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P L A N T  S C I E N C E S

Mitochondrial ROS trigger interorganellular signaling 
and prime ER processes to establish enhanced 
plant immunity
Yang Yang1,2, Yan Zhao1, Wei Zhao1, Yingqi Zhang1, Hongmei Wang1, Murray Grant3,  
Patrick Schäfer4, Yuling Meng1, Weixing Shan1*

Reactive oxygen species (ROS) are key signaling molecules in plant development and immunity, but current un-
derstanding is primarily focused on apoplastic and chloroplastic ROS. Mitochondria are also a key source of intra-
cellular ROS, yet their contribution to plant immunity is poorly characterized. Here, we studied mitochondrial ROS 
(mROS) function in plant-pathogen interactions, deploying genetically encoded sensors, assorted fluorescent mark-
ers, and genetic approaches to track mROS, specifically H2O2, dynamics and identify interorganelle contact sites. We 
unexpectedly found a mitochondria–endoplasmic reticulum (ER) ROS signal cascade functioning independently of 
apoplastic and chloroplastic ROS in plant immunity. mROS initiate immune responses induced by the oomycete 
pathogen Phytophthora parasitica and promote mitochondria-ER association. These enhanced mitochondria-ER 
membrane associations are required for transfer of mROS signals and initiation of extensive unfolded protein re-
sponses. We conclude that mROS transfer via mitochondria-ER membranes to the ER lumen is an underappreciated 
yet essential component in plant defense.

INTRODUCTION
Plants have developed a complex and efficient immune system to 
protect against a diversity of pathogens. This typically involves two 
core signaling pathways, pattern-triggered immunity (PTI) and 
effector-triggered immunity (ETI) (1). However, adapted pathogens 
have evolved effectors to suppress PTI and colonize plants. Conse-
quently, plants have developed resistance proteins (R). These predomi-
nately intracellular proteins, known collectively as nucleotide-binding 
leucine-rich repeat receptors (NLRs), detect the presence of effectors, 
eliciting ETI. There is increasing evidence for interdependency be-
tween PTI and ETI for effective activation of immunity (1–3).

Reactive oxygen species (ROS) are key signaling molecules de-
ployed across all kingdoms of life (4). In plants, ROS act both locally 
and systemically (i.e., a ROS wave) during biotic and abiotic stress 
responses (5). The vast majority of our understanding of ROS in 
plant immunity is, however, mainly predicated on apoplastic ROS 
(apROS) produced by the plasma membrane–localized NADPH 
(reduced form of nicotinamide adenine dinucleotide phosphate) 
(RBOH) oxidases, particularly RBOHD and RBOHF (6–11).

Despite apROS being of intense interest, multiple organelles are, 
in fact, sources for cytoplasmic ROS in plant cells including the endo-
plasmic reticulum (ER), peroxisomes and the cellular powerhouses, 
chloroplasts, and mitochondria (5). Chloroplast ROS (cpROS) also 
function in both pattern- and effector-triggered immunity (12–14). 
Mitochondrial ROS (mROS) production is increasingly considered 
as a primary mitochondrial function (15). mROS functions in in-
flammatory responses have received extensive attention in mamma-
lian research (16). mROS have received some attention in plant 

signaling and immunity (17–21), yet a fundamental understanding 
of mROS function in plant immunity is lacking.

Organelle interactions are involved in diverse cellular processes, 
including lipid and ion transfer, signaling, and organelle division in 
animals and yeasts (22). ER and mitochondria exchange signals and 
lipids through physical linkages known as mitochondria-associated 
membranes (MAMs) (23,  24). ER-to-mitochondria Ca2+ transfer 
through MAMs contributes to pathogenesis and pathophysiology in 
mammalian cells (25). However, the function of interorganellular 
signaling in plant-pathogen interaction is poorly understood.

As key signal molecules, ROS transport across membranes and 
function in cell-to-cell or organelle-to-organelle interactions (22, 26). 
H2O2 is considered the major molecule in ROS translocation, mainly 
mediated by aquaporins, due to its relatively long half-life (milliseconds) 
(5). Chloroplast-to-nucleus H2O2 transport is activated by high light to 
enable photosynthetic control over gene expression (26). Whether 
mitochondria-to-ER ROS transfer functions as a signaling cascade and 
plays a role in plant-pathogen interaction remains unknown.

Mitochondrial complex I on electron transport chain is one of 
the major mROS production sites (27). We previously found that 
the P-type pentatricopeptide repeat protein RTP7 (resistance to 
Phytophthora parasitica 7) participates in RNA splicing of the mi-
tochondrial nad7 transcript and negatively affects mROS accumu-
lation through the complex I NAD7 subunit (19). The rtp7-mediated 
broad-spectrum resistance to pathogens with diverse lifestyles is 
dependent on its enhanced mROS levels.

Here, we show that mROS, specifically H2O2, is a major source of 
ER-ROS following Phytophthora parasitica infection and that its trans-
fer into the ER matrix is crucial for activating ER process–related im-
mune signaling, leading to enhanced disease resistance. High mROS 
levels promote MAM formation that recruit to P. parasitica haustoria 
and are associated with MAM-ROS and ER-ROS bursts, independent 
of cpROS and apROS. These findings define a mitochondria-MAM-
ER ROS-signaling cascade with a vital role in the complex interorgan-
elle dialog underpinning effective plant immunity.
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RESULTS
mROS contribute to immune responses at P. parasitica 
infection sites
We previously showed increased mROS levels in the P. parasitica–
infected Arabidopsis root cells (19). Haustoria are specialized patho-
gen structures forming the interface that mediates plant-pathogen 
dialog (28). Taking advantage of a mitochondria-localized H2O2-
specific biosensor (mt-roGFP2-Tsa2ΔCR), we could analyze mROS 
levels of individual mitochondria inside infected cells. P. parasitica 
induced strong mROS bursts in the mitochondria surrounding 
haustoria compared with those distant from haustoria (Fig. 1, A and B), 
indicating that mROS might be important signals at the infection 
sites to initiate immune responses.

PTI is the first layer of plant immunity upon pathogen infection 
(1) and triggers mROS bursts (19). We noticed that apart from the 
strong mROS burst, flg22 treatment (a 22–amino acid immunoacti-
vating peptide of bacterial flagellin) also triggered network-like ROS 
signals in Arabidopsis root cells, as revealed by 2,7-dichlorofluorescein 
diacetate (CM-H2DCFDA, ROS) and MitoTracker Red (mitochon-
dria) staining (fig. S1, A and B). Furthermore, rtp7 Arabidopsis 
mutants showed increased PTI-induced mROS bursts (19) and 
flg22-induced network-like ROS bursts (fig. S1, C and D), indicating 
that flg22 could induce network-like ROS bursts and that it might be 
related to mROS.

We then analyzed whether PTI-induced network-like ROS bursts 
depended on mitochondrial permeability transition pore (mPTP)–
mediated mROS release. The higher level of mROS would be re-
leased through mPTP in mitochondrial membranes (29). We first 
analyzed whether mPTP could format and open in PTI or upon 
pathogen infection. The mPTP formation and opening induce de-
creased mitochondrial membrane potential (ΔΨm) and mitochon-
drial swelling (30). We showed that P. parasitica infection or flg22 
treatment reduced ΔΨm (fig. S1E) and that mitochondria gathered 
around P. parasitica haustoria are bigger in size than that of unin-
fected cells (fig. S1E), indicating a potential role of mPTP formation 
and opening in plant immunity.

mPTP contains two inner mitochondrial membrane-localized 
components, ANTs (adenine nucleotide translocators) and CypD 
(cyclophilin D), and outer mitochondrial membrane (OMM)–
localized VDAC (voltage-dependent anion channel) proteins (29). 
Bongkrekic acid (BA), an inhibitor of ANTs, inhibits mPTP opening 
in plant cells (29, 31). Four of the Arabidopsis VDAC genes (VDAC1, 
VDAC2, VDAC3, and VDAC4) were identified, and their VDAC 
functions in mROS homeostasis were confirmed (32, 33). Among 
these four VDACs, AtVDAC3 expression is induced by bacterial 
infection, and it regulates plant resistance to bacterial pathogen 
Pseudomonas syringae (33, 34). Therefore, we inhibited mPTP open-
ing by BA treatment or knocking-out VDAC3. The mROS staining 
showed that BA treatment or VDAC3 knocking out reduced flg22-
induced network-like ROS levels (fig. S1, A to D), indicating mROS 
as the ROS source.

mROS trigger a mitochondria-ER ROS cascade 
independently of apROS
We further analyzed the localization of the network-like ROS. The 
network-like morphology suggested the distribution of this mROS-
dependent ROS signals in ER. However, as PTI could induce ROS 
burst from multiple organelles and apoplast (6–11, 14, 35), to avoid 
potential influence of other ROS sources during PTI, we used 

MitoPQ, a specific mROS inducer of complex I without affection 
of normal oxidative phosphorylation (36) to directly trigger an 
mROS burst. The MitoPQ treatment of Arabidopsis Col-0–expressing 
ER-lumen–targeted cyan fluorescent protein (CFP) (ER-CFP), fol-
lowed by DCF and MitoTracker Red staining, showed that MitoPQ 
could induce mROS (Fig.  1, C and D). The MitoPQ-triggered 
network-like ROS signals were associated with ER signals, while the 
solvent control of MitoPQ [0.01% dimethyl sulfoxide (DMSO)] did 
not trigger strong ROS signals (Fig. 1, C and D). Moreover, the ER-
associated ROS signals around mitochondria were stronger than the 
ER-associated ROS signals more distant from mitochondria (Fig. 1, 
C and D), indicating that the network-like ROS induced by MitoPQ 
were related to ER-ROS. To rule out potential side effect of MitoPQ 
on ER and direct triggering of ER-ROS, we detected ER-ROS levels 
in rtp7 mutants that showed stronger mROS production (19). We 
found that, apart from the stronger mROS signals, rtp7 knock-out 
mutants also showed stronger ER-ROS signals compared with Col-0 
(Fig.  1E). These results indicate that activation of mROS triggers 
ER-ROS bursts in Arabidopsis.

