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Tjaša Lukan

Email: tjasa.lukan@nib.si

Received: 4 May 2022

Accepted: 26 July 2022

New Phytologist (2023) 237: 548–562
doi: 10.1111/nph.18425

Key words: chloroplast redox state,
hypersensitive response (HR)-conferred
resistance, immune signaling, live cell
imaging, Solanum tuberosum (potato),
spatiotemporal analysis, stromules, virus
resistance.

Summary

� Hypersensitive response (HR)-conferred resistance is associated with induction of pro-

grammed cell death and pathogen spread restriction in its proximity. The exact role of chloro-

plastic reactive oxygen species and its link with salicylic acid (SA) signaling in HR remain

unexplained.
� To unravel this, we performed a detailed spatiotemporal analysis of chloroplast redox

response in palisade mesophyll and upper epidermis to potato virus Y (PVY) infection in a

resistant potato genotype and its transgenic counterpart with impaired SA accumulation and

compromised resistance.
� Besides the cells close to the cell death zone, we detected individual cells with oxidized

chloroplasts further from the cell death zone. These are rare in SA-deficient plants, suggesting

their role in signaling for resistance. We confirmed that chloroplast redox changes play impor-

tant roles in signaling for resistance, as blocking chloroplast redox changes affected spatial

responses at the transcriptional level.
� Through spatiotemporal study of stromule induction after PVY infection, we show that stro-

mules are induced by cell death and also as a response to PVY multiplication at the front of

infection. Overall induction of stromules is attenuated in SA-deficient plants.

Introduction

Plants have evolved a range of constitutive and inducible
resistance mechanisms to respond to pathogen attack. The
effector-triggered immunity (ETI) is mediated by intracellular
resistance (R) proteins, which recognize pathogen-derived
effectors (Jones & Dangl, 2006). Successful ETI often results
in hypersensitive response (HR)-conferred resistance and is
associated with the formation of localized programmed cell
death (PCD) (Künstler et al., 2016). This response involves
salicylic acid (SA) biosynthesis in cytosol and production of
reactive oxygen species (ROS) in chloroplasts and the apo-
plast (Lu & Yao, 2018; Balint-Kurti, 2019; Littlejohn et
al., 2021). Besides hosting the biosynthesis of SA and ROS,
chloroplasts play a central role in plant immunity as integra-
tors of environmental signals and transmitters of pro-defense
signals (Serrano et al., 2016; Kachroo et al., 2021; Li &
Kim, 2022). Stromules are stroma-filled tubules that extend
from chloroplasts and are induced in several different pro-
cesses, including HR (Caplan et al., 2015). Stromules are
putatively involved in retrograde signaling after pathogen
invasion or light stress (Brunkard et al., 2015; Caplan et al.,
2015) and in movement of chloroplasts within the cell
(Kumar et al., 2018).

It is established that SA is required for the restriction of patho-
gens during HR in various interactions, including plant–virus
pathosystems (Mur et al., 2008; Baebler et al., 2014; Künstler et
al., 2016; Calil & Fontes, 2017). Several studies have also
pointed to the essential role of apoplastic ROS, leading to redox
state changes in the cytoplasm in HR-conferred virus resistance
(Hernández et al., 2016; Lukan et al., 2020). It has been sug-
gested that chloroplastic ROS are also involved in the signaling
for and/or execution of HR cell death in incompatible interac-
tions (Liu et al., 2007; Zurbriggen et al., 2009; Straus et
al., 2010; Ishiga et al., 2012; Kim et al., 2012; Xu et al., 2019;
Lukan et al., 2020). Zurbriggen et al. (2009) suggested that
ROS generated in chloroplasts during nonhost disease resistance
are essential for the progress of PCD, but do not contribute to
the induction of pathogenesis-related genes or other signaling
components of the response, including SA signaling. On the
other hand, Ochsenbein et al. (2006) found that chloroplastic
singlet oxygen (1O2) can activate SA-mediated signaling,
although SA is not required for 1O2-mediated cell death (Och-
senbein et al., 2006). Similarly, Straus et al. (2010) suggested
that chloroplastic ROS acts as a flexible spatiotemporal integra-
tion point, leading to opposite SA signaling reactions in infected
and surrounding tissue (Straus et al., 2010). Moreover, recent
evidence suggests that chloroplastic ROS might also be involved
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in controlling plant immune responses by reprogramming tran-
scription of genes involved in response to pathogen attack as one
of the retrograde signals (Ochsenbein et al., 2006; Lee et al.,
2007; Maruta et al., 2012; Nomura et al., 2012; Sewelam et
al., 2014; Pierella Karlusich et al., 2017). For example, inducible
silencing of chloroplastic THYLAKOIDAL ASCORBATE PER-
OXIDASE increased H2O2 production in chloroplasts, which
activated SA biosynthesis and SA-inducible gene expression
(Maruta et al., 2012).

To decipher the consequence of events involving chloroplastic
ROS in HR-conferred resistance, a detailed spatiotemporal analy-
sis of the chloroplast redox state in response to pathogen infec-
tion is needed. Nondestructive real-time measurement of the
redox state has been feasible since genetically encoded sensors
became available, for example redox state-sensitive green fluores-
cent proteins (roGFP1 and roGFP2) in plants (Jiang et
al., 2006). Measurement of roGFP fluorescence intensity follow-
ing excitation at two different excitation maxima permits an eval-
uation of the relative proportion of roGFP in a reduced or
oxidized state. By adding the coding sequence for the RuBisCO
small subunit transit peptide to the roGFP coding sequence, pt-
roGFP was constructed for measuring changes of the redox state
in chloroplasts (Stonebloom et al., 2012). pt-roGFP also allows
visualization of stromule formation and observation of redox
state changes in stromules.

Potato virus Y (PVY), a member of the genus Potyvirus, is the
most harmful virus of cultivated potatoes (Karasev & Gray, 2013)
and is among the top 10 most economically important plant
viruses overall (Quenouille et al., 2013). In response to PVY, HR
in potato cv. Rywal is manifested as the formation of necrotic
lesions on inoculated leaves at 3 d post-inoculation (dpi) and the
virus is restricted to the site of inoculation (Szajko et al., 2008).
We have shown previously that SA regulates HR-conferred resis-
tance in a spatiotemporal manner, as for some genes involved in
immune response the spatiotemporal regulation is completely lost
in the SA-deficient line, whereas other genes show diverse spa-
tiotemporal responses (Lukan et al., 2020). We have also proposed
the role of chloroplastic ROS as a signal orchestrating PCD
(Lukan et al., 2020). However, the potential role of chloroplastic
ROS in viral arrest has not yet been deciphered.

