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Abstract

Plants face the problem that they have to discriminate symbionts from a diverse
pool of soil microbes, including pathogens. Studies on different symbiotic systems
revealed commonalities in plant-microbe signalling. In this chapter we focus on four
intimate symbiotic interactions: two mycorrhizal ones, with arbuscular- and ectomy-
corrhizal fungi, and two nitrogen-fixing ones, with rhizobium and Frankia bacteria.
Comparing these systems uncovered commonalities in the way plants attract their
symbiotic partners. Especially flavonoids, and in a lesser extent strigolactones, are
pivotal plant signals that are perceived by the microsymbiont. In response, signal
molecules are exuded by the microbes to trigger symbiotic responses in their host
plant. Strikingly, microbes that establish an endosymbiotic relation with their host
plant, namely arbuscular mycorrhizal fungi, rhizobium and Frankia bacteria, make
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use of a symbiotic signalling network that is highly conserved in plants. The use of
flavonoids as attractants for symbiotic microbes, in combination with the use of a
common plant signalling network to establish endosymbioses, raises questions about
how plants manage to discriminate their microbial partners.

1. INTRODUCTION

High throughput sequencing approaches have uncovered an
overwhelming diversity of soil microbes. Plants aftect this microbial commu-
nity — directly or indirectly — with their root systems. For example, roots
exude substantial amounts of organic and amino acids, polymerized sugars
(e.g., mucilage) as well as release border cells and dead root cap cells, which
all form a nutrient source for many microbes (Jones, Nguyen, & Finlay,
2009). On top of that more specific secondary metabolites are exuded that
manipulate the microbial community by acting as antimicrobial agent or as
attractant. Conversely, soil microbes can aftect plant growth. For example,
microbes can promote plant growth by improving nutrient availability or
inducing resistance against biotic and abiotic stresses (Coleman-Derr &
Tringe, 2014; Mendes, Garbeva, & Raajjmakers, 2013). On the other
hand, pathogenic microbes can induce resource loss and disease. In this
complex plant root microbiome network the plant must therefore discrimi-
nate between bacteria and fungi that provide an advantage and those that
act as commensals or even pathogens. In this chapter we will focus on the
molecular communication in a symbiotic context which occurs in plant roots
and the rhizosphere. Plants establish several intricate long-term mutualistic
relationships with microbes that are hosted intercellularly (ecto) or intra-
cellularly (endo). Here, we will discuss the commonalities of four intimate
symbiotic interactions. Thereby we will focus on two key stages of the inter-
action: attraction of the microbial partner and subsequent microbe-induced
signalling to establish a symbiosis.

2. INTIMATE PLANT ROOT—MICROBE SYMBIOSES

Plant root symbioses occur at different levels of engagement, ranging
from loosely attached microbes that provide a certain advantage to the
plant to bacteria that are intracellularly accommodated as organelle-like
structures (Mendes et al., 2013; Van Loon, 2007). The best studied plant
root symbioses are those with arbuscular mycorrhizal and ectomycorrhizal
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fungi and those with rhizobium and Frankia nitrogen-fixing bacteria,
together encompassing a diverse range of plant and microbial species.

2.1 Mycorrhizal Symbioses

Mycorrhizal symbioses — the symbiotic interactions between some soil fungi
and plant roots — can occur in several forms. Of these the ancient arbuscular
(endo) mycorrhiza and the much younger forms of ectomycorrhiza are best
studied.

Based on fossil records arbuscular mycorrhizal symbiosis is
estimated to be at least ~400—460 million years old, and evolved in a
period that coincides with colonization of terrestrial habitats by plants
(Redecker, Kodner, & Graham, 2000; Remy, Taylor, Hass, & Kerp,
1994; Simon, Bousquet, Levesque, & Lalonde, 1993). Still today the vast
majority of land plant species establish an arbuscular mycorrhizal symbiosis,
underlining the ecological importance of this interaction (Wang & Qiu,
2006). The fungi that establish an arbuscular mycorrhizal symbiosis belong
to a distinct taxonomic phylum, the Glomeromycota. This phylum
possibly represents more than 1000 species, though only less than 300
have been characterized to a certain level of detail (Redecker et al.,
2013). Arbuscular mycorrhizal fungi are obligate biotrophs. Their hyphae
penetrate plant roots intercellularly and form intracellular feeding
structures — called arbuscules — in root cortical cells (Fig. 1A). Arbuscules
are surrounded by a plant-derived membrane, but are largely deprived of
plant cell wall material (Balestrini & Bontante, 2014). At this symbiotic
interface nutrients are exchanged. Minerals — especially phosphates and
nitrates — taken up by the fungal extraradical mycelium are delivered to
the plant in return for carbohydrates. Arbuscules remain functional for
several days, after which they collapse and disappear, leading to a reversion
of the plant cell to its asymbiotic cortical fate.

Ectomycorrhizal symbiosis can occur between diverse groups of
plant and fungal species, as a result of several independent evolutionary
events (Martin et al., 2016). Overall this type of symbiosis can occur in about
2% ot all land plants, including all dominant tree species in temperate forests,
such as pines (Pinus), Douglas firs (Pseudotsuga), oaks (Quercus), willows
(Salix), beeches (Fagus) and birches (Betula) (Smith & Read, 2008; Tedersoo,
May, & Smith, 2010). Ectomycorrhizal fungi belong to several taxonomic
phyla including Basidiomycota, Ascomycota and Zygomycota (Tedersoo
& Smith, 2013) which are all closely related to species with a saprotrophic
lifestyle. Saprophytic fungi have an extensive repertoire of genes encoding
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(B)

Figure 1 Schematic representation of the cellular mode of infection of the four
symbioses discussed in this chapter. Green lines indicate plant cell membrane, red lines
indicate the plant cell membrane—derived symbiotic interface in the form of the periar-
buscular membrane for arbuscular mycorrhizal, symbiosomes for rhizobium/
legumes and fixation threads for Frankia/actinorhizal plants and for rhizobium/Paraspo-
nia. (A) Hyphae of an endomycorrhizal fungus penetrating the cell and forming a feeding
structure named arbuscule. Arbuscules are not surrounded by a plant-derived cell wall.
(B) Hyphae of an ectomycorrhizal fungus growing intercellularly. (C) Rhizobium bacteria
released within transient organelle-like structures — named symbiosomes — in nodule
cells of most legumes. (D) Frankia in actinorhizal plants and some rhizobia in Parasponia
and in some basal legumes infect cells of nodules through fixation threads. Fixation
threads are largely deprived of plant cell wall. The bacteria in fixation threads remain
in contact with the apoplast. Blue: vacuole (v); purple: microbe; brown: plant cell wall;
green: plant plasma membrane; red: plant-derived endosymbiotic membrane.

