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Abstract

Magnaporthe oryzae is the causal agent of rice blast, one of the most serious
diseases affecting rice cultivation around the world. During plant infection,
M. oryzae forms a specialised infection structure called an appressorium. The
appressorium forms in response to the hydrophobic leaf surface and relies on
multiple signalling pathways, including a MAP kinase phosphorelay and cAMP-
dependent signalling, integrated with cell cycle control and autophagic cell death
of the conidium. Together, these pathways regulate appressorium morphogene-
sis.The appressorium generates enormous turgor, applied as mechanical force
to breach the rice cuticle. Re-polarisation of the appressorium requires a turgor-
dependent sensor kinase which senses when a critical threshold of turgor has
been reached to initiate septin-dependent re-polarisation of the appressorium
and plant infection. Invasive growth then requires differential expression and
secretion of a large repertoire of effector proteins secreted by distinct secretory
pathways depending on their destination, which is also governed by codon usage
and tRNA thiolation. Cytoplasmic effectors require an unconventional Golgi-
independent secretory pathway and evidence suggests that clathrin-mediated
endocytosis is necessary for their delivery into plant cells. The blast fungus then
develops a transpressorium, a specific invasion structure used to move from cell-
to-cell using pit field sites containing plasmodesmata, to facilitate its spread
in plant tissue. This is controlled by the same MAP kinase signalling pathway
as appressorium development and requires septin-dependent hyphal constric-
tion. Recent progress in understanding the mechanisms of rice infection by this
devastating pathogen using live cell imaging procedures are presented.
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1 | INTRODUCTION

Rice blast disease is one of the most important constraints
on global rice production. The disease is caused by the fila-
mentous hemibiotrophic fungus Magnaporthe oryzae (syn.
Pyricularia oryzae), which has emerged as an important
model organism for studying plant-fungal interactions.!
Losses to rice blast each year are estimated to be 6% of
the global harvest’ but epidemics often cause up to 30%
yield losses.>* As more than half of the world’s popu-
lation rely on rice for their main calorific intake,” blast
disease represents a continual threat to global food secu-
rity. In addition, M. oryzae can infect more than fifty grass
species,®® leading to emergence of new diseases such as
wheat blast, which emerged in Brazil after a host jump
from a grass-infecting isolate of M. oryzae.” Having spread
into neighbouring countries in South America, wheat blast
appeared in Bangladesh in 2016'° where it now threatens
the Indian subcontinent, a vital wheat-growing region of
the world,"" and more recently appeared in Zambia with
the potential now to spread across Africa (Latorre et al.,
2023).!? Globalisation, climate change and intense cultiva-
tion of cereal monocultures therefore make blast disease
outbreaks more likely on wheat, rice, millets, oats and bar-
ley so the disease has the potential to become increasingly
important to world agriculture.

In order to control blast disease, it is imperative that the
biology of blast is better understood. Breakthroughs in live-
cell imaging, coupled with molecular genetic and genomic
analysis of M. oryzae, have provided new insight into the
cell biology of invasive growth by the fungus.”* In this
review, we describe the major morphological transitions
that the fungus undergoes during plant infection. We then
critically evaluate studies of appressorium development,
host cell penetration and intracellular colonisation by the
blast fungus and review biological consequences of fungal
infection induced during disease progression.

2 | THE ADVENT OF LIVE-CELL
IMAGING OF PLANT INFECTION
by M. oryzae

Historically, investigations of host plant infection by M.
oryzae were made on fixed plant tissues'®?° and while
these revealed the development of specialised invasive
hyphae by the fungus,'® they did not allow the dynamics of
the plant-pathogen interaction to be captured. To observe
the infection process of M. oryzae in living tissues, the leaf
sheath inoculation method was developed?'** and is now
widely used. This provides a simple and effective means
of studying fungal growth in living plant tissue.”® Infect-
ing leaf sheath tissues, which are devoid of chlorophyll,

eliminates the need to clear tissues prior to imaging pro-
viding optically clear conditions to visualise each stage of
fungal infection. Because M. oryzae is also easy to geneti-
cally transform, the visualisation of functional fluorescent
fusion proteins is also widely used (for a video review of
their use see Ref. [13], as well as cytological fluorescent
dyes.”** Development of these methods, coupled with use
of confocal laser scanning microscopy, super-resolution
imaging, and electron microscopy, has enabled completely
new insights into the major cellular changes that occur
during blast infection.?>?%3! Live cell imaging has, indeed,
proven revolutionary in our understanding of blast disease.