Here, we developed a protocol for confocal imaging of pt-
roGFP potato plants complemented by custom image analysis
scripts to simultaneously interrogate the chloroplast redox state
and stromule formation in proximity to the cell death zone in
palisade mesophyll cells and upper epidermis with spatiotempo-
ral resolution. To decipher the link between cell death, SA signal-
ing, chloroplast redox state and stromule formation, we also
analyzed the responses to PVY infection in the SA-depleted trans-
genic counterpart of pt-roGFP (pt-roGFP-NahG). We show that
chloroplasts are strongly oxidized in the cells adjacent to the cell
death zone. More intriguingly, we detected individual cells with
chloroplasts in moderately oxidized redox state close to the cell
death zone as well as further away from it. The presence of such
cells was sparse in SA-deficient plants, supporting the hypothesis
that these cells are involved in the signaling of HR-conferred
resistance.

Materials and Methods

Generation of redox state sensor plants

Potato (Solanum tuberosum L.) transgenic lines pt-roGFP and pt-
roGFP-NahG were prepared by introducing pt-roGFP2 encod-
ing construct (Stonebloom et al., 2012) into cv. Rywal, which is
resistant to PVY infection following HR response, and NahG-
Rywal with the SA accumulation reduced to < 10% of that in
nontransgenic plants, thus rendering HR ineffective in blocking
the viral spread (the depletion of SA renders NahG plants suscep-
tible; Baebler et al., 2014). pCAMBIA1304_pt-roGFP2 was
electroporated into Agrobacterium tumefaciens LBA4404 (Eppen-
dorf Electroporator 2510, Hamburg, Germany) at 2000 V fol-
lowing the manufacturer’s protocol. The transformed bacteria
were used for the transformation of cv. Rywal and NahG-Rywal
stem internodes from in vitro plantlets as described elsewhere
(Baebler et al., 2014), with some modifications (Supporting
Information Methods S1). Well-rooted hygromycin-resistant
plants were subcultured to produce plantlets of the independently
transformed lines. The selection of transgenic lines with strong
and stable GFP fluorescence in chloroplasts was performed by
confocal microscopy (see later). To confirm that the detected sig-
nal is specific for GFP emission, we used Rywal and NahG-
Rywal plants as controls.

Transgenic lines were grown in stem node tissue culture. At
2 wk after node segmentation, they were transferred to soil in a
growth chamber and kept under controlled environmental condi-
tions as described previously (Baebler et al., 2009).

Construction of PVY-N605(123)-GFP infectious clone

PVY-N605(123)-GFP was constructed by inserting GFP coding
sequence between the coding sequences for viral proteins NIb
and CP in the PVY-N605(123) infectious clone (Bukovinszki et
al., 2007) using a similar design as Rupar et al. (2015), allowing
the GFP reporter to be excised from the polyprotein following
translation.

The GFP coding sequence was amplified from plasmid
p2GWF7 (Karimi et al., 2002) using GFPF40 and GFPR40
primers (Methods S2) with Phusion polymerase (New Eng-
land BioLabs, Ipswich, MA, USA) according to the provider’s
instructions. The primers were designed with overhangs
enabling addition of the PVY-N605(123) annealing sequence
and protease recognition site to the GFP sequence, making
the amplicon serve as a megaprimer for restriction-free inser-
tion with mutagenesis. The reaction was designed using the
RF-Cloning online tool (Bond & Naus, 2012) and carried
out using Phusion polymerase with a 1 : 20 molar ratio of
PVY-N605(123) plasmid to GFP amplicon (megaprimer).
After DpnI digestion, the mutagenesis mixture was trans-
formed into E. coli XL10-Gold Ultracompetent Cells follow-
ing the manufacturer’s instructions (Agilent Technologies,
Santa Clara, CA, USA). The transformants were plated on
LB-agar with ampicillin selection and grown overnight at
37°C. Grown colonies were screened with colony PCR using
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CP-F and UnivR primers and KAPA2G Robust HotStart Kit
(Agilent Technologies; Methods S2). Sanger sequencing of the
selected clone confirmed the correct sequence of the PVY-
coding part and correct in-frame insertion of the GFP coding
sequence. Constructed PVY-N605(123)-GFP was coated onto
gold microcarriers and used for Nicotiana clevelandii bombard-
ment with a Helios® gene gun (Bio-Rad) according to Stare
et al. (2020). Detailed PCR reaction conditions and cloning
steps are given in Methods S2.

Virus inoculation

Two- to four-week-old potato plants in soil were inoculated with
PVYN-Wilga (PVYN-Wi; EF558545), PVY N605-GFP (Rupar et
al., 2015), PVY-N605(123)-GFP or mock.

For inoculation with PVYN-Wilga, 6- to 8-wk-old PVYN-Wilga-
infected cv. Pentland plants from tissue cultures were used. For
inoculation with PVY N605-GFP and PVY-N605(123)-GFP,
upper noninoculated leaves of PVY N605-GFP- and PVY-N605
(123)-GFP-inoculated Nicotiana clevelandii at 3–4 dpi were used.
Before inoculation, GFP fluorescence in the leaves used for
inoculum was confirmed under confocal microscope. The tissue
was ground in phosphate buffer supplemented with DIECA in a
plant material : buffer ratio of 1 : 4. For mock inoculation
(MOCK), noninfected N. clevelandii and cv. Pentland plants
were used.

Inoculation was performed as described in Baebler et
al. (2009). Briefly, the first three fully developed bottom leaves
of potato plants were dusted with carborundum powder. Leaves
were rubbed with the inoculum (c. 60 μl per leaf) which was
removed after 10 min by rinsing with tap water.

Treatments with oxidant and reductant

The second and third leaves of 2- to 4-wk-old pt-roGFP and pt-
roGFP-NahG potato transgenic lines were treated with an oxi-
dant (200 mM solution of hydrogen peroxide, H2O2, adapted
for potato from Jiang et al., 2006), a reductant (200 mM solu-
tion of dithiothreitol (DTT) adapted for potato from Jiang et
al., 2006) or a control (bidistilled water, ddH2O) by vacuum
infiltration using a syringe. We followed the relative redox state
in the chloroplasts 30 min after the treatment, to confirm that
the redox state sensor roGFP2 is functional in the selected trans-
genic lines (Fig. S1; Tables S1, S2).

Treatments with ROS inhibitor

Uracil, a ROS inhibitor (Montaña et al., 2009; Abdollahi &
Ghahremani, 2011), was infiltrated into PVY-N605(123)-GFP-
inoculated leaves of pt-roGFP L2 plants with 100 μM uracil
(Sigma; U0750-25G in 224 μM NaOH diluted in ddH2O; left
side of the leaf) at 4 dpi. As a control, the right side of the leaf
was inoculated with 224 μM NaOH diluted in ddH2O. At 48 h
post-treatment, the relative chloroplast redox state close to the
lesion was determined to confirm functionality of chloroplastic
ROS inhibitor in the selected transgenic line.

Confocal microscopy

A confocal microscope (Leica TCS LSI macroscope with Plan
APO ×5 and ×20 objective; Leica Microsystems, Wetzlar, Ger-
many) was used to detect emission of Chl or redox state-sensitive
GFP (pt-roGFP2) for the selection of transgenic plants, stromule
counting and redox state detection.

