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Summary

� Plant submergence stress is a growing problem for global agriculture. During desubmer-

gence, rising O2 concentrations meet a highly reduced mitochondrial electron transport chain

(mETC) in the cells. This combination favors the generation of reactive oxygen species (ROS)

by the mitochondria, which at excess can cause damage. The cellular mechanisms underpin-

ning the management of reoxygenation stress are not fully understood.
� We investigated the role of alternative NADH dehydrogenases (NDs), as components of

the alternative mETC in Arabidopsis, in anoxia–reoxygenation stress management.
� Simultaneous loss of the matrix-facing NDs, NDA1 and NDA2, decreased seedling survival

after reoxygenation, while overexpression increased survival. The absence of NDAs led to

reduced maximum potential quantum efficiency of photosystem II linking the alternative

mETC to photosynthetic function in the chloroplast. NDA1 and NDA2 were induced upon

reoxygenation, and transcriptional activation of NDA1 was controlled by the transcription fac-

tors ANAC016 and ANAC017 that bind to the mitochondrial dysfunction motif (MDM) in the

NDA1 promoter. The absence of NDA1 and NDA2 did not alter recovery of cytosolic ATP

levels and NADH : NAD+ ratio at reoxygenation. Rather, the absence of NDAs led to elevated

ROS production, while their overexpression limited ROS.
� Our observations indicate that the control of ROS formation by the alternative mETC is

important for photosynthetic recovery and for seedling survival of anoxia–reoxygenation
stress.

Introduction

Submergence limits O2 availability resulting in impaired respira-
tion of plants (Sasidharan et al., 2017). It can further limit photo-
synthesis by decreasing light exposure to green tissues. Both
effects can jointly result in an energy crisis at the cellular level.
When floodwaters retreat, a rise in oxygen and increased light
intensity impose additional challenges on the plant (Yeung
et al., 2019). While adaptations to the submergence phase have
been extensively studied, the reoxygenation phase has received

less attention (Pucciariello & Perata, 2021). This study focuses
on the acclimation that takes place in seedling shoots when trans-
ferred from anoxia in the dark to normoxia in the light.

Low oxygen leads to a reduced mitochondrial electron trans-
port chain (mETC) flux, low adenylate energy charge, and high
NADH : NAD+ (Rasmusson et al., 2008) which favors the for-
mation of reactive oxygen species (ROS) at reoxygenation (Monk
et al., 1987; Biemelt et al., 1998; Pavelic et al., 2000; Garnczarska
et al., 2004; Yeung et al., 2018; Jethva et al., 2022). Excessive
ROS production can cause oxidation of membrane lipids, pro-
teins, nucleic acids, and carbohydrates (Blokhina et al., 2000;
Møller et al., 2007, 2020; Santosa et al., 2007). The fact that
high rates of ROS production at reoxygenation pose a major
threat to the plant is illustrated by the upregulation of antioxi-
dant defense mechanisms in Arabidopsis, rice, soybean, and
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Alternanthera philoxeroides (Luo et al., 2010; Fukao et al., 2011;
Khan et al., 2014; Khan & Komatsu, 2016; Yuan et al., 2017;
Yeung et al., 2018).

Plant mitochondria show particularly high flexibility of possi-
ble electron paths and mechanisms to modulate the coupling
between substrate oxidation and ATP synthesis. Apart from clas-
sical mETC, they possess an alternative respiratory chain (alterna-
tive mETC) composed of type II NAD(P)H dehydrogenases
(NDs) and alternative oxidases (AOXs) (Vercesi et al., 2006; Ras-
musson et al., 2008; Schertl & Braun, 2014; Wallstr€om
et al., 2014; Vanlerberghe et al., 2016; Selinski et al., 2018; Møl-
ler et al., 2021). The NDs bypass complex I and act as an alterna-
tive entry point for electrons to the mETC, while AOXs bypass
complexes III and IV and act as alternative terminal oxidases to
transfer electrons from ubiquinone (UQ) to molecular oxygen.
The alternative mETC components do not pump any protons,
which leads to a lower ATP yield per oxidized substrate.

NADH dehydrogenases are 50–60 kDa flavoproteins. Ara-
bidopsis thaliana has seven NDs grouped into three clades: NDA,
NDB, and NDC (Michalecka et al., 2003). The NDA1, NDA2,
and NDC are located at the inner surface of the inner mitochon-
drial membrane and oxidize matrix NADH (Moore et al., 2003).
Four NDB proteins (NDB1–4) face the outer surface of the inner
mitochondrial membrane and oxidize NAD(P)H in the inter-
membrane space, which is in rapid exchange with the cytosolic
NAD(P)H pools (Elhafez et al., 2006; Sweetman et al., 2019).
Homologs of all three ND groups also exist in monocotyle-
donous plants (Rasmusson et al., 2008).