3 | APPRESSORIUM FORMATION BY
THE BLAST FUNGUS

Plant infection by the blast fungus proceeds when a three-
celled conidium lands and attaches to the hydrophobic leaf
surface via spore tip mucilage released from its apex.*
The spore adheres tightly from its tip and germinates
rapidly on the leaf surface to form a polarised germ tube
within 2 h. The germ tube then hooks and flattens at its
tip before differentiating into an appressorium, a dome-
shaped infection structure (see Figure 1A and B) with a
specialised cell wall containing a layer rich in chitin and
a thick layer of melanin between the cell membrane and
the cell wall.**~*® Appressorium development requires per-
ception of an appropriate surface, which must be hard and
hydrophobic, as well as free of exogenous nutrients. These
conditions are perceived by surface receptors, such as the
Pth11 G-protein coupled receptor, the Msb2 and Shol pro-
teins which act upstream of the Pmk1 mitogen-activated
protein kinase (MAPK) pathway, and the cyclic AMP-
dependent protein kinase A pathway, which are necessary
for appressorium formation and function.'* Phosphory-
lation of the Pmkl MAPK occurs within 1 h of spore
germination and leads to phosphorylation of a large-set
of substrates including a novel regulator Vtsl, and the
Hox7, Farl and Fkhl transcription factors."” Phospho-
rylation of these substrates ultimately results in major
changes in gene expression in which 49% of the genes
of M. oryzae are differentially regulated during appres-
sorium morphogenesis.’’ The appressorium undergoes
intense melanin biosynthesis and turgor generation which
requires high concentrations of intracellular compatible
solutes such as glycerol.>® M. oryzae appressoria generate
up to 8.0 MPa of pressure, which is applied at the leaf sur-
face to enable a rigid penetration peg to breach the rice leaf
cuticle and epidermal cell wall.*® Appressorium morpho-
genesis is also regulated by a series of cell cycle controls
in which initiation of appressorium formation requires
an S-phase checkpoint, appressorium maturation requires
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FIGURE 1 Infection-related morphogenesis in the rice blast fungus Magnaporthe oryzae. (A) Confocal image of appressorium
development by M. oryzae wild type strain Guyll expressing cytoplasmic ToxA-GFP. Conidia were germinated on glass coverslips and
visualised 6 h post inoculation (hpi). The images represent maximum intensity projections of Z-stack series captured on a Leica SP8 confocal
laser scanning microscope. Scale bar = 10 um. (B) Scanning electron micrograph with false colouring of a dome-shaped appressorium (grey)
on a rice leaf surface (green), freeze dried 24 h after inoculation. The contents of the spore undergo autophagy and are recycled to the
incipient appressorium, resulting in enormous turgor that is translated into mechanical force to penetrate the waxy rice leaf cuticle.
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mitotic entry, and completion of mitosis is necessary for
development of a functionally competent appressorium.*°
A metabolically regulated cell-cycle checkpoint has also
been reported to be necessary for appressorium morpho-
genesis involving inactivation of the target-of-rapamycin
(TOR) kinase, which is maintained by the Asd4 GATA
transcription factor, thereby repressing expression of genes
involved in nitrogen assimilation to maintain low glu-
tamine levels.* Following mitosis, one daughter nucleus
moves from the germ tube to the appressorium and the sec-
ond daughter returns to the apical conidial cell (Figure 1C).
The conidium then undergoes an autophagy-dependent
process leading to cell death.*>** This requires cargo-
independent autophagy and it has been demonstrated
that proteins encoded by genes associated with nonse-
lective autophagy are all required for pathogenicity.*>~**
Autophagy is necessary for collapse of the three-celled
conidium and trafficking of its contents into the devel-
oping appressorium. Regulated cell death of the spore
has, however, also been proposed to require ferroptosis®>*
which results in lipid peroxidation and loss of viability
of each cell of the conidium (see Figure 1D). This sug-
gests that regulated cell death of the conidium requires
autophagy but may not be caused by it directly, instead
requiring another form of regulated cell death, although
further study is essential to confirm these observations.
Appressoria initially undergo radial or isodiametric
growth, expanding uniformly in all directions to form
dome-shaped infection structures for host penetration. Re-
polarisation of the appressorium then occurs at its base,
where a specific region, the appressorium pore, is defined
by a toroidal network of septin GTPases which generates
cortical rigidity and re-organises F-actin at the point of
plant infection.*® The septin ring forms during appresso-
rium maturation marking the precise point of penetration
peg emergence, as shown in Figure 1E. On a rice leaf sur-
face, the septin ring forms in the same manner, but then
undergoes further constriction to a diameter of approx-

imately 0.9-1.1um once the penetration peg is formed
(Figure 1F). Septins are required for scaffolding F-actin at
the base of the appressorium*’ as shown in Figure 1G. The
septin ring also acts as a lateral diffusion barrier for polar-
ity factors such as Bin-Amphiphysin-Rvs (BAR)-domain
proteins like Rvs167 (Figure 1H), the exocyst complex, and
actin-binding proteins such as Teal (Figure 11).**® In this
way, rapid actin polymerisation, polarised exocytosis and
cell wall biogenesis are focused to facilitate peg develop-
ment and protrusive force generation at the base of the
appressorium.

