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l Chapter 1

General introduction




Chapter 1

Arbuscular mycorrhiza (AM) is a widespread endosymbiotic association between AM fun-
0i, belonging to the subphylum Glomeromycotina, and most land plants (Spatafora et al.,
2016). This symbiosis originated ~450 million years ago and provides a number of benefits
to plants such as improved uptake of scarce mineral nutrients, especially phosphate (Pi)
and nitrogen (N), from the soil and protection against various biotic and abiotic stresses. In
return, the biotrophic AM fungi receive fixed carbon from the host plant, which is essen-
tial for the fungi to fulfill their life cycle (Smith and Read, 2008; Luginbuehl and Oldroyd,
2017). As such, AM fungi play key roles in natural ecosystems and given their many poten-
tial benefits to plants they are widely recognized for their potential as sustainable biofertil-
izers (Madawala, 2021).

To form an evenly matched successful cooperation that stays mutualistic it is important that
both partners have the ability to effectively control each other. Under natural conditions a
single plant can be colonized by multiple AM fungi and a single AM fungus can colonize
multiple host plants at the same time (Sanders and Croll, 2010). Since different fungi can
differ in their symbiotic efficiency or compatibility, a plant needs to weigh the cost of the in-
teraction to the benefits it receives. Different AM fungi are thought to provide different ben-
efits (Streitwolf-engel et al., 1998). Although in general there appears to be little host spec-
ificity, so-called host preferences have been reported where different plant species growing
at the same location appear to associate preferentially with different AM fungi (Martinez-
Garcia and Pugnaire, 2011; Torrecillas et al., 2012). However, the molecular mechanisms
behind such partner selection, or variation in the plants growth response upon different AM
fungal interactions, are far from understood. In this chapter I will introduce recent molec-
ular insights into the communication between both partners that ultimately determines the
outcome of the interaction. I will focus mainly on two aspects of control; first (pre-)contact
communication to initiate the interaction and secondly, control of arbuscule development.

Root colonization by AM fungi

Under nutrient limiting conditions plants recruit AM fungi to enhance their nutrient forag-
ing capability. Upon physical contact, the fungus forms a hyphopodium on a-trichoblasts of
the root epidermis from where it penetrates the root (Fig. 1) (Gutjahr and Parniske, 2013).
In response, the plant nucleus moves to a position underneath the hyphopodium and the
plant cytoskeleton and endoplasmic reticulum get reorganized to form a tube-like structure,
called the pre-penetration apparatus (PPA), which determines the entry path of the fungus
(Genre et al., 2005). The PPA actively facilitates the local weakening of the plant cell wall
and exocytosis-driven extension of the plasma membrane engulfs the penetrating fungal hy-
pha (Genre et al., 2012). Once the fungus has passed the epidermis, the fungus can spread
mainly via the intercellular spaces in the root cortex (Arum-type colonization), and/or it
spreads in a cell-to-cell manner (Paris-type), depending on the plant species (Kubota et al.,
2005; Bonfante and Genre, 2008). When the hyphae reach the inner root cortex cells they
enter and form highly branched tree-like hyphal structures, called arbuscules (Parniske,
2008). First a trunk structure is formed, after which dichotomous branching generates the
fine branches that fill the cell (Pumplin and Harrison, 2009). The entire arbuscule is sur-
rounded by a specialized plant-derived membrane, called the peri-arbuscular membrane
(PAM), which establishes a symbiotic interface for reciprocal nutrients exchange (Harrison
and Ivanov, 2017). The exocytosis-related proteins VAMP721d/e, SYP132a, VAPYRIN and
EXO70I were shown to be required for PAM formation (Ivanov et al., 2012; Huisman et al.,
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2016; Zhang et al., 2015a). EXO70I is conserved in plants that can form AM symbiosis and
as component of the exocyst complex is thought to tether exocytotic vesicles to the PAM
(Zhang et al., 2015a). It was shown to interact with the VAPYRIN protein that accumulates
on small mobile structures that are likely recycling endosomes (Zhang et al., 2015a; Bapau-
me et al., 2019). VAPYRIN has a N-terminal VAMP-associated protein (VAP)/major sperm
protein (MSP) domain and a C-terminal ankyrin-repeat domain and is required for both
epidermal penetration and arbuscule formation (Pumplin et al., 2010; Murray et al., 2011).
The exact molecular function is not known. After tethering, the symbiosis-dedicated v- and
t-SNAREsVAMP721d/e and SYP132a facilitate vesicle fusion at PAM (Ivanov et al., 2012;
Huisman et al., 2016).

Extracellular hyphae

Strigolactone i

T

Hyphopodium

Epidermis l I ]
__— Intracellular hyphae
Cortex
Septum

Developing arb@ Mature a.rl|)uscule Degrading arbuscule
Fig. 1 Schematic image of arbuscular mycorrhizal developmental stages in Medicago. Root
exudates including strigolactones induce spore germination and hyphal growth/branching; Branched
extraradical hyphae secret Myc-COs/LCOs to activate the common symbiotic signaling pathway and
form hyphopodia on atrichoblasts. After penetrating the epidermis, intraradical hyphae grow mostly in
between root cortex cells to reach the inner cortical cells where they form highly branched arbuscules
that represent a symbiotic interface where nutrient exchange takes place. Arbuscule development is
not synchronized and follows different subsequent stages: bird’s foot-like structures are formed that
by dichotomous branching form fine branched mature arbuscules that fill the cells and eventually are
degraded (degrading arbuscule characterized by septa) and removed from the cells.

Recently, the PAM interface was intensively investigated by using electron microscopy
combined with tomography. Two types of extracellular membrane compartments, called
intra-matrix compartment [ (IMC-I) and IMC-II, were observed in the peri-arbuscular space
(Ivanov et al., 2019; Roth et al., 2019). The vesicle- and dumbbell-shaped IMC-I compart-
ments showed direct connections with the PAM, while the tubular IMC-Il compartments
appeared to form discrete units (Ivanov et al., 2019). Additionally, extensive membrane tu-
bules (memtubs) were observed in the paramural space in between the fungal plasma mem-
brane and fungal cell wall (Ivanov et al., 2019; Roth et al., 2019). The exact function of the
observed membrane structures is not known, but they have been speculated to play a role in
nutrient exchange and or exchange of signal molecules (Limpens, 2019).
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The mature arbuscule almost completely occupies the whole cortical cell, whose central
vacuole deflates and becomes fragmented. At this stage nutrients are actively exchanged
by various transporter proteins localized on the PAM. For example, the symbiosis-specif-
ic phosphate transporter 4 (PT4) facilitates the uptake of Pi across the PAM (Javot et al.,
2007). Mutation of MtPT4 leads to premature degradation of the arbuscules. PT4 mediated
Pi uptake is energized by a proton gradient that is generated by the H+-ATPase HA1 (Kra-
jinski et al., 2014; Wang et al., 2014a). In return for mineral nutrients such as phosphate and
ammonium, the fungus obtains fixed carbon from the plant. In addition to sugars, especially
glucose secreted by SWEET transporters (An et al., 2019), it has become clear that plant-de-
rived fatty acids represent a major carbon source for the AM fungi (Jiang et al., 2017; Lug-
inbuehl et al., 2017; Keymer et al., 2017). AM fungi were found lack a key enzyme to make
fatty acids themselves which explains their obligate biotrophic dependency on the plant
(Kirkpatrick et al., 2014; Wewer et al., 2014). Two half ABC-type lipid transporters, called
STR and STR2, were found be required for the efficient transport of fatty acid precursors,
likely B-monoacylglycerols, across the PAM (Zhang et al., 2010; Gutjahr et al., 2012; Bra-
vo et al., 2017). Knock-out of these transporters severely impairs the development of the
arbuscules.

Arbuscule development is a highly dynamic process with new arbuscules developing and
degeneration of old arbuscules happening simultaneously and continuously. In planta time-
lapse imaging of arbuscule in rice roots showed that arbuscules have a lifetime of only 2-5
days at maturity (Kobae and Hata, 2010). The degeneration starts at the arbuscular hyphal
fine branches and eventually the collapsed arbuscule together with the surrounding matrix
and PAM is disappear from the cell (Bonfante-Fasolo, 1984; Javot et al., 2011; Kobae and
Hata, 2010), which subsequently can be colonized again. The reason why arbuscules degen-
erate is not really clear. It has been postulated to provide a means to abort underperforming
arbuscules to prevent the interaction from becoming parasitic (Gutjahr and Parniske, 2017).
After the first establishment of arbuscules, fungal hyphae continue to spread through the
root and additionally (lipid filled) storage structures called vesicles are formed. Furthermore
new spores are made that can establish new infection sites. As a result an underground my-
celial network is formed (van der Heijden et al., 2015).

Pre-contact communication
From plant to fungus

Plant and microbes in the rhizosphere communicate with each other through the exchange
of chemical molecules (De-la-Pefia and Loyola-Vargas, 2014). Under Pi limiting conditions,
plant roots secret a number of molecules to attract AM fungi. These molecules include for
example flavonoids, 2-hydroxy fatty acids and strigolactones. Such molecules can induce
AM fungal spore germination and hyphal branching, which promotes fungal-host encoun-
ters (Becard et al., 1992; Nagahashi and Douds, 2011; Akiyama et al., 2005; Besserer et al.,
2006, 2008). Best studied is the function of strigolactones (SLs), which have been shown to
trigger the activation of mitochondria and (oxidative) metabolism in the fungus (Akiyama
et al., 2005; Besserer et al., 2006, 2008). Besides stimulants for AM fungi, strigolactones
are also plant hormones that control plant architecture and productivity (Umehara, 2011;
Yao et al., 2016; Waters et al., 2017). Their biosynthesis is regulated by both abiotic and
biotic stresses. Especially Pi limitation has been shown to induce the production of strigo-
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lactones in the roots of a number of plants as well as their exudation (Kohlen et al., 2011;
Czarnecki et al., 2013). This helps to attract AM fungi plants to acquire more Pi from soil.
Intriguingly, SL biosynthesis is also controlled by the GRAS transcription factors NSP1 and
NSP2, which play a role in the common symbiotic signalling pathway (see below; (Catoira
et al., 2000; Maillet et al., 2011; Schmitz and Harrison, 2014). Little is known about how
SLs are perceived by AM fungi. Plant mutants impaired in strigolactone biosynthesis show
reduced but still normal root colonization (Floss et al., 2008; Vogel et al., 2010; Maclean et
al., 2017). This indicates that SLs are not the only limiting factor for mycorrhizal coloniza-
tion. Recently, an N-acetylglucosamine (GIcNACc) transporter named NOPE1 was shown to
be essential for the induction of transcriptome changes in AM fungi by rice root exudates
(Nadal et al., 2017). Severely reduced AM colonization was observed in the nopel mutant
(Nadal et al., 2017). NGT1, a homolog of NOPEL in Candida albicans, was shown to be re-
quired for the uptake of GIcNAc to control hyphal induction (Alvarez and Konopka, 2007).
However, the application of GIcNAc did not complement the nopel mutant phenotype. This
suggests that NOPEI can transport a yet-to-be identified molecule, which is perceived by
AM fungi to prepare them for symbiosis (Nadal et al., 2017).

From fungus to plant

AM fungi also secrete diffusible chemicals in response to the plant signals. These signals
trigger a set of changes in the plant root in preparation for fungal infection, such as calcium
oscillations / spiking (Carotenuto et al., 2017), induction of lateral root formation (Gutjahr
et al., 2009), formation of a pre-penetration structure (Maillet et al., 2011) and expression
of symbiosis-specific genes (Camps et al., 2015a). The best studied fungal secreted sig-
nal molecules are GIcNAc-based signal molecules collectively called Myc-factors. These
include lipo-chitooligosaccharides (Myc-LCOs) and short chain (tetra- and pentamers)
chitooligosaccharides (Myc-COs) (Maillet et al., 2011; Genre et al., 2013). Myc-COs have
been identified in germinated spore exudates at markedly higher concentrations than myc-
LCO’s, and their secretion was induced by the application of strigolactones (Genre et al.,
2013). Myc-LCOs are very similar to the Nod factors produced by rhizobium bacteria that
initiate a nitrogen-fixing nodule symbiosis with legume plants (Maillet et al., 2011). Both
Nod factors and Myc-factors have been shown to activate a shared, so-called common sym-
biotic signaling pathway (Fig. 2) (Parniske, 2008; Gutjahr and Parniske, 2013). This is an
ancient pathway that is conserved in intracellular symbioses-forming plants (Radhakrishnan
et al., 2020).

Perception of LCOs and COs involves LysM domain containing receptor kinases (Kelly et
al., 2017). In rice the LysM receptor kinase OsCERK1 was found to be required for AM
symbiosis (Miyata et al., 2014; Zhang et al., 2014). The same receptor was previously iden-
tified as receptor for chitin-triggered immune responses, in line with its ortholog AtCERK1
from Arabidopsis (Shimizu et al., 2010; Willmann et al., 2011). Upon chitin perception
OsCERK1 forms a complex with the co-receptor OsCEBIP to activate defense response
(Akamatsu et al., 2013). To function in symbiotic signaling, OsCERK1 forms a different
complex with OsMYR1/0OsLYK2 as co-receptor (He et al., 2019). During evolution CERK1
homologs experienced duplication events that resulted in sub-functionalization of the vari-
ous members in different plants. For example, in tomato the CERK1 homolog SILYK12 is
involved in mycorrhization while SILYK1 is required for chitin-triggered immune respons-
es (Liao et al., 2018). Similarly, in legumes like Medicago and Lotus the CERK1 homologs
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Fig. 2 Common symbiotic signaling pathway (CSSP) in Medicago. CSSP is essential for both
AM symbiosis and rhizobium legume symbiosis. Myc-factors (Maillet et al., 2011; Genre et al.,
2013) and Nod-factors (Lerouge et al., 1990) are recognized by plant LysM-domain containing
receptor complexes (Bozsoki et al., 2017; Maillet et al., 2011; Limpens et al., 2003; Arrighi et al.,
2006). The interaction between DMI2 co-receptor and the different receptors complex is required to
activate CSSP (Endre et al., 2002). DMI2 also interacts with HMGR1 to produce mevalonate, which
is suggested as a secondary messenger to nucleus (Venkateshwaran et al., 2015). Calcium spiking
induced by the CSSP involves DMI1 and CNGC15 mediated channels (Ané et al., 2004; Charpentier
et al., 2016). Calcium spiking triggers autophosphorylation of the calcium-camodulin-dependent
kinase DMI3, which binds and phosphorylates IPD3 (Lévy et al., 2004; Messinese et al., 2007).
DELLA transcription factor form a complex with MtDMI3/LjCCaMK and MtIPD3/LjCYCLOPS to
initiate arbuscular mycorrhizal signaling or rhizobium signaling (Floss et al., 2013; Fonouni-Farde et
al., 2016).

12



General introduction

MtLY K3/LjNFR1 form a complex with MtNFR/LjNFRS5 to perceive LCOs, while MtLYK?9/
MtCERKZ1 in complex with MtLYR4 and LjLys6/LjCERK®E are required for chitin / lon-
ger chain CO perception (Bozsoki et al., 2017). Mutations in the individual legume LysM
receptor kinases showed either no or only slight effects on mycorrhization. Furthermore, it
was recently shown that both short chain Myc-COs (C0O4/CO5) and longer chain COs such
as CO8 are able to trigger both symbiosis and immune responses in M. truncatula (Feng et
al., 2019). This suggested that perception of mixes of both Myc-COs and Myc-LCOs may
be required to distinguish AM fungi as symbionts from pathogens. Indeed, co-application of
COs with LCOs promoted symbiotic signaling over immune signaling (Feng et al., 2019).
Furthermore, knock-out of both MtCERK1 and MtNFP caused a severe reduction in fun-
gal colonization, indicating that both CO and LCO perception contributes to mycorrhizal
colonization (Feng et al., 2019). The fact that still some colonization occurred in the Mt-
cerk1-Mtnfp double mutant suggests that likely additional LysM receptors contribute. Also
in Parasponia, the only non-legume able to establish a rhizobium symbiosis, two CERK1
homologs PanLYK1 and PanLYK3 are required for efficient colonization by AM fungi, of
which PanLYKS3 also acts a chitin receptor for immune responses (Rutten et al., 2020). To
function in symbiotic signaling the LysM receptors interact further with the LRR-malectin
domain containing co-receptor SYMRK. Knock-out of SYMRK severely impairs the ability
to AM fungi to penetrate the epidermis and to activate the symbiotic signaling pathway (En-
dre et al., 2002; Stracke et al., 2002; Antolin-Llovera et al., 2014).

Interestingly, natural genetic variation in the second extracellular LysM domain of Os-
CERKI1 was found to correlate with different colonization efficiencies of the AM fungus
Rhizophagus irregularis DAOM197198 (Huang et al., 2020). Therefore, it would now be
interesting to study whether variation in Myc-factor structure or ratios in different fungal
species or strains may also play a role in host-preferences.

Besides Myc-factors, additional AM fungal signal molecules may also play a key role to
initiate the symbiosis. In rice, a karrikin receptor called DWARF14-LIKE (D14L) was
found to be required for perception of AM fungi (Gutjahr et al., 2015). Rice d14l mutants
showed almost complete absence of hyphopodia and severely impaired root colonization.
Furthermore, germinating spore extracts failed to induce transcriptional responses in d14l
mutant roots. D14L is part of an intracellular receptor complex and is known to perceive
smoke-compounds called Kkarrikins (Kagiyama et al., 2013). In Arabidopsis D14L interacts
with the E3 ligase More AXillary Growth2 (AtMAX2) which controls the degradation of
the negative regulator Suppressor of MAX2-1 (AtSMAX1) (Nelson et al., 2011; Stanga et
al., 2013). The MAX2 mutant in rice, Dwarf3 (D3), like D14L is also essential to establish
an AM symbiosis (Yoshida et al., 2012) and OsSMAX1 was shown to negatively regulate
AM symbiosis (Choi et al., 2020). However, karrikin application could not rescue the colo-
nization defect in the d14l mutant, suggesting that other signaling molecules recognized by
D14L still remain to be identified.

Effector proteins

In addition to the molecules described above AM fungi also secrete small proteins that can
act as effector proteins. Effectors are defined as microbial secreted small proteins that damp-
en host plant immune responses and/or enable colonization of plant tissue (Hogenhout et
al., 2009). Such effectors can function either in the apoplast or they can be translocated into
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the host cells to execute their function (Lo Presti et al., 2015).

Like other fungi, the cell wall of AM fungi consists of chitin and B-glucans, which are ma-
jor microbe-associated microbial pattern molecules (MAMPSs) that are perceived by pattern
recognition receptors to trigger immune responses in the plant (Zipfel, 2009; Fesel and
Zuccaro, 2016; Rovenich et al., 2014; Gong et al., 2020). Plants secrete hydrolytic enzymes
such as glucanases and chitinases that help to release MAMPs from the fungal cell walls
and increase their detection (Kasprzewska, 2003; Ziegler et al., 2000; Jashni et al., 2015).
Despite initial activation of defense responses during the AM symbiosis they appear to be
rapidly quenched and AM fungi are able to intracellularly colonize over 75% of all land
plants (Gianinazzi-Pearson et al., 1996; Harrison and Dixon, 1993; Kapulnik et al., 1996;
Smith and Read, 2008; Genre et al., 2020). This indicates that AM fungi must have very ef-
ficient ways to subvert the immune system in such an extremely wide variety of hosts.

One of the first AM fungal effectors was identified from Rhizophagus irregularis
DAOM197198 and named SP7 (Kloppholz et al., 2011). This secreted protein was shown
to be able to translocate to the nucleus of Medicago root cells where it could interact with
ERF19, a pathogenesis-related transcription factor, to interfere with ERF19-regulated
defense gene expression (Kloppholz et al., 2011). Cell- and stage-specific transcriptome
analyses showed that SP7 is highly expressed when the fungus is in close proximity to the
root, but seems to be switched off as soon as the fungus enters the root (Zeng et al., 2018).
Therefore, it is likely that SP7 only plays a significant role at the epidermis, when the fun-
gus first contacts the root, and that other effectors take over its role once the fungus grows
intraradically.

With the release of the R. irregularis DAOM197198 genome sequence, hundreds of ad-
ditional potential effector proteins were predicted in the fungal genome (Tisserant et al.,
2013; Lin et al., 2014). A comprehensive analysis of the transcriptome of R. irregularis was
performed by using laser microdissection combined with RNA-seq. This included germi-
nating spores, extracellular mycelium, intracellular mycelium and arbuscules, as well as
whole mycorrhized root samples from three different host plants (Allium schoenoprasum,
Medicago truncatula and Nicotiana benthamiana) (Zeng et al., 2018). This study revealed
the expression of ~300 putative effectors and showed that the fungus adjusts its secretome
in a host- and stage-dependent manner. A similar study of putative host-dependent expres-
sion of effectors was performed in M. truncatula, Brachypodium distachyon and Lunularia
cruciata (Kamel et al., 2017). The occurrence of host-dependent effectors raises the hy-
pothesis that they may be involved in regulating symbiotic efficiency and host preference.
In Chapter 3, I studied the role of a chives-dependent effector and show that it can interfere
with MAMP-triggered immune responses and that it can facilitate fungal colonization. This
strongly supports the hypothesis that host immune responses may contribute to host prefer-
ential association with certain AM fungi. Variation in the effector repertoire of different AM
fungi, even at the individual isolate level (Ropars et al., 2016); Chapter 3), may therefore
help to determine the outcome of different plant-fungus combination.

Since the discovery of SP7, only a few effector proteins have been functionally studied.
Such functional studies are hampered by the fact that AM fungi (currently) cannot be sta-
bly transformed due to their extreme coenocytic nature (Helber and Requena, 2008). One
approach that can be used to knock-down the expression of genes in the fungus is host-in-
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duced gene silencing (HIGS; (Nowara et al., 2010; Hartmann et al., 2020). Although it
should be noted that the efficiency of this approach is extremely variable and only shown to
work in a few cases. One of the effectors identified in this way is the strigolactone-induced
putative secreted protein 1 (SIS1). Knock-down of SIS1 impaired AM colonization in Med-
icago and caused the formation of stunted arbuscules (Tsuzuki et al., 2016). The molecular
mechanism by which SIS1 contributes to AM symbiosis is not known. In addition to SIS1,
a Crinkler effector (RiCRN1) was also found to control AM colonization levels (VoB et al.,
2018). Both suppression of expression via HIGS and overexpression of RiCRN1 caused a
reduction in fungal colonization, suggesting that it expression level needs tightly regulated
for an efficient AM symbiosis. RiICRN was able to localize to nuclear bodies in plant nuclei,
however its molecular role remains to be revealed. In Chapter 2 I studied another effector
that is specifically expressed in arbuscule-containing cells and which can translocate to the
host nucleus where it accumulates in the nucleolus and smaller nuclear bodies. This effec-
tor, called RINLE1, was found to interact with host Histone 2B and can interfere with its
mono-ubiquitination to dampen immune responses and can facilitate fungal colonization.

One of the best characterized AM effectors is the LysM domain containing effector RISLM
(Schmitz et al., 2019; Zeng et al., 2020). RiSLM was shown to bind both COs and LCOs
in the (low) micromolar range and could efficiently interfere with chitin-triggered immune
responses, but not symbiotic responses. It is most strongly expressed in intraradical fungal
hyphae that grow inside the roots of a wide range of host plants. Knock-down of RiSLM ex-
pression greatly reduced fungal colonization levels. Homologs of RiSLM have so far been
found in all sequenced AM fungal genomes/transcriptomes suggesting that they may be a
conserved strategy of AM fungi to deal with the host immune system. In fact LysM domain
containing effectors are also used by a wide range of pathogenic fungi to interfere with chi-
tin-triggered immune responses (Jonge et al., 2010; Sanchez-Vallet et al., 2013), revealing a
common strategy used by symbiotic and pathogenic fungi to interact with plants.

Arbuscule development

Arbuscules represent the heart of the symbiosis as they form the symbiotic interface where
nutrient exchange takes place (Luginbuehl and Oldroyd, 2017). Arbuscule formation re-
quires the activation of the common SYM pathway, see Figure 2. Especially CCaMK is
essential to allow the formation of arbuscules in the inner cortex cells. CCaMK phosphor-
ylates the transcription factor CYCLOPS which subsequently activates a program that ulti-
mately leads to the accommodation of the fungus (Horvath et al., 2011; Takeda et al., 2012;
Pimprikar et al., 2016). Knock-out mutants of CYCLOPS in L. japonicus and rice are still
able to allow root colonization but arbuscule formation is almost completely blocked (Kist-
ner et al., 2005; Yano et al., 2008). Similarly, arbuscule formation also requires the action
of DELLA GRAS transcription factors. DELLA proteins are best known for their role as
negative regulators of gibberellic acid (GA) signaling (Schwechheimer and Willige, 2009).
They were found to form a complex with CCaMK and CYCLOPS, which activates the ex-
pression of the GRAS transcription factor RAM1 (Pimprikar et al., 2016). RAM1, possibly
in combination with other GRAS transcription factors, subsequently induces a program that
controls arbuscule branching (Park et al., 2015). The application of the gibberellin (GA) in-
hibitor paclobutrazol or overexpression a constitutive GA-repressing DELLA1-A18 isoform
can complement RAML1 expression and arbuscule formation in cyclops mutants (Floss et
al., 2013; Pimprikar et al., 2016). DELLA proteins seem to play an important role to inte-
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grate arbuscule formation with nutritional needs and plant physiology. High Pi conditions
correlate with increased GA levels that impair the formation of arbuscules (Daviere and
Achard, 2013; Foo et al., 2013). This is likely important to prevent the high carbon costs of
feeding the fungus, while already sufficient Pi is available to the plant.

Upon its induction RAM1 induces the expression of WRINKLED1-like (WRI) AP2 tran-
scription factors (Jiang et al., 2018; Xue et al., 2018). These include LjCBX1 in Lotus and
WRI5a-c in Medicago. These WRINKLED transcription factors may function partly redun-
dant to induce an arbuscule-specific transcriptional program that controls the bidirectional
exchange of phosphorus and fatty acids (Limpens and Geurts, 2018). Among the genes
directly regulated by WRI’s are for example the arbuscule-specific symbiotic phosphate
transporter PT4 and proton pump HA1, which creates the proton gradient that fuels PT4 to
transport Pi from the fungus into the plant cells (Krajinski et al., 2014). The WRI’s also in-
duce the expression of a fatty acid biosynthesis regulon in arbuscule forming cells. This in-
cludes two presumed fatty acid transporters, STR/STR2, that are required to transport fatty
acids across the peri-arbuscular membrane to feed the fungus (Zhang et al., 2010; Gutjahr
et al., 2012). The common transcriptional regulation might offer a mechanism to couple Pi
uptake from the fungus with carbon supply to the fungus. Such a connection has been pre-
viously suggested by the work of Kiers et al. (2011). This study showed that Medicago can
transfer more carbon to a cooperative fungus that gives more phosphate to its host, while
a less-cooperative strain that keeps more Pi to itself receives less carbon. Vice-versa, if the
cooperative fungal strain gets more carbon it will also give more Pi to the plant. How such
reciprocal rewarding is regulated at the molecular level remains a key question to be an-
swered.

Another intriguing aspect of arbuscule development is the fact that these structures are
relatively short lived. Recently, first molecular insight into the regulation of arbuscule deg-
radation was obtained with the identification of the MYB1 transcription factor (Floss et al.,
2017). MYBI1 was identified in an RNAi screen for factors that can suppress the premature
degradation of arbuscules in the pt4 mutant, which is impaired in Pi uptake at the arbus-
cules. It was shown to control the expression of hydrolytic enzymes, such as cysteine pro-
teases and chitinases, that degrade the arbuscules. MYBL1 is already rapidly induced early
during arbuscule formation. Therefore, it was suggested that post-translational regulation
prevents it from becoming active too early. MYBL1 required an interaction with NSP1 and
DELLA transcription factors for efficient activity (Floss et al., 2017). Since these transcrip-
tion factors already play a role in the early stages of arbuscule formation, complex forma-
tion with MYB1 might part of this post-tranlational regulation. Furthermore, arbuscule deg-
radation still occurred in a mybl mutant background suggesting that additional regulators
remain to be identified.

Premature arbuscule degradation in the pt4 mutant was also shown to be suppressed when
the plants are simultaneously starved for nitrogen. This suppression required the ammoni-
um transporter MtAMT2;3 located at the peri-arbuscular membrane (Breuillin-Sessoms et
al., 2015). This suggests that the plant not only monitors Pi supply but also N supply by the
fungus. Because MtAMT2;3 failed to complement a yeast mutant impaired in ammonium
transport, it was suggested that it may have a N-sensing and signaling function. Because of
its key role in the regulation of reciprocal nutrient exchange and arbuscule lifetime it will
be of key importance to unravel how plants perceive the Pi/N status in arbuscule containing
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cells. Therefore, in Chapters 4 and 5 | studied the role of symbiosis-induced SPX proteins,
which are well known for their role as Pi sensors and regulators of Pi homeostasis and sig-
naling in plants (Puga et al., 2014; Wang et al., 2014b; Wild et al., 2016). Based on the data
obtained | propose a model where SPX proteins monitor the Pi status in arbuscule-contain-
ing cells and control the activity of plasma membrane aquaporins to control the timely deg-
radation of arbuscules when sufficient Pi is obtained.

Thesis outline

The research presented in this thesis investigated molecular mechanisms by which AM fun-
gi and plants control each other to ensure a mutualistic symbiosis. It especially focusses on
two aspects: 1) the role of fungal effector proteins to facilitate colonization of the plant; and
2) the role of phosphate sensing SPX proteins in the regulation of arbuscule development.

In chapter 1, a general introduction to the communication between plants and AM fungi is
given, with a focus on (pre-)contact communication to initiate the interaction and the con-
trol of arbuscule development.

In chapter 2, we studied the function of a secreted, host nucleus-targeted fungal effector,
called RiNLE1, that is highly and specifically expressed in arbuscules in a wide variety of
host plants. We show that RINLE1 accumulates in the nucleolus and smaller nuclear bodies
of the host nucleus and interacts with the core nucleosome component Histone 2B. These
helped us to find that RiINLE1 interferes with host H2B monoubiquitination to subvert host
defense response. RINLE1-like proteins are found in several biotrophic fungal genomes
suggesting that RINLE1-like effectors may be more widely recruited to manipulate host de-
fense responses.

In Chapter 3, we studied the role of an effector that is expressed in a host-dependent man-
ner. This effector, called RiFGB1 from R. irregularis DAOM197198, is highly induced in
the monocot host Allium schoenoprasum (Chives) but not in dicot hosts like Medicago and
Nicotiana. It shows homology to the Fungal Glucan Binding 1 (FGB1) effector from the
root endophyte Piriformaspora indica. Our data suggest that RiFGB1 can bind to a range
of glycan molecules and can interfere with immune responses induced by a variety of mi-
crobe-associated molecular pattern (MAMP) molecules, which correlates with a positive ef-
fect on fungal colonization. Intriguingly, we found that the R. irregularis C3 isolate, in con-
trast to the DAOM197198 isolate, does not upregulate FGB1 homologs strongly in chives.
This correlates with a reduced ability of C3 to colonize chives. These data give credibility
to the suggestion that effectors may determine host preferences.

In chapter 4, the role of phosphate-sensing SPX proteins in AM symbiosis was studied.
Plants are able to control arbuscule development in a phosphate-dependent manner. How-
ever, how a plant is able to sense how much nutrients it receives from its partner is largely
unknown. We identified two SPX genes in Medicago that are strongly induced during the
AM symbiosis, specifically in arbuscule-containing cells. SPX proteins are known for their
role as phosphate sensors to control phosphate homeostasis in plants. In line with this, the
SPX proteins controlled phosphate starvation responses under non-symbiotic conditions , in
part through interaction with the key transcription factor Phosphate Starvation Response 2,
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PHR2. During the AM interaction the SPX proteins were found to initially play a positive
role to stimulate colonization, likely through their effect on the exudation of strigolactones,
and possibly other factors. However, later during the interaction they redundantly control
the timely degradation of arbuscules.

In chapter 5, we studied how the SPX protein identified in chapter 4 might control arbus-
cule degradation. No interactions between the SPX proteins and known transcriptional reg-
ulators of arbuscule degradation were found, suggesting that other unknown factors must
be involved. To identify these, co-immunoprecipitation coupled with tandem mass spectros-
copy was used. This identified PIP2 plasma membrane aquaporins as potential interacting
proteins. Interestingly, overexpression of PIP2 reduced arbuscule abundance but at the same
time reduced the ratio of degrading arbuscules. These results now offer a basis to investi-
gate the possibility that SPX proteins regulate Pi transport and/or arbuscule degeneration
through the regulation of PIP2 activity.

In chapter 6, | summarize and discuss the results described in this thesis in a broader per-
spective to illustrate how plant immune response and nutrient exchange may contribute to
partner preference in AM symbiosis.
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Chapter 2

Abstract

-Arguably, symbiotic arbuscular mycorrhizal (AM) fungi have the broadest host range of all
fungi, being able to intracellularly colonize root cells in the vast majority of all land plants.
This raises the question how AM fungi effectively deal with the immune systems of such a
widely diverse range of plants.

-Here, we studied the role of a nuclear-localization signal containing effector from
Rhizophagus irregularis, called Nuclear Localized Effectorl (RiNLE1), that is highly and
specifically expressed in arbuscules.

‘We show that RINLEL1 is able to translocate to the host nucleus where it interacts with
the plant core nucleosome protein Histone 2B (H2B). RINLEL is able to impair the mono-
ubiquitination of H2B, which results in the suppression of defense-related gene expression
and enhanced colonization levels.

-This study highlights a novel mechanism by which AM fungi can effectively control plant
epigenetic modifications through direct interaction with a core nucleosome component.
Homologs of RiNLE1 are found in a range of fungi that establish intimate interactions with
plants, suggesting that this type of effector may be more widely recruited to manipulate host
defense responses.

Key words: arbuscular mycorrhiza, effector, H2B mono-ubiquitination, plant defense, Rhi-
zophagus irregularis, symbiosis

Introduction

Microbes that intimately interact with plants face the challenge of dealing with the plant’s
immune system. Conserved microbe-associated molecular patterns (MAMPS), such as chi-
tin or beta-glucans present in the cell walls of such microbes are potent triggers of defense
responses in the plant. Pathogens typically subvert host immunity by secreting a range
of effector proteins that can act outside or inside the host cell (Lo Presti et al., 2015). Re-
cent studies on several pathogenic effectors proteins that are translocated into plant cells
have revealed that epigenetic modifications are a key target to suppress immunity genes
(Ramirez-Prado et al., 2018). Indeed, transcriptional reprogramming plays a central role in
plant immunity (Jenner and Young, 2005). Especially, various histone modifying enzymes
have been found to be a target of oomycete or fungal effector proteins to suppress defense
gene expression. For example, the Phytophthora sojae effectors Avr52 and PsAvh23 and the
non-ribosomal HC Toxin peptide from the maize pathogen Cochliobolus carbonum were
shown to target histone acetyltransferases to modify histone acetylation levels, causing the
suppression of defense gene expression or the activation of susceptibility genes (Ransom
and Walton, 1997; Kong et al., 2017; Walley et al., 2008; Li et al., 2018).

Similar to fungal pathogens, also mutualistic arbuscular mycorrhizal (AM) fungi, belong-
ing to the Glomeromycotina subphylum, contain chitin and beta-glucans in their cell walls
(Wawra et al., 2016; Zeng et al., 2020; Lo Presti et al., 2015). AM fungi form root symbiot-
ic associations with the vast majority (> 75%) of land plant species (Smith and Read, 2008).
In this intimate partnership, the biotrophic AMF form highly branched arbuscules inside
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root cortex cells, where they provide the plant host with mineral nutrients such as phosphate
and ammonium, in return for plant-derived photosynthates (Gutjahr and Parniske, 2013).
The apparent lack of host specificity in this interaction indicates that AM fungi must have
broadly effective mechanisms to subvert the host immune system in such a wide variety of
plants (Volpin et al., 1994; Garcia-Garrido and Ocampo, 2002). In comparison, most patho-
genic fungi typically have a rather narrow host range. Like their pathogenic counterparts,
also AM fungi make use of effector proteins to deal with the plant immune system (Klop-
pholz et al., 2011; Zeng et al., 2020). However, the various mechanisms by which AM fun-
gal effector proteins manipulate plant responses and contribute to their broad host range are
far from understood (Lin et al., 2014; VoB et al., 2018; Kamel et al., 2017; Zeng et al., 2018;
Tisserant et al., 2013).

In previous work we showed that many putative effector proteins from Rhizophagus ir-
regularis are expressed at distinct stages of the interaction (Zeng et al., 2018). Several ef-
fector candidates were shown to be specifically expressed in arbuscules, when the fungus
intracellularly colonizes root cortex cells. One of the highest expressed putative effectors
in arbuscules encodes a small secreted protein containing a nuclear-localization signal.
Here we show that this effector, which we called NUCLEAR LOCALIZING EFFECTOR
1 (RINLE1), can translocate to the host nucleus where it interacts with the core nucleosome
protein Histone 2B. RINLE1 impairs the mono-ubiquitination of H2B, resulting in reduced
expression of a set of defense-related genes and enhanced mycorrhizal colonization levels.
This reveals that epigenetic reprogramming is a common target of pathogenic and mutu-
alistic fungal effectors and identifies the direct targeting of H2B as a novel mechanism for
fungal effector proteins.

