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Summary

Live-cell imaging of plant—-pathogen interactions is often
hampered by the tissue complexity and multicell layered
nature of the host. Here, we established a novel pathosystem
with the moss Physcomitrella patens as host for Phytophthora.
The tip-growing protonema cells of this moss are ideal for
visualizing interactions with the pathogen over time using
high-resolution microscopy. We tested four Phytophthora
species for their ability to infect P. patens and showed that
P. sojae and P. palmivora were only rarely capable to infect
P. patens. In contrast, P. infestans and P. capsici frequently
and successfully penetrated moss protonemal cells, showed
intracellular hyphal growth and formed sporangia. Next to
these successful invasions, many penetration attempts failed.
Here the pathogen was blocked by a barrier of cell wall ma-
terial deposited in papilla-like structures, a defence response
that is common in higher plants. Another common response
is the upregulation of defence-related genes upon infection
and also in moss we observed this upregulation in tissues
infected with Phytophthora. For more advanced analyses of
the novel pathosystem we developed a special set-up that
allowed live-cell imaging of subcellular defence processes by
high-resolution microscopy. With this set-up, we revealed
that Phytophthora infection of moss induces repositioning of
the nucleus, accumulation of cytoplasm and rearrangement
of the actin cytoskeleton, but not of microtubules.

Introduction

Plant pathogens cause enormous crop losses worldwide and
are often difficult to control. For designing novel control strate-

Correspondence to: Francine Govers, Laboratory of Phytopathology, Wageningen
University, Droevendaalsesteeg 16708 PB Wageningen, The Netherlands. Tel: +31
317 483 138; e-mail: francine.govers@wur.nl

© 2016 The Authors
Journal of Microscopy © 2016 Royal Microscopical Society

gies, we need to gain more in depth knowledge on molecular
and subcellular plant defence processes. Upon pathogen recog-
nition, plant cells initiate a dramatic reprogramming to pre-
vent penetration. This results, for example, in the production
of antimicrobial compounds, movement of organelles, rein-
forcement of cell walls or rearrangement of the cytoskeleton
(Schmelzer, 2002; Robatzek, 2007; Hardham, 2007). Over
the last decades, advanced methods for imaging cell biolog-
ical processes have been developed and were used to visu-
alize subcellular rearrangements upon infection of plants by
biotrophic fungi and oomycetes (Schmelzer, 2002; Hardham,
2007; Huckelhoven & Panstruga, 2011; Ben Khaled et al.,
2015). Often these studies make use of fixed plant tissue
which has as major drawback that the dynamics of the plant—
pathogen interaction cannot be captured. Preferably, live-cell
imaging is used, but here the drawback is the multicell layered
nature of the host that hampers high-resolution microscopy.
Unlike higher plants, the moss Physcomitrella patens is ideal for
high-resolution microscopy. Because this moss is also known
to be susceptible to a variety of pathogens, we set out to further
exploit P. patens as a model host plant. In this study, we first
tested the ability of the oomycete pathogen Phytophthora to
infect P. patens and subsequently developed a live-cell imag-
ing set-up to investigate the host-pathogen interactions at the
subcellular level.

The genus Phytophthora belongs to the class of oomycetes
and comprises over 130 species that are all pathogens on a
wide variety of plants (Kroon et al., 2012). Notorious species
are Phytophthora infestans, the causal agent of potato and
tomato late blight (Fry, 2008) and Phytophthora sojae, the
causal agent of stem rot and root rot in soybean. Examples
of broad host range species are Phytophthora capsici that in-
fects amongst others tomato and pepper (Lamour et al., 2012)
and P. palmivora that is pathogenic on tropical crops such as
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cacao and date palm. For asexual reproduction, Phytophthora
produces sporangia that can either germinate directly or de-
velop into zoosporangia. The latter releases motile zoospores
that encyst upon touching a surface and then germinate. At
the germ tube tip an appressorium is formed that enables host
cell penetration. In higher plants the mycelium grows in be-
tween the mesophyl cells and forms feeding structures called
haustoria that invade the cells. When the lesion expands, spo-
rangiophores emerge through the stomata and the sporangia
that are formed can start a new infection cycle (Hardham,
2001; Judelson & Blanco, 2005).

