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SUMMARY

Upon immune activation, chloroplasts switch off photosynthesis, produce antimicrobial compounds and
associate with the nucleus through tubular extensions called stromules. Although it is well established that
chloroplasts alter their position in response to light, little is known about the dynamics of chloroplast move-
ment in response to pathogen attack. Here, we report that during infection with the Irish potato famine
pathogen Phytophthora infestans, chloroplasts accumulate at the pathogen interface, associating with the
specialized membrane that engulfs the pathogen haustorium. The chemical inhibition of actin polymeriza-
tion reduces the accumulation of chloroplasts at pathogen haustoria, suggesting that this process is par-
tially dependent on the actin cytoskeleton. However, chloroplast accumulation at haustoria does not
necessarily rely on movement of the nucleus to this interface and is not affected by light conditions. Stro-
mules are typically induced during infection, embracing haustoria and facilitating chloroplast interactions,
to form dynamic organelle clusters. We found that infection-triggered stromule formation relies on BRASSI-
NOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1 (BAK1)-mediated surface immune signaling, whereas
chloroplast repositioning towards haustoria does not. Consistent with the defense-related induction of stro-
mules, effector-mediated suppression of BAK1-mediated immune signaling reduced stromule formation dur-
ing infection. On the other hand, immune recognition of the same effector stimulated stromules,
presumably via a different pathway. These findings implicate chloroplasts in a polarized response upon
pathogen attack and point to more complex functions of these organelles in plant-pathogen interactions.

Keywords: haustorium, stromule, Phytophthora infestans, chloroplast movement, laser capture, focal
immunity, effectors.

© 2021 The Authors. 1771
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.

This is an open access article under the terms of the Creative Commons Attribution License,

which permits use, distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0001-9284-3328
https://orcid.org/0000-0001-9284-3328
https://orcid.org/0000-0001-9284-3328
mailto:o.bozkurt@imperial.ac.uk
http://creativecommons.org/licenses/by/4.0/

1772 Zachary Savage et al.
INTRODUCTION

Phytophthora infestans is an oomycete pathogen that
causes potato late blight, one of the most historically
important and economically devastating crop diseases.
The pathogen penetrates host cells via haustoria, which
are infection structures that extend from its intercellular
invasive hyphae. Haustoria are surrounded by the plant-
derived extrahaustorial membrane (EHM), across which
effectors secreted by the pathogen translocate inside the
host cell (Wang et al., 2017; Whisson et al., 2007, 2016).
This interface is key to the success or failure of infection
and is therefore targeted by focal immune responses of
the plant (Bozkurt et al., 2011; Dagdas et al., 2018; Kwon
et al., 2008). This includes the deposition of callose, the
redirection of autophagy and movement of the nucleus
towards the site of penetration (Dagdas et al., 2018; Griffis
et al., 2014; Wang et al., 2021). Although continuous with
the plasma membrane, there is a stark difference between
the biochemical composition of the EHM and that of the
plasma membrane (Bozkurt et al., 2014, 2015).

The EHM typically lacks the surface localized pattern
recognition receptors (PRRs), which activate downstream
immune responses through the recognition of pathogen-
associated molecular patterns (PAMPs) (Bozkurt et al.,
2014, 2015). Once PPRs detect PAMPs, downstream signal-
ing is triggered, often in coordination with a co-receptor
such as BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED
RECEPTOR KINASE 1 (BAK1), to induce basal immune
responses (Chaparro-Garcia et al., 2011; Heese et al., 2007).
Basal responses are those that make up the first line of
defense against a range of pathogens (specialist and gen-
eralist) following cell surface immune activation from the
detection of PAMPs. To counteract this, pathogens typi-
cally deploy host-translocated effectors to subvert surface-
mediated immunity. For example, P. infestans host-
translocated RXLR effector AVR3a suppresses the BAK1-
mediated surface immune response (Chaparro-Garcia
et al., 2015). However, presumably, plant basal responses
still contribute to immunity against adapted pathogens, as
the immune suppression by effectors is often partial, as in
the case of AVR3a (Chaparro-Garcia et al., 2015). Moreover,
the downregulation of BAK7 gene expression in the
solanaceous model plant Nicotiana benthamiana leads to
significantly enhanced pathogen growth, further highlight-
ing the importance of surface-mediated immunity against
P. infestans (Chaparro-Garcia et al., 2015). This makes
N. benthamiana an excellent model for studies to dissect
the functional principles of basal plant immunity against
P. infestans. Furthermore, N. benthamiana lacks the spe-
cialized nucleotide-binding leucine-rich repeat (NLR) type
of immune receptors that can sense P. infestans effectors
intracellularly. This is also advantageous because it allows
for live cell imaging of P. infestans infection, as NLR-

mediated immunity often triggers a form of programed cell
death at the site of infection, known as the hypersensitive
response (HR) (Wu et al., 2017).

The activation of immunity at the cell surface stimulates
chloroplasts to shut down photosynthesis, synthesize
defense hormone precursors and generate reactive oxygen
species (ROS) (Padmanabhan and Dinesh-Kumar, 2010; Su
et al., 2018), indicating that chloroplasts are major compo-
nents of the plant defense system. Pathogens are known to
target chloroplasts with effector proteins, further highlight-
ing their importance in immunity (Jelenska et al., 2007;
Pecrix et al., 2019; Petre et al., 2016; Zabala et al., 2015).
Interestingly, several genes associated with resistance to
oomycete pathogens were found to encode chloroplast-
localized proteins (Belhaj et al., 2009; Van Damme et al.,
2009). Chloroplasts also produce stroma-filled tubules
(stromules) in response to a range of elicitors, including
phytohormones, ROS and the bacterial PAMP flg22 (Brunk-
ard et al., 2015; Caplan et al., 2015; Gray et al., 2012).
Although the exact function(s) of stromules is still unclear,
they have been implicated in immunity, chloroplast move-
ment and connection to the plant cell nucleus (Caplan
et al., 2015; Kumar et al., 2018). Immune stimulation by
PAMPs and ROS also induce the association between
chloroplasts and the nucleus, hinting at potential defense-
related roles of chloroplast redistribution during infection
(Ding et al., 2019). However, the molecular and physiologi-
cal mechanism of how chloroplast immunity is launched
against invading pathogens is unclear.

Here, we used quantitative confocal microscopy to
investigate the spatial dynamics of chloroplasts in living
plant cells infected by P. infestans. We show that chloro-
plasts accumulate around haustoria in a dynamic fashion,
but that this process does not necessarily rely on the
movement of the nucleus towards the haustorium. We
found that the actin cytoskeleton, but not light conditions,
are critical for chloroplast positioning around the hausto-
rium. Our microscopy analyses using optical tweezers sug-
gest an association between chloroplasts and the EHM.
Finally, we demonstrate that chloroplasts also alter their
morphology by the induction of stromules as a defense
response, whereas effectors can counteract this process.

RESULTS

Chloroplasts accumulate at the host-pathogen interface in
an actin-dependent manner, but irrespective of light
conditions

Whereas the immune-related roles of chloroplasts in pro-
ducing antimicrobial compounds and defense signaling
molecules are well established, little is known on the sub-
cellular dynamics of chloroplast movement and stromule
induction during infection. To gain insights into this pro-
cess, we monitored the live infection of N. benthamiana by
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P. infestans, specifically targeting cells containing a patho-
gen haustorium (haustoriated cells). In this infection
model, haustoria are generally visible in the host epider-
mal cells, where the chloroplasts are smaller and less
abundant than in the mesophyll. We reasoned that the
more sparsely distributed chloroplasts of these epidermal
cells may redistribute towards the site of infection to par-
take in a localized intracellular immune response.