Genetically encoded biosensors provide better specificity and 
resolution for ROS detection than DCF staining (37). We there-
fore further confirmed that MitoPQ could trigger ER-ROS burst 
using ER-lumen–targeted redox sensor roGFP2 (ER-roGFP2) and 
Grx1-roGFP2iL (ER-Grx1-roGFP2iL), H2O2-specific sensor roGFP2-
Tsa2ΔCR (ER-roGFP2-Tsa2ΔCR), and HyPer7 (ER-HyPer7) in 
Nicotiana benthamiana leaves (Fig. 1F and fig S2, A and B; see Ma-
terials and Methods for detailed descriptions). Moreover, MitoPQ-
induced ER-ROS were also detected by ROS staining in N. benthamiana 
leaves (fig. S3).

As MitoPQ has not been used for confocal imaging of plant cells, 
we performed pilot experiments to optimize its use in planta. We 
determined that a MitoPQ concentration of 0.5 μM was sufficient to 
induce mROS bursts in Arabidopsis roots and N. benthamiana leaves 
without causing obvious cytotoxicity under our experimental con-
ditions (fig. S4 and experimental details in Materials and Methods). 
We previously showed that virus-induced gene silencing (VIGS) of 
NbRTP7 increased mROS levels (19). Both ROS biosensors and ROS 
staining assays revealed enhanced ER-ROS levels in NbRTP7-silenced 
N. benthamiana leaves (Fig. 1F and fig. S3). Together, these results 
indicate that activation of mROS results in ER-ROS bursts.

We next analyzed whether this mROS-induced ER-ROS burst 
was dependent on ROS transport of ER and mitochondria. ROS 
translocation is primarily mediated by aquaporins in ER membrane 
(38, 39) and mPTP in mitochondrial membranes (29). Small basic 
intrinsic proteins (SIPs) are ER membrane–localized aquaporins 
(40, 41). ROS staining in MitoPQ-treated Arabidopsis sip1;1-1, and 
sip1;1-2 mutant roots showed reduced ER-ROS levels (fig. S5, A 
and B). Inactivating mPTP by BA (29) or knocking out VDAC3 in 
MitoPQ-treated Arabidopsis roots significantly reduced MitoPQ-
induced ER-ROS signals (fig. S5, C to E). These results indicate that 
the mROS-induced ER-ROS burst is dependent on ROS transport of 
mitochondria and ER.

As ER oxidoreductins (EROs) produce ROS in the ER-lumen as 
secondary products, arising from the formation and rearrangement 
of protein disulfide bonds (38), we examined whether mROS-
induced ER-ROS are resulted from the activation of ER-ROS pro-
duction in ER lumen. Two EROs (ERO1 and ERO2) have been 
identified in Arabidopsis genome (42). MitoPQ treatment still in-
duced ER-ROS in the ERO–knocking down Arabidopsis mutants 
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Fig. 1. mROS induce ER-ROS bursts. (A and B) Confocal microscopy of mROS around haustoria (A) and quantification (B). mROS were measured by expressing mt-
roGFP2-Tsa2ΔCR in N. benthamiana leaves. Yellow arrows mark haustoria-wrapped mitochondria, and white arrows mark haustoria. Blue asterisks mark haustoria-
unwrapped mitochondria. Scale bars, 5 μm (A). (C and D) Gray value analyses (C) and confocal microscopy analysis (D) of mROS and network-like ROS in root cells of a 
stable-transgenic Arabidopsis line expressing ER-CFP in the Col-0 upon 0.5-μM MitoPQ treatment for ~1 hour. 0.01% DMSO (v/v, control) is the MitoPQ solvent. Yellow ar-
rows mark ER region around mitochondria (wrapped), and white arrows mark the ER region distant from mitochondria (unwrapped). Gray value plots show relative fluo-
rescence along the dotted lines. Scale bars, 5 μm. (E) Confocal microscopy analysis (bottom) and gray value analyses (top) of mROS and network-like ROS in root cells of 
Col-0 and rtp7 mutants. Yellow arrows mark the mROS signals, and white arrows mark the network-like ROS signals. Scale bars, 5 μm. (F) Confocal microscopy analysis of 
ER-lumen redox status in N. benthamiana leaves expressing ER-roGFP2, ER-roGFP2-Tsa2ΔCR, and ER-Grx1-roGFP2iL upon MitoPQ treatment (top) and TRV-NbRTP7 silencing 
(bottom). Scale bars, 5 μm. Bars are presented as the means ± SE. ROS were visualized via CM-H2DCFDA (DCF; false-colored green), and mitochondria were marked with 
MitoTracker Red (false-colored magenta) [(D) and (E)]. Data points represent different mitochondria or ER regions from at least three biological repeats. Statistical signifi-
cance was assessed by Brown-Forsythe analysis of variance (ANOVA) test with Dunnett’s T3 post hoc test (E), two-way ANOVA with Tukey’s post hoc test [ER-ROS in (C)], or 
two-tailed Student’s t test [(B), mROS in (C), and (F)]. ***P < 0.001 and ns, not significant. All the experiments were repeated three times with similar results.
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(ero1-1, ero1-2, ero2) (fig. S5, A and B), suggesting that the mROS-
induced ER-ROS bursts are not associated with ROS production in 
ER-lumen. These results suggest that MitoPQ-induced ER-ROS de-
pend on mROS transport.

apROS are the best characterized ROS signaling mechanism (6–
11). To further exclude the possibility that mROS-induced ER-ROS 
bursts were apoplastically derived, we first assayed ER-ROS in the 
roots of Arabidopsis rbohD, rbohD rbohF (rbohD/F), and rtp7 rbohD 
double mutants and the rtp7 rbohD rbohF (rtp7 rbohD/F) triple mu-
tant following MitoPQ treatment. The loss of RBOHD or RBOHF 
had no discernable effect on the MitoPQ-induced ER-ROS bursts 
(fig. S5, F and G), suggesting that mROS-induced ER-ROS may not 
derive from apoplastic sources. Collectively, these results consistent-
ly indicate that mROS-triggered mitochondria-ER ROS cascade is 
independent of apROS.

mROS promote MAM formation independently of 
mitochondria-ER ROS cascades
The mitochondrial outer membrane and ER membrane form MAMs 
that mediate their material and signal exchanges (23, 24). To deter-
mine whether mROS affect their physical interactions and facilitate 
mitochondria-ER ROS cascade, we performed transmission elec-
tron microscopy on Arabidopsis roots. The results showed that 
mitochondria-ER association was enhanced in rtp7 mutants (Fig. 2, A 
and C), and MitoPQ-treated Arabidopsis root cells similarly showed 
enhanced association of ER and mitochondria (Fig. 2, B and C). These 
results suggest that mROS activation promotes MAM formation.

To quantitatively monitor mitochondria-ER interactions in living 
cells, we adapted a split–green fluorescent protein (GFP)–based com-
plementation assay (43, 44) in N. benthamiana leaves (Fig. 2E and 
fig. S6, A and B). GFP was separated into two parts, comprising non-
fluorescing GFPβ11 and GFPβ1–10 fragments. We fused the ER mem-
brane–anchoring sequence with GFPβ11 (ER-GFPβ11) to tether it to 
the cytoplasmic surface of ER membranes. GFPβ1–10 was then linked 
to the outer-mitochondrial-membrane (OMM) anchoring sequence 
(OMM-GFPβ1–10) to tether it to the cytoplasmic surface of the OMM 
(Fig. 2E). Transient coexpression of different combinations of GFPβ11, 
GFPβ1–10, ER-GFPβ11 and OMM-GFPβ1–10 in N. benthamiana leaves, 
with ER-CFP and mt-RFP (red fluorescent protein) markers, indi-
cated that only the ER-GFPβ11 and OMM-GFPβ1–10 combination 
could confer strong GFP fluorescence between mitochondria and ER 
(fig. S6, A and B, with experimental details in Materials and Meth-
ods), thus demonstrating specificity of the assay in plant cells. We 
quantified mitochondria-ER contacts using three parameters: total 
fluorescence intensity per cell, the percentage of cell area occupied by 
GFP fluorescence, and the total number of fluorescent foci (“spots”) 
per cell (43). Split-GFP assays showed that mROS activation by 
MitoPQ treatment or NbRTP7 silencing in N. benthamiana, increased 
MAM formation (Fig. 2, F and G). Moreover, direct measuring of the 
distance between ER and mitochondria in N. benthamiana leaves that 
express ER and mitochondria markers, revealed that MitoPQ treat-
ment or NbRTP7 silencing both enhanced ER-mitochondria associa-
tion (Fig. 2D). Together, these results indicate that the split-GFP assay 
could be used for MAM detection and that the increased mROS levels 
promote MAM formation.

To further understand whether mROS-induced MAM formation 
is dependent on the mitochondria-ER ROS cascade, we first exam-
ined the effect of mROS release inhibition on MAM formation. The 
mPTP was blocked by silencing of NbVDAC or treating with mPTP 

inhibitor BA. BA treatment did not affect MitoPQ-induced MAM 
formation (fig. S7A), while NbVDAC-silencing reduced it (fig. S7B). 
Because VDAC not only is not only a key subunit of mPTP but also 
functions as a physical MAM linker (45), we hypothesize that VDAC 
might function as a key physical MAM linker in mROS-induced 
MAM formation.

To analyze whether mROS-induced MAM formation is related 
to NbSIP-mediated ER-ROS transport or NbERO-related ER-ROS 
production, we examined MAM formation in TRV-NbSIP1/2 and 
TRV-NbERO N. benthamiana leaves upon MitoPQ-treatment. The 
silencing of NbSIPs and NbERO did not affect MitoPQ-induced 
MAM formation (fig. S7, B and C), indicating that mROS-induced 
MAM formation is not related to ER-ROS production or transport. 
Together, these results indicate that mROS-mediated MAM forma-
tion requires VDACs but is independent of either ROS transfer or 
ER-ROS production.

mROS promote MAM-ROS burst
As mROS promote MAM formation (Fig. 2) and mROS trigger ER-
ROS (Fig. 1), we further investigated whether mROS induce the 
MAM-ROS burst. Because current ROS-staining methods do not 
provide sufficient resolution to quantify MAM-ROS at the ER-
mitochondrial interface, we established a method in plant cells that 
adapted a rapamycin-inducible synthetic linker established for mam-
malian systems (46) to target genetically encoded redox sensors to 
MAMs (Fig. 3A). Linker function relies on the rapamycin-induced 
heterodimerization of the FKBP domain (FKBP) of human FKBP12 
with the FKBP12 rapamycin-binding domain (FRB) of mammalian 
target of rapamycin (mTOR) (46).