P. patens is a leafy bryophyte growing in many temperate
regions worldwide. The bryophytes diverged around 450 mil-
lion years ago from a common ancestor shared with vascular
plants and thus form an evolutionary link between green al-
gae and vascular plants (Knight et al., 2009). During its life-
cycle, P. patensislargely haploid with only a very short diploid,
sporophytic phase. Upon germination, the haploid spores form
a filamentous network called protonema and this protonema
differentiates into gametophores with small leaf-like phyllidia
and rhizoids. After fertilization a diploid sporophyte develops
on top of these gametophores that undergoes meiosis to pro-
duce the next generation of haploid spores (Cove, 2005). P.
patens has become an important model system for functional
genomics and cell biology. It is easily cultured and its highly
efficient homologous recombination allows direct gene tar-
geting (Nishiyama et al., 2000). Moreover, the fact that pro-
tonema and phyllidia are one-cell-layer-thick, makes P. patens
ideal for microscopy.

In nature, mosses are infected by microbial pathogens of-
ten leading to severe damage (Davey & Currah, 2006; Davey
et al., 2009). To exploit the advantages of P. patens as a
model host plant, several pathogens have been tested for their
ability to infect P. patens. For the fungal pathogens Botry-
tis cinerea, Altenaria brassicicola, Altenaria alternata, Fusarium
avenaceum and Fusarium oxysporum (Ponce de Léon et al.,
2007; Akita et al., 2011; Bressendorff, 2012; Lehtonen et al.,
2012b; Ponce de Léon et al., 2012), the bacterium Pectobac-
terium carotovorum (Andersson et al.,, 2005; Ponce de Léon
et al., 2007) and three species of the oomycete genus Pythium
(Oliver et al., 2009; Takikawa et al., 2015), it has been
shown that they are capable to infect P. patens. More recently,
Reboledo et al. (2015) described the infection of P. patens by
the hemibiotrophic pathogen, Colletotrichum gloeosporioides.
These studies revealed that these pathogens cause extensive
cell death of moss tissue and induce defence responses in P.
patens that are similar to those activated in flowering plants
(Ponce de Leon, 2011; Ponce de Le6n & Montesano, 201 3).
For example, inoculation with the Pythium species, B. cinerea
and C. gloesporioides resulted in cell wall reinforcement and
the production of reactive oxygen species (ROS) (Oliver et al.,
2009; Ponce de Léon et al., 2012; Reboledo et al., 2015)
and exposing P. patens tissue to the fungal elicitors chitin and
chitosan lead to a rapid ROS burst, increased peroxidase ac-

tivity and induction of chitinase secretion (Lehtonen et al.,
2009; Lehtonen et al., 2012a; Lehtonen et al., 2014). Further-
more, levels of the hormone salicylic acid (SA) and a precur-
sor of jasmonic acid (JA) were found to be increased upon B.
cinerea infection (Ponce de Léon et al., 2012). Also, several
genes encoding defence-related proteins were found to be up-
regulated upon pathogen attack or elicitor treatment (Oliver
et al., 2009; Bressendorff, 2012; Ponce de Léon et al., 2012;
Lehtonen et al., 2012a; Reboledo et al., 2015). These included
genes encoding phenylalanine ammonialyase (PAL) and chal-
cone synthase (CHS), both enzymes in the flavonoid pathway
that produces antimicrobial compounds and is involved in SA
accumulation (Huang et al., 2010; Dao et al., 2011), and a
lipoxygenase (LOX) that is part of the oxylipin pathway of
which JA is one of the products (Porta & Rocha-Sosa, 2002).
Also genes encoding the superoxide producer NADPH oxidase
(NOX), (Sagi & Fluhr, 2006), the mitogen activated protein
kinase 4a (MPK4A) that in Arabidopsis is involved in early
defence signalling (Berriri et al., 2012), and the transcription
factor ethylene-responsive element-binding factor 5 (ERF5)
were upregulated. Together, these findings indicate that basal
defence signalling was already present prior to the emergence
of higher plants. Once penetration in higher plants has been
achieved, the pathogen can still be stopped by alocal hypersen-
sitive response (HR) which is triggered by resistance proteins
that recognize pathogen effectors (van Ooijen et al., 2007).
The genome of P. patens contains several resistance gene ho-
mologs (Akita & Valkonen, 2002; Xue et al., 2012; Tanigaki
etal., 2014), but as yet activation of HR in moss has not been
reported.

