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Abstract

Arbuscular mycorrhizal fungi (AMF) form a mutually beneficial symbiotic relationship with a
majority of land plants through an exchange of nutrients. Despite the importance of AM
symbiosis in agricultural and ecological settings, relatively little is known about how the fungal
symbiont actively promotes symbiosis. To overcome a host’s immune response, plant pathogens
secrete effector proteins that modify a host to suppress an immune response. Few effectors have
been identified in AMF, as bioinformatics methods have failed to accurately predict their
sequences. To successfully colonize a plant, AMF form structures called arbuscules within plant
root cortical cells. Arbuscules are a primary site of nutrient exchange during AMF symbiosis. This
work is built on the hypothesis that AMF produce effector proteins to promote symbiosis, and
that arbuscules are a site of effector secretion. Using Rhizophagus irregularis, Glomus versiforme
and Medicago truncatula this work applies a proteomics-based approach using a new
biotechnology to identify fungal proteins secreted by AMF. This novel approach using proteomics
and proximity labelling to identify proteins by mass spectrometry is the first time this system has
been used to study the plant-AMF relationship. In this work, mass spectrometry identifies a total
of 24 R. irregularis proteins and two G. versiforme proteins that are candidate effectors involved

in the plant-AMF symbiosis.



Résumeé

Les champignons mycorhiziens arbusculaires (CMA) forment une relation symbiotique
mutuellement bénéfique avec une majorité de plantes terrestres grace a un échange de
nutriments. Malgré I'importance de la symbiose AM dans les milieux agricoles et écologiques, on
sait relativement peu de choses sur la facon dont le symbiote fongique favorise activement Ia
symbiose. Pour surmonter la réponse immunitaire d'un hoéte, les agents pathogenes des plantes
sécretent des protéines effectrices qui modifient I'h6te pour supprimer la réponse immunitaire.
Peu d'effecteurs ont été identifiés chez les CMA, car les méthodes bioinformatiques n'ont pas
permis de prédire avec précision leurs séquences. Pour réussir a coloniser une plante, les CMA
forment des structures appelées arbuscules a l'intérieur des cellules corticales des racines. Les
arbuscules sont un site primaire d'échange de nutriments au cours de la symbiose des CMA. Ce
projet est basé sur I'hypothése que les CMA produisent des protéines effectrices pour
promouvoir la symbiose, et que les arbuscules sont un site de sécrétion des effecteurs. En
utilisant Rhizophagus irregularis, Glomus versiforme et Medicago truncatula, nous appliquons
une approche protéomique utilisant une nouvelle biotechnologie pour identifier les protéines
fongiques sécrétées par les CMA. Dane ce project, la spectrométrie de masse identifie un total
de 24 protéines R. irregularis et deux protéines G. versiforme qui sont des effecteurs candidats

impliqués dans la symbiose plante-CMA.
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Chapter 1: Overview of Arbuscular Mycorrhizal Fungi

Arbuscular mycorrhizal fungi (AMF) are a phylum of fungi capable of forming beneficial
symbiotic relationships with 80 % of vascular plants (B. Wang & Qiu, 2006). Symbiotic structures
from these ancient microorganisms have been identified in fossils dating back 450 million years
(Remy et al., 1994). It is hypothesized that AMF helped plants transition from aquatic
environments to land (Rich et al., 2021) by helping anchor the plants in soil and providing
nutrients that plants were otherwise unable to access. The broad range of plants that AMF
colonize, in combination with the significant nutrients with which AMF supply plants, makes the

plant-AMF symbiosis a globally significant beneficial interaction (Harrison, 2005).

Host plants engage in a beneficial symbiosis with AMF when in nutrient-limiting conditions.
AMF provide nutrients from the surrounding environment, in particular phosphorus and nitrogen
(Javot, Pumplin, et al., 2007) that host plants are otherwise unable to access and are limiting to
plant growth. In exchange, host plants supply AMF with carbon in the form of sugar (Doidy et al.,
2012) and lipids (Bravo et al., 2017; Luginbuehl et al., 2017; Rich et al., 2021). When plants are
engaged in symbiosis with AMF, up to 20 % of a host’s fixed carbon is transferred to AMF (Bago
et al., 2000). Given that plants sacrifice such a substantial proportion of their energy to AMF
under certain conditions, this interaction plays an important role in the ecosystems in which it
occurs. In addition to providing host plants with essential nutrients, AMF increase water uptake,
drought and salinity tolerance and disease resistance (Augé et al., 2015; Pozo & Azcén-Aguilar,

2007; Smith & Read, 2008).

I.  Colonization by Arbuscular Mycorrhiza Fungi
Host plants deprived of phosphorous secrete chemical signals into the rhizosphere in the
form of strigolactones (Besserer et al., 2006). AMF spores exist in the soil, which grow hyphae in
search of an appropriate plant host (Giovannetti et al., 2010). Upon recognition of strigolactones,
AMF spores use up their limited carbon reserve and their energy comes from the breakdown of
triacylglycerol (Bago et al., 2000). At this stage AMF spores commit themselves to symbiosis
through the activation of oxidative metabolism (Besserer et al., 2008). AMF hyphae must

successfully locate a host, establish symbiosis, and receive carbon from a host plant before using
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up its carbon reserve; these fungi are obligate symbionts and require carbon from a host plant to
survive and complete their life cycle. If a spore does not reach a plant root and has not yet

committed itself to the symbiosis, it will return to its dormant state (Bago et al., 2000).

AMF secrete their own signalling molecules; specifically, mycorrhizal (myc) factors that
trigger the initiation of the plant’s common symbiosis signalling pathway (CSSP) (J. Sun et al.,
2015). The CSSP is a genetic pathway required for the formation of a successful symbiosis with
both AMF and rhizobia (Oldroyd, 2013). Rhizobia are nitrogen-fixing bacteria that form a
beneficial symbiosis with leguminous plants. Genes involved in the plant-rhizobia symbiosis have
been studied extensively and many of the genes essential to this interaction are also required in
the AMF symbiosis; together these fundamental genes form the CSSP (Oldroyd, 2013; Parniske,
2008). To initiate symbiosis, a host plant must recognize a beneficial symbiont, through either
myc factors from AMF or nodulation (nod) factors from rhizobia. Myc factors were discovered on
the assumption that they act similarly to nod factors. There is speculation that other myc factors
may be involved in the symbiosis (MacLean et al., 2017). Two important myc factors are
lipochitooligosaccharides (LCOs) and chitin, which promote root growth and branching (Maillet
et al., 2011). Myc factors are perceived by a variety of cell receptors, one being CERK1, a lysin
motif (LysM) pattern recognition receptor that recognizes chitin and elicits an immune response,
while simultaneously activating the CSSP, enabling the symbiosis (Feng et al., 2019; Miyata et al.,
2014). Other cell receptors important in the perception of myc factors are DMI1, DMI2, and DMI3
(Genre et al., 2013). Together, these cause nuclear calcium spiking which is an essential
component of the CSSP as it activates transcription factors that signal genes involved in the

symbiosis (Oldroyd & Downie, 2006).

Once fungal hyphae are in contact with host plant roots, AMF form a hyphopodium along the
host’s root epidermal cells. The host plant in turn forms a pre-penetration apparatus that guides
fungal growth and reorganizes its plant cells to accommodate the fungal symbiont (Genre et al.,
2005). Morphological changes occur inside the plant cell, including migration of the nucleus, and
the reorganization of cytoskeletal elements and endoplasmic reticulum components (Genre et
al., 2008, 2005). Once inside the innermost layer of cells, the cortical cells, AMF form branched
structures called arbuscules, which are the site of nutrient exchange and are critical to the
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symbiosis (Luginbuehl & Oldroyd, 2017). Arbuscules are surrounded by a plant derived
membrane called the periarbuscular membrane that contains transporters that act to transfer
nutrients between symbionts (Breuillin-Sessoms et al., 2015; Javot, Pumplin, et al., 2007; Krajinski
et al., 2014). The establishment of arbuscules in the plant cell creates a gap between the plant
and fungal walls called the periarbuscular space, an acidic environment where nutrients must
cross to be exchanged between the plant and fungus (Javot, Penmetsa, et al., 2007). Arbuscules
survive for seven to ten days after which they collapse and degrade. The cortical cell then returns
to its pre-colonization state (Pumplin & Harrison, 2009) or it may be re-colonized anew. A

schematic of this colonization process is depicted in Figure 1.
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Figure 1. Colonization of a plant root by arbuscular mycorrhizal fungi. Arbuscular mycorrhizal
fungal spores exist in the soil. Emerging hyphae from germinating spores migrate towards a host
plant root, guided by chemical signals that are diffused by host plant roots when deprived of
phosphorus. Once in contact with a host plant root, fungal hyphae penetrate through the
outermost layer of epidermal cells, growing through the cell layers until reaching the cortical
cells, where they form arbuscules. Arbuscules are the primary site of nutrient exchange between

the two organisms.



[I.  Nutrient Exchange in Arbuscular Mycorrhizal Fungi

Both nitrogen and phosphorous are often limiting to plant growth. While phosphorus is one
of the most important nutrients that AMF provides plants, AMF and plants only absorb soluble
inorganic orthophosphate (Bucher, 2007; Koide & Kabir, 2000; Schachtman et al., 1998). Though
phosphorus exists in the ecosystem in many forms, most phosphorus exists in an insoluble form
due to immobilization and precipitation with other soil minerals (Rengel & Marschner, 2005).
AMF can increase phosphorus supply to the host plant through two mechanisms. First, they can
expand further into the soil through extraradical hyphae and access nutrients that plants are
unable to. Second, AMF can form a beneficial association with phosphatase secreting bacteria (X.
X. Wang et al., 2017), allowing them to access a soluble form of phosphorous (Ezawa & Saito,

2018; Sato et al., 2019).

To support maximal growth of crops, farmers frequently add commercial fertilizers to
nutrient-depleted soils, which includes both supplemental phosphorus and nitrogen. Only a small
portion of the added nutrients are absorbed by the crops. Most of the nutrients from the fertilizer
runoff into the surrounding environment (Beman et al., 2005) or become insoluble forms that
are unusable to plants (Vance et al., 2003). Leading to negative effects on the ecosystem such as
eutrophication. Eutrophication is a process wherein an imbalance of nutrients in aquatic
ecosystems leads to a ‘bloom’ of cyanobacteria. These cyanobacteria secrete hazardous
compounds and decrease dissolved oxygen concentrations in their environment, causing the
death of numerous species of wildlife. To solve this issue, biofertilizers comprised of AMF and/or
rhizobia are currently being studied (Haldar & Sengupta, 2016). AMF can help plants uptake the
nutrients that already exist in an environment, providing a more sustainable alternative to
commercial fertilizers. This work is a key step to better understand how the plant-AMF symbiosis

is maintained and may allow for the replacement of chemical fertilizers with AMF in agriculture.

lll.  Effectors
Host plants regulate the extent of AMF colonization to ensure reciprocal nutrient exchange
with their symbionts (C. Wang et al., 2018). Plants not only manage beneficial microbes, but they

also must defend themselves against pathogenic ones. To distinguish between these two groups



and respond accordingly, plants recognize microbe associated molecular patterns (MAMPs) or
pathogen associated molecular patterns (PAMPs), which activates MAMP-triggered immunity or
PAMP-triggered immunity, respectively. Plants recognize both MAMPs and PAMPs using pattern
recognition receptors that respond to the cues elicited by non-self-organisms. When activated,
pattern recognition receptors initiate intracellular signaling cascades to respond to invaders.
Some of these responses include the expression of defence-related genes, secretion of
chitinases, and generation of reactive oxygen species (Bozsoki et al., 2017; Miya et al., 2007;
Shimizu et al., 2010). To evade these immune responses, symbionts have evolved effectors (note
that the term symbiont refers to both pathogenic and beneficial plant-microbe associations).
Effector proteins act to promote colonization and subsequent dispersal of the symbiont by
suppressing host immunity, and manipulating host cell physiology (De Jonge et al., 2011; De Wit
et al., 2009; Giraldo & Valent, 2013; Okmen & Doehlemann, 2014; Zuccaro et al., 2014).