To select potato transgenic lines with strong and stable
roGFP2 fluorescence (emission window 505–520 nm) in the
chloroplasts, plants from tissue cultures were analyzed with a ×20
objective, zoom factor set to 3.00, frame average to 2 and z-stack
size adjusted to 10 steps to cover at least 30 μm of the mesophyll
after excitation with 488 nm laser.

For redox state detection experiments, confocal imaging was
adapted from Jiang et al. (2006). The emission of roGFP2 was
followed after excitation with 405 nm (detection of oxidized
roGFP2) and 488 nm (detection of reduced roGFP2) laser in the
window between 505 and 520 nm. The Chl fluorescence was
excited with the 488 nm laser and the emission was measured in
the window between 690 and 750 nm. The fluorescence was fol-
lowed on the upper side of the leaf which was detached from the
plant on the particular day post-inoculation or 30 min after the
treatment with an oxidant or a reductant and immediately ana-
lyzed. Plants were imaged with a ×20 objective, zoom factor set
to 3.00, and frame average to 2. Regions of interest (ROI) were
scanned unidirectionally with a scan speed of 400 Hz. Fluores-
cence emissions were collected sequentially through three chan-
nels (roGFP2 fluorescence after excitation with 405 nm laser,
roGFP2 fluorescence after excitation with 488 nm laser and Chl
fluorescence). z-stack size was adjusted to 10 steps to cover at least
30 μm of the mesophyll. As the line between epidermal and mes-
ophyll cells in potato leaf is not flat and epidermal cells often
reach into the plane of mesophyll cells, epidermal chloroplasts
were also analyzed in several images. ROI sizes and magnifica-
tions for individual experiments are specified in Tables S1 and
S3. The images were processed using LEICA LAS X software (Leica
Microsystems) to obtain maximum projections from z-stacks for
each of two or three channels. On mock-inoculated and oxi-
dant−/reductant-treated plants, ROIs were selected randomly on
the leaf. On PVYN-Wilga-inoculated plants, two consecutive ROIs
were imaged adjacent to the lesion (ROI1, ROI2) and one ROI
was imaged distant from the lesion (CTR) (Fig. 1a). See Table
S1 for the number of analyzed plants, leaves, lesions and ROIs
for each experiment for each treatment and time point. On PVY-
N605(123)-GFP-inoculated plants, ROI1 was imaged adjacent
to the lesion (ROI1) or on the front of the virus spread (ROIV)
(Fig. 5; Table S1).

For stromule detection in relation to virus localization, two
z-stacks were taken at the same position. One z-stack size was
adjusted to 10 steps to cover at least 30 μm of the mesophyll
(palisade tissue) and the second to cover the whole epidermis
(c. 30 μm) and at least 30 μm of the mesophyll (palisade tissue)
(see comments in Table S1).

For stromule counting experiments, the emission of roGFP2
was measured after excitation with a 488 nm laser in the window
between 505 and 530 nm. Fluorescence emissions were collected
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sequentially through two channels only (roGFP2 fluorescence
after excitation with 488 nm laser and Chl fluorescence).

In stromule counting experiments, PVY N605-GFP-
inoculated plants were imaged. In Exp3NT and Exp5NahG
(Table S3), plants were imaged with a ×5 objective, the frame

average was set to 3 and the z-stack was adjusted to 12–15
steps (1.50–2.00 μm per step). Four consecutive ROIs were
imaged adjacent to the lesion (ROI1–ROI4; Fig. S2). In
Exp4NT, plants were imaged with ×5 and ×20 objectives,
the frame average was set to 3 and the z-stack size was
adjusted to 15 steps (0.8–1.0 μm per step). Two consecutive
ROIs were imaged adjacent to the lesion (ROI1 and ROI2;
Fig. 4a). In Exp6NTNahG, plants were imaged with a ×20
objective, the frame average was set to 3 and the z-stack size
was adjusted to 15 steps to cover the whole epidermis and at
least 50 μm of the mesophyll. Two consecutive ROIs were
imaged adjacent to the lesion (ROI1 and ROI2; Fig. 4a). See
Table S3 for zoom factor, digital zoom, optical zoom and the
numbers of analyzed plants, leaves, lesions and ROIs for each
experiment for each treatment and time point.

In the experiment with chloroplastic ROS inhibitor, two con-
secutive ROIs were imaged adjacent to the lesion (ROI1, ROI2)
in PVY-N605(123)-GFP-inoculated plants on the left (inhibitor-
infiltrated) and right (control-infiltrated) sides of the leaf with the

Fig. 1 Chloroplast redox state is spatially regulated around the cell death
zone during potato virus Y (PVY)-induced hypersensitive response (HR).
(a) After inoculating leaves with PVY, the chloroplast redox state was mea-
sured in transgenic sensor plants (pt-roGFP and salicylic acid (SA)-deficient
pt-roGFP-NahG) with redox state-sensitive green fluorescent protein
(roGFP) targeted to chloroplasts. The chloroplast redox state was mea-
sured in three regions: the area adjacent to the lesion (region of interest 1,
ROI1), the area adjacent to ROI1 (ROI2), and an area distant from the
lesion (control, CTR) on the same leaf. As a negative control, the chloro-
plast redox state was also measured in mock-inoculated plants (MOCK).
To estimate the location of the lesion and determine the border between
the cell death zone and normal tissue, the tissue was scanned in the chan-
nel for the background chloroplast fluorescence detection (the border of
the lesion is marked with mesophyll cells with disorganized chloroplasts
that moved away from the cell periphery) and brightfield (to detect dead
tissue). In normal tissue, chloroplasts are well arranged between the vac-
uole and the cell wall, forming a ring in a circular shape of a mesophyll cell.
(b, c) Visual presentation of the ratios of fluorescence intensities of roGFP
after excitation with 405 and 488 nm laser (405 : 488 ratio, chloroplast
redox state) presented on the rainbow scale for pt-roGFP L2 (b) and pt-
roGFP-NahG L2 (c) in ROI1, ROI2 and MOCK (from left to right). Images
are maximum projections from z-stacks processed with in-house MATLAB

script. Higher ratios denote chloroplasts in a more oxidized state (red).
Chloroplasts in the cells surrounding the cell death zone are highly oxi-
dized, in contrast with more distant cells. Bar, 50 μm. (d, f) Chloroplast
redox state in the earlier-mentioned leaf areas in pt-roGFP L2 (d) and pt-
roGFP-NahG L2 (f) plants at 3, 5 or 7 d post-inoculation. Results are pre-
sented as boxplots with 405 : 488 ratios of each measured ROI shown as
dots (Exp3NahG and Exp5NT in Supporting Information Table S1). Gray
lines connect ROI1 and ROI2 pairs for each lesion. Asterisks denote statisti-
cally significant differences (P < 0.05) between the marked regions (ROI2,
CTR or MOCK) and ROI1, determined by the mixed-effects model
(ANOVA). Boundaries of the box, 25th and 75th percentiles; horizontal line,
median; vertical line, all points except outliers. The experiment was per-
formed three times independently on three transgenic lines (Redox
Exp6NT in Fig. S1; Tables S1, S2; doi: 10.5281/zenodo.6417635).
(e) Comparison of 405 : 488 ratios for marked regions (ROI1, ROI2, CTR
and MOCK) between genotypes determined by the mixed-effects model
(ANOVA). ns, not statistically significant. See Lukan et al. (2018, 2020)
for the figures showing visual and microscopic lesion formation and reac-
tive oxygen species (ROS) staining at different days post-inoculation (dpi).
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same settings as in the redox state detection experiments (Fig. 6
a). See Table S4 for details.

