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Plants rely heavily on symbiosis with micro-organisms in the soil to increase their access 
to scarce nutrients. Especially nitrogen and phosphorous are elements that are growth 
limiting for plants in most ecosystems (Harpole et al., 2011). Symbiosis is an integral aspect 
of plant nutrition, as perhaps the only place were plants grow without microbes is the lab 
of a biologist. Symbiosis classically refers to any relationship of organisms living together, 
regardless of the resulting benefits or costs this brings for both partners. However, in this 
thesis I will use the term symbiosis to describe interactions of plants with microbes that 
are on average mutual beneficial for both partners. A common example is the interaction 
of plants with bacteria that are free-living in the soil that release nutrients from insoluble 
or organic compounds that remain otherwise inaccessible to the plant (Clarholm, 1985; 
Becquer et al., 2014). Plants actively promote these bacteria by secretion of mucilage 
containing among others carbohydrates and amino acids. Nevertheless, the commitment 
of both partners is relatively low since there is competition for compounds secreted by the 
plant and the released nutrients between all soil inhabitants. Endosymbiosis is a far more 
advanced and intimate form of symbiosis. During endosymbiosis, all or part of the microbe 
is hosted within the plant cell, which allows a targeted exchange of carbon and nutrients 
between the two partners. The most widespread and ancient form of endosymbiosis is the 
interaction of plants with arbuscular mycorrhizal (AM) fungi, which form an extension to 
the plant root system and help plant to take up nutrients. Many (if not all) other endosymbi-
oses that evolved later make use of mechanisms and plant genes involved in AM symbiosis. 
A key example of this are nitrogen fixing rhizobia that interact with leguminous plants.

Most (if not all) microbes that enter living plant cells remain surrounded by a plant derived 
membrane. AM fungi form arbuscules in plant cells. Arbuscules are highly branched 
feeding structures that are surrounded by the peri-arbuscular membrane. Rhizobia 
are completely taken up in plant cells, forming (transient) N2-fixing organelles called 
symbiosomes, which are surrounded by the so-called peri-bacteroid membrane. These 
peri-microbial membranes are the main site of nutrient exchange between both partners 
and their protein composition is highly specialized for this role. This places the peri-micro-
bial membranes at the heart of endosymbiosis as they establish an intimate host-microbe 
interface. Understanding the formation and maintenance of the peri-microbial membrane 
is therefore crucial to understand endosymbiosis. Recent studies have revealed that the 
formation of the peri-arbuscular membrane and the peri-bacteroid membrane depend on 
at least partially overlapping sets of plant genes (Huisman et al., 2012). Besides mutualist 
symbionts, also (hemi-)biotrophic filamentous pathogens infect living plant cells in which 
they are surrounded by a peri-microbial membrane. If symbiotic and pathogenic peri-mi-
crobial membrane formation depend on similar mechanisms, then understanding the 
mechanisms that guide accommodation of symbionts will also help understanding the 
mechanisms that guide accommodation of pathogens.

In this thesis, I will study how plant membrane trafficking is regulated to create a symbiotic 
host-microbe interface. Further, I will study whether the formation of a symbiotic and a 
pathogenic host-microbe interface depend on the same plant genes.
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Arbuscules and arbuscular mycorrhiza symbiosis

Most plants can engage in a symbiosis with filamentous fungi that transfer nutrients to 
the plant, in exchange for carbohydrates produced by the pant. This means that the fungi 
effectively form an extension to the plant root system, increasing the total volume of 
soil from which nutrients can be taken up. Mycorrhiza especially increase the uptake of 
nutrients that are limited by their low solubility and low diffusion in the soil, like phospho-
rous and zinc (Mosse, 1973; Smith & Read, 2008). These nutrients are quickly depleted in 
the soil directly surrounding the plant root (Lewis & Quirk, 1967). Mycorrhizal fungi extend 
beyond this zone and are less prone to create depletion zones themselves due to their 
small diameter. Mycorrhizal fungi also transfer more mobile nutrients like nitrogen to the 
plant (Leigh et al., 2009), but the importance of mycorrhiza for nitrogen nutrition seems 
to be limited (Smith & Read, 2008). Besides increasing access to nutrients, mycorrhiza can 
enhance the uptake of water (Augé, 2001), or increase plant resistance to biotic stresses 
(Pozo et al., 2010).

There are different forms of mycorrhizal symbiosis: Ectomycorrhizal fungi form a symbiosis 
with many temperate forest trees. Ectomycorrhizal fungi do generally not enter living 
plant cells, but form a network of hyphae called ‘Hartig net’ that surrounds epidermal cells 
and which forms the host-microbe interface. The fungal partners that can form ectomyc-
orrhiza are diverse (more than 20.000 species), as ectomycorrhiza evolved approximately 
60 independent times from a wide range of saprotrophic ancestors (Martin et al., 2016). 
Endomycorrhizal fungi infect living plant cells. Some specific endomycorrhizal relations 
are formed by ericoid mycorrhiza and orchid mycorrhiza that are both restricted to inter-
action with a single plant family. Arbuscular mycorrhiza (AM) are the most ancient and 
widespread form of mycorrhizal symbiosis. AM fungi are all part of the phylum Glomer-
omycota, and as obligate biotrophs they fully depend on plants for their carbon supply. 
AM symbiosis dates back 450-460 million years, to the first plants that colonized land 
(Redecker et al., 2000; Wang et al., 2010b). Today, around 80% of all land plants is able to 
form a symbiosis with AM fungi.

The infection of plants by AM fungi starts with the formation of a hyphopodium on the 
plant root, from which a hypha emerges that penetrates an epidermal cell. The growth of 
hyphae through cells requires the active contribution of the plant. Preceding the fungal 
invasion, a pre-penetration apparatus is formed that consists of an ER- and cytoskel-
eton-rich cytoplasmic column that  predicts the path of the invading fungus (Genre et 
al., 2005). After passing the epidermis, the fungus colonizes the root cortex by forming 
either inter- or intracellular hyphae. When the fungus reaches the inner cortical cell layers, 
arbuscules are formed. The plant cells harboring an arbuscule, as well as the arbuscules 
themselves are optimized for the exchange of carbon and nutrients: The membrane 
contains symbiosis dedicated phosphate transporters (Harrison et al., 2002; Yang et al., 
2012; Breuillin-Sessoms et al., 2015), Ammonium transporters (Guether et al., 2009; Kobae 
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et al., 2010), lipid transporters (Zhang et al., 2010a), and proton pumps that create a elec-
trochemical potential across the membrane that energizes the transporters (Krajinski et 
al., 2014; Wang et al., 2014). The arbuscular cells increase their production of fatty acids, 
that are transferred to the fungus (Bravo et al., 2017; Jiang et al., 2017; Keymer et al., 2017; 
Luginbuehl et al., 2017).

Arbuscules are relatively short-lived structures that collapse after ~2.5 days (Alexander et 
al., 1988, 1989; Kobae & Hata, 2010). After collapse, the fungal branches aggregate into 
a clump, that is digested by plant enzymes and encased by cell wall like material (Cox & 
Sanders, 1974; Floss et al., 2017). The plant cell remains alive, and can be reinfected by a 
successive generation of arbuscules (Kobae & Fujiwara, 2014). It is currently still unknown 
why arbuscules are so short lived. Measurements on the volume of plant cells occupied 
by the fungus suggest that arbuscules are either growing or collapsing, but never reach a 
stable phase in which mature arbuscules are maintained (Alexander et al., 1988, 1989). It 
has been shown that the collapse of arbuscules coincides with the accumulation of lipid 
droplets in the fungal cytoplasm. It has therefore been suggested that the collapse of 
arbuscules and the associated retraction of cytoplasm to the hyphae is required for the 
translocation of lipid droplets (Kobae et al., 2014).

Both the formation and the collapse of arbuscules are important checkpoints where the 
plant can control the symbiosis. The formation of new arbuscules is tightly controlled 
by the plant to balance the costs of symbiosis with the potential benefits. When the 
phosphate concentration in the soil is high, the benefits of AM symbiosis are low, and the 
formation of new arbuscules is inhibited (Kobae et al., 2016). In several plant mutants in 
which the symbiotic nutrient transfer is disturbed, the arbuscules collapse prematurely 
(Javot et al., 2007; Baier et al., 2010; Gutjahr et al., 2012; Krajinski et al., 2014; Wang et al., 
2014). This shows that the symbiotic functionality of the arbuscule is monitored and 
required for full maturation. The pre-mature collapse of PHOSPHATE TRANSPORTER 4 
(PT4) mutants is suppressed when plants are nitrogen starved (Breuillin-Sessoms et al., 
2015). This suggests that plants are able to integrate the requirement and AM contribution 
of multiple nutrients to decide whether or not AM symbiosis is beneficial. It is unknown 
whether it is the plant or the fungus that initiates collapse. The plant may reduce its losses 
by aborting dysfunctional arbuscules. Alternatively, it may reduce the carbon flow to low 
quality symbionts, triggering the fungus to abort the arbuscules. The latter possibility 
would make the maintenance of arbuscules a sanctioning mechanisms on a cellular scale, 
which has been hypothesized to be essential to keep AM symbiosis beneficial during 
evolution (Kiers et al., 2011; Walder & Van Der Heijden, 2015).
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Symbiosomes and rhizobium symbiosis

Most plants from the legume family and the genus Parasponia from the Cannabaceae 
family can form an endosymbiosis with nitrogen fixing rhizobia. Rhizobia are a paraphyl-
etic group of different nitrogen fixing α- and β-proteobacteria that convert atmospheric 
nitrogen into ammonium that can be used by the plant, in exchange for carbohydrates. 
The rhizobia are hosted in cells of special plant organs called nodules. The rhizobia 
enter the plant root via infection threads; cell wall bound tubular infection structures 
that traverse plant cells. At the same time, the nodule primordium is formed. Nodule 
primordium cells are infected by rhizobia. For most legumes, this involves the release of 
rhizobia from the infection threads into the cytosol where they remain surrounded by a 
plant derived peri-bacteroid membrane. After release, the bacteria divide and eventually 
form nitrogen fixing organelle-like structures called symbiosomes that fill most of the 
cell. The division and expansion of symbiosomes is associated with a large increase in 
the total surface of the peri-bacteroid/symbiosome membranes (Robertson & Lyttleton, 
1984). Thus, symbiosome development depends on the continued delivery of vesicles 
after release. In Parasponia, as well as several basal legume species, the bacteria are never 
released, but are hosted in branched tubular membranes called fixation threads that 
remain connected to the infection thread or plasma membrane (Trinick, 1979). In contrast 
to infection threads, fixation treads do not have a structured cell wall, forming a rhizobial 
host microbe interface reminiscent of arbuscules. In the legume genus Chamaecrista a 
continuous range of infection structures from fixation threads to symbiosomes can be 
found (Sprent, 2009). This shows that although symbiosomes seems at first glance struc-
turally very different from arbuscules, evolutionary these structures may be very related.

Like arbuscules, the symbiosome membrane that forms the rhizobial host-microbe 
interface is specialized for the exchange of nutrients between the two partners. Since the 
bacteria in symbiosomes are no longer connected to the extracellular space, all bacterial 
nutrition must be provided by the plant across the symbiosome membrane. Proteomics 
approaches in Medicago and soybean revealed the presence of a range of transporters 
on the symbiosome membrane, such as ABC-type oligopeptide transporters, sugar 
transporters, phosphate transporters, an amino acid permease, a nucleotide transporter, 
oligopeptide transporters, and a sulphate transporter (Catalano et al., 2004; Krusell et al., 
2005; Clarke et al., 2014, 2015). Like on the peri-arbuscular membrane, proton pumps are 
present that create a proton gradient across the symbiosome membrane that may be 
used to energize the transporters (Pierre et al., 2013).

Arbuscules play an important role in monitoring the nutrient delivery and controlling 
the symbiosis by controlling their maintenance. In contrast, rhizobium symbiosis is 
mainly controlled on the level of whole nodules, while the maintenance of symbiosome 
symbiosomes seems to play only a marginal role in controlling  the symbiosis. Instead 
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of terminating individual symbiosomes, legumes control their colonization upstream of 
symbiosome formation by controlling infection thread formation, the number of nodules 
that are allowed to form, and the activity of the meristem of nodules. Downstream of 
symbiosome formation, the symbiosis can be terminated by a process called nodule 
senescence. During senescence the bacteroids are digested by the plant after which the 
whole plant cell dies. (Van de Velde et al., 2006). Bacteria that are unable to fix nitrogen 
can mature into symbiosomes, although the nodules senesce quickly (Hirsch et al., 1983). 
So even though there appears to be a sanctioning mechanism that terminates ineffec-
tive symbionts, this mechanism is distinct from the control of AM symbiosis by arbuscule 
termination.

Haustoria and biotrophic filamentous pathogens

The ability to be hosted inside plant cells is not limited to symbiotic microorganisms. Also 
(hemi-) biotrophic pathogens, in particular filamentous fungi and oomycetes, are capable 
of invading living plant cells. Biotrophy among filamentous pathogens has evolved 
multiple times independently (Baxter et al., 2010; Schirawski et al., 2010; Spanu et al., 2010; 
Duplessis, 2011). Therefore, the intracellular structures formed by pathogens are diverse. 
Some pathogens like Colletotrichum and Magnaporthe species form biotrophic hyphae in 
plant cells (O’Connell et al., 1993; Kankanala et al., 2007). Other pathogens form dedicated 
feeding structures called haustoria (Allen & Friend, 1983; Knauf et al., 1989; O’Connell 
& Panstruga, 2006). Like symbiotic organisms, all parts of the microbe that enter living 
plant cells remain enclosed by a plant-derived cell membrane. Further, the pathogenic 
host-microbe interface is devoid of a structured cell wall. Since cooperation of plants in 
pathogenic host-microbe interface formation is obviously disadvantageous for the plant, 
the pathogens must rely on pre-existing plant pathways to form a host-microbe interface. 
In this respect, it has been a long-standing hypothesis that pathogens depend on plant 
mechanisms involved in symbiotic host-microbe interface formation to forma a patho-
genic host-microbe interface.

It is currently unknown whether there are transporters on the peri-haustorial membrane 
to facilitate transfer of carbon or nutrients to the invading pathogen. Ultrastructural 
studies on the perihaustorial membrane of Uromyces appendiculatus show that it contains 
no intramembrane particles, suggesting the membrane is completely devoid of proteins 
(Knauf et al., 1989). This would mean that the function of haustoria is very different 
from symbiotic host-microbe interface. Nevertheless, several studies using fluorescent 
fusion-proteins have shown that some proteins are transported to the peri-haustorial 
membrane of different pathogens (Wang et al., 2009; Lu et al., 2012). For the hemi-bi-
otrophic pathogen Phytophthora infestans, it has been suggested that it feeds on material 
that is secreted by the plant after redirection of vacuolar protein degradation pathways 
towards the haustorium (Bozkurt et al., 2015). Besides its role as feeding structures, the 
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pathogenic host-microbe interface is a major site for the secretion of effectors (Whisson 
et al., 2007; Kleemann et al., 2012; Giraldo et al., 2013; Wang et al., 2017). Many of these 
effectors are reported to enter the plant cell, where they suppress different defense 
components or alter host gene expression. However, the translocation of effectors into 
plant cells is technically challenging to prove, and therefore still slightly controversial 
(Petre & Kamoun, 2014).

Evolution of different endosymbioses from AM symbiosis by recruitment of CO/LCO 
signaling

In the last decades, it has become clear that there is a common genetic basis underlying 
both the rhizobial and AM endosymbioses (Bradbury et al., 1991; Kouchi et al., 2010). AM 
fungi release chitin oligomers (COs) and lipo-chitooligosaccharides (LCOs) that are collec-
tively called Myc-factors (Maillet et al., 2011; Genre et al., 2013; Sun et al., 2015). These 
signal molecules are perceived by complexes of lysin motif receptor-like kinases (LysM 
RLKs) on the plasma membrane of plant cells (Maillet et al., 2011; Miyata et al., 2014; Carot-
enuto et al., 2017). Like AM fungi, rhizobium bacteria also secrete LCOs. LCOs secreted by 
rhizobia are called Nod factors (Truchet et al., 1991). Although the perception of Nod- and 
Myc factors likely depends on different complexes of LysM-RLKs (Limpens et al., 2003; 
Radutoiu et al., 2003; Bozsokia et al., 2017), they feed into a single signaling cascade that is 
therefore called the common symbiosis signaling pathway (Box1).

The shared use of the common symbiosis signaling pathway shows that rhizobia have 
co-opted the AM symbiosis dedicated signaling pathway by producing Nod factors 
that mimic AM LCOs. Activating AM symbiosis related signaling induces symbiotic plant 
responses that enable rhizobium symbiosis. This recruitment of the common symbiosis 
signaling pathway is not a unique event in the evolution of endosymbiotic plant microbe 
interactions. In the non-leguminous plant Parasponia, rhizobium symbiosis has evolved 
independently from legume-rhizobium symbiosis. Also this symbiosis is dependent on 
the perception of Nod factors by plant LysM-RLKs and the common sym pathway (Op 
den Camp et al., 2011; Van Velzen et al., 2017). A different group of nitrogen fixing bacteria 
from the Frankia genus has established a root nodule symbiosis with plant species from 
several different families. Also these symbioses require common symbiosis signaling 
pathway genes (Gherbi et al., 2008; Svistoonoff et al., 2014). Altogether, the different nitro-
gen-fixing symbioses were hypothesized to have evolved 10 independent times, implying 
10 independent recruitments of the AM symbiosis pathway (Doyle, 2011). Alternatively, it 
has been postulated recently that the different root nodule symbioses have may have a 
single origin, but has been massively lost in many plant lineages (Van Velzen et al., 2017). 
Besides nitrogen fixing bacteria, also ericoid- orchid- and ecto-mycorrhizal symbioses 
seem to have recruited the common symbiosis signaling pathway: Plants of the Ericaceae 
and Orchidaceae family do not host AM fungi. In most plant species, the loss off AM 
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symbiosis leads to a quick loss of symbiosis dedicated genes (Delaux et al., 2014; Bravo 
et al., 2016), yet the Ericaceae species Rhododendron fortunei and the orchid Phalaenopsis 
equestrishas both retained common symbiosis signaling genes (Cai et al., 2014; Wei et al., 
2016). Although their role has still to be shown experimentally, it is most likely that they 
have been retained because they have been recruited in ericoid and orchid mycorrhizal 
symbioses. Finally, ectomycorrhiza do not strictly require the common symbiosis genes 
and genera like Pinus have lost their common symbiosis signaling genes (Garcia et al., 
2015), yet some fungal species do secret LCOs and COs to induce root branching and 
enhance fungal colonization (V. Puech-Pages, personal communication). The repeated 
recruitment of the AM dedicated signaling pathway into other symbioses has raised the 
hypothesis that also biotrophic pathogens may use this pathway to reprogram plants for 
cooperation in forming haustoria. In chapter 2, I show that the hemi-biotrophic oomycete 
Phytophthora palmivora is still able to form haustoria in Medicago plants mutated in 
different common symbiosis genes.

Even though AM- and rhizobium symbiosis share a common symbiosis signalling pathway, 
the transcriptional reprogramming triggered by rhizobia and AM fungi show a surpris-
ingly low overlap (Hogekamp et al., 2011; Limpens et al., 2013; Nanjareddy et al., 2017). 
Since the comparison of gene expression induced by different symbionts often relies on 
the comparison of different tissues, this is in itself perhaps not surprising. However, how 
the same pathway results in the activation of different core transcription factors remains 
somewhat puzzling: DELLA and IPD3 are sufficient to activate RAM1 expression. Both DELLA 
and IPD3 are involved in Nod factor signalling, yet RAM1 is not activated by Nod factors. 
On the other hand, the expression of auto-active DMI3 or IPD3 is sufficient to induce spon-
taneous nodule formation in legumes. Both DMI3 and IPD3 are crucial for AM symbiosis, 
yet AM fungi do not induce nodules on legume plants. Because of this discrepancy in the 
activation of different symbiotic programs by Nod- and Myc factors, it has been hypoth-
esized that there must be parallel signalling pathways that are required for the specificity 
of responses triggered by different symbionts (Gutjahr et al., 2008; Oldroyd, 2013; Genre & 
Russo, 2016). Despite the limited overlap in AM and rhizobium induced gene expression, 
there must be some core set of symbiosis genes and processes that are shared between 
both interaction, which justifies the recruitment of the AM symbiosis pathway into 
rhizobium symbiosis: First, Among the early responses to both Nod and Myc factors are 
the expression of extracellular glycoproteins ENOD11 and ENOD12 (Albrecht et al., 1998; 
Sun et al., 2015). Further, Nod- and Myc factors both induce lateral root branching (Maillet 
et al., 2011). But biologically the most relevant process that is regulated by the common 
symbiosis signalling pathway is the formation of  a host-microbe interface (Limpens et 
al., 2005; Morandi et al., 2005; Ovchinnikova et al., 2011). Currently, it is unknown how the 
common symbiotic signalling regulates host-microbe interface formation, but among the 
genes that are required is Vapyrin (VPY). VPY expression is triggered by both Myc- and Nod 
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factors, and is required for the intracellular infection of plants by both rhizobium and AM 
fungi (Pumplin et al., 2010; Murray et al., 2011).

Summarizing, the rhizobia and probably many other endosymbionts have co-opted AM 
symbiosis related processes by activating the common symbiosis signalling cascade. 
Among the processes that are recruited from AM symbiosis is the formation of a host-mi-
crobe interface. Thus, it is likely that at least some of the mechanisms for the formation of 
a symbiotic microbe interface are shared between different symbionts.

Mechanisms of host-microbe interface formation

The formation of a host-microbe interface presents two major challenges to the host cell: 
1). A new membrane compartment has to be created, which requires the expansion of 
membrane at the exact location where the microbe enters the cell and grows. 2). The 
proteins that are required for the functionality of the interface membrane such as nutrient 
transporters have to be delivered specifically to this membrane, and not to any other 
membrane compartment. This requires the redirection of existing membrane trafficking 
pathways to the host-microbe interface, or the evolution of a completely new pathway by 
duplication and neo-functionalization of regulators involved in other vesicle trafficking 
pathways.

To understand the nature of the vesicle traffic that is (re-)directed to the host-microbe 
interface, studies have been performed to compare the identity of the different host-mi-
crobe interface membranes to existing membrane compartments like the plasma 
membrane, endosomes, the vacuole or the ER. Symbiosomes were shown to be labeled 
by the plasma membrane marker SYP132, while they are in later stages also labeled by 
late endosome/vacuole markers such as Rab7and TIP1g (Limpens et al., 2009; Gavrin et 
al., 2014). In contrast, arbuscules were shown to accumulate different plasma membrane/
exocytosis markers, but never accumulate endosome markers (Genre et al., 2012; Ivanov & 
Harrison, 2014). Haustoria of different pathogens were shown to be labeled by some, but 
not all tested plasma membrane markers (Lu et al., 2012), accumulate endosome marker 
Rab5, and in some cases also the late endosome marker Rab7 (Lu et al., 2012; Bozkurt et 
al., 2015; Inada et al., 2016). The presence of different identity markers on host-microbe 
interfaces show that interface formation may be dependent on the recruitment of (parts 
of ) multiple vesicle trafficking pathways, which is not necessarily shared between the 
different plant-microbe interactions, or between different stages of host-microbe interface 
development. However, the different interactions have in common that exocytosis has 
been shown to be functionally required (Ivanov et al., 2012; Kim et al., 2014; Zhang et al., 
2015b). Therefore, exocytosis may be the main trafficking pathway that contributes to the 
formation of all three host-microbe interfaces.
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The role of exocytosis in arbuscule and symbiosome formation first became clear from the 
requirement for exocytosis related vesicle SNARE (v-SNARE) proteins (Ivanov et al., 2012). 
SNAREs are key regulators of vesicle fusion to specific membrane compartments (Box 
2). Ivanov and colleagues have shown that both arbuscule formation and symbiosome 
requires the presence of two closely related v-SNAREs, VAMP721d and VAMP721e (Ivanov 
et al., 2012). These genes are embedded within the VAMP72 family, which is involved in 
vesicle fusion to the plasma membrane. Knockdown of VAMP721d/e blocked the release 
of rhizobium in nodule cells, as well as the formation of arbuscular branches. In contrast, 
root growth was not affected. (Ivanov et al., 2012). This suggests that VAMP721d/e are 
dedicated to the formation of a symbiotic host-microbe interface, and not required for 
traffic to the plasma membrane. It is not known how these VAMPs relate to the common 
symbiotic signalling pathway, but it is clear that rhizobium recruited regulators of exocy-
tosis that were dedicated to arbuscule formation to form its own host-microbe interface. 
In chapter 2, I show that VAMP721d and –e are not required for the formation of haustoria 
formed by the hemi-biotrophic pathogen Phytophthora palmivora. This indicates that host 
membrane traffic to the microbe interface is recruited in a different way by this pathogen 
compared to AM fungi and rhizobia.

The dedication of VAMPs to symbiotic host-microbe interface formation raises the 
question whether more exocytosis related proteins have been duplicated to create a 
separate membrane trafficking pathway. I define a separate trafficking pathway as a 
distinct population of vesicles that contains specific cargo and whose fusion can be 
regulated independent of other trafficking pathways. The use of separate trafficking 
pathways for transport to the plasma membrane and the host-microbe interface would 
be a simple model to allow strict targeting of proteins to each compartment that results 
in their distinct protein composition. In plants, the use of multiple exocytosis pathways to 
regulate the trafficking of subsets of proteins has been suggested many times (Rehman 
et al., 2008; Karnik et al., 2015; Wang et al., 2016; Li et al., 2017). However, these claims are 
often based on specific mutations or chemical inhibitors of the secretory machinery that 
have different effects on the delivery of different plasma membrane proteins. Although 
these are indications for their existence, separate pathways following our strict definition 
has never been shown. In contrast to the lack of clear evidence for multiple exocytosis 
pathways in plants, their existence is clear in animals. In mammalian polarized epithelial 
cells, the traffic to the apical and basolateral plasma membrane domains involves distinct 
populations of vesicles (Matter & Mellman, 1994; Mostov et al., 2003; Mellman & Nelson, 
2008). These vesicles are labelled by distinct VAMPs, while the two target membrane 
domains are labelled by distinct t-SNAREs (Kreitzer et al., 2003; Martinez-Arca et al., 2003; 
Sharma et al., 2006).
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trans-SNARE complex cis-SNARE complex

v-SNARE
R-SNARE; VAMP

t-SNARE complex
Qa SNARE; SYP1
Qb-Qc SNARE; SNAP
Qb SNARE; NPSN
Qc SNARE; SYP7

BOX 2; SNAREs

Soluble N-ethylmaleimide-sensitive factor-attachment protein receptors (SNAREs) are proteins that drive membrane fusion. 
During the fusion of a vesicle to a target membrane, a SNARE protein on the vesicle interacts with a complex of SNAREs on 
the target membrane. The strong interaction between the SNAREs on the opposing membranes (the formation of a trans-
SNARE complex) provides the energy that is required to draw the two lipid bilayers together (Stein et al., 2009). A SNARE 
complex always consists of 4 SNARE domains of different classes, R, Qa, Qb and Qc. For simplicity, SNAREs are often classified 
into vesicle-SNAREs (v-SNAREs) that are present on the vesicle and target membrane-SNAREs (t-SNAREs) present on the 
target membrane. Often, one v-SNAREs protein contributes the R-SNARE domain, while a complex of t-SNAREs proteins 
contribute the Qa, Qb and Qc domains. After vesicle fusion, both v- and t-SNAREs are present on the same membrane as 
a cis-SNARE complex. This complex is dissociated by accessory proteins, after which the v-SNAREs are endocytosed to be 
reused in or to be degraded.

Each vesicle fusion event involving a specific organelle and specific population of vesicles requires different SNAREs. 
Therefore, the genome of all eukaryotes encodes multiple copies of each class of SNARE proteins. The localization of 
different SNAREs to different subcellular compartments may be a primary reason for the existence of several SNAREs of 
one class. Further, since the SNARE proteins involved in vesicle fusion to different organelles do generally not form SNARE 
complexes (Mcnew et al., 2000), it has been suggested that the specificity between SNARE interactions determines the 
specificity of vesicle fusion to the right target membrane.

The amount of SNAREs related to exocytosis has in multicellular plants expanded to be encoded by small families 
(Sanderfoot, 2007). Knockout of individual family members results in different phenotypes related to different processes 
(Lauber et al., 1997; Collins et al., 2003; Kwon et al., 2008; Ichikawa et al., 2014). This shows that the different family members 
are used for exocytosis during different biological processes. Within the exocytosis related SNAREs, there seems to be 
little specificity in SNARE interactions (Chapter 4, table1). Instead, the difference between the individual family members 
seems to be related to their expression pattern (Enami et al., 2009), dynamics (Nielsen & Thordal-Christensen, 2012), and 
interaction with regulatory proteins (Honsbein et al., 2011; Park et al., 2012). 

It has been suggested that specific interactions between v- and t-SNAREs control the spec-
ificity of vesicle fusion (Mcnew et al., 2000), making them the key regulators to separate 
different trafficking pathways. Therefore, we questioned whether symbiotic host-microbe 
interface formation depends on dedicated t-SNAREs in addition to v-SNAREs. In chapter 
3, I describe the functional characterisation of Medicago SYP132 as a t-SNARE that is indis-
pensable for host-microbe interface formation. In most dicot plants SYP132 is spliced into 



18 19 

General Introduction

1

two spliceforms; SYP132α and SYP132β. Whereas SYP132β is required for general plant 
development, SYP132α is specifically required for arbuscule and symbiosome formation. 
Thus symbiotic host-microbe interface formation depends on dedicated v- and t-SNAREs. 
Besides these SNAREs, it has been shown that the formation of arbuscules depends on a 
specific exocyst subunit EXO70I (Zhang et al., 2015b). The exocyst is a protein complex, 
that is involved in the docking of vesicles before vesicle fusion (Zhang et al., 2010b). In 
particular EXO70 subunits associate with the target membrane and can define different 
membrane domains (Sekereš et al., 2017). EXO70I was shown to interact with VPY (Zhang 
et al., 2015b). Since EXO70I and VPY expression are induced by RAM1 and RAD1 (Park et al., 
2015; Xue et al., 2015; Pimprikar et al., 2016), these proteins may be the link between the 
common symbiotic signalling pathway and the regulation of exocytosis. The dedication of 
EXO70I to AM symbiosis is in line in the hypothesis that key regulators of exocytosis have 
been duplicated to generate a symbiosis specific trafficking pathway, although EXO70I is 
not required for symbiosome formation (Zhang et al., 2015b). Finally, it has been shown 
that traffic of nodule-specific cysteine rich (NCR) peptides to symbiosomes depends on 
a nodule-specific signal peptidase DNF1 (Van de Velde et al., 2010; Wang et al., 2010a). It 
was proposed that proteins can be loaded into a specific trafficking pathway during their 
production in the ER if they have a specific signal peptide that can function as an address 
label for symbiosomes (Hohnjec et al., 2009).

If the duplication of regulators of exocytosis truly resulted in the emergence of an alter-
native trafficking pathway for host-microbe interface formation, then the individual 
regulators should have neo-functionalized and be different from their non-symbiotic 
paralogs. However, for neither VAMP721d/e, SYP132α, EXO70I, or DNF1 it has been tested 
if and how they are different from their orthologs involved in ‘default’ exocytosis. In 
chapter 4, I show that VAMP721d/e as well as SYP132α are functionally redundant with 
their non-symbiotic paralogs. Thus, SNAREs cannot be involved in separating different 
exocytosis pathways. Further, it has been shown that several proteins can be targeted 
to either the plasma membrane or the peri-arbuscular membrane, depending on the 
timing of their expression (Pumplin et al., 2012). Based on this observation, the authors 
proposed that there is only one exocytosis pathway, which is temporarily redirected to 
the arbuscule during arbuscule formation. If there are no separate pathways for general 
exocytosis and host-microbe interface formation, there must be something else that 
explains the evolution of dedicated SNAREs. In chapter 5, I functionally compare the 
proteins encoded by the two spliceforms of SYP132 in detail. Although both spliceforms 
are equally capable of functioning in arbuscule and symbiosome formation, there is a 
difference in the protein dynamics, and the replacement of SYP132α with SYP132β results 
in plants with a reduced biomass upon mycorrhization. This suggests that SYP132α has 
functionally specialized, and is required for full functionality of arbuscules. In summary, 
my work shows that symbiotic SNAREs are functionally specialized to modify a pre-ex-
isting exocytosis pathway, which is required for the full functionality of the host-microbe 
interface.
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fungi and rhizobia

Chapter 2

Abstract

In biotrophic plant-microbe interactions, microbes infect living plant cells where they 
are hosted in a novel membrane compartment; the host-microbe interface. To create a 
host-microbe interface, arbuscular mycorrhizal (AM) fungi and rhizobia make use of the 
same endosymbiotic program. It is a long-standing hypothesis that pathogens make 
use of plant proteins that are dedicated to mutualistic symbiosis to infect plants and 
form haustoria. In this report, we developed a Phytophthora palmivora pathosystem 
to study haustorium formation in Medicago truncatula (Medicago) roots. We show that 
P. palmivora does not require host genes that are essential for symbiotic infection and 
host-microbe interface formation to infect Medicago roots and form haustoria. Based 
on these findings, we conclude that P. palmivora does not hijack the ancient intracellular 
accommodation program used by symbiotic microbes to form a biotrophic host-microbe 
interface.