degrading enzymes that can effectively mobilize resources, in particular
nitrogen and phosphorus, from a variety of organic substrates (Plett &
Martin, 2011). However, compared to their saprophytic sister clades,
ectomycorrhizal fungi only have a limited set of genes encoding plant cell
wall—degrading enzymes (e.g., pectin lyases and pectinases) (Kohler et al.,
2015). Nevertheless, expression studies indicate that some of the plant cell
wall—degrading enzymes that have been maintained may function during
symbiosis (Balestrini & Bonfante, 2005).
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Despite the diverse and paraphyletic groups of plant and fungal species
that establish ectomycorrhizal symbioses, there is a remarkable resemblance
in symbiotic phenotypes. The fungi preferentially colonize newly formed
lateral roots. Upon hyphal attachment, they modulate root growth which
allows them to colonize the root apoplast, forming a so-called Hartig net.
The penetration depth of the hyphae is variable, but it typically comprises
several layers of cortical cells, excluding the endodermis. In contrast to the
endomycorrhizal symbiosis, root cells are not invaded intracellularly
(Fig. 1B). Ultimately, many fungal hyphae cover the root surface forming
a thick, multilayered ‘mantle’, insulating the infected lateral root. The
molecular mechanisms underlying Hartig net development remain elusive.
In 2015, using a combination of genome sequencing and reverse genetic
studies, have provided new insights into the early symbiosis signalling. For
example, in the fungus Laccaria bicolor, it was found that an aquaporin
(LbAQP1) is essential for Hartig net development and the expression of
effector genes. LbAQP expression is triggered upon direct root contact
and functions as a transport facilitator for plant-signalling molecules, most
likely H,O5, NO or CO, (Navarro-Rodenas, Xu, Kemppainen, Pardo,
& Zwiazek, 2015). Additionally L. bicolor produces auxin (IAA) in its myce-
lium that triggers auxin-related responses in the plant root (Vayssieres et al.,
2015). This finding is in line with pioneer work that showed that increased
mycorrhizal activity is associated with increased auxin biosynthesis by the
fungus (Gea, Normand, Vian, & Gay, 1994). Together, these studies
make clear that plant-fungal signalling intertwines with plant auxin
homoeostasis and possibly used reactive oxygen species to establish a symbi-
otic interaction.

2.2 Nitrogen-Fixing Endosymbioses

A selective, though diverse, group of plant species is able to establish an
endosymbiosis with nitrogen-fixing (diazotrophic) bacteria. These bacteria
belong either to the genus Frankia or to the paraphyletic group of bacteria
known as rhizobia. Frankia and rhizobia strains gained the symbiotic trait
by horizontal gene transfer.

The genus Frankia is a diverse assemblage of filamentous sporangia-
forming actinobacterial species that can be saprophytic, facultative
symbiotic or obligatory symbiotic. The Frankia genus can be separated in
four separate bacterial clusters based on phylogenetic analysis, with only
three of them that can establish symbiosis (Gtari, Tisa, & Normand,
2013). Plant species that can form a nitrogen-fixing endosymbiosis with
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Frankia bacteria (~230 species known as actinorhizal plants) are dispersed
over 25 genera and 8 taxonomic families, suggesting multiple evolutionary
origins of this symbiosis (Pawlowski & Demchenko, 2012).

Relative to Frankia, rhizobia are even more diverse, representing 15
genera in 8 families of a-, B- and y-Proteobacteria (Remigi, Zhu, Young,
& Masson-Boivin, 2015). Nitrogen-fixing symbiosis with rhizobia is promi-
nent in the legume family (Fabaceae), but can also occur in Parasponia, a genus
in the Cannabis family (Cannabaceae). Based on the phylogenetic distance
between Fabaceae and Cannabaceae it is most probable that — similarly to
the actinorhizal symbiosis — there are multiple origins for rhizobial symbiosis
(Behm, Geurts, & Kiers, 2014; Geurts, Lillo, & Bisseling, 2012). The forma-
tion of specific nodule-like structures (root nodules) by the host plant, in
which the bacteria proliferate and fix nitrogen, is common for both types
of endosymbiosis with diazotrophic bacteria.

The reason for this may be that rhizobia and Frankia bacteria are gener-
ally not able to infect differentiated cells of the plant root. Only cells of the
future nodule that are mitotically activated by the microsymbiont can be
infected, suggesting that these cells are developmentally reprogrammed
(Geurts, Xiao, & Reinhold-Hurek, 2016). The nodules are optimized to
facilitate growth of the microbial partner, which, once inside nodule cells,
differentiates in its symbiotic form and fixes atmospheric nitrogen into
ammonia in exchange for carbohydrates.

Variation exists in the way the nitrogen-fixing bacterial partner is hosted.
In most legume nodules, rhizobia are hosted in transient organelle-like
structures, called symbiosomes. Symbiosomes are released from intracellular
infection threads that have guided the rhizobium bacteria from the
epidermis towards the newly formed nodule. Hundreds of symbiosomes
surrounded by a plant-derived membrane, often containing only one
bacterium, can be present in a single nodule cell. This membrane forms a
symbiotic interface where nutrient exchanges take place between the bacte-
ria and the cytoplasm of the host cell (Fig. 1C). In Parasponia and actinorhizal
plants symbiosomes are not formed. Instead, the bacteria remain in thread-
like structures, known as fixation threads (Fig. 1D). Fixation threads differ
from the penetrating infection thread by a reduction of plant cell wall
material. Fixation threads also occur in a few legume species and may repre-
sent a more ancestral form of bacterial endosymbiosis than symbiosomes
(Behm et al., 2014).

Of the four intimate symbiotic interactions that are central here, three
have evolved more than once: the symbioses with rhizobia, Frankia and
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ectomycorrhizal fungi. This suggests an evolutionary advantage of root
symbiosis for both partners. Interestingly, several studies indicate that similar
mechanisms have been coopted in all four symbiotic interactions. Later we
will discuss the commonalities in signalling mechanisms between the four
symbioses central in this chapter.

3. RECOGNITION AND ATTRACTION OF SYMBIOTIC
PARTNERS

As outlined earlier, not all plants are able to form an intricate root
microbe symbiosis; nor are all soil microbes symbiotic. Consequently,
symbiotic partners need to recognize each other. Microbes recognize poten-
tial host plants by root exudates. Indeed, plants can exude signalling
molecules to attract their symbiotic partner. Common signals in symbiotic
partner recognition are exuded flavonoids, which play a role in all four
symbioses. In addition, it was noted that exuded strigolactones can act as
signal molecules, especially in arbuscular mycorrhizal symbiosis. Strikingly,
both types of molecules function also as endogenous plant signals.