In this study, we describe a novel pathosystem with P. patens
as host for two Phytophthora species. We characterized the in-
fection of P. patens by P. infestans and P. capsici and analysed
defence responses upon attack by these pathogens, includ-
ing cell wall fortification and the induction of defence-related
gene expression. We also demonstrate the high potential of
this pathosystem for high-resolution live-cell imaging of sub-
cellular defence by visualizing local reorganisation of the actin
cytoskeleton in P. patens upon Phytophthora infection.

Material and methods

P. patens culturing conditions

P. patens wild-type isolate Gransden (Ashton & Cove, 1977)
was routinely cultured on BCDAT or BCD agar (Nishiyama et
al., 2000) at 25°C under continuous white light.

Transformation of P. patens

To create a moss line in which both actin filaments and mi-
crotubules are fluorescently labelled, a LifeAct-eGFP construct
(Vidali et al., 2009) was transformed into a moss line express-
ing a gene encoding mCherry fused to a-tubulin driven by
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the rice actin promoter (McElroy et al., 1990) and integrated
at the HB7 locus (Hiwatashi et al., 2008) (T. Miki, unpub-
lished). Transformation was performed using PEG-mediated
protoplast transfection (Nishiyama et al., 2000) and stable
transformants were selected by resistance to hygromycin af-
ter a period of release from selection.

Pathogen growth conditions and inoculum preparation

Isolates of P. capsici, P. palmivora and P. sojae (Table 1) were
cultured on 20% (v/v) V8 juice agar at 25°C under continu-
ous light (Erwin & Ribeiro, 1996). P. infestans was cultured on
rye sucrose agar at 18°C in the dark (Caten & Jinks, 1967). To
produce inoculum, 11-14-day-old colonies of P. infestans were
flooded with sterilized cold water, followed by incubation at
4°Cfor 3 hin the dark. Zoospores of P. palmivora were obtained
by flooding 5-7-day-old colonies with sterilized cold water, fol-
lowed by 30-min incubation at 25°Cin light. A similar method
was used to isolate zoospores of P. capsici, with the difference
that plates were unsealed and grown under continuous light
to produce sporangia. Zoospores were filtered through a 0.5-
um filter, concentrations were measured using a haemocy-
tometer and adjusted to 1 x 10° to 1 x 10° zoospores mL™!.
Inoculation with P. sojae was done with mycelial plugs of
0.3 cm in diameter from the edge of a 5-day-old colony.

Trypan blue staining

P. patens was grown on BCD agar overlaid with cellophane for
2-3 weeks and inoculated with a 50 uL droplet of inoculum
containing 1 x 10° zoospores mL™ per colony. Inoculated
moss tissue was stained in trypan blue solution (10 mL phenol,
10 mL glycerol, 10 mL lactic acid, 10 mL water, 0.02 g trypan
blue) overnight and destained with chloral hydrate for at least
1 day (Wilson & Coffey, 1980).

P. patens growth and inoculation for live-cell imaging
of infected cells

Protonemal tissue was grown in a glass-bottom microwell
dish of 35 mm in diameter (MatTek, Ashland, USA). This dish
was first filled with BCD 1,2% agar (w/v), subsequently a 1 cm
x 1 cm agar square was removed from the coverglass of the
dish and a small moss explant was placed on the bottom. This
explant was covered by a 1-mm thin layer of BCD 0.7% low
melting point agar (w/v) and protonemal tissue was grown
under standard conditions for 5-7 days prior to inoculation.
Subsequently, a 20-uL droplet of inoculum containing in total
1 x 10° zoospores mL ! was placed on top of the protonemal
tissue. Inoculated dishes were sealed with surgical micropore
tape (3M Health Care Business, Neuss, Germany) and placed
at the bench at room temperature for at least 4 h before
microscopic observation.
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Microscopy

Brightfield microscopy was performed on a Nikon 90i micro-
scope (Nikon, Amstelveen, The Netherlands) using differential
interference contrast and a 60x water immersion 1.20 NA
objective. Confocal fluorescence microscopy was performed
using a Roper Spinning Disc Confocal Microscope (Nikon
Ti microscope body, Yokogawa CSUX1-spinning disc head,
Photometrics Evolve camera, Metamorph software, 491 and
561 nm laser lines; GFP filter 495-560 nm; mCherry filter
570-620 nm; 100x oil immersion 1.40 NA objective; 1.2 x
magnification lens between spinning disk head and camera).
Z-stacks were acquired with an internal Z-spacing of 0.5 yum
and image processing was performed using Image] software.