Raw and analyzed imaging data were deposited at Zenodo
(doi: 10.5281/zenodo.6417635).

Image analysis

For the detection of chloroplast redox state, maximum projections
from z-stacks for each of three channels – Chl fluorescence,
roGFP2 fluorescence after excitation with a 405 nm laser line, and
GFP fluorescence after excitation with a 488 nm laser line – were,
for each ROI, exported from LEICA LAS X software as a tif file.

Image analysis was performed using an in-house MATLAB script
(MATLAB and Image Processing Toolbox Release 2019b). The
images were analyzed with the following steps: import of tif files,
conversion to grayscale, filtering out pixels of low intensity, con-
version to binary format using spatial adaptive thresholding, a
round or erosion and dilation to remove single pixel noise around
the chloroplasts, followed by size-based segmentation of individ-
ual chloroplasts. The ratios of fluorescence intensities 405 : 488
were then calculated for each pixel belonging to the chloroplast
masks obtained in the previous step. Results were calculated per
image (normalized to the fraction of pixels belonging to chloro-
plasts) and per individual chloroplast in each image (see 405_488
in Table S1 for 405 : 488 ratios). The ratios present the relative
redox state and were not normalized to ratios obtained by treat-
ment with H2O2 and DTT, as oxidation of potato chloroplasts
in close proximity to HR-PCD was stronger than oxidation with
H2O2, which is most probably a result of the ineffective uptake
of the solution into the potato cells.

In the next step, ROI1 and ROI2 were further divided into
five regions (bins; Fig. S3a), depending on the distance from the
lesion (bin 1 being closest and bin 5 furthest from the lesion).
Again, the 405 : 488 ratios were determined for each pixel inside
chloroplast masks, and then the first four bins were normalized
to the 405 : 488 ratio in bin 5, which was set to 1 (Table S5).

For counting stromules, maximum projections from z-stacks for
each of two channels (Chl and 488) were, for each ROI, exported
from LEICA LAS X software as a tif file. The stromules were counted
manually on the 488 tif images, and the number of the chloroplasts
was determined as described earlier. The number of stromules was
normalized to the number of chloroplasts for the corresponding
ROI (Table S3). Details of all the parameters used in the image
analysis can be found in the analysis scripts, which are available on
Github (https://github.com/NIB-SI/SensorPlantAnalysis).

Statistics

To determine which factors contributed most to the variability in
measured 405 : 488 ratio values, we used a linear mixed effects
model (LME):

F ijkno ¼ T i þ Dj þ Lk þ Pn þ LEno þ e ijkno

where F is the fluorescence (405 : 488 ratio) measured on day j
after treatment/ROI i, on leaf o of plant n belonging to plant line

k; Ti is the mean (fixed) effect of treatment/ROI i; Dj is the mean
(fixed) effect of time after treatment/viral infection j; Lk is the
mean (fixed) effect of the specific plant line k; Pn is the (random)
effect of plant n, assumed to be normally distributed with mean
0; LEno is the (random) effect of the chosen leaf n on plant o,
assumed to be normally distributed with mean 0; and eijkno is the
residual error, assumed to be normally distributed with mean 0.
If factors were not relevant for individual experiments (e.g. exper-
iments run on a single line, or measured on a single day after
treatment), they were removed from the mixed-effects model.
The final LME model was fitted with maximum likelihood to
model the 405 : 488 ratio as the dependent variable, treatment/
ROI, dpi, transgenic line/genotype as fixed effects, and plant and
leaf as random effects.

Statistical analysis was implemented as an R-based script, with
significance calculation of the fixed factors performed using the
‘anova’ function (Satterthwaite’s method) from the package
LMERTEST (Kuznetsova et al., 2017) and post hoc pairwise compar-
isons within levels of significant fixed factors performed using the
‘emmeans’ function (Kendall–Roger method) available from the
package EMMEANS (Lenth et al., 2021). The post hoc pairwise
comparisons were performed between levels of individual fixed
factors (e.g. between ROI1 and ROI2 after viral infection), with
and without stratification by the other fixed factors. For instance,
comparison between ROI1 and ROI2 after viral infection was
performed for the whole experiment, as well as for the data avail-
able only for a single line, on a single day post-infection, and for
all combinations between line and day post-infection (Table S2).

The results of the experiments with the ROS inhibitor were
analyzed using a linear model with factors treatment, tissue sec-
tions and interaction between the two. Significance was calcu-
lated using the ‘anova’ and ‘emmeans’ function, as for the mixed
model.

Frequency of ROI2 with individual cells with moderately oxi-
dized chloroplasts was calculated with Fisher’s exact test.

All scripts were deposited on Github (https://github.com/
NIB-SI/SensorPlantAnalysis).

Spatial RT-qPCR expression analysis

Left and right sides of the first fully developed leaf of PVY-N605
(123)-GFP-inoculated pt-roGFP L2 transgenic plants were infil-
trated with ROS inhibitor/control as described earlier. At 5 dpi,
for each of the 12 lesions from four plants, two tissue sections
were sampled: the lesion and its close proximity (A) and a 1 mm
section adjacent to section A (B; Fig. 6b). As a control, tissue sec-
tions of the same size as the A and B sections together were sam-
pled further from the lesions on both the inhibitor- and control-
treated sides of the leaf (Fig. 6b). Lesions in which we did not
detect viral RNA or with inaccurate sampling were excluded from
the analysis. See Table S4 for the details.

Total RNA was extracted from the sampled A and B sections
using 50 μl of TRizol reagent (Thermo Fisher Scientific, Wal-
tham, MA, USA) combined with RNA purification on Zymo-
Spin columns (Direct-zol RNA MicroPrep Kit; Zymo Research,
Irvine, CA, USA) according to the manufacturer’s protocols. To
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elute RNA, 15 μl of prewarmed (80°C) DNase/RNase-free water
was added to the Zymo-Spin columns and incubated at room
temperature for 10 min before centrifugation at 16 000 g for
1 min. DNase-treated (0.5 μl DNase per μg RNA; Qiagen) total
RNA was quality-controlled using 2100 Bioanalyzer and RNA
6000 Pico LabChip Kit (Agilent Technologies) and then reverse-
transcribed using the High Capacity cDNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific).