Effector proteins employed by plant pathogenic bacteria, oomycetes and fungi act to
promote host colonization. AMF can engage in symbiosis with a broad range of plants, yet despite
their global significance, much remains unknown regarding the maintenance of this symbiotic
interaction (Thoms et al., 2021), particularly with respect to the role of fungal proteins and genes.
In the AMF plant symbiosis, only three candidate effector proteins have been identified to date,
including SP7 (Kloppholz et al., 2011), RiCRN1 (VoR et al., 2018), and RiSLM (Zeng et al., 2019). In
contrast, many other plant-associated fungi secrete a much greater number of effectors
(Stergiopoulos & de Wit, 2009). There is a growing understanding on how the three identified
AMF effector proteins help maintain a symbiotic relationship with their host in unique ways and
it is speculated that more effectors are involved in this symbiosis (Kloppholz et al., 2011; Zeng et

al., 2019).

The first identified effector protein, SP7, is localized to the plant nucleus where it interacts
with the transcription factor ERF19. ERF19 controls the expression of plant defense proteins
(Kloppholz et al., 2011). By counteracting the expression of ERF19, SP7 can promote the AMF
symbiosis. The ectomycorrhizal fungi Laccaria bicolor forms a beneficial symbiotic relationship
with plants and secretes the effector MiSSP7. This effector from L. bicolor is essential to the
formation of the Hartig net, a fungal structure that facilitates nutrient exchange between L.
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bicolor and its host, similar to arbuscules produced by AMF (Plett et al., 2011). MiSSP7 enters the
nucleus of its host plant’s cells where it impairs jasmonic acid signaling by interacting with the
negative regulatory factor PtJAZ6 (Plett et al., 2014). PtJAZ6 is a transcriptional repressor protein,
controlling plant defense-related genes. Upon expression of jasmonic acid, PtJAZ6 is degraded,
and host defense genes are expressed. MiSSP7 protects PtJAZ6 from degradation and as a result
PtJAZ6 continues to repress plant-defense related genes, and the symbiosis is promoted. Upon
perception of a symbiont, jasmonic acid signals host defense genes. To counteract these, both
beneficial and pathogenic symbionts have evolved effectors to manipulate normal jasmonic acid
signalling (Gimenez-lbanez et al., 2014; He et al., 2004; Plett et al., 2014), promoting the

symbiosis.

The second effector, RiCRN1, is a crinkler (CRN) effector that is involved with proper
development of the symbiosis (Vo et al., 2018). CRN effectors are mostly found in plant-
pathogen oomycetes, where they were originally classified to be involved in processes controlling
cell death and necrosis (Adhikari et al., 2013) within the host nucleus (Schornack et al., 2010). All
CRNs contain a characteristic N-terminal motif (LXLFLAK) essential to the effector’s intracellular
localization (Schornack et al., 2010). Recent research has identified a CRN effector that displays
kinase activity, suggesting that CRNs have other roles in symbiosis such as interference with
signalling cascades during infection (Scott et al., 2010; van Damme et al., 2012). RiCRN1 from R.
irregularis (formerly known as Glomus intraradices) accumulates in parallel with the plant
phosphate transporter, MtPT4, a marker of AMF symbiosis (Javot, Pumplin, et al., 2007). Similar
to other CRNs, RiCRN1 was visually confirmed to localize to the host plant nucleus (VoR et al.,
2018). Gene silencing of RiICRN1 resulted in much smaller arbuscules, diminishing the symbiosis
(VoR et al., 2018). This work demonstrates that the expression of RiCRN1 facilitates the AM

symbiosis.

RiSLM, the third AMF effector protein, promotes symbiosis by binding chitin and interfering
with chitin-regulated responses (Zeng et al., 2019). Chitin is a key component of the fungal cell
wall, and to overcome an immune response both beneficial and harmful fungal symbionts secrete
LysM effectors (Sanchez-Vallet et al., 2015; Zeng et al., 2019). RiSLM is a LysM effector secreted
by the AMF R. irregularis that binds chitin and chitosan (Schmitz et al., 2019). Chitin is recognized
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by pattern recognition receptors as a MAMP and trigger immune responses including defense-
gene induction, secretion of chitinases and generation of reactive oxygen species (Bozsoki et al.,
2017; Miya et al., 2007; Shimizu et al., 2010). To prevent these defense-related responses, LysM
effectors protect fungal hyphae by binding chitooligosaccharides, chitooligosaccharides are
produced when chitin is broken down. Homologs to this LysM effector have been identified in
five other AMF species and in plant pathogens, where they interfere with chitin-triggered
immunity (Jonge et al., 2010; Kombrink & Thomma, 2013; Lee et al., 2014; Marshall et al., 2011;
Mentlak et al., 2012; Takahara et al., 2016).

In summary, previously described AMF effector proteins have been shown to facilitate the
symbiosis by inhibiting the transcription of plant defence proteins, plant cell death proteins and
plant immune response proteins to chitin and its derivatives. These methods are similar to the

ways by which pathogenic symbionts modify a host.

Classically, bioinformatics has been used to predict candidate microbial effectors (Kamel et
al., 2017; Zeng et al., 2018). While this method has been successful in predicting fungal effectors
in select pathogenic fungi (Dong et al., 2015), this assumption has yet to be experimentally
verified for AMF. Moreover, there is increasing evidence that an unconventional protein
secretion system may play an important role in plant-microbe interactions (Kuo et al., 2014;
Tisserant et al., 2012). The objective of this research project is to utilize a proteomic-based
approach to identify AMF effectors that is not biased on the assumption that these fungal

effectors contain a signal peptide.

V.  BiolD and Proximity labelling
To identify effectors involved in the AMF symbiosis, this work utilizes BiolD. BiolD is a form of
proximity labelling that labels proteins in vivo (Roux et al., 2012), revealing various protein
networks and their involvement in cellular processes. Proximity labelling takes advantage of BirA,
a 35 kDa DNA-binding biotin protein ligase from the bacterium Escherichia coli that uses biotin
as a transcriptional repressor by binding an acetyl-CoA carboxylase (Chapman-Smith & Cronan,
1999). Biotin and ATP combine to form biotinyl-AMP. Biotinyl-AMP remains bound by BirA until

recognition of an extremely specific lysine residue within a biotin acceptor tag sequence. Upon



recognition of its substrate, BirA releases biotinyl-AMP which covalently binds to the lysine
residue (Figure 2A). Researchers identified a version of BirA with a single site amino acid
substitution that has a lower affinity for biotinyl-AMP. This promiscuous biotin ligase is called
BirA* whose biotinyl-AMP is released prematurely by BirA* and binds to close-by primary amines
covalently and non-discriminately on lysine residues. As a result, proteins within a 10 nm distance
of BirA* are tagged with biotin (Kim et al., 2014). BirA* has been used in mammalian systems to
identify interacting proteins of the nuclear pore complex (Kim et al., 2014), whole organellar
proteomes, (Hung et al., 2016) local proteomes inside cilia (Mick et al., 2015), at synaptic clefts
(Loh et al., 2016), mitochondria (Han et al., 2017), and stress granules (Markmiller et al., 2018).
BiolD has been used in plant systems to identify proteins that interact with the effector AvrPto
from the bacterial plant pathogen, Pseudomonas syringae (Conlan et al., 2018) and identify
where in host plants effectors are secreted by Ustilago maydis (Lo Presti et al., 2017). It has also
been used in Arabidopsis thaliana to understand the pathway involved with nuclear membrane

protein degradation (Huang et al., 2020).

A major disadvantage of BirA* is that it has an optimal activity at 37°C and may require up to
24 hours (h) of incubation with exogenous biotin to sufficiently label nearby proteins with biotin.
Through directed evolution, more efficient variants of BirA* called TurbolD (35 kDa) and
miniTurbo (28 kDa) (Figure 2B) were created (Branon et al., 2018). These biotin ligases are more
efficient in plant systems than their previous BirA* isoform (Mair et al., 2019). Experiments using
BiolD and proximity labelling techniques with TurbolD and miniTurbolD discovered that these
isoforms function similarly to BirA*, but at lower temperatures and with reduced time
requirements (Figure 2C) (Branon et al., 2018; Mair et al., 2019). TurbolD and miniTurbolD have
been tested in plant systems and can successfully identify interacting proteins (Mair et al., 2019;
Y. Zhang et al., 2019). Mair et al. (2019) showed that TurbolD is best at tagging proteins that are
in low abundance. Given the success of the BiolD system, along with the increased efficiency of
TurbolD at appropriate temperatures and timeframes, this work uses TurbolD to identify AMF

proteins that have been secreted into the root cortical cells of colonized plants during symbiosis.
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Figure 2. BiolD activity. (A) BirA is an enzyme that catalyzes a two-step reaction, first, biotin and ATP must combine to form biotinyl-
AMP. Biotinyl-AMP remains bound by BirA until BirA recognizes a specific lysine residue within a biotin acceptor tag sequence, in which
the biotinyl-AMP is released, and the nearby lysine residue is tagged with biotin. (B) Substitutions in amino acid sequences of BirA*,
TurbolD and miniTurbolD. BirA* has one amino acid substitution, TurbolD has 15 substitutions and miniTurbolD has 13 substitutions

relative to the original BirA sequence (Branon et al., 2018). Red font highlights differences from the original BirA sequence, yellow font
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highlights the single mutation in the BirA* sequence, and green font highlights a difference between the TurbolD and miniTurbolD
sequence. Numbers indicate the position with respect to the BirA amino acid sequence. Underscore indicates a deletion in the

sequence. (C) Proteins within a 10 nm distance of TurbolD are tagged with biotin, assuming there is available ATP, biotin, and the

temperature is within 22°C - 37°C.
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Chapter 2: Identifying Effectors in Arbuscular Mycorrhizal Fungi

