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Arbuscular mycorrhiza is a mutually beneficial symbiosis between the majority of
land plants and fungi from the subphylum Glomeromycotina resulting in the transfer of
phosphates and other nutrients from fungi to plants in exchange for photosynthates.
Throughout the interaction, arbuscular mycorrhizal (AM) fungi form several inter- and
intracellular structures within plant roots, including arbuscules inside the cells of the inner
root cortex, which are the site of nutrient exchange. Both plants and AM fungi release
signaling molecules, reviewed in Chapter 1, that initiate signaling pathways leading to the
cellular changes necessary for symbiosis. Two major types of AM fungal signaling molecules
are short-chain chitooligosaccharides and lipochitooligosaccharides, which are both glucan
oligomers. Additionally, AM fungal walls contain chitin and other glucan molecules that must
come into close contact with plant cell membranes. Plant LysM receptors bind to chitin and
other glucans at the cell membrane and trigger a ligand-specific signaling response, either for
defense or symbiosis. Thus, I hypothesize that certain plant LysM proteins are important for
AM symbiosis. Throughout this work, I utilized Agrobacterium rhizogenes-mediated root
transformation of Medicago truncatula for RNA silencing, described in Chapter 2, and other
expression and localization studies. In Chapter 3 I targeted LysM receptor-like kinases that
may participate in relaying fungal signals via their intracellular kinases. In Chapter 4 I
characterized small Medicago LysM proteins that surround arbuscules and may be important
for both arbuscule development and degeneration. Finally, in Chapter 5 I characterized a

small effector-like LysM protein from the AM fungus, Rhizophagus irregularis, which is
under positive selection and can bind to chitin and chitosan. Despite their specific expression,
intriguing localization, and subtle effects on colonization as a result of mutation or overexpression, none of the Medicago LysM proteins proved essential for AM symbiosis, likely
due to redundancy within their gene families. Deletion of multiple genes at once still does not
disrupt the interaction. Such robustness is not surprising in light of 300 million years of a
symbiotic relationship growing ever more stable throughout evolution.
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CHAPTER 1

SIGNALING EVENTS DURING INITIATION OF ARBUSCULAR MYCORRHIZAL
SYMBIOSIS1

Abstract
Under nutrient-limiting conditions plants will enter into symbiosis with arbuscular
mycorrhizal (AM) fungi for the enhancement of mineral nutrient acquisition from the
surrounding soil. AM fungi live in close, intracellular association with plant roots where they
transfer phosphate and nitrogen to the plant in exchange for carbon. They are obligate fungi,
relying on their host as their only carbon source. Much has been discovered in the last decade
concerning the signaling events during initiation of the AM symbiosis, including the
identification of signaling molecules generated by both partners. This signaling occurs
through symbiosis-specific gene products in the host plant, which are indispensable for
normal AM development. At the same time, plants have adapted complex mechanisms for
avoiding infection by pathogenic fungi, including an innate immune response to general
microbial molecules, such as chitin present in fungal cell walls. How it is that AM fungal
colonization is maintained without eliciting a defensive response from the host is still
uncertain. In this review we present a summary of the molecular signals and their elicited
responses during initiation of the AM symbiosis, including plant immune responses and their
suppression.

This chapter is published as Schmitz, AM and Harrison, MJ (2014) Signaling events during initiation of
arbuscular mycorrhizal symbiosis. J Integr Plant Biol. 56:250-61.
1
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Introduction
In soils depleted of mineral nutrients, plants have adapted microbial relationships for
the enhancement of nutrient acquisition. In particular, phosphate and nitrogen acquisition is
improved through a symbiotic association of plant roots with fungi from the phylum
Glomeromycota, called the arbuscular mycorrhizal (AM) symbiosis (Smith and Read 2008).
Additionally, plants from the Leguminosae family, and a few select others, have developed
mechanisms for association with nitrogen-fixing rhizobia which induce the formation of a
new organ, the nodule, in roots (Recently reviewed in Oldroyd et al. 2011). These
mechanisms have been studied extensively, and interestingly many of the genes presumed to
have been acquired to accommodate rhizobia have been shown also to be indispensable for
AM symbiosis (Oldroyd 2013). The genes shared between these two symbioses make up what
is referred to as the common symbiosis signaling pathway (CSSP). As a result, a better
understanding of the rhizobial symbiotic mechanisms has facilitated discoveries of AM
mechanisms; however, this approach may also bias hypotheses. Although plants employ
similar mechanisms for the accommodation of both microbes, these symbioses have their
inherent differences as well, which may be hidden by the expectation of similarities (Parniske
2000). Even while accommodating beneficial microbes, plants must be constantly prepared to
deal with harmful microbial interactions, preempting them through recognition of microbe
associated molecular patterns (MAMPs) leading to MAMP-triggered immunity (MTI) (Jones
and Dangl 2006). In a time of nutrient stress, AM fungi and their plant hosts have developed
strategies to avoid this pathogen response, without compromising innate defense against other
pathogens. How exactly this happens has yet to be determined, but many clues have been
found through understanding and comparing the different types of associations.
AM fungi are obligate endosymbionts, forming living structures within the cells of
host roots. The fungus obtains its carbon from the host plant while providing nutrients,
especially phosphate (Pi) and nitrogen, in return. This intimate interaction is obligatory for the
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fungus, which can only assimilate carbon taken from a host plant (Smith and Read 2008).
Despite an apparent lack of sexual reproduction, AM fungi have been around for at least 460
million years, evidenced by fossils with AM fungi in the earliest land plants, as well as fossils
of AM spores and hyphae that may predate plant colonization of land (Redecker 2000; Remy
et al. 1994; Simon et al. 1993). These discoveries have further led to the hypothesis that AM
fungi may have assisted plants in their movement into the harsh land environment (Bonfante
and Genre 2008; Pirozynski and Malloch 1975), which is further supported by phylogenetic
analyses of three genes required for AM, showing that the genes were likely present in the
common ancestor to all land plants (Wang et al. 2010). An estimated 80% of land plants
harbor AM fungi in their roots and this includes most major crop species, making these fungi
especially important for the maintenance of food security around the world. Recent
discoveries of possible mycorrhiza-induced resistance add to this relevance (Jung et al. 2012;
Liu et al. 2007; Pozo and Azcón-Aguilar 2007). Unfortunately Arabidopsis thaliana, possibly
the most intensively studied model plant, does not form associations with AM fungi.
Upon sensing a host root a fungal hypha differentiates into a flattened structure, called
a hyphopodium, which adheres to the root epidermis (see Figure 1-1). The underlying root
cell actively prepares for penetration by reorganizing its cytoplasm into a column across the
cell, called the pre-penetration apparatus (PPA), which directs the future path of the fungus
(Genre et al. 2008, 2005). The fungus begins to penetrate as the plant plasma membrane
invaginates and cell wall is deposited, surrounding the fungal hypha as it travels through a cell
(Genre et al. 2012). This newly formed membrane is called the perifungal membrane. In the
root cortex, fungal hyphae differentiate into highly branched structures called arbuscules, the
predicted primary site of nutrient exchange between the two organisms (Bonfante and Genre
2010; Harrison 2012; Parniske 2008). The plant membrane surrounding an arbuscule, called
the periarbuscular membrane (PAM), contains AM-specific Pi transporters that transport Pi
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Figure 1-1: Sketch of AM fungal-plant signaling and colonization of a plant root. An AM
fungal spore (s) germinates near a root, and 2OH-C14:0 fatty acids (green haze) induce
elongated lateral branches (lb). Closer to the root, hyphae sense strigolactones (blue haze) and
branch more complexly at higher orders. Upon sensing fungal signaling molecules (yellow
haze) the plant secretes cutin monomers (purple haze), likely inducing hyphopodium (h)
formation. After penetration of epidermis, the fungus travels through the cortex continuing to
produce signaling molecules, penetrating individual cortical cells for the formation of highly
branched arbuscules (a).
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released from the fungus into the cortical cell (Javot et al. 2007a; Kobae and Hata 2010). An
AM fungal hexose transporter has been detected in arbuscules, but also intercellular hyphae,
indicating that uptake of carbon by the fungus may not be specifically occurring via the PAM
(Helber et al. 2011). After 4-5 days the arbuscule begins to degenerate, and as the fungus
disappears, the host cell returns to its pre-fungal state, eventually viable for new colonization
(Bonfante-Fasolo 1984; Pumplin and Harrison 2009). As the fungal hyphae grow through the
root cortex they continue to enter cortical cells and form arbuscules, creating an array of
colonized cells with arbuscules at a variety of developmental stages. Outside the roots the
fungus exists in a web of extraradical mycelia, which pick up nutrients from the rhizosphere
and beyond the depletion zone to be transferred to its host (Govindarajulu et al. 2005; Javot et
al. 2007b).
As a fungus comes into close contact with a plant cell, MAMPs and other released
molecules can act as signals to the host. AM fungal germinating spore exudates (GSE) have
been shown to elicit a variety of responses from potential hosts (Bonfante and Requena 2011).
At the same time, AM fungal cell walls contain chitin, which is also a strong elicitor of plant
innate immunity (Bonfante-Fasolo et al. 1990; Kaku et al. 2006). As a first line of defense,
plants have developed an innate immune response in which receptors on the surface of a plant
cell recognize MAMPs, such as chitin, released by microbes. This recognition elicits defense
reactions, such as the release of chitinases, phytoalexins, reactive oxygen species (ROS), and
molecules for cell-wall strengthening (Hamel and Beaudoin 2010). MAMPs are generally any
molecule that is associated with a given class of microbes, such as bacteria or fungi, including
non-pathogenic organisms. Some of the more broadly recognized MAMPs include bacterial
lipopolysaccharides, flagellin and peptidoglycan, and fungal chitin (Boller and He 2009;
Schwessinger and Ronald 2012). These microbial signatures elicit responses in the host plant
through interactions with extracellular receptors, which then transduce a signal ultimately
resulting in the induction of defense-gene transcription. Many microbes have developed
5

mechanisms for avoiding host MTI, such as decorating their structural molecules, or secreting
effector proteins that directly inhibit or modify the defense signaling pathway (Schwessinger
and Ronald 2012). Evidence that an initial defense response is mounted by the plant, but
quickly dampened has been in the literature for decades (Harrison and Dixon 1993; Kapulnik
et al. 1996; Liu et al. 2003); however, how it is that AM fungi do not continuously elicit MTI,
considering the plethora of chitin in their cell walls, is still a mystery. Ultimately, AM fungi
persist inside roots, where their maintenance greatly enhances the Pi status of their host.

Molecules secreted from plant roots are signals for AM fungi
Plants have evolved several mechanisms for obtaining Pi under limiting conditions.
Morphological changes increase root surface area via root hair growth and lateral root
development (Péret et al. 2011), while the secretion of organic acids and phosphatases free Pi
from complexes in the surrounding soil (Plaxton and Tran 2011). Alternatively, plants
associate with AM fungi, which in a sense increase the surface area by which plants can take
up nutrients, as their extraradical mycelia extend beyond the depletion zone of the rhizosphere
(Javot et al. 2007b). Pi deficiency is sensed locally and systemically, and the plant’s responses
involve several signaling pathways. Many plant hormones are involved in the structural
responses to Pi deficiency, including strigolactones (Czarnecki et al. 2013), which are
considered primary signals for initiating AM symbiosis and possibly enhance lateral root
growth under low Pi conditions (Ruyter-Spira et al. 2013). Strigolactones are generated in the
roots and can travel through the xylem to the shoots where they modify aboveground
architecture for efficient Pi utilization, primarily through the inhibition of shoot branching and
tiller formation (Brewer et al. 2013; Gomez-Roldan et al. 2008; Kohlen et al. 2011; Umehara
et al. 2010, 2008). Strigolactones were first identified as the germination signal for the
parasitic plants of Striga and Orobanche species, and through these studies they were
determined to be terpenoid lactones derived from the carotenoid pathway (Jamil et al. 2010;
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Matusova et al. 2005); however, more recent identification of strigolactone as a signal for AM
fungi has revealed an important role for the hormone in AM symbiosis.
Prior to the discovery of strigolactone, its effects on AM fungi were attributed to an
elusive “branching factor”. Early studies showed AM fungal hypha approaching a host plant
root will branch extensively as it comes into contact with the root surface, presumably due to
contact with host root exudates (Bécard and Fortin 1988; Giovannetti et al. 1993), and that
this branching can be inhibited by high Pi in the rhizosphere (Nagahashi et al. 1996). This
branching factor was further shown to induce germination of AM fungal spores, as well as
mitosis, increased mitochondrial gene expression and proliferation, and fungal respiration
(Buee et al. 2000; Tamasloukht et al. 2003). Furthermore, Buee et al. (2000) showed that nonhost plant root exudates were inactive. More recently the branching factor has been identified
as strigolactone, which can induce many of the same changes as host root exudates (Akiyama
et al. 2005; Besserer et al. 2008, 2006); however, a synthetic strigolactone GR24, commonly
used for the investigation of the hormone’s function, does not induce the same transcriptional
responses as seen for root exudates (Besserer et al. 2008), implying that other stimulating
factors may exist in the exudates and/or GR24 does not fully mimic the cocktail of
strigolactones produced by a single plant species (Xie and Yoneyama 2010). Further evidence
for other important factors comes from the observation of two very different hyphal branching
patterns (see Figure 1-1), which have been specifically induced by different alcohol soluble
fractions of carrot root exudates (Nagahashi and Douds 2007). While one of these branching
patterns resembles a higher order complex branching induced by strigolactones in close
proximity to a root (Akiyama et al. 2005), the other involves an increase in elongating lateral
branches off the primary hyphal germ tube, and has recently been shown to be induced by 2hydroxy tetradecanoic acid (2OH-C14:0) (Nagahashi and Douds 2011; Nagahashi et al.
2010).
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Strigolactone production is induced by low Pi conditions, and its biosynthesis from
carotenoids is initiated by two carotenoid cleavage dioxygenases CCD7 and CCD8
(Yoneyama et al. 2007a, 2007b). Mutant analysis has further shown the importance of
strigolactone biosynthesis genes for the AM symbiosis. Root exudates from Pea ccd8 and
ccd7 mutants were greatly reduced in their promotion of fungal hyphal branching, and the
mutants themselves were much less colonized by AM fungi. Both hyphal branching and AM
colonization were partially restored by GR24 application (Gomez-Roldan et al. 2008). In
tomato, AM fungi were able to colonize ccd7 at normal levels, but with a lower density of
arbuscules, as well as reduction of AM-induced apocarotenoids (a class of terpenoids
necessary for maintaining late-stage AM (Floss et al. 2008)), implicating an involvement of
CCD7 in arbuscule formation and maintenance (Vogel et al. 2010). Another tomato
strigolactone-deficient mutant, sl-ort1, was shown to have reduced SlCCD7, but not SlCCD8,
transcript, as well as a decrease in AM colonization rates and hyphal branching as induced by
root exudates (Koltai et al. 2010). In pea, the ccd8 mutant was poorly colonized by AM fungi,
and despite low Pi or N levels, no strigolactones were detected in either ccd8 or ccd7 mutants
(Foo et al. 2013). Recently an ATP-binding cassette (ABC) transporter, PDR1, from Petunia
hybrida has been shown to be necessary for normal accommodation of AM fungi. Expression
and mutant analyses indicate that PDR1 is a strigolactone exporter specific to roots, and
functions in both the exudation of strigolactones from roots, especially under low Pi
conditions, as well as maintaining and promoting intercellular colonization, as evidenced by
retarded expansion of fungal colonization units (Kretzschmar et al. 2012). All of these reports
taken together strongly connect the biosynthesis and secretion of strigolactones directly to the
promotion of AM symbiosis.
Very recently, cutin monomers, ω-OH C16 fatty acids, were identified as a third class
of AMF-stimulating factors. Mutants of a Medicago GRAS-family transcription factor,
RAM1, as well as its identified target, RAM2 were almost completely blocked in AM
8

formation, with much fewer hyphopodia and almost no intraradical hyphae as compared to
wild type roots (Gobbato et al. 2012; Wang et al. 2012). RAM2, a glycerol-3-phosphate acyl
transferase (GPAT) is similar to the Arabidopsis GPAT6, which functions in cutin deposition.
Most importantly, the addition of cutin monomers could complement the ram2 mutant (Wang
et al. 2012). Interestingly, two oomycete pathogens were also blocked in their ability to form
appressoria in the ram2 mutant. While colonization by both AM fungi and the oomycetes
induced expression of RAM2, oomycete infection was unaffected in the ram1 mutant,
implicating at least two signaling pathways for the induction of RAM2 and cutin release
(Gobbato et al. 2013; Wang et al. 2012). The ability of cutin monomers to complement ram2
indicates that RAM2 is promoting hyphopodia formation through the production of a
chemical signal rather than a physical change in the cell surface (Wang et al. 2012). This
conclusion is further supported by evidence showing that plant-derived cutin monomers are
able to induce filament and appressoria formation of the biotrophic pathogen, Ustilago maydis
on maize (Mendoza-Mendoza et al. 2009), as well as appressoria formation of the
hemibiotroph, Magnaporthe grisea on rice (Gilbert et al. 1996; Wilson and Talbot 2009).

Diffusible factors from AM fungi elicit responses in plant roots
A germinated AM fungal spore in the soil can live off its reserve of lipids for only a
few days before it must find a host. In the absence of a host root, a germinated spore will
pause growth, possibly due to the lack of plant signals, and retract hyphal cytoplasm for use in
another germination attempt later (Logi et al. 1998; Smith and Read 2008). The first evidence
that AM fungi produce diffusible signals active on plant roots came from experiments
showing that hyphae separated from a plant root by a cellophane membrane were able to
induce expression of the early nodulation gene, MtENOD11, in lateral roots, despite a lack of
physical contact between the two organisms (Kosuta et al. 2003). Previous studies had shown
that colonization by Gigaspora rosea and three Glomus species induced expression of
9

MtENOD11 in epidermal and cortical cells associated with hyphal penetration, or arbuscule
formation (Chabaud et al. 2002; Journet et al. 2001). Additionally, application of rhizobial
nodulation factors (NF), specific lipochito-oligosaccharide (LCO) signals secreted by
rhizobia, to Medicago roots is able to induce expression of MtENOD11, which had led Kosuta
et al. (2003) to hypothesize the same might be true for a diffusible AM fungal signal. They
went on to show that MtENOD11 expression induced by a diffusible AM signal was not
dependent on DMI1, DMI2, or DMI3 of the CSSP, while previous studies had shown these
genes to be necessary for MtENOD11 induction by NF from the Medicago-compatible,
Sinorhizobium meliloti (Catoira et al. 2000).
MtDMI1 (POLLUX in Lotus japonicus) encodes a cation-permeable channel and
MtDMI2 (SYMRK in Lotus) encodes a leucine-rich repeat receptor-like kinase (LRR-RLK).
Both are upstream in the CSSP from DMI3, a calcium- and calmodulin- dependent protein
kinase (CCaMK in Lotus) (Oldroyd 2013). Previously the expression of MtENOD11 during
G. rosea hyphopodium formation was shown to be completely absent in the dmi2 mutant
(Chabaud et al. 2002), in contrast to the results from Kosuta et al. (2003), which suggests that
MtENOD11 may be induced via different signaling pathways depending on the stage of AM.
Kosuta et al. (2003) further showed that two pathogenic fungi and an oomycete do not induce
MtENOD11 expression, indicating that the diffusible signal(s) is not a general fungal
characteristic. In a similar experiment, transcript analysis of Medicago roots separated by a
nitrocellulose film from germinating Glomus mosseae spores showed an increase in
expression of several genes involved in signal transduction, transcription, and translation. In
contrast to MtENOD11, pre-symbiotic induction of these genes was dependent DMI3, but
DMI1 and DMI2 were not tested (Weidmann et al. 2004). Similarly a diffusible factor from
Glomus intraradices hyphae was shown to induce expression of four genes from Medicago
during hyphopodium formation, with varying dependency on DMI2 (Kuhn et al. 2010). One
of these genes, MtMSBP1, was further shown to be necessary for normal hyphopodium
10

formation. The observed differences in DMI-dependency of gene-induction by NF, diffusible
fungal signals, and hyphopodium formation strongly supports a hypothesis for multiple
signaling pathways, as well as potential for multiple diffusible signals from AM fungi.
In addition to induction of MtENOD11 expression, a diffusible factor from
germinating AM fungal spores, but not those of three pathogens, was shown to stimulate
lateral root formation (LRF) in Medicago. This was dependent on DMI1 and DMI2, but not on
DMI3 (Oláh et al. 2005). S. meliloti NF was also able to stimulate LRF, but required all three
DMI. Interestingly, NF application also increased mycorrhizal colonization. Later studies
further showed that germinating spore exudates (GSE) are also able to stimulate LRF in the
monocots rice and maize. Rice forms two types of lateral roots, only one of which AM fungi
are able to colonize, and likewise the GSE only stimulated formation of these lateral roots, but
completely independently of all three DMI homologs (Gutjahr et al. 2009; Mukherjee and
Ané 2011), indicating that lateral root formation as induced by an AM diffusible signal occurs
via a separate signaling pathway in rice.
As a third line of evidence for AM diffusible signals, germinating spores are able to
elicit transient changes in a plant cell’s cytosolic Ca2+ prior to contact. Constitutively released
signals from spores induced a transient spike in cytosolic Ca2+ of soybean cell cultures, but
not in Arabidopsis cells (Navazio et al. 2007). A rapid cytosolic Ca2+ influx can also occur in
response to some pathogenic fungi, likely due to MTI in response to chitin in their cell walls.
Navazio et al. (2007) distinguished the AM GSE-induced Ca2+ spiking from a chitin-induced
Ca2+ influx by showing a completely different Ca2+ signal from chitinous AM fungal spore
fragments, as well as ROS production, which was not induced by the diffusible signals. In
contrast to soybean cell cultures, Medicago roots close to highly branched AM fungal hyphae
displayed an irregular oscillatory Ca2+ response dependent on DMI1 and DMI2, but not DMI3
(Kosuta et al. 2008). Interestingly, only highly branched hyphae induced the Ca2+ oscillations,
implying that plant exudates responsible for the branching are necessary for these oscillations,
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although they did not test GSE. A more recent study has shown Ca2+ oscillations in carrot and
Medicago root organ cultures (ROC), two AM host systems that are unable to associate with
rhizobia, in response to both GSE as well as hyphopodia formation. Notably, the authors
demonstrated that this nuclear Ca2+ spiking occurs independently of the NF receptor gene in
Medicago, NFP, implying that these signals are acting through a receptor other than NFP
(Chabaud et al. 2011). As before, they were still dependent on both DMI1 and DMI2, but not
DMI3. These results further hint at the possibility for at least two different signaling pathways
in response to fungal factors. In summary, a diffusible signal(s) from AM fungi is able to
induce gene expression, as well as stimulate both LRF and irregular Ca2+ oscillations prior to
fungal-root contact. The involvement of the CSSP in this signaling varies depending on the
measured outcome, as well as the species of host plant, implying that more than one AM
fungal diffusible signal exists, as well as multiple signaling pathways for these signals in the
host (Summarized in Table 1).

An AM fungal signaling molecule resembles rhizobial Nod Factors
Consistent with the hypothesis for multiple diffusible signals from AM fungi, two
different signals have been recently identified: LCOs, which very closely resemble NF
(referred to as Myc-LCO) (Maillet et al. 2011), and short-chain chitin oligomers (COs), most
active as CO4 and CO5 (Genre et al. 2013). Myc-LCOs were purified from sterile exudates of
mycorrhizal carrot roots, as well as GSE of G. intraradices, and were identified as signals by
their induction of MtENOD11 expression in Medicago plants, as well as stimulation of roothair branching in Vicia sativa, a bioassay typical for NF characterization (Maillet et al. 2011).
The exudates were shown to contain a mixture of LCOs with a tetrameric CO backbone
decorated with an N-acyl substitution of C16:0 or C18:1 fatty acid, and an O-sulfate (s) or
non-sulfated (ns). Specifically, sMyc-LCOs were found in both sources, while nsMyc-LCOs
were only isolated from mycorrhizal carrot roots. Due to the low yields of purified Myc12
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LCOs, synthetic Myc-LCOs were engineered in bacteria for the purpose of determining their
function. These synthetic Myc-LCOs stimulated both AM colonization and LRF of a legume
(Medicago) and two non-legumes (Tagetes patula and Daucus carota). nsMyc-LCOs were
somewhat better stimulators of AM colonization while sMyc-LCOs were 100 times better
stimulators of LRF; however, a mixture of s/nsMyc-LCOs was best at stimulating both
responses (Maillet et al. 2011). Interestingly, sMyc-LCOs are very similar to NF from S.
meliloti, the only differences being the lack of an O-acetyl decoration and a slightly different
fatty acid (Oldroyd et al. 2001). This is not surprising considering that Myc-LCOs were
actively sought after based on the hypothesis that they would look like NF. Certain rhizobia
have also been shown to produce a mixture of sulfated and non-sulfated NF (Pueppke and
Broughton 1999), and while NF is normally a determinant of host-rhizobia specificity,
mixtures of different NF may help broaden the host-range. A mixture of simple LCOs may
similarly lend AM fungi their extremely broad host range; however, it is important to
remember that Myc-LCOs have thus far only been purified from one AM fungus, and tested
on only a few potential hosts. The transcriptional responses in Medicago to each s and nsMycLCO and to a 1:1 mixture were compared to each other as well as to those of S. meliloti NF
(Czaja et al. 2012). All four treatments induced unique transcription profiles, notably even the
s/ns mixture as compared to each Myc-LCO alone, indicating that a mixture of the two MycLCOs (which may be the more realistic signal) is necessary for the activation of certain AM
genes. This phenomenon has been shown previously as the induction of ENOD2 in Glycine
soja by NF requires a combination of at least two different NF structures (D’Haeze and
Holsters 2002; Minami et al. 1996). Furthermore, two structurally different NF from
Sinorhizobium meliloti nod gene mutants elicited different physiological responses in alfalfa,
hypothesized to correspond to recognition of a specific signal for entry, and a non-specific
signal for the further induction of developmental plant responses. Although these differences
were engineered, they demonstrate multiple roles for NF signaling throughout the symbiosis
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as dependent on its molecular structure (Ardourel et al. 1994). A similar role can easily be
envisioned for the different Myc-LCOs identified (Czaja et al. 2012).
In addition to the transcriptional changes, the primary morphological change induced
by Myc-LCOs is LRF, which was shown to be dependent on all three DMI proteins, as well as
a GRAS-family transcription factor, NSP2 downstream from the DMI signaling in the CSSP.
Additionally, the stronger sMyc-LCO-induced root branching was dependent on a second
downstream GRAS transcription factor, NSP1, which was previously thought to be important
only for rhizobial symbiosis, but recently shown to play a role in AM symbiosis as well
(Delaux et al. 2013). In the absence of NSP1, the amount of root branching stimulated by
sMyc-LCO was reduced to the level stimulated by nsMyc-LCO, which was the same with or
without NSP1 (Maillet et al. 2011), indicating the existence of two pathways leading to LRF.
Both Myc-LCOs, their mixture, and NF induce expression of NSP1 and NSP2, and both NSP1
and NSP2 are required for the production of the main strigolactones produced by rice and
Medicago (Czaja et al. 2012; Delaux et al. 2013; Liu et al. 2011). While mtnsp2 plants are still
able to produce orobanchol, a precursor to the main strigolactone in Medicago, mtnsp1 plants
do not produce any strigolactones (Liu et al. 2011), implicating either a strigolactoneindependent mechanism for the LRF in mtnsp1, or an NSP1-independent mechanism for
strigolactone biosynthesis induced by Myc-LCOs. Although Myc-LCOs can induce LRF in
the absence of NSP1, this weaker LRF requires RAM1, the transcription factor necessary for
the putative cutin signaling. RAM1 was not necessary for the stronger LRF induced by NF,
but sMyc-LCOs were not tested (Gobbato et al. 2012). The involvement of RAM1 in the
weaker LRF further implies two signaling pathways for Myc-LCO-induced responses: one
involving the association of NSP2 with NSP1, and another involving NSP2 and RAM1.
Considering both RAM1 and RAM2 are necessary for the continuation of AM after entry, and
possibly for arbuscule formation, Myc-LCO stimulation of overall AM root colonization may
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also signal through the NSP2/RAM1 pathway (Gobbato et al. 2013). Furthermore, RAM1 and
RAM2 do not seem to be necessary for normal rhizobial symbiosis (Wang et al. 2012).
Analysis of Myc-LCO-induced gene transcription in the dmi3 mutant showed that
73% of the gene expression changes depend on DMI3. Of these DMI3-dependent genes,
several were still induced independently of NSP1, further supporting an NSP1-independent
signaling pathway for Myc-LCOs (Czaja et al. 2012). Of the Myc-LCO-induced gene
expression changes, 95% was dependent on MtNFP, which was consistent with a lack of any
LRF in the mtnfp mutant (Czaja et al. 2012; Maillet et al. 2011); however, this was
inconsistent with the findings from Olah et al. (2005) in which GSE do not depend on NFP
for stimulation of LRF, implying that another diffusible AM signal may also stimulate LRF,
but through a different receptor. MtNFP, which is necessary for NF-induced morphological
changes during nodulation (Ben Amor et al. 2003), is a membrane localized LysM ReceptorLike-Kinase (LysM-RLK) with an extracellular LysM domain containing three lysin motifs, a
transmembrane domain, and an intracellular inactive kinase. In Medicago the LysM-RLK
family is greatly expanded, with two phylogenetic groups characterized by an active or
inactive kinase (Arrighi et al. 2006). An additional LysM-RLK, MtLyk3 is necessary for
initiation of the rhizobial symbiosis, and predicted to act as the entry receptor (Catoira et al.
2001; Limpens et al. 2003; Smit et al. 2007); however MtLyk3 was shown to be dispensable
for Myc-LCO-induced LRF (Maillet et al. 2011). Despite the dependence of Myc-LCOinduced gene expression and LRF on NFP, the mtnfp mutant appears to have normal AM
colonization morphology (Ben Amor et al. 2003), although this remains to be examined more
closely. For example, two other symbiosis mutants, mtnsp2 and mtnsp1 were both thought to
show normal AM colonization until the early stages of AM were examined more closely in
the mutants, or lower amounts of spore inoculum were used (Delaux et al. 2013; Maillet et al.
2011).
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Of special note is the inability of nsMyc-LCO to induce MtENOD11 expression.
MtNFP is required for sMyc-LCO and NF-induced expression of MtENOD11, but also the
nsMyc-LCO-stimulated LRF (Maillet et al. 2011). NSP2 and NSP1 have been shown to
directly regulate MtENOD11 expression, while NSP2 and RAM1 are necessary for the nsMycLCO-stimulated LRF, implicating a separate signaling pathway (and possibly separate signal)
for partitioning of the NFP response to s and nsMyc-LCOs through different NSP2
interactors, such as NSP1 and RAM1. Such a promiscuous role for NFP has been
demonstrated by its non-specific recognition of many different NF, while Lyk3 has been
shown to apply the NF stringency for entry (Bensmihen et al. 2011; Smit et al. 2007). In
addition to its role in early responses to NF, NFP, and its perception of NF, has been shown to
play a later role in morphological changes in the rhizobial symbiosis (Bensmihen et al. 2011;
Rival et al. 2012). While transcript induction by NF reached its maximum after 24 hours,
induction by Myc-LCOs as compared to NF, began to drop off after only 6 hours, (Czaja et al.
2012). While this supports a more continuous role for NF throughout the rhizobial symbiosis,
this continuation may be dependent on the receptor, such that continued signaling for MycLCOs may require a receptor to be induced as the symbiosis progresses. Recently, the MtNFP
paralog, MtLyr1 has been shown to be specifically induced in cortical cells containing
arbuscules (Gomez et al. 2009; Hogekamp and Küster 2013); however, thus far, no
phenotypic difference in AM has been reported for an mtlyr1 mutant. The tropical tree
Parasponia andersonii is one of the few non-legumes able to enter into symbiosis with
rhizobia, as well as AM fungi, and interestingly only contains one ortholog of NFP (Op den
Camp et al. 2011). Remarkably, PaNFP RNAi roots were not only deficient in nodule
formation (fewer and underdeveloped) by rhizobia, but also blocked in arbuscule formation;
however, overall hyphal infection was not significantly reduced. PaNFP may represent a
single AM signaling receptor that has become redundant in nodulating legumes through the
evolutionary expansion of the NF receptor clade, but later independently co-opted by the
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Parasponia-rhizobial symbiosis (Arrighi et al. 2006; Op den Camp et al. 2011; Streng et al.
2011). Additionally, the block of AM colonization prior to arbuscule formation in PaNFP
RNAi roots further implicates a role for a receptor, and likely AM signals, throughout the
symbiosis. Although the PaNFP RNAi roots had levels of hyphal colonization comparable to
the control, number of hyphopodia were not reported, implying that closer examination may
be necessary to observe initiation effects, as it was for implicating NSP1 and NSP2 in the AM
symbiosis.