Quantitative RT-PCR

P. patens protonemal tissue was homogenized with a polytron
homogenizer, plated on BCDAT agar overlaid with cellophane
and grown for 1 week. Subsequently, moss plates were sprayed
withintotal 1 mLof 1 x 10° zoosporesmL ™" per 9-cm plate. In-
oculated moss plates were sealed with surgical micropore tape
(3M Health Care Business) and placed at 25°C under contin-
uous light. Mock inoculations were performed using sterilized
deionized water. Total RNA was isolated from infected and
mock-treated moss tissue by a Quick-RNA MiniPrep kit (Zymo
Research, CA, USA). Synthesis of cDNA was performed on
2 ug of total RNA using a M-MLV reverse transcriptase kit
(Promega, Madison, WI, USA). gqRT-PCR was performed in
a Bio-Rad 7300 Real Time PCR system (Applied Biosystems,
NY, USA) and using a SYBR Hi-ROX kit (Bioline, London, UK),
gene-specific primers (Table 2) and 3 uL of 10-times diluted
cDNA. Gene expression levels were normalized to EF 1« tran-
script levels and to the transcript levels of the studied gene in
mock-inoculated moss tissue.

Results and discussion

P. infestans and P. capsici are able to infect P. patens

As a first step, we tested four Phytophthora species for their
ability to infect P. patens. Moss colonies were inoculated with
zoospores of P. infestans, P. capsici, P. palmivora and P. sojae
and stained with trypan blue to visualize mycelium or spores
of the pathogen and dead or damaged cells of the moss.
Inoculation with P. sojae rarely resulted in infection of
P. patens. Only occasionally we observed local cell death rem-
iniscent of successful colonization. Sometimes we also found
oospores (i.e. sexual spores) inside cells of phyllidia and on
protonemal tissue demonstrating that P. sojae is capable to
grow and expand in moss (Fig. 1A). P. sojae is homothallic and
during interaction with its natural host soybean it readily pro-
duces oospores inside infected tissues (Erwin & Ribeiro, 1996).
Also P. palmivora was hardly able to infect moss cells (Fig. 1B).
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Table 1. Phytophthora isolates used in this study

Phytophthora species Isolate Origin Refrence

P. infestans 14-3-GFP GFP-expressing transformant of P. infestans H30P02 -

P. capsici LT263 Isolated from pumpkin (Donahoo & Lamour, 2008)
LT3239 Isolated from pumpkin -

P. sojae P6497 Isolated from soybean (Forster et al., 1994)

P. palmivora GFP3 GFP-expressing transformant of P. palmivora P6390 (Vijn & Govers, 2003)

Table 2. Primers used in this study

Gene Gene ID? Forward (Fw) and reverse (Rv) primer Reference

PpPAL4 Ppl1s500_4V6.1 Fw: TGGCCTACTCGGTAATGGAG (Bressendorff, 2012)
Rv: GTCAACCATCCGCTTGATTT

PpLOX7 Ppls70_182V6.1 Fw: GTGGCGGTTTGATCAGGA (Lehtonen et al., 2012a)
Rv: CGTTCAGCCATCCCTCTTC

PpNOX Ppls18_194V6.1 Fw: CACGATGTTGCAGTCGTTG (Lehtonen et al., 2012a)
Rv: TACGTGCCCTAGTGCCTGA

PpCHS Ppls22_4V6.1 Fw: GGCATGGAACGAGATGTTCT (Bressendorff, 2012)
Rv: CCTTGCATCTTGTCCTTGGT

PpERF5 Ppls2_410Ve6.1 Fw: GCTCCGCTGTATCGAAAGTC (Bressendorff, 2012)
Rv: TCGAAGTTGCTGACAAGGTG

PpMPK4A Ppls149_39V6.1 Fw: GGTACAAGCCACCACTTCGT (Bressendorff, 2012)

PpEF1a Ppls163_112V6.2

Rv: GGTCCGTATCCATCAACTCG
Fw: AATCATACATTTCACCTCGCC
Rv: GATCAGTGGGTAGAAGTGAC

(Le Bail et al., 2013)

4Gene IDs used by www.cosmoss.org.