Materials and methods
Plant and fungal material

Medicago truncatula Jemalong A17 (Medicago) seedlings were grown and transformed as
described previously (Limpens et al., 2004). Nicotiana benthamiana was used for Agrobac-
terium tumefaciens-mediated transient expression as described before (Zeng et al., 2018).
Rhizophagus irregularis DAOM197198 spores were obtained from Agronutrion, France.
Spores were thoroughly washed through three layers of filter mesh (220 um, 120 pum, 38
um) before use. Plants for mycorrhization were grown in SC10 RayLeach cone-tainers
(Stuewe and Sons, Canada) with premixed sand:clay (1:1 V/V) mixture and inoculated by
placing ~200 pores ~2 cm below the seedling roots. Plants were grown in a 16 h daylight
chamber at 21°C and watered by 10 ml %2 Hoagland medium with 20 pM phosphate twice a
week (Zeng et al., 2018).

Cloning

Unless indicated, all the constructs used in this work were made using the Golden gate
cloning system (Engler et al., 2014). All primers used are listed in supplementary table 1.
The vectors used for cloning of the different constructs are listed in supplementary table 2.
All newly made level zero cloning vectors were confirmed by sequencing.
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Phylogeny

For phylogenetic analyses, RINLE1 homologs were collected using protein-protein BLAST
from NCBI and JGI. To select the effector homologs, the following criteria were used: (1),
Protein should be predicted to have a signal peptide using SignalP-5.0 Server (http://www.
cbs.dtu.dk/services/SignalP/); (2), the proteins should be predicted to be a potential effector
based on EffectorP 2.0 (http://effectorp.csiro.aw/); (3), the proteins should be predicted to be
nuclear localized based on LOCALIZER software (http://localizer.csiro.au/). Identified ho-
mologs were aligned using MAFFT built in Geneious R11.0 (https://www.geneious.com).
An unrooted phylogenetic tree was generated using the neighbour-joining tree builder in
Geneious R11.0.

RNA In Situ Hybridization

Medicago roots hosting the arbuscular mycorrhizal fungus were fixed with 4% parafor-
maldehyde mixed with 3% glutaraldehyde in 50 mM phosphate buffer (pH 7.4) overnight,
dehydrated in serial dilution of ethanol and embedded in paraffin (Paraplast X-tra, Mc-
Cormick Scientific) as described (Kulikova et al., 2018). 7 um thick root sections were cut
by RJ2035 microtome (Leica). RNA in situ hybridization was conducted using Invitrogen
ViewRNA ISH Tissue 1-Plex Assay kits (Thermo Fisher Scientific) according to the user
manual available at (shorturl.at/fuzPT).

RNA ISH probe sets were designed and synthesized by request at Thermo Fisher Scientific.
A typical probe set consists of ~20 synthetic adjacent oligonucleotide pairs. Each of these
pairs is composed of a 20 bp primary sequence designed to target specific regions across
the target mMRNA sequence and a secondary extended sequence serving as a template for the
amplification and detection of hybridization signals. Probe set for RINLE1 (catalogue num-
ber VF1-6001202) covered mRNA sequence from 2 bp to 613 bp and probe set for MtPT4
(VF1-19337) — from 390 bp to 1296 bp. Probe set for MtPT4 was used as a positive control
for in situ hybridization. As negative controls a RiNLE1 sense probe set (VPEPR3M) was
used and probe sets were omitted for hybridization.

Localization of RINLE1

To check the subcellular localization of RINLEL, a PT4p::GFP-RINLE1 (lacking the endog-
enous signal peptide) construct was transformed into Medicago by Agrobacterium rhizo-
genes MSU440 mediated hairy root transformation (Limpens et al., 2004). Five weeks after
inoculation with 200 R. irregularis spores, transgenic mycorrhizal roots were harvested for
confocal microscopy to check the localization of RiINLEL.

Yeast secretion trap

The yeast signal sequence trap (YSST) was done using Saccharomyces cerevisiae Y02321
strain (Euroscarf, Frankfurt, Germany), and following the protocol described before (Zeng
et al., 2020). Briefly, the RINLE1 full coding sequence without stop codon was inserted into
the EcoRI and Notl sites of the pYSTO plasmid (Lee et al., 2006). Positive colonies from
SD/-LEU plate were plated on sucrose selection medium (2% sucrose, 0.025% glucose,
6.7 g/L yeast nitrogen base without amino acids, 1.85 g/L Drop-out mix minus leucine, 2%
Agar) and incubated at 30°C for 3 to 5 days. pYSTO empty vector transformed Y02321
strain was used as control.
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Agroinfiltration of Nicotiana benthamiana

To determine whether the RINLEL protein can cross the plant cell wall and enter the nu-
cleus, a UBp::BCP1sp-GFP-RIiNLE1 construct was transiently expressed in Nicotiana
benthamiana (Nicotiana) leaves. UBp::BCP1sp-GFP was used as control. Agrobacterium
infiltration of 5 week old Nicotiana leaves was performed as described before (Zeng et al.,
2018), using co-transformed P19 as silencing inhibitor. The infiltrated plants were grown
for 2 days and samples were collected for confocal microscopy using a Leica SP8 confocal
microscope.

Hypersensitive response

The effect of RINLE1 on AVR4 and CF-4 induced hypersensitive response (HR) was done
as described (Ma et al., 2012). Nicotiana leaves were infiltrated with different combination
of Agrobacterium carrying constructs and grown for 4 days in greenhouse, after which the
leaves were harvested for trypan blue staining. The leaves were boiled in 50 mL staining
solution (10 mL lactic acid, 10 mL phenol, 10 mL glycerol, 10 mL H,O and 10 mg trypan
blue) mixed with 50 mL 96% ethanol for 5 min. Subsequently, the leaves were destained
(250 g chloral hydrate in100 mL H,O) overnight at room temperature.

Co-immunoprecipitation (Co-1P) and liquid chromatography tandem-mass spectrom-
etry (LC-MS/MS)

For identification of RINLE1 interactors, a PT4p::FLAG-RINLE1 construct was trans-
formed into Medicago roots as described above. PT4p::FLAG-GFP transformed roots were
used as negative control. Total proteins were extracted from well-mycorrhized transgenic
roots using Co-IP buffer (10% glycerol, 50 mM Tris-Hel pH=8.0, 150 mM NacCl, 1% Igepal
CA 630, 1 mM PMSF, 20 uM MG132, 1 tablet protease inhibitor cocktail). Centrifuge the
total protein mix at 18580 g for 10 min at 4 °C, transfer supernatant to fresh 15 ml tube;
Centrifuge at max speed for 10 min at 4 °C, transfer supernatant to new 15 ml tube; FLAG-
tagged protein was pulled down by using pMACS and MultiMACS DYKDDDDK Isolation
Kits (Miltenyi Biotec). Immunoprecipitated protein samples were digested into peptides by
trypsin (Sigma-Aldrich).

Peptide samples were measured by nLC-MS/MS with a Proxeon EASY nLC1000 and a
LTQ-Orbitrap XL mass spectrometer as previously described (Lu et al., 2011; Wendrich
et al., 2017). In short, 18 ul of peptide sample was injected over a 0.10 * 32 mm Magic
C18AQ 200A 5 pm beads (Bruker Nederland B.V.) pre-concentration column (prepared in-
house) and peptides were eluted onto a 0.10 * 250 mm ReproSil-Pur 120 C18-AQ 1.9 um
beads analytical column (prepared in-house) with an acetonitril gradient at a flow of 0.5
ul/min with a Thermo EASY nanoLC1000. A gradient from 9 to 34% acetonitril in water
with 1 ml/l formic acid was applied in 50 minutes. An electrospray potential of 3.5 kV was
applied directly to the eluent and full scan positive mode FTMS spectra were measured be-
tween m/z 380 and 1400 in the Orbitrap at high resolution (60000) and MSMS spectra were
measured in the ion trap.

LC-MS data analysis (false discovery rates were set to 0.01 on peptide and protein levels)
and additional result filtering (minimally 2 peptides are necessary for protein identification
of which at least one is unique and at least one is unmodified) were performed as described
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previously (Smaczniak et al., 2012; Wendrich et al., 2017). Peptide data were mapped to
Medicago truncatula uniprot 2018 and Rhizophagus irregularis DAOM197198 Uniprot
2018 to identify proteins. To analyse the relative abundance of proteins, their normalized
label-free quantification (LFQ) intensities were compared (Cox et al., 2014). nLC-MSMS
system quality was checked with PTXQC (Bielow et al., 2016) using the MaxQuant result
files.

Yeast Two-Hybrid

To confirm interactions, Yeast two-hybrid analyses were applied using the Matchmaker
Gold Yeast Two-Hybrid System (Clontech, USA) according to manufacturer’s instruction.
RINLE1 was inserted in the pGBKT?7 bait vector, MtH2B.1 was inserted in the pGADT7
prey vector. Bait and prey constructs were transformed into Y2H Gold and Y187 strain as
described in instruction of the Matchmaker system, respectively. Bait and prey strains were
mated following the manufacturer’s handbook (Clontech, USA). After mating, yeast was
plated on DDO and QDO/X/A plate to check mating and protein-protein interaction results,
respectively.

Dexamethasone inducible RiINLE1 expression

The Dexamethasone (DEX) inducible expression system (Borghi, 2010) was applied
to induce RINLE1 expression in Medicago hairy roots. First, construct LjUB1::GVG—
AtUB10::DsRed—UAS::RINLE1—UAS::GFP and control construct LjUB1::GVG—
AtUB10::DsRed—Dummy3 (GCAACATACGCTGGA) —UAS::GFP were transformed in
Medicago hairy roots as described previously (Limpens et al., 2004). Composite plants
containing transgenic roots were transferred to Emergence medium plates (Limpens et al.,
2004). Three plants were collected for one repetition. After 1 day, 2 mL of 10 uM DEX
dissolved in DMSO was spread onto the roots by pipetting. After 20 hours, clear GFP signal
was visible under a fluorescence macroscope. Transgenic roots were harvested and stored in
-80°C for further analysis.

RNA isolation and gPCR

All RNA samples in this work were isolated using Qiagen plant RNA mini kit, following
the manufacturer’s instructions. cDNA was made from 200 ng RNA using the iScript cDNA
Synthesis kit (Bio-Rad). iQ SYBR Green Supermix (Bio-Rad) was used for gPCR in a Bio-
Rad CFX connect real-time system. Primers used are listed in supplementary table 1. Gene
expression was normalized using Medicago Elongation factor 1 (EF1). Relative expression
levels were calculated as 2" ““ . Three technical replicates were used for each sample.

RNA Sequencing

RNA was isolated as described above. 3 transformed plants grown on one emergence plate
was used as one replicate. 3 replicates were used for RNA-seq. RNA samples were se-
quenced using the BGI SEQ-500 Transcriptome platform. RNA-seq data were mapped to
Medicago truncatula genome V4.0 using CLC genomics workbench 10.0.1 (Qiagen). Set-
tings for TPM (transcripts per million), PCA (Principal component analysis) and differential
expression analyses were performed as described by Zeng et al (Zeng et al., 2018). RNA-
seq data was deposited to the NCBI Gene Expression Omnibus, under the accession number
GSE155682.
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RINLEL1 constitutive overexpression

For constitutive RINLEL overexpression, RINLE1 was expressed in Medicago hairy roots
under the control of the Lotus Ubiquitin 1 promoter. An empty vector construct was used
as control. Transgenic roots were harvested three weeks after inoculation for mycorrhizal
quantification and RNA isolation. Roots for mycorrhizal quantification were stained with
WGA-Alexafluor 488 (Thermo Fisher Scientific, USA) and scored using the gridline inter-
sect method (McGONIGLE et al., 1990).

Host-induced gene silencing

RINLEZ1 hairpin constructs were generated using the gateway system (Invitrogen, USA).
RINLE1 mRNA sequences were amplified and cloned into the pENTR/D-TOPO entry vec-
tor. Primers used are listed in supplementary table 1. Next, the fragment of RINLE1 was
cloned into the modified pK7GWIWG2(11)-AtEF1 RR vector using LR clonase Il (Invitrogen)
to get the final silencing construct. An empty vector was used as control. Medicago A17
transformation, spore inoculation and mycorrhizal quantification were done as described
above.

HUBL experiments

The Medicago HUB1 CDS (Medtr7g046250) was amplified using primers listed in supple-
mental table 1. The HUB1 DEX-inducible construct and PT4p::HUBL overexpression con-
struct were made as described above using golden gate cloning (Engler et al., 2014). DEX
induction, Medicago transformation, spores inoculation and mycorrhizal quantification were
performed using the same conditions as described above for RINLE1 overexpression.

Isolation of nuclear proteins

Nuclear proteins of Medicago roots were isolated as described previously with minor
changes (Gendrel et al., 2005). 1 gram of roots was ground to a fine powder in liquid nitro-
gen and put in 30 ml of extraction buffer 1 (0.4 M sucrose, 10 mM Tris-HC] pH=8, 10 mM
MgCl,, 1 tablet protease inhibitor cocktail) in a 50-ml tube for 5 min. The solution was fil-
tered through a 70 pm cell strainer into a new 50-ml tube and centrifuged at 3,000 g at 4 °C
for 20 min. The pellet was subsequently resuspended in 1 ml of precooled buffer 2 (0.25 M
sucrose, 10 mM Tris-HC1 pH=8, 10 mM MgCl,, 1% Triton X-100, 1 tablet protease inhibi-
tor cocktail) and transferred into a 1.5-ml microcentrifuge tube. After centrifuging at 12,000
g at 4 °C for 10 min. the resulting pellet was resuspended in 300 pl precooled buffer 3 (1.7
M sucrose, 10 mM Tris-HCI pH=8, 10 mM MgCl,, 0.15% Triton X-100, 1 tablet protease
inhibitor cocktail). To this, 300 pl of buffer 3 was added in a new microcentrifuge tube and
centrifuged at 15,000 g at 4 °C for 1 h to pellet nuclei. The nuclear pellet was resuspended
in 300 pl RIPA buffer (10 mM Tris-HCI1 pH 7.5, 150 mM NacCl, 0.1% SDS, 1% Triton X-100,
1% Deoxycholate, 0.5 mM EDTA, 20 uM MG132, 1 tablet protease inhibitor cocktail)
by pipetting and vortexing. The supernatant containing nuclear proteins was harvested for
further analysis after centrifugation at 12,000 g at 4 °C for 10 min..

Western blot

Anti-GFP-HRP and anti-FLAG-HRP antibodies were obtained from Miltenyi biotec, USA.
Ubiquitinated H2B monoclonal antibody (NRO3) was obtained from Medimabs, Canada.
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Western blots were performed by using the BIO-RAD trans-blot turbo system using PVDF
membranes. The blots were blocked using TBS/2%BSA/0.3%Tween-20 for 1 h shaking at
room temperature. 1:5000 dilutions of the antibodies were used for detection by chemilu-
minescence using the clarity western ECL substrate (BIO-RAD). For detection of H2Bub a
secondary anti-rabbit-HRP antibody was used (1:5000 dilutions).

Results
RiINLET1 is specifically expressed in arbuscules and translocates to the plant nucleus

Our previous stage-specific transcriptome analysis of the Rhizophagus irregularis secre-
tome, identified ~50 putative effector proteins that showed specific expression in arbuscules
(Zeng et al., 2018). One of the highest expressed arbuscule-specific effector candidates,
RINLE1 (GenBank: EXX65927.1), was predicted to localize to the nucleus, suggesting that
it may translocate to the host cell to exert its function there (Fig. S1a), making it an intrigu-
ing candidate effector potentially controlling arbuscule formation.

As a first step to unravel the role of this conserved effector we confirmed the arbuscule-spe-
cific expression of RINLE1 via RNA in situ hybridization on mycorrhized Medicago roots.
This showed that RINLEL is indeed specifically expressed in arbuscules, similar to the ex-
pression of the arbuscule-containing cell-specific phosphate transporter 4 (PT4; Javot et al.,
2007) used as positive control (Fig. 1a, b). No signal was detected in arbuscules in the neg-
ative controls when a RiNLE1 sense probe was used or when probe sets were omitted (Fig.
1c, d).

Next we confirmed that RINLE1 is secreted by using a yeast signal sequence trap assay,
since R. irregularis currently cannot be stably transformed (Forbes et al., 1998; Helber and
Requena, 2008). Therefore, the RINLEL full coding sequence was fused to a yeast invertase
(SUC2) lacking its endogenous signal peptide and transformed into the Saccharomyces
cerevisiae Y02321 strain (Lee et al., 2006). Expression of this construct allowed Y02321 to
grow on sucrose selection medium, whereas the empty vector control could not (Fig. 2a),
indicating the secretion of RiINLE1-fusion protein.

RINLEL1 contains a nuclear-localization signal (NLS) at its C-terminus (Fig. S1a). To deter-
mine whether RINLEL can localize to the plant nucleus in arbuscule-containing cells, we
first expressed N-terminal GFP-tagged RiNLE1 (no signal peptide) by the arbuscule-con-
taining cell-specific MtPT4 promotor (PT4p::GFP-RINLEL). This showed that GFP-RiN-
LE1 localized to the nucleus, and especially accumulated in nuclear bodies, including the
nucleolus, of arbuscule-containing cells (Fig. 1le-h) similar to its localization in Nicotiana
benthamiana (Nicotiana) leaves (Fig. S1b; Zeng et al., 2018).

Next, we studied whether RINLEL can translocate to the host nucleus. We first tried to
localize RINLEI using specific antibodies. However, despite multiple efforts we were not
able to obtain an antibody that was specific enough to reliably detect RINLE1 in situ. There-
fore, we used an alternative approach by expressing a GFP-tagged RiNLE1 (no endogenous
signal peptide) construct containing a plant signal peptide sequence from MtBCP1 to target
it to the apoplast (Ivanov and Harrison, 2019) under the control of the constitutive Lotus

26



A nuclear-targeted effector interferes with H2B ubiquitination

H © }* 3 ‘ / ﬁ (d) ;/ f
il 1 / 7/ e ( :

(@) "\ H (b)
R

Sl

i

Fig. 1 RINLEZ1 is specifically expressed in arbuscules and localizes in the plant nucleus. (a)
RNA in situ hybridizations of the arbuscule-containing cell-specific MtPT4 gene in mycorrhized
Medicago truncatula roots. Arrow indicate in situ signal. (b) RNA in situ hybridizations of RINLE1
in mycorrhized M. truncatula roots. Arrow indicate in situ signal. (c) Negative control of RNA in
situ hybridization where RiINLE1 sense probe sets are used. (d) Negative control of RNA in situ
hybridization where probe sets are omitted to reveal background signal. Scale bar (a-d) = 25 um. (e-h)
PT4p::GFP-RINLE1ASP expressed in M. truncatula mycorrhizal roots. (€) GFP-RINLE1 accumulates
in the nucleolus and other nuclear bodies of the arbuscule containing cells, as indicated by
arrowheads. (f) Corresponding red fluorescence resulting from co-expression of the DsRed1 protein
under the control of the Arabidopsis thaliana Ubiquitin10 promoter, used as marker for cytoplasm and
nucleus. (g) Corresponding bright field image. (h) Corresponding overlay of GFP, DsRed and bright
field image. Scale bar (d-g) = 10 um.
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japonicus Ubiquitin 1 promotor (LjUB1p::BCPsp-GFP-RINLE1) in Nicotiana leaves. The
MtBCP1 signal peptide was chosen because the endogenous signal peptide of RINLE1 is
not well processed in plants causing an accumulation of recombinant protein in the endo-
plasmic reticulum (Fig. S1c). LjUB1::BCPsp-GFP lacking RiINLE1 was used as control.
This showed that BCP1sp-GFP-RINLEL still accumulated in the nucleolus while the BCP-
sp-GFP control was only found in the apoplast, suggesting that RINLE1 can translocate into
plant cells even in the absence of the fungus (Fig. 2b). Western blot analyses confirmed the
presence of the fusion proteins in Nicotiana leaves (Fig. S1d).

Collectively, these results indicate that RINLE1 is specifically expressed in arbuscules from
where it can translocate to the host nucleus.

(a) | 1071 1007 1 1071 1007
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RiNLE1
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Sucrose selection medium

(b)

UBp::BCPsp-GFP

UBp::BCPsp-GFP-RINLE1 .

Fig. 2 RINLEZ1 is secreted and translocates to the plant nucleus. (a) Yeast signal sequence trap
showing that RINLEL1 is a secreted protein. RINLEL, representing a fusion of full length RiINLE1 with
an invertase, and the empty pYSTO vector (EV) were transformed into Saccharomyces cerevisiae
Y02321, and grown on SD/-Leu and sucrose selection medium at different dilutions for 3 days at
30 °C. (b) RINLE1 can translocate to the plant nucleus. Expression of UBp::BCP1sp-GFP (upper
row) and UBp::MtBCP1sp-GFP-RINLE1 (lower row), using the signal peptide of Medicago BLUE
COPPER PROTEIN 1 (BCP1) to secrete GFP or GFP-tagged RiNLEL1 to the apoplast, in Nicotiana
benthamiana leaves. In contrast to the GFP control, the RINLEL fusion protein can be observed inside
the plant nucleus indicating that NLE1 can translocate into the plant cell after been secreted to the
apoplast. Scale bar = 10 pm.
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RiNLEZ1-like proteins occur in various fungi

To determine whether RINLE1 homologs can be found in other fungi, we searched for
homologs via protein BLAST using NCBI and JGI MycoCosm databases. Numerous hy-
pothetical proteins showing partial homology to part of RINLE1 were initially identified.
To select potential effector homologs among these hits, the following criteria were further
applied: first, the proteins should have signal peptide predicted by SignalP-5.0 (http:/www.
cbs.dtu.dk/services/SignalP/); Second, the proteins should be predicted to be a potential
effector based on EffectorP 2.0 (http://effectorp.csiro.au/); Last, the proteins should have
a nuclear localization signal (NLS) predicted by LOCALIZER (http://localizer.csiro.aw/).
As a result, 19 homologs of RINLE1 were identified (Table S3). These are all hypothetical
proteins and lack any known protein domains (Fig. S2a). We could detect the presence of
RiNLE1-like effectors, containing a signal peptide and a NLS at the C-terminus, in all AM
fungal genomes available in NCBI and JGI (Fig. S2a, b). Interestingly, RINLE1 homologs
were also found in ectomycorrhizal fungi Elaphomyces granulatus (similarity 37.2%), the
water mold parasite fungus Rozella allomycis (similarity 43.9%), the green algae parasitic
fungus Powellomyces hirtus (similarity 41.6%), and the barley powdery mildew fungus
Blumeria graminis (similarity 37.7%). These results indicate that RiINLE1-homologs exist
in a wide range of fungi that intimately interact with plants or that intracellularly colonize
other hosts.

Overexpression of RINLEL increases AM colonization

To explore the role of RINLE1 in mycorrhization we first applied host induced gene silenc-
ing (HIGS) to knock down its expression (Nowara et al., 2010). However, despite several
attempts using two different hairpin constructs, the expression of RiINLE1 could not be suc-
cessfully knocked down (data not shown). As an alternative approach we investigated the
effect of overexpression of RINLEL on mycorrhizal colonization. Therefore, RINLE1 (with-
out signal peptide) was expressed in Medicago roots under the control of the constitutive
LjUbiquitinl promoter and mycorrhization levels were quantified using the intersect meth-
od (McGONIGLE et al., 1990) three weeks after inoculation. Two independent repetitions
with each 8 independently transformed roots both showed a significant increase in hyphal
abundance compared to the empty vector control, while arbuscule abundance was not sig-
nificantly changed (Fig. 3a, Fig. S3). The lack of effect on arbuscule numbers may be due
to the fact that the fungal RINLEL itself is already highly expressed specifically in arbuscule
cells. qPCR analyses confirmed overexpression of RINLE1 and the phenotype, as the fungal
RIEF1 reference gene was significantly higher expressed in UBQp::RiNLE1 roots compared
to control roots, while MtPT4 expression, a marker for arbuscule abundance, did not sig-
nificantly change (Fig. 3b). These results indicate that RINLE1 plays a positive role in AM
colonization.
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Fig. 3 Overexpression of RINLE1 enhances mycorrhizal root colonization in Medicago
truncatula. (a) Quantification of the level of mycorrhization in UBp::RiNLEL transgenic roots and
empty vector control roots, 3 weeks post inoculation. Indicated are the percentage of intraradical
hyphae (IntrHyphae), Arbuscules and overall level of colonization (Total). Data are represented as
mean = SD of 8 independently transformed plants per construct. Student’s t test. *, P < 0.05. (b)
gPCR analyses showing increased RIiEF expression level as marker for fungal colonization in RiNLE1
overexpression samples. No significant difference between EV and RiNLE1 samples is observed
for arbuscular-specific MtPT4 gene expression. Expression levels were normalized using MtEF1 as
reference. Data are represented as mean + SD of 8 independently transformed plants per construct.
Student’s t test. *, P <0.05. ** P<0.01.

RINLEL1 suppresses host defense-related gene expression

Since we reasoned that RINLE1 exerts its functions inside host nuclei, we explored the in-
fluence of RINLE1 on plant gene expression. Therefore, we applied a dexamethasone (DEX)
inducible promoter system (Borghi, 2010) to induce RINLE1 expression (lacking signal
peptide) in Medicago roots. As a control we replaced the RINLE1 coding sequence by a
short nonsense sequence (Dummy3 from the Golden Gate cloning kit; (Engler et al., 2014).
DEX induction was confirmed 20 hours after treatment with 10 uM DEX by visualizing a
co-transformed GFP marker that is under the control of the same DEX-inducible cis-reg-
ulatory element used to drive RINLE1 (Fig. S4a, b). qPCR analysis further confirmed the
induction of RINLE1 (Fig. S4c). Therefore, this time point was chosen to monitor expres-
sion changes upon DEX-induction by RNA-sequencing. 3 replicates, representing pools of
independently transformed roots, were used for both control and RiNLE1 samples.

RNA-seq data were analyzed using CLC genomics workbench 10.0.1 (Qiagen). Read map-
ping information is summarized in Table S4. Principal component analysis (PCA) of the
RNA-seq data showed a clear separation of DEX-RINLE1 samples and control DEX-EV
samples in PC2 (27% variance) but not PC1 (49% variance) (Fig. S5a). This indicated that
induction of RINLE1 impacted gene expression levels, but that there was also a relative
big variation between the different replicate samples. This is likely caused by the fact that
different A. rhizogenes transformed roots (representing independent transformation events)
were analysed for each replicate experiment and the level of RINLE1 expression in the dif-
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Fig. 4 Dexamethason (DEX) induced expression of RINLE1 suppresses defense gene expression
in Medicago truncatula roots. (a) Induction of RiINLE1 expression suppresses host defense gene
expression based on RNAseq data. Heat map of DEGs that show significant (>2 fold, P < 0.05)
downregulation upon 20 hours of DEX-treatment in RINLE1 expressing roots compared to empty
vector controls. Expression values reflect log2 transformed transcripts per million (TPM). Columns
were clustered using distance Euclidean, rows were ranged by fold change from high to low. (b) gRT-
PCR analysis of selected defense-related genes (see also Table S6) based on the RNAseq analyses in
independent DEX-induced RiNLE1 expressing and EV control roots. MtEF1 was used as reference.
Data are represented as mean + SD of 3 biological replicates. Student’s t test was used. *, P < 0.05. (c)
RINLEZ1 inhibits Cladosporium fulvum AVR4 effector and Solanum lycopersicum receptor-like protein
Cf-4 induced hypersensitive response (HR). Nicotiana benthamiana leaves were infiltrated with the
following combinations of Agrobacterium strains and grown for 4 days: 1 = 0.04 ODg,, AVR4 +
0.04 ODgy, Cf-4 (positive control), 2 = 0.04 ODgyy AVR4 + 0.04 ODg,, Cf-4 + 1 ODg,, GFP (negative
control), 3 = 0.04 ODgyy AVR4 + 0.04 ODgy Cf-4 + 1 ODgye RINLEL, 4 = 1 ODgy RINLEL (negative
control). (d) Trypan blue staining of the leaves in (c) to visualise accumulation of HR.
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ferent samples varied; TPM (transcripts per million) levels for RINLE1: 5215, 1993, 3002
in the 3 replicates, respectively (bottom row in Table S5). Using a cut-off fold change > 2,
and P < 0.05, we identified in total 76 differentially expressed genes (DEGs) in DEX-RiN-
LE1 samples relative to DEX-induced control samples (Table S5). Among the identified
DEGs, 32 genes were downregulated upon RiNLEL induction (Fig. 4a, Table S6).

To determine whether the DEGs would be involved in a common biological process, we
performed a gene-ontology (GO) enrichment analysis (Tian et al., 2017). This revealed a
clear enrichment in genes associated with defense or stress-related processes among the 32
downregulated genes (Fig. S5b). In contrast, upregulated genes did not show enrichment in
any biological process. Therefore, we especially focussed on the downregulated genes. The
majority of these are encoding pathogenesis-related proteins, chitinases or peroxidases, re-
lated to plant response to biotic stress (Dodds and Rathjen, 2010) (Fig. 4a, Table S6).

To confirm the RNA-seq data, we selected 8 downregulated plant defense-related genes as
well as 2 strongly upregulated genes and quantified their expressions via qPCR in an inde-
pendent experiment. Except for one, all genes showed the expected differential regulation
upon RINLELX induction (Fig. 4b). Because RINLEL is specifically expressed in arbuscules,
we also analysed whether the expression of the 32 down-regulated genes was lower in
arbuscule-containing cells compared to neighbouring non-colonized cortex cells, based
on available cell-specific transcriptome data (Hogekamp and Kiister, 2013; Zeng et al.,
2018). This showed that the genes, whose expression could be reliably detected, were in-
deed significantly lower expressed in arbuscule-containing cells compared to neighbouring
(non-colonized) cortex cells (Table S7).

To further assess the ability of RINLEL to suppress host defense responses, we tested the
influence of RINLE1 in a commonly used pathogenicity assay where co-expression of the
plasma membrane localized Solanum lycopersicum immune receptor Cf4 with its avirulence
target AVR4 from Cladosporium fulvum leads to a hypersensitive response (HR) in Nicoti-
ana leaves (Liebrand et al., 2013; Ma et al., 2012). Co-expression of RiNLE1 together with
AVR4 and Cf-4 in Nicotiana leaves did not lead to a strong HR, whereas co-expression of
GFP as negative control did show a clear HR response (Fig.4c, d). This result supports a
role for RINLE1 in modulation of immune responses.

RIiNLEL1 interacts with Medicago Histone 2B

Because RINLEL can localize to the host nucleus and suppress defense-related gene ex-
pression, we reasoned that it does so by interacting with host proteins. To identify potential
host targets we performed a co-immunoprecipitation (Co-IP) experiment coupled with lig-
uid chromatography tandem-mass spectrometry (LC-MS/MS). Flag-tagged RINLE1 was
expressed from the arbuscule-containing cell specific MtPT4 promotor in Medicago hairy
roots. Five weeks after inoculation with R. irregularis, we immuno-precipitated Flag-tagged
RINLE1 and its potential plant interactors using anti-Flag magnetic beads (Fig. S6). LC-
MS/MS identified several proteins, including Histone 2B (H2B) to potentially interact with
RINLE1 (Table S8).

To confirm the mass-spectroscopy data, we performed an independent co-IP experiment by
expressing Flag-tagged RiINLEL together with the putative interactors in Nicotiana leaves.
MtH2B.1 (H2B.1; Medtr4g064020) was chosen because it is highly expressed in arbus-
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cule-containing cells. A nuclear-targeted MtSPX3 (Medtr0262s0060 (Young et al., 2011)-
Flag fusion protein and free GFP were used as negative controls. Western blot analyses
confirmed the interaction of MtH2B.1 with RiNLE1 (Fig. 5a). Furthermore, GFP-RiNLE1
(no SP) and H2B-mCherry co-localized in the nucleus and nucleolus N. benthamiana leaves
(Fig. S7b, c, d). Additionally, yeast-two hybrid analyses also confirmed the interaction of
RINLE1 with MtH2B.1 using RINLEL as bait, MtH2B.1 as prey (Fig. 5b). In subsequent
independent co-1P experiments the interaction of RiINLE1 with the other 4 proteins (Med36a,
H1, Dynaminl, APIS; Table S8) enriched in the LC-MS/MS data could not be confirmed
(data not shown).

) Tnput TP-FLAG P-GFP
GFP + o+ + o+ + +
SPX3-FLAG + + 0 - + +
H2B.1-GFP + - - +
FLAG-RiNLE1 + - + + +
Anti-FLAG 29.3 KDa
Anti-GFP 46.9 KDa
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Fig. 5 RINLE1 interacts with H2B. (a) Co-IP assay in transiently transformed Nicotiana
benthamiana leaves confirmed the interaction between RINLE1 and MtH2B.1 (Medtr4g064020).
Free GFP and a Flag-tagged nuclear-localizing protein MtSPX3 (Medtr0262s0060) were included as
controls. For the input blots, 0.2% input extract was loaded to detect FLAG- and GFP-tagged proteins
using anti-Flag or anti-GFP antibodies respectively. After co-immunoprecipitation, 20% of the eluate
was loaded for detection. Total protein levels were detected using Coomassie brilliant blue staining as
loading control. (b) Y2H assay showing an interaction between RiNLE1 and MtH2B.1, using RiNLE1
as bait (pGBKT7) and H2B.1 as prey (pGADT7). Serial dilutions of overnight mated yeast cultures
were plated on selective media. DDO was used as control plate to show mating was successful.
Selection was done on QDO plates containing aureobasidin and LacZ staining as additional selection
markers. The positive ()GBKT7_53 + pGADT7_T), negative (0.GBKT7_lam + pGADT7_T), and EV
(GBKT7_RIiNLE1 + pGADTY) controls are shown.
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RINLEL interferes with H2B mono-ubiquitination

The interaction studies raised the question how RiNLE1 can influence defense gene expres-
sion by interacting with H2B. H2B is a core component of nucleosomes and H2B modifica-
tions have been shown to regulate multiple processes from plant development to response to
environmental stress (Zhao et al., 2019; Cao et al., 2015; Fleury et al., 2007). Most notably,
several studies have reported a link between H2B mono-ubiquitination and plant immune
responses (Dhawan et al., 2009; Zou et al., 2014; Zhang et al., 2015b). Therefore, we hy-
pothesized that RINLE1 may influence the mono-ubiquitination of H2B.

To assess the effect of RINLE1 on H2B ubiquitination (H2Bub), we isolated nuclear pro-
teins from DEX-induced RiNLE1 overexpression roots and empty vector control roots. The
levels of H2Bub were analysed by Western blot using an anti-H2Bub antibody, which de-
tects a conserved mono-ubiquitinated lysine at the C-terminal domain of H2B. The specific-
ity of this antibody has been well tested in Arabidopsis (Chen et al., 2017; Zou et al., 2014).
As reference, an antibody against Histone 3 was used. Three independent experiments
showed that the H2Bub levels were significantly reduced when RiNLE1 expression was
induced (Fig. 6a). Quantification showed a ~40 % reduction in H2Bub levels in RiNLE] in-
duced samples (Fig. 6b). This indicates that RINLEL can inhibit H2B mono-ubiquitination
in the plant.
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Fig. 6 RINLE1 inhibits H2B mono-ubiquitination levels. (a) Western blot analysis of nuclear
protein extracts from 20 h DEX-induced EV and RiNLE1 Medicago truncatula roots. Detection was
using anti-H2Bub (top panel) or anti-H3 antibody (bottom panel). The expected sizes of H2Bub
and H3 are 28 KDa and 17 KDa, respectively. Similar results were obtained in three independent
experiments. (b) Quantification of the relative band intensities using imageJ based on the three
independent experiments, including the one shown in (a), normalized to H3 levels. Error bars indicate
SD from the three replicates. Student’s t test was used. *P < 0.05.
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H2Bub levels influence defense gene expression and arbuscular mycorrhization

To further establish that the downregulation of defense-related genes is associated with
H2Bub levels, we replaced the H2B predicted mono-ubiquitination site K144 (Lysine) to A
(alanine), to prevent it from becoming ubiquitinated. We then applied the DEX-inducible
system to induce the expression of this modified H2BK144A in Medicago hairy roots and
monitored if its overexpression would affect RiINLE1-responsive defense gene expression.
DEX-induced wild type H2B expressing roots were used as control. H2BK144A expression
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was significantly induced 20 hours after treatment with 10 uM DEX (Fig. S7a). Western
blot analyses of nuclear protein extracts showed that the H2BK144A samples had signifi-
cantly lower H2Bub levels compared to the empty vector control (Fig. 7a). Next, we deter-
mined the expression level of RINLE1-responsive genes upon suppression of H2Bub levels.
5 of them showed significantly lower expression (Fig. 7b). The others are not different. This
showed that the expression of the genes was suppressed upon inducible overexpression of
H2BK144A (Fig. 7b). These data indicate that RINLEL can inhibit H2B mono-ubiquiti-
nation which in turn hampers the induction of a set of defense-associated genes in arbus-
cule-containing cells.

To determine whether increased H2Bub levels negatively affect mycorrhization, we over-
expressed the RING E3 ligase H2B monoubiquitinationl (HUB1) enzyme responsible for
H2B ubiquitination (Liu et al., 2007). First, we confirmed that DEX-inducible overexpres-
sion of the Medicago MtHUB1 (Medtr7g046250) ortholog indeed leads to higher H2Bub
levels in Medicago roots (Fig. 7a). Next, we monitored the expression of 10 selected de-
fense genes in response to MtHUBL overexpression by gPCR. The expression of 4 defense
genes significantly increased in DEX-induced MtHUB1 roots compared to empty vector
(EV) controls. The expression of 2 showed more complex regulation (Fig. 7e). These data
indicate that increased H2Bub levels do affect the expression of RiINLE1-responsive de-
fense-related genes.

