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ABSTRACT

Plants have lived in close association with arbuscular mycorrhizal (AM) fungi for over 400
million years. Today this endosymbiosis occurs broadly in the plant kingdom where it has a
pronounced impact on plant mineral nutrition. The symbiosis develops deep within the root
cortex with minimal alterations in the external appearance of the colonized root; however, the
absence of macroscopic alterations belies the extensive signaling, cellular remodeling, and
metabolic alterations that occur to enable accommodation of the fungal endosymbiont. Recent
research has revealed the involvement of a novel N-acetyl glucosamine transporter and an
alpha/beta-fold hydrolase receptor at the earliest stages of AM symbiosis. Calcium channels
required for symbiosis signaling have been identified and connections between the symbiosis
signaling pathway and key transcriptional regulators that direct AM-specific gene expression
have been established. Phylogenomics has revealed the existence of genes conserved for AM
symbiosis, providing clues as to how plant cells fine-tune their biology to enable symbiosis, and
an exciting coalescence of genome mining, lipid profiling and tracer studies collectively has led
to the conclusion that AM fungi are fatty acid auxotrophs and that plants provide their fungal
endosymbionts with fatty acids. Here we provide an overview of the molecular program for AM
symbiosis and discuss these recent advances.
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INTRODUCTION

Of the many associations formed between plants and microbes, arbuscular mycorrhizal (AM)
symbiosis, in which plants and fungi of the Glomeromycota engage, is one of the most
widespread and ancient (Smith and Read, 2008). Fossils of the early land plants (400Mya)
provide evidence that fungi morphologically similar to the current day Glomales lived within
their cells (Remy et al., 1994; Heckman et al., 2001). Phylogenetic analyses indicate that
symbiosis signaling genes are present in the genomes of the closest algal relatives to land plants
and the function of the encoded proteins is conserved, which suggests that these plant ancestors
were preadapted for symbiosis (Delaux et al., 2015). The existence of AM symbiosis in many
early diverging land plants including liverworts, hornworts, lycophytes and ferns reveals that
AM symbiosis predates the development of true root systems (Brundrett, 2002; Field et al.,
2012), while the broad occurrence of AM in extant plant families is consistent with a single early
origin and with retention of the symbiosis over many millions of years. Such a pattern implies
that the symbiosis has offered continued advantages and it is speculated that AM fungi helped
the early land plants cope with acquisition of nutrients from their new, harsh terrestrial
environment (Pirozynski and Malloch, 1975). Nutrient acquisition appears to be their dominant
role today as they provide access to phosphorus, which is poorly mobile in the soil and also to a
lesser extent, nitrogen and other mineral nutrients. However, additional benefits arise from the
symbiosis, including disease and stress resistance (Smith and Read, 2008). Despite the positive
attributes of AM symbiosis, several plant species, particularly those with specialized lifestyles
such as parasitic, aquatic, and insectivorous plants, have lost the ability to establish AM
symbioses (Wang and Qiu, 2006). Noted originally in Arabidopsis and subsequently in other
species, these non-host plants have lost the genes whose functions are required exclusively for
symbiosis, and this loss occurred independently in several plant lineages (Delaux et al., 2014;

Bravo et al., 2016).

Development of AM symbiosis is initiated by signal exchange between plant roots and
germinating fungal spores, which triggers coordinated differentiation of both symbionts to enable
their interaction and the development of the symbiotic state. Following physical contact between
the symbionts, the fungal hyphae grow through the epidermal cells into the cortex where they

differentiate within the cortical cells to form branched hyphae, called arbuscules. Extensive



reorganization of the cortical cell, including the deposition of the periarbuscular membrane around
the arbuscule, ultimately results in a new membrane-bound apoplastic compartment within the
cortical cell, which houses the arbuscule. Both symbionts have access to the common apoplast and
nutrient transfer between the symbionts occurs across this interface. Fueled by a carbon supply
from the root, the fungus develops an extra-radical mycelium in the surrounding soil. The extra-
radical and intra-radical mycelia are a single continuum and mineral nutrients, particularly
phosphorus (as phosphate) captured by the extra-radical hyphae, are ultimately transferred to the
plant via the arbuscules (for in depth reviews of symbiotic development see Gutjahr and Parniske,
2013; Lanfranco et al., 2016).

Continual signaling between the symbionts, and the expression of an extensive new
transcriptional program in the plant host, particularly in the root cortex, are required for symbiosis
(reviewed in Hogekamp and Kuster, 2013; Bucher et al., 2014). This drives cellular remodeling,
including development of new membrane as well as metabolic and physiological alterations
necessary for the plant cell to accommodate the fungal endosymbiont and for symbiotic
functioning. Labeled many years ago as the accommodation program (Parniske, 2000), key players
have gradually been revealed through analyses of plant mutants as summarized in Figure 1 and

discussed below.

AM SYMBIOSIS IS INITIATED BY PRE-CONTACT SIGNALING

Development of symbiosis begins with signaling that occurs prior to physical contact between the
symbionts, and both symbionts release chemical signals that elicit preparative responses in the
other (Buee et al., 2000; Chabaud et al., 2011). Current data suggests that the molecular dialogue
is initiated by strigolactones, a group of carotenoid-based phytohormones produced by the plant,
that also regulate many aspects of plant development (Akiyama et al., 2005; Gomez-Roldan et al.,
2008; Lopez-Obando et al., 2015). In response to phosphate deprivation, strigolactones are
secreted into the rhizosphere (Yoneyama et al., 2007a; Yoneyama et al., 2007b; Kretzschmar et
al., 2012), where these chemically labile molecules serve as signals by which AM fungi may
identify a receptive host in their vicinity. Upon detection of strigolactones, AM fungi activate
oxidative metabolism, which drives increases in hyphal growth and branching, enhancing the
chance of physical contact with a host root but also commiting them to symbiosis (Akiyama and

Hayashi, 2006; Besserer et al., 2006; Besserer et al., 2008). Strigolactone biosynthesis or export
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mutants show reduced colonization (Gomez-Roldan et al., 2008; Koltai et al., 2010; Gutjahr et al.,
2012; Kretzschmar et al., 2012; Yoshida et al., 2012), indicating the importance of these early

signals for establishment of symbiosis.

The recent discovery of a transporter, no perception 1 (NOPEI) in maize and rice that is
also required for priming of the fungus (Nadal et al., 2017), suggests that strigolactones may not
be the only signal molecules of importance during the pre-contact phase. NOPE! encodes a
member of the Major Facilitator Superfamily of transport proteins capable of N-acetylglucosamine
transport, the first description of such a transport activity in a plant protein. nopel mutants show
almost no interaction with AM fungi and their root exudates fail to elicit transcriptional responses
in the fungus leading the authors to hypothesize that NOPEI1 transports a plant-derived N-
acetylglucosamine-based molecule, that acts to prime signaling in AM fungi to promote symbioses
(Nadal et al., 2017). Even in the absence of a full understanding of the interrelationship between

these early signals, it is clear that they are important for the establishment of symbiosis.