P. sojae

P. palmivora

Fig. 1. P. sojae and P. palmivora occasionally infect P. patens. P. patens at 5 days postinoculation (dpi) with P. sojae (A) and at 1 and 3 dpi with P. palmivora
(B). The tissue was stained with trypan blue and visualised by brightfield microscopy. Scale bars represent 20 um. hy, intracellular hypha; oosp, oospore;

Sp, sporangium.

Local cell death, cell wall browning and intracellular hyphal
growth were observed in gametophore phyllidia cells. At a
later stage of infection, that is, 3 days postinoculation (dpi),
sporangia were formed on moss tissue. Because infection by
either P. sojae or P. palmivora was rarely observed, these two
species were not used for further study.

Inoculation with the other two Phytophthora species did
result in more frequent infections and browning of moss tis-
sue, indicating that P. patens is susceptible to these pathogens
(Fig. 2A). Upon inoculation with both P. infestans and P.
capsici, appressoria were formed that enabled penetration of
moss cells and we observed hyphae growing inside these cells

© 2016 The Authors
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P. capsici
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Fig. 2. P. infestans and P. capsici are able to infect P. patens. (A) Moss colonies at 2 dpi with zoospores of P. infestans and P. capsici, and mock treatment.
Scale bar is 5 mm. (B, C) The interaction between P. patens and P. infestans (B) or P. capsici (C) at 4—8 hpi and 5 dpi. The tissue was stained with trypan blue
and visualised by brightfield microscopy. Scale bars represent 20 pm. ap, appresorium; hy, intracellular hypha; pa, papilla-like structure; sp, sporangium.

(Figs. 2B and C). Compared to P. infestans, P. capsici grew
faster and showed more penetration attempts even with sim-
ilar amounts of zoospores in the inoculum. The intracellular
growing hyphae often showed a dark brown coloration. Brown
deposits surrounding penetrating hyphae have also been ob-
served during the interaction of P. infestans with the nonhost
plant species Arabidopsis thaliana (Vleeshouwers et al., 2000)
and in another moss, Funaria hygrometrica, infected by a fungal
pathogen (Martinez-Abaigar et al., 2005; Davey et al., 2009;
Davey et al., 2010). This dark brown coloration is reminiscent
of the deposition of phenolic compounds, a general defence re-
sponse observed in higher plants (Vleeshouwers et al., 2000).

Besides successful penetration of moss cells, we also ob-
served the formation of papilla-like structures that blocked
hyphal penetration and arrested further pathogen coloniza-
tion (Figs. 2B and C). In fact, roughly half of the penetration
attempts were blocked by these papilla-like structures. Papil-
lae are cell wall depositions that are formed by higher plants
as part of the first line of defence against fungal and oomycete
pathogens (Schmelzer, 2002; Collinge, 2009). Papillae con-
sist of callose, proteins, phenolic compounds and reactive oxy-
gen species and physically resist hyphal penetration (Collinge,
2009). Papilla-like structures in mosses have been reported
before. In P. patens they were found upon inoculation with
the nonvirulent fungus Apiospora montangei (Lehtonen et al.,
2012b) and in Funaria hygrometrica when challenged with
Atradidymella muscivora and Coniochaeta velutina (Davey et al.,
2009; Davey et al., 2010). Lehtonen et al. (2012b) showed
that the papilla-like structures in P. patens can be stained with
aniline blue, indicating that they contain glucans.