To study the effect of MtHUB1 overexpression on mycorrhization, we expressed MtHUB1
under the control of the arbuscule-containing cell-specific MtPT4 promoter in Medicago
roots. Three weeks after inoculation the level of mycorrhizal colonization was scored using
the intersect method (McGONIGLE et al., 1990). Compared to EV control samples, both
colonization level and arbuscule abundance were significantly (N=8, P<0.05) reduced in
PT4p::MtHUB1 overexpression samples. Similar phenotypes were observed in two inde-
pendent experiments (Fig. 7c). gPCR analyses confirmed the phenotype, using RIEF as a
marker to represent fungal colonization level and MtPT4 as marker for arbuscule abundance
(Fig. 7d).

Discussion

Here we show that the arbuscule-specific effector RINLE1 can translocate to the host nu-
cleus where it interacts with H2B and can prevent H2B mono-ubiquitination to suppress
defense gene activation and promote arbuscular mycorrhizal colonization.

Our results suggest that GFP-tagged RiINLE1 can translocate to the plant nucleus without
the help of other fungal proteins. How effectors in general can translocate into host cells
is still an unresolved issue and remains an interesting yet challenging topic to study (Petre
and Kamoun, 2014). Irrefutable evidence will require the availability of a specific antibody
against RINLEL, which we unfortunately were not able to generate. In the host nucleus
RINLE1 accumulated in nuclear bodies, especially the nucleolus (Fig. 1e-h, Fig. S1b).
Nuclear bodies are related to the formation of ribonucleoprotein complexes, processing of
RNA and epigenetic regulation of gene expression (Shaw and Brown, 2004; Mao et al.,
2011). Although we cannot rule out that RINLE1 exerts its function specifically in these
nuclear bodies, the observed accumulation could also be an artifact of overexpression.
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Fig. 7 H2Bub levels influence defense gene expression and arbuscular mycorrhization. (a)
Western blot analysis of nuclear protein extracts from 20h DEX-induced EV, MtH2BK144A and
MtHUB1 expressing Medicago roots. Detection using anti-H2Bub (top panel) and anti-H3 antibody
(bottom panel). (b) gPCR analysis of selected defense-related genes in DEX-induced H2BK144A
roots compared to EV induced roots. MtEF1 was used as reference gene. Medtr83g010320: Defensin
related, Medtr2g010600: Catabolite activator protein (CAP), Medtr2g035210: ABA-responsive
protein, Medtr83096900: pathogenesis-related thaumatin family protein, Medtr2g029910: peroxidase
family protein, Medtr7g110780: Chitinase, Medtr3g108520: gibberellin 2-beta-dioxygenase,
Medtr8g074335: Chitinase (Class Ib) / Hevein, Medtr7g103390: Myb/SANT-like DNA-binding
domain protein, Medtr2g089835: wound-responsive family protein. Error bars indicate SD from 3
replicates. (¢) Quantification of mycorrhization in 8 independently transformed M. truncatula roots
expressing PT4p::MtHUBL1 and 8 EV transformed roots as control 3 weeks post inoculation with
Rhizophagus irregularis using the intersect method. Student’s t test was used. *P < 0.05. Data are
represented as mean + SD. (d) gPCR analyses of MtHUB1, RiEF and MtPT4 in PT4p::MtHUB1
expressing and EV. MtEF1 was used as reference. Data are represented as mean = SD of 8 biological
replicates. Student’s t test. *, P < 0.05. (e) qRT-PCR analysis of defense-related gene expression
from DEX-induced MtHUB1 samples compared to DEX-induced EV samples. MtEF1 was used as

reference. Data are represented as mean = SD of 3 biological replicates. Student’s t test was used. *P
<0.05.
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Like GFP-RINLE1, H2B-GFP also accumulated in the nucleolus when we expressed it in
Nicotiana leaves under the control of a strong constitutive promoter (Fig. S7b, c). Similar
observations have been made for GFP-tagged H2B in other systems. Musinova et al. (2011)
identified a nucleolar localization/retention signal (NoRS) in the H2B protein, enabling it to
exchange between the nucleolus and nucleoplasm in human cell lines. A potential NoRS en-
riched with basic amino acids can also be found in RINLE1 (KKKGKKGKPKRKH), which
may cause the non-specific retention in the nucleolus especially when expressed under a
strong promoter (Musinova et al., 2011).

We observed a downregulation of a subset of defense-related genes upon overexpression of
both RINLE1 and a non-mono-ubiquitinated H2B form in Medicago roots. Arbuscule abun-
dance was not affected upon RINLE1 overexpression, which is likely due to the high endog-
enous expression levels of RiNLEI specifically in the arbuscules. This may limit an effect
of additional expression of RINLEL in these cells by the LjUbiquitin promoter. Vice versa,
overexpression of MtHUB1 caused increased H2Bub levels and increased expression of
RINLE1-regulated defense-related genes, which correlated with lower AM colonization lev-
els. Similar observations linking H2B mono-ubiquitination to defense have been reported in
relation to pathogenic interactions. For example, in Arabidopsis H2B mono-ubiquitination
has been shown to be required for transcriptional activation of resistance (R) genes SNC1
and RPP4, involved in the resistance to necrotrophic fungal pathogens (Zou et al., 2014).
Overexpression of HUBL led to resistance, while hubl loss-of-function mutants showed
increased susceptibility to these fungi (Dhawan et al., 2009; Zou et al., 2014). Increased
H2Bub levels also caused increased resistance against Botrytis cinerea by balancing the
SA- and JA/ET- mediated signalling pathways in tomato (Zhang et al., 2015b). How H2B
mono-ubiquitination or RINLE1 affect specific genes is currently not known. The binding
of RINLE1 to H2B may obstruct the accessibility of HUB1 to mono-ubiquitinate H2B.

H2Bub has also been shown to be involved in histone-crosstalk, mediating for example the
methylation of H3 (Sun and Allis, 2002; Zhao et al., 2019). Arabidopsis hubl and hub2 mu-
tants show reduced H3 methylation levels at several gene loci that regulate plant flowering
time, indicating that H2Bub can enhance H3 methylation (Cao et al., 2008). Interestingly, in
hubl mutants the H3K4me2 levels were also reduced at the R gene SNC1 locus, suggesting
that H2Bub-mediated H3 methylation also regulates defense responses (Lee et al., 2016).
Therefore it would be interesting to follow-up whether RINLE1 similarly affects other
histone modifications in arbuscule-containing cells and whether it affects other genes that
may be important for the symbiosis. Furthermore, beside mono-ubiquitination various other
post-translation H2B modifications have been reported to affect gene expression that could
be influenced by RiNLE1, but most of these are not yet well studied in plants.

To our knowledge this is the first example of a fungal effector directly targeting a core
nucleosome histone protein, H2B, to control epigenetic modifications. So far, pathogenic
effectors that affect histone modifications have been found to operate through their interac-
tion with histone modifying enzymes (Ramirez-Prado et al., 2018; Kong et al., 2017; Li et
al., 2018; Ransom and Walton, 1997; Walley et al., 2008). Whether RiINLEI can also affect
other post-translational H2B modifications remains to be studied. The other known example
of a pathogen directly targeting a histone protein is the 6b oncoprotein encoded in the T-DNA
of Agrobacterium tumefaciens. This protein was shown to act as a histone chaperone, inter-
acting specifically with Histone 3 to control cell divisions (Terakura et al., 2007).
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Interestingly, we found that in addition to being conserved in AM fungi, RiINLE1-like effec-
tors occur in a variety of (biotrophic) pathogenic and mutualistic fungal species. This sug-
gests that H2B may be a common target for such fungal effector proteins. The occurrence of
a RINLE1-type effector in the water mold parasitic fungus Rozella allomycis (Fig. S2; Table
S3), which intracellularly colonizes Allomyces species, suggests that NLE1-type effectors
may even reflect a broader fungal strategy to colonize other hosts (James et al., 2013; Gan
etal., 2019).

It has become clear that interference with the chromatin organization of plants is a common
strategy used by pathogenic microbes to subvert the host immune system (Ramirez-Prado
et al., 2018). Our finding that also mutualistic AM fungi use effector proteins to modify the
plants epigenome further supports the idea that pathogenic and mutualistic microbes use
comparable strategies to interact with their plant hosts. We envision that more studies on the
epigenomic reprogramming that occurs during the AM symbiosis will be a promising ave-
nue to understand this fundamental symbiosis in plants.
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Fig. S1 RINLE1 information. (a) RiINLE1 amino acid sequence. SP: signal peptide, NLS: nuclear
localization signal. (b) Confocal images of GFP-RINLE1(no SP) expressed from a constitutive
Ubiquitin promoter in Nicotiana benthamiana leaves localizing to the nucleus and accumulating in
the nucleolus and other nuclear bodies. A co-expressed UBp::DsRed as marker of nucleus (but not
nucleolus) and cytoplasm. Scale bar = 10 pm. (c¢) Confocal image of RiNLE1-GFP with endogenous
SP expressed from a constitutive Ubiquitin promoter in N. benthamiana leaves. Full length RINLE1-
GFP accumulates in the endoplasmic reticulum (ER). A co-expressed Act2p::SP-mCherry-KDEL as
marker of ER. Scale bar = 5 pm. (d) Anti-GFP western blot confirming the expression of RiNLE1
fusion proteins in Nicotiana leaves. The slightly larger size of RINLE1 expressed with endogenous
SP indicates the failure of SP cleavage in N. benthamiana leaves. Total protein levels were detected
using Coomassie brilliant blue staining as loading control.
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Fig. S2 RINLEZ1-like proteins occur in a variety of fungal species. (a) RiNLE1-like effectors from
different fungal species were aligned using MAFFT in Geneious R11.0 (https://www.geneious.com).
SP (signal peptide) is annotated with a red bar. NLS (nuclear localization signal) is indicated by an
orange bar. (B) Phylogenetic tree of RINLE1-like proteins generated using the neighbour-joining tree
builder in Geneious R11.0 (https://www.geneious.com). The R. irregularis LysM effector was used as
outgroup, 1000 bootstraps were used.
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Fig. S3 Overexpression of RiINLE1 enhances AMF colonization. (a) Confocal picture of WGA-
alexa488 stained empty vector transformed roots. Scale bar = 100 um. (b) Confocal picture of WGA-
alexa488 stained UBp::RINLE1 transgenic roots. Scale bar = 100 um.
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Fig. S4 Dexamethasone induction of RINLE1 expression. (a) Confocal microscopy of Medicago
truncatula transgenic roots containing the UBp::GVG-UBp::DsRed-UASp::RiNLE1-UASp::GFP
construct 20 hours after treatment with DMSO. Picture is overlay of GFP, DsRed and bright field
channels. Scale bar = 50um. (b) Confocal microscopy of Medicago transgenic roots containing the
UBp::GVG-UBp::DsRed-UASp::RINLE1-UASp::GFP construct 20 hours after treatment with 10 uM
DEX. Picture is overlay of GFP, DsRed and bright channels. Scale bar = 50 um. (c) qRT-PCR analysis
of RINLE1 expression in DEX-induced roots compared to EV roots. MtEF1 was used as reference
gene. Data are represented as mean + SD of 3 biological replicates. Student’s t test *P < 0.05.
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Fig. S5 RNA-seq analysis of RINLE1 induced Medicago truncatula transgenic roots. (a) PCA
plot analysis of the RNAseq data from 20h DEX-induced RiNLE1 and EV roots. Plot was generated
using CLC genomics workbench 10.0.1 (Qiagen). (b) GO enrichment analysis for genes inhibited by
RINLE1 using agriGO v2.0. 6/22 means 6 of the 22 annotated genes are enriched for the GO term.
1164/18883 means 1164 genes associated with this GO term out of 18883 total annotated genes.
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Fig. S6 Anti-FLAG western blot confirming the expression of FLAG-RIiNLEI1 fusion protein in
Medicago truncatula roots and anti-FLAG immunoprecipitation. Equal amounts of input and non-
bound protein fractions are loaded for each sample. For the IP-FLAG lanes 5 pl of each total 100 pl IP
volume were loaded. The expected size of FLAG-RINLEL1 is ~30 KDa.
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Fig. S7 Dexamethasone induction of modified H2B expression and H2B localization in Nicotiana
benthamiana leaves. (a) gRT-PCR analysis of DEX-induced H2BK144A expression as compared to
DEX-induced EV samples. Data are represented as mean = SD of 3 biological replicates. Student’s
t test was used. *P < 0.05. (b) Confocal images of free GFP localizing to the nucleus and cytoplasm
when expressed from a constitutive Ubiquitin promoter in N. benthamiana leaves as control. (c)
Confocal images of H2B-GFP fusion protein localizing to the nucleus and accumulating in the
nucleolus when expressed from a Ubiquitin promoter in N. benthamiana leaves. Co-expressed
DsRed as marker of nucleus and cytoplasm. (d) Confocal images of GFP-RINLE1 and H2B-mCherry
colocalizing to the nucleus and accumulating in the nucleolus when expressed from a Ubiquitin
promoter in N. benthamiana leaves. (b, ¢, d) Arrow points to nucleolus, scale bar = 5 pum.
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Supplementary tables

Supplementary tables listed below can be downloaded from the New Phytologist website:
https://doi.org/10.1111/nph.17236

Table S1 Primers list used in this work.
Table S2 Constructs made using golden gate system.

Table S3 RiNLE1 homologs from fungal species based on protein BLAST using NCBI and
JGI MycoCosm databases.

Table S4 RNA-seq data Mapping statistics generated using CLC genomics workbench
10.0.1 (Qiagen).

Table S5 Expression browser of DEX-EV and DEX-RiINLEI RNA-seq data. TPM = tran-
scripts per million.

Table S6 RNA-seq expression data of gene down-regulated upon RiNLEL induction. Ex-
pression levels are the average of 3 replicates, each representing a pool of 2-3 independent-
ly transformed roots. A cut-off fold change > 2, and P < 0.05 was used. TPM= transcripts
per million.

Table S7 Expression of RiINLE1-regulated defense-related gene in arbuscules (ARB) and
neighbouring non-colonized cortex cells (HYP) based on Zeng et al. (2018). TPM = tran-
scripts per million.

Table S8 LC-MS/MS identified peptides intensity information for FLAG-RINLE1 Co-im-
munoprecipitation. LFQ (label-free quantification).
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Abstract

Arbuscular mycorrhizal (AM) fungi can form an endosymbiotic association with almost all
land plants. Although there is very little host-specificity in this interaction, host preferenc-
es for distinct fungi have been reported under natural conditions and substantial variation
in the mycorrhizal growth response of different hos-fungus combination has been found.
The molecular basis for such host-dependent effects are still largely unknown. It has been
hypothesized that variation in host immune responses may play an important role. Here we
characterized a host-dependent effector from Rhizophagus irregularis DAOM197198 that is
specifically highly induced upon symbiosis with Allium schoenoprasum (chives) The effec-
tor is part of a small gene family that show homology to the Piriformospora indica fungal
B-glucan-binding lectin FGB1, and was therefore named RiFGB1. We show that RiFGB1
can bind glycans such as B-glucan, chitin and xylan. It is also able to interfere with a wide
range of microbe-associated molecular pattern (MAMP) induced defense responses and fa-
cilitates AM colonization. Intriguingly, variation in expression of RiFGB1 homologs in dif-
ferent R. irregularis isolates correlates a reduced ability of the C3 isolate to colonize chives.
Our results support a role for fungal effectors in the regulation of host preference.

Introduction

AM fungi, belonging to the Glomeromycotina subphylum, are able to intracellularly col-
onize and establish a symbiotic association with the roots of most land plants (Smith and
Read, 2008). Upon a molecular dialogue the plant facilitates the colonization process lead-
ing to the accommaodation of highly branched fungal hyphae as arbuscules inside root inner
cortex cells (Gutjahr and Parniske, 2013). There, the fungus provides the plant host with
mineral nutrients, such as phosphate and ammonium, in return for plant-derived carbon
sources (Luginbuehl and Oldroyd, 2017; Wang et al., 2017). In general it is thought that
there is no, to very little, host-specificity in this interaction (van der Heijden et al., 2015;
Zeng et al., 2018). However, under natural conditions plant species seem to associate pref-
erentially with distinct AM fungi. For example, different grass species co-occurring in the
same field were found to be colonized by distinct AM fungi and six plant species in semi-
arid Mediterranean prairies were found to host different AM fungi communities (Vanden-
koornhuyse et al., 2003; Torrecillas et al., 2012). Furthermore, different isolates of Glomus
intraradices showed significant preferences to different plant species (Glycine max, Helian-
thus annuus and Allium porrum) (Croll et al., 2008). What determines these so-called host
preferences is largely unknown.

To be able to intimately interact with such an extremely broad range of host plants AM fun-
gi, like Rhizophagus irregularis, must have very efficient mechanisms to deal with the host
immune system in such wide variety of hosts. Similar to pathogenic fungi, the cell walls of
AM fungi consist for example of chitin and B-glucans, which are potent triggers of plant
immune responses (Lo Presti et al., 2015; Wawra et al., 2016; Zeng et al., 2020). Although
not common, host preferences have been reported (Vandenkoornhuyse et al., 2003; Torre-
cillas et al., 2012; van der Heijden et al., 2015). Variation in the ability to subvert the plant
immune system may contribute to the observed host-preferential associations. Although it
is not fully understood how AM fungi manage to subvert the host immune system in such a
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wide variety of plants, it has become clear that small secreted effector proteins should play
a key role (Lo Presti et al., 2015). Effector proteins are best studied in pathogenic plant-fun-
gus interactions (Lo Presti et al., 2015). Effectors can for example bind microbe-associated
molecular pattern (MAMP) molecules to prevent the fungus from being detected by plant
immune receptors; manipulate immune receptor function or can reprogram host gene ex-
pression by translocating into plant cells (Walley et al., 2008; Kong et al., 2017; Li et al.,
2018). In case of AM fungi, several effector proteins have been reported to influence the
colonization efficiency (Kloppholz et al., 2011; Tsuzuki et al., 2016; VoB et al., 2018; van
Creij et al., 2020; Zeng et al., 2020). However, for only a few of these insight into their mo-
lecular function has been obtained. One of these is RiSP7, which was the first effector from
R. irregularis to be studied. RiSP7 was shown to translocate the host plant nucleus where
it could interact with the pathogenesis-related transcription factor ERF19 to promote colo-
nization (Kloppholz et al., 2011). In Chapter 2 we identified another translocated effector,
RINLEL, which is able to interact with host Histone 2B and interfere with its mono-ubig-
uitination to suppress defense responses. Furthermore, we recently identified an apoplastic
lysin motif containing effector, RISLM1, that is able to bind chitin molecules and subvert
chitin-triggered immunity to facilitate AM symbiosis (Zeng et al., 2020).

Interestingly, genome-wide transcriptome analyses revealed that the model AM fungus R.
irregularis DAOM197198 can adjust its secretome in a host- and stage-dependent manner
(Kamel et al., 2017; Zeng et al., 2018). Although many putative effector-encoding genes
are more or less equally expressed in different host plants, several putative effectors were
identified to be much higher expressed in the interaction with one host plant species com-
pared to others. Host-dependent expression of effector genes has also been reported for
other fungi. For example, 16 effectors of the white mold fungus Sclerotinia sclerotiorum
were differentially expressed in four host plants (Guyon et al., 2014). Also effector genes of
the root endophyte P. indica showed differential expression patterns in the interaction with
barley or Arabidopsis, which correlated with different colonization strategies (Lahrmann et
al., 2013). This raises the hypothesis that effector proteins may play a role in determining
AM host-preferences found in nature through their effect on the host immune system, host
metabolism and/or nutrient exchange (Limpens and Geurts, 2014).

To start to investigate this we focused here on a host-dependent effector of R. irregularis
that is much higher expressed in the interaction with the monocot Allium schoenoprasum
(chives), compared to dicots like Medicago truncatula (Medicago), Nicotiana benthamiana
(Zeng et al., 2018). We named this effector RiFGB1 because it show homology to the -glu-
can-binding lectin FGB1 effector from the root endophyte P. indica which was found to
inhibit f-glucan-triggered immunity in plants (Wawra et al., 2016). Our results suggest that
RiFGBI can not only bind B-glucans but also other glycan molecules, like chitin and xylan.
Furthermore, we show that RiFGB1 can suppresses B-glucan, chitin and even flg22-trig-
gered defense responses and that it facilitates AM fungal colonization. Intriguingly, we
identified a R. irregularis C3 isolate that lacks the strong induction of RiFGB1 homologs in
chives, which correlates with a reduced ability of this isolate to efficiently colonize chives.
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Materials and methods
Plant and fungal material

Medicago truncatula Jemalong A17 (Medicago) was grown and transformed as described
previously (Limpens et al., 2004). Chives (Allium schoenoprasum) was grown as described
(Zeng et al., 2018). Rhizophagus irregularis DAOM197198 spores were obtained from
Agronutrion, France. Spores were thoroughly washed through three layers of filter mesh (220
um, 120 um, 38 um) before use. Rhizophagus irregularis C3 spores maintained as mon-
oxenic carrot (Daucus carota) root culture (Ehinger et al., 2012; Lin et al., 2014). For my-
corrhization assays, plants were grown in SC10 RayLeach cone-tainers (Stuewe and Sons,
Canada) with premixed sand:clay (1:1 V/V) mixture and spores were inoculated by placing
~200 pores ~2 cm below the seedling roots. Plants were grown in a 16 h daylight chamber
at 21°C and watered by 10 ml %2 Hoagland medium with 20 pM phosphate twice a week for
three weeks.

RiFGBI1 protein production and purification

The RiFGBL1 protein (lacking signal peptide) was produced in E. coli ORIGAMI strain
using the Champion™ pET SUMO Expression System and in E. coli Shuffle strain as de-
scribed (Lobstein et al., 2012; Zeng et al., 2020). Both of these two strains are capable of
forming disulfide bonds in their cytoplasm. Primers with EcoRI and HindIII restriction sites
used to clone the RiIFGB1 CDS are listed in table S1. Bacteria containing the protein-pro-
ducing vector were grown in 1 L of LB medium supplemented with 50 pg/mL kanamycin,
10 mM KH,PO,, 50 mM MgSO, and 1% glycerol until the ODy,, reached 0.8 at 37 °C. 0.05
mM IPTG was added into the medium and incubated at 37 °C overnight. Bacteria were col-
lected by centrifuging and store at -80 °C until further purification.

Protein purification was done as described (Snelders et al., 2020). The bacterial pellets were
disrupted by resuspending in 40 ml lysis buffer (50 mM Tris, 150 mM NaCl, 10% glycerol,
6 mg ml™ lysozyme, 2 mg ml-1 deoxycholic acid, 0.06 mg mI™ DNase |, 1 protease in-
hibitor cocktail) at 4 °C for 1 h. The lysate was transferred to 50 mL tubes and centrifuged
at 15000 g at 4 °C for 1 h. The supernatant was collected and the 6xHIS-SUMO-tagged
RiFGBI1 protein was purified by passing through a NTA superflow metal affinity chroma-
tography column (Qiagen) packed with 50% His60 Ni** Superflow Resin (Clontech). The
purified effector protein was dialyzed with 250 mM (NH,),SO,, 8.5% glycerol according
to Hofmeister series (Zhang and Cremer, 2006) containing ULP-1 protease to remove
the 6xHIS-SUMO tag overnight at 4 °C. Then the proteins were further purified by size
exclusion chromatography using a Superdex 75PG 26 x 60 on a AKTA fast-performance
liquid chromatographer (GE healthcare, The Netherlands) using 250 mM (NH,),SO,, 8.5%
glycerol (pH 7.4) as elution buffer. The purified protein was concentrated using an Amicon
Ultra-15 centrifugal tube (EMD Millipore, The Netherlands) and the concentration was
measured using Qubit (Thermo Fisher Scientific).

Binding affinity precipitation assays

Polysaccharide pull-down assays were done as described (Zeng et al., 2020). 10 mg insolu-
ble Curdlan, chitin, chitosan or xylan (Sigma-Aldrich, Houten, the Netherlands) was added
to 500 pl 250 mM (NH,),SO,, 8.5% glycerol (pH 7.4) buffer in 1.5 ml Eppendorf tubes.
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Subsequently, RiIFGB1 was added to a final concentration of 1 pM and incubated at room
temperature for 1 h while rotating. The mixture was then centrifuged at 5000 g for 5 min.
The supernatant (non-bound fraction) was collected, concentrated to 100 pl and boiled with
100 pl 2x protein SDS loading buffer for 5 min. The polysaccharide pellet (bound fraction)
was washed 3 times with 500 pl of the above (NH,),SO, buffer, resuspended in 100 ul of
protein SDS loading buffer and boiled for 5 min. Protein fractions were analyzed by poly-
acrylamide gel electrophoresis with Coomassie Brilliant Blue R-250 staining.

RiFGB1 overexpression and host-induced gene silencing

For RiIFGB1 overexpression, constructs were made by using the Golden Gate cloning sys-
tem (Engler et al., 2014). Level 0 modules of the LjUB1 promotor, MtBCP1 signal peptide,
RiFGB1 CDS (no signal peptide), and CaMV35S terminator were assembled into level 1 po-
sition 1 acceptor pICH47732 (UB1p::BCP1sp-RiFGBL1). The resulting expression construct
was then assembled into the level 2 acceptor pAGM4723 together with a level 1 position
2 DsRed marker gene (Jach et al., 2001). The final level 2 construct was transformed into
Medicago truncatula by hairy root transformation mediated by Agrobacterium rhizogenes
MSU440 as described (Limpens et al., 2004). Plant growth conditions and spores inocula-
tion were done as described before (Zeng et al., 2020). Transgenic roots were harvested 4
weeks after inoculation with 200 R. irregularis spores for quantification and RNA isolation.

For host-induced gene silencing (HIGS), a 261 bp RiFGB1 CDS fragment was cloned into
PENTR™/D-TOPO™. Primers used are listed in Table S1. Next the RiFGB1 fragment was
cloned into the modified pK7GWIWG?2 (11)-AtEF1a RR vector (Zeng et al., 2020) using LR
clonase Il (Invitrogen). Hairy roots transformation and mycorrhizal experiments were done
as described above.

Reactive oxygen species (ROS) assay

ROS assay was done as described (Zeng et al., 2020). In brief, Medicago 5 day-old seed-
lings roots were cut into ~0.5 mm pieces and incubated overnight in 150 pL sterile MQ wa-
ter in the dark in a 96-well polystyrene plate. 5 root pieces were placed into each well per
biological replicate. MQ water was replaced by 100 uL. MQ water containing 0.5 mM L-012
and 10 pg/mL horse radish peroxidase (HRP) with 1 uM CO7 (IsoSep), 1 uM Flg22 (Gen-
Script) or 500 uM laminarin (Sigma). To study the role of RIFGB1 on ROS accumulation, 1
uM RiFGBI1 protein was mixed with the above chemicals and treated the roots. Chemilumi-
nescence was measured using a microplate luminometer (CLARIOSTAR, USA) for 30 min.
6 biological replicates were used for each treatment.

Defense and symbiotic gene expression analyses

Germinated Medicago seedlings were grown in liquid M medium without sucrose for 5
days as described (Zeng et al., 2020). To test whether the RiFGB1 effector interferes with
defense response, 20 uM laminarin in combination with 2 pM RiFGBI1 or 100 nM CO7 in
combination with 100 nM RiFGB1 were added into the medium. To study whether RiIFGB1
interferes with symbiotic signaling, 100 nM CO4 (Megazyme) or 10 nM LCOs (Sigma-Al-
drich) was used in combination with 100 nM RiFGB1. After 1 hour incubation, roots were
harvested for RNA isolation. Defense response marker genes, MtPAL (phenylalanine am-
monia lyase), MtEPI (NAD-dependent epimerase/dehydratase) and MtTHA (thaumatin) and
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symbiotic marker genes MtPUB1 (Vernié et al., 2016), MtTUBB1 (Lohar et al., 2006) and
MtVAPYRIN (Pumplin et al., 2010) were analyzed by gPCR to monitor defense or symbiot-
ic responses respectively. For all the analyses, three seedlings were grown together as one
replicate, and three replicates were used.

RNA isolation and gPCR

All RNA samples in this study were isolated using a Qiagen plant RNA mini kit follow-
ing the manufacturer’s instructions. cDNA was made using the iScript cDNA synthesis kit
(Bio-Rad). gPCR was done using iQ SYBR Green Supermix (Bio-Rad) on a Bio-Rad CFX
connect real-time system. Primers used are listed in supplementary table 1. Gene expression
was normalized using Medicago Elongation factor 1 (EF1). Relative normalized expression
levels were calculated as 2~ . Three technical replicates were used for each sample.

Mycorrhizal quantification and microscopy

For quantification of AM colonization levels, roots were boiled in 10% (w/v) KOH for 10
min. Then roots were washed three times with PBS buffer (150 mM NaCl, 10 mM Na,H-
PO,, 1.8 mM KH,PO,, pH 7.4), and incubated in 0.2 pg/mL WGA-Alexafluor 488 (Molecu-
lar Probes) in PBS overnight at 4 °C. The colonization levels and arbuscule abundance were
scored and calculated as described (McGONIGLE et al., 1990) using a Leica DM5500 B
microscope.

RNA-seq of R. irregularis

RNA of R. irregularis C3 or DAOM197198 colonized Medicago truncatula and Allium
schoenoprasum root samples were isolated as described above. Three independent biologi-
cal replicates were used per fungus/host combination. RNA samples were sequenced using
the BGI SEQ-500 Transcriptome platform (Zhu et al., 2018). DAOM197198 reads were
mapped to the Rirl7 assembly (Maeda et al., 2018) while C3 reads were mapped to the
RirC3 assembly (van Creij unpublished). Mapping was performed with Hisat2 using the
--dta option, and transcriptomes were assembled using Stringtie (Pertea et al., 2015; Kim et
al., 2019). Differential expression was analyzed with DeSeq2 (Kim et al., 2019), with genes
being considered as host-specific if fold-change was at least 4x higher than in other hosts
(Masclaux et al., 2019).

Results
RiFGBI is a host-dependent effector

To investigate the role of host-dependent effector proteins, we focused here on the putative
RirG091260 (RiFGBI1, see below) effector from R. irregularis DAOM197198, which we
previously found to be differentially expressed between chives and dicot hosts like Medica-
go or Nicotiana benthamiana (Fig. 1A) (Zeng et al., 2018). Independent qPCR analyses of
3 week inoculated Medicago and chives plants confirmed the chives-enriched expression of
this putative effector encoding gene (Fig. 1B).

RirG091260 encodes a 86 aa protein, containing a 24 aa signal peptide at the N-terminus
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and a cysteine-rich domain that shows homology to the B-glucan-binding lectin FGB1 ef-
fector from Piriformaspora indica (Fig. SLA) (Wawra et al., 2016). Therefore, we named
this effector RiIFGB1. To examine how conserved this effector is, we searched for homologs
within the fungal kingdom. FGB1-like effectors are widely presence in the fungal kingdom
ranging from biotrophic to necrotrophic fungi (Fig. S1B), and can be detected in all AM
fungal genomes available in NCBI and JGI with varying number of paralogs (Fig. 2). Five
FGBI1-like homologs could be identified in the R. irregulars DAOM197198 genome (Lin
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et al., 2014; Zeng et al., 2018). Two close homologs, RiFGB1 and RiFGB2 (RirG091270)
located in tandem in the genome, showed similar host-dependent expression patterns, while
the other 3 homologs were not, or very little, expressed during symbiosis with the plant spe-
cies tested (Fig. 1A). The host-dependent expression of RiIFGB1 was confirmed by qPCR
analysis (Fig. 1B).

To study if RiIFGB1 homologs in other R. irregulars strains are also expressed in a
chives-dependent manner, we analyzed their expression in the R. irregulars C3 strain,
which we recently sequenced (Van Creij, unpublished). R. irregularis C3 contains three
RiFGB1 homologs (Fig. S2; table S2), two of them showed expression in AM symbiosis
however none of them showed host-dependent expression pattern (Fig. 1A). These results
suggest that the strong induction of RiFGB1-homologs upon symbiosis with chives varies
between different isolates.

Ectopic overexpression of RiFGB1 increases AM colonization

To study the influence of RiFGB1 on arbuscular mycorrhization, we first applied host-in-
duced gene silencing (HIGS) to knock down RiFGB1 expression (Nowara et al., 2010).
Unfortunately, the expression of RiIFGB1 could not be successfully knocked down (Fig.
S3). As an alternative, we over-expressed RiFGB1 in Medicago roots under the control of
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Fig. 3 Overexpression of RiFGB1 facilitates AM colonization in Medicago truncatula. (A)
Quantification of mycorrhization levels in UBp:BCPsp-RiFGB1 transgenic roots and empty vector
control roots, 3 weeks post inoculation. Indicated are the percentage of intraradical hyphae (Hyphae),
arbuscules and overall level of colonization (Frequency). Data are represented as mean + SD of 8
independently transformed plants per construct. Student’s t test. *, P < 0.05. (b) qPCR analyses
showing increased RiEF expression level as marker for fungal colonization in RiFGB1 overexpression
samples. MtPT4 gene expression as marker for arbuscule abundance. Expression levels were
normalized using MtEF1 as reference. Data are represented as mean + SD of 8 independently
transformed plants per construct. Student’s t test. *, P < 0.05. **, P < 0.01. (C) Representing
confocal picture of WGA-alexa488 stained empty vector transformed roots. Scale bar = 100 pm. (D)
Representing confocal picture of WGA-alexa488 stained UBp:BCPsp-RiNLE1 transgenic roots. Scale
bar = 100 pm.
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the Lotus UBIQUITIN1 promotor (UB1p::BCP1sp-RiFGB1). To ensure proper processing
in the secretory pathway we replaced its endogenous signal peptide with that the of Med-
icago BLUE COPPER PROTEIN 1 (BCP1) signal peptide (Ivanov and Harrison, 2019).
Transgenic roots were selected based on a co-transformed DsRed marker. Mycorrhization
levels were quantified three weeks post-inoculation with R. irregularis DAOM197198
spores using the objective gridline intersect method (McGONIGLE et al., 1990). Frequency
of mycorrhization and abundance of arbuscules were both significantly higher in RiIFGB1
over-expression samples compared to empty vector control samples (Fig. 3A, C, D). This
was further confirmed by the qPCR analyses. The expression level of the fungal housekeep-
ing gene elongation factor (RIEF) and arbuscule-containing cell specific Phosphate Trans-
porter 4 (PT4; Javot et al., 2007) were both significantly higher in RIFGB1 over-expression
roots compared to empty vector (EV) control roots (Fig. 3B). These results indicate that
RiFGBI has a positive effect on AM colonization.

Since RiFGB1 is much higher induced in the R. irregularis DAOM197198 isolate compared
to the C3 isolate when interacting with chives, we asked whether this correlated with fun-
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Fig. 4 Rhizophagus irregularis DAOM197198 isolate has a higher colonization efficiency in
chives compared to the C3 isolate. Quantification of mycorrhization levels in chives roots 5 weeks
post inoculation of DAOM197198 or C3 spores. Indicated are the percentage of intraradical hyphae
(Hyphae), arbuscules and overall level of colonization (Frequency). Data are represented as mean +
SD of 3 independent plants. Student’s t test. *, P <0.05; **, P <0.01.

gal colonization levels. To test this, chives plants were inoculated with 200 DAOM197198
or C3 spores and the mycorrhization levels were quantified after 5 weeks. Interestingly,
colonization levels of the C3 isolate were significantly lower than those observed for the
DAOM197198 isolate (Fig. 4). Although more repetitions are required to further substanti-
ate the phenotype, this raises the intriguing possibility that the chives-enriched expression
of RIFGBL in the DAOM197198 isolate may contribute to the better colonization of chives.
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RiFGBL can bind to various glycans

Given the homology of RiIFGB1 to the B-glucan binding FGBI1 effector from Piriformaspo-
ra indica, we hypothesized that RiFGB1 may also bind B-glucans to interfere with their
perception by the plant. To study this, we tried to purify RiFGB1 for use in binding studies
and bioassays. Since RiFGB1 contains 12 cysteine residues that may form disulfide bridges,
we used the Champion pET-SUMO expression system in combination with the E. coli ORI-
GAMI strain, which is modified to allow disulfide bridge formation. Initially we noticed
that this protein is quite unstable leading to precipitation/gelling behavior upon cell lysis.
To increase its stability we tried a range of protein buffer compositions according to the
Hofmeister series (Zhang and Cremer, 2006), and found that the protein was most stable in
a buffer containing 250 mM (NH,),SO,, 8.5% glycerol, pH=7.5. After NTA column purifi-
cation and size-exclusion chromatography, a ~14 kDa RiFGBL1 protein band was visible on
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Fig. 5 RiIFGBL1 binds to various glycans. (A) structure of curdlan, chitin, chitosan and xylan. (B)
Coomassie stained protein gel of affinity precipitation assays showing that RIFGB1 binds to insoluble
curdlan (B-1,3-glucan), chitin and xylan, but not chitosan. The vast majority of the RiFGB1 protein
incubated with chitosan is retained in the supernatant.
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a Coomassie blue stained protein gel (Fig. S4).

Next, we first tested whether RiIFGB1 can bind -glucan-like molecules by using an affinity
precipitation assay. Therefore, RIFGB1 was incubated with insoluble Curdlan (1,3-B-glucan),
chitin, chitosan and xylan, respectively (Fig. 5A). After centrifugation, the supernatants and
pellets of the different incubation were collected and analyzed by SDS-PAGE. This showed
that the RiFGBL protein could be precipitated with insoluble Curdlan, chitin and xylan, but
not, or hardly, with chitosan (Fig. 5B). The potentially broad affinity of RiFGB1 for curd-
lan, chitin as well as the hemicellulose xylan was somewhat unexpected.