We fused the ER-membrane–anchoring sequence to the GFP-
tagged FRB domain (ER-GFP-FRB) to target it to the cytoplasmic 
surface of the ER membrane and linked the red fluorescent protein 
(RFP)–tagged FKBP domain with the OMM anchoring sequence of 
TOM70 (OMM-RFP-FKBP) to localize it to the cytoplasmic OMM 
surface (Fig. 3A). Upon addition of rapamycin, ER-GFP-FRB and 
OMM-RFP-FKBP are crosslinked and concentrated at contact sites 
of mitochondria and ER (Fig.  3A). By transient coexpression in 
N. benthamiana leaves, we showed that ER-GFP-FRB was targeted 
to network structures that colocalized with the ER-lumen marker 
ER-CFP (Fig. 3B). Rapamycin treatment induced formation of small 
ER-GFP-FRB dots that colocalized with OMM-RFP-FKBP (Fig. 3B). 
Quantitative analysis confirmed less colocalization of ER-GFP-FRB 
and ER-CFP and more colocalization of ER-GFP-FRB and OMM-
RFP-FKBP (Fig. 3C). ER morphology remained unchanged during 
rapamycin treatment (Fig.  3B). The GFP protein was replaced by 
biosensors roGFP2-Tsa2ΔCR or roGFP2 to track MAM-ROS.

By using this method, MitoPQ treatment or NbRTP7 silencing 
in N. benthamiana both showed increased H2O2 levels at MAMs 
(Fig. 3D), indicating that increased mROS trigger MAM-ROS bursts.

P. parasitica–induced mROS initiate MAM formation 
around haustoria
We showed that mROS induced MAM formation without pathogen 
inoculation (Fig. 3). To place the mROS-induced MAM formation in 
a physiological context, we examined whether it occurred during im-
mune responses. Because we previously found that mROS bursts 
were triggered by PTI (19) and mROS-induced MAM formation 
(Fig. 3D), we first analyzed whether PTI could induce MAM forma-
tion. flg22 treatment promoted MAM formation in N. benthamiana 
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Fig. 2. mROS promote MAM formation. (A to C) Transmission electron microscopy to track ER and mitochondria interactions in Arabidopsis rtp7 mutants (A), MitoPQ-treated 
Col-0 roots (B), and distance quantification (C). Mitochondria are marked in pink and ER in light blue. Scale bars, 200 nm. Data points represent the distance between ER and 
mitochondria from three biological repeats. (D) Confocal microscopy (left) and statistical analysis (right) of the maximum distance between mitochondria and ER in TRV-
NbRTP7 (TRV-GFP as control) and MitoPQ-treated (with 0.01% DMSO as mock control) N. benthamiana leaves. ER and mitochondria were marked by ER-CFP and mitochondria-
targeted RFP (mt-RFP), respectively. Yellow arrows mark mitochondria around the ER. Leaves were treated with 500 nM MitoPQ for ~3 hours before imaging. Scale bars, 2 μm. 
Data points represent distances between different mitochondria to ER networks. (E) Schematic of split-GFP–based assay for detection of mitochondria-ER interactions by 
confocal microscopy. GFP was separated into two parts to receive nonfluorescing GFPβ11 and GFPβ1–10 fragments and targeted to the surface of the ER membrane (ER-GFPβ11) 
and outer mitochondria membrane (OMM-GFPβ1–10). (F and G) Confocal microscopy analysis of GFP fluorescence in N. benthamiana coexpressing OMM-GFPβ1–10 and ER-
GFPβ11 in NbRTP7-silenced leaves (F) or upon MitoPQ treatment (G). Scale bars, 20 μm. Data points represent different cells from four biological repeats. All bars present the 
mean ± SE. Statistical significance was assessed by two-tailed Student’s t test [(C), bottom, (F), and (G)], two-way ANOVA with Tukey’s post hoc test (D) or one-way ANOVA 
with Dunn’s post hoc test against Col-0 in (C) (top). *P < 0.05, **P < 0.01, and ***P < 0.001. All the experiments were repeated at least two times with similar results.
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leaves, which was reduced by mROS scavengers MitoTEMPOL and 
NAC (N-acetyl-l-cysteine) (fig. S7, D and E), indicating that flg22 
could trigger mROS-dependent MAM formation. These results indi-
cate that PTI triggers mROS-dependent MAM formation.

Pathogens often induce organelle aggregation at infection sites 
(47–49). In our previous work in Arabidopsis, mitochondria were 

shown to be enriched around P. parasitica haustoria, which was fur-
ther promoted in rtp7 mutants, indicating that mROS might be relat-
ed to this mitochondria aggregation around haustoria (Fig. 4A) (19). 
We also showed that ER was enriched around haustoria (49). There-
fore, we investigated whether the aggregation of mitochondria and ER 
around haustoria could be observed simultaneously by coexpressing 

A B C

D

Fig. 3. mROS promote MAM-ROS. (A) Schematic for targeting ROS sensors to MAMs. Upon rapamycin treatment, mitochondria-ER interactions lead to the heterodimer-
ization of the OMM-targeted FKBP domain fused to RFP (OMM-RFP-FKBP) with the ER-surface–targeted FRB domain fused to roGFP2 (ER-roGFP2-FRB), resulting in ER-GFP-
FRB enrichment at organelle interaction sites trackable by confocal microscopy. GFP was replaced by roGFP2 sensors to detect MAM-ROS. (B and C) Rapamycin-inducible 
method relocalizes target proteins to MAMs. Colocalization (B) and quantification (C) of ER-GFP-FRB with OMM-RFP-FKBP and the organelle marker ER-CFP in N. benthamiana 
leaves. Colocalization between GFP signals with ER (ER) or mitochondria (mt) was performed by Manders colocalization coefficients (MCCs) using ImageJ. The white arrows 
mark mitochondria. Scale bars, 10 μm. Data points represent MCC values of different cells from three biological repeats. (D) Confocal microscopy analysis of MAM-ROS in 
NbRTP7-silenced and MitoPQ-treated N. benthamiana leaves. A 0.01% DMSO served as solvent control of MitoPQ treatment, and TRV-GUS was the control for TRV-NbRTP7. 
Rapamycin was applied 30 min before imaging. Scale bars, 10 μm. Dashed squares mark the enlarged inset images. All bars present the means ± SE. Statistical significance 
was assessed by two-tailed Student’s t test (C and D). **P < 0.01 and ***P < 0.001. All the experiments were repeated three times with similar results.
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A B

C D E

F G H

Fig. 4. mROS initiate MAM formation around haustoria. (A) Confocal microscopy of transgenic Arabidopsis roots stably expressing mt-RFP marker (mt-RFP, false-
colored magenta) inoculated with GFP-tagged P. parasitica zoospores (false-colored green) for ~15 hours before imaging. The white arrows mark haustoria. Scale bars, 
10 μm. (B) Confocal microscopy of mitochondria (mt-mCherry), ER (ER-CFP), and mitochondria-ER contact sites in P. parasitica–infected N. benthamiana leaves. Yellow ar-
rows mark MAM sites, and white arrows mark the P. parasitica haustoria. Scale bars, 5 μm. The ER-CFP signals were enriched around haustoria with some puncta visible. 
The puncta-like GFP signals indicate MAM formation. (C to E) GFP fluorescence, mean gray values, and areas of mitochondria-ER contact sites in P. parasitica–infected 
N. benthamiana coexpressing OMM-GFPβ1–10 and ER-GFPβ11 in NbRTP7-silenced leaves (C), upon MitoPQ treatment (D), or upon NAC and MitoTEMPOL treatment (E). Scale 
bars, 10 μm. The dashed lines mark P. parasitica hyphae on focal plane. The arrows mark haustoria. The inset images are higher magnification of GFP signals around the 
yellow arrow marked haustoria. The puncta-like GFP signals indicate MAM formation. (F to H) Analysis of MAMs in NbERO-, NbVDAC-, NbSIP1-, and NbSIP2-silenced 
N. benthamiana leaf cells (F) or upon BA treatment (G) and RBOH inhibitor treatment (VAS2870 and GSK2795039) (H) in P. parasitica–infected leaves. Data points represent 
MAM signals around different haustoria from four biological repeats. Bars are presented as the means ± SE. Statistical significance was assessed by two-tailed Student’s 
t test [(C), (D), and (G)] or one-way ANOVA with Dunn’s post hoc test against control [(E), (F), and (H)]. **P < 0.01 and ***P < 0.001 and ns, not significant. All the experi-
ments were repeated at least two times with similar results.
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ER-roGFP2-Tsa2ΔCR as an ER marker with OMM-localized RFP 
(OMM-RFP) in N. benthamiana, followed by P. parasitica inocula-
tion. Punctate ER signals were observed on haustoria-wrapped ER 
and in ER near haustoria, while the uninfected cells showed well-
organized network-like ER signals (fig. S8), indicating that the mor-
phological structure of the ER was affected by P. parasitica infection. 
Mitochondria and ER enriched around haustoria, and their aggre-
gation could be observed simultaneously around haustoria (fig. S8A), 
indicating the formation of MAM around haustoria.

We subsequently confirmed that MAM formed when mitochondria 
and ER aggregated around P. parasitica haustoria (Fig. 4B), as revealed 
by transient expression of ER-localized CFP (ER-CFP), mitochondria-
localized mCherry (mt-mCherry), ER-GFPβ11, and OMM-GFPβ1–10 
in N. benthamiana leaves. This MAM formation was further promot-
ed by increased mROS following MitoPQ treatment or via NbRTP7 
silencing (Fig. 4, C and D) but was attenuated by mROS scaven-
gers MitoTEMPOL and NAC (Fig. 4E). These data indicate that 
MAM formation around haustoria is dependent on pathogen-induced 
mROS bursts.

We showed that in the absence of P. parasitica infection, mROS-
induced MAM-formation was independent of SIPs and EROs, and 
that VDACs might function as a physical MAM linker in mROS-
induced MAM formation (Fig. 2 and fig. S7, A to E). In experiments 
examining P. parasitica infection, the results were similar to unin-
fected cells (Fig. 4, F and G), demonstrating that the MAM forma-
tion around haustoria is also VDAC dependent.