The alternative mETC is presumed to act as an overflow
mechanism that provides metabolic plasticity under environmen-
tal stress conditions. Alternative oxidase was reported to limit
ROS production specifically when the mETC capacity is com-
promised (Vanlerberghe & McIntosh, 1997; Maxwell
et al., 1999; Camacho et al., 2004; Cvetkovska & Vanler-
berghe, 2013; Vishwakarma et al., 2015; Popov et al., 2021), but
direct experimental evidence remains scarce (Rasmusson & Møl-
ler, 1991; Møller, 2001; Escobar et al., 2004; Rasmusson
et al., 2008). While several studies have found AOX1a to be
important in the tolerance to various stresses, the function of
NDs remains less clear. A link between alternative mETC and
photosynthesis is suggested by increased activity of alternative
mETC components in photosynthetically active leaves (Micha-
lecka et al., 2003; Elhafez et al., 2006) and impaired photosyn-
thesis when either AOX1a or NDB2 expression is compromised
(Giraud et al., 2008; Dahal & Vanlerberghe, 2017).

During reoxygenation in the light following anoxia in the
dark, photosynthetic activity has to recover while the reduced
redox centers of the mETC can pass electrons to molecular oxy-
gen giving rise to elevated production rates of superoxide (O2

•�)
that gives rise to other ROS in turn. Here, we analyzed the func-
tion and regulation of NDA1 and NDA2 in resilience of Ara-
bidopsis leaves to an anoxia–reoxygenation stress. We show that
mitochondria are a major subcellular source of ROS during
reoxygenation and that the NDA-mediated alternative mETC
safeguards photosynthetic function in the chloroplast by keeping
cellular ROS in check.

Materials and Methods

Plant material, growth conditions, and plant treatments

Arabidopsis thaliana L. ecotype Columbia-0 (Col-0) was used for
all analyses and as a genetic background for gain- and loss-
of-function mutations. Arabidopsis seeds of mutant lines nda1-1
(SALK_054530), nda2-2 (GK-151F10), anac016 (SALK_
108782), and anac017-1 (SALK_022174) were obtained from
the Nottingham Arabidopsis Stock Centre (NASC, University of
Nottingham, Loughborough, UK). All seeds were sterilized and
germinated on either ½-strength Murashige & Skoog basal salt
mix containing 0.1% or 1% sucrose (w/v) and 0.4% gelrite or
1% agar (w/v) or sown on a 1 : 1, sand : humus mixture covered
with a nylon mesh. Seeds were stratified (4°C, 2 d) and then
transferred to long-day conditions (16 h, 90 lmol m�2 s�1, 8 h
darkness). Anoxia and hypoxia treatments were carried out in the
dark to avoid photosynthetic oxygen evolution in 7-l airtight
acrylic boxes. For inhibitor treatments, seedlings were immersed
in 5 mM 3-amino-triazole (AT) or 100 lM methyl viologen
(MV) or 50 lM rotenone in water and shaken at 125 rpm for 3 h
at 22°C in the light. More details are listed in Supporting Infor-
mation Methods S1.

Cloning and transformation

DNA fragments were synthesized using PhusionTM High-Fidelity
DNA Polymerase (Thermo Fisher Scientific, Waltham, MA,
USA). Information about primers used to amplify DNA frag-
ments is provided in Table S1. pENTRTM/D-Topo® and pEN-
TR1ATM (Thermo Fisher Scientific) were used as entry vectors,
while the destination vectors pBGWFS7/pB7WG2,0 were used
to generate overexpression, complementation, and reporter lines.
Sequences were verified with LightrunTM sequencing (GATC Bio-
tech AG, K€oln, Germany) of entry plasmids. Destination vectors
with the desired DNA fragments were transformed into Agrobac-
terium tumefaciens strain EHA105, followed by plant transforma-
tion of Col-0 via floral dip (Clough & Bent, 1998).

Reverse transcription-quantitative real-time PCR

The Rotor-Gene SYBR® Green PCR Kit (Qiagen) and the
Rotor-Gene® Q real-time PCR cycler (Qiagen) were used for
quantitative expression analysis. The Ct values of the samples
were normalized using Arabidopsis ACTIN2 (ACT2, At3g18780)
and GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGEN-
ASE C SUBUNIT (GAPC, At3g04120) as reference genes with
primers provided in Table S1. For each biological replicate, total
RNA from shoots of 15–35 seedlings was pooled depending on
genotype and treatment.