During the infection of N. benthamiana with the fluores-
cently tagged strain of P. infestans, 88069td, haustoria are
easily visible in host cells. Confocal microscopy of infected
leaf epidermal cells stably expressing GFP in chloroplast
stroma (CpGFP herein) revealed that chloroplasts associate
with 40% of haustoria (n = 280 haustoria) (Figure 1a; Video
Clip S1). Haustoria were often associated with multiple
chloroplasts, and these chloroplasts were often mobile
around the site of infection (Figure 1a; Video Clip S2).

We investigated whether the positioning of chloroplasts
around haustoria was a response to infection or the result
of chance encounter, i.e. through haustoria coincidentally
penetrating cells at positions where there are chloroplasts.
To check whether this association occurred at a greater fre-
quency than would be expected by random chance
encounter, we developed an unbiased method to position
‘mock’ haustoria throughout micrographs of infected tis-
sue. For each real haustorium identified in an image, a
straight line was drawn, beginning at the point that the
haustorium entered the cell and ending at the cell periph-
ery, opposite the haustorium entry point; this end point
was imagined as the position of a mock haustorial penetra-
tion. We then categorized whether each mock haustorium
was immediately adjacent to, or in contact with, a chloro-
plast in that position (for a visual representation of the
approach, see Figure S1a). If chloroplast accumulation at
haustoria was random, we would expect rates of actual
and mock haustoria to be the same on opposite sides of
the cell. Compared with the actual haustoria, there were
significantly fewer instances of contact between chloro-
plasts and mock haustoria (Figure S1b), suggesting the
association between haustoria and chloroplasts was not
through random encounters during cell penetration.

To gain further insights into chloroplast positioning
around haustoria, we monitored chloroplast dynamics in
haustoriated cells with time-lapse microscopy. Here, we
observed several instances of chloroplast movement
towards haustoria, suggesting an active relocation of
chloroplasts towards the site of intracellular infection
(Video Clips S3 and S4). Similar observations were made
during wild-type P. infestans infection, visualizing the EHM
with REMORIN 1.3 (RFP:REM1.3) (Video Clip S5). Addition-
ally, we observed some instances where haustoria that
were associated with chloroplasts collapse during the
acquisition of the time lapse (Video Clips S6 and S7).
This indicates that some of the haustoria—chloroplast
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associations could be missed out during image quantifica-
tion, as it is not always possible to identify collapsed haus-
toria. The chance observation of a haustorium collapsing
in real time was rare, and we therefore did not attempt to
assess quantitatively whether chloroplast-haustoria associ-
ation correlated with the events of collapse.

The cytoskeleton, and particularly actin, has known roles
in chloroplast movement (Wada and Kong, 2018), nucleus
movement (Higa et al., 2014), stromule interactions (Erick-
son et al., 2018; Kumar et al., 2018) and cell polarization
towards the sites of pathogen penetration (Kobayashi and
Hakuno, 2003; Opalski et al., 2005). Therefore, we next
tested whether the chemical inhibition of actin polymeriza-
tion by latrunculin A (LatA) could influence the accumula-
tion of chloroplasts at haustoria. To monitor the successful
disruption of actin, a GFP-tagged actin chromobody was
transiently expressed during treatment with 1 uM LatA of
infected wild-type plants by P. infestans 88069td (Fig-
ure 1b). We also tested a range of LatA concentrations for
the ability to visually disrupt actin filaments before com-
pleting the infection microscopy, in order to use a minimal
concentration of LatA (Figure S2). Treatment with LatA sig-
nificantly reduced the frequency of chloroplast-haustoria
associations compared with control conditions (34% of
n = 148 haustoria and 47% of n =93 haustoria, respec-
tively) (Figure 1c). This points to a role for actin in the
accumulation of chloroplasts at haustoria. However, we
are cautious of overinterpreting these data because of the
non-specific nature of the drug and its plausible ability to
influence the growth and virulence of the pathogen (Kete-
laar et al., 2012). By using the GFP marker to ensure the
inhibition of actin in the cells being imaged, we sacrificed
the ability to monitor stromule induction during this exper-
iment. We also tested the effect of treatment with the
chemical microtubule disruptor oryzalin (100 pM) after
24 h, but found no significant difference in chloroplast-
haustoria association between treatment and control con-
ditions (Figure S3a). However, treatment with 100 uM of
oryzalin appeared to be ineffective at 24 h as no disruption
of the microtubule marker TUA5-GFP was observed after
24 h (Figure S3b), despite observing the clear disruption of
microtubules at 3 h (Figure S3d,e), as previously validated
(Erickson et al., 2018). We repeated the stromule induction
experiments after 3 h of treatment with 100 uM oryzalin
and found no effect (Figure S3f,g). We did not conduct the
chloroplast-haustoria association experiment after 3 h of
treatment as we reasoned that this time period was likely
to be too short to allow noticeable disruption in chloro-
plast positioning.

Finally, we also tested whether light exposure has any
impact on the accumulation of chloroplasts at haustoria.
For dark conditions, we kept leaves of CpGFP plants
infected with P. infestans 88069td in the dark for 2 days
prior to imaging (dark-dark), whereas we kept the control
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Figure 1. Chloroplasts accumulate at the host-pathogen interface during infection in an actin-dependent manner. (a) Maximum-projection confocal micrographs
of Nicotiana benthamiana plants expressing GFP in chloroplast stroma (CpGFP), infected with Phytophthora infestans strain 88069td, showing chloroplast posi-
tioning around pathogen haustoria. Haustoria are marked by white arrowheads. (b) Maximum-projection confocal micrographs of wild-type N. benthamiana
plants transiently expressing GFP actin chromobody, infected with P. infestans strain 88069td, following 24 h of treatment with water or 1 uM of the chemical
actin polymerization inhibitor latrunculin A (LatA). Haustoria are marked by white arrowheads. (c) Bar plots showing the percentage of chloroplast accumulation
at haustoria following 24 h of treatment with water or 1 uM LatA. Observations made in wild-type plants infected with P. infestans strain 88069td across four
separate biological replicates, totaling 148 and 93 haustoria in the LatA and water conditions, respectively. Error bars show confidence intervals. *P < 0.05, as
determined by Fisher’s exact test. (d) GFP channel in grayscale from a total internal fluorescence (TIRF) microscope. Time lapse showing the laser capture of a
haustorium-associated chloroplast in the CpGFP plant where the automated trapping routine traps and attempts to move the chloroplast 10 um. The chloroplast
escapes the trap at 3.9 sec before it springs back towards the original position at 5 sec. The dotted line shows the outline of the haustorium marked by RFP:
REM1.3. Scale bars: 10 um.
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group in regular day/night light-cycling conditions (light-
dark). Live cell infection microscopy revealed no difference
in chloroplast accumulation between the two lighting con-
ditions (Figure S4). Collectively, these findings indicate that
chloroplasts actively position themselves around haustoria
during infection by P. infestans through a process that
requires actin polymerization, but this process is not
affected by changes in light conditions.