Chitin oligomers define a second AM fungal signaling molecule
The discovery of Myc-LCOs further demonstrates the parallels between the AM and
rhizobial symbiosis, adding NFP and its homologs to the CSSP, as well as providing further
evidence for the evolutionary co-option of AM signaling by rhizobia (Streng et al. 2011).
However, evidence from experiments using GSE still pointed to AM fungal molecules that
induce responses independently of NFP, as was the case for Ca2+ signaling from Gigaspora
margarita GSE (Chabaud et al. 2011). Based on the inhibition of GSE-induced Ca2+ spiking
by chitinase treatment, the diffusible AM fungal signals were predicted to be chitin
oligosaccharides (Genre et al. 2013). The authors went on to test the ability of various length
COs to elicit Ca2+ spiking in atrichoblasts of ROC. They found that CO4 and CO5 were the
best elicitors, and that their Ca2+ spiking patterns resembled the irregular spiking induced by
GSE. Furthermore, they showed that the spiking was dependent on DMI1 and DMI2, but
independent of NFP. Immediately this would distinguish a CO4/5 signaling pathway from the
Myc-LCO signaling pathway, implying a second receptor also dependent on part of the CSSP.
The addition of GR24 to germinating spores preferentially increased the levels of CO4 and
CO5 in GSE, as well as the GSE-induced Ca2+ spiking in ROC (Genre et al. 2013). The
selective boost of CO4/5 indicated that this was not simply a result of increased metabolic
activity such as that induced by strigolactones (Besserer et al. 2008). Both NF and s/nsMyc18

LCOs were tested for their ability to elicit Ca2+ spiking in atrichoblasts of wild type and mtnfp
mutant ROC. In either ROC genotype, NF and sMyc-LCO were only able to elicit Ca2+
spiking at exceedingly high concentrations, while a lower concentration of nsMyc-LCO was
able to induce a low level of irregular spiking (Genre et al. 2013). Chabaud et al. 2011 had
previously shown that NF are unable to induce Ca2+ spiking in ROC, as opposed to roots of
whole plants where they elicit a regular spiking; however, NF elicits absolutely no spiking in
the mtnfp mutant (Ben Amor et al. 2003; Genre et al. 2013). CO4/5 were confirmed to induce
irregular spiking in both wild type and mtnfp whole plant roots; however, whether or not
Myc-LCOs are able to induce Ca2+ spiking in the roots of whole plants, as opposed to ROC
like NF, remains to be determined. The ability of CO4/5 to elicit irregular Ca2+ spiking had
been studied previously for the purpose of analyzing requirements for NF structure (Oldroyd
et al. 2001; Walker et al. 2000). Although a role for CO4/5 in symbiotic fungal signaling had
not been envisioned, their elicitation of Ca2+ spiking was shown to be dependent on the CSSP,
and in the case of Walker et al. (2000), it was further dependent on the pea NFP homolog,
SYM10 even at a 100-fold higher concentration than in Genre et al. (2013). This dependence
on PsSYM10, as opposed to independence of MtNFP, reiterates how the degree of crosstalk
among the different signaling pathways discussed above can depend greatly on the species of
host plant, and possibly also on the AM fungal species. To fully understand the mechanisms
underlying these pathways, they must be studied with a variety of both plant and fungal
species.
How plants are able to distinguish CO’s from symbionts from those of pathogens can
only be speculated. GSE from the Medicago hemibiotrophic pathogen Colletotrichum trifolii
were shown to contain CO4 at levels comparable to those of G. rosea GSE; however, C.
trifolii GSE were not able to elicit Ca2+ spiking, even with co-application of exogenous CO4
(Genre et al. 2013). This last result implies that an inhibitor or competitor for the CO4induced Ca2+ signaling exists in the C. trifolii GSE. Amounting evidence points to a role for
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symbiotic signaling in suppression of plant innate immunity (Zamioudis and Pieterse 2012).
Like the putative receptors for NF, the chitin receptor responsible for MTI against fungal
pathogens, CERK1 in Arabidopsis, is also a LysM-RLK. In direct contrast to a CO4/5
receptor for symbiotic signaling, a rice plasma membrane chitin receptor has been shown to
preferentially bind CO8, versus other COs, with extremely high affinity (Shibuya et al. 1996).
It was recently shown that the CO8 molecule is necessary for dimerization of AtCERK1,
which is further necessary for the chitin-related defense responses, including the production of
reactive oxygen species (ROS) (Liu et al. 2012). One explanation for why C. trifolii GSE do
not induce Ca2+ spiking is that this response is inhibited by chitin-elicited MTI; however, AM
fungi have plenty of chitin in their cell walls, so they must somehow down-regulate chitinelicited MTI. Interestingly, Liu et al. (2012) went on to show that increasing levels of CO5
mixed with CO8 attenuated its elicitation of MTI. This suggests that the enhanced levels of
CO4/5 in strigolactone-treated AM fungal GSE might attenuate AM fungal-elicited MTI. In
Genre et al. (2013), the addition of CO4 to the C. trifolii GSE did not allow Ca2+ spiking,
indicating that a high CO4:CO8 ratio is likely not enough to allow CO-induced symbiotic
signaling; however, they did not test CO5. Furthermore, Liu et al. (2012) did not test if CO4
can attenuate CO8-elicited ROS production, although evidence that this might be possible
comes from a recent study in which both CO4 and CO5 were able to suppress flagellinelicited ROS in Arabidopsis (Liang et al. 2013).
A group of class III chitinases has been shown to be specifically turned on during the
AM symbiosis, while those typically induced during pathogen attack or nodulation were not
increased in AM, implying that AM-specific chitinases may actually play a role in
suppressing defense, possibly through cleaving CO elicitors (Salzer et al. 2000). This could
both inhibit MTI by removing CO8, as well as enhance symbiotic signaling by producing
more CO4/5. Such a strategy would likely involve a lag between fungal-plant contact and
defense suppression, during which time the AM fungal chitin should inevitably briefly trigger
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MTI. Evidence for such a lag comes from a slight and transient induction of defense-related
transcripts during the initiation of the symbiosis, which then decreased below levels in nonAM roots (Harrison and Dixon 1993; Kapulniki et al. 1996; Liu et al. 2003). Additionally,
silencing of two genes involved in the production of ROS resulted in decreased ROS
production in response to germinating spores, and induced early and enhanced AM
colonization, as well as infection by an oomycete root pathogen (Arthikala et al. 2013; Kiirika
et al. 2012). Silencing one of these genes, an NADPH oxidase from pea, leads to greatly
enlarged hyphopodia, as well as an increase in RAM1 transcript, indicating that attenuation of
initial AM fungi-elicited ROS production may be necessary for the induction of cutin
signaling leading to hyphopodium formation. All of these results indicate that an initial ROS
burst may help balance the level of AM colonization.
If suppression of plant defenses during AM formation involves more than a high
CO4/5:CO8 ratio, and is necessary for CO4/5 signaling, then it is likely that another fungal
signal is working upstream of CO4/5. Recently, several fungal effector proteins have been
identified from plant pathogenic fungi that directly interfere with MTI, including LysM
containing proteins that can bind CO8 for the interaction with, and deactivation of, CERK1
and other chitin receptors (de Jonge et al. 2010; Lee et al. 2013). The possibility exists for
such a role in AM fungi, although through a different strategy, a recently identified effector
from G. intraradices, SP7, is secreted from the fungus and localizes to the plant nucleus
where it interacts with ERF19, a transcription factor turned on by pathogens, in order to
suppress ERF19-induced defense responses (Kloppholz et al. 2011). A very similar effector
protein had been previously identified from the ectomycorrhizal fungus, Laccaria bicolor
(Plett et al. 2011). Another candidate AM signal for the suppression of defense are the MycLCOs; however, if they do suppress defense, this would likely occur through the DMI
pathway as well as NFP, at least for Medicago. In support of this, transcriptome analyses of
the dmi3 mutant have identified upregulation of many genes associated with defense (Mitra et
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al. 2004; Siciliano et al. 2007). Additionally, while physical stimulation of wildtype root cells
has been shown to elicit nuclear repositioning, as in the first step of PPA formation, the same
stimulation in the dmi3 mutant led to programmed cell death, implying that DMI3 is necessary
for inhibiting this response (Genre et al. 2009). A number of studies have shown suppression
of defense-related ROS by application of NF, and that it is dependent on NFP, but not DMI1
or DMI2 (Lohar et al. 2007; Shaw and Long 2003). Furthermore, the nfp mutant is also more
susceptible to infection by both the root oomycete, Aphanomyces euteiches as well as the
fungus Colletotrichum trifolii (Rey et al. 2013). The true mechanism behind suppression of
host defense for the promotion of symbiotic signaling most likely involves a finely tuned
combination of all of these possibilities.

Conclusion and Future Perspectives
For several years evidence has pointed to an initial and transient defense response
triggered by close contact with AM fungi, but investigations are only just beginning to shed
light on the mechanisms by which the fungus dampens these responses. Many intriguing
hypotheses can be made by connecting multiple observations: such as AM fungi-induced
chitinase expression and the inhibition of CO8-elicited MTI by CO5; or Myc-LCO signalingdependency on NFP and NFP’s potential role in defense suppression. However, most all of
these hypotheses remain to be tested. The identification of an effector protein secreted by an
AM fungus that acts in the nucleus is especially important, as it highlights the potential for
future discoveries. Effector mining will become an easier prospect for research of AM fungi
after publication of a fungal genome, although the recent publication of the Glomus
intraradices transcriptome has already indicated high potential, revealing a group of small
putatively-secreted proteins (SSP) that are highly upregulated in intraradical hyphae and
arbuscules. Included in this group was the G. intraradices SP7 effector protein (Tisserant et
al. 2012). Beyond identifying the signals, their induced responses must be examined more
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closely, which was critical for identifying an AM function for NSP1 and NSP2 in Medicago.
Furthermore, these signals may elicit a variety of responses depending on the stage of
symbiosis, such as the case for RAM2’s potential participation in both hyphopodium and
arbuscule formation (Wang et al. 2012). Additionally, defense reactions should be considered
throughout the symbiosis. While ROS may be released initially as a transient defense signal, it
has also been observed to accumulate around developing fungal structures later in the
symbiosis, where it may continue to play an important role in optimizing the interaction
(Puppo et al. 2013). Integration of all of these signaling events and mechanisms will lead to a
broader understanding of how plants balance beneficial and pathogenic interactions, and how
this balancing is important for both ecological and agricultural systems.
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CHAPTER 2

GENE SILENCING IN MEDICAGO TRUNCATULA ROOTS USING RNAi2

Abstract3
Medicago truncatula is used widely as a model system for studies of root symbioses,
interactions with parasitic nematodes and fungal pathogens, as well as studies of development
and secondary metabolism. In Medicago truncatula as well as other legumes, RNA
interference (RNAi) coupled with Agrobacterium rhizogenes-mediated root transformation,
has been used very successfully for analyses of gene function in roots. One of the major
advantages of this approach is the ease and relative speed with which transgenic roots can be
generated. There are several methods, both for the generation of the RNAi constructs and the
root transformation. Here we provide details of an RNAi and root transformation protocol that
has been used successfully in M. truncatula and which can be scaled up to enable the analysis
of several hundred constructs.

This chapter is published as Floss D.S., Schmitz A.M., Starker C.G., Gantt J.S., Harrison M.J. (2013) Gene
Silencing in Medicago truncatula Roots Using RNAi. In: Rose R. (eds) Legume Genomics. Methods in
Molecular Biology (Methods and Protocols), vol 1069. Humana Press, Totowa, NJ
2

3

Section was contributed by other author on paper.
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Introduction4
Double-stranded RNAs, which have the capacity to ‘silence’ gene expression, have
been widely used for studies of gene function in plant animal and invertebrate systems
(Helliwell et al. 2002; Pasquinelli and Ruvkun 2002; Hannon 2002). There is a variety of
different approaches (Ossowski, Schwab, and Weigel 2008), but RNA interference (RNAi) by
inverted repeat or so-called hairpin constructs has proved to be particularly effective in range
of plant species, including legumes (Wesley et al. 2001; Gubler et al. 2008; Limpens et al
2003; Javot et al. 2007; Subramanian et al 2005). Expression of an inverted repeat construct,
homologous to the gene of interest, results in the creation of a hairpin (hp) RNA which is
recognized and cleaved by an RNAse-III endoribonuclease, Dicer, into 21-22 nucleotides.
Generally one strand of these short RNA oligonucleotides is then incorporated into the RNAinduced Silencing Complex (RISC) and this complex facilitates recognition of the
homologous mRNA, and subsequently cleavage and degradation, or in some cases inhibition
of translation (Dunoyer et al. 2007). In plants, RNAi constructs are generally delivered to
plant cells in binary vectors. Efficient cloning of the inverted repeats constructs in binary
vectors has been facilitated by the generation of Gateway©(GW) compatible binary vectors
such as the pHellsgate vector series (Helliwell et al. 2002; Helliwell and Waterhouse 2003;
Helliwell and Waterhouse 2005), which permit the use of the Gateway site-specific
recombination cloning technology for simultaneous, directional insertion of inverted repeats
(Hartley, Temple and Brasch 2000) (Invitrogen). pHellsgate8, a vector used successfully in
many plant species, also contains a spacer that encodes an intron, which has been shown to
increase silencing efficiency (Wesley et al. 2001).
The binary vectors containing the RNAi hairpin constructs are readily introduced into
plant cells through Agrobacterium tumefaciens- or Agrobacterium rhizogenes-mediated
transformation. In recent years, A. rhizogenes-mediated transformation has been used to
4

Section was contributed by other author on paper.
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generate ‘composite plants’, which have genetically transformed roots but wild-type shoots
(Boisson-Dernier et al. 2001; Collier et al. 2005). This approach is particularly useful for
studies of many aspects of gene function in roots because of the speed with which composite
plants can be generated. This approach has accelerated the pace of root biology research and
has been used widely, particularly in legumes (Floss et al. 2008; Pumplin et al. 2010), where
the generation of stable transformants via A. tumefaciens-mediated transformation is a lengthy
process. Several protocols for efficient A. rhizogenes-mediated transformation of M.
truncatula have been published (Boisson-Dernier et al. 2001; Vieweg et al. 2004).
Here, we describe a cloning procedure based on Gateway technology to generate
RNAi constructs, and a procedure for their introduction into M. truncatula roots via A.
rhizogenes-mediated transformation. The latter is modified from Boisson-Dernier et al. 2001.
The resulting composite plants are suitable for studies of gene function in roots, nodules and
during AM symbiosis (Ivashuta et al. 2005).

Materials5

General
1. PCR reagents: sterile deionized distilled H2O (H2Odd), primers (see Methods),
template (M. truncatula cDNA or PCR product from step 1 in Methods), dNTPs, clear
Taq polymerase buffer, Taq polymerase
2. Plasmids: donor vector with attP sites; binary destination vector appropriate for RNAi
with attR sites. For the purpose of this chapter we will present methods concerning the
use of pDONR207 (gentamicin selection) and pHellsgate8 (Helliwell et al. 2002)
(spectinomycin selection) as donor and destination vectors, respectively. The plasmid
concentrations should be approximately 150 ng/µL (Note 1).
5

Section was jointly contributed by all authors.
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3. Gateway® reagents: BP Clonase™ II Enzyme mix, LR Clonase™ II mix, Proteinase
K (Invitrogen)
4. Antibiotics: gentamicin (50 mg/mL stock solution), spectinomycin (50 mg/mL stock
solution), streptomycin (100 mg/mL stock solution), and kanamycin (50 mg/mL stock
solution)
5. Heat-shock competent DH5α E. coli
6. Heat-shock competent A. rhizogenes ARqua1
7. 50% glycerol in H2Odd
8. M. truncatula seeds
9. Concentrated sulphuric acid (H2SO4)
10. Bleach solution containing 6% sodium hypochlorite
11. 0.1% Tween 20 in H2Odd
12. Petri plates for germinating the seeds (we use glass petri plates as they can be re-used).

Media
1. LB medium: Dissolve 10 g tryptone, 10 g NaCl, and 5 g yeast extract in just under 1 L
H2Odd. Adjust pH to 7.0 with NaOH. Bring volume to exactly 1 L with H2Odd in a
graduated cylinder. Pour solution into a 2-L Erlenmeyer flask. For solid media, add 15
g agar. Autoclave 30 minutes on a liquid cycle. For solid media, allow solution to cool
to 50ºC then add 50 mg/L gentamicin for selection of pDONR207 in DH5α, or 100
mg/L spectinomycin for selection of pHellsgate8 in DH5α and pour plates
immediately.
2. YEP media: Dissolve 10 g bacto peptone, 5 g NaCl, and 10 g yeast extract in just
under 1L H2Odd. Adjust pH to 7.0 with NaOH. Bring volume to exactly 1 L with
H2Odd in a graduated cylinder. Pour solution into a 2-L Erlenmeyer flask. For solid
media, add 15 g agar. Autoclave 30 minutes on a liquid cycle. For solid media, allow
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solution to cool to 50ºC then add 150 mg/L spectinomycin for selection of pHellsgate8
in A. rhizogenes ARqua1 and 100 mg/L streptomycin for selection of ARqua1’s
tumor-inducing plasmid, and pour plates immediately.
3. TY medium for A. rhizogenes ARqua1: Dissolve 5 g tryptone, 880 mg CaCl2, and 3 g
yeast extract in just under 1 L H2Odd. Adjust pH to 7.0 with NaOH. Bring volume to
exactly 1 L with H2Odd in a graduated cylinder. Pour solution into a 2-L Erlynmeyer
flask. Add 15 g agar. Autoclave 30 minutes on a liquid cycle. Allow solution to cool to
50ºC then add 150 mg/L spectinomycin for selection of pHellsgate8 in A. rhizogenes
ARqua1 and 100 mg/L streptomycin for selection of ARqua1’s tumor-inducing
plasmid, and pour plates immediately.
4. Modified Fähraeus medium for M. truncatula: 0.9 mM CaCl2, 0.5 mM MgSO4, 20 µM
KH2PO4, 10 µM Na2PO4, 20 µM ferric citrate, 1.0 mM NH4NO3, 33 µg/L MnCl2, 33
µg/L CuSO4, 7 µg/L ZnSO4*7H2O, 100 µg/L H3BO3, 33 µg/L Na2MoO4, 218 mg/L
MES free acid monohydrate, and 2.5 g/L GelzanTM CM (Sigma-Aldrich®) (Liu et al.
2003). This version of Fähraeus was modified from the version described by BoissonDernier et al. 2001.
Prepare individual stock solutions for the first 11 ingredients. We typically
make stocks with the following concentrations: 0.9 M CaCl2, 0.5 M MgSO4, 0.35 M
KH2PO4, 0.2 M Na2HPO4, 20 mM ferric citrate, 0.5 M NH4NO3, 1 mg/ml H3BO3 and
1 mg/ml Na2MoO4. The MnCL2, CuSO4 and ZnSO4*7H2O can be combined in a
micro-nutrient stock solution of 1 mg/ml MnCL2, 1 mg/ml CuSO4 and 0.42 mg/ml
ZnSO4*7H2O.
For 1L of Fähraeus media add the appropriate amount of each stock solution
and 218 mg MES free acid monohydrate to 500 mL H2Odd. Bring volume very close to
1 L and adjust pH to 7.4 with 1 M NaOH. Carefully add 2.5 g GelzanTM (see Note 2).
Autoclave for 35 min and allow solution to cool to 50˚C. Add 25mg/L kanamycin to
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Figure 2-1: Preparation of plates containing a slant of F media. a) Plan view. b) Lateral
view. The square petri plates have a grid printed on the bottom. This is a convenient marker.
To create the appropriate angle, tilt the bottom of the plate and rest it on the lid. The point of
contact between the bottom and the lid (grey) should be the line at the lower edge of row B on
the grid (see thick black line). Add media to the bottom plate until it reaches half-way through
row C (dotted line)
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the media (see Note 3). Under sterile conditions, pour the media into square plates
(100 x 100 x 15 mm, Laboratory Products Sales) on a slant as shown in Figure 2-1. 1
liter of media is sufficient for the preparation of 25 plates. Allow the plates to dry for 2
hours before storage at 4˚C. The plates are normally prepared one or two days before
use.

Methods

Generation of RNAi constructs in pHellsgate8
The Gateway® cloning technology enables easy insertion of a DNA fragment into a
destination vector via lambda phage-based site-specific recombination (Hartley et al. 2000)
(Invitrogen). This system, which eliminates many of the difficulties involved in restriction
enzyme cloning, requires three steps: (1) amplification of a target DNA fragment flanked by
attB sites via PCR (2) recombination of the DNA fragment with attB sites into a donor vector
(for example, pDONR207) containing attP sites in a BP reaction producing an entry clone
with attL sites (comprised of parts of the attB and attP sites) and (3) an LR reaction in which
the entry vector containing attL sites surrounding the insert recombines with a destination
vector (for example, pHellsgate8) containing attR sites flanking the ccdB toxin gene to
produce an expression plasmid containing the new insert (Gateway Technology Manual,
Invitrogen). Transformants containing the empty donor or destination vectors are selected
against due to the toxicity of the ccdB gene product (Note 4). The destination vector,
pHellsgate8, contains two ccdB genes that must each be replaced by the target fragment from
pDONR207 for the survival of the bacteria maintaining this plasmid. The site-specific
recombination of the Gateway® technology provides the directional insertion of the fragment
from pDONR207, creating the inverted repeats necessary for RNAi (Wesley et al. 2001).
Alternate approaches for the initial stages of the procedure are indicated in Note 5.
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Amplification of attB flanked target fragment.
The target fragment should contain 300-600 base pairs homologous to a region of the
targeted mRNA. To avoid cross-silencing the target should have no region of identity longer
than 20 nucleotides with any other gene in M. truncatula (Note 6). Do not choose a region that
includes any conserved motifs, and in the case of a highly conserved gene, either the 3’ or 5’
UTR can be used with equal silencing efficiency (Helliwell and Waterhouse 2003).

1. Design two sets of primers to amplify your target region by PCR. The first set should
be complementary to 20-25 nucleotides at the 5’ and 3’ ends of the target region to
enable amplification of the region from cDNA. The second set should include 20
nucleotides complementary to the target with the addition of the following attB1 and
attB2 sites to the 5’ end of the forward and reverse primers, respectively (Helliwell
and Waterhouse 2003) ( Note 7):

attB1: 5’ GGGGACAAGTTTGTACAAAAAAGCAGGCT 3’
attB2: 5’ GGGGACCACTTTGTACAAGAAAGCTGGGT 3’

2. With the first set of primers complementary to the target region, PCR amplify the
target region from M. truncatula cDNA. Purify this product with a method of your
choice, and use as template for a second round of PCR with the second pair of
primers. For the second round, program three cycles with a Tm appropriate for the
target-homologous sequence, and then all additional cycles with a Tm appropriate for
the full primer. This round adds the attB-flanked sequence to the target region. Gelpurify the PCR product to remove primers, which can interfere with the following
clonase reaction (Invitrogen).
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Generation of entry vector with target region
A BP reaction is carried out with the attB-flanked PCR product and a donor vector
with attP recombination sites (pDONR207) to create an entry vector with the target region
flanked by attL sites, according to Invitrogen’s protocol (Invitrogen) modified as shown
below (Note 8):

1. Add the following components to a 1.5 ml tube at room temperature and mix:
attB-flanked PCR product (=10 ng/µl; final amount ~15-150 ng) 1-7 µl pDONR207
empty vector (150 ng/µl) 1 µl TE buffer, pH 8.0 to 8 µl
2. To each sample, add 2 µl of BP Clonase™ II enzyme mix to the reaction resulting in a
total volume of 10 µl, and mix well by vortexing briefly. Centrifuge briefly.
3. Incubate reactions at 25°C for 1-16 hours.
4. Add 1 µl of the Proteinase K solution to each sample to terminate the reaction. Vortex
briefly. Incubate samples at 37°C for 10 minutes.
5. Transform 1-3 µl of reaction mix into heat-shock competent E. coli DH5α cells using
a standard method. Plate on LB media with 50 mg/mL gentamicin to select bacteria
with the recombined vector.
6. Select a colony from transformation and inoculate 3 mL LB media containing 50
mg/mL gentamicin for plasmid maintenance. Incubate at 37°C, with shaking,
overnight.
7. Extract pDONR207 containing the target fragment from the culture using a miniprep
of your choice. Sequence the vector for insertion verification in the forward and
reverse directions with the following primers (Invitrogen):
SeqL-A: 5’ TCGCGTTAACGCTAGCATGGATCTC 3’
SeqL-B: 5’ GTAACATCAGAGATTTTGAGACAC 3’
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As indicated earlier, an alternative approach for this initial phase of the cloning is possible
(Note 5).