In rice, the alpha/beta-fold hydrolase and putative receptor protein DWARF 14 LIKE
(D14L) is essential for AM symbiosis and is necessary for the establishment of an appropriate
transcriptional response in rice roots exposed to germinated spore exudates (Gutjahr et al., 2015).
The severity of the symbiotic phenotype and the transcript profiles of the mutant are consistent
with D14L-mediated signaling occurring at a very early stage of symbiosis (Gutjahr et al., 2015).
D14L is a homologue of the Arabidopsis protein KARRIKIN INSENSITIVE2 (KAI2), a receptor
that acts in concert with the F-box protein MORE AXILLIARY GROWTH2 (MAX?2) to regulate
protein turn-over in response to karrikin signaling (Nelson et al., 2011; Waters et al., 2012).
Karrikins are butenolide molecules that are related to strigolactones, and are generated by the
burning of plant tissues during fire; detection of karrikins by dormant seeds triggers germination
in fire-chasing species that grow quickly to exploit a lack of competition following a fire (Flematti
et al., 2015). The developmental phenotypes exhibited by kai2 mutants that are not related to
karrikin perception per se, and broad conservation of K472 in basal land plants and species not
associated with fire-prone habitats, have led to a hypothesis that the receptor KAI2 recognizes and
binds to an as yet unidentified endogenous ligand, presumably a phytohormone that is structurally
related to karrikins and strigolactones (Waters et al., 2014; Waters et al., 2015; Conn and Nelson,
2016). The observation that D/4L is essential for AM symbiosis in rice (Gutjahr et al., 2015),



coupled with an earlier report of a rice d3 mutant (homologue of MAX2) that is likewise unable
to support AM symbiosis (Y oshida et al., 2012), suggests this signaling pathway may be involved
in AM symbiosis. One possibility is that germinating spore extracts contain a molecule structurally
similar to strigolactones and karrikins, which acts via D14L and D3 to enable an appropriate
transcriptional response. An alternative scenario is that signaling triggered by the so-called KAI2
ligand (KL), an endogenous ligand which has yet to be identified, is perceived by D14L and
triggers a transcriptional response required to establish AM symbiosis. In both scenarios, it is
necessary to invoke unique downstream components or modifiers to direct a symbiotic response.
As the ability to perceive karrikins and strigolactones may have evolved from an ancestral
mechanism involved in the perception of endogenous KL (Conn and Nelson, 2016), it is tempting
to speculate the involvement of KL-mediated signaling from the earliest time points of AM

symbiosis (Gutjahr et al., 2015).

THE COMMON SYMBIOSIS SIGNALING PATHWAY

Most of the research over the last few years has focused on a symbiosis signaling pathway,
which in legumes, is required for symbioses with AM fungi and rhizobia (Oldroyd, 2013).
Evolving approximately 60Mya, the nitrogen-fixing symbiosis with rhizobia recruited components
of the already established AM symbiosis signaling pathway resulting in the so-called common
symbiosis signaling pathway (Oldroyd, 2013). From a research viewpoint, effort from both
symbiosis fields has accelerated our understanding of this pathway, and more recently, of the AM
symbiosis-specific downstream responses that it controls. Initiated by AM fungal N-
acetylglucosamine based molecules, the events unfolding within the root cells of a host plant may
be organized conceptually within a hierarchy of three levels: 1) perception, i1) transmission, and

ii1) transcription (Figure 2).

The discovery of the so-called Myc-factor, a mixture of lipochitooligosaccharides (Myc-
LCOs), provided the first clues as to the chemical nature of signaling molecules secreted by AM
fungi to communicate with their host plants (Maillet et al., 2011). However, it is important to
consider that the discovery of Myc-LCOs was predicated upon a hypothesis that Myc-factor was
of a similar chemical composition to rhizobial Nod-factors, and thus additional AM fungal factors

that contribute to the perception of AM fungi by plants may have been overlooked. Additionally,
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the failure of Myc-LCOs to elicit a transcriptional response associated with AM symbiosis in rice
raises the possibility that these signaling molecules may not be recognized ubiquitously by all
plants (Miyata et al., 2014). The finding that short-chain chitin oligomers elicit symbiotically-
relevant nuclear calcium oscillations (Ca?* spiking) within cells derived from AM-hosts but not
non-AM hosts such as Arabidopsis, and further that the production of these oligomers by
Rhizophagus irregularis is strongly stimulated upon exposure to strigolactone, makes these

molecules excellent candidates for signaling molecules (Genre et al., 2013).

The lysin motif (LysM) receptor-like kinase OsCERKI1 has a clear role in mediating the
perception of fungal spore exudates and short-chain chitin oligomers in rice (Carotenuto et al.,
2017), with Oscerkl mutants demonstrating a symbiotic phenotype in which mycorrhizal
colonization is reduced (Miyata et al., 2014; Zhang et al., 2015c). OsCERKI1 and its homologue
in Arabidopsis Af*CERK1 were identified originally in the context of their roles in defense-related
chitin perception (Miya et al., 2007; Shimizu et al., 2010), revealing a surprising duality of
OsCERKI1 in mediating both chitin-triggered immunity to restrict the growth of fungal pathogens
yet also being necessary to promote the colonization of AM fungi during symbiosis. The LysM
membrane protein OsCEBIP acts as a co-receptor to OsCERK1 and is essential for defense-related
chitin perception (Kaku et al., 2006; Shimizu et al., 2010), yet the ability of an Oscebip mutant to
successfully establish AM symbiosis (Miyata et al., 2014) uncouples OsCERK1 -associated chitin-
triggered immunity and mycorrhizal symbiotic responses, suggesting the involvement of an
additional, as yet unidentified, OsCERKI1 co-receptor specific to enabling AM symbiosis.
OsCERKI1 homologues NFR1 (Lotus japonicus) and LYK3 (Medicago truncatula) have been
shown to promote AM symbiosis (Zhang et al., 2015c), as does the LysM receptor-like kinase
SILYK10 in the non-legume tomato (Buendia et al., 2016); however, genetic redundancy within
the LysM-receptor kinase family that is presumed to include the Myc-factor receptor, compounded
by the possibility that AM fungi secrete additional chemical signatures to signal symbiosis, has
made receptor identification challenging (Zipfel and Oldroyd, 2017). As the recently reported
NOPEI] transporter also displays a strong N-acetylglucosamine uptake activity (Nadal et al., 2017),
it is interesting to speculate on a potential role of NOPE1 as a means of the plant host detecting a
nearby fungal symbiont. Whether there is any relationship between NOPEI and the chito-
oligosaccharide signal molecules that activate the common symbiosis signaling pathway remains

to be determined.



Perception of Myc-factor by a receptive plant results in transmission of this message from
the plasma membrane of the cell to the nucleus, and the regulatory proteins located therein.
DMI2/SYMRK is an essential protein for signal perception in endosymbiosis (Endre et al., 2002;
Stracke et al., 2002) that is thought to act as a co-receptor to the unidentified Myc-factor receptor
and has been shown to associate with the LysM receptor-like kinase proteins NFR5 and NFR1
during Rhizobium-legume symbiosis (Antolin-Llovera et al., 2014; Ried et al., 2014). The
suggestion that the enzyme 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase of the
mevalonate pathway of isoprenoid biosynthesis is the potential link enabling the transmission of
Myc- and Nod-factor perception to the generation of symbiotic nuclear Ca" oscillations was made
via the identification of'its interaction with DMI2 (Kevei et al., 2007; Venkateshwaran et al., 2015).
Moreover, exogenous application of mevalonate to kidney cells expressing a symbiotically-
relevant nuclear cation (K*) channel (DMI1; or CASTOR & POLLUX in Lotus japonicus) was
sufficient to initiate Ca" spiking, suggesting a direct interaction between mevalonate and DMI1
(Venkateshwaran et al., 2015). Based on these data, it is hypothesized that mevalonate acts as a
secondary messenger to transmit perception of symbiotic factors from the plasma membrane to the
cell nucleus (Venkateshwaran etal., 2015); in the absence of a mutant phenotype, what is less clear
is whether the pathway is required for symbiosis.