Optical tweezers reveal the association between
chloroplasts and haustoria

Accumulating evidence points to the importance of orga-
nelle membrane contacts in response to various physiolog-
ical or stress conditions (Helle et al., 2013; Liu and Li, 2019;
Silva et al., 2020). To investigate the nature of the associa-
tion of chloroplasts with haustoria/EHM, we used optical
tweezers in combination with total internal fluorescence
microscopy (TIRF) in CpGFP plants infected with the wild-
type P. infestans 88069 and transiently expressing the
EHM marker, RFP:REM1.3 (Bozkurt et al., 2014). The reloca-
tion of chloroplasts using optical tweezers by a distance of
>10 um was considered a successful movement. This
threshold was set to ensure consistency between experi-
ments; 10 um was chosen, as this distance was small
enough to avoid side effects from moving the chloroplast
towards the vacuole, such as pushing the chloroplast into
the tonoplast.

Using optical tweezers, we successfully trapped and
moved 17% of chloroplasts (n=29) in non-haustoriated
cells beyond the threshold using the automated trapping
routine. In comparison, we were unable to trap and move
any chloroplasts (0%, n= 18) neighboring haustoria past
10 um, suggesting an association or connection between
the chloroplasts and the EHM. Consistent with this finding,
we also recorded instances where chloroplasts were ini-
tially pulled away from the EHM but before they passed
the 10-um threshold they escaped the trap and sprang back
towards their former position (22%, n=18) (Figure 1d;
Video Clip S8). These results suggest that chloroplasts
may establish secure contacts with the EHM; however, fur-
ther genetic and biochemical evidence supporting these
findings are required to reach definitive conclusions.

Chloroplasts can associate with haustoria independently
of the host nucleus

The relocation of the plant nucleus towards pathogen pen-
etration sites was reported as a hallmark of plant focal
immune responses (Griffis et al., 2014). Given recent
reports showing the association of chloroplasts with the
nucleus during plant stress responses (Caplan et al., 2015;
Ding et al., 2019; Erickson et al., 2018), it is possible that
chloroplasts are dragged to a haustorium along with the
nucleus. However, this is unlikely because there is only a
single nucleus per plant cell and P. infestans can form
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multiple haustoria that are in contact with chloroplasts
within a single cell (Figure 1a).

Nevertheless, we quantified the numbers of haustoria
associated with chloroplasts alone, compared with chloro-
plasts and nuclei together, to determine the extent to
which chloroplast positioning around a haustorium corre-
lates with the presence of the nucleus. To track the
nucleus, we used leaf epidermal cells stably expressing
GFP localized to the endoplasmic reticulum (ER-GFP
herein) to visualize the silhouette of the nucleus (Figure 2).
Confocal microscopy followed by the manual quantifica-
tion of 463 haustoria revealed that 10% were associated
with both a chloroplast and a plant nucleus (Figure 2a),
whereas 26% were associated with just a chloroplast but
not with a nucleus (Figure 2b). We observed that 62% of
haustoria showed no association with a chloroplast or
nucleus (Figure 2c). Very rarely (2%), a haustorium was in
contact with a nucleus without also being in contact with a
chloroplast (Figure 2d). Nuclei in haustoriated cells that
were not associated with a haustorium were still observed
to be associated with chloroplasts (Figure S5), implying
chloroplast-haustoria and chloroplast-nucleus associa-
tions are not mutually exclusive processes within a single,
haustoriated cell.

Using the same methodology in Figure S1, we com-
pared the frequency of actual chloroplast/nuclear accumu-
lation at haustoria with hypothetical rates expected by
chance encounter. Compared to mock haustoria, there
were significantly higher cases of chloroplasts that associ-
ate with an actual haustorium (Figure S6). This observation
was consistent when chloroplasts were associated with a
nucleus or not (Figure S6a-b). However, we did not find
any significant difference in association of nucleus alone to
haustorium in mock versus real haustoria (Figure S6c).
Taken together, these results suggest that chloroplast posi-
tioning towards haustoria can occur independently of
nuclear migration, and that both chloroplast and nuclear
accumulation at haustoria occurs at a greater frequency
than is expected by chance.

Chloroplasts alter their morphology and contact each
other via the induction of stromules in response to
infection

During live cell imaging of CpGFP plants infected by P. infes-
tans 88069td, we also noted an increase in the frequency of
stromules, from 4% in the mock-infected tissue to 19% in the
infected tissue (Figure 3a,b). As previously reported, stro-
mules varied in shape and size (Schattat et al., 2011), and
some of these stromules extended towards and wrapped
around haustoria (Figure 3c; Video Clip S9). Furthermore,
stromules often extended between different chloroplasts,
occasionally even bridging multiple haustoria (Figure S7;
Video Clips S9 and S10). We also monitored stromule—
haustorium associations by transiently expressing the EHM
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Figure 2. Chloroplasts associate with haustoria, both with and without the host cell nucleus, during infection. Single-plane confocal micrographs of Nicotiana
benthamiana plants expressing GFP in endoplasmic reticulum (ER-GFP), infected with Phytophthora infestans strain 88069td, showing chloroplast/nucleus posi-
tioning around pathogen haustoria. Haustoria are marked by white arrowheads; N, nucleus. Examples of the four combinations of chloroplast-nucleus associa-
tion with haustoria and the percentage of each observation over 463 haustoria total. Scale bars: 10 um. (a) Dual association of chloroplast and nucleus with
haustoria. (b) Chloroplast alone at haustoria (no nucleus). (c) Haustoria unassociated with either chloroplast or nucleus. (d) Nucleus associated with haustoria
alone.

marker protein RFP REM1.3 in leaves and infecting them with
the wild-type P. infestans 88069. We noted a close associa-
tion of stromules with the EHM under these conditions (Fig-
ure 3c; Video Clip S11). These results are in agreement with
the earlier reports that stromules can be induced by PAMPs
(Caplan et al., 2015), and hint at defense-related roles of

stromules, possibly through mediating chloroplast-chloro-
plast and chloroplast-EHM associations, as well as the previ-
ously reported chloroplast-nucleus associations (Caplan
etal., 2015).

During our attempts to move chloroplasts in infected
cells, we once attempted to move a chloroplast that was

Figure 3. Stromules are induced during infection with Phytophthora infestans. (a) Maximum-projection confocal micrographs of Nicotiana benthamiana plants
expressing GFP in chloroplast stroma (CpGFP), showing the induction of stromules during infection with P. infestans 88069td. (b) Scatter box plots of the per-
centage of chloroplasts with stromules for a given image in infected and uninfected samples (exemplified in panel a). Color of points show separate biological
replicates. ****P < 0.01, as determined by Student’s t-test. (c) Maximum-projection confocal micrographs of N. benthamiana plants expressing GFP in chloro-
plast stroma (CpGFP), infected with P. infestans, showing examples of stromules wrapping around haustoria. Haustoria are marked by white arrowheads. (i)
Infection with wild-type P. infestans 88069, plant cell transiently expressing RFP REM1.3 to mark the extrahaustorial membrane. (ii-iii) Infection with P. infestans
88069td. (d) GFP channel in grayscale from the TIRF microscope. Laser capture of chloroplast (*) linked by stromule to another chloroplast. When the trapped
chloroplast moves, the linked chloroplast co-migrates. Scale bars: 10 pm.
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seemingly connected to another by a stromule like exten-
sion. Here, we observed the co-migration of the chloro-
plasts by moving only one of the pair (Figure 3d; Video
Clip S12), indicating that chloroplasts may be linked by

@) o (b)

their stromules or that chloroplasts can follow one another
when bridged by a stromule. Co-migration between non-
stromule connected chloroplasts has also been observed
(Caplan 2018). However, whether plastids can fuse to form
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a continuous stromal compartment that enables macro-
molecule exchange thorough stromules remains under
debate (Hanson and Hines, 2018; Schattat et al., 2015).