To further investigate the binding affinity of RiFGBL1 for different glycan molecules, we
attempted isothermal titration calorimetry (ITC) (Wawra et al., 2016). Unfortunately, our
protein was not compatible with the ITC procedure, since protein buffer containing NH,"
interferes with the labelling reagent Lightning-Link® R-Phycoerythrin. As mentioned
above, too low protein concentrations were obtained in other protein buffers suitable for
ITC. In an attempt to produce more stable protein, we additionally expressed RiFGBL1 in the
E. coli Shuffle strain, which is reported to show enhanced capacity to correctly fold proteins
with multiple disulfide bonds in the cytoplasm. However, this approach also failed to give
satisfactory results. Which characteristics of the different glycan molecules determine the
binding affinity of RiFGB1 therefore remains to be further investigated.

RiFGB1 suppresses defense responses by a wide range of MAMPs

To investigate whether RiFGB1 can interfere with B-glucan or chitin triggered immune
responses we used two bioassays, measuring defense gene activation and reactive oxygen
(ROS) production. For the defense gene assay we incubated freshly germinated Medicago
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seedlings in liquid 2 MS medium (no sugar) for 5 days at 21°C. Plants were then treated
for 1 hour with 20 uM laminarin, a polysaccharide made up of made up of p(1—3)-glucan
with B(1—6)-branches (Wawra et al., 2016), or 100 nM CO7 in the presence or absence
of respectively 2 uM or 100 nM RiFGBI. Roots were harvested for RNA isolation and the
expression of defense-related marker genes, MtPAL (phenylalanine ammonia lyase), MtEPI
(NAD-dependent epimerase/dehydratase) and MtTHA (thaumatin) (Nars et al., 2013; Zeng
et al., 2020), were determined by gPCR analysis. This showed that the induction by lam-
inarin and CO7 of all three defense genes was markedly reduced upon co-treatment with
RIFGBL1 (Fig. 6A, B).

For the ROS assay 0.5-1 cm Medicago root fragments were treated with 500 uM laminarin
or 1 uM CO7 in the presence or absence of RiFGB1. As an additional control to determine
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the specificity of the RiFGB1 effect we now included the widely used Flg22 (a 22 amino
acid peptide of Flagellin) peptide as trigger for MAMP-responses. All three MAMPs trig-
gered a clear ROS burst in Medicago root fragments, although the timing and duration of
the ROS burst varied for the different MAMPs (Fig. 7A-C). Interestingly the ROS bursts
were greatly reduced upon co-treatment with RiFGBL protein, not just for in the laminarin
and CO7 treatments but also for the Flg22 treatment (Fig. 7A-C). These data suggest that
RiFGBL1 can broadly interfere with MAMP-triggered defense responses in Medicago roots.
Using the same assay we were unable to detect a ROS burst upon CO7 or laminarin treat-
ment in chives roots (Fig. S5). This prevented us from testing whether RiFGB1 also inter-
feres with MAMP induced responses in chives.

RiFGB1 does not interfere with symbiotic signaling

AM fungi also use chitin-derived molecules to activate the symbiotic signaling pathway
(Luginbuehl and Oldroyd, 2017). Such so-called Myc-factors consist of chitin-derived
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Fig. 8 RiFGB1 does not block symbiotic responses. Three symbiotic marker genes PUB1,
TUBB1,and Vapyrin were used to monitor symbiotic responses. (A) gPCR analysis of Medicago
truncatula roots treated with 100 nM CO4 in combination with 100 nM RiFGB1. (B) qPCR analysis
of M. truncatula roots treated with 10 nM sulphated LCO in combination with 10 nM RiFGB1. (C)
gPCR analysis of M. truncatula roots treated with 10 nM non-sulphated LCO in combination with 10
nM RiFGBL1. In all data (A-C) MtEF was used as reference gene. Milli-Q treated blank sample was
used as control. Error bars represent SD from 3 biological replicates. Student’s t test. *, P< 0.05; ** P
<0.01.

lipo-chitooligosaccharides (Myc-LCOs) and short-chain chitooligosaccharides like CO4
or CO5 (Parniske, 2008; Maillet et al., 2011; Genre et al., 2013). To test whether RiFGB1
would also interfere with symbiotic signaling by these glycan based molecules, Medicago
seedling roots were treated with sulphated Myc-LCO (10 nM), non-sulphated LCO (10 nM)
and CO4 (100 nM) in the presence or absence of equal concentrations of RiFGB1 protein.
In contrast to the inhibitory effect of RIFGB1 on MAMP-triggered responses, no signifi-
cant effect of RiIFGB1 was observed on symbiotic gene induction (MtPUB1, MtTUBI1 and
MtVAPYRIN) (Czaja et al., 2012; Camps et al., 2015b; Vernié et al., 2016) by any of the
different Myc-factor molecules (Fig. 8). This indicates that RIFGB1 does not interfere with
the symbiotic signaling by these glycan molecules.
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Discussion

It has been hypothesized that fungal effector proteins might play a role in the preferential
association of AM fungi with different hosts. In this study, we carried out a first char-
acterization of the host-dependent effector, RiFGB1 from the AM fungus R. irregularis
DAOM197198. We show that RiFGB1 can interfere with a wide range of PAMP-triggered
immune responses and that it can increase root colonization when overexpressed. RiFGB1
expression, as well as that of a close homolog called RiFGB2, is significantly induced when
R. irregularis DAOM197198 colonizes chives compared to the dicot hosts Medicago and
Nicotiana. The very close homology of RiFGB1 and RiFGB2 suggest a similar function,
although this remains to be tested. Although homologs of RiIFGB1 can be found in all cur-
rently sequenced AM fungi this host-dependent expression does not seem to be conserved.
For example, the R. irregularis C3 isolate does not show the enriched expression compared
to the other hosts (Fig. 1A). This correlates with a reduced colonization efficiency of C3
compared to the DAOM197198 strain. Therefore, although preliminary, our data suggest
that host-dependent effectors may control host preferences through their effect on host im-
mune signaling.

RiFGBI1 shows homology to the B-glucan binding effector FGB1from P. indica (Wawra et
al., 2016). Our affinity precipitation assays suggest that RiFGB1 can actually bind a range
of glycan molecules, among which polymeric B-1,3-glucan (curdlan), chitin and even xylan.
Strikingly chitosan, the deacetylated form of chitin, was not bound. What determines the
binding affinity for the different glycan structures is currently unknown. The presence of
multiple cysteine residues in the protein suggests that disulfide bridges may be important
for its proper functioning. Using the E. coli ORIGAMI cell system, which facilitates disul-
fide bridge formation, stable RiFGBI1 could only be obtained in a (NH,),SO, buffer, which
is thought to stabilize proteins by preferential solvation. However, this buffer impaired
subsequent ITC binding assays. To study binding affinities more carefully, a different pro-
tein production system needs to be found that allows sufficient amounts of RiFGBI1 to be
isolated and which is compatible with ligand binding assays such as isothermal calorimetry
or microscale thermophoresis. For example, insect cells, fungal production systems such as
Pichia pastoris (Hitchman et al., 2009; Ahmad et al., 2014) or even production by P. indica
(Wawra et al., 2016) could be tried.

In addition to chitin, the major part of the cell wall of fungi consists of glucans that are as-
sembled into polymers with various chemical linkages of which B-1,3-glucan, with B-1,6
side branches, is thought to be the most abundant (Fesel and Zuccaro, 2016). The ability of
RiFGBI to bind to both chitin and -1,3-glucan suggests that it might bind to the cell wall
of R. irregularis. FGB1 from P. indica was shown to modulate fungal cell wall composition
and was proposed to prevent B-glucans from being recognized by plant B-glucan receptor
complexes (Wawra et al., 2016). In contrast to RiFGB1, PiFGB1 was reported to specific
recognize fungal B-1,6 linked glucan side chains.

Interestingly, B-glucan and chitin perception in plants seem to be intertwined. It was shown
that laminarihexaose-induced immune responses in Arabidopsis are dependent on the chitin
receptor CERK1 (Mélida et al., 2018). This suggests that CERK1 may act as a co-receptor
of B-glucan receptors, at least in Arabidopsis. Currently, only a single B-glucan receptor
from soybean has been identified (Fliegmann et al., 2004). Recent work by Wanke et al
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(2020) indicated that B-glucan perception mechanisms can differ between plant species,
with varying responses being triggered in different plants by different B-glucan structures
(Wanke et al., 2020). In addition to various linkages and side branches, especially the degree
of polymerization of the glucan backbone appeared to be of importance. During AM symbi-
osis the expression and accumulation of specific B-glucanase proteins is induced during the
early stage of AM symbiosis (Dumas-Gaudot et al., 1996; Pozo et al., 1999; Garcia-Garrido
and Ocampo, 2002). Such glucanases may release different glucan molecules that may be
perceived by the host immune system.

Besides fungi, also plants cell walls contain various B-glucans. The most well-known
B-1,3-glucan is callose, which reinforces cell walls upon attach by pathogenic microbes.
Intriguingly, monocots, especially grasses contain unbranched glucose polysaccharides
with alternating -1,3 and B-1,4 linkages that are absent form dicots (Wanke et al., 2020).
Furthermore, grasses evolved specific f-glucan endohydrolases (Bulone et al., 2019), which
might affect fungal associations. Another difference between cell walls of dicots and grasses
concerns the presence of xylan in the primary cell wall. In dicot plants xylan only occurs
in the secondary cell wall (Mellerowicz and Gorshkova, 2011). It is therefore tempting to
speculate that RIFGB1 may be upregulated in the monocot chives due to a difference in the
B-glucan perception system compared to the dicot hosts, to avoid a strong defense response.
Expression analyses in multiple monocot species could help to support this hypothesis.

Surprisingly, we found that RiFGB1 can not only interfere with immune responses triggered
by laminarin or chitooligosaccharides but also by the bacterial flagellin peptide Flg22. Al-
though we did not test the binding of Flg22 with RiFGBL, it seems unlikely that RiFGB1
will strongly interact with this unrelated peptide. In contrast to the MAMP responses no
effect of RiFGB1 on symbiotic signaling by fungal LCO’s was observed. This raises the
question how RiFGB1 can then have such a broad effect on MAMP responses?

Two hypotheses could be envisioned for future study. RiIFGB1 may broadly interfere with
the activity of pattern recognition receptors on the plant cell surface by binding to the
glycan moieties attached to these proteins in the process of glycosylation (Haweker et al.,
2010). Glycosylation has been identified in the leucine-rich repeat (LRR)-ectodomains of
pattern recognition receptors such as EFR, FLS2, CERK1 and BAKZ1 and such glycan addi-
tions were shown to be required for their activity in plant immune signaling (Van Der Hoo-
rn et al., 2005; Zipfel et al., 2006; Haweker et al., 2010; Petutschnig et al., 2010). In con-
trast N-glycosylation of the LCO receptor NFP was found not to be essential for its activity
(Lefebvre et al., 2012). The latter could potentially explain why RiFGB1 does not interfere
with LCO signaling. Alternatively, the much higher affinity of Medicago LysM receptors
for LCO’s might overrule the effect of RIFGB1. Another possibility could be that RiIFGB1
affects the plant cell wall composition which then indirectly interferes with the activity of
pattern recognition receptors. It is becoming more and more clear that a dedicated cell wall
integrity system is likely intertwined/integrated with host immune responses (Vaahtera et
al., 2019).

In conclusion, the results in this chapter provide a first, though still preliminary, indication
that host-dependent effectors may help to subvert the plant immune system and thereby
influence host-preferential associations. Furthermore, it suggests a potential much broader
role for glycan-binding FGB1-like effectors to interfere with PAMP-triggered immunity.
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Fig. S1 RiFGB1-like effectors are widely exist in fungal kingdom. (A) Alignment of RiFGB1
with PiFGB1 from Piriformaspora indica. SP indicate signal peptide. (B) Alignment of RiFGB1-like
effectors from different fungal species. MAFFT built in Geneious R11.0 (https://www.geneious.com)
was used for the alignment.
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Fig. S2 Phylogenetic tree of RiIFGB1-like proteins in R. irregularis DOAM197198 and C3
strains. The tree was generated using the neighbour-joining tree builder in Geneious R11.0 (https://
www.geneious.com). 1000 bootstraps were used.

2.5 - [ ]EV
l [ | RiFGB1-RNAi

2.0

% \

glﬁ—

Q

glo_ { [ 1 T
051 I
0.0

RiFGBI1 RiEF PT4
Fig. S3 Host-induced gene silencing failed to interfere with RiFGB1 expression. qPCR analysis
of EV control and RiFGB1-RNAI roots 3 weeks post-inoculation showing relative expression of
RiFGB1, RIiEF as marker for fungal abundance and PT4 as marker for arbuscule abundance. Error
bars represent SD from 6 biological replicates. MtEF was used as reference gene.
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Fig. S4 RiIFGBL1 protein production and purification from ORIGAMI E. coli. (A) Anti-His
blot showing 6xHIS-SUMO-RIFGB1: 1, protein eluted from Ni** column. 2, non-binding part. (B)
Coomassie stained SDS-PAGE gel showing the removal of the 6xHIS-SUMO tag by ULP-1 protease.
1, Full 6xHIS-SUMO-RIFGBL protein before digestion. 2 and 3, 6xHIS-SUMO after elution from
the Ni** column. 4 and 5, flow-through of non-bound proteins after digestion by ULP-1 protease. The
released RiFGB1 peptide is indicated. (C) Coomassie stained SDS-PAGE gel showing RiFGB1 after
purification by size exclusion chromatography. Lanes 1, 2, and 3 represent different fractions from the
size exclusion chromatography.
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Fig. S5 ROS assay in Chives root pieces treated with laminarin and CO7. RLU (relative light
unit) of chives root pieces treated with 1 uM CO7 or 300 uM laminarin for 30 minutes. Error bars
represent SD from 6 biological replicates.
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Supplementary tables

Table S1. Primers list used in this work

Experiment Primer name Primer sequence

Goldengate F-RiFGB1-CDS1-no stop AGAAGACTCAGGTAGTTGCGGTACTACTTCTTGT
Goldengate R-RiFGB1-CDS1-no stop GGAAGACAGCGAACAAGGACATTGCAAACAACC

Cloning F-RiFGB1-xho | TGCTCGAGAGTTGCGGTACTACTTCTTGT

Cloning R-RiFGB1-BamH | ACGGATCCTTAACAAGGACATTGCAAACAACC
Goldengate F-BCPsp AGAAGACTCAATGGCTTCTTCTCGTGTAGTT
Goldengate R-BCPsp GGAAGACAGACCTTGCAATTGCAACTGATGAAAG

Table S2 sequence of C3 RiFGB1 homologs

Name Sequence
MKMNGTIPSLFIILSLLSFFVFNTSAICDYNTPCTCDGGRPQGQYCGVTFY-
C3_RiIFGB1  GLDNHCIYDHIYECNPQGEPCDYGFRQSCADCGCLQCPC
MKMNGTIPSLFIILSLLSFFVFNTSASCDYSTKCTCDGGRPQGEYCGGDFVD-
C3_RiIFGB2 PNCDRTHVYECNPQGGVCDYGVRGSCASCGCLQCPCFI
MKMNGTILHLFILCLLSFFVFNTSAACGPTSCKCDGGQPQGEYCGAQFSD-
C3_RIiFGB3  PNCINNHVYECNPKGGACDFGVRDSCNNCGCLKCPCIVTK
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Chapter 4

Abstract

To acquire sufficient mineral nutrients such as phosphate (Pi) from the soil, most plants
engage in a symbiosis with arbuscular mycorrhizal (AM) fungi. Attracted by plant-secret-
ed strigolactones, the fungi colonize the roots and form highly-branched hyphal structures
called arbuscules inside inner cortex cells. It is essential that the host plant controls the dif-
ferent steps of this interaction to maintain its symbiotic nature. However, how plants sense
the amount of Pi obtained from the fungus and how this determines the arbuscule lifetime is
far from understood. Here, we show that Medicago truncatula SPX-domain containing pro-
teins SPX1 and SPX3 regulate root phosphate starvation responses as well as fungal colo-
nization and arbuscule degradation. SPX1 and SPX3 are induced upon phosphate starvation
but become restricted to arbuscule-containing cells upon establishment of the symbiosis.
Under Pi-limiting conditions they facilitate the expression of the strigolactone biosynthesis
gene DWARF27, which correlates with increased fungal branching by root exudates and
increased root colonization. Later, in the arbuscule-containing cells SPX1 and SPX3 redun-
dantly control the timely degradation of arbuscules. We propose a model where SPX1 and
SPX3 control arbuscule degeneration in a Pi-dependent manner via a yet-to-identify nega-
tive regulator.

Introduction

In nature, plants usually face low mineral phosphate (Pi) availability in the soil, which lim-
its their growth and development (Rouached et al., 2010). To deal with such phosphate lim-
itation, plants typically induce a set of phosphate starvation induced (PSI) genes to acquire
more Pi from the soil and to increase phosphate use efficiency (Bari et al., 2006; Zhou et al.,
2008). In addition, most land plants engage in a symbiosis with arbuscular mycorrhizal (AM)
fungi to increase their phosphate acquisition efficiency (Smith and Read, 2008). Under Pi
starvation conditions, plant roots release strigolactones (SLs) that enhance spore germina-
tion and hyphal branching to initiate a symbiotic association (Akiyama et al., 2005; Besser-
er et al., 2006). Subsequently the fungus colonizes the roots and forms highly branched
hyphal structures, called arbuscules, inside root cortex cells and its hyphae continue to form
extensive networks in the soil. The hyphae can efficiently reach the scarcely available phos-
phate, which they deliver to the plant in return for carbon (fatty acids and sugars) (Lugin-
buehl and Oldroyd, 2017).

The maintenance of proper Pi homeostasis is important for plant growth and development,
as either too low or too high Pi concentration in plant cells can be harmful to the plant
(Wang et al., 2014b). Therefore plants continuously sense and signal the phosphate status
in response to their environment. Also during the symbiosis the plant must integrate phos-
phate status with fungal colonization and arbuscule development to keep the interaction
beneficial. However, how a plant determines how much Pi it gets locally at the arbuscules
and regulates Pi homeostasis in relation to arbuscule development is still an open question
(Ezawa and Saito, 2018; Miiller and Harrison, 2019).

Arbuscules form a symbiotic interface where Pi is provided to the host plant (Ezawa and
Saito, 2018). They are relatively short lived structures that are degraded and removed from
the cortical cells after 2-7 days (Kobae and Hata, 2010). This transient characteristic is
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thought to give the plant a means to locally abort arbuscules when these due to their age do
not deliver sufficient nutrients (Lanfranco et al., 2018). In line with this, loss of the arbus-
cule-containing cell-specific PHOSPHATE TRANSPORTER 4 (PT4), responsible for trans-
porting Pi across the peri-arbuscular membrane into the plant cell, leads to the premature
degradation of the arbuscules in the model legume Medicago truncatula (Medicago) (Javot
et al., 2007). This requires the activity of the MYBL transcription factor, which induces the
expression of hydrolytic enzymes such as cysteine proteases and chitinases to degrade the
arbuscules (Floss et al., 2017). Intriguingly, it has been shown that Medicago can also adjust
the amount of carbon that it delivers to the fungus depending on the amount of Pi obtained
from the fungus (Kiers et al., 2011). AM fungal strains that deliver more Pi were shown to
receive more carbon compared to less cooperative strains. This so-called reciprocal reward-
ing indicates that the plant is able to locally monitor the amount of Pi that it obtains from
the fungus.

SPX domain containing proteins have emerged as key sensors and regulators of Pi homeo-
stasis and signaling (Jung et al., 2018). The SPX domain is named after the Suppressor of
Yeast gpal (Sygl), the cyclin-dependent kinase inhibitor in yeast PHO pathway (Pho81),
and the human Xenotropic and Polytropic Retrovirus receptor 1 (Xprl) (Barabote et al.,
2006). This domain is able to sense the Pi status of a cell by binding with high affinity to
inositol polyphosphates (PP-InsPs; (Wild et al., 2016; Jung et al., 2018). Changes in PP-In-
sPs levels in response to Pi deficiency are thought to modulate the activity of SPX-con-
taining proteins and their interactors. The mode of action of single SPX domain containing
proteins in the phosphate starvation response has been best studied in rice and Arabidopsis.
The nuclear localized SPX1 and SPX2 proteins in Arabidopsis were shown to interact with
PHOSPHATE STARVATION RESPONSE 1 (AtPHR1), a MYB transcription factor that
together with its homologs controls phosphate starvation induced gene expression (Puga et
al., 2014; Sun et al., 2016). Binding of AtSPX1/2 to AtPHR1 occurs at high Pi conditions
and prevents the binding of AtPHR1 to the PHR1 binding site (P1BS) cis-regulatory ele-
ment present in the promoters of many PSI genes. Similar regulation has been reported in
rice where OsSPX1 and OsSPX2 control the activity of OsSPHR2 in a phosphate dependent
manner (Wang et al., 2014b). Other SPX members, such as OsSPX4 have been localized
in the cytoplasm where they control the cytoplasm-to-nucleus shuttling of OsPHR2 in a Pi
dependent manner (Hu et al., 2019). Furthermore, OsSPX4 was reported to regulate nitrate
and phosphate balance in rice through interaction with the nitrate transceptor OsNRT1.1B,
which triggers OsSPX4 degradation upon nitrate perception (Hu et al., 2019). OsSPX3 and
OsSPX5 have been localized in both the cytoplasm and nucleus, and redundantly modulate
Pi homeostasis as functional repressors of OsPHR2 (Shi et al., 2014).

Given their key role in sensing and signaling of phosphate status in cells, we studied the
role of SPX proteins during AM symbiosis. We identified two SPX genes that are strong-
ly upregulated upon AM symbiosis, most specifically in the arbuscule-containing cells of
Medicago. We show that these genes regulate Pi homeostasis in non-mycorrhizal condi-
tions, and during the symbiosis positively control mycorrhizal colonization, in part through
the regulation of strigolactone levels, as well as the timely degradation of arbuscules.
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Materials and methods
Plant and fungal material

Medicago truncatula A17 and R108 seedlings were grown and transformed as described
(Limpens et al., 2004). The spx1 (NF13203) and spx3 (NF4752) Tntl-insertion lines were
obtained from the Noble Research Institute (https://medicago-mutant.noble.org/mutant/
index.php). Homozygous spx1 and spx3 mutants were identified by PCR and crossed to ob-
tain the spx1/spx3 double mutant. Primers used are listed in Table S1. Plants were grown in
SC10 RayLeach cone-tainers (Stuewe and Sons, Canada) with premixed sand:clay (1:1 V/
V) mixture and watered with 10 ml 2 Hoagland medium with 20 uM (low Pi) or 500 uM
H2PO4 (high Pi) twice a week in a 16 h daylight chamber at 21°C, as described previously
(Zeng et al., 2018). Rhizophagus irregularis DAOM197198 spores (Agronutrion, France)
were washed through three layers of filter mesh (220 pm, 120 pm, 38 um) before inocula-
tion. 200 pores were placed ~2 cm below seedling roots.

Phylogeny

SPX phylogenetic analysis was performed using the Geneious R11.0 software package
(https://www.geneious.com). Medicago, Arabidopsis and rice SPX protein sequences were
collected from PLAZA (https://bioinformatics.psb.ugent.be/plaza/) and aligned using
MAFFT in Geneious R11.0. An unrooted SPX phylogenetic tree was generated using the
neighbour-joining tree builder with 500 bootstraps.

Constructs

Most constructs were made using the Golden gate cloning system (Engler et al., 2014) Con-
structs for RNAi were made via Gateway cloning and constructs for Y2H experiments were
made using in fusion cloning (Takara, Japan). Primers used are listed in Table S1. Vectors
used for cloning are listed in table S2. All newly made vectors were confirmed by Sanger
sequencing.

GUS histochemical analyses

To create the MtSPX1p-GUS and MtSPX3p-GUS constructs, a 1824 bp upstream of the
MtSPX1 (Medtr3gl107393) ATG start codon and a 1260 bp upstream of the MtSPX3
(Medtr0262s0060) ATG start codon was amplified by PCR from M. truncatula A17 genom-
ic DNA as promoter, respectively. MtSPX1p-GUS and MtSPX3p-GUS constructs were in-
troduced into Medicago plants using Agrobacterium rhizogenes-mediated root transforma-
tion (Limpens et al., 2004). GUS staining was done as described (An et al., 2019). Briefly,
transgenic roots were harvested based on DsRed fluorescence (red fluorescent marker pres-
ent in the constructs) and washed twice with PBS buffer for 10 min. Next, the roots were
incubated in GUS reaction buffer (3% sucrose, 10mM EDTA, 2 mM potassium-ferrocya-
nide, 2 mM potassium-ferricyanide and 1 mg/ml X-Gluc in 100mM PBS, pH 7.0) for 30
min in vacuum, and then incubated at 37°C for 1 h. The stained roots were fixed in fixation
buffer (5% glutaraldehyde in 100mM phosphate buffer, pH 7.2) for 2 h in vacuum at room
temperature, followed by dehydrating with an ethanol series (20%, 30%, 50%, 70%, 90%,
100%) for 10 min each. Root segments were embedded in Technovit 7100 (Hereus-Kulzer,
Germany) and cut into 8 um longitudinal sections using a microtome (Leica RM2255) and
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stained with 0.1% Ruthenium Red for 5 min. Images were taken using an Leica DM5500 B
microscope.

Co-immunoprecipitation and western blotting

FLAG-tagged SPX1 and SPX3 and GFP-tagged PHR2 (Medtrlg080330) constructs were
transiently expressed in Nicotiana leaves as described (Zeng et al., 2018). Total proteins
were isolated using Co-IP buffer (10% glycerol, 50 mM Tris-Hcl pH=8.0, 150 mM NaCl,
1% Igepal CA 630, 1 mM PMSF, 20 uM MG132, 1 tablet protease inhibitor cocktail). GFP-
Trap agarose beads (Chromotek) were used to immunoprecipitate GFP protein complexes.
Western blot was performed as described (Bungard et al., 2010). 1:5000 diluted anti-GFP-
HRP and anti-FLAG-HRP antibodies (Miltenyi biotec, USA) were used for detection.

RNA interference

A SPX1SPX3 hairpin construct was generated targeting both SPX1 and SPX3 mRNA using
the Gateway system (Invitrogen, USA). 534 bp of SPX1 and 489 bp of SPX3 mRNA se-
guence were combined together by overlap PCR and the resulting 1023 bp sequence was
cloned into the pENTR/D-TOPO entry vector. Primers used are listed in table S1. Subse-
quently, the modified pK7GWIWG2(II)-AtEF1 RR vector (Zeng et al., 2020) was used for
an LR reaction to get the final hairpin silencing construct.

Pi concentration measurement

Shoots inorganic Pi concentration was measured as described (Zhou et al., 2008). Briefly,
Medicago shoots were crushed to a fine powder in liquid nitrogen, and rigorously vortexed
for 1 min in 1 mL 10% (w/v) of perchloric acid. The homogenate was diluted 10 times
by 5% (wi/v) perchloric acid and then put on ice for 30 min, followed by centrifugation at
10,000 g for 10 min at 4°C to collect the supernatant. The molybdenum blue method was
used to measure Pi content in the supernatant. To prepare the molybdenum blue solution, 6
mL solution A (0.4% ammonium molybdate dissolved in 0.5 M H,SO,) was mixed with 1
mL 10% ascorbic acid. 2 mL of molybdenum blue solution was added to 1 mL of the sam-
ple supernatant, and incubated in a water bath for 20 min at 42°C. Then the absorbance was
measured at 820 nm , and Pi content was calculated by comparison to standard curve. The
Pi concentration was normalized to the shoot fresh weight.

RNA isolation and gRT-PCR

RNA was isolated using the Qiagen plant RNA mini kit according to the manufacturer’s
instructions, including an on column DNAse treatment. cDNA was made using the iScript
cDNA Synthesis kit (Bio-Rad) using 300 ng total RNA as template. gRT-PCR was per-
formed using the iQ SYBR Green Supermix (Bio-Rad) in a Bio-Rad CFX connect real-time
system. Primers used for qPCR are listed in Table S1. Medicago Elongation factor 1 (EF1)
was used as reference for normalization. Relative expression levels were calculated as 27~ *
with three technical replicates for each sample.

AM quantification

Mycorrhizal roots were stained using WGA-Alexafluor 488 (Thermo Fisher Scientific,
USA). AM quantification was performed as described (McGONIGLE et al., 1990). In short,
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a Leica DM5500 B microscope equipped with an eyepiece crosshair was used to inspect
the intersections between the crosshair and roots at 200x magnification. The following
categories were noted in each intersection: root only, hyphopodium, extraradical hyphae,
intracellular hyphae (Intrahyphae), good arbuscule (equal or larger than 40 um), degrading
arbuscule (less than 40 pm, and presence of septa). In cases where at one intersection more
than one category was observed, then each category was counted once at that position. 100
intersections were inspected for each sample (containing 30 cm root) and the percentage of
each category was calculated.

Root exudate collection and quantification of strigolactones

Strigolactone analysis was done as described (van Zeijl et al., 2015; Liu et al., 2011). 6
seedlings of each genotype were grown in a X-stream 20 aeroponic system (Nutriculture)
operating with 5 L of 2 Hoagland medium (Hoagland, 1950) containing 500 uM Pi in a
greenhouse with natural light, 28 °C, 60% relative humidity. After 4 weeks, Pi starvation
was initiated by replacing the high Pi medium with /2 Hoagland medium containing 20 uM
Pi for one week. 24 hours before exudate collection, the medium was refreshed with new
low Pi 2 Hoagland medium. The 5 liters containing 24-hour exudate were purified and con-
centrated by loading to a pre-equilibrated C18 column (Grace Pure C18-Fast 5000 mg/20
mL). Next, the column was washed with 50 mL of deionized water, followed by 50 mL of
30% acetone. Next, strigolactones were eluted with 50 mL 60% acetone and measured us-
ing a Quadcore as described (Kohlen et al., 2011).

R. irregularis branching assay

R. irregularis spore germination and branching assays were performed as previously de-
scribed (Besserer et al., 2006; Tsuzuki et al., 2016). 100 spores were grown on Solid M
medium (BECARD and FORTIN, 1988) with 0.6% acetone, 0.01 uM GR24 or 100 times
diluted root exudates (as collected above) in the dark at 22°C. 8 days after inoculation, hy-
phal branches were counted using a Leica M165 FC microscope.

Phelipanche ramosa germination assay

Germination of Phelipanche ramosa seeds were performed as reported before (Kohlen et
al., 2011). Previously cleaned seeds of P. ramose were preconditioned on wet filter paper
for 10 days at 21°C. 50 pL of root exudates collected above were added to 1-cm discs con-
taining approximately 50 preconditioned seeds. 10-7, 10-8 and 10-9 M of GR24 were used
as positive control. Demineralized water were used as negative control. After 12 days, the
germination rates were counted using a binocular microscope.

Confocal microscopy

The subcellular localization of fluorescently tagged proteins and detailed observation of the
arbuscules using WGA-Alexafluor 488 stained roots were analysed using a Leica SP8 con-
focal microscope (For GFP/Alexafluor 488: excitation 488 nm, emission 500-540 nm; for
DsRED/mCherry: excitation 552, emission 580-650 nm).

Statistical analyses

For pairwise comparisons, data were analyzed using T-Test built in EXCEL with tail 1, type
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2. ANOVA built in Origin 2018 software was used to test difference over two groups of data
with default settings. Replicates per experiment used are indicated in the corresponding fig-
ure legends.

Results

SPX1 and SPX3 are strongly induced upon phosphate starvation and in arbuscule-con-
taining cells

To identify SPX genes that might be important players during AM symbiosis, we first made
a phylogenetic analysis of all single SPX domain proteins from Medicago, in relation to
SPX proteins from arabidopsis and rice. This identified 6 members (Fig. 1A). We analyzed
their expression in the roots of plants grown in high (500 pM) Pi, low (20 uM) Pi and 20
uM Pi plus Rhizophagus irregularis conditions for 3 weeks. gRT-PCR analyses showed that
two SPX genes, MtSPX1 (Medtr3g107393; hereafter SPX1) and MtSPX3 (Medtr0262s0060;
hereafter SPX3) were strongly induced by phosphate starvation as well as during the AM
symbiosis (Fig. 1B). Transcriptome analyses of laser microdissected arbuscule-containing
cells showed that these two SPX genes are dominantly expressed in arbuscule-containing
cells (Fig. S1). To determine the spatial expression of SPX1 and SPX3 in more detail we
analyzed promoter-GUS reporter constructs in transgenic roots grown for 3 weeks at 500
uM Pi, 20 uM Pi and 20 uM Pi with R. irregularis conditions. Plants grown at 500 uM Pi
showed only weak GUS signal in the root tip, while under low Pi conditions strong GUS
activity was detected throughout the root for both constructs (Fig. 1C-F). Sectioning of
these roots showed that the SPX1 and SPX3 promoters were active in multiple cell types,
including cortex and epidermis, of the root grown at low Pi, but not at high Pi (Fig. 1G, H).
Upon AM symbiosis, the GUS signal became strongly restricted to the arbuscule-containing
cells (Fig. 11-L). No, or very low, GUS signal was observed in the non-colonized sections
of the mycorrhizal roots. The arbuscule restricted expression was further confirmed by pro-
moter:NLS-3xGFP analyses (Fig. S2). The same expression pattern of both SPX genes sug-
gested that they may have similar functions, playing dual roles in the phosphate starvation
response and AM symbiosis.

To study the subcellular localization of SPX1 and SPX3, C-terminal GFP-fusion constructs
were expressed in Medicago roots and Nicotiana leaves using either the constitutive Lotus
japonicus Ubiquitinl (LjUB1) promoter or their endogenous promoters. In all cases, includ-
ing arbuscule-containing cells expressing SPX-GFP fusion under the control of their endog-
enous promoters, both fusion proteins localized to the cytoplasm as well as to the nucleus
(Fig. S3A-E). The subcellular localization was not influenced by the Pi conditions (Fig.
S3C, D).

To explain the transcriptional regulation of SPX1 and SPX3, we examined their presumed
promoter regions for known cis-regulatory elements involved in phosphate-starvation in-
duced expression and arbuscule-specific regulation. This identified a PIBS (GNATATNC)
binding site for the MYB transcription factor PHR (Bustos et al., 2010), a key regulator
of PSI genes (Fig. S4A). The presence of this element suggests that both SPX genes are
under the control of PHR-dependent transcriptional regulation upon phosphate stress.
Furthermore, we identified cis-regulatory AW-boxes (CG(N)7CNANG) and CTTC-ele-
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ments (CTTCTTGTTC) in the promoter regions of both genes, which are binding sites for
WRINKLED1-like transcription factors that have recently been found to regulate arbus-
cule-specific expression (Fig. S4A). These elements can been found in the promoters of
many arbuscule-enhanced genes, including genes involved in fatty acid synthesis and trans-
port as well as genes required for phosphate uptake from the arbuscules (Xue et al., 2018;
Jiang et al., 2018; Pimprikar et al., 2018). To study whether SPX1 and SPX3 are regulated
by WRINKLED1-like transcription factors, we overexpressed WRI5a under the control of
LjuB1 promoter in Medicago roots at high Pi conditions. gPCR analyses showed that SPX1
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Fig. 1 Medicago SPX1 and SPX3 induced by phosphate starvation and arbuscular mycorrhizal
fungi. (A) Phylogenetic relationship of SPX proteins in Medicago, Arabidopsis and Rice. Unrooted
tree constructed using Geneious R11.0 by neighbour-joining method with bootstrap probabilities
based on 500 replicates. The identifiers of Arabidopsis and rice SPX proteins are listed in Table S4.
(B) gRT-PCR analyses of Medicago SPX expression at high Pi (500 uM), low Pi (20 uM) and arbus-
cular mycorrhizal (20 pM Pi plus AM fungi (AMF)) conditions. SPX1 (Medtr3g107393) and SPX3
(Medtr0262s0060) are induced at low Pi conditions, and even stronger upon symbiosis with AMF.
Medicago Elongation factor 1 (MtEF1) was used as internal reference. Data shown are the individual
values of 3 biological replicates. Different letters indicate significant differences (P < 0.05) between
treatments (ANOVA followed by Tukey’s honestly significant difference). (C-D) SPX1 and SPX3 are
expressed in root tips at 500 uM Pi. Scale bar =1 cm. (E-H) SPX1 and SPX3 at 20 uM Pi, (G) and (H)
are longitudinal sections of (E) and (F). Sections are counterstained with 0.1% ruthenium red. Scale
bar in (C-D), 1 cm, in (E-F), 100 pm. (I-L) SPX1 and SPX3 are highly and specifically induced in ar-
buscule-containing cortical cells (3 weeks post-inoculation). (K) and (L) are longitudinal sections of (1)
and (J), white triangle points to arbuscule-containing cell. Scale bar in (I-J), 1 cm, in (K-L), 100 um.
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and SPX3 expression are significantly induced by WRI5a overexpression (Fig. S4B). This
suggests the arbuscule-specific expression of SPX1 and SPX3 may controlled by WRI5a.
The presence of both P1BS and AW-box cis-regulatory elements may explain the observed
expression patterns in the different conditions.
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SPX1 and SPX3 regulate phosphate homeostasis

To study the function of SPX1 and SPX3, we identified spx1 (NF13203_high_1) and spx3
(NF4752_high_18) Tntl-retrotransposon insertion mutants (Fig. S5A). Genotyping by PCR
confirmed the Tntl insertion and a Spx1spx3 double mutant was developed by crossing spx1
to spx3 (Fig. S5B). RT-PCR confirmed the impairment of SPX1 and/or SPX3 expression in
the respective mutant lines (Fig. S5C).