Plant-AMF symbioses are extremely important for plants in both natural and agricultural
systems, but the biochemical mechanisms driving this interaction are poorly understood. | sought
to identify the effector proteins that underpin the symbiotic relationship between AMF and
plants using the BiolD proximity labelling system. This research is based on the hypothesis that i)
AMF produce effector proteins, and ii) arbuscules are a site of effector secretion into host plant
cells. These hypotheses are rooted in previous literature relevant to other plant-microbe
symbioses, such as haustoria-producing fungal and oomycete pathogens. Haustoria are feeding
structures that absorb water and nutrients from host plants and are structurally analogous to
arbuscules in AM symbiosis. Because haustoria from the flax pathogen Melampsora lini are rich
in small-secreted proteins (Catanzariti et al., 2006), it was hypothesized that they are the site of
effector exchange (De Jonge et al., 2011; Dodds et al., 2009). Subsequent research confirmed
that haustoria are a site of effector exchange in the oomycete pathogen Phytophthora infestans
(Whisson et al., 2007) as well as the fungal pathogen M. lini (Rafiqgi et al., 2017). This work with
pathogenic symbionts suggests that arbuscules may likewise be the site of effector protein
exchange in AMF. Until recently, it was unknown whether AMF secreted effector proteins
(Kloppholz et al., 2011; Vol et al., 2018; Zeng et al., 2019). To date, only three putative AMF
effector proteins have been identified, meanwhile pathogenic symbionts secrete a large number
of effectors. This work takes a proteomics approach to identify fungal effectors inside colonized

plant cells with fully formed arbuscules.

l. Experimental Design

Previous work using bioinformatics to predict AMF effectors has failed to identify bona fide
effector proteins, and we choose to adopt a proteomics approach to identify fungal effectors
instead. Based on evidence in other plant-microbe interactions where structures such as
haustoria are a site of effector secretion, the framework of this research is based on the
hypothesis that arbuscules are the site of effector secretion in AMF. The goal of my research is
to identify fungal effectors that are secreted into root cortical cells via arbuscules via the BiolD

proximity labelling system. To express TurbolD exclusively within the colonized cells, we
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employed an expression vector in which a symbiosis-responsive promoter (MtPT4p) drives the
expression of TurbolD. MtPT4p is exclusively expressed in colonized cells with fully formed
arbuscules (Ilvanov & Harrison, 2014; Javot, Penmetsa, et al., 2007) (Figure 3). Because TurbolD
will only be expressed inside the plant cell (and not within the fungal symbiont), any fungal
proteins that are tagged and identified by this approach must have been secreted from the

symbiont and have crossed the periarbuscular membrane.
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Figure 3. Expression of MtPT4p, occurs exclusively in root cortical cells with fully formed
arbuscules. Using Agrobacterium rhizogenes to transform plant roots to express TurbolD
controlled by MtPT4p. we can ensure TurbolD is exclusively found in cells with fully formed

arbuscules.
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Many effector proteins that have been identified contain a nuclear localization signal (NLS)
(Deslandes & Rivas, 2011; Sugio et al., 2014). Within the nucleus, effectors are able to directly
manipulate the host cellular machinery. In the case of fungal plant pathogens, the rusts, powdery
mildews and Magnaporthe oryzae, effectors have been shown to interact with cytosolic or
nuclear proteins (Stergiopoulos & de Wit, 2009). My goal was to identify AMF effectors that are
targeted either to the nucleus or cytosol of host plant cells. To localize TurbolD in the nucleus, |
have used a TurbolD-YFP-NLS fusion and that has been demonstrated to localize to the nucleus
when expressed in plants (Mair et al., 2019). To localize TurbolD within the cytoplasm, | have
used a TurbolD-NES-YFP fusion that has been shown to be excluded from the plant cell nucleus
(Mair et al., 2019). By targeting both the nucleus and cytoplasm, we can gain insight into possible
effector function, based on where the identified proteins are targeted within a plant cell (Figure

4).
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Figure 4. TurbolD localization to the nucleus and cytosol. Using Agrobacterium rhizogenes plant
roots are genetically transformed to contain MtPT4p-TurbolD-YFP-NLS or MtPT4p-TurbolD-NES-
YFP. The MtPT4p promoter is exclusively expressed in cells with fully formed arbuscules. (A) By
localizing TurbolD to the plant nucleus, we can identify proteins primarily localized to the nucleus
of colonized plant cells, including any proteins that may have moved from the arbuscule into the

plant. (B) Localization of TurbolD within the plant cell cytoplasm.
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Initial experiments tested the pMtPT4-TurbolD-YFP-NLS-nosT in pkm43GW-RR construct
alongside the pkm43GW-RR empty vector (EV) as a negative control in plants inoculated or not
with R. irregularis. Once experimental troubleshooting was completed, this construct and AMF
species were used to perform most of the experiments described in this thesis. Due to the success
of the original experiment, we chose to perform three other experiments using the same
promoter, terminator, and destination vector. The first two experiments used the TurbolD-YFP
fusion targeted to either the plant cytoplasm or nucleus and colonized by Glomus versiforme
(now known as Diversispora epigaea). The final experiment used R. irregularis with the TurbolD-
YFP fusion localized within the plant cytoplasm. This final experiment provides valuable

information, but its data is not included in this thesis.

Il. Materials and Methods

i. ~ Plasmid construction

A list of all plasmids used in this study can be found in Table 1. Gateway cloning allows for the
directional entry of a DNA fragment into a destination vector. Using Gateway®Cloning Dr. Mina
Ghahremani (University of Ottawa, Ottawa, Ontario) created the constructs used in these
experiments. Beginning with the MtPT4p promoter in pPDONR4,1 (provided by Dr. Maria Harrison,
Boyce Thompson Institute, Cornell, NY) followed by TurbolD-YFP-NLS in pDONR1,2 (Addgene
#127361) or TurbolD-NES-YFP in pDONR1,2 (Addgene #127358) and ending with nosT in
pDONR2,3 (provided by Dr. Maria Harrison, Boyce Thompson Institute, Cornell, NY) into the
pkm43GWRR (provided by Dr. Maria Harrison, Boyce Thompson Institute, Cornell, NY)

destination vector. See supplementary material for plasmid maps.

For each plasmid (MtPT4p promoter in pDONR4,1, TurbolD-YFP-NLS in pDONR1,2 or TurbolD-
NES-YFP, nosT in pDONR2,3 and pkm43GW-RR), 1 uL was added to a reaction mixture with 1 uL
of Gateway™ LR clonase™ enzyme mix and incubated at 25°C overnight. The reaction was
terminated by adding 1 pL of Proteinase K and incubated at 37°C for 15 minutes. This reaction

was then stored at -20°C.

To transform E. coli DH5a chemically competent cells, 1 pL of this reaction was added to 100

uL of competent cells and left on ice for 20 minutes. To heat shock cells, they were placed in a
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water bath at 42°C for 45 seconds. The cells were placed back on ice for two minutes and 900 uL
of LB was added, the mixture was incubated at 37°C shaking for one h before being plated on
Lysogeny broth (LB) agar plates supplemented with 50 mg/L spectinomycin. After overnight
growth, a single colony was picked, and successful transformations were confirmed by PCR. A

glycerol stock and purified plasmid were created.
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Table 1. Plasmids used in root transformation.

Construct

Description

MtPT4p-TurbolD-YFP-NLS-nosT in
pkm43GWRR

Localize TurbolD in the nucleus of cells with

arbuscules

MtPT4p-TurbolD-NES-YFP-nosT in
pkm43GWRR

Localize TurbolD in the cytoplasm of cells with

arbuscules

pkm43GWRR

Empty vector negative control
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ii.  Plasmid purification

To create a purified plasmid, the GenElute™ Plasmid miniprep kit (Sigma-Aldrich) was used
following the manufacturer’s instructions. Briefly, a 5 mL culture was grown from a single colony
overnight in LB with appropriate antibiotics at 37°C and a pellet was collected by centrifuging at
13,000 rpm for one minute. The pellet was resuspended in 200 pL of resuspension solution and
mixed by pipetting. 200 pL of lysis solution was added and the mixture was gently inverted. 350
uL of neutralization solution was added and mixed by inverting. The cell debris was pelleted by
centrifuging at 12,000 g for 10 minutes. To prepare the column, 500 pL of column preparation
solution was added and centrifuged at 12,000 rpm for one minute, discarding the flow-through.
The supernatant was loaded into the column and centrifuged at 12,000 rpm for 1 minute,
discarding the flow-through. 750 uL of wash solution was added and centrifuged at 12,000 rpm
for 1 minute. Flow-through was discarded and the tube was centrifuged again to remove any
remaining ethanol. The column was then transferred to a new tube and 50 pL of elution buffer
was added. The tubes were centrifuged at 12,000 rpm for 1 minute, with the flow-through
containing the plasmid. Plasmid concentration was measured using a NanoDrop™ (Thermo

Scientific) and the plasmid DNA was stored at -20°C.

iii. ~ Competent cell preparation and transformation

To create chemically competent E. coli DH5 alpha cells, the following protocol was
performed. An E. coli DH5 alpha glycerol stock was streaked onto LB agar and grown overnight
at 37°C. A single colony was picked and grown in 5 mL LB shaking at 37°C overnight. The 5 mL
culture was suspended in 500 mL LB and left to grow at 37°C shaking at 200 rpm. Once the culture
reached an optical density measured at 600 nm (ODgoo) of 0.4, the culture was centrifuged at
4000 rpm at 4°C for 10 minutes. Next, the pellet was resuspended with 200 mL of 0.1 M CaCl,
and centrifuged at 4000 rpm at 4°C for 10 minutes. Cells were then resuspended in 10 mL of 100
mM CaCl, with 15% (v/v) glycerol. 100 uL aliquots were made and flash-frozen in liquid nitrogen.

Cells were stored at -80°C.

To create electrocompetent Agrobacterium rhizogenes ARqual competent cells the
following protocol was performed. A. rhizogenes ARqual were grown on LB plates containing

100 mg/mL spectinomycin for three days at 28°C. A single colony was picked and grown in 5 mL
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LB broth with 0.05 mg/mL spectinomycin overnight at 28°C shaking. The following day, the 5 mL
culture was inoculated into 50 mL LB with 0.05 mg/mL spectinomycin shaking at 28°C for 12 h. 2
mL from the 50 mL culture was resuspended into 500 mL of LB with 0.05 mg/mL spectinomycin
and left shaking at 28°C until the culture reached an ODego of 0.6. Once the culture reached an
ODeoo of 0.6, the culture was placed on ice until being centrifuged at 4000 g at 4°C for 15 minutes.
After centrifugation, the supernatant was removed, and cells were resuspended in enough cold,
sterile nanopure water to cover cells. After the pellet was fully resuspended, the bottles were
filled with 500 mL cold water and vortexed. Centrifugation and cell resuspension was repeated
as previously described twice. On the second resuspension rather than using cold water, cold 10
% glycerol was used instead. Following centrifugation, the supernatant was removed, and cells
were finally resuspended in cold 10 % (v/v) glycerol, with just enough to cover the cells. Cells

were aliquoted into microcentrifuge tubes, flash-frozen in liquid nitrogen and stored at -80°C.

To transform A. rhizogenes ARqual electrocompetent cells, 1 uL of the desired plasmid was
added to 100 pL of competent cells and the cells were shocked using the ECL setting. 900 uL of
LB was added and cells were grown for two h rotating at 28°C. 100 pL of this suspension was
plated on LB agar with appropriate antibiotics (50 mg/L spectinomycin) and grown for three days
at 28°. A single isolated colony was resuspended in 100 plL of water then plated on YEP agar (10
g bacto peptone, 5 g NaCl, 10 g yeast extract in 1 L water) with appropriate antibiotics (50 mg/L

spectinomycin) and left to grow for two days at 28°C.

iv.  Medicago truncatula root transformation
To insert the genes of interest, M. truncatula Al17 plant roots were transformed through
hairy-root transformation with A. rhizogenes strain ARqual following the protocol described in

(Floss et al., 2013) and is described below.