As RBOH-mediated apROS burst is key for plant immunity (6–11), 
we further analyzed whether it also regulates MAM formation around 
haustoria. Inhibiting RBOHs by DPI (diphenyleneiodonium chlo-
ride) at a concentration sufficient to inhibit the immunity-induced 
apROS burst (fig. S9A) did not affect MAM formation around hausto-
ria (fig. S9B). Moreover, inhibiting RBOHs using the two more specific 
NOX (NADPH oxidase) inhibitors, VAS2870 (50) and GSK2795039 
(51), did not affect MAM formation around haustoria (Fig. 4H). The 
concentration of VAS2870 and GSK2795039 were sufficient to inhibit 
the PTI-induced apROS burst (fig. S9, C and D) but did not affect 
the immunity-induced mROS burst (fig. S9E). The expression of 
ER-GFPβ11 and OMM-GFPβ1–10 in all split-GFP assay was confirmed 
(fig. S10). Collectively, these results indicated that the MAM forma-
tion around haustoria is initiated by pathogen-induced mROS bursts 
and independent of apROS.

mROS initiate mitochondria-MAM-ER ROS cascades 
around haustoria
Considering P. parasitica infection induced strong mROS bursts 
around haustoria (Fig. 1A) and the activation of mROS triggered 
MAM-ROS and ER-ROS bursts (Figs. 1 and 3), we hypothesized that 
P. parasitica might also induce MAM-ROS and ER-ROS around 
haustoria. Both MAM-ROS and ER-ROS were activated around 
haustoria in P. parasitica–infected N. benthamiana leaves (Fig. 5, A 
and B, and fig. S11A). Together, the induced mROS, MAM-ROS, and 
ER-ROS around haustoria during P. parasitica infection (Figs. 1A 
and 5, A and B) suggest that the mitochondria-MAM-ER ROS cas-
cade is likely triggered at infection sites. However, to rule out the pos-
sibility that P. parasitica infection individually activated ROS bursts 
at these three sites, we further examined potential mitochondria-
MAM-ER ROS cascades at the infection sites.

We first modified mROS levels around haustoria and then analyzed 
MAM-ROS and ER-ROS. Increasing mROS by NbRTP7 silencing 

led to enhanced MAM-ROS and ER-ROS signals around haustoria 
(Fig. 5C and fig. S11B), whereas mROS scavenging by MitoTEMPOL 
or NAC treatment reduced MAM-ROS and ER-ROS (Fig. 5, C and D, 
and fig. S11C), indicating that the MAM-ROS and ER-ROS bursts 
around haustoria are linked with mROS levels. We next blocked mROS 
release by inactivating mPTP via both BA treatment or NbVDAC si-
lencing. Both treatments depleted ER-ROS and MAM-ROS around 
haustoria (Fig. 5, C and D, and fig. S11C). Additional MitoPQ treat-
ment on TRV-NbVDAC leaves did not promote discernable ER-ROS 
and MAM-ROS bursts around haustoria, whereas ROS levels were 
increased in TRV-GUS leaves (Fig. 5, C and D, and fig. S11C), indi-
cating the dependence of ER-ROS and MAM-ROS on mROS release 
around haustoria.

We next blocked the ER-ROS uptake by silencing NbSIP1 and 
NbSIP2. This resulted in reduced ER-ROS bursts but, importantly, in-
creased MAM-ROS around haustoria (Fig. 5, C and D, and fig. S11C). 
Additional MitoPQ treatment markedly increased MAM-ROS bursts 
but failed to enhance ER-ROS levels, suggesting mROS as the source 
for ER-ROS around haustoria. The inhibition of ER-lumen ROS pro-
duction by NbERO silencing slightly reduced infection-induced ER-
ROS but did not affect infection-induced MAM-ROS (Fig. 5, C and 
D, and fig. S11C). Notably, additional MitoPQ treatment increased 
MAM-ROS and ER-ROS signals in TRV-NbERO leaves (Fig. 5, C and 
D, and fig. S11C). These results indicate that the ER-ROS bursts 
around haustoria are partially triggered by ERO-produced lumenal 
ER-ROS, with ER-ROS being also derived from MAM.

As cpROS are induced by PTI and ETI in leaves (14, 35), we 
investigated whether cpROS affect ER-ROS and MAM-ROS around 
haustoria. Blocking cpROS by the photosynthesis inhibitor 2,5- 
dibromo-3-methyl-6-isopropylbenzoquinone (DCMU) reduced ER-
ROS signals around haustoria in a similar degree in TRV-NbRTP7 
and TRV-GUS leaves but had no discernable influence on MAM-
ROS (fig. S11D), suggesting that cpROS partially contribute to ER-
ROS in an mROS- and MAM-ROS–independent manner. We further 
analyzed whether RBOHs contribute to ER-ROS and MAM-ROS 
around haustoria. VAS2870 and GSK2795039 treatment did not af-
fect ER-ROS and MAM-ROS around haustoria (fig. S11E), indicating 
that the ER-ROS and MAM-ROS were not dependent on RBOHs. 
Thus, our data are consistent with the conclusion that mROS initiate 
a mitochondria-MAM-ER ROS cascade around haustoria, indepen-
dent of cpROS and apROS.

Mitochondria-ER ROS cascade and MAM formation 
contribute to resistance
We previously found that the Arabidopsis rtp7 mutants showed 
enhanced mROS bursts and broad-spectrum resistance to differ-
ent pathogens (19). Given our data indicating an mROS-initiated 
mitochondria-MAM-ER ROS cascade at the infection site, we ana-
lyzed contribution of this cascade to plant resistance.

We first tested whether blocking ROS transport from mitochon-
dria and ER could affect plant resistance. Infection assays with 
P. parasitica zoospores on TRV-GUS, TRV-NbSIP1, and TRV-NbSIP2 
(inhibiting ER ROS transport) as well as TRV-NbVDAC (inhibiting 
mROS release) N. benthamiana leaves showed that silencing of 
NbSIP1/2 or NbVDAC suppressed N. benthamiana resistance (Fig. 6, 
A and B). MitoPQ treatment increased resistance of TRV-GUS but 
not NbSIP1/2- and NbVDAC-silenced plants (Fig. 6, C and D), sug-
gesting that the blocking of either ER import of MAM-ROS or mROS 
release attenuates mROS-mediated plant resistance.
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We next analyzed whether ER-lumen ROS functions in immu-
nity using inoculation assays on TRV-NbERO leaves. Blocking ROS 
production in ER-lumen by NbERO-silencing increased plant sus-
ceptibility to P. parasitica (Fig. 6A). Additional MitoPQ treatment 
abolished susceptibility mediated by NbERO silencing (Fig. 6, C and 
D), suggesting that ER-ROS bursts contributed to plant resistance 
and higher mROS levels could restore resistance impaired by atten-
uating ER-ROS levels. These data indicate that the mROS-initiated 
mitochondria-MAM-ER ROS cascade contributes to resistance.

Next, we analyzed whether MAM formation is required for 
immunity. Promoting MAM formation by overexpression of ER-
GFPβ11 and OMM-GFPβ1–10 for an extended period (52) enhanced 

N. benthamiana resistance to P. parasitica, but this was abolished 
by mROS scavenging (Fig. 6E), indicating that mROS cascade is 
crucial for MAM formation–mediated effective immunity. These 
results indicate that mROS-initiated MAM formation is required 
for resistance.

Mitochondria-ER ROS cascade activates immune pathways 
associated with ER-UPR
mROS-triggered ER-ROS bursts and redox disruption in the ER lu-
men would affect oxidative protein folding and stimulate the un-
folded protein response (UPR) (21, 53). We previously showed that 
genetic complementation of RTP7 or nad7 in rtp7-1 background 

A C

B

D

Fig. 5. mROS initiate mitochondria-ER ROS cascade around haustoria. (A and B) Confocal microscopy analysis (A) and images (B) of ROS levels in the ER lumen and 
MAM around P. parasitica haustoria in N. benthamiana leaves. White arrows mark P. parasitica haustoria. The ratio of emissions at 405/488 nm was measured by ImageJ. 
Rapamycin treatments were performed ~30 min before imaging. Water inoculation was the mock treatment. Scale bars, 10 μm. Data points represent different ER regions 
or MAMs. Dashed squares define the magnified inset images. The dashed lines mark P. parasitica hyphae on focal plane. (C) Summary of changes in ROS levels in MAM and 
ER lumen around P. parasitica haustoria in different treatments [(C); fig. S11]. Red arrows depict increasing levels, blue arrows depict decreasing levels, and red crosses 
depict loss or impairment of indicated transport functions. (D) Detection of MAM-ROS and ER-ROS levels around haustoria in N. benthamiana leaves using roGFP2-
Tsa2ΔCR and roGFP2. TRV-NbERO, TRV-NbVDAC and TRV-NbSIP1, TRV-NbSIP2 leaves were treated with MitoPQ, NAC, MitoTEMPOL, or BA and challenged with P. parasitica. 
All confocal images were taken and analyzed at ~20 hours postinoculation (hpi) with P. parasitica zoospores. All bars are presented as the means ± SE. Statistical signifi-
cance was assessed by two-tailed Student’s t test (A), and BA treatments in (D), one-way ANOVA with Dunn’s post hoc test against water [NAC, MitoTEMPOL treatment in 
(D)], or two-way ANOVA with Dunn’s and Bonferroni’s post hoc test [for assays in TRV-NbERO, TRV-NbVDAC, and TRV-NbSIP leaves in (D)]. *P < 0.05, **P < 0.01, ***P < 0.001. 
Data points represent MAM or ER signals around different haustoria from at least four biological repeats. All the experiments were repeated three times with similar results.
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could reduce mROS in rtp7 (19). We used these two complementa-
tion lines as the mROS-reducing lines of rtp7 mutants. UPR marker 
genes BiP3 (BINDING PROTEIN 3), bZIP28 (BASIC LEUCINE ZIP-
PER MOTIF 28), bZIP60 (BASIC LEUCINE ZIPPER MOTIF 60), PDI 
(PROTEIN DISULFIDE ISOMERASE), and CNX2 (CALNEXINS 2) 
(49, 54, 55) were all statistically significantly up-regulated in rtp7 
mutants compared to Col-0, but not in the wild type in rtp7-1 com-
plemented with RTP7 (RTP7comp) or fully processed nad7 (nad7comp) 
(Fig. 7A and fig. S12A). Moreover, MitoPQ treatment of Col-0 up-
regulated these UPR marker genes, but subsequent BA treatment 
down-regulated their expression (Fig. 7B and fig. S12, B and C). This 
implies that the mROS cascade activates ER stress and UPR.