The recent discovery that cyclic nucleotide-gated channels encoded by CNGC15 mediate
symbiotic Ca?" influx into the nucleus represents another important breakthrough (Charpentier et
al., 2016), leading to a model whereby Myc-factor perception by a cognate receptor and the co-
receptor DMI2 leads to the production of mevalonate by the HMG-CoA reductase that is
associated with DMI2 (Kevei et al., 2007). Mevalonate (or its phosphorylated metabolites) then
acts as a secondary messenger molecule to transmit signal perception to the nucleus via interaction
with DMI1, a K" permeable channel that itself interacts with CNGC15 cyclic nucleotide-gated
channels (Charpentier et al., 2016). The influx of Ca>* mediated by CNGC15 channels is countered
by K* efflux via DMII, thereby repolarizing the nuclear membrane to enable sustained Ca?*
oscillations, which complete the transmission of the Myc-factor perception at the level of the
plasma membrane to the nucleus and its resident regulatory proteins. Mathematical modeling
dictates that sustained Ca>" oscillations require the simultaneous activation of both DMI1 and

CNGCI15 channels (Charpentier et al., 2016), which may occur via their co-interactivity, however



it will be interesting to further probe the molecular dynamics of mevalonate association with the
DMI1:CNGCI15 complex in future research.

A calcium and calmodulin-dependent kinase (CCaMK) is proposed to act as a master
decoder and regulatory kinase, deciphering the nuclear Ca®" oscillations to enact the final stage of
this conceptual hierarchy, the transcriptional response (Miller et al., 2013). Primacy of CCaMK at
the apex of the regulatory transcriptional cascade is underscored by the observation that expression
of an activated gain-of-function CCaMK is sufficient to fully complement the severe symbiotic
phenotypes exhibited by mutants of genes upstream in the pathway such as dmil/pollux, castor
and dmi2/symrk (Hayashi et al., 2010), thereby uncoupling the requirement for Myc-factor
perception and the resulting Ca?* oscillations to elicit the subsequent downstream transcriptional
response necessary to support AM symbiosis (see also Tirichine et al., 2006). Nuclear Ca?* spiking
induces association of Ca?*-calmodulin with CCaMK, promoting a conformational change in the
kinase that stimulates phosphorylation of a target protein, CY CLOPS (Yano et al., 2008; Miller et
al., 2013). CYCLOPS (in Lotus japonicus) and its orthologue IPD3 (in Medicago truncatula and
rice) (Chen et al., 2008; Horvath et al., 2011) play key roles in AM symbiosis, presumably via
interaction with CCaMK to initiate a transcriptional response required to promote symbioses
(Pimprikar et al., 2016), as was demonstrated elegantly in a study of CYCLOPS in Rhizobium-
legume endosymbiosis (Singh et al., 2014). Nonetheless, differences in the phenotypes exhibited
by cyclops/ipd3 mutants indicate these proteins, or their regulatory context within each species,
may not be equivalent in all plants. In particular, cyclops mutants in Lotus and rice exhibit a severe
phenotype during AM symbiosis, in which fungal hyphae show impaired penetration into the outer
cortical cells and arbuscules are absent (Chen et al., 2008; Gutjahr et al., 2008; Yano et al., 2008;
Floss et al., 2013). Conversely, ipd3 mutants of Medicago retain the ability to penetrate the inner
cortical cells and establish arbuscules, although colonization levels are reduced (Horvath et al.,
2011; Floss et al., 2013). One possibility to account for these different observations is that a degree
of functional redundancy in Medicago exists because of an IPD3 paralogue (Bravo et al., 2016),
or alternatively, an additional non-paralogous protein(s) that has yet to be identified (Horvath et
al., 2011).

CCaMK and CYCLOPS have been proposed to form a complex that acts in concert with
the GRAS (GIBBERELLIC-ACID INSENSITIVE (GAI), REPRESSOR of GAI (RGA) and
SCARECROW (SCR)) domain regulatory protein DELLA to induce the expression of a



downstream regulator(s) (Jin et al., 2016; Pimprikar et al., 2016). DELLA proteins were identified
first as repressors of gibberellic acid (GA) signaling (Peng and Harberd, 1993; Alvey and Harberd,
2005), but later emerged as master regulators that interact with, and provide a mechanism for,
cross-talk between many hormone and biotic signaling pathways (Gallego-Bartolome et al., 2012;
Daviere and Achard, 2013). In M. fruncatula and pea, two DELLA proteins, (MtDELLA 1 and
MtDELLA 2 in M. truncatula, and LA and CRY in pea) function redundantly to promote arbuscule
development (Floss et al., 2013; Foo et al., 2013; Yu et al., 2014), while in rice, a single DELLA
protein, Slender (SLR1), fulfills this role. The connection between DELLA proteins and the
symbiosis signaling pathway provides a mechanism to integrate symbiosis signaling with plant
growth and development. For example, during phosphate limitation, DELLA transcripts increase
and the protein is stabilized, which serves to restrain growth but to promote arbuscule development

(Jiang et al., 2007; Floss et al., 2013)

Direct regulation of GRAS domain regulatory protein Reduced Arbuscular Mycorrhiza 1
(RAM1I) expression by CCaMK/CYCLOPS in concert with DELLA reflects its central role in
enabling arbuscule development (Park et al., 2015; Rich et al., 2015; Xue et al., 2015; Pimprikar
et al.,, 2016). The observation that ectopic RAMI expression in a cyclops mutant is sufficient to
restore arbuscule formation (Pimprikar et al., 2016) implies that the primary, if not sole, function
of CYCLOPS relevant to AM symbiosis is to up-regulate RAM1 expression. However, both RAM1
expression and arbuscule formation are restored in a cyclops mutant by either overexpression of
dellal-A18 (Floss et al., 2013; Park et al., 2015) or by treatment of roots with an inhibitor of GA
biosynthesis (paclobutrazol; PAC) (Pimprikar et al., 2016), both of which serve to promote the
accumulation of DELLA protein(s) by blocking GA-mediated degradation. Considered as a whole,
these data suggest that CYCLOPS is sufficient but may not be necessary for the activation of
RAM1 expression in a context where DELLA proteins are no longer subjected to GA-mediated
regulation. One possibility is the existence of an additional protein ‘X’ that has some capacity to
induce RAMI expression under conditions in which DELLA proteins are stabilized (i.e.,
expression of X may be up-regulated by DELLA, or alternatively DELLA and X may interact
together to promote RAMI expression). The dynamics of protein-protein interactions between
symbiotic GRAS proteins have been studied almost exclusively in heterologous systems, including

yeast (Y2H), Nicotiana benthamiana, Arabidopsis (protoplasts), and Escherichia coli (pull-



down), or in vitro assays, where the biological symbiotic context is lost and analyses of protein-

protein interactions in situ represent an important next step to address these limitations.