Briefly, M. truncatula seeds were removed from seed pods and surface sterilized in sulfuric
acid for nine minutes. Next, seeds were washed with sterile water four times and then with a
10% (v/v) bleach, 0.1% (v/v) tween 20 solution shaking for 10 minutes. The 10% bleach/0.1%
tween 20 solution was washed away with sterile water four times and seeds were resuspended

in sterile water and left shaking at room temperature in the dark for three hours. Seeds were

21



then incubated in sterile water at 4°C overnight in the dark. Finally, seeds were placed in sterile
glass Petri plates held to the bottom of the plate through surface tension and flipped upside

down to allow roots to grow vertically overnight at 28°C in the dark.

Seed coats were removed, and the root tip was cut on an angle and dipped in the appropriate
transformed A. rhizogenes strain. The seedling was then placed in Fahraeus medium (0.9 mM
CaCly, 0.5 mM MgS0Qa, 20 uM KH32PO4, 10 uM NazHPOQO4, 20 uM ferric citrate, 1.0 mM NH4NO3, 33
ug/L MnCl,, 33 pg/L CuSOs, 7 pg/L ZnS04-7H20, 100 pg/L H3BOs, 33 pg/L Na:MoOa, 218 mg/L
MES free acid monohydrate, 2.5 g/L Gelzan™) with 25 mg/L kanamycin in low light conditions for
five days at 18°C with 16 uM/m?/s of light on a 16h light / 8h dark cycle. Plants were then grown
for three to four weeks at 45 uM/m?/s at 25°C / 16h light and 22°C / 8h dark. Using ZEISS Axio
Zoom.V16 fluorescent microscope transformed plants were identified through the red root

system at a wavelength of 550-590 nm (Figure 5C).

After successfully transformed plants were identified and marked, plates containing plants
were laid horizontally and water was added with the lids slightly removed to allow plants to
adjust to lower humidity levels. The plants were incubated for two days at 45 uM/m?/s at 25°C /
16h light and 22°C / 8h dark before moving them into cones. For an overview of this process,

refer to Figure 5.
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Figure 5. The various steps involved with hairy root transformation. (A) Overview of the Ri-T-
DNA root transformation protocol to insert genes of interest into a plant. (B) Cone set up (C)
Successfully transformed red roots visualized under a fluorescent microscope at a wavelength of
550-590 nm. (D) Plants directly after inoculation with Agrobacterium in Fahraeus medium. (E) A
colonized plant root by AMF, visualized with a fluorescent microscope at a wavelength of 500-
550 nm. Photograph by Mina Nasr. (F) Plants 2-3 weeks after transformation with Agrobacterium

and have developed hairy roots. Photograph by Allyson MacLean.
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v.  Growth conditions of transformed plants
Successfully transformed plants were moved into cones containing 500 spores of R.
irregularis (DAOM 197198) with two plants/cone. Cones contained a 1:1 mixture of sterile sand

and turface. Fungal spores were located about 1 inch below the surface (Figure 5B).

Once plants were in cones the plants were grown in a growth chamber at 200 uM/m?/s on a
16 h light / 25°C and 8h dark / 22°C cycle with 60 % humidity. Fertilization began one week after
plants had been in cones and from then on plants were fertilized twice a week with half-strength
Hoagland’s containing 20 uM potassium phosphate (Hoagland & Arnon, 1940). Plants were

watered with sterile Milli-Q water 3-4 times/week or as plants required.

vi.  Root Harvest

To assess root colonization two cones were randomly selected from the experiment (one of
each construct). The shoot of the plant was removed along with approximately one inch from the
top and bottom of plant roots. As arbuscular mycorrhizal fungi are incapable of colonizing these
parts of the plant. The remaining root was rinsed in water. Roots were then placed in a 50% (v/v)
ethanol solution for 15 minutes. Next, roots were cleared using a 20% (v/v) potassium hydroxide
solution overnight at 65°C. Roots were then washed three times for ten minutes shaking in PBS
(137 mM NacCl, 2.7 mM KCIl, 10 mM Na;HPO4, 1.8 mM KH2PO,). Finally, 0.2 ng/mL of a wheat
germ agglutinin Alexa Fluor 488 conjugate was added to roots in PBS solution. Samples were then
visualized or stored in the dark at 4°C and assessed at a later date. Using a ZEISS Axio Zoom.V16
fluorescent microscope at a wavelength of 500-550 nm the gridline intersect method was used
to quantify the percentage of colonized roots in each plant (Figure 5E) (McGonigle et al., 1990).
Plant roots were harvested after they had been in cones for about five weeks, once the plants

were 30-40% colonized.

Plants were ‘watered’ with biotin (200 mM stock in DMSO) diluted in water at 25°C to obtain
a final concentration of 500 uM biotin (Figure 8). Alongside biotin-treated plants a DMSO control
was present. To water plants, the biotin solution was poured over the plants, which were left to
sit in the biotin solution for five minutes. Plants were then removed from the biotin solution to

allow it to drip out from the containers. Plants were incubated like this for 10 h at 25°C. Then,
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plants were removed by gently pouring out the potting mix and rinsing the roots in cold water to
stop the reaction (See Figure 8). The shoot of the plant was removed along with approximately
one inch from the top of the root system. The roots were flash-frozen in liquid nitrogen and

stored at -80°C until further use.

Vii. Crude protein extraction

To confirm that the addition of exogenous biotin was sufficient for TurbolD to successfully
label nearby proteins, a crude protein extraction was performed. Root samples were crushed
using a liquid nitrogen-cooled mortar and pestle to create a fine powder and stored at -80°C. 200
mg of each sample was aliquoted into a 2 mL Eppendorf and a 1:1 ratio of protein extraction
buffer (150 mM Tris-HCI, 150 mM NaCl, 10% (v/v) glycerol, 10 mM EDTA, 10 mM DTT, 0.5% (w/Vv)
PVP, 0.1% (v/v) Tween 20) was added to samples and mixed thoroughly. Next, samples were
centrifuged at 4°C for 15 min at 13,000 rpm. The supernatant was transferred to a new tube and
combined with Laemmli sample buffer (277.8 mM Tris-HCI pH 6.8, 44.4% (v/v) glycerol, 4.4% LDS,
0.02% bromophenol blue, 355 mM 2-mercaptoethanol). Samples were then boiled at 95°C for 5

minutes, prior to being stored at -20°C or run on a gel.

viii. ~ Western blot

Proteins were separated by 10% SDS-PAGE at 150 volts for 70 minutes and transferred to
activated Immuno-Blot® PVDF membranes (BioRad) using a Trans-Blot Semi-Dry transfer cell
system (BioRad) with a 10-minute run at 1.3 A and 25 volts. The membrane was blocked using
5% (w/v) bovine serum albumin when using a streptavidin antibody, or 5% (w/v) skim milk
powder when using a GFP antibody (that also binds YFP). Blocking solution was made in tris
buffered saline solution (50 mM Tris, 150 mM NaCl, pH 7.6) (TBS) and contained 1% (v/v) tween
20. The membrane was probed with antibodies diluted in their appropriate blocking buffer. The
membrane was then probed with either a 1 / 5,000 dilution of streptavidin-HRP antibody (5911,
Thermo Fisher Scientific) or a 1 / 3,000 dilution of anti-GFP (GF28R, Invitrogen) and left overnight
at 4°C. When using the anti-GFP antibody, the following day, the membrane was washed four
times, for ten minutes each, with blocking buffer. Following the washes, a 1 / 6,667 dilution of
secondary anti-mouse antibody (G-21040, Invitrogen) was left for one h shaking at room
temperature. When the streptavidin antibody was used, it was not necessary to add a secondary
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antibody, as the streptavidin antibody is fused to horseradish peroxidase. Therefore, following
incubation, antibodies were removed by washing the membrane four times with 1X TBS. To
develop the membrane Pierce™ ECL Western Blotting substrate (Thermo Scientific) was applied
according to the manufacturer’s instruction and proteins were visualized with a ChemiDoc MP
Imaging System (BioRad). Alongside protein samples, the Precision Plus Protein™ All Blue

Prestained Protein Standards (#1610373, BioRad) protein marker was used.

A Coomassie Brilliant Blue stain was done to ensure equal loading of proteins. Proteins were
separated by a 10 % SDS-PAGE gel and staining was done following the Cold Spring Harbour
protocol (Simpson, 2003). Briefly, the gel was submerged in reagent A (0.5 g CBR-250, 25 % (v/v)
isopropanol, 10 % (v/v) acetic acid) and microwaved for one minute or until boiling. The gel was
cooled for 5 minutes at room temperature shaking, reagent A was removed, and the gel was
rinsed with water. This was repeated with reagent B (0.05 g CBR-250, 10 % (v/v) isopropanol, 10
% (v/v) acetic acid) and reagent C (0.02 g CBR-250, 10% (v/v) acetic acid). Finally, reagent D (10
% (v/v) acetic acid) was added and microwaved for one minute and the gel was cooled at room

temperature by shaking for 15 minutes with a laboratory tissue to absorb excess dye.

ix.  Purification of biotinylated proteins

To purify biotinylated proteins, we slightly modified the protocol described under ‘Affinity
purification of biotinylated proteins’ by Mair et al (2019), briefly, 6 mL of tissue was resuspended
in 6 mL of extraction buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton-X-100, 0.5%
Na-deoxycholate, 1 mM EDTA, 1 mM DTT, 1X complete, 1 mM PMSF) and incubated at 4°C
shaking for 10 minutes. 1 L of Lysonase (Millipore) was added and the sample incubated an
additional 15 minutes at 4°C shaking. Extracts were then distributed into 2 mL Eppendorfs and
sonicated in an ice bath four times for 30 seconds on a high setting, with 90 seconds breaks on
ice. The suspension was then centrifuged at 15,000 rpm for 15 minutes at 4°C. Next, the
supernatant was transferred into a PD-10 desalting column (GE healthcare) to remove excess
free biotin following the manufacture’s gravity protocol. Then, 20 uL of the protein extract was
diluted 1:5 to avoid interference of buffer components and a Bradford assay was performed. A
150 pL slurry of High Capacity Magne™ Streptavidin Beads (Promega) was pre-washed with
extraction buffer and added to samples which were incubated overnight shaking at 4°C. The next
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day, beads were separated from the protein extract using a magnetic rack and washed with 1 mL
of the following solutions while incubating on a rotor wheel for 8 minutes. Twice with cold
extraction buffer, once with cold 1 M KCI, once with cold 100 mM Na;COs, once with room
temperature 2 M Urea in 10 mM Tris pH 8, and twice with cold equilibration buffer (50 mM Tris
pH 7.5, 150 mM NacCl, 0.1% SDS, 1% Triton-X-100, 0.5% Na-deoxycholate, 1 mM EDTA, 1 mM
DTT). The remaining equilibration buffer was removed from the beads and beads were frozen at

-80°C until further processing.