This chapter has been published as:

Huisman, R., Bouwmeester, K., Brattinga, M., Govers, F., Bisseling, T., and Limpens, E. 2015. Haustorium formation in Medicago 
truncatula roots infected by Phytophthora palmivora does not involve the common endosymbiotic program shared by arbuscu-
lar mycorrhizal fungi and rhizobia. Molecular Plant-Microbe Interactions 28:1271-1280.
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INTRODUCTION

Plants can be colonized by a diversity of biotrophic microbes that invade living plant cells. 
The relation of these microbes with their host plant varies from mutualistic symbiosis to 
pathogenesis. A common event in biotrophic interactions is the formation of a host-mi-
crobe interface. A host-microbe interface is a specialized membrane compartment 
in which all or part of the microbe resides within the plant cell. This interface is the 
fundament of biotrophy, as it facilitates the controlled exchange of nutrients and signals 
between plant and microbe. Well known examples of host-microbe interfaces are; the 
peri-arbuscular membrane surrounding arbuscules formed by arbuscular mycorrhiza 
(AM) fungi, the peri-bacteroid membrane surrounding bacteria in the symbiosis between 
legumes and rhizobia, and the extrahaustorial membrane surrounding haustoria formed 
by pathogenic fungi and oomycetes (Parniske, 2000). The intracellular colonization of 
plant cells, including host-microbe interface formation, requires the active contribution 
of the plant. Decades of research provided insight into the mechanisms that control the 
infection and host-microbe interface formation in symbiotic interactions (Harrison, 2012; 
Oldroyd, 2013). However, how pathogens force plants to cooperate in their intracellular 
colonization remains an intriguing question. 

AM symbiosis is one of the most ancient biotrophic plant-microbe interactions that 
emerged ~450 million years ago (Redecker et al., 2000). Endosymbiosis between plants 
and nitrogen fixing bacteria, and interactions between plants and biotrophic pathogens 
evolved multiple times independently, later in evolution (Baxter et al., 2010; Spanu et al., 
2010; Doyle, 2011). The genetic constraints for intracellular infection of plant cells are 
highlighted by the fact that several key components of AM symbiosis have been co-opted 
in the more recently evolved endosymbiosis between legumes and rhizobia (Summarized 
in Table 1). Both AM fungi and rhizobium bacteria produce lipochito-oligosaccharide 
signal molecules (LCOs) that activate a set of common symbiotic signalling (SYM) genes 
required for intracellular infection (Parniske, 2008; Oldroyd, 2013). Furthermore, AM fungi 
and rhizobium bacteria share the same exocytosis pathway, marked by two v-SNAREs 
(VAMP721d/e) to form arbuscules and symbiosomes, respectively (Ivanov et al., 2012). The 
signalling pathway shared between AM symbiosis and legume-rhizobium symbiosis has 
been co-opted independently in the interaction between rhizobia and the non-legume 
genus Parasponia (Op den Camp et al., 2011). Also in the interaction of plants with 
actinorhizal bacteria, where bacteria are hosted in membrane compartments, common 
SYM genes are indispensable (Gherbi et al., 2008; Svistoonoff et al., 2014). These data 
suggest that AM symbiosis provided the blueprint for many endosymbiotic relations that 
evolved later. This has raised the intriguing hypothesis that many biotrophic microbes 
including pathogens, make use of a generic program to be accommodated inside plant 
cells (Parniske, 2000; Rey & Schornack, 2013).
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This hypothesis is supported by observations that show overlap in pathogenesis and 
symbiosis: 1). Haustoria and arbuscules are structurally similar, as both are devoid of a 
structured cell wall, and contain a specialized plant derived membrane, with a unique  
protein composition (O’Connell & Panstruga, 2006; Hardham, 2007; Lu et al., 2012; Gutjahr 
& Parniske, 2013). 2). Cells that host haustoria undergo endoreduplication, similar to 
cells that host arbuscules and symbiosomes (Williamson & Hussey, 1996; Vinardell et al., 
2003; Chandran et al., 2010; Bainard et al., 2011). 3). Plant cells often respond to pathogen 
invasion by aggregating the cytoplasm at the site of contact. In the case of infection of 
Medicago truncatula (Medicago) by Colletotrichum trifolii and Phoma medicaginis, this 
aggregation was shown to depend on the common SYM pathway (Genre et al., 2009). 
4). Although pathogens are not known to produce LCOs, they may activate common 
SYM genes in an alternative manner (Liang et al., 2014). Next to LCOs, short chain chitin 
oligomers were also implicated in symbiotic signalling between AM fungi and Medicago 
(Genre et al., 2013). In addition, the receptors for perceiving chitin and symbiotic LCOs 
are related (Nakagawa et al., 2011; De Mita et al., 2014), as well as early transcriptional 
responses towards mycorrhiza and pathogens (Güimil et al., 2005). 

In this study, we addressed the question whether a generic endosymbiosis program, 
which is used by different symbiotic microbes to establish infection and intracel-
lular accommodation is also used by pathogens to infect Medicago roots and to form 
haustoria. Therefore, we set-up a suitable pathosystem to study infection and hausto-
rium formation in Medicago roots. We selected the oomycete Phytophthora palmivora 
as a suitable hemi-biotrophic pathogen that forms haustoria in Medicago roots and 
monitored disease development and haustorium formation. We inoculated an extensive 
collection of Medicago mutants that are impaired in plant (intracellular) colonization 
during AM and rhizobial symbiosis with P. palmivora. In addition we examined the role 
of the vesicle SNAREs VAMP721d and VAMP721e that mark a symbiosis specific exocytosis 
pathway required for intracellular accommodation, for their role in haustorium formation.
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Figure 1. Infection of Medicago roots by different Phytophthora species

A, Toluidine Blue stained plastic section (6 µm) of Phytophthora capsici infected Medicago root. Haustoria are marked by 
black arrowheads. B, Toluidine Blue stained plastic section of Phytophthora cinnamomi infected Medicago root. Haustoria are 
marked by black arrowheads. Chlamydospores (Ch) are forming in plant cells. C, Toluidine Blue stained plastic section (6 µm) 
of Phytophthora palmivora infected Medicago root. Haustoria are marked by black arrowheads. D, Light microscopy image of a 
hand section through a Phytophthora medicaginis infected root. Outlines of hyphae between cells are visible, as well as haustoria 
entering cells (black arrowheads). Scale bars represent 25 µm.

RESULTS

Infection of Medicago roots by different Phytophthora species

In order to find a pathogen that forms haustoria in Medicago roots, we focused on 
Phytophthora species as these are known to invade roots of a broad range of plant 
species as causal agents of root rot. Furthermore, Phytophthora is able to form haustoria 
in roots (Wang et al., 2011; Rey & Schornack, 2013). In an initial screen, we inoculated 
one week old Medicago seedlings (Jemalong A17) with mycelial plugs of Phytophthora 
capsici, Phytophthora cinnamomi, Phytophthora medicaginis or Phytophthora palmivora. 
We analysed root colonization three days post inoculation (dpi), using light microscopy 
on living roots or sections of plastic-embedded roots. All Phytophthora species were able 
to infect Medicago roots and haustoria were observed in all interactions (Fig. 1, Fig. 4). 
Medicago roots infected by P. capsici showed most severe disease symptoms, as judged 
by a strong brown coloration of the roots and a high abundance of intracellular hyphae 
throughout the root, which likely represents necrotrophic colonization (Fig. 1A). Infection 
by P. cinnamomi, P. medicaginis and P. palmivora was more subtle, as hyphae were predom-
inantly present in the intercellular spaces of the outer cell layers of the root (Fig. 1B and C, 
Fig. 4). We selected P. palmivora for further studies, as transgenic lines expressing GFP or 
β-glucuronidase (GUS) (van West et al., 1999; Vijn & Govers, 2003) were available to facili-
tate imaging of infection events.
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Knockout of Medicago genes required for symbiotic infection does not affect 
susceptibility towards P. palmivora

To study whether Phytophthora makes use of genes required for symbiotic root coloni-
zation, we studied the susceptibility of the Medicago mutants listed in Table 1 towards 
P. palmivora. We quantified the spread of infection through Medicago roots after point 
inoculation, similar to the quantification of lesion length as used by Yang and colleagues 
(Yang et al., 2013). Medicago seedlings were inoculated using a mycelial plug of a GUS-ex-
pressing P. palmivora transformant. At 4 dpi, GUS staining was used to visualise the spread 
of hyphae through the roots. We measured the length of the region of the root that was 
colonized and performed a Mann-Whitney U test to determine the significance of differ-
ences between genetic backgrounds. All mutants were in the Jemalong A17 genetic 
background, except for the VAPYRIN mutant (vpy), which is in the R108 genetic back-
ground  (Table 1). No significant differences were observed between any of the mutants 
and their respective wild type control (Fig. 2, Table S2). Notably, the spread of hyphae in 
the R108 background was significantly more extensive (p<0.001) compared to roots in 
the A17 background. This indicates that R108 is more susceptible to P. palmivora infection, 
than A17. 

Figure 2. Mutation of symbiosis genes does not affect susceptibility of Medicago roots towards P. 
palmivora

Spread of infection in Medicago mutants after infection with mycelial plugs of P. palmivora GUS, 4 dpi. The length of the region 
stained by GUS was measured. N.s. indicates non-significant difference in colonization between mutants and their wild type 
background. (n=4, p<0.05).
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Plants were inoculated by adding 104 GFP- or GUS-expressing P. palmivora zoospores to 
the water. First we analysed the infection process in the wild type Medicago backgrounds 
A17 and R108. At one dpi, zoospores had germinated and hyphae had penetrated the 
epidermis (Fig. 4A). This experimental set-up resulted in an equal spread of infection 
events over the entire root length with a slight bias toward the root tip (data not shown). 
P. palmivora generally entered Medicago roots by crossing the cells of the epidermis, 
although it occasionally also penetrated between epidermal cells. Germ tubes entered 
atrichoblasts as well as root hairs. The hyphae that entered root hairs did not progress in 
a specific direction, which mostly resulted in aborted infections. Infected epidermal cells 
were also often heavily colonized with a high abundance of hyphae within a cell. From this 
primary site of infection, hyphae predominantly progressed parallel to the root surface 
through the intercellular spaces. At 2 dpi, colonization of the root was mainly restricted to 
the epidermis and outer cortex layer (Figs. 4B and C). Haustoria could be observed in both 
cell layers. The shape of haustoria varied from digit-like to branched. From 2 dpi onwards, 
a slight brown coloration of the roots could be observed, which was more pronounced 
in ecotype R108 compared to A17 (Fig. 3). The brown coloration, which likely represents 

Figure 3. Experimental setup for zoospore inoculation of Medicago seedlings by P. palmivora

Seven-day-old Medicago A17 and R108 seedlings are grown in hydroculture tubes ø = 3cm. Phytophthora palmivora inoculated 
plants (+) and mock inoculated plants (-) are shown at 4dpi.

Phytophthora palmivora zoospore inoculation assay

Analyses of the infection events after inoculation of wild type plants using the mycelial 
plugs showed that the zone in which haustoria were distinguishable was relatively small, 
likely due to the point source inoculation. Furthermore, many infected cells along the root 
contained intracellular hyphae that traversed the cells, which hampered the identification 
of haustoria. To facilitate more extensive and synchronized haustorium formation along a 
broader root region, and to obtain a less severe infection, we next inoculated Medicago 
roots with Phytophthora zoospores in a hydroculture system. One-week-old Medicago 
seedlings were placed in hydroculture by inserting their hypocotyl in plastic foam floating 
on demineralized water in polystyrene tubes (Fig. 3).
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necrotic cells (Yang et al., 2013; Rey et al., 2015), gradually increased in intensity over the 
course of infection. At 4 dpi, the infection had progressed approximately one cell layer 
deeper into the root with hyphae present between the two outermost cortex layers, 
whereas at 6 dpi, some variation in the amount of infected cell layers was present. In 
the roots of A17, the hyphae remained mainly restricted to the outer cell layers of the 
root, showing that inward progression of hyphae had halted (Fig. 4D). Further, the shoots 
showed no macroscopic symptoms (Fig. 3). In contrast, P. palmivora progressed deeper 
into roots of R108 compared to A17, with hyphae present between all cortical cell layers, 
and invading the vascular bundle (Fig. 4E). Moreover, the shoots of R108 showed severe 
macroscopic symptoms; at 4 dpi, all shoots of R108 had wilted, compared to one shoot in 
A17 (Fig 3; n=15). On all roots, new zoosporangia were formed, allowing P. palmivora to 
complete its lifecycle (Fig. 4F).

Figure 4. Infection of Medicago roots by P. palmivora

A, Z-projection of 3 images showing early infection of a Medicago root by P. palmivora GUS, 17 hpi. P. palmivora structures stain 
dark blue. A hypha (h) arriving at the root forming an initial appressorium (a1) on a root hair (rh), after which it continues growth 
towards the root. On a root epidermal cell a second appressorium (a2) is formed, of which subsequently hyphae penetrate the 
epidermal cells. Scale bar = 25 µm. B, Hypha (h) growing in the intercellular space in longitudinal direction of the root, 2dpi. 
Haustoria (white arrowheads) are visible. scale bar = 25 µm C, Projection of confocal image stack, 2dpi. P. palmivora GFP infects 
Medicago, counterstained with FM4-64. A hypha grows in the intercellular space between epidermal cells (e) and cortex cells (c). 
Haustoria (white arrowheads) are formed in the epidermal cells. FM4-64 staining around the haustoria shows that the haustoria 
are surrounded by membrane. Scale bar = 10 µm. D and E, Hand sections through a Medicago A17 (D) or R108 (E) roots, 6 dpi 
with P. palmivora GUS. Epidermis (e) and different cortex layers (c1-c4) are visible. Haustoria are marked with white arrowheads. 
Scale bars are 25 µm. F, Infection 6 dpi, showing a zoosporangium. Scale bar = 25 µm.
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Common symbiotic signalling genes are not required for haustorium formation 

We used the hydroculture system to study whether any of the symbiotic mutants (Table 
1) would be impaired in haustorium formation. To facilitate the visualization of haustoria 
we mainly made used of the GUS-expressing P. palmivora strain. At 2, 4 and 6 dpi, eight 
roots were harvested and screened for the presence of haustoria. Haustoria were consist-
ently observed in all mutants, in all roots (n=24; Fig. 5, Figure S1), over two repetitions 
of the experiment. Furthermore, at 6 dpi new zoosporangia were produced on all plant 
roots, showing that P. palmivora is able to complete its lifecycle on all mutants. No obvious 
differences with respect to root colonization length, intracellular hyphae and depth of 
hyphal penetration, were observed between the mutants and their corresponding wild 
type genetic backgrounds. 

Figure 5. Haustorium formation in roots of Medicago wild type plants and symbiosis mutants

Haustoria (white arrowheads) formed in roots of Medicago ecotypes A17 and R108 and different Medicago mutants, 2dpi. N=24, 
scale bars represent 10 µm.
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Of the ten mutants used in this study, only the ram2 mutant was previously tested for its 
ability to accommodate P. palmivora. In that study, it was shown that P. palmivora is not 
able to form appressoria on ram2 roots, severely reducing the susceptibility of this mutant 
plant (Wang et al., 2012). In our hands zoospore inoculation resulted in colonisation of 
the ram2 mutant and no differences were observed between ram2 and the wild type A17. 
This is in line with the similar susceptibility of ram2 mutants and wild type plants to P. 
palmivora after inoculation with mycelial plugs (Fig. 2). We observed normal appresso-
rium formation on the surface of the ram2 mutant in the hydroculture system. To rule out 
differences between the strains of P. palmivora that were used in our study and that of 
Wang et al. (2012), we also analysed the infection of A17 and ram2 with the P. palmivora 
strain 16830 (Wang et al., 2012). Also with this strain appressoria were formed on all ram2 
roots like on wild type, resulting in a successful infection and haustorium formation (Fig 
6; n=10). On both ram2 and wild type roots the length of the germ tube connecting cyst 
and appressorium was in the same range, indicating that P. palmivora had no difficulty in 
forming appressoria (Fig. 6A and B).

Figure 6. Medicago ram2 mutant plants are 
infected by P. palmivora similar to wild type plants

Trypan Blue stained roots showing the infection of A17 (A) 
and ram2 mutants (B and C) at 2 dpi with P. palmivora isolate 
16830. Germinating cysts (c) with short germtubes forming 
an appressorium (a) from which hyphae (h) penetrate the 
root. C, In the roots, haustoria (white arrowheads) are formed 
(C). Scale bars are 25 µm.

Together, our observations show that in Medicago, the Nod factor receptors, the common 
symbiosis signalling genes and downstream components are not essential for the 
formation of a pathogenic host- microbe interface by P. palmivora.
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Knockdown of the symbiosis-specific v-SNAREs VAMP721d and VAMP721e does not 
affect haustorium formation.

Since the link between symbiotic signalling and symbiotic membrane traffic has not 
been resolved, it is possible that these two mechanisms are independently recruited by 
microbes. Therefore, although biotrophic pathogens do not require symbiotic signalling 
genes for haustorium formation, it is still possible that they do require the symbiotic 
membrane trafficking pathway marked by specific v-SNARE proteins. To determine 
whether these SNAREs are also required for haustorium formation, we tested the ability 
of P. palmivora to form haustoria in axenic root cultures in which these SNARE genes 
were silenced. Agrobacterium rhizogenes transformed roots were generated using the 
VAMP721d/e silencing construct described by Ivanov et al. (2012). Several root cultures 
were produced and VAMP721d/e transcript levels were determined by qRT-PCR. Efficient 
silencing of VAMP721d and VAMP721e was observed, with transcript levels down to 6% 
and 9% respectively, in root culture #1 (Fig. 7A). This level of silencing completely blocked 
the ability of the AM fungus Rhizophagus irregularis to form arbuscules. Intraradical 
hyphae and arbuscule trunks were observed in VAMP721d/e-RNAi root cultures (Fig. 
S2A), but arbuscule fine-branches did not form in analogy to the phenotype published 
by Ivanov et al. (2012). In contrast, empty vector control root cultures did show normal 
arbuscule formation (Fig. S2B). Two days after inoculation with P. palmivora zoospores we 
observed haustoria in both the VAMP721d/e-RNAi root culture (Fig. 7C) as well as in the 
empty vector root culture (Fig 7B). This strongly indicates that haustorium formation by P. 
palmivora does not require the symbiotic v-SNAREs.

Figure 7. Haustorium formation in VAMP721d/e 
silenced root cultures

A, Expression levels of VAMP721d and VAMP721e in different 
VAMP721d/e silenced root cultures relative to the empty vector 
control. Expression levels were normalized using MtActin2 and 
MtUbiquitin10 as reference genes. B and C, Microscopy images 
of hand sections of a P. palmivora GUS infected root cultures, 
2dpi. Haustoria (white arrowheads) were visible in root cultures 
transformed with an empty vector (B) as well as in VAMP721d/e 
silenced cultures (C). Scale bars represent 25 µm.
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DISCUSSION

In this study, we have developed a pathosystem to study the formation of haustoria in the 
model legume Medicago truncatula. The relatively long biotrophic phase of Phytophthora 
palmivora together with its ability to form haustoria in root cells of Medicago allowed 
us to compare the formation of haustoria with symbiotic host-microbe interfaces in the 
same plant tissue. We made use of the extensive collection of Medicago mutants to study 
the role of core symbiosis genes that are shared between AM symbiosis and rhizobium 
symbiosis in plant-pathogen interactions. The susceptibility towards P. palmivora was not 
significantly different in any of the tested Medicago symbiotic mutants, showing that these 
genes are not required for full virulence. We did however observe a higher susceptibility of 
the wild type ecotype R108 compared to Jemalong A17, in agreement with the data from 
Samac and co-workers (Samac et al., 2011), which showed more severe disease symptoms 
on R108 compared to A17 in plants infected with the powdery mildew Erysiphe pisi and 
Phytophthora medicaginis.

The absence of differences in susceptibility to P. palmivora is in contrast with several 
earlier reports, which show that mutations in symbiosis genes can alter plant defence 
or pathogen entry. Most remarkable is the discrepancy between our results and those 
of Wang et al., (2012) and Rey et al. (2015) in relation to the susceptibility of the ram2 
mutant towards P. palmivora. They reported that P. palmivora is unable to form appressoria 
on ram2 roots, which are impaired in cutin biosynthesis, resulting in a severely reduced 
colonization (Wang et al., 2012). Similarly, colonisation by the oomycete Aphanomyces 
euteiches was reported to be impaired in ram2 roots (Gobbato et al., 2013). However, in 
our assays P. palmivora formed appressoria on ram2 mutant roots like it did on wild type 
roots. Furthermore, no differences in root colonization or the ability to form haustoria 
were observed between ram2 and wild type roots. Similar results were obtained with the 
P. palmivora strain originally used by Wang and colleagues. These differences might be 
explained by different growth conditions in the various studies, although both plate inoc-
ulations as well as inoculation in hydroculture did not show any defect in our hands. This 
strongly suggests that the involvement of cutin as a cue for appressorium formation is not 
as strict as previously claimed.

The Medicago Nod factor receptor nfp mutant was previously reported to have an increased 
susceptibility towards the oomycete A. euteiches and the fungus C. trifolii (Rey et al., 2013). 
The increased susceptibility of the nfp mutant to A. euteiches and C. trifolii suggests that 
chitosaccharides released by these pathogens are detected by NFP, which contributes to 
plant defence (Nars et al., 2013; Rey et al., 2013). In our experiments, infection of the nfp 
(C31/nfp-1) knock-out mutant by P. palmivora was unaltered compared to wild type. Also, 
in the recent study by Rey et al. (2015) P. palmivora infection was only marginally affected in 
the nfp-1 mutant. This may suggest that (hemi-)biotrophic pathogens differ in the extent 
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to which they elicit defence through NFP. Notably, the observed difference correlates 
with the presence of chitosaccharides in the cell walls of C. trifolii, and A. euteiches, and 
the presumed absence of chitosaccharides in Phytophthora species (Meijer et al., 2006; 
Badreddine et al., 2008; Nars et al., 2013).

Our results show that in the roots, the common SYM genes are not required for hausto-
rium formation or intracellular infection. Thus, in contrast to rhizobia, P. palmivora does not 
make use of the ancient AM symbiosis program to be hosted inside plant cells. The latter 
is also in line with the ability of the rice blast fungus Magnaporthe oryzae to intracellularly 
colonize rice roots mutated in the common SYM gene CCAMK/DMI3 (Marcel et al., 2010). 
Furthermore, Phytophthora parasitica has been shown to form haustoria in the roots and 
leaves of Arabidopsis thaliana, which does not engage in AM symbiosis and consequently 
has lost most genes required for AM symbiosis during evolution (Wang et al., 2011; Delaux 
et al., 2013b). Similar observations are made in leaves of Lotus japonicus where mutations 
in common SYM genes do not affect haustorium formation by rust fungus Uromyces loti 
(Mellersh & Parniske, 2006). However, it is unclear whether the common SYM genes are 
active in leaves.

In addition to the involvement of the symbiotic signalling genes, regulation of vesicle traf-
ficking to form a host-microbe interface also appears to be different between P. palmivora 
and symbionts. In case of arbuscules (or symbiosomes) the formation of the interface 
requires a specific exocytosis pathway marked by the vesicle SNAREs VAMP721d and 
VAMP721e (Ivanov et al., 2012). Although we did not completely knock out VAMP721d/e 
and cannot rule out the contribution of the residual transcript levels to haustorium 
formation, knockdown of both VAMPs to levels that impair arbuscule formation, did not 
affect the ability of P. palmivora to form haustoria. Like arbuscules and symbiosomes, 
haustoria do have a specialized plant-derived interface membrane (the extrahaustorial 
membrane) that is distinguishable from the plasma membrane (Lu et al., 2012). If the 
formation of the extrahaustorial membrane indeed depends on a specialized membrane 
trafficking pathway directed towards the haustorium, it could rely on other vesicle SNAREs 
than those required for symbiotic vesicle traffic. The involvement of different membrane 
trafficking pathways to accommodate symbionts or pathogens may reflect a different 
requirement to deliver cell-wall degrading/loosening enzymes by the plant to allow the 
entry of the microbes. The most significant cell wall remodelling occurs at the switch from 
arbuscule trunk (which is still cell wall bound) to the fine branches that form the actual 
symbiotic interface, which are devoid of a structured cell wall (Balestrini & Bonfante, 
2014). Arbuscular mycorrhizal fungi do not have enzymes to degrade plant cell walls and 
like rhizobium bacteria rely heavily on the host plant to degrade the cell wall to allow 
the formation of a symbiotic interface (Tisserant et al., 2013). Pathogenic microbes on the 
other hand often do have the capacity to break-down the cell wall and might therefore be 
less dependent on the host plant.
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In conclusion, we show that P. palmivora does not hijack the ancient intracellular accom-
modation program used by symbiotic microbes to form a biotrophic host-microbe 
interface. Since symbiotic signalling and defence signalling are partially overlapping 
(Liang et al., 2014), it is likely that the susceptibility of symbiotic signalling mutants to 
various pathogens will show species-specific differences. However, we have shown that 
the presence of the symbiotic intracellular accommodation program is not a general 
prerequisite for the intracellular infection and haustorium formation by pathogens.
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MATERIALS AND METHODS

Plant growth conditions

Except for ram2 mutant seeds, Medicago truncatula seeds were scarified in 96% H2SO4 for 
10 minutes. Ram2 seeds were scarified with sandpaper. All seeds were washed in demi-
water and subsequently surface-sterilized in 4% NaClO. After sterilization, the seeds were 
washed in sterile demi-water, incubated for 1 day at 4 °C and pre-germinated on Farhaeus 
plates (Limpens et al., 2004) for 1 day at room temperature in the dark. Seedlings were 
transferred to Farhaeus plates and grown for 7 days at 25 °C at a 16/8 hour light/dark 
regime until inoculation. The Medicago mutants used in this study are listed in Table 1. The 
mutations in all mutant lines were verified by sequence analysis.

Medicago transformation

Medicago A17 plants were transformed using Agrobacterium rhizogenes MSU440, 
carrying RNA silencing constructs targeting MtVAMP721d and MtVAMP721e according 
to Ivanov et al. (2012). Transformed roots were transferred to solid M-medium (Bécard & 
Fortin, 1988) containing 300 µg/ml Cefotaxime, and incubated at 25 °C in the dark, until 
a growing root culture was obtained. The level of VAMP721d/e silencing was determined 
by qRT-PCR, after which the root culture with the lowest VAMP721d/e transcript levels was 
selected and maintained on solid M-medium until inoculation.

RNA isolation and qRT-PCR

RNA was isolated from root cultures with a plant RNA mini kit (EZNA), according to 
manufacturer’s instructions. One microgram of RNA was used for cDNA synthesis using 
the iScript cDNA synthesis kit (Bio-Rad) according to manufacturer’s instructions. Equal 
amounts of cDNA were used for qPCR using SYBR green supermix (Bio-Rad) in a Bio-Rad 
CFX connect real-time system qPCR machine. Gene expression levels were determined 
using gene specific primers listed in supplemental table S1 and cDNA levels were normal-
ized using Actin2 and Ubiquitin10 as reference genes, using the delta-delta Ct method 
(Livak & Schmittgen, 2001).

Phytophthora strains and culture conditions

We made use of Phytophthora palmivora isolate 6370 carrying a GUS gene regulated 
by the constitutive Bremia lactucae pHam34 promoter (Vijn & Govers, 2003), Phytoph-
thora palmivora strain 6370 carrying GFP (van West et al., 1999), Phytophthora palmivora 
isolate 16830 (Wang et al., 2012), Phytophthora capsici stain LT3241 (Wang et al., 2013), 
Phytophthora cinnamomi Pe-90 (Serrano et al., 2012), and Phytophthora medicaginis 
strains CBS119902 and CBS117685 (obtained from the CBS-KNAW culture collection) All 
Phytophthora species, were maintained at 25 °C on V8 agar plates (20% V8 vegetable juice 
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(Campbell’s) 3.5g/L CaCO3, 15 g/l micro agar (Duchefa). V8 medium for culturing trans-
genic lines was supplemented with 100 µg/ml ampicillin, 10 µg/ml amphotericin B, 20 µg/
ml vancomycin and 20 µg/ml geneticin.

Phytophthora palmivora zoospore production

For zoospore production, four-day-old plates fully grown with P. palmivora were 
submerged with 10 ml of 4 °C demi-water, and incubated at 25 °C for 30 minutes to 
release the zoospores. Successful release of zoospores was confirmed by microscopy. 
The zoospore suspension was filtered through a 50 µm nylon mesh. The suspension was 
centrifuged for 5 minutes at 100g to concentrate zoospores. After centrifugation, the 
zoospores were re-suspended in demi-water to a concentration of 1·105 zoospores/ml.

Plant inoculation

For inoculation of Medicago with mycelial plugs, 1 week old Medicago plants growing 
on Farhaeus plates were used. Mycelial plugs (Ø ≈ 3mm) were punched from V8 plates on 
which Phytophthora was cultured for 4 days. Plugs were placed on Medicago roots, with 
the mycelium side contacting the root. Inoculated plants were incubated at 25 °C at a 16/6 
hour light/dark regime until analysis.

Before inoculation with zoospores, seedlings or root cultures were transferred to tubes 
containing 20 ml demi-water. Root cultures were washed 3 times for 1 hour in demi-
water to remove residual sugar-containing M-medium from their surface. The hypocotyls 
of seedlings were inserted into a plastic foam floater to prevent the cotyledons from 
submersion. For inoculation, 100 µl of zoospore suspension was added. Inoculated plants 
were incubated at 25 °C under a 16/6 hour light/dark regime until analysis. Eight tubes 
containing three seedlings each were used per mutant. Seedlings from each tube were 
examined at 2, 4 and 6 dpi.

Mycorrizal inocculation

An axenic Rhizophagus irregularis culture was maintained on a Medicago root culture 
growing on solid M medium (Bécard & Fortin, 1988). The VAMP721d/e silenced root 
cultures and the empty vector control root cultures, growing on solid M medium, were 
inoculated by transferring hyphae and spores from the donor plate to the root cultures 
plates. After 4 weeks, the infection was analysed.

Trypan Blue staining

Roots were placed in Trypan Blue staining solution (60% ethanol, 10% phenol, 10% 
glycerol, 10% lactic acid, 10% water and 0.02% trypan blue) and heated to 60 °C for two 
hours. After staining, the roots were de-stained for 16 hours in chloral hydrate solution (2.5 
g/ml), replacing the de-staining solution twice. After de-staining, the roots were mounted 
in glycerol on microscope slides for imaging.



36 37 

Haustorium formation in Medicago truncatula roots infected by Phytophthora palivora

2

WGA staining.

Roots were cleared in 10% KOH at 60 °C for two hours. Then, the roots were washed 3 
times in PBS (150mM NaCl, 10mM Na2HPO4, 1.8mM KH2PO4, pH 7.4), after which the roots 
were stained in 0.2 μg/mL WGA-Alexafluor 488 (Molecular Probes) in PBS at room temper-
ature for 16 hours.

Plastic embedding

Before plastic embedding, roots were fixed by vacuum infiltrating 5% glutarealdehyde in 
0.1 M PO4 buffer (pH 7). After fixation, the roots were dehydrated in an ethanol dehydration 
series (30%, 50%, 70%, 1 hour each, followed by 100% ethanol for 16 hours) and embedded 
in Technovit 7100 (Heraeus-Kulzer). Sections of 6 µm were cut using a microtome, and 
transferred to microscope slides. Sections were stained in 0.05 M Toluidine Blue for 30 
seconds and destained in water for 10 minutes.