3.1 Flavonoids Induce Microbial Responses

Flavonoids are a subclass of plant polyphenolic compounds and are a major
class of secondary metabolites. As is typical for plant secondary metabolites,
flavonoids are diverse; ~ 9000 chemical structures have so far been reported
(Ferrer, Austin, Stewart, & Noel, 2008). Flavonoids are synthesized through
the phenylpropanoid pathway. A chalcone synthase produces the chalcone
scaffolds from which all other flavonoids are derived and is the first enzyme
specific for flavonoid production (Falcone Ferreyra, Rius, & Casati, 2012). A
series of enzymatic reactions can alter the chalcone scaffold into a huge
diversity of compounds. Flavonoids are typically categorized in subclasses
based on these enzymatic reactions. The major subclasses of flavonoids
include phlobaphenes, flavones, flavanones, flavonols, aurones, isoflavo-
noids, anthocyanins and condensed tannins. Many flavonoids are known
to have glycosidated forms, i.e., quercitrin is formed by the addition of
the deoxy sugar rhamnose to the flavonol quercetin, whereas rutin is formed
by the addition of the disaccharide rutinose. Such small modifications can
have drastic consequences for the observed effects in symbioses.

The involvement of flavonoids in symbioses has been described for all
four types of symbiosis discussed in this review (arbuscular mycorrhizal,
ectomycorrhizal, rhizobial and actinorhizal symbioses). For two compounds
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positive effects in all four symbioses have been described (Fig. 2). Naringenin
positively influences arbuscular mycorrhizal colonization (Garg & Singla,
2016) and rhizobium symbiosis (Weston & Mathesius, 2013), enhances
spore germination of the ectomycorrhizal fungus Suillis bovinus (Kikuchi,
Matsushita, Suzuki, & Hogetsu, 2007) and restores Frankia nodulation in a
chalcone synthase mutant of the actinorhizal plant Casuarina glauca
(Abdel-Lateif et al., 2013). Quercetin has been reported to stimulate spore
germination, hyphal branching and growth of arbuscular mycorrhizal fungi
(Bécard, Douds, & Pfetter, 1992; Tsai & Phillips, 1991), the growth rate of
rhizobium bacteria (Hartwig, Joseph, & Phillips, 1991), the actinorhizal
nodulation (Sayed & Wheeler, 1999) and it also stimulates the production
of the symbiotic effector protein MiSSP7 in the ectomycorrhizal fungus
L. bicolor (Plett & Martin, 2012).

The molecular mode of action of naringenin and quercetin is not always
known. Best studied is the effect of naringenin — and other flavonoids — in
rhizobia, where flavonoids target NodD proteins. Rhizobial NodD proteins
belong to the class of LysR-type transcriptional regulators that are activated
upon the binding of external signals (Honma, Asomaning, & Ausubel, 1990;
Mulligan & Long, 1989). Binding of a flavonoid molecule causes a confor-
mational change which results in an increased binding affinity for specific

Flavonoids

Hyphal branching
Hyphal growth

Spore germination
Effector secretion

Spore germination

v

Arbuscular

/

Ectomycorrhizae

Increased growth

Frankia

LCO biosynthesis
Increased growth

\

Rhizobia

mycorrhizae

\ / /

Hyphal branching 2 ‘ Increased growth ‘ ‘ Swarming motility‘
Hyphal growth
CO production

Effector secretion \

Figure 2 Flavonoids and strigolactones are generic attractants for microsymbionts. For
now it remains unclear whether strigolactones have a direct effect on ectomycorrhizal
symbiosis. Increased growth of Frankia can possibly be attributed to either flavonoids,
strigolactones or even other components as total root exudates were used to
demonstrate this (Beauchemin et al., 2012). COs, chito-oligosaccharides; LCOs, lipo-
chito-oligosaccharides.

Strigolactones
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cis-regulatory elements. In case of NodD this element is known as the nod
box (Chen et al., 2005). Rhizobia generally have several operons that
contain a nod box in their promoter region. Most prominent are the genes
encoding an ABC transporter (Nodl and Nod]) and three genes encoding
the enzymes N-acetylglucosaminyltransterase (NodC), a chitooligosacchar-
ide deacetylase (NodB) and an N-acyltransferase (NodA). These proteins are
essential for biosynthesis and secretion of lipo-chito-oligosaccharide
molecules (LCOs), which act as potent symbiotic signal molecules (see
Section 4) (Limpens, van Zeijl, & Geurts, 2015; Oldroyd, 2013).

In case of arbuscular mycorrhizae and Frankia it remains elusive whether
flavonoids trigger biosynthesis of similar symbiotic signalling molecules,
despite the fact that flavonoids have a positive effect on both symbioses
(Auguy et al., 2011; Garg & Singla, 2016). LCOs and short-chain chitin
oligomers (tetra and pentameric COs) have been shown to be produced
by the mycorrhizal fungus Rhizophagus irregularis, but their biosynthetic
pathways have not yet been uncovered (Genre et al., 2013; Lin et al,
2014; Maillet et al., 2011; Tisserant et al., 2013). In case of symbiotic Frankia
species, LCO biosynthesis genes are not common, and only found in a
representative of a relatively isolated taxonomic lineage (cluster 2): namely
(candidatus) Frankia datiscae strain DG1 (Persson et al., 2015). For this strain
it was found that nodA, nodB, nodC, nodl and nod] are expressed when
the bacteria occupy Datisca glomerata root nodules (Beauchemin et al.,
2012). Therefore, it is most probable that F. datiscae LCO signals play a
symbiotic role.

Other flavonoids have been described to be involved in one or a few
of the discussed symbioses, but were never tested in the other types of
symbioses. Nevertheless, these observations can shed an interesting light
on the symbiotic role of flavonoids. Especially interesting is the described
host specificity in the legume rhizobia interaction (Reddy, Maria, & Soto,
2007), which in part is determined by recognition of specific flavonoids.
Whereas a specific flavonoid can induce expression of the LCO biosynthetic
nodABC operon in one bacterium, the same compound can have a negative
effect in another bacterium. For example, the flavonoid coumestrol
positively influences the symbiosis between Glycine max and Sinorhizobium
fredii USDA191 (Kosslak, Bookland, Barkei, Paaren, & Appelbaum, 1987)
but negatively influences the symbiosis between Medicago sativa and Sinorhi-
zobium meliloti 1021 (Zuanazzi et al., 1998). In this context, it is also relevant
to note that the composition of root exudates may vary depending on the
developmental stage of the root. For example, studies in M. sativa indicate
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that flavonoids with a positive effect on the symbiosis are exuded in the
elongation and differentiation zone that is susceptible to rhizobium
infection. Whereas repelling flavonoids are exuded in the adjacent regions
of the root (i.e., the root tip and the more mature part of the root) (Peters
& Long, 1988; Zuanazzi et al., 1998). However, such studies have not been
further extended to see whether similar mechanisms exist in other nodulat-
ing taxa.