Mitochondria isolation and LC–MS/MS-based quantitative
proteome analyses

Arabidopsis mitochondria were isolated from 2-wk-old seedlings
as previously described (Escobar et al., 2006). Proteins from
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isolated mitochondria were reduced, alkylated, and digested. Fur-
ther sample processing and LC–MS/MS data acquisition were
performed as described previously (Lassowskat et al., 2017). For
more information, see Methods S2.

Survival assays

For the survival of anoxia/reoxygenation, 7-d-old plate-grown
seedlings were treated as mentioned previously, and percentage of
survival was calculated after 7 d of recovery. For submergence
treatment, 4-wk-old soil-grown plants were fully submerged in a
box (609 409 23 cm) filled with tap water equilibrated to 20°C
for 3 d in the dark, subsequently desubmerged, and returned to
long-day condition for 7 d before survival was scored.

Maximum quantum yield of PSII (FV/FM) and chlorophyll
quantification

FV/FM was measured with an Imaging pulse-amplitude modu-
lated (PAM) fluorometer IMAG-MAX/K (Walz, Effeltrich, Ger-
many). Seedlings were dark adapted for 15 min before each
measurement. Data were analyzed by IMAGING WIN v.2.41a
(Walz). Total chlorophyll content was extracted and quantified as
described in Lichtenthaler (1987).

ROS analysis using DAB and NBT staining and EPR
spectroscopy

To detect H2O2 and superoxide, 3,3’-diaminobenzidin (DAB)
and nitroblue tetrazolium (NBT) stainings were used according
to methods described by Yang et al. (2014) with slight modifica-
tions. For more details, see Methods S3. For electron paramag-
netic resonance (EPR) spectroscopy, shoots of 7-d-old seedlings
were harvested and incubated in 2 mM of the spin probe N-(1-
hydroxy-2,2,6,6-tetramethylpiperidin-4-yl)-2-methylpropanamide-
hydrochloride (TMT-H) at 40°C for 90 min, and measurements
were taken on a Bruker Elexsys E500 spectrometer (Bruker
BioSpin GmbH, Rheinstetten, Germany). Further details are
listed in Methods S3.

Measurement of ATP, NAD reduction level, and H2O2

concentration with fluorescent biosensors

For real-time analysis of ATP and NAD reduction levels in the
cytosol of living seedlings, the fluorescent biosensors ATeam 1.03
nD/nA for MgATP2� (De Col et al., 2017) and Peredox-
mCherry for NADH : NAD+ ratio (Hung et al., 2011; Steinbeck
et al., 2020) were crossed into the respective backgrounds.
Cytosolic and mitochondrial H2O2 dynamics were assessed using
the genetically encoded biosensor roGFP2-Orp1, stably expressed
in Col-0 wild-type (WT) background (Nietzel et al., 2019). A
multiwell plate reader-based fluorimetric assay was used similar
to the approaches described previously (De Col et al., 2017;
Wagner et al., 2019; Ugalde et al., 2022) to analyze in vivo sensor
responses during anoxia and reoxygenation. For more details, see
Methods S4.

Transactivation and electrophoretic mobility shift assays

Preparation and transformation of Arabidopsis shoot protoplasts
were performed according to Karimi et al. (2002). The truncated
coding sequences of ANAC013, ANAC016, and ANAC017 lack-
ing the C-terminal transmembrane domain were cloned in the
expression vector p2GW7.0. The pNDA1:LUC promoter:re-
porter construct was cloned in p2GWL7.0 (Karimi et al., 2002).
Five micrograms of each plasmid were co-transformed into Ara-
bidopsis protoplasts. For normalization, a vector containing 35S:
RLUC was used for co-expression with ANACs. Dual-luciferase
promoter assays (Promega) (Licausi et al., 2011) were performed
in four biological replicates, and luminescence was detected with
a plate reader (Biotek Synergy MX; Agilent, Waldbronn, Ger-
many).

For electromobility shift assays (EMSA), the truncated coding
sequences of ANAC013, ANAC016, and ANAC017 lacking the
C-terminal transmembrane domain were fused to a FLAG tag by
PCR and cloned into the pF3A WG Flexi vector (Promega). Sub-
sequently, proteins were expressed in a TNT SP6 High-Yield
Wheat Germ protein expression system (Promega) according to
the manufacturer’s protocol with 4 lg plasmid DNA. Successful
expression of proteins was ensured by performing a Western blot
against the FLAG-epitope tag. For gel-shift assays, IR-dye680-
labeled probes were generated based on 33-bp-long regions
derived from the NDA1 promoter. DNA probes were generated
by annealing forward and reverse oligonucleotides in equal molar
ratios and slowly cooling them down from 95°C to 30°C
(Table S2), diluting to a final concentration of 500 fmol and
keeping them in amber tubes until use. Binding assays were per-
formed using the Odyssey EMSA Buffer kit (Pierce, Rockford,
IL, USA) for 2 h in the dark at 4°C. Subsequently, the reaction
mixture was run on a 5% native polyacrylamide gel in TBE buf-
fer, and bands were visualized with the ChemiDoc system (Bio-
Rad). Details of GUS staining, adenylate measurement, and sta-
tistical analysis are listed in Methods S5–S7.

