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SUMMARY
Besides their central function in respiration, plant mitochondria play a crucial role in maintaining cellular ho-
meostasis during stress by providing ‘‘retrograde’’ feedback to the nucleus. Despite the growing understand-
ing of this signaling network, the nature of the signals that initiate mitochondrial retrograde regulation (MRR)
in plants remains unknown. Here, we investigated the dynamics and causative relationship of a wide range of
mitochondria-related parameters for MRR, using a combination ofArabidopsis fluorescent protein biosensor
lines, in vitro assays, and genetic and pharmacological approaches. We show that previously linked physi-
ological parameters, including changes in cytosolic ATP, NADH/NAD+ ratio, cytosolic reactive oxygen spe-
cies (ROS), pH, free Ca2+, and mitochondrial membrane potential, may often be correlated with—but are not
the primary drivers of—MRR induction in plants. However, we demonstrate that the induced production of
mitochondrial ROS is the likely primary trigger for MRR induction in Arabidopsis. Furthermore, we demon-
strate that mitochondrial ROS-mediated signaling uses the ER-localized ANAC017-pathway to induce
MRR response. Finally, our data suggest that mitochondrially generated ROS can induce MRR without sub-
stantially leaking into other cellular compartments such as the cytosol or ER lumen, as previously proposed.
Overall, our results offer compelling evidence that mitochondrial ROS elevation is the likely trigger of MRR.
INTRODUCTION

Mitochondria are actively engaged in feedback communication

with the nucleus to maintain organellar function during stress and

development.1 This mitochondrial retrograde regulation (MRR) re-

lays signals that originate in the mitochondria due to physiological

changes to the nucleus to modulate nuclear gene expression.

Several plant MRR target genes were identified by inhibition of

mitochondrial respiration by, e.g., antimycin A (AA) (complex III

inhibitor) or mutants impaired in mitochondrial functions.2 The

promoter of these genes contains a cis-regulatory mitochondrial

dysfunction motif (MDM).3,4 Many of these mitochondrial

dysfunction stimulon (MDS) genes play important roles during

plant stress responses.5–8 For instance, alternative oxidase

AOX1a is important for stress tolerance, including osmotic

stress.9,10 AOX1a acts as an alternative electron acceptor,

providing a safety valve for metabolic over-reduction when the

cytochrome c oxidase pathway is inhibited.11,12

A group of NAC (NAM, ATAF1/2, and CUC2) transcription fac-

tors, particularly ANAC017, was identified as master mediators

of MRR in Arabidopsis.4,7,13 ANAC017 is anchored to the endo-

plasmic reticulum (ER) membrane by a C-terminal
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transmembrane domain.14 During mitochondrial stress condi-

tions, ANAC017 is cleaved by rhomboid proteases, likely in its

transmembrane domain, and translocates to the nucleus to

reprogram expression of MRR target genes involved in respira-

tion and various other functions.4,7,15

MRR must thus be triggered by a mitochondrial signal that is

relayed to the ER to trigger ANAC017 release. However, the pri-

mary signals generated duringmitochondrial dysfunction are still

unknown in plants. Evidence in yeast showed that decreased

cellular ATP levels or energy charge during mitochondrial

dysfunction could trigger MRR induction through the ‘‘retro-

grade’’ (RTG) pathway.16–19 Disruption in mitochondrial mem-

brane potential (Dcm) by defects in mitochondrial electron trans-

port chain (mtETC) or mitochondrial DNA was also suggested to

trigger an RTG response in yeast.20 In mammalian systems, a

drop in Dcm was proposed as the main trigger of the RTG

response, impairing mitochondrial Ca2+ uptake and increasing

levels of cytosolic Ca2+. This leads to the activation of ATF2,

NFAT, and nuclear factor (NF)-kB to initiate the mitochondrial

dysfunction response.21–24 Additionally, the NADH/NAD+ ratio

and reactive oxygen species (ROS) have also been linked to

retrograde responses in mammals.25–27
January 22, 2024 ª 2023 The Authors. Published by Elsevier Inc. 1
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Figure 1. Schematic illustration and workflow for monitoring mitochondria-related physiological parameters and transcript analysis

7-day-old seedlings growing vertically on half-strength MS plates were used for monitoring physiological parameters. Five seedlings of genetically encoded

biosensor lines and Col-0 were submerged in assay medium in 96-well plates and monitored in a multi-well plate reader. Col-0 seedlings were treated identically

as the plate reader biosensor assays for gene expression analysis. Col-0 seedlings were grown in liquid half-strength MS media for mitochondrial isolation to

measure mitochondrial ROS/H2O2, mitochondrial membrane potential (Dcm), and oxygen consumption rate. The figure is related to STAR Methods. See also

Tables S1 and S2.
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In plants, recent studies proposed several signalingmolecules

as potential triggers of MRR.28 Superoxide produced by the

mtETC can dismutate into the more stable H2O2, which may

leave the mitochondria to interact with nearby sensors/organ-

elles.7,29–32 In agreement, MRR-inducer AA also increases su-

peroxide production in plants, similarly to in other organisms.33

Moreover, H2O2 treatment induces several MRR genes and

shares overlapping transcriptomic responses with AA.7 Central

energy-metabolism-related parameters, such as ATP/adenylate

and NADH/NAD+, have also been associated with MRR initiation

in different eukaryotic systems.30 Dcm and free Ca2+ levels have

a close physiological relationship with the mitochondrial meta-

bolic state and hence are also potentially linked to MRR induc-

tion in plants.34

Here, we aimed to define which candidate physiological pa-

rameters or signaling molecules generated by mitochondria are

causally responsible for triggering MRR. We assessed the dy-

namics of physiological parameters tightly linked to the meta-

bolic state of mitochondria, includingMgATP2�, NADH/NAD+ ra-

tio, ROS/H2O2, Ca
2+, pH, Dcm, and the mitochondrial oxygen

consumption rate, duringmitochondrial stress induced by selec-

tive chemicals/inhibitors. We selected a wide range of chemicals

that inhibit mitochondrial function in various sites and therefore

can alter specific parameters. By comparing the changes in

physiological parameters with the induction of MRR, we
2 Current Biology 34, 1–16, January 22, 2024
eliminated most parameters as candidates for being directly

involved in MRR induction. Our results indicate mitochondrial

ROS (mtROS) as the most likely trigger of ANAC017-mediated

MRR in plants.

RESULTS

A multi-well plate setup for monitoring cellular
parameters during mitochondrial inhibition
To pinpoint the most upstream signaling components of MRR in

plants, we devised an extensive experimental setup combining

two main parallel approaches. First, we selected a wide range

of chemicals that impinge on mitochondrial respiratory function

at different sites (mtETC, ATP synthase, Dcm, or TCA cycle)

and identified which can induce MRR induction by RT-qPCR

(Figure 1; Table S2; key resources table). We also used chemi-

cals that induce superoxide production cell-wide (menadione)

or specifically in the mitochondria (mito-paraquat [Mito-

PQ]).35,36 Second, we monitored the effects of these chemicals

on energy-metabolism-related parameters using in vivo (real

time) measurements where possible or else using isolated mito-

chondria (Figure 1; key resources table). Here, we employedAra-

bidopsis biosensor lines expressing specific fluorescent protein

sensors to measure intracellular physiological parameters/

signaling molecules37–40 during mitochondrial inhibition in
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96-well plate-based assays (key resources table; Table S1). The

MgATP2�-specific cytosolic ATeam1.03nD/nA sensor line39 was

used to measure in vivo cytosolic ATP levels and the roGFP2-

Orp1 sensor line was used to monitor H2O2 dynamics,41 while

other physiological parameters were measured by specific cyto-

solic sensor lines: free Ca2+ by Cameleon NES-YC3.6,42–44

NADH/NAD+ dynamics by the NAD redox sensor Peredox-

mCherry,45 pH using cpYFP,46 and glutathione redox potential

(EGSH) with Grx1-roGFP2.47 Mitochondrial free Ca2+ dynamics

were monitored using mitochondria-targeted YC3.6 (4mt-

YC3.6).43 Mitochondrially targeted sensor mt-roGFP2-Orp141

was used to monitor mitochondrial H2O2 dynamics, while ER-

targeted Grx1-roGFP2iL-HDEL sensor was used to detect gluta-

thione pool redox potential in the ER lumen.48 We aimed at per-

forming the assays in an in vivo context, using 5- to 7-day-old

seedlings expressing the biosensors incubating in 96-well

plates. For Dcm and oxygen consumption rate in vivo, biosensor

lines are currently not available, so alternative methods were

used, focusing on whole seedlings or isolated mitochondria.

