al. (2013). An evidence-based consensus
for the classification of arbuscular mycorrhizal fungi (Glomeromycota).Mycorrhiza
23 (7): 515–531. doi: 10.1007/s00572-013-0486-y.

Redmond, J.W., Batley,M.,Djordjevic,M.A. et al. (1986). Flavones induce expression of
nodulation genes in Rhizobium.Nature 323 (6089): 632–635. doi: 10.1038/323632a0.

Reichert, A.I., He, X.-Z., and Dixon, R.A. (2009). Phenylalanine ammonia-lyase (PAL)
from tobacco (Nicotiana tabacum): characterization of the four tobacco PAL genes
and active heterotetrameric enzymes. Biochemical Journal 424 (2): 233–242. doi:
10.1042/BJ20090620.

Relić, B., Talmont, F., Kopcinska, J. et al. (1993). Biological activity of Rhizobium sp.
NGR234 Nod-factors onMacroptilium atropurpureum.Molecular Plant-Microbe Inter-
actions 6 (6): 764–774. doi: 10.1094/MPMI-6-764.

Remigi, P., Zhu, J., Young, J.P.W. et al. (2016). Symbiosis within symbiosis: evolving
nitrogen-fixing legume symbionts. Trends in Microbiology 24 (1): 63–75. doi:
10.1016/j.tim.2015.10.007.

Remy,W., Taylor, T.N., Hass, H. et al. (1994). Four hundred-million-year-old vesicular
arbuscular mycorrhizae. Proceedings of the National Academy of Sciences of the United
States of America 91 (25): 11841–11843. doi: 10.1073/pnas.91.25.11841.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

46



The Evolution of Symbiotic Plant–Microbe Signalling

Rich, M.K., Nouri, E., Courty, P.E. et al. (2017). Diet of arbuscular mycor-
rhizal fungi: bread and butter? Trends in Plant Science 22 (8): 652–660. doi:
10.1016/j.tplants.2017.05.008.

Ried, M.K., Banhara, A., Binder, A. et al. (2018). Symbiosis-related genes sustain the
development of a downy mildew pathogen on Arabidopsis thaliana. bioRxiv . doi:
10.1101/286872.

Robledo, M., Jiménez-Zurdo, J.I., Velázquez, E. et al. (2008). Rhizobium cellulase
CelC2 is essential for primary symbiotic infection of legume host roots. Proceedings
of the National Academy of Sciences of the United States of America 105 (19): 7064–7069.
doi: 10.1073/pnas.0802547105.

Robledo, M., Velázquez, E., Ramírez-Bahena, M.H. et al. (2011). The celC gene, a new
phylogenetic marker useful for taxonomic studies in Rhizobium. Systematic and
Applied Microbiology 34 (6): 393–399. doi: 10.1016/j.syapm.2011.01.010.

Rodpothong, P., Sullivan, J.T., Songsrirote, K. et al. (2009). Nodulation gene mutants
of Mesorhizobium loti R7A—nodZ and nolL mutants have host-specific pheno-
types on Lotus spp. Molecular Plant-Microbe Interactions 22 (12): 1546–1554. doi:
10.1094/MPMI-22-12-1546.

Rose, C.M., Venkateshwaran, M., Volkening, J.D. et al. (2012). Rapid phosphopro-
teomic and transcriptomic changes in the rhizobia-legume symbiosis. Molecular &
Cellular Proteomics 11 (9): 724–744. doi: 10.1074/mcp.M112.019208.

Rovenich, H., Boshoven, J.C., and Thomma, B.P.H.J. (2014). Filamentous pathogen
effector functions: of pathogens, hosts and microbiomes. Current Opinion in Plant
Biology 20: 96–103. doi: 10.1016/j.pbi.2014.05.001.

Ruyter-Spira, C., Kohlen, W., Charnikhova, T. et al. (2011). Physiological effects of the
synthetic strigolactone analog GR24 on root system architecture in Arabidopsis:
another belowground role for strigolactones? Plant Physiology 155 (2): 721–734. doi:
10.1104/pp. 110.166645.