Since SPX proteins are thought to negatively regulate PHR activity at high Pi conditions to
prevent the overaccumulation of phosphate, we first analysed the expression of PSI genes
in the mutants and R108 wild-type under high and low Pi conditions. This showed a signifi-
cantly higher expression of the PSI genes Mt4 (U76742.1) (Burleigh and Harrison, 1999)
and the phosphate transporter encoding gene PT6 (Medtr1g069935) (Mbodj et al., 2018; Hu
et al., 2019) in the spx1spx3 double mutant under high Pi conditions (Fig. 2B). It correlated
with a decreased shoot:root fresh weight ratio indicative of a phosphate starvation response
in the double mutant (Fig. 2A, E). Furthermore, phosphate levels were increased in the
shoots of the double mutant compared to wild-type plants grown at 500 uM Pi (Fig. 2F).
Prolonged growth at 500 pM Pi further showed typical Pi toxicity effects (yellow colour-
ing of the leaf margins) in the leaves of the double mutant (Fig. S6A). The single mutant
lines did not show obvious phenotypes when grown at 500 uM Pi condition (Fig. 2A, E, F).
These results suggest a negative role of SPX1 and SPX3 on phosphate starvation responses
when ample Pi is available.

At low (20 uM) Pi conditions the fresh weight of the spx1 and spx3 single mutants was sig-
nificantly lower than wild-type R108 plants, and the spx1spx3 double mutant showed an ad-
ditive effect (Fig. 2C-F, S6B). The leaves of the double mutant further showed accumulation
of anthocyanins in the leaves indicative of Pi starvation stress (Fig. S6B). Consistently, the
PSI genes Mt4 and PT6 were lower expressed in the double mutant compared to the wild
type (Fig. 2D), while overexpression of SPX1/3 enhanced the expression of Mt4 and PT6
at low Pi conditions (Fig. 4D). Shoot Pi concentration in single mutants and double mutant
were all significantly lower compared to the wild type (Fig. 2F). These results suggest that
SPX1 and SPX3 also play a positive role in the PSR response under limiting (20 uM) Pi
conditions.

Overall, these results indicate that SPX1 and SPX3 are able to enhance the Pi starvation re-
sponse at low Pi conditions and inhibit the Pi starvation response at high Pi conditions.

SPX1 and SPX3 interact with PHR2

In Arabidopsis and rice, SPX proteins have been reported to interact with PHR and inhibit
its activity under high Pi conditions (Wang et al., 2014b; Puga et al., 2014). Therefore, we
checked whether SPX1 and SPX3 could also interact with Medicago PHR homologs. Phy-
logenetic analyses indicated the presence of three PHR-like proteins in Medicago (Fig. S7).
Co-immunoprecipitation analyses of GFP-tagged PHR with FLAG-tagged SPX1/3 proteins
expressed in Nicotiana leaves revealed a clear interaction of both SPX1 and SPX3 with
MtPHR2 (Medtr1g080330; hereafter PHR2 Fig. 3A). No significant interaction was found
for the other two Medicago PHR-like proteins. To study the phosphate-dependency of the
interaction we co-expressed GFP-tagged SPX1/3 together with Flag-tagged PHR2 in Med-
icago roots under high and low Pi conditions. Co-IP analyses showed that SPX1 and SPX3
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interact with PHR2 under high Pi conditions, but no interaction were observed in low Pi
conditions (Fig. 3B, C).
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Fig. 3 SPX1 and SPX3 interact with PHR2 at high Pi conditions. (A) Western blot of co-
immunoprecipitation samples showing SPX1 and SPX3 interaction with PHR2. FLAG-tagged
SPX1 or SPX3 were co-expressed with free GFP or GFP-tagged PHR2 in Nicotiana leaves.
Immunoprecipitation (IP) of GFP-tagged proteins shows the co-IP of the FLAG-tagged SPX proteins.
(B) Western blot of co-IP samples showing SPX1 and SPX3 interaction with PHR2 in Medicago roots
at high Pi conditions. Free GFP, GFP-tagged SPX1 or SPX3 were co-expressed with Flag-tagged
PHR2 in Medicago roots on emergence medium with normal Pi concentration for two weeks. IP of
GFP-tagged proteins shows the co-IP of the FLAG-tagged PHR2 proteins. (C) Western blot of co-
IP samples showing SPX1 and SPX3 have no interaction with PHR2 in low Pi conditions. Medicago
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Coomassie brilliant blue (CBB) staining shows total protein levels as loading control.
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To study whether PHR2 is indeed involved in the phosphate starvation response, we overex-
pressed PHR2 using the LjUB1 promoter in Medicago roots and analyzed the effect on the
expression of PSI genes Mt4 and PT6 (Mbodj et al., 2018; Hu et al., 2019). Both Mt4 and
PT6 are strongly induced under Pi limiting conditions and also show induced expression
upon overexpression of PHR2 (Fig. 4A, B). PHR2 itself was not regulated in a Pi-dependent
manner at the transcriptional level (Fig. 4A), in analogy to its homologs AtPHR1 (Bustos et
al., 2010) and OsPHR2 (Zhou et al., 2008).

To determine whether the observed Pi related phenotypes are due to a negative regulation
of PHR2 activity by SPX1 and SPX3 we overexpressed of SPX1&3 together with PHR2
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Fig. 4 SPX1 and SPX3 regulate phosphate homeostasis. (A) gPCR analysis showing phosphate
starvation induced Mt4 and PT6 expression, but not of MtPHR2 expression in Medicago A17 roots.
Data shown are the individual values of 3 Medicago A17 plants. Data significantly different from
500 uM Pi conditions are indicated ** P < 0.01 (Student’s t-test). (B) qPCR analysis showing that
overexpression of MtPHR2 (LjUBp::PHR2) induced SPX1, SPX3, Mt4 and PT6 expression in
Medicago A17 transgenic roots grown for 4 days at low Pi conditions. (C) qPCR results showing
that overexpression (using the LjUB1 promoter) of SPX1 or SPX3 together with PHR2 in high Pi
conditions induced Mt4 and PT6 expression less than overexpression of PHR2 alone in Medicago
AL7 transgenic roots. (D) gPCR results showing that overexpression of SPX1/3 at low Pi conditions
induced Mt4 and PT6 expression in Medicago A17 transgenic roots. Data shown in (B-D) are
the individual values of 3 independently transformed roots. Data significantly different from the
corresponding EV transformed controls are indicated * P < 0.05; ** P < 0.01 (Student’s t-test). MtEF1
was used as reference gene for normalization.
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using the LjUB1 promoter in Medicago roots. This showed that overexpression of SPX1 or
SPX3 could indeed inhibit the induction of Mt4 and PT6 by PHR2 under high Pi conditions
(Fig. 4C). We noticed that the (over)expression level of PHR2 was ~ 2x lower for the co-ex-
pression constructs containing SPX1 and SPX3 compared to overexpression of PHR2 alone.
This is likely a result of the expression construct rather than an effect of SPX1/3 on the ac-
tivity of the LjUB1 promoter. The much stronger reduced Mt4 levels upon co-expression of
SPX1/3 support the inhibitory effect of SPX1/3 on the activity of PHR2 when sufficient Pi
levels are reached.
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Fig. 5 SPX1 and SPX3 regulate AM colonization and arbuscule degeneration. (A) Quantification
of mycorrhization levels in wild type R108, spx1, spx3 and spx1spx3 3 weeks post inoculation with R.
irregularis. 8 independently transformed roots were used as replicas for each sample. Quantification
was performed using the magnified intersections method (McGONIGLE et al., 1990). Good
arbuscule: larger or equal to 40 pm; Degrading arbuscules: smaller than 40 um with septa (white
arrow in C). Data significantly different from R108 wild-type controls are indicated * P < 0.05; ** P <
0.01 (Student’s t-test). (B) Expression levels of RIEF, PT4, CP3, Chitinase and MYBL1 in root samples
from (A) determined by gPCR analyses. MtEF1 was used as internal reference. Data significantly
different from R108 wild-type controls are indicated * P < 0.05; ** P < 0.01 (Student’s t-test). (C)
Representative images of good arbuscule and degrading arbuscules in WGA-Alexa488 stained roots
3 weeks post-inoculation. Arrow points to septa. Scale bar = 10 pm. (D) Good-to-degrading arbuscule
ratio of R108, spx1, spx3 and spx1spx3 mycorrhizal samples from (A). Values represent mean *
standard error of 8 independently transformed roots. Data significantly different from R108 wild-
type controls are indicated ** P < 0.01 (Student’s t-test). (E) and (F) Representative images of WGA-
Alexa488 stained R. irregularis in R108 and spx1spx3. White arrow marks a good arbuscule. Asterisk
marks a degrading arbuscule. Scale bar = 100 um.
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SPX1 and SPX3 regulate AM colonization and arbuscule degeneration

Next, we examined the role of SPX1 and SPX3 in the interaction with AM fungi. Three
weeks after inoculation with R. irregularis spores, mycorrhization was quantified in the
spx1 and spx3 single mutants, the spx1spx3 double mutant and R108 wild-type controls
using the magnified intersect method (McGONIGLE et al., 1990). Eight plants were used
as replicates for each line. Compared to R108, single mutant and double mutant plants all
showed significantly lower root colonization levels and arbuscule abundance (Fig. 5A).
Transcript levels of RIEF and PT4, molecular markers for respectively fungal colonization
and arbuscule abundance, confirmed the lower colonization levels in the mutants (Fig. SB).

Because SPX1 and SPX3 are specifically expressed in arbuscule-containing cells in mycor-
rhized roots, arbuscule morphology was quantified in more detail. We defined arbuscules
larger or equal to 40 um as “good” arbuscules, and arbuscules smaller than 40 pm with
typical features of degradation, including visible septa, as “degrading” arbuscules (Fig. 5C).
Interestingly, there were significantly fewer degrading arbuscules in the spx1spx3 double
mutant compared to R108 wild-type plants, resulting in a much higher good/degrading
arbuscule ratio (Fig. 5A, E, F). spx1 and spx3 single mutant showed a similar good/de-
grading arbuscule ratio as wild-type R108 (Fig. 5A), suggesting a redundant role for SPX1
and SPX3 in the regulation of arbuscule degradation. To further determine the effects on
arbuscule morphology, we checked PT4, CP3 and Chitinase expression in Fig. 5B with
normalization to the fungal RiEF. A significantly higher PT4 expression and lower CP3,
Chitinase were detected in spx1spx3 double mutant (Fig. S8A). In line with this, arbuscule
size (length) distribution also showed there are more 50-60, 60-70 and 70-80 pm of arbus-
cules in spx1spx3 double mutant compared to R108 wild type, and less 20-30 and 30-40 pm
of arbuscules were observed in spx1spx3 double mutant. These results indicating SPX1 and
SPX3 indeed regulate arbuscule degradation.

Arbuscule degradation in Medicago is regulated by the MYBL transcription factor, which
controls the expression of hydrolase genes such as Cysteine Protease 3 (CP3) and Chitinase
(Floss et al., 2017). qRT-PCR analyses showed a strongly impaired expression of these hy-
drolase genes in the spx1spx3 double mutant (Fig. 5B). Similar phenotypes were observed
upon knock-down of both SPX1 and SPX3 by RNA interference (Fig. S9A, B). To further
confirm that the phenotype was indeed caused by a mutation in SPX1 and SPX3, we com-
plemented the spx1spx3 double mutant by driving SPX1 and SPX3 expression from by their
native promoters in A. rhizogenes transformed roots. This indeed complemented the mycor-
rhization levels, arbuscule abundance and marker gene expression to wild-type levels (Fig.
S9C, D), showing that the phenotypes are not caused by background insertions/mutation in
the mutant lines.

Overall, these results indicate that both SPX1 and SPX3 positively regulate AM coloniza-
tion levels and redundantly regulate arbuscule degradation.

SPX1 and SPX3 likely control AM colonization by regulating strigolactone levels

To explain the positive role of SPX1 and SPX3 in mycorrhizal colonization, we found that
the expression of a key gene required for strigolactone biosynthesis, MtDWARF27 (D27,
(Hao et al., 2009; Liu et al., 2011) was not (or much lower) induced upon Pi starvation in
spx1 and spx3 single mutants compared to wild-type plants (Fig. 6A). No additive effect
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on D27 expression was observed in the spx1spx3 double mutant. Under low phosphate
conditions, strigolactone levels increase drastically in several species and this induction in
strigolactone biosynthesis correlates with an increased D27 expression under this condi-
tion (Liu et al., 2011) (Fig. 6A). D27 expression was induced when SPX1 and SPX3 were
overexpressed together at low Pi conditions using the LjUB1 promoter in A. rhizogenes
transformed roots (Fig. S10A). At high Pi conditions D27 expression did not appear to be
affected (Fig. S10B). This revealed a positive effect of SPX1 and SPX3 on D27 expression
at low Pi conditions, and thereby possibly on strigolactone levels. Reduced strigolactone
levels could explain the lower colonization levels observed in the mutants as these are key
signal molecules that induce growth and branching in AM fungi (Besserer et al., 2006; Tsu-
zuki et al., 2016). Unfortunately, we were unable to detect known strigolactone levels in the
R108 genetic background. This may be caused by sub-detection levels or as yet unknown
strigolactone derivates in R108. As an alternative, we used an AM hyphal branching assay
as proxy for strigolactone levels in root exudates (Besserer et al., 2006, 2008). This demon-
strated that exudates collected from the spx1/3 mutant roots, grown under Pi limiting condi-
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Fig. 6 SPX1 and SPX3 regulate expression of strigolactone biosynthesis gene D27. (A) The
induction of D27 expression in low Pi conditions is impaired in spx1, spx3, and spx1spx3 mutants.
Data shown are the individual values of 3 plant replicates. Data significantly different from
corresponding controls are indicated * P < 0.05; ** P < 0.01 (Student’s t-test). (B) R. irregularis
spores treated with root exudates of R108, spx1, spx3 and spx1spx3 for 8 days. 0.01 uM GR24 and
0.6% acetone were respectively used as positive and negative controls. Hyphal branch numbers in
spores treated with root exudates of spx1, spx3 and spx1spx3 mutants are significantly lower compared
to spores treated with R108 root exudates. n indicates the number of spores counted. Data shown
are the individual values of the replicates, different letters indicate significant difference (P < 0.05)
between treatments (ANOVA followed by Tukey’s honestly significant difference).

tions, were much less able to induce R. irregularis branching compared to wild-type R108
root exudates (Fig. 6B, S10C). Furthermore, the root exudates were applied to the seeds of
parasitic plant Phelipanche ramosa, germination rates were scored after 12 days. The exu-
dates of R108 plants induced 21% germination, while no clearly germination was induced
when apply the exudates of spx1, spx3 and spx1spx3 mutant (Fig. S10D, E). This suggests
the strigolactones concentration in the mutants root exudates are much lower than in R108
root exudates. And thus failed to induce P. ramosa germination. Different concentration
of GR24 was used as positive control and they all induced over 50% of germination (Fig.
S10D). Together these data strongly suggests that strigolactone levels are reduced in the spx

79



Chapter 4

mutants, although an additional effect on other root exudates cannot be ruled out.
Overexpression of SPX1 and SPX3 increases AM colonization and arbuscule degrada-
tion

The mutant analyses showed that SPX1 and SPX3 redundantly regulate arbuscule degrada-
tion. To further study this we overexpressed SPX1, SPX3, and SPX1;SPX3 together under
the control of the LjUB1 promoter. This resulted in significantly increased colonization
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Fig. 7 Overexpression of SPX1/3 under the control of the LjUbiquitin or MtPT4 promoter
increased AM colonization and/or arbuscule degradation. (A) Quantification of mycorrhization
level in M. truncatula A17 roots expressing EV, UBp::SPX1, UBp::SPX3, and UBp::SPX1-
UBp::SPX3 3 weeks post inoculation with R. irregularis. 8 independently transformed plants were
used as replicas for each sample. Quantification was performed using the magnified intersections
method (McGONIGLE et al., 1990). (B) Good-to-Degrading arbuscule ratio of EV, UBp::SPX1,
UBp::SPX3 and UBp::SPX1-UBp::SPX3 mycorrhizal samples from (A). Values represent mean +
standard deviation of 8 independently transformed roots. (C) Representative confocal images of
WGA-Alexa488 stained R. irregularis in EV and UBp::SPX1-UBp::SPX3 roots. White arrow marks
a good arbuscule. Asterisk marks a degrading arbuscule. Scale bar = 80 um. (D) Quantification of
mycorrhization level in M. truncatula A17 roots expressing EV, PT4p::SPX1, PT4p::SPX3 and
PT4p::SPX1-PT4p::SPX3 3 weeks post inoculation with R. irregularis. 8 independently transformed
plants were used as replicas for each sample. Quantification was performed using the magnified
intersections method (McGONIGLE et al., 1990). (E) Good-to-Degrading arbuscule ratio of EV,
PT4p::SPX1, PT4p::SPX3 and PT4p::SPX1-PT4p::SPX3 mycorrhizal samples from (D). Values
represent mean * standard deviation of 8 independently transformed roots. (F) Representative
confocal images of WGA-Alexa488 stained R. irregularis in EV and PT4p::SPX1-PT4p::SPX3 roots.
White arrow marks a good arbuscule. Asterisk marks a degrading arbuscule. Scale bar = 100 pm. All
data in (A, B, D, E) significantly different from the corresponding EV controls are indicated * P < 0.05;
** P <0.01 (Student’s t-test).
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levels in individual LjUBp:SPX1 and LjUBp:SPX3 transgenic roots as well as double trans-
genic lines compared to empty vector control roots 3 weeks post inoculation (Fig. 7A).
Furthermore, the ratio of good/degrading arbuscule was significantly lower in the SPX1/3
overexpression roots indicating a premature degradation of arbuscules (Fig. 7A-C). qRT-
PCR analyses confirmed the observed phenotypes (Fig. S11A). RIEF was higher expressed
in SPX1 and SPX3 overexpression roots compared to empty vector (EV) controls expressed
roots. The expression level of PT4 as a marker for healthy arbuscules was similar between
EV control roots and the SPX overexpressing roots. However, arbuscule degradation related
genes CP3 and Chitinase were enhanced in the SPX overexpressing roots. We observed a
differential effect of SPX1 and SPX3 overexpression on MYB1 expression, with only SPX3
overexpression causing increased MYBL expression (Fig. S11A).

To separate the arbuscule-specific effects of SPX1/3 from non-symbiotic roles, we ex-
pressed SPX1, SPX3, or both, using the arbuscule-specific PT4 promoter. Interestingly,
compared to EV transformed roots decreased colonization levels were observed in all SPX
overexpressing roots when expressed from the PT4 promoter (Fig. 7D). This coincided with
decreased arbuscule abundance and an increased ratio of degrading arbuscule compared
to good arbuscule classes (Fig. 7D-F). Transcript levels of the markers for fungal biomass
(RIEF), healthy arbuscule abundance (PT4) and arbuscule degradation (MYB1, CP3 and
Chitinase) all confirmed the visual phenotyping results (Fig. S11B). Because the coloni-
zation levels in SPX expressing roots were much lower than EV control roots and because
SPX1 and SPX3 are normally highly induced in arbuscule-containing cells the overall
SPX1/3 expression levels did not exceed those in the EV controls (Fig. 1B, 7D, S11B).
Overall, these results further strengthen the role for SPX1/3 in regulating AM colonization
and arbuscule degradation.

PHR2 can induce arbuscule degradation

Next we investigated whether the SPX1/3 interactor PHR2 affects arbuscule development.
Surprisingly, overexpression of PHR2 using the constitutive LjUB1 promoter caused the in-
duction of MYB1, CP3 and Chitinase expression already under non-symbiotic (low Pi) con-
ditions (Fig. S12A). Although the promoters of these genes do not contain the PHR binding
cis-regulatory P1BS element, we did find this element in the promoters of the potential
MYB1 upstream transcriptional regulators WRI15a and RAM1 (Fig. S13A). This suggested
that PHR2 may induce RAM1 and WRI5a leading to MYBL1 expression. Indeed, we observed
that both RAM1 and WRI5a were induced upon PHR2 overexpression under non-symbiotic
conditions (Fig. S12A). In line with this, WRI5a overexpression induced MYB1 expression
(Fig. S12B).

To determine whether overexpression of PHR2 would also lead to premature arbuscule
degradation we overexpressed PHR2 under the control the arbuscule-specific PT4 pro-
moter. Strikingly, this resulted in an even more severe phenotype than observed upon PT-
4p::SPX1/3 overexpression three weeks after inoculation with R. irregularis. Colonization
levels were strongly reduced and very few “good” arbuscules were observed (Fig. S12C).
Furthermore, most arbuscules appeared to be completely degraded (Fig. S12C, D, F). These
observations were corroborated by the expression levels of RIEF and PT4 in these roots,
compared to EV control roots (Fig. S12E). However, despite the high level of degraded ar-
buscules, the arbuscule degeneration markers CP3 and Chitinase were also much lower ex-
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pressed in the PT4::PHR2 roots when compared to EV control roots. RNAseq data suggest
that PHR2 is weakly expressed in arbuscule-containing cells (Fig. S13B; Zeng et al., 2018).
This suggests that the very strong induction of PHR2 leads to the abortion of arbuscule de-
velopment already at a very early stage.

The ability of both SPX1/3 and PHR2 to induce arbuscule degradation is difficult to recon-
cile with the observed negative effect of SPX1/3 on PHR2 activity. Although the temporal
Pi status of arbuscule-containing cells is not known it can be expected that there is no Pi
shortage in these cells as long as the arbuscules are active. Therefore, SPX1/3 would be
expected to suppress PHR2 activity in cells with active arbuscules. Nevertheless, our data
showed that timely arbuscule degradation requires both SPX1 and SPX3, and their over-
expression induced premature arbuscule degradation. This raises the question how SPX1/3
can then induce arbuscule degradation?

SPX1 and SPX3 in relation to known transcriptional regulators of arbuscule degrada-
tion

The MYBL1 transcription factor was reported to be required for arbuscule degradation when
the fungus does not provide sufficient nutrients. Knock-down of MYBL1 could rescue the
premature arbuscule degradation phenotype observed in pt4 mutants that lack a functional
symbiotic PT4 phosphate transporter (Floss et al., 2017). To study whether SPX1/3 can also
rescue the pt4 phenotype, we knocked down both SPX1 and SPX3 using RNAI in the pt4-
1 mutant background (Javot et al., 2007). This resulted in strongly reduced mycorrhization
levels in EFp:SPX1-SPX3-rnai transformed pt4-1 mutant roots compared to EV controls 3
week after inoculation (Fig. S14A). However, the ratio of “Good” to “degrading” arbuscules
was not significantly different between SPX1/3 RNAI-pt4 and EV-pt4 samples (Fig. S14A, B).
gPCR analyses further confirmed the observed phenotypes (Fig. S14C). This suggests that
SPX1/3 function is not essential for arbuscule degradation in this setting.

It was further shown that overexpression of MYBL1 can trigger the premature degradation of
arbuscules (Floss et al., 2017). To position the action of SPX1/3 on arbuscule development
in relation to MYBL1, we overexpressed MYB1 under the control of the constitutive CaM-
V35S promoter in the spx1spx3 double mutant and checked whether CP3 and Chitinase
could still be activated. Compared to EV transformed roots, CP3 and Chitinase expression
were significantly induced by MYBI in the spx1spx3 double mutant 3 weeks post inocu-
lation and lower colonization levels, with less RIEF and PT4 expression, and signs of pre-
mature arbuscule degradation were detected (Fig. S14D, S15). This indicates that SPX1/3
functions either upstream or parallel of MYBL to control arbuscule turnover. To distinguish
between these possibilities, we overexpressed both SPX1 and SPX3 together and studied
the effect on MYB1 expression and its target genes under non-symbiotic conditions. At
both high and low Pi conditions, overexpression of SPX1 and SPX3 (LjUB1p:SPX1- LjUB-
1p:SPX3) did not (significantly) affect MYB1 expression (Fig. S14E, F), which suggests that
SPX1 and SPX3 likely do not function upstream of MYB1 to directly control its expression.
The expression of the hydrolase-encoding gene CP3 was also not induced upon overex-
pression of SPX1&3 and the expression of Chitinase was only weakly affected at low Pi
conditions (Fig. S14E, F). The lack of/weak effect on CP3 and Chitinase expression may be
caused by the low expression levels of MYB1 under non-symbiotic conditions.

Based on the results obtained in this study we propose the following model (Fig. 8), where
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SPX1 and SPX3 act as negative regulators of a yet-to-identify negative regulator of MYB1
activity. This negative regulation of MYBI1 activity likely requires sufficient Pi conditions
in the arbuscule containing cells. When cells have acquired sufficient Pi SPX1/3 will ensure
the timely degradation of the arbuscules.

Root
Low Pi

High Pi

Non-symbiotic condition
@

PSI

D27 ———» Strigolactone

Symbiotic condition CCaMK — P

— \ -

DELLA NSP1
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Fig. 8 Proposed model for SPX1/3 function. In high Pi conditions, SPX1 and SPX3 interact with
PHR2, inhibiting PHR2-induced PSI gene expression. In low Pi conditions, PHR2 induces phosphate
starvation induced (PSI) genes as well as SPX1/3 expression. SPX1 and SPX3 play a positive role
in the expression of PSI genes (Mt4 and PT6) and D27. D27 is a key gene involved in strigolactone
biosynthesis. Strigolactones act as signaling molecules to enhance the growth and metabolism of
AM fungi. In symbiotic conditions, SPX1 and SPX3 redundantly regulate arbuscule degeneration
likely through an yet-to-be-identified factor X, which negatively regulate MYB1 activity. SPX1 and
SPX3 are induced by the RAM1-WRI5 transcriptional cascade that also induces PT4 and MYB1
expression. The activity of X is suppressed by binding of SPX1/3 in Pi-dependent manner. This
relieves the inhibition of MYBL activity that, together with DELLA and NSP1 transcription factors,
induces arbuscule degradation genes such as CP3 and Chitinase leading to arbuscule degradation.
Red lines indicate Pi dependent negative regulation at the protein level. Solid arrows indicate known
transcriptional induction. Dashed arrows indicate direct/indirect transcriptional regulation based on
the data presented.

Discussion

SPX proteins have emerged as key sensors and signaling regulators of cellular phosphate
status in plants (Wild et al., 2016; Wang et al., 2014b; Puga et al., 2014; Shi et al., 2014; Hu
et al., 2019). Here we show that the Medicago single SPX-domain proteins SPX1 and SPX3
not only regulate Pi homeostasis under non-symbiotic conditions, but also regulate root
colonization and arbuscule degradation during AM symbiosis. This offers important novel
insight into the Pi-dependent regulation of this agriculturally and ecologically important
symbiosis.

Under non-symbiotic conditions, SPX1 and SPX3 control Pi homeostasis in part through
the regulation of PHR2 activity. In analogy to the situation in Arabidopsis and rice, phos-
phate starvation leads to the activation of PHR activity to control transcriptional responses.
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Among the targets of PHR2 are the SPX1/3 genes. Both SPX1 and SPX3 can bind PHR2 at
high Pi conditions and negatively affect the PSR response to prevent overaccumulation of
Pi. We show that SPX1 and SPX3 also control the induction of strigolactone biosynthesis
gene D27 (Liu et al., 2011) under Pi-limiting conditions. This suggests that SPX1 and SPX3
play an additional positive role in the transcription of Pi-starvation induced genes under low
Pi conditions. This is further supported by the observation that SPX1 and SPX3 play a posi-
tive role in the PSR response at low Pi conditions, in addition to their negative regulation of
PSR at high Pi conditions. Such additional, possibly PHR-independent roles, have also been
suggested for OsSPX3 and OsSPX5 (Shi et al., 2014). Since D27 plays an essential role in
the biosynthesis of strigolactones (Hao et al., 2009), which activate AM fungi, the role of
SPX1 and SPX3 in its induction could explain the lower colonization levels observed in the
spx1 and spx3 mutants. This hypothesis is strongly supported by the reduced stimulatory
effect of root exudates from the spx1 and spx3 mutant on AM hyphal branching compared
to the R108 wild type and P. ramosa germination. However, the current inability to measure
strigolactone levels in the R108 genetic background prevented us from confirming this di-
rectly. Therefore, it cannot be excluded that other stimulatory components in the exudates
are also affected in the spx mutants. The effect on strigolactone/root exudates would also
explain the stimulatory effect of overexpression of SPX1/3 using the constitutive LjUB1
promoter on fungal colonization levels (Fig. 6a). In contrast, overexpression of SPX1/3 un-
der the control of the arbuscule-specific PT4 promoter leads to a decrease in fungal coloni-
zation (Fig. 6d). The arbuscule-specific expression likely prevents the stimulatory effect of
SPX1/3 on root exudation while still reducing the level of functional arbuscules leading to
overall lower colonization levels.

The induction of SPX1 and SPX3 upon Pi starvation or PHR2 overexpression fits with the
presence of the P1BS cis-regulatory element in the promoters of these genes. However,
after establishment of the AM symbiosis, the expression of both SPX1 and SPX3 becomes
restricted from an ubiquitous expression pattern to specific expression in the arbuscule-con-
taining cells. This suggests that activity of PHR in the non-colonized root cortical and epi-
dermal cells is inhibited upon a functional AM symbiosis in a non-cell autonomous manner.
It has been proposed that AM fungi may interfere with the direct phosphate uptake of plants
(Smith et al., 2004; Christophersen et al., 2009; Yang et al., 2012; Wang et al., 2020), al-
though the mechanisms for this are still unknown. Another possibility is a more systemic
regulation of the phosphate starvation response through hormonal or peptide signaling as
the plant is obtaining Pi from the fungus (Muller and Harrison, 2019). Although we cannot
pinpoint at what time after initiation of the symbiosis, or level of colonization, the shift in
expression exactly occurs based on our analyses, the fact that we hardly see expression in
non-colonized root cells, nor in non-transgenic roots on the same composite plants, already
after 3 weeks of inoculation suggests a rather fast systemic regulation.

It is currently not known whether PHR2 is active in arbuscule-containing cells, as contrast-
ing roles for the P1BS element in the expression of symbiotic phosphate transporters have
been reported (Chen et al., 2011; Lota et al., 2013). Overexpression of PHR2 specifically in
arbuscule-forming cells caused the very rapid, premature, degradation of arbuscules. This
correlated with the ability of PHR2 to induce arbuscule-development related genes, includ-
ing arbuscule degradation genes under low Pi conditions. However, PHR2 is very weakly
expressed in arbuscule-containing cells as discussed above (Fig. S13B). Furthermore, the
presence of SPX1/3 would be expected to suppress PHR2 activity upon Pi supply by the
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arbuscules as it does under non-symbiotic conditions. Instead, the induction of SPX1 and
SPX3 in arbuscule-containing cells correlates with the presence of multiple AW-boxes and
CTTC elements in the promoters of both genes. These cis-regulatory elements are found
in many genes that are induced in arbuscule-containing cells, and are bound by WRIN-
KLED1-like TFs that are in turn activated by the key GRAS transcription factor RAM1
that controls arbuscule formation (Jiang et al., 2018; Xue et al., 2018; Limpens and Geurts,
2018; Pimprikar et al., 2018). In line with involvement of WRI1-like TFs in the regulation
of SPX1/3 expression, overexpression of WRI15a indeed induced SPX1 and SPX3 expression
(Fig. S4B). A further link between RAM1, WRI5a and SPX3 expression is supported by the
lack of SPX3 induction in the ram1 mutant (table S3) (Luginbuehl et al., 2017).

Since Pi levels are most likely not limiting in cells containing active arbuscules, the im-
paired induction of CP3 and Chitinase and associated arbuscule degradation in the spx1spx3
double mutant argues for the involvement of SPX1/3 interacting proteins other than PHR2.
The observation that MYB1 overexpression was able to trigger premature arbuscule degra-
dation in the spx1spx3 double mutant indicates that MYB1 can bypass SPX1/3 to induce
arbuscule degradation. We were unable to detect a significant interaction between SPX1 or
SPX3 with the currently known regulators of arbuscule degradation, MYB1 and its interact-
ing partners NSP1 and DELLA (Floss et al., 2017); see Chapter 5. This leaves us with the
question how SPX1 and SPX3 might control arbuscule degradation? Based on our findings
we propose that SPX1 and SPX3 negatively regulate a yet unknown negative regulator of
MYBL1 activity in a Pi-dependent manner (Fig. 8). MYB1 expression is already strongly
induced at an early stage of arbuscule formation, most likely due to the RAM1-WRI5 tran-
scriptional cascade. However this induction does not lead to the degradation of the arbus-
cules (Floss et al., 2017). Therefore, it seems that the activity of MYB1 is suppressed as
long as the fungus provides (sufficient) Pi to the host cell. Ectopic overexpression of MYB1
can trigger the premature degradation of the arbuscules suggesting that the proposed nega-
tive regulator is not expressed yet or that high MYB1 levels can override the negative reg-
ulation. SPX1 and SPX3 are predicted to sense the amount of Pi provided by the fungus in
the arbuscule-containing cells. If Pi levels exceed the demand SPX1 and SPX3 may redun-
dantly inhibit the negative regulation of MYBL1 activity thereby terminating the arbuscule.

It is tempting to speculate that SPX proteins may also be involved in the cross-talk with
other nutrients supplied by the fungus, such as nitrogen. This suggestion is based on the in-
volvement of OsSPX4 in nitrate signaling to activate the phosphate starvation response (Hu
et al., 2019) and the reported nitrogen-control of arbuscule development (Breuillin-Sessoms
et al., 2015). For example, the premature arbuscule degradation in the pt4 mutant was also
suppressed when the plants were grown under N-limiting conditions (Breuillin-Sessoms et
al., 2015). This was shown to depend on the ammonium transceptor AMT2;3. It will there-
fore be interesting to test whether SPX1 and SPX3 contribute to this nutrient crosstalk in
Medicago.