Generation of binary vector with target region as inverted repeats
A LR reaction is carried out with the entry clone (pDONR207 containing the target
fragment) and a binary destination vector containing attR recombination sites (pHellsgate8) to
create the final binary vector containing inverted repeats of the target region. The protocol
shown below is as described by Invitrogen with minor modifications:

1. Add the following components to a 1.5 ml tube at room temperature and mix:
pDONR207 containing target fragment (50-150 ng) 1-7 µl pHellsgate8 (150 ng/µl) 1
µl TE buffer, pH 8.0 to 8 µl
2. To each sample, add 2 µl of LR Clonase ™II enzyme mix to the reaction for a total
volume of 10 µl, and mix well by flicking the tube. Centrifuge briefly.
3. Incubate reactions at 25°C 1-16hrs (For large inserts, longer incubation times are
better).
4. Add 1 µl of the Proteinase K solution to each sample to terminate the reaction. Vortex
briefly. Incubate samples at 37°C for 10 minutes.
5. Transform 1-3 µl of reaction mix into heat-shock competent E. coli DH5α cells using
a standard method. Plate on LB media with 100 mg/L spectinomycin to select bacteria
with the recombined vector.
6. Select a colony from the transformation and inoculate 3 mL LB media containing 100
mg/L spectinomycin. Incubate on a 37°C shaker overnight.
7. Extract pHellsgate8 containing your target inverted repeats from the culture using a
miniprep of your choice.
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8. Check for proper insertion of inverted repeats into pHellsgate8 with PCR using the
reverse primer complimentary to the target region with a primer complimentary to
either the promoter region (CaMV35S promoter) or terminator (OCS3’). The
following primers are an option (Helliwell and Waterhouse 2003):

P27-5: 5’ GGGATGACGCACAATCC 3’
P27-3: 5’ GAGCTACACATGCTCAGG 3’

9. Verify the correct direction of the intron via restriction digest (Note 9). Sequences and
vector maps can be found online at
www.pi.csiro.au/tech_licensing_biol/MapsProtocol.htm.

A. rhizogenes transformation with binary vector
For transformation of M. truncatula, we routinely use A. rhizogenes strain ARqua1
(Quandt, Puhler and Broer 1993) (Note 10). Prior to plant transformation, pHellsgate8
containing the target inverted repeats must be transformed into A. rhizogenes ARqua1.

1. Add 2 µl (~500ng) of pHellsgate8 containing target inverted repeats of heat-shock
competent A. rhizogenes ARqua1 cells.
2. Incubate cells on ice for 30 minutes
3. Heat-shock at 37°C for two minutes
4. Leave cells on ice for 5 more minutes.
5. Add 500 µl liquid YEP media and shake at 200rpm for 1-2 hours at 30°C.
6. Plate transformation on YEP plates with 100 mg/L streptomycin and 150 mg/L
spectinomycin for selection of pHellsgate8 and the Arqua1 helper plasmid (Note 11).
7. Allow colonies to grow for two days at 30°C.
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8. Screen A. rhizogenes colonies for pHellsgate8 containing inverted repeats by colony
PCR.
9. Grow a positive colony overnight in YEP media containing 100 mg/L streptomycin
and 150 mg/L spectinomycin at 30°C.
10. Create a glycerol stock using 0.4 mL of 50% glycerol and 0.6 mL of overnight
ARqua1 culture with pHellsgate8 containing inverted repeats. Freeze and store at 80°C (Note 12).

Generation of M. truncatula transgenic roots expressing the RNAi construct via A.
rhizogenes-mediated transformation6

A. rhizogenes cultivation
To enable the investigation of the phenotype in 10-15 independent root systems
expressing the RNAi construct, 24 seedlings should be transformed per construct. Start
cultivation of ARqua1 four days prior to the day on which seedlings will be inoculated. Streak
bacteria carrying the pHellsgate 8 construct from glycerol stocks on TY agar plates containing
appropriate antibiotics. For ARqua1 carrying pHellsgate 8 include spectinomycin (150mg/L)
and streptomycin (100 mg/L). Grow the bacteria for 48 hours at 28˚C. Re-streak bacteria on
TY agar plates with the appropriate antibiotics. At this time, it is important to spread bacteria
over the whole agar plate so that a thick lawn of A. rhizogenes will grow on the plate. This
can be done by using a sterile, bent pipet tip or a sterile, flat toothpick. Incubate the plate at
28˚C for 48 hours. To calculate the amounts of TY agar plates of A. rhizogenes that you will
need for one RNAi construct of interest, take in consideration that one TY agar plate is
sufficient to inoculate 24 M. truncatula seedlings.

6

Section contributed by DSF.
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Seed sterilization and germination
Start seed sterilization procedure 2 days prior to the day on which seedlings will be
inoculated. The method described below is suitable for M. truncatula ecotypes Jemalong A17
and R108. In our hands, freshly shelled seeds of these genotypes give germination rates
~80%. The germination rate should be considered for the calculation of the amount of seeds
needed for the experiment.

1. Collect unbroken M. truncatula seeds and place them into a 50 ml tube. Add a few
milliliters of concentrated sulphuric acid (H2SO4), just sufficient to cover the seeds
(Perform this operation in the fume hood and wear gloves, lab coat and safety glasses).
Soak the seeds for 10 min to scarify the seed coat. This is required for the subsequent
germination steps (Note 13).
2. Carefully remove as much H2SO4 as possible with a pipette. Quickly add 50 ml of
H2Odd to dilute the H2SO4 (Note 14). Decant the water and rinse the seeds a further 6
times with H2Odd.
3. To surface sterilize the seeds soak them in 10 ml bleach solution (10% bleach [bleach
solution containing 6% sodium hypochlorite], 0.1% Tween 20) for 10 min with gentle
agitation in a laminar flow hood.
4. Remove the bleach solution by decanting. Rinse the seeds at least 6 times using sterile
H2Odd.
5. Place the seeds in sterile H2Odd and cover the 50 ml tube with aluminum foil. Leave
the tube on a shaker at approximately 60 RPM for 3 hours at room temperature. The
seeds will imbibe.
6. Decant the water and rinse the seeds once with sterile H2Odd. Place the seeds in fresh
sterile H2Odd and incubate the seeds at 4˚C for 26 hours in the dark. This breaks seed
dormancy and allows synchronized germination.
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7. Decant the water and transfer the seeds in sterile petri plates of 10 cm diameter (we
use glass petri plates that can be washed, sterilized and re-used). Since crowding
lowers the germination rate, distribute ~60 seeds uniformly across the plate using
sterile forceps or tips. Add some drops of sterile H2Odd between the seeds. To allow
the development of straight radicles, invert the plates. The seeds will stick to the
bottom because of surface tension. Add a thin layer of sterile H2Odd in the lid of the
petri plates, which is now on the bottom (Figure 2-2). This will help maintain higher
humidity. Wrap the inverted plates in aluminum foil and incubate at 28˚C for 18
hours. During this 18 hour period, the seeds will germinate and the radical will grow
straight down. (Note 15).

Induction of transgenic roots
The following steps should be performed in the laminar flow hood to ensure sterile
conditions:

1. After 18 hours, remove aluminum foil from the plates. The seeds will have germinated
and the roots will be approximately 1 cm in length and will have grown straight down.
This is helpful for inoculation with A. rhizogenes. Add a shallow layer of sterile H2Odd
to the petri dish containing the seedlings to avoid desiccation of their radicles.
2. Select 12 seedlings with straight radicles of 1 cm length and remove their seed coat
with a sterile forceps or scalpel while gently holding the hypocotyl with a sterile, flat
forceps (Note 16). Transfer the seedlings to a sterile petri plate containing a shallow
layer of sterile H2Odd.
3. Using a sharp, sterile scalpel, cut the radicle approximately 3 mm from the root tip
(the 3mm excised root tips are discarded).
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Figure 2-2: Plate setup for seed germination. B: Bottom of petri plate. L: lid of petri
plate. a) Seeds are spread uniformly in the bottom of a petri plate. b) Invert the plates.
Add a thin layer of sterile H2Odd in the lid. Wrap the inverted plates with aluminum
foil. 3 Seedlings after 18 h at 28 °C. The seeds have germinated, and their roots have
grown straight down
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4. Using sterile, flat forceps, hold the seedling by the cotyledons and coat the cut end of
the radicle with A. rhizogenes by lightly scraping the cut end of the radicle on the
surface of the TY agar plate with A. rhizogenes containing the appropriate construct.
This will result in the accumulation of bacteria on the cut end of the radicle.
5. Place the seedlings on a Fähraeus agar plate with the appropriate antibiotics. To keep
the radicles in place, shallow grooves can be made with the forceps on the agar. All 12
seedlings can be placed side by side on a single Fähraeus agar plate (Note 17).
6. Carefully seal the plate with parafilm. On the top of the plate, make several incisions
in the parafilm with a scalpel to allow gas exchange.
7. Place the plates in a slanting position (angle of approx. 45°) in an 18˚C incubator (16
hours light/8 hours dark) with a light intensity of 6.5 µmol/m2s. To create an
appropriate slant rest one edge of on plate on top of the lid of a petri dish (Note 18).
8. 5 days after inoculation transfer the plates to a growth chamber with a 16 hour light
(25˚C)/8 hour dark (22˚C) regime with a light intensity of 50 µmol/m2s. Keep the
plates in a slanting position. Within 7-10 days transgenic roots emerge from the
inoculated radical. By using the protocol described above 50-75% of the plants
develop transgenic roots (Note 19).
9. 2-3 weeks after inoculation with A. rhizogenes the roots are well developed, and if
required, the plants can be transplanted in 11cm pots filled with growth medium such
as turface or soil (10 plants/pot). Since the plants have been growing on plates in an
environment with a high humidity, they have to be adapted to a lower humidity. To do
this, open the lids of the petri plates, add enough H2Odd to cover the roots, and leave
the lids partially offset for one day (the lid covers 1/3 of the plate). The plants should
be transplanted the next day (Note 14). Cover the pots with domes to keep high
humidity conditions for a few more days (Note 20).
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Notes

1. pDONR207 and pHellsgate8 have origins of replication with low and high copy
numbers, respectively. A standard Qiagen© miniprep (Qiagen) from overnight culture
will yield about 50-100 ng/µL of pDONR207 and 200-250 ng/µL of pHellsgate8 if the
final elution is 50µL. This concentration of pDONR207 will suffice, provided the
molar concentration of attB-flanked PCR product is less than that of the donor vector.
To increase the yield from the miniprep, Qiagen© recommends including the PB
washing step or eluting in only 30 µL EB buffer (Qiagen protocol). Additionally, one
can increase the concentration by repeating the culture spin, doubling the amount of
starting material.
2. GelzanTM tends to agglomerate, and the clumps won’t dissolve during the sterilization
process. Therefore, slowly add the appropriate amount of GelzanTM while shaking the
flask. Alternatively, Plant Cell Culture certified agar may be used as a gelling agent.
3. In order to increase the percentage of roots cotransformed with the binary T-DNA the
use of antibiotic counter selection is recommended. The RNAi constructs carry the
neomycin phosphotransferase II gene, which inactivates, by phosphorylation, a range
of aminoglycoside antibiotics such as kanamycin. We typically use kanamycin at
25mg/mL but it may be necessary to determine the best selective concentration
experimentally.
4. Due to the toxicity of the ccdB gene product, Gateway®-compatible empty vectors
must be maintained in E. coli resistant to this toxin, such as DB3.1 (Invitrogen).
5. Alternatively, portions of the cDNA to be targeted can be amplified and cloned into
the Gateway-compatible pENTR/D-TOPO or similar vector without the need to add
attB sites onto PCR products since attL sites are already present in this vector. This
allows the user to avoid the expense of primers that contain the attB sites and BP
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clonase as well as the associated effort. After this, go to the section 3.1.3 and continue
with the protocol as described to recombine to pHellsgate8 through an LR reaction.
The approach using pENTR/D-TOPO vectors was used for the generation of
approximately1500 RNAi constructs by C. Starker and J.S. Gantt.
6. In some instances, silencing multiple genes may be desirable. Up to three transcribed
genes can be targeted at the same time by amplifying regions from each and fusing the
fragments together via PCR before adding the attB sites to the ends of the fused
product. Each gene should be represented by at least 200 nucleotides complimentary
to its mRNA, and the total fragment should not be much greater 600 nucleotides.
7. Alternatively, one can use only the second set of primers directly, especially when
amplifying from a more concentrated source of the targeted gene, such as a cloned
vector. The success of this method depends on the target and quality of template.
8. A half reaction (5 µL final volume) is sufficient for both Gateway reactions. For larger
inserts, allow reactions to sit overnight before stopping with Proteinase K. Addition of
Proteinase K is essential.
9. In some cases the direction of the intron reverses during the LR reaction, presumably
due to the intron’s attP2 sites on both sides, allowing either side to recombine with
either insert’s attB2. Frequency of intron inversion depends on the insert sequence, but
no correlation has been determined (Helliwell and Waterhouse 2003). After
sequencing >200 pHellsgate8-derived plasmids that were first confirmed by colony
PCR for correct recombination of the 5’ portion of the RNAi construct, sequence data
confirmed that all clones had the undergone recombination of the 3’ portion of the
RNAi construct as well.
10. To generate transgenic roots with growth and morphology comparable to normal
roots, low virulence A. rhizogenes strains such as ARqua1 are used. These strains
elicit a limited number of genetically transformed roots. Whereas roots generated by
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using high virulence strains might show abnormal root structure and growth, which
could negatively impact phenotypic characterization.
11. Up to Spectinomycin 300mg/L may be used for selection of pHellsgate-derived
plasmids. This concentration will help reduce background, but will also cause Arqua1
to grow slower than normal. Spectinomycin 150mg/L is sufficient for maintenance of
the plasmid.
12. For larger scale, it is recommended to transform 100-110 pHellsgate-derived plasmids
(separately) into Arqua1 in a single day. This allows more convenient, full 96-well
screening of Arqua1 clones, and the eventual preparation of glycerol stocks in 96 well
plates. More than 96 transformations are recommended as a few will fail on the first
transformation attempt.
13. The duration of the H2SO4 treatment is critical and may vary between seed batches.
Therefore, it is necessary to monitor the progress of scarification. If small black dots
appear on the seed surface (usually after 5-12 min), immediately remove H2SO4 and
rinse the seeds with water.
14. Addition of water to sulfuric acid-coated seeds causes an exothermic reaction, with the
result that the excessive heat may kill some or all seeds. To mitigate the local heating
of seeds, which may damage them, it is extremely important to use a large amount of
cold water.
15. Alternatively, a very thin layer of 1% water-agar can be made and poured into the
bottom of 2cm deep sterile plastic petri plates. The seeds will stick to the agar and it
will help maintain appropriate humidity.
16. The removal of the seed coat helps the cotyledons to open.
17. If antibiotic counter selection is used, include seedlings without A. rhizogenes
inoculation as a control. This will confirm that growth of non-transformed roots is
inhibited in presence of the antibiotic.
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18. An experienced researcher can transform 250-450 plants in a single day. However,
since planting and analyzing transgenic plants is far more time consuming than
transforming them, care should be taken to avoid producing more plants than can be
examined.
19. Since non-transformed roots may occasionally escape antibiotic selection, we
recommend using a construct which includes a fluorescent marker protein such as
DsRED (Limpens et al 2004), which further enables identification of transgenic roots.
20. These composite plants should express the RNAi hairpin construct and as each
independent root arises from an independent transgenic event, the level of gene
expression can be expected to vary between independent roots. Silencing of gene
expression should be confirmed by RT-PCR. If possible, phenotypic analysis and
analysis of transcript levels should be performed on the same roots.
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CHAPTER 3

LYSM RECEPTOR-LIKE KINASES, NFP, LYR1, AND LYK10 ARE DISPENSABLE
FOR ARBUSCULAR MYCORRIZAL SYMBIOSIS IN MEDICAGO TRUNCATULA

Abstract
Plant receptor-like-kinases (RLKs) perceive microbe-associated molecules at the cell
surface and initiate signaling cascades that can result in defense-related responses or
intracellular accommodation of a symbiotic microbe. LysM-RLKs bind to and distinguish
between many different complex carbohydrates. The LysM-RLK gene family is greatly
expanded, and deletion of individual LysM-RLKs often only partly reduces the signaling
response due to functional redundancy. Rhizobial Nod factors are sensed by NFP and Lyk3 in
Medicago truncatula, and deletion of either gene blocks the formation of root nodules. One of
the two major signaling molecules from arbuscular mycorrhizal (AM) fungi are very similar
to Nod factors and hypothesized to signal via the closest homolog of NFP, Lyr1. Here we
show that Lyr1 and NFP are both dispensable for AM symbiosis, although nfp mutants may
allow for greater colonization than wild type. We further show that the double mutant, lyr1nfp
can still establish AM symbiosis. We identified five new LysM-RLK genes, and a
phylogenetic reconstruction of the M. truncatula LysM-RLK family revealed an AM
symbiosis-conserved LysM-RLK, Lyk10. lyk10 mutants are also able to establish AM
symbiosis, although lyk10 plants are less colonized than wild type. Our results emphasize the
importance of maintaining a low level of AM fungal colonization when assessing partial
contributions of redundant genes to mechanisms of interest. Furthermore, we propose
considering the effect of other microorganisms or microbial signals when investigating the
importance of receptor-kinases for AM symbiosis.
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Introduction
As multicellular organisms in an ever-changing environment, plants have adapted to
sense signals at the cell surface that initiate the metabolic and developmental changes
necessary to respond to external stimuli. Receptor-like kinases (RLKs) interact with signaling
molecules and transduce the signal intracellularly via their kinase domains. Many RLKs sense
conserved molecular patterns of microbes that may launch an attack if not otherwise
suppressed by the plant’s innate immune response (Jones and Dangl 2006). Alternatively,
they may sense symbiotic signals and instead initiate a signaling cascade leading to the
accommodation of a mutualistic microbe. In some cases, a single RLK can recognize and
differentiate between a variety of signals, and even facilitate either defense or symbiosis
(Zipfel and Oldroyd 2017). Plant genomes encode hundreds of RLKs, all of which contain a
cytoplasmic kinase, transmembrane domain, and one of several types of extracellular receptor
domains. Several RLKs have been shown to bind ligands directly, while others act as coreceptors, interacting with receptors in a ligand-dependent manner (Hohman, Lau, and
Hothorn 2017). Receptors and co-receptors share molecularly similar extracellular domains
that recognize a specific type of molecule, such as short peptides or hormones, in the case of
leucine-rich-repeat RLKs, or carbohydrate molecules, in the case of lectin and lysin motif
(LysM)-RLKs (Desaki et al. 2017).
In the past decade several publications have reported the involvement of LysM-RLKs
in both symbiosis signaling and immunity (Desaki et al. 2017; Zipfel and Oldroyd 2017).
LysM domains of receptors can interact with a variety of molecules from bacteria and fungi,
including rhizobial Nod factors (NF), myc-LCOs, peptidoglycan, exopolysaccharides, and
many forms of chitin (Desaki et al. 2017). A recent report suggests LysM domains may
interact with b-1,3 glucans, which are also present in the walls of many fungi (Mélida et al.
2018). The extracellular domain of LysM-RLKs typically contain three LysMs, which are
defined by their baab secondary structure that fold to form an anti-parallel b-sheet. In the
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LysM-RLKs the LysM domain is linked, via a single-pass transmembrane domain, to an
intracellular kinase that may be active or inactive depending on the presence of an activation
loop and a phosphorylation (P) loop (Zhang et al. 2009).
The LysM domain has been identified in proteins from all kingdoms except Archaea
and can be found in proteins containing a diversity of other domains (Bateman and Bycroft
2000), but LysM-RLKs have thus far been identified only in plants (Buist et al. 2008). The
first LysM-RLKs were characterized for their role in root-nodule (RN) symbiosis where they
regulate entry and determine the host range of rhizobia through recognition of specific NFs
(Limpens et al. 2003; Ben Amor et al. 2003; Madsen et al. 2003; Radutoiu et al. 2003;
Radutoiu et al. 2007). These ground-breaking studies were done in Medicago truncatula and
Lotus japonicus, in which deletion mutants of the nod-factor receptors MtNFP/LjNFR5 or
MtLyk3/LjNFR1 are unable to establish RN symbiosis. Their orthologs have since been
identified and characterized in pea and soybean (Zhukov et al. 2008; Indrasumunar et al.
2010a,b).
Recently, an additional LysM-RLK was identified in L. japonicus as the receptor for
rhizobial exopolysaccharides (EPS) (Kawaharada et al. 2015). The receptor EPR3 binds
directly to EPS and can distinguish different EPS variants from compatible and incompatible
rhizobia. While rhizobia engineered to produce a truncated EPS are able to induce root-hair
curling and infection thread formation, which depend on the correct NF, they cannot pass
through the root’s epidermal layer; however, this restriction is absent in the epr3 mutant,
which allows for some formation of functional nodules (Kawaharada et al. 2015). Epr3
expression is induced by NF and dependent on NF receptors, indicating that infection by
rhizobia is controlled by a two-step process first involving perception of compatible Nod
factors, which then induce an EPS receptor that further confirms the compatibility of rhizobia
(Kawaharada et al. 2015). While rhizobia EPS contribute to determination of host range
(Skorupska et al. 2006), they are also hypothesized to play a role in suppressing host defense
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responses (Pinto et al. 2003; Aslam et al. 2008; Jones and Walker 2008; Zamioudis et al.
2012). The closest paralog to EPR3 in Arabidopsis thaliana, Lyk3, is necessary for NF and
short-chain chitooligosaccharide inhibition of both peptidoglycan and chitin-elicited defense
responses (Liang et al. 2013), which supports a role for this LysM-RLK clade in signaling
defense suppression.
In A. thaliana, the LysM-RLK, CERK1 is required for responses to both
peptidoglycan and chitin, but these separate responses are facilitated by different receptors for
which CERK1 is a co-receptor (Desaki et al. 2017). Another A. thaliana LysM-RLK, Lyk5 is
the receptor and major-binding protein for chitin but requires CERK1 for chitin-elicited
responses (Cao et al. 2014). The receptors for peptidoglycan are GPI-anchored extracellular
LysM domain proteins that bind directly to peptidoglycan but rely on CERK1 to transduce the
signal via its kinase domain (Willmann et al. 2011). In rice, the ortholog OsCERK1 is also a
co-receptor for chitin and peptidoglycan defense signaling, however both mechanisms depend
on the GPI-anchored LysM domain proteins, CEBiP and LYP4/6 (Shimizu et al. 2010; Liu
(B) et al. 2012a). While AtCERK1 can bind weakly to chitin, OsCERK1 cannot (Liu et al.
2012a; Liu (T) et al. 2012b). CEBiP is only involved in chitin signaling, whereas LYP4 and
LYP6 are involved in both chitin and peptidoglycan signaling, and all three receptors can bind
directly to chitin and interact with CERK1 (Shimizu et al. 2010; Liu et al. 2012a).
Recent reports have added a third role for OsCERK1 as a co-receptor of symbiotic
signals during AM symbiosis (Miyata et al. 2014; Zhang et al. 2015). AM fungal signals
include both short-chain chitooligosaccharides (CO4/5) that are similar to the longer chain
(CO7/8) chitin defense elicitors and lipo-chitooligosacchardes (LCOs) that resemble NF
(Genre et al. 2013; Maillet et al. 2011). OsCERK1, but not OsCEBiP, is essential for AM
symbiosis and induction of symbiotic calcium signals by CO4 and germinating spore exudates
(Miyata et al. 2014; Carotenuto et al. 2017). In pea, PsLyk9 is necessary for chitin-elicited
defense responses, as well as CO5-elicited symbiotic responses, indicating it may also play a
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role in both defense and symbiosis (Leppyanen et al. 2018). Conversely, while its orthologs in
M. truncatula and L. japonicus, MtLyk9 and LjLys6, are involved in chitin-elicited defense
responses, ljlys6 mutants are able to establish normal AM symbiosis (Bozsoki et al. 2017).
The lack of a dual role for Lys6 may be explained by the expansion of the CERK1
orthologous clade in legumes. Whereas rice only has one gene in this clade (OsCERK1), the
legumes have several, yielding high potential for redundancy (Bozsoki et al. 2017).
Dual functions of LysM-RLKs in immunity and symbiosis are not surprising
considering the similarities in signaling molecules. Likewise, since the discovery of LCOs as
AM fungal signals (myc-LCOs), and, considering how RN and AM symbioses utilize many
of the same genes for establishment, several reports have hypothesized dual roles for NF
receptors in both rhizobial and AM symbiosis. A recent report demonstrated that Nod factor
receptors MtLyk3/LjNFR1, which are closely-related to CERK1, contribute to myc-LCO
signaling, and their deletion results in a reduction of mycorrhizal colonization (Zhang et al.
2015). Conversely, MtNFP/LjNFR5 are both dispensable for AM symbiosis, although NFP
contributes to myc-LCO signaling and stimulation of lateral root formation (Maillet et al.
2011; Czaja et al. 2012; Sun et al. 2015; Zhang et al. 2015).
The lack of a role for NFP/NFR5 in legumes may be due to a relatively recent
duplication event and possible specialization for rhizobial or AM symbiosis (Streng et al.
2011). In non-legume plants, mutants in nfp/nfr5 orthologs are impaired in AM formation or
AM signaling (Op den Camp et al. 2011; Buendia et al. 2016; Miyata et al. 2016). In
Parasponia andersonii, a non-legume capable of establishing RN symbiosis, the NFP
ortholog has not been duplicated, and its deletion impairs AM fungal colonization and
formation of arbuscules (Op den Camp et al. 2011). Furthermore, the ortholog in tomato,
SlLyk10 is essential for AM formation (Buendia et al. 2016).
The NFR5 paralog in Lotus, LjLYS11 is specifically expressed in root cortical cells
containing arbuscules and can act as a receptor for LCOs, as determined through
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complementation of nfr5 during rhizobial symbiosis; however, ljlys11 and nfr1nfr5lys11 triple
mutant were unimpaired in their ability to form AM symbiosis (Rasmussen et al. 2016).
Interestingly, the lack of an effect of the triple mutation on AM formation contradicts the
earlier report that nfr1 mutants experience reduced colonization (Zhang et al. 2015). In
Medicago, NFP has a similar paralog, referred to as Lyr1 (Arrighi et al. 2006). Microarray
analysis of laser-capture microdissected cells containing arbuscules and cells in nonmycorrhizal cortex revealed that Lyr1 is upregulated in roots colonized by AM fungi (Gomez
et al. 2009). The work in this chapter was initiated several years before the LjLYS11
experiments were published, and the initial hypothesis to be tested was the specialized role of
MtLyr1 in AM symbiosis. Additionally, we evaluated potential functional redundancy
through generation of a lyr1nfp double mutant. Using the recently published M. truncatula
genome, version 4.0 (Tang et al. 2014), we identified additional LysM-RLKs, and
phylogenetic analyses revealed an AM-conserved LysM-RLK, which we have tested for its
role in AM symbiosis.