Ruzicka, K., Šimášková, M., Duclercq, J. et al. (2009). Cytokinin regulates root
meristem activity via modulation of the polar auxin transport. Proceedings of the
National Academy of Sciences of the United States of America 106 (11): 4284–4289. doi:
10.1073/pnas.0900060106.

Ryu, C.-M., Farag, M.A., Hu, C.H. et al. (2003). Bacterial volatiles promote growth
in Arabidopsis. Proceedings of the National Academy of Sciences of the United States of
America 100 (8): 4927–4932. doi: 10.1073/pnas.0730845100.

Sarkar, J., Ray, A., Chakraborty, B. et al. (2016). Antioxidative changes in Citrus retic-
ulata L. induced by drought stress and its effect on root colonization by arbuscular
mycorrhizal fungi. European Journal of Biological Research 6 (1): 1–13.

Scaffidi, A., Waters, M.T., Sun, Y.K. et al. (2014). Strigolactone hormones and their
stereoisomers signal through two related receptor proteins to induce different
physiological responses in Arabidopsis. Plant Physiology 165 (3): 1221–1232. doi:
10.1104/pp. 114.240036.

Scervino, J.M., Ponce, M.A., Erra-Bassells, R. et al. (2007). The effect of flavones and
flavonols on colonization of tomato plants by arbuscular mycorrhizal fungi of the
genera Gigaspora and Glomus. Canadian Journal of Microbiology 53 (6): 702–709. doi:
10.1139/W07-036.

Schmidt, R., de Jager, V., and Wolff, C. (2017). Fungal volatile compounds induce
production of the secondary metabolite Sodorifen in Serratia plymuthica PRI-2C.
Scientific Reports 7 (1): 862. doi: 10.1038/s41598-017-00893-3.

Annual Plant Reviews Online, Volume 2. Edited by Jeremy Roberts.
© 2019 John Wiley & Sons, Ltd. Published 2019 by John Wiley & Sons, Ltd.

47



MR Clear & EFY Hom

Seymour, J.R., Amin, S.A., Raina, J.B. et al. (2017). Zooming in on the phycosphere: the
ecological interface for phytoplankton-bacteria relationships. Nature Microbiology 2
(7): 17065. doi: 10.1038/nmicrobiol.2017.65.

Shaffer, J.P., U’Ren, J.M., Gallery, R.E. et al. (2017). An endohyphal bacterium
(Chitinophaga, Bacteroidetes) alters carbon source use by Fusarium keratoplasticum
(F. solani species complex, Nectriaceae). Frontiers in Microbiology 8: 350. doi:
10.3389/fmicb.2017.00350.

Shaw, S.L. and Long, S.R. (2003). Nod factor inhibition of reactive oxygen efflux in a
host legume. Plant Physiology 132 (4): 2196–2204. doi: 10.1104/pp. 103.021113.

Shimizu, T., Nakano, T., Takamizawa, D. et al. (2010). Two LysM receptor molecules,
CEBiP and OsCERK1, cooperatively regulate chitin elicitor signaling in rice. Plant
Journal 64 (2): 204–214. doi: 10.1111/j.1365-313X.2010.04324.x.

Singh, S., Katzer, K., Lambert, J. et al. (2014). CYCLOPS, A DNA-binding transcrip-
tional activator, orchestrates symbiotic root nodule development. Cell Host and
Microbe 15 (2): 139–152. doi: 10.1016/j.chom.2014.01.011.

Smith, J.M. (1991). Honest signalling: the Philip Sidney game. Animal Behaviour 42 (6):
1034–1035. doi: 10.1016/S0003-3472(05)80161-7.

Smith, S.M. (2014). Q&A:what are strigolactones andwhy are they important to plants
and soil microbes? BMC Biology 12 (1): 19. doi: 10.1186/1741-7007-12-19.
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