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Seeing is believing: Cell biology at the plant-microbe interface

The advances made during the twentieth century in understanding the genetics of host-pathogen interactions transformed crop breeding, however the field of plant pathology was founded from the earliest cell biology of Hooke and his contemporaries. During the twenty-first century phytopathologists have refocused their attention to the microscopic world to identify the molecular mechanisms responsible for inherited disease resistance, mutualistic interactions and virulence. For the first time a symposium was organized to specifically discuss the latest insights into plant-microbe interactions gained by merging rediscovered techniques, such as electron-microscopy, with new tools that allow in vivo high-resolution tracking of cellular dynamics. These methods, together with the implementation of state-of-the-art proteomic and chemical biology approaches, are helping to elucidate the intricate mechanism of the interaction between two organisms.  In this report we highlight emergent themes from the meeting and some of the cognate fundamental biological questions driving the contemporary study of phytopathology and mutualism.


Calling across the great divide

The signal exchange between plant and microbe initiates prior to any physical contact. The rhizosphere is a medium particularly well suited to long-distance chemical communication for the priming of both host and microbe.  Maria Harrison, Rik Huisman, Ton Bisseling, Andrea Genre and Thomas Ott updated the symposium with progress made understanding the development of bacterial nitrogen-fixing nodules and arbuscular mycorrhizae in the plant model Medicago truncatula.  Medicago has evolved distinct trafficking machinery that responds to long-range and local signalling to modify plant developmental programmes. The exploitation of this specialised host toolbox is shared between the two vastly diverged classes of beneficial microbes, yet harmful biotrophic interactions have been observed to exploit alternative trafficking components and not the mutualistic machinery (Huisman et al. 2015). This offers hope for strategies to export systems to new plant species for establishing mutualistic interactions without compromising disease resistance. Martin Parniske suggested this regulatory distinction may not be so clear for all systems and that biotrophs considered pathogens in agricultural settings may be beneficial symbionts in natural ecosystems. The early decision-making process of the molecular pattern-triggered immune system remains obscure but observation of ‘real-time’ molecular dynamics during signalling dialogues is making strong inroads into this problem.

The in planta observation of molecular dynamics of signal reception and the corresponding reconfiguration of cell architecture are routine techniques for these research groups and this was true for the majority of presentations throughout the meeting.  Plant immune responses are rapid and spatially precise; a concept highlighted by William Underwood’s work. Host cells sense the presence of microbes through the recognition of MAMPs (microbe-associated-molecular-patterns) and DAMPs (damage-associated-molecular-patterns) by receptor proteins at the plasma membrane (PM). Through these receptors, MAMPs communicate sufficient positional information to re-direct the host trafficking of proteins (Underwood and Somerville 2013). Silke Robatzek showed that the distribution and recycling of these receptors are key to host sensitivity to microbes and this is providing several insights into fundamental plant cell biology. The complement of receptor components (Corinna Hofer) and the understanding of physical structures within this system (Thomas Ott) is growing rapidly. Christine Faulkner demonstrated how plasmodesmata constitute an independent, parallel MAMP-detection signalling platform with their own genetically separable defence responses (Faulkner et al. 2013). The potential importance of the plasmodesmatal ‘battleground’ is underlined by the infection biology of multiple microbes such as Maganporthe oryzae, Fusarium graminearum and phytopathogenic bacteria (as presented by Kyaw Aung).  
 
It is not just the host that senses the microbe and undergoes radical re-structuring; the microbes too must quickly adapt their cells to specialise in interaction biology. Nicholas Talbot showed how Magnaporthe oryzae (rice blast) undergoes a tightly controlled developmental programme during spore germination, followed by repolarisation of hyphal tips to form hydraulically-driven penetration pegs for host cell invasion. The fungus recognizes the plant host through PM receptors that activate a MAPK cascade which stimulates the formation of an appressorium. Actin remodelling is required for the morphogenesis of this structure and for targeted exocytosis during host cuticle breach (Gupta et al., 2015). Co-observation of host molecular dynamics is beginning to reveal the immediate host reaction to each stage of microbial development.