To confirm MRR induction in our multi-well assays, we

analyzed gene expression of alternative oxidase 1a (AOX1a;

At3g22370), upregulated by oxidative stress 1 (UPOX1;

At2g21640), H2O2 responsive gene 1 (HRG1, At2g41730), and

UDP-glucosyltransferase 74E2 (UGT74E2; At1g05680), which

increase during mitochondrial dysfunction in Arabidopsis.7,49

Gene expression analysis was conducted in wild-type (WT)

seedlings in an identical multi-well plate reader setup as the

sensor line assays. This extensive setup was used to distill a

detailed and time-resolved picture of MRR responses in plants

(Figure 1).

Inhibition of complex III induces MRR and has
widespread effects on intracellular homeostasis
AA is arguably the most extensively used chemical to induce

MRR in plants.7,50 AA binds to the quinone reduction site (Qi)

of the cytochrome bc1 complex (complex III) and blocks electron

transport from the heme bH center to ubiquinone, leading to su-

peroxide production at the ubiquinol oxidation site. AA is thus an

appropriate positive control to test our monitoring systems.

Treatment of Arabidopsis with 5 mM AA resulted in induction of

MRR responsive genes (Figure 2A). AA treatment resulted in a

significant 2- to 3-fold increase in transcript levels after 2 h for

HRG1 and for all four marker genes after 3 h. The peak expres-

sion levels were found around 4.5–6 h, as previously re-

ported.13,50 This demonstrated that AA efficiently induces MRR

in our setup, so we evaluated the changes in physiological pa-

rameters and potential signaling molecules (Figures 1 and

2B–2E).

AA treatment resulted in a depletion in cytosolic Mg ATP2�

already 10 min after treatment (Figure 2B), and a statistically sig-

nificant decrease compared with mock was recorded after

20 min. ATP levels reached a low plateau after �4 h and re-

mained there throughout the measurements. This is consistent

with mitochondria constituting the primary source of cytosolic

ATP in the dark. AA also led to altered cytosolic NADH/NAD+ dy-

namics, measured in cyt-Peredox-mCherry sensor lines (Fig-

ure 2B). A rapid increase in NADH/NAD+ ratio was detected

20 min after addition of AA, indicating NADH accumulation in

the cytosol due to inability of mitochondria to consume NADH
after mtETC inhibition (Figure 2B). Cytosolic pH changes have

also been proposed as second messengers in several plant pro-

cesses.40,51 Therefore, we investigated cytosolic pH in connec-

tion with MRR initiation in cyt-cpYFP sensor lines. A rapid acid-

ification of the cytosol was detected in response to AA, following

an almost identical pattern to cytosolic MgATP2�. This may be

due to reduced proton pumping across the plasma membrane

and tonoplast (proton reserves), which is largely impaired during

cytosolic ATP crisis.51 Cytosolic free Ca2+ showed a slow and

steady rise in response to AA that required approximately 3 h

to be statistically significant These observations were compara-

ble to previous reports, validating the setup.34 A rapid increase in

mitochondrial Ca2+ was also observed in response to AA

(Figure 2B).

A progressive increase in H2O2-mediated oxidation of the

cytosolic roGFP2-Orp1 sensor was observed in the presence

of AA (Figure 2B). A statistically significant increase was seen af-

ter 1.5 h, and this trend continued throughout the monitoring

period.

Subsequently, we examined Dcm and the mitochondrial oxy-

gen consumption rate. In vivomonitoring of Dcm was performed

using tetramethyl rhodamine methyl ester (TMRM) in root

epidermal cells of Arabidopsis seedling expressing mitochon-

drial GFP (mito-GFP) under the confocal microscope. A high

TMRM signal colocalizing with the mito-GFP fluorescence was

detected in the mock treatments, suggesting a healthy Dcm.

However, a 1-h exposure to AA strongly dampened TMRM fluo-

rescence (Figure 2C), indicating loss of Dcm. We further

confirmed rapid Dcm loss by AA in isolated mitochondria using

another Dcm-sensitive dye, safranin O (Figure 2D). AA also

induced a considerable drop in oxygen consumption in isolated

mitochondria (Figure 2E), consistent with blocking the mtETC at

complex III and preventing electrons from reaching complex IV

to reduce molecular O2.

In conclusion, AA efficiently induced MRR signaling and had a

significant effect on all measured parameters. Though these

findings highlight thewidespread effects of complex III inhibition,

they unfortunately do not allow us to exclude specific parame-

ters from being MRR triggers.

Short-term transient inhibition of the mtETC does not
efficiently induce MRR
AA treatment showed rapid effects on mitochondria-related

cellular parameters within 10–20 min; however, gene expression

changes only became significant after 2–3 h. Many stresses

induce strong gene expression responses within 10 min,

including high light and touch,52,53 so the reason for delayed

transcriptional response to AA is unclear. To assess whether a

short spike of inhibiting mitochondrial respiration could also

triggerMRR,we treated the plants with KCN, awell-known inhib-

itor of complex IV. At neutral pH, KCN resides as the dissolved

gas HCN, which relatively quickly leaves the liquid phase. Also,

HCN diffuses more rapidly than AA into tissues. Consequently,

KCN had a rapid but short-lived effect, resulting in a significant

drop in MgATP2� already after 10 min to a level lower than that

for AA. However, cytosolic ATP concentration rapidly returned

to basal levels within 60 min. Similar rapid but short-lived in-

creases in cytosolic NADH/NAD+ and H2O2 levels were

observed, as well as a Dcm decrease in isolated mitochondria
Current Biology 34, 1–16, January 22, 2024 3



Figure 2. Antimycin A causes widespread cytosolic and mitochondrial changes and induces MRR

(A) Transcript abundance of MRR-marker genes in AA-treated seedlings (5 mM). 0 h represents samples collected just before adding chemical (after 1 h pre-

incubation). Relative expression levels (ratio of treatment/mock) are shown ±SE (n = 4). Asterisks represent significant differenceswithmock, following gene color

codes (*p < 0.05; **p < 0.01; ***p < 0.001).

(B) In vivo real-time measurement of physiological parameters in seedlings expressing fluorescent sensors. Normalized average sensor ratios after auto-

fluorescence correction for indicated physiological parameters are plotted, ± SE (n = 4–6). Chemicals were added at 0 h (after 1 h pre-incubation). Up/down

arrows represent significantly higher/lower levels of the parameter. Asterisks represent the first time point, with statistically significant difference in treated versus

mock (p < 0.05).

(C) Measurement of Dcm with TMRM dye in mito-GFP root cells treated with 5 mM AA (scale bars, 50 mm).

(D) Dcm measurement in isolated mitochondria using safranin O.

(E) Oxygen consumption rate in isolated mitochondria treated with AA, ± SE (n = 3).

See also Figures S1 and S3–S7.
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(Figure S1). KCN could not, however, consistently induce signif-

icant MRR gene expression changes throughout the 6 h treat-

ment (Figure S1). Dramatic but short-lived effects on mitochon-

drial and cytosolic parameters by KCNwere thus not sufficient to

trigger substantial MRR.

We also added a second dose of KCN, 1 h after the first KCN

treatment, to ‘‘prolong’’ or repeat the effects (Figure S1). The

double application clearly resulted in two distinct peaks in cyto-

solic H2O2 formation, with H2O2 levels resetting within 1 h of each

treatment. Neither the single nor double KCN treatment could

efficiently induce MRR signaling, with only AOX1a showing a
4 Current Biology 34, 1–16, January 22, 2024
2- to 3-fold induction after 2 h (peaking at 3 h) (Figure S1).