The following step was only done on a small portion of the beads to run a western blot and
confirm that biotinylated proteins were washed appropriately before sending the beads for mass
spectrometry. Beads were resuspended in 100 pL of equilibration buffer and 20 uL of beads were
removed and resuspended in 20 pL of 4X Laemmli buffer supplemented with 10 mM DTT and 2
mM biotin. This portion of beads were run on a streptavidin immunoblot to ensure successful

protein purification.
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Figure 6. Purification of biotinylated proteins using magnetic streptavidin beads. Total protein
was extracted and loaded into a PD-10 desalting column (GE healthcare) to remove excessive
biotin; a critical step shown by Mair et al. (2019). After removing excessive biotin, streptavidin
beads are added to the protein mixture, and these are left shaking overnight at 4°C. Unbound
proteins are removed by a series of washes (refer to materials and methods). Bound proteins are

removed through an on-bead tryptic digest and then mass spectrometry is performed.
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Xx.  Mass Spectrometry

Mass spectrometry was performed by Richard Glen Uhrig (University of Alberta,
Edmonton, Alberta). Beads were washed in a 2 M Urea and 50 mM Tris-HCI pH 8.0 solution
followed by three 50 mM TEAB washes. Next, an on-bead tryptic digest was done by adding
trypsin to the beads. Data was acquired by data dependent acquisition / shotgun using a label-
free quantification approach on a Thermo LUMOS device. Next, MaxQuant was run for
quantification under default settings with protein, peptide and peptide spectrum matches (PSM)
false-discovery rate (FDR) of 0.01 (Tyanova et al., 2016). Separate searchers were performed for
M. truncatula and R. irregularis genomes downloaded from DOEJGI (Chen et al., 2018; Tang et

al., 2014; Tisserant et al., 2013; Young et al., 2012) using custom made REV_decoy database.

xi.  Data Analysis
SignalP 5.0 (using Eukarya setting) and SecretomeP 2.0 (using mammalian setting) were
used to predict the likelihood of protein secretion of the identified proteins (Almagro Armenteros

et al., 2019; Bendtsen et al., 2004).

We used cNLS Mapper to determine if identified proteins contain a predictable nuclear
localization signal (NLS) (Kosugi et al., 2009). A score of 8, 9 or 10 is exclusively localized to the
nucleus. A score of 7 or 8 is partially localized to the nucleus. A score of 3, 4, or 5 is localized to

both the nucleus and cytoplasm. And a score of 1 or 2 is localized to the cytoplasm.
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Chapter 3: Results

I.  Exploiting Proximity-Based Labeling to Study the AM Symbiosis

TurbolD has been employed in model organisms Arabidopsis thaliana and Nicotiana
benthamiana (Branon et al., 2018; Mair et al., 2019). This is the first time TurbolD has been
applied in M. truncatula to study the plant-AMF symbiosis. As a result, we have had to establish
an appropriate protocol, which we based on the research performed by Mair et al. (2019). To
ensure optimal labelling activity, a source of exogenous biotin should be provided to the plant,
so as to ensure labeling is not limited by endogenous biotin levels. We assessed various methods
of treating mycorrhizal roots with exogenous biotin, including varying the incubation time, and
exploring the best method to supply exogenous biotin. To treat plants with exogenous biotin
Mair et al. (2019) investigated vacuum infiltration of plant tissue with a biotin solution and,
submerging plant tissues in a biotin solution for one hour. Their work demonstrated that vacuum
infiltration of a biotin solution is not necessary to achieve maximal labelling (Mair et al., 2019). A
primary issue we identified at the outset of this research was a concern that removal of plants
from their containers prior to labelling would inevitably rip and damage plant roots and extra-
radical (external) hyphae, disrupting the interactions between symbionts and potentially causing
a leakage of fungal proteins into the surrounding environment within root cells, leading to
inaccurate results (ie., false positives). Our objective was to establish (if possible) a protocol that
would enable efficient labelling of proteins while not disrupting the mycorrhizal roots and extra-

radical hyphal networks.

i. ~ Exogenous biotin is required for TurbolD to efficiently label proteins
Instead of removing plants from their containers to submerge the root systems into a biotin
solution, we decided to trial a less invasive approach in which we applied exogenous biotin by
‘soaking’ root systems via submerging the entire container into a beaker containing a biotin
solution (or DMSO control). In other words, the plants (and root systems) remain undisturbed in
their original container. The beaker and container would then be returned to their growth

chamber to incubate for a set amount of time.
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An unintended advantage of the TurbolD labelling system is that TurbolD self-biotinylates,
which can be used as a proxy to assess extent of labelling and expression of this biotin ligase. The
TurbolD-YFP-NLS fusion used in these experiments is a known size (65 kDa) and by performing
streptavidin and anti-GFP immunoblots (using an anti-GFP antibody that binds YFP) we can

identify TurbolD to ensure that it is successfully being expressed in this system.

In our first experiment we investigate two parameters: First, whether TurbolD is being
expressed in our transformed roots, and whether we can detect it via western blotting. And
second, whether the ‘soaking’ treatment is an effective method to add exogenous biotin and
enables effective labelling of proteins. Our experiment confirmed that TurbolD is expressed in
this system and that the addition of exogenous biotin by ‘soaking’ results in more biotinylated
proteins (Figure 7) than no exogenous biotin (ie., DMSO control as biotin is typically dissolved in
DMSO). This experiment used roots transformed with the pkm43GWRR empty vector (both
uncolonized and colonized by R. irregularis), and TurbolD-YFP-NLS and TurbolD-YFP-NES
expressing roots colonized by R. irregularis, comparing plants that were treated with either 250
UM biotin or water. To soak plants, containers were submerged into their designated solution for
two hours at 25°C. The immunoblot (Figure 7) demonstrates that, as expected, both the nuclear
and cytoplasm localized TurbolD is expressed within this system. And soaking plants with biotin
is an effective treatment to enable labeling of proteins within transformed roots. Though not
conclusive, we were able to visually validate that when TurbolD is localized to the host nucleus,
it labels different proteins than when it’s localized to the host cytosol (Figure 7). Many proteins
are detected in both the pkm43GWRR (empty vector) and TurbolD samples when treated with
or without exogenous biotin and these likely correspond to naturally biotinylated proteins or

proteins that are otherwise bound by streptavidin antibody.
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Figure 7. Different proteins are identified when TurbolD is localized to the nucleus versus the
cytoplasm and, ‘soaking’ is an effective method to add exogenous biotin. Streptavidin
immunoblot from crude protein extraction of plant roots expressing TurbolD-YFP localized to
either the nucleus or cytoplasm and colonized by R. irregularis treated both with and without
biotin by ‘soaking’. pkm43GWRR is present as an empty vector negative control. +Myc indicates
200 spores of R. irregularis present in sample, or -Myc indicates no spores present in the sample.

TGX stain-free gel present as a loading control. Asterix indicates naturally biotinylated proteins.
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ii. ~ Watering Plants with Exogenous Biotin is Suitable
After performing this initial experiment, we decided to test a higher concentration of biotin
and compare treating the plants through two different techniques we called ‘watering’ and
‘soaking’ (Figure 8). Note, in both ‘soaking’ and ‘watering’, plants remain in their original
containers, solutions are adjusted to 25°C, and incubations occurred inside the growth chambers

in which the plants had been maintained for around eight weeks prior to the experiment.
Soaking: Submerge plants in a 500 uM biotin solution for 3 h.

Watering: Submerge plants in a 500 uM biotin solution and pour solution over plants. Leave
the plants submerged for 5 minutes and then remove plants from solution. Ensure that plants
have adequate drainage, and the biotin solution can drip out from the bottom of the container

for at least 5 h. We tested ‘watering’ for both 5 h and 10 h.
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Figure 8. Addition of exogenous biotin to plant roots through two methods termed ‘soaking’
and ‘watering’. To ‘soak’ plants, the containers are submerged into a 500 uM biotin solution and
left to incubate for 3 h. To ‘water’ plants, a 500 uM biotin solution or was poured over the plants

and left to drip out for 5 h before harvesting the plants.
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Plants expressing TurbolD-YFP-NLS and the pkm43GWRR empty vector colonized by R.
irregularis were treated by either watering or soaking with 500 uM biotin or 500 uM DMSO. We
wanted to figure out if the ‘watering’ technique could be used to label proteins just as well as the
‘soaking’ technique. After treating plants by either ‘watering’ or ‘soaking’ their streptavidin
immunoblot demonstrates that ‘watering’ is just as effective as the ‘soaking’ technique (Figure
9). We were satisfied with this result, as the ‘watering’ technique is more natural for the plants,
whereas the submerging of root systems into a biotin solution for several hours may induce a

stress response that could alter both the plant and fungal proteomes.
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Figure 9. Immunoblots to assess proximity-based labelling in plant roots colonized by R.
irregularis, treated with biotin solution via ‘watering’ and ‘soaking’. A TurbolD-YFP-NLS fusion
was expressed in plant roots, under control of the pMtPT4 promoter. M. truncatula plants
transformed with an empty vector, pkm43GWRR, were included as a negative control. Plants
were inoculated with 500 spores of R. irregularis and were harvested once colonization reached
30 - 40 % root length. Exogenous biotin was added by either ‘soaking” or ‘watering’ the plants
(See Figure 8). Coomassie brilliant blue (CBB) stain present as a loading control. Asterix indicates

naturally biotinylated proteins.
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iii. ~ Watering plants for 10 h with exogenous biotin is optimal

Next, we decided to assess the effect of increasing incubation time of ‘watering’ roots with
exogenous biotin. Using the watering technique, exogenous biotin was applied to plants, and
they were left to incubate for both 5 h and 10 h at 25°C in a growth chamber. Plants expressing
TurbolD-YFP-NLS and colonized by R. irregularis were used in this experiment to compare
treatments. These experiments demonstrated that the ‘watering’ treatment for 10 h results in
increased labelling of proteins compared to plants treated with biotin after 0 h, 5 h, and 10 h
incubation (Figure 10). From this experiment we concluded that ‘watering’ with biotin followed
by a 10 h incubation period is appropriate. After optimizing these methods, all further
experiments were performed using the ‘watering’ technique for 10 h with exogenous biotin to

identify both plant and fungal proteins.
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Figure 10. Immunoblots to assess proximity-based labeling in root systems colonized by R.
irregularis, treated with an exogenous biotin solution via ‘watering’. Plants expressing pMtPT4-
TurbolD-YFP-NLS-nosT or pkm43GWRR that were 40% colonized by R. irregularis were harvested
after ‘watering’ and incubation for 5 h and 10 h with either 500 uM biotin or 500 uM DMSO at
25°C. Activity of TurbolD was visually determined using a streptavidin immunoblot. Anti-GFP

antibody present to show expression of TurbolD. Coomassie brilliant blue (CBB) stain present as

a loading control. Asterix indicates naturally biotinylated proteins.
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After developing appropriate conditions to apply exogenous biotin, we performed the
subsequent experiments by ‘watering’ plants with exogenous biotin for 10 h incubation at 25°C
in the growth chamber where the plants were previously growing. All plants were transformed
to express the pMtPt4 promoter followed by TurbolD-YFP-NLS or TurbolD-NES-YFP alongside the
pkm43GWRR empty vector negative control. Plants were then colonized by either R. irregularis
or G. versiforme. To identify labelled proteins, we purified biotinylated proteins (both plant and

fungal) from ground root samples and employed mass spectrometry.