63

Results

The Medicago truncatula genome contains 21 predicted LysM-RLK genes
A previous survey identified 17 LysM-RLK genes in the M. truncatula genome
(Arrighi et al. 2006). To ensure that all potential LysM-RLKs would be considered for
involvement in AM symbiosis, we searched the M. truncatula genome, version 4.0 (Tang et
al. 2014) for previously unidentified LysM-RLKs. To do so, we used pBLAST with the
extracellular region of each M. truncatula LysM-RLK as a query since the kinase domains are
more conserved, and the full-length sequence retrieved many protein kinases. The search
identified five additional LysM-RLKs that were not previously reported, none of which are
located near any other LysM-RLKs in the genome (Table 3-1). LysM-RLKs in M. truncatula
group into two major clades: Lyk and Lyk-related (Lyr) (Arrighi et al. 2006). A phylogenetic
reconstruction of the 21 M. truncatula LysM-RLKs indicated that one newly-identified gene
is part of the Lyk clade, and thus we named it Lyk11 (Figure 3-1, Table 3-1). The four others
are part of the Lyr clade, and so we named them Lyr7-Lyr10.
We also identified several short genes with high similarity to LysM-RLKs, which
mostly encode only portions of extracellular domains (Table 3-2). The lengths of these genes
vary, from 56 to 311 amino acids. The largest was previously reported as the LysM-RLK,
Lyk2 (Arrighi et al. 2006), which only contains two of three LysM domains, and just the
beginning of the kinase domain, truncated after the P-loop. Due to its lack of a LysM domain
and full kinase, Lyk2 is not considered a true LysM-RLK. Only three of the short genes
contain signal peptides, and among those only one, which is most similar to Lyr8, contains a
full LysM domain.
All 21 M. truncatula LysM-RLKs have conserved cysteines at the N terminus of the
mature protein, followed by CXC motifs between LysM1-LysM2 and LysM2-LysM3
(Lefebvre et al. 2012). In the Ser-Thr kinase domain, all Lyr proteins except Lyr5 and Lyr6

64

Table 3-1: List of all LysM-RLK genes in the M. truncatula genome. Probe ID refers to
the associated transcript probe on the Medicago Affymetrix Gene Chip. Expression describes
the Medicago Gene Atlas profile for those that have Probe IDs, or the results from RT-PCR
with mock and G. versiforme -inoculated roots. Bold text are newly-identified LysM-RLKs.
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Figure 3-1: Phylogenetic reconstruction of the LysM-RLK family in Medicago
truncatula. The phylogeny divides into two clades, Lyks and Lyrs, demonstrated by the
dashed line. Newly-identified genes are in blue. Nodes are labeled with posterior
probabilities. Bar represents amino acid substitutions per branch-length.
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Table 3-2: List of LysM-RLK duplications in the M. truncatula genome. Best hit refers to
first LysM-RLK gene retrieved with pBLAST. SP = signal peptide
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are missing the GXGXF/YG P-loop (Figure 3-2a). Only NFP, Lyr1, and Lyr8 are missing the
activation segment, however all Lyr proteins except Lyr 5/6 are missing the magnesiumbinding DFG motif, and all except Lyr5/6 and Lyr10 are missing a Ser/Thr in the activation
loop (Figure 3-2b) (Nolen et al. 2004; Arrighi et al. 2006). The Affymetrix Medicago Gene
Chip® has yielded a vast array of normalized expression data accessible through the
Medicago truncatula Gene Expression Atlas (Benedito et al. 2008; He et al. 2009). All but
four of the LysM-RLKs are represented on the gene chip, and their gene expression profiles
are briefly summarized in Table 3-1. We checked expression of three of the non-represented
LysM-RLKs using RT-PCR in mock and AM fungal-inoculated roots and found expression of
Lyr8 is down-regulated by both Glomus versiforme and Gigaspora gigantea (Figure 3-3).
To identify which M. truncatula LysM-RLKs are orthologs of characterized proteins
from other species, we reconstructed the protein phylogeny using all LysM-RLK sequences
from plants with characterized LysM-RLKs and an available genome sequence. In addition,
we included several monocots, two basal land plants (Selaginella moellendorffii and Azolla
filiculoides), and Lupinus angustifolius, which can form RN, but not AM symbiosis. The
latter can help us identify those genes important for AM that are likely not important for RN
symbiosis (Bravo et al. 2016). The resulting tree (Figure 3-4) confirms previous cladal
predictions (Streng et al. 2011; De Mita et al. 2014), including a “CERK1” clade that includes
both AtCERK1 and OsCERK1, as well as MtLyk3/LjNFR1, and a “symbiosis” clade
including NFP/NFR5 and Lyr1/Lys11, and AM-essential LysM-RLKs, PaNFP and SlLyk10.
The newly-identified Lyr7-Lyr10 all resolved with previously identified genes in the L.
japonicus LysM-RLK family (Lohmann et al. 2010). The newly-identified Lyk11 was placed
with AtLyk3, the LysM-RLK necessary for LCO and CO4 inhibition of chitin-elicited defense
responses (Liang et al. 2013). Interestingly, while the EPR3 clade does not contain any
Arabidopsis genes, it does contain orthologs in the non-legumes that can form AM symbiosis,
including both dicots and monocots, but no ortholog from L. angustifolius (Figure 3-3, blue
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Figure 3-2: Alignment of non-conserved elements of the LysM-RLK kinase domains. (a)
The P-loop (GXGXF/YG, red line) is missing in most Lyrs. (b) The activation segment (red
line) begins with the Mg-binding DFG motif (black line) and includes a conserved Ser or Thr
residue (black arrowhead). Most of the activation segment is missing in NFP, Lyr1, and Lyr8,
and most Lyrs are missing the Mg-binding motif.

69

Figure 3-3: Lyr8 is down-regulated by AM colonization. RT-PCR of Lyk8 transcript in
biological replicates of cDNA from mock and AM fungal-inoculated roots at a single
timepoint. RNA from G. versiforme and G. gigantea was provided by Xinchun Zhang and
Kishor Bhattarai, respectively. Time of harvest is unknown, but likely between 3-5 wpi.
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highlight). This result is in line with the previous phylogenetic analysis that identified Lyk10
as a mycorrhiza-conserved gene (Bravo et al. 2016).

Lyr1 is induced in mycorrhizal roots
Considering previous expression data that demonstrated an induction of Lyr1 in cells
containing arbuscules, and the conservation of Lyk10 in plants capable of establishing AM
(Gomez et al. 2009; Bravo et al. 2016), we predicted these two genes are important for AM
symbiosis. We measured expression of Lyr1, Lyk10, and NFP in roots with and without AM
fungi, G. versiforme and Rhizophagus irregularis, using qRT-PCR (Figure 3-5). All three
genes were expressed in non-colonized roots of Medicago, however Lyr1 expression was very
low. Expression of NFP was not significantly affected by colonization of either AM fungus.
Expression of Lyk10 was induced slightly, but significantly only in roots with G. versiforme.
Conversely, Lyr1 expression was much higher in roots colonized by either AM fungus than in
mock-inoculated roots.
At the time this work was initiated, the only sample in the M. truncatula Gene Atlas
demonstrating Lyr1 induction was the only mycorrhizal sample, representing results from
Gomez et al. 2009. This led us to believe that Lyr1 is specifically induced during AM
symbiosis. Since then, a new version of the Gene Expression Atlas was released with many
more samples representing expression in both AM and nodulated roots, revealing that Lyr1’s
expression is not specific to AM symbiosis. In the new version of the atlas, Lyr1 is also
induced by rhizobial inoculation and nitrogen starvation. Both NFP and Lyk10 are
constitutively expressed throughout root samples with and without AM fungi or rhizobia.
To investigate when during AM symbiosis Lyr1 is expressed, we used RT-PCR to
analyze Lyr1 expression in mtpt4 and vapyrin mutant roots colonized by G. gigantea. MtPt4 is
an AM-specific phosphate transporter that localizes to the periarbuscular membrane, and roots
of mtpt4 are enriched in degenerating arbuscules and have almost no mature arbuscules (Javot
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Figure 3-4: Phylogenetic reconstruction of LysM-RLK family. The phylogeny divides into
two major clades (dashed line). Blue highlight is the rhizobia/symbiosis-specific clade. Green
highlight is the EPR3 clade. Filled circles represent confirmed association with defense (red),
root-nodule symbiosis (purple), or AM symbiosis (green). Black fill indicates confirmed lack
of association. Open circle represents supported, but unconfirmed association. Nodes are
labeled with posterior probabilities. Bar represents amino acid substitutions per branch-length
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Figure 3-5: MtLyr1 is upregulated in roots colonized by AM fungi. Expression, relative to
M. truncatula elongation factor, of NFP, MtLyr1, and MtLyk10 in mock-inoculated roots, and
roots colonized by Rhizophagus irregularis or Glomus versiforme. Bars are standard error, n
= 4. Stars denote significant difference between colonized and mock, Student’s t test, p <
0.05.
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et al. 2007). Vapyrin is a protein of unknown function predicted to play a role in cellular
accommodation of intracellular fungal structures, and roots of vapyrin do not contain arbuscules
(Pumplin et al. 2009). Lyr1 transcript was detected at similar levels in wild type and mtpt4,
however it was barely detectable in roots of vapyrin (Figure 3-6). As expected, Lyr1 was not
detected in mock-inoculated roots (Figure 3-6a), consistent with Gomez et al. 2009.

lyr1 roots form normal mycorrhiza, but nfp and lyr1nfp are more colonized than wild type
Considering the induction of Lyr1 during AM symbiosis, and an apparently specific
expression, we hypothesized that the gene is essential for normal symbiosis. A preliminary
RNAi experiment targeting Lyr1 demonstrated fewer and slightly shriveled arbuscules in the
mutant roots (Karen Gomez, unpublished data). We then obtained a lyr1 ethyl
methanesulfonate mutant, courtesy of Dr. Clare Gough, INRA, Toulouse France, that contains
a stop codon at the twentieth codon of the gene; however, analysis of this mutant did not
reproduce the RNAi results, and G. versiforme was able to colonize the lyr1 roots as well as
wild type roots (data not shown). Considering the possibility that the RNAi could have
silenced an off-target gene, such as the similar NFP that may function redundantly with Lyr1,
we crossed lyr1 with the nfp-1 mutant, which has a stop codon in place of its start codon
(Arrighi et al. 2006), to see if a loss of both genes would lead to a defect in AM formation.
We inoculated roots of single mutants lyr1 and nfp, two double mutants, and a wild
type segregant from the lyr1nfp F2 population with G. versiforme. At 4 weeks post
inoculation (wpi) we found that lyr1 roots were again colonized at the same level as wild type
(Figure 3-7), and we observed no obvious differences in arbuscule number or size. Opposite
to our hypothesis, roots containing the nfp mutation, including the single and double mutants,
were more colonized than those of wild type and lyr1. At first glance, colonization units (the
length of root containing hyphae from a single penetration event) in roots of nfp and lyr1nfp
were much longer than those of wild type and lyr1 (Figure 3-7a). To quantify this, we
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Figure 3-6: Lyr1 is expressed in roots of mtpt4, but very little in vapyrin.
RT-PCR demonstrating Lyr1 expression in roots of M. truncatula wild type (A17) and mtpt4
mutants (a) and vapyrin mutants (b) colonized with Gigaspora gigantea.
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randomly selected and measured ten colonization units from each root system and found the
increase in expansion to be strongly significant in the single and double mutants (Figure 37b). To demonstrate an overall increase in colonization, we counted total number of
colonization units in nfp and wild type roots and found a strongly significant increase in total
colonization events in nfp roots (Figure 3-7c).
To confirm the effect of nfp deletion on G. versiforme colonization, we repeated the
experiment with the same segregating single and double mutants. We again found longer
colonization units in nfp roots, but with less significance (Figure 3-8a). We used qPCR to
measure levels of symbiosis-related transcripts in the roots, including the AM-specific
phosphate transporter, MtPt4, and an arbuscule marker, MtLec5. While transcripts of MtPt4
and MtLec5 appeared to be higher in nfp mutants, the only significant increase was MtLec5 in
the single nfp mutant (Figure 3-8b). In both experiments, root colonization was greatly
variable between samples of each genotype. To better control for this variability, and to test
the mutants with a different fungus, we repeated the experiment with G. gigantea, whose
large spores allow for application of an exact number of spores. Preliminary analysis of fungal
colonization levels revealed no obvious difference between nfp mutants and wild type. We
used qRT-PCR to check expression of fungal tubulin and symbiosis markers. Interestingly, G.
gigantea may colonize nfp roots less efficiently than wild type, as MtPt4 and MtLec5 were
significantly lower in nfp and lyr1nfp; however overall colonization seemed unaffected, as
demonstrated by levels of G. gigantea a-tubulin (Figure 3-9).
To confirm the results observed in both experiments using G. versiforme, we tested if
the increase in colonization is truly due to the loss NFP or the result of a separate mutation
that may be segregating with the nfp allele. To do so, we measured G. versiforme colonization
unit length in two segregating nfp mutants, the parent nfp mutant, and a segregating wild type.
Plants in this experiment were accidentally given twice as much fertilizer and grew much
more quickly than previous experiments. A test harvest at 2 wpi led us to harvest the entire
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Figure 3-7: nfp is more greatly colonized by G. versiforme than lyr1 and wild type.
(a) Examples of colonization units from each segregating genotype. (b) Average length of
colonization units formed on each segregant for the first experiment with G. versiforme, n ³
50 (c) Number of individual infection units from all samples in second experiment, n = 6 (d)
Average levels of free phosphate in shoots, n = 3 (b-d) Bars are standard error. Stars denote
significance in comparison to WT, Student’s t-test, *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3-8: In a second, independent experiment, colonization of nfp is greater than lyr1
and wild type in the repeated experiment. (a) Average length of colonization units from a
second experiment with G. versiforme. n ³ 43, bars are standard error. (b) Expression of
MtLec5 and MtPt4 in roots of segregating mutants from second experiment with G.
versiforme. Stars denote significance in comparison to WT, Student’s t-test, *p < 0.05
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experiment at 2wpi (the next day) because colonization had already progressed further than in
previous experiments. Although colonization units appeared to be slightly longer in all nfp
mutants than in wild type, the result was not significant for any of the samples (Figure 3-10).
Overall, colonization progressed further in this experiment than it had in the previous two, as
demonstrated by the longer colonization unit lengths overall in Figure 3-10 (measured in
pixels), as compared with Figure 3-7b and 3-8a.

Three short LysM-RLK-like genes have high similarity to Lyr1 and are induced by AM fungi
Among the several short LysM-RLK-like genes identified in our genomic search
(Table 3-2), three are located in tandem with Lyr1 on chromosome 8 (Figure 3-11a), which
we refer to as LysM320, LysM340, and LysM360 based on the last three numbers of their
gene IDs. All three are directly upstream from and on the same strand as Lyr1, but between
each pair is an unrelated gene on the opposite strand (Figure 3-11a). All three short genes
share high identity with portions of the extracellular domain of Lyr1; 83%, 85% and 90% for
LysM320, LysM340, and LysM360, respectively. The smallest, LysM340 does not contain a
full LysM, while LysM320 contains one LysM similar to the third LysM of Lyr1, and
LysM360 contains two LysMs similar to the first and third LysMs of Lyr1. Their alignment
with the extracellular domain of Lyr1 is shown in Figure 3-11b.
Considering these short LysM genes may have been off-target hits of the Lyr1 RNAi
hairpin, we were interested to know if they are expressed in M. truncatula roots. LysM340 and
LysM360 contain an upstream promoter region similar to that of Lyr1. Using RT-PCR, we
were able to detect transcripts for LysM320 and LysM360, but only in colonized roots,
indicating these two genes are induced by AM fungi (Figure 3-12a). This expression pattern
reflects data from the M. truncatula Gene Atlas for LysM360. LysM320 and LysM340 are not
represented in the Gene Atlas. According to the available data for LysM360, this gene is only
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Figure 3-9: Gigaspora gigantea does not colonize nfp mutants differently than wild type.
Expression of a-tubulin, MtLec5, and MtPt4 in roots of segregating mutants from experiment
with G. gigantea. All expression is relative to M. truncatula elongation factor. Bars are
standard error, n = 3. Stars denote significance in comparison to WT, Student’s t-test, *p <
0.05.
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Figure 3-10: AM colonization of segregating nfp mutants is not significantly different
from that of the segregating wild type. Length of colonization units in nfp mutants. WT is a
segregating wild type from lyr1 x nfp, nfp-P is the parent, and nfp-19 and nfp-23 are
segregating mutants. Bars are standard error, n = 30. No significance, Student’s t-test, p <
0.05.
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Figure 3-11: LysM domains of MtLyr1 have been duplicated. (a) Three duplications of the
MtLyr1 gene exist in tandem with MtLyr1 on chromosome 8. Large blue arrows represent
MtLyr1 and duplications. Black arrows represent other genes on the chromosome. (b) Protein
alignment of MtLyr1 ectodomain and all three duplications. LysM domains of Lyr1 are
indicated by brackets: LysM1, black; LysM2, purple; LysM3, blue.
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expressed in samples with AM fungi, and even much more highly than Lyr1 in LCM samples
(Figure 3-12b).

Mutants in lyk10 experience a delay in AM fungal colonization
Of the 21 LysM-RLKs in M. truncatula, Lyk10 is the only gene that is conserved in
AM hosts and absent in plants unable to establish AM symbiosis (Bravo et al. 2016). To test
if it has a role in AM symbiosis, we ordered two Tnt1 insertion lines with insertions in the
first exon of Lyk10. Both came as segregating seed, and with one planting we identified a wild
type and homozygous mutant in each. Using seed from that first planting, we tested
colonization with G. versiforme, but observed no difference between mutant and wild type.
Colonization was very high in this experiment, which may have masked any subtle
phenotype. Such subtle differences would also be difficult to quantify in the Tnt1 insertion
lines, which have other segregating insertions that may influence colonization.
To address this, we back-crossed each lyk10 mutant to the parent ecotype, R108, and
tested one of them for colonization by G. versiforme, this time with 1/5 as many spores, and
10X higher Pi concentration to slightly limit colonization (Breuillin et al. 2010; Bravo et al.
2016). Plants were harvested at three timepoints and analyzed for percent root colonization at
each . At 3 and 5 wpp, no significant difference was observed between mutant and
7

segregating wild type, but at 7wpp, colonization was significantly lower in the lyk10 roots
than in the wild type roots (Figure 3-13). The experiment was later repeated with both lyk10
Tnt1 insertion mutants. As observed previously, the first mutant showed reduced colonization;
however, the second lyk10 mutant and its segregating wild type both had reduced colonization
relative to the first wild type, and were not significantly different from each other, making our
results inconclusive (Armando Bravo, personal communication).

7

This experiment was done by Armando Bravo.
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Figure 3-12: Medtr8g078360 is induced in roots with AM (a) RT-PCR demonstrating
induction of both Medtr8g078320 and Medtr8g078360 in mock and G. versiforme-inoculated
roots. Stars mark samples in which transcript was detected. (b) M. truncatula Gene Atlas
normalized levels of MtLyr1 and Medtr8g078360 transcripts in root samples.
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Figure 3-13: Roots of mtlyk10 are less colonized at 7 wpp than those of the segregating
wild type. Graph shows percent colonization by gridline-intersect quantification. Bars
represent standard error, n = 4. Star denotes significance relative to wild type roots for each
time point, Student’s t-test, p < 0.05.
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Discussion
The LysM-RLK family in plants includes receptors and co-receptors for signaling
molecules involved in a spectrum of interactions, from defense to symbiosis (Zipfel and
Oldroyd 2017). The family is greatly expanded, especially in legumes, offering potential for
functional redundancy, but also functional diversity. We have identified five LysM-RLKs in
M. truncatula that had not been previously reported, bringing the total number for this plant to
21 LysM-RLKs. Lyr7 is an ortholog of the major chitin receptor protein in A. thaliana,
AtLyk5 (Cao et al. 2014), and highly similar to Lyr4, which is required for resistance to the
necrotrophic fungal pathogen, Botrytis cinerea (Bozsoki et al. 2017). While Lyr8, Lyr9, and
Lyr10 did not group with any characterized LysM-RLKs in our phylogenetic reconstruction,
Lyr8 is intriguing for multiple reasons. Its kinase is missing both the P-loop and the activation
segment, which is otherwise only the case for NFP and Lyr1 (Arrighi et al. 2006).
Furthermore, like Lyr1, the LysM domain of Lyr8 has been duplicated in the genome.
Interestingly, contrary to Lyr1, Lyr8 appears to be down-regulated by AM symbiosis,
suggesting it could be involved in negative regulation. The newly identified Lyk11 is an
ortholog of AtLyk3, which is necessary for NF attenuation of defense responses to flagellin
(Liang et al. 2013). Without Lyk11, Lyk10 would be considered the ortholog of AtLyk3, and
would not be considered AM-conserved. The duplication of the AtLyk3 clade is conserved
among plant species capable of establishing AM symbiosis and absent in those that have lost
this capability, indicating this clade may be important for AM symbiosis (Bravo et al. 2016;
this study).
Of the 21 LysM-RLKs in M. truncatula, only Lyr1 is consistently induced by AM
symbiosis (although Lyr9 remains to be tested). By RT-PCR, we only ever detected Lyr1
transcript in inoculated roots, and expression in the mock-inoculated roots was very low when
quantified by qRT-PCR. Based on this expression data, and the preliminary results with
RNAi, we were surprised by the lack of any effect of the lyr1 mutant on AM fungal
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colonization. We hypothesized that Lyr1 and NFP could act redundantly in AM symbiosis,
and although the lyr1nfp double mutants were colonized differently than wild type, there was
no difference between the single nfp mutant and lyr1nfp, indicating that loss of Lyr1 did not
contribute to the effect. One possible reason we might miss an effect of the lyr1 deletion
would be if the gene is important for later stages in symbiosis, including arbuscule
degeneration. The near lack of Lyr1 transcript in colonized roots of vapyrin suggests the gene
is predominantly expressed in cells containing arbuscules, consistent with earlier data
demonstrating expression of Lyr1 in cells containing arbuscules (Gomez et al. 2009). Lyr1 is
not upregulated in mtpt4 roots, and thus not upregulated for arbuscule degeneration (Floss et
al. 2017).
Rasmussen et al. 2016 reported a similar lack of contribution to AM symbiosis for
LjLys11, the paralog of NFR5 corresponding to Lyr1, but in L. japonicus. They also tested for
colonization by two different fungi, R. irregularis and Gigaspora margarita, and neither was
affected by the ljlys11 deletion. Like us, they then tried a combination of mutants,
hypothesizing that the similar LysM-RLKs could be acting redundantly. They went a step
further and tested the triple mutant, lys11nfr5nfr1, which eliminates both Nod factor receptors
and Lys11. The equivalent in Medicago would be lyr1nfplyk3. This triple deletion had no
effect on AM formation in their experimental systems (Rasmussen et al. 2016). The result of
the triple mutant is surprising considering that nfr1 was previously shown to be less
efficiently colonized by R. irregularis (Zhang et al. 2015). In the previous experiments, the
authors observed the effect of nfr1 only when they used a low spore density, with about onefifth as many spores as our experiments. This degree of stringency for mycorrhiza formation
should be tested with the lyr1 mutant before any final conclusion is drawn as to its
contribution to AM symbiosis.
While lower AM fungal colonization may be necessary to demonstrate subtle
contributions of redundant genes, such as Lyr1, to AM symbiosis, it does not explain why
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Lyr1 RNAi roots had fewer and slightly shriveled arbuscules in comparison to the control. If
the result of silencing Lyr1 were due to loss of its transcript alone, we would expect the effect
to be amplified in a deletion mutant. Loss of the effect suggests that the RNAi phenotype was
not a result of Lyr1 silencing but may have resulted from off-target silencing. In our search of
the M. truncatula genome for additional LysM-RLKs, we identified three genes with high
similarity to the Lyr1 LysM domain, two of which are expressed and induced in mycorrhizal
roots and may even be more highly-expressed than Lyr1 in cells containing arbuscules,
according to the M. truncatula Gene Atlas. Short paralogs of LysM-RLKs have been
previously reported as pseudogenes, as they resemble the longer versions with early stop
codons, and thus have not been investigated (Arrighi et al. 2006; De Mita et al. 2014).
Recently, a novel mutant of AtCERK1 led to the discovery that this protein sheds its
ectodomain, which acts as a deregulator of cell death in response to biotrophic pathogens
(Petutschnig et al. 2014). If ectodomain shedding is necessary for Lyr1’s contribution to AM
formation, then LysM360 or LysM320 may act redundantly with Lyr1. These short Lyr1
paralogs should be carefully targeted by RNAi in the lyr1 mutant background to test this
hypothesis.
Although our deletion mutant analyses demonstrated a lack of effect of the lyr1 mutant
on AM symbiosis, we were surprised to find that the nfp mutant had more expansive
colonization. This result suggests that NFP may be a negative regulator of symbiosis, which is
further supported by reports that nfp mutants are more susceptible to biotrophic fungal
pathogens (Ben et al. 2012; Rey et al. 2013). In the end, our results regarding the effect of nfp
deletion on AM symbiosis are inconclusive, as we were not able to show a significant
difference between the segregating nfp mutants and wild type roots. However, the lack of a
difference is likely due to an environmental factor, since one of the nfp mutants had been
included in earlier experiments and had an increase in colonization in both.
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One major difference between the segregating nfp experiment and the previous two
was that the plants were accidentally fertilized twice as much. With more nutrients, both the
plants and fungi grew more quickly, and the colonization units were overall much longer than
the original experiments with lyr1nfp. Longer colonization units increase the risk that two
overlapping units will be measured as one, which would increase variability within each root
system and any subtle effects would be lost. Zhang et al. 2015 tested AM fungal colonization
of nfp roots using their stringent inoculation protocol, but saw no difference from wild type;
however, they only measured percent colonization at a timepoint when 50% of the root
system was colonized. At that level of colonization, measuring individual colonization units
would be nearly impossible due to overlap. An overexpression experiment may more easily
reveal if NFP is a regulator of symbiosis – we would expect higher levels of NFP to limit
growth of the AM fungus, and possibly also limit (hemi)biotrophic pathogens.
By the time we tested the backcrossed lyk10 mutants, Zhang et al. 2015 had reported
their success in using stringent inoculation to reveal subtle phenotypes. Using a similar
stringency with lyk10, we were able to detect a defect in AM fungal colonization, but only
well after the symbiosis was established. A simple explanation for only a slight decrease in
colonization of the mutants would be if its contribution is redundant with its paralog, Lyk11,
which is orthologous to AtLyk3, the LysM-RLK required for CO5 and LCO inhibition of
flg22 and chitin-elicited defenses (Liang et al. 2013). Several studies have reported an early
induction of defense genes in response to AM fungi that is later suppressed (Spanu and
Bonfante-Fasolo, 1988; Spanu et al., 1989; Lambais and Mehdy, 1995; Harrison and Dixon,
1993; Liu et al., 2003). Additionally, silencing of genes involved in production of ROS
enhances early colonization (Kiirika et al., 2012; Arthikala et al., 2013). AM fungi produce
LCOs and CO4/5 that may signal through both Lyk10 and Lyk11 to suppress immune
responses triggered by chitin and other elicitors in their cell walls. If this is true, we would
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predict the double lyk10lyk11 mutant would have even lower levels of fungal colonization
than the lyk10 mutant and induction of defense-related genes.
As the putative receptor for EPS during RN symbiosis, an alternative role for Lyk10
may be to facilitate bacterial enhancement of AM symbiosis through EPS-mediated
suppression of plant defenses. Such a role would be missed in our experimental system since
we begin our experiments with completely sterile growth media and spores; however, our
growth system is not axenic, and bacteria and other fungi have been known to make their way
into the root systems of some experiments, well before 7 wpp. Concurrent colonization by
rhizobia and AM fungi can have synergistic effects on plant growth and nutrient status (van
der Heijden et al. 2015), Considering both NF and myc-LCOs induce expression of
Lyk10/EPR3 (M. truncatula Gene Atlas, Kawaharada et al. 2015) we can speculate that in
dually-inoculated legumes, rhizobial NF and myc-LCOs would induce expression of Lyk10,
through which rhizobial EPS would suppress plant immune responses and enhance
colonization by both symbionts.
Although a clear role has been demonstrated for EPR3 in rhizobial symbiosis
(Kawaharada et al. 2015), the Lyk10/EPR3 clade contains orthologs from non-legumes
incapable of establishing RN symbiosis. Likewise, bacterial endophytes of non-legumes also
produce EPS (Meneses et al. 2011), and may signal through Lyk10/EPR3, although the
importance for AM symbiosis is suggested by the lack of an ortholog in species that do not
host AM fungi (Bravo et al. 2016). Further hinting at the importance for EPS in AM
symbiosis, Sinorhizobium meliloti, a rhizobium compatible with M. truncatula, produces two
distinct EPS molecules, succinoglycan and galactoglucan, the former of which facilitates
bacterial entry, while production of the other is induced under phosphate-limiting conditions
(Zhan et al. 1991; Skorupska et al. 2006) – conditions known to promote AM symbiosis.
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Conclusion
Our results from this chapter of work supplement the growing body of literature
demonstrating the complex mechanisms involving LysM-RLKs in plants (Desaki et al 2017).
The discovery of five more LysM-RLK family members in M. truncatula adds to the potential
for functional redundancy and increases the number of possible combinations of receptors and
co-receptors that may be involved in only slightly diverging functions. We approached this
work hopeful, almost expecting, to discover a near loss-of-function symbiosis mutant, but
found instead subtleties that may or may not be resolved through careful tweaking of
experimental variables, such as stringent spore load, pyramid gene deletion, or the addition of
other microbes or microbial signals. What we can conclude is that Lyr1, NFP, and Lyk10 are
dispensable for AM symbiosis in the experimental conditions we have tested. These genes
may still have been selected and maintained for their roles in symbiosis, as evolution favors
even subtle advantages. AM fungi are able to colonize host roots and confer an advantage in
many different types of environments; however, the one thing they have in common that
differs from the lab is a plethora of other microorganisms often competing for the same source
of carbon from the plant. While other microorganisms are often left out of experiments in
order to simplify the analysis, for the LysM-RLKs which initiate signaling for a diversity of
microbes, considering multi-partite interactions may be necessary for finally resolving some
of the bigger pictures.

91

Materials and Methods

Plant material
Both lyr1 and nfp-1 are tilling mutants in M. truncatula var. Jemalong A17 and were
identified prior to this work. lyr1 was provided by Clare Gough and has not been published.
The Tnt1 insertions in lyk10 are in M. truncatula var. R108 background and were ordered
from the Noble Research Institute’s database of M. truncatula mutants (Tadege et al. 2008).
Two insertion lines, NF11530 and NF9690, were identified, each with the Tnt1 transposon
inserted at the end of the first exon. Both insertion lines were back-crossed to R108 and selfed
for the production of homozygous mutant and wild type. Results reported in this chapter were
from experiments done with segregants from the back-crossed NF11530.