Thus, inhibition of mitochondrial function apparently must be

maintained for a longer time (probably 1.5–2 h) before MRR is

triggered effectively.

Loss of Dcm is unlikely a direct initiator of MRR
Loss of Dcm has been suggested as the underlying trigger for

MRR in yeast and animal systems.20 Therefore, we used

FCCP, an efficient ionophore and uncoupler of Dcm, to test the

connection between Dcm and MRR in plants in a similar setup

as described for AA (Figures 2D and S1). At 5 mM, FCCP could



Figure 3. Inhibition of mitochondrial ATP synthase induces MRR, though Dcm is retained

(A) Expression of MRR-marker genes during oligomycin treatment, ± SE (n = 4). Asterisks represent significant differences with mock (*p < 0.05; **p < 0.01;

***p < 0.001).

(B) Measurement of physiological parameters in fluorescent sensor lines. Normalized average sensor ratios are plotted, ± SE value (n = 4–6). Asterisks represent

the first time point, with significant difference in treated versus mock (p < 0.05).

(C) Dcm measurement using TMRM dye in root cells under confocal microscope (scale bars, 50 mm).

(D) Dcm measurement in isolated mitochondria using safranin O.

(E) Oxygen consumption rate in isolated mitochondria in response to oligomycin (n = 3).

See also Figures S1 and S3–S5.
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partially induce MRR from 2 h after treatment (for AOX1a and

HRG1) and significantly reduced ATP levels and Dcm, while

moderately increasing the cytosolic H2O2 and NADH/NAD+ ratio.

At a higher concentration of 50 mMFCCP, all tested MRRmarker

genes were induced after 2 h (peaking mostly after 4.5 h) and the

effects on ATP, NADH/NAD+, and cytosolic H2O2 levels were

more pronounced (Figure S1). In conclusion, loss of Dcm by

treatment with FCCP can at least partially induce MRR, but not

as efficiently with the same pattern of gene inductions as,

e.g., AA.

Next, we used oligomycin, which inhibits mitochondrial ATP

synthase (complex V). Oligomycin binds to the FO base plate

subunit of FOF1 ATPase and prevents protons from passing
back to themitochondrial matrix, which is required for phosphor-

ylation of ADP to ATP. Oligomycin strongly induced MRR at just

1.25 mM, even faster and more intensely than AA (Figure 3A). As

expected, oligomycin led to a rapid decrease in cytosolic

MgATP2� (Figure 3B). Like AA, oligomycin treatment increased

cytosolic NADH/NAD+ levels, cytosolic acidification, cytosolic/

mitochondrial Ca2+ concentration, and cytosolic H2O2 (Fig-

ure 3B), while decreasing oxygen consumption (Figure 3E). Oli-

gomycin induced a relatively slower but progressive increase

in cytosolic H2O2 accumulation compared with AA, 3 h after

treatment. However, in contrast with AA/KCN/FCCP, Dcm re-

mained intact (even increasing slightly) in response to oligomycin

treatment, as measured in vivo with TMRM in Arabidopsis
Current Biology 34, 1–16, January 22, 2024 5



Figure 4. Monitoring of physiological and transcriptional changes in response to MFA and citrate

(A and E) Expression of MRR-marker genes during MFA and citrate treatments, respectively, ± SE (n = 4). Asterisks represent significant differences with mock,

following gene color codes. (*p < 0.05; **p < 0.01; ***p < 0.001); ns, not significant.

(B and F) Measurement of physiological parameters in fluorescent sensor lines in response toMFA and citrate treatments. Normalized average sensor ratios after

are plotted, ± SE value (n = 4–6). Asterisks represent the first time point, with significant difference in treated versus mock (p < 0.05), ns, not significant.

(C) Dcm measurement in response to MFA in isolated mitochondria using safranin O.

(D) Oxygen consumption rate measurements in isolated mitochondria in response to MFA (n = 3).

See also Figure S2.
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seedlings and in isolated mitochondria (Figures 3C and 3D).

Therefore, loss of Dcm can be ruled out as an essential MRR

mediator in Arabidopsis.

TCA cycle intermediates are unlikely to be mediators of
MRR in plants
Previous reports indicated that citrate accumulation could

trigger MRR in yeast,23 tobacco,54,55 and Arabidopsis.56 We

thus investigated the impact of TCA cycle inhibition and accumu-

lation of TCA cycle intermediates on physiological parameters

and MRR. To inhibit the TCA cycle, we used monofluoroacetate

(MFA). MFA inhibits cis-aconitase of the TCA cycle (and cytosolic

aconitase), which catalyzes the conversion of citrate to isoci-

trate, leading to citrate accumulation.57 In our investigation,
6 Current Biology 34, 1–16, January 22, 2024
MRR marker genes were upregulated after 3–4.5 h in response

to MFA (Figure 4A), in line with previous reports.50 Inhibiting

the TCA cycle caused a comparable physiological response to

ETC/complex V inhibition, such as a decrease in cytosolic ATP

and increase in the NADH/NAD+ ratio and cytosolic H2O2 levels

(Figure 4B). Interestingly, similarly to the gene expression results,

the majority of measured parameters took a longer time to

change significantly compared with AA. The impaired carbon

flow during TCA cycle inhibitionmay cause amore gradual effect

on ETC functioning, hence delaying the MRR induction. Never-

theless, MFA could trigger a high induction of MRR genes, as

previously noted.50 Only a mild decrease in Dcm and no effect

on oxygen consumption rates in isolated mitochondria were

observed after treatment with MFA (Figures 4C and 4D), using
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NADH as a substrate, indicating that MFA did not directly affect

oxidative phosphorylation.

Because the inhibition of aconitase leads to a build-up of cit-

rate inside the mitochondria,57 we studied the influence of citric

acid on MRR induction by exogenous application. Citrate treat-

ment caused a substantial change in neither the expression

levels of MRR-responsive genes (Figure 4E) nor the measured

physiological parameters (Figure 4F).

This indicates that citrate accumulation or a reduction in the

oxygen consumption rate is not the likely cause of the MRR in-

duction and intracellular changes observed after MFA treatment.

Similarly, exogenous addition of succinate (also a TCA cycle in-

termediate) did not cause substantial changes in MRR gene

expression and measured physiological parameters (Figure S2).

Previous studies also reported only very weak induction in

AOX1a transcripts when treated with exogenous citrate and suc-

cinate in Arabidopsis.56

Excessive ROS production induces MRR marker gene
expression
The above results allowed us to rule out a loss of Dcm, reduced

mitochondrial oxygen consumption rate, and citrate accumula-

tion as likely direct MRR triggers. One of the common trends,

however, was the accumulation of cytosolic ROS, suggesting

that H2O2 is a potential direct MRR trigger. To assess this hy-

pothesis, we treated the plants with menadione, a quinone-

analog that causes oxidative stress across living systems,

including plants.41,58 Using the cyt-roGFP2-Orp1 biosensor

line, a rapid increase in cytosolic H2O2 levels was already

observed within 10 min of menadione treatment (Figure S2).

Peak levels were reached in 20 min and gradually reached base-

line after 3 h of treatment. Remarkably, menadione treatment

elevated MRR-responsive genes relatively early: UPOX and

UGT74E2 were significantly induced already after 30 min. The

peak induction of all genes was observed after 4.5 h and tran-

script levels returned to almost pre-treatment levels in 6 h (Fig-

ure S2). Interestingly, menadione did not change cytosolic

MgATP2�, indicating that a drop in cytosolic ATP is not required

for inducing MRR in Arabidopsis. NADH/NAD+ levels and cyto-

solic pH showed a slight decrease during menadione treatment

(Figure S2). The decrease in the NADH/NAD+ ratio was probably

caused by oxidation of NAD(P)H by two-electron redox cycling of

menadione.59 A slight, slow decrease in Dcm was also seen in

isolated mitochondria, but not nearly as strongly as with FCCP

or AA (Figure S2). Menadione also triggered increased oxygen

consumption, likely due to enhanced 1- and 2-electron autocat-

alytic reactions, unspecific engagement of other respiratory en-

zymes, and non-mitochondrial oxygen consumption.60,61

Mitochondria-produced ROS specifically triggers MRR
in plants
As menadione generates ROS in different cellular compart-

ments,36 it was uncertain whether mtROS or ROS produced in

other cellular compartments triggers MRR. Therefore, we used

Mito-PQ to investigate the effect of mtROS in MRR induction.