Recently, new tools have been developed to investigate
appressorium turgor generation. Changes in membrane
tension can be quantified via fluorescence lifetime imag-
ing (FLIM) using a mechanosensor plasma membrane
rotor probe, N*-BDP, which can detect spatial variations
in membrane tension in M. oryzae appressoria.'* An incipi-
ent appressorium at 4 h shows low and uniform membrane
tension causing mechanical restriction of the rotor probe
upon photoexcitation and longer average fluorescence life-
times (Figure 1J), whereas by 24 h, an appressorium with
high turgor exhibits high membrane tension, with a dis-
ordered membrane, allowing free rotation of the probe,
resulting in shorter average fluorescent lifetimes, as shown
in Figure 1K. Strikingly, the appressorium membrane
under high tension also shows considerable heterogeneity,
suggesting that there are regions varying considerably in
membrane fluidity in the pressurised cell. By contrast, a
nonpathogenic melanin-deficient mutant albl~ was found
to exhibit low spatially homogeneous tension (Figure 1L).*

4 | INVASIVE GROWTH BY M. oryzae IN
LIVING PLANT TISSUE

Once the fungus has punctured the leaf surface, it
extends a narrow primary hypha that rapidly differen-
tiates into thicker, bulbous invasive hyphae (IH) which

Scale bar = 10 um. (C) Conidia were harvested from Guyll expressing HI-GFP and inoculated onto glass coverslips. Images are maximum
projections of Z-stack series captured on a Leica SP8 confocal laser scanning microscope at 0, 4 and 24 hpi. Scale bar = 10 um. (D) Conidia

were harvested from Guyll expressing GFP-Atg8 and inoculated onto glass coverslips. Images are maximum projections of Z-stack series

captured on a Leica SP8 confocal laser scanning microscope at 0, 4 and 24 hpi. Scale bar = 10 um. (E) Organisation of Sep5-GFP in the

appressorium pore of Guyll at 24 hpi on glass coverslips. Scale bar = 10 pm. (F) Organisation of Sep5-GFP in the appressorium pore of Guyll
at 24 hpi on rice leaf sheath cultivar Moukoto. Scale bar = 10 um. (G) Organisation of actin with LifeAct-RFP in the appressorium pore of
Guyll at 24 hpi. (H) Organisation of Bin-Amphiphysin-Rvs (BAR) domain protein Rvs167-GFP in the appressorium pore of Guyll at 24 hpi. (I)

Organisation actin-binding protein Teal-GFP in the appressorium pore at 24 hpi. Scale bars = 10 pm. (J) FLIM image of Guyll appressorium

at 4 hpi stained with N*-BDP rotor probe. Using FLIM, this rotor probe is able to detect differences in plasma membrane tension of

appressoria during infection-related-development in wild type strain Guyll and melanin deficient mutant albI~. Red = low tension, green =
high tension. (K) FLIM image of Guyll appressorium at 24 hpi stained with N*-BDP rotor probe. (L) FLIM image of melanin-deficient
mutant albl~ appressorium at 24 hpi stained with N*-BDP rotor probe. The colour corresponds to fluorescence lifetime values expressed in

nanoseconds, as shown in the key 2-4 ns. Scale bar = 1 pm. S = spore, GT = germ tube and AP = appressorium. Conidial germination onto
glass coverslips (A, C, D, E, G, H, I) and leaf sheath infection (F) were incubated at 26°C and 24°C, respectively.
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FIGURE 2

Progression of rice tissue invasion by Magnaporthe oryzae. Confocal images of of rice cultivar Kitaake leaf sheaths inoculated

with M. oryzae Guyll expressing tdTomato driven by M. oryzae ribosomal protein 27 (RP27), a constitutive promoter at (A) 24 h
post-inoculation (hpi), (B) 36 hpi and (C) 48 hpi. Scale bars = 20 um. (D) Confocal image showing transpessoria (in asterisks), which enables

M. oryzae to move from cell-to-cell. White arrows indicate crossing points and hyphal constrictions as the fungus moves to the neighbouring

host cell. Scale bar = 5 um. Leaf sheath infections for all time points were incubated at 24°C. All images shown are maximum projections of

Z-stack series taken using Leica SP8 confocal laser scanning microscope. AP = appressorium.