In addition to direct application of flavonoids to microbial cultures,
reverse genetic studies in plants have been conducted. In most studies
chalcone synthase genes were targeted. Chalcone synthase knockdown in
actinorhizal C. glauca, or in the legume model Medicago truncatula results
in impaired nodulation (Abdel-Lateif et al., 2013; Wasson, Pellerone, &
Mathesius, 2006). In both plant systems this phenotype can be restored by
the application of naringenin. In contrast, no effect was reported on the
arbuscular mycorrhizal symbiosis when using a chalcone-synthase double-
mutant in maize (Bécard, Taylor, Douds, Pfefter, & Doner, 1995). The
fact that a chalcone synthase maize mutant can be normally mycorrhizal
with difterent fungal species demonstrates that flavonoids are not essential
signals for this symbiosis. Nevertheless, flavonoids may act as facultative
signals, and may play a role in host selection, by activating certain fungi
over others (Ellouze et al., 2012).

The importance of flavonoids in root nodule symbiosis may be the result
of the fact that flavonoids also act as endogenous plant signals that control
auxin transport (Brown et al., 2001; Mathesius et al., 1998; Wasson et al.,
2006). Based on quantitative modelling and experimental studies it is
hypothesized that a transient decrease in auxin efflux can lead to formation
of a local auxin maximum, which is the onset of nodule development
(Deinum, Geurts, Bisseling, & Mulder, 2012; Hirsch, Bhuvaneswari,
Torrey, & Bisseling, 1989). Such a function of flavonoids in nodulation is
supported by the finding that naringenin can restore nodulation in the
M. truncatula cytokinin signalling mutant Mterel (Ng, Perrine-Walker,
Wasson, & Mathesius, 2015). This study demonstrates that naringenin not
only acts as an attractant of symbiotic microbes, but also functions as an
endogenous plant signal, which — in a symbiotic context — acts down-
stream, or in parallel, to rhizobium-induced cytokinin signalling.

3.2 Dual Role of Strigolactones

Strigolactones are carotenoid-derived terpenoid lactones, often composed
of four rings. Three rings form a tricyclic lactone, which is connected to the
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fourth butenolide ring via an enol ether bridge (Pandey, Sharma, &
Pandey, 2016). Strigolactones are known as endogenous plant hormones
that control several steps in plant development (Brewer, Koltai, &
Beveridge, 2013). Since the discovery of their function in the regulation
of shoot branching in 2008, major advances have been made on the iden-
tification of the strigolactone biosynthesis and perception pathway. A
carotenoid isomerase [named DWARF27 (D27) in most species|, two
carotenoid cleaving dioxygenases (named CCD7 and CCD8), and a cyto-
chrome P450 (possibly MAX1 in Arabidopsis thaliana) are sequentially
required to produce the strigolactone backbones: either 4-deoxyoroban-
chol or 5-deoxystrigol (Alder et al., 2012; Zhang et al., 2014). It is postu-
lated that this backbone can be further decorated to produce the wealth of
different strigolactone metabolites (Al-Babili & Bouwmeester, 2015). In
plants the strigolactone receptor was identified as an o/ hydrolase [named
OsDWARF14 (D14) in rice (Oryza sativa) and AtDAD?2 in A. thaliana].
Together with a specific F-box protein named OsDWARF3/AtMAX?2
it forms the SCF E3 ubiquitin ligase complex required for strigolactone sig-
nalling (Hamiaux et al., 2012; Zhao et al., 2015).

The discovery that strigolactones stimulate hyphal branching in the
arbuscular mycorrhizal fungus Gigaspora margarita (Akiyama, Matsuzaki,
& Hayashi, 2005) has launched an interest in the involvement of these
compounds in symbiotic signalling. The observation that strigolactones
induce hyphal branching in G. margarita — at very low concentrations —
has led to the hypothesis that the induction of hyphal branching must be
receptor mediated (Akiyama, Ogasawara, [to, & Hayashi, 2010). Further-
more, it was found that the synthetic strigolactone analog GR24 triggers
mitochondrial activity in the arbuscular mycorrhizal fungi Rhizophagus
intraradices and Gigaspora rosea (Besserer et al., 2006). However, it should
be noted that to induce hyphal branching in G. rosea besides GR24, also
the flavonoid quercetin is needed in the fungal growth medium (Besserer,
Bécard, Jauneau, Roux, & S¢jalon-Delmas, 2008). As quercetin is known
to stimulate arbuscular mycorrhizal growth, hyphal branching and spore
germination (Tsai & Phillips, 1991) this suggests that with this specific
fungus strigolactones alone might not be sufficient to induce hyphal
branching. In an independent experiment increased production of short-
chain COs upon application of GR 24 was reported for R. irregularis (Genre
et al., 2013) (Fig. 2). In addition, a putative effector protein (RiSIS1) was
identified in a screening of upregulated genes in GR24-treated R. irregularis
(Tsuzuki, Handa, Takeda, & Kawaguchi, 2016). Using host-induced gene
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silencing the RiSIS1 gene was knocked down during infection, which
resulted in significant suppression of colonization and stunted arbuscules.
This suggests that RiSIS1 is a strigolactone-induced effector protein.

Application of GR24 to four ectomycorrhizal species revealed no effect
on hyphal branching (Steinkellner et al., 2007) (Fig. 2). This suggests strigo-
lactones play a less important or different role in this type of symbiosis. In
contrast, a negative effect of GR24 was observed on growth and branching
of a range of phytopathogenic fungi (Dor, Joel, Kapulnik, Koltai, &
Hershenhorn, 2011), including species previously found not to be affected
by GR24 (Steinkellner et al., 2007). It should be noted that these effects
were only observed when relatively high concentrations of GR24 were
used (Dor et al., 2011) and as such it remains unclear whether these concen-
trations were biologically relevant.

Apart from the beneficial effects in arbuscular mycorrhizal symbiosis,
several studies revealed effects of strigolactones in the rhizobium/legume
symbiosis (Fig. 2). Exogenous application of GR24 increases M. sativa
nodule number when inoculated with S. meliloti (Soto et al., 2010). Inter-
estingly, the same study reports that the bacterial growth and nodC expres-
sion are not affected by GR24, leading the authors to hypothesize that the
effect of GR24 is on the plant. However, more recently it was suggested that
GR24 might aftect S. meliloti by promoting bacterial swarming motility
(Peliez-Vico, Bernabéu-Roda, Kohlen, Soto, & Lopez-Raez, 2016). In
an independent experiment in M. truncatula low concentrations (0.1 uM)
of GR24 also resulted in increased nodule numbers, but higher concentra-
tions (2—5 M) resulted in reduced nodule numbers and lateral root density
(De Cuyper et al., 2014). Taken together this suggests that strigolactones act
mainly as plant hormones involved in developmental programs during
rhizobial symbiosis. In line with this, the strigolactone biosynthesis gene
MtD27 was shown to be inducible by rhizobium LCOs 3 h after application
and that this induction is regulated by the common symbiotic signalling
pathway (Van Zeijl et al., 2015).