Samples were analyzed in the setup for quantitative PCR
(qPCR) as previously described (Lukan et al., 2020). The expres-
sion of 13 genes involved in different steps of immune signaling
(Table S6 for a full list of genes) was analyzed and normalized to
the expression of two validated reference genes, COX and
elongation factor 1 (EF-1), as described previously (Petek et
al., 2014; see Lukan et al., 2020 for primer and probe informa-
tion). Additionally, CALS (Glucan synthase like 1/GSL1,
Sotub07g019600.1.1.) gene expression was analyzed (forward pri-
mer: 50-GAACACGAACTGGAGGATATTTTACC-30, probe:
FAM/TTGTCCTGGTGGTTCCAGAGTCGG-30 Zen Iowa
BlackTM FQ, reverse primer: 50-GATTCCACGACCCACAA
ACG-30). In parallel with the gene expression of those genes, the
relative quantity of PVY RNA was measured (Lukan et al., 2020).
The standard curve method was used for relative gene expression
quantification using QUANTGENIUS (http://quantgenius.nib.si; Bae-
bler et al., 2017).

Results

Chloroplast redox state is highly oxidized in the cells
surrounding the cell death zone

Our previous studies of HR in potato–PVY interactions sug-
gested the role of chloroplastic ROS as a signal orchestrating
PCD (Lukan et al., 2020). To further explore the role of chloro-
plastic ROS in PCD induction in a spatiotemporal manner, we
constructed transgenic plants of cv. Rywal with redox state-
sensitive GFP2 (roGFP2) targeted to chloroplasts (hereafter pt-
roGFP plants). Measurement of roGFP2 emission following
excitation at 405 and 488 nm in constructed transgenic plants
permits an evaluation of the chloroplast relative redox state as the
relative proportion of roGFP2 in an oxidized or reduced state
(405 : 488 ratio) (Jiang et al., 2006). Transgenic lines (pt-roGFP
L2, L4 and L15) with strong and stable roGFP fluorescence in
the chloroplasts were selected for further work (Table S1).

To determine if the chloroplast redox state is spatially and/or
temporally regulated around the cell death zone, we measured
the relative redox state in the palisade mesophyll chloroplasts of
pt-roGFP plants in the areas adjacent to the lesion (ROI1) and
adjacent to ROI1 (ROI2) at 3, 5, and 7 dpi with PVY, as well as
in the area distant from the lesion (control, CTR) at 7 dpi (Fig. 1
a). Within the ROI1, chloroplasts in the cells surrounding the
cell death zone were highly oxidized, in contrast to more distant
cells (more distant from cell death zone within ROI1, in ROI2,
and in CTR) (Fig. 1b,d; doi: 10.5281/zenodo.6417635). As a
control of the normal physiological redox state in potato chloro-
plasts, we also measured the chloroplast redox state in mock-

inoculated pt-roGFP plants at 3 and 7 dpi (Fig. 1a). The chloro-
plast redox state was highly uniform across all analyzed mock
samples and comparable to the redox state of chloroplasts in cells
distant to the cell death zone in PVY-infected plants (Fig. 1b,d;
doi: 10.5281/zenodo.6417635).

We also imaged the epidermal cell layer in the majority of the
analyzed areas but not in all, as a result of unevenness of the leaf
cell layer distribution. We analyzed the redox state of their chloro-
plasts. In most cases, the chloroplasts in epidermal cells were in a
similar redox state to chloroplasts in the underlying palisade meso-
phyll cells. Interestingly, in ROI1, chloroplasts in some of the epi-
dermal cells were more reduced than those in mesophyll cells
which we inspected in more detail in further experiments.

The measured variability of chloroplast redox state in ROI1 of
the mesophyll cells was higher than in mock samples (Fig. 1d), as
a result of the highly oxidized chloroplasts in cells of the PCD
transition zone (Fig. 1b,d). To perform a more detailed spa-
tiotemporal analysis of the redox state, we separated each ROI
into five regions (bins), according to the distance from the cell
death zone (Fig. S3a). The results show that the chloroplast
redox state is indeed the most oxidized close to the cell death zone
(bin 1) and is getting less oxidized with increasing distance from
the cell death zone at different time points (Figs S3b, S4). In the
most distant bin from the cell death zone (bin 5 of ROI1), the
redox state stabilizes and remains comparable in all five bins of
ROI2 (Fig. S3b).

Individual cells with moderately oxidized chloroplasts
spread further away from the cell death zone

In cells at the border of the cell death zone, within ROI1,
strongly oxidized chloroplasts often became more disorderly in
their arrangement as they moved from the cell periphery towards
the interior (Fig. 1b). These cells probably represent mesophyll
cells that are in transition between normal cells and cells under-
going PCD, as supported by electron microscopy in our previous
work (Lukan et al., 2020). However, we also observed chloro-
plasts in a moderately oxidized redox state that were well
arranged, following the shape of a normal mesophyll cell further
from the cell death zone in ROI2 (Figs 2a, S5). Such cells, which
we named signaling cells, were rarely observed in mock-
inoculated plants (Fig. 1b).

SA-dependent presence of cells with oxidized chloroplasts
further away from the cell death zone suggests their role in
signal transmission in HR-conferred resistance

To study the link between SA signaling and chloroplast redox
state in PCD and resistance, we also introduced roGFP2 in the
SA-depleted transgenic counterpart NahG-Rywal (hereafter pt-
roGFP-NahG plants). Potato genotype NahG-Rywal is a trans-
genic counterpart of cv. Rywal, depleted in the accumulation of
SA (reduced to < 10% of native values). The depletion of SA
renders NahG plants susceptible to PVY (catechol-independent;
Baebler et al., 2014), allowing the virus to spread throughout the
plant (Baebler et al., 2014). Transgenic lines (pt-roGFP-NahG
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L2 and L7) with strong and stable GFP fluorescence in the
chloroplasts were selected for further work. We next followed the
chloroplast redox state after viral infection in different regions,
close to or further away from the cell death zone at three time
points. Similarly as in pt-roGFP plants (Fig. 1b), within the

ROI1, chloroplasts in the cells surrounding the cell death zone
were highly oxidized (Fig. 1c). This was further confirmed by
image analysis, as the chloroplast redox state was more oxidized
in ROI1 and was statistically significantly different from the
chloroplast redox state in ROI2 at all analyzed time points