GUS staining

Roots were harvested by cutting of the roots at the junction with the hypocotyl. Roots or 
root cultures inoculated with P. palmivora GUS were washed 3 times in 0.1 M PO4 buffer 
(pH 7). After washing, roots were submerged in GUS buffer (3% glucose, 5 mM EDTA, 
0.5 mM ferrocyanide, 0.5 mM ferricyanide, 0.5 g/l X-gluc in 0.1 M PO4 buffer (pH 7)) and 
vacuum infiltrated for 30 minutes. The roots were incubated at 37 °C for approx. 1 hour 
until a clear blue staining could be observed. The samples were cleared in 30% ethanol.

Quantification of infection

After GUS staining, the roots were imaged using a flatbed scanner. The length of blue 
staining in the entire root was measured using the measurement tool in ImageJ software. 
The significance of differences was determined using a Mann-Whitney U test in the IBM 
SPSS 22 software.

Microscopy

Roots stained with Trypan Blue, GUS or embedded in plastic, were examined with a Leica 
DM5500 light microscope. Infection by P. palmivora GFP was analysed with a Zeiss LSM550 
inverted confocal microscope. A 488 nm laser was used for excitation of GFP, propidium 
iodide and FM4-64. GFP emission was observed between 505 nm and 530 nm, whereas 
propidium iodide and FM4-64 emission was observed between 560 nm and 650 nm.
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Supplemental information

Supplemental table S1. Primers used in this study

Primer Sequence 5’-3’

VAMP721d F CCCATGGCCTTTCTAGAGC
VAMP721d R CCCAAACTCCTTGTTAAGGC
VAMP721e F CTCGTCGATAATGGCTACACG
VAMP721e R AATCATCCTTCACACGCTCC
Actin2 F CAGATGTGGATCTCCAAGGGTGA
Actin2 R TGACTGAAATATGGCACAAGACTGAGA
Ubiquitin10 F CCCTTCATCTTGTCCTTCGTCTG
Ubiquitin10 R CACCTCCAATGTAATGGTCTTTCC

Supplemental table S2. Colonized root length of different Medicago genotypes.

Genotype
Colonized root 
length (cm)

A17 4,13
4,44
3,82
3,53

nfp 2,79
4,21
3,62
3,38

dmi2 4,23
4,59
4,25
4,00

dmi3 3,71
3,68
2,24
4,31

ram2 4,05
3,47
3,77
3,28

R108 4,96
4,32
4,13
5,34

lyk3 3,74
4,32
4,02
3,79

nsp1 4,50
3,91
3,74
3,86

nsp2 4,28
4,44
3,56
2,81

ipd3 2,92
4,22
3,50
3,62

vpy 5,10
5,34
5,19
4,06
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Figure S1. Haustorium formation in roots of Medicago wild type plants and symbiosis mutants

Confocal images showing infection of Medicago A17 (A) dmi2 (B) and dmi3 (C) with GFP labeled P. palmivora. Roots are 
counterstained with propidium iodide labeling cell walls. Haustoria (white arrowheads) formed in roots of Medicago ecotypes 
A17 and different Medicago mutants, 2dpi. scale bars represent 10 µm.
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Figure S2. Arbuscule formation is blocked in VAMP721d/e silenced root cultures.

Projections of confocal image stacks showing WGA-alexa488 stained root cultures, 4 weeks after inocculation with AM fungus 
Rhizophagus irregularis. A, In the empty vector transformed control cultures, many arbuscules are formed. B, In the root cultures 
where VAMP721d and e are silenced, intraradicial colonization is observed, but no arbuscules are formed. scale bars represent 
50 µm.
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Chapter 3

Abstract

• Arbuscular mycorrhizal (AM) fungi and rhizobium bacteria are accommodated in 
specialized membrane compartments that form a host-microbe interface. To better 
understand how these interfaces are made, we studied the regulation of exocytosis 
during interface formation.

• We used a phylogenetic approach to identify t-SNAREs that are dedicated to symbiosis 
and used cell-specific expression analysis together with protein localization to identify 
t-SNAREs that are present on the host-microbe interface in Medicago truncatula. We 
analyzed the role of these t-SNAREs during the formation of a host-microbe interface.

• We show that multiple syntaxins are present on the peri-arbuscular membrane. From 
these, we identified SYP13II as a t-SNARE that is essential for the formation of a stable 
symbiotic interface in both AM and rhizobium symbiosis. In most dicot plants the SYP13II 
transcript is alternatively spliced resulting in two isoforms, SYP13IIα and SYP13IIβ. These 
spliceforms differentially mark functional and degrading arbuscule branches.

• Our results show that vesicle traffic to the symbiotic interface is specialized and 
required for its maintenance. Alternative splicing of SYP13II allows plants to replace 
a t-SNARE involved in traffic to the plasma membrane with a t-SNARE that is more 
stringent in its localization to functional arbuscules.

This chapter has been published as:

Huisman, R., Hontelez, J., Mysore, K.S., Wen, J., Bisseling, T., and Limpens, E. 2016. A symbiosis-dedicated SYNTAXIN OF PLANTS 
13II isoform controls the formation of a stable host–microbe interface in symbiosis. New Phytologist 211:1338-1351.
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INTRODUCTION

Plants interact with microbes to acquire scarce nutrients from the soil. Endosymbioses 
are the most intimate among these interactions, as the microbes are hosted within plant 
cells. Two of the best-studied examples are the symbiosis between plants and arbus-
cular mycorrhizal fungi and the rhizobium-legume symbiosis. Arbuscular mycorrhizal 
(AM) fungi are hosted inside root cortex cells in the vast majority of all land plants where 
highly branched hyphae form so-called arbuscules (Gutjahr & Parniske, 2013) . Rhizobia 
induce the formation of root nodules on legume roots, where they are hosted intracel-
lularly as nitrogen-fixing organelles called symbiosomes (Roth & Stacey, 1989; Udvardi 
& Poole, 2013). In both AM and rhizobial endosymbioses, the microbes are surrounded 
by a specialized host membrane, i.e. the peri-arbuscular membrane and symbiosome 
membrane respectively, which forms a symbiotic interface. These interfaces facilitate the 
efficient exchange of nutrients and signals between both partners, as they increase the 
contact area and are typically devoid of a structured cell wall (Balestrini & Bonfante, 2014) 
. Furthermore, the interface membranes are equipped with specific nutrient transporters 
that are dedicated to symbiosis (Harrison et al., 2002; Kobae et al., 2010; Udvardi & Poole, 
2013). Although delivery of membrane and proteins to the host microbe interface and the 
plasma membrane both depended on exocytosis, both compartments have a distinguish-
able protein composition. Our aim is to understand how exocytosis is modified in plant 
cells to create a new specialized membrane compartment to host microbes.

It has recently been suggested that arbuscule formation involves a general, transient 
reorientation of exocytosis from the plasma membrane to the peri-arbuscular membrane 
(Genre et al., 2012; Pumplin et al., 2012; Ivanov & Harrison, 2014). It was shown that timing 
of the expression of various transporters determines whether they localize to the plasma 
membrane or the peri-arbuscular membrane surrounding the hyphal fine branches. 
In addition, selection of cargo that enters the secretory pathway at the ER/trans-Golgi 
was shown to contribute to the specific targeting of proteins to the interface (Pumplin 
et al., 2012). On the other hand, it has been shown that formation of the host-microbe 
interface in both AM and rhizobium symbiosis requires a specific subset of exocytosis 
related vesicle SNAREs (Ivanov et al., 2012). SNAREs (N-ethylmaleimide-sensitive factor-at-
tachment protein receptors) drive specific vesicle fusion by the formation of complexes 
between v-SNAREs on the vesicle and t-SNAREs on the target membrane (Lipka et al., 
2007; Kwon et al., 2008). Two specific v-SNAREs, MtVAMP721-d and –e, were shown to be 
essential for interface formation in both endosymbioses, but not for root development 
or the formation of infection threads and arbuscular trunks; cell wall bound intracellular 
infection structures that precede the formation of the interfaces (Ivanov et al., 2012). This 
suggests that multiple exocytosis pathways marked by distinct SNAREs co-exist that may 
be differentially regulated to accommodate the (Ivanov et al., 2012). The recent identifica-
tion of an exocyst subunit that exclusively occurs in plants that form an AM symbiosis and 
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that is essential for the development of arbuscule fine branches supports the idea that 
vesicle traffic during microbial accommodation is specialized (Zhang et al., 2015b). 

We hypothesized that the formation of a symbiotic interface depends on a symbiosis-ded-
icated membrane trafficking pathway that is regulated by SNAREs that are distinct from 
the SNAREs that mediate traffic to the plasma membrane. Therefore, we focused here on 
t-SNAREs involved in exocytosis. We show that multiple plasma membrane syntaxins are 
present on the symbiotic interfaces. Furthermore, we identify an evolutionarily conserved 
symbiosis-dedicated t-SNARE, SYNTAXIN OF PLANTS 13II that is alternatively spliced in 
most dicot plants and which is essential for the formation of a stable interface in both AM 
and rhizobium symbioses. In Medicago truncatula the two SYP13II spliceforms differen-
tially label arbuscular fine branches and degrading parts of the interface, which supports 
the notion that vesicle traffic to the arbuscule interface during its formation and degrada-
tion is specialized and involves distinct syntaxins.

RESULTS

Medicago SYP132 is alternatively spliced and encodes a symbiosis-dedicated 
syntaxin

We used a phylogenetic approach to identify t-SNAREs that could mark an exocytosis 
pathway dedicated to symbiotic interface formation. This approach exploits the 
observation that genes that are dedicated to AM symbiosis are in general lost in plants 
species that have lost the ability to host AM fungi (Delaux et al., 2014). These genes include 
orthologs of the symbiotic v-SNAREs MtVAMP721-d and –e (Ivanov et al., 2012). Therefore, 
we analysed the phylogeny of the four families of t-SNAREs associated with exocytosis: 
SYP1, SYP7, SNAP and NSPN (Sanderfoot, 2007). The protein sequences of these SNAREs 
were retrieved for the non-host Arabidopsis and the three AM host-species Medicago, 
Carica papaya and Solanum lycopersicum, and were used to construct phylogenetic trees 
(Fig. S2). In the SYP7, SNAP and NSPN families, all orthology groups contain at least one 
Arabidopsis member (Fig. S2). Within the SYP1 family that encompasses all exocytosis 
related Qa class t-SNAREs, one orthology group contains proteins from Medicago, Carica 
and Solanum, while no Arabidopsis ortholog is present (SYP13 clade II; Figure S2). This 
group contains Medicago SYNTAXIN OF PLANTS 132 (SYP132), which has been reported 
to be present on the symbiosome membrane in rhizobium symbiosis (Catalano et al., 
2007; Limpens et al., 2009). The absence of a SYP132 ortholog in Arabidopsis as well as its 
occurrence on the symbiosome membrane suggests that it might be part of a symbiotic 
SNARE complex.
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Figure 1. Alternative splicing of SYP13II is evolutionarily conserved in dicots

 (a) The two spliceforms of SYP132 are identical except for the use of a different C-terminal exon and polyadenylation site. 
Both encode full length syntaxins. (b) Maximum likelihood tree, showing the evolution of SYP13. The tree was rooted using 
Chlamidomonas reinhardtii (Cr) SYP1. Included species are Amborella trichocarpa (Amt), Aquilegia coelurea (Ac), Arabidopsis 
thaliana (At), Beta vulgaris (Bv), Brachypodium distachyon (Bd), Carica papaya (Cp), Citrus clementina (Cc), Cucumis sativus (Cs), 
Ginkgo biloba (Gb), Glycine max (Gm), Manihot esculenta (Me), Medicago truncatula (Mt), Nicotiana benthamiana (Nb), Oryza sativa 
(Os), Populus trichocarpa (Pt), Setaria italica (Si), Selagionella moellendorfii (Sm), Solanum lycopersicum (Sl), Striga hermonthica 
(Sh), Theobroma cacao (Tc), Vitis vinifera (Vv) and Zea mays (Zm). Genes of species that are non-host to AM fungi are shown in 
red. For SYP11 and SYP12 only the species Arabidopsis thaliana, Carica papaya, Medicago truncatula and Solanum lycopersicum 
were included.
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We noted that two splice-forms of Medicago SYP132 are annotated, of which both anno-
tations are supported by EST sequences. Alternative splicing of MtSYP132 results in the 
use of a different last exon, 3’ UTR sequence and poly-adenylation site. Both spliceforms 
encode proteins that are predicted to be functional/full-length syntaxins. We named the 
two isoforms SYP132α and SYP132β (Fig. 1a). These syntaxins differ in their last ~60 amino 
acids, encoding a small part of the SNARE domain and the adjacent C-terminal trans-
membrane domain. If the alternative splicing of SYP132 is functionally relevant for AM 
symbiosis, we expected it to be highly conserved among plant species that interact with 
AM fungi. To investigate this, we retrieved the sequences of SYP13 proteins from a wide 
range of plant species including hosts and non-hosts of AM fungi (Fig. 1b). We manually 
curated the annotation of all SYP132 orthologs to identify alternative spliceforms before 
constructing a phylogenetic tree. In line with the analysis described above, monocot and 
dicot SYP13 proteins diverged into two highly conserved clades that we named SYP13I 
and SYP13II. Additionally, monocots have another SYP13 clade that does not cluster with 
either SYP13I or SYP13II, so we named it SYP13III. All species possess at least one protein 
in clade I. In addition, AM hosts have at least one protein that clusters with Medicago 
SYP132 in clade II, whereas all analysed non-host species (Arabidopsis thaliana, Striga 
hermonthica and Beta vulgaris, which have independently lost the ability to establish an 
AM symbiosis) lack a clade II gene. In most analysed dicots SYP13II is alternatively spliced, 
with the exception of Cucumis sativus, Vitis vinifera, and the most basal sequenced eudicot 
Aquilegia coerulea (Fig. 1b and Fig. S3). Alternative splice-forms were also not found in 
monocot plants. This suggests that alternative splicing evolved early in the dicot lineage 
after the split of Aquilegia, and one spliceform has subsequently been lost in Cucumis 
and Vitis. The conservation of SYP13II and its alternative splicing exclusively in AM-hosts 
suggests that both are involved in AM symbiosis.

Multiple syntaxins are expressed in arbuscular cells

Based on the phylogeny we hypothesized that both SYP13II isoforms mark exocy-
tosis pathways dedicated to symbiosis, which are active in parallel to other exocytosis 
pathways that are marked by other SYP1 paralogs. Therefore, we studied the expression 
of all plasma membrane syntaxins at a cellular resolution in Medicago roots to determine 
whether multiple syntaxins are active in cells that form an arbuscule. We isolated arbus-
cule-containing cortex cells as well as cortical cells from uninfected roots by laser capture 
microdissection (Fig. 2a-b). RNA was isolated from these cells and used to determine the 
relative expression of all SYP1 genes by qPCR. This showed that multiple SYP1 genes are 
active in individual cells (Fig. 2c). In arbuscular cells, four genes make up the majority 
of SYP1 transcripts; SYP121, SYP122 and both spliceforms of SYP132. The expression of 
SYP122 appears to go down during arbuscule formation, while SYP121 remains largely 
unchanged. Interestingly, the SYP132α and SYP132β transcripts co-exist in both arbuscular 
and non-arbuscular cells, although their relative expression markedly differs. SYP132β is 
the dominant spliceform in uninfected cortical cells, whereas SYP132α is the dominant 
spliceform in arbuscular cells. 
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Figure 2. Expression of SYP13IIα correlates with symbiotic interface formation

(a-b) 20µm thick sections of roots of Medicago truncatula, stained with Chlorazol black E, and embedded in steedmans wax. 
Using laser capture microdissection, we captured cortical cells from uninfected roots (a), or arbuscular cells from mycorrhized 
roots (b). scale bars are 50µm (c) qRT-PCR measurement of expression of SYP1 family members in uninfected cortical cells and 
arbuscular cells. The expression of different SYP1 orthologs is shown relative to the expression of three different reference 
genes (Actin2, Ubiquitin10 and UBC9). Data are represented as the mean of 3 biological replicates ± standard deviation. Asterisks 
indicate a significant difference between the two cell types (Students t-test, p<0.05). (d) qRT-PCR measurement of expression of 
SYP13II spliceforms of Nicotiana benthamiana in mycorrhized versus non-symbiotic control roots. Data are represented as the 
mean of 3 biological replicates ± standard deviation. Normalized using NbActin as reference gene. Asterisks indicate a significant 
difference (Students t-test, p<0.05). (e) qRT-PCR measurement of expression of SYP132 spliceforms in 2 weeks old Medicago 
nodules compared to non-infected roots. Data are represented as the mean of 3 biological replicates ± standard deviation. 
Asterisks indicate a significant difference (Students t-test, p<0.01).
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To further link alternative splicing of SYP13II to symbiosis, we studied the expression of 
both SYP13II splice variants during AM symbiosis in Nicotiana benthamiana and during 
rhizobium symbiosis in Medicago by qRT-PCR. Like in Medicago, the transcript levels of 
Nicotiana SYP13IIα were significantly increased after mycorrhizal infection relative to 
non-infected control roots (Fig. 2d), indicating that alternative splicing during mycor-
rhization is conserved in evolution. Also in Medicago nodules, SYP132α expression was 
significantly increased compared to roots (Fig. 2e). The change in expression of SYP132β 
was variable between different symbiotic interactions or plant species, although the 
splicing consistently shifted towards SYP132α in symbiotic tissues. Taken together, these 
data show that multiple syntaxins are present in cells that form a symbiotic interface and 
that the alternative splicing of SYP13II is conserved among distant dicot species and the 
switch to α-splicing correlates with endosymbiosis.

Medicago SYP121 and SYP122 are not required to form a host-microbe interface

To test the role of exocytosis mediated by different SNAREs in symbiosis, we analysed 
the symbiotic phenotype in mutants of Medicago SYP121, SYP122 and SYP132, which 
represent the most dominantly active syntaxins in arbuscule containing cells and root 
nodules. Therefore, we obtained Tnt1 retrotransposon insertion lines for all three genes. 
We were unable to obtain homozygous plants of the SYP132 insertion line, which contains 
an insertion in the first intron (R108 line NF5183), suggesting that SYP132 is required 
for plant reproduction or development. For SYP121 and SYP122 we obtained lines that 
contain an insertion in their first exon (NF18082 and NF13214 respectively). To test their 
ability to form a host-microbe interface both homozygous insertion lines were inoculated 
with Rhizophagus irregularis and rhizobium strain Sinorhizobium meliloti Sm2011. After 
inoculation with AM fungi, highly branched arbuscules were formed in both mutant lines, 
similar to wild-type (Fig. S4a-c). Furthermore, nodules were formed on both mutant lines. 
The number of nodules as well as their ontology, containing fully differentiated symbio-
somes, was similar to wild-type (Fig S4d-g). So exocytosis mediated by SYP121 or SYP122 is 
not essential to form a host-microbe interface although a potential redundant role of both 
SYP12 members cannot be excluded.

Medicago SYP132α is essential for the formation of a stable host-microbe interface

As a knock-out of SYP132 appeared to be lethal, we used an RNAi approach to examine 
the roles of the two MtSYP132 isoforms in symbiosis. We knocked down the individual 
splice-forms using RNAi constructs that only target the alternative last exons. Composite 
Medicago plants were generated via Agrobacterium rhizogenes-mediated root transforma-
tion and transgenic roots were selected based on the co-expression of a red fluorescent 
marker protein (Limpens et al., 2004).
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Figure 3. Medicago truncatula SYP132α is essential for the formation and maintenance of an endosymbiotic 
interface.

(a) qRT-PCR showing specific knockdown of MtSYP132α in SYP132α RNAi roots relative to roots transformed with an empty 
vector, in mycorrhized roots (n=6) and nodules (n=7). Data are represented as the mean of biological replicates ± standard 
deviation. Asterisks indicate a significant difference (Students t-test, p<0,01). (b) quantification of mycorrhization of SYP132α 
RNAi roots compared to control roots. Variables according to Trouvelot et al. (Trouvelot et al., 1986) in % are F, the frequency 
of analyzed root fragments that are mycorrhized; M, the intensity of infection; m, the intensity of infection in mycorrhized 
root fragments; a, mature arbuscule abundance in mycorrhized root parts; A, mature arbuscule abundance in the total root 
system. Data are represented as the mean of 8 biological replicates ± standard deviation. Asterisks indicate a significant 
difference (Mann-Whitney U test, p<0.01) (c) Semi-thin (6 µm) section of 4-week old mycorrhized control root. Different stages 
of arbuscules are visible, from young developing arbuscules (double orange arrowhead), mature arbuscules (green arrowhead), 
to degenerating arbuscules (purple arrow) scale bar = 25µm. (d) Semi-thin section of mycorrhized SYP132α RNAi root. Only 
degenerating arbuscules are present (purple arrow). Septae are visible within hyphae (white arrowhead). Scale bar = 25µm. 
(e) Number of nodules formed on control roots and SYP132α RNAi root, 14 days post inoculation. No significant difference was 
found (Mann-Whitney U test). (f ) Semi-thin section of a nodule (14 dpi) on control root. Scale bar = 25µm. (g) Magnification of f, 
differentiated symbiosomes are radially oriented around the vacuole. scale bar = 10µm. (h) Semi-thin plastic section of a nodule 
(14 dpi) showing impaired differentiation/elongation of symbiosomes. Scale bar = 25µm. (i) Magnification of h. bacteria are 
released from infection threads, but do not differentiate. Scale bar =10µm. 
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On plants transformed with a construct targeting MtSYP132β, only few fluorescent trans-
genic roots were obtained 21 days post transformation (Fig. S5a). In the roots that did form, 
knock-down levels were less than 50% (Fig. S5b), indicating selection for roots with low 
RNAi efficiency. In contrast, the amount of transgenic roots containing a RNAi construct 
that targets SYP132α was similar to that on plants transformed with an empty vector (Fig. 
S5a). In these roots, the silencing of SYP132α was efficient and specific (Fig. S5b). The trans-
genic roots displayed a normal growth rate, with a root length equal to control plants, 21 
days post transformation (Fig S5c). This suggests that SYP132β is essential for Medicago 
root development, which is in line with our inability to obtain homozygous plants for 
retrotransposon insertion in SYP132, whereas SYP132α is not.

Four weeks after inoculation with R. irregularis, an efficient and specific knockdown of 
SYP132α was observed with SYP132α expression levels down to 4% of the transcript 
abundance in control roots, while SYP132β expression was not affected (Fig. 3a). Both 
control roots as well as SYP132α RNAi roots were well colonized with an equal intensity of 
mycorrhization (Fig. 3b). In control roots, many fully developed arbuscules were observed 
(Fig. 3c), whereas mature arbuscules were nearly absent in RNAi roots (0,8% compared 
to 42% in control roots; Fig. 3b). Semi-thin sections of mycorrhized roots showed that 
arbuscule formation in RNAi roots did not progress to maturation. The arbuscule trunks 
formed in SYP132α RNAi roots like in roots transformed with an empty vector, but unlike in 
control roots the fine branches did not expand to completely fill the cell. we found many 
small clumps, indicating that the arbuscules did not develop to their full size, or collapsed 
prematurely (Fig. 3d). Furthermore, the expression of phosphate transporter MtPT4, a 
marker gene for arbuscule containing cells (Javot et al., 2007), was significantly reduced in 
SYP132α RNAi roots (p<0.01; Fig. 3a).

Additionally, we examined the effect of SYP132α knock-down on symbiosome formation 
in root nodules. Two weeks after inoculation with an S. meliloti strain expressing GFP driven 
by the NifH promoter, a similar amount of nodules was formed on control and SYP132α 
RNAi roots (Fig. 3e). The RNAi efficiency in nodules was highly variable with SYP132α 
transcript levels ranging from 10% to 100% of the expression in control nodules (Fig. 3a). 
SYP132β expression levels were not affected in these nodules. Because of the variability in 
silencing efficiency, we used absence of GFP expression as a pre-selection for disturbed 
nodule phenotypes. The activity of the NifH promoter reflects the presence of nitroge-
nase in mature nitrogen fixing rhizobia, allowing a quick distinction between nitrogen 
fixing GFP positive nodules and non-fixing GFP-negative nodules. On SYP132α RNAi roots 
around 20% (55/288) of the nodules were GFP-negative versus 5% (13/249) of the nodules 
on control roots, (a significant difference; Chi square, p<0.01). In nodules on control roots, 
bacteria were released and differentiated into mature symbiosomes that fill the cells (Fig. 
3f-g). In most GFP-negative nodules on SYP132α RNAi roots rhizobia did not differentiate/
elongate after release (Fig. 3h-i; 27/34 analyzed), whereas in some nodules also release of 
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bacteria was blocked (3/34). GFP-negative nodules on control roots represented young 
primordia in which fixation did not yet start.

These data show that SYP132α is essential for interface formation and maintenance in 
both AM and rhizobia symbioses. None of the other plasma membrane syntaxins that are 
expressed in arbuscular cells are sufficient to rescue interface development when SYP132α 
is silenced. Especially SYP121 is expressed at similar levels as SYP132α in arbuscular cells 
(Fig. 2c). This suggests that different SYP1 members mark different exocytosis pathways, 
of which the pathway marked by SYP132α is specifically required to form a stable host-mi-
crobe interface.

Multiple syntaxins label the symbiotic host-microbe interface

The inability of the other SYP1 members to rescue interface formation in the absence of 
SYP132α could be due to their inability to mark the arbuscule fine branches or symbio-
some membranes. To test this, we studied the sub-cellular localization of SYP121, SYP122 
and the two isoforms of SYP132 during symbiosis. We expressed GFP fusion constructs 
of all four SNAREs driven by their native promoter in Medicago plants and checked their 
localization using confocal microscopy. All four proteins localized to both the plasma 
membrane, the arbuscule trunk as well as the peri-arbuscular membrane surrounding the 
fine-branches, during AM symbiosis (Fig. 4a-d). In contrast to the other syntaxins, SYP122 
labelled the arbuscular trunk domain stronger compared to the fine branches, which 
correlates with its transcriptional downregulation upon arbuscule formation (Fig. 2c). 

In nodules, fluorescence from the SNARE constructs driven by their respective native 
promoters was too weak to reliably assess their sub-cellular localization in the infected 
cells. This might be caused by the lower oxygen tension in these cells, which lowers GFP 
fluorescence (Limpens et al., 2009). In the nodule meristem all four constructs localized 
to the plasma membrane (data not shown). To determine the subcellular localization of 
the proteins in infected nodule cells, we therefore used the constitutively active Arabi-
dopsis EF1α promoter and/or the Pisum sativum Leghemoglobin promoter that is active 
in infected cells. All four syntaxins localized to both the plasma membrane and the 
symbiosome membrane throughout its development (Fig. 4e-j). These data show that the 
different syntaxins do not spatially mark separate domains that distinguish the symbiotic 
interface from the plasma membrane, arbuscule trunk domain or infection threads.
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Figure 4. Multiple t-SNAREs are present on the host-microbe interface.

(a-d) Confocal laser scanning images, showing the localisation of GFP labeled syntaxins expressed from their native promoter 
in arbuscular cells in Medicago truncatula roots. The cytoplasm is marked by dsRed expressed from the Arabidopsis Ubiquitin3 
promoter. All four syntaxins are present on the plasma membrane (white arrowhead), peri-arbuscular membrane (blue arrow), 
and the membrane surrounding the trunk (violet arrowhead). scale bars are 10µm. (e-j) Localization of GFP labelled syntaxins, 
expressed from the Pisum sativum leghemoglobin or Arabidopsis EF1α promoter, in infected cells of nodules. All four syntaxins 
are present on both the symbiosome membrane (blue arrow) as well as the plasma membrane (white arrowhead). Both isoforms 
of SYP132 are present on the infection thread during release of rhizobia (violet arrowheads; e, g). RFP labeled bacteria and dsRed 
marked cytoplasm are visible in red, although the signal decreased after release of bacteria due to lower oxygen tension. scale 
bars are 10µm.



54 

Chapter 3

3

SYP13IIα is the ancestral symbiotic SYP13II isoform

Since both SYP132 isoforms are evolutionarily conserved in most dicot AM hosts, we 
questioned what the difference is between the two proteins. Therefore, we analysed the 
amino acid sequence of the differentially spliced last exon in more detail. To pinpoint the 
amino acid residues that make up the essential differences between the two spliceforms, 
we compared the amino acid sequences of different plant species, to identify conserved 
sequence signatures characteristic for either SYP13IIα or SYP13IIβ (Fig. 5a, Fig. S3). We 
observed that most differences between the two spliceforms are located around the 
transmembrane domain. This suggests that both spliceforms interact with different regu-
latory proteins at the membrane or that they are affected in their targeting or turn-over 
at the interface.

The spliceform specific-sequence signatures allowed us to track the evolution of SYP13II. 
The α-signature is similar to the sequence of the SYP13 clade II orthologs from monocots 
and Aquilegia, indicating that SYP13IIα is the ancestral isoform, and SYP13IIβ has evolved 
later in the dicots. SYP13IIα has been retained in both Cucumis and Vitis that have lost one 
spliceform (Fig. S3), consistent with its indispensable role in symbiosis. Furthermore, the 
loss of SYP132β in Cucumis and Vitis, together with the observation that non-AM hosts 
have lost both spliceforms indicates that the essential role of Medicago SYP132β in root/
plant development is apparently not strictly conserved in the dicot lineage. We observed 
that the sequence signature of SYP132β is similar to that of SYP13I, the sister clade of 
SYP13II. Therefore, we hypothesize that SYP132β evolved after an unequal crossover 
between the ancestral SYP13I and SYP13II early in the dicot lineage. So the evolution of 
SYP13IIβ created a chimera of the symbiosis-dedicated SYP13II and SYP13I (Fig 5b). 
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Figure 5. The evolution of SYP13II.

(a) Consensus sequences of the last exon of SYP13 genes from different plant species listed in figure 1b (see also Fig. S3). The 
height of characters reflects their bit score/level of conservation between species. Grey boxes indicate amino acid residues that 
are conserved among species, but different between α and β-splicing. (b) Proposed evolutionary scenario for SYP13 genes, based 
on the SYP13 phylogeny presented in Fig. 1b and the comparison of the last exon sequences in panel a. Early in the angiosperm 
lineage, a gene duplication resulted in the non-symbiotic SYP13I and SYP13II that acquired a role in symbiosis. In dicots, after 
the split of Aquilegia, alternative splicing evolved, likely from an unequal crossover event between SYP13I and SYP13II, creating 
SYP13IIβ. Subsequently, the SYP13II gene was lost in species that lost the ability to host AM fungi.
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SYP132β retained the ancestral SYP13II function in arbuscule formation

To understand the biological relevance of alternative splicing of SYP132, we questioned 
whether the proteins encoded by the two spliceforms are functionally different. Therefore, 
we investigated whether the SYP132β isoform can make up for the loss of SYP132α, if it 
is expressed at similar levels as SYP132α. To achieve this, we made a construct carrying 
the SYP132α RNAi cassette complemented with SYP132β expressed from its endogenous 
promoter. As a positive control, we complemented SYP132α RNAi using SYP132α itself. The 
last exon of both expression cassettes were codon-scrambled, to avoid silencing by the 
RNAi construct and to allow the independent detection of endogenous and transgene 
transcripts. After inoculation with R. irregularis, arbuscule morphology was fully restored in 
the SYP132α RNAi plants complemented with SYP132α and indistinguishable from plants 
transformed with an empty vector (Fig. 6). Strikingly, also in SYP132α RNAi plants comple-
mented with SYP132β the arbuscule phenotype was restored. Thus, SYP132β protein has 
retained the ancestral ability of SYP13II to function in arbuscule formation.

Figure 6. Medicago truncatula SYP132β is able to function in interface formation.

(a) qRT-PCR measurement of the endogenous and transgenic expression of both SYP132 isoforms, relative to reference gene 
MtActin2, in mycorrhized roots transformed with different constructs. Data are represented as the mean of 5 biological replicates 
± standard deviation. (b-g) WGA-alexafluor 488 stained mycorrhized roots transformed with constructs carrying different 
combinations of SYP132α RNAi cassettes and codon scrambled expression cassettes. scale bars are 10µm.
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SYP132α and β differentially localize to degenerating arbuscules

Since the alternative splicing of SYP13II has been conserved since the split of Asterids and 
Rosids around 100 million years ago (Moore et al., 2010), and is tightly correlated with 
symbiosis, we argue that it is likely to be biologically relevant for mycorrhizal symbiosis. 
Since the main differences between the two isoforms were found around the transmem-
brane domain, we decided to re-analyse the subcellular localization of the two spliceforms 
in more detail and included later stages of arbuscule development.