Mutants and knockdown experiments of strigolactone biosynthesis
genes in several species shed light on the dual role of strigolactones in
symbioses. Whereas often symbiotic phenotypes are observed, it is not
trivial to decide whether these phenotypes are an effect of a change in
direct signalling between host and symbiont, or whether a change
in hormonal balance causes a difference in plant developmental program.
CCD are among the most studied strigolactone biosynthetic enzymes in
a symbiotic context. Mutation or knockdown of ¢«d7/8 in several plant
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species results in reduced mycorrhizal colonization (Gomez-Roldan et al.,
2008; Kohlen et al., 2012; Kretzschmar et al., 2012; Liu et al., 2013; Vogel
et al.,, 2010). In addition, nodulation was reported to be impaired in the
Lotus japonicus CCD7 knockdown and both «d7 and ccd8 mutants of pea
(Foo, Yoneyama, Hugill, Quittenden, & Reid, 2013; Liu et al., 2013).
The importance of strigolactones in mycorrhizal colonization is further
supported by the identification of a strigolactone transporter in Petunia x
hybrida. The knockout of the ABC transporter PhPDR1 resulted in signif-
icantly reduced orobanchol levels in root exudates, which had eftects on G.
margarita and R. irregularis mycorrhization efficiency. Plants show reduced
colonization due to reduced mycorrhizal growth, branching and
spore germination (Kretzschmar et al., 2012). The GRAS transcriptional
regulators NSP1 and NSP2 were identified as regulators of strigolactone
biosynthesis in rice and M. truncatula by regulating D27 expression (Liu
etal., 2011). M. truncatula nsp1 and nsp2 mutants are not capable of forming
nodules (Catoira et al., 2000; Oldroyd & Long, 2003). The nsp1 mutant
and the nsp1/nsp2 double mutant produce no detectable amounts of
strigolactones, whereas the nsp2 mutant has a reduced and different strigo-
lactone composition. Interestingly, mycorrhizal colonization of the nsp1/
nsp2 double mutant by R. irregularis was only mildly reduced (Liu et al.,
2011). In addition, the L. japonicus nsp1 mutant is unable to form nodules;
however, infection by the arbuscular mycorrhizal fungus R. irregularis was
unaffected (Heckmann et al., 20006).

The rice and pea F-box mutants Osd3/Psrms4 are markedly reduced in
mycorrhizal colonization (Foo et al., 2013; Yoshida et al., 2012). This
suggests that strigolactone perception in planta plays a role in arbuscular
mycorrhizal colonization. Strikingly, in the pea Psrms4 mutant nodule
numbers are increased (Foo et al., 2013), indicating that the effect of strigo-
lactones in nodulation is regulated differently compared to mycorrhization.

Interestingly, a severe mycorrhization phenotype in rice could be
complemented by introducing a copy of OsD14-LIKE gene (Gutjahr
etal., 2015). OsD14-Like is paralogous to OsD 14 and has strong similarities
with the A. thaliana karrikin receptor AtKAI2, which is responsible for
detecting the smoke compound karrikin. OsD14 and OsD14-LIKE
have been reported to have partially overlapping, but also distinct,
functions for strigolactone and karrikin responses, as the Atkai2 mutants
are insensitive to karrikins but weakly responsive to strigolactones (Scaffidi
et al., 2014). In addition, it was recently demonstrated that in A. thaliana
AtD14 and AtD14-like have different affinities for specific strigolactone
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stereoisomers (Scaffidi et al., 2014). This could indicate that the perception
of specific strigolactones is regulated by multiple receptor complexes.

Taken together, the involvement of strigolactones in arbuscular mycor-
rhiza symbiosis is relatively well described, although several details remain
unclear. A possible involvement in rhizobial symbiosis is just starting to be
discovered. However, given the distinct nature of both symbioses, the
mechanisms by which strigolactones functions are likely different between
the two. For ectomycorrhizal and actinorhizal symbioses, no clear data on
the involvement of strigolactones is available yet. As strigolactones are plant
hormones involved in key developmental processes, it is not surprising that
ectomycorrhizal hosts were found to possess the strigolactone biosynthetic
genes (Garcia, Delaux, Cope, & Ane, 2015).

g 4. A CONSERVED SIGNALLING PATHWAY FOR
ENDOSYMBIOSES

As mentioned earlier, arbuscular mycorrhizal fungi, rhizobia and some
basal Frankia species produce LCO signals in a symbiotic context, whereas
no evidence has been found that LCO signals are playing a role in ectomy-
corrhizal symbiosis. This suggests that LCO signalling is a feature of microbes
that establish an endosymbiosis rather than an ectosymbiosis.

LCOs are prominent signal molecules that are perceived by the host
plant and set in motion symbiotic responses. Genetic studies in legumes,
rice, Parasponia and the actinorhizal plant species Datisca glutinosa (nodulated
by Frankia sp. harbouring LCO biosynthesis genes), but also in C. glauca, a
species that is nodulated by Frankia sp. that lack LCO biosynthesis genes
uncovered a common symbiotic signalling network. This conserved
symbiotic network stretches from transmembrane receptor kinases to a
network of transcription factors that control the readout of symbiotic signal-
ling (Oldroyd, 2013). A hallmark of endosymbiotic signalling is the induc-
tion of regular oscillations of the nuclear calcium concentration. To achieve
this a complex of nuclear envelope-localized proteins are essential, including
a potassium-permeable channel (encoded by MtDMI1, LjCASTOR,
LiPOLLUX), a cyclic nucleotide—gated calcium channel and a calcium
ATPase (Capoen et al., 2011; Charpentier et al., 2016; Imaizumi-Anraku
etal., 2005; Lévy et al., 2004). The induced calcium oscillations are decoded
by a calcium-/calmodulin-dependent kinase (CCaMK), which is the onset
of a transcriptional network (Soyano & Hayashi, 2014). Besides some
common elements, like the CCaMK interacting transcription factor
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LjCYCLOPS, the activated network varies between arbuscular mycorrhizal
and root nodule symbioses. For example, activation of the NIN transcription
factor is essential for root nodule formation in legumes and C. glauca,
whereas it is not for arbuscular mycorrhizal symbiosis (Clavijo et al., 2015;
Marsh et al., 2007; Schauser, Roussis, Stiller, & Stougaard, 1999).
Conversely, arbuscular mycorrhizal symbiosis requires activation of GRAS
transcription regulators such as MtRAM1 in Medicago, which is not essential
for root nodule formation (Gobbato et al., 2012). Despite this divergence in
transcriptional responses, the common symbiotic signalling genes are
conserved in angiosperm and gymnosperm species that form an arbuscular
mycorrhizal symbiosis. By contrast, plants that exclusively establish an
ectomycorrhizal symbiosis — e.g., Pinaceae species — have lost several of
these genes (Garcia et al., 2015). This supports the idea that ectomycorrhizal
symbioses are founded on different signalling cues than arbuscular mycor-
rhizal and root nodule endosymbioses.