Chemical agents that interfere with ER protein folding such as 
tunicamycin (TM; blocks N-glycosylation) and dithiothreitol (DTT; 
reduces protein disulfide bonds to induce thiol-based reductive 
stress) can stimulate ER stress (53). Because the mROS cascade 

leads to increased ER-ROS levels, mROS might participate in redox-
type ER–stress activation. Therefore, we quantified Arabidopsis 
root growth upon DTT treatment. rtp7 showed reduced root length 
compared with Col-0 in early growth stage as we previously report-
ed (fig. S12D) (19). However, rtp7 mutants were more tolerant to 
DTT, while RTP7 overexpression lines were more sensitive to DTT. 
nad7comp and RTP7comp lines showed restored DTT sensitivity (Fig. 7, 
C to E), indicating the importance of mROS in DTT tolerance. How-
ever, rtp7 mutants were more sensitive to TM than Col-0 (fig. S12E). 
These data suggest that the increased mROS accumulation pro-
motes tolerance to redox ER stress and sensitivity to TM-induced 
ER stress.

The UPR is critical for effective plant immunity (49, 54, 55). To 
determine whether mROS-responsive plant immunity involves the 
UPR, we assayed selected UPR-related immunity marker genes, 
WRKY33 (WRKY DNA-BINDING PROTEIN 33) (56), EFR (EF-TU 

A B

C

E

D

Fig. 6. mROS are required for mitochondria-ER ROS cascade- and MAM-formation- mediated plant immunity. (A and B) Silencing of NbERO and NbVDAC (A) and 
NbSIP1 and NbSIP2 (B) leads to enhanced N. benthamiana susceptibility to P. parasitica. Images of leaf phenotypes (top), mean lesion diameters, and relative pathogen 
gDNA contents (pathogen biomass, bottom) were taken or sampled at ~36 hpi. Scale bars, 6 mm. (C and D) Mean lesion diameter (C) and biomass of P. parasitica (D) in 
TRV-NbERO, TRV-NbVDAC, TRV-NbSIP1, and TRV-NbSIP2 N. benthamiana leaves upon MitoPQ treatment. (E) P. parasitica colonization (biomass) in N. benthamiana leaves 
coexpressing OMM-GFPβ1–10 and ER-GFPβ11 upon MitoTEMPOL treatment. Data points represent lesions from different leaves (for lesion diameter assays) or biological re-
peats (for biomass, two infected leaves were gathered together as one repeat). Bars are presented as the means ± SE. Statistical significance was assessed by one-way 
ANOVA with Dunn’s test [(A) and (B)], two-way ANOVA with Tukey’s test [(C) and (D)], or two-tailed Student t test (E). *P < 0.05, **P < 0.01, and ***P < 0.001. All the ex-
periments were repeated at least two times with similar results.
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RECEPTOR) (57,  58), CYP81F2 (CYTOCHROME P450, FAMILY 
81, SUBFAMILY F, POLYPEPTIDE 2) (59), and γVPE (γ VACUO-
LAR PROCESSING ENZYME) (54) in the wild-type Col-0, rtp7, 
RTP7comp, and nad7comp lines. Quantitative real-time polymerase 
chain reaction (qRT-PCR) analyses showed that RTP7 negatively 
regulates their expression through nad7 (Fig. 7F and fig. S12A). As 
RTP7 regulates mROS through nad7, this result indicates that UPR-
related immune genes are responsive to mROS. Furthermore, these 
marker genes were up-regulated in leaves of rtp7-1 compared to 
Col-0 during P. parasitica infection (fig. S12F). Together, these re-
sults indicate that the increased mROS activate UPR pathways to 
coordinate enhanced plant immunity.

DISCUSSION
Here, we report a previously unknown intracellular ROS cascade, 
whereby mROS signals are transferred into the ER lumen to activate 
redox-induced and ER-stress–associated immune responses. Mito-
chondria and ER interorganelle contacts are required for mROS signal 
transfer and are stimulated by P. parasitica–induced mROS bursts 
(Fig. 8). We previously showed that mitochondrial RNA processing 
factor RTP7 functions in RNA splicing of complex I transcript NAD7, 
RTP7 knockout induced mROS bursts from complex I, and patho-
gen infection and flg22 treatment both down-regulate complex I–
related genes such as AtRTP7 (19, 60), which supports the finding that 
plants generate mROS upon pathogen attack, which through MAM 

A B C

D E

F

Fig. 7. Mitochondria-ER ROS induce redox ER stress and elicit ER-stress–related immune responses. (A) RT-qPCR assay of UPR marker genes BiP3, bZIP28, and 
bZIP60 in leaves of 4-week-old Arabidopsis wild-type Col-0, rtp7-1, and rtp7-3 mutants; RTP7 complementation lines RTP7comp-1 and RTP7comp-2; and nad7 complementa-
tion lines nad7comp-5 and nad7comp-24. Data points represent biological repeats from three independent experiments (~2 leaves from different plants gathered together 
as one replicate). (B) RT-qPCR assay of BiP3, bZIP28, and bZIP60 in 10-day-old Col-0 seedings upon treatment with MitoPQ and BA and sampling at the indicated time 
points. Data points represent biological repeats (~15 seedlings gathered together as one replicate). (C and D) Comparison of Arabidopsis root phenotypes (C) and root 
growth inhibition (D) for wild-type Col-0 and rtp7 mutants treated with DTT. White lines mark the root length when the seedlings were transferred onto plates contain-
ing DTT or control media. Scale bars, 5 mm (C). Data points represent inhibition rates of different seedlings (D). (E) Root growth inhibition of DTT-treated RTP7-related 
Arabidopsis lines. RTP7 overexpression lines (OE5 and OE8). Data points represent inhibition rates of different seedlings. (F) RT-qPCR assay of UPR-related immune genes 
WRKY33, EFR, and CYP81F2 in 4-week-old RTP7-related Arabidopsis lines. Data points represent biological repeats (~2 leaves from different plants gathered together as 
one replicate) from three independent experiments. All the bars are the means ± SE. Statistical significances were assessed by Brown-Forsythe ANOVA with Dunnett’s 
T3 test [(A) and (F)], ANOVA with Tukey’s post hoc test (E), or Dunn’s test [(B) and (D)]. *P < 0.05, **P < 0.01, and ***P < 0.001. All the experiments were repeated at least 
two times with similar results.
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formation activates a mitochondria-ER ROS cascade, and last triggers 
the UPR and other ER mechanisms that activate immunity (Fig. 8).

apROS bursts and cytosolic oxidation during PTI have been 
shown to occur in a biphasic manner at 1 and 6 hours after MAMP 
treatments, and both apROS waves preceded the two cytosolic oxida-
tion waves (61), suggesting that apoplastic preceded cytosolic ROS 
signaling. The two waves of apROS depend on RBOHD, while the 
two waves of cytosolic ROS are not related to RBOHD (61), suggest-
ing that the cytosolic ROS do not originate from apoplast. As chloro-
plast, mitochondria, ER, and peroxisomes are sources for cytosolic 
ROS in plant cells (5), and we showed that mROS bursts are not re-
lated to RBOHs (Fig. 4H and figs. S9 and S11), our data support the 
conclusion that the observed cytosolic ROS was independent from 
apROS. Moreover, cytosolic ROS waves depend on the membrane 
coreceptor, BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE 1) 
(61), demonstrating that the membrane signaling precedes, and is 
crucial for cytosolic ROS bursts. How the membrane signaling reach-
es and triggers cytosolic ROS remains to be determined.

Mitochondrial respiration and ER stress were reported to be 
linked in plants, and ROS might be the key signaling factor between 
these two organelles (21, 62). Mitochondrial complex I and complex 
III are two major production sites of mROS (27). The inhibition of 
complex III by antimycin A induced the expression of ALTERNATIVE 
OXIDASE 1A (AOX1a) to relieve the mitochondrial dysfunction 
caused by blocking of electron transport and mROS production (63). 
The transcriptional activation of AOX1a upon antimycin A treatment 
was mediated by two ER membrane–localized transcription factors, 
NAC013 and NAC017 (21), indicating that ER is involved in the 
regulation of mitochondrial function. Moreover, AOX1a silencing 
reduced plant tolerance to DTT-induced ER stress (21), further indi-
cating that the mitochondria and ER are functionally linked. The mi-
tochondrial complex I inhibitor rotenone induces mROS bursts and 
expression of multiple UPR genes in Arabidopsis (62). We showed 
that the increase of complex I–related mROS levels by AtRTP7 knock-
out or MitoPQ treatment also induced UPR in the ER, further rein-
forcing the link between mitochondrial respiration and ER. These 

A

B

Fig. 8. Proposed model for mROS in activating plant immunity through interorganelle dialog and a mitochondria-ER lumen ROS cascade independent of apROS 
and cpROS. (A) P. parasitica infection induces mROS that subsequently initiate plant immune responses, including PTI, aggregation, and interaction of mitochondria and 
ER around haustoria. The mROS bursts further promote association of mitochondria and ER. (B) Infection-induced mROS, resulted from down-regulated host RTP7 expres-
sion and reduced splicing of NAD7, are Complex I–related mROS bursts. The increased mROS mediate subsequent initiation of a mitochondria-ER lumen ROS cascade, 
leading to increased ER-ROS levels, induction of ER-stress–related immune responses, and enhanced disease resistance.
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results suggest that mROS from complex I or complex III both could 
be involved in mitochondria-ER cross-talk.