Getting personal

The penetration pore at the host cell wall generated by fungal and oomycete infection structures provides an early opportunity in eukaryotic biotrophic interactions for the microbe to manipulate the host defence system. Upon successful penetration this window becomes a vast surface area across the haustorium (for pathogens) or the arbuscule (for symbionts) where effector proteins can be secreted by the microbe (Figure 1). These molecules are essential for microbe colonization since they modulate plant defence responses and plant physiology to provide the microbe with nutrients (Lo Presti et al., 2015). Microbial effectors can act in the apoplast (the interaction zone between host PM and microbe hyphae) or inside the plant cell. Interestingly, both Colletotrichum higginsianum (as presented by Richard O’Connell) and Magnaporthe oryzae (as presented by Barbara Valent and Nicholas Talbot) have reservoirs for effector accumulation (Figure 1). These are called interfacial bodies (IB; Figure 1A) in Colletotrichum (Kleeman et al., 2012; Irieda et al., 2014) and Biotrophic Interface Complexes (BIC; Figure 1B) in Magnaporthe (Giraldo et al., 2012). Barbara Valent showed that effectors that are translocated into the plant cell accumulate in the BIC, while work of O´Connell´s group indicate that none of the effectors localized in IB have been found in the host cytoplasm. This opens interesting evolutionary questions about the role and the putative common origin of these reservoirs, which have not been identified in arbuscules. 

R proteins are host proteins that recognise the action of microbial effector proteins. A large number of host R proteins are cytoplasmic proteins, suggesting that the interacting effectors are translocated from the fungus to the plant. The route of fungal effector uptake across the plant PM is unknown but Libera Lo Presti demonstrated new tools for analysing this phenomenon during Ustilago maydis-maize interactions. Peter Dodds showed how his team were applying related tools to understanding host responses to effectors, including the compartment-specific action of R proteins that are responsible for Effector-Triggered Immunity (ETI) in wheat. The field of phytopathology is embracing fluorescence resonance energy transfer (FRET) and bimolecular fluorescence complementation (BiFC) to test ETI hypotheses in planta.

Protein interaction studies have revealed a wealth of data regarding the molecular targets of microbial manipulation as presented by Gunther Doehlemann and Tolga Bozkurt (Mueller et al. 2013; Dagdas et al. 2015). Mutualistic interactions also require microbial effectors that act as suppressors of defence machinery (Claire Veneault-Fourrey; Pellegrin et al. 2015; Figure 2). One of the most pressing roles for any biotrophic effector repertoire must be to establish an efficient interface through which the pathogen can extract nutrition from the host. Both arbuscules and haustoria require expansive host membrane recruitment to accommodate their surface area.  Where does this membrane come from? Intriguingly, this meeting highlighted how different microbes have learnt to exploit alternative sources of host membrane. Maria Harrison presented data to suggest that membrane trafficking to the plasma membrane is redirected to build the periarbuscular membrane (Figure 2). However, data shown by Sophien Kamoun, Noriko Inada, Hans Thordal-Christensen and Shunyuan Xiao indicate that the extrahaustorial membrane (EHM) derives from vacuolar-sorting intermediate compartments (Figure 1), as proteins and lipids from these plant endomembrane compartments are always found in the EHM of the studied oomycete and fungal obligate biotrophes (Bozkurt et al., 2015). Hans Thordal-Christensen added another level of complexity suggesting a role of the endoplasmic reticulum in EHM formation.  

So far and yet so close
The tools of cell biology have confirmed the amazing similarities between eukaryotic host and eukaryotic microbe trafficking systems: actin remodelling impact polar secretion in both host and eukaryote microbes with common vesicle targeting and anchoring mechanisms that include the EXOCYST and SNARE systems. The frontiers of discovery lie with the molecular dynamics required to recruit and co-ordinate these components during host-microbe dialogues.  New fluorescent probes for combining contextual information about cell physiology and signalling-state as detailed by Karin Schumacher promises to reveal a new level of detail of information exchange across the host-pathogen interfaces. Events such as host-cell Ca2+ influx (Joelle Fournier; Sieberer et al. 2009) can be detected at very high spatio-temporal resolution using these probes. The application of structural biology by research groups such as those of Jane Parker is revealing the interaction of microbe and plant at atomic detail. Our understanding of the host-microbe relationship will likely evolve to bear more similarity to the exchange between membrane compartments of a shared organism, as we learn the molecular basis for microbial accommodation by plant cells.


Acknowledgements


References

Bozkurt TO, Belhaj K, Dagdas YF, Chaparro-Garcia A, Wu CH, Cano LM, Kamoun S. 2015. Rerouting of plant late endocytic trafficking toward a pathogen interface. Traffic 16(2):204-26
Dagdas YF, Belhaj K, Maqbool A, Chaparro-Garcia A, Pandey P, Petre B, Tabassum N, Cruz-Mireles N, Hughes RK, Sklenar J, Win J, Menke F, Findlay K, Banfield MJ, Kamoun S, Bozkurt TO. 2016. An effector of the Irish potato famine pathogen antagonizes a host autophagy cargo receptor. Elife 5: pii: e10856. 
Faulkner C, Petutschnig E, Benitez-Alfonso Y, Beck M, Robatzek S, Lipka V, Maule AJ. 2013. LYM2-dependent chitin perception limits molecular flux via plasmodesmata. Proceedings of the National Academy of Sciences of the United States of America 110: 9166-9170.