Plant growth and fungal inoculum
Unless otherwise stated, plants were grown in a growth chamber with 16 h light at
25°C / 8 h dark at 22°C, at 40% relative humidity. Spores of G. versiforme and G. gigantea
were cultured on leek and bahia grass, respectively, harvested, and surface sterilized as
previously described (Liu et al. 2007). Experiments with G. versiforme were done in 11 cm
pots with turface and a 1 cm layer of sand on which roots of 1 wk old seedlings, previously
grown in turface, were each directly inoculated with 500 spores then covered with more
turface. Each pot contained 3-4 seedlings, and 3 pots were used per treatment. Each plant was
considered a biological replicate. Experiments with G. gigantea were done in 22.5 cm conetainers with turface and a 1 cm sand layer 7 cm below the surface, on which 10 spores were
pipetted and covered with turface. Two 2-day old seedlings were then planted into the top
layer of turface and inoculated by growing through the sand layer with spores. Each cone was
considered a biological replicate. Inoculated plants were only misted for the first 5 days to
avoid disturbing the spores. They were then watered daily and fertilized every third day with a
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modified half-strength Hoagland’s solution containing 20 µM potassium phosphate (Arnon
and Hoagland 1940). Expect in the case of the segregating nfp mutants where they were given
double, pots were given 50 mL of fertilizer and cones were given 15 mL.
For analysis of the back-crossed lyk10 mutants, plants were inoculated and grown as
in Bravo et al. 2016. Briefly, plants were grown in cones similarly to experiments with G.
gigantea (above), but with a 1:1 mixture of gravel and sand in place of turface, and 100 G.
versiforme spores were pipetted onto the sand layer and covered with the gravel/sand mixture.
Three 2-day-old seedlings were planted in each cone and treated as one biological sample
together. Cones were fertilized after 5 days with modified Hoaglands containing 200 µM
potassium phosphate, and twice weekly thereafter. At each harvest, only the roots from 2 cm
above to 2 cm below the spore/sand layer were analyzed for colonization or gene expression.

Expression analyses
Approximately one-third of the root systems were randomly sampled and immediately
frozen in liquid nitrogen. RNA was extracted using the Trizol method (Invitrogen) and 500 ng
of each sample were used as template for cDNA synthesis using SuperScript III Reverse
Transcriptase (Invitrogen), as previously reported in Gomez et al. 2009. Quantitative PCR
was done on an ABI PRISM 7900 HT sequence detection system in 384-well plates with
SYBR Green PCR Master Mix (Applied Biosystems, http://www.applied- biosystems.com)
according to methods outlined in Breuillin-Sessoms et al. 2015.

Analysis of colonization by microscopy
Roots harvested for microscopy were dehydrated overnight in 50% ethanol, then
transferred to 10% KOH and left at room temperature for 1 week. For quick test of
colonization levels, roots were cleared in 2 hours by boiling in KOH. After KOH, roots were
rinsed at least 5 times with tap water, then left overnight in ddH2O. The next morning they
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were transferred to PBS, which was replaced by a solution of WGA-Alexafluor488
(Molecular Probes) in PBS and kept in the dark. Colonization was analyzed using an Olympus
SZX-12 stereo microscope. Length of colonization units was determined by imaging complete
units from end to end at a consistent magnification and resolution. Using ImageJ, lines were
drawn from the end of one end of the colonization unit to the other, from the tips of hyphae,
then the lines were measured in pixels.

Protein alignment and phylogenetic analysis
All protein sequence alignments were done with MUSCLE using the Jalview
alignment software (Waterhouse et al. 2009). Phylogenetic reconstruction of all LysM-RLKs
was done with MrBayes 3.2.2 on XSEDE through the CIPRES Science Gateway (Ronquist et
al., 2012; Towns et al., 2014; Miller et al., 2010) using the WAG substitution model. Other
parameters included 2 runs with 4 chains, 1 million generations, sampling every 500, with a
burn-in of 2500 samples (25%). Trees were formatted using FigTree version 1.4.0
(http://tree.bio.ed.ac.uk/software/figtree/).

Primers used in this study
G. versiforme a-tubulin

F: 5'-TCTCCAATGCGGCCAAATCT-3'
R: 5'-TCTCCAATGCGGCCAAATCT-3'

G. gigantea a-tubulin

F: 5’-TCGTCGACTTGGAACCTACC-3’
R: 5’-CCACCTCCAAAGGAGTGAAA-3’

Medtr6g021800 (EF1-a)

F: 5'-GAGACCCACAGACAAGCC-3'
R: 5'-ACTGGCACAGTTCCAATACC-3'

Medtr1g028600 (Pt4)

F: 5'-GACACGAGGCGCTTTCATAGCAGC-3'
R: 5'-GTCATCGCAGCTGGAACAGCACCG-3'

Medtr5g031030 (Lec5)

F: 5'-TCAAGTTGCTGAAACACATGAT-3'
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R: 5'-GAGCAGAACCATTGCAACAA-3'
Medtr8g078300 (Lyr1)

F: 5’-GGCAGTGAATTGCATAGAAG-3’
R: 5’-CCATTTCAGCAACCTCTACA-3’

Medtr5g019040 (NFP)

F: 5’-CAACCAACCATCATCTGAACC-3’
R: 5’-ATAAAGATGTAAGCAAAGTAGTACCA-3’

Medtr5g033490 (Lyk10)

F: 5’-AAGCTTACATGGAGCCTTATAAATG-3’
R: 5’-AATTCTCACCATGCCATCAA-3’

Medtr4g058570 (Lyr8)

F: 5’-AGGAAAATTGGCAGATGTGG-3’
R: 5’-CCACAGTTGGCCTATGCAAT-3’

Medtr3g080170 (Lyr7)

F: 5’-TGTTGTTGGCACTCATGGTT-3’
R: 5’-TTGGACGCAAATTGTGGTAA-3’

Medtr5g042440 (Lyr2)

F: 5’-AGCCGATGGTATCGTGTCAACG-3’
R: 5’-GCCACCAACCTTTCTGAACCAAACC-3’

Medtr8g078320 (LysM320)

F: 5’-TTCCCTTGTTCTGTAACTGTCC-3’
R: 5’-ACAAGGGCGAGGTTGTCA-3’

Medtr8g078360 (LysM360)

F: 5’-TCCTACTTGCCACAAACCAA-3’
R: 5’-CCAGCAAAGGTTGGTCTTCA-3’
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CHAPTER 4

SMALL, CYSTEINE-RICH LYSM PROTEINS ARE INDUCED BY ARBUSCULAR
MYCORRHIZAL SYMBIOSIS
Abstract
Arbuscular mycorrhiza (AM) occurs in over 80% of land plants, which accommodate
the fungal symbiont through concerted, often specific, signaling. Many genes involved in AM
symbiosis are found only in plants capable of entering into this symbiosis, and often the
deletion of these genes will preclude normal symbiotic function. The LysM domain plays an
important role in signaling for many plant-microbe interactions, including both symbioses and
antagonistic plant-microbe interactions. We have identified three small, putatively-secreted
proteins containing only a single LysM domain that are conserved for AM symbiosis, which
we refer to as AM-SLMs. We show that expression of AM-SLMs is specific to plant cells
accommodating arbuscules, and their proteins localize to the area surrounding arbuscule
branches. Investigation of ligand-binding revealed that AM-SLMs do not bind to chitin, and
simultaneous RNA silencing of all three AM-SLMs in Medicago truncatula had no effect on
the ability of AM fungi to colonize roots. Conversely, ectopic expression of two AM-SLMs
led to an increase in AM fungal growth, indicating two different roles for these genes in AM
symbiosis. An alignment and phylogenetic reconstruction of SLM proteins from many species
that can or cannot establish AM symbiosis reveals a clear divide into two clades, one of which
contains SLMs from AM-compatible plants only. Proteins in the AM-relevant clade contain
several cysteines, classifying this group as a new type of cysteine-rich protein. Modeling of
protein structure reveals a putative disulfide bond at the site of ligand binding in similar
proteins, hinting at a mechanism for regulation and post-translational activation of these
proteins.
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Introduction
For over 400 million years, certain land plants have harbored fungi from the
subphylum Glomeromycotina in their roots where they live symbiotically in a relationship
called arbuscular mycorrhiza (AM) (Remy et al. 1994). Land plants have evolved to possess a
set of essential genes for accommodating AM fungi in their roots. While several of these
symbiosis genes are also important for other mechanisms, and thus contain homologs in
plants that do not harbor AM fungi, many are specific to AM symbiosis and absent in noncompatible plant species (Bravo et al. 2016).
Cellular accommodation by the plant begins upon sensing AM fungal signals in the
rhizosphere. These signals include lipochitooligosaccharides (LCOs) (Maillet et al. 2011),
which are similar to rhizobial nod factors, and short chain chitooligosaccharides CO4/5
(Genre et al. 2013), which are similar to the longer-chain CO7/8 that elicit a defense response
(Shibuya et al. 1996; Liu et al. 2012). The receptors for AM fungal signals are yet
unconfirmed, but perception of the signals leads to induction of specific sets of symbiosisassociated genes, as well as lateral root formation (Maillet et al. 2011; Delaux et al. 2013;
Genre et al. 2013). Upon contact with a plant roots, AM fungi form a penetration structure,
called the hyphopodium. The fungus enters the root by passing through an epidermal cell into
the root cortex (Genre et al. 2005), but this process is facilitated in part by the plant’s
formation of a prepenetration apparatus, which includes invagination of the plasma membrane
and reorganization of the cytoskeleton and endoplasmic reticulum (Genre et al. 2008). Within
the cortex, the fungus grows intercellularly along the root and enters inner cortical cells to
create intracellular arbuscules – tree-like hyphae surrounded by plant cell membrane. At every
step of symbiosis development, the host plant accommodates the fungus through carefullytimed gene expression facilitated by AM-specific transcription factors (Choi, Summers and
Paszkowski 2018).
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A successful symbiosis is marked by nutrient transfer between fungus and plant, as the
plant provides carbohydrates and lipids in return for inorganic phosphate and nitrogen (Smith
and Read 2008; Fiorilli and Gutjar 2018). This exchange takes place in the arbuscules, which
are fungal hyphae surrounded by a specialized plant membrane, the periarbuscular membrane
(PAM), that is contiguous with the plasma membrane (Pumplin et al. 2009). The arbuscule
contains two domains – the trunk and branches. Each relies on specific symbiosis genes for
formation, and deletion of such genes interferes with arbuscule maturity and nutrient
exchange. The Medicago truncatula protein, Vapyrin, a novel protein predicted to mediate
protein-protein interactions, is essential for any arbuscule formation, as fungi colonizing roots
in which Vapyrin is silenced are unable to penetrate cortical cells (Pumplin et al. 2010).
MtPt4, the AM-specific phosphate transporter in M. truncatula localizes to the fine branches
of the PAM (Pumplin et al. 2012). AM fungi colonizing mtpt4 roots are able to form
arbuscules, but they degenerate prematurely, before reaching maturity. Colonized roots of
mtpt4 mutants are enriched in degenerating arbuscules, and thus have been used to identify
genes that may be involved in this process (Floss et al. 2017).
Both MtPt4 and vapyrin are induced by AM fungal colonization, an indicator that a
gene may be important for the symbiosis. Many genes essential for AM symbiosis are also
necessary for other biological functions, such as rhizobial symbiosis (Genre and Russo 2016)
and pathogen immunity (Zipfel and Oldroyd 2017). Homologs of these genes exist in nonhost plant species, including Lupinus angustifolus, a legume that establishes symbiosis with
rhizobia, but does not establish AM symbiosis, and therefore does not contain homologs of
AM-specific genes (Bravo et al. 2016). The duality of genes participating in both AM
symbiosis and defense varies greatly by the species. In rice and pea, the major chitin receptor
LysM-RLK is also necessary for establishment of AM symbiosis (Miyata et al. 2014;
Leppyanen et al. 2018), whereas in Lotus japonicus, LysM-RLK chitin receptors are
dispensable for both rhizobial and AM symbiosis, while paralogous LysM-RLK proteins are
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responsible for perception of rhizobial nod factors and establishment of rhizobial symbiosis
(Bozsoki et al. 2017).
LysM (lysin motif) domains are found in proteins of organisms from all kingdoms of
life and are able to interact with a diversity of glycans, including nod factors, myc-LCOs,
peptidoglycan, chitosan and chitin, all of which are based on an N-acetyl-glucosamine
backbone (Buist et al. 2008). For many fungal pathogens, LysM effectors are necessary to
evade the plant’s immune response for successful infection. These effector proteins contain
one to many LysM domains, either alone or with other protein domains (de Jonge and
Thomma 2009). In angiosperms, several types of LysM-containing proteins have been
identified. The best-studied group are the LysM-RLKs mentioned above that signal in both
symbiosis and defense (Desaki et al 2017). Another type involved in defense signaling are the
LYM/LYPs, which are GPI-anchored extracellular LysM proteins, including the rice chitin
receptor, OsCEBiP (Kaku et al. 2006) and peptidoglycan receptors AtLYM1/3 and OsLYP4/6
(Willmann et al. 2013; Liu et al. 2013). Other types of LysM proteins include extracellular Fbox proteins, non-secretory single LysM proteins, and extracellular single LysM proteins
(Zhang, Cannon and Stacey 2009). Only a few of the other types, specifically the extracellular
LysM proteins, have been characterized. In cotton, silencing of the single-LysM secreted
protein, LysMe3, leads to a reduction in defense responses and a higher susceptibility to the
fungal pathogen, Verticillium dahliae (Xu et al. 2017). In rice, the single-LysM domain
protein, OsEMSA1, is necessary for normal development of the embryo sac (Zhu et al. 2017).
Two other extracellular single LysM proteins in rice, AM3 and AM15, are specifically
expressed during AM symbiosis, and have been used as markers for early and late
colonization, respectively, in rice (Güimil et al. 2005; Gutjahr et al 2008). Neither gene is
expressed in mock-inoculated or pathogen-infected roots, nor is their expression influenced
by phosphate homeostasis in rice (Gutjahr et al. 2008). Gutjahr et al. 2008 showed that AM3 is
expressed earlier than PT11, the rice AM phosphate transporter, and AM15 was expressed
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later with PT11. Although they detected AM3 transcript in the uninoculated side of a split-root
system through RT-PCR, they were only able to localize its transcript in cells containing
arbuscules. Despite this expression specificity, AM3 is induced by AM fungal germinating
spore extracts, and this induction is dependent on the common symbiosis signaling
components, Castor and Pollux (nucleoporins) and DMI3 (CCaMK) (Mukherjee and Ané
2011), which, when deleted, do not allow AM fungal colonization beyond hyphopodium
formation. AM3 expression was still induced by germinating spore exudates in the cyclops
mutant, which does allow arbuscule formation. Neither AM3 nor AM15 were induced by MycLCOs, known to induce expression of symbiosis genes (Camps et al. 2015).
Medicago truncatula is a model legume species capable of establishing both AM and
rhizobial symbiosis. Previously, seven single-LysM proteins were predicted from the M.
truncatula draft genome, five of which were predicted to be extracellular (Zhang, Cannon and
Stacey 2009). Here we present our results of a new survey of M. truncatula for small, singleLysM proteins, which we refer to as SLMs. Our results reveal previously unidentified SLMs
in the M. truncatula published genome, version 4.0 (Tang et al. 2014), including an ortholog
of AM3. We have tested expression of all M. truncatula SLMs and further characterize the
extracellular SLMs that are specifically expressed during AM symbiosis. A comparison of
protein sequences reveals a clear distinction between those that are AM-specific and those
that are not, offering a new theory for how LysM proteins may differentiate between
symbiotic and defense signaling.
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Table 4-1: The twelve predicted SLMs in the M. truncatula genome. Gene IDs correspond
to the M. truncatula genome version 4.0. Previously published lists corresponding name in
Zhang, Cannon and Stacey 2009. TM = transmembrane, ND = not detected
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Results

Three SLMs are specific to arbuscular mycorrhizal symbiosis
A BLAST search of the M. truncatula genome, version 4.0, using all previously
identified SLMs revealed twelve sequences with a single LysM domain and no other
functional domain (Table 4-1). Of the seven previously identified (Zhang, Cannon and Stacey
2009), two lacked signal peptides, one of which we found to contain an F-box domain,
precluding its classification as an SLM. The second is lacking part of its 5’ end in the updated
M. truncatula genome, but the new 5’ end encodes a signal peptide. All five previously
identified extracellular SLMs are annotated in the updated genome; however, one of these is
predicted to contain a transmembrane domain rather than a signal peptide. Eight of the twelve
SLM are predicted to contain a signal peptide. The M. truncatula SLMs are summarized in
Table 4-1.
To identify SLMs that may play a role in AM symbiosis, we tested their expression in
mock and AM fungal-inoculated M. truncatula roots at 21 days post-inoculation (dpi).
Transcripts from six SLMs were detected in roots, and all six are predicted to be extracellular
(Table 4-1). Of those six, SLM1, SLM2, and SLM3 were detected only in roots colonized by
AM fungi. All three are highly expressed during colonization by both Rhizophagus
irregularis and Glomus versiforme and not expressed in mock-inoculated roots (Figure 4-1).
The other three SLMs detected in roots, SLM6, SLM7, and SLM8, were highly expressed in
both mock and inoculated roots. Due to their specific expression, we refer to SLM1, SLM2
and SLM3 collectively as AM-SLM. None of the AM-SLM were detected in leaves of plants
colonized by G. versiforme8 (Appendix 4-1). The three AM-SLM genes occur in tandem on
chromosome 4 (Appendix 4-2), while SLM6, SLM7, and SLM8 are located on different
chromosomes and separate from each other. SLM2 and SLM3 are 91% identical at the
8

cDNA from leaves of colonized Medicago was provided by Xinchun Zhang.
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nucleotide level, while SLM1 and SLM2, and SLM1 and SLM3 are 71% and 70% identical,
respectively (Appendix 4-3).
All three AM-SLMs are represented on the Affymetrix Medicago Gene Chip®, which
has yielded a vast array of normalized expression data accessible through the Medicago
truncatula Gene Expression Atlas (Benedito et al. 2008; He et al. 2009). Using these data, we
found that AM-SLMs are expressed only in AM-fungal colonized roots. Looking specifically
at expression in laser-capture microdissected root cells, we found that AM-SLMs are
predominantly expressed in cells containing arbuscules, and at a lower level in adjacent cells
(Appendix 4-4). None of the genes are expressed in response to germinating spore extracts,
myc-LCOs, COs, or nod factors; however, their expression may be dependent on DMI3, as
early contact by Gigaspora gigantea induces expression in wild type roots, but not in dmi3.
None of the other represented microbe-interacting conditions, including
colonization/challenge by rhizobia, Ralstonia, Aphanomyces, and Macrophomina, induced
expression of any AM-SLMs.

AM-SLMs are expressed only in cells containing arbuscules
Considering that AM3 is induced by germinating spore extracts (Mukherjee and Ané
2011), we predicted that one or more AM-SLMs may be induced by early contact between
roots and AM fungi. To test this hypothesis, we analyzed expression of each AM-SLM in
colonized roots9 at 2, 4, 6, and 8 dpi using a double-cone system that allows root exudates to
prime AM fungal spores, which subsequently colonize roots quickly upon contact (LopezMeyer and Harrison 2006). No transcript was detected for any AM-SLM at 2dpi, and all three
were detected at 4 dpi. MtLec5, a lectin specific to cells containing arbuscules (Frenzel et al.
2006), was also detected at 4dpi, indicating arbuscules were already present at this time point
(Appendix 4-5).
9

cDNA from double-cone experiment was provided by Melina Lopez-Meyer.
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Figure 4-1: Six M. truncatula SLMs are expressed in roots. Quantitative PCR of cDNA
from roots colonized by Rhizophagus irregularis or Glomus versiforme, or mock-inoculated
roots. Expression is relative to M. truncatula elongation factor (MtEF). Bars represent
standard deviation, n = 3. Stars denote significant difference relative to Mock, Student’s t-test,
p < 0.05.
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Figure 4-2 (below): AM-SLM promoter-GUS activity in colonized roots. (a) Lateral root
segments with fungal arbuscules (white arrowheads). Yellow arrowheads show arbuscules in
cells lacking GUS-cleaved X-gluc. (b) Lateral sections of roots containing arbuscules (white
arrowheads). Yellow arrowheads show GUS-cleaved X-gluc in cells adjacent to arbusculecontaining cells. White arrows show hyphopodium on cells lacking GUS-cleaved X-gluc.
Bars = 100 µm
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Gutjahr et al. 2008 found that AM3 is expressed in the uninoculated side of a split-root
rice plant, but using in situ hybridization could only detect transcripts in vivo in cells
containing arbuscules, and very slightly in adjacent cells. Based on the expression data from
the M. truncatula Gene Expression Atlas, we predicted M. truncatula AM-SLMs may be
expressed specifically in cells containing arbuscules. To investigate this hypothesis, we fused
1 kb of the genomic region upstream of each AM-SLM to the UidA gene and transformed the
resulting constructs into roots of M. truncatula, which we inoculated with G. versiforme
spores. At 28 dpi, roots were harvested and stained for GUS activity. For all three AM-SLMs
we were only able to clearly detect GUS-cleaved X-Gluc in cells containing arbuscules,
visible as a blue precipitate, but not every cell containing an arbuscule demonstrated GUS
activity (Figure 4-2). Closer observation of cells containing arbuscules that were stained
versus unstained did not reveal any pattern of arbuscule maturity that might correlate with
staining. Occasionally we observed very light GUS staining in cells adjacent to those with
arbuscules (Figure 4-2b).

AM-SLM localize to the periarbuscular space (PAS)
To investigate sub-cellular localization of AM-SLMs, we fused the coding region of
each gene to the mCherry fluorescent reporter under the same upstream promoter sequence
used for the promoter-GUS analyses, transformed the resulting constructs separately into M.
truncatula roots, and colonized with G. versiforme. After 21-28 dpi we visualized
fluorescence with confocal microscopy. All three AM-SLMs fused to mCherry localized to
the area surrounding the branches of arbuscules, but not around the arbuscule trunk or plasma
membrane (Figure 4-3). In all roots we observed many cells with a “haze” that resembles
vacuole localization, and in some roots we observed stationary dots on the arbuscule branches
that resemble peroxisome localization (Ivanov and Harrison 2014). At no point did we
observe fluorescence in cells lacking arbuscules, confirming our results from the AM-SLM
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Figure 4-3: Subcellular localization of AM-SLMs in M. truncatula root cells with G.
versiforme arbuscules. All three AM-SLMs localize to the arbuscule branches (white
arrowheads), but not to the trunk (yellow arrows). Some vacuolar/cytoplasmic haze is visible,
but none localize to the apoplast around the cell. Bar = 10 µm.
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promotor:GUS expression analyses. The fluorescence pattern around the arbuscule did not
clearly outline the branches, as previously observed for MtPt4, which localizes to the
periarbuscular membrane (PAM) around fine branches (Pumplin et al. 2009). Rather, the
fluorescence was much less resolved than the membrane-bound phosphate transporter and
more similar to that of pMtPt4::BCP1sp-mCherry, which is secreted to the peri-arbuscular
space (Ivanov and Harrison 2014).
To distinguish localization of AM-SLMs from that of MtPt4, we transformed the
mCherry constructs into M. truncatula roots stably transformed with pMtPt4::MtPt4-GFP.
Unfortunately, we were only able to find roots expressing both constructs for SLM1-mCherry.
Although we found both SLM1 and MtPt4 within the same cells, they localized to different
regions of the PAS and PAM respectively (Appendix 4-6a); SLM1-mCherry surrounded the
lower order branches and did not localize to the finer arbuscule branches where MtPt4-GFP
was located (Appendix 4-6b). Often, we found SLM1-mCherry localized to the PAS in cells
lacking GFP, or vacuolar mCherry where MtPt4-GFP localized to the PAM; however, we did
not observe SLM1-mCherry in the PAS with vacuolar GFP.

AM-SLMs are variably expressed in mutant roots affecting arbuscule formation
In M. truncatula roots lacking Vapyrin, AM fungi are unable to penetrate cortical cells to
form arbuscules (Pumplin et al. 2010). In M. truncatula roots lacking STR, AM fungi can
penetrate cortical cells, but form stunted arbuscules that never reach maturity (Zhang,
Blaylock and Harrison 2010). In roots of MtPt4, arbuscules degenerate before they reach
maturity, leading to a root system enriched in degenerating arbuscules and genes involved in
the degenerating process (Floss et al. 2017). None of the AM-SLMs were detected by RT-PCR
in R. irregularis-colonized roots of vapyrin. All three were detected in roots of str and pt4
(Appendix 4-7).
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Figure 4-4: Expression of AM-SLMs, in wild type (A17) and mtpt4 roots colonized by
Rhizophagus irregularis, Gigaspora gigantea, or Glomus versiforme. Expression is
normalized to the arbuscule marker MtLec5 Bars represent standard deviation, n = 3. Stars
denote significant difference in expression between mtpt4 and A17, Student’s t-test, p < 0.05.
Letters denote significant differences between expression in A17 roots colonized by three
different fungi, one-way ANOVA, p < 0.05
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To determine if AM-SLMs may be important for arbuscule degeneration, we
measured their expression in wild type (A17) M. truncatula and mtpt4 mutants colonized with
R. irregularis, Gigaspora gigantea, and G. versiforme. After normalizing expression to
MtLec5 to account for differences in numbers of arbuscules, we found that SLM1 expression
is decreased in the mtpt4 mutant while SLM2 and SLM3 are both slightly higher (Figure 4-4).
These results were similar for roots colonized by all three fungi.

AM-SLM do not bind chitin, but may inhibit the host’s immune response to chitin
Many extracellular LysM proteins from fungi can bind chitin, resulting in inhibition of
its perception by plant receptors that signal for an immune response, or protection of fungal
hyphae from plant chitinases (Akcapinar et al. 2015). Considering a similar role for AMSLMs in the protection of AM fungi, we tested their ability to bind to chitin. We used a small
LysM protein from R. irregularis, RiSLM, previously shown to bind chitin, as a positive
control, and binding was tested with chitin-coated magnetic beads and free, insoluble chitin
from shrimp shells (data not shown), as used previously for RiSLM (Chapter 5, Submitted
manuscript). All proteins were tagged with a single FLAG peptide and expressed in Nicotiana
benthamiana. None of the AM-SLMs were able to bind chitin when expressed alone, or when
all three were mixed together (Figure 4-5). We tested for binding to chitin beads with and
without the reducing agent, dithiothreitol (DTT), and in high and low pH buffer (data not
shown).
Despite not binding chitin, AM-SLMs may still interfere with the plant’s defense
responses through other interactions, such as direct binding of chitin receptors. To test for
inhibition of chitin-elicited responses, we transiently expressed AM-SLM-FLAG and FLAGGFP constructs in leaves of N. benthamiana and measured production of reactive oxygen
species by transformed leaf discs exposed to CO8 or ddH2O using HRP-catalyzed
luminescence. We measured ROS production in response to flg22 peptide from flagellin as a
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Figure 4-5: Western blots demonstrating chitin-binding properties of SLM from M.
truncatula and R. irregularis. Bottom panel shows equal volumes of protein input to chitin
beads. Top panel shows protein bound to chitin beads. Only RiSLM bound to the beads. A
mixture of SLM1, SLM2, and SLM3 did not facilitate binding.
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positive control (Chakravarthy et al. 2010). Initially the experiments were remarkably
successful, and we found that SLM3-FLAG could repress ROS production in response to
chitin (Appendix 4-8); however, we were never able to repeat this experiment due to a loss of
any ROS production in response to the chitin elicitors, including a higher concentration of
CO8, CO6, and chitin from shrimp shells. We then decided to look at gene expression in roots
as a more sensitive assay, following a published method for chitin elicitors of specific gene
expression in M. truncatula roots (Nars et al. 2013). We overexpressed each AM-SLM-FLAG
in roots using the CaMV 35S promoter, exposed the transgenic roots to chitin, and checked
for induction of pathogenesis-related genes previously shown to respond to chitin, including
PR10.2 and Thaumatin (Nars et al. 2013; Rey et al. 2013). Initially, we tested four genes via
RT-PCR to verify their induction by chitin and chose two that clearly responded to four hours
of chitin exposure in the roots (Appendix 4-9). We then used quantitative RT-PCR to measure
differences in gene induction by chitin between roots overexpressing each AM-SLM and the
control. Although PR10.2 expression was lower in all three AM-SLM overexpressing roots, it
was only significantly so in roots expressing SLM3. Thaumatin was not significantly lower in
any samples (Figure 4-6).