© 2016 The Authors
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During a later stage of infection, sporangia were detected
(Figs. 2B and C), demonstrating that the disease-cycle of P. in-
festans and P. capsici can be completed on P. patens. However,
we have never observed a typical haustorium and combined
with the observed defence responses, for example, the deposi-
tion of phenolic compounds and the formation of papilla-like
structures, we conclude that the interactions between P. patens
and either P. infestans or P. capsici resemble nonhost interac-
tions. We therefore consider this pathosystem useful to study
basal plant defence responses upon pathogen attack and in
particular at early stages of the interaction. Because P. capsici
shows a higher infection efficiency than P. infestans, P. capsici
was used to analyse this pathosystem in more depth.

Defence-related genes of P. patens are upregulated upon
Phytophthora infection

The overall defence response is usually accompanied with
transcriptional reprogramming of defence-related genes
(Dodds & Rathjen, 2010). To investigate if this is also the
case in the P. patens — Phytophthora pathosystem, we studied
the expression of six P. patens defence-related genes upon P.
capsici infection, that is, PAL4, LOX7, NOX, MPK4, CHS and
ERF5. One-week-old protonema cultures were inoculated with
zoospores of P. capsici and total RNA was isolated 12 h later.
Transcript levels were analysed by qRT-PCR and normalised
to their levels in mock-treated protonema cells (Fig. 3). The
transcript levels of all studied genes increased upon infection,
ranging from 8 up to 58 fold. This indicates that some of the
common defence pathways of higher plants are also activated
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Fig. 3. Defence-related genes are upregulated upon P. capsici infection.
Transcript levels of six defence-related P. patens genes at 12 hpi were
analysed by qRT-PCR and normalized to the endogenous P. patens gene
EF1a. The y-axis shows the mean fold changes (+ standard deviation of 3
technical replicas) relative to the transcript level in moss tissue 12 h after
mock treatment that was set at 0. This experiment was repeated at least
three times with comparable outcomes.

in P. patens upon infection with Phytophthora. This is in line
with findings in earlier studies dealing with P. patens infected
with Botrytis, Pythium or Colletotrichum or treated with chi-
tosan (Oliver et al., 2009; Bressendorff, 2012; Ponce de Léon
etal,, 2012; Lehtonen et al., 2012a; Reboledo et al., 2015).

A set-up for live-cell imaging of moss—pathogen interactions

For high-resolution live-cell imaging of moss cells during
pathogen attack, we developed a special set-up that allowed
us to image the Phytophthora—Physcomitrella interaction over
a relatively long time frame (Fig. 4). In this set-up we used
prefabricated glass-bottom microwell dishes containing a cov-
erglass as bottom. A moss explant was placed on the glass
bottom of the dish, covered with a thin layer of BCD agar and
allowed to grow for 5-7 days. In this way, the protonemal
tissue grows close to the coverglass and can be maintained
in optimal conditions for several days. Most importantly, the
glass-bottom microwell dish can be placed directly on the stage
of amicroscope, so forimaging, the protonema doesnothave to
be disrupted for transfer to a microscope slide. The protonema
was inoculated by pipetting a 20 pL droplet of inoculum con-
taining in total 2 x 10%* zoospores on top of the thin agar
layer. After incubation for at least 4 h in the light, the dish was
placed on the stage of an inverted microscope for microscopic
analysis. Zoospores germinated and hyphae grew through the
thin layer of agar on top of the moss tissue. Pipetting zoospores
beneath the thin agar layer by pressing the pipette tip against
the coverglass yielded even more penetration attempts.

We have tried several imaging set-ups, but the one we
describe here was most effective for imaging Physcomitrella-
Phytophthora interactions. This method proved the most effec-
tive, as the moss tissue did not have to be transplanted between
infection and observation. The delicate protonema cells are

easily stressed or even die when transferred and this influences
their defence capacity. This was illustrated by the inability of
P. patens to form papilla-like structures when the moss tissue
was lifted and placed on top of Phytophthora zoospores.

Live-cell imaging reveals local actin accumulation upon
Phytophthora infection.  To demonstrate the power of this
set-up for live-cell imaging of plant defence responses, we stud-
ied cytoskeletal reorganisation during infection. To easily vi-
sualize the cytoskeleton, we generated a transgenic moss line
expressing both LifeAct-GFP, a fluorescent marker that binds
to filamentous actin (Riedl et al., 2008), and mCherry-tual, a
fusion protein of a-tubulin and the fluorescent tag mCherry.
Lifeact-GFP has been used in Physcomitrella previously (Vidali
et al., 2009). Because overexpression of Lifeact-GFP is known
to cause growth defects (Vidali et al., 2009) and inhibits reor-
ganisation of actin filaments in plants (Van der Honing et al.,
2011), we carefully screened transgenic moss lines for abnor-
malities. Theline we used behaved similar to wild-type P. patens
and showed no abnormal growth behaviour or developmental
defects.