Stromules are induced upon surface immune activation

The PAMPs trigger a range of immune responses when
recognized by surface-localized immune receptors (Jones
and Dangl, 2006). Flg22, a peptide PAMP from bacterial
flagellin, was previously shown to induce stromules
(Caplan et al., 2015). We replicated this result with flg22
while also testing other elicitors: chitin, a polysaccharide
PAMP of fungal microbes and arthropod pests; and INF1,
an extracellular P. infestans protein that, unlike most
PAMPs, elicits host cell death upon perception by the plant
(Kamoun et al., 1998). FIg22, chitin and INF1 all induced
stromules after 24 h, compared with the water control (Fig-
ure 4a), suggesting that stromule production is a general
response to a range of microbes. PAMP activity was con-
firmed by the detection of phosphorylated mitogen-
activated kinases (MAPKs) by Western blot (Figure S8).

BAK1 is a surface-localized co-receptor that mediates
immune signaling in co-operation with various pattern-
recognition receptors to perceive PAMPs (Chaparro-Garcia
et al., 2011; Heese et al., 2007). Therefore, we monitored
stromule formation upon the systemic silencing of BAK7
by virus-induced gene silencing (VIGS) in CpGFP plants
(Figure S9) during infection (Figure 4b). We measured a
substantial decrease in infection-triggered stromule induc-
tion following BAK1 silencing (4%, n = 37 images quanti-
fied) compared with control silencing (23%, n = 37 images
quantified), corroborating the induction of stromules by
PAMPs and suggesting that PAMPs from P. infestans
induce stromules during infection.

Extending this, we tested whether the silencing of BAK7
through VIGS would alter chloroplast and nucleus accumu-
lation at the haustorium. To do this, we used live cell infec-
tion microscopy of BAKI7-silenced ER-GFP plants. We
found no significant difference in chloroplast and/or
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nuclear accumulation at haustoria during infection,
compared with silencing controls (n =168 and n= 142
haustoria, respectively) (Figure 4c). This indicates that
BAK1-dependent signaling for stromule induction is
independent from that of chloroplast accumulation at the
host-pathogen interface.

To complement the BAKT7-silencing phenotypes on
stromule formation, we then tested whether AVR3a, a
host-translocated effector of P. infestans that suppresses
BAK1-mediated immune signaling (Chaparro-Garcia et al.,
2011, 2015), can perturb pathogen-induced stromule
development. Following transient expression of AVR3a,
stromule formation during infection decreased signifi-
cantly, from 23 to 10% (Figure 4d). This indicates that
pathogen effectors can perturb stromule induction, further
supporting a defense-related role of stromules.

The functionality of AVR3a was confirmed by observing
cell death when transiently co-expressed with the cognate
R3a NLR immune receptor (Figure S10). We also observed
that in the absence of the pathogen, transient co-
expression of AVR3a with R3a led to an induction of
stromules compared with the control, where R3a was tran-
siently co-expressed with EV instead of AVR3a (Figure 4e).
This points towards the induction of stromules by HR cell
death triggered by effector recognition, despite the func-
tionality of the effector in suppressing stromules when it
goes undetected by the plant. Taken together, these results
show the induction of stromules by both PAMP triggered
immunity or effector triggered immunity, and the suppres-
sion of stromules by pathogen effectors that target PTI sig-
naling (Figure 4f).

Following this, we investigated the effect of actin disrup-
tion on stromule frequency. Various chemical actin inhibi-
tors have been shown to reduce stromule frequency in
epidermal plastids (Kwok and Hanson, 2003; Natesan et al.,
2009). Supporting this, we found that after 24 h of treat-
ment with 1 uM LatA, the epidermal chloroplasts of CpGFP
plants had significantly fewer stromules than after control

Figure 4. Stromule induction through immune recognition. (a) Scatter box plots of the percentage of chloroplasts with stromules for a given image following
treatment of CpGFP plants for 24 h with water, flg22, chitin or INF1. Colors of the points show separate biological replicates. Letters mark significance groups
(where o = 0.01), as determined by Dunn'’s test with P values adjusted by Bonferroni correction. (b) Scatter box plots of the percentage of chloroplasts with stro-
mules for a given image during infection of CpGFP plants by Phytophthora infestans strain 88069td in VIGS BAK7 and VIGS EV (control) plants. Colors of the
points show separate biological replicates. ****P < 0.01, as determined by Wilcoxon test. (c) Bar plots showing percentage of chloroplast/nuclear accumulation
at haustoria in VIGS BAK1 plants, compared with VIGS EV plants. Observations made in ER-GFP plants infected with P. infestans strain 88069td, across three
separate biological replicates, totaling 168 and 142 haustoria in the VIGS BAK1 and VIGS EV conditions respectively. Error bars show confidence intervals. No
statistically significant difference detected (o = 0.05), as determined by Fisher’s exact test. (d) Scatter box plots of the percentage of chloroplasts with stromules
for a given image during infection of CpGFP plants by P. infestans strain 88069td during transient plant cell expression of either AVR3a or the EV control. The
colors of the points show separate biological replicates. ****P < 0.01, as determined by Wilcoxon test. (e) Scatter box plots of the percentage of chloroplasts
with stromules for a given image following transient co-expression of either R3a with AVR3a or R3a with an EV control. The colors of the points show separate
biological replicates. ****P < 0.01, as determined by Wilcoxon test. (f) Model of possible immune-related signaling pathways that can lead to stromule induc-
tion, evidenced by the data shown in (a), (b), (d) and (e). (g) Scatter box plots of the percentage of chloroplasts with stromules for a given image following 24 h
of treatment with 1 uM LatA or water control. Color of point shows separate biological replicate. Asterisks denote P < 0.01 as determined by Wilcoxon test. (h).
Scatter box-plots of the percentage of chloroplasts with stromules for a given image in CpGFP plants infected with P. infestans strain 88069td following 24 h
treatment with 1 uM latrunculin A (LatA) or water control (image 4 days post-infection). The colors of the points show separate biological replicates.
*kxkP < 0.01, as determined by Wilcoxon test.

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2021), 107, 1771-1787



1780 Zachary Savage et al.

treatments (Figure 4g), confirming the role of actin stro-
mule maintenance. We next tested the effect of this treat-
ment in tissue infected with P. infestans strain 88069td. To
our surprise, we found that the LatA treatment caused the
opposite effect in infected tissue compared with uninfected
tissue, consistently boosting stromule levels compared
with the control treatment (Figure 4h), suggesting a more
complex role of actin in infected related stromules.