II.  Identification of Rhizophagus irregularis Proteins
Using mass spectrometry to identify proteins, the plants expressing TurbolD-YFP-NLS and
pkm43GWRR empty vector colonized by R. irregularis identified a total of 68 R. irregularis
proteins. Of the 68 proteins, only 24 proteins were found exclusively within the plants expressing
TurbolD-YFP-NLS (Table 2, Figure 7). The remaining 44 proteins were either found in both the

TurbolD-YFP-NLS sample and empty vector or exclusively the empty vector samples.
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Figure 11. R. irregularis proteins identified by mass spectrometry in plants expressing either
the pkm43GWRR empty vector (EV) or, TurbolD-YFP-NLS and colonized by R. irregularis. This

image was created with Venny 2.0 (Oliveros, n.d.).
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Table 2. R. irregularis proteins identified within the TurbolD-YFP-NLS sample. Annotations were

accessed from DOEJI R. irregularis DAOM 197198 v2.0 (Chen et al., 2018; Tisserant et al., 2013).

SecretomeP and SignalP websites were used to predict protein secretion. cNLS Mapper predicts

the probability of a nuclear localization signal present on the identified protein.

Protein ID Annotation SecretomeP | SignalP cNLS Mapper
1457184 605 ribosomal protein L38 0.681 0.0016 Bipartite 6.3, 7.3
Ribosomal L38e protein family
1476267 Unknown 0.545 0.14 Monopartite 6
Ran GTPase-activati tei
1480749 an as.e ac. 'vating protein 0.183 0.0007 Bipartite 6
Leucine rich repeat
1490821 Unknown 0.472 0.11 Monopartite 5
Bipartite 6, 5.2
1498834 Serme/thrgon.me protem.kmase 0.836 0.26 o
Protein kinase domain
1505880 Vacuolar sorting protein VPS24 0.699 0.0002 no
Membrane trafficking and cell signalling protein HRS
1520404 Contains VHS and FYVE domains 0.38 0.001 Bipartite 6.6, 5.2
FYVE zinc finger
Chitin synthase/hyaluronan synthase (glycosyltransferases)
Chitin synthase . .
1603201 Cytochrome b-5 like heme/steroid binding domain 0.644 0.0012 Bipartite 5.2
Glycosyl transferase Family 2
Serine/threonine protein kinase
1604807 Dual-specificity kinase 0.424 0.0009 no
Protein kinase domain
Mg?*, Co?* transporter, MgtE
DNA bindi
1623510 incing 0.204 0.0012 | Monopartite 5.5, 6.5, 6
RNA polymerase
Phospholipase D1, D
1654193 Phospholipase D active site motif 0.325 0.001 no
PLD-like domain
1658574 Unknown 0.784 0.0007 no
Ribosomal protein S6 kinase
Non-specific serine/threonine protein kinase
1669455 s . 0.43 0.001 no
Protein kinase domain
Mg?*, Co?* transporter, MgE
Monodehydroascorbate/ ferredoxin reductase
Monodehydroascorbate reductase (NADH)
1769015 Pyridine nucleotide-disulphide oxidoreductase 0.343 0.005 no
Rieske [2Fe-2S]
Reductase C-terminal
Predicted helicase
DEAD-box superfamily Monopartite 7.5
1769456 Helicase conserved C-terminal domain 0263 0.0005 Bipartite 5.2, 5, 5.6, 5.7
DEAD/DEAH box helicase
1774368 Unknown 0.396 0.0005 no
1777450 HMG (high mobility group) box 0.168 0.0004 Bipartite 5.6, 5.7
1788523 F box like 0.206 0.0058 no
1793246 Unknown 0.663 0.0002 Bipartite 7, 7
1810914 Unknown 0.478 0.04 Bipartite 6
1835445 Unknown 0.401 0.0035 Bipartite 5.4, 5.6
1847553 Predicted AAA-ATPase 0.536 0.0006 no
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Cytochrome P450/CYP11/CYP12/CYP24/CYP27 subfamilies

1881816 o 0.345 0.0005 Monopartite 5.5, 7.5
Unspecific monooxygenase
Helicases Monopartite 5.5
247758 RNA helicase 0.201 0.0033 Bipartite 5,6.7,6.6,6.4,
AAA domain 6.5,5.3,5.3,6.5,6.6
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lll.  Identification of Glomus versiforme proteins
The following table (Table 3) includes all the proteins identified exclusively within the

TurbolD-YFP-NLS and TurbolD-NES-YFP samples, colonized by G. versiforme.
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Table 3. G. versiforme proteins identified by mass spectrometry in TurbolD-YFP-NLS and/or TurbolD-NES-YFP samples and absent
in the pkm43GWRR empty vector control. Annotations accessed from NCBI using GenBank numbers (X. Sun et al., 2019). SecretomeP

and SignalP predict protein secretion. cNLS Mapper predicts the probability of a nuclear localization signal present on the identified

protein.
Detected in
Hypothetical protein GenBank Annotation SecretomeP SignalP NLS mapper NLS (3 NES (4
samples) samples)
RHZ63154.1 is RabSF1-4, G1-5 box, GTP/MG2+ binding site [chemical 3 3
Glove_332g35 RHZ63154.1 binding] 0.369 0.0059
OR OR Switch | & Il region OR OR none for both
Glove_508g12 RHZ49998.1 Putative GEF interaction site [polypeptide binding] 375 0.0026
Putative effector interaction site, interaction site, RabF1-5
Glove_296g24 RHZ68265.1 Calmodulin 0.675 0.0004 none 3 4
Glove_283g97 RHZ69489.1 _ bindifg";izt'gc[;gn binding] 5 0.0008 none 0 3
Rab GTPase family 6 2 2
G1-5 box
GTP/MG2+ binding site
Glove_8g25 RHZ90115.1 Switch | & I region 0.649 0.0006 none
- Putative GEF interaction site [polypeptide binding]
Putative effector interaction site
Putative GDlI interaction site
RabF1-5, RabSF1-4
TPR repeat [signal transduction mechanisms] and [structural motif] 1 2
SLR repeat [structural motif]
Glove_229g108 RHZ73731.1 Sell .398 0.0023 none
Pkc like
ATP binding site
Glove_199g195 RHZ76318.1 Unknown .556 0.0025 none 0 2
Glove_71g180 RHZ85125.1 Unknown .859 0.0016 none 1 2
Glove_58g5 g:;ggzgéi Both unknown .751 for both | 0.0045 for both | none for both 0 2
Glove_271g28 RHZ70502.1 Tolloid (TLD) 0.398 0.0003 none 2 0
Glove_8gl6 RHZ90072.1 Unknown .329 0.0047 Bipartite 6.9,5 1 1
Glove_375g14 RHZ58182.1 PIN domain 0.389 0.0021 none 2 !
Putative active site
Glove_271g18 RHZ70432.1 Unknown .536 0.0003 Bipartite 6.8, 5 0 1
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Identified proteins do not contain a predictable nuclear localization signal

The presence of a predicted nuclear localization signal is not always consistent with the
results of our experiment. None but one of ten G. versiforme proteins contains a predicted
nuclear localization signal with a prediction made using NLS Mapper. Meanwhile, our experiment
demonstrates that the protein is localized to the nucleus. In the case of another protein, there is
a predicted nuclear localization signal, however our experiment localizes the protein exclusively

within the plant cytosol.
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Chapter 4: Discussion

I.  Insilico Methods are Unsuccessful to Predict AMF Effectors

Previous in silico attempts to predict AMF effectors have been unsuccessful (Kamel et al.,
2017; Sedzielewska Toro & Brachmann, 2016). The main goal of these experiments was to
identify fungal effectors secreted by AMF to promote symbiosis using a proteomics approach. In
the past, bioinformatics has been used to successfully predict effectors in bacterial, oomycete
and fungal plant pathogens, however, when applied to AMF genomic sequences these methods
have failed to discover a single bona fide effector protein. As a general approach to predict
microbial effectors in silico researchers use bioinformatics to identify proteins that encode an N-
terminal secretion signal (signal peptide) that indicates a given protein is likely to be secreted
from the microbe. This conventional N-terminal secretion signal is 16 - 30 amino acids in length
and acts to direct the protein to the endoplasmic reticulum, where the secretion signal is cleaved
to generate a mature protein. As discussed earlier, bioinformatics methods have been
unsuccessful in identifying effector proteins in AMF, yet research has also shown that
unconventional methods may be used to secrete effector proteins (T. Liu et al., 2014; Ridout et
al., 2006) that cannot yet be predicted using bioinformatics. With a growing body of evidence
that bioinformatics is unsuccessful to predict AMF effectors, this points towards a different

secretion method used by AMF effectors.

Predicting the subcellular localization of microbial effectors may be similarly challenging
when analyses are restricted to in silico methods only. Caillaud et al. (2012) studied effectors
from the oomycete pathogen, Hyaloperonospora arabidopsis, that form haustoria (structurally
analogous to arbuscules in AMF) within host plant cells. They found that in silico predictions were
only about 20 % accurate to determine the localization of the effector proteins within the plant
host (Caillaud et al., 2012). Compared to bacterial effector proteins which can reliably use
bioinformatics to predict nuclear localization, they predict that oomycete effectors may have
evolved other ways to target the host nucleus, such as associating with endogenous host proteins

(Caillaud et al., 2012). Despite the lack of a predictable nuclear localization signal, a number of
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fungal effectors have been characterized to localize to the host nucleus (Djamei et al., 2011; Plett

et al., 2011).

The primary goal of this research project is to identify secreted AM fungal effector proteins
involved in promoting the AM symbiosis. To accomplish this objective, we expressed a nuclear-
and cytoplasm-localized version of TurbolD in M. truncatula roots that were colonized by either
R. irregularis or G. versiforme. Biotinylated proteins were isolated and mass spectrometry
identified both fungal and plant proteins that were expressed during AM symbiosis. TurbolD is
expressed only within the plant cells, so any fungal proteins that are detected must have been
secreted from the fungus into the plant host. Our most notable finding is the identification of two

potential G. versiforme effector proteins.

[I.  Experimental Design

When designing this experiment, we had to consider that AMF are obligate biotrophs that
need a host plant to survive. This caveat makes it more difficult to study the AMF symbiosis, as it
requires two organisms. R. irregularis is a commonly used model species of AMF; it was the first
AMF species to be cultured in vitro and its fungal spores can be kept as a powder in the fridge
(Chabot et al., 1992; St-Arnaud et al., 1996). Since we use mass spectrometry to identify proteins,
it is essential that we have access to high quality genome sequences of the organisms used in
these experiments. Both the R. irregularis and G. versiforme genomes have been sequenced
(Chen et al., 2018; X. Sun et al., 2019; Tisserant et al., 2013). After selecting these fungal species
to study, we chose to use M. truncatula to perform this experiment. M. truncatula is a model
legume frequently employed to study plant-microbe interactions (Barker et al., 1990; Cook, 1999)
due toits ability to form root symbioses with both rhizobia and AMF. It is a self-pollinating legume
that produces a lot of seed and is closely related to many crop and pasture legumes (Choi et al.,
2004). It also has a small, diploid genome of approximately 500 Mbp (Tang et al., 2014; Young et
al., 2012) and is relatively easy transform genetically (Floss et al., 2013; Samac & Austin-Phillips,
2006). Agrobacterium rhizogenes is a species of bacteria that is commonly used in plant biology
to transform the roots of legumes including M. truncatula by inserting the genes of interest (in
this experiment the gene encoding TurbolD) into a plant's genome through hairy root disease
(Ono & Tian, 2011). While the plant’s shoots remain unaltered, the roots systems are co-

47



transformed with the genes of interest and a root-inducing plasmid. The root-inducing plasmid
is responsible for initiating the proliferation of plant roots. Plant roots are transformed within
three weeks of being infected with the A. rhizogenes. An advantage of transforming roots via A.
rhizogenes versus creating stably transformed plants is that the latter process requires up to a

year to produce seed from transgenic lines (Chabaud et al., 2007).