Results

NDA1 and NDA2 promote plant survival of reoxygenation

Publicly accessible transcriptome data indicated that NDA1 and
NDA2 are specifically induced by reoxygenation in A. thaliana
(Fig. S1). To functionally analyze the role of the NDA1 and
NDA2 in response to anoxia and reoxygenation stress, we identi-
fied the loss-of-function lines nda1-1 and nda2-2 and generated
the double knockout line nda1-1 nda2-2 as well as lines with
increased constitutive expression of NDA1 and NDA2 (Figs S2,
S3). Survival of 16 h of anoxia followed by reoxygenation was
scored in WT and mutant seedlings after 7 d of recovery (Figs 1a,
S4). Wild-type, nda1-1, and nda2-2 seedlings had a mortality
rate of c. 55%. Mortality increased to c. 90% in nda1-1 nda2-2
seedlings, whereas increased constitutive expression of NDA1 or
NDA2 reduced mortality to 10–20%. The dramatic phenotype
indicates that maintenance of the NDA-driven alternative mETC
is crucial for seedling survival of anoxia and/or postanoxic stress
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with NDA1 and NDA2 acting redundantly. It needs to be added
that the experimental conditions used here will drastically deplete
atmospheric oxygen. Yet, the removal of oxygen from the plant
tissue is unlikely to be quantitative. Hence, the conditions that
we refer to as anoxia throughout this work plausibly represent
severe hypoxia rather than the total absence of oxygen at the tis-
sue and cell level. Residual oxygen amounts within cells, and tis-
sues are likely to be very low but are hard to reliably quantify.
While this is a limitation that needs to be considered, the stan-
dardized nature of the treatment provides a tangible model for
severe low-oxygen stress.

NDA genes are expressed not only during reoxygenation but also
under normoxic conditions (Fig. 2). Since NDAs provide a bypass
to the proton pumping by complex I, their activity decreases the
ratio of ATP molecules synthesized per NADH oxidized decreasing
energy conservation efficiency. Indeed, under nonstressed condi-
tions, NDA-mediated alternative electron transport was maintained
at a metabolic cost that was reflected in reduced shoot biomass in
NDA1ox3 and NDA2ox2 and elevated shoot biomass in nda1-1
nda2-2 seedlings compared with WT (Fig. 1b,c).

To verify a functional link between NDA genes and survival of
reoxygenation, we complemented the NDA null line nda1-1
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Fig. 1 NDA1 and NDA2 are required for
seedling survival of reoxygenation. (a)
Seven-day-old wild-type (WT) and NDA
mutant seedlings were exposed to 16-h
anoxia in the dark and then returned to long-
day conditions for 7 d of recovery. The
percentage of alive, damaged, and dead
seedlings was determined. Results are means
(�SE, n = 9–15, one-way ANOVA with
Tukey’s test, P < 0.05) obtained in three
independent experiments. Representative
pictures of plant phenotypes at the end of
the recovery phase are shown on top of the
graph. Bar, 5 mm. (b) Average shoot fresh
weight of 14-d-old seedlings grown in long-
day conditions (�SE, n = 35–42, one-way
ANOVA with Tukey’s test, P < 0.05)
analyzed in three independent experiments.
Different letters indicate statistically different
groups. (c) Representative pictures of 14-d-
old WT, nda1-1 nda2-2, NDA1ox3, and
NDA2ox2 seedlings. Bar, 2 cm. (d) The
calculated log2 LFQ (label-free quantitation)
intensities of Voltage-Dependent Anion
Channel (VDAC1), NDA1, and NDA2 protein
were determined in mitochondria isolated
fromWT, nda1-1 nda2-2, NDA1ox3 and
NDA2ox2 shoots (�SE, n = 3 for WT and
nda1-1 nda2-2 and n = 1 for NDA1ox3 and
NDA2ox2). No statistical analysis was
performed because peptides of proteins were
not detected (nd) in nda1-1 nda2-2 and the
mitochondrial proteome of just one replicate
was assessed for each of the NDA1ox lines.
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nda2-2 with NDA1 expressed either under its endogenous
promoter (pNDA1:NDA1) or driven by the 35S promoter
(NDA1ox) to achieve overexpression (Fig. S5). Reverse
transcription-quantitative real-time PCR (RT-qPCR) analysis of
NDA1 expression and a survival assay revealed restoration of
NDA1 transcript levels and of seedling survival of reoxygenation
to WT levels when NDA1 was expressed under its endogenous
promoter in nda1-1 nda2-2 pNDA1:NDA1 plants, and elevated
NDA1 expression and improved survival in the overexpression
lines nda1-1 nda2-2 NDA1ox1 and nda1-1 nda2-2 NDA1ox2
(Figs S5, S6). While cloning of the NDA2 promoter was unsuc-
cessful in our hands, overexpression of NDA2 in the null back-
ground was achieved. The complementation lines nda1-1 nda2-2
NDA2ox3 and nda1-1 nda2-2 NDA2ox4 plants had elevated
NDA2 transcript levels and restored survival ability (Figs S5B,C,
S6).