The ER is the central organelle for the production and secretion 
of immune proteins, and its efficacy depends on coordinated activa-
tion of the UPR (49,  55,  64). We found that increased mROS in-
duced the expression of several ER-stress–related immune genes 
during P. parasitica infection, suggesting that mROS initiate the 
UPR to enhance the efficacy of immune responses (Fig.  7 and 
fig. S12). Distinct UPR pathways are activated by different ER stress 
sensors. In addition to ER-membrane–associated transcription fac-
tors bZIP17 and bZIP28, the protein kinase IRE1 (which targets 
bZIP60) serves as an ER stress sensor to launch the UPR (53). Both 
bZIP28 and bZIP60 are up-regulated in rtp7 (Fig. 7), suggesting a 
function of mROS in activating these pathways. However, rtp7 
showed different responses to DTT- and TM-induced ER stress 
(Fig. 7 and fig. S12), suggesting that mROS might function differ-
ently in these pathways. As mROS promote ER-mitochondria con-
tacts, it will be informative to further examine their role in UPR 
activation and investigate mechanisms of mROS activation in these 
distinct pathways. However, as mitochondria are a signal hub in im-
munity (65), it is important to determine whether rtp7-mediated 
resistance is fully dependent on ER-related immune responses.

The mROS release is mediated by the mPTP, which contains 
two inner mitochondria membrane–localized components, ANTs 
and CypD, and outer mitochondria membrane–localized VDAC 
proteins (29). Although the mPTP formation and function in 
plants remain unclear, there is increasing evidence suggesting that 
plants might have similar mPTPs, as animals (66). mPTP forma-
tion and opening induce decreased mitochondrial membrane po-
tential (ΔΨm) and mitochondrial swelling (30). Therefore, their 
measurements are widely used methods to detect mPTP functions 
(30). We found that P. parasitica infection or flg22 treatment re-
duced ΔΨm (fig.  S1) and that mitochondria gathered around 
P. parasitica haustoria are bigger in size than that of uninfected 
cells (fig. S1). These results indicate a potential role of mPTP for-
mation and opening in plant immunity, although we have not di-
rectly identified specific mPTP subunits. It would be worth further 
to investigate plant mPTP subunits and its formation in detail dur-
ing pathogen infection.

VDACs are components of the mPTP complex that localizes at the 
OMM, functioning as channels that mediate material transport, and 
may also function as physical linkers in MAM formation (29, 45). 
VDACs interact with the cytosolic chaperone glucose-regulated protein 
75 (GRP75) and the ER-resident Ca2+ channel inositol 1,4,5- 
trisphosphate receptor (IP3R) to form the IP3R-GRP75-VDAC com-
plex that functions in both Ca2+ translocation from the ER into 
mitochondria and the physical MAM linkers (45).We found that 
mROS-induced mitochondria-ER interaction was significantly re-
duced in the NbVDAC-silenced leaves, while BA treatment showed no 
discernable effects (fig. S7), indicating that mROS release per se might 
not be crucial for mROS-promoted mitochondria-ER interaction. In-
stead, mROS produced in the mitochondrial matrix might promote the 
mitochondria-ER interaction through an unknown mechanism. How-
ever, considering that BA inhibits the opening of adenine-nucleotide 
translocators on the inner mitochondria membrane (29, 31), mROS 
transfer across the inner membrane is apparently not required.

We showed that mROS induction in plant cells promoted MAM 
formation (Fig. 2). Together, a recent report on mROS-induced MAM 
formation in HeLa cells (67), mROS-mediated MAM formation 

might be conserved in animals and plants. Moreover, two tethering 
factors, RMDN3 (regulator of microtubule dynamics protein 3) and 
VAPB (vesicle-associated membrane protein-associated protein B) 
(67), that mediate mROS-induced MAM formation were identified in 
mammalian cells. Therefore, we further analyzed whether these two 
tethering factors might function in plant mROS-induced MAM for-
mation. However, while we found VAPB homologs in the Arabidopsis 
genome, we were unable to find RMDN3 homologs, suggesting that 
although mROS-induced MAM formation is detected in both plants 
and mammalian cells, the involving factors are most likely not fully 
conserved. Because little is known on organellar tethering factors in 
plants, targeted mutations and chemical-inhibitor screens would be 
necessary to identify interacting proteins of VAPB, VDAC, and SIPs 
to provide mechanistic insights into the formation of mitochondria-
ER contacts during plant immunity.

Organelle interactions are involved in lipid and ion transfer, sig-
naling, and organelle division in animals and yeasts (22), but these 
functions in plant immunity remain unclear. Current ROS staining 
methods do not provide necessary resolution to quantify MAM-
ROS at the ER-mitochondrial interface. Our chemically inducible 
synthetic linker adapted mammalian systems and genetically en-
coded split-GFP assays, allowed unveil of a mitochondria-ER ROS 
cascade and mROS-induced MAM formation. These methods can 
be deployed in parallel in transient assays, providing an efficient ex-
perimental approach to reveal interactions and roles of other organ-
elles in plant immunity.

Limitation of this study
We showed an intracellular ROS cascade whereby mROS signals are 
transferred into ER lumen to trigger UPRs and enhanced plant im-
munity, independent of apROS and cpROS. We adapted chemically 
inducible synthetic linkers to target ROS sensors and quantify 
MAM-ROS levels. We further used split-GFP assays to study and 
define mitochondria-ER contact sites. We noticed that extended 
overexpression (>3 days) of fusion proteins (e.g., FRB-roGFP2-ER 
or ER-GFPβ11) to the ER surface could elicit plant cell death, and 
extended transient expression in N. benthamiana could lead to ir-
reversible accumulation of GFP signals in the split-GFP assays. 
These issues can be solved by optimizing experimental conditions 
for transient expression of these GFP biosensors. However, the over-
expression of FRB-roGFP2-ER or ER-GFPβ11 resulted cell death; 
thus it is not possible to obtain transgenic Arabidopsis lines for their 
stable expression, limiting the employment of these two ROS and 
MAM detection methods in different species. Another limitation of 
the study is that the mitochondria-ER ROS cascade mediated acti-
vation of resistance to other pathogens requires additional verifica-
tion, as rtp7 mutants were previously shown to be resistant to 
broad-spectrum pathogens.

MATERIALS AND METHODS
Plant-growth conditions and Arabidopsis transformation
The Arabidopsis T-DNA insertion lines rtp7-1 (SALK_085606C) (19), 
rtp7–3 (SALK_029012C) (19), rbohD (SALK_109396C) (19), vdac3 
(SALK_127899C), ero1-1 (SALK_020128C), ero1-2 (SALK_050000C), 
ero2 (SALK_201119C), sip1;1-1 (SALK_069427C), and sip1;1-2 
(SALK_052779C) were obtained from the Arabidopsis Biological 
Resource Center (ABRC). Homozygous lines were confirmed by 
PCR, and primers used are listed in table S1. The gene expression 
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levels of vdac3, ero1-1, ero1-2, ero2, sip1;1-1, and sip1;1-2 mutants 
were confirmed (fig. S13).

All transgenic Arabidopsis thaliana lines were generated using 
the floral-dip method and screened on half-strength Murashige and 
Skoog (1/2 MS) plates with the appropriate antibiotics (68). The 
complementation lines: RTP7comp, nad7comp in rtp7 background, and 
RTP7 overexpression lines in Col-0 background were previously re-
ported (19).

For Arabidopsis root assays, seeds were surface sterilized with 
75% ethanol and 1% NaClO and sown on 1/2 MS plates. Plants were 
grown in a growth chamber (Ningbo Dongnan Instrument Co. Ltd., 
GDN) at 23°C with ~120 μmol photons m−2 s−1, 16-hour light/8-
hour dark, following 2 days of stratification at 4°C.

For transient expression or pathogen inoculation on leaves, 
Arabidopsis and N. benthamiana seeds were grown in a mixture 
of vermiculite and nutritive soil (1:2) under the following condi-
tions: ~120 μmol photons m−2 s−1 with light-emitting diode lamps 
(OUTRACE, OU016-U4B) and 13-hour light/11-hour dark at 23°C 
with 60 to 70% relative humidity.

Plasmid constructs
The sequences encoding the human FKBP domain (69), FRB do-
main (70), GFPβ1–10 and GFPβ11 (71), ER surface-tether sequence 
(C-terminal 521 to 587 segment of the phosphoinositide phospha-
tase Sac I: NCBI reference sequence: NM_001319073.2), OMM-
tether sequence (TOM70 protein channel, Gene ID: 855602) (72), 
roGFP2 (73), roGFP2-Tsa2ΔCR (74), and Grx1-roGFP2iL (75) were 
codon-optimized for Arabidopsis and synthesized by Beijing Ts-
ingke Biotech Co. Ltd.

For the plant-expression construct OMM-RFP-FKBP, the OMM 
tether sequence of TOM70 was fused to the N terminus of RFP, while 
the FKBP domain was fused to the C terminus of RFP using overlap-
ping PCR and cloned into the Xba I and Xho I sites of pKannibal 
vector. These constructs were digested by Not I, and the resulting frag-
ment containing OMM-RFP-FKBP was inserted into pART27. For 
the constructs ER-roGFP2-FRB, ER-roGFP2-Tsa2ΔCR-FRB, and ER-
GFP-FRB, the GFP, roGFP2, or roGFP2-Tsa2ΔCR was fused between 
the FRB domain and the ER surface-tether sequence by overlap-
ping PCR and cloned into pKannibal-pART27. The constructs 
OMM-GFPβ1–10 and ER-GFPβ11 were constructed similarly to OMM-
RFP-FKBP and ER-roGFP2-FRB vectors with the same localization 
signals. To target roGFP2, roGFP2-Tsa2ΔCR, and Grx1-roGFP2iL 
into the ER lumen, the signal sequence of AtWAK2 (At1g21270) was 
fused to the N terminus of these sensors—with the ER retention sig-
nal (HDEL) fused to the C terminus of roGFP2, roGFP2-Tsa2ΔCR, or 
Grx1-roGFP2iL—and cloned into pKannibal-pART27.

For VIGS of NbVDAC in N. benthamiana, the four NbVDAC ho-
mologs, NbVDAC1 to NbVDAC4 (of which NbVDAC1 to NbVDAC3 
have high similarity), were cosilenced with two tandem fragments: 
one fragment for NbVDAC1 to NbVDAC3 silencing and one spe-
cific for NbVDAC4 silencing. For VIGS of NbERO, the four NbEROs 
were cosilenced with two tandem fragments. There are four NbSIP1 
homologs and two NbSIP2 homologs encoded in the N. benthamiana 
genome. All four NbSIP1s were cosilenced with two tandem frag-
ments, one targeting NbSIP1a and NbSIP1b and the other NbSIP1c 
and NbSIP1d. All the silencing fragments were specific for their tar-
gets and ~300 base pairs in length. These fragments were amplified 
from N. benthamiana cDNA and digested by Eco RI and Xho I and 
inserted into pTRV2.