Silencing AM-SLMs does not affect symbiosis, but ectopic expression promotes colonization
To test if the AM-SLMs are essential for AM symbiosis, we developed an RNAi
construct to silence all three simultaneously. Although the construct succeeded in greatly
reducing transcript of all three AM-SLMs, fungal colonization was unaffected in the RNAi
plants, as demonstrated by a lack of difference in expression of fungal a-tubulin or AMinduced plant genes relative to the control plants (Figure 4-7). We observed no difference in
ability of the fungus to form arbuscules, which we quantified by comparing levels of MtLec5
and MtPt4 in control and RNAi roots. Furthermore, we did not see any increase in MtCp3
expression, which is a marker for arbuscule degeneration (Floss et al. 2017). The experiment
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Figure 4-6: Expression, relative to MtEF, of two chitin-responsive genes, PR10.2 and
Thaumin in M. truncatula roots overexpressing AM-SLM-FLAG or FLAG-GFP and
exposed to chitin for 4 hours. Bars represent standard error, n = 6. Star denotes significance
vs. FLAG-GFP, Student’s t-test, p < 0.05.
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Figure 4-7: RNAi of all three AM-SLMs does not affect AM fungal colonization.
(a) Expression of AM-SLMs relative to MtEF with and without silencing all three AM-SLMs.
(b) Expression of AM-SLMs relative to MtLEC5 demonstrating silencing in the RNAi roots.
Bars are standard deviation, n = 8. Stars denote significant difference between RNAi roots
and control roots, Student’s t-test, p < 0.05.
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was done twice with G. versiforme and R. irregularis, with similar results. Since RNAi does
not completely eliminate transcript, and thus protein production, we wanted to test a loss-offunction mutant for the AM-SLM. We obtained two M. trunctula Tnt1 insertion lines, one
with an insertion in the second exon of SLM2, and one with an insertion in the first exon of
SLM1, both of which we determined to be null mutations. We identified homozygous mutants
and wild type for each and colonized them with G. versiforme. None of the mutant plants
showed a significant and consistent change in colonization relative to their segregating wild
type (data not shown). Specifically, fungal colonization was significantly increased in one
slm2 mutant, and significantly decreased in the other.
Several small, secreted proteins from plants, such as defensins, nodule, and other
cysteine-rich peptides, have anti-microbial properties, or control the growth and
differentiation of microbial symbionts (Maróti, Downie and Kondorosi 2015). To test if AMSLMs can regulate AM fungal colonization, we expressed each gene under the MtBCP1
promoter, which is strongly induced in cells containing arbuscules, and those directly
surrounding, or ahead of progressing fungal colonization (Pumplin et al. 2012). We did not
use the CaMV 35S promoter for this experiment due to its down-regulation in colonized areas
of the root (Pumplin et al. 2012). Exogenous expression was confirmed in each root system
with RT-PTR using a forward primer directly upstream from the gene, and a reverse primer
within the expressed gene (Appendix 4-10). The experiment was repeated twice with G.
versiforme, and both times, expression of SLM1 and SLM3 under the BCP1 promoter yielded
a small, but significant increase in length of individual colonization events, although percent
root colonization was not significantly higher (Figure 4-8). Ectopic expression of SLM2 did
not have any significant effect on fungal colonization.

SLM1 may interact with the LysM-RLK, NFP
Some LysM effectors of fungi inhibit the host immune response through interactions
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Figure 4-8: Ectopic expression of AM-SLMs enhances fungal growth. (a) Length of
individual colonization units (CU) in pixels measured by ImageJ. All samples were taken with
the same resolution at the same magnification. Bars are standard deviation, n = 30. (b) Percent
colonization by the grid intersect method. Bars are standard deviation. Stars denote
significance vs. control, Student’s t-test, p < 0.05.
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with plant receptors (Sánchez-Vallet, Mesters, and Thomma 2015). Considering the
possibility that AM-SLMs might act as signaling molecules through LysM-RLKs, we tested
for interactions using the yeast 2-hybrid assay. Our previous results showed that MtLyk10
expression is slightly induced by AM, and that mtlyk10 plants are slightly less colonized than
wild type (Chapter 3), implicating this gene in symbiosis functioning. Deletion of another
LysM-RLK, NFP leads to a partial loss of Myc-LCO induced lateral root formation and 95%
loss of LCO-induced gene expression (Maillet et al. 2011; Czaja et al. 2012), and silencing its
ortholog in Parasponia andersonii caused a severe reduction in arbuscule formation (Op den
Camp et al. 2011). Furthermore, nfp mutants are more susceptible to fungal and oomycete
pathogens (Rey et al. 2013), and in our hands they have shown a slight increase in AM fungal
colonization (Chapter 3).
To test for interactions in a yeast two-hybrid assay, we used only the ectodomains of
NFP and Lyk10, which contain three LysMs, to avoid instability due to the presence of a
transmembrane domain. Furthermore, we removed the signal peptides to ensure that the
proteins would be able to interact with and activate the reporter gene in the nucleus. We fused
each of SLM1, SLM2, SLM3, NFPecto, and Lyk10ecto to the GAL4 activation and binding
domains, and tested for interactions restoring histidine auxotrophy in yeast. Unfortunately, we
found that many of the proteins when fused to the GAL4 binding domain were able to
autoactivate transcription. However, we were able to detect activation above background in
the interaction between SLM1 and NFP (Appendix 4-11). This work remains to be verified by
co-immunoprecipitation.

AM-SLM are specific to plants capable of establishing AM symbiosis
An alignment of all SLM protein sequences from M. truncatula revealed a clear
distinction between AM-SLMs and the other SLMs, notably in the number and location of
cysteine residues. We then included the rice SLMs in the alignment and found that only the
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Figure 4-9: Alignment of SLM LysM domains from a subset of species: Medicago
truncatula, Oryza sativa, Aquilegia coerulea, Brachypodium distachyon, Arabidopsis
thaliana, Physcomitrella patens, and Sphagnum fallax. Sequences were aligned with Mafft
using default settings in Jalview 2.10.4b1. Amino acids are colored according to the Zappo
Color Scheme: blue = positive, red = negative, green = hydrophyllic, salmon =
aliphatic/hydrophobic, orange = aromatic, pink = conformationally special, yellow = cysteine.
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previously identified markers, AM3 and AM15, group with the AM-SLMs, while OsEMSA1
does not (Figure 4-9). To determine if the AM-SLM group is specific to plants that can
establish AM symbiosis, we searched for SLM orthologs in all published plant genomes on
Phytozome 12 (Goodstein et al. 2012), as well as draft genomes for known non-hosts of AM
fungi (Bravo et al. 2016) using protein BLAST with SLM3 and SLM7 as separate queries.
Our search retrieved all twelve M. truncatula SLMs, as well as all previously reported
extracellular LysM proteins (Zhang, Cannon and Stacey 2009). Of the 73 plant genomes
searched, 61 contained SLM orthologs, and 39 of those contained AM-SLM orthologs
(Appendix 4-13).
To confirm the distinction between AM-SLMs and other SLMs, we used a smaller
group of sequences (Appendix 4-13 – bold) for Bayesian phylogenetic reconstruction. The
resulting phylogram revealed two distinct clades, one of which contained AM-SLMs from M.
truncatula and O. sativa, and no sequences from non-hosts (Figure 4-10). Within their clade,
AM-SLM paralogs from each species mostly grouped together. There were four angiosperms
(Amaranthus hypochondriacus, Cucumis sativus Hyg14, Lotus japonicus, and Musa
acuminata) that are AM hosts, but whose genomes lack annotated AM-SLMs. The average
ratio of AM-SLMs to other SLMs among the plants with both types was 1.25, indicating that
there are typically more AM-SLMs than other SLMs. One species, Fragaria vesca
(strawberry) has 13 AM-SLMs and no other SLMs. Lupinus angustifolius is a legume capable
of establishing rhizobial symbiosis, but cannot associate with AM fungi, and thus has lost the
core set of genes necessary for AM symbiosis. We were not able to identify AM-SLMs
orthologs in L. angustifolius.
Many plants from early diverging lineages, including lycophytes, ferns, liverworts,
and gymnosperms, are able to establish AM symbiosis, and thus have retained orthologues of
the core necessary genes (Wang and Qiu 2006; Bravo et al. 2016). The gymnosperm, Picea
abies is capable of establishing ectomycorrhizal symbiosis, but not AM symbiosis (Wang and

127

Figure 4-10: Phylogenetic reconstruction of SLM peptides from host and non-host
plants. Red gene IDs are from non-AM plants. Dark blue are Medicago. Green are eudicots
other than Medicago, orange are monocots, and brown are Embryophytes (also non-host).
Sequences were aligned with Mafft, and phylogeny was reconstructed with MrBayes 3.2.2.
Numbers represent node posterior probabilities. Scale represents amino acid substitutions.
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Qiu 2006). A search of its genome identified 9 SLMs, but no AM-SLMs. The lycophyte
Selaginella moellendorffii is capable of establishing AM symbiosis and contains the necessary
core genes (Bravo et al. 2016). Although we were unable to identify any SLMs in its genome,
we did discover a LysM-chitinase (glucoside hydrolase 18) whose LysM domain is similar to
that of the AM-SLMs. We also identified a LysM-chitinase in the host liverwort, Marchantia
polymorpha, and two host ferns, Equisetum arvense, and Pteris ryukyuensis. The LysMchitinase from P. ryukyuensis, PrChi-A, contains two LysM domains and a chitinase, and can
bind to and hydrolyze chitin (Onaga and Taira 2008). Considering that the LysM domains
from all the LysM-chitinases are of the AM-SLM type, we investigated if the chitinase may
also be AM-related. A pBLAST search of the M. truncatula genome revealed the closest
ortholog is a chitinase (Medtr6g079630) induced by AM symbiosis that is more highly
expressed in roots of mtpt4 and regulated by the MYB1 transcription factor, a regulator of
arbuscule degeneration (Floss et al. 2017). Using the M. truncatula Gene Atlas we found that
the chitinase is expressed in cells containing arbuscules, but also in late-stage nodules,
beginning at 10 days post inoculation (Appendix 4-12). Surprisingly, we also identified a
LysM-chitinase ortholog in the water fern, Azolla filliculoides (Li et al. 2018), which is a nonhost.

AM-SLMs are cysteine-rich with potential for intramolecular disulfide bonds
A major distinguishing feature between AM-SLMs and the other SLMs are two extra
cysteines in the LysM domain (Figure 4-9). The mature SLM1, SLM2 and SLM3 proteins are
53, 60, and 62 amino acids long, respectively, and all contain four cysteine residues,
classifying them as cysteine-rich peptides (Marshall, Costa and Gutierrez-Marcos 2011).
Their isoelectric points are 7.9, 4.8, and 4.5 for SLM1, SLM2, and SLM3, respectively. The
fungal protein, RiSLM, is also a cysteine-rich LysM protein, with an isoelectric point of 9.4,
and is able to bind chitin and chitosan (submitted manuscript). We aligned the AM-SLM
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Figure 4-11: Comparison of putative ligand binding sites for RiSLM with corresponding
location on AM-SLMs. (a) Mafft alignment of all AM-SLMs and RiSLM. Red lines mark
amino acids in RiSLM predicted to participate in chitin binding. Yellow arrows show AMSLMs’ central cysteines. (b) Predicted three-dimensional structure for RiSLM and SLM3.
RiSLM chitin monomers dock to the equivalent area of the protein where AM-SLMs’
cysteines align and possibly form disulfide bonds (red box).
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protein sequences with that of RiSLM to compare where their cysteine residues are located.
Only the first cysteine residue from all SLMs, both plant and fungal, align (Figure 4-11a).
Interestingly, the two inner cysteines of the AM-SLMs are located directly adjacent to the
putative chitin-binding regions of RiSLM. To determine the potential for the cysteines of
AM-SLMs to form disulfide bonds, we modelled the three-dimensional protein structure of
SLM3 to compare to that of RiSLM. The cysteines in the AM-SLMs align in a direction that
may allow for disulfide bond formation (Figure 4-11b). Furthermore, they do so in the same
location where RiSLM is predicted to interact with its chitin ligand.
Discussion

The majority of land plants are capable of establishing AM symbiosis, and thus
maintain a conserved set of genes specialized for accommodating the fungal partner (Bravo et
al. 2016). In this study, we present a new group of genes specific to the AM symbiosis that
was not previously identified as AMS-conserved. Mature AM-SLM proteins are small and
consist solely of a single LysM domain. All M. truncatula AM-SLM genes are located in
tandem in the genome, as is the case for the O. sativa AM-SLMs, indicating they arose through
recent duplication events, which is supported by the grouping of paralogs from the same
species in the phylogenetic reconstruction. Previous studies in rice have demonstrated
symbiosis-specific expression of both its AM-SLMs, AM3 and AM15 (Güimil et al. 2005;
Gutjahr et al 2008). Our results confirm an AM-specific expression for the AM-SLMs in M.
truncatula roots colonized by three different AM fungi, demonstrating that these genes may
be generally important for AM formation.

AM-SLMs likely function in arbuscules
Through GUS expression analyses we observed that AM-SLM promoters are active in
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cells containing arbuscules. Although we saw a faint hint of GUS activity in cells directly
adjacent to those with arbuscules, this may have been contamination from the adjacent cut cell
with an arbuscule. Gutjahr et al. 2008 observed the same result for transcripts of AM3 in rice;
however, in our protein localization studies, we never observed fluorescence in any cells
without arbuscules, confirming specificity to cells containing arbuscules.
Within cells containing arbuscules, we found that all three AM-SLM proteins localize
to the space surrounding the fungal arbuscule, and not to the plasma membrane or apoplast
surrounding the rest of the plant cell. Additionally, we did not observe any localization to the
area surrounding the arbuscule trunk. Such a distinction between arbuscule branches and
trunk localization has been observed previously, hinting at a physical barrier between PAS
and the apoplast (Kobae and Hata 2010; Ivanov and Harrison 2014). The lack of a clear
outline of the PAM, in contrast to MtPt4 localization (Pumplin et al. 2009), and the
resemblance of localization pattern seen previously for pMtPt4::BCP1sp-mCherry, which
secretes mCherry to the PAS (Ivanov and Harrison 2014), indicates that AM-SLMs are most
likely secreted to the PAS. Further supporting the secretion of AM-SLMs to the PAS, our first
attempts at sub-cellular localization used GFP constructs, but we were only able to see
occasional, very weak fluorescence around arbuscules, which may have been due to the low
pH of the PAS, and the higher sensitivity of GFP than mCherry to acidic pH (Ivanov and
Harrison 2014).
Previous studies have clearly demonstrated that localization of proteins in the PAM
and PAS is dependent on a reorientation of secretion to the PAM coincident with gene
expression (Pumplin et al. 2012). Secreted proteins expressed prior to reorientation will
localize to the plasma membrane and trunk, whereas those expressed after the switch to polar
secretion will go to the PAM/PAS (Pumplin et al. 2012; Ivanov and Harrison 2014). Based on
the specific localization of AM-SLM to the PAS, and exclusion from the trunk and remaining
apoplast, we can infer that AM-SLM are expressed after the arbuscule begins to form. In
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petunia, all three AM-SLM are highly induced in wild type roots, but not in the ram1 mutant,
in which arbuscules do not grow beyond trunk formation (Park et al. 2015; Rich et al. 2015).
These results combined indicate that AM-SLM are not important for arbuscule initiation and
trunk formation.
The lack of co-localization of SLM1-mCherry with MtPt4-GFP indicates that these
two proteins may not function at the same arbuscule stage. We clearly observed SLM1mCherry alone in cells with small, presumably immature arbuscules, with no MtPt4-GFP
(Pumplin et al. 2012). In cells with mature arbuscules clearly outlined by MtPt4-GFP, SLM1mCherry was mostly observed in the vacuole, indicating the protein may not have been
trafficked correctly. At the point when arbuscule degeneration has begun, MtPt4 disappears
from the PAM, and GFP is visible in the vacuole (Pumplin and Harrison 2009). Although we
observed cells with vacuolar GFP fluorescence, none of these cells contained mCherry,
indicating that SLM1 was no longer expressed during degeneration. In the few cells that did
contain both MtPt4 and SLM1 at the arbuscule, the lack of colocalization with MtPt4
indicates SLM1 localizes to the lower order branches.

Differential roles for AM-SLM
While our colocalization results suggest that SLM1 is not involved in the degeneration
process, we cannot extrapolate the same for SLM2 and SLM3, since we are lacking these
data. Expression of SLM1 is reduced in colonized roots of mtpt4, further indicating that SLM1
is not involved in arbuscule degeneration. This result was also observed in an RNAseq
analysis of colonized mtpt4 roots (Floss et al. 2017). Conversely, we observed an increase in
expression of SLM2 and SLM3 in mtpt4, indicating that these two genes may be important for
the degeneration process. Further efforts to compare localization of these latter two proteins
with that of MtPt4 will be necessary to resolve this question. SLM2 and SLM3 were not
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among the genes determined to be upregulated in mtpt4 roots by RNAseq analysis (Floss et al.
2017).
The differences in expression of AM-SLMs in mtpt4 roots indicates that these genes
may not all function at the same time or for the same purpose. Considering the predicted
protein sequences, the diverging results between SLM1 and SLM2/3 are not surprising. SLM2
and SLM3 share a much higher identity, even at the nucleotide level, than either does with
SLM1. Furthermore, the isoelectric points of SLM2 and SLM3 are below 5, while that of
SLM1 is nearly 8, indicating that this protein would be positively charged in the acidic PAS
(Guttenberger 2000).
In the case that SLM2 and SLM3 are important for arbuscule degeneration, we might
not observe any difference in fungal colonization when these genes are silenced, as previously
observed for myb1 (Floss et al. 2017). In the case of MYB1, the authors were able to
demonstrate its role in degeneration by crossing myb1 with mtpt4 and demonstrating a loss of
programmed degeneration. To determine if SLM2 and SLM3 are necessary for arbuscule
degeneration, a logical next step will be to silence the genes in the mtpt4 background and
investigate if programmed degeneration can still proceed. However, this possibility does not
explain why silencing SLM1 had no effect on colonization. Furthermore, ectopic expression
of both SLM1 and SLM3 promoted fungal growth, hinting at a developmental role. The lack of
a similar result for SLM2 further differentiates the three AM-SLMs into three different but
overlapping sets of functions.
While it may be possible that AM-SLMs are non-essential for symbiosis, our RNAi
experimental conditions may not have provided an environmental context in which AM-SLMs
are relevant. For example, the mtpt4 mutant phenotype is lost when roots are starved for
nitrogen (Javot et al. 2011). Alternatively, although the RNAi experiment succeeded in
greatly reducing transcript of all three AM-SLMs, it did not eliminate production, and very
low levels of protein may be sufficient to allow for normal progression of symbiosis in our

134

experimental conditions. With methods for mutation using CRISPR/Cas9 in M. truncatula
now available, a triple mutant could be made to truly test if AM-SLM are dispensable for
symbiosis. Additionally, our qPCR of SLM6, SLM7, and SLM8 demonstrated these genes are
also expressed in mycorrhizal roots, and while they may not be specific to the symbiosis, they
might be able to compensate for the loss of the AM-specific SLMs.

AM-SLMs as possible redox switches
Overall, our results indicate two potential roles for AM-SLMs – one in fungal
development, and another in arbuscule degeneration. This is especially apparent for SLM3,
which both promotes fungal growth but may also be upregulated for degeneration. This
duality of function in AM symbiosis is not without precedent, as two transcription factors,
DELLA and NSP1, contribute to both development and degeneration of arbuscules,
depending on which interacting partners are available (Floss et al. 2013a; Primprikar et al.
2016; Floss et al. 2017). For the cysteine-rich AM-SLMs, such a switch in roles could be
facilitated by a change in redox state of their cysteine residues. Reactive oxygen species,
which are produced in low levels in response to AM fungi (Puppo et al. 2013), would oxidize
AM-SLMs, catalyzing formation of disulfide bonds, while the induction of reducing factors,
such as the glutathione-S-reducatase upregulated by MYB1 for arbuscule degeneration (Floss
et al. 2017), would reduce disulfide bonds and likely alter protein function, as seen for other
classes of small, cysteine-rich proteins (Marshall, Costa and Gutierrez-Marcos 2011; Werner
Ribeiro et al. 2017).
Recently, several studies have pointed to the importance of redox status for different
functions of nodule-specific cysteine-rich (NCR) in rhizobial symbiosis, such as bacterial
translation and inhibition of cell division (Haag et al. 2012; Shabab et al. 2016; Pan and Wang
2017). Interestingly, NCR peptides, which are secreted to the symbiotic bacteroid, are a
similar length as AM-SLMs, and often contain a pattern of two pairs of cysteine residues
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similar to that of AM-SLMs. Based on this striking parallel, we can speculate that AM-SLMs
may contribute similar functions during arbuscule formation, possibly even regulating fungal
differentiation, such as arbuscule branching, then acting antagonistically once reduced. One
way to investigate this hypothesis would be to expose germinating spores to purified AMSLMs and check for hyphal branching. Alternatively, reducing the proteins first may limit
fungal growth.

Possible ligand targets for AM-SLMs
The LysM domain can interact with a variety of ligands containing an N-acetylglucosamine backbone, most commonly chitin, peptidoglycan, and LCOs, which are the basis
of both rhizobial and AM fungal signaling molecules (Buist et al. 2008; Maillet et al. 2011).
Since AM fungal cell walls are rich in chitin, many possibilities exist throughout the different
stages of symbiosis where binding chitin may be important, however, we were unable to
demonstrate any chitin binding for any AM-SLMs. Another major component of AM fungal
walls is b-1,3-glucan, which can elicit a CERK-dependent immune response in Arabidopsis
thaliana (Mélida et al. 2018). Interestingly, this is the third reported ligand for CERK1 LysM
domains, which can also interact with chitin and peptidoglycan, each requiring a different
interacting partner (Willmann et al. 2011; Wan et al. 2012). Considering the high pI of SLM1,
we would expect it to be positively charged in the acidic PAS and likely to interact with a
negatively charged ligand, such as pectin components in the primary cell wall (Alberts et al.
2002; Balestrini and Bonfante 2014).
Based on reports in the literature that the LysM domain from Pteris ryukyuensis
Chitinase-A interacts with chitin (Onaga and Taira 2008), we were surprised that AM-SLMs
do not bind chitin. The proximity of the two cysteine residues to the putative binding region
of the protein raises the possibility that binding affinity could also be dependent on the redox
state of the AM-SLM cysteines. Protein stability studies and crystal structure determination of

136

the second LysM domain from PrChit-A revealed two disulfide bonds between the four
cysteines are important for protein stability (Ohnuma et al. 2008; Ohnuma et al. 2017). They
further demonstrated that the two inner cysteines that form a disulfide bond near the ligandbinding region directly participate in chitin binding (Ohnuma et al. 2017). Although we
performed chitin binding assays with and without the addition of a reducing agent (DTT) to
the protein extraction buffer, we did not measure the presence of free thiols before or after
reduction. A lack of disulfide formation in the AM-SLM could have interfered with chitin
binding or destabilized the proteins, although the latter is unlikely since we were able to
detect strong bands of recombinant protein in our soluble protein extracts.
Other possible ligands are the AM fungal signals, CO4/5 and LCOs, both of which are
structurally similar to chitin. Although CO4/5 are essentially smaller forms of chitin
oligomers, the longer chains in chitin may cause a steric hindrance to AM-SLM binding. Both
CO4/5 and LCOs are able to attenuate chitin-elicited responses in Arabidopsis thaliana, and
do so via the LysM-RLK AtLyk3. LCO signaling in both rhizobial and AM symbiosis is
dependent on NFP, although the gene itself is not required for AM symbiosis (Ben Amor et
al. 2003; Maillet et al. 2011; Czaja et al. 2012). The increased susceptibility of mtnfp to a
fungal pathogen implies at an additional role for NFP in defense signaling (Rey et al. 2013).
A dual role in defense and symbiosis has been described for multiple LysM-RLK proteins.
Our results hint at an interaction between SLM1 and NFP, as well as AM-SLM inhibition of a
chitin-elicited immune response. Both of these results may have been strengthened by the
presence of a target ligand. Future work should further investigate interactions with LysMRLKs, and inhibition of chitin-induced defenses as facilitated by AM fungal signals.

Conclusion
Our BLAST search and phylogenetic reconstruction revealed that AM-SLMs make up
an AMS-conserved group of genes. Furthermore, our expression analysis and data from the
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Medicago truncatula Gene Expression Atlas have shown that AM-SLMs are AM-specific,
making them the only type of LysM-containing protein exclusively expressed during AM
symbiosis. For constitutively-expressed LysM proteins that function in both defense and
symbiosis signaling pathways, such as NFP and OsCERK1, AM-SLMs may be AMassociated receptors that divert signaling towards symbiosis. Alternatively, such specificity
would be expected for proteins that act specifically on the fungal partner, like plant
“effectors”, possibly regulating fungal differentiation, such as arbuscule branching. In either
case, at the end of the arbuscule lifespan, reduction of disulfide bonds could deactivate or
switch function of AM-SLMs, resulting in protein degeneration, in the case of SLM1, or a
secondary function in arbuscule degeneration, in the case of SLM2 and SLM3, and possibly
in concert with the ancestral chitinase. Much work remains to investigate these theories, but
our results provide the first step towards resolving the bigger picture.
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Materials and Methods

Gene and protein predictions
M. truncatula SLM were identified through a protein BLAST search of the Medicago
genome version 4.0 (Tang et al. 2014) using each previously identified extracellular LysM
protein as a query (Zhang, Cannon and Stacey 2009). Protein predictions and exon numbers
were retrieved through MedicMine, the Medicago genome database (Krishnakumar et al.
2014). Signal peptides were predicted using both SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP/, Petersen et al. 2011) and PrediSi
(http://www.predisi.de/, Hiller et al. 2004).

Plant growth and fungal inoculation
Except where stated otherwise, all M. truncatula plants (Jemalong A17, R108,
mutants, and composite plants with transformed roots) were grown as previously reported
(Floss et al. 2017). Spores of R. irregularis (DAOM197198) were harvested from Daucus
carotus-R. irregularis cultures (Becárd and Fortin, 1988). Spores of G. versiforme and G.
gigantea were cultured on leek and bahia grass, respectively, harvested, and surface sterilized
as previously described (Liu et al. 2007). Briefly, M. truncatula were planted into cone-tainers
containing a layer of sand 7 cm below the top of the cone and inoculated with either 200
spores of G. versiforme, 500 spores of R. irregularis, or 10 spores of G. gigantea. Composite
plants with transformed roots were inoculated directly and covered with a gravel/sand
mixture. Non-transformed 2-day-old seedlings, including M. truncatula symbiosis mutants,
were planted into the gravel/sand mixture covering the spores. After 5 days, plants were
fertilized twice per week with modified half-strength Hoagland’s solution containing 20 µM
potassium phosphate. For experiments measuring expression of all SLM, only 150 spores of
G. versiforme were used, directly inoculated onto 1-wk-old seedlings grown in turface, and
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plants were harvested at 28dpi. For RNAi experiments, plants were inoculated with 100
spores of G. versiforme, fertilized with half-strength Hoagland’s solution with 200 µM
potassium phosphate, and harvested at 29 days-post-planting.
For analysis of AM colonization in null mutants of SLM1 and SLM2, M. truncatula
R108 Tnt1 insertion lines were obtained from the Noble Research Institute. The line NF18380
was identified with an insertion in the first exon of SLM1. The line NF10349 was identified
with an insertion in the second exon of SLM2. Both mutants were selfed and genotyped for
the identification of multiple homozygous mutants and segregating wild type plants for use in
phenotyping experiments. Plants were grown and inoculated with G. versiforme as described
above.

RNA extraction, cDNA synthesis, and quantitative RT-PCR
Immediately upon harvesting, any root material used for RNA analysis was frozen in
liquid nitrogen and stored at -80°C. RNA extraction, cDNA synthesis, and quantitative RTPCR were all done as previously described (Javot et al. 2011). All primers used for qRT-PCR
are listed in Appendix 4-14.

Cloning and transformation of M. truncatula roots
All constructs were made and transformed into M. truncatula roots using Gateway
cloning technology (Hartley, Temple and Brasch 2000; Vemanna et al. 2013). Primers used
for cloning are listed in Appendix 4-14. For creation of GUS expression plasmids, 1 kb
regions upstream from each AM-SLM gene was amplified with the addition of attB sites and
recombined with pDONR207 by BP reaction. The resulting entry clones were recombined
with pMDC162 via LR reaction to insert each promoter upstream from the UidA gene. For
creation of mCherry fusion plasmids, 1kb of the upstream region with the gene sequence,
lacking a stop codon, were amplified together from genomic DNA for SLM2 and SLM3. For
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SLM1, which contains a large intron, the CDS, lacking a stop codon, was amplified from
cDNA including a portion of the 5’ untranslated region to facilitate overlapping PCR to fuse
promoter region to CDS. All resulting promoter-gene/CDS constructs were re-amplified to
add attB sites and recombined with pDONR207 by BP reaction. The resulting pENTR2
clones, pENTR3-mCherry (Ivanov and Harrison 2014), and pENTR1-MCS, which was
created as a placeholder for the attB4-attB1 site, were recombined with the plant
transformation vector pK7m34GW via LR reaction.
For RNAi experiments, portions of CDS for SLM1 and SLM2, where it is nearly
identical to SLM3, were amplified from cDNA and fused together with overlapping PCR. The
amplicon was re-amplified to add attB sites, and recombined with pDONR221 via BP
reaction. The resulting pENTR2 clone was recombined with pHellsgate8 containing dsRed for
the selection of transformed roots. A 400-bp fragment of the UidA gene was similarly cloned
into pHellsgate8 for the control. For ectopic/over-expression of AM-SLMs, each CDS was
amplified with its stop codon from cDNA, adding attB sites. The resulting amplicons were
recombined with pDONR221 via BP reaction. The resulting pENTR2 clones, pENTR1pBCP1 (Ivanov and Harrison 2014), and pENTR3-term35S (Ivanov and Harrison 2014) were
recombined with the plant expression vector pKm43GW via LR reaction. Plants were
transformed according to Floss et al. 2013b.
For investigation of chitin binding, each AM-SLM CDS was amplified with a reverse
primer adding a portion of FLAG, which was extended by an additional round of PCR that
also added attB sites. The amplicons were recombined with pDONR221 via BP reaction, and
the resulting clones, along with pENTR1-promD35S and pENTR3-term35S, were recombined
with pKm43GW via LR reaction. For yeast two-hybrid, AM-SLM CDS were amplified
without their signal peptides and to add attB sites, and recombined with pDONR221 via BP
reaction. The resulting clones were recombined with pDEST32 or pDEST22, containing the
GAL4 DNA binding and activation domains, respectively, via LR reaction.
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Staining and determination of fungal colonization
Colonized roots ectopically expressing AM-SLM were harvested 17 dpi (experiment 1)
and 25 dpi (experiment 2 – later based on low colonization in experiment 1). A portion of
roots were kept for RNA extraction. The remainder were cleared and stained with WGAAlexafluor488 (Molecular Probes) as previously described (Javot et al. 2007) and analyzed
using an Olympus SZX-12 stereo microscope. Percent colonization was determined by the
gridline-intersect method (McGonigle et al. 1990). Length of colonization units was
determined by imaging complete units from end to end at a consistent magnification and
resolution. Using ImageJ, lines were drawn from the end of one end of the colonization unit to
the other, from the tips of hyphae, then the lines were measured in pixels.