To complement this, we investigated the role of micro-
tubules in stromule frequency by treating CpGFP plants
with 100 pM of the chemical microtubule disruptor oryza-
lin. Following 24 or 3 h of treatment, we found no signifi-
cant difference in stromule frequency in uninfected or
infected tissues (Figure S3b,c,f,g). The role of microtubules
in guiding stromule extension has been shown concur-
rently and independently through the use of rigorous
observational microscopy (Erickson et al., 2018; Kumar
et al., 2018); however, the effect of chemical microtubule
disruption on stromule frequency has shown differing
results (Kumar et al., 2018; Natesan et al., 2009), probably
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linked to differences in treatment concentrations and tim-
ing, as well as the cell types observed.

HyPer ROS reporter displays increased reactivity in
chloroplasts upon infection

Previously, Caplan et al. (2015) proposed that the close
proximity of chloroplasts to the plant nucleus could allow
for ROS transfer to the nucleus via stromules. We reasoned
that chloroplast positioning around the haustorium may
serve to increase localized ROS production by chloroplasts
at the site of infection. To test this, we visualized ROS in
live cell infection using the HyPer ROS sensor fused to the
chloroplast transit peptide of Arabidopsis thaliana RecA,
cTP-HyPer herein (Caplan et al., 2015). In the presence of
ROS, the ratio between emission intensity from 405- and
488-nm excitation changes, gives a detectable read out of
ROS from confocal microscopy (Belousov et al., 2008).

The epidermal chloroplasts of infected cells showed
noticeably more signal than those of uninfected cells (Fig-
ure 5a). However, within a single haustoriated cell, we
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Figure 5. Chloroplasts increase reactive oxygen species (ROS) production during infection. (a) Maximum-projection confocal micrographs of wild-type Nico-
tiana benthamiana plants transiently expressing the plastid-localized cTP-HyPer ROS sensor, with and without live infection by Phytophthora infestans strain
88069td. Visual representation of the cTP-HyPer signal intensity ratio between excitation by 405- and 488-nm lasers, shown with the maces ‘Fire’ Look Up
Table (LUT). Haustoria are marked by white arrowheads. Scale bars: 10 um. All confocal settings were kept identical between infected and uninfected plants dur-
ing acquisition. (b) Quantification of the cTP-HyPer signal in the chloroplasts shown in (a), where the mean gray value (i.e. signal intensity) is displayed. Regions
of interest (ROls) measured and plotted are shown in (c). ROIs capturing chloroplasts associated with haustoria have been plotted as red triangles. (c) ROls
quantified for mean gray value in (b), shown as a solid white line. Chloroplasts associated with a haustorium have been numbered (1 and 2), and correspond to

the numbered points shown in (b).
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could not see a discernable difference in ROS signal
between the different plastids, including between those
associated and those unassociated with haustoria (Fig-
ure 5a). The mean signal intensity was measured to show
the ROS signal levels quantitatively as well as qualitatively
(Figure 5b), targeting regions of interest containing chloro-
plasts (Figure 5¢). We speculate that chloroplast ROS pro-
duction and visualization may be highly variable as a
result of differences in the stages of infection and the
changes in the microenvironment, as well as potential
manipulation by effector secreted by the pathogen.

DISCUSSION

Here, we demonstrate that during host colonization by
P. infestans, chloroplasts accumulate at the pathogen
interface (Figures 1, 2) and alter their morphology through
the induction of stromules (Figures 3, 4). Additionally, we
show that nuclei are almost exclusively localized to hausto-
ria in the company of a chloroplast, but that chloroplasts
can accumulate independently (Figure 2). Stromules occa-
sionally embrace the EHM and facilitate chloroplast-
chloroplast contact, forming dynamic organelle clusters
around the pathogen interface (Figures 3c and S7) that are
reminiscent of mitochondrial networks, with poorly under-
stood functions (Hoitzing et al., 2015). Notably, infection-
triggered stromule development relies on surface immune
signaling, whereas the pathogen can subvert this process,
interfering remotely with these pathways (Figure 4f). Our
results implicate chloroplasts in cell polarization upon
pathogen attack and point to more complex functions of
these organelles in plant-pathogen interactions.

How do chloroplasts position themselves at the pathogen
interface?

It is well established that chloroplasts alter their subcellular
localization in response to light in an actin-dependent man-
ner (Kadota et al., 2009; Wada and Kong, 2018); addition-
ally, actin plays a role as an anchor point for chloroplasts
to other cellular compartments, such as the nucleus
(Kumar et al., 2018). We found that infection-induced
chloroplast positioning around the haustorium relies, to an
extent, on actin polymerization (Figure 1b,c), whereas the
process is not affected by light conditions (Figure S4). Pre-
vious studies have shown that modulation of the actin
cytoskeleton can affect cell penetration by filamentous
plant pathogens (Kobayashi and Hakuno, 2003; Tang et al.,
2016), and others have noted the reorganization of actin
around the site of pathogen penetration (Opalski et al.,
2005). Our finding, that actin polymerization inhibitor LatA
reduces chloroplast positioning at haustoria (Figure 1c), is
in agreement with previous studies that implicate actin in
the focal immune response, as well as the known impor-
tance of actin in chloroplast movement (Higa et al., 2014;
Suetsugu et al., 2016; Suetsugu and Wada, 2016).

© 2021 The Authors.
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However, the use of LatA to disrupt actin polymerization is
not refined enough to distinguish whether impaired
chloroplast-haustoria localization results from a disruption
of actin-mediated chloroplast movement and/or disruption
to actin-mediated chloroplast anchoring. Although this is a
promising first step in altering chloroplast positioning dur-
ing infection, we also heed caution regarding the use of
pharmacological treatment for live infection systems, with
potential off-target effects in both host and pathogen. Ide-
ally, work following on from this would move towards
using targeted genetic approaches or identifying effectors
that can target this process more specifically.

Additionally, we monitored chloroplast association to
haustoria in the context of nuclear association (Figure 2).
Although the movement of nuclei towards plant-pathogen
interfaces appears to be under varying spatiotemporal
dynamics in different pathosystems (Griffis et al., 2014;
Scheler et al., 2016), evidence suggest that this process
may contribute to plant immunity (Daniel and Guest,
2006). However, nuclear movement during cell penetration
by filamentous microbes is not exclusively unidirectional,
with the nucleus moving first towards and then away from
penetration sites in many interactions (Genre et al., 2005;
Schmelzer, 2002). Our results regarding the accumulation
of nuclei provide a snapshot at a single time point of infec-
tion, and therefore our conclusions are derived from the
observed state of the nucleus at that time point, not con-
sidering whether the nucleus is in the process of moving
towards or away from the haustorium. Further dissection
of specific nuclear movement components over extended
time courses is required to address the intricacies and
impact of nuclear movement in plant focal immunity.

Why do chloroplasts alter their morphology during
infection?

Our findings on PAMP induction of stromules (Figure 4a)
support and expand upon those reported by Caplan et al.
(2015), who previously showed that flg22 can induce stro-
mules. The reduction of stromules during infection by the
systemic silencing of BAK7 (Figure 4b) suggest that a
major subpopulation of stromules (if not all) induced dur-
ing infection rely on BAK1-mediated immune signaling ini-
tiated at the cell surface. Here, we used AVR3a, an effector
protein, as a tool to cross-examine the role of BAK1 (Fig-
ure 4d) because it is known to suppress BAK1-mediated
defense signaling (Chaparro-Garcia et al., 2011, 2015). Fur-
thermore, we hypothesize that other effector proteins are
probably able to inhibit stromules indirectly by targeting
similar cell surface signaling pathways.