Therefore, we co-expressed both spliceforms using the PT4 promoter, one tagged with 
GFP and the other tagged with mCherry in a single binary construct. This allowed the 
simultaneous localization of both isoforms in arbuscule cells. In cells that contained young 
or mature arbuscules, both isoforms labelled the arbuscule fine branches and we did not 
observe a difference in the localization between SYP132β and SYP132α (Fig. S6) We did, 
however, observe a striking difference in localization between SYP132α and SYP132β at 
degenerating parts of the arbuscules, which was clearly visible in cells that contained 
partially degrading arbuscules. In these cells, SYP132β clearly labels the degrading part 
of the arbuscule, while its presence on the functional part largely decreases (Fig. 7a-c). 
The accumulation pattern of SYP132α is complementary as it preferentially accumulates 
on the non-degrading arbuscular fine branches. Swapping mCherry and GFP, confirmed 
the differential localizations (Fig. S6). To quantify the difference, we measured the fluo-
rescence intensity of 32 different cells harbouring partially collapsing arbuscules, and we 
compared the abundance of each spliceform on functional and collapsing arbuscules. 
This showed that SYP132α is significantly more abundant on functional arbuscules, while 
SYP132β is significantly more abundant on collapsing arbuscules (Fig7 d-e). So, there is 
a clear difference in localization between the two spliceforms when both are expressed 
from the same promoter. This reveals that their subcellular localization is differentially 
regulated at a post-translational level when arbuscule degradation is initiated and cannot 
be attributed to timing of expression.



58 

Chapter 3

3

Figure 7. MtSYP132α and -β show different subcellular localization during arbuscule degeneration.

(a) Co-expression of GFP-MtSYP132β and mCherry-MtSYP132α expressed from the MtPT4 promoter in Medicago truncatula 
roots. A difference in fluorescence intensity was observed between functional arbuscule branches (blue arrow) and collapsing 
arbuscule branches (whit arrowhead). Scale bar is 10µm. (b) graphs showing fluorescence intensity in transects of functional 
and collapsing arbuscules, marked in panel a. (c) quantification of the ratio of fluorescence on functional arbuscules compared 
to collapsing arbuscules for both SYP132α and SYP132β. Data are represented as the mean ± standard deviation. 32 partially 
collapsing arbuscules were analysed, using different combinations of fluorophores and spliceforms. SYP132α is significantly 
more abundant on functional arbuscules compared to collapsing arbuscules (Wilcoxon signed rank test, p<0,01), whereas 
SYP132β is more abundant on collapsing arbuscules compared to functional arbuscules (Wilcoxon signed rank test, p<0,01). 
Note that the ratio of SYP132α and β abundance among healthy and degrading arbuscules can only be determined for individual 
fluorophores.
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DISCUSSION

To study how plants create a specialized symbiotic host-microbe interface that is distin-
guishable from the plasma membrane, we focused on t-SNAREs involved in exocytosis. 
We have shown that multiple syntaxins are expressed in arbuscular cells in Medicago. Of 
these syntaxins, only MtSYP132α is transcriptionally co-regulated with symbiotic interface 
formation and is essential for the formation of a stable host-microbe interface in both 
AM and rhizobial endosymbioses. This indicates that SYP132 allows a symbiosis specific 
regulation of exocytosis. Thus, there is specificity in the SNAREs that are used to form an 
interface, which indicates that besides the timing of expression of interface components, 
also the use of differently regulated trafficking pathways contributes to the specialization 
of the interface membrane. In most dicots, two spliceforms of SYP13II are present that 
localize differently to functional and degrading arbuscule branches. This suggests that 
the two spliceforms of SYP13II may facilitate exocytosis at different functional domains.

The existence of a dedicated subset of SNAREs to mediate traffic to the interface suggests 
that they are indeed key players in the regulation of traffic to the interface. Our initial 
hypothesis was that t-SNAREs determine the sub-cellular location of vesicle fusion and 
that different syntaxins could, for example, distinguish the interface from the membrane 
surrounding the arbuscule trunk or plasma membrane. However, we show here that all 
syntaxins that are (dominantly) expressed in arbuscule cells localize to both the plasma 
membrane, arbuscular trunk as well as the arbuscule fine branches. Furthermore, we did 
not observe a preferential localization of syntaxins at the tips of arbuscule fine branches, 
which indicates that t-SNAREs are unlikely to be the vectors that determine where vesicle 
fusion takes place. MtSYP122 was more abundant on the trunk domain of the arbuscule. 
The lower abundance of SYP122 on the peri-arbuscular membrane surrounding the 
fine branches correlates with the reduction of SYP122 expression in arbuscular cells 
compared to uninfected cortex cells (Fig. 2c). This is in line with the conclusion of Pumplin 
et al. (Pumplin et al., 2012) that the subcellular localization of proteins in arbuscular cells 
partially depends on the timing of their expression. The proteins encoded  by the two 
spliceforms of SYP132 labelled the plasma membrane and peri-arbuscular membrane at 
equal levels in this study. However, it should be noted that the regulation by alternative 
splicing was bypassed in this experiment. Given their observed expression pattern, it is 
likely that SYP132β abundance in the natural situation is higher at the plasma membrane, 
while SYP132α is the dominant isoform that is present on the peri-arbuscular membrane. 
Thus, although t-SNAREs may not be the determinants of the location of vesicle fusion, 
their abundance at subcellular locations is variable. This suggests that each t-SNAREs 
may differentially affect the efficiency of vesicle fusion at different locations. The exact 
location of vesicle fusion is likely to be regulated by protein complexes such as the exocyst 
of which components accumulate at the tips of growing arbuscule branches (Genre et al., 
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2012; Zhang et al., 2015b), in combination with remodelling of the cytoskeleton (Ivanov & 
Harrison, 2014). EXO70i, an exocyst subunit that is dedicated to symbiosis, is not the only 
EXO70 subunit expressed in arbuscular cells, and is not essential to form the arbuscule 
trunk domain (Zhang et al., 2015b). This suggests that different EXO70 family members 
mediate vesicle fusion at different membrane compartments. Specific SNARE proteins 
could work together with distinct exocyst complexes to provide the specificity in secretory 
events at the different locations (Dubuke et al., 2015).

The reduction of arbuscules to small clumps after knock-down of SYP132α indicates that 
SYP132α is required for the formation or the maintenance of arbuscules. This strongly 
suggests that SYP132α controls the delivery of components that are required for arbuscule 
formation/maintenance. Likely candidates for such components are nutrient trans-
porters such as the phosphate transporter PT4 and/or the essential half-ABC transporters 
(STR1/2), which when mutated also lead to premature collapse of the arbuscules (Javot 
et al., 2007; Zhang et al., 2010a). Apparently, the presence of SYP121 and SYP122 at the 
arbuscules is not sufficient to sustain the interface. This is striking since especially SYP121 
is present at equal levels as SYP132α in arbuscular cells. This indicates that SYP121 controls 
different exocytosis events compared to SYP132α. At present we cannot rule out a role for 
the SYP12 orthologs in arbuscule development as there might be genetic redundancy 
among the three SYP12 members, as has been reported for SYP12 genes in Arabidopsis 
(Assaad et al., 2004). The observation that arbuscule formation in SYP132α RNAi roots can 
be complemented with SYP132β shows that the latter isoform has maintained the ability 
to function in interface formation. So in arbuscule forming cells they most likely mediate 
the fusion of the same vesicles, in line with their near-identical SNARE domains. 

Our phylogenetic analysis indicates that SYP132α is the ancestral isoform and SYP132β 
evolved later. In this light, it is somewhat odd that Medicago SYP132β acquired an essential 
role in development, whereas it was lost in all analysed dicot AM non-hosts as well as in 
Cucumis and Vitis. The seemingly different role of SYP13IIβ in different plant species may 
be explained by the observation that the evolution of SYP13IIβ created a chimera between 
SYP13IIα and SYP13I, likely involving an unequal crossover event (Fig. 5). Therefore, the 
new properties of SYP13IIβ may be identical or similar to the non-symbiotic SYP13I. This 
allows SYP13IIβ to take over the role of SYP13I in plant development. In this scenario, the 
requirement for SYP13IIβ in certain plant species might merely reflect a low expression 
of SYP13I. Furthermore, if SYP13IIβ is similar to SYP13I, its evolution may have provided a 
way to replace SYP13I with a similar protein that can be precisely inversely regulated to 
SYP13IIα by alternative splicing. 

Why do plants replace SYP132β during host-microbe interface formation with SYP132α, 
a near-identical protein, when also SYP132β is sufficient to form an interface? Based on 
our localization studies we postulate that the use of SYP132α allows the plant to restrict 
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exocytosis to functional arbuscule branches. In partially collapsing arbuscules SYP132β 
preferentially labels the degrading parts of arbuscules, whereas SYP132α occurs mostly 
on the functional branches. The difference in SNARE abundance between the plasma 
membrane, arbuscule trunk and peri-arbuscular membrane could be attributed to the 
timing of expression. However, the observed difference in localization between the 
two spliceforms, when both are expressed from the same promoter, reveals that their 
subcellular location is differentially regulated at a post-translational level when arbuscule 
degradation is initiated. From our data, we cannot distinguish between a difference 
in delivery or turnover of the two spliceforms at functional and degrading arbuscule 
domains. A specific localization to functional arbuscule domains has also been reported 
for the phosphate transporters PT4 (Harrison et al., 2002) in Medicago and PT11 in rice 
(Kobae et al., 2014). Therefore, an intriguing hypothesis is that the turnover or delivery 
of SYP132α is directly linked to the symbiotic nutrient exchange across the membrane. 
This implicates that only arbuscules that deliver nutrients are maintained by the plant, as 
previously suggested by Javot and colleagues (2007), by SYP132α mediated delivery of 
nutrient transporters that is restricted to functional branches. This could act as a molecular 
sanctioning mechanism where carbon delivery to the fungus becomes dependent on 
nutrient delivery to the plant (Kiers et al., 2011). In this scenario, the difference between 
the two isoforms is not their ability to mediate the fusion of different vesicles, but their 
different dependence on nutrient exchange. The inverse transcriptional regulation of 
the two spliceforms by alternative splicing may then be crucial to avoid interference of 
SYP132β while the SYP132α-dependent sanctioning mechanism is active.

In conclusion, our results indicate that the regulation of vesicle traffic to the arbuscule 
during its formation and degradation is specialized and involves distinct SNAREs. The 
timing of gene expression relative to the moment of re-direction of exocytosis from the 
plasma membrane to the arbuscule is crucial to create the specific composition of the 
peri-arbuscular membrane (Pumplin et al., 2012). In addition, we have shown that this 
re-direction involves specific SNAREs, which implies that selectivity of exocytosis pathways 
may also contribute to the unique composition of the host-microbe interface. SYP132α 
is a symbiosis-dedicated regulator of exocytosis that has been co-opted by rhizobia to 
form a host microbe interface. This is in line with the co-option of the symbiotic signalling 
cascade and AM-symbiosis dedicated v-SNAREs in rhizobium symbiosis (Parniske, 2000; 
Ivanov et al., 2012). In AM symbiosis, alternative splicing of SYP13II may link arbuscule 
maintenance to functionality, although the exact role of this alternative splicing remains 
enigmatic and a topic for further study.
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MATERIALS AND METHODS

Phylogenetic analysis

The proteins sequence of all Arabidopsis exocytosis related t-SNAREs (Sanderfoot, 2007) 
were retrieved from the Arabidopsis information resource (TAIR) database. We identified 
their homologs in other plant species by BLASTing the genomes listed in Tables S1. For 
the SYP13 phylogeny, the SYP13 identity of all proteins was confirmed by their clustering 
with Arabidopsis and Medicago SYP13 proteins in a tree that contains all Arabidopsis 
and Medicago SYP1 proteins. Multiple sequence alignments were produced using the 
ClustalW algorithm in MEGA 6.0 (Tamura et al., 2013). From the alignment we recon-
structed Neighbor Joining and Maximum likelihood trees, with 1,000 bootstrap replicates 
to assess clade support using MEGA 6.0. To generate consensus sequences, the aligned 
sequences of the last exon of SYP13 proteins were used as input sequence in WebLogo 3, 
version 3.4 (http://weblogo.threeplusone.com/) (Crooks et al., 2004).

Plant growth, transformation and inoculation

Medicago truncatula Jemalong A17 was used in all experiments. For transformation, 
Agrobacterium rhizogenes MSU440 was used according to (Limpens et al., 2004). For 
nodulation assays, plants were transferred to perlite saturated with Färhaeus medium 
without Ca(NO3)2 and grown at 21°C at a 16/8 h light/dark regime. After three days, plants 
were inoculated with Sinorhizobium melilotii 2011 and grown for 2 weeks. For mycorrhi-
zation assays, plants were transferred to pots containing a 5:3 (v/v) ratio mix of expanded 
clay and sand, saturated with modified Hoagland medium (5 mM MgSO4, 2.5 mM Ca(NO3)2, 
2.5 mM KNO3, 2mM NH4NO3, 500 µM MES, 50 µM NaFeEDTA, 20 µM KH2PO4, 12,5 µM HCl, 
10 µM H3BO3, 2 µM MnCl2, 1 µM ZnSO4, 0.5 µM CuSO4, 0.2 µM Na2MoO4, 0.2 µM CoCl2, pH 
6.1). Plants were either co-cultivated with Rhizophagus irregularis infected Allium schoe-
noprasum (used in initial analysis of SYP132α RNAi), or inoculated with dried Rhizophagus 
irregularis infected maize roots obtained from Plant Health Cure (http://www.phc.eu). 
Plants were grown for four weeks at 21°C at a 16/8 h light/dark regime.

Laser capture microdissection

Roots of mycorrhized Medicago plants and uninfected control plants were harvested and 
fixed in Farmer’s fixative (75% ethanol, 25% acetic acid) substituted with 0,01% Chlorazol 
Black E to stain AM fungi, and vacuum infiltrated for 30 minutes on ice. Then, the roots 
were incubated in Farmer’s fixative for 16 hours at 4°C on a spinning wheel. After fixation, 
the roots were dehydrated in an ethanol dehydration series (80%, 85%, 90%, 95% 30 
minutes each followed by 100%, overnight) Steedman wax was prepared by mixing 90% 
polyethylene glycol400 distearate and 10% 1-hexadecanol at 65 °C. Steedman wax was 
infiltrated by incubating the roots in 50% Steedman wax and 50% ethanol for two hours 
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at 38 ˚C, followed by 3 incubations in 100% Steedman wax for 2 hours at 38 ˚C. Finally, 
the samples were transferred to room temperature to allow the wax to solidify. Solidified 
blocks of Steedman wax were cut into 20µm thick sections using a microtome, and trans-
ferred to PEN-membrane slides (Leica). Arbuscule containing cells and uninfected cortical 
cells were harvested using a Leica LMD7000 laser capture microdissection microscope. 
RNA was isolated using a RNeasy micro kit (Qiagen). cDNA was synthesized using the 
iScript Select cDNA synthesis kit (Bio-Rad), using random hexamer primers. Finally, the 
amplicons of all genes to be tested were pre-amplified using the SsoAdvanced PreAmp 
Supermix (Bio-Rad) before quantitative real-time (qRT)-PCR.

RNA isolation and qRT-PCR

RNA was isolated from plant tissue using the EZNA Plant RNA mini kit (omega). cDNA 
was synthesized from 1µg of RNA using the iScript cDNA synthesis kit (BioRad). Equal 
amounts of cDNA were used for qPCR using SYBR green supermix (Bio-Rad) in a Bio-Rad 
CFX connect real-time system qPCR machine. Gene expression levels were determined 
using gene specific primers listed in table S2. The gene expression was normalized using 
Actin2 as reference gene, or Actin2, Ubiquitin10 and UB9 in case of the laser microdissected 
samples. To allow the detection of relative expression levels, the amplification efficiency 
for each primer combination was determined using standard curves based on a dilution 
series of cDNA.

Plasmid construction

The coding sequences of MtSYP132α, -β, MtSYP121 and MtSYP122, and short fragments for 
RNAi were amplified by PCR using primers listed in table S2, of which the forward primers 
contain a CACC adapter for TOPO cloning. To create codon scrambled versions of SYP132, 
the last part of the cds of SYP132α, starting from a unique EcoRI site, was replaced using 
restriction/digestion with de novo synthesized gene fragments (gBlocks, Integrated DNA 
technologies), encoding the last part of either SYP132α or –β, flanked by an EcoRI site and 
an AscI site (Fig S1). The ~2 kb upstream promoter regions of MtSYP132, MtSYP121 and 
MtSYP122, and the PT4 promoter as reported by Pumplin et al. (Pumplin et al., 2012) were 
amplified by PCR using primers listed in table S2, of which the forward primers contain a 
CACC adapter as well as a HindIII restriction site. The PCR fragments were cloned into a 
pENTR/D-TOPO entry vector using TOPO cloning (Invitrogen). The promoters were subse-
quently cloned into pENTR4-1 entry vectors containing GFP or mCherry using HindIII-AscI 
restriction/ligation.

For generation of RNAi constructs, the short gene fragments were recombined into a 
pK7GWIWG2(II) binary vector containing a dsRed selection marker (Limpens et al., 2004), 
using Gateway technology (Invitrogen). Codon scrambled expression cassettes as well as 
GFP and mCherry fusions were created using multisite Gateway technology (Invitrogen) 
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in the pKGW-RR-MGW destination vector (Ovchinnikova et al., 2011). For cloning multiple 
expression cassettes into one binary vector, single expression cassettes were constructed 
as described above, and subsequently amplified by PCR using primers listed in table S2, 
adding SpeI and SwaI sites (GFP fusion constructs) or SwaI and ApaI sites (mCherry fusion 
constructs). Then both fragments were cloned into one pKGW binary vector by SpeI-SwaI-
ApaI restriction and ligation. To combine codon scrambled expression cassettes with RNAi 
vectors, the expression cassettes were amplified adding ApaI and Eco81I sites, and cloned 
into the RNAi vectors by restriction and ligation.

Mycorrhizal staining and quantification of mycorrhization

For quantification of mycorrhization, roots were incubated in 10% (w/v) KOH at 98 °C for 
10 minutes. Then roots were washed 3 times with 5% acetic acid. After washing, the roots 
were stained in 5% ink in 5% acetic acid, for 2 minutes at 98 °C. after staining the roots 
were destained in 5% acetic acid, refreshing the destaining solution several times. For 
staining with WGA alexafluor 488, roots were incubated in 10% (w/v) KOH at 60 °C for 
3 hours. Then, roots were washed 3 times in PBS (150mM NaCl, 10mM Na2HPO4, 1.8mM 
KH2PO4, pH 7.4), and incubated in 0.2 μg/mL WGA-Alexafluor 488 (Molecular Probes) in 
PBS at room temperature for 16 hours. For quantification of mycorrhization, roots were 
cut into 1cm fragments, and the colonization and arbuscule abundance was scored and 
calculated according to Trouvelot et al. (Trouvelot et al., 1986).

Plastic embedding and staining

Nodules and roots were fixed in 5% glutaraldehyde in 0.1 M PO4 buffer (pH7) for one hour at 
room temperature. Then, the samples were dehydrated in an ethanol dehydration series, 
followed by infiltration of Solution A (Technovit 7100 solution (Heraeus-Kulzer), 2,5% 
PEG400, 1 pack/100 ml Hardener I). After infiltration, the plant material was embedded 
in polymerization solution (15ml solution A, 1ml Hardener II), and incubated overnight 
at room temperature. Polymerized blocks were then glued on holders for sectioning with 
Technovit 3040 (66% powder, 33% liquid), and cut into 6µm sections on a microtome 
(Leica 2035). Plastic sections were stained for 30 seconds in 0.05 M Toluidine Blue and 
destained in water for 10 minutes.

Microscopy

For conventional light microscopy, a Leica DM5500 light microscope was used. For 
confocal imaging, a Zeiss 710 and Leica SP8 confocal microscopes were used. An excita-
tion wavelength of 488 nm was used for GFP. An excitation wavelength of 543 nm was 
used for mCherry. Appropriate emission filter settings were used to separate the fluoro-
phores used in each experiment.
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Quantification of fluorescence

To determine the ratio of fluorescence on functional and collapsing parts of the arbuscule, 
transects were drawn across at least 3 different locations of collapsing and functional 
arbuscules using ImageJ software. The average of fluorescence of each fluorophore was 
compared between the two subdomains for each image.

Statistical analysis

For all statistical analyses, SPSS statistics version 22 (IBM) was used. For quantification of 
nodule formation, root length, number of roots and mycorrhization, a Shapiro Wilk test 
was used to determine whether the data was normally distributed. Since this generally 
was not the case, the nonparametric Mann Whitney U test was applied.  The different 
fraction of NifH-GFP positive and NifH-GFP minus nodules was tested using a chi-Square 
test. qPCR data was analysed using the Students t-test. 
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Supplemental Information

Fig.S1 synthesized DNA fragments for cloning codon-scrambled constructs 

Gene fragments synthesized for cloning of codon scrambled constructs. Highlighted in grey is the sequence of the last exon 
of each spliceform that was codon scrambled by using the IDT codon optimization tool (http://eu.idtdna.com/CodonOpt). 
Highlighted in yellow and green are the EcoRI and AscI site that were used to replace the original SYP132 sequence with these 
fragments.

Fig. S2 Phylogenetic analysis of all exocytosis related t-SNAREs in different plant species.

Un-rooted Neighbour joining trees, showing the phylogeny of all exocytosis related t-SNARE families (Sanderfoot et al., 2007) of 
Arabidopsis (At), Medicago (Mt), papaya (Cp) and tomato (Sl) (Suplemental table S1). Bars indicate orthology groups; a group of 
genes derived from a single ancestral gene that is likely to have conserved function in different species. For assigning orthology 
groups, we allowed intra-species gene duplications, and demanded a bootstrap support of at least 70. Black bars indicate 
orthology groups containing an Arabidopsis orthologs. The red bar indicates an orthology group (SYP13 cladeII) that contains 
genes from Medicago, papaya and tomato, but lacks an Arabidopsis ortholog.
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Fig. S3 Evolution of the SYP13 clade in land plants.

Maximum likelihood tree showing the phylogeny of SYP13 genes in a wide range of plant species. The full length amino acid 
sequence of all genes was used (Table S1). Chlamydomonas reinhardtii SYP1 was used as an outgroup. The amino acid sequence 
of the last exon of all transcripts is shown, on which the consensus sequence as shown in Figure 5 was based.
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Fig. S4 SYP121 and SYP122 are not required to form a host microbe interface.

(a-c) Microscope images showing WGA-alexafluor 488 stained arbuscules in the syp121-1 mutant (a), the syp122-1 mutant, (b) 
and wildtype roots (c). scalebars are 10µm. (d) Graph displaying the amount of nodules formed on wildtype, syp121-1 and 
syp122-1 roots. Differences are not significant (Mann-Whitney U test). (e-j) Semi-thin (6µm) section of a nodules (14 dpi) on 
syp121-1 mutant roots (e-f ), syp122-1 mutant roots (g-h) and wildtype roots (i-j) scalebars are 10µm.
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Fig. S5 Non-symbiotic phenotype of SYP132α and SYP132β RNAi

(a) Box plot displaying the number of transgenic roots formed on plants transformed with a silencing construct targeting 
SYP132α or SYP132β, compared to plants transformed with an empty vector. On plants transformed with the SYP132β silencing 
construct, significantly less roots were formed (n=20 plants, Mann Whitney U test, p<0.01). Differences between SYP132α RNAi 
and empty vector were not significant. The experiment has been carried out three times with similar results. (b) qRT-PCR showing 
the knockdown of SYP132α and SYP132β in transformed roots. Data are represented as the mean of 5 biological replicates ± 
standard deviation. (c) Box plot displaying the root length of transgenic roots on plants transformed with the different silencing 
constructs. Differences are not significant (Mann Whitney U test).
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Fig. S6 MtSYP132α and -β show different subcellular localization during arbuscule degeneration

Double localization of GFP-labeled SYP132α and mCherry labeled SYP132β expressed from the PT4 promoter. The overview allows 
comparison between cells in different stages of arbuscule development. In cells harboring mature arbuscules, both spliceforms 
are present on the peri-arbuscular membrane. In cells harboring collapsing arbuscules, SYP132α has a clear preference for the 
functional part of the arbuscule, while SYP132β is preferentially localizing to the collapsed part of the arbuscule. In cells where 
the entire arbuscule is collapsed, leaving only a clump, both spliceforms are present on the clump, although the ratio is shifted 
to SYP132β compared to the healthy mature arbuscules.

TableS1 Sequence information of t-SNAREs used in this study

may be found online at onlinelibrary.wiley.com/store/10.1111/nph.13973/asset/supinfo/nph13973-sup-0002-TableS1.xlsx



70 71 

A SYP13II isoform controls host-microbe interface formation

3

NbqSYP136α R TTGAGAACCGAGAGCACGAC

NbqSYP135β F GCAAAGAAACTACAAAGGGGC

NbqSYP135β R ATGATGGGGACAACTATTAAAGC

NbqSYP136β F TGCAAAGAAACTACAGAGGGG

NbqSYP136β R GGGGATGACTATTAAAGCCG

Plasmid construction

Coding sequence

MtcdsSYP132 F CACCATGAACGACCTTCTCACTG

MtcdsSYP132α R GAGATACCATGAACCTTGTTAAACTG

MtcdsSYP132β R TCAATCCTGCTCTAAGATGTTCC

MtcdsSYP122 F CACCATGAATGATTTATTCTCCGGC

MtcdsSYP122 R CTATTTTTTAAGGACAATAGGTAAAACTATGA

MtcdsPIP2.7 F CACCCATTCAAATACTTATTTTGTTTT

MtcdsPIP2.7 R GTTTGTGTTCTTGTGTTTGTGC

promoters

MtpSYP132α F CACCAAGCTTCATTTATGGGAGTTTGAAGTTAGG

MtpSYP132α R GAGAGTAAAACGGCAACAAGGA

MtpSYP121 F CACCAAGCTTCTATTGAAGTCATACTCAGAGATG

MtpSYP121 R AAAGAGTTTTGAAGTCAATGGATATTT

MtpSYP122 F CACCAAGCTTCTGGACAACACAAAACTGA

MtpSYP122 R CTTCTTGTTTATGTAAGAAAAAATAGAGAAGA

MtpPT4 F CACCAAGCTTGACTCGATCCACAACAAAGATT

MtpPT4 R AAAAAGGAAGACTCTCTCAAGTTGG

RNAi contructs

MtrnaiSYP132α F CACCAGGTGGCAAACGCAACTGA

MtrnaiSYP132α R GAGATACCATGAACCTTGTTAAACTG

MtrnaiSYP132β F CACCTCAACAATGCAGTCGATCA

MtrnaiSYP132β R CAAGGAAATAAGAAGCCATGA

Combining expression cassetes

SpeI-Gateway F TGACTAGTACGCCAAGCTATCAACTTTGT

SwaI-Gateway R GCATTTAAATCACGACGGCCAGTGAAT

SwaI-Gateway F TGATTTAAATACGCCAAGCTATCAACTTTGT

ApaI-Gateway R TCATAACGTGACTCCCTTAATTCTC

Medicago qPCR primers

MtqActin2 F CAGATGTGGATCTCCAAGGGTGA

MtqActin2 R TGACTGAAATATGGCACAAGACTGAGA

MtqSYP111 F GCTGTTACTAATGGCTTGCG

MtqSYP111R CATCATTTTCTGCCTAAGTCCC

MtqSYP112 F CTACACTGTCACAGGCGAGG

MtqSYP112 R CTCTGAATATCCATCGCAGC

MtqSYP113 F ACCGAATGGATTCCGATATG

MtqSYP113 R GCTTCGATTCGCAATGTTTG

MtqSYP121 F AGAGAGACTGTTCAACGGCG

MtqSYP121 R TCCAGAATTCTTCCCCTGC

MtqSYP122 F TCGAAATGTCATCACCGAAC

MtqSYP122 R GTGAAGGGTCTTGCTCCTCTC

MtqSYP123 F CCCGTGAATGGACATGTTTT

MtqSYP123 R CATAATCAATCAACCTTCACAGTAGC

MtqSYP124 F AGGAAAACTCGAAGCATTGG

MtqSYP124 R CTTCCCTAAACCACTAACCACTG

MtqSYP125 F GTTCGAATGCCGCGAATAG

MtqSYP125 R TCCCAATCCACTAACCACTG

MtqSYP131 F ATTTGAGATCCCTCGTGGTC

MtqSYP131 R CTATCCAAGCCAAGCTCTCC

MtqSYP132α F ATGTGAAGTCGGGTAACGATG

MtqSYP132α R CAATCATCATGCACTTCCTTG

MtqSYP132β F CAGGTCAACAATGCAGTCG

MtqSYP132β R CAATGCACATCCATTTTCGAG

MtqSYP132α F2 (RNAi compatible) GCTCAAGGAGAAATTTTAGACAAC

MtqSYP132α R2 (RNAi compatible) CAATCATCATGCACTTCCTTG

MtqPT4 TCTCATGATCGGTGCTGTTC

MtqPT4 TGTTTCGCGTTCCCTTCTAC

Nicotiana qPCR primers

NbqActin TATGGAAACATTGTGCTCAGTGG

NbqActin CCAGATTCGTCATACTCTGCC

NbqSYP135α F CAGGTGAGATATGCAATGGAC

NbqSYP135α R AACGGCAGCAATAATCAGAGG

NbqSYP136α F TGAGATGTGCCGTAGACCAC

Table S2

primers used in this study
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Functional reduncancy among plant exocytotic SNARE proteins 
to form a symbiotic interface

Chapter 4

Directional growth and local responses of plant cells to their environment require the 
targeted delivery of vesicles and proteins to parts of the plasma membrane, creating 
a distinct subdomain. In plants, it is largely unknown how the polar localization of 
proteins to different membrane domains is controlled. An example of a specialized 
plasma membrane domain with a distinct protein composition is the peri-arbuscular 
membrane surrounding the arbuscules formed by arbuscular mycorrhiza (AM) fungi 
during AM symbiosis. Peri-arbuscular membrane formation depends on specific 
symbiosis dedicated v-SNAREs and t-SNAREs involved in exocytosis. This raised the 
hypothesis that cognate interaction of these SNAREs directs a subset of vesicles to 
the peri-arbuscular membrane. Therefore, we tested whether different SNAREs mark 
different plasma membrane domains in arbuscule containing cells. Furthermore, 
we tested whether the interactions between v-SNAREs and t-SNARE syntaxins on the 
peri-arbuscular membrane are selective. Finally, we systematically tested the ability 
of non-symbiotic SNAREs to replace the symbiotic SNAREs during symbiosis. Our 
data show that most secretory SNAREs localize to the peri-arbuscular membrane and 
can functionally replace the symbiotic SNAREs when expressed at sufficient levels to 
allow arbuscule formation. This functional redundancy is in line with the ability of all 
tested v- and t-SNARE combinations to form SNARE complexes at the peri-arbuscular 
membrane, although the amount of v-SNAREs that co-purified with syntaxins was 
lowest for the combination of symbiotic SNAREs, suggesting a more strict regulation 
of SNARE complex stability.  Our data show that the essential role of symbiotic SNAREs 
in arbuscule formation can be largely explained by their dominant expression level 
in arbuscule forming cells instead of specific protein properties. Together, our data 
suggest that the symbiotic SNAREs do not selectively interact to define a distinct vesicle 
trafficking pathway, but allow a more strict control over vesicle fusion during symbiosis, 
which is instrumental in forming a stable arbuscule.
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INTRODUCTION

The growth and maintenance of eukaryotic cells requires the continuous delivery of vesicles 
to the plasma membrane; exocytosis. The fusion of vesicles with their target membrane 
is driven by the interaction of vesicle SNAREs (v-SNAREs or R SNAREs) on the vesicle with 
a complex of target membrane SNAREs (t-SNAREs) on the target membrane. t-SNAREs 
are classified into Qa, Qb , Qc and Qb+Qc subclasses, based on the SNARE domains they 
contribute to the SNARE-complex. In plants, the number of SNAREs involved in exocytosis 
has expanded to be encoded by families of at least partially redundant proteins (Sander-
foot, 2007).