In conclusion, we reveal novel roles for phosphate sensing SPX proteins in the regulation
of AM symbiosis to enhance the phosphate acquisition efficiency of plants. SPX proteins
show both a role in the initiation of the symbiosis, likely in part through their effect on the
expression of the strigolactone biosynthesis gene D27, as well as a role in the termination of
the symbiosis by controlling the degradation of arbuscules. The latter role can be essential
to maintain the beneficial nature of the interaction. In nature plants are most often colonized
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by multiple different AM strains that can differ in the amount of nutrients they supply (Ki-
ers et al., 2011). Therefore SPX proteins can provide a means to locally monitor whether a
fungal partner provides sufficient nutritional benefits. Further unraveling how nutrient sens-
ing and homeostasis are regulated during AM symbiosis will be pivotal to understand the

ecological workings of this key symbiosis and how to best exploit it for more sustainable
agriculture practices.
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Fig. S1 SPX1 and SPX3 are highly expressed in arbuscule-containing cells. RNAseq data of laser
microdissected Medicago roots colonized by R. irregularis showing that SPX1 and SPX3 are the
dominant SPX members expressed in arbuscule-containing cells. Data collected from (Zeng et al,.
2018). TPM= transcripts per million.
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Fig. S2 SPX1 and SPX3 specifically expressed in arbuscule- contalnlng cell. Upper panels:
Confocal images of nuclear localization signal (NLS)-3xGFP expressed from the SPX1 promoter in
mycorrhized Medicago truncatula roots. Bottom panels: Confocal images of NLS-3xGFP expressed
from the SPX3 promoter. A co-expressed UBp::DsRed marker localizes to the nucleus and cytoplasm.
Different panels represent the following channels (from left to right): GFP, DsRED, Bright field and
all channels merged. GFP signal can only be detected in arbuscule-containing cell, while DsRed signal
can be detected in neighboring non-colonized cortex cells. Scale bar = 10 pm.
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Fig. S3 SPX1 and SPX3 localise to the nucleus and cytoplasm. (A) Confocal images of SPX1-GFP
expressed from a constitutive LjUbiquitin promoter in Nicotiana benthamiana leaves. A co-expressed
UBp::DsRed marker localizes to the nucleus and cytoplasm. Different panels represent the following
channels (from left to right): GFP, DsRED, Bright field and all channels merged Scale bar = 8 pm.
(B) Confocal images of LjUBp::SPX3-GFP in N. benthamiana leaves Scale bar = 5 um. (C) Confocal
images of LjUBp::SPX1-GFP in Medicago truncatula roots localizing to the nucleus and cytoplasm
in low Pi and high Pi conditions. Scale bar = 10 um. (D) Confocal images of LjUBp::SPX3-GFP
expressed in M. truncatula roots in low Pi and high Pi conditions. Scale bar = 8 um. (E) Confocal
images of SPX1-GFP and SPX3-GFP expressed from their own promoter in M. truncatula roots in
arbuscule-containing cells. Scale bar = 10 pm.
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Fig. S4 SPX1 and SPX3 expression is regulated by WRI5a. (A) SPX1 and SPX3 promoters contain
P1BS (GXATATXC), AW box (CG(X)7CXAXG) and CTTC (CTTCTTGTTC) cis-regulatory
elements. (B) gPCR analyses showing overexpression of WRI5a at high Pi conditions induces SPX1
and SPX3 expression. Data shown are the individual values of 3 individually transformed roots. Data
significantly different from the corresponding EV controls are indicated ** P < 0.01 (Student’s t-test).
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Fig. S5 spx1, spx3 and spx1spx3 Tntl-retrotransposon insertion lines. (A) Scheme of the Tntl
insertions in spx1 (NF13203) and spx3 (NF4752), indicated by triangles. (B) PCR using genomic
DNA as template confirming the Tntl insertions in both SPX1 and SPX3 in the spx1spx3 double
mutant. (C) RT-PCR showing the impairment of SPX1 and SPX3 expression in the respective mutants.
Histone 2B (H2B) is used as control.
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Fig. S6 Phenotypes of spx1, spx3, and the double-mutant spx1spx3. (A) Phenotype of WT, spx1,
spx3, and spx1spx3 plants grown for 3 weeks in high Pi conditions (upper image). Bottom images
show enlarged views of leaves. Note chlorosis of the leaf margins in the spx1spx3 double mutant. (B)
Phenotype of WT, spx1, spx3, and spx1spx3 plants grown for 3 weeks in low Pi conditions (upper
image). The enlarged views in the bottom images show the accumulation of anthocyanins as purple
coloration.
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Fig. S7 Phylogenetic tree of MYB family proteins from Medicago, Arabidopsis and rice. The tree
were generated using the neighbour-joining tree builder in Geneious R11.0 (https://www.geneious.
com). 1000 bootstraps were used. Identifiers for the PHR genes are listed in Table S4.
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S8 SPX1 and SPX3 regulate arbuscule degradation. (A) gPCR analyses of PT4, CP3 and Chitinase
expression in mycorrhized mutant root sample from Fig. 5B. The expression are normalised to the
fungal RIiEF. Data shown are individual values of each replicate. Data significantly different from
R108 controls are indicated * P < 0.05; ** P < 0.001 (Student’s t-test). (B) Analysis of arbuscule size
in R108, spx1, spx3 and spx1spx3 after 3 weeks inoculated with R. irregularis. Frequency graphs
showing arbuscule size distribution. 100 arbuscules were counted for each of the 8 replicates. Data in
spx1spx3 double mutants significantly different from R108 controls are indicated ** P < 0.01 (Student’s

t-test).
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Fig. S9 SPX1 and SPX3 control arbuscular mycorrhization. (A) RNAi knock down of SPX1 and
SPX3 expression showing decreased arbuscular mycorrhization levels 3 weeks after inoculation in
Medicago truncatula A17 roots compared to empty vector (EV) transformed roots. Significantly less
degrading arbuscules were observed. 8 independent transformed roots were used as replicates for each
sample. Total = presence of mycorrhiza in root segments, IntraHyphae = root segments containing
intraradical hyphae; examples of good and degrading arbuscule classes are shown in Fig. 5. (B)
Relative expression levels of SPX1, SPX3, RIEF, PT4, CP3, Chitinase and MYBL in root samples from
(A) compared to empty vector (EV) controls. (C) Expression of SPX1 and SPX3 under the control of
their own promoters in the spx1spx3 double mutant complemented the AM phenotype. 8 independent
transformed plants were used as replicates for each sample. (D) Expression levels of SPX1, SPX3,
RiEF, PT4, CP3, Chitinase and MYBL in root samples from (C). MtEF1 was used as internal reference

in the gPCR experiments shown in (B) and (C). Data shown are individual values of each root. In (A-D)
data significantly different from EV controls are indicated * P < 0.05; ** P <0.01 (Student’s t-test).
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Fig. S10 SPX1 and SPXa3 likely regulate strigolactone biosynthesis. (A) Overexpression of SPX1
and SPX3 together in low Pi conditions induced D27 expression. The samples correspond to Fig.
4D. (B) Overexpression of SPX1 and SPX3 in high Pi conditions did not affect D27 expression. Data
shown are individual values of 3 independently transformed roots. MtEF1 was used as reference gene
in the gPCR experiment shown in A-B. Data significantly different from the corresponding empty
vectors transformed controls are indicated ** P < 0.01 (Student’s t-test). (C) Representative images
of Rhizophagus irregularis spores treated with 0.6% acetone, 0.01 uM GR24, roots exudates of
R108, spx1, spx3 and spx1spx3. Scale bar = 250 um. (D) Germination of Phelipanche ramosa seeds
induced by root exudates and GR24. Data shown are individual values of 3 replicates. Different letters
indicate significant differences (P < 0.05) between treatments (ANOVA followed by Tukey’s honestly
significant difference). (E) Representative images of P. ramosa seeds treated with 10° M of GR24,
H20, roots exudates of R108 and spx1spx3. Arrows point to germinated seeds. Scale bar = 1 mm.
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Fig. S11 gqPCR analysis of overexpression of SPX1/3 under the control of the LjUbiquitinl or
PT4 promoter increased AM colonization and/or arbuscule degradation. (A) Expression levels
of SPX1, SPX3, RiEF, PT4, CP3, Chitinase, MYB1 in root samples from Fig. 7A as determined by
gPCR. MtEF1 was used as internal reference. (B) Expression levels of SPX1, SPX3, RiEF, PT4, CP3,
Chitinase, MYBL in root samples from Fig. 7D as determined by qPCR. MtEF1 was used as internal
reference. Data shown are individual values of each root. Expression data significantly different from
EV controls are indicated * P < 0.05, ** P <0.01 (Student’s t-test).
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Fig. S12 PHR2 can induce arbuscule degradation. (A) Overexpression of PHR2 under the control
of the LjUbiquitin promoter induced symbiosis related genes expression under non-mycorrhizal
conditions. The same cDNA samples as shown in Fig. 4B are used. Data shown are individual values
of 3 independently transformed roots. Data significantly different from the corresponding empty
vector (EV) transformed controls are indicated ** P < 0.01 (Student’s t-test). (B) Overexpression of
WRI5a induced MYB1 expression under non-mycorrhizal conditions. The same cDNA samples as
shown in Fig. S4B are used. Data shown are individual values of 3 independently transformed roots.
Data significantly different from the corresponding EV transformed controls is indicated ** P < 0.01
(Student’s t-test). (C) Quantification of mycorrhization level in M. truncatula roots expressing EV
and PT4p:PHR2 3 weeks post inoculation with R. irregularis. 8 independently transformed plants
were used as replicates. Quantification was performed using the magnified intersections method
(McGONIGLE et al., 1990). Data significantly different from EV controls are indicated * P < 0.05;
** P < 0.01 (Student’s t-test). (D) Good-to-Degrading arbuscule ratio of EV and PT4p::PHR2
mycorrhizal samples from (C). Values represent mean + standard deviation of the 8 independently
transformed plants. Data significantly different from EV controls are indicated ** P < 0.01 (Student’s
t-test). (E) Relative expression levels of PHR2, RIEF, PT4, SPX1, SPX3, MYB1, CP3 and Chitinase
in root samples from (C) as determined by gPCR. MtEF1 was used as internal reference. Data shown
are individual values of each replicates. Expression data significantly different from EV controls are
indicated * P < 0.05; ** P < 0.01 (Student’s t-test). (F) Representative confocal images of WGA-
Alexa488 stained R. irregularis in EV and PT4p::PHR2 roots. Scale bar = 100 um.
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Fig. S13 PHR2 regulate symbiotic related genes expression. (A) Schematic drawing of the promoter
regions of RAM1, WRI5a and MYB1 showing the location of AW box (CG(N)7CNANG), P1BS
(GNATATNC) or CTTC (CTTCTTGTTC) cis-regulatory elements. (B) PHR2 is (weakly) expressed
in arbuscule-containing cells based on RNAseq data (Zeng et al,. 2018) of laser microdissected roots
colonized by R. irregularis. IntraHyphae = cortical cells with intercellular hyhpae. TPM= transcripts

per million.
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S14 SPX1 and SPX3 function in relation to MYB1. (A) RNAI knock down of SPX1 and SPX3
expression in the pt4 mutant background decreased AM colonization but did not affect the good/
degrading arbuscules ratio. 6 independently transformed plants were used as replicas for each sample.
Data significantly different from indicated groups are indicated * P < 0.05; ** P < 0.01 (Student’s
t-test). (B) Good-to-Degrading arbuscule ratio of mycorrhizal samples from (A). Values represent
mean + standard deviation of 6 independent replicates. Data significantly different from indicated
groups are indicated ** P < 0.01; ns: not significant (Student’s t-test). (C) Relative expression levels
of SPX1, SPX3, RIiEF, STR, STR2, MYB1, CP3 and Chitinase in samples from (A) compared to EV
controls. Data shown are individual values of each root. Data significantly different from indicated
groups are indicated * P < 0.05; ** P < 0.01; ns: not significant (Student’s t-test). (D) Overexpression
of MYB1 under the control of 35S promoter in the spx1spx3 mutant background induced CP3 and
Chitinase expression and resulted in reduced RiEF and PT4 expression compared to EV transformed
roots 3 weeks post-inoculation. Data shown are individual values of 4 independent replicates. Data
significantly different from EV controls are indicated * P < 0.05; ** P < 0.01 (Student’s t-test).
(E) Overexpression of SPX1 and SPX3 in high Pi conditions had no effect on MYB1, CP3 and
Chitinase expression. Data shown are individual values of 3 independently transformed plants.
(F) Overexpression of SPX1 and SPX3 together in low Pi conditions slightly increased Chitinase
expression. cDNA samples used correspond to Fig. 4D. Data shown are individual values of 3
independently transformed plants. MtEF1 was used as internal reference in the gPCR experiments
shown in C-F.
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Fig. S15 Representing images of MYBL1 overexpression mycorrhizal roots in the spx1spx3 double
mutant background. (A) Confocal picture of WGA-alexa488 stained empty vector transformed
spx1spx3 roots. Scale bar = 100 um. (B) Confocal picture of WGA-alexa488 stained 35Sp:MYB1
transgenic spx1spx3 roots. Scale bar = 100 um.
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Table S1. Primers list used in this study

Experiment
Goldengate
Goldengate
Goldengate

Goldengate
Goldengate
Goldengate
Goldengate

Goldengate

Goldengate
Goldengate
Goldengate

Goldengate

Goldengate
Goldengate
Goldengate
Goldengate
Goldengate
Goldengate
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR

gPCR

gPCR

Primer name

F-SPX1-CDS1-NS
R-SPX1-CDS1-NS
F-SPX3-CDS1-NS

R-SPX3-CDS1-NS
F-PT4-Pro-CCAT
R-PT4-Pro-CCAT
F-PT4-Pro-AATG

R-PT4-pro-AATG

F-SPX1-Pro-AATG
R-SPX1-Pro-AATG
F-SPX3-Pro-AATG

R-SPX3-Pro-AATG

F-LjUB1-Pro-CCAT
R-LjUB1-Pro-CCAT
F-LjUB1-Pro-AATG
R-LjUB1-Pro-AATG
F-PHR2-CDS1
R-PHR2-CDS1
SPX1-qF

SPX1-gR

SPX3-qF

SPX3-gR
Medtrlg012440-gF
Medtr1g012440-gR
Medtr4g027390-qF
Medtr4g027390-gR
Medtr4g114550-qF
Medtr4g114550-qR
Medtr8g077020-gF

Medtr8g077020-gR

PHR2-qF

Primer sequence
AGAAGACTCAATGAAGTTCTGGAAGATCTTGAAGA
GGAAGACAGCGAATGAATGTGCTACCTTTTCCTTGT
AGAAGACTCAATGAAGTTTGCAAAGATATATATTGATG

GGAAGACAGCGAACGCTCGTTTTGCATAGAAGTCG-
TACC

AGAAGACTCGGAGGACTCGATCCACAACAAAGATTA-
ATTTTTG
GGAAGACGCATGGGACTCTCTCAAGTTGGTTTTTG-
GAGTTAA
AGAAGACTCGGAGGACTCGATCCACAACAAAGATTA-
ATTTTTG
GGAAGACGCATGGAAAAAGGAAGACTCTCT-
CAAGTTGG

AGAAGACTCGGAGGTAGACCTAGACCGAGTTTTACA
GGAAGACGCCATTGACAATGTTAAGATCCTTTGCTCACT

AGAAGACTCGGAGGACCACATATGTTGTGTATCGTGA

GGAAGACGCCATTATTCTTCTTCTCTAAGATTAAT-
TCAACTTTG

AGAAGACTCGGAGGGAGAGAGGATTTTGAGGAAATA
GGAAGACGCATGGCTGTAATCACATCAACAACAGATAA
AGAAGACTCGGAGGGAGAGAGGATTTTGAGGAAATA
GGAAGACGCCATTCTGTAATCACATCAACAACAGATAA
AGAAGACTCAATGATGTCTTCGTCTATTCCATCTTCCT
GGAAGACAGAAGCCTACTTGTCAGTCTTCACTCGT
TCAGCATTGCGTACCTTGGA
TCCACAAGCTTCACCTGACG
AAGGAGAAGCAGCCAGGATG
ACTCTGCCTCCTCACTTCCA
CAAGACAAAGTTGCCTGGGC
CACGCGCAACTTCCTCAAAA
ATCGATGCAGTGTTTCCGGT
GTAAAGCCGCAACCGTGTTT
AGAACTGGTGCCCTCATTCG
CCACTTGATTGCAACGGTGG
TCTTGCTGCAATGAGAGCCA

TGGAGAATTTGCCGCAGAGT

GCAGCGCTTCAGAGAACATG
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gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
RNAI
RNAI
RNAI
RNAI
Genotyping
Genotyping
Genotyping
Genotyping
Genotyping
Genotyping

PHR2-gR
WRI5a-gF
WRI5a-gR
MtD27-qF
MtD27-gR
Mt4-qF
Mt4-gR
STR-qF
STR-gR
STR2-qF
STR2-gR
MtEF-qF
MtEF-gR
PT4-qF
PT4-gR
RIEF-qF
RIEF-gR
MtPT6-gF
MtPT6-gR
MYB1-qF
MYB1-gR
CP3-qF
CP3-gR
Chitinase-qF
Chitinase-gR
F-SPX3-RNAI
R-SPX3-RNAI
F-SPX1-RNAI
R-SPX1-RNAI
Tntl-F1
Tntl-R1
SPX1-F
SPX1-R
SPX3-F
SPX3-R

AGCTCAAGTTCACCGGTAGC
AAAGGCGGCGAAGAGAATCA
TGGATTGACCACTCACTGGC
TTGCTTGGTTACTCGGTCCC
CATCAGTTGATGCTGGGGGT
GGAGAAGTGGATGGTGTGTGT
GCCAAAGGATCGAAGTTGCC
GCTCAGGGTGGTAGCATTGT
AAGTCCAACCGTCGCTTGAT
ATGGTCCTCACCTTCATGGG
AAAGCTTGGAGCGCAAGAAA
GATTGCCACACCTCTCACAT
TCAGCGAAGGTCTCAACCAC
GGATTCTTTTGCACGTTCTTGG
GCTGTCATTTGGTGTTGCAGTG
ATTGTTCGTGGTGCATTTCA
AACCCCTTCGTCTTCCACTT
CGTGGTGCGTTTATAGCTGC
TAATCGGCTTGCGGAACAGT
TAAGAGAGTTGATGATGATTGTC
GATGAGTGATTCTGTTGAACC
AACAATGATGCCAATAACAAGC
GGAGCACATATGACCCTTGA
GGCATGTCAGAGGTTGAAGAG
GCCAAAAGTGCTTGTGATTG
CACCATGGAGGGACAAGTTCTTGTC
TTTGGTCTCACTCTTTCGGCTGCTTCACCA
TTTGGTCTCAAGAGCCAAATCGAGCAGACC
GCAAGGGCAAGAAGGGCTAT
TCCTTGTTGGATTGGTAGCCAACTTTGTTG
TGTAGCACCGAGATACGGTAATTAACAAGA
ATGAAGTTCTGGAAGATCTTGAAGA
CGAATGAATGTGCTACCTTTTCCTTGT
AATGAAGTTTGCAAAGATATATATTGATG
CGAACGCTCGTTTTGCATAGAAGTCGTACC
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Table S2. Constructs made using the golden gate cloning system

Level 0

PAGM1251-MtPT4p-

CCAT

pICH41295-MtPT4p-
AATG

pICH41295-LjUBQ1p-

AATG

pAGM1251-LjUBQ1p-

CCAT
pICH41295-SPX 1p-
AATG
pICHA41295-SPX3p-
AATG

pAGM1287-SPX1
CDS1 no stop

pAGM1287-SPX3
CDS1 no stop

pICH41308-PHR2
CDS1
pICH41308-MYB1-
CDs1
pICH41308-NSP1-
CDs1
pICH41308-DEL-
LAA18-CDS1
pICH41308-WRI5a-
CDs1

Level 1
pICHA47732-MtPT4p::SPX1-
FLAG

pICH47751-MtPT4p::SPX3-
FLAG

pPICHA7732-MtPT4p::-
FLAG-PHR2
pICHA47732-LjUBQ1p::SPX1-
FLAG
pICHA7732-LjUBQ1p::SPX3-
FLAG

pICH47732-LjUBQ1p::SPX1-GF

pPICH47732-LjUBQ1p::SPX3-GF

pICHA47751-LjUBQ1p::SPX3-GF
pICH47761-LjUBQ1p::GFP-
MYB1

pICH47751-LjUBQ1p::GFP-
PHR2

pICH47732-SPX1p::SPX1-GFP
pICH47751-SPX3p::SPX3-GFP

pICH47811-AtUBQ10p::DsRed

Level 2
pAGM4723-LjUBQ1p::SPX1-GFP-
AtUBQ10p::DsRed
PAGM4723-LjUBQ1p::SPX3-GFP-
AtUBQ10p::DsRed
pAGM4723-LjUBQ1p::SPX1-FLAG-
AtUBQ10p::DsRed
pAGM4723-LjUBQ1p::SPX3-FLAG-
AtUBQ10p::DsRed
PAGMA4723-SPX1p::SPX1-GFP-
AtUBQ10p::DsRed

p PAGM4723-SPX3p::SPX3-GFP-
AtUBQ10p::DsRed
pPAGM4723-LjUBQ1p::SPX1-FLAG-

P AtUBQ10p::DsRed-LjUBQ1p::SPX3-
FLAG
PAGMA4723-PT4p::SPX1-FLAG-

P AtUBQ10p::DsRed-PT4p::SPX3-
FLAG
pPAGMA4723-PT4p::SPX1-FLAG-
AtUBQ10p::DsRed
pPAGMA4723-PT4p::SPX3-FLAG-
AtUBQ10p::DsRed
pAGM4723-PT4p::FLAG-PHR2-
AtUBQ10p::DsRed
pAGMA4723-LjUBQ1p::FLAG-PHR2-
AtUBQ10p::DsRed
pAGM4723-LjUBQ1p::GFP-PHR2-
AtUBQ10p::DsRed
pAGMA4723-LjUBQ1p::SPX1-FLAG-

pICH47751-LjUBQ1p::GFP-NSP1 AtUBQ10p::DsRed-LjuUBQ1p::GFP-

pICH47732-LjUBQ1p::GFP-DEL-

LAA18

pICH47751-LjUBQ1p::FLAG-
NSP1
pICH47732-LjUBQ1p::Flag-
WRI5a
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PHR2
pAGM4723-LjUBQ1p::SPX3-FLAG-
AtUBQ10p::DsRed-LjuBQ1p::GFP-
PHR2
pAGM4723-LjUBQ1p::GFP-MYB1-
AtUBQ10p::DsRed
pAGM4723-LjUBQ1p::GFP-PHR2-
AtUBQ10p::DsRed
pPAGM4723-LjUBQ1p::GFP-NSP1-
AtUBQ10p::DsRed
pPAGM4723-LjUBQ1p::SPX1-FLAG-
AtUBQ10p::DsRed-LjuBQ1p::GFP-
NSP1
pAGM4723-LjUBQ1p::SPX3-FLAG-
AtUBQ10p::DsRed-LjuBQ1p::GFP-
NSP1
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pAGM4723-LjUBQ1p::GFP-DEL-
LAA18-AtUBQ10p::DsRed
pAGM4723-LjUBQ1p::Flag-WRI5a-
AtUBQ10p::DsRed

Table S3 SPX1 and SPX3 expression fold changes in wild-type and ram1-1 roots during
mycorrhization. Fold changes with an FDR-corrected p-value < 0.05 are shown. Data

collected from (Luginbuehl et al., 2017).

wild type
Gene . ] .
8 dpi 13 dpi 27 dpi
SPX1 4 5 7
SPX3 n.s. 57 19
WRI5a 86 1053 1152

Table S4 Identifier of genes used for
Phylogenetic analyses

Name Gene ID

AtSPX1 AT5G20150
AtSPX2 AT2G26660
AtSPX3 AT2G45130
AtSPX4 AT5G15330
OsSPX1 LOC_0s06g40120
OsSPX2 LOC_0s02g10780
OsSPX3 LOC_0s10g25310
OsSPX4 LOC_0s03g61200
OsSPX5 LOC_0s03g29250
OsSPX6 LOC9271158
AtPHR1 AT4G28610
MtMYB1 Medtr7g068600
MtSPX1 Medtr3g107393
MtSPX3 Medtr0262s0060
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raml-1
8 dpi 13 dpi 27 dpi
3 3 n.s.
n.s. 9 5
n.s. n.s. n.s.
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Chapter 5

Abstract

SPX proteins have emerged as key phosphate sensors that control phosphate homeostasis in
plants. In Medicago truncatula SPX1 and SPX3 are strongly induced in arbuscule-contain-
ing cells, where arbuscular mycorrhiza fungi exchange Pi for carbon sources from the host
plant. To ensure a mutualistic interaction, the host plant must be able to control arbuscule
development in a nutrient-dependent manner. In chapter 4 we showed that SPX1 and SPX3
redundantly regulate arbuscule degeneration/arbuscule lifetime. However the molecular
mechanism underlying this regulation remained to be unraveled. Here we show that SPX1
and SPX3 do not directly interact with known transcriptional regulators of arbuscule degra-
dation. Instead, through co-immunoprecipitation coupled with liquid chromatography—mass
spectrometry, we identified PIP2 plasma membrane intrinsic proteins, better known as aqua-
porins, as interactors of both SPX1 and SPX3. Overexpression of PIP2;7, which localizes
on the peri-arbuscular membrane in arbuscule-containing cells, reduced overall arbuscule
abundance while causing a shift towards larger arbuscules, suggesting reduced degradation.
These results now offer a basis to investigate the intriguing possibility that SPX1 and SPX3
help to regulate Pi transport and/or arbuscule degeneration through the regulation of PIP2
activity.

Introduction

Plants increase their phosphate acquisition efficiency by establishing a symbiosis with
arbuscular mycorrhizal fungi. The thin fungal hyphae can more easily scavenge scarcely
available mineral nutrients and water in the soil, which they deliver to the plant at highly
branched hyphal structure, called arbuscules, inside root cortical cells in exchange for sug-
ars and lipids (Gutjahr and Parniske, 2013; Luginbuehl and Oldroyd, 2017). Since arbus-
cules form the market place for nutrient exchange, their development is tightly controlled
by both partners.

Individual arbuscules have a short lifetime of about 2-5 days at maturity, after which they
are actively removed from the cortical cell (Kobae and Hata, 2010). After removal, a new
arbuscule can be formed again in the same cell (Kobae and Fujiwara, 2014). This phenom-
enon has been postulated to be important to keep the symbiosis beneficial (Gutjahr and
Parniske, 2017). However, the molecular mechanisms that control arbuscule lifetime and
function are far from understood.

Failure to provide phosphate by the fungus has been shown to cause the premature degra-
dation of arbuscules. Recently, it was suggested that Pi supply from the extraradical hyphae
to the arbuscules is facilitated by aquaporin-mediated long-distance translocation (Kikuchi
et al., 2016). Knock-down of a fungal plasma membrane aquaporin (RCAQP3 from Rhizo-
phagus clarus) as well as the suppression of host transpiration impaired the translocation
of polyphosphate by the fungus. How AM fungi release phosphate at the arbuscules is cur-
rently unknown (Ezawa and Saito, 2018). Subsequent uptake of Pi by the plant involves the
activity of the arbuscule-specific Pi-transporter PT4, which is located at the plant-derived
peri-arbuscular membrane. Pi transport is powered by a proton-gradient generated by the
HAL proton pump (Krajinski et al., 2014). Knock-out mutations in the corresponding genes
cause the premature degradation of the arbuscules. Interestingly, simultaneous nitrogen star-
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vation was shown to rescue the premature arbuscule degradation in a pt4 mutant suggesting
that both phosphate and nitrogen provision, and possibly other nutrients, are monitored by
the plant to determine the lifetime of the arbuscules (Breuillin-Sessoms et al., 2015).

In Chapter 4 we reported that two Pi-sensing SPX proteins, SPX1 and SPX3 in Medicago
truncatula (Medicago), are highly induced in arbuscule containing cells and are involved in
the timely degradation of arbuscules. SPX proteins are well known to regulate plant Pi star-
vation responses to control Pi homeostasis in plants (Puga et al., 2014; Wang et al., 2014b).
They sense Pi status in a cell by directly binding inositol polyphosphates, which act as
signalling molecules for Pi availability (Wild et al., 2016). Furthermore, SPX proteins also
play a role in the crosstalk between nitrogen and phosphate homeostasis (Hu et al., 2019).
Based on mutant analyses we hypothesized that SPX1 and SPX3 redundantly control the
timely degradation of arbuscules when the cortical cells have obtained sufficient Pi. This
raises the question how these Pi-sensing proteins control arbuscule degradation.

Recently it was shown that premature arbuscule degradation due to a lack of fungal Pi-sup-
ply involves the action of the MYBL1 transcription factor (Floss et al., 2017). MYB1 was
shown to form a complex with the NSP1 and DELLA transcriptional regulators to induce
the expression of a number of hydrolytic enzymes such as chitinases, proteases and lipases,
that degrade the underperforming arbuscules (Floss et al., 2017).

Here, we show that SPX1 and SPX3 do not regulate arbuscule degradation via direct inter-
action with the MYB1 complex members. To identify potential targets of SPX1 and SPX3
that control arbuscule degeneration, we performed co-immunoprecipitation (Co-IP) fol-
lowed by liquid chromatography tandem-mass spectroscopy analyses. This identified PIP2
plasma membrane intrinsic protein as potential interactors of both SPX1 and SPX3. Further
independent Co-IP and membrane yeast-two hybrid analyses confirmed the interaction
between SPX1&3 and the aquaporin PIP2;7. PIP2;7 localizes to the peri-arbuscular mem-
brane and ectopic overexpression of PIP2;7 reduced arbuscule numbers, while increasing
the “good” to “degrading” arbuscule ratio. These results make PIP2;7 a very interesting
candidate for future study to provide a link between phosphate sensing by SPX1/3 and the
nutrient-dependent regulation of arbuscule development.

Materials and methods
Plant and fungal material

Medicago truncatula Jemalong A17 (Medicago) were germinated and transformed as de-
scribed (Limpens et al., 2004). Rhizophagus irregularis DAOM197198 spores were ob-
tained from Agronutrion, France. Spores were washed three times through three layers of
filter mesh (220 um, 120 pm, 38 pum) with sterile demi water. For arbuscular mycorrhiza-
tion assays, plant were grown in a SC10 RayLeach cone-tainer (Stuewe and Sons, Canada)
with premixed sand:clay (1:1 V/V) mixture. Fungal spores were inoculated by placing ~200
pores ~2 cm below plant seedling roots. Plants were grown in a 16 h daylight chamber at
21°C and watered with 10 ml %2 Hoagland medium containing 20 uM phosphate twice a
week, for three weeks.
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Constructs

Except Y2H assays related constructs, all the others SPX1 (Medtr3g107393), SPX3
(Medtr0262s0060) and PIP2;7 (Medtr2g094270) constructs were made using the Gold-
en gate cloning system (Engler et al., 2014). Primers used are listed in table S1. Different
Golden gate modules created are listed in table S2. All newly made constructs were con-
firmed by Sanger sequencing.

Co-immunoprecipitation and liquid chromatography tandem-mass spectrometry (LC-
MS/MS)

Co-IP/MS experiments were done as described (Wang et al., 2021). In brief, LjUB-
1p::SPX1-FLAG and LjUB1p::SPX3-FLAG constructs were transformed into Medicago
roots via Agrobacterium rhizogenes mediated transformation. LjUB1p::FLAG-GFP trans-
formed Medicago roots were used as negative control. After 4 weeks of inoculation with
R. irregularis spores, total proteins were extracted from well-mycorrhized transgenic roots
using Co-IP buffer (10% glycerol, 50 mM Tris-Hcl pH=8.0, 150 mM NacCl, 1% Igepal CA
630, 1 mM PMSF, 20 uM MG132, 1 tablet protease inhibitor cocktail). The protein extract
was centrifuged at 15000 g for 10 min at 4 °C, and the supernatant transferred to a fresh
15 ml tube. After repeating the centrifugation the FLAG-tagged protein was pulled down
from the supernatant by using pMACS and MultiMACS FLAG Isolation beads, according
to manufacturer’s instructions (Miltenyi Biotec). Immunoprecipitated protein samples were
digested into peptides using trypsin (Sigma-Aldrich).

The digested peptides were measured using a Proxeon EASY nLC1000 and a LTQ-Orbitrap
XL mass spectrometer as described (Lu et al., 2011; Wendrich et al., 2017). Briefly, 18 ul of
peptide sample was injected into a 0.10 * 32 mm Magic C18AQ 200A 5 pm beads (Bruker
Nederland B.V.) Pre-concentration column (prepared in-house) and the peptides were eluted
onto a 0.10 * 250 mm ReproSil-Pur 120 C18-AQ 1.9 pm beads analytical column (pre-
pared in-house) with an acetonitril gradient at a flow of 0.5 ul/min with a Thermo EASY
nanoLC1000. A gradient from 9 to 34% acetonitril in water with 1 ml/l formic acid was
applied in 50 minutes. An electrospray potential of 3.5 kV was applied directly to the eluent
and full scan positive mode FTMS spectra were measured between m/z 380 and 1400 in the
Orbitrap at high resolution (60000) and MSMS spectra were measured in the ion trap.

LC-MS/MS data analysis (false discovery rates were set to 0.01 on peptide and protein
levels) and additional result filtering (minimally 2 peptides are necessary for protein iden-
tification of which at least one is unique and at least one is unmodified) were performed as
described before using MaxQuant (Smaczniak et al., 2012; Wendrich et al., 2017). Peptide
data were mapped to M. truncatula uniprot 2018 and R. irregularis DAOM197198 Uniprot
2018 to identify proteins. To analyse the relative abundance of proteins, their normalized
label-free quantification (LFQ) intensities were compared (Cox et al., 2014). nLC-MS/MS
system quality was checked with PTXQC (Bielow et al., 2016) using the MaxQuant result
files.

Agroinfiltration of Nicotiana benthamiana and western blotting

To study the interaction between SPX1/3 and MYB1 complex members in Nicotiana benth-
amiana (Nicotiana) leaves, agro-infiltration of 5 week-old Nicotiana leaves was performed
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as described before (Zeng et al., 2018). Briefly, Agrobacterium tumefaciens C58 containing
the corresponding vectors were grown in LB medium (1% tryptone, 0.5% yeast extract,
1% NaCl) overnight at 28 °C. After centrifugation for 10 minutes at 4000 g the bacteria
were resuspended in MMAI medium (2% sucrose, 0.5% MS basal salts, 0.2% MES, 200
uM acetosyringone, pH 5.6) and the ODy,, adjusted to 1.0. After incubation for 1 hour at
room temperature, the culture was mixed 1:1 with a similarly grown A. tumefaciens strain
containing P19 as silencing inhibitor. Infiltrated Nicotiana plants were grown for 2 days
and total proteins were isolated using Co-IP buffer as described above. GFP-Trap agarose
beads (Chromotek) were used to immunoprecipitate GFP protein complexes. Western blot
was performed as described (Bungard et al., 2010). 1:5000 diluted anti-GFP-HRP and anti-
FLAG-HRP antibodies (Miltenyi biotec, USA) were used for detection.

RNA isolation and gPCR

RNA was isolated using the Qiagen plant RNA mini kit according to manufacturer’s in-
struction. cDNA was made from 400 ng total RNA using the iScript cDNA Synthesis kit
(Bio-Rad). iQ SYBR Green Supermix (Bio-Rad) was used for g°PCR analysis in a Bio-Rad
CFX connect real-time system. Primers used are listed in supplementary table S1. Medicago
Elongation factor 1 (EF1) was used for gene expression normalization. Relative expression
levels were calculated as 2"~ . Three technical replicates were used for biological replicate.
Six biological replicates were used to investigate gene expression. Significance was tested
using Student’s t-test.

MtPIP2;7 constitutive overexpression

For constitutive PIP2;7 overexpression, PIP2;7 was expressed in Medicago hairy roots
under the control of the Lotus Ubiquitin 1 promoter. An empty vector construct was trans-
formed as control. Transgenic roots were collected based on DsRed marker three weeks
post inoculation for mycorrhizal quantification and RNA isolation. Roots for mycorrhizal
quantification were stained with WGA-Alexafluor 488 (Thermo Fisher Scientific, USA) ac-
cording to Wang et al. (2021) and scored using the gridline intersect method (McGONIGLE
etal., 1990).

Yeast two hybrid

To investigate the interaction between SPX1/3 and PIP2, the DUALmembrane 3 Kit (Du-
alsystems Biotech AG) was used. The PIP2;7 CDS fragment was amplified using primer
with Sfil restriction sites and inserted into the pBT3-N bait vector. SPX1 and SPX3 CDS
fragments with Sfil restriction site were inserted in the pPR3-N prey vector. Primers used
are listed in supplemental table S1. The bait and prey constructs were co-transformed into
yeast strain NMY51 according to manufacturer’s instructions. Positive colonies from SD-
LT plates (DDO) were plated to SD-AHLT plates (QDO) for interaction investigation. pC-
CW-Alg5 and pAl-Alg5 provided by the kit were used as positive control.

To investigate the interaction between SPX1/3 and MYB1/NSP1/DELLA, the Matchmaker
Gold Y2H System was applied (Clontech, USA) according to manufacturer’s instructions.
SPX1/3 was inserted into the pGBKT7 bait vector, and MYBI/NSP1/DELLAIAIS was
inserted in the pGADT?7 prey vector via Gibson assembly. Bait and prey constructs were
transformed into respectively Y2H Gold and Y187 strains. Bait and prey strains were subse-
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quently mated according to manufacturer’s instructions. After mating, the strains were plat-
ed on DDO and QDO/Aureobasidin plates to analyse mating and protein-protein interaction
results, respectively.

Results
SPX1 and SPX3 do not interact with the MYB1 complex

To investigate how SPX1 and SPX3 may control arbuscule degradation, we first studied

whether SPX1 and SPX3 directly interact with the known transcriptional regulator MYB1

and its interactors NSP1 and DELLA involved in arbuscule degradation (Floss et al.,

2017). Co-immunoprecipitation analyses of FLAG-tagged SPX1 and SPX3 transiently ex-
A

Input GEP-IP
+ o+

GFP + +

SPXI-Flag + + + +
SPX3-Flag  + + + +
GFP-NSPI + o+ + o+
GFP-MYBI + b
Flag-NSP1 + P C Bait Prey 1 107 100"
POBKTTS3 pGADTZT
93 KDa . . «——— GFP-NsP1
Anti-GFP : ey
55KDa ' » .'e”pwm MYBI  SPXI
<«—ari
25KDa — GFP
NSPI SPXI
| . DELLAI  SPX1
67KDa «— Flag-NSP1
Anti-Flag
37KDa ’ MYBI  SPX3
m\-\“"ﬁ@t
- - NSPI SPX3
CEB R ;-—é it Q
= o DELLAI  SPX3
B Input GFP-IP
GFP + + + o+
SPX1-Flag + + + |+ + +
SPX3-Flag + + +| + o+ + EV  SPXI
GFP-DELLAI + o+ + +
GFP-MYBI + o+ B

EV SPX3

NPl EV

DDO QDO/A

Fig. 1 SPX1 and SPX3 do not interact with the MYB1 complex. (A, B) Co-immunoprecipitation
(Co-IP) assay showing that SPX1 and SPX3 do not interact with MYB1, NSP1 and DELLA1A18 in
transiently transformed Nicotiana benthamiana leaves. The Flag tagged SPX1 and SPX3 proteins
cannot be detected in GFP-IP enriched MYB1, NSP1 and DELLAL samples indicating there is no
interaction, while the interaction between NSP1 and MYBI is confirmed (A). (C) Y2H assay showing
no interaction between SPX1/3 and MYB1/DELLAL, using MYB1 or DELLA1 as bait (pGBKT7)
and SPX1 or SPX3 as prey (pGADT7). Serial dilutions of mated yeast cultures were plated on
selective medium. DDO (-LT) was used as control plate to show mating was successful. Selection was
carried out on QDO (-LTHA) plates plus aureobasidin as additional selection markers. pGBKT7_53
+ pGADT7_T was used as positive control. Expression of NSP1-BD caused the autoactivation of
reporters in our yeast-two-hybrid system preventing the observation of a potential interaction.
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pressed in Nicotiana benthamiana leaves together with either GFP-MYB1, NSP1-GFP or
GFP-DELLA1-A18 (a dominant version of DELLAT1 (Floss et al., 2013)) failed to detect a
significant interaction between any of these proteins (Fig. 1A, B). In contrast, we did detect
an interaction between MYB1 and NSP1 as reported by Floss et al. (2017) (Fig. 1A). As a
second method to check for interaction we performed yeast-two hybrid analyses. Co-expres-
sion of SPX1/3-AD (prey) and MYB-BD or DELLA1-A18-BD (bait) again did not detect a
significant interaction between these proteins (Fig. 1C). Expression of NSP1-BD caused the
autoactivation of reporters in our yeast-two-hybrid system preventing the observation of a
potential interaction. Together these analyses suggested that regulation of arbuscule degen-
eration by SPX1 and SPX3 does not involve direct interaction with the MYB1 complex.