Interestingly, BAK1 silencing did not affect the position-
ing of chloroplasts and/or the nucleus around haustoria
(Figure 4c), hinting at differential signaling pathways
between stromules and organelle positioning. As of yet,
we do not know what signaling takes place to re-route
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plant defenses towards the host-pathogen interface. The
decoupling of stromule induction and chloroplast accumu-
lation at haustoria is further supported by our time-lapse
imaging, which shows that the accumulation of chloro-
plasts at haustoria can occur independently of stromules,
although we observe both stromule-led and stromule-
independent movement towards haustoria (Video Clips S3
and S4). This is in keeping with observations by Kumar
et al. (2018), who found that chloroplast movement is
mostly, but not exclusively, stromule directed.

The induction of stromules by immune signaling during
pathogen attack strongly points to defense-related func-
tions of these tubular organelle extensions. But how could
stromules contribute to immunity? Although our under-
standing of stromules is still limited by a lack of stromule-
specific inhibitors/inducers, a model of stromules as sig-
naling conduits is emerging. Caplan et al. (2015) suggest
that the increased surface area provided by a stromule aids
in the transfer of chloroplast synthesized pro-defense
molecules to the cytosol and nucleus where they function.
The increase in chloroplast-nucleus contact, facilitated by
stromules, and triggered during an HR response, is
thought to amplify the progression of HR in a positive
feedback loop. Similarly, a more recent study tracked the
spatiotemporal redox state of chloroplasts, and stromule
induction, in Solanum tuberosum (potato) during chal-
lenge with potato virus Y (Lukan et al., 2021). Lukan et al.
(2021) conclude that, in this pathosystem, stromules are
involved in signaling on the virus multiplication front.

We observed that chloroplasts establish network-like
interactions via stromules (Figure S7), and that some
chloroplasts intimately associate with the haustorium inter-
face through stromules (Figure 3c). These chloroplast clus-
ters and stromule extensions around the haustorium could
plausibly aid the coordination of defense-related functions
of chloroplasts by, for instance, mediating the deployment
of pro-defense molecules at the pathogen interface. Our
findings further support the notion that stromules are
induced to contribute to pathogen defense (Caplan et al.,
2015; Erickson et al., 2018), but the function of stromules
still remains to be determined (Hanson and Hines, 2018).

Stromules and the cytoskeleton

Disruption of cytoskeletal elements has been shown to
affect stromule frequency, velocity and length. Treatment of
Nicotiana tabacum (tobacco) with the chemical actin inhibi-
tor cytochalasin D reduces stromule frequency in epidermal
plastids (Kwok and Hanson, 2003); furthermore, 10 uM
latrunculin B significantly reduces stromule frequency after
60 min in tobacco epidermal cells (Natesan et al., 2009).
Here, we show that treatment with 1 uM LatA also signifi-
cantly reduces stromule induction in otherwise untreated
epidermal cells (Figure 4g). However, we unexpectedly
found that during infection, LatA treatment had the

opposite effect, causing an increase in stromule induction
(Figure 4h). One hypothesis we have regarding this inverse
phenotype relates to the role of actin as an anchoring point
for the chloroplast to the plasma membrane and nucleus
(Kumar et al., 2018; Oikawa et al., 2008). Pathogen challenge
could cause an increase in chloroplast activity and move-
ment, as suggested by the data presented in Figure 1.
Actin-mediated chloroplast anchoring might reduce chloro-
plast movement and stromules in normal infected condi-
tions; when this is disrupted by actin-inhibiting treatments,
actin-independent movement and stromule production
increases through the lack of anchoring. In this scenario,
our previous results showing that LatA reduces chloro-
plast-haustoria association would be best explained by a
loss of actin-mediated chloroplast anchoring to the sites of
intracellular pathogen penetration. Further experimentation
is essential to test these hypotheses, such as the concurrent
treatment of infected and uninfected tissues with both an
actin and a microtubule inhibitor, ideally with concurrent
imaging of both actin microfilaments and microtubules.
Although our experiments showed that treatment with
100 uM oryzalin did not affect stromule induction in
infected and uninfected tissues (Figure S3b,c,f,g), we can-
not conclusively dispel the role of microtubules in stromule
induction and maintenance, especially considering that the
efficacy of the chemical had waned by 24 h (Figure S3d,e).
Kumar et al. (2018) found that treatment with 300 uM oryza-
lin reduced stromule frequency after 15 min in N. ben-
thamiana epidermal cells. In tobacco epidermal cells,
treatment with 36 uM oryzalin had no effect on stromule
frequency over a period of 75 min (Natesan et al., 2009). As
noted by Kumar et al. (2018), differences in tissue types and
inhibitor concentrations are likely to be behind the inconsis-
tencies in observed effects; we would add that the timing of
treatments used before assessing stromule frequency is
also likely to contribute to variation in the perceived effect.

Right time, right place: Chloroplast position at pathogen
interface is a host defense or pathogen strategy?

It is unclear whether the association of chloroplasts with the
haustoria of P. infestansis a plant defense or a pathogen vir-
ulence strategy. Given the arsenal ofimmune chemicals pro-
duced by chloroplasts, it is plausible that their presence at
haustoria may enhance the effectiveness of their deploy-
ment; furthermore, chloroplast association with haustoria
could induce further immune signaling, possibly through
retrograde (chloroplast-to-nucleus) signaling. However, we
cannot discount the possibility that chloroplasts accumulate
at haustoria to the benefit of the pathogen, perhaps serving
to nourish the parasite. Specific, genetic strategies that
impair chloroplast positioning around the haustorium are
necessary to reach definitive conclusions on this. Expanding
this work to other pathosystems, particularly those distantly
related or those with a different lifestyle (i.e. completely
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biotrophic), as well as using alternative strains of P. infes-
tans with different effector repertoires would also help
resolve the physiological and evolutionary relevance of this
observed response. We believe this work will lay the founda-
tion for future studies regarding chloroplast movement
towards, and association with, intracellular pathogen struc-
tures. By further defining the role of surface immune signal-
ing in stromule induction and showing how effectors can be
used to manipulate this process, we believe these tools will
help to accelerate research into stromule function and sig-
naling pathways.

EXPERIMENTAL PROCEDURES
Biological material

Nicotiana benthamiana plants were grown in a growth chamber at
25°C under high light intensity (16-h day/8-h dark photoperiod).
Transplastomic GFP-expressing N. benthamiana plants, accumu-
lating GFP in the chloroplast stroma (Stegemann et al., 2012), and
transgenic GFP-expressing N. benthamiana plants, accumulating
GFP in the endoplasmic reticulum, were maintained in the same
conditions as wild-type N. benthamiana. Phytophthora infestans
isolate 88069 (Van West et al., 1998) and 88069td (Whisson et al.,
2007), a transgenic strain expressing the red fluorescent marker
tandem dimer RFP (tdTomato), were used. Both isolates were cul-
tured on plates with rye sucrose agar (RSA) for 12-16 days at 18°C
in the dark, as described elsewhere (Song et al., 2009), prior to
use for infection in N. benthamiana.