colonise primary-invaded cells before infecting neighbour-
ing cells.!® Rapid plant tissue colonisation can be visu-
alised from 24 h after inoculation using a M. oryzae strain
expressing cytoplasmic red fluorescent protein (expressed
using the high level constitutive promoter M. oryzae ribo-
somal protein 27 (RP27)?’ driving tdTomato) as shown
in Figure 2A. Invasive hyphae initially grow within the
first invaded host cells, filling them as they grow and
undergoing cortical scanning in which hyphal tips make
contact with the edge of the plant cell to locate poten-
tial crossing points. To move to uninfected adjacent cells,
invasive hyphae swell at the tip and then undergo severe
hyphal constriction to a diameter of approximately 0.6-
0.8 um (Cruz-Mireles et al., 2021).°° Cell-to-cell crossing
points located by invasive hyphae correspond to pit field
sites, containing plasmodesmata®® and the fungus utilises
these cell junctions to facilitate its spread. The fungus
starts to move to neighbouring cells by 36 h after inoc-
ulation (Figure 2B) and colonises more cells by 48 h
(Figure 2C). The process of cell-to-cell invasion is con-
trolled by the Pmkl MAPK, mirroring the process of
appressorium development.** When a conditional pmki
analogue-sensitive mutant was generated, it was shown
that inhibition of MAPK activity with the ATP analogue
kinase inhibitor INA-PP1 led to the fungus becoming
trapped in the initial infected cell, unable to invade adja-
cent tissue. Furthermore, Pmkl appears to regulate a

large set of fungal proteins associated with septin and
cytoskeletal re-modelling and hyphal constriction, as well
as effector-encoding genes required for proliferation of
the fungus in plant tissue.’® Cell-to-cell movement thus
requires a specialised infection structure similar to the
appressorium, that has been termed a transpressorium
(Figure 2C). In this way, the fungus can cross pit field sites,
allowing integrity of the plant cell membrane to be main-
tained in adjacent plant cells as they are invaded.'>0->!

5 | RICE PLASMA MEMBRANE
DYNAMICS DURING M. oryzae INVASION

Expression of fluorescent gene fusions in both rice and
M. oryzae has recently allowed for much better definition
of the fungal-plant interface. Spatiotemporal changes in
the rice plasma membrane (PM), for example, can now be
directly visualised during M. oryzae infection. As the fun-
gus enters the first invaded cell, it is enveloped by the rice
plasma membrane, which forms a specialised compart-
ment called the extra-invasive hyphal membrane (EIHM)
(Figure 3A). The EIHM surrounds invasive hyphae as they
grow in the plant cell but as the fungus moves to previously
unoccupied neighbouring cells, integrity of the EITHM in
the first invaded cell is lost (Figure 3B). It has been demon-
strated that the EIHM forms a sealed compartment that
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FIGURE 3 Host plasma membrane changes during Magnaporthe oryzae infection. (A-B) Extra-invasive hyphal membrane (ETHM)
dynamics during M. oryzae infection. (A) Invasive hypha (IH) is enclosed with intact ETHM at 24 h post-inoculation (hpi). (B) EIHM becomes
disrupted in the initially invaded cell at 36 hpi. Numbers indicate the order by which the fungus invades rice cells. Confocal images were
prepared from leaf sheath inoculations using rice transgenic line expressing the plasma membrane marker LTI6b TMD:GFP (green) and rice
blast isolate Guyll RP27:tdTomato (magenta). Scale bars = 20 um. (C, D) Biotrophic interfacial complex (BIC) formation during M. oryzae
infection. (C) BIC (indicated by white arrow) is formed as the fungus enters the first cell at 24 hpi. (D) BICs are formed in each invasive hypha
as the fungus invades the neighbouring cells at 36 hpi. Confocal images were prepared from leaf sheath inoculations using rice transgenic line
expressing the plasma membrane marker LTI6b TMD:GFP (green) and blast isolate Guyll RP27:tdTomato (magenta). Scale bars = 20 um.
(E-H) Rice plasma membrane dynamics during M. oryzae infection. (E) Uninfected rice transgenic line expressing the plasma membrane
marker LTI6b TMD:GFP mounted in water. (F) Plasmolysed, uninfected cells of the rice transgenic line LTI6b TMD:GFP mounted in 0.75M
sucrose. (G) Plasmolysed initially infected cell indicates intactness of the rice plasma membrane at 24 hpi. (H) Previously invaded cells lose
the ability to plasmolyse after the fungus has moved to the neighbouring cells due to loss of plasma membrane integrity. Numbers indicate the
order by which the fungus invades the host cells. Confocal images were prepared from leaf sheath inoculations using rice transgenic line
expressing the plasma membrane marker LTI6b TMD:GFP (green) and rice blast isolate Guyll RP27:tdTomato (magenta). White arrowheads
indicate the shifting of rice membranes away from the cell wall during plasmolysis. White asterisk indicates new penetration site. Scale bars =
20 pm. (A-H) Leaf sheath infections for all time points were incubated at 24°C. All images shown are maximum projections of Z-stack series
taken using Leica SP8 confocal laser scanning microscope.