To identify roots that have been transformed to express the genes of interest, we have
employed the destination vector, pkm43GWRR plasmid. This plasmid contains a dsRED gene
under the control of a plant ubiquitin promoter, AtUBQp, ensuring uniform expression of dsRED
across all plant cells. Thus, M. truncatula roots that have been transformed emit a fluorescent
signal when visualized using a fluorescent microscope at a wavelength of 550-590 nm (Limpens
et al.,, 2004) (Figure 5C). M. truncatula roots that have successfully been transformed could
therefore be visually identified using a microscope. The pkm43GWRR plasmid also contains a
kanamycin resistance gene, allowing for selection of transformed roots upon media
supplemented with kanamycin. These characteristics make it easy to distinguish between root

systems that have been successfully transformed and those that have not.

When designing this experiment, we had the option of selecting the MtPT4p promoter or a
blue copper binding protein (MtBCPp) promoter to regulate the expression of TurbolD. The
MtPT4p promoter expresses gene expression specifically within the root cortex of colonized cells
(Pumplin & Harrison, 2009). MtBCPp is expressed in cortical cells containing fungal hyphae and
in neighbouring non-colonized cells. Using the MtBCPp promoter to direct the expression of
TurbolD would provide information regarding proteins expressed at different stages of arbuscule
development and degradation. Instead, we chose to use the MtPT4p promoter, tagging all
proteins involved in the symbiosis when the arbuscule is fully formed and operating. It would be
interesting to compare the proteins we have identified in this work with proteins labelled in
which the MtBCPp promoter was used to control expression of TurbolD. A future labelling
experiment performed using the MtBCPp promoter to regulate the expression of TurbolD may
provide further information relevant to identifying potential fungal effectors and would also

capture plant proteins that are expressed at different stages of arbuscule development.

48



We selected TurbolD as the most suitable BirA* variant to perform these experiments based
on several of its defining characteristics, including the observation that it is highly active and thus
has a better ability to tag low abundance proteins that are less prominent in a cell (Mair et al.,
2019). In contrast, miniTurbo has a lower level of activity that is better suited to the investigation
of protein-protein interactions. Because we anticipate fungal effectors to be in low abundance in

plant cells, we hypothesize TurbolD is the most suitable BirA* variant for this experiment.

After deciding which BirA* variant to use in the experiments, we determined where to localize
the biotin ligase within the host plant cell. We were interested in targeting the nucleus since
effectors within the host nucleus can directly manipulate the host cellular machinery (Poueymiro
& Genin, 2009). This work suggests that effector localization within the nucleus is key to a
successful symbiosis (Caillaud et al., 2012). In addition to targeting the nucleus, we were also
interested in targeting the host cytoplasm, because majority of fungal effectors are secreted here

(Khan et al., 2018).

lll.  Identified Proteins of Interest

The proteins of interest identified from experiments using plants transformed with TurbolD-
YFP-NLS and TurbolD-NES-YFP colonized with G. versiforme are annotated as calmodulin
(RHZ68265.1 or Glove_296g24), and a gluzincin, zinc-binding protein (RHZ69489.1 or
Glove_283g97).

i.  Protein of Interest: calmodulin

Calmodulin is a calcium sensor protein and has four highly conserved domains containing
structural motif E-F hands. These E-F hands can also be referred to as a helix-loop-helix structure
and each E-F hand bind a single calcium ion (Strynadka & James, 1989). The characteristic E-F
hand domain is an essential component to calmodulin and its ability to bind calcium. The E-F
hand domain is highly conserved across all eukaryotes and in the presence of calcium, calmodulin
binds and undergo a conformational change, revealing two hydrophobic domains (Chin & Means,
2000). The appearance of these hydrophobic domains allow calmodulin to act as a second
messenger and interact with calmodulin binding proteins to control a number of cellular

processes (Berridge et al., 2000; Popescu et al., 2007). For example, calcineurin is a calmodulin
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binding protein and its enzymatic activity is controlled by calmodulin. When bound to calmodulin

calcineurin dephosphorylates its targets (Rusnak & Mertz, 2021).

Calcium is a universal messenger and calcium signalling is used across all eukaryotic
organisms to regulate cellular process. In the context of plants, calcium signalling plays a major
role in plant immunity where pathogen-derived molecules effect calcium levels within a cell
(Dodd et al., 2010). Other external factors including light, temperature, drought, and salt stress
affect calcium levels within a plant cell too. Calmodulin has been identified to work in
combination with effector proteins in other symbiotic relationships for example, the bacterial
effector, HopE1 from P. syringae uses calmodulin as a cofactor to reduce the secretion of a plant-
immunity related protein, promoting the infection of the pathogen (Guo et al., 2016).
Additionally, calmodulin is essential to the role of the SF15 effector from P. infestans. SF15 in
combination with calmodulin supresses host immunity by interfering with signalling components.
Not only does the calmodulin-effector binding interfere with host immunity, but they found that
binding of SF15 to calmodulin is essential to the localization of the effector within the host plant

cell (Zheng et al., 2018).

Calmodulin was detected in both TurbolD samples localized to the host nucleus and
cytoplasm in M. truncatula plants colonized by G. versiforme and not in any of the pkm43GWRR
empty vector samples. Within the nucleus, calmodulin may bind to another effector and together
they interfere with immunity signalling pathways. This action would be similar to the HopE1l
effector from P. syringae, or SF15 from P. infestans. Alternatively, calmodulin could act within
the nucleus as a cofactor to facilitate the expression of genes involved in promoting the AM
symbiosis. Within the cytosol, calmodulin may act as a second messenger where after binding
calcium it interacts with other proteins to interfere with signalling pathways related to host-
immunity. The activity of some cytosolic host proteins involved in the AM symbiosis may rely on
the calcium-sensing calmodulin protein. Transporters related to the symbiosis may change their
conformation when calmodulin is bound and thus, function differently. Alternatively, calmodulin

may interact with other proteins to decrease host immunity upon perception of a foreign invader.
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ii. ~ Protein of Interest: gluZincin
Our second protein of interest is annotated as gluZincin, or protein containing a zinc binding
site (RHZ69489.1). Zinc is an important cofactor of intracellular proteins, serving as an essential
structure or filling a catalytic role. The gluzincin family contain the zinc-binding XEXXH motif that

simultaneously binds water and a zinc ion, forming an active catalyst.

In response to effectors, plants have nucleotide binding and leucine-rich repeat (NBLRR)
proteins that can recognize effector proteins. Some NBLRR proteins contain a plant
homeodomain that bind zinc (X. Zhang et al., 2018, 2017). Zinc-finger proteins can act as
transcription factors in a plant cell (W. X. Liu et al., 2013), these proteins have a characteristic
arrangement of cysteine and histidine residues that have a role in binding zinc. The plant
pathogen P. aeruginosa has a type VI secretion system where the effector Vgr2b C-terminal
domain is a member of the zinc-metallopeptidase family. The Vgr2b effector disrupts the host
cell membrane, having a similar effect of beta-lactam antibiotics (Wood et al., 2019). The
bacterial pathogen, Yersinia pseudotuberculosis secretes a protein through a type VI secretion
system that binds zinc (T. Wang et al., 2015). By interfering with zinc transportation, this effector
manipulates host immunity. Based on these previous studies, it is possible that the zinc-binding

protein identified here might have a role in interfering with plant immunity-related pathways.

Gluzincin was detected in the TurbolD samples localized to the host cytoplasm in M.
truncatula plants colonized by G. versiforme, and not detected in the TurbolD samples localized
to the host nucleus. In addition to transporting the macronutrients phosphorus and nitrogen,
AMF can also transfer zinc, a micronutrient into host plant cells (Cardini et al., 2021; Kothari et
al., 1991). The level of zinc in a cell must be tightly regulated and excessive levels of zinc can be
toxic (Sinclair & Kramer, 2012). It’s possible that arbuscules transfer zinc bound to a zinc binding
protein into a host plant. Monitoring the zinc levels is crucial and it’s possible that AMF secrete a
zinc-binding protein bound to zinc to facilitate the transfer to the plant without effecting free

zinc levels within the host plant cell.
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Altogether, both calmodulin and gluzincin have the potential to be involved in the AMF
symbiosis as effectors and future work will investigate these proteins and their role in the

symbiosis.

iii. ~ Proteins of Interest from R. irregularis
We identified 24 proteins within the TurbolD-YFP-NLS plants colonized by R. irregularis that
were not detected in the empty vector negative control samples (Table 2). These 24 proteins are
potential AM effectors that have a role in mediating the AM symbiosis. We do not focus as closely
upon these proteins as with G. versiforme proteins of interest because these initial experiments

with R. irregularis did not include technical replicates (discussed below).

Of the 24 identified proteins present exclusively within the plants expressing TurbolD-YFP-
NLS colonized by R. irregularis few similar molecular functions were identified. A majority of the

protein (7) annotations consist of unknown proteins.

Two of the three previously predicted effectors from R. irregularis (SP7 and RiCRN1) are
predicted to localize to the plant nucleus. However, our proteomics approach using TurbolD-YFP-
NLS transformed plants colonized by R. irregularis did not identify these AMF effectors. It's
possible that these proteins are only present in cells without arbuscules, and that arbuscules are
not a site of effector secretion. Or, alternatively, because fungal proteins are in such a low
abundance relative to plant proteins within this system, these effectors may have been missed
in this work. These studies also used a different approach to identify the effector localization than
the approach we took in this work. To determine the localization of SP7, researchers fused a GFP
tag to the protein and expressed it within the filamentous fungus Aspergillus nidulans. Scientists
were visually able to confirm that this protein localizes to the host plant nucleus. Next, they
tested whether this protein could localize within a plant cell nucleus by expressing the SP7-GFP
fusion in N. benthamiana leaves and M. truncatula hairy roots. Again, scientists were able to
visually confirm that the SP7-GFP fusion localizes to the plant nucleus (Kloppholz et al., 2011). To
determine the localization of RiCRN1 scientists fused GFP to the protein of interest and expressed
this protein fusion in N. benthamiana leaves (VoRB et al., 2018). Their work fuses GFP to a fungal

protein and expresses the fungal protein-GFP fusion within a plant cell. Meanwhile, the work
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described in this thesis identifies fungal proteins that are secreted within the plant host nucleus,
mimicking how this interaction occurs naturally. Further work is required to verify localization

and identification of the previously described effector proteins from R. irregularis.