GUS expression analysis
Expression of pAM-SLM:UidA was observed in transformed roots either mockinoculated, or at 21 and 28 dpi with G. versiforme. Roots were evaluated for histochemical
staining of b-glucoronidase activity as described previously (Liu et al. 2003).

Confocal microscopy
Colonized transgenic roots were removed from substrate between 4 – 5 weeks post
inoculation. Roots containing units of infection were visualized using an Olympus SZX-12
stereo microscope, and 3-5 mm length segments were sliced longitudinally, placed flat side up
on a microscope slide containing a drop of water, and covered with a cover slip. Fluorescence
was observed with a Leica TCS-SP5 confocal microscope, and images were taken with either
a 20X or 63X water-immersion objective. mCherry was excited with a Diode-Pumped Solid
State laser at 561 nm and emitted fluorescence was collected from 605 to 630 nm. GFP was
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excited with an argon ion laser (488 nm) and emitted fluorescence was collected from 505 to
545 nm. Images were processed in Leica LAS-AS 2.6.0.

Agrobacterium infiltration of Nicotiana benthamiana and protein extraction
Constructs were transformed into Agrobacterium tumefaciens strain GV3101, and then
infiltrated into 3-4 week old Nicotiana benthamiana, grown at 25°C 16h/8h light/dark. The
infiltrations were all done at a final OD600 of 0.1 in induction buffer (10mM MES, 10mM
MgCl2, 100µM acetosyringone, pH 5.6), and each vector was coinfiltrated with the p19
silencing suppression plasmid (Voinnet et al. 2003), at a final OD600 of 0.8. For chitin-binding
experiments, each construct was infiltrated into three leaves which were harvested
approximately 48 hours post-infiltration and frozen at -80°C. Leaf material was ground with a
mortar and pestle. Whole protein was extracted from ground leaf material with extraction
buffer (150 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 10 mM EDTA, 0.5% (wt/v)
polyvinylpolypyrrolidone, 0.1% Triton-X, protease cocktail inhibitor (Sigma Chemical), with
or without 10 mM DTT) at a ratio of 2.5 mL per gram of tissue, centrifuged at 16,000g in the
cold for 2X 15 minutes.

Chitin-binding assays
Chitin binding was determined by adding 100 µL whole leaf protein extract to 20 µL
magnetic chitin bead slurry (New England Biolabs) prewashed 5 times with 1 mL cold
binding buffer (500 mM NaCl, 20 mM Tris-HCl, 1 mM EDTA, 0.05% Triton X-100, pH 8.0).
Beads and extract mixed for 30 minutes at 4°C, and unbound supernatant was collected.
Beads were then washed 5 times with cold binding buffer. Bound protein was eluted with 50
µL 2X SDS-PAGE loading buffer (100 mM Tris-Cl pH 6.8, 4% (w/v) SDS, 0.2% (w/v)
bromophenol blue, 20% (v/v) glycerol, 200 mM b-mercaptoethanol). Displacement assays
were done with 200 µL binding buffer alone, or 10 mg/mL free shrimp shell chitin (Sigma),
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free chitosan (Sigma-Aldrich), or peptidoglycan from E. coli (Invivogen) in binding buffer,
and allowed to mix bound extract and beads for 30 minutes at 4°C before removed for
analysis. Pre-mixing of extract was done by mixing 100 µL protein extract with 200 µL
binding buffer alone, 10 mg/mL free chitin, or 10 mg/mL free chitosan and mixing for 30
minutes at 4°C. All samples were separated by 12% SDS-PAGE gels, and transferred to
PVDF membrane. Blotted membranes were blocked with 5% milk powder and 0.1% Tween20 in PBS for 30 minutes, incubated in the same solution plus rabbit anti-FLAG primary
antibody for at least 4 hours, rinsed 3 x with 0.1% Tween-20 in PBS, and incubated with antirabbit secondary antibody conjugated to horseradish peroxidase for 1 hr. FLAG-tagged
protein was detected with the addition of HRP substrate (EMD Millipore) for 5 minutes, and
film exposure.

ROS burst assay in N. benthamiana leaf discs
To investigate AM-SLM inhibition of chitin-elicted ROS production, leaf discs were
punched from infiltrated leaves of N. benthamiana and placed adaxial side up in 100 µL
ddH2O overnight. Approximately 12 hours later, water was removed and replaced with
elicitor solution: 10µM CO8 (IsoSep) or 100nM flg22 (GenScript). Production of ROS was
detected as HRP (type VI-A; Sigma-Aldrich)-catalyzed luminescence of luminol (SigmaAldrich) with a GENios Pro plate reader (Tecan, San Jose, CA, U.S.A.), as previously
described (Chakravarthy et al. 2010).

Defense assay in M. truncatula hairy roots
Seedlings of M. truncatula transiently transformed with FLAG-GFP, SLM1-FLAG, SLM2FLAG, or SLM3-FLAG under the double CaMV35S promoter were hardened and transferred
to turface in pots to develop longer root systems. After one week, transformed plants were
removed, rinsed, and left overnight in 1 mL of ddH2O in the light. Approximately 14 hours
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later, the water was removed and replaced with 1 mL of fresh ddH2O, or 1 mL of 250 µg/mL
shrimp shell chitin (Sigma), ground with a small pestle in a 1 mL Eppendorf tube. Plants were
left in the elicitor solution for 4 hours, then roots were removed and immediately frozen for
RNA extraction.

Yeast two-hybrid
Yeast two-hybrid analyses were done using the ProQuestTM Two-Hybrid System.
Coding sequences were cloned into both pDEST32 and pDEST22, containing the GAL4
promoter binding and activation domains, and conferring LEU and TRP auxotrophy,
respectively. Construct pairs were then transformed together into Mav203 yeast lacking HIS3
auxotrophy. Transformed yeast were recovered on SC -Leu -Trp, and then individual
transformants were picked, subcultured, and used for binding analysis. For the binding assay,
10 µL of yeast at OD600 = 0.05 were pipetted onto SD – Leu -Trp -His with 10, 20, or 50
mM of 3-aminotriazole added. Growth was observed at 48 through 72 days post plating.
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APPENDICES

Appendix 4-1: AM-SLMS are not expressed in leaves of M. truncatula colonized by G.
versiforme.

Appendix 4-2: AM-SLMs in chromosome 4 of the M. truncatula genome. Rectangles and
arrows represent exons. Gray lines represent introns.

Appendix 4-3: Mafft alignment of the three AM-SLM CDS using default settings in Jalview
2.10.4b1.
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Appendix 4-4: AM-SLM transcript levels in the Medicago truncatula Gene Expression Atlas.
Vertical axis is normalized transcript levels.
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Appendix 4- 5: RT-PCR of AM-SLM expression in G. versiforme-inoculated roots using the
double-cone system, at 2 – 8 dpi. Transcripts from all three AM-SLM and the arbuscule
marker, MtLec5 were detected at 4 dpi.
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Appendix 4- 6: SLM1-mCherry does not co-localize with MtPt4-GFP. Stable transgenic line
M. truncatula pMtPt4:MtPt4-GFP transformed with pSLM1:SLM1-mCherry. (a)
Longitudinal cross-section cut along vascular tissue shows colonization throughout the inner
cortex. Cells with SLM1-mCherry atthe arbuscule marked with s, and cells with MtPt4 at the
arbuscule marked with p. (b) Closer view of arbuscules with both proteins localized to the
branches. SLM1-mCherry localizes to the lower branches (arrowheads) while MtPt4-GFP
localizes to the fine arbuscule branches (arrows). t = trunk, bar = 10 µm
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Appendix 4-7: RT-PCR of AM-SLM expression in Rhizophagus intraradices-colonized wild
type (A17) and mutant M. truncatula roots. All three AM-SLM were detected in pt4.
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Appendix 4-8: ROS production of Nicotiana benthamiana leaf discs overexpressing AMSLM or mCherry tagged with AcV5. (a) Luminescence spectra for all leaf discs exposed to
water, CO8 or flg22. (b) Average luminescence readings at each time-point for leaf discs
overexpressing SLM3-AcV5 (blue) or mCherry-AcV5 (red), exposed to CO8. Bars are
standard deviation, n= 4.
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Appendix 4-9: RT-PCR showing induction of defense genes PR10.2 and thaumatin in roots
exposed to chitin for 4 hours.
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Appendix 4-10: RT-PCR of AM-SLM exogenous expression in Glomus versiformeinoculated M. truncatula roots ectopically expressing either SLM1, SLM2, or SLM3.
Expression was measured using forward primer pBCP1exo and the corresponding AM-SLM
reverse primer (Appendix 4-13). X marks samples that were removed from analysis due to
possible lack of exogenous expression.
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Appendix 4-11: Yeast two-hybrid demonstrating potential interaction between SLM1 and the
ectodomain of NFP (yellow asterix). Media shown contains 20 mM 3AT. Yeast were plated at
OD600 = 0.05 and imaged on the third day.
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Appendix 4-12: The MYB1-induced chitinase transcript levels in the Medicago truncatula
Gene Expression Atlas. Vertical axis is normalized transcript levels. Transcript present only
samples with arbuscular mycorrhizal fungi, or late-stage nodules.
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Appendix 4-13: List of plant species whose genomes were searched for SLM genes in this
study. First part lists known AM hosts, and second part lists known non-hosts. Light gray
shading indicates lineages ancestral to angiosperms. Bold rows are species whose SLM were
used for phylogenetic reconstruction. Unless otherwise annotated, AM host status was based
on Wang and Qiu 2006, Bravo et al. 2016, or Cosme et al. 2018 except where noted: 1JaizmeVega and Azcón 1995, 2Onaga and Taira 2008, 3Moreno-Espíndola et al. 2007, 4Read et al.
2000, 5Nielsen, Thingstrup and Wigand 1999.
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Appendix 4-14: List of primers used for this study
RT-PCR/qPCR Primers
SLM1

F: 5'-ACCGCTGGATTTCCAATATG-3'
R: 5'-TTGTTGGCACATCTCACAAA-3'

SLM2

F: 5'-CCAACACCTACAGTCCCAAG-3'
R: 5'-TGGAGTACGTAATTTCATTCACA-3'

SLM3

F: 5'-CAACAGTTGCAGTCCCAACA-3'
R: 5'-ACAGAGCGGCGTAATCTCAT-3'

SLM4

F: 5'-TGGGGGAGCATCAGTTTTAC-3'
R: 5'-GGACTTGAGAACAAGAAACTCCA-3'

SLM5

F: 5'-ACAAGGGCTTGTAGGGGAGT-3'
R: 5'-ACAACACAAGCAAAGCAAGC-3'

SLM6

F: 5'-TGACGGTTGAGATGAAGCAG-3'
R: 5'-CCTTCAACAAGACCCCAAAA-3'

SLM7

F: 5'-AGAGGTGATTCAGCATCATGG-3'
R: 5'-CCAGGGAAAACATCATCTGG-3'

SLM8

F: 5'-TGTTGGTTTTGAGCTTCTGCG-3'
R: 5'-GTCTCTCCCTCGCCAACAAC-3'

SLM9

F: 5'-AACCATGCGACGAAATCTATG-3'
R: 5'-AAAGTAAAAGTTTGTTGATCAAATTCC-3'

SLM10

F: 5'-TGATCTTGATCATCATGGTTCCT-3'
R: 5'-TTTCGTCGCATGGTTTGGAC-3'

SLM11

F: 5'-TCAACTCAAGAAAGGGAGCAGTT-3'
R: 5'-GTCGCATGGTTTGGACAACA-3'

SLM7-like

F: 5'-GGCTAAAACAATTCACAAAGCATGT-3'
R: 5'-TGCTCTCTATCTAGGTCTTCAACA-3'
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MtEF1α

F: 5'-GAGACCCACAGACAAGCC-3'
R: 5'-ACTGGCACAGTTCCAATACC-3'

MtLec5

F: 5'-TCAAGTTGCTGAAACACATGAT-3'
R: 5'-GAGCAGAACCATTGCAACAA-3'

MtPt4

F: 5'-GACACGAGGCGCTTTCATAGCAGC-3'
R: 5'-GTCATCGCAGCTGGAACAGCACCG-3'

MtCP3

F: 5'-AACAATGATGCCAATAACAAGC-3'
R: 5'-GGAGCACATATGACCCTTGA-3'

Ri a-tubulin

F: 5'-TGTCCAACCGGTTTTAAAGT-3'
R: 5'-AAAGCACGTTTGGCGTACAT-3'

Gv a-tubulin

F: 5'-TCTCCAATGCGGCCAAATCT-3'
R: 5'-TCTCCAATGCGGCCAAATCT-3'

thaumatin

F: 5'-GGCGCAATCCCACCAGCAAC-3'
R: 5'-ACCACTCCCACCTTGTGGCG-3'

PR10.2

F: 5'-AGCGAAATTGGTTGAAGGCT-3'
R: 5'-ATCTCCTTTGGTTTGGTATTTAACT-3'

Cloning Primers
SLM1 promoter F:

5'-TTGTTGAAAATGACTCCGTTATTAT-3'

SLM1 promoter R:

5'-TCTTCCTCTTCCAACTTCCTTT-3'

SLM2 promoter F:

5'-CATCTTTATATTTTGGGAAATGGG-3'

SLM2 promoter R:

5'-TCTTCTCAATTCTTCCAAACCC-3'

SLM3 promoter F:

5'-CACTTATTGAACTTGTTTTAATTTTGT-3'

SLM3 promoter R:

5'-TCTTCTTGTTCCAAACCTTTTTAAC-3'

SLM1 promoter attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTTGTTGAAAATGACTCCGTT-3'
SLM1 promoter attB2 R:
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5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTTCCTCTTCCAACTTCCT-3'
SLM1no stop attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGCCTGCCATTCACACACAC-3'
SLM1 5' UTR F:

5'-AAAGGAAGTTGGAAGAGGAAGA-3'

SLM2 promoter attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCATCTTTATATTTTGGGAAA-3'
SLM2 promoter attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTTCTCAATTCTTCCAAAC-3'
SLM2 no stop attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGATTCACTTCACCCTCAACAC-3'
SLM3 promoter attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCACTTATTGAACTTGTTTTA-3'
SLM3 promoter attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTTCTTGTTCCAAACCTTT-3'
SLM3 no stop attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGATTCACTTCACCTTCAACACAT-3'
SLM1 fragment F:

5'-ATGACCAAGTCTAGTAGTAGCAGTTTT-3'

SLM1 fragment R:

5'-TGCACACCATGAATTGTG-3'

SLM2/3 fragment F:

5'-CACAATTCATGCTGTGGCAG-3'

SLM2/3 fragment R:

5'-TCAATTCACTTCACCCTCAAC-3'

SLM1/2/3 RNAi attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGACCAAGTCTAGTAGTAGCAG-3'
SLM1/2/3 RNAi attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTCAATTCACTTCACCCTCAAC-3'
UidA RNAi attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCCTTACGCTGAAGAGATGC-3'
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UidA RNAi attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGGCACAGCACATCAAAGAGA-3'
SLM1 ATG attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGACCAAGTCTAGTAGTAGCA-3'
SLM2 ATG attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGCCAAGTTTACTAAAATC-3'
SLM3 ATG attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGCTAAGTCAACTAACATCT-3'
SLM1 stop attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTACCTGCCATTCACACACAC-3'
SLM2 stop attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAATTCACTTCACCCTCAACAC-3'
SLM3 stop attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAATTCACTTCACCTTCAACACAT-3'
SLM3 2FLAG R:
5'-TCGTCGTCCTTGTAGTCTTTGTCATCGTCGTCCTTGTAGTCATTCACTTCACCTTCAACA-3'

SLM1 FLAG R:

5'-GTCGTCCTTGTAGTCCCTGCCATTCACACA-3'

SLM2 FLAG R:

5'-GTCGTCCTTGTAGTCATTCACTTCACCCTC-3'

FLAG stop attB2 R:
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTCATTTGTCATCGTCGTCCTTGTAGTC-3'
SLM1 no SP attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTTTCCAATATGCAGCACAAT-3'
SLM2 no SP attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCGACCAACACCTACAGTCC-3'
SLM3 no SP attB1 F:
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAGTCGACCAACACCAACA-3'
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CHAPTER 5

A SHORT CHITIN-BINDING PROTEIN WITH HIGH MOLECULAR DIVERSITY FROM
AN ARBUSCULAR MYCORRHIZAL FUNGUS, RHIZOPHAGUS IRREGULARIS10

Abstract
Arbuscular mycorrhizal (AM) fungi form an intimate symbiosis with roots of more
than 80% of land plants without eliciting a significant defense response, and how they do so is
yet to be determined. Typically, plants mount a defense response upon sensing chitin in
fungal walls, and to counteract this response, plant-pathogenic fungi secrete small effector
proteins with chitin-binding LysM domains. In the AM fungus, Rhizophagus irregularis, a
small, putatively-secreted LysM protein, which we refer to as RiSLM, is among the most
highly expressed effector-like proteins during symbiosis. Here, we show that RiSLM
expression is reduced during non-functional symbiosis with Medicago mutants, mtpt4-2 and
vapyrin. We demonstrate that RiSLM can bind to both chitin and chitosan, and we model the
protein-ligand interaction to identify possible binding sites. Finally, we have identified RiSLM
homologs in five published R. irregularis isolate genomes and demonstrate that the gene is
subject to a high rate of evolution and is experiencing positive selection, while still conserving
putative function. Our results present important clues for elucidating a role for a LysM
effector, RiSLM, in AM symbiosis.

This chapter has been conditionally accepted by the journal, Mycoscience as Schmitz, AM, Pawlowska, TE,
and Harrison, MJ. A short chitin-binding protein with high molecular diversity from an arbuscular mycorrhizal
fungus, Rhizophagus irregularis.
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Introduction
Plants have evolved mechanisms to recognize potential pathogens via perception of
pathogen-associated molecular patterns (Jones and Dangl, 2006). During plant-fungal
interactions, chitin fragments are released from the fungal wall and interact with receptors in
the plant cell membrane. This interaction triggers an antagonistic response in the plant cell,
preventing ingress of the fungal pathogen (Boller and Felix, 2009), which can be overcome in
certain cases when the fungus is able to inhibit or evade recognition.
Arbuscular mycorrhizal (AM) fungi (subphylum Glomeromycotina) associate with the
roots of over 80% of land plants in mutually-beneficial symbioses. Despite the presence of
chitin in their cell walls, these fungi are able to maintain close proximity with plant cell
membranes throughout their life cycle. Only a small and quickly attenuated defense-like
response has been observed when AM fungi first come into contact with a host plant root
(Harrison and Dixon, 1993; Kapulnik et al., 1996; Liu et al., 2003; Giovannetti et al., 2015).
During symbiosis, the fungus develops branched hyphae, called arbuscules, that may fill root
cortical cells when mature. Arbuscules are surrounded by plant cell membrane and interfacial
wall-like matrix; the latter is thin around hyphae of a mature arbuscule, exposing chitin and
other fungal molecular patterns prevalent at the interface (Balestrini and Bonfante, 2014;
Bonfante-Fasolo et al., 1990). The arbuscule life span is shorter than that of the root cell, and
after several days the arbuscule degenerates, leaving the root cell intact (Bonfante-Fasolo,
1984; Pumplin and Harrison, 2009). How it is that AM fungal chitin can come into such close
contact with the plant membrane during arbuscule formation, maintenance and degradation
and not trigger a defense response is yet unknown.
The major chitin-receptors in plants interact with chitin fragments via an extracellular
region with three lysin-motif (LysM) domains (Shinya et al., 2012). Upon ligand binding, the
receptors dimerize or interact with co-receptors to relay the signal via an internal kinase
(Willmann and Nürnberger, 2012). Many plant-pathogenic fungi inhibit this interaction
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through secretion of effector proteins that contain one or multiple LysM domains, which
facilitate chitin binding (Sánchez-Vallet et al., 2014). Slp1 from Magnaporthe oryzae and
ECP6 from Cladisporium fulvum can both bind chitin in a manner that outcompetes plant
chitin-receptors and inhibits host defenses (Mentlak et al., 2012; de Jonge et al., 2010).
Structural analyses of ECP6 revealed two chitin-binding sites, one of which may facilitate
inter-chain dimerization, or perhaps interaction with plant chitin-receptors, preventing the
necessary dimerization for signal transduction (Sánchez-Vallet et al., 2013).
Several LysM effectors from pathogenic fungi have been characterized, revealing
diversity in function and number of LysM domains (Akcapinar et al., 2015). Mg3LysM and
Mg1LysM from Zymoseptoria tritici are strongly upregulated during infection of wheat, but
only Mg3LysM is able to subvert host defenses, and Mg1LysM, with only one LysM, is
dispensable for virulence (Marshall et al., 2011; Lee et al., 2014). LysM domains from both
effectors show evidence of positive selection, indicating they may be under evolutionary
pressure from the plant (Marshall et al., 2011). Two-LysM proteins ChELP1 and ChELP2
from the hemibiotroph Colletotrichum higginsianum are highly upregulated during the
biotrophic phase of infection, bind strongly and specifically to chitin in fungal walls and are
necessary for anthracnose on Arabidopsis thaliana (Takahara et al., 2016). ChELP1 and
ChELP2 can inhibit the plant’s chitin response; however, they also play a developmental role
in the fungus’ lifecycle, as chelp1/2 RNAi mutant spores displayed morphological
abnormalities during germination, and appressoria did not penetrate cellophane membrane
(Takahara et al., 2016).
A role in fungal development has also been identified for the seven-LysM effector
TAL6 from the plant-beneficial fungus, Trichoderma atroviride, which inhibits germination
of spores from Trichoderma spp. but not of other fungi (Seidl-Seiboth et al., 2013).
Furthermore, TAL6 can bind to chitosan in addition to chitin, which has not been shown for
other LysM effectors, and indicates diversity in ligand targets for this type of fungal protein.
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TAL6 was the first LysM effector characterized from a fungus that is not a plant pathogen,
but many putative effectors have been identified for other plant-biotrophic fungi through
genome sequencing (de Jonge and Thomma 2009). The endophytic mutualistic root symbiont,
Piriformospora indica, expresses eleven proteins comprised only of LysM domains, many of
which are predicted to be secreted, although none has yet been characterized (Zuccaro et al.,
2011). The AM fungus, Rhizophagus irregularis, expresses a small (81 amino acids)
putatively-secreted LysM protein (Protein ID 348911), which we refer to here as RiSLM.
Many studies have demonstrated high expression of RiSLM in mycorrhizal roots, including in
both arbuscules and intraradical mycelium, and low expression in spores (Tisserant et al.,
2013; Tsuzuki et al., 2016; Sugimura and Saito, 2017; Zeng et al., 2018). Tsusuki et al.,
(2016) reported high expression of RiSLM at four and six weeks post-inoculation relative to
non-symbiotic germinating spores, but showed the gene is upregulated in spores in response
to treatment with strigolactones, plant hormones that induce branching of AM fungal hyphae
and upregulate fungal metabolism and growth (Akiyama et al., 2005; Besserer et al., 2008). In
mycorrhizal roots of Lotus japonicus, RiSLM expression is strongly downregulated by high
levels of inorganic phosphate, which has been well demonstrated to inhibit formation of AM
(Kobae et al., 2016; Sugimura and Saito, 2017).
Considering the high expression of RiSLM in mycorrhizal roots, and upregulation of
the gene under conditions that promote symbiosis, we predict an important role for RiSLM
during symbiosis. In this report, we investigate such a potential role by quantifying RiSLM
expression in non-functional symbiosis mutants of Medicago truncatula and testing RiSLM
ligand-binding capabilities. Genomes of five additional R. irregularis isolates, A1, A4, A5,
B3, and C2, have been published (Chen et al., 2018), allowing us to investigate the
evolutionary history of RiSLM by comparing nucleotide and protein sequences of homologs in
the fungal isolates. Our results present important clues for elucidating the role of this
candidate LysM effector in AM symbiosis.
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Materials and Methods

Expression analysis of AM-colonized Medicago truncatula
M. truncatula A17 and symbiosis mutants were grown and inoculated as previously
reported (Floss et al., 2017), with approximately 500 spores of R. irregularis (DAOM197198)
harvested from Daucus carotus-R. irregularis cultures (Becárd and Fortin, 1988). For M.
truncatula non-functional symbiosis mutants we used mtpt4-2 and vapyrin, which are
enriched in degenerating arbuscules and completely lack arbuscules, respectively (Javot et al.,
2007; Pumplin et al., 2010). Roots were harvested at 5 wk post-planting (about 4 wk postinoculation), based on previous reports demonstrating high RiSLM expression at this
timepoint (Tsusuki et al., 2016). RNA isolation and quantitative PCR were carried out as
previously described (Javot et al., 2011). Primers used for RT-PCR and cloning are listed in
Appendix 5-1.

Chitin-binding assay
Constructs for the expression of RiSLM-FLAG, AtCERKecto-FLAG and MtLysMFLAG under the double CaMV35S promoter were made using Multisite Gateway technology
(Thermo Fisher Scientific), involving three fragment LR recombination with the destination
vector pKm43GW (Karimi et al., 2005). The double CaMV35S was amplified from an
available construct and cloned into pDONR4-1 via BP recombination. RiSLM was amplified
from R. irregularis genomic DNA, and AtCERKecto and MtLysM were amplified from
plasmids. FLAG was added to all sequences via PCR, and the resulting constructs were
cloned into pDONR221 via BP recombination. The CaMV35S terminator was amplified from
a plasmid and cloned into pDONR2-3 via BP recombination. All three resulting pENTR
constructs, including only one pENTR221 at a time, were then used to create the final plant
expression vectors.
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Each vector was transformed into Agrobacterium tumefaciens strain GV3101, and
then infiltrated into 3–4 week old Nicotiana benthamiana, grown at 25 °C 16 h/8 h light/dark.
The infiltrations were all done at a final OD600 of 0.1 in induction buffer (10 mM MES, 10
mM MgCl2, 100 µM acetosyringone, pH 5.6), and each vector was coinfiltrated with the p19
silencing suppression plasmid at a final OD600 of 0.8. Each construct was infiltrated into three
leaves which were harvested approximately 48 h post-infiltration and frozen at -80 °C. Whole
protein was extracted from ground leaf material with extraction buffer (150 mM Tris-HCl, pH
7.5, 150 mM NaCl, 10% glycerol, 10 mM EDTA, 10 mM DTT, 0.5% (wt/v)
polyvinylpolypyrrolidone, 0.1% Triton-X, protease cocktail inhibitor (Sigma-Aldrich)) at a
ratio of 2.5 mL per gram of tissue, centrifuged at 16,000g in the cold for 2´ 15 min.
Except when otherwise stated, chitin binding was determined by adding 100 µL whole
protein extract to 20 µL magnetic chitin bead slurry (New England Biolabs) prewashed 5
times with 1 mL cold binding buffer (500 mM NaCl, 20 mM Tris-HCl, 1 mM EDTA, 0.05%
Triton X-100, pH 8.0). Beads and extract were allowed to mix for 30 min at 4 °C, and
unbound supernatant was collected for analysis. Beads were then washed 5 times with cold
binding buffer. Bound protein was eluted with 50 µL 2X SDS-PAGE loading buffer (100 mM
Tris-Cl pH 6.8, 4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 20% (v/v) glycerol, 200 mM
b-mercaptoethanol).
Ligand precipitation assays were done by adding 250 µL of binding buffer with 5
mg/mL shrimp shell chitin or chitosan (Sigma-Aldrich) to 300 µL of protein extract and
mixing at 4°C for 3 h. Unbound supernatant was removed for analysis, and ligand precipitate
was rinsed five times with binding buffer. Samples were centrifuged at 16,000 g for 5 min at 4
°C before removing each supernatant. Ligand competition with chitin beads was done by
mixing 100 µL protein extract with 200 µL binding buffer alone, 10 mg/mL free chitin, or 10
mg/mL free chitosan and mixing for 30 min at 4 °C prior to adding to beads. Elution assays
were done by mixing 200 µL binding buffer alone, or 10 mg/mL free shrimp shell chitin or
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free chitosan in binding buffer with washed beads, allowed to mix for 30 min at 4 °C before
collecting eluted supernatant.
All samples were separated by 12% SDS-PAGE gels and transferred to PVDF
membrane. Blotted membranes were blocked with 5% milk powder and 0.1% Tween-20 in
PBS for 30 min, incubated in the same solution plus rabbit anti-FLAG primary antibody for at
least 4 h, rinsed 3´ with 0.1% Tween-20 in PBS, and incubated with anti-rabbit secondary
antibody conjugated to horseradish peroxidase for 1 h. FLAG-tagged protein was detected
with the addition of HRP substrate (EMD Millipore) for 5 min, and film exposure. All
binding assays were done at least three times with similar results.