As shown in Figure 5, the location of the penetration at-
tempt is easily recognised by the strong auto-fluorescence of
papilla-like structures when excited by the 561-nm laser line
or, in case of successful penetration, by the deposited material
around the invasive hyphae. We often observed accumulation
of cytoplasm around the penetration site with the nucleus in
close proximity (Fig. 5A). Immediately upon penetration and
around the papilla-like structures, we observed a rapid accu-
mulation of actin filaments around the site of attack (Figs. 5A
and B), but at later stages, after successful penetration of a
moss cell by P. capsici, the actin cytoskeleton did no longer
accumulate around the infection site (Fig. 5C). Similar re-
sponses were observed in higher plants, where cytoplasmic
accumulation and nuclear repositioning are regarded as basal
defence responses upon hyphal penetration attempts (Gross
et al.,, 1993; Schmelzer, 2002; Takemoto & Hardham, 2004;
Koh et al., 2005; Hardham, 2007; Huckelhoven & Panstruga,
2011) and where the actin cytoskeleton was found to be es-
sential for proper basal defence against fungal and oomycete
pathogens (Takemoto & Hardham, 2004; Hardham et al.,
2007; Schmidt & Panstruga, 2007; Day et al., 2011). It has
been shown for example that disrupting the actin cytoskeleton
by actin depolymerising drugs leads to an increased suscepti-
bility to pathogen attack (Kobayashi et al., 1997; Kobayashi
& Hakuno, 2003; Yun et al., 2003; Jarosch et al., 2005; Miklis
et al., 2007). Actin accumulation has been observed during
both incompatible and compatible interactions and this accu-
mulation has been hypothesised to facilitate vesicle delivery
to the infection site (Gross et al., 1993; Takemoto et al., 2003;
Opalski et al., 2005; Takemoto et al., 2006; Humbert et al.,
2015). Even treatment with fungal elicitors increased actin
abundance through the whole cell (Henty-Ridilla et al., 2013;
Henty-Ridilla et al., 2014; Li et al., 2015) and mimicking the
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Fig. 4. Set-up for high-resolution live-cell imaging of infected moss cells. A glass-bottom microwell dish (diameter 35 mm) is filled with BCD agar and
a square of agar is removed from the middle of the dish. A small explant of P. patens is placed in the middle, covered with a thin layer of BCD agar and
allowed to grow for 5-7 d. Zoospores (zsp) of P. capsici released from sporangia (sp) are used as inoculum. The inoculum is added to the moss tissue by

pipetting. After 4 h the first infection attempts can be observed by microscopy.

LifeAct-GFP

mCherry-tual & autofluorescence

Combined

Fig. 5. Subcellular cytoskeleton rearrangements in P. patens protonema cells upon P. capsici infection. Confocal fluorescent microscopy images of the
actin and microtubule cytoskeleton in a transgenic moss line with LifeAct-GFP and mCherry-tual at 5 hpi with P. capsici. (A) Average Z-projection
(1.5 um) of side view, (B) maximum Z-projection (11 pxm) of top view and (C) maximum Z-projection (8.5 um) of side view. Arrows point to the site of

pathogen attack and scale bars represent 10 um. N, nucleus.

pressure generated by a penetrating pathogen by touching a
plant cell with a glass microneedle, resulted in a rapid accu-
mulation of actin at the site of touch (Hardham et al., 2008).
This suggests that the changes in actin cytoskeleton that are
triggered upon pathogen recognition are both due to molec-
ular cues produced directly or indirectly by the pathogen and
due to physical encounter with the pathogen.