DELLA and RAMI1 occupy key positions in the regulation of AM symbiosis but they are
just two of many GRAS domain regulatory proteins with roles in AM symbiosis (Figure 1). In
addition to RAMI, Required for Arbuscule Development (RAD1), and MYCORRHIZA-
INDUCED GRASI (MIG1) potentially have specific roles in the regulation of AM symbiosis,
while others, including DELLAs, NSP1 and NSP2, show involvement in both mycorrhizal and
Rhizobium-legume symbioses as well as other aspects of plant development; for example, NSP1
and NSP2 are essential for regulation of strigolactone biosynthesis (Liu et al., 2011; Lauressergues
et al., 2012; Delaux et al., 2013b; Takeda et al., 2013). Analyses of mutant phenotypes, gene
expression data, and protein-protein interactions demonstrate the connectivity and importance of
GRAS proteins in AM symbiosis (Gobbato et al., 2012; Hohnjec et al., 2015; Park et al., 2015;
Rich et al., 2015; Xue et al., 2015; Heck et al., 2016; Pimprikar et al., 2016) but in general it is
unclear what genes they regulate and how this occurs. So while the GRAS proteins have emerged
as arguably the most important family of regulatory proteins associated with AM symbiosis, there

are huge gaps in understanding how they function.

GRAS domain proteins play central roles in regulating a diverse range of processes in
plants, including root development (Benfey et al., 1993; DiLaurenzio et al., 1996), phytohormone
signaling (Peng et al., 1997; Silverstone et al., 1998; Ogawa et al., 2000; Tong et al., 2009) and
phytochrome signaling (Bolle et al., 2000) as well as endosymbiosis (Kalo et al., 2005; Smit et al.,
2005; Floss et al., 2013; Gobbato et al., 2013). Interestingly, secondary structure and
phylogenetics-based analyses of these proteins first suggested an origin within the Rossman fold
methyltransferase superfamily of a bacterial ancestor (Zhang et al., 2012), a prediction that was
subsequently supported by crystal structure analyses of the GRAS domains of proteins in rice (Li
et al., 2016) and Arabidopsis (Hirano et al., 2017). Sequence comparisons between plant and
bacterial GRAS domain proteins reveal conserved residues associated with substrate binding,
proposed to have been acquired by the common ancestor of land plants as a single transfer event
prior to functional diversification (Zhang et al., 2012). This raises intriguing questions as to
whether the plant regulatory factors retain the ability to bind small molecules and, if so, the identity

of their substrates.
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Despite the significant amount of research that has focused on this family, the primary
mechanism by which GRAS domain proteins regulate gene expression remains ambiguous. The
crystal structure of the Rice GRAS domain protein Os-SCL7 is predicted to form a groove to
accommodate DNA binding, which was demonstrated in vitro, albeit with a synthetically designed
nucleotide sequence (L1 et al., 2016). Furthermore, the symbiosis-associated protein NSP1 has
been demonstrated to bind DNA directly (Hirsch et al., 2009) and ChIP data supports binding of
RAMI to the RAM?2 promoter (Gobbato et al., 2013); however, many GRAS domain proteins do
not seem to have this ability, and instead act within multi-protein complexes in which other
regulatory proteins interact with DNA (Gallego-Bartolome et al., 2012; Yoshida et al., 2014;
Hirano et al., 2017). This is exemplified by GRAS proteins SHORT-ROOT and SCARECROW,
whose crystal structures reveal that these proteins act as transcriptional cofactors that do not bind
DNA directly, but form a complex with BIRD/INDETERMINATE DOMAIN (IDD) transcription
factors that interact with DNA via zinc finger repeats (Hirano et al., 2017). The multitude of
transcription factors induced during symbiosis, including several members of the IDD family,

suggest that similar complexes might regulate transcription during symbiosis.

GENES CONSERVED FOR AM SYMBIOSIS AND ACCOMMODATION OF A
FUNGAL SYMBIONT

Development of symbiosis is accompanied by transcriptional reprogramming of the root cortex
cells, the main site of interaction between the symbionts, with differential expression of many
genes associated with transcriptional regulation, transport processes and lipid metabolism (Gaude
et al., 2012). RAMI is implicated either directly or indirectly in regulating many of these genes
(Luginbuehl et al., 2017) but the significant number of symbiosis-induced transcription factors
(Hogekamp and Kuster, 2013) indicates complex regulation that is not yet fully understood. The
transcriptional response drives the cellular changes necessary to accommodate the fungal
endosymbiont and through genetic analyses, the roles of the individual genes are gradually being
revealed (Table 1, Figure 1). Deposition of the periarbuscular membrane is one of the most
prominent alterations to the colonized cell and is achieved via polarized exocytosis which involves
the EXOCYST complex and a unique EXO70 subunit (Zhang et al., 2015a), a symbiosis-specific
splice variant of SYP132 (Huisman et al., 2016; Pan et al., 2016), a plant specific protein Vapyrin
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(Feddermann et al., 2010; Pumplin et al., 2010; Murray et al., 2011) and two symbiosis-specific
VAMP721 proteins (Ivanov et al., 2012) (Figure 1). The protein composition of the periarbuscular
membrane is distinct relative to that of the plasma membrane and includes unique phosphate,
ammonium, and sugar transporters, whose transport activity is energized by the proton gradient
generated by a symbiosis-induced periarbuscular membrane-resident proton ATPase (Harrison et
al.,2002; Kobae and Hata, 2010; Kobae et al., 2010; Krajinski, 2014; Wang et al., 2014; Garcia et
al., 2016) as well as ABC transporters (Zhang et al., 2010; Gutjahr et al., 2012), likely involved in
export (Figure 1). Surprisingly, trafficking of these transporters to the periarbuscular membrane
occurs by default and is achieved as a consequence of gene expression and protein production
coincident with deposition of the periarbuscular membrane around the arbuscule branches
(Pumplin et al., 2012). Thus, tight transcriptional regulation of the transporter genes is essential
not only to ensure expression in the correct cell-type but also to ensure their location in the

periarbuscular membrane.

Accommodation of the arbuscule involves not only the development of the periarbuscular
membrane and apoplast but later, the active disassembly and removal of the membrane, arbuscule,
and interface during a senescence phase known as arbuscule degeneration (Bonfante-Fasolo,
1984). The degeneration phase is accompanied by the expression of secreted hydrolase genes,
regulated by a Myb transcription factor, as well as GRAS factors NSP1 and DELLA. (Floss etal.,
2017). The latter two proteins are also required for arbuscule development, which suggests that
changes in composition of a transcription factor complex may regulate the transition between the

development and degeneration phases of the accommodation program.

With several thousand plant genes showing differential expression during AM symbiosis, genetic
dissection of the symbiotic program is a daunting task. However, the early single origin of AM
symbiosis, the broad taxonomic distribution within the vascular plant lineage and the observation
that all mycorrhizal plants contain the same set of genes for AM symbiosis, provided a unique
opportunity to use phylogenomics to identify genes conserved for AM symbiosis, which provides

a point of focus for reverse genetics analyses.