85U8017 SUOWIWOD 8A1Ie81D 3edldde aup Aq peusenob aJe Sajoie YO ‘@SN JO SN 10} Akeiq1 78Ul UQ A1 UO (SUORIPUOD-pUe-SWLR W00 A3 1M AReq 1 jeuljuo//Sdny) Suon|puoD pue swie | 8y 8ss *[620z/20/Tz] uo Ariqiiauliuo Aeim ‘elbuy 15e3 JO AisieAlun Ad Z8EET IWI/TTTT 0T/I0pAW0D A8 | 1M Aeiq 1 |Bul|uo//Sdny Wiy pepeoumoqd ‘¢ ‘GZ0Z ‘8T8ZS9ET



. Journal of :
Ml Microscopy

QUIME ET AL.

creates a barrier between the fungus and the host cyto-
plasm. Labelling with the lipophilic styryl dye FM4-64
allows visualisation of the EIHM, and the inability of the
dye to penetrate and label the invasive hyphae has provided
evidence that the ETHM forms a sealed compartment.”*
A membrane-rich structure is also found at the EIHM
called the biotrophic interfacial complex (BIC). This is
a host-derived structure that forms a distinct punctum
where fungal effectors are concentrated. In M. oryzae
strains expressing fluorescently-tagged effector proteins,
BIC structures can be visualised clearly. The BIC under-
goes a two-stage development as the fungus invades host
cells during biotrophic growth. In newly invaded cells, the
BIC appears as an EIHM membranous cap, termed a ‘tip
BIC’ that can be observed at the primary hyphal tip.>* As
the filamentous primary penetration hypha differentiates
into a bulbous invasive hypha, the BIC develops into a
distinctive structure beside the first invasive hyphal cell,
where it has been termed a ‘side-BIC’.?” The BIC forms
when the fungus penetrates the initial host cell and is con-
sistently visible 24 h after inoculation. The BIC can be
readily visualised in rice transgenic lines expressing the
plasma membrane marker LTI6b TMD:GFP, as a bright
punctate structure as shown in Figure 3C and BICs can be
observed as each invasive hypha moves into the next rice
cell (Figure 3D). Strikingly, only a single BIC is produced in
the initially invaded cell. However, as the fungus spreads to
neighbouring cells by 36 h post-inoculation, each invasive
hypha that branches from the initial infection site forms
a BIC in each newly colonised host cell. The host plasma
membrane remains intact during fungal invasion of the
initial cell but becomes disrupted as the fungus moves
into the neighbouring cell. This can be observed using a
plasmolysis assay, where the plasma membrane separates
from the cell wall, making it more clearly visible.>*> To
illustrate the loss of plasma membrane integrity, a plasmol-
ysis assay was carried out on infected rice cells expressing
the plasma membrane marker LTI6b-GFP?® and used to
evaluate plasma membrane integrity (Figure 3E). Using
a rice transgenic line expressing the LTI6b TMD:GFP,
healthy, uninfected rice cells mounted in 0.75M sucrose
result in plasmolysed cells where the plasma membrane
recedes from the cell wall due to hyperosmotic conditions
(Figure 3F). In infected cells, initially invaded cells at 24
hpi also retain their ability to plasmolyse, consistent with
host cell membrane integrity being maintained in fungal
colonised cells. The ETHM was found also found to shrink
around the invasive hypha (Figure 3G). However, as the
fungus moves to neighbouring cells, the initial and sub-
sequently invaded cells lose their ability to plasmolyse,
indicating that the host plasma membrane is disrupted at
this time. Only newly invaded rice cells can plasmolyse
(Figure 3H), confirming that M. oryzae always colonises

living plant cells as it spreads in rice tissue. Biotrophic
growth therefore involves a mosaic pattern in which newly
invaded plant tissue is alive with intact plasma membranes
and a discrete ETHM bounding invasive hyphae, whereas
cells from which the fungus spreads lose their viability
as soon as adjacent cells are invaded, leading to host cell
death. Hemibiotrophy in the blast fungus therefore does
not involve distinct switches in growth habit at a pre-
cise point following infection, but rather is a consequence
of the way in which invasive hyphae move, via trans-
pressoria and pit fields, between host cells always with a
growing zone of biotrophic development. As the infection
progresses, Magnaporthe therefore predominantly appears
to switch from a biotrophic phase in which host cells are
alive, to a later necrotrophic phase where most cells that
the fungus occupies are killed and their nutrients con-
sumed. This leads to the characteristic lesions, sporulation
and tissue death associated with rice blast disease.