Different secretory SNARE family members are required for different biological processes 
(Chapter 6). This suggests that the evolutionary expansion of SNARE proteins allow 
the adaptation of exocytosis to these different biological processes. A key example of 
a biological process that depends on specific SNARE proteins is the formation of the 
peri-arbuscular membrane during the endosymbiotic interaction of plants with arbus-
cular mycorrhizal (AM) fungi. The peri-arbuscular membrane is a subdomain of the plasma 
membrane that surrounds the highly branched arbuscules in the plant cell, and has an 
unique protein composition to facilitate nutrient exchange between the two partners 
(Gutjahr & Parniske, 2013). We have previously shown that the formation of arbuscules 
in Medicago truncatula (Medicago) depends on the two v-SNAREs MtVAMP721d and 
MtVAMP721e, and on the Qa-type t-SNARE (syntaxin) MtSYP132α (Ivanov et al., 2012; 
Huisman et al., 2016). Silencing of VAMP721d/e by RNAi results in a phenotype where the 
formation of arbuscular branches is almost completely blocked. RNAi of SYP132α results in 
small arbuscules that collapse prematurely. For simplicity, we will refer to these SNAREs as 
‘symbiotic’ SNAREs while we will call other SNAREs ‘non-symbiotic’, even though the latter 
ones may be involved in symbiosis as well.

The expansion of the number of secretory SNAREs in plants has been suggested to allow 
the presence of multiple exocytosis pathways in one cell (Sanderfoot, 2007; Kanazawa 
& Ueda, 2017). We define an exocytosis pathway as the traffic and fusion of a distinct 
population of vesicles and associated cargo to the plasma membrane or subdomain. The 
use of separate exocytosis pathways would be a simple mechanism to create different 
plasma membrane subdomains with a distinguishable composition, like the peri-ar-
buscular membrane. Since the formation of the peri-arbuscular membrane depends on 
both a specialized v- and t-SNARE, it is a particularly interesting model to study whether 
different SNAREs can mark distinct exocytosis pathways. Therefore, we questioned what 
the difference is between symbiotic SNAREs and their non-symbiotic paralogs, to find out 
whether they can define a specialized symbiotic exocytosis pathway that distinguishes 
the peri-arbuscular membrane from the plasma membrane. 
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SNAREs are ideal candidates to define vesicle trafficking pathways. The idea that selective 
interaction between v-SNAREs and t-SNAREs encode specificity of vesicle fusion to the 
right membrane (sub)compartment is as old as the discovery of SNAREs themselves 
(Sollner et al., 1993). Indeed, different cellular compartments are labelled by unique sets of 
SNARE proteins, that control the fusion of vesicles to the proper compartment (Rothman, 
1994; Mcnew et al., 2000). An example of the use of different exocytosis pathways to create 
specialized membrane domains can be found in animal cells: In mammalian polarized 
epithelial cells two plasma membrane domains with a distinct protein composition are 
present; an apical domain and a basolateral domain (Mostov et al., 2003). Trafficking of 
proteins to these domains is mediated by distinct populations of vesicles, which depend 
on distinct v-SNAREs (Martinez-Arca et al., 2003) and different t-SNAREs that are present at 
the two domains (Kreitzer et al., 2003).

Here, we studied to what extent the symbiotic SNAREs are different from their non-sym-
biotic family members and whether symbiotic SNAREs define a distinct symbiotic 
membrane trafficking pathway by studying their functional redundancy with their closest 
non-symbiotic paralogs, as well as with family members that are expressed in the same 
cell. Furthermore, we compared the localization and SNARE-interactions of symbiotic and 
non-symbiotic SNAREs in arbuscule cells. We showed that all tested SYP1 family proteins 
are able to complement the defect in arbuscule formation upon knockdown of SYP132α 
suggesting functional redundancy between the t-SNAREs. Also some of the non-symbi-
otic VAMP72 family proteins were able to complement the loss of symbiotic v-SNAREs 
VAMP721d/e. Surprisingly, although all combinations of SYPs and VAMPs showed inter-
action in arbuscule cells, the amount of v-SNAREs that co-purified with SYPs was lowest 
for the combination of symbiotic SNAREs. Together, our data suggest that the symbiotic 
SNAREs do not selectively interact to define a symbiotic vesicle trafficking pathway, but 
allow a more strict control over vesicle fusion during symbiosis, which is instrumental in 
forming a stable arbuscule.
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RESULTS

The Qa- and R-SNARE repertoire of arbuscule containing cells.

To guide functional comparisons we first investigated the phylogenetic relationship 
of the symbiotic SNAREs with other secretory SNAREs, and determined which family 
members are expressed in arbuscule cells. The individual  SNARE genes were divided 
into orthogroups that are shared and conserved among a wide range of plant species 
(Fig 1a). This classification allows comparison of our data with earlier studies on SNARE 
interactions in other plant species (Table 1). Furthermore, comparing SNARE genes from 
separate orthogroups is most likely to reveal specialization, since proteins from different 
orthogroups are more likely to be functionally different than proteins from within one 
orthogroup. Finally, the distribution of orthogroups among different clades reveals the 
evolutionary trajectory of the symbiotic SNAREs, indicating when they evolved.

The vast expansion of the number of syntaxins occurs at the base of the angiosperms: 
Whereas we found only two conserved orthogroups in the gymnosperms, this number 
increases to 6 orthogroups in angiosperms, including SYP13II that we linked to symbiosis 
earlier (Chapter 3). Evolution of the latter orthogroup is strictly linked to the ability of plant 
species to interact with AM fungi: It is conserved in all analysed AM host plant species 
(16/16), and lost in all analysed plant species that independently lost the ability to interact 
with AM fungi (6/6). In the dicot lineage, SYP13II is spliced into two different transcripts 
encoding SYP13IIα and SYP13IIβ that are at least partially functionally redundant (Chapter 
3).

Within the VAMP72 family, 4 orthogroups can be found. Most individual VAMP genes of 
both Arabidopsis and Medicago are the result of independent and recent expansions 
within the VAMP72I orthogroup. The symbiotic MtVAMP721d and MtVAMP721e genes form 
a clear group together with other VAMP genes from dicots, embedded within the VAMP72I 
orthogroup. We named this group VAMP72II. VAMP721II does not contain monocot genes, 
nor genes from Aquilegia coerulea, the most basal sequenced eudicot. Thus, the symbiotic 
VAMPs likely evolved at the base of the dicot lineage, after the split of A. coeurulea. The 
conservation of VAMP72II is largely, but not strictly, correlated to the ability of plants to 
host AM fungi. In particular, it is conserved in 1 out of 5 of the analyzed dicot AM non-host 
plants (Striga hermonthica), whereas it is lost in 2 out of 10 analysed dicot AM host plants 
(Manihot esculenta and Carica papaya).

To get an accurate overview of the relative expression of symbiotic SNAREs and their 
non-symbiotic paralogs in arbuscule cells, we isolated RNA specifically from arbuscule 
containing cells by making use of laser microdissection. Next, digital droplet PCR (ddPCR) 
was used to measure the absolute levels of transcripts of the different SNAREs. We limited 
our analysis to the genes that showed expression in this cell-type based on previous 
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qPCR analyses (Huisman et al., 2016). This showed that multiple SNAREs are expressed in 
arbuscule-containing cells. In these cells, MtSYP132α is clearly the dominant syntaxin (Fig 
1b). VAMP727 is the most highly abundant v-SNARE transcript, followed by the symbiotic 
VAMP721e (Fig 1b).

Based on their phylogeny and expression in arbuscule containing cells, we selected SNARE 
proteins to be studied in more detail in a functional comparison. We selected the highest 
expressed symbiotic VAMP VAMP721e, along with the highest expressed gene of all other 
orthogroups; VAMP721a, VAMP724 and VAMP727. We selected both spliceforms of the 
symbiotic SYP13II; SYP132α and SYP132β, their closest non-symbiotic paralog SYP131, and 
the more distantly related SYP121, all of which are expressed in arbuscule cells.(Fig 1b).

Figure 1. The SNARE repertoire of arbuscule containing cells.

A. Schematic phylogenetic trees showing the evolution of the exocytosis related SNARE families SYP1 and VAMP72. The trees are 
showing conserved orthogroups instead of individual genes, indicated by the use of roman numbers. Orthogroups were named 
following Sanderfoot 2007. Both schematic trees are based on the actual phylogenetic trees shown in supp. Figures 1 and 2. B. 
digital droplet PCR on cDNA from arbuscule containing cells. only SYP1 and VAMP72 genes that are expressed in arbuscule cells 
are shown. The copy number of each gene was normalised against the average copy number of all tested genes in each cDNA. 
Error bars represent standard deviation of three biological replicates.
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Most exocytosis related SNAREs localize to the peri-arbuscular membrane.

We first investigated whether the selected SNARE proteins localize to the peri-arbuscular 
membrane (PAM). Therefore, we expressed the different SNAREs fused to GFP from the 
Medicago PT4 promoter that is highly and exclusively active in arbuscule cells (Pumplin 
& Harrison, 2009), and determined their localization by confocal microscopy. All syntaxins 
localized to the peri-arbuscular membrane (Fig 2a-d), as shown earlier for SYP132α, 
SYP132β and SYP121 when expressed from their native promoter (Chapter 3). Even 
though v-SNAREs function on vesicles, overexpression typically results in their accumula-
tion on the target membrane. VAMP721a, VAMP721e and VAMP724 accumulated on the 
peri-arbuscular membrane (Fig 2e-g). In contrast  VAMP727 accumulated in punctuate 
intracellular structures, as well as on the tonoplast (Fig 2h).

Figure 2. Intracellular localization of exocytosis related SNAREs

Intracellular localization of syntaxins (A-D) and VAMPs (E-H) in arbuscule containing cells. Different SNAREs fused to GFP were 
expressed from the arbuscule specific PT4 promoter, combined with dsRed that marks the cytoplasm and nucleus. Scalebars 
are 10 µm.
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Interaction between v- and t-SNAREs

Next, we tested whether there is specificity in SNARE interactions at the PAM, by using 
a co-immunoprecipitation (co-IP) approach. Therefore, we expressed combinations of 
GFP-labelled syntaxins and triple HA-tag labelled VAMPs from the PT4 promoter in mycor-
rhized Medicago roots. The GFP labelled syntaxins were pulled down from root extracts, 
and the co-IP of the VAMPs was determined by western blot using an antibody against the 
HA-tag (Fig 3). For all combinations of syntaxins and VAMPs, the anti-GFP blot revealed 
two bands of around 63 kDa and 25 kDa, representing the SYP-GFP fusion protein and free 
GFP respectively. The bands in the IP lanes were consistently much stronger than the band 
in the input lane, indicating an efficient IP of all GFP labelled syntaxins. On the anti-HA 
blot, one clear band around 30 kDa was visible for all input fractions corresponding to 
the 3HA-VAMP fusion proteins. For all combinations, a band was also visible in the IP lane, 
representing the 3HA-VAMP fusion proteins that co-purified with the GFP labelled SYPs. 
In general, the individual SNAREs show different co-IP levels: SYP121 and SYP131 interact 
stronger than both spliceforms of SYP132. VAMP724 interacts less than the other VAMPs. 
Most striking, in case of SYP132α the co-IPs of all VAMPs was extremely weak  with  signals 
barely detectable. To further confirm the ability of SYP132α to interact with VAMPs we 
used a BiFC approach in Nicotiana benthamiana leaves. This showed that SYP132α inter-
acted with all tested VAMPs; VAMP721a, VAMP721d and VAMP721e (Supp. fig3). Thus, we 
consider it most likely that SYP132α does interact with all VAMPs, but that complexes are 
more rapidly disassembled.

Figure 3. Co-immunoprecipitation analysis of SNARE 
interactions.

Representative western blot showing GFP-labelled syntaxins and 
3HA-labelled VAMPs, expressed from the Medicago PT4 promoter, 
in extracts of mycorrhized Medicago roots before (input) and after 
immunoprecipitation (IP) using anti-GFP coated beads.
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Symbiotic SNAREs are largely redundant with their non-symbiotic paralogs

Since all of the analysed non-symbiotic syntaxins localize to the PAM, and are able to 
form SNARE complexes with any of the VAMPs, we wondered whether they are function-
ally redundant to the symbiotic SNAREs. To test this, we used a RNAi complementation 
approach. Therefore, we combined in one binary vector the RNAi constructs targeting 
SYP132α or VAMP721d/e (Ivanov et al., 2012, Chapter 3), and expression cassettes expressing 
the non-symbiotic SNAREs from the promoter of their symbiotic family member. As 
positive controls, we expressed VAMP721e lacking its native 3’UTR or codon-scrambled 
SYP132α, both of which escape silencing by the RNAi constructs. We used Agrobacte-
rium rhizogenes mediated transformation to generate transgenic roots expressing these 
constructs. 6 weeks after inoculation with AM fungi, roots were harvested, and successful 
RNAi was confirmed in each individual root by qRT-PCR (Supp. fig4). Next, we quantified 
the mycorrhization level in the silenced roots as and determined the arbuscule phenotype 
by confocal microscopy after staining with WGA-Alexa488 (Fig 4b-g, i-m). Knockdown of 
SYP132α resulted in a severe reduction of mature arbuscules, as most arbuscules were 
stunted or collapsed. Expression of any of the tested syntaxins was sufficient to restore 
the arbuscule morphology of SYP132α knockdown to that of non-silenced control roots 
(Fig. 4b-g), although complementation with SYP121 resulted in a slightly lower amount 
of arbuscules that fill the whole cell (Fig. 4a). The phenotype of VAMP721d/e RNAi was 
slightly stronger than SYP132α RNAi. As described earlier, arbuscule formation does not 
proceed beyond the formation of the arbuscular trunk (Ivanov et al., 2012). Further-
more, the levels of mycorrhization were reduced (Fig. 4h). After expression of VAMP721a, 
VAMP721e or VAMP724, the arbuscule phenotype was fully restored (Fig. 4i-l), showing 
many mature arbuscules. In contrast, the arbuscule morphology was not restored after 
expression of VAMP727 (Fig. 4m). The levels of mature arbuscules after complementation 
with VAMP721a or VAMP724 were slightly lower than the empty vector control, but not 
significantly different from the positive control; complementation with VAMP721e itself 
(Fig. 4h). 

Figure 4. RNAi complementation analysis.

A and H; quantification of mycorrhized root length and arbuscule abundance according to Trouvelot et al., 1986 in Medicago 
roots transformed with different constructs. Error bars represent standard deviation of 3-4 biological replicates. Different 
letters indicate statistical difference (p≤0.05) determined using a pairwise Student’s t-test. B-G and I-M; projection of confocal 
image stacks showing AM fungi in Medicago roots transformed with different constructs, stained with wheat germ agglutinin 
conjugated to alexa488.
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DISCUSSION

In this chapter, we have shown that the requirement for symbiotic SNAREs during the 
formation of arbuscules can largely be explained by their dominant expression levels in 
arbuscular cells. The lack of specificity in SNARE interactions and the ability of non-symbi-
otic SNAREs to complement for the loss of symbiotic SNAREs indicate that the symbiotic 
SNAREs do not mark a distinct secretory pathway. 

Interactions found between exocytosis related SNAREs in plants

Syntaxin 

orthogroup

VAMP

Orthogroup

Syntaxin VAMP Assay Reference

SYP11I VAMP72I AtSYP111 AtVAMP721 Co-IP (El Kasmi et al., 2013)
SYP12I VAMP72I AtSYP121 AtVAMP721 Pull-down (Kwon et al., 2008)

Split luciferase (Ichikawa et al., 2014)
Co-IP (Ebine et al., 2011)
Pull-down (Karnik et al., 2013)

AtVAMP722 Pull-down (Kwon et al., 2008)
split luciferase (Ichikawa et al., 2014)

AtVAMP721/

AtVAMP722

Co-IP (Kwon et al., 2008)

HvSYP121 HvVAMP721 FRET-FLIM (Kwon et al., 2008)

Split YFP (Kwaaitaal et al. 2010)
AtSYP122 AtVAMP722 Pull-down (Pajonk et al., 2008)

VAMP72IV AtSYP121 AtVAMP724 Pull-down (Kwon et al., 2008)
split luciferase (Ichikawa et al., 2014)

AtSYP123 AtVAMP724 Pull-down,

Split luciferase

(Ichikawa et al., 2014)

VAMP72VII AtSYP121 AtVAMP727 pull down

Co-IP

(Kwon et al., 2008)

(Ebine et al., 2011)
SYP12IV VAMP72I AtSYP123 AtVAMP721 Pull-down,

Split luciferase

(Ichikawa et al., 2014)

AtVAMP722 Pull-down,

Split luciferase

(Ichikawa et al., 2014)

SYP13I VAMP72I AtSYP132 AtVAMP721 Pull-down,

split luciferase

(Yun et al., 2013)

split luciferase (Ichikawa et al., 2014)
AtVAMP722 Pull-down,

split luciferase

(Yun et al., 2013)

split luciferase (Ichikawa et al., 2014)
VAMP72IV AtVAMP724 split luciferase (Ichikawa et al., 2014)

Absence of interaction found between exocytosis related SNAREs

Syntaxin 

orthogroup

VAMP

Orthogroup

Syntaxin VAMP Assay Reference

SYP11I VAMP72VII AtSYP111 AtVAMP727 Co-IP (Ebine et al., 2011)
SYP12I VAMP72I AtSYP121 AtVAMP723

(ER/pseudogene)

split luciferase (Ichikawa et al., 2014)

SYP12IV VAMP72I AtSYP123 AtVAMP723

(ER/ pseudogene)

split luciferase (Ichikawa et al., 2014)

SYP13I VAMP72I AtSYP132 AtVAMP723

(ER/ pseudogene)

split luciferase (Yun et al., 2013)
split luciferase (Ichikawa et al., 2014)

Table 1
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Based on the phylogeny of secretory SNAREs, several lines of evidence support the view 
that arbuscule formation does not depend on a dedicated trafficking pathway defined by 
SYP13II and VAMP72II: 1). Symbiotic SNAREs evolved after the evolution of AM symbiosis. 
Thus, the formation of an arbuscule did initially not depend on specialized SNAREs. 2). 
Symbiosis specialized VAMP72II evolved later than the symbiosis specialized SYP13II. Thus, 
the initial advantage of retaining SYP13II (and still in monocots) could not be dependent 
on a selective interaction with VAMP72II. 3). VAMP72II is very similar to and embedded 
in the VAMP72I orthogroup. Furthermore, its conservation is not strictly following the 
ability of plants to host AM fungi. This can be explained by the functional overlap between 
VAMP72I and VAMP72II when expressed at sufficient level.

Does the diversification of exocytosis SNAREs in general allow multiple exocytosis 
pathways to co-exist in the same cell? In this study, we confirmed that the early separa-
tion of VAMP72VII from the other VAMPs in early seed plants did in fact facilitate a new 
trafficking pathway. MtVAMP727 mainly localizes to endosomes and the vacuole. This is 
in line with earlier studies on its Arabidopsis ortholog AtVAMP727, which accumulates on 
endosomes/pre-vacuolar compartments closely associated with the tonoplast (Uemura et 
al., 2004). AtVAMP727 is involved in vesicle fusion with the tonoplast by forming a SNARE 
complex with vacuolar Qa-SNARE AtSYP22, Qb-SNARE AtVTI11 and Qc-SNARE AtSYP51, 
and is required for the transport of protein storage vacuole marker CT24 to the vacuole 
(Ebine et al., 2008). Besides this, AtVAMP727 can also interact with AtSYP121 at the plasma 
membrane and is regulated by the plant specific RAB5-GTPase Ara6 to control endosome 
to plasma membrane traffic (Ebine et al., 2011). Thus, VAMP72VII defines a vesicle traf-
ficking pathway that can be directed to the vacuole as well as to the plasma membrane 
(Ebine et al., 2011). After the appearance of VAMP72VII, VAMP72IV and VAMP72II evolved 
in angiosperms and dicots respectively. Here, we have shown that MtVAMP724 and 
MtVAMP721a can complement for the loss of MtVAMP721d/e. Thus, the minimal compo-
nents for the formation of the PAM can also be recruited in MtVAMP724 and MtVAMP721a 
labelled vesicles, and are targeted to the PAM. Although it cannot be excluded that the 
cargo destined for the PAM is loaded into a different vesicle population in absence of 
VAMP721d/e coated vesicles.

Our co-IP analysis showed that there are no absolute specificity in the formation of SNARE 
complexes between the different secretory SNAREs, which is in line with and extends 
earlier studies on specificity of SNARE interactions in Arabidopsis (summarized in Table 
1). Surprisingly though, very low amounts of VAMPs co-purified with the symbiotic SNARE 
SYP132α. The most straight-forward explanation would be that SYP132α does not interact 
with the tested VAMPs under these conditions. However, we consider this to be unlikely, 
since the possible SNARE partners of SYP132α are finite, and we tested members of all 
conserved VAMP orthogroups as well as all VAMPs that are expressed  in arbuscule cells 
(with the exception of VAMP721d that is redundant and nearly identical to VAMP721e). 
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The observation that RNAi of SYP132α can be complemented by both SYP121 and SYP131 
shows that their role in vesicle fusion is conserved between these paralogs. Furthermore, 
using a BiFC approach we could confirm that SYP132α interacts with different VAMPs. 
These results raise the question what causes the observed difference in co-IP between 
different syntaxins. The actual event of vesicle fusion in which a trans-SNARE complex 
between the v-SNARE on the vesicle and a t-SNARE on the target membrane is formed, 
is followed by a phase were a cis-SNARE complex is present. In a cis-SNARE complex 
both v- and t-SNAREs are present on the same membrane until they are disassembled 
by the ATPase NSF. It was recently shown that also before vesicle fusion SNAREs involved 
in cytokinesis are transported to their site of action as cis-SNARE complexes, which may 
apply to other secretory SNAREs as well (Karnahl et al., 2017). The actual vesicle fusion 
event is short-lived compared to the lifetime of cis-SNARE complexes. Therefore, it is likely 
that the complexes that are detected in our co-IP study – or any previous study on SNARE 
interactions in plants - are in fact mostly representing cis-SNARE complexes, which may be 
exaggerated by the strong expression from the PT4 promoter. In this scenario, the amount 
of VAMPs that co-purify with syntaxins is not a measure for the amount of vesicle fusion 
events driven by this particular complex, but merely represents the speed of cis-complex 
formation and dissociation. This implies that SYP132α containing SNARE complexes are 
more rapidly dissembled, possibly to recycle the syntaxin for subsequent fusion reactions 
at the PAM.

Since there does not seem to be specificity in SNARE interactions, and since both v- and 
t-SNARE homologs are highly redundant, the initial idea that distinct t-SNAREs control the 
selective fusion of vesicles labelled with different v-SNAREs is very unlikely. What is then 
the reason for the expansion of t-SNAREs in plants? Instead of marking different exocy-
tosis pathways, it is more likely that plants limit vesicle fusion in general by controlling 
the expression and activity of t-SNAREs. In Arabidopsis, different secretory t-SNAREs are 
expressed in different plant tissues (Enami et al., 2009), show specific subcellular localiza-
tion patterns (Lauber et al., 1997; Collins et al., 2003; Ângelo Silva et al., 2010; Ichikawa et al., 
2014), turnover (Reichardt et al., 2011) or dynamics (Nielsen & Thordal-Christensen, 2012). 
Besides the spatiotemporal presence of syntaxins, also their activity can be regulated 
on protein level. At their amino-terminal end, three helical domains (Ha,Hb and Hc) are 
present that can fold back on the SNARE domain creating a so-called ‘closed’ conformation 
which prevents it from forming SNARE complexes. The regulation of the open and closed 
states by accessory proteins, such as Sec1/Munc18 proteins, allows additional control over 
vesicle fusion and prevents the formation of cis-SNARE complexes before vesicle fusion 
(Park et al., 2012; Grefen et al., 2015). Such accessory proteins have also been shown to 
control SNARE recycling after complex formation (Karnik et al., 2015). The relatively low 
amount of VAMPs that co-purified with SYP132α may therefore reflect a more stricter 
regulation of SYP132α activity compared to the other syntaxins.
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With the exception of VAMP727 that marks a different pathway, the symbiotic SNAREs 
are clearly the highest expressed exocytotic SNAREs in arbuscule cells. Previously, we 
have shown that different syntaxins are expressed in cells in which an arbuscule is formed 
(Huisman et al., 2016). This analysis was based on relative expression of genes measured 
by qPCR. The ddPCR approach used here is independent of primer efficiency and does not 
rely on pre-amplification of RNA or cDNA that could introduce artefacts, which makes it 
more suitable to compare the expression of different genes. Since the symbiotic SNAREs 
are the dominantly expressed secretory SNAREs, their evolutionary conservation can 
largely be explained by their expression pattern. The exception to this is the conserva-
tion of the two spliceforms of SYP13II. Since the alternative splicing of SYP13II does not 
affect the total level of SYP13II transcripts, a difference in expression cannot explain the 
conservation of the two spliceforms. Therefore, they are likely functionally different. In 
line with this we observed a difference in localization at later stages of arbuscule devel-
opment (Chapter 3). Furthermore, lower amount of VAMPs co-precipitated with SYP132α 
compared to SYP132β, suggesting differential regulation of complex formation. The 
nature of the difference between both spliceforms may nevertheless be subtle since both 
are sufficient for arbuscule formation, although subtle effects on arbuscule lifetime or 
function may be undetectable by A. rhizogenes mediated root transformation.  

The unique composition of the PAM does not appear to depend on a secretory pathway 
that is different from the secretory pathway directed to the plasma membrane. Instead, 
the difference between the plasma membrane and the PAM is largely the result of a 
drastic transcriptional change of cargo proteins during PAM formation, as shown by 
Pumplin and colleagues (Pumplin et al., 2012). Also in other plant cells where proteins 
are localizing to different plasma membrane domains, this does not seem to be the result 
of the use of different trafficking pathways, but the result of selective endocytosis and 
recycling of proteins (Geldner et al., 2003; Nielsen et al., 2012; Łangowski et al., 2016). 
Nevertheless, there are some indications that different secretory pathways co-exist. There 
is accumulating evidence that secretory vesicles can originate from different endomem-
brane compartments. Instead of the conventional route from ER via Golgi and trans-Golgi 
network (TGN) to the plasma membrane, secretion of pectin methylesterase in tobacco 
pollen tubes bypasses the TGN (Wang et al., 2016). Furthermore, recycling of the auxin 
efflux carrier PIN1 is shown to be insensitive to the chemical inhibitor of post-Golgi 
traffic Endosin 16, suggesting that it bypasses the TGN as well (Li et al., 2017). Finally, the 
recycling of different auxin efflux carriers in the epidermis is differentially sensitive to 
ARF-GFF inhibitor Brefeldin A (Kleine-Vehn et al., 2008). Together, these results show that 
not all cargo destined for the plasma membrane follows the same route, suggesting the 
existence of different secretory pathways. Based on our data, we consider a regulatory role 
for SNAREs in separating these pathways unlikely. How such different secretory pathways 
are regulated instead remains to be revealed. 
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MATERIALS AND METHODS

Phylogenetic analysis of SNAREs

The protein sequences of all SYP1 and VAMP72 family members were retrieved from the 
Phytozome database (www.phytozome.net) for the AM host species; Aquilegia coerulea, 
Brachipodium distachyon, Citrus clementina, Carica papaya, Cucumis sativus,  Fragaria 
vesca, Ginkgo biloba, Musa acuminate, Manihot esculenta, Medicago truncatula, Oryza 
sativa, Phoenix dactylifera, Prunus persica, Populus trichocarpa, Setaria italic, Solanum 
lycopersicum, Selagionella moelendorfii, Theobroma cacao and Vitis vinifera, and the AM 
non-host species; Arabidopsis thaliana, Beta vulgaris, Dianthus caryophyllus, Marchantia 
polymorpha, Nelumbo nucifera, Physcomitrella patens, Pinus taeda, Striga hermonthica, 
Spirodela polyrhiza and Utricularia gibba. To ensure the recovery of all family members, 
missing species in each orthogroup were confirmed by repeated homology searches 
using orthologs from that group as an input. The species were choses to include a large 
and diverse range of AM hosts and non-hosts. The Protein sequences were aligned in 
Mega5 using the ClustalW algorithm. Subsequently, trees were constructed using the 
neighbour-joining method with 100 bootstrap iterations. 

Plant growth and mycorrhization

Medicago truncatula Jemalong A17 was used in all experiments. For transformation, 
Agrobacterium rhizogenes MSU440 was used according to (Limpens et al., 2004). For 
mycorrhization assays, plants were transferred to pots containing a 5:3 (v/v) ratio mix of 
expanded clay and sand, saturated with modified Hoagland medium (5 mM MgSO4, 2.5 
mM Ca(NO3)2, 2.5 mM KNO3, 2mM NH4NO3, 500 µM MES, 50 µM NaFeEDTA, 20 µM KH2PO4, 
12,5 µM HCl, 10 µM H3BO3, 2 µM MnCl2, 1 µM ZnSO4, 0.5 µM CuSO4, 0.2 µM Na2MoO4, 0.2 
µM CoCl2, pH 6.1). Plants were inoculated with dried Rhizophagus irregularis infected 
maize roots obtained from Plant Health Cure (http://www.phc.eu). Plants were grown for 
four weeks at 21°C at a 16/8 h light/dark regime.

Laser capture microdissection and ddPCR

Roots of mycorrhized Medicago plants and uninfected control plants were harvested and 
fixed in Farmer’s fixative (75% ethanol, 25% acetic acid) substituted with 0,01% Chlorazol 
Black E to stain AM fungi, and vacuum infiltrated for 30 minutes on ice. Then, the roots 
were incubated in Farmer’s fixative for 16 hours at 4°C on a spinning wheel. After fixation, 
the roots were dehydrated in an ethanol dehydration series (80%, 85%, 90%, 95% 30 
minutes each followed by 100%, overnight) Steedman wax was prepared by mixing 90% 
polyethylene glucol400 distearate and 10% 1-hexadecanol at 65˚C. Steedman wax was 
infiltrated by incubating the roots in 50% Steedman wax and 50% ethanol for two hours 
at 38˚C, followed by 3 incubations in 100% Steedman wax for 2 hours at 38˚C. Finally, 
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the samples were transferred to room temperature to allow the wax to solidify. Solidified 
blocks of Steedman wax were cut into 20 µm thick sections using a microtome, and trans-
ferred to PEN-membrane slides (Leica). Arbuscule containing cells and uninfected cortical 
cells were harvested using a Leica LMD7000 laser capture microdissection microscope. 
RNA was isolated using a RNeasy micro kit (Qiagen). cDNA was synthesized using the 
iScript cDNA synthesis kit (Bio-Rad). in a total volume of 20 µl. 1 µl cDNA was then used 
per ddPCR reaction. For this, a ddPCR mastermix containing evaGreen as a probe was used 
(BioRad), as well gene specific primers (1-24, Table S1). Then the PCR mix was suspended 
in oil using the QX200 Droplet Generator (Biorad). The PCR was carried out following 
manufacturer’s instructions. Subsequently, the absolute number of positive droplets was 
counted using a QX200 Droplet Reader.

RNA isolation, cDNA synthesis, qRT-PCR

RNA was isolated from plant tissue using the EZNA Plant RNA mini kit (omega). cDNA 
was synthesized from 1µg of RNA using the iScript cDNA synthesis kit (BioRad). Equal 
amounts of cDNA were used for qPCR using SYBR green supermix (Bio-Rad) in a Bio-Rad 
CFX connect real-time system qPCR machine. Gene expression levels were determined 
using gene specific primers listed in table S1. The gene expression was normalized using 
Actin2 and Ubiquitin10 as reference genes.

Plasmid construction

The SYP132α RNAi construct and the empty RNAi control vector are described in chapter 
3. The VAMP721d/e RNAi vector was described in (Ivanov et al., 2012). All other expression 
cassettes were created using multisite Gateway technology (Invitrogen) in the pKGW-
RR-MGW destination vector (Ovchinnikova et al., 2011). For all reactions a pENTR2-3 
carrying a 35s terminator was used. For GFP fusions driven by the PT4 promoter, the 
pENTR4-1 described in chapter 3 was used. To obtain a pENTR4-1 containing a triple HA-tag 
driven by the PT4 promoter, A triple HA tag flanked by AscI and Acc65I restriction sites 
was de-novo synthesized (Integrated DNA technologies). Using AscI-Acc65I restriction-li-
gation, The GFP in the pENTR4-1 pPT4::GFP was swapped for the triple HA-tag. pENTR2-3 
vectors containing nGFP or cGFP were obtained from VIB Ghent. For n-terminal split GFP 
fusions, nGFP and cGFP were amplified from these vectors using primers 37-40  listed in 
table S1. Primers were designed to remove stop codons, and to add a start codon and 
AscI/Acc65I restriction sites. Subsequently, both fragments were cloned into a pENTR4-1 
vector containing a 35S promoter using AscI-Acc65I restriction/ligation. The pENTR1-2 
vectors containing the coding sequences of SYP121, SYP122, SYP132α and SYP132β and 
the pENTR4-1 carrying the SYP132 promoter are described in chapter 3. The pENTR1-2 
vectors containing the coding sequences of VAMP721a, VAMP721d and VAMP721e, and 
the pENTR4-1 carrying the VAMP721e promoter were described in (Ivanov et al., 2012). 
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The pENTR1-2 vectors containing the coding sequence of SYP131, VAMP724 and VAMP727 
were constructed by amplifying the respective genes from Medicago A17 cDNA using 
primers 25-30, adding a cacc sequence adapter at the 5’ end. The PCR fragment was then 
cloned into a pENTR/D-TOPO entry vector using TOPO cloning (Invitrogen). To combine 
GFP fusion cassettes with 3HA fusion cassettes, the GFP fusion constructs were amplified 
using primers 31 and 32 (Table S1), adding SpeI and SwaI restriction sites. The HA fusion 
constructs were amplified using primers 33 and 34 (Table S1), adding SwaI and ApaI 
restriction sites. Using 3-point restriction/ligation, the two constructs were inserted into a 
pKGW-MGW binary vector. To combine SNARE expression cassettes with RNAi constructs 
for RNAi complementation, the SNARE expression cassette was apmplified using primers 
35 and 36 (Table S1), adding ApaI and Eco81I restriction sites. Using ApaI-Eco81I restric-
tion/ligation, the cassettes were inserted into the SYP132α and VAMP721d/e RNAi vectors.