Mito-PQ produces ROS specifically in the mitochondria in animal

systems.35 Mito-PQ is conjugated with the lipophilic triphenyl

phosphonium (TPP) cation, which selectively targets it to themito-

chondrial matrix through Dcm-based enrichment. There, it boosts
superoxide generation toward the mitochondrial matrix through

redox cycling at the flavin site of complex I in rat mitochondria.62

We thus assessedMito-PQ and found that it significantly induced

MRR-responsive genes up to 5-fold already 2 h after treatment,

while the peak levels (up to 30-fold) were reached after 4.5–6 h

(Figure 5A). To control for the effects of darkness during the stress

treatments, we also performed a similar experiment with 1 h pre-

incubation and treatments under standard light conditions,

considering the interference of AA and Mito-PQ with photosyn-

thetic electron transport in the chloroplast. TheMRRgene expres-

sion induction patterns were similar for AA under light or dark

treatments (Figure S3). For Mito-PQ, a slight delay was observed

in the treatment under light comparedwith that under dark, but the

peak in expression remained around 4.5–6 h (Figure S3).

Surprisingly, Mito-PQ treatment, in contrast with the other

MRR-inducing chemicals, did not impact any of the cytosolic pa-

rameters, including MgATP2�, NADH/NAD+, free Ca2+ concen-

tration, and pH, as well as mitochondrial free Ca2+ concentra-

tions (Figure 5B). This was a critical observation for defining

the physiological parameters triggering MRR. Furthermore, we

did not detect any change in cytosolic H2O2 levels, which were

anticipated to increase based on the compound’s description

and previous studies in other systems (Figure 5B).35,62 Mito-PQ

also had no strong effect on Dcm in Arabidopsis seedlings, as

monitored by TMRM, though a moderate drop was observed

in isolated mitochondria (Figures 5C and 5D). This may be the

result of transport of the conjugated TPP cation across the mito-

chondrial membrane, which would partially counter transmem-

brane potential. The oxygen consumption rate in isolated

mitochondria was also unaffected by Mito-PQ, indicating that

Mito-PQ has no direct negative effect on ETC activity (Figure 5E).

Based on the above, we ruled out Dcm, cytosolic MgATP2�

levels, NADH/NAD+ dynamics, cytosolic or mitochondrial Ca2+

levels, and the mitochondrial oxygen consumption rate as po-

tential MRR triggers in plants. Additionally, the menadione re-

sults had pointed to increased ROS/H2O2 as the only significant

alteration we consistently identified as linked to induction of

MRR. Intriguingly, we did not observe a change in cytosolic

H2O2 levels in response to Mito-PQ treatment. Therefore, we hy-

pothesized that the mtROS produced by Mito-PQ is either not

reaching a sufficient level to leak into the cytosol or is detoxified

by the mitochondrial/cytosolic antioxidant system. Hence, we

investigated the accumulation of mitochondrial mtROS/H2O2 in

response to the chemicals inducing MRR using the mitochond-

rially targeted mt-roGFP2-Orp1 sensor line41 (Figure 6A). Oligo-

mycin led to a rapid increase in mitochondrial H2O2 within 50min

of treatment, although it took 3 h to show a significant difference

in cytosolic H2O2 levels (Figure 3B). Similar increases in mito-

chondrial/cytosolic H2O2 levels were detected with MFA (Fig-

ure 6A). FCCP resulted in a very brief decrease in H2O2 levels

shortly after treatment, but this was reverted into elevated

H2O2 levels after 2–3 h (Figure S1). Even though AA caused a

relatively strong increase in cytosolic H2O2 (Figure 2B), this did

not impact the redox state of the mitochondrially targeted

roGFP2-Orp1 sensor protein. This is likely because AA triggers

superoxide production at complex III within the inner mitochon-

drial membrane, and the negatively charged radical is directed

toward the inside the mitochondria (IMS) due to the Dcm.
63,64

Notably, mt-roGFP2-Orp1 is localized in the mitochondrial
Current Biology 34, 1–16, January 22, 2024 7



Figure 5. Mito-paraquat induces MRR signaling without affecting cytosolic parameters

(A) Expression of MRR-marker genes during Mito-PQ treatment, ± SE (n = 4). Asterisks represent significant differences with mock, following gene color codes

(*p < 0.05; **p < 0.01; ***p < 0.001).

(B) Measurement of physiological parameters in fluorescent sensor lines. Normalized average sensor ratios are plotted with ± SE value (n = 4–6); ns, not sig-

nificant.

(C) Dcm measurement using TMRM dye in root cells (scale bars, 50 mm).

(D) Dcm measurement in isolated mitochondria using safranin O.

(E) Oxygen consumption rate measurements in isolated mitochondria treated with Mito-PQ (n = 3).

See also Figures S2–S7.
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matrix, which thus cannot efficiently detect H2O2 in the mito-

chondrial IMS. Menadione triggered a very rapid and strong in-

crease in mtROS within 20 min (Figure 6A). Although Mito-PQ

did not trigger a measurable increase in cytosolic H2O2 levels

(Figure 5B), it did trigger a significant elevation in mtROS (Fig-

ure 6A). At 5 mMMito-PQ, this induction came relatively late (sig-

nificant after around 3 h), but the induction was more pro-

nounced using 50 mM. Mitochondrial inhibitors thus showed

different kinetics of ROS/H2O2 accumulation in vivo in the cytosol

and mitochondria. This also suggests that mitochondrial inhibi-

tion primarily leads to the accumulation of ROS/H2O2 inside

the mitochondria or IMS, which may diffuse into the cytosol.

The faster accumulation of mtROS with oligomycin (Figure 6A)

also correlates well with the faster induction of MRR (Figure 3A)
8 Current Biology 34, 1–16, January 22, 2024
as compared with AA (Figure 2A). The effects of AA, oligomycin,

and Mito-PQ on MRR gene expression, cytosolic MgATP2�, and
H2O2/ROS accumulation could be reproduced in mature leaves

of soil-grown plants, supporting physiological relevance (Fig-

ure S4). We also confirmed that the transfer from light to dark

did not affect plate reader assay results, by repeating the most

relevant sensor line experiments during the nighttime (Figure S3).

The responses during the night were qualitatively similar and

even showed larger amplitudes than after 1 h of transfer from

light to dark, possibly because the cellular energy reserves to

drive ATP production and redox systems became partially

depleted in prolonged darkness.

To further confirm that these inhibitors cause an increase in

mtROS/H2O2 production, we measured ROS/H2O2 in isolated



Figure 6. Mitochondrial ROS/H2O2 production is the likely trigger of MRR in plants

(A) Mitochondrial H2O2 monitoring in mt-roGFP2-Orp1 sensor line in response to indicated chemical treatments. Normalized average sensor ratios are plotted, ±

SE value (n = 6–12). Asterisks represent the first time point, with significant difference in treated versus mock (p < 0.05).

(B andC)Mitochondrial ROSmeasurements in isolatedmitochondria using H2DCF-DA and Amplex Red, respectively. Data are shown as fluorescence/min with ±

SE value (n = 8–12). Asterisks designate significant difference from substrate (+) control; hash symbol (#) shows significant difference between substrate (+) and

(�) untreated controls. (*p < 0.05; **p < 0.01; ***p < 0.001); ns, not significant.