The observation that some genes essential for symbiosis were absent from the Arabidopsis
genome provided the first hints that non-host plants had lost the genes whose functions are required

exclusively for symbiosis (Harrison et al., 2002; Yano et al., 2008; Zhang et al., 2010; Gobbato et
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al., 2012). With the availability of sequenced genomes, it was noted that this multiple gene loss
occurred independently in several plant lineages (Delaux et al., 2014; Bravo et al., 2016). This
evolutionary pattern of conservation in hosts and loss in non-host plants was visualized by
constructing phylogenies and exploited to identify genes conserved for AM symbiosis (Delaux et
al., 2014; Favre et al., 2014; Bravo et al., 2016 ). The most stringent analysis identified 138 AM
symbiosis-conserved genes, of which 15 had known roles in AM symbiosis and mutants in an
additional 6 also revealed their involvement (Bravo et al., 2016 ). The 138 AM symbiosis-
conserved genes show a variety of molecular functions but in several cases, they were found to
interact or to function at different points of a cellular process or single metabolic pathway, leading
to a proposal that the AM conserved genes function in small modules to fine-tune cellular
processes for symbiosis (Bravo et al., 2016). For example, EXO70I, Vapyrin and SYP132 are
AM symbiosis-conserved genes that modulate exocytosis to enable deposition of the
periarbuscular membrane (Feddermann et al., 2010; Pumplin et al., 2010; Murray et al., 2011;
Zhang et al., 2015b; Huisman et al., 2016; Pan et al., 2016). The conserved category provides a
useful filter when selecting candidates for functional analyses, however, by no means are these the
only genes required for AM symbiosis. Genes that also have functions outside of the symbiotic
context (Delaux et al., 2013a), for example M. truncatula DELLA 1 and DELLA 2 (Floss et al.,
2013), DI14L (Gutjahr et al., 2015), and NOPE1 (Nadal et al., 2017), as well as several others
indicated in Table 1, are present in AM non-host and host plants and are required for AM

symbiosis.
NUTRIENT EXCHANGE DURING SYMBIOSIS

The exchange of nutrients between the symbionts is central to the AM symbiosis and this occurs
mostly across the extensive interface between the arbuscule and cortical cell. Phosphorus (as
phosphate) is the major mineral nutrient contributed by the fungal symbiont and its acquisition and
delivery is a remarkable process. Transport from the soil into the extraradical hyphae is followed
by synthesis of polyphosphate and long distance transfer through the ceonocytic hyphae to the
arbuscules where polyphosphate catabolism releases Pi that is exported out of the arbuscule to the
common apoplast (Ezawa et al., 2002; Tani et al., 2009; Hijikata et al., 2010). Plant phosphate
transporters in the periarbuscular membrane then import phosphate into the cortical cell. While the

complement of phosphate transporters in the periarbuscular membrane varies with the plant
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species, the AM symbiosis conserved transporter MtPT4/ OsPT11 plays a significant role and is
essential to maintain the symbiosis (Javot et al., 2007; Yang et al., 2012). Loss of MtPT4 function
leads to premature degeneration of the arbuscule and loss of symbiosis which indicates a regulatory
role for this nutrient. Although all arbuscules will degenerate eventually, acceleration of this
process in the m#pt4 mutant indicates a causal link between symbiotic phosphate delivery and
arbuscule lifespan (Javot et al., 2007). This provides a mechanism to maintain balance in the
symbiosis as ineffective endosymbionts would not be maintained. RN Ai-mediated suppression of
MYBI, the regulator of the transcriptional program associated with arbuscule degeneration,
relieves premature arbuscule degeneration in the m#pt4 mutant, suggesting that MYB1 could be
the degeneration program trigger. However, constitutive overexpression of MYB1 did not totally
abolish full arbuscule development suggesting that MYB1 is only part of the story (Floss et al.,
2017). Based on the fact that the fungi are obligate symbionts, it is tempting to speculate that
regulation of arbuscule lifespan and its reduction in m#pt4 mutants might involve the withholding

of carbon.

AM fungi obtain their entire carbon supply from the plant and it is estimated that they
acquire up to 20% of the carbon fixed during photosynthesis (Bago et al., 2000). Labeling studies
coupled with NMR provided evidence for hexose transfer to the fungus (Shachar-Hill et al., 1995;
Pfeffer et al., 1999), with recent studies pinpointing specific fungal hexose transporters involved
(Helber et al., 2011). The finding that the plant sucrose transporter/sensor SUT2 negatively
regulates colonization levels indicates that the host plant likely regulates sugar fluxes to the
apoplast spaces around the intraradical hyphae and arbuscules (Bitterlich et al., 2014; Roth and
Paszkowski, 2017). Thus, perhaps as anticipated given their status as obligate symbionts, it is clear
that the fungus obtains sugars from its host. The recent discoveries that the fungus also obtains
fatty acids from the plant, and that they are actually fatty acid auxotrophs, is perhaps more
surprising, particularly given the tremendous amounts of triacylglycerols that they synthesize and

move through their mycelia to support metabolism, growth, and sporulation (Bago et al., 2002).

The first suggestion of fatty acid auxotrophy was based on the astute observation that genes
encoding the multi-domain FAS1 complex, which is required for de novo fatty acid biosynthesis
and is highly conserved in eukaryotes, were missing from the Rhizophagus irregularis genome.

By contrast, genes encoding enzymes for the elongation and desaturation of fatty acids beyond
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chain length C16, as well as enzymes for the generation of complex lipids were all present (Wewer
et al., 2014). This raised the possibility that the fungus relied on its host for a source of fatty acids
which it would then modify to generate the necessary array of membrane and storage lipids
(Wewer et al., 2014). Previous labeling experiments were consistent with this idea as they had
shown that de novo fatty acid biosynthesis could be detected only in mycorrhizal roots and not in
extra-radical hyphae or spores. However, at that time, the authors had favored the idea of specific
in planta expression of fungal fatty acid biosynthetic capacity, rather than fatty acid auxotrophy
(Trepanier et al., 2005). Addressing the topic from different angles and with different approaches,
four groups recently provided complementary lines of evidence that collectively demonstrate that
the plant provides fatty acids, most likely 16:0 B-monoacylglycerol (16:0 -MAG) but possibly a
derivative, to the fungus and that transfer occurs at the interface with the arbuscule (Figure 3)

(Bravo et al., 2017; Jiang et al., 2017; Keymer et al., 2017; Luginbuehl et al., 2017).

Several profiling studies had documented increases in lipid biosynthesis during symbiosis
(Schliemann et al., 2007; Wewer et al., 2014) but evidence for increased de novo fatty acid
production in the colonized cells and its significance for symbiosis was provided by the Lotus
Jjaponicus dis mutant. DIS encodes a Keto- acyl ACP synthase 1 (KAS1), part of the fatty acid
biosynthetic machinery responsible for the elongation of fatty acid chains specifically between
C4:0 and C16:0 carbon chain length. In dis mutants, arbuscule development is impaired and fungal
fatty acid levels are low (Groth et al., 2013; Keymer et al., 2017). Thus, DIS initiates increases
fatty acid biosynthesis in the colonized cell. Evidence to support the direction of lipid flux towards
16:0 B-MAG and potentially transfer to the periarbuscular space was provided by analyses of M.
truncatula loss-of-function mutants of three AM symbiosis-conserved proteins, FatM, an acyl
ACP-thioesterase, RAM2, a glycerol-3-phosphate acyl transferase (GPAT), and STR, a
periarbuscular membrane-resident ABC transporter. The genes encoding these three proteins are
highly induced in colonized cells, and in all three mutants arbuscule development is impaired,
fungal lipid levels are low, and symbiosis is not maintained (Zhang et al., 2010; Gobbato et al.,

2012; Wang et al., 2012; Bravo et al., 2016 ; Bravo et al., 2017).