SPX1 and SPX3 interact with Medicago aquaporin PI1P2

To identify potential novel targets of SPX1 and SPX3, we next performed an unbiased
co-immunoprecipitation (Co-1P) experiment coupled with liquid chromatography tan-
dem-mass spectrometry (LC-MS/MS). FLAG-tagged SPX1 and SPX3 were expressed from
the LjUB1 promotor in Medicago hairy roots. Five weeks after inoculation with R. irregu-
laris we immuno-precipitated FLAG-tagged SPX1 and SPX3 and their potential plant inter-
actors using anti-FLAG magnetic beads. Root expressing FLAG-tagged GFP were used as
a negative control. LC-MS/MS identified multiple peptides that were significantly enriched
compared to the FLAG-GFP control in the different samples (Fig. 2A,B; Table S3). In line
with the previous analyses MYB1, NSP1 or DELLASs were not detected in the mass-spec-
troscopy data. Since SPX1 and SPX3 redundantly control arbuscule degradation (Chapter 4)
we looked for proteins co-enriched in both SPX1 and SPX3 co-IP samples. This identified
peptides corresponding to major intrinsic proteins (MIP) as co-enriched in both samples (Fig.
2A, B). Upon closer examination, the MIP peptides all corresponded to the plasma mem-
brane intrinsic protein PIP2 family, also known as plasma membrane aquaporins (Young et
al., 2011). There are 10 PIP2 genes in the Medicago genome, and peptides corresponding to
3 of them were detected in our data. From these we selected PIP2;7 (Medtr2g094270) (Ha-
chez et al., 2014; Li et al., 2020) for further research, because it is highly expressed in AM
roots and arbuscule-containing cells (Table S4) (Zeng et al., 2018).

To confirm the mass-spectroscopy data, we performed an independent Co-IP experiment on
3-week old mycorrhized Medicago roots expressing FLAG-tagged SPX1 or SPX3 togeth-
er with GFP-PIP2. A FLAG-tagged fungal effector RirT167760, that localizes to both the
cytoplasm and the nucleus was used as negative control. Western blot analyses confirmed
the interaction of PIP2;7 with SPX1 and SPX3 (Fig. 3A). To further confirm the potential
interaction, we used the split-ubiquitin membrane yeast-two hybrid system (Snider et al.,
2010). Co-expression of PIP2;7 as bait with SPX1 or SPX3 as prey also showed a positive
interaction in this assay (Fig. 3B). Together these results indicate that both SPX1 and SPX3
can interact with PIP2.

109



Chapter 5

A

-Log p-value

-Log P

SPX1 VS. GFP
10
)
® L40
8
7
6
® Dehydrin
5 MtPIP2 ® Significant
® SPXL ® Unsignificant
cyclase/deh\(dra ® Sieve element
) oCa ulin-binding prot
4 response prot @ MIP family transporter
EF1B @ e ® Beta-glucosidase
® EF2
(4 isomerase Annexin D8
3 . .Cﬂathrin ® MIP transfforter
® MIP transporter
L
o # ° ® H2B
- ® H4
- ® EFla
> &
o0 o.:.’ .... membrane prot
o o (oS
e % o o
o
0 1 2 3 4
Log Fold change
SPX3 VS. GFP
® SPX3
> MW fW‘Ya‘r%‘fRf r%rgse;;orter
/.VPHB domain membrane-
MtPIP2 associated protein
- Polyketide cyclase/dehydrase and
lipid transporter
@ Significant
@ Unsignificant
Heat shock cognate 70 kDa
protein
® RirT052970 P
ammm—ce ©
°
3 5 7 9 1 i) 15 17
Log fold change

Fig. 2 Potential interacting proteins of SPX1 and SPX3 identified by liquid chromatography
tandem-mass spectrometry. SPX1-Flag and SPX3-Flag fusion protein expressed in mycorrhizal
Medicago truncatula roots under the control of LjUB1 promoter were used for anti-Flag
immunoprecipitation. The Flag-GFP fusion protein was used as control. Among the enriched proteins,
MIP family transporters are significantly enriched both in SPX1 and SPX3 samples. Genome
annotation shows that they are all PIP2 proteins.
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Fig. 3 MtPIP2;7 interacts with SPX1 and SPX3. (A) Co-immunoprecipitation (Co-IP) assay
showing interaction between MtPIP2;7 and SPX1 and SPX3 in transiently transformed Nicotiana
benthamiana leaves. SPX1-Flag and SPX3-Flag fusion protein can be detected in GFP-IP enriched
GFP-MtPIP2 samples, while the negative control protein Flag-Ril67 cannot be detected. Ril67 is a
fungal effector that has a similar localization as SPX1 and SPX3 in Nicotiana leaves. (B) Membrane
Y2H assay showing that MtPIP2;7 interacts with SPX1 and SPX3. MtPIP2;7 was expressed in the bait
vector pBT3-N. SPX1 and SPX3 were expressed in the prey vector pPR3-N. pCCW-Alg5 and pAl-
Alg5 vectors in the DUALmembrane 3 Kit (Dualsystems Biotech AG) were used as positive control.
Serial dilutions of dual transformed yeast cultures were plated on selective medium. SD-LT was used
as control plate to show that the co-transformation was successful. Selection was carried out on SD-
AHLT plates.

MtPIP2 localizes to the plasma membrane and peri-arbuscule membrane

As a first step to study the role of PIP2;7 in the symbiosis, we studied its subcellular local-
ization in mycorrhized roots. Therefore, GFP-MtPIP2 was expressed in Medicago roots
under the control of the constitutive Lotus japonicus Ubiquitin 1 (LjUB1) promotor. This
showed that GFP-PIP2;7 accumulated in the plasma membrane in non-mycorrhizal cells in
line with its annotation as an plasma membrane aquaporin (Fig. 4A). In arbuscule-contain-
ing cells GFP-PIP2;7 was expressed under the control of the PT4 promotor. This showed
that GFP-PIP2;7 localized mostly to the peri-arbuscular membrane (Fig. 4B). Given the
relatively strong expression of PIP2;7 in arbuscule containing cells (Table S4) this suggests
that it may play a role at the symbiotic interface.
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A GFP Bright Merge

B GFP

Fig. 4 MtPIP2;7 localizes to the plasma membrane and peri-arbuscular membrane. (A) GFP-
MtPIP2 fusion protein expressed under the control of the LjUB1 promoter in Medicago truncatula
roots shows localization to plasma membrane. Different panels represent the following channels (from
left to right): GFP, Bright field and all channels merged. (B) GFP-MtPIP2 fusion protein expressed
under the control of the PT4 promoter in M. truncatula mycorrhizal roots shows localization to
peri-arbuscule membrane. Different panels represent the following channels (from left to right):

GFP, Bright field and all channels merged. Scale bar in (A-B) is 10 um. Images from (B) are kindly
provided by Rik Huisman.

Overexpression of MtPIP2 reduces arbuscule abundance

Next, we overexpressed untagged PIP2;7 under the control of strong constitutive LjUbig-
uitinl promoter and examined its effect on the symbiosis. Empty vector (EV) transformed
roots were used as controls. Three weeks after inoculation arbuscular mycorrhization levels
were quantified using the intersect method (McGONIGLE et al., 1990). Overall fungal col-
onization levels and hyphal intensity showed no significant difference between MtPIP2;7
overexpression and control samples (Fig. 5A). However the number of arbuscules (arbuscule
abundance) was significantly lower in MtPIP2 overexpression samples compared to the EV
control (Fig. 5A, C, D). qPCR analyses confirmed the overexpression of MtPIP2;7 as well
as the observed phenotype; the fungal RIEF1 reference gene was not significantly different
in UBQp::MtPIP2;7 roots compared to control roots, while MtPT4 expression, a marker for
arbuscule abundance, was significantly lower in UBQp::MtPIP2;7 roots (Fig. 5B). To rule
out a specific effect on PT4 expression, we analysed the expression of the fungal arbuscule
specific RINLEL effector (Wang et al., 2021; Chapter 1) as an additional marker gene for
arbuscule abundance. Similar to PT4, the expression of RINLE1 was significantly lower in
MtPIP2;7 overexpressing roots as well (Fig. 5B), indicating a general effect on arbuscule
abundance. Therefore, we examined arbuscule morphology in more detail, similar to the
method used in Chapter 4. First, we quantified arbuscules in two classes where arbuscules
larger or equal than 40 uM were quantified as “good” arbuscules, and arbuscules smaller
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than 40 pm with typical features of degradation as “degrading” arbuscules. Interestingly,
the ratio of “good” arbuscules was significantly higher in MtPIP2;7 overexpression samples
compared to EV control samples (Fig. 5A, 6A). This suggested that MtPIP2;7 overexpress-
ing roots contained less degraded arbuscules. Additionally, we quantified the arbuscule size
distribution in EV and MtPIP2;7 overexpressing roots by measuring 100 arbuscules per
transgenic root (n = 8). This method also showed more larger developed (50-70 um) arbus-
cules in MtPIP2;7 overexpressing roots compared to EV controls (Fig. 6B), and less small
(20-40 pm) arbuscules with septa. This arbuscule phenotype is somewhat similar to, but
less severe than, that observed in the spx1spx3 double mutant (Chapter 4). In contrast, the
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Fig. 5 Overexpression of MtPIP2;7 reduced arbuscule abundance. (A) Quantification of the level
of mycorrhization in UBp:Flag-MtPI1P2;7 transgenic roots and empty vector (EV) control roots, 3
weeks post inoculation. Indicated are the percentage of total colonization levels, intraradical hyphae
(IntrHyphae), “good” arbuscules and “degrading” arbuscules. Eight independently transformed plants
were used as replicates for each construct. (B) Expression levels of RiIEF, PT4, RiINLE1, MYB1, CP3
and Chitinase in root samples from (A) determined by qPCR analyses. MtEF1 was used as internal
reference. Data shown are the individual values of each biological replicates. Data significantly
different from EV controls are indicated * P < 0.05; ** P < 0.01 (Student’s t-test). (C) and (D)
Representative images of WGA-Alexa488 stained R. irregularis in EV and MtPI1P2;7 overexpression
samples. Scale bar = 100 pum.
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expression levels of the arbuscule degradation-related genes CP3 and Chitinase were not
significantly reduced in the MtPIP2;7 overexpressing roots relative to PT4 or MYB1 (Fig.
5B).
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Fig. 6 MtPIP2;7 affects arbuscule degeneration. (A) Good-to-degrading arbuscule ratio of EV and
MtPIP2;7 overexpression mycorrhizal samples from (Fig. 5A). Values represent mean + standard
error of 8 independently transformed roots. Data significantly different from EV controls are indicated
** P < 0.01 (Student’s t-test). (B) Analysis of arbuscule size in EV and MtPIP2;7 overexpression
mycorrhizal samples from (Fig. 5A). Frequency graphs showing arbuscule size distribution. 100
arbuscules were counted for each of the 8 replicates. Data significantly different from EV controls are
indicated ** P < 0.01 (Student’s t-test).

Discussion

The ability to control arbuscule development and lifetime according to the fungal supply of
nutrients such as phosphate is of key importance to keep the AM symbiosis beneficial. In
Chapter 4 we showed that the phosphate-sensing SPX1 and SPX3 proteins redundantly con-
trol arbuscule degradation. Here we show that SPX1 and SPX3 do not regulate arbuscule
lifetime through direct interaction with the MYBL1 transcriptional complex, known to be
required for arbuscule degradation when the fungus does not deliver Pi (Floss et al., 2017).
Instead SPX1 and SPX3 were both found to interact with PIP2 aquaporins in Medicago
roots. PIP2 aquaporins form a small protein family of 10 members in Medicago. Many of
these are strongly, yet variably, expressed throughout plant development, and several are
also highly expressed in arbuscule-containing cells. Peptides from 3 PIP2 aquaporins were
enriched in both samples. Therefore, we cannot conclude whether there is any isoform spec-
ificity in the interactions. However, we did verify the interaction of SPX1 and SPX3 with
MtPIP2;7 (Medtr2g094270), which is abundantly present in arbuscule containing cells and
which localizes to the peri-arbuscular membrane.

PIP2s are known to form hetero-tetramers with the PIP1 class of plasma membrane intrinsic
proteins (Fetter et al., 2004; Bienert and Chaumont, 2014). In general PIP1 requires PIP2
for efficient transport the plasma membrane and lacks significant water transport ability by
itself (Chaumont et al., 2000). However, interaction between PIP1 and PIP2 can increase
water permeability of the aquaporin complex as well as solute specificity. We did not detect
PIP1 peptides in our Co-IP mass spectroscopy data indicating specificity for PIP2. However
it would be interesting to test whether the SPX-PIP2 interaction affects the ability of PIP2
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to homo- or heteromerization.

A major focus for further research will be to determine whether SPX1 and SPX3 affect PIP2
transport activities. The water transport activity of plasma membrane aquaporins has been
previously postulated to play an important role during AM symbiosis. Interestingly, PIP2;7
expression in Medicago has been shown to be induced in arbuscular mycorrhizal roots to
optimize water and ammonium transport (Uehlein et al., 2007). In maize, the phosphoryla-
tion status of maize PIP2 levels increased in AM roots subjected to water shortage, which
caused a higher water permeability of root cells (Quiroga et al., 2019). This correlated with
increased photosynthetic capacity and stomatal conductance, suggesting a connection be-
tween shoot and root parameters. Increased transpiration and increased water transport from
the roots was further suggested to facilitate the transport of poly-P from the extraradical hy-
phae to the arbuscules (Kikuchi et al., 2016). In this model, increased water flow due to PIP
activity could lead to increased Pi transfer at the arbuscules.

Besides acting as key water channels, plasma membrane aquaporins have been shown to
play additional roles, such as transport of small solutes like ions, peptides, H,O,, urea or
glycerol. Furthermore, it is increasingly becoming clear that aquaporins act as hubs in signal
transduction and response to abiotic stress (Hachez and Chaumont, 2010; Bienert and Chau-
mont, 2014). Indeed, PIPs have been shown to be involved in a wide range of cellular and
developmental processes (Tyerman et al., 2002; Martre et al., 2002). Interactomics studies
have revealed PIPs to behave as important platforms for the recruitment of a wide range of
transport activities (Bellati et al., 2016). In Arabidopsis PIP1 and PIP2 were found to share
~400 interacting proteins, which include many transporters, including phosphate transport-
ers, as well as various protein kinases (Bellati et al., 2016). Furthermore, a PIP2 aquaporin
in rose was recently shown to interact with a membrane-tethered MYB transcription factor
to regulate growth and stress responses according water availability (Zhang et al., 2019).
In turn, post-translational modifications such as phosphorylation and ubiquitination of PIPs
play an important role in the control of their transport activities (Bellati et al., 2016; Zhang
etal., 2019).

A role for PIP2 in the control of arbuscule development was strengthened by the observa-
tion that constitutive overexpression of MtPIP2;7 caused an overall reduction in arbuscule
numbers, while at the same time increasing the ratio of “good” versus “degrading” arbus-
cules. It should be noted that we only measured arbuscule phenotypes at a single time point,
three weeks after inoculation. Therefore, we cannot rule out a possible delay in mycorrhi-
zation due to the overexpression of PIP2. To circumvent potential pleiotropic effects future
experiments should examine the effect of arbuscule-specific overexpression of PIP2 along
a time course. Nevertheless, the increased “good to degraded” arbuscule ratio in MtPIP2;7
overexpression roots somewhat resembles the reduced arbuscule degradation phenotype
seen in the spx1spx3 double mutant (Chapter 4). In contrast to the spx1spx3 mutant the ex-
pression of arbuscule degradation-related genes did not appear to be significantly affected
in the PIP2 overexpressing roots. This might be because MtPIP2 overexpression showed a
much milder effect on arbuscule degeneration.

Based on these results it is tempting to speculate that SPX1 and SPX3 might function to
inhibit PIP2 activity in a Pi-dependent manner; if an arbuscule-containing cell has acquired
sufficient Pi, binding of SPX1/3 to PIP2 may inhibit its activity to stop the translocation
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of Pi from the arbuscule. A similar role might be played under non-symbiotic conditions.
Transport of Pi out of the arbuscule cell towards the vasculature, could subsequently reduce
Pi levels and lead to the activation of MYBL1 to activate the arbuscule degradation program.
It will now be exciting to test this hypothetical model in future experiments.
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Supplementary tables

Table S1. Primers list used in this study

gPCR MtEF-gF GATTGCCACACCTCTCACAT
gPCR MtEF-gR TCAGCGAAGGTCTCAACCAC
gPCR PT4-gF GGATTCTTTTGCACGTTCTTGG
gPCR PT4-gR GCTGTCATTTGGTGTTGCAGTG
gPCR RIEF-gF ATTGTTCGTGGTGCATTTCA
gPCR RiEF-gR AACCCCTTCGTCTTCCACTT
gPCR MYB1-qF TAAGAGAGTTGATGATGATTGTC
gPCR MYB1-gR GATGAGTGATTCTGTTGAACC
gPCR CP3-gF AACAATGATGCCAATAACAAGC
gPCR CP3-gR GGAGCACATATGACCCTTGA
gPCR Chitinase-gF GGCATGTCAGAGGTTGAAGAG
gPCR Chitinase-gR GCCAAAAGTGCTTGTGATTG
gPCR MtPIP2-gF GGCTGTGACCTTTGGGCTAT
gPCR MtPIP2-qR CTTTGCAAGTCCAGCACCAC

Goldengate F-LjUB1-Pro-CCAT AGAAGACTCGGAGGGAGAGAGGATTTTGAGGAAATA
Goldengate R-LjUB1-Pro-CCAT GGAAGACGCATGGCTGTAATCACATCAACAACAGATAA
Goldengate MtPIP2-CDS1-F AGAAGACTCAATGGGCAAAGATGTTGAGGT

Goldengate MtPIP2-CDS1-R GGAAGACAGAAGCTTAAGCATTGCTCCTGAAGGA

Table S2. Constructs made using the golden gate cloning system

Level 0 Level 1 Level 2
pICH41295- pICH47732- pAGMA4723-LjUBQ1p::SPX1-FLAG-
LjUBQ1p-AATG LjUBQ1p::SPX1-FLAG AtUBQ10p::DsRed
pAGM1251- pICHA47732- pPAGM4723-LjUBQ1p::SPX3-FLAG-
LjUBQ1p-CCAT LjUBQ1p::SPX3-FLAG AtUBQ10p::DsRed
pAGM1287-

pICHA47732- ) . ~ED. .
;I;;(l CDS1 no LjUBQ1p::SPX1-GEP pAGMA4723-SPX1p::SPX1-GFP-AtUBQ10p::DsRed
2/;\)(22/'(1:253;1 no pICH47732- AGM4723-SPX3p::SPX3-GFP-AtUBQ10p::DsRed
top LjUBQ1p::SPX3-GFP P p-- P
plCH41308- pICH47751- pPAGMA4723-LjUBQ1p::SPX1-FLAG-
MYB1-CDS1 LjUBQ1p::SPX3-GFP AtUBQ10p::DsRed-LjuBQ1p::SPX3-FLAG
pICH41308- pICH47811- pAGM4723-LjUBQ1p::SPX1-FLAG-
NSP1-CDS1 AtUBQ10p::DsRed AtUBQ10p::DsRed-LjuBQ1p::GFP-PHR2
pICH41308-DEL- pICH47751-LjUBQ1p::G- pAGM4723-LjUBQ1p::SPX3-FLAG-
LAA18-CDS1 FP-NSP1 AtUBQ10p::DsRed-LjuBQ1p::GFP-PHR2
plCH41308- pICH47732-LjUBQ1p::G- pAGM4723-LjUBQ1p::GFP-MYB1-
WRI5a-CDS1 FP-DELLAA1S8 AtUBQ10p::DsRed
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pICH47751-LjUBQ1p::-
FLAG-NSP1

pAGM4723-LjUBQ1p::GFP-PHR2-
AtUBQ10p::DsRed
pPAGM4723-LjUBQ1p::GFP-NSP1-
AtUBQ10p::DsRed
pAGM4723-LjUBQ1p::SPX1-FLAG-
AtUBQ10p::DsRed-LjuBQ1p::GFP-NSP1
pPAGM4723-LjUBQ1p::SPX3-FLAG-
AtUBQ10p::DsRed-LjuBQ1p::GFP-NSP1
pAGM4723-LjUBQ1p::GFP-DELLAA18-
AtUBQ10p::DsRed
pAGM4723-LjuBQ1p::Flag-WRI5a-
AtUBQ10p::DsRed

Table S3 LC-MS/MS identified significantly enriched peptides intensity information for
SPX1-Flag and SPX3-Flag Co-immunoprecipitation in mycorrhizal roots. Flag-GFP Co-
immunoprecipitation samples were used as control. LFQ (label-free quantification). Data
significantly enriched from Flag-GFP controls are indicated with a +; P <0.05 (Student’s t-test).

Table S3 can be found at https://doi.org/10.1101/2021.02.09.430431

Table S4 PIP2-like genes expression levels in arbuscule-containing cells (Data collected from
Zeng et al., 2018). Indicated are mean TPM values of arbuscules, intracellular hyphae and their
ratio.

Gene ID Arbuscule- Means  [Hyphae - Means |ARB/HYP

Medtr2g094270 (MtPIP2;7)|269.1270478 595.2571645 0.45211896

Medtr4g059390 70.08439423 354.0473346 0.19795205

Medtr7g101190 5.406852815 6.212832892 0.87027173

Medtr3g118010 0 1.132900987 0

Medtr8g098375 0.070199656 0.29858184 0.23511027

Medtr5g010150 0.312280721 0.853651893 0.36581741

Medtr4g415300 0.30993739 1.504937422 0.20594703

Medtr5g082070 182.5898567 424.7497697 0.42987629

Medtr3g070210 287.0355621 553.906888 0.51820183

Medtr1g095070 2.591271765 2.853930922 0.90796583
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Arbuscular mycorrhizal fungi are widely recognized for their potential as sustainable bio-
fertilizers. The fact that the AM symbiosis originated ~450 million years ago and has since
been maintained in the vast majority of land plants highlights their integral part of plant life
in natural ecosystems (Redecker et al., 2000; Smith and Read, 2008). In the field, plants
are most often colonized by multiple AM fungal species (Vandenkoornhuyse et al., 2007)
and a single fungus can simultaneously colonize a large variety of host plants (Mikkelsen
et al., 2008). However, significant variation in plant growth responses to different fungi has
been reported (Klironomos, 2003; Helgason et al., 1998; Vandenkoornhuyse et al., 2003;
Martinez-Garcia and Pugnaire, 2011; Torrecillas et al., 2012; van der Heijden et al., 2015).
Furthermore, under natural conditions different plants preferentially associate with distinct
AM fungi. However, the molecular mechanisms underlying such partner selection in AM
symbiosis are still largely unknown. In this chapter | will discuss my results in the broader
context of partner preferences and how both partners may ensure a mutually beneficial in-
teraction. | will especially focus on two questions: 1) Does the plant immune system con-
tribute to partner selection; and 2) How can nutrient sensing and exchange influence partner
preference?

Partner preferences

The fact that globally distributed AM fungi like Rhizophagus irregularis have been ob-
served to infect the majority of land plants they encounter in nature has led to the perspec-
tive that there is very little host specificity in the AM symbiosis (Smith and Read, 2008;
Parniske, 2008). However, AM fungal species isolated from roots of different plants collect-
ed at the same place showed that different plant species harbour quite distinct AM fungal
communities in natural settings (Helgason et al., 2002; Vandenkoornhuyse et al., 2003;
Helgason et al., 2007). This indicates that certain AM fungi prefer certain host plants or
that different host plants are able to select fungal species that they prefer to cooperate with.
Furthermore, laser dissection of individual roots showed that the AM fungal communities
that colonize the root do not contribute equally to arbuscule formation (Berruti et al., 2013),
indicating different contributions to plant nutrition. In line with this, the effect of plant
growth responses to different AM fungi, the so-called mycorrhizal growth response, can
range from parasitic to mutualistic (Klironomos, 2003; McHaffie and Maherali, 2020). This
has led to the suggestion that different AM fungi may provide different benefits to the plant
/ ecosystems functions (van der Heijden et al., 2015). Thus an optimal mycorrhiza depends
on both plant and fungal genotypes. In addition, environmental context, such as nutrient
availability, influences the partner preference. For example, plants grown in conditions with
increasing CO2 levels were found to allocate more carbon to higher quality mutualists,
which over time resulted in a reduction in the abundance of lower quality AM fungi (Werner
et al., 2018). It has also been shown that plants, when given the choice allocate more carbon
to a fungus that provide more phosphate, and vice versa (Kiers et al., 2011). This reciprocal
exchange of nutrients has been suggested to represent a biological market place, where both
partners trade their specialized resources (Kiers and Van Der Heijden, 2006; Werner et al.,
2014; van der Heijden et al., 2015). Reciprocal rewarding was suggested to stabilize the
symbiosis (Kiers et al., 2011), where partners that offer the best rate of nutrient exchange
are favoured (No€ and Kiers, 2018; van’t Padje et al., 2021).

Despite such theoretical frameworks, the molecular basis for partner preference, reciprocal
nutrient exchange or variation in mycorrhizal growth responses is still far from understood.
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Below | will discuss several mechanisms that might be at play.
Pre-contact signalling

Partner selection may already start at the pre-contact phase, when the plant secretes chem-
ical cues to attract AM fungi. Plant roots secrete a plethora of molecules into the environ-
ment with substantial influence on the soil microbiome surrounding them (Jacobowitz and
Weng, 2020). Various molecules have been identified to stimulate AM fungal germination,
hyphal branching and growth to promote fungal-host encounters. These include for exam-
ple, flavonoids, 2-hydroxy fatty acids and strigolactones (Becard et al., 1992; Nagahashi
and Douds, 2011; Akiyama et al., 2005; Besserer et al., 2006, 2008; see also Chapter 1).
Little is known about whether different root exudates confer specificity or whether plants
adjust their root exudates to attract distinct AM fungi.

It has been shown that when under pathogen attack, Arabidopsis increased malic acid se-
cretion, which lead to attract root colonization of the beneficial bacteria Bacillus subtilis
(Rudrappa et al., 2008). Plant exudates varied among different genotype, as observed in 19
Arabidopsis accessions with distinct exudation patterns (Monchgesang et al., 2016). Dif-
ferent exudation patterns have been suggested to explain the association of distinct micro-
biomes with different plant accessions (Etemadi et al., 2018). Furthermore, plant exudation
changes with different developmental stages of the plant, which in turn affects the root mi-
crobiome (Chaparro et al., 2014; Sasse et al., 2018). It can therefore be expected that also in
AM symbiosis changes in root exudates play a role in partner selection. In line with this, it
was for example shown that specific flavonoids were induced before and during AM symbi-
osis in Medicago suggesting mycorrhizal-fungal specificity (Larose et al., 2002; Schliemann
et al., 2008). Specific flavonoids where found to be able to enhance AM colonization, while
others had negative effects (Abdel-Lateif et al., 2012). Furthermore, several flavonoid com-
pounds of white clover were found to differently affect growth of Glomus and Gigaspora
species (Scervino et al., 2005).

As mentioned, nutrient status has a major effect on root exudation. For example in relation
to AM symbiosis, phosphate and nitrogen starvation were shown to induce the production
and exudation of strigolactones, derived from the carotenoid pathway (Yoneyama et al.,
2007a, 2007b, 2008; Lopez-Raez et al., 2008; Umehara et al., 2008) How nutrient avail-
ability modulates SLs production and exudation remains elusive (Yoneyama et al., 2020).
Several SL biosynthesis genes have been found to be regulated at the transcriptional level
by Pi conditions (Umehara et al., 2010; Sun et al., 2014). One of the key strigolactone
biosynthesis genes, DWARF27 (D27), was shown to be induced under phosphate-limited
conditions in an NSP1/NSP2-dependent manner in Medicago (Liu et al., 2011). NSP1 and
NSP2 are GRAS transcription factors that are also implicated in the common symbiotic sig-
naling pathway (Smit et al., 2005; Kal¢ et al., 2005). In Chapter 4 we show that induction of
MtD27 expression upon Pi starvation does not involve direct regulation by the MYB tran-
scription factor PHR, a key regulator of phosphate starvation induced gene expression (Rubio
et al., 2001; Zhou et al., 2008). Instead we found that induction of D27 at low Pi conditions
involved the AM-regulated SPX proteins SPX1 and SPX3, that also act as Pi-dependent
negative regulators of PHR activity.

Gibberellins (GAs), in addition to several other plant hormones, have also been suggested
to affect SL production and exudation (Ito et al., 2017). High Pi conditions correlate with
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increased GA levels in the roots and application of GA was shown to reduce SL levels in
roots and root exudates. GA levels also play a key role in the regulation of AM symbiosis,
through the regulation of DELLA transcription factors (Foo et al., 2013). GA perception
leads to the degradation of DELLAs. Therefore DELLAs may be regulators of SL biosyn-
thesis. DELLASs were further reported to interact with NSP2-NSP1 and to bridge a connec-
tion between CYCLOPS and NSP2 to control the output of the common symbiotic signaling
pathway to allow the formation of arbuscules (Floss et al., 2013; Jin et al., 2016; Pimprikar
et al., 2016). This raises the question whether there may be a link between SPX1/3, NSP1/2
and/or DELLA activity under low Pi conditions, which remains to be investigated; see also
the discussion on “Nutrient sensing and exchange” below.

Different plants have been shown to produce and exude strigolactones with different struc-
tures (Liu et al., 2011; Kohlen et al., 2011; Monchgesang et al., 2016; Umehara et al.,
2010). This could also be the case for the Medicago ecotypes A17 and R108. In Medica-
go Al7, the strigolactone didehydro-orobanchol can easily be detected in the exudates of
roots grown under Pi limiting conditions (Liu et al., 2011). However, using a similar set-
up we were not able to measure (known) strigolactones in the exudates of R108 (Chapter
4). Nevertheless, the exudate of R108 was able to induce hyphal branching in Rhizophagus
irregularis as well as seed germination of the parasitic Orobanchae plant Phelipe ramosa
in an SPX1/3 dependent manner. Together with the SPX1/3-dependent regulation of D27
expression this strongly suggests that SL levels are affected in the spx mutants. Reduced SL
exudation in the d27 mutant (as well as other strigolactone biosynthesis mutants) has been
correlated with lower fungal colonization levels (Liu et al., 2011), and a similar reduction
in colonization was seen in the spx mutants (Chapter 4). However, we cannot rule out that
SPX1/3 may affect other root exudates to facilitate root colonization.

It is currently not known whether different SLs vary in their ability to recruit or activate dis-
tinct AM fungi. In analogy to the role of flavonoids, it would be interesting to test whether
plants varying in SL profile preferentially associate with different AM fungi. Currently it
is not known how AM fungi perceive SLs. Homologs of the plant SL receptor D14 (Yao et
al., 2016) have not been identified in any of the currently sequenced AM fungal genomes.
Therefore, future insight into how SL are perceived by AM fungi might give insight into SL
structure-function relationship during AM symbiosis.

Given the wealth of metabolites produced by both plants and fungi, it is likely that addition-
al compounds remain to be identified that influence partner choice and how plants select for
beneficial microbes while restricting pathogens. The essential role of the putative GlcNac
transporter NOPEL and the karrikin receptor D14L in rice clearly point in this direction
(Nadal et al., 2017; Gutjahr et al., 2015; see also Chapter 1).

The involvement of the plants immune system in partner control

Like pathogenic fungi, AM fungi contain conserved microbe/pathogen-associated molecu-
lar patterns (MAMPs/PAMPs) such as B-glucan and chitin in their cell walls, which trigger
a first line of plant defense responses called PAMP-triggered immunity (PTI (Jones and
Dangl, 2006; Fesel and Zuccaro, 2016). Indeed, AM fungi were shown to trigger plant de-
fense response at the early stages of AM symbiosis, however such defense response were
subsequently rapidly inhibited (Kapulnik et al., 1996; Garcia-Garrido and Ocampo, 2002).
It could be that the host plant actively reduces its immune responses to welcome the AM
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fungus, or that the AM fungus is able to subvert the plant immune response, or a combina-
tion of both.

It has recently become clear that immune responses are intertwined with nutrient signaling.
For example, phosphate deprivation was found to the suppress the plant immune system,
opening the door for plant—microbe interactions (Hacquard et al., 2016). Follow-up work
identified PHR1 as a central regulator in this balance between nutrient stress response
and immune regulation in Arabidopsis to regulate plant-microbe interactions (Castrillo et
al., 2017; Finkel et al., 2019). How PHRI regulates immune signaling remains to unrav-
el. However, a lowered immune response makes the plant at the same time vulnerable to
pathogens. Therefore, there must be specific check points by which a plant can distinguish
between friend from foe. Several recent findings support a role for plant immune responses
in partner selection during AM symbiosis.

MAMP perception

The initiation of symbiosis and defense responses both involve the recognition of chitooli-
gosaccharides (COs) signal molecules (Maillet et al., 2011; Genre et al., 2013; Newman et
al., 2013; Akamatsu et al., 2016; Chapter 1). For example, both CO4 and CO8 have been
shown to activate symbiotic signaling and defense signaling in M. truncatula (Feng et al.,
2019). When in combination with lipo-chitooligosaccharides (LCOs), symbiotic signaling
was enhanced while immune signaling was suppressed (Feng et al., 2019). This suggested
that the perception of mixes of COs and LCOs is important for host plant to recognize AM
fungi. It is currently not known whether different AM fungi species secret different compo-
sition/levels of (lipo-)chitooligosaccharides to affect the interaction with the host plant. Both
CO’s and LCO’s are recognized by Lysin-motif (LysM) containing receptors (Limpens et
al., 2003; Amor et al., 2003; Radutoiu et al., 2003; Madsen et al., 2003; Miyata et al., 2014;
Bozsoki et al., 2017). In rice, the LysM receptor OSCERK1 was demonstrated to regulate
both chitin-triggered immune responses and AM symbiosis (Shimizu et al., 2010; Miyata et
al., 2014). Upon chitin-triggered immune signaling, OSCERK1 forms a complex with the
co-receptor OsCEBIP to activate defense response (Akamatsu et al., 2013). Upon symbiotic
signaling, OsCERK1 forms a complex with the co-receptor OsMYR1 (He et al., 2019). This
discrimination is achieved through receptor competition for CO4, which binds preferential-
ly to OsMYRI1 and inhibits the interaction between OsCERK1 and OsCEBiP (Zhang et al.,
2021). In turn, OsCEBIP has been shown to interfere with OsCERK1 and OsMYR1 inter-
action in a CO8 dependent manner (Zhang et al., 2021). Furthermore, the Oscebip mutant
showed a higher level of mycorrhizal infection at the early stages of AM symbiosis. This
correlated with lower expression of immunity markers genes in Oscebip mutant (Zhang et
al., 2021). A competition between LysM receptor complexes was also proposed in legumes
such as Lotus and Medicago (Van Zeijl et al., 2015; Bozsoki et al., 2020).

Recently, it was shown that variation in the efficiency of AM colonization is influenced by
OsCERKI1 allelic variants in different rice varieties (Huang et al., 2020). Dongxiang wild
rice showed higher colonization levels by R. irregularis than the rice cultivar Zhongzao 35.
This was found to be caused by two amino acids differences in the second lysine-motif do-
main of OsCERK1 between Dongxiang and Zhongzao 35 (Huang et al., 2020). Introduction
of the Dongxiang OsCERKI1 allele in Zhongzao 35 rice increased fungal colonization levels
and led to higher phosphorus content and grain yield (Huang et al., 2020). This suggests
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that host plants can discriminate between different microbes and possibly different AM
fungi through their LysM receptor repertoire, by balancing between symbiotic and immune
signaling. It would be interesting to test whether Dongxiang and Zhongzao 35 rice show
differences in colonization efficiency with different AM fungi in an OsCERK1 dependent
manner. In this respect, it is also relevant to study whether different AM fungi make differ-
ent CO/LCO molecules. LCO structure is well known to plays a key role in the regulation
of host specificity in the rhizobium-legume symbiosis (Schultze and Kondorosi, 1996;
Radutoiu et al., 2007; Bozsoki et al., 2020).

Intriguingly, it was recently found that LCOs are also produced by non-symbiotic and
pathogenic fungi (Rush et al., 2020). However, solid evidence that pathogens make use of
the symbiotic signaling pathway to colonize plants is strikingly lacking. Therefore, acti-
vation of symbiotic signaling alone is likely not enough for a microbe to be perceived as
friend. Besides PAMPs as inducers of immune responses, cellular damage inflicted by mi-
crobes may play an important additional role to distinguish between microbes (Poncini et
al., 2017; Hander et al., 2019; Zhou et al., 2020). A wide variety of damage associated mo-
lecular pattern (DAMP) molecules has been identified that are perceived by distinct pattern
recognition receptors (Brutus et al., 2010; Hou et al., 2014; Jewell et al., 2019; Pham et al.,
2020). This has led to the proposition that plants have the potential to identify the diverse
types of damage that microbes can elicit and that a combination of MAMP and DAMP per-
ception ultimately sets an immune threshold (Thoms et al., 2021). The loss of many plant
cell wall degrading enzymes from AM fungal genomes (Tisserant et al., 2013), may there-
fore be of key relevance to be perceived as potential friend.

Effectors

Besides modulating the production or recognition of PAMP/DAMP signals, fungi also use
secreted effector proteins to actively suppress the plant immune system and to facilitate in-
fection (Lo Presti et al., 2015). Such effector proteins, which act either in the apoplast or are
translocated in plant host cells, play a key role in the host range of pathogenic fungi. It has
become clear that also mutualistic fungi use effector proteins to facilitate their interaction
with the plant (Kloppholz et al., 2011; Plett et al., 2014; Wawra et al., 2016; Zeng et al.,
2020).