To assess whether the changes in NDA gene expression were
also reflected in the NDA protein abundance in mitochondria,
NDA1 and NDA2 proteins were analyzed in mitochondria iso-
lated from WT, NDA knockout, and NDA overexpression lines
using label-free quantitative mass spectrometry (Figs 1d, S7).
NDA1 and NDA2 proteins were beyond the detection limit in
nda1-1 nda2-2, whereas NDA1ox3 contained NDA1 protein at
mildly increased abundance as compared to WT. NDA2ox2 con-
tained elevated levels not only of NDA2 protein but also of
NDA1 protein, suggesting a yet uncharacterized crosstalk in the
expression of both proteins (Fig. 1d). The mass spectrometry
analysis validated that the mitochondrial NDA proteins were
absent in the double mutant and more abundant in the

overexpression lines (Figs 1d, S3, S7). Taken together, the com-
plementation and protein expression data provide confidence that
survival of anoxia and reoxygenation is functionally linked to the
NDAs and their role in mitochondrial alternative electron trans-
port.

At the transcript level, NDA1 and NDA2 were induced by
reoxygenation in shoots and roots but not by anoxia or a
dark/light switch (Figs 2b, S8A,C). AOX1a was also upregu-
lated during reoxygenation and not during anoxia (Fig. 2b).
A time course analysis revealed transient induction of NDA1,
NDA2, and AOX1a that peaked 2 h after reoxygenation
(Fig. 2d–f). Elevated expression of NDA1 after reoxygenation,
and not during anoxia (0% O2) or hypoxia (2% O2), was
independently confirmed using a pNDA1:GUS reporter line
(Figs 2c, S8B).

NDA activity supports recovery of photosynthesis during
reoxygenation

To explore how NDA proteins improve the survival of anoxia
and reoxygenation in photosynthetically active tissues, we
assessed the recovery of photosynthesis upon reoxygenation.
NDA1 and NDA2 were required for the recovery of photosyn-
thetic efficiency of photosystem II (PSII) as determined by the
FV/FM ratio (Fig. 3a,b). NDA1ox3 and NDA2ox2 seedlings
showed better PSII recovery than WT. FV/FM values increased
from 0.56 at the end of the anoxic phase to c. 0.72 after 8 h of
reoxygenation in NDA overexpressors compared with c. 0.63 in
WT and 0.35 in nda1-1 nda2-2 seedlings, indicating that activity

(c)

(b)(a)

Control

Reoxygenation

Light

Light

21% O2 0% O2 

21% O2 +
21% O2 

0% O2 +
21% O2 

pNDA1:GUS

0

2

4

6

8

NDA1 NDA2 AOX1a

* *
*

Re
la

tiv
e 

ex
pr

es
sio

n

21% O2                                          0% O2

21% O2 + 21% O2 0% O2 + 21% O2  

A

BBB

BB B B

B

B

B

BRe
la

tiv
e 

ex
pr

es
sio

n

Reoxygenation (h)

NDA2

B
B

A

B

C

D

D

D

D

D D D

D

CD

Re
la

tiv
e 

ex
pr

es
sio

n

Reoxygenation (h)

AOX1a

D

A

BC
B

BC
BC

CC C C

BC

BC BCRe
la

tiv
e 

ex
pr

es
sio

n

Reoxygenation (h)

NDA1

C

BC

(e)(d) (f)

Long day

Long day

Dark

Dark
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of NDAs is essential for the recovery of photosynthetic activity
following the anoxia–reoxygenation cycle. To further validate the
functional link between mitochondrial NDA activity and chloro-
plast function, we inhibited the NADH oxidation capacity of
mitochondrial complex I by exposing seedlings to rotenone for
7 d (Møller, 2001). This treatment did not alter chlorophyll con-
tent in WT or NDA1 or NAD2 overexpressors but resulted in
decreased chlorophyll content in nda1-1 and nda2-2 seedlings
and a reduction to less than half in nda1-1 nda2-2 seedlings
(Fig. 3c). These data indicate that NDA activity is essential to
maintain functionality of photosynthetic electron transport in
the chloroplast when mitochondrial NADH oxidation by com-
plex I is limiting. Such a situation is particularly likely to occur at
reoxygenation in the light.