See also Figures S1–S5.
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mitochondria by probing with 20,70-dichlorodihydrofluorescein
diacetate (H2DCF-DA). In line with the mt-roGFP2-Orp1 data,

H2DCF-DA staining showed that oligomycin, Mito-PQ, and

menadione significantly increasedmtROS generation (Figure 6B)

compared with controls. Interestingly, DCF fluorescence mea-

surements also showed that AA induced mtROS production by

isolated mitochondria, which was not detected in mt-roGFP2-

Orp1 lines, likely because H2DCF oxidation detects ROS also in-

side IMS and outside of mitochondria.

We further confirmed the ability of Mito-PQ to induce mtROS

using Amplex Red. Amplex Red previously detectedmtROS pro-

duction in isolated mitochondria with AA33 and oligomycin.65

Amplex Red measurements also showed significant induction

in H2O2 levels in the presence of Mito-PQ and menadione in iso-

lated mitochondria (Figure 6C). Together, these results confirm

that mtROS production is the only parameter that showed a

full correlation with MRR induction and is, thus, the most likely

upstream MRR trigger.

To assess the involvement of key redox system players in MRR

inplants,wemeasuredcytosolic andmitochondrial H2O2 in thiore-

doxin (TRX) trx-o1, peroxiredoxin II F (prxII F), glutaredoxin gr1-1

and gr2 epc-2, and NADPH-dependent TRX reductase (NTR)
ntra/b mutant backgrounds expressing cyt-roGFP2-Orp1 or mt-

roGFP2-Orp1.41 Several of these lines show increased (but not

saturating) sensor oxidation in the mitochondria and/or cytosol

already at baseline (Figure S5) as previously observed, especially

gr1-1 and gr2, where glutathione redox state as a major reducing

system for the biosensors is redox shifted.47,66 Yet clear increases

in H2O2 production were observed in the cytosol in all tested lines

after AA and oligomycin treatments but not after Mito-PQ treat-

ment. Mitochondrial sensor oxidation also increased significantly

in all mutant lines after oligomycin and Mito-PQ treatments, indi-

cating higher H2O2 flux. The response was smaller in gr2, likely

because of the more oxidized redox state of mt-roGFP2-Orp1

at baseline (Figure S5). We also measured MRR gene expression

in the redox mutants. These measurements were performed in

lines without mitochondrial biosensors because the mt-roGFP2-

Orp1 and 4mt-YC3.6 Col-0 lines showed constitutively

increased expression of the MRR marker AOX1a, in agreement

with their growth impairments39,41 (Figure S6). Basal expression

of MRR marker genes in the redox-related mutants was similar

to Col-0, and in most mutants the induction of MRR genes was

comparable to that in Col-0 after treatment with AA and Mito-PQ

(Figure S6).
Current Biology 34, 1–16, January 22, 2024 9
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In gr1-1 and ntra/b, an impaired induction of gene expression

was observed for some MRR marker genes. The increased

oxidation state of roGFP2-Orp1 in these mutants may intuitively

lead to the expectation of increased MRR gene expression.

Because this is not the case, we speculate that the impact on

the redox systems in those mutants (Figure S5) likely affects

many redox interactors, making it impossible to pinpoint any

specific mechanism at this stage. In prxII F mutants, there was

a slight decrease in MRR marker gene induction after AA and

Mito-PQ treatment. Given the role of mitochondrial PRXII F in

peroxide detoxification and the ability of peroxiredoxins to act

as H2O2 sensors, we repeated the gene expression assay in an

extended time course. However, prxII F MRR induction levels

were largely comparable to those in Col-0 (Figure S7), indicating

that mitochondrial PRXII F does not have a major role in sensing

matrix H2O2 signals in the mode of MRR studied here.

As Mito-PQ was indicated to receive electrons from complex I

to produce superoxide in animal mitochondria,62 impairing com-

plex I might potentially lower superoxide production byMito-PQ.

We isolated mitochondria of the ndufs4 complex I mutant67 and

measured ROS production in response toMito-PQ using Amplex

Red. Surprisingly, Mito-PQ resulted in much higher H2O2 pro-

duction in the ndufs4 background than in WT (Figure S5). As in

yeast mitochondria (which lack complex I), paraquat receives

electrons from alternative type-II dehydrogenases,68 which are

upregulated in ndufs4 mutants67; these may contribute to the

higher Mito-PQ-induced ROS production. Inhibition of complex

I with rotenone also increased superoxide production by para-

quat in mammalian systems.68 Elevated superoxide was previ-

ously also suggested, based on nitroblue tetrazolium (NBT) tis-

sue staining in ndufs4 mutants.67 In agreement, we observed

higher basal expression of MRR genes in ndufs4 plants (Fig-

ure S6), as previously reported.69 These findings underline that

mitochondrially produced H2O2 is the likely trigger of MRR in

plants.

Redox changes in the ER lumen are not required for
ANAC017-mediated MRR signaling
The transcription factor ANAC017 plays a crucial role in MRR

signaling in plants.4,7,13 Though Mito-PQ can induce MRR

marker expression, this does not necessarily mean that the in-

duction is mediated via ANAC017. Therefore, we treated WT,

anac017-KO (anac017-1), and anac017-EMS (rao2.1) mutants

with Mito-PQ and measured MRR marker expression. Consis-

tently, the transcript levels of all four MRR marker genes were

strongly induced in Col-0 seedlings 4.5 h after spraying Mito-

PQ. Remarkably, this Mito-PQ-triggered induction was strongly

repressed in both anac017 mutants compared with Col-0 (Fig-

ure 7A). A slight induction of MRR was still observed after 4.5 h

in anac017 mutants, which is likely due to partial redundancy

with, e.g., ANAC013.13,14,50 H2O2 production in isolated mito-

chondria of anac017mutants was similar to WT before and after

treatment with Mito-PQ or menadione (Figure S5), indicating that

the lower MRR induction is not due to a lack of mtROS produc-

tion. Therefore, Mito-PQ induces MRR via the ANAC017-depen-

dent pathway.

ANAC017 was shown to be anchored into the ER membrane

via a C-terminal transmembrane domain and the N-terminal

domain relocates to the nucleus after cleavage by rhomboid
10 Current Biology 34, 1–16, January 22, 2024
proteases.7,14,70 The actual trigger that mediates ANAC017