Transcriptome analyses of R. irregularis revealed the expression of several hundreds of pu-
tative effectors in different host plant interactions (Tisserant et al., 2013; Zeng et al., 2018;
Kamel et al., 2017). These putative effectors can be roughly divided in into members that
are more or less equally induced by a wide range of plant species and members that show
a much more host-dependent regulation. Furthermore, genome sequencing of a range of
AM fungal plant species and isolates has revealed a large variety in the potential effector
repertoire of different AM fungi (Tisserant et al., 2013; Se¢dzielewska Toro and Brachmann,
2016; Kobayashi et al., 2018; Morin et al., 2019). Based on such comparisons effectors
may be further divided into conserved and strain-specific members (Sedzielewska Toro
and Brachmann, 2016). For example, the expressed effector repertoire of two AM fungi,
R. irregularis DAOM 197198 and Gigaspora rosea was compared (Kamel et al., 2017).
R. irregularis DAOM 197198 has a very broad host spectrum and occurs globally across
the world, while G. rosea shows a narrower host range and a more restrictive geographic
distribution (Opik et al., 2010). Comparative expression analyses indicated that G. rosea
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expressed more putative effectors in a host-dependent manner than R. irregularis DAOM
197198 (Kamel et al., 2017). This suggests that the number of core symbiotic effectors, that
are more or less similarly expressed in all host plants, correlates with the host range of dif-
ferent AM fungi (Kamel et al., 2017), further strengthening the idea that effectors contribute
to the host range of AM fungi.

Among the core effector classes that seems to be widely applied by both AM fungi and
pathogenic fungi are LysM domain containing effectors (Jonge et al., 2010; Sanchez-Vallet
et al., 2013; Schmitz et al., 2019; Zeng et al., 2020). A single LysM domain containing ef-
fector, called Secreted LysM (RiSLM) protein, was identified in R. irregularis (Schmitz et
al., 2019; Zeng et al., 2020). Similar to several LysM effector proteins from pathogenic fun-
gi, RiSLM was found to bind chitooligosaccharides and to inhibit chitin-triggered immunity
as well as protect fungal hyphae against the activity of chitinases (Jonge et al., 2010; San-
chez-Vallet et al., 2013; Schmitz et al., 2019; Zeng et al., 2020; Sanchez-Vallet et al., 2020).
The relative low (micromolar range) affinity of RiSLM for various CO and LCO molecules
suggests that RiSLM, in analogy to the receptor competition described above, may help to
shift the balance of CO perception towards a symbiotic outcome. Indeed, RiSLM did not
interfere with LCO-mediated symbiotic gene expression in Medicago which involves LysM
receptors with a much higher affinity for LCO’s (Broghammer et al., 2012). Intriguingly, al-
though RiSLM homologs were identified in all sequenced AM fungal genomes, their amino
acid sequence showed a strikingly high level of variation and signs of diversifying selection
even between different fungal isolates of R. irregularis (Schmitz et al., 2019; Zeng et al.,
2020). This may suggest that the different SLM homologs vary in their affinity for different
chitoologisaccharides and thereby show different abilities to interfere with receptor complex
formation. Another explanation for the observed variation could be that the LysM effectors
may diversify to escape recognition by host-specific resistance (R) proteins that trigger so-
called effector-triggered immune responses (Jones and Dangl, 2006). In case of pathogenic
fungi, there is a continuously evolving arms race between effectors and R proteins that
determining the host range of pathogenic fungi. The recognition of effectors by host R pro-
teins gives a high evolutionary pressure to pathogens to circumvent this recognition (Thord-
al-Christensen et al., 2018; Bertazzoni et al., 2018). A high mutation rate combined with a
faster reproduction rate than the host plant enables the pathogen to outrun the host immune
system to remain virulent or to jump to a new host (Thines, 2019). For example, the F. oxys-
porum f. sp. Lycopersici effector Avr2 is required for infection in a susceptible host but also
induces resistance in tomato host carrying the R protein 1-2 (Houterman et al., 2009). Since
LysM domain effectors are used by both mutualists and pathogens, such an arms race could
drive variation in SLM sequence.

One of the first identified effector proteins from R. irregularis is Secreted Protein 7 (RiSP7)
(Kloppholz et al., 2011). Like RiSLM, the presence of this effector is conserved in a wide
variety of AM fungi. RiSP7 was shown to be able to translocate into plant host cells where
it localized to the nucleus and interacted with a pathogenesis-related ERF transcription
factor (Kloppholz et al., 2011). Stage-specific transcriptome analyses showed that RiSP7 is
strongly induced when the fungus comes into close contact with the root. However as soon
as the fungus enters the root the expression of SP7 is largely shut down (Zeng et al., 2018).
This indicates that distinct effectors play a role at different stages of the interaction. Even
plant age was shown to influence the expression of some effectors, suggesting a link with
changes in the age-dependent metabolic profile of the host (Zeng et al., 2018).
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In chapter 2, I studied another core effecter, called Nuclear Localized Effector]l (RiNLE1),
that is conserved in different AM fungi and highly induced specifically in the arbuscules
in a wide range of host plants. Like RiSP7 this effector was also able to translocate into
host cells, where it localized to the nucleus and especially accumulated in the nucleolus as
well as (undefined) nuclear bodies (Wang et al., 2021). Our ability to functionally study
AM effectors is strongly limited by the fact that AM fungi cannot be stably transformed yet
(Helber and Requena, 2008). This is caused by the extreme coenocytic nature of AM fungi,
where millions of nuclei share a common cytoplasm and the fact that there is never a stage
where a single nucleus generates the next generation (Kokkoris et al., 2021). Therefore, al-
ternative approaches are required to investigate the function of AM effectors. One of these
approaches is host-induced gene silencing (HIGS) where a hairpin-construct targeting a
fungal gene is expressed in the plant to generate double stranded RNA that then leads to
RNA interference also in the fungus (Nowara et al., 2010). However, although occasion-
ally successfully applied on AM fungi (Tsuzuki et al., 2016; VoB et al., 2018; Zeng et al.,
2020), the efficiency of this approach is highly variable and it often does not work. In case
of RINLEI we found that (inducible) overexpression could significantly increase root colo-
nization and suppressed the expression of a set of defense-related genes (Chapter 2). Using
co-immunoprecipitation in combination with mass-spectroscopy we identified Medicago
Histone 2B (H2B) as an interactor RiINLE1. Furthermore, we showed that RINLEL could
impair the mono-ubiquitination of H2B, which suppressed defense-related gene expression
and enhanced fungal colonization. This again suggests that AM colonization levels are con-
trolled by immune responses. However it should be noted that we especially focused on the
set of down-regulated defense-related genes in a whole root setting. Therefore it might be
that additional targets of RiNLE1, specifically in arbuscule-containing cells, play import-
ant roles in the symbiosis. Interestingly, we identified RINLE1 homologs in several other
biotrophic fungi that intimately interact with plants or that intracellularly colonize other
hosts. Therefore it would be interesting to study whether such homologs similarly target
H2B to facilitate intracellular colonization. Targeting histones directly or indirectly via his-
tone modifying enzymes appears to be a widely used strategy of a wide variety of microbes
to epigenetically control the plant immune. For example, the Phytophthora sojae effectors
Avh52 and PsAvh23 were reported to target host histone acetyltransferases to modify his-
tone acetylation levels, which resulted in the inhibition of defense gene expression or the
activation of susceptibility genes (Kong et al., 2017; Li et al., 2018).

Besides conserved or commonly-expressed effectors, other effectors are only found in cer-
tain fungal strains or are induced specifically in the interaction with distinct plants. These
effectors are called host specific or host dependent and they are suggested to contribute to
host preference or specificity. For example, a single effector Tom1 in Verticillium dahlia
was shown to specifically mediate pathogenicity on tomato (Li, 2019). Introduction of Tom1
into a non-pathogenic V. dahlia strain transferred the ability to cause disease in tomato to
this strain (Li, 2019). Also in mutualistic root endophytes such as Piriformospora indica
it was found that effector genes showed diverse expression patterns when interacting with
either barley or Arabidopsis. This was found to be correlated with different colonization
strategies of P. indica in barley and Arabidopsis (Lahrmann et al., 2013). Several host-de-
pendent effector candidates have been identified in R. irregularis (Kamel et al., 2017; Zeng
etal., 2018).

In chapter 3, | studied the function of such a host-dependent effector, called RiFGBL.
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RiFGB1 expression is highly induced when the R. irregularis DAOM197198 strain colo-
nizes chives, but not upon colonization of dicot hosts like Medicago and Nicotiana. This
effector was called RiFGB1 because it shows homology to the Fungal Glucan Binding
1 (FGBI1) effector from P. indica. P. indica FGB1 was reported to bind fungal B-glucans
and to suppress B-glucan-triggered immune responses in plants (Wawra et al., 2016). It
was hypothesized to act as a camouflage coat to conceal fungal sugar molecules from the
plants immune system or to actively disrupt immune receptor complexes, in analogy to the
proposed role of LysM effectors (Wawra et al., 2016). How fungal B-glucans are perceived
by plants is still largely unknown (Fesel and Zuccaro, 2016). Interestingly, it was recently
found that the LysM receptor AtCERK1 acts as an immune co-receptor in the perception of
linear 1,3-B-d-glucans (Mélida et al., 2018). This might suggest a potential intimate cross-
talk between chitin and glucan triggered immune responses. We found that RiFGB1 could
also bind to B-glucans, however unlike PiFBGI, it was not specific for B-1,6-linked glucans
that are uniquely found in the cell walls of fungi. Furthermore, RiFGB1 also seemed to bind
chitin and even xylan, but not deacetylated chitin. RiFGB1 could interfere with both lami-
narin (a B-1,3-linked glucose polymer containing B-1,6-glycosidic side branches) and chi-
tooligosaccharide triggered immune responses (Chapter 3). Strikingly, RiFGB1 could also
interfere with flg22-triggered immune responses. Various pattern recognition receptors such
as FLS2 and CERK1 have been shown to require proper glycosylation of their activity (Van
Der Hoorn et al., 2005; Zipfel et al., 2006; Haweker et al., 2010; Petutschnig et al., 2010).
Though preliminary, our results therefore raise the intriguing possibility that RiIFGB1 might
actually bind to glycan-modifications of a wide variety of immune receptors to interfere
with their activity. Differences in glucan patterns in chives, as reported for other mono-
cots (Fesel and Zuccaro, 2016), might be correlated with the host-dependent expression or
RiIFGBL1.

As a first clue that RiIFGB1 may actually play a role in the host range of R. irregularis we
found that the R. irregularis C3 isolate, in contrast to DAOM197198, did not contain a
FGB1 homolog that showed similar chives-dependent expression. Furthermore, our pre-
liminary data indicate that C3 has a reduced colonization efficiency on chives compared
to DAOM197198, while in Medicago overexpression of RiFGB1 had a positive effect on
fungal colonization levels (Chapter 3). It would therefore be interesting to test whether the
differential colonization levels in chives are caused by the difference in RiFGB1 expression.

Arole for nutrient sensing and exchange in partner control

Above we discussed that nutrient levels influence the plants immune system, which may
differentially affect the interaction with different AM fungi. However, nutrient levels and
exchange also play a more direct role in partner control during the symbiosis.

In Medicago it was shown that an AM fungus that is less cooperative, i.e. which stores
more Pi as poly-P , receives less carbon from the host than a more cooperative fungus that
gives Pi more easily to the plant (Kiers et al., 2011; Fellbaum et al., 2014). This rewards a
fungus that is more beneficial in terms of carbon costs. On the other hand, when the plant
gives less carbon to the fungal partner, the fungus shows a reciprocal response and provide
less phosphate to the plant (Kiers et al., 2011; Fellbaum et al., 2014). This may be important
to balance the carbon costs with the nutrient demand of the plant and to keep the symbiosis
beneficial. It indicates that the plant can tightly monitor the amount of nutrients it obtains
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from its partners and to integrate it with its own demands. If the fungus does not provide
sufficient nutrients it will ultimately lead to the (premature) degradation of the arbuscules,
where nutrient exchange takes place. Therefore, the plant seems to control its partner by
regulating 1) the carbon supply and 2) arbuscule development and lifetime, in a nutrient de-
pendent manner.

Below, | will discuss our current insight into the molecular regulation of nutrient exchange,
focusing on phosphorus (P) and nitrogen (N), and arbuscule development in relation partner
control.

From plant to fungus

It was long believed that sugars (hexoses) were the main carbon source that was provided
by the host plants across the peri-arbuscular membrane to the AM fungi (Roth and Pasz-
kowski, 2017). This was mainly based on studies using isotope-labeled sugars added to my-
corrhized roots coupled with detailed Nuclear Magnetic Resonance spectroscopy analyses.
These suggested that glucose is provided to the fungus by host roots (Shachar-Hill et al.,
1995; Pfeffer et al., 1999; Bago et al., 2000, 2003). In agreement with a role for plant-de-
rived sugars as carbon source, a proton-coupled high-affinity monosaccharide transporter,
RiMST2 from R. irregularis, was shown to be required for the appropriate development of
arbuscules and fungal colonization (Helber et al., 2011). RiIMST2 is most highly induced in
arbuscules but also showed expression in the intraradical mycelium and extraradical myce-
lium (Helber et al., 2011; Zeng et al., 2018). This led to the hypothesis that AM fungi may
not only take up sugars from the arbuscular interface but also from the apoplast through
their intraradical hyphae. In addition, RiMST2 showed affinity for plant cell wall-derived
xylose and its expression was shown induce upon addition of xylose. This suggested that
cell wall derived monosaccharides may be taken up by AM fungi as well (Helber et al.,
2011). Furthermore, several monosaccharide transporter members were shown to be specif-
ic expressed in the extraradical mycelium, where they were suggested to play a role in the
uptake of organic carbon (Lahmidi et al., 2016; Roth and Paszkowski, 2017).

In recent years, the view of sugars as the major carbon source provided to AM fungi has
been challenged when it was revealed that AM fungi lack a key enzyme, type-l multidomain
fatty acid synthase (FAS), required to de novo synthesize long chain (C16:0) fatty acids
(Tisserant et al., 2013; Wewer et al., 2014). This makes AM fungi in fact fatty acid auxo-
troph. This finding was striking as lipids are actually found to be the major carbon storage
form in AM fungi (Wang et al., 2017). It suggested that AM fungi need to obtain fatty acid
precursors from the host plant. In agreement with this, a set of genes involved in fatty acid
biosynthesis are specifically induced in the arbuscule-containing cells during AM symbiosis
(Bravo et al., 2017; Luginbuehl et al., 2017; Jiang et al., 2017). Mutations in these genes
typically lead to the premature collapse or underdevelopment of arbuscules and reduced
AM fungal colonization. By expressing a fatty acyl-ACP thioesterase (UcFatB) from Um-
bellularia californica that produces lauric acid (C12:0), which is normally not or very lowly
exist in plant and AM fungi, it was ultimately proven that plants provide fatty acids to AM
fungi (Luginbuehl et al., 2017; Jiang et al., 2017). It has been suggested that fatty acid pre-
cursors are transported to as -monacylglycerol (B-MAG), which is then is converted into
the storage form triacylglycerol (TAG) to be transmitted to the extraradical mycelium and
stored in spores and vesicles. TAG can be broken to sugars via the glyoxylate cycle and glu-

128



General discussion

coneogenesis (Bago et al., 2003). Therefore fatty acids are likely the major nutritive carbon
source for the fungus. However, the physiological relevance of the different contributions of
sugars and fatty acids to feed the fungus remains to be addressed. Interestingly, it has been
shown that fatty acids can stimulate asymbiotic sporulation of AM fungi, and that different
AM fungi seem to prefer different kinds of fatty acids (Kameoka et al., 2019; Sugiura et
al., 2020). For example, anteiso-C15:0 induced hyphal branching and sporulation in R. ir-
regularis and R. clarus, but failed to do so in Gigaspora margarita (Kameoka et al., 2019).
This raises the intriguing possibility that the lipid profile of plants may in fact determine the
reproductive success of their fungal partner, which will affect host-preferential associations.
In line with this suggestion, the isotope profile of 16:0 fatty acids in R. irregularis extrarad-
ical mycelium growing on Lotus and carrot roots were significantly different (Keymer et al.,
2017).

How do plants regulate carbon flow to the fungus at the arbuscules?

AM symbiosis creates a sink for sucrose transport to the roots where it is converted to
glucose through the action of symbiotically induced sucrose synthases and invertases.
Knockdown of the symbiotically induced sucrose synthase MtSucS1 impaired arbuscule
development and colonization levels (Baier et al., 2010). On the other hand, knockdown of
the sucrose transporter SISUT2 led to increased colonization levels and abolished the posi-
tive growth response to AM symbiosis in tomato (Bitterlich et al., 2014). Because sucrose
transport activity could not be shown it was suggested that SISUT2 may have a signaling
activity. It was found to physically interact with components of brassinosteroid (BR) signal-
ing and biosynthesis (Bitterlich et al., 2014). Tomato mutants defective in BR biosynthesis
also showed decreased mycorrhization, indicating that sucrose and BRs cross talk to con-
trol colonization levels. Interestingly, BRs are known to antagonize plant innate immune
responses through the co-receptor BAK1 (Lozano-Duran and Zipfel, 2015). Furthermore,
extracellular sugar levels are important regulators of immune responses. For example, the
Arabidopsis homologue of the AM-induced Medicago Hexose 1 transporter (MtHEX1),
AtSTP13, interacts with the immune receptor FLS2 and its interactor BAK1 resulting in an
increased hexose uptake from the apoplast and thereby enhanced basal resistance (Yamada
et al., 2016). Upregulation of MtHex1 during AM colonization may suggest a similar cross-
talk between sugar signalling and immune receptor complexes to control the symbiosis (Roth
and Paszkowski, 2017).

Transport of glucose across the peri-arbuscular membrane was recently suggested to be reg-
ulated by SWEET (Sugars Will Eventually be Exported) transporters (Manck-Gotzenberger
and Requena, 2016; Kafle et al., 2019). Recently, a single SWEET gene (MtSWEET1b) in
Medicago was shown to be specifically expressed in arbuscule-containing cells where it
localized to the peri-arbuscular membrane (An et al., 2019). MtSWEET1b was shown to
transport glucose and arbuscule-specific overexpression of dominant-negative forms of
MtSWEET1b caused an early collapse of arbuscules (An et al., 2019). This suggests that
the transport of glucose to arbuscules is important for the maintenance of proper arbuscule
development. SWEET genes can be differently regulated in different plant species. Howev-
er, whether this may affect the preferential association with distinct AM fungi remains to be
investigated.

In case of fatty acids, two ATP-binding cassette (half-ABC) transporters, called STUNTED
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ARBUSCULES (STR) and STR2, were found to be required for the delivery of the fatty
acid precursors to the AM fungi (Zhang et al., 2010; Gutjahr et al., 2012). Their expression
is also induced in arbuscule containing cells and they are localized to the peri-arbuscular
membrane (Zhang et al., 2010; Gutjahr et al., 2012). Knock-out of these lipid transporters
caused a strong underdevelopment of arbuscules and correspondingly reduced colonization
levels. It is currently not known whether or how these transporters are regulated post-tran-
scriptionally, however transcriptional regulation of STR/STR2 expression in arbuscule-con-
taining cells was shown to involve WRINKLED1-like transcription factors (TFs). These
TFs, LjCBX1 in Lotus and WRI5a-c in Medicago, induce many of the genes that are specif-
ically induced in arbuscule containing cells, such as the fatty acid regulon as wells MtHA1
and MtPT4 required for phosphate uptake from the arbuscules (Jiang et al., 2018; Xue et al.,
2018). Furthermore, the same transcriptional network regulates genes required for arbuscule
degradation such as MtMYB1 and the phosphate sensing MtSPX1 and MtSPX3 studied in
Chapter 4 and 5 (discussed further below). The WRI1-like genes are transcriptionally regu-
lated by the GRAS TF RAM1, which is essential for arbuscule development after the entry
of fungal hyphae into inner cortex cells (Gobbato et al., 2012). AM-specific induction of
RAML is in turn controlled by the common symbiotic signaling TFs CYCLOPS and DEL-
LAs (Pimprikar et al., 2016). Although the picture is still incomplete, these data are starting
to unveil the transcriptional network that controls nutrient exchange during AM symbiosis
(Limpens and Geurts, 2018). How different fungal partners and environmental conditions
affect this transcriptional network will be a great challenge for the future.

From fungus to plant

The relatively thin AM fungal hyphae form an extensive mycelial network in the soil that is
much better able to scavenge for scarce mineral sources and water than the relatively large
plant roots. Furthermore, plant roots can only take up soluble inorganic orthophosphate,
while most phosphate in the soil is present in bound forms, with large parts as organic phy-
tate. AM fungi have been shown to be able to mineralize organic phosphate with the help
of hyphosphere bacteria (Wang et al., 2017; Jiang et al., 2021; Emmett et al., 2021). Min-
eralized phosphate is then taken-up by the fungal phosphate transporters that are expressed
in the extraradical mycelium. These transporters are energized by proton (H*/Pi) or sodium
(Na'/Pi) gradients (Harrison and Van Buuren, 1995; Maldonado-mendoza et al., 2001; Fio-
rilli et al., 2013; Tisserant et al., 2013 Ferrol et al., 2000; Requena et al., 2003). Many of
the fungal phosphate transporters are not exclusively expressed in the extraradical hyphae
but also show significant expression in the arbuscules. This was suggested to either reflect a
competition for Pi between fungus and host plant at the peri-arbuscule membrane, or a role
for these transporters in phosphate secretion from the arbuscules (Xie et al., 2016; Ferrol
et al., 2019). A high-affinity fungal phosphate transporter GigmPT in Gigaspora margarita
was found to function both as transporter and Pi sensor, acting as transceptor to regulate
Pi-dependent signaling (Xie et al., 2016). GigmPT expression in extraradical hyphae was
induced by increased carbon supply, which corresponded with more phosphate transport to
the host (Xie et al., 2016). HIGS of GigmPT led to reduced AM colonization and the prema-
ture collapse of arbuscules (Xie et al., 2016). Such a signaling role may also play a role in
the distribution of Pi along the fungal network, which was recently visualized using a novel
the fluorescing tagged phosphate (using quantum dots) technique (van’t Padje et al., 2020).

Once taken up, phosphate is polymerized to polyphosphate (poly-P) in the fungal vacuoles
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(Ezawa et al., 2002). This is likely carried out by the vacuolar transporter chaperon complex
(VTC), which has been shown to control poly-P synthesis in yeast. In line with this, the
expression of several VTC components is upregulated when phosphate is added to extrarad-
ical hyphae (Kikuchi et al., 2014). The poly-P is subsequently transported to the intraradical
hyphae through the mobile vacuolar system as well as via cytoplasmic streaming (Uetake
et al., 2002). Recently it was shown that poly-P transport is influenced by water transport
across the plasma membrane in the intraradical hyphae (Kikuchi et al., 2016). Virus-induced
silencing of an aquaporin RcAQP3 from Rhizophagus clarus as well as the reduction of host
plant transpiration decreased the rate of poly-P translocation from fungal extraradical to
intraradical hyphae (Kikuchi et al., 2016). This suggests that host transpiration drives water
transportation through the hyphae, in turn, mediates poly-P transportation (further discussed
below).

A major question that remains to be solved is how phosphate is released by the AM fungi
to be taken up by the host plant at the arbuscules. It is suggested that poly-P is first hydro-
lyzed in the intraradical hyphae (Kikuchi et al., 2014), after which it is transported across
the vacuolar membrane, probably by the vacuolar phosphate transporter PHO91 (Tisserant
et al., 2012). Subsequently, the phosphate is pumped into the peri-arbuscular space from
where it is taken up by specific phosphate transporters such as PT4 into the plant cells (Ferrol
et al., 2019). Several candidate phosphate efflux transporters have been proposed but their
involvements remains to be demonstrated (Ezawa and Saito, 2018). Alternatively, poly-P
might be exported by a fungal plasma membrane localized VTC complex and hydrolyzed
by plant acid phosphatases in the peri-arbuscular space (Ezawa and Saito, 2018). Yet anoth-
er possibility could be the involvement of extracellular vesicles in the transport of nutrients
(Ivanov et al., 2019; Roth et al., 2019).

Besides phosphate, AM fungi also play a key role in providing nitrogen to host plants (Gar-
cia et al., 2016; Wipf et al., 2019). The fungal extraradical mycelium can take up inorganic
(NH," or NO*) and organic nitrogen (amino acids or short peptides) from the soil. High
affinity nitrate transporters and ammonium transporters have been identified in AM fungi
(Tian et al., 2010; Koegel et al., 2015; Pérez-Tienda et al., 2011; Calabrese et al., 2016).
Similar to phosphate transporters, several of these nitrogen transporter, such as RiNRT2, are
expressed in both the extraradical mycelium and intraradical mycelium (Wipf et al., 2019).
This suggests that competition for nutrient sources symbiotic interface may be integral mar-
ket strategy. Once taken up, nitrogen ions in the fungal hyphae are converted via glutamine
into arginine through the GS/GOGAT cycle (Wipf et al., 2019). Arginine is then transferred
to the intraradical mycelium possibly through formation of complexes with the negative-
ly charged poly-P granules, after which the arginine is broken down to urea and ornithine
(Govindarajulu et al., 2005; Jin et al., 2005). The urea is then hydrolyzed to ammonia/am-
monium in the arbuscules, and exported into the peri-arbuscular space (Kobae et al., 2010;
Breuillin-Sessoms et al., 2015). Interestingly, it was shown that the premature arbuscule
degeneration phenotype of the Medicago pt4 mutant, lacking the key symbiotic phosphate
transporter PT4 (Javot et al., 2007), was restored when plants were grown in nitrogen star-
vation conditions (Breuillin-Sessoms et al., 2015). This complementation required the am-
monium transporter MtAMT?2;3. Because MtAMT2;3 did not show ammonium transport
activity when expressed in yeast, it was suggested to function in N-sensing and signaling
(Breuillin-Sessoms et al., 2015). Recently, a low-affinity nitrate transporter OsNPF4.5 in
rice was reported to be specifically expressed in arbuscule-containing cells (Wang et al.,
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2020). Knockout of OsNPF4.5 resulted in a 45% decrease in plant AM-related nitrogen up-
take, indicating that AM fungi trade nitrate with the host as well.

Nitrogen and phosphorus are the two most important mineral nutrients and they need to be
balanced for optimal plant growth. At low N : P ratios nitrogen addition negatively affects
AMF colonization (Johnson et al., 2003). But at high N : P ratios nitrogen positively affects
AMF colonization (Johnson et al., 2015). However, the molecular mechanisms by which
P and N collectively regulate AM symbiosis are unknown. Since both P and N supply ulti-
mately determines whether mycorrhizal benefits outweigh their costs it is important that the
plant can sense how much nutrients it receives.

In Chapter 4 , we studied two SPX proteins that are strongly induced in arbuscule contain-
ing cells. SPX proteins have been well studied for their role as phosphate sensors and reg-
ulators of phosphate homeostasis in plants (Puga et al., 2014; Wang et al., 2014b; Zhong et
al., 2018; Wild et al., 2016). Under non-symbiotic conditions SPX1 and SPX3 negatively
regulated the key phosphate starvation response regulator PHR2 in Medicago in a Pi-depen-
dent manner, similar to the role of SPX proteins reported in rice and arabidopsis where it
prevents potential toxic effects of too much Pi acquisition. In arbuscule-containing cells, the
induction of SPX1 and SPX3 appeared to be controlled by the WRI1-like transcription fac-
tors, discussed above. There, SPX1 and SPX3 redundantly controlled in the timely degrada-
tion of arbuscules. Overexpression of SPX1/3 caused the premature degradation of arbus-
cules, while the spx1spx3 double mutant showed a higher “good” to “degrading” arbuscule
ratio. Knockdown of SPX1 and SPX3 expression in the pt4 mutant could not suppress the
premature arbuscule degradation in this mutant. Furthermore, overexpression of the MYB1
transcriptional regulator of arbuscule degradation genes in the spx1spx3 double mutant still
induced the premature degradation of arbuscules. This suggested that SPX1 and SPX3 may
act to sense when an arbuscule-containing cell has obtained sufficient Pi and to prevent
too much Pi from entering the cells, in analogy to its role under non-symbiotic conditions.
Interestingly, a role for SPX proteins in the integration of N and P signaling was recently
reported. In rice, OsSPX4 was shown to interact with the nitrate sensor NRT1.1B (Hu et al.,
2019). Nitrate perception leads to the degradation of SPX4, which releases both PHR2 and
OsNLP3 TFs to move to the nucleus and to induce respectively phosphate starvation genes
and nitrate-responsive genes. Since both P and N collectively control arbuscule degradation
it would be interesting to study whether SPX1/3 also play a role in the N-control of arbus-
cule development.

To understand how SPX1 and SPX3 might facilitate arbuscule degradation we first investi-
gated their ability to interact with the currently known regulators of arbuscule degradation
(Chapter 5). However, no interaction with either MYB1, NSP2 or DELLA proteins, which
form a TF complex to induce the expression of arbuscule degrading enzymes, was observed
(Floss et al., 2017). Since SPX1 and SPX3 redundantly controlled arbuscule degradation
we reasoned that they must share interacting partners. To identify these we used a co-IP
approach coupled with tandem mass-spectroscopy. This identified a PIP2 plasma mem-
brane aquaporin as interactor of both SPX1 and SPX3 (Chapter 5). Aquaporins act as water
channels that selectively allow water or other small uncharged molecules to pass along an
osmotic gradient. In addition some aquaporins may also mediate the transport of volatiles
such as NH; or CO, and small solutes such as ions, peptides, H,0,, urea, or glycerol across
membranes (Tyerman et al., 2002; Hachez and Chaumont, 2010; Bienert and Chaumont,
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2014). Water flow has been postulated to play an important role to facilitate the flow of
nutrients from the fungus to the arbuscules (Kikuchi et al., 2016). In AM fungi, an aqua-
porin RCAQP3 was found to mediate long-distance poly-P translocation to the host plant
(Kikuchi et al., 2016). Furthermore, several studies have shown a correlation between the
transpiration of the plant and nutrient transport by AM fungi (Birhane et al., 2012; Kikuchi
et al., 2016; Quiroga, 2019; Quiroga et al., 2019), and various aquaporins have been found
to be transcriptionally regulated during the AM symbiosis (Uehlein et al., 2007; Quiroga
et al., 2019). It can therefore be hypothesized that the interaction with SPX1 and SPX3
controls PIP2 activity in a Pi-dependent manner. One possibility is that when the plant cell
has acquired sufficient Pi, SPX binding will block the water transport activity of PIP2, to
inhibit the flow of nutrients and thereby further Pi transfer. The transport of Pi out of the
arbuscule-containing cells to the vasculature will lead to a drop in the Pi levels, which sub-
sequently can trigger MYBL1 leading to the degradation of the arbuscule. This hypothesis re-
mains to be tested. A role for plant-mediated water transport in the transport of nutrients by
the fungi might also explain the unequal contribution of R. irregularis in a common mycor-
rhizal network between flax and sorghum, reported by Walder et al. (2012). Flax was found
to invest little carbon but gained most of the nitrogen and phosphorus while the connected
sorghum plant received little in return despite providing more carbon (Walder et al., 2012).
It would be interesting to investigate whether this unbalance may be caused by differences
in the plants hydraulic strength between the two plant species. Of course, other roles of
aquaporins can also be envisioned since it is increasingly becoming clear that aquaporins
act as hubs in various signal transduction pathways in response to abiotic stress (Hachez
and Chaumont, 2010; Bienert and Chaumont, 2014; Zhang et al., 2019).

In addition to PIP2, one other protein (G7LFU4) was identified in the mass-spec data as po-
tential interactor of both SPX1 and SPX3. This protein is annotated as a putative polyketide
cyclase/dehydrase and lipid transporter, with homology to Betv_1 type Major Latex Pro-
tein-like 43. MLP43 in arabidopsis has been found to function as a positive regulator during
abscisic acid responses and to confer drought tolerance (Wang et al., 2016). This might offer
another clue towards water relations and the SPX proteins. However, whether this is a true
interactor of SPX1/3 first remains to be verified.

Concluding remarks

In summary, our insight into potential mechanisms of partner control in AM symbiosis have
significantly increased in recent years. It has become clear that complex and interconnected
signalling pathways concerning nutrient status and defense responses are integrated at lo-
cal and systemic levels to control AM symbiosis development. This may not be surprising
given the ancient origin and widespread nature of this fundamental plant endosymbiosis.
Especially the availability of various AM fungal genomes and transcriptome data in differ-
ent host plants and at different AM development stages, now offers a rich resource to gain
further insight in this fascinating aspect of the symbiosis. One of the major questions to be
studied is how the symbiotic efficiency of different plant-fungus combinations is controlled
at the molecular level in natural settings. A better knowledge of partner control, both from
the plant as well as the fungal side of the interaction, will be pivotal to realize and apply the
widely recognized potential of AM fungi as sustainable biofertilizers.
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The arbuscular mycorrhizal (AM) symbiosis is the most widespread symbiotic association
between land plants and arbuscular mycorrhizal fungi belonging to Glomeromycotina sub-
phylum. This mutualistic association can have a range of benefits for the plant, such as in-
creased access to mineral nutrients (especially phosphate and nitrogen) and water in the soil
as well as protection from various biotic and abiotic stresses. In return for these services,
the fungi receive fixed carbon from their hosts to complete their life cycle. To keep this in-
teraction beneficial, multiple layers of control are exerted by both partners at different stag-
es of the interaction. In this thesis, we studied the role of AM fungal effectors to facilitate
colonization and how host plants sense how much phosphate they receive from their partner
to control the development of the arbuscules.

Similar to pathogenic fungi, the cell walls of AM fungi contain common microbe-associated
molecular patterns (MAMPs), such as chitin and B-glucans, that can trigger plant immune
responses. The extreme host range of AM fungi raises the question how they can efficiently
deal with the immune system of such a wide variety of plants. It has recently become clear
that secreted AM fungal effector proteins can play a key role. In chapter 2, we studied
the role of a secreted nuclear-localization signal containing effector from Rhizophagus ir-
regularis, called Nuclear Localized Effector] (RiNLEI1), which is highly and specifically
expressed in arbuscules in wide variety of plant species. RINLE1 was able translocate to the
host nucleus where it could interact with the core nucleosome component Histone 2B (H2B)
and impair its mono-ubiquitination. This resulted in the suppression of defense-related gene
expression and enhanced colonization levels. This chapter highlighted a novel mechanism
by which AM fungi can effectively affect the plants epigenome via direct interaction with a
core nucleosome component to facilitate colonization. RINLE1-like effectors were found in
a range of fungi that establish intimate interactions with plants, suggesting that this type of
effector may be more widely recruited to manipulate host defense responses.

Despite the fact that there seems to be little to no strict host specificity in the AM interac-
tion. so-called host preferences have been widely observed in the field. In chapter 3, we
studied an effector from Rhizophagus irregularis DAOM197198, called RiFGB1, that is
expressed in a host-dependent manner. RiFGBL is highly induced in the interaction with
Allium schoenoprasum (chives) as host plant but not in the interaction with dicot hosts like
Medicago truncatula and Nicotiana benthamiana. RiFGB1 was shown to be a homolog of
the Piriformospora indica fungal B-glucan-binding lectin (FGB1). We found that RiFGB1
can bind a variety of glycan molecules such as B-glucan, chitin and xylan. Furthermore
RiFGB1 could interfere with a wide range of MAMP-triggered immune responses. Fur-
thermore, different expression levels of FGB1 homologs in another R. irregularis isolate
seemed to correlate with a reduced colonization of this isolate on chives. These data suggest
that effectors may contribute to host preferences through their ability to regulate the host
immune system.

To keep the symbiosis beneficial a plant must be able to sense how much nutrients it obtains
from its partner and to integrate it with its needs. For example, if the fungus fails to provide
phosphate the plant can terminate the interaction by degrading the arbuscules to prevent a
carbon drain by the fungus. How plants sense the phosphate status in arbuscule-containing
cells and accordingly control arbuscule lifetime or function is therefore a major question.
In chapter 4, we identified two Medicago truncatula phosphate-sensing SPX-domain
containing proteins, SPX1 and SPX3, as key regulators of phosphate starvation responses
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as well as fungal colonization and arbuscule degradation. SPX1 and SPX3 are induced by
phosphate starvation but become restricted to arbuscule-containing cells upon establishment
of AM symbiosis. Under non-symbiotic conditions they control phosphate homeostasis in
part through their interaction with the phosphate starvation response factor PHR2. Further-
more, upon phosphate deficiency they facilitate expression of the strigolactone biosynthesis
gene DWARF27, which correlates with increased fungal branching by root exudates and
increased root colonization. Later, in the arbuscule-containing cells SPX1 and SPX3 redun-
dantly control the timely degradation of arbuscules.

To understand how SPX1 and SPX3 control arbuscule lifetime, we searched for interacting
partners in chapter 5. We did not find any interaction with the known transcriptional reg-
ulators of arbuscule degradation MYB1, NSP1 and DELLA. Instead, through co-immuno-
precipitation coupled with liquid chromatography—mass spectrometry, we identified PIP2
aquaporins as interactors of both SPX1 and SPX3. Overexpression of MtPIP2;7 reduced
overall arbuscule abundance but also caused a higher “good” to “degrading” arbuscule ra-
tio, suggesting reduced arbuscule degradation. These results now offer a basis to study the
intriguing possibility that SPX1 and SPX3 help to regulate phosphate transport and/or ar-
buscule degeneration through the regulation of PIP2 activity.

In chapter 6, the results generated during my thesis research are discussed in the broader
perspective of partner preferences during AM symbiosis. It has become clear that complex
and interconnected signaling pathways concerning nutrient status and defense responses are
integrated to control AM symbiosis development. Extending this knowledge will be import-
ant realize to the widely recognized potential of AM fungi as sustainable biofertilizers.
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