Other plasmid constructs were as previously described (19, 76). 
All primers are listed in table S1.

VIGS in N. benthamiana
VIGS in N. benthamiana was performed as previously described 
(19, 76, 77). Agrobacterium tumefaciens GV3101 containing pTRV1, 
pTRV2-NbVDAC, pTRV2-NbERO, pTRV2-NbSIP1, pTRV2-NbSIP2, 
pTRV2-NbRTP7, pTRV2-GUS, or pTRV2-PDS was grown for 36 hours 
at 28°C in LB medium with appropriate antibiotics. Bacteria were 
collected and resuspended in infiltration buffer (10 mM MES, 10 mM 
MgCl2, and 200 mM acetosyringone, pH 5.6). Bacteria harboring 
pTRV1 and those harboring pTRV2 target genes were mixed in a 
1:1 ratio, and the final optical density at 600 nm (OD600nm) for each 
strain was adjusted to 0.25. The cocultures were infiltrated into 
4-week-old N. benthamiana leaves and grown for ~14 days before 
being used for pathogen inoculation and ROS detection assays. Si-
lencing of target genes was confirmed (fig. S13).

Pharmacological challenge of N. benthamiana 
and Arabidopsis
The stock solutions of MitoPQ (MitoParaquat, MedChem Express, 
HY-130278), TM (Shanghai Yuanye Bio-Technology, S17119), DCMU 
(MedChem Express, HY-B0860), DPI (Sigma-Aldrich, D2926), 
VAS2870 (MedChem Express, HY-12804), GSK2795039 (MedChem 
Express, HY-18950), and rapamycin (MedChem Express, HY-10219) 
were prepared in DMSO. DTT (Shanghai Yuanye Bio-Technology, 
S11080), MitoTEMPOL (MKbio, MX4808), and NAC (MKbio, 
MS0458) were dissolved in ddH2O. BA (Sigma-Aldrich, B6179) was 
dissolved in 10 mM tris-HCl (pH 7.5). Unless otherwise specified, 
the chemicals used for experimentation were diluted to their final 
concentration with ddH2O as follows: 0.5 μM MitoPQ, TM (50 ng/
ml), 1 μM rapamycin, 10 μM DCMU, 10 μM DPI, 400 μM DTT, 10 μM 
MitoTEMPOL, NAC (10 μg/ml), 10 μM BA, 50 μM VAS2870, and 
25 μM GSK2795039.

For treatments upon P. parasitica inoculation, leaves were gath-
ered and the appropriate chemical applied to cotton strips that were 
wrapped around leaf petioles to avoid the direct effect of the chemi-
cal on the pathogen. An equal volume of the final concentration of 
the specific chemical solvent diluted in ddH2O were used as con-
trols. Leaves were inoculated with P. parasitica zoospores ~1 hour 
after chemical treatment.

For mROS staining by chemical treatment, MitoPQ or BA was 
added into the staining solution and incubated for 1 to 2 hours. TM 
and DTT treatments on Arabidopsis seedlings were conducted as 
previously described (42, 49). For DTT treatment, plants were grown 
for 5 days on control MS media before transfer to 400 μM DTT. Root 
elongation was scored 5 days after DTT treatment. For TM treat-
ment, 4-day-old seedlings were transferred in liquid medium with 
TM (50 ng/ml) or 0.01% DMSO (v/v). Seedling fresh weight was de-
termined at 7 days posttreatment.

roGFP2-based ROS sensors for ER-ROS detection
The H2O2 sensor roGFP2-Tsa2ΔCR was reported to be nearly fully 
oxidized in the ER lumen in normal plant cells, and it is thus impos-
sible to further probe higher ER-ROS levels using plate readers (78). 
In our hands, different growth stages and propagation conditions af-
fected oxidation rates of ER-roGFP2-Tsa2ΔCR. As we aimed to detect 
ER-ROS under pathogen inoculation, the leaves need to be cocul-
tured with the pathogen in darkness for at least 16 hours to promote 
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infection. Therefore, we first detected the oxidation rate of ER-roGFP2-
Tsa2ΔCR in ~4-week-old N. benthamiana leaves under ~16-hour 
dark treatment. This showed reduced oxidation rate compared to the 
leaves kept under normal growth conditions with light (from 95 to 
81%; fig. S2C). We also confirmed the oxidation rate of ER-roGFP2 to 
be ~80% when cultured in the dark for ~16 hours in ~4-week-old 
N. benthamiana leaves (fig. S2C), which is very similar to the oxida-
tion rate of ER-roGFP2-Tsa2ΔCR under similar growth conditions. 
Furthermore, when transiently expressed in older N. benthamiana 
leaves (~6 weeks old) that we used for most of our imaging assays, 
ER-roGFP2-Tsa2ΔCR showed ~70% of full oxidation under dark 
treatment (fig. S2, D and E). These results indicate that with dark 
treatment, roGFP2 and ER-roGFP2-Tsa2ΔCR could be used for ER-
ROS detection. The oxidation rates of roGFP2 sensors were calculated 
as reported (78).

Grx1-roGFP2iL was reported to have a reduced oxidation rate 
compared with roGFP2; therefore, it is more suitable for ER redox 
detection (42). We first detected the MitoPQ-induced ER-ROS 
burst in N. benthamiana leaves using ER-targeted biosensors Grx1- 
roGFP2iL (ER-Grx1-roGFP2iL), ER-roGFP2, and ER-roGFP2– 
Tsa2ΔCR. MitoPQ-induced ER-ROS could be detected by all three 
sensors (fig. S2F). Consistent with previous reports (42), ER-Grx1-
roGFP2iL provided stronger fold change than the other two sensors 
upon MitoPQ treatment (36% increase compared with a 21 to 29% 
increase). These results indicate that both roGFP2 and roGFP2-
Tsa2ΔCR could be used for ER-ROS detection, although with smaller 
fold changes. In this study, all ER-ROS detection was done using these 
three sensors: ER-Grx1-roGFP2iL, ER-roGFP2, and ER-roGFP2-
Tsa2ΔCR with consistent results.

MitoPQ treatments
We tested MitoPQ concentrations (10 nM, 50 nM, 100 nM, 0.5 μM, 
5 μM, and 10 μM) on ~8-day-old Arabidopsis roots. mROS were 
stained with MitoTracker Red, and CM-H2DCFDA and fluorescent 
signals were observed under a confocal microscope 2  to  3  hours 
posttreatment. To compare ROS levels for different MitoPQ concen-
trations, all parameters and confocal settings were kept the same.

MitoPQ (50 nM) was sufficient for mROS elicitation, although 
fewer cells showed detectable mROS signals (fig. S4A). MitoPQ treat-
ment (100 nM) triggered a stronger mROS response than 50 nM, and 
0.5 μM MitoPQ triggered the strongest mROS signals without nota-
ble changes in morphology. However, we found that 5 μM MitoPQ 
treatment resulted in cell damage, as evidenced by cell shrinkage. As 
a consequence, DCF signals were only observable in the deeper corti-
cal cells. MitoPQ (10 μM) treatment showed similar cellular changes 
as 5 μM MitoPQ, and notably, both MitoTracker Red and DCF sig-
nals were reduced or absent from these shrunken cells (fig. S4, A and 
B). Therefore, we chose 0.5 μM as the (noncytotoxic) concentration 
to use with Arabidopsis roots.

Next, we detected mROS levels in Arabidopsis roots at different 
time points (1, 2, 3, 6, and 8 hours) post–0.5-μM MitoPQ treatment. 
With 1-hour treatment, an mROS burst was detected, with a trend 
to increase in strength until 6 hours. However, at both 6 and 8 hours, 
there were no longer detectable differences in mROS levels (fig. S12B). 
In turn, ER-ROS could be detected at 1 hour and became steadily 
stronger until 6 hours. Together, our experimental approach was to 
determine mROS levels post–0.5-μM MitoPQ treatment for ~2 hours, 
unless otherwise specified.

For MitoPQ treatment in N. benthamiana leaves, we routinely 
use leaves of ~6-week-old N. benthamiana plants for pathogen in-
oculation and ROS detection. We used mitochondrial matrix–
targeted roGFP2-Tsa2ΔCR (mt-roGFP2-Tsa2ΔCR) to detect mROS. 
We performed MitoPQ treatment with two different methods: (i) 
MitoPQ solution was used to immerse leaves for ~3 hours, and (ii) 
MitoPQ solution was applied to cotton strips that were used to wrap 
around leaf petioles and cultured in the dark for at least 16 hours. 
Method 1 was routinely used for MitoPQ treatment with no 
P. parasitica inoculation. Method 2 was used for MitoPQ treatment 
upon P. parasitica inoculation. For pathogen infection, we needed to 
coculture leaves with pathogen in the dark for at least 16 hours. To 
avoid direct effect of MitoPQ on the pathogen, MitoPQ was added 
in the cotton strips. Different MitoPQ concentrations (0.5, 5, 25, and 
50 μM) were tested for both methods, with the same volume of 
DMSO as mock control.

Using method 1, all MitoPQ concentrations triggered mROS 
bursts (fig. S4C). With the increase of MitoPQ concentration, mROS 
levels also increased. Treatments with 0.5 and 5 μM MitoPQ did not 
affect mitochondrial morphology in N. benthamiana leaves, while 
treatments with 25 and 50 μM MitoPQ changed mitochondrial 
morphology (fig. S4C).

Using method 2, MitoPQ concentrations of 0.5, 5, and 25 μM 
showed activated mROS bursts (fig. S4C). A 25 μM MitoPQ treat-
ment induced weaker mROS than that of 0.5 and 5 μM MitoPQ 
treatment, and the highest concentration (50 μM) of MitoPQ did 
not trigger mROS (fig. S4C). The high MitoPQ concentration might 
have induced cell death in the leaf petioles, which inhibited MitoPQ 
absorption. All tested MitoPQ concentrations did not affect mito-
chondrial morphology in N. benthamiana leaves.

We found that compared with Arabidopsis roots, N. benthamiana 
leaves showed stronger tolerance to MitoPQ, as 5 μM MitoPQ was 
cytotoxic to Arabidopsis roots, but not to N. benthamiana leaves. To-
gether, as 0.5 μM MitoPQ could trigger mROS burst, we used 0.5 μM 
MitoPQ in both method 1 and method 2 for MitoPQ treatments in 
N. benthamiana assays.