Fig. 2 Individual cells with moderately
oxidized chloroplasts (asterisks) can be
observed further from the cell death zone
(region of interest 2, ROI2). (a) The first four
panels present ROI2 in pt-roGFP2 plants
with individual cells with moderately oxidized
chloroplasts (signaling cells, first three panels)
or with no signaling cells (fourth panel). The
bottom panel presents ROI2 with no
signaling cells in a salicylic acid (SA)-deficient
pt-roGFP-NahG plant for comparison. Cells
with oxidized chloroplasts further away from
the cell death zone are marked with asterisks.
Chlorophyll, Chl fluorescence; 488, roGFP
fluorescence after excitation with 488 nm
laser line showing reduced roGFP (brighter
chloroplasts are more reduced); 405 : 488,
relative redox state (405 : 488 ratio)
presented on a rainbow scale. Higher ratios
denote more oxidized chloroplasts (red). Bar,
50 μm. (b) Frequency of ROI2 with signaling
cells for pt-roGFP (NT) and pt-roGFP-NahG
(NahG). P-value comparing frequency of
ROI2 with signaling cells between potato
virus Y (PVY) and control treatments (PVY vs
c) and between PVY treatments of each
genotype (NT vs NahG) was calculated with
Fisher’s exact test. PVY, ROI2 of PVY-
inoculated plants; control, combined MOCK
and CTR inspected ROIs (Fig. 1a).
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(Figs 1f, S1; Tables S1, S2). We conclude that the chloroplast
redox state is precisely spatially regulated around the cell death
zone in both pt-roGFP and SA-deficient pt-roGFP-NahG plants.
Interestingly, however, the cells with moderately oxidized chloro-
plasts, further away from the cell death zone, were rarely observed
in SA-deficient plants (Fig. 2; doi: 10.5281/zenodo.6417635).
This result suggests that chloroplast oxidation distant from the
cell death zone requires SA signaling, whereas chloroplast oxida-
tion near the cell death zone occurs independently of SA signal-
ing. As SA is required to prevent the viral spread, but not for the
development of PCD (Lukan et al., 2018, 2020), we hypothesize
that chloroplast oxidation in distant cells participates in signaling
for resistance, whereas chloroplast oxidation near the cell death
zone is related to PCD.

Spatiotemporal regulation of stromule formation around
the cell death zone is SA signaling-dependent

Although our experimental setup was focused on measuring the
redox state in the mesophyll cells, because of the unevenness of
the leaf cell layer distribution, we also imaged epidermal cells
layer in the majority of investigated areas. Chloroplasts in epider-
mal cells were in a similar redox state as chloroplasts in underly-
ing palisade mesophyll cells. Interestingly, we observed individual
epidermal cells with highly reduced chloroplasts, often in the area
between the cell death zone and signaling mesophyll cells (Fig. 3
a,b). In those cells, we were also able to observe clustering of
chloroplasts and intensive connectivity via stromules (Fig. 3a,b).
We confirmed that the clustering of chloroplasts is the result of
their movement towards the nucleus (Video S1). Our observa-
tion that chloroplasts with stromules are highly reduced is in dis-
agreement with the results of some other studies (Brunkard
et al., 2015; Caplan et al., 2015; Barton et al., 2018; Ding et
al., 2019). It is possible, however, that our findings are specific
for cell-to-cell signaling in this particular plant–virus interaction,
which was not yet studied in this aspect. Moreover, we observed
the majority of chloroplasts with stromules in epidermal cells,
which is in agreement with the literature showing that stromules
are a characteristic cell-specific feature and are more frequently
present in epidermal cells (reviewed in Natesan et al., 2005).

We performed additional experiments to investigate these
results further. In these experiments, we adjusted z-stack size to
cover the whole epidermis and at least 50 μm of the mesophyll.
We observed increased stromule formation frequency in epider-
mal chloroplasts after inoculation at all time points, which was
even more pronounced in the cell death zone proximity in
pt-roGFP plants (Fig. 4). When comparing the frequency of
stromules between ROI1 and ROI2 in pt-roGFP plants, the
difference was statistically significant at 4 and 5 dpi. By contrast,
in pt-roGFP-NahG plants, the number of stromules was similar
between ROI1 and ROI2 at all time points (Fig. 4d; Tables S3,
S7). The frequency of stromules of PVY-inoculated plants was
higher if compared with random regions on the leaf of mock-
inoculated plants at all time points in pt-roGFP plants (Fig. 4d;
Tables S3, S7). The induction of stromules was, however, less
pronounced in pt-roGFP-NahG plants. We also compared the

frequency of stromules between genotypes, and the difference
was statistically significant at 4 and 5 dpi for ROI1, but not for
ROI2 (Fig. 4d). We thereby conclude that in PVY-induced HR
in potato, stromule formation is spatiotemporally regulated
around the cell death zone and is SA signaling-dependent.

Stromules are induced in immediate proximity to virus
multiplication zone

To investigate why the stromule frequency is 5 dpi in pt-roGFP-
NahG plants induced in both ROI1 and ROI2, whereas in pt-
roGFP plants the induction was visible only in ROI1, we decided
to expand our characterization of the spatiotemporal responses to
PVY infection and check stromule frequency in ROI3 and ROI4
as well. We followed stromule formation in four consecutive
regions adjacent to the cell death zone at different time points fol-
lowing inoculation in both genotypes (ROI1–ROI4; Fig. S2a,b,
d). This experiment confirmed the previous results showing that
stromule formation is differentially spatiotemporally regulated
between genotypes. In pt-roGFP-NahG plants, induction of stro-
mule frequency was, besides ROI2, higher also in ROI3, whereas
in pt-roGFP plants, the induction was visible only in ROI1
(Figs 4, S2a,b,d; Tables S3, S7).

In our previous study, we reported that PVY accumulated in
the cells on the border of the cell death zone in nontransgenic
plants at all analyzed time points (most frequently at 4 dpi), but
the virus did not spread beyond this zone. In NahG plants, how-
ever, we observed concentric virus spread to adjacent cells, such
that PVY reached the outer borders of ROI2 within 6–7 dpi
(Lukan et al., 2018). The viral spread correlates with stromule
frequency, which in pt-roGFP is statistically higher in ROI1 than
in ROI2, ROI3, ROI4 or MOCK, while in pt-roGFP-NahG,
both ROI1 and ROI2 have higher stromule frequency as com-
pared with ROI3, ROI4 or MOCK (Figs 4d, S2a,b,d).

To confirm the relationship between stromule frequency and
virus multiplication, we followed the cells on the border of the
virus multiplication zone in pt-roGFP plants at 4 dpi and in pt-
roGFP-NahG plants at 7 dpi using GFP-tagged PVY (Fig. 5a,c;
Table S1). We collected two z-stacks in the same ROI, one cover-
ing the whole epidermis with at least 50 μm of the mesophyll and
one only 50 μm of the mesophyll. In both genotypes, we observed
epidermal chloroplasts with stromules in the cell adjacent to the
cell with PVY-GFP accumulation (Fig. 5b,d). We therefore con-
clude that stromule formation was more pronounced in the cell
adjacent to the infected cell, which could be a result of plant-
mediated response to the presence of the virus or virus multiplica-
tion. Owing to a strong background in the 405 nm channel as a
result of strong PVY-GFP fluorescence, an evaluation of the
chloroplast relative redox state as the relative proportion of roGFP
in an oxidized or reduced state (405 : 488 ratio) was not possible.