In contrast to the actin cytoskeleton, we did not observe a
clear change in microtubule organization in P. patens upon
infection by Phytophthora (Fig. 5B). During interphase, corti-
cal microtubules function in guiding cellulose synthase com-
plexes to facilitate cellulose microfibril deposition (Paredez
et al., 2006). The behaviour of the microtubule cytoskele-
ton in response to pathogen infection is variable and its role
in plant defence remains unclear (Hardham, 2013). Often,
pathogen attack induces depolymerisation of microtubules at
the site of attack (Gross et al., 1993; Baluska et al., 1995;
Cahill et al., 2002; Takemoto et al., 2003; Takemoto et al.,
2006) — a phenomenon that is also observed upon touching
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with a microneedle (Hardham et al., 2008). Treating plants
with microtubule depolymerizing drugs had less effect on de-
fence ability than depolymerizing actin (Hardham, 201 3), but
did lead to increased susceptibility to a nonhost pathogen in
wheat (Li et al., 2010).

Taken together, we showed that cytoplasmic accumulation,
nuclear repositioning and actin accumulation upon pathogen
penetration are basal subcellular defence processes that were
already present in lower plants and that thisnovel imaging set-
up is suitable to visualize subcellular plant defence processes
by high-resolution microscopy.

Live-cell imaging of plant—pathogen interactions in perspective

One of the major obstacles for live-cell imaging of plant—
pathogen interactions is caused by the fact that often these
interactions take place in a subepidermal cell layer of the plant
leaf, and this hampers the collection of fluorescent signals
by microscopy due to the large working distance and light
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scattering. One way to solve this is by making sections of the
infected plant tissue. This was done in a recent live-cell imag-
ing study in which the authorsimaged the interaction between
Magnaporthe oryzae and rice after removing the upper epider-
mis of the leaf with scissors (Mochizuki et al., 2015). However,
this type of manipulation likely induces stress to the plant cells
and hence may interfere with a correct interpretation of the ob-
servations. A major advantage of P. patens is the single-celled
nature of the protonema tissue that allows visualization of the
plant—pathogen interaction with high-resolution microscopy
over time, without the need for manipulation prior to imaging.

Another obstacle is the microscopic visualization of plant
proteins. A frequently used approach is transient expression
of genesencoding fluorescently-tagged proteins using Agrobac-
terium infiltration and subsequently challenging of the infil-
trated leaves with pathogens. The location and behaviour of
the tagged proteins in response to pathogen infection can then
be monitored by fluorescence microscopy. This approach has,
for example, been used for live-cell imaging of proteins in-
volved in endocytic trafficking Nicotiana benthamiana and then
in particular to monitor their behaviour in response to P. in-
festans infection (Lu et al., 2012). Although this approach is
efficient and quickly yields results, it also has serious disadvan-
tages. First of all, agroinfiltration often triggers plant defence
responses and that might by itself influence the behaviour of
the tagged proteins that are the subject of study. Second, the
use of constitutive and strong promoters to drive the expres-
sion of genes encoding the fluorescently tagged proteins often
leads to overexpression or expression at the wrong time or
at the wrong place. This might cause artefacts that change
the localization or dynamics leading to wrong interpretations.
The advantage of P. patens is its convenient toolbox of gene
modification. The highly efficient homologous recombination
allows direct integration of fluorescent tags in the target gene
at the endogenous locus in the genome (Nishiyama et al.,
2000). In this way the timing and level of expression of the
modified genes is the same as in the wild-type situation and
this is especially important when studying proteins that func-
tion in a fixed stoichiometry with other proteins or are highly
dynamic. The latter certainly applies to subcellular defence
response upon pathogen attack.

Outlook

In this study, we developed a novel live-cell imaging set-up
to study subcellular defence responses during interactions be-
tween the moss P. patens and the hemibiotrophic pathogen
Phytophthora. We used this set-up to visualise the moss cy-
toskeleton during infection and showed that actin accumu-
lates in P. patens around penetration sites, similar to what has
been observed in higher plants. In the future, we will use the
Physcomitrella—Phytophthora pathosystem to study other sub-
cellular defence responses, including exocytosis. This novel
pathosytem is also suitable to visualize cellular processes in

Phytophthora while it is interacting with its host. By using
the various fluorescent marker strains of P. infestans including
LifeAct-GFP transformants (Meijer et al., 2014) we can follow
the infection process and the dynamics of the actin cytoskele-
ton in Phytophthora during infection in more detail.
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