6 | SECRETION AND DEPLOYMENT OF
M. oryzae EFFECTORS

To successfully invade living host tissue, M. oryzae deliv-
ers a complex repertoire of effector proteins to manip-
ulate plant immunity and protect the pathogen from
defence responses.’??3~5 A recent study revealed that 546
putative Magnaporthe effector-encoding (MEP) genes are
expressed during plant infection and show specific pat-
terns of temporal co-regulation.’ Structurally related but
sequence-unrelated effectors, such as the MAX (Magna-
porthe Avrs and ToxB-like) effectors and putative ADP-
ribosylation factor-like effectors are expressed specifically
between 24 and 48 h after infection. This suggests that
effectors are under tight transcriptional control during
infection. Consistent with this, a forward genetic screen
to search for effector regulators identified RGSI, a previ-
ously described regulator of G-protein signalling during
appressorium development, as a transcriptional regula-
tor of effector gene expression. Rgsl represses effector
expression during the prepenetration phase of develop-
ment, enabling their specific de-repression upon plant
infection.’® Similarly, the Pmkl MAP kinase that regu-
lates transpressorium development is also necessary for
expression of at least 50 effector-encoding genes, includ-
ing SLPI, BASI and BAS3.3*° Fluorescent protein tagging
has enabled categorisation of effectors based on their local-
isation patterns in planta. Apoplastic effectors delivered to
the apoplast, such as SLPl,a LysM domain protein bind-
ing fungal cell wall chitin, appears around the periphery
of invasive hyphae (Figure 4A), whereas cytoplasmic effec-
tors, such as AVR-Pia, are concentrated in the BIC before
being translocated to the rice cytoplasm (Figure 4B). The
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Guy11/SIp1:GFP

Guy11/AVR-Pia:GFP

FIGURE 4 Localization of M. oryzae effectors during infection. (A) Confocal image shows Guyll expressing Slpl:GFP, an apoplastic
effector, which localizes at the apoplastic space. Note that there is no fluorescence signal in the BIC (white arrow) Scale bars = 10 pm. (B)
Confocal image shows Guyll expressing a known cytoplasmic effector AVR-Pia:GFP. AVR-Pia:GFP preferentially accumulated in the BIC

(indicated by white arrow). (C) Confocal image shows a close-up of the biotrophic interfacial complex (BIC). The BIC is plant plasma

membrane-derived and colocalizes with Guyll expressing Pwl2:mRFP. Pwl2 is a known M. oryzae cytoplasmic effector localizing at the BIC.
Scale bar = 5 um. Leaf sheath infections were incubated at 24°C. All images were taken 26 h post-inoculation (hpi) and are presented as
maximum intensity projections of Z-stack series captured using Leica SP8 confocal laser scanning microscope.

reproducible visualisation of effector expression in the
BIC,%731°7 is consistent with a role for the BIC as an active
site of effector translocation to the host cytoplasm. Evi-
dence to support this hypothesis has been reported in a
study which showed that cytoplasmic effectors are secreted
in a manner that is insensitive to brefeldin A (BFA),
suggesting an unconventional Golgi-independent secre-
tion process. By contrast, apoplastic effectors such as Slpl
and Bas4 are secreted in a BFA-sensitive way, suggesting
conventional secretion.’® Cytoplasmic effectors therefore
appear to be secreted from the BIC-associated cell, which
is amodified hyphal tip in an exocyst-dependent but Golgi-

independent manner. Thereafter they accumulate within
the BIC outside of the fungal cell wall but still within the
EIHM (Figure 4C). Unconventional secretion of M. oryzae
furthermore requires tRNA thiolation and alternate codon
usage of genes encoding effectors destined for delivery to
the BIC.>8 Following secretion, effectors can be visualised
within the BIC. between the fungal cell wall and the EIHM,
using super resolution imaging within punctate struc-
tures called membranous effector compartments (MECs),
which have an initial diameter of up to 249 nm, but can
enlarge/fuse to form larger 500-1000 nm MECs in mature
BICs.*” MECs co-localise with plant plasma membrane
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FIGURE 5 Model for the translocation of M. oryzae effectors into rice cells. During biotrophic growth, M. oryzae deploys a battery of

effector proteins which are either apoplastic or cytoplasmic, to suppress host immune responses and facilitate fungal colonisation. Apoplastic
effectors are secreted via the conventional ER-to-Golgi, Brefeldin A (BFA)-sensitive pathway, and reside in the apoplastic or EIHM matrix
(EIHMXx) enclosed by the extra-invasive hyphal membrane (EIHM). Cytoplasmic effectors are secreted using a nonconventional
BFA-insensitive pathway and accumulate in the biotrophic interfacial complex (BIC). Cytoplasmic effectors tagged with fluorescent proteins

are observed to be packaged in membranous effector compartments (MECs) which co-localise at the BIC with fluorescently-tagged rice

plasma membrane (LTI6b:GFP). Clathrin-mediated endocytosis then results in MECs being taken into the cytoplasm of the host from where

effectors are released to fulfil diverse immuno-suppressive functions during fungal infection.