Blocking the chloroplastic redox changes affects the spatial
response at the transcriptional level in HR

To further study the mechanism of this chloroplast redox state-
dependent signaling and its downstream targets, we treated plants
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with ROS scavenger uracil (Abdollahi & Ghahremani, 2011)
and performed spatial transcriptomics in cell death zone proxim-
ity at 5 dpi (Fig. 6). The target genes were selected according to
their involvement in redox potential homeostasis (CAT1, PRX28,
RBOHD, RBOHA, TRXH), JA signaling (13-LOX, 9-LOX,
ACX3), ET signaling (ERF1), stability of R proteins (HSP70)
and actuation of defense (BGLU, PR1B, CALS) and all showed
spatial regulation following PVY inoculation (Lukan et
al., 2020). We show that induction of chloroplast oxidation
around the site of viral foci was successfully blocked when treated
with uracil (Fig. 6a). Genes show different spatial transcriptional

responses (Figs 6c, S6). ERF1 was upregulated further from the
cell death zone (section B) when ROS signaling was hampered
compared with induction in the cell death zone (section A) in the
control (Fig. 6; Tables S4, S6, S8, S9). RBOHD expression is, by
contrast, higher in section A of inhibitor-treated plants, and
RBOHA, HSP70 and CAT1 showed similar spatial regulation in
the control and inhibitor-treated tissue. Interestingly, TRXH
expression is lower if ROS is generated as its expression was
higher in inhibitor-treated tissue in both the A and B zones.
Therefore, ERF1, RBOHD and TRXH are downstream chloro-
plast redox state-dependent signaling for resistance.

Fig. 3 Stromules are induced in cells adjacent to the hypersensitive response (HR) cell death zone. (a, b) Chloroplasts with stromules (arrows) in the cells on
the border of the cell death zone in ROI1 (a) or in the cells between the cell death zone and the cells with oxidized chloroplasts in ROI1 (b) in leaf epidermis
of potato virus Y (PVY)-inoculated pt-roGFP plants. A strongly reduced redox state is shown as a high signal in 488 channel, black or dark blue on 405 :
488 ratio images. Higher magnification of an area with stromules (boxed with yellow) is shown in the rightmost panel. (c) Epidermal chloroplasts in the
mock-inoculated pt-roGFP plant for the comparison of redox state. Images were taken in PVY- and mock-inoculated pt-roGFP plants at 5 and 3 d post-
inoculation, respectively. Stromules are marked with arrows. Cells with oxidized chloroplasts further away from the cell death zone are marked with aster-
isks. The cell death zone is marked with an ‘L’. ROI1, region of interest adjacent to cell death zone (Fig. 1a); chlorophyll, Chl fluorescence; 488, roGFP fluo-
rescence after excitation with 488 nm laser line showing reduced roGFP (brighter chloroplasts are more reduced); 405 : 488, relative redox state (405 : 488
ratio) presented on a rainbow scale. Higher ratios denote more oxidized chloroplasts (red). z-stack size was adjusted to 10–15 steps to cover at least 30 μm
of the mesophyll. As the line between epidermal and mesophyll cells in potato leaf is not flat and epidermal cells often reach into the plane of mesophyll
cells, in several images we were also able to observe epidermal chloroplasts. Bar, 50 μm.
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Discussion

Programmed cell death has been associated with increased chloro-
plastic ROS production (Wagner et al., 2004; Liu et al., 2007;
Straus et al., 2010). Generation of chloroplastic ROS was pro-
posed as a signal orchestrating PCD, rather than only being a con-
sequence of PCD (Zurbriggen et al., 2010; Pierella Karlusich

et al., 2017; Su et al., 2018). Our results showing that the disor-
dered chloroplasts in the cells adjacent to the cell death zone were
strongly oxidized (Figs S3b,c (top panel), S4) are in agreement
with and extend these previous conclusions. In addition, close to
the border of the cell death zone (ROI1; Fig. S3b,c), as well as fur-
ther away from the cell death zone (ROI2; Figs 2a, S5; Table S1),
we observed the so-called signaling cells, individual mesophyll cells
with moderately oxidized chloroplasts. These cells were sparse in
SA-deficient plants with compromised resistance, which indicates
their role in signal transmission in HR-conferred resistance. This is
supported by the results of several studies showing that decreased
chloroplastic ROS production leads to compromised resistance
(Su et al., 2018; Xu et al., 2019; Schmidt et al., 2020). Here we
also show that chloroplastic redox changes are modulating spatial
transcriptional response of immunity-related genes (Fig. 6).
Indeed, the regulation of genes involved in ethylene signaling
(ERF1) and redox state sensing (TRXH) was changed further away
from the viral foci when oxidation of chloroplast was blocked, con-
firming the signaling role of chloroplastic redox changes in PVY-
induced HR response (Fig. 6c). The chloroplast redox state has
previously been studied during HR-PCD, triggered by N-
mediated recognition of a fragment of the helicase domain of the
TMV replicase (p50) with the HyPer2 H2O2 sensor (Caplan et
al., 2015). The authors detected higher concentrations of ROS in
chloroplasts at 28 h post-agroinfiltration to express p50. As their
approach causes even expression of p50 across all cells and does
not track an actual virus infection, the spatial dynamics of redox
state changes during HR and the effect on signaling could not be
directly interrogated. Our study thus brings a new perspective to
redox signaling during HR resistance.

Reactive oxygen species production in plant organelles triggers
intracellular communication pathways that alter intercellular
communication via plasmodesmata (PD) (Stonebloom et al.,

Fig. 4 Spatiotemporal regulation of stromule formation around the cell
death zone is salicylic acid (SA) signaling-dependent. (a) Stromule forma-
tion was followed in redox state sensor plants after potato virus Y (PVY)
inoculation. See Fig. 1 legend for the details. (b, c) Confocal image show-
ing the difference in the number of stromules between region of interest 1
(ROI1, left) and ROI2 (right) in pt-roGFP (b) and pt-roGFP-NahG (c). After
inoculation, we observed stromule formation, which was even more pro-
nounced in the proximity of the cell death zone in pt-roGFP plants. Higher
magnification of an area with stromules (boxed in yellow) is shown in the
rightmost panel. Arrows show stromules. Bar, 50 μm. (d) Normalized num-
ber of stromules, calculated by dividing the number of stromules by the
number of chloroplasts counted in the earlier-mentioned leaf areas in pt-
roGFP L2 and pt-roGFP-NahG L2 transgenic lines at 3, 4 and 5 d post-
inoculation (dpi) (Exp6NTNahG in Supporting Information Table S3).
Results are presented as boxplots with normalized numbers of stromules
for each ROI shown as dots (Stromules Exp6NTNahG in Table S3). Aster-
isks denote statistically significant differences (P < 0.05) between regions
(shown on the boxplots connecting lines; see Stromules Exp6NTNahG in
Table S7 for P-values) or between genotypes (pt-roGFP vs NahG, shown
for each region for each day post-inoculation in the middle panel; see Stro-
mules Exp6NTNahG in Table S7 for P-values), determined by the mixed-
effects model (ANOVA). z-stack size was adjusted to 15 steps to cover the
whole epidermis and at least 50 μm of the mesophyll. ns, not statistically
significant. Boundaries of the box, 25th and 75th percentiles; horizontal
line, median; vertical line, all points except outliers.