4.1 LCO Signalling

Most comprehensive studies on symbiotic signalling have been done in the
legume model systems L. japonicus and M. fruncatula. Both species have
evolved to interact with a specific rhizobial species (Mesorhizobium loti for
L. japonicus and S. meliloti for M. truncatula). By using these symbiotic models,
it was revealed that rhizobium LCOs are specifically recognized by a hetero-
meric complex of receptor-like kinases (LysM-RLKs) containing Lysine
motif (LysM) domains: named LjNFR1 and LjNFRS5 in L. japonicus and
MtLYK3 and MtNFP in M. truncatula (Arrighi et al., 2006; Limpens et al.,
2003; Madsen et al., 2003; Radutoiu et al., 2003). The LysM domain is a
ubiquitous molecular structure of 42—48 amino acids with a symmetrical
Baaf folding. LysM domain-containing proteins were first described in
bacteria to bind peptidoglycan (Buist, Steen, Kok, & Kuipers, 2008). In
legumes LjNFR1/MtLYK3 and LjNFR5/MtNFP harbour three LysM
domains in the receptor region which are essential to recognize specific
thizobium LCOs (Broghammer et al, 2012). In addition, it was
found in L. japonicus that LjNFR5 interacts also with LjSYMRK, an
LRR-type receptor that commits an essential function in symbiotic
signalling (Antolin-Llovera, Ried, & Parniske, 2014). Interestingly, This
symbiotic receptor kinase (SYMRK) is also essential for arbuscular mycor-
rhizal symbiosis, whereas both LjNFR1/MtLYK3 and LjNFR5/MtNFP
only play an additive role in arbuscular mycorrhizal symbiosis (Oldroyd,
2013). Arbuscular mycorrhizal LCOs are known to trigger lateral root
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formation in M. fruncatula, a response that is abolished in the Mtnfp knockout
mutant (Maillet et al., 2011). Mtlyk3 and Ljnfr1 mutants display only a
reduced level of infection when inoculated with a low dose of arbuscular
mycorrhizal spores (Zhang et al., 2015). Nevertheless, transcriptome studies
in M. truncatula revealed that MtNFP is playing a prominent role in arbus-
cular mycorrhizal LCO-induced transcriptional changes (Czaja et al.,
2012). Two reasons may explain this discrepancy between knockout pheno-
type and function. Firstly, the weak arbuscular mycorrhizal symbiosis
phenotype of the Ljnrl/Mtlyk3 and Ljnfr5/Mtnfp knockout mutants may
be the result of gene redundancy in L. japonicus and M. truncatula. Both
rhizobium LCO receptors evolved upon gene duplication events, giving
rise to closely related homologues (De Mita, Streng, Bisseling, & Geurts,
2014; Op den Camp, De Mita, et al., 2011; Op den Camp, Streng, et al.,
2011; Young et al., 2011). Expression studies of these homologous genes
show that they may also function in rhizobium and/or arbuscular mycor-
rhizal symbiosis (Rasmussen et al., 2016; Young et al., 2011). Secondly, it
was found that arbuscular mycorrhizal fungi not only produce LCOs, but
also short-chain chitooligosaccharides (tetra and pentameric COs) as symbi-
otic signals (Genre et al., 2013). Such COs trigger in part similar symbiotic
responses as reported for arbuscular mycorrhizal LCOs, though lack the ca-
pacity to promote lateral root formation (Maillet et al., 2011). LCO and CO
signals may be perceived by different (symbiotic) receptor complexes.

Nonlegume systems provided additional support for a function of
NFR1/LYK3 and NFR5/NFP homologous genes in arbuscular mycorrhizal
symbiosis. Reverse genetic studies in Parasponia andersonii and tomato
(Solanum lycopersicum) revealed an essential role for putative NFR5/NFP
orthologs in arbuscular mycorrhizal symbiosis (Buendia, Wang, Girardin,
& Lefebvre, 2016; Op den Camp, De Mita, et al., 2011; Op den Camp,
Streng, et al., 2011). In rice (O.sativa), it was demonstrated that the putative
orthologue of NFR1/LYK3 - CHITIN-ELICITOR RECEPTOR
KINASE 1 (OsCERK1)- plays such role (Miyata et al., 2014; Zhang
et al., 2015). In Frankia no reverse genetic studies on LysM-RKs have
been published yet. However, it is tempting to speculate that in actinorhizal
plant species that can be nodulated by cluster 2 Frankia species, close homo-
logues of NFR1/LYK3 and/or NFR5/NFP play a symbiotic role in LCO
perception.

The finding that COs and the chitin innate immune receptor OsCERK1
commit symbiotic functions uncovered a functional overlap between path-
ogenicity and symbiosis. Subsequent studies in L. japonicus and M. truncatula
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revealed four lines of supportive evidence for such dual function of LCO
receptors. (1) Rhizobium LCOs transiently trigger defence-related gene
expression in an LjNFR1-dependent manner (Nakagawa et al., 2011). (2)
MtNFP has a function in defence against fungal and oomycete pathogens
(Ben et al., 2013; Rey, Chatterjee, Buttay, Toulotte, & Schornack, 2015;
Rey et al., 2013). (3) Ectopic expression of both receptors — LjINFR5-
LiNFR1 or MtNFP-MtLYK3 — in Nicotiana benthamiana leaves triggers a
hypersensitive response (HR) (Broghammer et al., 2012; Pietraszewska-
Bogiel et al., 2013). (4) Ectopic expression of MtNFPin M. truncatula triggers
a premature cell death in nodules (Moling et al., 2014). This, and other
studies, also made clear that LCO receptors are under tight posttranslational
control in legumes, probably to prevent pathogenic responses. For example,
in M. truncatula nodules MtNFP and MtLYK3 accumulate only in nodule
cells where infection takes place, but both receptors are rapidly removed
from the membrane surrounding the rhizobium infection thread (Moling
et al., 2014). Furthermore, it was found that LCO receptors are located in
lipid-raft—like micro-domains in the plasma membrane, which play an
important role in complex formation and receptor turnover (Haney &
Long, 2010; Lefebvre et al., 2010). Taken together, these data suggest that
dual functioning of LCO receptors in defence and symbiosis is a conserved
feature in legumes and nonlegume species.