Building on the concept of modular functions for AM symbiosis-conserved genes and a
high degree of similarity between the fatm, ram2, and str phenotypes, Bravo et al. (2017) used

complementation analyses and comparative lipid profiling to determine whether these proteins
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might function in a single pathway. The data support the model that FatM directs the generation
of high levels of C16:0 fatty acids in the plastid by releasing the C16:0 acyl chains from their
carrier protein, therefore terminating chain elongation and initiating export from the plastid.
Following transfer to the endoplasmic reticulum, these C16:0 molecules serve as a substrate for
the glycerol-3-phosphate acyl transferase, RAM2. RAM?2 is an sn-2 GPAT, that generates
monoacylglycerols (Gobbato et al., 2012), in this case 16:0 BMAG, which are members of a class
of lipids typically exported from the cell. Based on several lipid profiles, which show the
accumulation of 16:0 B-MAG in str to higher levels than fatm and ram2, coupled with the identity
of STR/STR2 as an ABCG transporter (a sub-family of ABC transporters whose members include
lipid transporters), it was proposed that 16:0 BMAG are exported across the periarbuscular
membrane by the STR/STR2 transporter (Bravo et al., 2017). The same model was proposed
through isotopolog and lipid profiles of L. japonicus dis, ram2, and str mutants (Keymer et al.,
2017). The lipid profiles fully support this model but the evidence is indirect with roles inferred
based on the accumulation of lipids or lack thereof, and on the appearance of new lipid products

arising from the redirection of flux through the biosynthetic pathway (Bravo et al., 2017).

Direct evidence for lipid transfer from the plant to the fungus was provided via creative
experiments in which M. truncatula roots were engineered to express a FatB gene from
Umbellularia californica, which encodes a C12:0 acyl ACP thioesterase (Jiang et al., 2017,
Luginbuehl et al., 2017). This results in release of C12:0 fatty acids, a chain length not usually
observed in M. truncatula roots or AM fungi. Lipid profiles of the colonized transgenic roots
revealed that the fungal triacylglycerols now contained C12:0 fatty acids indicating that they
originated in the plant. As a second line of evidence, Luginbeuhl et al. (2017) obtained a M.
truncatula plastid acetyl Co-A synthetase mutant which is unable to incorporate acetate into fatty
acid production and comparative analyses with radiolabeled acetate or sucrose enabled them to
demonstrate that the fungal fatty acids originated in the plant (Luginbuehl et al., 2017). Finally,
Keymer et al. (2017) used comparative isotopolog profiling to provide evidence for direct transfer
of a C16:0 containing lipid to the fungus (Keymer et al., 2017). Coupled with the native lipid
profiles (Bravo et al., 2017), the data collectively provide strong evidence that the colonized cell
increases fatty acid biosynthesis and redirects flux through lipid metabolism to generate 16:0 [3-

monoacylglycerols (16:0 BMAG) and these, or a derivative thereof, are transferred to the
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periarbuscular apoplast and subsequently accessed by the fungus (Figure 3). The key proteins that
increase and direct lipid flux within the colonized cell are DIS, FatM, and RAM2 (Gobbato et al.,
2012; Bravo et al., 2017; Jiang et al., 2017; Keymer et al., 2017; Luginbuehl et al., 2017).
Furthermore, RAMI1 is a direct regulator of RAM2 (Gobbato et al., 2012), and likely of FatM as
well as an AP2 domain transcription factor, which potentially regulates other fatty acid
biosynthesis genes (Luginbuehl et al., 2017). Thus these data reveal that during AM symbiosis,
signaling through the common symbiosis signaling pathway triggers the reprograming of lipid
metabolism in the colonized cells to enable production and export of essential fatty acids for the
fungus. Furthermore, output from the signaling pathway is directed by genes that are conserved
for AM symbiosis and so while the current analyses are focused on legumes, it is likely that this

scenario occurs broadly within the AM host plants.

SUMMARY AND CONCLUSIONS

In summary, research over the past few years has enhanced our understanding of the common
symbiosis signaling pathway and established direct connections between signaling and
downstream events in the colonized cells. Yet despite these advances, a full understanding of the
receptor complexes and signaling molecules that generate input to the pathway, and the
transcriptional regulatory networks that control downstream gene expression, remains to be
achieved. Currently GRAS factors dominate the regulatory landscape, yet spatial and temporal
details are sparse, and their regulatory roles within multi-protein complexes remain to be
established in a symbiotically-relevant context. While the importance of the common symbiosis
signaling pathway cannot be denied, new data from rice and maize indicate that additional
signaling pathways play significant roles. Whether signaling through the D14L/D3 pathway
connects directly to the symbiosis signaling pathway, or is necessary to establish an appropriate
molecular environment to enable symbiosis, remains to be determined. Additionally, the rice and
maize data emphasize the importance of studies in a diversity of plant species, and provide

opportunities for comparisons between hosts with different evolutionary trajectories.

Whilst this review has focused on events taking place within a plant host, a true understanding of
AM symbiosis requires comprehensive knowledge of both symbiotic partners. Like the host plant,
the fungal hyphae must undergo physiological and cellular reprogramming during the transitions

from spore germination, to the colonization of the root and terminal differentiation to form
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arbuscules, yet we know little of how this occurs. The first genome and transcriptome data afforded
valuable insight into the biology of AM fungi (Tisserant et al., 2013; Lin et al., 2014; Kamel et al.,
2017), providing a strong foundation for future experimentation. The power of integrating
information about both partners has been illustrated recently, where the prediction of fatty acid
auxotrophy, gleaned through analyses of the genome and transcriptome data (Wewer et al., 2014),
contributed to the recent discoveries that the plant specifically redirects lipid metabolism in the
colonized cell for the purpose of provisioning the fungus. Future analyses that focus on integrating
available resources and data relevant to both the plant and fungi will undoubtedly reveal we have

many more surprises in store.
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Figure 1. An overview of plant proteins that play key roles in AM symbiosis.