Split-GFP–based MAM formation detection in plant cells
GFP was separated into two parts to receive nonfluorescing GFPβ11 
and GFPβ1–10 fragments. We fused the ER-membrane–anchoring se-
quence with GFPβ11 (ER-GFPβ11) to tether it to the cytoplasmic surface 
of ER membranes. GFPβ1–10 was then linked to the OMM-anchoring 
sequence (OMM-GFPβ1–10) to tether it to the cytoplasmic surface 
of the OMM. Transient coexpression of different combinations of 
GFPβ11, GFPβ1–10, ER-GFPβ11, and OMM-GFPβ1–10 in N. benthamiana 
leaves, with ER-CFP and mt-RFP markers, indicated that only ER-
GFPβ11 and OMM-GFPβ1–10 could confer strong GFP fluorescence 
between mitochondria and ER (fig. S6, A and B), thus demonstrating 
specificity of the assay in plant cells.

Using more sensitive confocal settings, cytoplasmic localization 
could be observed when transient expressed GFPβ11 + GFPβ1–10 
(fig. S6C). The ER network was observed in ER-GFPβ11 + GFPβ1–10 
group (fig. S6C). Mitochondria-like small dots could be observed in 
GFPβ11 + OMM-GFPβ1–10 group (fig. S6C). These results are consis-
tent with previous reports (79). However, using these settings, the 
ER-GFPβ11 + OMM-GFPβ1–11 signals were highly oversaturated in 
which the small dot-like signals even appearing to coalesce (fig. S6, 
C and D). As our objectives were to determine and visualize MAM 

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 03, 2025



Yang et al., Sci. Adv. 11, eady9234 (2025)     1 October 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

16 of 19

formation, we applied settings suitable for detection of ER-GFPβ11 + 
OMM-GFPβ1–11.

We quantified mitochondria-ER contacts using three parame-
ters: total fluorescence intensity per cell, the percentage of cell area 
occupied by GFP fluorescence, and the total number of fluorescent 
foci (spots) per cell (43). ER-GFPβ11 and OMM-GFPβ1–10 expression 
was similar in one experiment site (fig. S10).

Overtargeting ER-GFPβ11 to the ER surface causes plant cell 
death, and extended (>3 days) transient expression in N. benthamiana 
could lead to irreversible accumulation of GFP signals in split-GFP 
assays. However, these issues can be solved by optimizing experi-
mental conditions (2 days of expression at OD600nm = 0.2) for tran-
sient expression.

Live-cell imaging
For mROS staining, Arabidopsis roots or N. benthamiana leaves 
were stained with 200 nM MitoTracker Red CMXRos (Invitrogen, 
M7512) to mark mitochondria and 10 μM CM-H2DCFDA (2′,7′- 
dichlorodihydrofluorescein diacetate, MKbio, MX4827) to stain 
ROS for 1 to 2 hours. These samples were washed with ddH2O twice 
before imaging.

To detect MAM-ROS signals, N. benthamiana leaves were coinfil-
trated with A. tumefaciens GV3101 cells carrying FRB-roGFP2-ER 
and OMM-RFP-FKBP constructs, respectively, and propagated for 
2 days. For MitoPQ, BA, or other chemical treatments without 
P. parasitica inoculation, solutions were infiltrated into N. benthamiana 
leaves ~3 hours before observation. For chemical treatments that 
aimed to analyze their influence on the ROS levels around P. parasitica 
haustoria, FRB-roGFP2-ER– and OMM-RFP-FKBP–expressed leaves 
were harvested and inoculated with P. parasitica zoospores at 1 days 
postinfiltration (dpi), and the solutions were added onto the cotton 
strips wrapped around the petioles. The inoculated leaves were fur-
ther propagated for 16 to 24 hours before observation. Inoculated leaf 
sections were cut into small pieces and immersed in inducing solution 
containing 1 μM rapamycin for ~30 min before imaging. The detec-
tion of ER-ROS using ER-lumen-roGFP2 sensors were conducted 
similarly to the detection of MAM-ROS.

For split-GFP assays, N. benthamiana leaves were infiltrated with 
OMM-GFPβ1–10 and ER-GFPβ11 for 2 days. Confocal images displayed 
as the maximum projection of the z axis were used for analysis.

Confocal imaging was carried out using a Leica TCS SP8 micro-
scope or an Olympus FV3000 microscope. CFP was imaged using 
an excitation wavelength of 405 nm with emission collected at 420 
to 480 nm. DCF or GFP was excited at 488 nm with emissions col-
lected at 500 to 540 nm. MitoTracker Red CMXRos and RFP were 
imaged using an excitation wavelength of 552 nm with emission col-
lected at 580 to 630 nm. roGFP2 was excited at 405 and 488 nm, and 
the respective emissions were collected at 510 to 550 nm. All the 
parameters and settings of confocal microscopes were kept the same 
for the samples in an experiment to ensure images from different 
samples were comparable.

To avoid selection bias, which is a technical challenge in micros-
copy observations (80), we used several observation and analyses 
protocols. For the mROS detection in Arabidopsis roots, the imaging 
fields (we normally chose the elongation area) were selected by eye-
piece observation in bright field. The fluorescence of the samples was 
not observed in eyepiece to avoid the photobleaching or any selec-
tion on the fluorescence-dependent imaging fields. Then, the obser-
vation mode was directly switched to the confocal observation, and 

the images were taken, with no movement of the imaging field. Once 
the samples were observed, the images must be taken and analyzed. 
For the detection of ROS sensors without pathogen inoculation, the 
image process was similar to the observation of Arabidopsis roots.

For the ROS sensor detection around Phytophthora haustoria, 
the image fields were selected by eyepiece observation in bright 
field, with the leaf area at the junction of diseased and healthy tis-
sue was chosen. As the haustoria were not very easy to be found, 
when the pathogen was not labeled by fluorescence protein and the 
haustoria did not always invade the sensor-expressed leaf cells, the 
bright field (used for locating haustoria) and fluorescence channel 
elicited by 488-nm laser (used to find the senser-expressed cells) 
were used for real-time observation under confocal imaging mode. 
Because roGFP2 redox status is represented by the ratio of 405-nm 
elicited fluorescence to 488-nm elicited fluorescence, choosing cells 
based on observation of only one channel (488 nm) would avoid 
selection bias but guarantee the sensor expression. Then, the im-
ages of haustoria that invaded sensor expression cells were taken. 
All the identified haustoria were imaged and analyzed.

The captured images were analyzed by ImageJ. To avoid biased 
selection of the cells or mitochondria, the mitochondria used for 
mROS measurements were selected in the MitoTracker red channel 
where the ROS levels are not shown. Then, the mean gray value of 
the selected mitochondria was directly measured in DCF channel. 
For the analyses of the ratio of the ROS sensors, the examined areas 
were also chosen in one channel (488 nm) with the other channels 
not shown.

Around 4 to 12 independent Arabidopsis seedlings were used for 
Arabidopsis-related root observation, and three leaves from three 
independent N. benthamiana plants were used for sensor-related 
confocal observation for each group in one experiment set. All the 
results were repeated for at least two times.

Pathogen infection assays
P. parasitica strain Pp016 (GFP tagged) or Pp042 was used for infec-
tion. Pathogens were cultured and inoculated as previously de-
scribed: Plants were inoculated with 2000 zoospores for P. parasitica 
on N. benthamiana (19).

Gene expression assays
Total plant RNA was extracted using TRIzol reagent (Invitrogen), and 
800 ng was reverse-transcribed into cDNA using the PrimeScript RT 
Reagent Kit with gDNA Eraser (Perfect for Real Time) (TakaRa).

Real-time qPCR (RT-qPCR) was performed using Ultra SYBR 
Mixture (CWBIO) with specific primers in a LightCycler 480 (Roche) 
under the following conditions: 95°C for 10 min and 50 cycles of 
95°C for 15 s and 60°C for 30 s. Relative gene expression levels were 
calculated using the 2−ΔΔCt method normalized with the reference 
genes PpUBC9 for P. parasitica, AtUBC9 for Arabidopsis, and NbEF1α 
for N. benthamiana. For RT-PCR, target genes were amplified for 
28 cycles using EasyTaq DNA polymerase (TransGen Biotech). 
Primers are listed in table S1.

Statistical analysis
Data were analyzed using either a two-tailed Student’s t test or anal-
ysis of variance (ANOVA) with Dunn’s, Bonferroni’s, or Tukey’s post 
hoc tests or Brown-Forsythe ANOVA test with Dunnett’s T3 post 
hoc test using Prism 9 (GraphPad). Statistical tests used for each 
panel are found in the corresponding legends.
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https://solgenomics.net/tools/blast/match/show?blast_db_id=266;id=Niben101Scf00885g14013.1
https://solgenomics.net/tools/blast/match/show?blast_db_id=266;id=Niben101Scf01042g02007.1
https://solgenomics.net/tools/blast/match/show?blast_db_id=266;id=Niben101Scf01042g02007.1
https://solgenomics.net/tools/blast/match/show?blast_db_id=266;id=Niben101Scf03279g01001.1
https://solgenomics.net/tools/blast/match/show?blast_db_id=266;id=Niben101Scf03279g01001.1
https://solgenomics.net/tools/blast/match/show?blast_db_id=266;id=Niben101Scf07155g03020.1
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blast/match/show?blast_db_id=266;id=Niben101Scf07155g03020.1, https://solgenomics.
net/tools/blast/match/show?blast_db_id=266;id=Niben101Scf23427g00004.1, and https://
solgenomics.net/tools/blast/match/show?blast_db_id=266;id=Niben101Scf00801g00012.1), 
and NbSIP2s (Niben101Scf03757g03002.1 and Niben101Scf13391g01005.1, with  
following links: https://solgenomics.net/tools/blast/match/show?blast_db_
id=266;id=Niben101Scf03757g03002.1 and https://solgenomics.net/tools/blast/match/
show?blast_db_id=266;id=Niben101Scf13391g01005.1). NbVDACs (MW367440.1, 

MW367441.1, MW367442.1, and MW367443.1) in GeneBank. All other data needed to evaluate 
the conclusions in the paper are present in the paper and/or the Supplementary Materials.
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