cleavage is, however, unknown. It is thus tempting to speculate

that mitochondrially produced H2O2 needs to reach the ER to

transmit the mitochondrial signal, for instance, via ER-mitochon-

dria contact sites.71,72 To measure this, we used the recently

published ER-targeted Grx1-roGFP2iL-HDEL line in which the

roGFP2 moiety was modified to function within the oxidizing

ER lumen conditions.48 We also used the cytosolic Grx1-

roGFP2 sensor line tomonitor cytosolic glutathione redox poten-

tial (EGSH). Consistent with our cytosolic roGFP2-Orp1 sensor

data, AA and oligomycin treatment led to an oxidation of the

cytosolic glutathione pool, while no change was observed in

presence of Mito-PQ (Figure 7B). Although AA and oligomycin

caused oxidation of the ER lumen, Grx1-roGFP2iL-HDEL could

not detect an altered redox state in the ER lumen after treatment

with Mito-PQ (Figure 7C). Taken together, our study shows that

superoxide or H2O2 produced inside mitochondria are the most

likely primarymediator ofMRR in plants. The results also indicate

that no substantial leakage of mtROS into the cytosol or ER

lumen appears to be needed to initiate the signaling cascade,

unlike what was previously suggested.12,30
DISCUSSION

Because many cellular parameters are closely inter-linked with

the functional state of mitochondria, one treatment can influence

several parameters,30 making them hard to disentangle. We

found that mtETC and TCA cycle inhibition influence a similar

set of parameters, including ATP status, Dcm, NADH/NAD
+ ratio,

and ROS/H2O2 levels. Also, an uncoupler like FCCP impacts on

these parameters. Mito-PQ could, however, only clearly affect

mtROS formation, while typical mitochondrial performance indi-

cators, including MgATP2�, free Ca2+ levels, pH, and cytosolic/

ER lumen ROS, remained unchanged. Nevertheless, Mito-PQ

induced gene expression changes via the ANAC017-dependent

MRR pathway. This provides compelling evidence that mtROS is

a primary trigger to initiate ANAC017-dependent MRR in plants,

while other parameters affected may often be correlated but not

directly involved. AA induces changes in thousands of genes

within 3 h,7 but these changes may be the result of many

signaling pathways being triggered by changes in, e.g., ATP sta-

tus, of which ANAC017-mediated MRR is one. Recent literature

highlights the role of mtROS in mediating MRR in several model

systems. In yeast, ATP was identified as main trigger for RTG2-

based RTG signaling16; however, current evidence suggests

ROS modulates the RTG2-dependent RTG pathway.73–75 In

addition to the ‘‘drop in membrane potential/release of mito-

chondrial Ca2+’’ model in metazoans, recent studies have exper-

imentally established a significant role of mtROS in MRR in

Drosophila,76 C. elegans (via eIF2 alpha kinase GCN-2, hypoxia

inducible factor-1 [HIF-1a], and respiratory enzyme CLK-1),77–79

cultured human cells, hepatoma Hep3B cells (via HIF-1),80 colo-

rectal carcinoma cells (via NF-kB),81 and neurons and glial

cells.82 Moreover, exogenous H2O2 can activate MRR-specific

transcripts in an overlapping transcriptional response with AA

in Arabidopsis.7,83 As initially proposed based on similarities be-

tween the transcriptomic responses to mitochondrial inhibitors

and hypoxia,83 several studies have now indicated the



Figure 7. Mito-PQ-induced mitochondrial ROS trigger MRR induction via the ANAC017-pathway

(A) Expression of MRR-marker genes in Col-0, anac017-KO, and anac017-EMS before and after 4.5 h of Mito-PQ treatment, ± SE value (n = 4). Asterisks denote

significant difference in Col-0 treated versus 0 h, hash symbol (#) represents significant difference between Col-0 and mutants at the same time point

(*/#p < 0.001).

(B) Monitoring of glutathione redox potential in the cytosol and ER lumen in response to indicated chemicals. Normalized average sensor ratios were plotted, ± SE

value (n = 4–6). Asterisks represent the first time point with significant difference in treated versus mock (p < 0.05).

See also Figures S5–S7.

ll
OPEN ACCESS

Please cite this article in press as: Khan et al., Mitochondria-derived reactive oxygen species are the likely primary trigger of mitochondrial retrograde
signaling in Arabidopsis, Current Biology (2023), https://doi.org/10.1016/j.cub.2023.12.005

Article
physiological importance of ANAC013/17-mediatedMRR during

submergence and hypoxia in plants.14,84,85

Currently, it remains unclear how mtROS activates retrograde

signaling in these different systems, although the significance of

mtROS in plant growth, development, and stress responses has

been highlighted.86,87 The superoxide generated by mtETC has

a very short lifetime and cannot permeate themitochondrial mem-

brane, making it suitable for rapid detection by potential intra-or-

ganellar superoxide sensors. Proteins containing iron-sulfur (Fe-S)

clusters are common in electron transfer reactions and function as

co-factors in several enzymes; hence, they could act as primary

superoxide sensors.30,88,89 For instance, ROS can reversibly inac-

tivate Fe-S containing aconitase in animal and plant systems, al-

lowing the enzyme to act as redox sensor by controlling themeta-

bolic flux insidemitochondria.30,57,88,90,91 Furthermore, our results

also showed that inhibition of aconitase by MFA leads to MRR in-

duction in Arabidopsis.92
H2O2, the more stable andmore abundant ROS, could directly

interact with specific thiol-reactive redox proteins, including

transcription factors, which regulate the expression of H2O2-

sensitive/stress responsive genes.30,93–95 Cys-peroxidases in

the mitochondrial matrix, such as PRXII F and glutathione perox-

idase-like 6 (GPXL6) in Arabidopsis, may act in both peroxide

detoxification and sensing.96 Both peroxidases can act as sinks

for electrons from the TRX/NTR system, making them potential

sensors that relay H2O2 signals to the TRX system. Recent

studies have identified the mitochondrial TRX system as a regu-

lator of redox-switches on oxidative phosphorylation compo-

nents and of TCA cycle flux.97–102 Although the Cys-based re-

doxin system appears to play an important role in regulating

the mitochondrial redox and energy machineries, our results

do not support the conclusion that PRXII F or the Cys-based re-

doxin system are themselves central components of MRR and

mitochondrial H2O2 signaling.
Current Biology 34, 1–16, January 22, 2024 11



ll
OPEN ACCESS

Please cite this article in press as: Khan et al., Mitochondria-derived reactive oxygen species are the likely primary trigger of mitochondrial retrograde
signaling in Arabidopsis, Current Biology (2023), https://doi.org/10.1016/j.cub.2023.12.005

Article
It was also proposed that oxidation of mitochondrial proteins

during oxidative stress can trigger proteolysis and that the broken

oxidized peptides may transduce organellar signals.103,104 There-

fore, further research should focus on identifying targets of these

systems in the context of MRR.

Apart from intra-mitochondrial sensors, experimental evi-

dence in animal systems suggests that mitochondrial H2O2 can

be directly perceived by sensors located in the IMS to trigger

phosphorylation cascades or can be sensed by sensors located

close to themitochondrial surface.105 In this scenario, mitochon-

drial-ER contact sites look well suited for ANAC017-dependent

MRR induction.106,107 However, we could not detect changes

in the redox state of the cytosol or ER lumen after Mito-PQ treat-

ment, suggesting that substantial change in ER-lumen redox

state by direct transfer of mtROS is not required to activate

ER-localized ANAC017. Furthermore, the relatively short ROS

burst induced with KCN was also insufficient to induce MRR,

suggesting that it takes at least 1–2 h of ‘‘stress’’ before the

ANAC017-pathway changes gene expression. This suggests

that some buffering capacity or threshold level must be over-

come before the signaling is fully activated. ROS produced in-

side mitochondria may be rapidly buffered by mitochondria-

localized antioxidant systems to adjust mitochondrial functions.

However, more prolonged oxidative stress could trigger exces-

sive oxidation of thiol-based redox ‘‘sensor’’ proteins, post-

translational modifications, leakage of degraded peptides from

oxidized proteins, inhibition of mitochondrial proteins, etc. This

could transduce the signal to other compartments such as the

ER to activate ANAC017. A recent study in mammalian systems

indicated very steep gradients of H2O2 coming from mitochon-

dria that may not reach far in the cell.32 Possibly, MRR-inducing

mtROS may be sensed very closely to the outer mitochondrial

surface, without altering bulk cytosolic H2O2 levels.

H2O2 and singlet oxygenare alsomediators of chloroplast retro-

grade signaling. During high light stress, it was suggested that

chloroplasts in close proximity to the nucleus may pass on H2O2

directly into thenucleus toactivategeneexpression.108Singlet ox-

ygen produced in chloroplasts can also change retrograde gene

expression, by oxidizing a Trp643 residue on Executer1, which

makes it prone to proteolytic degradation by chloroplast mem-

brane-boundFtsHproteins.109,110 Further research is thusneeded

to pinpoint the downstream signaling steps of ROS to activate

MRR in plants.