Giraldo MC, Dagdas YF, Gupta YK, Mentlak TA, Yi M, Martinez-Rocha AL, Saitoh H, Terauchi R, Talbot NJ, Valent B. 2013. Two distinct secretion systems facilitate tissue invasion by the rice blast fungus Magnaporthe oryzae. Nature Communications 4: 1996.

Gupta YK, Dagdas YF, Martinez-Rocha AL, Kershaw MJ, Littlejohn GR, Ryder LS, Sklenar J, Menke F, Talbot NJ. 2015. Septin-dependent assembly of the exocyst is essential for plant infection by Magnaporthe oryzae. Plant Cell 27: 3277-3289.

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

Irieda H, Maeda H, Akiyama K, Hagiwara A, Saitoh H, Uemura A, Terauchi R, Takano Y., 2014. Colletotrichum orbiculare secretes virulence effectors to a biotrophic Interface at the primary hyphal neck via exocytosis coupled with SEC22-mediated traffic. Plant Cell 26: 2265-2281.

Kleemann J, Rincon-Rivera LJ, Takahara H, Neumann U, Ver Loren van Themaat E, van der Does HC, Hacquard S, Stüber K, Will I, Schmalenbach W, Schmelzer E, O'Connell RJ. 2012. Sequential delivery of host-induced virulence effectors by appressoria and intracellular hyphae of the phytopathogen Colletotrichum higginsianum. PLoS Pathogens 8: e1002643

Lo Presti L, Lanver D, Schweizer G, Tanaka S, Liang L, Tollot M, Zuccaro A, Reissmann S, Kahmann R. 2015. Fungal Effectors and Plant Susceptibility. Annual Review of Plant Biology 66: 513-545. 
Mueller AN, Ziemann S, Treitschke S, Aßmann D, Doehlemann G. 2013. Compatibility in the Ustilago maydis-maize interaction requires inhibition of host cysteine proteases by the fungal effector Pit2. PLoS Pathogens. 9: e1003177. 
Pellegrin C, Morin E, Martin FM, Veneault-Fourrey C. 2015. Comparative analysis of secretomes from ectomycorrhizal fungi with an emphasis on small-secreted proteins. Frontiers in Microbiology  6: 1278.
Sieberer BJ, Chabaud M, Timmers AC, Monin A, Fournier J, Barker DG. 2009. A nuclear-targeted cameleon demonstrates intranuclear Ca2+ spiking in Medicago truncatula root hairs in response to rhizobial nodulation factors. Plant Physiology 151: 1197-206. 
Underwood W, Somerville SC. 2013. Perception of conserved pathogen elicitors at the plasma membrane leads to relocalization of the Arabidopsis PEN3 transporter. Proceedings of the National Academy of Sciences of the United States of America 110: 12492-12497. 
Zhang X, Pumplin N, Ivanov S, Harrison, MJ. 2015. EXO70I Is required for development of a sub-domain of the periarbuscular membrane during arbuscular mycorrhizal symbiosis. Current Biology 25: 2189–2195. 


Figure legends

Figure 1. Effector delivery and host membrane recruitment by two biotrophic fungal phytopathogens. Green arrows represent vesicle trafficking among major plant membrane-bound compartments: endoplasmic reticulum (ER), Golgi; trans-Golgi-network (TGN); plant plasma membrane (PPM); plant cell wall (PCW), vacuole sorting vesicles (VSV) and vacuole. Red arrows indicate plant trafficking pathways hypothesised to have been adapted to create the extrahaustorial membrane (EHM). The EHM may derive from plant VSVs. Special structures have been identified in the haustoria of certain biotrophic fungi where effectors accumulate. (A) The hemibiotroph Colletotrichum secretes effectors that accumulate in interfacial bodies (IB). It is not clear if these effectors act inside the host (question mark). (B). The obligate biotroph Magnaporthe secretes apopoplastic and symplastic effectors through two different pathways (a and b). The symplastic effectors accumulate in a biotrophic interface complex (BIC) and must be translocated into the host cell by an as yet unknown mechanism.


Figure 2. Accommodation by Medicago truncatula of fungal arbuscules.  The fungal structures are enveloped by a periarbuscular membrane that contains some markers of host plasma membrane identity (red arrows and see main text). Ectomycorrhizal fungi have been shown to secret apoplastic effectors to establish mutualistic interaction with tree roots through an uncharacterized trafficking pathway. A similar mechanism might occur in other mutualistic interactions. For abbreviations see legend to figure 1.
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