Protein modelling
Signal peptides were predicted with both SignalP and PrediSi online programs
(http://www.cbs.dtu.dk/services/SignalP/, Petersen et al., 2011; http://www.predisi.de/, Hiller
et al., 2004). Identification of LysM domains was done with the ScanProsite web server
(https://prosite.expasy.org/scanprosite/, de Castro et al., 2006). Protein structure and binding
was predicted through the COACH program for protein-ligand binding site prediction (Yang,
Roy and Zhang, 2013a, b). The amino acid sequence of RiSLM, without the signal peptide,
was entered into their online interface at https://zhanglab.ccmb.med.umich.edu/COACH/.
COACH uses I-TASSER (Yang et al., 2014) to first predict protein structure, which is then
submitted for ligand-binding predictions. Molecular graphics and analyses were performed
with the UCSF Chimera package. Chimera is developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco (supported by
NIGMS P41-GM103311) (Pettersen et al., 2004; https://www.cgl.ucsf.edu/chimera/).

Sequence alignments and phylogenetic reconstruction
Protein sequences were aligned in Jalview with the MUSCLE alignment web service
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using default parameters (Katoh et al., 2002; Edgar, 2004; Waterhouse et al., 2009). Bacterial
and non-AM fungal groups of sequences were each aligned to the RiSLM sequences
separately, and then the two alignments were merged through manual alignment. Phylogenetic
reconstruction was done with MrBayes 3.2.2 on XSEDE through the CIPRES Science
Gateway (Ronquist et al., 2012; Towns et al., 2014; Miller et al., 2010) using the WAG
substitution model. Other parameters included 2 runs with 4 chains, 2 million generations,
sampling every 250, with a burn-in of 5000 samples (25%). Trees were formatted using
FigTree version 1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/).

Evolutionary Analyses
A codon-based alignment was done for all RiSLM using MEGA7 (Kumar, Stecher,
and Tamura, 2016). Nucleotide diversity (p) was calculated using the DNA polymorphism
calculation in DnaSP version 5.10.01 (Librado and Rozas, 2009). GARD (Genetic Algorithm
for Recombination Detection; Kosakovsky Pond et al., 2006) and BUSTED (Branch-site
Unrestricted Statistical Test for Episodic Diversification; Murrell et al., 2015) were both run
on the DataMonkey online server (http://datamonkey.org/). GARD was run using the betagamma site-to-site rate variation and 2 rate classes. For BUSTED, all branches were selected
for analysis.
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Results

RiSLM expression is reduced during non-functional symbiosis
To investigate the effect of non-functional symbiosis condition on the expression of
RiSLM, we measured its transcript levels in wild type M. truncatula A17 and two AM-related
mutants, mtpt4-2 and vapyrin colonized by R. irregularis DAOM197198. MtPT4 encodes a
symbiosis-specific phosphate transporter, and in mtpt4 mutants, arbuscules degenerate
prematurely, leading to an over-representation of degenerating arbuscules and host transcripts
associated with degeneration (Harrison et al., 2002; Javot et al., 2007; Floss et al., 2017).
Vapyrin encodes an AM-specific cytoplasmic protein predicted to play a role in cellular
remodeling. In vapyrin roots, AM fungi are unable to form arbuscules, and infections show
proliferating lattice-like runner hyphae (Pumplin et al., 2010). Genes specific to arbuscule
function are not expressed in AMF-colonized vapyrin roots.
Mycorrhizal roots of both mtpt4-2 and vapyrin had much lower R. irregularis
colonization than A17, as evidenced by their lower levels of R. irregularis alpha tubulin
transcripts, a common marker for fungal colonization (Figure 5-1A). As expected, MtPT4
transcripts were not detected in mycorrhizal vapyrin roots (data not shown), demonstrating a
lack of arbuscules. When normalized to R. irregularis α-tubulin transcripts, which accounts
for differences in R. irregularis colonization between the genotypes (Isayenkov, Fester and
Hause, 2004), RiSLM transcripts were significantly lower in both mutants relative to wild type
Medicago (Figure 5-1B). To control for the possibility of a general effect on symbiosisrelated fungal genes, we quantified RiMST2 transcripts, which were not decreased relative to
R. irregularis α-tubulin, and in fact slightly higher (Figure 5-1C).
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Figure 5-1: Quantitative RT PCR showing relative transcript levels in Medicago
truncatula wild type (A17), mtpt4-2, and vapyrin roots colonized with Rhizophagus
irregularis. (A) R. irregularis α-tubulin (Riα-tub) transcripts relative to M. truncatula
elongation factor (MtEF). (B) RiSLM transcripts relative to Riα-tub. C: RiMST2 transcripts
relative to Riα-tub. * = p < 0.05, Student’s t-test compared to A17
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RiSLM is a cysteine-rich putatively secreted protein that can bind chitin and chitosan.
RiSLM encodes a protein of 81 amino acids with a signal peptide of 22 amino acids.
We identified a single LysM domain spanning 46 of the remaining 59 amino acids in the
putatively-secreted portion. The predicted mature sequence contains 4 cysteine residues, 6.8%
of amino acids, making it a cysteine-rich protein (Marshall, Costa, and Gutierrez-Marcos,
2011). Prediction of RiSLM’s three-dimensional structure revealed a potential disulfide
interaction based on the alignment of the middle two cysteines and confirmed the canonical
baab secondary structure of the LysM domain (Appendix 5-2).
To test the hypothesis that RiSLM binds chitin, we produced FLAG-tagged RiSLM in
Nicotiana benthamiana leaves and evaluated binding of the RiSLM to magnetic chitin beads.
We used a FLAG-tagged ectodomain of AtCERK1, which contains three LysM domains and
has been demonstrated to bind chitin (Liu et al., 2012), as a positive control for binding.
Additionally, we included a FLAG-tagged M. truncatula LysM domain-containing protein in
the assay, as preliminary studies suggested that it did not bind chitin and therefore served as a
useful negative control. Both the CERK ectodomain and RiSLM bound to the chitin beads
(Figure 5-2A). To determine if RiSLM binds chitosan, we mixed the protein with free
chitosan, which is insoluble in aqueous solution and can be precipitated through
centrifugation. A similar assay with free chitin was used as a positive control. With both
ligands, RiSLM remained completely bound to the precipitated chitin or chitosan, leaving no
free protein in the supernatant. In contrast the Medicago LysM protein was not precipitated
with either ligand (Figure 5-2B). In the chitin-bead pull-down, RiSLM was not detected in the
unbound fraction (Figure 5-2C). Mixing the input protein with chitosan or chitin resulted in
detection of RiSLM retained in unbound supernatant, but to a much greater extent after
premixing with free chitin than chitosan (Fig 5-2C). We further tested the ability of both
chitin and chitosan to elute bound RiSLM from chitin beads, but only free chitin was able to
remove a detectable amount (Figure 5-2D).
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Figure 5-2 (below): Chitin and chitosan-binding by RiSLM and protein alignment.
Western blots showing (A) binding of AtCERK1 ectodomain (AtCERKecto) and RiSLM to
chitin beads. Left panel shows input protein for FLAG(fl)-conjugated AtCERKecto, RiSLM,
and a small LysM from Medicago truncatula (MtLM) as a negative control for binding. Right
panel shows proteins bound to chitin beads. (B) Ligand precipitation assays showing RiSLM
binds to free chitin (left) and chitosan (right). RiSLM-fl is only detected in the bound (B)
fractions, while MtLM-fl is only detected in the unbound (UB) fractions. (C) Competition
assay with buffer, free chitosan and free chitin vs. chitin beads. Premixing RiSLM with chitin,
and to a lesser degree chitosan, leads to retention of the protein in the unbound fraction. (D)
Elution of bound RiSLM from chitin beads with buffer, chitin or chitosan. Only chitin can
displace the protein from the chitin beads. R = RiSLM-fl, LC = loading control. All Western
blots were probed with anti-FLAG antibodies. Loading controls are endogenous proteins from
Nicotiana benthamiana protein extract that interact with FLAG antibodies. (E) Alignment of
RiSLM amino acid sequences from R. irregularis isolates. Sites with 100% identity are
shaded dark gray. Sites with at least 50% identity are shaded light gray. Lines above indicate
putative chitin binding sites. Secondary structure: arrows = beta sheet; helix = alpha helix.
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Having demonstrated that RiSLM binds chitin we used the COACH ligand prediction
server to identify putative chitin-binding sites in the protein (Yang, Roy and Zhang, 2013a, b).
The program predicted four potential N-acetyl-glucosamine (the monomer of chitin)
interactions. The three most confident interactions align along a hydrophobic groove formed
by the two b-a/a-b linker regions, while the fourth interaction is predicted to occur on the
opposite side immediately below the aligned cysteines (Appendix 5-2B). COACH further
provides the probability that each amino acid participates in ligand binding, which revealed
two regions of amino acids likely involved in the interactions (Figure 5-2E; Appendix 5-2C).

RiSLM is present in all sequenced Rhizophagus genomes and is under diversifying selection.
A BLASTP search of the NCBI non-redundant protein database revealed homologs in
all five sequenced R. irregularis isolates, A1, A4, A5, B3, and C2 (Chen et al., 2018), as well
as in Rhizophagus clarus (Sędzielewska Toro and Brachmann, 2016). The genome of R.
irregularis isolate A4 contains two paralogs of RiSLM, in tandem and separated by 3.8 kb. No
homologs were reported in the published transcriptome of Gigaspora rosea (Tang et al.,
2016) or Gigaspora margarita (Salvioli et al., 2015). Additionally, there are no homologs in
the Glomus versiforme genome (Sun, Harrison, Fei unpublished data). A BLASTP search
excluding Glomeromycotina (NCBI txid:214504) revealed that RiSLM has highest similarity
to bacterial proteins, with an average of 47% identity at 75% query coverage, and most of the
returned hits were from firmicutes (Appendix 5-3). Considering RiSLM’s similarity to
bacterial proteins, we hypothesized that the gene was horizontally acquired from a bacterial
genome. To test this possibility, we reconstructed a phylogeny with RiSLM homologs, the top
20 BLASTP hits from bacteria (NCBI txid:2), the top 20 BLASTP hits from fungi (NCBI
txid:4751), and a small LysM from M. truncatula as an outgroup. While the R. irregularis
sequences separated from the R. clarus sequence with a posterior probability of 0.91, the
placement of the Rhizophagus clade as a whole remained unresolved relative to both bacterial
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and non-AM fungal sequences (Appendix 5-4). We also considered G+C content as a means
for inferring horizontal gene transfer (Ravenhall et al., 2015). The G+C content for RiSLM is
38.7%, which is within the reported normal range for R. irregularis (Tisserant et al., 2013).
The aligned RiSLM protein sequences from the R. irregularis isolates revealed an
average pairwise identity of only 78% (Fig. 2e; Appendix 5-5), which is much lower than
previous reports for protein sequences from these isolates (Corradi et al., 2009). The aligned
nucleotide sequences have an average pairwise identity of 89% (Appendix 5-5). To test if
RiSLM is evolving at a faster rate than other genes in the R. irregularis genome, we calculated
nucleotide diversity (p) for the RiSLM sequences, three housekeeping genes (ATPase, EF1-a,
and beta tubulin) and three symbiosis genes (PT, MST2, and SOD1) (Nei and Li, 1979).
Considering all RiSLM sequences, p = 0.1163± 0.027, which is an order of magnitude higher
than all the other genes we measured, for which p ranged from 0.0013±0.0005 (EF1-a) to
0.0106±0.0059 (SOD1) (Appendix 5-6). To test if this elevated rate of nucleotide substitution
is a response to diversifying selection, we subjected the RiSLM sequences to the Branch-site
Unrestricted Statistical Test for Episodic Diversification (BUSTED; Murrell et al., 2015) after
ruling out with the Genetic Algorithm for Recombination Detection (GARD; KosakovskyPond et al., 2006) that recombination could confound our results. We found significant genewide evidence for episodic diversifying selection (p<0.000) acting on RiSLM. Despite a high
nucleotide substitution rate and diversifying selection, none of the RiSLM sequences have any
early stop codons, and all were predicted to bind chitin, as modeled by the COACH server.
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Discussion

In plant-pathogen interactions, LysM effector genes are highly expressed during
fungal infection of the host plant, often during a biotrophic growth phase (El Hadrami et al.,
2012; Akcapinar et al., 2015). During symbiosis between the AM fungus R. irregularis and
several different plants, RiSLM is one of the most highly-expressed secreted proteins and is
predominantly expressed in intraradical mycelium and arbuscules (Zeng et al., 2018). We
have demonstrated that RiSLM can bind to chitin and chitosan, which can both elicit a
defense response in plants (Hadwiger, 2013). Chitin is one of the major components of AM
fungal walls, and chitosan is likely also a component, as it is present in the walls of AM
fungal spores (Bonfante-Fasolo and Gripiollo, 1984), and abundant in the hyphal walls of
closely-related Mucoromycota (Bartnicki-Garcia, 1968). By sequestering chitin at the fungalplant interface, an abundance of RiSLM may provide a mechanism for avoiding recognition
of fungal wall fragments by chitin receptors as the hyphal tips grow. This would be similar to
several fungal LysM effectors that protect fungal walls from plant chitinases, including TAL6
from Trichoderma, which is also the only other LysM effector reported to bind chitosan
(Marshall et al., 2011; Seidl-Seiboth et al., 2013). Plant chitinases do not localize to intra- or
intercellular AM fungal hyphae (Spanu et al., 1989), possibly due to masking by other cell
wall constituents, or fungal proteins like RiSLM. While RiSLM can bind to chitin and
chitosan, it may also bind to related molecules, such as short-chain chitin oligomers or
lipochitooligosaccharides shown to function in symbiotic signaling (Maillet et al., 2011;
Genre et al., 2013). RiSLM binding to these ligands should be tested directly, as well as its
interaction with potential ligand receptors (Fliegmann et al., 2013; Malkov et al., 2016), as
such interactions would indicate a role for RiSLM in symbiotic signaling.
To reach the inner cortex of wild-type plant roots, such as Medicago, a hypha
emerging from a hyphopodium will typically penetrate and grow intracellularly through the
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epidermis, and possibly through outer cortical cells (Genre, 2008). Once in the inner cortex,
while hyphae elongate intercellularly, they enter inner cortical cells to form arbuscules.
Intracellular growth exposes the chitin in fungal walls, especially where hyphae penetrate host
cells and particularly at the arbuscule interface (Bonfante-Fasolo et al., 1990). In Medicago
mutants mtpt4-2 and vapyrin, an AM fungus will still grow to and throughout the inner cortex.
Colonized roots of mtpt4-2 are enriched in degenerating arbuscules and transcript of genes
associated with the degeneration process, including plant chitinases and other hydrolytic
enzymes (Floss et al., 2017). Plant chitinases localize to the degenerated arbuscule clump,
where they presumably break down chitin (Spanu et al., 1989; Bonfante-Fasolo et al., 1990).
An abundance of RiSLM may provide a mechanism for sequestering free chitin during
arbuscule degeneration. However, through qPCR of mtpt4-2 roots colonized with R.
irregularis, we found that RiSLM transcript levels are lower in these roots relative to those of
wild type Medicago, indicating that the gene is not upregulated by the fungus during
arbuscule degeneration. Arbuscules, including degenerating arbuscules, are overall infrequent
in colonized mtpt4 roots (Javot et al., 2007), and completely absent in colonized vapyrin roots
(Pumplin et al., 2010). In both mutants we observed a significantly lower level of RiSLM
transcript, which can be explained by the loss of arbuscule-associated transcription (Zeng et
al., 2018). The presence of transcript in the vapyrin roots, in which the fungus does not even
penetrate cortical cells (Pumplin et al., 2010), indicates that the gene is expressed during the
non-arbuscule stages of symbiosis, such as hyphopodium penetration and hyphal elongation.
Recently published genome sequences for several R. irregularis isolates have allowed
us to investigate the evolutionary history of RiSLM (Chen et al., 2018). A comparison of gene
sequences from the different isolates revealed that the gene is evolving relatively quickly and
experiences diversifying selection. Such positive selection has been observed for other LysM
effectors of fungi (Marshall et al., 2011), as well as LysM domains in plant receptors
(Lohmann et al., 2010; Sulima et al., 2017), and is characteristic of proteins involved in host-
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microbe interactions that may undergo diversification through co-evolution (Raffaele and
Kamoun, 2012; Tang et al., 2017). Conservation of function despite a high rate of nonsynonymous substitution indicates that a functional RiSLM is necessary for fungal survival.
Combined with its very high expression in planta, these data point to an important role for the
gene during symbiosis; however published transcriptomes from other AM fungal genera do
not contain transcripts homologous to RiSLM (Salvioli et al., 2015; Tang et al., 2016). Either
the gene is not present in their genomes, or it is not expressed highly or at all by the fungi
during AM symbiosis. A lack of RiSLM homologs in other AM genera would support the
hypothesis that the gene was horizontally transferred to a Rhizophagus ancestor, which we
could neither support nor disprove through phylogenetic reconstruction. Furthermore,
although the G+C content of RiSLM is within the normal range for R. irregularis, many of the
similar bacterial sequences are from firmicutes (Appendix 5-3), which typically have low
G+C content similar to that of R. irregularis (Galperin, 2013; Tisserant et al., 2013),
precluding this method for inferring horizontal gene transfer as well.
An important next step for this research will be to survey a variety of AM fungi for
RiSLM homologs, which will shed light on the question of its origin and specificity. While all
AM fungi confer a benefit to their host plant, these benefits vary depending on the fungal
species (Verbruggen and Kiers, 2010). If RiSLM is specific to the Rhizophagus genus, it may
be important for Rhizophagus-specific benefits, such as better host protection against
pathogens (Maherali and Klironimos, 2007; Powell et al., 2009). A comparison of more
RiSLM sequences would allow for identification of conserved sites, and sites under selection,
which will provide clues to the relevant target ligand for this protein. Elucidating the role of
RiSLM in AM symbiosis, and comparing this role to that of fungal plant-pathogens will
reveal important insights into the ecology and evolution of AM fungi.
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APPENDICES

Appendix 5-1: Primers used in this study
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Appendix 5-2: COACH-predicted structure and chitin-binding of RiSLM. A: 3-D model of
RiSLM showing secondary structure and cysteine alignment. Blue = alpha helix, green = beta
sheet, yellow = cysteine residue B: COACH-predicted 3D structure demonstrating four Nacetyl glucosamine (NAG) ligand interactions. Residue surface color: orange = hydrophobic,
white = neutral, blue = hydrophilic, yellow = cysteine residue. C: Graph of ligand-binding
probability for each residue in the protein.
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Appendix 5-3: Top 20 PBLAST hits recovered from the NCBI non-redundant database with
the full RiLysM sequence as the query, excluding Glomeromycotina [txid:214504].

190

Appendix 5-4 (below): Reconstruction of a phylogeny including RiSLM homologs and the
20 most similar proteins from fungi (NCBI txid:4751) and bacteria (NCBI txid:2), as
identified by BLASTP. Bacterial sequences are purple, fungal (non-AM) sequences are
brown, and the outgroup, M. truncatula small LysM is green. Numbers represent posterior
probabilities above 0.80.
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Appendix 5-5: Pairwise identities of gene (no shading) and protein (gray shading) sequences
of RiSLM from all R. irregularis isolates.

Appendix 5-6: Nucleotide diversity (p) and standard deviation (st dev) for RiSLM and
various housekeeping- and symbiosis-related genes from all R. irregularis isolates.
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CHAPTER 6

CONCLUSION

For at least 400 million years, plants have harbored arbuscular mycorrhizal fungi in
their roots. Fungus and plant have evolved complex mechanisms to facilitate the interaction –
a symbiosis conferring such a benefit to the fungus that it has lost the ability to complete its
lifecycle without the host. In return for photosynthates, the fungus delivers inorganic
phosphates, among many measurable benefits (Smith and Read 2008). The underlying
inspiration for the research conducted in this dissertation has been to better understand how
the plant and fungus maintain mutualism, with the hopes to improve upon those benefits
conferred, not only to the plant, but also to the environment. Could we enhance nutrient
transfer to the plant in such a way that application of AM fungi would eliminate a need for
chemical fertilizers in agriculture? Could we improve the transfer of photosynthates from
trees to fungi, increasing the potential for forests to act as a sink for CO2 by storing it in living
underground networks?
These big-picture questions trigger a chain of smaller and smaller questions,
eventually leading to investigations of the subcellular processes that make the symbiosis tick.
All of the work done in this thesis is at the level of basic science, but the eventual applications
of such discoveries are only a few steps away. Visions of these applications, and their
potentially global impact drive us to push onward with basic investigations, even despite the
many failures we inevitably endure as scientists; and as obligate, yet genetically intractable
organisms, arbuscular mycorrhiza fungi offer many challenges, and often many failures. Yet
many promising discoveries have been made in the past decade, especially with the influx of
genomic data and new techniques.
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Genomic and transcriptomic data have revealed many interesting candidates for
forward genetics aimed at the identification of genes involved in AM symbiosis. While null
mutations in many such genes have led to the discovery of important players in symbiosis,
this approach is often not so simple. In Chapter 3 we identified a LysM-RLK, Lyr1, strongly
induced by AM fungal colonization as compared to roots lacking AM fungi. We had
optimistic expectations that this gene would be like Nod factor receptors, which alone are
necessary for establishment of root-nodule symbiosis, and that we would find a dramatic
interruption in AM fungal colonization of the null mutant; however, we quickly realized the
expansive LysM-RLK family may preclude easy identification of genes contributing to
symbiosis. Our experiments, and others that have been published since (Zhang et al. 2015;
Rasmussen et al. 2016), emphasize the importance of carefully fine-tuning certain
experimental variables, such as spore load or nutrient concentrations, in order to uncover
partial contributions of redundant genes.
In Chapter 4, we again faced redundancy with our identification of three SLMs that
are conserved for AM symbiosis, and specifically induced by AM fungal colonization.
Despite strong indicators that these genes are important for the symbiosis, a nearly-complete
loss of transcript had no effect on the interaction. Other SLMs present in the root may still
function redundantly in the RNAi mutant, and even if they do so less efficiently, any subtle
phenotype may have been lost without the right experimental variables. Instead of attempting
to silence all six root-expressed SLMs simultaneously, we took a simpler approach by
ectopically expressing the AM-SLMs. The small, but consistent enhancement of AM fungal
growth suggests these proteins may be important for fungal development. Our results,
combined with parallels between AM-SLMs and nodule-specific cysteine-rich peptides,
should guide future studies towards investigating direct effects of the proteins on AM fungi,
or mutational studies that investigate the importance of the cysteine residues.
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A similar ectopic expression may help investigate what role, if any, Lyr1, NFP or
Lyk10 play in AM symbiosis, rather than continuing to silence or delete more genes
simultaneously in the hopes of finding the right combination among the 21 possibilities. In the
case of Lyk10, in Chapter 3 we speculate that this LysM-RLK may be important for the
contribution of other microorganisms to AM symbiosis. Considering that AM symbiosis has
evolved in soils flush with diverse microorganisms competing for many of the same
resources, many important mechanisms are likely to be missed by eliminating all other
possible interactions. Certainly, isolating plant and fungus is a necessary starting point;
however, no conclusion can be drawn from a negative phenotype as to a gene’s contribution
to AM symbiosis without considering all possible environmental conditions that may have
shaped the evolution of the interaction – indeed, an impossible feat. A simple experiment to
test this theory as it pertains to Lyk10 would involve AM fungal colonization of the mutant
and wild type roots with and without the application of rhizobial exopolysaccharides. If
Lyk10 perception of EPS enhances AM fungal colonization, we would expect to see an even
greater decrease in the mutant relative to its segregating wild type.
An important precautionary tale comes with our analysis of a second Lyk10 mutant
that did not exhibit the same decrease in colonization relative to its segregating wild type.
While this does not falsify the phenotype seen with the first mutant, as there may have been a
separate mechanism decreasing colonization in the second wild type, it does emphasize the
need for considering multiple mutants when using imprecise mutagenesis techniques. In
Chapter 3 we saw an excellent example of this problem when we tested two null mutants of
slm2 which each had a significant effect on fungal colonization, but in opposite directions.
The null mutants analyzed in Chapter 3 and Chapter 4 were identified from random
mutagenesis populations, and each mutant line may contain one or more unrelated mutations
that could affect the development of AM symbiosis just enough to miss a subtle phenotype.
Since the time these experiments were done, greatly improved technologies for generating
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null mutants, such as CRISPR/Cas9 (Doudna and Chapentier 2014), have become widely
available. Such technologies should be a default for investigations of potentially redundant
genes in the future.
These new technologies also hold promise for increasing tractability of AM fungi. At
this time, we still do not have methods for genetically manipulating AM fungi. Although two
reports of host-induced gene silencing in AM fungi indicate this method may work (Helber et
al. 2011; Tsuzuki et al. 2016), in our hands we have had little success. In Chapter 5, we
identify a putative LysM effector from Rhizophagus irregularis that is able to bind to chitin
and chitosan. Without a transformation system for the fungus, we were unable to feasibly
investigate where the RiSLM gene is expressed or where the protein localizes. Considering its
similarity to the AM-SLMs identified in Chapter 4, we can speculate that RiSLM may add yet
another level of functional redundancy to certain roles these proteins may plan in AM
symbiosis. Interestingly, we were unable to identify an ortholog of RiSLM in available
sequences from other genera of AM fungi. The next steps for this research should focus on the
evolutionary biology of the gene by screening several different fungi for orthologs using
degenerate primers. The existence of a LysM effector in some but not all AM fungi would
suggest a difference among AM fungi in how they interact with their host – something also
hinted at by the opposite colonization phenotypes of the nfp mutant when colonized by G.
versiforme or G. gigantea. Not all AM fungi may be triggering the same exact mechanisms in
the plant to facilitate colonization.
While much of the work in this thesis did not reveal the exciting phenotypes we had
hoped for, the negative results will hopefully contribute to the literature by allowing others to
avoid testing these mutants under the same conditions. Furthermore, the characterization of
small LysM proteins in Chapter 4 and Chapter 5 lay the foundation for many more questions
and hypotheses to be tested. In particular, the identification of a LysM effector-like protein in
an AM fungus suggests parallels between strategies employed by pathogenic and symbiotic
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fungi. How it is that AM fungi do not trigger host defenses has been a long-time question.
Demonstration that RiSLM is able to bind chitin presents a potential mechanism for defense
inhibition during AM symbiosis. Furthermore, in Chapter 3, the lyk10 mutant exhibited a
decrease in colonization and, combined with the importance of its paralog in suppressing
defense responses, we can hypothesize that this gene may also contribute to such a
mechanism for AM symbiosis.
Two major discoveries greatly inspired the hypotheses tested in this thesis: the
identification of fungal signaling molecules and their similarity to Nod factors and chitin, and
the release of the Rhizophagus irregularis genome sequence, which was a first for
Glomeromycotina (Tisserant et al. 2013). The results of our work have both contributed to the
literature and generated many more important hypotheses to test. As more sequence data
becomes available, and better methods are developed for genetic manipulation of plant and
fungus, many of these hypotheses will become easier to test. A recent report demonstrated the
use of a plasmid-free CRISPR/Cas9 system to genetically modify the fungus Mucor
circinelloides, a Mucoralean fungus closely related to Glomeromycotina (Nagy et al. 2017).
The development of such a system for AM fungi would revolutionize the field and allow for
many of the hypotheses generated from data in this thesis to be easily tested.
In light of the earth’s changing climate and steadily growing population, innovative
solutions for food security are necessary now more than ever. AM symbiosis holds potential
for application in many areas related to agriculture and climate change, and the basic science
we pursue is necessary for making such advances. The results presented in this thesis are just
small pieces that we hope will contribute to resolving the bigger pictures revealing ways in
which AM fungi may someday be used to solve important problems at a global scale.
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