The biological function of the overlap of LCO receptors in symbiotic and
innate immune signalling remains unclear. However, a challenging model can
be postulated (Limpens et al., 2015). In this model competition between
receptors occur to form multimeric complexes that differ in their functioning,.
Presence of LCOs (and/or short-chain COs) results in preferential formation
of symbiotic receptor complexes at the expense of the formation of
complexes that act in innate immunity (Fig. 3). In legumes, such innate
immune receptor complex has not yet been characterized. However, studies
in rice revealed that perception of chitin oligomers requires an additional
LysM-domain-containing receptor, which lacks an intracellular kinase
domain (Kaku et al., 2006). This chitin elicitor binding protein (OsCEBIiP)
binds chitin oligomers and forms a heteromeric complex with OsCERK1
to activate chitin-triggered defence responses (Hayafune et al., 2014; Shimizu
etal., 2010). Such innate immune receptor complex may also have a function
in symbiosis. It is known that several typical innate immune responses, such as
calcium influx, production of reactive oxygen species (ROS), and focal
exocytosis are associated with rhizobial and arbuscular mycorrhizal infection
(Brewin, 2004). Rhizobium triggers formation of infection threads, which
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Figure 3 Hypothetical model explaining the dual functioning of LCO receptors in
symbiotic and innate immune signalling as uncovered in Medicago truncatula and Lotus
japonicus. Symbiotic signals and pathogen associated molecular patterns (PAMPs) are
perceived by NFP/NFR5-NFR1/LYK3 receptor complexes. To commit either symbiotic or
innate immune signalling a third receptor is essential. For symbiotic signalling this
receptor may be symbiotic receptor kinase (SYMRK), as it interacts with NFP/NFR5.
To induce innate immune responses this receptor has not been identified yet, but
may have similarities to CeBIP in rice. OsCEBIiP binds chitin oligomers and forms a het-
eromeric complex with the rice homologue of NFR1/LYK3 (OsCERK1) to activate innate
immune signalling.

are tip-growing structures. ROS production is thought to facilitate the oxida-
tive cross-linking of the infection thread matrix to allow the formation of a
tube-like infection thread (Brewin, 2004). In a scenario that innate immune
responses play a symbiotic role, the spatiotemporal regulation of receptor
complexes becomes crucial to prevent HR.

4.2 Bypassing LCO Signalling

Besides LCO-mediated signalling, alternative routes occur to mediate
symbiotic responses. For example, many Frankia species (clusters 1 and 3)
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do not possess the machinery to produce LCOs (Tisa, Beauchemin, Gtari,
Sen, & Wall, 2013). Furthermore, there are some legume lineages — e.g.,
several Aeschynomene species — that are nodulated by Bradyrhizobium
strains that lack the highly conserved nodABC operon necessary for LCO
synthesis (Fabre et al., 2015; Giraud et al., 2007). Nevertheless, studies in
actinorhizal plant species C. glauca and Alnus glutinosa using the non-LCO
producing Frankia strain Cci3i, revealed that both SYMRK and CCaMK
are essential to establish a symbiotic interaction, and activation of symbiotic
signalling induces calcium oscillations (Chabaud et al., 2015; Franche et al.,
2011; Gherbi et al., 2008; Granqvist et al., 2015). This strongly suggests that
the underlying signalling pathway to establish an endosymbiosis is highly
conserved, but can be activated by different signalling inputs.

The way non-LCO—producing rhizobia and Frankia achieve activation
of the common symbiosis signalling pathway may vary. One way is by
producing effector-like molecules that are secreted via the type III secretion
system (T3SS). This mechanism is used by several rhizobium strains
(Okazaki et al., 2016), and studies in soybean revealed that such effectors
can bypass NFR 1-NFR 5-based signalling (Okazaki, Kaneko, Sato, & Saeki,
2013). However, additional mechanisms may also occur. For example, in
case of Aeschynomene legumes the common symbiosis signalling pathway
can also be activated in a T3SS-independent way (Fabre et al., 2015;
Okazaki et al., 2016).

The current hypothesis is that Frankia strains of clusters 1 and 3 produce
signalling molecules upon host recognition, of which the chemical nature is
still poorly understood, but most probably different from LCOs. A first
characterization of such signals came from studies on Frankia sp. strain
Ccl31 that nodulates C. glauca. The signalling molecules produced by this
strain are of low molecular weight, in the range of 500—5000 Da. More-
over, rhizobium and arbuscular mycorrhizal LCOs typically accumulate in
the organic fraction upon a butanol extraction, whereas, in the case of
Frankia Ccl31 exudates, only water fractions could induce symbiotic
responses (i.e., calcium oscillation). Furthermore, a chitinase treatment on
the active water fractions did not aftect their signalling capacity (Chabaud
et al., 2015). This makes it highly unlikely that this strain produces LCO-
type symbiotic signal molecules.

Studies with other Frankia strains revealed that, at least within a taxonomic
cluster, the symbiotic signals are to a certain level conserved. For example,
A. glutinosa and C. glauca are nodulated by two different Frankia strains of
the same cluster 1. Despite this strain specificity, Frankia sp. strain AC14a
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that nodulates A. glutinosa also induces calcium oscillation responses in
C. glauca. By contrast, the more distant BCU110501 strain of cluster 3
was unable to induce such responses (Chabaud et al., 2015). This suggests
that the symbiotic signals produced by Frankia species are partially
conserved within a taxonomic cluster, but may differ in a broader phyloge-
netic context.

g 5. REPRESSING IMMUNITY

Although innate immune responses may be an integral part of the
symbiotic infection process, it is essential that severe immune responses
are avoided. Immune responses are controlled by two antagonistic
hormones jasmonic acid and salicylic acid. The latter hormone is a major
signal in resistance to biotrophic pathogens, whereas defence against
necrotrophic mainly relies on jasmonic acid (Pieterse, Van der Does,
Zamioudis, Leon-Reyes, & Van Wees, 2012). Both hormones act antago-
nistically, such that activation of jasmonic acid signalling compromises
salicylic acid—dependent innate immune responses, and vice versa.

Studies in legumes suggest that repression of innate immunity is in part
controlled by LCO signalling. In alfalfa (M. sativa) evidence was found
that LCO signalling suppresses salicylic acid—dependent responses. LCO-
deficient or incompatible rhizobia induce accumulation of salicylic
acid, whereas compatible strains trigger a decrease of this defence hormone
(Martinez-Abarca et al., 1998). Similarly, studies in pea (Pisum sativum)
showed that endomycorrhizal fungi only trigger a transient increase in
salicylic acid levels, which is repressed during prolonged colonization. In
contrast, in a symbiosis deficient ccamk knockout mutant salicylic acid levels
remain high upon inoculation with endomycorrhizal fungi, suggesting that
this suppression is based on activation of the symbiosis signalling network
(Blilou, Ocampo, Garcia-Garrido, & Garcla-Garrido, 1999). Interestingly,
defence responses in nonlegumes (Zea mays, Setaria viridis), and even in
non—arbuscular mycorrhizal plants (A. thaliana) seem to be downregulated
upon LCO perception; however, it is currently unclear how this downregu-
lation is linked to JA and SA signalling (Liang et al., 2013; Tanaka et al.,
2015).