Microscopy

For confocal imaging, a Leica SP8 confocal microscope was used. An excitation wave-
length of 488 nm was used for WGA-alexa488 and GFP. An excitation wavelength of 543 
nm was used for dsRed. Appropriate emission filter settings were used to separate the 
fluorophores used in each experiment.

Co-Immunoprecipitation

The roots of mycorrhized plants (5 weeks post inoculation) expressing different combi-
nations of GFP-labelled syntaxins and 3HA-labeled VAMPs were harvested, and residual 
sand was washed away. The roots were flash-frozen in liquid nitrogen, and ground using 
a mortar and pestle. One gram of plant material was added to 6 ml of RIPA buffer (10 mM 
Tris/Cl pH 7,5, 150mM NaCl, 0,1% SDS, 1% triton X-100, 1% Sodium Deoxycholate, 0,5mM 
EDTA, 1mM PMSF (from a 100x stock in isopropanol), 20µM MG132, 1x protease inhibitor 
mix (Roche cOmplete, EDTA free)), and ground in a potter tube. After 20 minutes incuba-
tion on ice, the extracts were centrifuged twice at 9000g after which the supernatant was 
transferred to a new tube each time. The input fraction was harvested at this point, and 
mixed in a 1:1 ratio with 4X SDS-sample buffer (200mM TrisHcl 6.8, 8% SDS, 40% glycerol, 
4% β-mercaptoethanol, 50mM EDTA, 0.08% bromophenol blue). Then 30 µl of anti-GFP 
coated agarose beads (Chromotek), equilibrated in washing buffer (50mM TrisHcl8.0, 
150mM NaCl, 0.1% Triton X-100, 1x protease inhibitor mix (Roche cOmplete, EDTA free)) 
were added to the protein extracts. The samples were incubated for 1 hour at 4 °C on a 
spinning wheel. Then, the beads were harvested by centrifugation at 2000g for 2 min, and 
washed 3 times with 1 ml of washing buffer. The washing buffer was removed, and 100µl 
2x SDS-sample buffer was added, after which the samples were incubated for 10 min at 98 
°C. After centrifugation for 2 min at 2700g, the supernatant was transferred to a new tube 
and stored at -20 °C until gel electrophoresis.
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Western blotting

Proteins were separated on a precast 4-12% poly acrylamide gradient mini-gel (Bio-Rad) 
at 300V. Then the proteins were transferred to a PVDF membrane using the BioRad Trans-
Blot turbo system. The blot was blocked for 1 hour with 3% BSA in TBST (50mM TrisHcl 7.4, 
150mM NaCl, 0.3% Tween 20) while shaking and washed 3 times with TBST. Antibodies 
against GFP (Miltenyi Biotec) or HA (Pierce scientific) conjugated to horse radish perox-
idase diluted 5000x in TBST with 1% BSA were added, and incubated for 1 hour while 
shaking. Then, the blot was washed 3 times with TBST, and one time with TBS (50mM 
TrisHcl 7.4, 150mM NaCl). Finally, 1ml of supersignal west femto ECL substrate (Thermo 
scientific) was added to the blot, and luminescence was measured for 5 minutes, using a 
G:box detection system (Syngene).

 Agrobacterium infiltration of Nicotiana benthamiana

Agrobacterium tumefaciens C58 expressing split-GFP constructs were grown in liquid LB 
with appropriate antibiotics for 2 days at 28 °C. The bacteria were collected by centrifu-
gation, resuspended in MMi medium (10 g/l sucrose, 5 g/l MS basal salts (Duchefa), 2 g/l 
MES, 200 µM acetosyringone, pH 5.6) to an OD600 of 0.1 and incubated for 1 hour at room 
temperature. Different combinations of split-GFP constructs were made by mixing the 
appropriate bacterial suspensions in a 1:1 ratio. The suspensions were then injected into 
the leaves of Nicotiana benthamiana plants which were then grown in a greenhouse at 21 
°C. Three days post infiltration, the infiltrated parts were analysed by confocal microscopy.

AM staining and quantification

For quantification of mycorrhization, roots were incubated in 10% (w/v) KOH at 98 °C for 
10 minutes. Then roots were washed 3 times with 5% acetic acid. After washing, the roots 
were stained in 5% ink in 5% acetic acid, for 2 minutes at 98 °C. after staining the roots 
were destained in 5% acetic acid, refreshing the destaining solution several times. For 
staining with WGA alexafluor 488, roots were incubated in 10% (w/v) KOH at 60 °C for 
3 hours. Then, roots were washed 3 times in PBS (150mM NaCl, 10mM Na2HPO4, 1.8mM 
KH2PO4, pH 7.4), and incubated in 0.2 μg/mL WGA-Alexafluor 488 (Molecular Probes) in 
PBS at room temperature for 16 hours. For quantification of mycorrhization, roots were 
cut into 1cm fragments, and the colonization and arbuscule abundance was scored and 
calculated according to Trouvelot et al.(Trouvelot et al., 1986).
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supplemental information

Table S1. Primers used in this study.
number name Sequence 5’3’

ddPRC 1 SYP111F TCCCATTGTCACTAGTTTCAGC

2 SYP111R GGCAATTCAAACGACGATG

3 SYP121F ATGCAGCAGCTATTCCCATC

4 SYP121R TTCACAAGGTTTGCCTCACC

5 SYP122F AGCGAGGAAGAACAAGATCAG

6 SYP122R CCGATTGTAACCCTTGTTCC

7 SYP123F TCTCAAATGGTGGCTACTGG

8 SYP123R TGATGCTTGACTTGACTACCAAG

9 SYP131F CGGTAACACATTGTTTCCACAAC

10 SYP131R GAGACCAATGTTTGTTTCAACC

11 SYP132AF CAGCAGTTTAACAAGGTTCATGG

12 SYP132AR AATATGCACAGAAAGCCAATTC

13 SYP132BF GTTGTGTTGGTTGGGAAAGC

14 SYP132BR CAGAGACACACCGATGTATTAGC

15 V721AF AGGAAGGGAAGTGAATAAGGTGTG

16 V721AR AGCATGCTTTCTATACACAATTCC

17 V721DF TTGTAAATTGTTTGCTTTGCG

18 V721DR AAAAAGCCACAGGTCCAATC

19 V721EF AAGCTTTTACAGTATGATGGTGATG

20 V721ER ATGATAACAGGATGGGTCGG

21 V724F AAGAAAATCAACCCAGGAGGG

22 V724R CTTTATCCACCAGCAACAAGG

23 V727F TTGTACATTGAATTTGGTGCG

24 V727R CTTGATTCAAAGTGACCAGCAG

Cloning cds 
SYP131

25 cdsSYP131F CACCATGAATGATCTTCTAACGGAATCA

26 cdsSYP131R CTATGCACCCTTTTTGGTAACC

Cloning cds 
VAMP724

27 cdsVAMP724F CACCATGAGTCAAGAATCGTTCATATACAGC

28 cdsVAMP724R CTAATTTGAACAGTTAAATCCACCG

Cloning cds 
VAMP727

29 cdsVAMP727F CACCATGAGTCAAAGGGGTTTGATATAT

30 cdsVAMP727R TCAACATTTGAAACCCCCAC

PCR expression 
cassettes

31 MGWSpeI_F TGACTAGTACGCCAAGCTATCAACTTTGT

32 MGWSwaI_R GCATTTAAATCACGACGGCCAGTGAAT

33 MGWSwaI_F TGATTTAAATACGCCAAGCTATCAACTTTGT

34 MGWApaI_R TCATAACGTGACTCCCTTAATTCTC

35 MGWApaI_F TAGGGCCCTACGCCAAGCTATCAACTTTGT

36 MGWEco81I_R AACCTTAGGTCACGACGGCCAGTGAAT

Split-GFP vector 
construction

37 AscI-GFPnF AGGCGCGCCATGGTGAGCAAGGGCGAG

38 Acc65I-GFPnR AGGTACCGGCCATGATATAGACGTTGTG

39 AscI-START-GFPcF AGGCGCGCCATGGACAAGCAGAAGAACGGCAT

40 Acc65I-GFPcR AGGTACCCTTGTACAGCTCGTCCATGC
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Supplemental figure 1. Neighbour-joining tree showing the SYP1 protein family. Included AM-host (black) and 
non-host (red) species are: Aquilegia coerulea (Ac), Arabidopsis thaliana (At), Brachipodium distachyon (Bd), Beta 
vulgaris (Bv), Citrus clementina (Cc), Chlamydomonas reinhardtii (Cr), Carica papaya (Cp), Cucumis sativus (Cs), Di-
anthus caryophyllus (Dc), Fragaria vesca (Fv), Ginkgo biloba (Gb), Musa acuminate (Ma), Manihot esculenta (Me), 
Marchantia polymorpha (Mp), Medicago truncatula (Mt), Nelumbo nucifera (Nn), Oryza sativa (Os), Phoenix dactylif-
era (Pd), Physcomitrella patens (Phys), Pinus taeda, Prunus persica (Pp) Populus trichocarpa (Pt), Striga hermonthica 
(Sh), Setaria italic (Si) Solanum lycopersicum (Sl), Selagionella moelendorfii (Sm), Spirodela polyrhiza (Sp), Theobro-
ma cacao (Tc), Utricularia gibba (Ug), Vitis vinifera (Vv).



92 

Chapter 4

4



92 93 

Functional redundancy among SNAREs to form a symbiotic interface

4



94 

Chapter 4

4

Supplemental Figure 2. Neighbour-joining tree showing the VAMP72 family. Included AM-host (black) and 
non-host (red) species are: Aquilegia coerulea (Ac), Arabidopsis thaliana (At), Brachipodium distachyon (Bd), Beta 
vulgaris (Bv), Citrus clementina (Cc), Carica papaya (Cp), Cucumis sativus (Cs), Dianthus caryophyllus (Dc), Fragaria 
vesca (Fv), Ginkgo biloba (Gb), Musa acuminate (Ma), Manihot esculenta (Me), Marchantia polymorpha (Mp), Med-
icago truncatula (Mt), Nelumbo nucifera (Nn), Oryza sativa (Os), Phoenix dactylifera (Pda), Physcomitrella patens 
(Phys), Pinus taeda, Prunus persica (Pp) Populus trichocarpa (Pt), Striga hermonthica (Sh), Setaria italic (Si) Solanum 
lycopersicum (Sl), Selagionella moelendorfii, Spirodela polyrhiza (Sp), Theobroma cacao (Tc), Utricularia gibba (Ug), 
Vitis vinifera (Vv).
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Supplemental figure 3. Split GFP analysis of SNARE interactions.

Confocal images of Nicotiana benthamiana leaves transiently expressing different combinations of split-GFP fusion constructs. 
Syntaxins SYP121, SYP122, SYP132β and SYP132α, and plasma membrane protein MtPIP2.7 (negative control) fused to the 
n-terminal half of GFP are co-expressed with symbiotic v-SNAREs VAMP721d, VAMP721e, and their non-symbiotic paralog 
MtVAMP721a fused to the c-terminal half of GFP. Combinations of all syntaxins, but not MtPIP2.7, with all VAMPs results in a 
green fluorescent signal on the plasma membrane.
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Supplemental figure 4.

qRT-PCR showing the expression of SYP132 and VAMP721d/e in RNAi complementation experiments shown in figure 4. Error 
bars represent standard deviation of 3-4 biological replicates.
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Abstract

Arbuscular mycorrhizal fungi and nitrogen fixing rhizobia are hosted inside living plant 
cells where they are surrounded by a plant derived membrane that forms a specialized 
host-microbe interface. We have previously shown that the formation of a stable host-
microbe interface depends on the t-SNARE SYP132α, a symbiosis dedicated spliceform 
of SYP132. The dependence of host-microbe interface formation on SYP132 can be 
largely explained by its dominant expression in cells that host microbes. However, the 
conservation of SYP132 alternative splicing in the dicot lineage suggests that the two 
spliceforms do functionally differ, as splicing does not necessarily affect the total level 
of SYP132 transcripts. Here,  we generated syp132α-1, a mutant line in which SYP132 is 
constitutively spliced into the SYP132β isoform, which allowed us to study the difference 
between SYP132α and –β in more detail. We show that arbuscules are formed in this 
line that, in number, morphology and lifetime, are indistinguishable from arbuscules in 
wild type plants. Nevertheless, the biomass of mycorrhized syp132α-1 mutants remains 
smaller when these plants are mycorrhized, suggesting that the arbuscules are not fully 
functional. By using fluorescent timer fusions to track the turnover of proteins, we found 
that SYP132α localizes preferentially to functional arbuscule branches, as a result of 
increased stability or recycling of SYP132α compared to its non-symbiotic isoform.Our 
results show that SYP132α is functionally different from SYP132β, and required for the 
full functionality of arbuscules.
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INTRODUCTION

Arbuscular mycorrhizal (AM) fungi and rhizobium bacteria are hosted inside living 
plant cells during  endosymbiosis with plants. This requires the formation of specialized 
host-derived membranes that surround the microbes. These membranes form an intimate 
host-microbe interface that facilitates optimal nutrient exchange between plant and 
microbe. We have shown that the formation of the host-microbe interface depends on a 
specific set of SNARE proteins. In Medicago two v-SNAREs (MtVAMP721-d and –e) as well 
as an alternative splice-isoform of the t-SNARE SYNTAXIN132 (MtSYP132α) were shown 
to be essential for the formation of a (stable) interface (Ivanov et al., 2012, Chapter 3). 
These symbiotic SNARE proteins are highly conserved in dicot plants that host AM fungi 
and are absent in non-host lineages, which is a strong indication that they are dedicated 
to symbiosis (Chapter 3). The proteins encoded by the symbiosis dedicated SNAREs are 
not unique in their ability to mediate vesicle fusion to the peri-arbuscular membrane, 
as the symbiotic SNAREs are functionally interchangeable with their non-symbiotic 
counterparts. Knock-down of MtSYP132α by RNAi can be complemented by expres-
sion of MtSYP132β, MtSYP131 or MtSYP121, from the MtSYP132 promoter (Chapters 3 & 
4). Similarly, MtVAMP721d/e knock-down can be complemented by expression of their 
non-symbiotic family members (Chapter 4). This raises the question why (dicot) plants use 
dedicated SNAREs for the formation of a host-microbe interface.

In Chapter 4, we have shown that the dominant expression level of symbiotic SNAREs is 
the main determinant for their essential role in arbuscule formation. However, since the 
alternative splicing of SYP132 does not affect the total level of SYP132 transcripts, there 
must be another reason for the conservation of alternative splicing of SYP132 in most 
dicot plants. Therefore, we hypothesized that SYP132α must have unique symbiosis-ded-
icated properties, that are lacking in SYP132β. These properties are not required for the 
formation of arbuscules as this can also be mediated by SYP132β. Instead, we hypothesize 
that the unique properties of SYP132α are important at later stages of arbuscule develop-
ment, for example to control its lifetime or functionality.

The complementation of the SYP132α RNAi has proven to be a suitable approach to show 
the redundancy of SNAREs in arbuscule formation, since the formation of arbuscules is 
an easy to observe qualitative phenotype (Chapter 4). However, since we hypothesize 
that the difference between SYP132α and other t-SNAREs is most relevant after arbuscule 
formation, the replacement of SYP132α with another SNARE may result in more subtle, 
quantitative phenotypes. To analyse such phenotypes the use of hairy root transforma-
tion is unsuitable, because it introduces variation in RNAi efficiency, transgene expression 
and hormone balance of transformed roots. This can introduce variation in mycorrhization 
or plant growth that masks subtle phenotypes. Therefore, we investigated the functional 
differences between the two spliceforms of SYP132 using a stable line in which SYP132α has 
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been replaced by SYP132β. Using CRISPR-Cas9 genome editing, we generated syp132α-1, 
a mutant in which all transcripts are exclusively spliced into SYP132β. We show that there 
is no difference in colonization of this mutant by either AM fungi or rhizobia. Furthermore, 
the morphology and lifetime of arbuscules in this mutant are indistinguishable from wild-
type. However, we did observe that the SYP132α-CRISPR line shows a significant reduction 
in plant growth, especially root growth, in a mycorrhiza-dependent manner. This offers a 
first explanation for the strict conservation of SYP132α in mycorrhizal host plants. Further-
more, by using fluorescent timer fusions to track the turnover of proteins, we found that 
the preferential localization of SYP132α to healthy parts of partially collapsing arbuscules 
is the result of the increased stability or recycling of SYP132α on functional branches. The 
endocytic turnover of SYP132α was increased upon overexpression of VAMP721e causing 
an accumulation of SYP132α at the degrading parts of arbuscules. Our data suggest that 
SYP132α controls arbuscule activity/functionality independent from its role in arbuscule 
formation, although the mechanistic basis for the symbiosis-specific function of SYP132α 
remains a topic for further study.
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RESULTS

Generation of syp132α-1, a constitutively SYP132β-splicing mutant.

To generate a SYP132α knockout line, we designed a CRISPR construct that targets the 
last exon of SYP132α, which is specific for this isoform. This construct was introduced into 
the Medicago ecotype R108 through stable transformation and offspring was analysed 
for mutations in SYP132α. Eight independent transgenic lines expressing the CRISPR-Cas 
construct were isolated, and screened for mutation in SYP132α. One line was identified 
that was heterozygous for a mutation in SYP132α representing a 532 bp deletion, which 
includes the entire α-specific exon as well as 34 bp of the last intron (Figure 1a). In the 
next generation, plants homozygous for this mutation were selected. Offspring of this 
line, named syp132α-1, was screened for symbiotic defects during AM symbiosis and 
rhizobium symbiosis, both of which were previously shown to be severely affected by 
spliceform-specific RNAi of SYP132α (Chapter 3).

Figure 1.

A-B Mycorrhized wildtype (A) and syp132α-1 roots stained with WGA-Alexa488. Scale bars are 100 µm. D-E Toluidine blue stained 
sections of nodules on wildtype (C) and syp132α-1 roots. Scale bars are 100 µm. E Schematic representation of the SYP132 exons 
in the genome of Medicago, the different spliced transcripts, and the region deleted in the syp132α-1 mutant. F digital droplet 
PCR measurements of the transcript levels of SYP132α and –β in the arbuscular cells of wildtype plants and syp132α-1 plants. 
Error bars represent standard deviation of 4 (R108) or 3 (syp132α-1) biological replicates.
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Surprisingly, we did not observe the premature degradation of arbuscules or impaired 
symbiosome development phenotype previously observed upon silencing of the 
SYP132α isoform. Instead, the formation of arbuscules and symbiosomes appeared similar 
to wild-type (Fig. 1a-d).

Since the deletion in this mutant includes the splice acceptor site in front of the 
SYP132α-specific last exon, we hypothesised that in the syp32α-1 mutant all SYP132 tran-
scripts are eventually spliced into the β-isoform in absence of the alternative α-splicing 
acceptor site. In such case the lack of SYP132α will be compensated by an equal increase 
of SYP132β levels. To test for this compensation, we harvested arbuscule containing cells 
using laser capture microdissection and used digital droplet PCR (ddPCR) to measure 
absolute transcript levels of both spliceforms in these cells. As shown in figure 1f, the lack 
of SYP132α in the syp132α-1 mutant is indeed compensated by an increase of SYP132β 
levels. This suggests that SYP132β can functionally replace SYP132α, in line with the 
previously reported complementation of SYP132α RNAi through expression of SYP132β 
(Chapter 3).

syp132α-1 plants remain smaller than wildtype plants when mycorrhized 

The syp132α-1 CRISPR mutant line offered an elegant opportunity to test to which extent 
SYP132α and –β are truly interchangeable or reveal subtle differences. To study the 
symbiotic phenotype of syp132α-1 in more detail, we quantified several parameters of 
mycorrhization, according to Trouvelot et al. (1986). We found that the level of mycorrhi-
zation (F%) of wildtype and syp132α-1 was identical, as well as the number of arbuscules 
(A%) (Fig. 2a). In addition, we counted the number of fungal storage vesicles per mycor-
rhized root length. From this, we found that the number of vesicles formed in syp132α-1 
was slightly, but significantly higher than wild-type (Student’s t-test, p≤0.05; Fig. 2b). As 
a measure of effectiveness of the symbiosis, we measured the phosphate levels of the 
shoots of mycorrhized plants as described in Novozamsky et al. (1983). The levels of 
phosphate per dry weight was the same between syp132α-1 and wildtype plants (Fig. 2c). 
Next, we tested the expression of AM symbiosis marker genes by qPCR. We tested markers 
for symbiotic signalling (RAM1; Gobbato et al., 2012), arbuscule degradation (MYB1; Floss 
et al., 2017), and genes involved in fungal or plant nutrition (PT4; Harrison et al., 2002; 
SWEET7; J. An Unpublished ; RAM2, Bravo et al., 2017). None of these showed a significant 
difference in expression between syp132α-1 and wildtype plants (Fig. 2d).

Although none of our analyses revealed striking differences in morphology or level of 
mycorrhization, we noted that in all our experiments (4 independent repetitions), the 
mycorrhized syp132α-1 mutant plants remained smaller than wildtype control plants (Fig. 
2e). The fresh weight of mycorrhized syp132α-1 and wildtype plants was quantified for 
roots and shoots separately, showing that especially the root biomass of syp132α-1 was 
severely reduced (Fig. 2f ). Although also the average shoot biomass was reduced in all 
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Figure 2 

A. Mycorrhization (M%) and arbuscule 
abundance (A%) in wildtype and syp132α-1 

roots, 6 weeks after inoculation with 
R. irregularis. Parameters are scored 

according to Trouvelot et al., 1986. Error 
bars represent the standard deviation 
of 5 biological replicates B. number of 

fungal storage vesicles corrected for the 
mycorrhization levels in A. Error bars 

represent the standard deviation of 5 
biological replicates. C. Shoot phosphate 

content in wildtype and syp132α-1 roots, 6 
weeks after inoculation with R. irregularis. 

Error bars represent the standard deviation 
of 5 biological replicates. D. qRT-PCR 

on cDNA isolated from mycorrhized in 
wildtype and syp132α-1 roots, 6 weeks 

after inoculation with R. irregularis. E image 
showing macroscopic difference between 
in wildtype and syp132α-1 roots, 6 weeks 
after inoculation with R. irregularis. Scale 

bar is 5 cm. F. Fresh weights of plants 6 
weeks after inoculation with R. irregularis, 
and non-inoculated control plants. A-D, F. 
n.s. indicates non-significant differences, 

asterisk indicates significant difference 
(Student’s t-test p≤0.05).
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repetitions of the experiment, this was not always significant. The effect on plant growth 
was dependent on mycorrhizal colonization, as no significant difference between the 
wild-type R108 and syp132α-1 plants was observed in the absence of mycorrhiza. This 
suggested a symbiotic deficiency in the syp132α-1 plants which prompted us to examine 
arbuscule development in the mutant line in more detail.

Arbuscule development in syp132α-1 

Since the biomass of mycorrhized syp132α-1 plants was lower than wildtype, we 
suspected that the functionality or lifetime of the arbuscules was reduced in the mutant. 
To test whether specialized peri-arbuscular membrane cargo is still able to reach the 
peri-arbuscular membrane in the mutant, we analysed the localization of the symbiotic 
phosphate transporter PT4 fused to GFP expressed from its own promoter (Pumplin & 
Harrison, 2009). In both mutant and wildtype plants it localized to the tips of the growing 
arbuscule with no apparent difference in intensity (Fig. 3a and b). Since a previous study 
on arbuscule lifetime found subtle differences in the size distribution of arbuscules (Floss 
et al., 2017), we also determined the arbuscule size distribution in the syp132α-1 mutant, 
by measuring the arbuscule size in images of 1000 arbuscules per root of wildtype and 
mutant plants (n=4). This revealed no differences in arbuscule size distribution (Fig. 3c). 
From the same images we quantified the fraction of collapsed arbuscules, which was not 
significantly different. To get more direct data on the lifetime of arbuscules, we developed 
a construct that expresses the fluorescent timer reporter protein dsRed-E5 fused to a 
nuclear localization tag from the PT4 promoter. DsRed-E5 slowly maturates from green to 
red fluorescence with a half-time of approximately 10 hours (Mirabella et al., 2004). Since 
the PT4 promoter is switched on precisely at the start of the formation of the peri-arbus-
cular membrane (Pumplin et al., 2012), the ratio of red/green fluorescence can be used 
as a proxy for arbuscule age. We expressed the pPT4::Timer-NLS construct in mycorrhized 
Medicago roots and determined the red/green ratio of the nucleus of approximately 
100 arbuscular cells per root (n=4). We observed a clear correlation between the colour 
of the nucleus and the phenotype of the arbuscule: Arbuscules with young (turgoid) 
branches that did not yet completely fill the cell displayed a low nuclear red/green ratio, 
while collapsed arbuscules displayed a high nuclear red/green ratio. Mature arbuscules 
displayed intermediate red/green ratio’s (Fig. 3d). This confirmed the suitability of the 
construct to measure arbuscule age. The age distribution of arbuscule cells in syp132α-1 
plants was not significantly different from the age distribution in wildtype plants (Fig. 3e). 
In summary, despite the observed effect on plant growth, these analyses did not reveal 
any effect on arbuscule morphology or lifetime in the syp132α-1 mutant line.
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SYP132 isoforms show a differential turn-over upon arbuscule collapse

The reduced biomass of mycorrhized syp132α-1 plants suggests that there is a func-
tional difference between SYP132α and SYP132β. Previously, we observed a difference 
in localization between the SYP132 isoforms when arbuscules start to collapse, with 
SYP132α being more confined to the non-degrading (“healthy”) arbuscule branches and 
SYP132β accumulating on degrading parts (Huisman et al., 2016; Chapter 3). Since polar 
localization of proteins to different parts of the plasma membrane can be the result of 
directional secretion and/or selective recycling (Łangowski et al., 2016), we investigated 

Figure 3.

A-B Confocal laser scanning microscopy images showing localisation of PHOSPHATE TRANSPORTER 4 (PT4) labelled with GFP 
driven by its native promoter in arbuscular cells of wildtype and syp132α-1 roots. The cytoplasm and nuclei are labelled with 
dsRed driven by the Arabidopsis ubiquitin 3 promoter. C. Arbuscule length distribution measured in wildtype and syp132α-1 
roots infected with R. irregularis. Around 1000 arbuscules per root were measured. Error bars represent standard deviation of 4 
different roots. D. Confocal laser scanning microscopy images overlaid with DIC images showing expression of nuclear localized 
dsRed-E5 (Timer) driven by the PT4 promoter in arbuscular cells of wildtype plants. The numbers in the upper-right corner 
indicate the ratio between red and green fluorescence. E. Age distribution of arbuscules in wildtype and syp132α-1 roots. The 
age of ~100 arbuscules was measured per root. Collapsed arbuscules were not measured. Error bars represent standard deviation 
of 4 individual roots. C and E no significant differences between wild-type and syp132α-1  were found (Student’s t-test p≤0.05).
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the relative stability of both SYP132 isoforms on different arbuscule branches  by fusing 
them to the fluorescent timer dsRed-E5, driven from the arbuscule-specific PT4 promoter. 
To correct for the time the PT4 promoter is active in the cell, we simultaneously expressed 
dsRED-E5 fused to a nuclear localization signal driven by the same promoter. Before 
arbuscules collapse, both isoforms displayed identical behaviour: The red/green ratio 
on arbuscular branches was more shifted to red compared to the signal on the tips of 
growing arbuscules (Fig. 4a; only SYP132β shown). This indicates that both isoforms are 
delivered preferentially to the tip of growing arbuscules. When the arbuscules collapse 
partially, this pattern changes; the collapsed part is labelled mostly by red (older) proteins, 
whereas the ‘healthy’ turgoid parts are mostly green/young. At this stage the healthy 
arbuscule branches appeared to be evenly labelled, with no difference between tips and 
older branches. Both SYP132 isoforms showed a similar pattern. (Fig. 4b-d). Strikingly, 
the healthy part of partly collapsing arbuscules showed a lower red/green ratio than the 
arbuscule branches of mature arbuscules before collapse, as a result of lower levels of red 
fluorescence (Fig. 4d,f ). This indicates that more older/red proteins are being removed 
at this stage. The removal of old/red proteins from the healthy parts of collapsing arbus-
cules coincides with a stronger red labelling of the collapsed parts, suggesting that 
such proteins are recycled from the healthy to the collapsed part. Both SYP132α and –β 
eventually label the collapsed parts (Fig 4e-f ). However, we observed a difference in the 
absolute levels of both isoforms on the healthy branches of collapsing arbuscules; the 
amount of red fluorescent SYP132α is significantly higher than observed for SYP132β on 
these branches (Fig. 4f ). Also the amount of green/young SYP132α seemed to be higher, 
although this difference was not significant (Fig. 4e). These observations suggest that the 
earlier observed difference in localization of both isoforms in partly collapsing arbuscule 
cells (Chapter 3) is not the result of a difference in delivery of newly formed protein, but 
the result of  slower turn-over/re-localization of SYP132α to the collapsed part compared 
to SYP132β, or a preferential recycling of SYP132α back to the healthy domains.

Strikingly, when we co-expressed SYP132α with VAMP721e both from the PT4 promoter 
(Chapter 4), we noticed that SYP132α localized mostly to the collapsed part of partly 
degrading arbuscules, whereas it was nearly absent from the healthy parts (Fig. 4g). This 
localization was observed in 13 out of 13 partially collapsing arbuscules, whereas without 
overexpression of VAMP721e, SYP132α preferentially localized to the healthy branches in 
28 out of 29 partially collapsing arbuscules (Fig. 4h). This indicates that overexpression of 
VAMP721e causes the re-localization of SYP132α towards collapsing arbuscule domains. 
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DISCUSSION

The evolutionary conservation of the SYP132α isoform in mycorrhizal-host plants, 
suggested that this isoform has a symbiosis-specific function. Here, we have studied the 
functional differences between SYP132α and –β by generating syp132α-1, a constitutive 
β-splicing mutant, and by studying the difference in dynamics between the two proteins. 
We have shown that although both SYP132α and SYP132β are sufficient for the formation 
of arbuscules, the biomass of mycorrhized syp132α-1 is severely reduced, suggesting that 
these arbuscules are functionally impaired. Despite extensive investigations, we did not 
observe any difference in the morphology or lifetime of the arbuscules compared to wild-
type. Therefore, the syp132α-1 mutant appears to uncouple arbuscule morphology from 
function, as discussed below.

Our initial goal in generating a syp132α mutant through CRISPR-Cas9 technology was to 
knock out SYP132α without affecting the SYP132β levels, resembling the specific RNAi of 
SYP132α (Chapter 3). Such mutant could be used to knock-in different non-symbiotic SYP1 
paralogs. Instead, we obtained the syp132α-1 mutant where the absence of SYP132α tran-
scripts is compensated by the increased levels of SYP132β transcripts. In this respect, the 
syp132α-1 mutant resembles the SYP132α RNAi plants complemented with SYP132β (fig. 6 
of Chapter 3). In this previous experiments, the observed complementation could still be 
attributed to the partial knockdown of SYP132α in combination with an approx. 10-fold 
overexpression of SYP132β. However, the absolute expression levels of both isoforms in 
arbuscule cells of syp132α-1 and wildtype plants show that the compensation of SYP132α 
knockout by SYP132β does not rely on its overexpression. The fact that during nodulation 
syp132α-1 is also not impaired in symbiosome release or differentiation further shows that 
both isoforms are largely interchangeable in rhizobium symbiosis.