To test whether photorespiration, which generates H2O2 at
high rates in the peroxisomes and relies on the mETC as a
high-capacity electron sink, plays a role in survival of the
anoxia–reoxygenation cycle, we compared the survival of WT,
nda1-1 nda2-2, NDA1ox3, and NDA2ox2 seedlings that were
exposed to either ambient air with 0.039% CO2 during
reoxygenation or to air supplemented with 1% CO2 to pre-
vent photorespiration (Fig. 3d). Survival rates did not differ
between low and high CO2 treatments in either WT, nda1-1
nda2-2, NDA1ox3, and NDA2ox2 indicating that photorespi-
ration is not a decisive factor in survival. Taken together,
these results indicate that the NDA-mediated alternative
mETC protects photosynthetic function in the chloroplast
during reoxygenation in the light.

NDA1 is regulated by the transcription factors ANAC016
and ANAC017 that bind to the mitochondrial dysfunction
motif in the NDA1 promoter

Considering the similar induction profiles of the NDA1 and
NDA2 transcripts upon reoxygenation, we focused on NDA1 and
aimed to identify the transcription factors controlling the
observed upregulation. The NDA1 promoter contains a mito-
chondrial dysfunction motif (MDM) 366–379 bp upstream of
the transcription start site (Fig. 4a), which was previously identi-
fied as a binding site for ANAC transcription factors (De Clercq
et al., 2013). Of the large family of ANAC transcription factors,
ANAC013, ANA0C016, and ANAC017 were associated with
the response to mitochondrial dysfunction (De Clercq
et al., 2013; Van Aken et al., 2016b). An EMSA showed selective
binding of ANAC013, ANAC016, and most notably of
ANAC017 to the MDM of the NDA1 promoter (Fig. 4b). Con-
sistently, we observed transactivation of the NDA1 promoter by
ANAC016 and ANAC017 in protoplasts using a luciferase repor-
ter under the control of the 1055 bp NDA1 promoter sequence
with ANAC017 displaying strongest transactivation (Fig. 4c).
The NDA2 promoter lacks an MDM but has the consensus
NAC protein binding site sequence (T/G)CGTGT (Tran
et al., 2004; Olsen et al., 2005; Ng et al., 2013; Fig. S9A). A
996 bp NDA2 promoter sequence was not transactivated by
ANAC013, ANAC016, or ANAC017 in accord with the lack of
an MDM (Fig. S9B). We next analyzed NDA1, NDA2, and
AOX1a expression in the loss-of-function mutants anac016 and
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Fig. 3 NDA1 and NDA2 improve seedling
survival of reoxygenation by protecting
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quantum efficiency of photosystem II (FV/
FM) of 11-d-old wild-type (WT), nda1-1
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anac017-1 (Kim et al., 2013; Ng et al., 2013), which we verified
by RT-qPCR (Fig. S9C,D). At 21% O2, transcript levels of
NDA1, NDA2, and AOX1a were not significantly different
between WT, anac016, and anac017-1 (Fig. 4d–f). Reoxygena-
tion induced NDA1, NDA2, and AOX1a transcripts to higher
levels in the shoots of WT than in shoots of anac016 and
anac017-1 seedlings (Fig. 4d–f), supporting the conclusion that
the NDA-dependent alternative mETC is, at least in part, tran-
scriptionally controlled by ANAC016 and ANAC017. Taking
the findings of promoter binding and expression studies together,
we conclude that NDA1 expression is regulated by ANAC016
and ANAC017 through direct binding to the NDA1 promoter,
whereas NDA2 regulation by ANAC016 and ANAC017 appears
to be indirect.

We next assessed whether ANAC013, ANAC016, and
ANAC017 are regulated by reoxygenation (Fig. 5a–c). ANAC013
transcripts increased within 30-min reoxygenation, peaked at 1 h,
and declined to control levels after 4 h (Fig. 5a). ANAC016 and
ANAC017 transcripts also increased albeit to a lesser extent