Plasmid constructs

The following constructs used in this study have been described
previously: RFP:REM1.3 (Bozkurt et al., 2014); R3a (Chaparro-
Garcia et al., 2015); AVR3a cloned in pICSL86977 was provided by
TSLSynBio; GFP Actin chromobody (Rocchetti et al., 2014). Silenc-
ing construct TRV2-BAK1 was kindly provided by The Sainsbury
Laboratory (Chaparro-Garcia et al., 2011). The RecA-cTP HyPer
construct was kindly provided by Prof. Savithramma Dinesh-
Kumar (Caplan et al., 2015).

Transient gene-expression assays in . benthamiana

Agrobacterium tumefaciens strain GV3101 (Hellens et al., 2000)
carrying T-DNA constructs was used to mediate transient gene
expression (referred to in the text as transient expression) into 3
4-week-old N. benthamiana leaves, as previously described (Boz-
kurt et al., 2011, 2014). Briefly, overnight cultures of transformed
A. tumefaciens were washed and harvested with 1500 pL auto-
claved dH,0 by centrifugation at 1500 g twice and resuspended in
agroinfiltration buffer (10 mM 2-N-morpholino-ethanesulfonic acid
hydrate (MES hydrate), 10 mM MgCl,, pH 5.7). For the transient
expression assays, each A. tumefaciens construct was mixed in
agroinfiltration buffer to achieve the desired final ODggq: for GFP
actin, ODgoo = 0.05; for AVR3a, R3a and EV, ODgy = 0.3; for RFP
REM1.2, ODgyg = 0.3; for cTP-HyPer, ODggo = 0.2. The P. infestans
inoculations were performed 4-24 h after infiltrations, if at all.

Virus-induced gene silencing (VIGS)

Agrobacterium was prepared as described above carrying TRV1
and the appropriate TRV2 construct and mixed to a final ODggo of
0.4 or 0.2, respectively, in agroinfiltration buffer supplemented
with 100 uM acetosyringone (Sigma-Aldrich, https://www.sigmaa
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Idrich.com) and left in the dark for 2 h prior to infiltration to stimu-
late virulence. Then, 14-day-old N. benthamiana seedlings were
infiltrated in cotyledons and any true leaves that had emerged.
Nicotiana benthamiana plants were infiltrated with TRV1 and
TRV2-BAK1 for BAK1 silencing, and with TRV1 and TRV2-EV for
the empty vector control. TRV2 containing the N. benthamiana
sulfur (Su) gene fragment (TRV2-NbSU) was used as a positive
control to indicate viral spread. Plants were left to grow under
standard conditions until experiments could be carried out
4 weeks later.

Phytophthora infestans infection

Zoospores were harvested from sporangia by the addition of cold
distilled water and collected after 2 h of incubation at 4°C, adjust-
ing the dilution to 50 000 spores ml™". Infections were performed
by the addition of 10 pl of zoospore droplets to the abaxial side of
the leaf. The infected leaves were maintained in plastic boxes on
damp paper towels at 18°C under 16-h day/8-h night conditions
(except in the dark/dark experimental conditions, where there was
no day period; Figure S4).

PAMP treatments

Flg22 and INF1 purified peptides were provided by The Sainsbury
Laboratory (http://www.tsl.ac.uk). Chitin was prepared from pow-
dered shrimp shell (Sigma-Aldrich) following the manufacturer’s
protocol. Working concentrations of 1 uM (flg22 and INF1) and
100 ug mi~" (chitin) were used, unless otherwise stated. Dilutions
were made in water and infiltrated into the underside of leaves
using a needle-free syringe.

LatA and oryzalin treatment

Latrunculin A (abcam, https://www.abcam.com) was diluted to a
stock concentration of 100 uM in 100% DMSO. The water control
was prepared with a matching final concentration of DMSO (v/v).
Oryzalin was solubilized in methanol and used at a working con-
centration of 100 uM, with water controls being prepared with
matching final concentrations of methanol (1.66% v/v). LatA,
oryzalin and controls were infiltrated into leaf tissue by needle-
free syringe, 24 h before microscopy.

Visualization of chloroplast ROS

Live cell imaging of chloroplast ROS was imaged using the HyPer
ROS sensor (Belousov et al., 2006) fused to the chloroplast transit
peptide of A. thaliana RecA. This ROS-sensitive fluorescence-
based marker is imaged by fast line switching between 405-nm
(channel 1) and 488-nm excitation (channel 2), detecting emission
in the range of 491-543 nm. The ratio between emission from
channel 1 and channel 2 gives the final signal by dividing the sig-
nal from channel 2 by the signal from channel 1 in mAGEs using
the inbuilt ‘Math’ functions (Schneider et al., 2012). The look-up
table was set to ‘Fire’ in imaGes for the improved visualization of
intensity and the HyPer signal channel for all images was adjusted
in brightness by setting the maximum displayed value to 300 (for
32-bit images). The resulting HyPer signal was also quantified in
chloroplast regions of interest (ROIs) by simply measuring the
mean gray value in each ROI.

RT-PCR assay

A 60-mg sample of leaf tissue was excised from 5-week-old leaves
(VIGS experiments) and frozen in liquid N,. RNA was extracted
from the leaf tissue using the Plant RNA Isolation Mini Kit Protocol
(Agilent Technologies, https://www.agilent.com). RNA quality and
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concentration was measured using a NanoDrop™ Lite Spectropho-
tometer (ThermoFisher Scientific, https://www.thermofisher.com).
cDNA was synthesized using as a 2 ug template of RNA following
the SuperScript Il RT protocol (Invitrogen, now ThermoFisher Sci-
entific). To amplify the cDNA, a standard PCR (RT-PCR) was then
performed using DreamTagq DNA polymerase (5 U pl™") (Thermo-
Fisher Scientific). VIGS BAKT1 silencing was confirmed as previ-
ously described (Chaparro-Garcia et al., 2011).

Confocal microscopy

All microscopy analyses were performed on live N. benthamiana
epidermal cells 2-6 days post-agroinfiltration and infection. Leaf
discs were excised and imaged on either an SP5 or SP8 resonant
inverted confocal microscope (Leica Microsystems, https://www.le
ica-microsystems.com) using a 63x or 40x, respectively, 1.2NA
Plan-Apochromat water immersion objective. Specific excitation
wavelengths and filters for emission spectra were set as described
previously (Koh et al., 2005). The Argon laser excitation was set to
488 nm and the Helium-Neon laser was set to 543 nm and their
fluorescent emissions were detected at 495-550 and 570-620 nm
to visualize GFP and RFP fluorescence, respectively. To avoid
bleed-through from different fluorophores, images were acquired
using sequential scanning and maximum-intensity projections
were created from the Z-stacks. 3D images and videos were gener-
ated with confocal files in 12-bit TIFF format imported into Nis-
eLEMENTS 4.50 (Nikon Instruments Inc., https://www.microscope.hea
Ithcare.nikon.com) and processed with ADVANCED DENoISING. Videos
were made using the ‘Volume View’ and ‘Video Maker’ modules.