markers, such as LTI6b-GFP and also with Clathrin light
chain, suggesting a role for clathrin-mediated endocytosis
in effector uptake into plant cells from the BIC (Figure 5).
Inhibiting clathrin-mediated endocytosis using chemical
inhibitors or by virus-mediated gene silencing of OsCHC1
(Clathrin Heavy Chain 1) or OsAP2 (AP2/ERF transcrip-
tion factor family) prevented effector uptake, whereas
inhibition of clathrin independent endocytosis by silenc-
ing OSFLOTI (Flotillin 1), or with chemical inhibitors, had
no effect on effector uptake.* Taken together, these stud-
ies suggest that effector secretion occurs via two routes
in M. oryzae, depending on the destination of the effec-
tor. Cytoplasmic effectors are secreted unconventionally,
accumulating in the BIC from where they are taken
into plant cells through a mechanism involving clathrin-
mediated endocytosis. Interestingly, very similar results
have been found in the oomycete pathogen Phytophthora
infestans, which is only very distantly related to fungal
pathogens such as M. oryzae. Cytoplasmic effectors of
P. infestans are secreted in a BFA-insensitive manner’
and clathrin-mediated endocytosis is also implicated in
their uptake during plant infection from haustoria even
though a BIC structure is not observed. In P. infes-

tans infections of the model host Nicotiana benthamiana,
transient silencing of NbCHC, encoding clathrin heavy
chain, or NbAra6 encoding a Rab GTPase late endo-
some/multivesicular body marker, attenuates P. infestans
infection and reduces the translocation of RXLR effector
fusions from the pathogen to host cells.®” When consid-
ered together, these studies suggest that there may be a
conserved mechanism involved in effector uptake by very
diverse filamentous pathogens. There are, however, clearly
distinct mechanisms of secretion in pathogens such as
Ustilago maydis, in which a translocon has been implicated
in secretion of at least a subset of its effectors,’! as well as
in other fungal pathogens (for a review see Ref. [62]).
Once secreted, M. oryzae effectors take on distinct func-
tions depending on their destination. The apoplastic LysM
effector Slpl, for example, suppresses chitin-triggered
immunity by acting as a high affinity binder of chitin
oligomers released by the pathogen which would normally
elicit a pattern-triggered immune response,”® requiring
N-glycosylation for its activity in the apoplast.® Simi-
larly, the chitinase Chial binds chitin in the apoplast
to suppress immunity, but can also be recognised by
the rice tetratricopeptide repeat protein OSTPRI in a
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counter-suppression strategy against the effector.®* An
ascorbate oxidase, AOIl, also affects apoplastic redox sta-
tus and suppresses two immunity-associated rice ascor-
bate oxidases.® Cytoplasmic effectors meanwhile target
distinct components of pattern-triggered immunity sig-
nalling pathways. For example, mitochondria are tar-
geted by at least two M. oryzae effectors. CDIP4 targets
the mitochondria-associated OsDjA9-OsDRPIE protein
complex to reduce rice immunity,’® while Avr-Pita is
a metalloprotease that has been reported to target the
cytochrome c oxidase assembly protein OsCOX11, which
regulates mitochondrial reactive oxygen species (ROS)
metabolism.®” Effectors may also target processes such as
plant exocytosis. The Avr-Pii effector, for example, targets
two rice Exo70s OsEx070F2 and OsExo070F3% and defines
a family of zinc-finger effector fold (ZiF) effectors that
bind to a specific Exo70 interface.?” Effectors can, however,
also have multiple host targets. Avr-Pii has, for instance,
also been reported to interact with NADP-malic enzyme
(OsNADP-ME2) to inhibit its activity,”” while the effector
Avr-Pizt is even more promiscuous and has been reported
to suppress immunity by binding to the RING-type ubig-
uitin E3 ligases APIP6 and APIP10,”7? the bZIP-type
transcription factor APIP5 to suppress APIP5-triggered cell
death,” the nucleoporin protein APIP12’* and the potas-
sium channel OsAKT1 by competing with protein kinase
OsCIPK23 to modulate K* channel activity.” How Avr-
Pizt evolved to have such a large number of highly distinct
interactors, however, is not clear. Effectors can also target
large sets of immune-related proteins such as heavy metal-
associated (HMA) domain, which fulfil diverse functions
in immunity. The MAX effectors Avrl-CO39, Avr-PikD,
and Pwl2, for example, all target HMA proteins and host
plants have in turn evolved to recognise them during
effector-triggered immunity by integrating HMA domains
into NLR immune receptors.’*-%°