The initial set of samples using M. truncatula plant roots expressing TurbolD-YFP-NLS and
colonized by R. irregularis were used as a trial run to test how to properly prepare the samples
for mass spectrometry. Having established optimal conditions for a mass spectrometry run, we
then submitted a second set of samples of M. truncatula plants expressing TurbolD localized to
either the nucleus or cytosol and colonized by G. versiforme with technical replicates. This second
set of data that includes technical replicates allows us to extract meaningful data in terms of
reproducibility of replicates. Whereas we do not have that same flexibility with the initial set of
samples with M. truncatula plants colonized by R. irregularis. As a result, we do not have a couple
proteins that we can focus on rather we have several interesting proteins that are likely involved

in the symbiosis.

i.  Identified fungal proteins do not contain a conventional N-terminal secretion signal

A majority of the fungal proteins that we identified by mass spectrometry as being present in
host cells are not predicted to contain a conventional secretion signal. In total, only three AMF
proteins that we identified via mass spectrometry correspond to proteins that score a low
probability of encoding a signal peptide based on SignalP predictions. In contrast to SignalP, the
online prediction tool SecretomeP uses common features identified in proteins that are
unconventionally secreted (ie., do not contain a signal peptide). When applied to our list of
proteins identified via mass spectrometry (Table 2, Table 3) this method identified six secreted
proteins in the R. irregularis samples. Of the identified G. versiforme proteins, five achieved
scores consistent with secretion when using SecretomeP, while none of the identified G.
versiforme proteins were predicted to be secreted via SignalP. Altogether, these results indicate
AMF may employ an unconventional secretion system to release effectors into host cells, a

hypothesis that should be further investigated in future studies.

53



ii.  Identified fungal proteins do not contain a conventional, predictable nuclear
localization signal

As a means of determining whether our fungal proteins of interest encode conventional
nuclear localization signals, we employed the online tool ‘NLS Mapper’. Previous research has
demonstrated that bioinformatics-based methods do not always successfully predict nuclear
localization signals in microbial effector proteins (Caillaud et al., 2012). Furthermore, in silico
methods may falsely identify effectors as being nuclear localized when experimental data
indicates otherwise. For example, in silico analysis predicted a nuclear localization signal on three
effectors from the bacterial plant-pathogen Ralstonia solanacaerum RipAD, RipD and RipL.
Researchers fused YFP to each of the effectors and in vivo experiments revealed that rather than
localizing to the nucleus, all three of the effectors were visually identified within other subcellular
components (Jeon et al., 2020). Although bioinformatics has been used to predict secretion and
subcellular localization of fungal effectors in pathogenic relationships, it is not always reliable. Of
the fungal proteins we identified by mass spectrometry to be localized to the host nucleus, only

15 of 32 proteins possess a predicted nuclear localization signal.

Identification of proteins via mass spectrometry relies on having a high-quality genome
sequence available with accurately annotated proteins. However, it is important to consider that
even the best in silico methods may fail to identify protein-coding sequences. For this reason, the
samples that we analyzed may have contained proteins that were detected by mass
spectrometry but did not correspond to genome sequence data and thus were not identified.
With further research this data may change, and more proteins may be identified. As a result,
the samples that we analyzed may have proteins present that are not detected by mass

spectrometry.

IV.  Plant Proteins Involved in the AM Symbiosis

Secondary to the fungal proteins identified in this work, we have also mapped the plant
proteome of M. truncatula cortical cells that contain mature arbuscules. Between the two
experiments performed using plants expressing TurbolD-YFP-NLS colonized by either R.
irregularis or G. versiforme we have identified a total of nine M. truncatula proteins that were

found in common to be expressed in both experiments exclusively within the TurbolD samples
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and not detected in the empty vector negative control. Note that these results are limited to only
TurbolD-YFP-NLS transformed plants (and do not include the TurbolD-NES-YFP transformed
plants). Though nine proteins is a low number, most of the previously identified proteins involved
in symbiosis are not localized to the nucleus (MacLean et al., 2017; Pumplin et al., 2010). The M.
truncatula proteins identified exclusively in the TurbolD-YFP-NLS sample have a role in several
cellular processes. We do not yet have the data from the TurbolD-NES-YFP experiment with
plants colonized by R. irregularis. It is worth performing symbiosis assays to see if overexpressing

these proteins in plant roots positively impacts the symbiosis.
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Table 4. Nine M. truncatula proteins were identified in both experiments using TurbolD plants
colonized by either R. irregularis or G. versiforme. Protein name corresponds with NCBI’s

annotation under ‘note’ for the protein.

Protein Name Protein function

Medtr1g089850 Putative BSD domain-containing protein (Synapse-associated protein, putative)

Medtr3g463530 Actin filament bundling protein P-115-ABP

Medtr2g103730 Phospholipase D (EC 3.1.4.4)

Medtr5g088850 Late embryogenesis abundant r:)rrcgieelirr\"(t:za_tllz)e Late embryogenesis abundant

Medtr1g100627 Uncharacterized protein

Medtrdg084250 Calcyclin-binding protein

Medtr4g086510 CXE carboxylesterase (Putative carboxylesterase) (EC 3.1.1.1)

Medtr7g096350 ABA-inducible bHLH-type transcription fa'ctor (Putative transcription factor bHLH
family)

Medtr3g104850 Carbon-nitrogen family hydrolase (Putative omega-amidase) (EC 3.5.1.3)
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Mass spectrometry identified 330 M. truncatula proteins expressed during colonization by R.
irregularis and 345 when colonized by G. versiforme. 108 M. truncatula proteins were found
exclusively within the TurbolD-YFP-NLS sample in plants colonized by R. irregularis. While 44 M.
truncatula proteins within TurbolD-YFP-NLS or TurbolD-NES-YFP when colonized by G.
versiforme. Over half of the M. truncatula identified proteins were identified in both the empty
vector control and TurbolD-YFP-NLS samples and are likely proteins that are naturally

biotinylated.

IV.  Future Work

The next step of this research project is to investigate the potential roles of the fungal
proteins identified in this work, based on a hypothesis that these are fungal effectors that act to
promote colonization (Table 3). To further elucidate their role in mediating the AMF symbiosis,
one could overexpress the proteins of interest in transformed M. truncatula roots and assess
AMF colonization levels. By overexpressing a protein in planta that acts to promote colonization,
we would hypothesize that higher root colonization levels might be observed in symbiosis assays.
Other experiments should investigate the subcellular localization of these proteins in host root
cells. By creating a recombinant fusion of YFP or GFP to the protein of interest and expressing the
protein fusion in N. benthamiana or M. truncatula cells, we may gain insight into its biological

role (Dixit et al., 2006).

In addition to identifying fungal proteins, this work suggests that arbuscules may be a site of
effector secretion into root cortical cells. Further research must be done to investigate this
possibility. It has already been established that penetration structures such as haustoria from
plant pathogenic oomycetes are the site of effector secretion (S. Wang et al., 2017). Though there
are clear conceptual similarities between haustoria and arbuscules, we have no prior evidence
that arbuscules are a site of effector release into host cells. My research suggests that arbuscules
may indeed be a site of effector secretion in AMF. In addition, it would be interesting to
determine if the proteins identified in this work are also found in adjacent cells to those with
arbuscules. To identify proteins in neighbouring cells one could use the MtBCPp promoter

(explained above) rather than the pMtPT4 promoter described in these experiments.
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This work identified numerous M. truncatula proteins that are expressed in root cortical cells
during symbiosis. It would be interesting to apply this technology to identify which plant proteins
are expressed in cells with arbuscules compared to cells in a colonized mutant plant that lacks
arbuscules —would the mutant that lacks arbuscules express the same proteins as an uncolonized
plant? The biggest advantage of this system is the ability to target specific cells by employing a
symbiosis specific promoter. By targeting specific cells, we have a higher chance of detecting
interesting and symbiotically-relevant proteins that are in low abundance in the host plant
cortical cells. Previous proteomics and transcriptomics work to understand the symbiosis
typically involve harvesting whole root systems, which consist of both uncolonized and colonized
roots. On the contrary, this is an accurate method that can pinpoint specific cells that we are

interested in and provide insight regarding the AM symbiosis.

TurbolD has the potential to advance the field of plant biology by identifying essential
proteins involved with various cellular processes. TurbolD can be used to study the proteome of
organelles at various stages during colonization. Not only is this applicable to plant systems, but
it also has tremendous potential for use in symbiotic relationships which can be more difficult to
study, especially when organisms are obligate biotrophs and scientists have yet to figure out how

to genetically manipulate these unique organisms.

V.  Conclusion

We have developed a non-invasive methodology to treat mycorrhizal roots with exogenous
biotin as a means of enabling proximity-based labelling experiments in plants. This approach has
successfully identified candidate fungal effectors that would not have been predicted using the
current technology and bioinformatics-based approaches. Moreover, our data suggests that
arbuscules may be a site of effector secretion by AMF during symbiosis, however further work is
required to support these hypotheses. In summary, we conclude that proximity-based labelling
is a promising new technology to further identify and characterize novel proteins that play

important roles in the AM symbiosis.
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Supplementary Information
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Supplementary Figure 1. Successful protein purification of biotinylated proteins within TurbolD
expressing plants. The plants used in this experiment were harvested after ‘watering’ for 5 h
incubation with exogenous biotin. See materials and methods “purification of biotinylated
proteins”. “EV” refers to the pkm43GWRR empty vector negative control and “TID” refers to

TurbolD localized to the host nucleus.
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Supplementary Figure 2. Streptavidin blot of samples sent for mass spectrometry. Plants

CBB

colonized by 500 spores of R. irregularis and transformed to express either TurbolD-YFP-NLS or
pkm43GWRR (empty vector). Samples were harvested using the watering technique with 500 uM
biotin solution or 500 uM DMSO. Asterix indicates naturally biotinylated proteins. Anti-GFP
antibody used to confirm the expression of TurbolD. Coomassie brilliant blue (CBB) stain present

as loading control.
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(rrnB T2 terminator)

MtPT4p /pDONR4,1

Supplementary Figure 3. Plasmid map for MtPT4p promoter within the pDONR4,1 plasmid.
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Supplementary Figure 4. Plasmid map for TurbolD localized to the host cytoplasm within the

pDONR1,2 plasmid.
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Supplementary Figure 5. Plasmid map for TurbolD localized to the nucleus within the
pDONR1,2 plasmid.
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Supplementary Figure 6. Plasmid map for the nosT transcriptional terminator within the

pDONR2,3 plasmid.
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pkm43GW-RR

Supplementary Figure 7. Plasmid map for pkm43GW-RR destination vector. This plasmid was

used as a negative control in experiments described in this thesis.
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Supplementary Figure 8. Plasmid map for TurbolD-NES-YFP and with the pkm43GW-RR

destination vector and under control of the MtPT4p promoter.

79



MtPT4p-TurbolD-YFP-

NLS-nosT /pkm43GW-RR

EGFP-N (5819 .. 5835)
EGFP-N (6293 .. 6314)

EXFP-R (6554 .. 6573)
EGFP-C (6901 .. 6922)

Supplementary Figure 9. Plasmid map for the TurbolD-YFP-NLS construct under control of the

MtPT4p promoter and with the pkm43GW-RR destination vector.
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