Optical trapping set-up

The optical trap for chloroplast/stromule capture was set up as
described by Sparkes et al. (2018: Chapter 13). An optical trap with
a two-channel TIRF microscope (TIRF-M) was combined with a
Nikon Ti-U inverted microscope. Optical trapping was performed
using a near-infrared trapping laser at 1070 nm using a Nikon
100x, oil immersion, NA 1.49 TIRF objective lens. For GFP and
RFP, chromophores fused to the proteins of interest were excited
using 488- and 561-nm laser diodes, respectively. Their fluores-
cent emissions were detected using two electron multiplying
charge-coupled device (EMCCD) cameras (iXon; Andor Technol-
ogy, https://andor.oxinst.com). The sample (approx. 5 mm? of leaf
tissue) was mounted on a computer-controlled variable speed
stepper motor stage (Marzhauser Wetzlar GmbH, https://www.ma
rzhauser.com). The associated computer-controlled hardware was
interfaced using LAaBview (National Instruments https://www.ni.c
om), which provides full automation for each trapping routine.
The power of the optical trap laser transmission was set to
40.7 mW. The TIRF image was recorded from 0 sec, the trap was
turned on at 1 sec, the translation stage movement of 10 um at
2 um s begins at 5 sec and ends at 10 sec, the trap was deacti-
vated at 11 sec and the image recording stopped at 22 sec (related
to 11-sec recovery periods). A 10-um distance threshold was cho-
sen to ensure consistency between experiments in which chloro-
plasts were moved; in particular, 10 um was chosen as it is not so
far as to generate potential side effects such as pushing the
chloroplast into the tonoplast, yet is far enough to move chloro-
plasts a substantial distance from their original position.

Micrograph quantification

Chloroplast quantification was performed automatically using a
MATLAB script. Stromules were manually counted from maximum-
projection Z-stacks. The percentage of chloroplasts with stromules

was calculated by dividing the number of chloroplasts with stro-
mules by the total number of chloroplasts.

The quantification of haustorial-chloroplast-nucleus accumula-
tion was performed manually from original confocal micrographs
by looking through each and every layer of the Z-stack with only
the brightfield and P. infestans 88069td channels active to identify
haustoria without bias. The associations of chloroplasts and/or
nuclei with these marked haustoria were then counted, assessing
each layer of the Z-stack as opposed to viewing a Z-projection that
could lead to false positives. For Figure 1c and Figure S4b, two
individuals independently quantified chloroplast-haustoria associ-
ations, with discrepancies re-checked to reach a consensus quan-
tification.

Mock haustoria

Mock haustoria were applied to each of the confocal micrographs
that were used in the data sets that contributed to Figures 1a and
2 using standard imAGes line tools. All channels were turned off
except the brightfield and the P. infestans 88069td channel to
reduce bias. To position the mock haustorium, a straight line was
drawn that bisected the base (where the haustorium enters the
plant cell) to the tip of each actual haustorium, extending across
the vacuole until the cell border opposite was hit (as seen from
the brightfield). This end position was taken to be the position at
which the mock haustorium penetrated the cell. The line width
was set to 3 um (based on the general observation that haustoria
were 2.7 um in width). All channels were turned back on and the
region around the mock haustorium and the instances of chloro-
plast-nucleus presence adjacent to the mock haustorium were
counted; note that only the Z-slices containing the actual hausto-
rium from which the mock was positioned were counted.

This method was used to keep the number of mock and actual
haustoria per cell similar, for comparison, but in the following
cases a mock haustorium could not be placed: if the mock hausto-
rium position overlaps with an actual haustorium; if the cell bor-
der is out of the field of view; and if the actual haustorium has
developed in the crook of a cell and is touching both cell borders.
If no mock haustoria could be successfully placed, the image was
not included in the pair-wise comparison.

Statistical analysis

The statistical significance of any differences observed when com-
paring means (stromule quantification) was assessed by Student’s
t-test when found to be normal by the Shapiro-Wilk test. If data
were found to be non-normally distributed, a Wilcox statistical test
was implemented in r. A pair-wise Wilcoxon test was used to
compare mock versus actual haustoria accumulation (Figures S1b
and S6), with samples paired by data coming from the same
micrograph. Counts of haustoria—chloroplast-nucleus association
were pooled together to generate an overall proportion/percent-
age from all micrographs, instead of treating each micrograph as
a technical repeat and taking the percentage association as a sin-
gle data point. This was done to avoid micrographs that contained
only one haustorium, and would therefore generate many 100 and
0% values, skewing the mean estimate. The proportions of each
observation were compared using a Fisher’s exact test in R where
statistical comparison was made.

Chloroplast automated counting algorithm through image
processing

Image processing algorithms were used to calculate the gradient
of the image to identify the boundaries of the puncta. Enclosed
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regions formed by the boundaries were algorithmically identified
and counted. This procedure was performed for each individual
channel: green (in chloroplast stroma) and blue (chloroplast aut-
ofluorescence). The chloroplasts (GFP channel) containing stro-
mules were counted in a semi-automated fashion.

Western blotting

Protein extraction, purification and Western blot analysis steps
were performed as described previously (Bozkurt et al., 2011).
Anti-phosphorylated MAPK (Phospho-p44/42 MAPK; Cell Signaling
Technology, https://www.cellsignal.co.uk) was used as the primary
antibody; anti-rabbit antibody (Sigma-Aldrich) was used as sec-
ondary antibody.
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Video S1. 3D image of Figure 1a showing chloroplast focal accu-
mulation at haustoria and stromules interacting with each other
and other chloroplasts.

Video S2. Time-lapse series showing chloroplasts moving around
a haustorium.

Video S3. 3D time-lapse series showing dynamic stromule interac-
tions and relocation of chloroplasts towards a haustorium.

Video S4. Time-lapse series two chloroplasts navigating towards
a haustorium without producing stromules.
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Video S5. Time-lapse series showing chloroplasts accumulation to
a haustorium.

Video S6. Time-lapse series showing collapse of haustorium asso-
ciated with a chloroplast.

Video S7. Time-lapse series showing collapse of haustorium asso-
ciated with a chloroplast.

Video S8. Time-lapse series showing the optical trapping of a
chloroplast in Figure 1d that escapes the trap and springs back to
the haustorium.

Video S9. Time-lapse series showing chloroplasts and stromules
moving around a haustorium.

Video S$10. 3D image of Figure S7a showing chloroplasts form
long-distance stromule interactions that can bridge more than one
haustorium.

Video S11. 3D image of chloroplast and stromules embracing a
haustorium.

Video S12. Time-lapse series showing the optical trapping of a
chloroplast in Figure 3d and the co-migration of a second chloro-
plast interacting via a stromule-like extension.

Figure S1. Mock haustoria positioned opposite real haustoria are
less frequently adjacent to chloroplasts.

Figure S2. Increasing concentrations of LatA cause increasingly
visible disruption to the normal actin filaments.

Figure S3. Oryzalin treatment does not affect chloroplast-hausto-
ria association or stromule induction.

Figure S4. Alternative lighting regimes do not affect the associa-
tion of chloroplasts with haustoria.

Figure S5. Chloroplasts of a haustoriated cell can be associated
with haustoria and the nucleus in a non-mutually exclusive man-
ner.

Figure S6. Haustoria association with chloroplasts alone, or
chloroplasts and the nucleus together, occurs at a higher fre-
quency than expected from chance.

Figure S7. Stromules often bridge multiple chloroplasts, including
those associated with different haustoria.

Figure S8. PAMPs induce MAPK phosphorylation at the concentra-
tions shown to induce stromules.

Figure S9. VIGS BAKT construct successfully reduces expression
of BAK1.

Figure $10. AVR3a induces cell death in the presence of R3a.
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