In summary, our work indicates that ROS produced inside

mitochondria is the most likely primary trigger to initiate MRR

in plants. Additionally, this work provides detailed insights into

mitochondria-related physiological parameters under various

mitochondrial perturbations, which will be useful for future mito-

chondrial research.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Antimycin A from Streptomyces sp. Sigma-Aldrich Cat. No.: A8674

Oligomycin from Streptomyces diastatochromogenes Sigma-Aldrich Cat. No.: O4876

Potassium Cyanide Sigma-Aldrich Cat. No.: 1.04965

FCCP (Carbonyl cyanide 4-(trifluoromethoxy)

phenylhydrazone)

Sigma-Aldrich Cat. No.: C2920

Menadione Sigma-Aldrich Cat. No.: M9429

Citric Acid Sigma-Aldrich Cat. No.: 1002440500

Safranin O Sigma-Aldrich Cat. No.: S2255

Succinic acid Thermo Scientific Cat. No.: 158742500

Mito PQ (MitoParaquat) MedChemExpress Cat. No.: HY-130278

Monofluoroacetate (MFA) MP Biomedicals Cat. No.: ICN201080

TMRM Thermo Scientific Cat. No.: T668

H2DCF-DA Thermo Scientific Cat. No.: D399

Critical commercial assays

Spectrum Plant Total RNA Kit Sigma-Aldrich Cat. No.: STRN250

iScript cDNA Synhesis Kit Bio-Rad Cat. No.: 1708891

SsoAdvanced Universal SYBR Green Supermix Bio-Rad Cat. No.: 1725274

CFX 384 Real Time System Bio-Rad NA

Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit Thermo Scientific Cat. No.: A22188

Experimental models: Cell lines

Arabidopsis thaliana, Ecotype: Columbia (Col-0) Widely distributed N/A

Experimental models: Organisms/strains

Arabidopsis thaliana (Col-0) Widely distributed N/A

Arabidopsis: cyt-ATeam1.03-nD/nA De Col et al.39 N/A

Arabidopsis: cyt/mt-roGFP2-Orp1 Nietzel et al.41 N/A

Arabidopsis: cyt-Grx1-roGFP2 Marty et al.47 N/A

Arabidopsis: Grx1-roGFP2iL-HDEL Ugalde et al.48 N/A

Arabidopsis: Peredox-mCherry Steinbeck et al.45 N/A

Arabidopsis: cyt-NES-YC3.6 Krebs et al.42; Loro et al.43 N/A

Arabidopsis: 4mt-YC3.6 Loro et al.43 N/A

Arabidopsis: cyt-cpYFP Schwarzl€ander et al.46 N/A

Arabidopsis: mito-GFP Logan and Leaver111 N/A

Arabidopsis: gr1 Marty et al.47 SALK_105794

Arabidopsis: gr2 epc-2 Marty et al.66 N/A

Arabidopsis: trx-o1 Daloso et al.100 SALK 042792

Arabidopsis: ntra/b Reichheld et al.112 N/A

Arabidopsis: prxII F Finkemeier et al.113 GK-114G01

Arabidopsis: cat2 Queval et al.114 SALK_057998.55.00

Arabidopsis: ndufs4 Meyer et al.67 SAIL_596_E11

Arabidopsis: anac017-KO/TDNA (anac017-1) Ng et al.7 SALK_022174

Arabidopsis: anac017-EMS (rao2.1) Ng et al.7 N/A

Arabidopsis:gr1 cyt/mt-roGFP2-Orp1 Nietzel et al.41 N/A

Arabidopsis: gr2 epc-2 cyt/mt-roGFP2-Orp1 Nietzel et al.41 N/A

Arabidopsis: trx-o1 cyt/mt-roGFP2-Orp1 Nietzel et al.41 N/A

Arabidopsis: ntra/b cyt/mt-roGFP2-Orp1 Nietzel et al.41 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Arabidopsis: prxII F cyt/mt-roGFP2-Orp1 Nietzel et al.41 N/A

Arabidopsis: cat2 cyt/mt-roGFP2-Orp1 Nietzel et al.41 N/A

Oligonucleotides:

See Table S3 N/A N/A

Software and algorithms

Prism GraphPad Software, USA www.graphpad.com

ImageJ Schindelin et al.115 https://imagej.nih.gov/ij/index.html
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RESOURCE AVAILABILITY

Lead contact
Additional details and requests for resources and reagents should be directed toward the lead contact, Olivier Van Aken (olivier.

van_aken@biol.lu.se).

Materials availability
The plant materials used in this study are available upon request.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This study does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis seeds were dry sterilized by chlorine gas and sown on square plates containing half-strength Murashige and Skoogme-

dium (MS) supplementedwith 1% (w/v) sucrose, 0.5 g/LMES, and 0.8% (w/v) plant agar (pH 5.8). The seedswere stratified for 2 days

at 4 �C in dark before being transferred to the growth room under long day conditions (22�C, 16-hour light/8-hour dark cycle,

100 mmol m�2 s�1). Mature Arabidopsis plants were grown by sowing seeds in pots filled with a soil mixture consisting of soil, perlite,

and vermiculite in a 4:1:1 ratio, followed by a 2-day cold stratification at 4�C. Subsequently, the plants were grown under long day

conditions. Information on all plant lines used in this study is listed in the key resources table.

METHOD DETAILS

Multiwell plate reader setup
For the plate reader assays, 7-day-old seedlings were transferred into 96-well black Nunc plates (Thermo Fisher Scientific, 137101) (5

seedlings per well) containing 200 mL assay medium (10 mM MES, 10 mM MgCl2, 10 mM CaCl2, 5 mM KCl, pH 5.8). Fluorescence

data were acquired using a CLARIOstar Plus plate reader (BMG Labtech, Ortenberg, Germany) pre-equilibrated to 25�C. Measure-

ments were performed according to Wagner et al.40 with orbital averaging mode for 40-50 excitation light flashes on a circle of

4-5 mm radius without shaking. The seedlings were excited with monochromatic light at specific wavelengths and emissions

were recorded according to the fluorescent sensor proteins shown in the Table S1 and key resources table. To avoid the effects

of photosynthesis and short-term dark transfer, seedlings were pre-incubated for 1 h in the dark inside the plate reader. Before treat-

ments, a baseline was established using pre-run fluorescence data. Themeasurements were then paused, chemicals (key resources

table) were added and mixed under safe (green) light, and the plate was reinserted into the plate reader to resume measurements.

The working concentrations of different chemicals are indicated in Table S2. At each time point, background corrections were per-

formed by subtracting the autofluorescence ofWT seedlings (present on the same plate) from the obtained sensor fluorescence data.

The data were further normalized to their respective "pre-run" data for graphical presentation of the results. For measurements in

mature leaves, leaf discs of 4-week-old soil-grown plants were placed in the 96-well plate wells for 1 h pre-incubation in the dark,

similarly to the standard assays on young seedlings (Figure S6). Statistically significant differences between mock and treated

were determined by two-way ANOVA with Bonferroni’s multiple comparisons test.

For expression analysis of MRR-responsive genes, 7-day-old Arabidopsis thaliana WT (Col-0) seedlings were treated in identical

experimental conditions as in the fluorometric monitoring, and samples were collected at various time points after chemical and

mock treatments (Table S2) with four biological replicates. Relevant mock treatments were run in parallel on the same plate for
e2 Current Biology 34, 1–16.e1–e4, January 22, 2024

mailto:olivier.van_aken@biol.lu.se
mailto:olivier.van_aken@biol.lu.se
http://www.graphpad.com
https://imagej.nih.gov/ij/index.html


ll
OPEN ACCESS

Please cite this article in press as: Khan et al., Mitochondria-derived reactive oxygen species are the likely primary trigger of mitochondrial retrograde
signaling in Arabidopsis, Current Biology (2023), https://doi.org/10.1016/j.cub.2023.12.005

Article
eachmitochondrial inhibitor. To perform gene expression analysis under standard light conditions, the seedlings were kept in the light

after transfer to the 96-well plate for 1 h before treatment, and during the treatment (Figure S5). For graphical representation, the rela-

tive transcript level of each gene was derived by comparing mock and treated seedlings and setting the 0 h time point to fold

change 1.

For gene expression analyses in Col-0 and mutants (listed in the key resources table) 12-day-old seedlings were sprayed with

25 mM antimycin A and Mito-paraquat in water with 0.01% Tween-20 and kept under standard light conditions throughout the treat-

ment time. For gene expression studies inmature plants, four-week-old plants grown in soil pots, were sprayed with 25 mMantimycin

A or Mito-PQ in water with 0.01% Tween-20 and left in standard growth conditions (Figure S6). We used prxII F cyt-roGFP2-Orp1

sensor lines in gene expression analysis (Figures S6 and S7).