Genetic analyses enabled the identification of genes required for AM symbiosis and the mutants show
phenotypes that range from an absence of colonization to a quantitative reduction in plant colonization
by AM fungi, and in some cases, an increase in the colonization. For many of these proteins, their
subcellular location provides additional clues as to their ultimate function during AM symbiosis. For
example, receptors embedded in the plasma membrane perceive external signal molecules that trigger
calcium spiking in the nucleus. However, some receptors, such as rice D14 and D14L, could be localized
in the nucleus. The downstream transcriptional response, mediated by many transcriptional regulators,
results in the production of proteins involved in the cellular remodeling and metabolic regulation
necessary for symbiosis. This includes enzymes involved in fatty acid production that are localized in
plastids and endoplasmic reticulum and transporters localized in the periarbuscular membrane that are
involved in the exchange of nutrients with the AM fungus. This figure shows genes for which there is a
knockout/knockdown symbiosis phenotype combined with some direct or indirect information about the
location of the encoded protein. The gene names used most frequently are indicated in red and also
shown in Table 1.
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Figure 2. Establishment of AM symbiosis involves a three-tiered response of the host to accommodate its fungal partner,
comprising i) perception, ii) transmission, and iii) transcription.

i) Perception: A receptive plant perceives the presence of AM fungi through the detection of lipochitooligosaccharides (Myc-
LCOs) and short chain chitin oligosaccharides (Myc-COs) by LysM receptor-like kinases such as OsCERK1, SILYK10, LjNFR1,
MtLYK3, and the receptor-like kinase SYMRK/DMI2.

ii) Transmission: The enzyme 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase interacts with DMI2 in Medicago
truncatula and is essential to the generation of Ca?* spiking that is required to initiate a downstream transcriptional response. These
observations have led to a model whereby HMG-CoA reductase generates mevalonate following AM fungal perception by
SYMRK/DMI2 (Venkateshwaran et al, 2015). Mevalonate acts as a secondary messenger that transmits fungal perception from the
plasma membrane to the nucleus via interaction with the nuclear cation (K*) channel CASTOR & POLLUX/DMI1. The K*
channels CASTOR & POLLUX/DMII support symbiotic Ca2" spiking by enabling K* efflux to counterbalance Ca2" influx, which
is mediated by the cyclic nucleotide-gated channels CNGC15.

iii) Transcription: A calcium and calmodulin-dependent kinase CCaMK is proposed to act as a master decoder and regulatory
kinase, deciphering the nuclear Ca2" oscillations to enact the appropriate transcriptional response. In the presence of calcium, Ca2'-
calmodulin associates with CCaMK, promoting a conformational change that induces the phosphorylation of the CCaMK substrate
protein CYCLOPS. Phosphorylated CYCLOPS forms a complex with CCaMK, which acts in concert with GRAS transcription
factors such as DELLA proteins, to initiate the expression of genes such as RAM] that are necessary to accommodate the fungal
symbiont. For clarity, this diagram shows a subset of the proteins of the symbiosis signaling pathway. The chemical structures
underlying Myc-LCOs and Myc-COs are based on Gust et al., (2012).
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Figure 3. Lipid metabolism in the colonized cell and transfer to the AM fungus.

Lipid biosynthesis increases in cortical cells containing arbuscules to produce lipids that will be transferred to the AM fungus.
Regulation of lipid biosynthesis begins with the transcriptional induction of several genes encoding enzymes involved in lipid
biosynthesis by a transcriptional regulator, RAM1. The downstream targets of RAM1 identified so far are present exclusively in
plant species that form AM symbiosis, as is RAMI itself, and the encoded enzymes regulate key points in fatty acid and
monoacylglycerol biosynthesis. Plant de novo fatty acid synthesis begins in plastids with the elongation of the two-carbon acyl
moiety of malonyl-ACP. The elongation is carried out by the multimeric enzyme Fatty Acid Synthase (FAS) whose product is a
16-carbon acyl molecule attached to an acyl carrier protein. In dicots and monocots, but not in grasses, an additional KASI protein
named DIS is responsible for increasing the biosynthesis of fatty acids in plastids of colonized cells. During AM symbiosis, the
thioesterase FatM boosts the release of 16:0 fatty acids (palmitic acid) which, when attached to CoA, are used as a substrate by
RAM2 to produce 16:0 B-MAG. 16:0 B-MAG or a derivative of this molecule is subsequently exported across the PAM by the half
ABC transporters STR and STR2 where it is accessed by the AM fungus. The fungus modifies the 16:0 acyl moiety through
desaturation and elongation reactions to produce a variety of fungal lipids. The main proteins (red) and lipid products (black)
involved in redirecting lipid metabolism in the colonized cell are shown. Genes regulated by RAMI1 are shown in blue.



Table 1. Genes involved in AM symbiosis and phenotypes associated with their knock-out or knock-down.

Gene name Gene product Phenotype Reference
Mi-DXS2 1-deoxy-D-xylulose 5- RNAi: In(j‘reased number of (Floss et al., 2008a)
phosphate synthase degenerating arbuscules
Mi-CCDI Qarotenmd cleavage RNAi: In(:‘reased number of (Floss et al., 2008b)
dioxygenase degenerating arbuscules
Ps-CCD7 Cgrotenmd cleavage Reduced colonization (Gomez-Roldan et al., 2008)
dioxygenase
Ps-CCD$8 dC.aroten01d cleavage Reduced colonization (Gomez-Roldan et al., 2008)
ioxygenase
Ph-PDRI ABC transporter Reduced colonization (Kretzschmar et al., 2012)
%
Mt-DMI2 (Mi-NORK) Receptor-like kinase No epidermal penetration (Endre et al., 2002; Stracke et
Lj-SYMRK P P p al., 2002)
Ps-SYM19
RNAI: Abortion of arbuscule
o formation in P. andersonii i
Pa-NFP WT AMS phenotype in M¢-nfp and (Op den Camp et al.., 201 1’.
. . . Maillet et al., 2011; Buendia
Mt-NFP LysM receptor kinase Lj-nfr5 but fewer lateral roots in M- i

. et al., 2016; Madsen et al.,

Lj-NRF5 nfp 2003)
SI-LYK10 VIGS: No epidermal penetration in

S. lycopersicum
Lj-NFRI . )
Mt-LYK3 LysM receptor kinase Reduced colonization gl\/hggtf ;:) al., 2014; Zhang et
Os-CERK1 °
Os-D14 Alpha/ beta-fold hydrolase Increased colonization (Yoshida et al., 2012)
Os-DI14L Alpha/ beta-fold hydrolase No colonization (Gutjahr et al., 2015)
Os-D3 F-box protein t}‘{educe.zd colonization and arbuscule (Yoshida et al., 2012)

ormation

Zm-NOPE] o
Os-NOPEI GlcNAc transporter No colonization (Nadal et al., 2017)

. % (Imaizumi-Anraku et al
Lj-Castor i : . .

J Cation channel No epidermal penetration 2005; Gutjahr et al., 2008)
Os-Castor
e (Ané et al., 2004; Imaizumi-
P]s _SYMS Cation channel No epidermal penetration Anraku et al., 2005; Banba et
Os-POLLUX al., 2008)

. . . (Kistner et al., 2005;
Lj-NUPI33 Nucleoporin Delayed colonization Kanamori ct al., 2006)
Lj-NUP85 Nucleoporin Delayed colonization (Kistner et al., 2005; Saito et

al., 2007)

Lj-NENA Nucleoporin No epidermal penetration (Groth et al., 2010)
Mt-MCAS il?{f;gslz-Type Calcium Reduced epidermal penetration (Capoen et al., 2011)
Mt-CNCG15 Nuclear;locahzed cyclic Reduced colonization (Charpentier et al., 2016)

nucleotide—gated channel
Mt-DMI3 . e
Lj-CCaMk Calcium/calmodulin- No epidermal penetration glfzryf(t)gé'-’ (zjggfl’eflafllcmne
Ps-SYMY9 dependent protein kinase p P iy ’ >

Os-DMI3 (Os-CCaMK)

2007; Banba et al., 2008)
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Gene name