Figure 4.

A-C. Confocal laser scanning microscopy images showing SYP132α and –β, fused to dsRed-E5 (Timer), co expressed with 
nuclear localized Timer, both driven by the PT4 promoter. The brightness of the red and green channels in all three images 
were normalized against the red and green levels in the nuclei, to allow comparison between images. Note, in this figure, nuclei 
were overexposed to visualize weaker Timer-SYP132 fusion proteins, but care was taken not to saturated raw images used for 
the analyses. D-F. Quantification of red and green florescence on different subcellular regions of mature and partially collapsing 
arbuscules expressing Timer-SYP132 fusions. Error bars represent standard deviation of 15 (SYP132α, mature) 7 (SYP132α, 
collapsed) 13 (SYP132β, mature) or 18 (SYP132β, collapsed) cells. Different letters or asterisk indicate significant difference 
(Student’s t-test p≤0.05). G-H. Confocal laser scanning microscopy images and accompanying bright-field images showing the 
localization of SYP132α fused to GFP without (G) and with (H) co-expression of triple HA-tag labelled VAMP721e, both driven by 
the PT4 promoter. Collapsed branches are marked by white arrowheads, healthy branches are marked by blue arrowheads. The 
red signal shows autofluorescence of collapsed arbuscules and the nuclei and cytoplasm that are labelled with dsRed driven by 
the Arabidopsis ubiquitin 3 promoter. Scale bars are 10µm.
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We found that the symbiotic phosphate transporter PT4 is expressed in syp132α-1 mutants 
and delivered to the peri-arbuscular membrane as in wild-type roots. Further, similar 
phosphate levels were measured in the leaves of mycorrhized syp132α-1 and wild-type 
plants. Therefore, the mycorrhiza-dependent reduction in plant growth in the mutant is 
unlikely to be caused by a reduction of phosphate transfer to the plant. Interestingly, we 
noticed a higher amount of fungal storage vesicles in the syp132α-1 roots, which might 
indicate a difference in the amount of carbon transferred to the fungus.

Which biological process is impaired in the syp132α-1 mutant is a major question that 
still remains, however the delivery of membrane to arbuscules in this mutant appears to 
be sufficient to support their growth to full maturation. Since SYP132α does not selec-
tively interact with specific v-SNAREs to mediate the fusion of a specific population of 
vesicles (Chapter 4), it can be assumed that the same vesicles mediate the growth of the 
peri-arbuscular membrane in syp132α-1 mutant plants and wild type plants. Therefore, 
the specific use of SYP132α seems to be independent of its role in vesicle fusion. A 
potential explanation for the specialization of SYP132α could involve an interaction with 
specific peri-arbuscular membrane localized transporters. Such a scenario is not without 
precedent. For example, the t-SNARE AtSYP121 was shown to interact with K+-channels 
KC1 and KAT1. As a result of this interaction, K+ uptake is reduced in Atsyp121 mutants 
(Grefen et al., 2010). Also in animal systems, syntaxins have been shown to interact with 
and directly regulate a range of ion channels or transporters (Michaelevski et al., 2003; 
Chao et al., 2011). Interaction of SYP132α with nutrient transporters on the peri-arbus-
cular membrane may affect the nutrient exchange, leading to impaired root growth in the 
syp132α-1 mutant.

Previously, we found that SYP132α and -β differentially mark healthy and degrading 
arbuscule branches, when arbuscules start to collapse (Chapter 3).  Based on this, we 
hypothesized that SYP132α mediates vesicle transport to the healthy parts, while SYP132β 
could mediate vesicle transport that allows a cell to degrade arbuscules and return to 
a non-symbiotic state. However, this hypothesis did not take into account the encase-
ment-like character of the membranes surrounding the collapsed arbuscular branches. 
From transmission electron microscopy images, it was shown that collapsed arbuscule 
branches are encased by depositions of cell-wall like material, with many paramural 
bodies (Cox & Sanders, 1974). Such encasement is highly similar to the encasement 
of haustoria from filamentous pathogens, which occur as result of a defence response 
towards these pathogens. During the encasement of haustoria multivesicular bodies 
(MVBs), which normally fuse to the vacuole to target membrane proteins for degrada-
tion, are redirected towards the haustorial encasement. This results in the inclusion of the 
inner vesicles of MVB within the deposited cell-wall material as exosomes (Assaad et al., 
2004; An et al., 2006; Micali et al., 2011). Following this route, membrane localized proteins 
including the t-SNARE SYP121 accumulate in the encasement (Nielsen et al., 2012). Since 
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the SYP121 SNARE domain will be on the inside of the exosomes, accumulation of SYP121 
at encasements does not reflect a specialized role in vesicle fusion to the peri-hausto-
rial membrane(Meyer et al., 2009; Nielsen & Thordal-Christensen, 2013). Consistent with 
an encasement-like arbuscule degeneration process, the localisation of SYP132 on the 
collapsing parts of arbuscules appeared to be wider and more irregular and included fluo-
rescent signal in the middle of the clumps indicating localisation to paramural bodies (see 
for example Fig4 H). Therefore, similar to the accumulation of SYP121 in the encasement 
of haustoria, the presence of SYP132 on collapsing arbuscules may represent a retargeting 
of MVB’s containing endocytosed syntaxins to the PAM-encasement (Figure 5). In this 
scenario, the biologically relevant difference between SYP132α and –β is their presence 
on the healthy branches, not their different accumulation on the collapsing branches.

Figure 5. Model predicting SYP132 dynamics during arbuscule collapse

Colours indicate the average age of SYP132, from young (green), to intermediate (orange) to old (red). 1. Newly synthesized 
proteins are delivered to both functional and collapsed branches. 2. Proteins are removed from the membrane by endocytosis. 
After endocytosis, they can be recycled to the peri-arbuscular membrane (3), or enter the endosomal pathway for degradation. 
The net removal of SYP132α from the healthy branches is lower than SYP132β. This can be due to lower endocytosis, or due to 
increased recycling. The average age of SYP132 on the collapsed branches is higher than on the healthy branches. This may be 
due to a lower removal rate from collapsed branches. 4. Membrane proteins that are targeted for degradation are translocated 
to the inner vesicles of multi vesicular bodies (MVBs) that fuse with the vacuole. 5. The lytic degradation and encasement of 
collapsed arbuscules may involve the re-direction of MVBs bodies to the collapsed branches. This results in the presence of 
SYP132 labelled exosomes in the encasements, that contribute to the high average age of SYP132 on collapsed branches.
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The use of fluorescent timer constructs allowed us to monitor the relative age  of arbus-
cules and associated SYP132 proteins at different parts of the arbuscules. We observed 
that the age of SYP132 proteins on the collapsed arbuscule branches was much older than 
on the healthy parts. This pattern holds true for both spliceforms of SYP132. It suggests 
that both isoforms are endocytosed from the healthy parts, while at the collapsed parts 
they are more stationary or recycled back after endocytosis. The stationary presence of 
proteins at the collapsed part could be the result of their presence within the encase-
ment, as described above, from which they cannot be removed. These analyses further 
revealed a difference in the dynamics of the SYP132 isoforms upon collapse; The amount 
of SYP132α at the healthy branches was higher compared to SYP132β, indicating a slower 
turn-over or enhanced recycling of SYP132α compared to SYP132β. As a consequence, 
we expected the average age of SYP132α on healthy branches to be older than SYP132β. 
However, the half-life of the timer may be insufficient to show these differences. A model 
to explain the different behaviour of the SYP132 isoforms during arbuscule collapse is 
shown in Figure 5.

Interestingly, when we overexpressed VAMP721e together with SYP132α, the turn-over 
of SYP132α became similar to SYP132β. We previously showed that significantly more 
VAMP721e protein is found in SNARE complexes with SYP132β than with SYP132α, which 
suggested that SYP132α-containing cis-SNARE complexes were more rapidly disassem-
bled (Chapter 4). Since VAMP721e also accumulates on the encasement (not shown), the 
endocytotic turn-over of both SYP132 isoforms may be enhanced by their interaction with 
VAMP721e. Therefore, the difference in localisation between the two SYP132 isoforms 
may be the result of differences in cis-SNARE complex stability. The different behaviour 
of SYP132α and SYP132β is most apparent when the arbuscule collapses partially, but a 
difference in protein/SNARE complex stability on the peri-arbuscular membrane may be 
of biological relevance already before the collapse of arbuscules. The fact that a difference 
in protein localization is only observed during collapse of arbuscules may be due to the 
use of the PT4 promoter to drive the expression of the fusion-proteins. The PT4 promoter 
is switched off when arbuscules collapse (Volpe et al., 2016), allowing visualisation of 
protein stability without interference from newly synthesised proteins at this stage.

A difference in protein stability between the two SYP132 isoforms may also occur at the 
symbiosome membrane during rhizobium symbiosis. Until now, there has been some 
controversy related to the differential localization of the two SYP132 spliceforms in 
nodule cells. We reported that both SYP132 spliceforms equally localize to symbiosomes 
and the plasma membrane (Chapter 3). In contrast, Pan and co-workers reported that 
SYP132β strictly localized to the plasma membrane without labelling symbiosomes and 
SYP132α mainly localized to symbiosomes (Pan et al., 2016). Based on these findings, Pan 
and co-workers hypothesized that SYP132α and –β separate traffic to the symbiosomes 
and plasma membrane. Both their and our studies made use of artificial promoters; we 
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used the Arabidopsis EF1α and pea Leghaemoglobin promoters, while Pan and co-workers 
used the Medicago DNF1 promoter. The DNF1 promoter is switched off in the fixation 
zone (Wang et al., 2010a). Thus, if SYP132α is more stable on symbiosomes compared to 
SYP132β, it may remain on differentiated symbiosomes for a longer time after it’s expres-
sion has been shut down, while SYP132β may be removed much faster. This difference in 
stability is not observed using the EF1α and Leghaemoglobin promoters, which remain 
active during symbiosome development (Auriac & Timmers, 2007; Limpens et al., 2009). 
Nevertheless, these promoters show that there is no difference in targeting of the two 
isoforms to the symbiosomes. The observation that  SYP132β can compensate for the loss 
of SYP132α in syp132α-1 nodules shows that the two spliceforms do not separate traffic to 
the symbiosomes and the plasma membrane.

Summarizing, our results indicate that SYP132α is dedicated to symbiosis and required 
for full arbuscule functionality, explaining its conservation in all AM-host plants after its 
evolution. Although our results do not yet reveal the mechanism(s) by which SYP132α 
performs a symbiosis-dedicated function, the insights obtained here offer a starting point 
for future investigations that may reveal new aspects of arbuscule maintenance that are 
required for efficient nutrient transfer.

MATERIALS AND METHODS

Plasmid construction

To make a CRISPR-Cas9 construct for SYP132α we made use of the pCAMBIA1302-Cas9 
vector described by Jiang et al. (Jiang et al., 2013). A 20 bp region (GCAACTGATCATGT-
GAAGTC) targeting the last exon of SYP132α was chosen as sgRNA target sequence. 
Overlap PCR was performed to introduce the selected 20 bp target sequence into the 
U6-sgRNA cassette from pCAMBIA1302-Cas9, flanked by SalI and KpnI restriction sites, 
using the primers 1-4 (Table S1). The resulting SYP132α-sgRNA fragment was introduced 
into the pCAMBIA-CAS9 vector via SalI-KpnI restriction-ligation.  pCAMBIA-CAS9 addition-
ally contains the CAS9 gene under the control of the CaMV35 promoter and a hygromycin 
resistance gene for selection in the plant.

A pPT4::PT4 GFP expression vector was provided by Prof. Maria Harrison and described in 
(Pumplin & Harrison, 2009). This expression cassette amplified by PCR, using primers 29 
and 30 (table S1) adding BsaI restriction sites that generate a Bsp120I compatible sticky 
overhang. Using BsaI-Bsp120I restriction digestion, the PCR fragment was inserted into an 
empty binary RNAi vector carrying cytoplasm marker dsRed driven by the pUB promoter 
described in (Huisman et al., 2016).

All other expression cassettes were constructed using multisite gateway technology 
(Invitrogen) in the pKGW-MGW destination vector, using a pENTR2-3 carrying a 35S 
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terminator (Ovchinnikova et al., 2011). For this, a pENTR4-1 vector carrying a PT4 
promoter, a pENTR4-1 carrying a PT4 promoter fused to GFP, and pENTR1-2 vectors 
carrying the coding sequences of SYP132α and -β were described in (Huisman et al., 2016). 
a pENTR1-2 carrying a Timer-NLS construct was generated by amplifying the timer-NLS 
cds from a vector described in (Mirabella et al., 2004), using primers 31 and 32 (Table S1) 
adding a cacc sequences in the forward primer. The PCR fragment was then cloned into 
a pENTR/D-TOPO entry vector using TOPO cloning (Invitrogen). A pENTR4-1 carrying 
the fluorescent timer driven by the PT4 promoter was constructed by amplifying the 
timer cds using primers 33 and 34 (Table S1), while adding AscI-KpnI restriction sites. By 
AscI-KpnI restriction digestion, the GFP of the pENTR4-1 pPT4-GFP was swapped for Timer. 
The Timer-SYP132 fusions were combined with the Timer-NLS constructs, by amplifying 
the Timer-NLS expression cassette using primers 35 and 36 (Table S1), while adding ApaI 
and Eco81I restriction sites. Using ApaI-Eco81I restriction digestion, the cassete was then 
inserted into the binary vectors already carrying the Timer-SYP132 fusion constructs.

Stable transformation of Medicago truncatula

The binary plasmid carrying SYP132α-sgRNA/35s::CAS9 construct the was introduce into 
Agrobacterium tumefaciens AGL1 via electroporation. Stable transformation of Medicago 
truncatula R108 cotyledon and young leaf explants was done according to Chabaud et 
al. (Chabaud et al., 2003). Transformants were selected using 10 mg/L hygromycin B. DNA 
was extracted from the transformed lines using the standard CTAB miniprep method. 
The resulting lines were genotyped, and resulting PCR amplicons sequenced, using 
the primers 5 and 6 (Table S1). The presence of the Cas9 gene in the obtained lines was 
checked by PCR using primers 7 and 8 (Table S1).

Plant growth, Transient transformation and inoculation

For transformation, Agrobacterium rhizogenes MSU440 was used according to (Limpens et 
al., 2004). For nodulation assays, plants were transferred to perlite saturated with Färhaeus 
medium without Ca(NO3)2 and grown at 21°C at a 16/8 h light/dark regime. After three 
days, plants were inoculated with Sinorhizobium melilotii 2011 and grown for 4 weeks. 
For mycorrhization assays, plants were transferred to pots containing a 5:3 (v/v) ratio mix 
of expanded clay and sand, saturated with modified Hoagland medium (5 mM MgSO4, 2.5 
mM Ca(NO3)2, 2.5 mM KNO3, 2mM NH4NO3, 500 µM MES, 50 µM NaFeEDTA, 20 µM KH2PO4, 

12,5 µM HCl, 10 µM H3BO3, 2 µM MnCl2, 1 µM ZnSO4, 0.5 µM CuSO4, 0.2 µM Na2MoO4, 
0.2 µM CoCl2, pH 6.1). Plants were inoculated with dried Rhizophagus irregularis infected 
maize roots obtained from Plant Health Cure (http://www.phc.eu). Plants were grown for 
four weeks at 21°C at a 16/8 h light/dark regime.



114 115 

Specialization of SYP132 to control arbuscule functionality

5

Laser capture microdissection and ddPCR

Roots of mycorrhized Medicago plants and uninfected control plants were harvested and 
fixed in Farmer’s fixative (75% ethanol, 25% acetic acid) substituted with 0,01% Chlorazol 
Black E to stain AM fungi, and vacuum infiltrated for 30 minutes on ice. Then, the roots 
were incubated in Farmer’s fixative for 16 hours at 4°C on a spinning wheel. After fixation, 
the roots were dehydrated in an ethanol dehydration series (80%, 85%, 90%, 95% 30 
minutes each followed by 100%, overnight) Steedman wax was prepared by mixing 90% 
polyethylene glucol400 distearate and 10% 1-hexadecanol at 65˚C. Steedman wax was 
infiltrated by incubating the roots in 50% Steedman wax and 50% ethanol for two hours 
at 38˚C, followed by 3 incubations in 100% Steedman wax for 2 hours at 38˚C. Finally, 
the samples were transferred to room temperature to allow the wax to solidify. Solidi-
fied blocks of Steedman wax were cut into 20µm thick sections using a microtome, and 
transferred to PEN-membrane slides (Leica). Arbuscule containing cells and uninfected 
cortical cells were harvested using a Leica LMD7000 laser capture microdissection micro-
scope. RNA was isolated using a RNeasy micro kit (Qiagen). cDNA was synthesized using 
the iScript cDNA synthesis kit (Bio-Rad), in a total volume of 10 µl. 1 µl cDNA was then 
used per ddPCR reaction. For this, a ddPCR mastermix containing evaGreen as a probe 
was used (BioRad), as well gene specific primers (9-14, Table S1). Then the reaction mix 
was suspended in oil using the QX200 Droplet Generator (Biorad). The PCR was carried 
out following manufacturer’s instructions. Subsequently, the absolute number of positive 
droplets was counted using a QX200 Droplet Reader.

RNA isolation and qRT-PCR

RNA was isolated from plant tissue using the EZNA Plant RNA mini kit (omega). cDNA 
was synthesized from 1µg of RNA using the iScript cDNA synthesis kit (BioRad). Equal 
amounts of cDNA were used for qPCR using SYBR green supermix (Bio-Rad) in a Bio-Rad 
CFX connect real-time system qPCR machine. Gene expression levels were determined 
using gene specific primers 13-26 listed in table S1. The gene expression was normalized 
using Actin2 and Ubiquitin10 as reference genes. 

Mycorrhizal staining and quantification of mycorrhization

For quantification of mycorrhization, roots were incubated in 10% (w/v) KOH at 98 °C for 
10 minutes. Then roots were washed 3 times with 5% acetic acid. After washing, the roots 
were stained in 5% ink in 5% acetic acid, for 2 minutes at 98 °C. after staining the roots 
were destained in 5% acetic acid, refreshing the destaining solution several times. For 
staining with WGA alexafluor 488, roots were incubated in 10% (w/v) KOH at 60 °C for 3 
hours. Then, roots were washed 3 times in PBS (150mM NaCl, 10mM Na2HPO4, 1.8mM 
KH2PO4, pH 7.4), and incubated in 0.2 μg/mL WGA-Alexafluor 488 (Molecular Probes) in 
PBS at room temperature for 16 hours. For quantification of mycorrhization, roots were 
cut into 1cm fragments, and the colonization and arbuscule abundance was scored and 
calculated according to Trouvelot et al. (Trouvelot et al., 1986).
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During arbuscular mycorrhiza (AM) symbiosis and rhizobium symbiosis, the microbial 
partner is hosted within plant cells, where it is surrounded by a plant derived membrane. 
This peri-microbial membrane forms the host-microbe interface that is highly specialized 
for the bidirectional transport of carbon and nutrients across the membrane.

In this thesis, I have studied how plant membrane trafficking is regulated to create 
a symbiotic host-microbe interface. Previously, it was shown that the formation of a 
symbiotic host microbe interface during both of these symbioses depends on the vesicle 
SNAREs (v-SNAREs) VAMP721d and –e (Ivanov et al., 2012). These SNAREs are embedded 
in the VAMP72  gene family of v-SNAREs, which are required for exocytosis (Lipka et al., 
2007). This shows that the formation of a symbiotic host-microbe interface depends on an 
exocytosis-like membrane trafficking pathway, that is shared between AM symbiosis and 
rhizobium symbiosis. Furthermore, it shows that the host-microbe interface is a subdomain 
of the plasma membrane. For simplicity, I will use the term plasma membrane to describe 
the non-symbiotic domain which surrounds the (host) cell. The genomes of most dicot 
plants that can host AM fungi contain an ortholog of MtVAMP721d/e. In contrast, most 
plants that lost the ability to interact with AM fungi like Arabidopsis have lost their copy of 
this gene. (Ivanov et al., 2012; Chapter 4). Genes that are essential for-, and are dedicated 
to AM symbiosis, often show a pattern of conservation in all AM-host plants, whereas 
they are lost in all non-hosts like Arabidopsis (Delaux et al., 2014; Bravo et al., 2016). Since 
the evolution of VAMP721d/e largely follows this pattern, and since knockdown of these 
VAMPs does not affect root development (Ivanov et al., 2012), we conclude that they are 
dedicated to symbiosis. I will refer to these SNAREs that are dedicated to symbiosis as 
‘symbiotic’ SNAREs while I will call their paralogs ‘non-symbiotic’, even though the latter 
ones may be involved in symbiosis as well. The existence of symbiotic VAMPs provided the 
starting point for the research presented in this thesis.

Do (hemi-)biotrophic pathogens require VAMP721d/e to form haustoria?

Besides mutualist symbionts, also (hemi-)biotrophic filamentous pathogens infect 
living plant cells in which they form haustoria that are surrounded by a peri-haustorial 
membrane. The peri-haustorial membrane forms a pathogenic host-microbe interface. To 
delineate the trafficking regulated by the symbiotic VAMPs, we first questioned whether 
also haustorium formation depends on VAMP721d and –e. To form haustoria, the pathogen 
must somehow force the plant into producing the peri-haustorial membrane by making 
use of pre-existing plant pathways. It has been a long-standing hypothesis that pathogens 
depend on plant mechanisms involved in symbiotic host-microbe interface formation to 
forma a pathogenic host-microbe interface (Parniske, 2000; Rey & Schornack, 2013). In 
Chapter 2, I have shown that the hemi-biotrophic oomycete Phytophthora palmivora is 
still able to form haustoria in the roots of Medicago mutants in symbiotic signalling genes 
that are required for the formation of a symbiotic host-microbe interface. This is in line 
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with similar observation by Rey and colleagues (Rey et al., 2015). Further, I have shown 
that also VAMP721d/e are not required for haustorium formation: In root cultures where 
VAMP721d/e are knocked down to levels where arbuscule formation is blocked, haustoria 
are still formed by Phytophthora palmivora. This shows that the formation of a pathogenic 
host-microbe interface is regulated independent of symbiotic signalling, and does not 
depend on the same adaptations to exocytosis as symbiotic host-microbe interface 
formation. In line with this, it was shown by several independent labs, that the peri-haus-
torial membrane of several different pathogens accumulates endosome markers Rab5, 
and sometimes Rab7, suggesting that other trafficking pathways than exocytosis are 
involved in their biogenesis (Lu et al., 2012; Bozkurt et al., 2015; Inada et al., 2016).

The expansion of regulators of exocytosis related to symbiosis

It is a major question in cell biology how plants target vesicles in a polarized fashion to 
create distinguishable plasma membrane subdomains such as the host-microbe interface. 
One simple way to achieve this is the use of multiple secretory pathways; different popu-
lations of vesicles to target different cargo to the different domains. The requirement 
for dedicated VAMPs for the formation of a host-microbe interface raised the idea that 
they may mark an additional exocytosis pathway. We hypothesized that the duplication 
and neo-/ subfuctionalization of symbiotic VAMPs alone cannot be sufficient to define a 
new pathway, since at least components that distinguish between different membrane 
domains are required. Therefore, we analysed whether the duplication of VAMPs is part 
of a more general expansion of regulators of the exocytosis machinery, and whether this 
expansion resulted in a new exocytosis pathway.

In Chapter 3, we focussed in particular on target membrane SNAREs (t-SNAREs). T-SNAREs 
were promising candidates to have symbiosis dedicated family members, since secretory 
t-SNAREs are encoded by small gene families, interact with v-SNAREs, and may therefore 
determine the location of VAMP721d/e mediated vesicle fusion. We found that only the 
Qa-type t-SNARE SYP132 follows the conservation pattern of symbiosis dedicated genes 
(Delaux et al., 2013b); it is conserved in all AM-hosts, while it is lost in all AM non-hosts. We 
found that in dicot plants, SYP132 is spliced into two splice-forms that we named SYP132α 
and SYP132β. In non-symbiotic root tissues, SYP132β is the dominant splice-form, whereas 
in nodules and arbuscular cells, splicing shifts towards SYP132α. RNAi of SYP132α blocks 
the full development of arbuscules; some fine branches are formed, but the arbuscules 
collapse pre-maturely. During rhizobium symbiosis, RNAi of SYP132α inhibits the release 
and differentiation of symbiosomes. We found that a knockout mutation of the total 
SYP132 gene was lethal and RNAi of SYP132β did not result in transgenic roots. This shows 
that SYP132β likely is essential for root development. Similar results were obtained by Pan 
and co-workers (Pan et al., 2016). Finally, by comparing the sequences of SYP132α and 
–β to that of the SYP132 of monocots, we could show that SYP132α is the most ancient 
splice-form, while SYP132β evolved later. Together, this shows that SYP132α is a symbiosis 
dedicated t-SNARE.
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In addition to v- and t-SNAREs, also other key regulators of exocytosis were found to 
be duplicated in relation to symbiosis. Before fusion, vesicles are docked to their target 
membrane by a tethering complex. Different trafficking pathways make use of different 
tethering complexes. In the case of exocytosis, this is the exocyst complex (Zhang et 
al., 2010b). The tethering of vesicles is the first step in vesicle fusion, and may therefore 
be of major importance for the targeting of vesicles to their right location. The exocyst 
consists of eight subunits, of which in particular the EXO70 subunit has been duplicated 
many times, to be encoded by a large gene family. It was found that one EXO70 family 
member, EXO70I, is specifically required for arbuscule formation. (Zhang et al., 2015b). The 
EXO70 subunit associates with the target membrane and is able to determine the exocyst 
complex localization, and may as such determine the location of vesicle fusion. Different 
EXO70 subunits are involved in different biological processes involving localized secretion 
(Sekereš et al., 2017). Since multiple EXO70 subunits can be expressed in one cell, including 
arbuscular cells (Harrison & Ivanov, 2017), it has been suggested that different paralogs 
can regulate the traffic to different plasma membrane domains to create plasma domains 
of distinct protein composition (Žárský & Potocký, 2010; Harrison & Ivanov, 2017; Sekereš 
et al., 2017). EXO70I was shown to interact with VAPYRIN (VPY). Both EXO70I and VPY were 
shown to be transcriptionally induced by the AM symbiosis signalling transcription factor 
RAM1 (Park et al., 2015; Pimprikar et al., 2016; Chapter 1), linking the common symbiosis 
signalling pathway to the regulation of traffic to the peri-arbuscular membrane (Zhang et 
al., 2015b). Mutation of EXO70I does not affect host-microbe interface formation during 
rhizobium symbiosis (Zhang et al., 2015b). This implies that other EXO70 homologs enable 
traffic to the symbiosomes.

Besides the regulators of exocytosis that were empirically shown to be dedicated to 
symbiosis, other regulators were found based on the conservation of AM symbiosis 
dedicated genes in AM hosts and loss in non-host species. A number of studies have 
exploited this pattern on a whole genome scale to identify new symbiosis dedicated genes 
(Delaux et al., 2014; Favre et al., 2014; Bravo et al., 2016). In these studies, also SYP132 and 
EXO70I were retrieved. In addition, symbiosis related duplication of the genes encoding 
SEC14 and MLO were found. These proteins were shown to be involved in membrane 
phospholipid composition and micro domain formation. Although their exact role is 
unknown, mutations in these proteins affects secretory traffic (Bhat et al., 2005; Panstruga, 
2005; Curwin et al., 2009).

The symbiosis associated duplication of different proteins involved in exocytosis raises 
the question whether these duplications are independent, each allowing the optimiza-
tion of traffic during symbiosis in its own way, or whether the different symbiosis specific 
proteins act together. The most extreme case of the latter is that simultaneous duplica-
tion of multiple genes encoding regulators of exocytosis resulted in the emergence of a 
new exocytosis pathway to separate traffic to the host-microbe interface from traffic to 
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the plasma membrane. One approach to determine whether the different proteins act 
together is to determine when they evolved. In Chapter 3, I have shown that SYP132α 
evolved at the base of the angiosperms, and is conserved between monocots and dicots. 
A similar conservation pattern was found for EXO70I (Zhang et al., 2015b; Bravo et al., 
2016). However, in Chapter 4 I have shown that monocots and the basal dicot Aquilegia do 
not have a VAMP721d/e ortholog. Therefore, the symbiosis dedicated VAMPs most likely 
have evolved at the base of the dicots, after the spit of Aquilegia. This means that the 
selective advantage of having a symbiosis dedicated t-SNARE or EXO70 ortholog was in 
the common angiosperm ancestor independent of the presence of a symbiosis dedicated 
v-SNARE, which is still the case in monocots. Nevertheless, the conservation of symbiosis 
dedicated VAMPs may still be related to the presence of other symbiosis dedicated regu-
lators of exocytosis.

The next question that should be addressed following the identification of symbiosis 
dedicated regulators of vesicle traffic, is whether these can be sufficient to form a traf-
ficking pathway that can be separated from default traffic to the plasma membrane. The 
different well established trafficking pathways towards the Golgi, ER, vacuole and plasma 
membrane are regulated by different v-SNAREs, t-SNAREs, tethering complexes, coat 
proteins, and small GTPases. Comparison of the protein sequences encoding these proteins 
shows that the proteins performing each step in the different trafficking pathways are 
related, and the result of an ancient duplication in the last common eukaryotic ancestor 
(Cavalier-Smith, 2002; Dacks & Doolittle, 2002; Jékely, 2003; Yoshizawa et al., 2006; Dacks 
& Field, 2007). Thus, by duplication of all of these regulators, new trafficking pathways 
were created. If a more recent evolution of an additional secretory pathway depends on 
duplication of the same regulators, then a novel small GTPase and coat protein are still 
not discovered. Using a modelling approach, it was shown that the minimal components 
to create distinguishable membrane compartments are a set of v-SNAREs and t-SNAREs 
that selectively interact with each other, as well as proteins that allow cargo selection into 
vesicles such as coat proteins (Heinrich & Rapoport, 2005). This would also suggest that a 
protein that allows cargo selection into vesicles is still missing from the list of symbiosis 
dedicated regulators if they encode a separate trafficking pathway. A possible explanation 
for this is that the parameters in the phylogenomics studies were chosen to select for 
genes that are conserved between monocots and dicots. If a symbiosis dedicated pathway 
evolved in dicots specifically, regulators like VAMP721d/e are not picked up. Alternatively, 
the duplication of regulators of exocytosis does not represent the duplication of secretory 
pathways.
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Are there multiple secretory pathways that allow the separation of vesicle traffic to 
the host-microbe interface and the plasma membrane? 

To understand the degree to which vesicle traffic to the host-microbe interface formation 
is regulated differently from exocytosis towards the plasma membrane, I compared 
the localization and SNARE interactions of symbiotic SNAREs and their non-symbiotic 
paralogs in Chapter 4. Further, I tested whether the non-symbiotic SNAREs are able to 
replace their symbiotic paralogs when expressed at the right level by complementation of 
the symbiotic SNARE RNAi. These experiments showed clearly that there is no selectivity 
in SNARE interactions and that the expression of the symbiotic SNAREs is the main deter-
minant for their requirement for arbuscule formation, and not any specific adaptation on 
protein level. This shows that the symbiosis dedicated SNAREs do not mark a separate 
exocytosis pathway.

The conclusion that the symbiosis dedicated SNAREs do not mark a symbiosis dedicated 
trafficking pathway does not mean that such a pathway does not exist. The comparison 
of other symbiosis dedicated key regulators like EXO70I and other proteins identified by 
phylogenomics to their non-symbiotic paralogs may provide new clues on the regula-
tion of membrane trafficking during host-microbe interface formation. This may again 
point to a dedicated secretory pathway. However, without SNAREs specifically involved 
in a separate trafficking pathway, the alternative model to target proteins specifically 
to the host-microbe interface proposed by Pumplin and co-workers is far more likely 
(Pumplin et al., 2012). These authors have shown that the timing of expression of a gene 
encoding a membrane protein is a major determinant for the localization of this protein. 
For example the phosphate transporter PT1 will be exclusively located on the plasma 
membrane of arbuscular cells when its expression is driven by the 35S promoter that 
switches of when arbuscule formation starts. However, the same protein will be exclu-
sively present on the peri-arbuscular membrane when its expression is driven by the PT4 
promoter that switches on when arbuscule formation starts (Pumplin et al., 2012). Based 
on their findings, the authors conclude that a default traffic to the plasma membrane is 
transiently redirected to the peri-arbuscular membrane. It is interesting to note that the 
switch of splicing of SYP132 from predominantly SYP132β in cortical cells to SYP132α in 
arbuscular cells may coincide with the switch of secretion from the plasma membrane to 
the peri-arbuscular membrane. This would mean that the two spliceforms of SYP132 do 
mark different membrane domains, even if they are not targeted differently. 