RNA extraction, cDNA synthesis, and RT-qPCR
Frozen tissue samples were ground using a Qiagen TissueLyser II and RNA extraction was performed using Spectrum Plant Total

RNA Kit (Sigma-Aldrich, STRN250-1KT) with On-Column deoxyribonuclease (DNase) treatment (Sigma-Aldrich, DNASE70) accord-

ing to the manufacturer’s instructions from Sigma. 1 mg of total RNA was used for single stranded cDNA synthesis by using Bio-Rad

iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). RT-qPCRwas performed using diluted cDNA and SYBR green, fluorescent

dye (SsoAdvanced Universal Sybr green mix, Bio-Rad). Arabidopsis UBIQUITIN-CONJUGATING ENZYME 21 (UBC21) was used as

internal control. Primers used in this study are shown in Table S3. RT-qPCR analysis was performed as previously described116 in a

CFX384 Real-time PCR Detection System (Bio-Rad) using the following thermal cycling conditions: 95�C for 2 min, followed by 40

cycles of 95�C for 10 s and 60�C for 10 s. Transcripts were measured in technical duplicates from four independently biological rep-

licates. Statistical analysis was performed using two-way ANOVA with Bonferroni’s multiple comparisons test.

Measurements of mitochondrial oxygen consumption rate in isolated mitochondria
Mitochondria were isolated from two-week-old Arabidopsis plants grown in liquid half-strength MS medium according to Tran and

Van Aken.117 Briefly, plant material was ground in a pre-cooled mortar with grinding medium (0.3 M sucrose, 25 mM tetrasodium

pyrophosphate, 2 mM EDTA, 10 mM KH2PO4-HCl, pH 7.5, 1% (w/v) polyvinylpyrrolidone-40 (PVP-40), 1% (w/v) BSA), maintaining

a low-temperature environment. The resulting homogenate was filtered through miracloth, with any remaining solid material re-

ground and filtered again. Subsequently, the homogenate was transferred into pre-cooled centrifuge tubes, and cellular debris

and nuclei were pelleted in the first centrifugation step (5 min at 2500 3 g at 4 �C). The supernatant was collected and subjected

to a second centrifugation at a higher speed (20 min at 17500 3 g at 4 �C). Following this, the supernatant was removed, and the

crudemitochondria pellets were gently resuspended in 1Xwash buffer with BSA (0.6M sucrose, 20mMTES, 0.2% (w/v) BSA). These

centrifugations (low and high) steps were repeated one more time. Further purification of mitochondria was performed by Percoll

gradient separation (40 min at 40,000 3 g at 4 �C), followed by additional washings with 1X wash buffer without BSA. Mitochondrial

concentration was determined using Bradford assays.

Oxygen consumption rate was measured in freshly isolated mitochondria using a Clark-type oxygen electrode as described in Lyu

et al.118 In brief, freshly isolatedmitochondria (150 mg) were added in 1mL of respiration buffer (300mMsucrose, 100mMNaCl, 5mM

KH2PO4, 2mMMgSO4, 10mMTES, 0.1%BSA, pH 7.2) to the electrode chamber equipped with amagnetic stir bar. Respiration was

initiated by adding substrates (succinate and NADH) alongwith ADP to simulate ADP-stimulated respiration. The effects of chemicals

or inhibitors (according to Table S2) on oxygen consumption rates were determined during the linear phases State III, both in the

presence and absence of chemicals. The obtained oxygen consumption rate was subsequently normalized to mitochondrial protein

and expressed as oxygen consumption nanomole O2 per minute per milligram of mitochondrial protein. Statistical analysis was per-

formed using Student’s t-test.

Mitochondrial membrane potential measurements
For in vivomeasurements, 5-to-7-day-old seedling of mito-GFP line were used for mock and chemical treatments (Table S2) in half-

strength MS liquid media. The treated seedlings were equilibrated with 20 nM Tetramethylrhodamine Methyl Ester Perchlorate

(TMRM) dye (Thermo Fisher) for 20 min prior to imaging. Root epidermal cells were then visualized with a Leica TCS SP8 DLS

confocal microscope and a sequential acquisition was performed for GFP (Ex 488/Em 505-530) and TMRM fluorescence (543/

565-615). The obtained images were processed in Fiji/ImageJ and presented in the results.115

In isolated mitochondria, Dcm measurements were performed with safranin O (Sigma-Aldrich), a lipophilic cationic dye that

accumulates in mitochondria according to inner membrane potential. The change in absorption and self-quenching under different

conditions was continuously monitored in a UV/vis DW2 spectrophotometer (Aminco/Olis, Georgia USA) with dual wavelength

(A511-A533, 1 nm slit) according to Moore and Bonner.119 Briefly, 250-300 mg of freshly isolated mitochondria from wild type Arabi-

dopsiswere put into a cuvette containing 980 mL assay buffer (0.3Mmannitol, 5mmMgCl2, and 20mmHepes, pH 7.2) supplemented

with 10 mMsafraninO. Real-time changes in the absorbance of safraninOwasmonitored during further additions of substrate (NADH)

and mitochondrial inhibitors/chemicals, indicated in the figures (Table S2).

Measurements of mitochondrial ROS/H2O2 in isolated mitochondria
H2DCF-DA (20,70-Dichlorofluorescein diacetate) based assessment of mtROS/H2O2 was performed in freshly isolated mitochondria

fromArabidopsis according to themethod described by Belt et al.33 Briefly, 10 mg of mitochondria were transferred into black 96-well
Current Biology 34, 1–16.e1–e4, January 22, 2024 e3



ll
OPEN ACCESS

Please cite this article in press as: Khan et al., Mitochondria-derived reactive oxygen species are the likely primary trigger of mitochondrial retrograde
signaling in Arabidopsis, Current Biology (2023), https://doi.org/10.1016/j.cub.2023.12.005

Article
plates in 50 mL of respiration buffer containing 10 mMH2DCF-DA and incubated for 5 min at room temperature. Chemicals (Table S2)

and substrates (5 mMmalate + 10mM glutamate) were diluted in 50 mL of respiration buffer and transferred into the plate to total well

volume of 100 mL. These solutionsweremixed by shaking inside the plate reader and fluorescencewasmeasured in a BMGClariostar

Plus at 482±10 nm and 530 ±10 nm excitation and emission, respectively, for 60 min with an interval time of 2 min. The slope was

calculated from the obtained data using MARS Data Analysis Software.

Mitochondrial H2O2 production was measured in isolated mitochondria using Amplex Red (Invitrogen) according to the previously

described method.120 Briefly, 10 mg freshly isolated mitochondria in 50 mL standard respiration buffer supplemented with 100 mM

Amplex Red, 2 mL horseradish peroxidase (10 units/mL) and mitochondrial inhibitors /chemicals (Table S2) were loaded on a black

96-well plate. Base line fluorescence of the probe wasmonitored at 563±10 nm excitation and 570±10 nm emission wavelengths in a

BMG Clariostar Plus plate reader for 10 min. After pausing the run, equal volumes of respiration buffer containing substrate (5 mM

malate + 10 mM glutamate) was added to the preloaded wells to initiate the reaction. Fluorescence measurements were resumed

after the addition and continued for 60 min. The slope was calculated in MARS analysis software. Statistical analysis was performed

using one-way ANOVA with Bonferroni’s multiple comparisons test.

QUANTIFICATION AND STATISTICAL ANALYSIS

For sensor lines, the acquired fluorescence ratiometric data were logarithmically transformed using a base of 2 (Log2) and subse-

quently utilized for statistical comparisons among the chemical treatments throughout the measurement period. To determine the

statistical significance, a two-way ANOVA test was employed. Post-hoc tests were performed using Bonferroni correction method

for multiple comparisons in GraphPad Prism 8 (GraphPad Software, USA). The first significant difference is denoted by asterisks (*) in

the figures. Similarly, Log2-transformed fold change data derived fromRT-qPCRwere employed to assess the statistical significance

in gene expression differences at different timepoints. Statistical significance levels were indicated as *p <0.05, **p <0.01,

***p <0.001.
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