Gene product

Phenotype

Reference

Lj-CYCLO PS* No formatiori1 (g arbqscules inL. 1(\I/I(istr}er et al., 120;)3 (,) Sy
Os-CYCLOPS Coiled-coil domain Japonicus and O. sativa . essinese <'3 al., 2007; Yano
. . Reduced numbers of arbuscules in et al., 2008; Horvath et al.,
Mt-IPD3 containing protein . L
M. truncatula , P. sativum, S. 2011; Ovchinnikova et al.,
Ps-SYM33 Iycopersicum 2011; Larkan et al., 2013)
SI-CYCLOPS yeop : ”
Mt-DELLAI
Mt-DELLA?2
Ps-LA GRAS transcription Intraradical colonization but very (Floss et al., 2013; Foo et al.,
Ps-CRY factors limited formation of arbuscules 2013; Yuetal., 2014)
Os-SLR1
Ps-NA Kaurenoic acid oxidase Increased colonization (Foo et al., 2013)
Mt-RAM1 * Cortical cell penetration and trunk (Gobbato et al., 2012, 2013;
Li-RAMI GRAS transcription factor  formation but almost no hyphal Rich et al., 2015; Park et al.,
J- branching 2015)
Ph-ATA
- Stunted arbuscules in Lj-radl
Lj-RADI GRAS transcription factor Reduced colonization in Mt-radl (Xue et al., 2015; Park et al.,
reduced number of arbuscules and 2015)
Mt-RAD1 . .
increased arbuscule degeneration
Os-DIPI * GRAS transcription factor RNAi: Reduced colonization (Yuetal., 2014)
Mt-NSPI GRAS transcription factor ~ Reduced colonization (Delaux et al., 2013)
Mt-NSP2 GRAS transcription factor  Reduced colonization (Maillet et al., 2011)
Os-AM18 GRAS transcription factor Reduced colonization (Fiorilli et al., 2015)
® GRAS transcription factor RNAi: Small and malformed (Heck et al., 2016)
Mt-MIG1 P arbuscules ”
Mt-LOM1 GRAS transcription factor RNAi: Reduced colonization (Couzigou et al., 2017)

Gm-NF-YAla/b

CCAAT-binding
transcription factor

RNAIi: Reduced colonization

(Schaarschmidt et al., 2013)

Mt-ERFI * AP2 Transcription factor ~ amiR: Collapsed arbuscules (Devers et al., 2013)
% . Suppression of premature arbuscule
Mt-MYBI MYB transcription factor degeneration in Me-pt4/myb] (Floss et al., 2017)
No arbuscule formation and reduced
Mit-VAPYR IN* MSP .ar?d ANK r.epeat— epidermal per%etrat.ion . (Pumplin et al., 2010;
Ph-PAMI containing protein Small protrusions into cortical cells ~ Feddermann et al., 2010)

in P. hybrida

Mt-VAMP721d/e

R-SNARESs/vesicle-
associated membrane
proteins

RNAI: Stunted arbuscules

(Ivanov et al., 2012)

Mt-EXO70 [* Exocyst complex protein Stunted arbuscules (Zhang et al., 2015b)
M1-SYPI324 * Qa-SNARE/syntaxin RNAi: Collapsed arbuscules (Pan et al., 2016)

. amiR: Increased number of
Lj-VTII2 Qb-SNARE collapsed arbuscules (Lota et al., 2013)
Mi-MSBPI Membrane-bound steroid- RNAi: Aberrant arbuscule (Kuhn et al., 2010)

binding protein

development
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Gene name Gene product Phenotype Reference
Mt—STR* (Zhang et al., 2(?_10; Gutjahr
Half-ABC transporter Stunted arbuscules et al., 2012; Kojima et al.,

Os-STR 2014)
Lj-STR

% ) .
Mt-STR2 Half-ABC transporter Stunted arbuscules (%gfm%g; ;;" 2010; Gutjahr
Os-STR?2 ctal,

% 3- .
Mt-RAM? g;igggsz phosphate acyl Collapsed arbuscules S[K;almgz (e)tla;l)., 2012; Keymer
Lj-RAM?2 -

Mt-Fat M* Acyl-(ACP) thioesterase Collapsed arbuscules (Bravo et al., 2016)
Lj-D IS* Ketoacyl-ACP synthase Collapsed arbuscules (Keymer et al., 2017)

Reduced intercellular hyphal

Lj-CERBERUS E3 Ubiquitin ligase clongation (Takeda et al., 2013)
Mt-PUBI E3 Ubiquitin ligase Increased colonization (Vernié et al., 2016)
M-Skl N P-like 1nt.egr al Increased number of infections (Penmetsa et al., 2008)
membrane protein
Mt-SUNN (Morandi et al., 2000; Krusell
Lj-HARI Leucine-rich repeat (LRR) Increased arbuscule formation in . et al., 2002; Nishimura et al.,
Ps-SYM29 receptor kinase sativum 2002; Searle, 2003; Schnabel
Gm-NARK et al., 2005)
SI-SUT2 Sucrose transporter RNAl.: 1n§:reased mycorrhizal (Bitterlich et al., 2014)
colonization
Lj-ShiM1 Subtilisin-like protease 1 \Ai: reduced colonization and b o o a1 2000)
decrease in arbuscule formation
Lj-ShtM3 Subtilisin-like protease RNA: reduced colonization gnd (Takeda et al., 2009)
decrease in arbuscule formation
Mt-SCPI # Serine carboxypeptidase FNAI malformed arbuscules (Rech et al., 2013)
silencing of many homologs
% .
Mt-PT4 Phosphate transporter Premature arbuscule degeneration Savzo(‘; le ;)al., 2007; Yang et
Os-PT11 >
_ * Phosphate transporter Small arbuscules (Yang et al., 2012)
Os-PT13
. (Krajinski et al., 2014; Wang
Mt-HAI ATPase Degenerating arbuscules ctal., 2014)
<% Ammonium fransporter Suppression of premature arbuscule  (Breuillin-Sessoms et al.,
Mt-AMT?2; 3 p degeneration in Mt-pt4/amt2;3 2015)
M- KINZ* protein kinase Reduced colonization (Bravo et al., 2016)
M- KIN3* protein kinase Reduced colonization (Bravo et al., 2016)
M- KIN5* ls(ei:::;e;threomne protein Reduced colonization (Bravo et al., 2016)
Mt-R FCb* Replication factor C Reduced colonization (Bravo et al., 2016)
Mt-CYT733A41 P450 enzyme Reduced colonization (Bravo et al., 2016)
Mit-PP2AB’1 * Protein phosphatase 2A Reduced colonization (Charpentier et al., 2014)
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*The genes marked with an asterisk are present exclusively in plants that form AM symbiosis and are not present in
non-hosts as described in Bravo et al. (2016). DIS, MIG1, MYB1, VAMP721d/e, PT13 and CERBERUS are AM
symbiosis-conserved genes but were not listed in Bravo et al. (2016) because the criteria used by these authors to
define AM symbiosis conserved genes were exceptionally stringent and required broad conservation in monocot hosts
including grass and non-grass monocot hosts. DIS, MIG1, MYBI1, VAMP721d/e, PT13 and CERBERUS are present
in either grass or non-grass monocot hosts but not in both of these groups.

When a phenotype was reported from a knock-down of the gene, the method used is reported as: RNAi, RNA
interference; VIGS, virus-induced gene silencing; amiR, artificial microRNA.
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