7 | FRONTIERS OF OUR
UNDERSTANDING OF PATHOGENESIS BY
Magnaporthe oryzae

A combination of molecular genetics, genomics, and live
cell imaging has enabled rapid progress in our understand-
ing of rice blast infection. We now have a basic knowledge
of how an appressorium is formed, how it develops tur-
gor and how the re-polarisation process occurs to facilitate
entry into the plant. However, there is much we still do
not understand. The cell cycle control points that gov-
ern appressorium morphogenesis need precise definition
and the genetic determinants need to be identified and
characterised. These in turn need to be positioned in the
context of the signalling pathways that we know regulate

appressorium formation, the Pmkl MAP kinase cascade
in particular, but also the cAMP-dependent protein kinase
A, and the protein kinase C/cell integrity pathways, so
that the network and associated checkpoints that govern
appressorium development can be clearly defined. This
will require live cell imaging to define the co-localisation of
individual components of these signalling pathways such
that the spatial and temporal dynamics of the system can
be understood. Definition of the Pmkl-dependent phos-
phorylation landscape of appressorium development® is
a major advance that will enable the downstream tar-
gets of the pathway to be defined and connected with
the transcriptional changes that have so far been identi-
fied (Osés-Ruiz et al., 2021).>” However, a comprehensive
analysis of Pmkl-dependent transcriptional regulators is
required to fully define the hierarchy of control that
leads to infection cell morphogenesis. Appressorium tur-
gor generation also requires deeper biochemical analysis
as the synthetic pathway for compatible solute generation
is still relatively poorly understood. Turgor control will
also require the histidine phosphorylation landscape to be
defined so that the role of SIn1®! can be fully understood.
Appressorium re-polarisation will also require the septin
interactome to be described in detail so that polarity deter-
minants and early acting virulence factors can be identified
and the role of septins more clearly understood.®?

During invasive growth the major challenge will be to
determine the functions of more than 500 effector proteins.
This seems a daunting task at this stage, given that we
understand very few effector functions so far and those that
have been studied, such as AvrPi-zt, for example, can be
complex involving multiple targets. Whether this is a com-
mon feature is currently unknown, but higher throughput
gene functional analysis, perhaps using higher frequency
CRISPR-Cas9 genome editing will be required along with
advances in live cell imaging at scale, to achieve this goal.
Understanding effector uptake, BIC formation and the
precise delivery mechanism is also an important goal for
future research. We need to understand the consequences
of effector function in eliciting major changes in host cell
organisation and organelle distribution, for example, and
in determining how such a large amount of additional
plant membrane membrane is made in an infected cell
to accommodate growing invasive hyphae. In this article,
we have predominantly reported studies using the expres-
sion of functional fluorescent proteins visualised by laser
scanning confocal microscopy to perform live cell imag-
ing of effector and regulator localisation and to examine
the rice-M. oryzae interface.?*?’-318384 Research questions
regarding effector uptake and function, and host cellular
responses during infection would, however, benefit greatly
from advances in imaging platforms and microscopy tech-
niques. Spinning disk confocal microscopy®>*® with its
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high temporal resolution, for example, is ideal for imaging
the dynamics of fast-moving organelles such as mito-
chondria and endosomes during infection, which would
greatly aid the analysis of effector delivery during infec-
tion. Multiphoton microscopy®>*’-! which enables deep
tissue imaging and minimises phototoxic damage, would
particularly add value to the observation of structures
located deeper in plant tissue such as the BIC to reveal
its internal composition and the membrane dynamics of
host-pathogen interactions. Light sheet microscopy”®*
offers the benefit of long-term imaging due to low pho-
totoxicity with a larger field of view. This could be
applied, for instance, to monitoring hyphal development
while looking at changes in host plant cell organisa-
tion, such as cytoskeletal re-modelling, or in tracking
fluorescent effector protein movement away from initial
sites of infection. Live cell-compatible super-resolution
microscopy platforms including structured illumination
microscopy (SIM)°* ¢ and AiryScan microscopy”’ would
furthermore allow examination of host-fungal interplay in
greater detail, such as defining intricate details of the host
endoplasmic reticulum during infection or localisation
of proteins in plasmodesmata associated with immunity
and the action of effectors in suppressing such responses
(Fitzgibbon et al., 2010).%

Finally, these cell biology advances need to facilitate
translation into new methods for disease control either via
a more systematic effector-guided deployment strategy for
major resistance genes in durable combinations, based on
an understanding of the prevailing pathogen population,
or by means of better, targeted antifungal compounds that
have limited environmental impact and can be made in
a sustainable manner. These tasks are equally daunting,
but exciting too, and can build on recent advances in our
understanding of pathogenesis that have been driven by
advances in live cell imaging of blast infections.
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