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation.

New Phytologist (2023) 237: 548–562
www.newphytologist.com

New
Phytologist Research 557

 14698137, 2023, 2, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18425 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [12/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2012). They showed that oxidized plastids resulted in decreased
PD transport, whereas reduced plastids can facilitate PD trans-
port. Thus, we could assume that the highly oxidized chloroplasts
at the border of the cell death zone have PD closed to prevent the
spread of the pathogen. Interestingly, the cells with high fre-
quency of stromules that we observed in proximity to the cell
death zone or to the cell in which we observed PVY-GFP accu-
mulation had reduced chloroplasts (Fig. 5), meaning they could

have increased PD transport. This is in accordance with Caplan et
al. (2015), who suggested that stromule function is HR-PCD
signaling. However, their experimental approach with transient
expression of HR-triggering proteins only focused on signaling
for PCD while signaling for viral arrest was not studied. We addi-
tionally showed that the increase in stromule formation observed
in SA-deficient plants in ROI2 (Fig. S2) was linked to the border
of the virus multiplication zone (Fig. 5).

Fig. 5 Stromules are induced in immediate proximity to the virus multiplication zone. (a, c) Stromule formation was followed in pt-roGFP on the border of
the cell death zone (ROI1) in the cells adjacent to the cell in which we observed potato virus Y-green fluorescent protein (PVY-GFP) accumulation at 4 d
post-inoculation (dpi) (a) or in pt-roGFP-NahG on the border of the virus multiplication zone (ROIV) in the cells adjacent to the cell in which we observed
PVY-GFP accumulation at 7 dpi (c). (b, d) 488, stromules (arrows) are induced adjacent to the cell in which we observed PVY-GFP accumulation (asterisks).
Boxed areas show higher magnification of regions with stromules. Owing to high background signal in the cell death zone, as a result of virus-derived GFP
fluorescence, GFP signal is not shown in the cell death zone in 488 images. Owing to a strong background in the 405 nm channel as a result of strong
virus-derived GFP fluorescence, an evaluation of the chloroplast relative redox state as the relative proportion of roGFP in an oxidized or reduced state was
not possible, and therefore 405 : 488 ratios are not presented. Left and right panels present different ROIs. Stromules are marked with arrows. Cells in
which we observed PVY-GFP accumulation are marked with asterisks. The cell death zone is marked with an ‘L’. ROI1, region of interest adjacent to cell
death zone; ROIV, region of interest adjacent to the virus multiplication zone. Chlorophyll, Chl fluorescence; 488, roGFP fluorescence after excitation with
488 nm laser line showing reduced roGFP (brighter chloroplasts are more reduced). z-stack size was adjusted to 10 steps to cover the whole epidermis
(c. 30 μm) and at least 30 μm of the mesophyll. Bar, 50 μm.
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Fig. 6 Chloroplastic redox changes regulate spatial expression of selected genes. (a) Uracil is efficiently blocking chloroplastic reactive oxygen species (ROS)
production near potato virus Y (PVY) infection lesions. Left and right sides of the PVY-green fluorescent protein (PVY-GFP)-inoculated leaves of pt-roGFP plants
were infiltrated with chloroplastic ROS inhibitor and control at 4 d post-inoculation (dpi). At 48 h post-treatment, two consecutive regions of interest (ROIs)
were imaged adjacent to the lesion (ROI1, ROI2) on the left (inhibitor-infiltrated) and right (control-infiltrated) sides of the leaf with the same settings as in
redox state detection experiments using confocal microscopy. The relative chloroplast redox state was determined to confirm functionality of the chloroplastic
ROS inhibitor in the selected transgenic line. (b) Schematic overview of sampling for transcriptomics. PVY-GFP-inoculated leaves of pt-roGFP L2 plants were
infiltrated as described earlier. At 5 dpi, two tissue sections were sampled: lesion (section A) and a 1 mm section adjacent to section A (section B). As a control
(CTR), tissue sections of the same size as the A and B sections together were sampled further away from the lesions on both the inhibitor- and control-treated
sides of the leaf. (c) Viral RNA abundance (PVY) and expression profiles of seven genes (HSP70, heat shock protein 70; RBOHD, potato respiratory burst oxidase
homolog D; RBOHA, potato respiratory burst oxidase homolog A; CAT1, catalase 1; 13-LOX, 13-lipoxygenase; ERF1, potato ethylene responsive transcription
factor 1a; TRXH, thioredoxin H) are presented as boxplots with logarithmic normalized relative expression in sections A and B for chloroplastic ROS inhibitor-
treated and control-treated lesions shown as dots. Abundance/expression is presented as a log2 ratio between relative expression in each section and averaged
relative expression in CTR sections. Significance for effects of treatment, tissue section and interaction between the two was tested using a linear model
(ANOVA), and significant relationships are marked by an asterisk (*) in the figure for treatment and tissue section and two asterisks (**) for the interaction (Sup-
porting Information Table S9). See Tables S4 and S6 for the details, number of analyzed lesions and P-values for all analyzed genes. Asterisks (* and **) denote
statistically significant differences (P < 0.05). Boundaries of the box, 25th and 75th percentiles; horizontal line, median; vertical line, all points except outliers.
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Maruta et al. (2012) suggested that the chloroplastic H2O2

and SA activate each other and that this positive feedback loop is
involved in the plant immune response. By contrast, we found
no major differences between the chloroplast redox state of SA-
deficient pt-roGFP-NahG compared with pt-roGFP plants close
to the lesion (Figs 1, S3). However, the frequency of previously
mentioned signaling cells with moderately oxidized chloroplasts
was lower in SA-depleted plants (Fig. 2). Additionally, we stud-
ied SA involvement in stromule formation. Previous studies
showed that an oxidative environment induces stromule forma-
tion (Brunkard et al., 2015; Caplan et al., 2015; Barton et
al., 2018; Ding et al., 2019). Indeed, in our study, the number
of stromules was induced in lesion proximity. Interestingly, how-
ever, the frequency of stromules was statistically significantly
higher in pt-roGFP than in SA-deficient pt-roGFP-NahG plants
(Fig. 4), although the oxidative state of chloroplasts adjacent to
the cell death zone was the same (Fig. 1). This is in agreement
with results from Caplan et al. (2015), who showed that applica-
tion of an SA analog induces stromules when HR is triggered by
pathogen recognition. Therefore, we conclude that stromule
induction does not depend solely on the redox state of chloro-
plasts in adjacent cells.

Our results collectively show that the increase in mesophyll
chloroplast redox state is linked to PCD signaling, which is SA-
independent, and also to signaling for HR-conferred resistance to
the virus, which is SA-dependent. The later phenomenon is sup-
ported by the presence of mesophyll cells with moderately oxi-
dized chloroplasts further away from the cell death zone which
are linked to epidermal cells with reduced chloroplasts and high
stromule connectivity and changes in transcriptional regulation,
indicating intensive intracellular and cell-to-cell communication
activity.
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