(Fig. 5b,c). The rapid induction of ANACs suggests a function
upstream of NDA1 and NDA2. To test for a role of ANAC016
and ANAC017 in postanoxic stress alleviation, loss-of-function
seedlings (Fig. S9C,D) were exposed to the anoxia/reoxygenation
treatment. anac016 and anac017-1 seedlings showed reduced sur-
vival as compared to the WT (Fig. 5d) similar to the observations
for the nda1-1 nda2-2 seedlings (Fig. 1a). Notably, knockout of
either ANAC016 or ANAC017 promoted shoot growth at
unstressed conditions suggesting a similar trade-off between basal
stress resistance and growth as seen with nda1-1 nda2-2 and
NDAox lines (Figs 1b, 5e). To test whether ANAC016 and
ANAC017 mediate tolerance not only to the model treatment of
anoxia/reoxygenation but also to transient submergence stress, we
exposed soil-grown WT, nda1-1 nda2-2, NDA1ox3, NDA2ox2,
anac016, and anac017-1 plants to a submergence/desubmergence
regime and scored survival following recovery (Fig. 5e,f). The
survival rates resembled those observed with the anoxia/reoxy-
genation treatment. anac016, anac017-1, and nda1-1 nda2-2 had
higher mortality, and NDA1ox3 and NDA2ox2 had the same or
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lower mortality as WT, indicating that ANAC-regulated dissipa-
tion of reducing equivalents through NDAs is important for tol-
erating transient submergence.

NDA1 and NDA2 do not alter the dynamics of NADH :
NAD+ and ATP during anoxia and reoxygenation

To better understand the physiological role of NDAs in reoxy-
genation, we analyzed the physiological dynamics of NAD redox
status and MgATP2� levels, both of which are intimately linked
to mETC activity and degree of respiratory coupling. To test
whether NDA activity affects the NADH : NAD+ ratio or
MgATP2� levels in living tissue, we used in vivo biosensing and
UPLC-based adenylate quantification. We stably expressed the
NAD redox sensor Peredox-mCherry (Hung et al., 2011) in the
cytosol of WT, nda1-1 nda2-2, and NDAox lines for live moni-
toring of the cytosolic NADH : NAD+ ratio during an anoxia–re-
oxygenation regime using multiwell plate reader fluorimetry
(Wagner et al., 2019; Steinbeck et al., 2020; Fig. 6a). Wild-type,

nda1-1 nda2-2, NDA1ox3, and NDA2ox2 seedlings showed com-
parable NAD redox dynamics in response to changing oxygen
concentrations (Fig. 6a). The NADH : NAD+ ratio decreased
within the first 2.5 h to a new steady state that is typically
observed after moving tissue from the ambient light into dark-
ness. Lowering of the oxygen concentration led to rapid NAD
reduction which remained high over the hypoxic period and
gradually decreased after reoxygenation (Fig. 6a). This finding is
in line with limiting mETC and alternative mETC activities in
the absence of molecular oxygen resulting in NADH accumula-
tion not only in the mitochondrial matrix but also in the cytosol
(both compartments are effectively connected via metabolic shut-
tle systems). To monitor ATP levels in live cells, the MgATP2�

sensor ATeam 1.03 nD/nA (De Col et al., 2017) was stably
expressed in the cytosol of WT, nda1-1 nda2-2 and NDA1 and
NDA2 overexpression lines (Fig. 6b). In seedlings exposed to
anoxia for 6 h, ATP levels rapidly and continuously declined in
all genotypes. Upon reoxygenation, MgATP2� levels recovered
rapidly and independently of genotype revealing robust and

Fig. 6 NDA activity does not alter NAD redox balance or ATP levels. (a) Cytosolic NADH : NAD+ was assessed by the Peredox-mCherry sensor stably
expressed in wild-type (WT), nda1-1 nda2-2, NDA1ox3, and NDA2ox2. mC, mCherry fluorescence intensity; tS, tSapphire fluorescence intensity. (b) ATP
assessed with the stably expressed ATeam 1.03 nD/nA sensor using multiwell plate reader-based fluorimetry. CFP, cyan fluorescent protein fluorescence
intensity; YFP, yellow fluorescent protein fluorescence intensity. (a, b) Measurements were taken in 7-d-old seedlings (Means of log10-transformed
fluorescence emission intensity ratios + SD as indicated by shading of corresponding colour, n = 13–16). (c) UPLC-based quantification of ATP.
(d) UPLC-based quantification of ADP. (c, d) Measurements were taken in shoots of 7-d-old seedlings. Means (�SE) of four biological replicates.
No significant differences were detected between genotypes (one-way ANOVA with Tukey’s test, P < 0.01). BT, before treatment.
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efficient postanoxic ATP production that was independent of
mitochondrial NDA1 and NDA2 protein abundance (Figs 1d,
6b). Since the in vivo sensing analyses were only feasible in dark-
ness, we used UPLC-based quantification of whole tissue ATP
and ADP contents during reoxygenation of WT, nda1-1 nda2-2,
NDA1ox3, and NDA2ox2 seedlings in the light. Consistently,
those measurements did not reveal any genotype-specific changes
in ATP and ADP (Fig. 6c,d), indicating that cellular energy
metabolism is sufficiently resilient to compensate for the loss of
both NDAs during postanoxic stress and that there are other rea-
sons why NDAs are required for protection from postanoxic
stress.