Like during AM symbiosis, the use of a single exocytosis pathway for trafficking to both the 
plasma membrane and the host-microbe interface may apply to symbiosome formation 
during rhizobium symbiosis as well. In line with this, there has not been a single report 
showing the exclusive localization of proteins towards the plasma membrane when 
they are expressed in cells where symbiosomes are present. The transient re-orientation 
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of exocytosis implies that during arbuscule development and possibly during the full 
arbuscule life-time, there is no traffic to the plasma membrane. Such a scenario could 
explain the short lifetime of arbuscules, but still seems unlikely, as the plasma membrane 
normally depends on a constant cycling of vesicles and proteins for its maintenance 
(Jürgens, 2004). In case of rhizobium symbiosis, the cells in which bacteria are released 
continue growing. Furthermore, plasma membrane proteins expressed from the Leghae-
moglobin promoter, which is only active in cells containing symbiosomes, are transported 
to the plasma membrane as well as the symbiosomes (Limpens et al., 2009). Thus, if also 
symbiosome formation depends on default exocytosis, the secretory traffic is only partially 
redirected to the host-microbe interface. It is likely that this is also the case in arbuscular 
cells, although the relative amount of traffic towards the arbuscule may be much higher 
resulting in the apparent exclusive localisation of fluorescent markers towards the peri-ar-
buscular membrane.

To fully understand the regulation of exocytosis during arbuscule formation, all of the 
identified regulators of exocytosis should be compared to their non-symbiotic paralogs. It 
would for example be interesting to test the functional specialisation of EXO70I compared 
to other EXO70 homologs. Although multiple EXO70 paralogs were shown to be expressed 
in arbuscular cells, EXO70I is the highest expressed family member (Harrison & Ivanov, 
2017), and thus its expression may be the main reason for its requirement during arbuscule 
formation similar to the symbiotic SNAREs. To find functional differences between 
paralogs, the trans-complementation of plant mutants is most straightforward and highly 
informative, as was done for example for the AM-symbiosis dedicated fatty acid biosyn-
thesis enzyme FatM. FatM mutants can be fully complemented by the non-symbiotic FatB 
gene, when expressed from the FatM promoter, showing that it is required to increase 
the production of fatty acids through existing biochemical pathways (Bravo et al., 2017). 
When plant mutants are not available, complementation of RNAi can be used as an alter-
native strategy, as shown in chapters 3 and 4. 

How do SNAREs involved in symbiosis differ from their non-symbiotic paralogs? 

Although the complementation of RNAi was a useful approach to show that the symbiotic 
SNAREs do not encode a separate exocytosis pathway, it is unsuitable to study more 
subtle phenotypes that can be masked by the biological variation caused by RNAi and 
the use of composite plants. For this, the syp132α-1 mutant described in chapter 5 is more 
suitable. In this mutant, the α-specific exon including the splicing acceptor site has been 
deleted, resulting in a constitutive splicing of SYP132 transcripts into SYP132β. The amount 
of arbuscules formed in this mutant, and the morphology of these arbuscules is indis-
tinguishable from wild type plants, which is in line with the idea SYP132β mediates the 
fusion of the same vesicles as SYP132α. Nevertheless, the biomass of syp132α-1 mutants 
remains significantly lower compared to wild type, when the plants are mycorrhized. This 
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suggests that there is a functional difference between SYP132α and –β, that is not related 
to arbuscule formation, but which affects arbuscule functionality. 

To understand how symbiotic SNAREs can be functionally different, while they mediate 
the fusion of the same vesicles, it is useful to consider the current knowledge on other 
SNAREs that are specialized for different processes. The evolutionary stability of 7 
orthogroups of SYP1 and 4 orthogroups of VAMP72 proteins in dicots (Chapter 4) suggests 
that each of these orthogroups is essential for maximal fitness of these plants. These 
SNAREs differ greatly in their level and pattern of expression in different plant tissues 
(Enami et al., 2009), and mutations in some of these SNAREs have phenotypes associated 
with specific biological processes (Lauber et al., 1997; Collins et al., 2003). In particular 
the different proteins encoded by the Qa-type t-SNARE family have different properties 
that are potentially important for their role in different biological processes. Nevertheless, 
there is still a high level of functional redundancy between family members. The classic 
use of the term redundancy refers to genetic redundancy, where knock out mutations in a 
gene do not lead to a phenotype (full redundancy), or a phenotype that is less severe than 
would be expected based on the activity of that gene (partial redundancy). Here, I use 
the term functional redundancy to describe the ability of proteins to perform the same 
biochemical action in a cell, if expressed at the same level. To illustrate how SNAREs can be 
adapted to specific processes or redundant compared to their paralogs, I will first review 
the current knowledge on specialisation and redundancy of plant SNAREs in different 
biological processes. This is by no means a complete overview of all plant SNARE research, 
but a selection of the best studied systems that provide useful inspiration on adaptation 
of symbiotic SNAREs to host-microbe interface formation. To allow comparison of genes 
between plant species, I will use roman numbering to refer to conserved orthogroups 
instead of genes as introduced in Chapters 3 & 4. I will use the prefix At, Mt, Nt and Hv to 
refer to individual genes of Arabidopsis thaliana, Medicago truncatula, Nicotiana tabacum 
and Hordeum vulgare respectively. 

VAMP72VII: A new vacuolar trafficking route

Within the VAMP72 family, VAMP72VII has diverged from the other VAMP72 homologs at 
the base of the seed plants (Chapter 4). It has neofunctionalized to be involved in vesicle 
trafficking to either the vacuole or the plasma membrane. AtVAMP727 mediates vesicle 
fusion to the tonoplast, where it interacts with the vacuolar Qa-SNARE SYP22 (Uemura et 
al., 2004; Ebine et al., 2011). On the tonoplast, it is required for the transport of proteins 
to protein storage vacuoles (Ebine et al., 2008). In addition to vacuolar SNAREs, it can also 
interact with plasma membrane SNARE AtSYP121 (Ebine et al., 2011). In Chapter 4, I have 
shown that the interaction with plasma membrane SNAREs is not limited to MtSYP121, 
but extends to MtSYP131, MtSYP132α and MtSYP132β. Further, I have shown that also 
Medicago VAMP727 accumulates on the vacuole and punctuate compartments, showing 
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a conservation of its role in vacuolar traffic across different plant species. The role of the 
VAMP72VII orthogroup in vacuolar vesicle traffic functionally separates it from the other 
VAMP72 homologs, that do not mediate traffic to the vacuole, and which accumulate on 
the plasma membrane when overexpressed (Uemura et al., 2004).

Cytokinesis

During plant cytokinesis, a cell plate or phragmoplast is formed that divides the two 
daughter cells. The formation of a cell plate is a special case of exocytosis, involving 
homotypic vesicle fusion; the fusion of vesicles with each other instead of with a planar 
target membrane. This requires the presence of both v- and t-SNAREs on the same vesicle. 
The Arabidopsis SYP11I ortholog; AtSYP111 (also known as KNOLLE), is specialized for 
the formation of a cell plate during cell division. Atsyp111 mutants form many incom-
plete cell plates leading to strongly disturbed patterns of cell division. The plants remain 
severely dwarfed and are nonviable (Lukowitz et al., 1996). The turnover rate of AtSYP111 
is high compared to other Qa SNAREs like AtSYP121 and AtSYP132, and its expression is 
strictly limited to cells in anaphase (Lauber et al., 1997; Reichardt et al., 2011). This effec-
tively confines the AtSYP111 protein to the phragmoplast. AtSYP111 can form multiple 
redundant SNARE complexes; It can form a trimeric SNARE complex with Qb+Qc-SNARE 
AtSNAP33 and AtVAMP721, or a tetrameric complex with Qb-SNARE AtNPSN11, Qc-SNARE 
AtSYP71 and AtVAMP721 (El Kasmi et al., 2013). The AtSYP111 protein is specialized to be 
active only at the plane of cell division. The linker sequence between the helical domain 
and the SNARE domain is bound by the regulatory protein SEC11/KEULE. This binding 
results in the stabilisation of the open conformation of AtSYP111. SEC11 is transported to 
the plane of cell division independent of AtSYP111, strictly confining AtSYP111 activity to 
the right location (Park et al., 2012). The AtSYP111 domain essential for SEC11 binding in 
open conformation is unique to SYP111, thus its evolution represents a specific adapta-
tion of a SNARE to a process. Despite its unique properties, the macroscopic phenotype 
Arabidopsis syp111 mutants can still be complemented by AtSYP112 (Müller et al., 2003), 
and AtSYP132 (Reichardt et al., 2011), when expressed from the AtSYP111 promoter. This 
shows that there is a high level of functional redundancy between SNAREs when just the 
ability to form a new cell wall is considered. There may still be a difference between the 
different syntaxins in the amount of protein that is required to form this cell wall (Reichardt 
et al., 2011), suggesting that the more accurate spatial regulation of AtSYP111 results in a 
more efficient cell wall formation.

Penetration resistance

Plants can defend themselves against invading powdery mildew fungi by the local 
delivery of callose containing cell wall reinforcements called papillae at the site of 
attempted penetration by the fungus (Nielsen et al., 2012). In mutant screens for plants 
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compromised in this ability in barley and Arabidopsis, SYP12I orthologs AtSYP121/PEN1 
and HvSYP121/ROR2 were identified (Collins et al., 2003).The formation of papillae is 
delayed in Atsyp121 mutants (Assaad et al., 2004). Arabidopsis has two SYP12I orthologs; 
AtSYP121 and AtSYP122 that are the result of a Brasicaceae specific duplication. Despite 
their relatively recent split, the two proteins are functionally different. The penetration 
resistance phenotype of Atsyp121 mutants cannot be complemented by overexpression 
of AtSYP122 (Nielsen et al., 2012). Also expression of AtSYP132 does not restore penetration 
resistance in Atsyp121 (Reichardt et al., 2011). The functional specialisation of AtSYP121 is 
not related to the SNARE complexes it forms; It mediates the fusion of AtVAMP721/722 
labelled vesicles (Kwon et al., 2008). These VAMPs also form complexes with AtSYP122 and 
AtSYP132 (Pajonk et al., 2008; Yun et al., 2013; Chapter 4). Instead of the complexes it forms, 
the functional specialisation of AtSYP121 is related to its dynamic behaviour. whereas 
AtSYP122 and AtSYP132 are stable on the plasma membrane, AtSYP121 is continuously 
cycling between the plasma membrane and endosomes. This results in accumulation of 
AtSYP121 in so called BFA-bodies after treatment with the fungal toxin Brefeldin A (BFA). 
BFA inhibits GNOM that is involved in budding of vesicles from endosomes and the plasma 
membrane, which is required for cycling of proteins between these compartments. In 
contrast to AtSYP121, AtSYP122 and AtSYP132 remain on the plasma membrane upon 
BFA treatment (Reichardt et al., 2011; Nielsen & Thordal-Christensen, 2012). The recycling 
of AtSYP121 is crucial for its role in penetration resistance as mutations in GNOM or BFA 
treatment block callose appositions and penetration resistance. AtSYP121 accumulates 
within the papillae were it is located on exosomes (Meyer et al., 2009). These exosomes 
are the result of fusion of multi-vesicular bodies tot the papillae (An et al., 2006). As the 
SNARE domain of AtSYP121 is on the inside of the exosomes, it cannot have a relevant role 
in vesicle fusion anymore at this location (Nielsen & Thordal-Christensen, 2013). Therefore, 
it has been suggested that AtSYP121 functions on endosomes instead of the plasma 
membrane during penetration resistance (Nielsen et al., 2012).

K+-uptake/voltage dependent secretion

A screen for tobacco proteins involved in ABA-mediated stomatal closure identified the 
tobacco SYP12I ortholog NtSYP121/SYR1 (Leyman et al., 1999). Following this, it was shown 
that Arabidopsis AtSYP121 interacts directly with K+-Channels KAT1 and KC1, which shifts 
their voltage sensitivity, increasing K+-uptake (Honsbein et al., 2009). This interaction 
depends on the FxRF motif at its N-terminus of AtSYP121 (Grefen et al., 2010), that binds 
to the voltage sensing domain of the K+-Channels (Grefen et al., 2015). The AtSYP121 FxRF 
motif is lost in AtSYP122, but highly conserved among SYP12I orthologs in dicots with 
each species having at least one SYP12I carrying the FxRF motif. The coupling of AtSYP121 
mediated exocytosis and K+-uptake was hypothesized to be important to balance the 
growth of plant cells with their solute content to maintain turgor pressure (Grefen & Blatt, 
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2008). Besides increasing K+-uptake, the interaction between AtSYP121 and K+-channels 
also increases exocytosis in regions with a membrane potential that opens the K+-chan-
nels (Grefen et al., 2015). This is most likely the case because the interaction of AtSYP121 
with K+-channels stabilizes the open conformation of the syntaxin. This offers alternative/
additional explanations for the interaction between K+-channels and SYP12I, namely that 
it makes SYP12I mediated traffic voltage dependent. This means that membrane potential 
can provide a spatial cue for secretion. Further, it provides a negative feedback loop, since 
secretion decreases the membrane potential by opening of K+-channels, which in turn 
inhibits secretion.

Root hair growth

The Arabidopsis SYP12IV ortholog AtSYP123 was found to be highly expressed in tricho-
blasts and localizes to the tip of growing root hairs (Enami et al., 2009) The polar localisation 
of AtSYP123 depends on its recycling, as it accumulates in BFA bodies after BFA treatment 
(Ichikawa et al., 2014). Mutation of Atsyp123 results in only a mild reduction of root hair 
length. This is because AtSYP123 is partially redundant with SYP13I ortholog AtSYP132 
that is also expressed in trichoblasts. Knockdown of AtSYP132 by amiRNAs reduces root 
hair length, showing that also AtSYP132 functions in root hair growth, even though it 
does not localize specifically to the tip (Ichikawa et al., 2014). Based on the requirement 
of both AtSYP123 and AtSYP132 for full root hair growth, it was postulated that the two 
SNAREs must act in concert during root hair growth. Interestingly, AtSYP123 is not widely 
conserved between plant species. It does not have an own conserved orthogroup, but 
is embedded within the SYP12IV group that seems in other plant species to be mainly 
involved in pollen tube growth (see below). For example both Medicago SYP12IV orthologs 
MtSYP124 and MtSYP125 are not expressed in roots, but only in flowers, like the remaining 
two Arabidopsis SYP12IV orthologs AtSYP124 and AtSYP125. This means that either the role 
of AtSYP123 in root hair growth can be taken over completely by SYP13I in other species, 
or that its role is fulfilled by other SNAREs. For this, SYP12I orthologs are likely candidates, 
since they are in Medicago also highly expressed in trichoblasts. Like AtSYP123, Medicago 
SYP12I proteins also cycle between the plasma membrane and endosomes as they 
accumulate in BFA compartments (not shown), and AtSYP121 accumulates at the tip of 
Arabidopsis root hairs when expressed in these cells (Ichikawa et al., 2014). It is therefore 
likely that AtSYP123 is functionally fully redundant to Medicago SYP12I proteins during 
root hair growth.

Pollen tube growth

Pollen tube growth is highly similar to root hair growth as it is also a tip-growing system, 
that depends on both SYP12IV and SYP13I orthologs that are partially redundant (Slane 
et al., 2017). In Arabidopsis these are AtSYP124 and AtSYP125, which accumulate 



128 

Chapter 6

6

slightly behind the growing apex (Ângelo Silva et al., 2010; Ul-Rehman et al., 2011) and 
AtSYP131 that uniformly labels the plasma membrane of pollen tubes (Ichikawa et al., 
2015). Knockout mutations in either of these three syntaxins does not result in an obvious 
phenotype. However, double mutation of AtSYP124 and AtSYP125 do not segregate in 
a Mendelian ratio, as these mutations were ineffectively transferred through the male 
line. Triple mutants in AtSYP124, AtSYP125 and AtSYP131 were never recovered as these 
were unable to be transmitted through the male line (Slane et al., 2017). This suggest that 
AtSYP124, AtSYP125 and AtSYP131 are redundantly required for pollen tube growth. This 
shows, that even though SYP12IV orthologs are functionally adapted to accumulate at 
the growing tip of pollen tubes, the relevance of this adaptation is limited, as pollen tubes 
are still growing in syp124/syp125 double mutants due to AtSYP131 mediated secretion.

In general, the mechanisms of functional specialization of SNAREs in the processes 
described above does not involve specific interactions between pairs of v- and t-SNAREs. 
Because of this, most SNAREs can be replaced by non-related paralogs if these are 
expressed in the same cell. However, the redundancy between SNAREs is sometimes 
partial. Even small and seemingly trivial differences in root hair length, pollen tube growth 
rate or accuracy of cell plate formation may be the driving force for the evolution and 
conservation of specialized SNAREs. The same principle may be true for host-microbe 
interface formation.

Symbiosis dedicated SNAREs

Below, I discuss possible scenarios that can explain the relevance of symbiosis dedicated 
SNAREs. More than one of these scenarios may be true, since the specialization of the 
symbiotic VAMPs may have a different reason than the specialization of SYP13IIα. This 
is in line with the different time points of their evolution. Whereas VAMP72II evolved in 
dicots, SYP13IIα evolved at the base of the angiosperms. Thus, the advantage of SYP13II in 
monocots is independent of the presence of symbiotic VAMPs. Finally, the role of symbiotic 
SNAREs in AM symbiosis is sufficient for their conservation. Therefore, it is possible that 
the functional specialization of symbiotic SNARE proteins is not as relevant for rhizobium 
symbiosis as for AM symbiosis.

symbiotic SNAREs are required for their high expression in cells were an host-microbe interface 
is formed

The most straightforward explanation for the evolution of symbiosis dedicated SNAREs 
is their level of expression in cells where a host-microbe interface is formed. Since the 
host-microbe interface represents a great expansion of the total amount of membrane, 
it seems likely that its formation requires an upregulation of the exocytosis machinery 
components, including SNAREs. Therefore, the use of specific SNARE genes for host 
microbe interface formation can be advantageous even if there is not any specialization 
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on the protein level. There are however several reasons that argue against the hypothesis 
that the need for and increased amount of SNAREs is the sole reason for the evolution 
of symbiosis dedicated SNAREs: 1). The complementation of MtVAMP721d/e RNAi by 
MtVAMP721a only partially rescues the mycorrhization level (Chapter 4). The complemen-
tation of MtSYP132α knockout by MtSYP132β in the syp132α-1 mutant seems to result in 
arbuscules of a lower functionality, as the mycorrhized plants stay smaller (Chapter 5). 2). 
During both rhizobium symbiosis and AM symbiosis, the level of MtVAMP721a is drasti-
cally downregulated. This is not in line with the hypothesis that the total level of SNAREs 
needs to be increased irrespective of which SNARE. Sinharoy and co-workers found that 
the expression of MtVAMP721a is actively suppressed in nodules by direct binding of the 
RSD transcription factor to the MtVAMP721a promoter (Sinharoy et al., 2013). Thus, instead 
of just upregulating the total amount of VAMP72 proteins, MtVAMP721a is purposely 
down-regulated in nodules. Also the splicing of MtSYP132 results in the replacement 
of MtSYP132β by MtSYP132α without altering the total transcript levels. Together, these 
observations strongly suggest that it does matter which SNARE is used for host-microbe 
interface formation, and that the proteins encoded by symbiotic SNAREs are functionally 
different from their non-symbiotic paralogs. 3).The symbiotic SNAREs behave different 
from their paralogs. In Chapter 5, I have shown that the stability of MtSYP132α and –β on 
the peri-arbuscular membrane are different. Further, the amount of VAMPs that co-purify 
with MtSYP132α is lower than the other SYPs. Finally, during the co-IP experiments 
described in Chapter 4, we noted for example that the amount of 3HA-MtVAMP721a in the 
protein extracts was in general lower than the amount of 3HA-MtVAMP721e, while both 
constructs were expressed from the PT4 promoter. Thus, the turnover rate of MtVAMP721a 
in arbuscular cells appears to be higher than that of MtVAMP721e. 

Restriction of SNARE activity

In Chapter 4, I have shown that less VAMPs co-precipitate with MtSYP132α compared to 
its non-symbiotic paralogs. The lower amount of complexes that we found may be the 
result of a lower activity of  MtSYP132α. This would indicate that SYP132α has a dual role 
in vesicle fusion to the host- microbe interface; a positive role enabling vesicle fusion that 
can be taken over by any other plasma membrane syntaxins, as well as a negative role in 
restricting vesicle fusion. This latter role may be unique to MtSYP132α. The restriction of 
vesicle fusion may be achieved by control of its open and closed conformation in analogy 
to the regulation of AtSYP121 and AtSYP111 by interaction with K+-channels or SEC11. A 
stricter control of MtSYP132α may be important to prevent cis-SNARE complexes before 
vesicle fusion, which may be important to increase the efficiency of vesicle fusion. An 
alternative explanation for the lower amount of VAMPs that co-purify with MtSYP132α 
is that not the formation of SNARE complexes is restricted, but that the cis-SNARE 
complexes are more rapidly assembled. Both scenarios can result in a lower amount of 
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MtSYP132α containing SNARE complexes. After vesicle fusion, VAMPs are endocytosed 
to be used in a next round of vesicle fusion, or to be degraded. When t-SNAREs are still in 
complex with these VAMPs, they may be co-endocytosed lowering their stability on the 
target membrane. The observed increased stability of MtSYP132α on the peri-arbuscular 
membrane compared to MtSYP132β can therefore be a result of the lower interaction with 
VAMPs. When also MtVAMP721e is overexpressed, more SYP132α containing complexes 
may be formed, resulting in the observed faster turnover of MtSYP132α. 

The accumulation of MtVAMP721d/e seems to be regulated on protein level. In non-sym-
biotic cortex cells, these VAMPs could not be observed by immunolocalization. In contrast, 
in arbuscular cells, in cells where rhizobia are released and in dividing cells where a cell 
plate is formed the proteins accumulated (Ivanov et al., 2012). Therefore, also the use of 
MtVAMP721d/e may allow plants to restrict SNARE activity to these cells, by controlling 
protein turnover.

Increased stability on the peri-arbuscular membrane

In Chapter3, I have shown that MtSYP132α and –β show a clear difference in protein 
localization during the partial collapse of arbuscules. Whereas MtSYP132α is relatively 
more present on the healthy branches, MtSYP132β is relatively more present on the 
encasement surrounding the collapsed branches. In Chapter 5, we argue that the locali-
sation of MtSYP132α and –β to different domains of degrading arbuscules is mainly the 
result of a difference in protein stability on the healthy parts of arbuscules, and not a 
difference in abundance on or in the encasement surrounding the collapsed parts. As 
argued above, the difference in protein stability may be a direct result of the lower level 
of interaction with MtVAMP721e. Therefore, the difference in localisation of MtSYP132α 
and –β to healthy and degrading arbuscule parts may be without biological relevance. 
Alternatively, the prolonged presence of MtSYP132α on the peri-arbuscular membrane 
is required to sustain exocytosis after arbuscule formation, which may be required for its 
full functionality.

SNAREs as chaperones for peri-arbuscular membrane proteins

The expression of membrane proteins in arbuscular cells is a major determinant for their 
localization on the peri-arbuscular membrane. In addition, proteins should be loaded into 
vesicles to exit the endoplasmic reticulum (ER) and the Golgi apparatus. In non-symbiotic 
cortex cells, different proteins are allowed to leave the ER compared to and arbuscular cells. 
For example the plasma membrane protein AtPIP2 is retained in the ER in arbuscular cells, 
while the peri-arbuscular membrane specific phosphate transporter MtPT4 is retained in 
the ER in non-symbiotic cells (Pumplin et al., 2012). These observations are best explained 
if these proteins rely on chaperones to be exported from the ER. The different expression 
of their chaperones in symbiotic and non-symbiotic cells may explain their ability to reach 



130 131 

General Discussion

6

the plasma membrane or peri-arbuscular membrane. Symbiotic SNAREs may act as or 
interact with these chaperones to allow some peri-arbuscular membrane specific cargo 
to exit the ER. This scenario is more likely for MtVAMP721d/e than for MtSYP132α, since 
MtSYP132α is not required for PT4 to leave the ER (Chapter 5).

Interaction with peri-arbuscular membrane located transporters

Finally, the specialization of MtSYP132α may be unrelated to membrane trafficking: In 
analogy with the interaction of AtSYP121 with K+-Channels that increases the K+-uptake 
by these channels, MtSYP132α may interact with nutrient transporters on the peri-ar-
buscular membrane. This interaction may be required for the full functionality of these 
transporters and the peri-arbuscular membrane.

Concluding remarks

Studies on differences in  behaviour of SNARE proteins are essential to understand the 
mechanisms of functional specialization of symbiotic SNAREs. It is however difficult to 
judge which of these are biologically most relevant. For example, the increased stability 
of MtSYP132α on the peri-arbuscular membrane may be essential for its function, or a 
mere side effect of a lower interaction with VAMPs. To get more insight into the difference 
between MtSYP132α and other t-SNAREs, a mass spec approach on immunoprecipitated 
SNAREs could be used to identify differences in protein interactions. If MtSYP132α would 
be a chaperone for specific host-microbe interface components, or modulates the activity 
of transporters on the peri-arbuscular membrane, this will be revealed using this approach.

By generating a mutant line in which MtSYP132α transcripts are replaced by MtSYP132β 
transcripts, we have generated a unique tool to study the biological relevance of the func-
tional specialization of MtSYP132α. The lower biomass of mycorrhized syp132α-1 roots 
shows that the use of the right t-SNARE is highly important for plan fitness. Therefore, 
further research should focus on this mutant. Since SYP132α acts at the peri-arbuscular 
membrane, it is most likely that the reduced biomass of syp132α-1 plants is the result of a 
reduced functionality of arbuscules or arbuscule cells, via mechanisms as discussed above. 
To get more insight in the mechanisms that explain how a t-SNARE affects arbuscule 
morphology, it should first be tested whether this phenomena is completely independent 
of its role in vesicle traffic. For this, it is useful to analyse the phenotype of the arbuscules 
in this mutant by transmission electron microscopy to screen for morphological defects 
of the peri-arbuscular membrane or other membrane compartments that are invisible 
with light microscopy. This research has the potential to uncover new mechanisms that 
determine the functionality of arbuscules that is independent from their morphology.
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At the heart of endosymbiosis microbes are hosted inside living cells in specialized 
membrane compartments that from a host-microbe interface, where nutrients and signal 
are efficiently exchanged.  Such symbiotic interfaces include arbuscules produced by 
arbuscular mycorrhiza (AM) and organelle-like symbiosomes formed during the rhizobi-
um-legume symbiosis.  Also during pathogenic interactions, microbes such as biotrophic 
fungi and oomycetes are hosted in specialized membrane compartments called haustoria. 
The formation of such new membrane compartments requires a major reorganization of 
the host endomembrane system, with a special role for the targeting of secretory/exocy-
totic vesicles and their cargo to the newly forming interfaces. In this thesis, I studied how 
exocytotic membrane traffic is regulated to facilitate the formation and maintenance of a 
host-microbe interface. Therefore, I especially focussed on the role of SNARE (Soluble NSF 
Attachment Protein Receptor) proteins, as key components of the exocytotic machinery, 
in symbiotic interface formation.

In Chapter 1, I introduce the different symbioses in which host-microbe interfaces are 
formed, and the role of the host-microbe interface in these symbioses. Further, I introduce 
the evolutionary relationship between the different symbioses: AM symbiosis is the most 
ancient endosymbiosis in plants, which provided the blueprint for different symbioses 
that evolved later; other symbiotic microbes including rhizobia co-opted the signalling 
program and adaptations to membrane trafficking required for arbuscule formation, to be 
hosted inside cells. Finally, I will introduce the symbiosis dedicated SNAREs as key regula-
tors of exocytosis to form a host-microbe interface.

In Chapter 2, we tested the long-standing hypothesis that pathogens make use of 
the AM symbiotic program to allow the formation of haustoria. To test this, we set up 
a pathosystem using the biotrophic oomycete Phytophthora palmivora that is able to 
form haustoria in Medicago truncatula root cells. Using M. truncatula mutants impaired 
in AM and rhizobium symbioses, we demonstrated that neither the common symbiotic 
signalling genes, nor symbiosis dedicated regulators of vesicle trafficking are required for 
haustorium formation. This showed that biotrophic pathogens like P. palmivora, do not 
hijack the symbiotic program to be accommodated inside plant cells.

In Chapter 3, we identified the t-SNARE SYP132α as a key regulator of  both arbuscule and 
symbiosome formation. During vesicle fusion, a vesicle SNARE (v-SNARE) on the vesicle 
forms a complex with a target membrane SNAREs (t-SNAREs) on the target membrane. 
Previous work in our lab identified specific exocytotic v-SNAREs required for arbuscule and 
symbiosome formation. We identified the t-SNARE counterpart SYP132, and demonstrated 
that in most dicot plants SYP132 is spliced into two spliceforms; SYP132α and SYP132β. 
Interestingly, alternative splicing of SYP132 leading to the dominant use of a SYP132α-spe-
cific last exon coincides with the accommodation of AM fungi in arbuscule forming root 
cortex cells and rhizobium bacteria in nodule cells. Using a spliceform-specific RNAi 
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construct, we showed that SYP132α is specifically required for the formation of a stable 
host-microbe interface in both AM symbiosis and rhizobium symbiosis. Furthermore, we 
showed that during arbuscular collapse, the two spliceforms localize differently to healthy 
and degrading arbuscule branches. These results indicated that alternative splicing of 
SYP132 allows plants to replace a t-SNARE involved in traffic to the plasma membrane with 
a t-SNARE that is more stringent in its localization to functional arbuscules.

The evolutionary expansion of SNAREs in plants has been hypothesized to have allowed 
the adaptation of exocytosis to different biological processes. In Chapter 4, we studied 
what makes the symbiotic SNAREs so special in comparison to their non-symbiotic family 
members, of which many are also expressed in arbuscule cells. We hypothesized that 
symbiotic SNAREs define a distinct secretory pathway, that ensures specificity of protein 
delivery to the host-microbe interface. We show that all tested SYP1 family proteins, and 
most of the non-symbiotic VAMP72 members, were able to complement the defect in 
arbuscule formation upon knock-down of their symbiotic counterparts when expressed 
at sufficient levels. This functional redundancy is in line with the ability of all tested v- 
and t-SNARE combinations to form SNARE complexes at the peri-arbuscular membrane. 
This showed that the symbiotic SNAREs do not selectively interact to define a distinct 
vesicle trafficking pathway, but that their essential role in arbuscule formation can be 
largely explained by their dominant expression level. Interestingly, the symbiotic t-SNARE 
SYP132α appeared to occur less in SNARE complexes with v-SNAREs compared to the 
non-symbiotic syntaxins in the arbuscule cells, suggesting a more strict regulation of 
symbiotic SNARE complexes at the interface.

Since the alternative splicing of SYP132 does not affect the total transcript levels, we 
hypothesized that there must be a functional difference between SYP132α and –β, poten-
tially leading to subtle phenotypes that may have gone undetected in the Agrobacterium 
rhizogenes mediated complementation approach applied in Chapter 4. In Chapter 5, we 
therefore generated and characterized a stable mutant line in which all SYP132 transcripts 
are constitutively spliced into the non-symbiotic SYP132β form. Although this mutant is 
normally colonized by AM fungi, with no effects on arbuscule morphology, it has a severely 
reduced biomass after mycorrhization. This hints to a yet unknown role for SYP132α to 
control arbuscule functionality, and offers an explanation for the evolutionary conser-
vation of the SYP132 alternative splicing in dicot plants.  Finally, using fluorescent timer 
fusions to both SYP132 isoforms, we showed that the difference in localization of the two 
proteins during arbuscular collapse is the result of a different (endocytic) turnover of the 
two spliceforms at the healthy/functional arbuscule branches, possibly due to a difference 
in interactions with VAMPs. Together, our data show that, although both SYP132 isoforms 
can mediate arbuscule formation, SYP132α is functionally different from SYP132β, which 
may reveal new aspects of the control of nutrient exchange.
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In Chapter 6, I discuss the data generated during my thesis research in relation to addi-
tional symbiosis dedicated regulators of exocytosis, as well as in relation to other biological 
processes that depend on specific secretory SNAREs. Following our conclusion that 
the symbiotic SNAREs do not mark a separate exocytosis pathway, but are functionally 
different from non-symbiotic SNAREs, I will speculate on the possible scenarios in which 
symbiosis dedicated SNAREs are specialized for host-microbe interface functionality.
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