The Jasmonic acid — salicylic acid balance is in part controlled
by DELLA GRAS-type transcriptional regulators (Navarro et al., 2008).
DELLAs promote jasmonic acid signalling by binding JAZ (Jasmonate
zim-domain) repressor proteins (Hou, Lee, Xia, Yan, & Yu, 2010). JAZ
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proteins repress jasmonic acid signalling upon binding with the MYC2
transcriptional activator (Boter, Rui, & Abdeen, 2004; Hou et al., 2010).
As MYC2 activity promotes DELLA accumulation, this results in a feedfor-
ward loop in jasmonic acid signalling (Wild et al., 2012; Yang et al., 2012).
Several experiments indicate that endomycorrhizal fungi and rhizobium
exploit this pathway, thereby indirectly reducing salicylic acid responses.
Della knockout mutants in M. truncatula and rice are impaired in nodulation
and/or arbuscule formation (Floss, Levy, Lévesque-Tremblay, Pumplin, &
Harrison, 2013; Fonouni-Farde et al., 2016; Pimprikar et al., 2016; Yu
et al., 2014). These phenotypes can be mimicked by application of gibber-
ellins, whereas ectopic expression of a dominant active DELLA allele
(MtDELLA1A418) promotes symbiotic responses (Floss et al., 2013; Jin
et al., 2016; Pimprikar et al., 2016). Interestingly, the dominant active allele
can also complement the cycops symbiotic signalling mutant (Floss et al.,
2013). This is likely due to the fact that in M. truncatula the DELLA1 protein
was found to be able to form a complex with CYCLOPS and CCaMK,
together activating the RAMI1 GRAS-type transcriptional regulator
(Pimprikar et al., 2016). Taken together this suggests that MtDELLA1, by
interacting with JAZ proteins, plays an important role in the LCO-signalling
network and the promotion of endomycorrhizal symbiosis through the
modulation of jasmonic acid—salicylic acid balance.

Besides LCO triggered repression of immunity, plant immunity can also
be manipulated by microbe secreted effector proteins. Studies in arbuscular
mycorrhiza and ectomycorrhiza uncovered several small secreted eftector
proteins that are produced by the arbuscular mycorrhizal fungus R. irregularis
and the ectomycorrhizal fungus L. bicolor (Lin et al., 2014; Martin et al.,
2008; Tisserant et al., 2013). The mode of action of two such effector
proteins has been characterized.

The R. irregularis eftector protein RiSP7 is secreted into M. truncatula root
cells, where it localizes in the nucleus and interacts with a defence control-
ling ethylene-responsive transcription factor (MtERF19) (Kloppholz, Kuhn,
& Requena, 2011). In M. truncatula roots this gene is highly expressed upon
pathogenic interaction, but only transiently during arbuscular mycorrhizal
colonization. Ectopic expression of RiSP7 in M. truncatula roots positively
affects mycorrhizal colonization, while reducing defence responses. Intrigu-
ingly, RiSP7 has some similarity to the secreted NodO protein of Rhizobium
leguminosarum, which enhances LCO signalling in the host plant. However,
localization studies suggest that NodO localizes in the plant membrane,
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rather than acting as a nuclear effector (Economou, Hamilton, Johnston, &
Downie, 1990; Sutton, Lea, & Downie, 1994).

The ectomycorrhizal fungus L. bicolor expresses the LbMiSSP7 gene
encoding a secreted effector protein in response to plant exuded flavonoids
(Plett & Martin, 2012). In black cottonwood poplar (Populus trichocarpa) it
was shown that LbMiSSP7 is secreted in root cells where it localizes in
the nucleus. There it stabilizes a JAZ protein (PtJAZ6) by direct interaction
(Plett et al., 2014). As outlined above, JAZ proteins are repressors of
jasmonic acid—triggered immunity. Generally, JAZ proteins are degraded
upon interaction with the F-box protein COI1 (coronatine-insensitive 1).
This degradation is triggered by jasmonic acid signalling. LbMiSSP7 interac-
tion to PJAZ6 aftects formation of the JAZ—COI1 complex. This prevents
the jasmonic acid—dependent degradation of JAZ, resulting in reduced plant
immune responses. Given that jasmonic acid is a negative regulator of
ectomycorrhizal symbiosis, counteracting this plant innate immune response
promotes the plant—fungus interaction.

g 6. PERSPECTIVES IN SYMBIOTIC SIGNALLING

Central questions for future research will be on specificity of symbiotic
signalling. How can a single symbiotic network that is conserved in most
land plants trigger distinct root phenotypes? Since the symbiotic signalling
network is basically conserved in most plant species the differences in the
readout may be determined by yet unknown factors, such as the hormonal
balance and/or the nutrient status of the root. For example, recently it was
shown that M. truncatula lateral roots have an increased sensitivity to
rhizobium LCOs compared with the main root. This indicates that suscep-
tibility of a plant root varies, depending on the developmental and/or
nutrient status (Sun et al., 2015).

Additional questions concerning specificity can also be addressed
concerning the plant exuded flavonoids that act as attractants for symbiotic
microbes. As shown for naringenin, these compounds are perceived by
a diverging range of symbionts. Most probably this range extends to other
soil borne microbes, most of which will not be symbiotic. Therefore, perhaps
exuded flavonoids do not act as specific signals, but rather are more generic
signals to which any root microbe can respond. For example, it was reported
that exuded flavonoids may play a role also in phosphate and iron acquisition
(Cesco, Neumann, Tomasi, Pinton, & Weisskopt, 2010). In addition, the
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finding that flavonoids — similar to strigolactones — have a dual function,
not only act as an attractant, but also function as endogenous plant signal
interfering with auxin homoeostasis, provides novel leads in symbiosis
research.

Extending the range of model systems that are amenable for molecular
genetic studies provided novel insights into symbiotic signalling. Establish-
ment of new protocols for culturing Frankia and arbuscular mycorrhizal
fungi, host-induced gene silencing to trigger fungal gene expression,
transformation of the ectomycorrhizal fungus L. bicolor, the actinorhizal
plants Datsica, Casuarina, and the nonlegume rhizobia host Parasponia, in
combination with microbial genome sequencing, has opened new
avenues. Although unravelling symbiotic signalling in these systems is still
in its infancy, findings that have been achieved since the turn of the century
are already groundbreaking. As mentioned above, it was demonstrated that
especially in the endosymbioses (Frankia, thizobium and arbuscular mycor-
rhiza) commonalities occur in symbiotic signalling (Gherbi et al., 2008; Op
den Camp, De Mita, et al., 2011; Op den Camp, Streng, et al., 2011). One
such commonality is that symbionts recognize plant-secreted flavonoids
and strigolactones. Another common theme is the use of LCO or CO sig-
nals of microbial origin of which biosynthesis is activated upon recognition
of plant exuded molecules like flavonoids and/or strigolactones. LCOs/
COs activate a conserved symbiotic network in plants that controls the
diverse signalling output of the different symbiotic interactions (Parniske,
2008). Furthermore, it became apparent that LCO-induced signalling
can be bypassed. Especially in Frankia this appears to be a common strategy.
Nevertheless, first studies indicate that LCO-independent signalling relies
on the same symbiotic signalling network as identified in LCO-dependent
systems. Uncovering the nature of the non-LCO signal molecules in
Frankia and rhizobia will add a new building brick in the symbiotic signal-
ling network.

Commonly new insights in the molecular aspects of root symbiosis are
mainly generated by studying legume models M. truncatula and L. japonicus.
With new model species in place in combination with next generation
sequence technologies, this field will be revolutionized in the years to
come.
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