NDA1 and NDA2 limit O2
•� and H2O2 production during

reoxygenation

Considering that low oxygen elevates the cytosolic NADH :
NAD+ ratio (Fig. 6a; Wagner et al., 2019), which is linked to the
reduction in the redox carriers of the mETC, reoxygenation may
trigger the excessive formation of O2

•�, and in turn H2O2, by
the mETC (Møller, 2001; Murphy, 2009). Since the alternative
mETC can dissipate excess reductant from mETC components

and NADH independent of the proton motive force across the
inner mitochondrial membrane, we hypothesized that NDAs
mitigate ROS formation during reoxygenation. To test this
hypothesis, we analyzed the formation of O2

•� by NBT staining
in leaves of WT, nda1-1 nda2-2, NDA1ox3, and NDA2ox2
(Fig. 7a). Visual inspection and subsequent signal quantification
revealed elevated O2

•� production in NDA-deficient seedlings as
compared to WT and NDAox lines, and reduced O2

•� produc-
tion in NDAox lines as compared to WT and nda1-1 nda2-2
(Fig. 7a). Similarly, H2O2 production, estimated by DAB stain-
ing, was inversely related to NDA protein abundance in mito-
chondria (Figs 1d, 7b). Since histochemical NBT and DAB
staining can only serve as a qualitative estimate and do not pro-
vide temporal resolution, we performed a time course analysis of
oxygen radical formation by EPR spectroscopy during reoxygena-
tion (Fig. 7c). The detected oxygen radical amount at the end of
the anoxia phase was higher in leaves of nda1-1 nda2-2 seedlings
than in WT or NDAox lines. Radical levels increased further
within 2 h of reoxygenation in all genotypes and returned to low
steady-state levels within 8 h after reoxygenation in WT and
NDAox lines whereas recovery in nda1-1 nda2-2 seedlings took
24 h, indicating that NDAs protect from elevated radical
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Fig. 7 NDA1 and NDA2 alter ROS
homeostasis. (a) NBT staining of O2

•� in
representative 7-d-old wild-type (WT),
nda1-1 nda2-2, NDA1ox3, and NDA2ox2

seedlings exposed to 21%O2 or 0%O2 for
16 h in the dark followed by recovery in
21%O2 for 2 h in the light. Bar, 1 mm.
Quantification is given in arbitrary units (au)
in the bar graph. (b) DAB staining of H2O2 in
7-d-old seedlings treated as in (a).
Bar, 1 mm. (a, b) Quantified results are
means (�SE, n = 25–32 seedlings, Kruskal–
Wallis test, P < 0.05) determined in three
independent experiments. (c) Time course
analysis of oxygen radical species quantified
by EPR spectroscopy in shoots of 7-d-old
WT, nda1-1 nda2-2, NDA1ox3, and
NDA2ox2 seedlings exposed to 0%O2 for
16 h in the dark followed by recovery in air
for up to 24 h in the light. Results are means
(�SE, one-way ANOVA with Tukey’s test,
P < 0.05) of three independent experiments.
(d) Relative transcript levels of NDA1 and
NDA2were determined by RT-qPCR in
shoots of 7-d-old seedlings treated with 3-
amino-1,2,3-triazole (AT) or methyl viologen
(MV) or left untreated for 3 h. Results are
means (�SE, one-way ANOVA with Tukey’s
test, P < 0.05) of three independent
biological experiments with two technical
repeats each. Different letters indicate
statistically different groups.
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production during anoxia and efficiently limit radical formation
following reoxygenation (Fig. 7c). To test whether mitochondria,
where NDA-dependent mETC takes place, are major sites of
ROS formation in response to changing O2, we performed
mitochondria-specific assessment of H2O2 dynamics. We
employed Arabidopsis lines expressing the genetically encoded
biosensor roGFP2-Orp1 either in the mitochondrial matrix or in
the cytosol to monitor the specific in vivo H2O2 dynamics in
either compartment (Nietzel et al., 2019; Figs 8, S10). In vivo
sensor functionality and responsiveness were validated by driving
the sensor to full reduction or oxidation, respectively (Fig. S10).
Multiwell plate reader-based monitoring of seedlings exposed to
changing O2 as introduced previously (De Col et al., 2017; Wag-
ner et al., 2019; Ugalde et al., 2022) revealed reduction in the
sensor in the first hour of the near-anoxia treatment (set to 0.1%
O2), indicating H2O2 production at lower rates. This phase was
followed by a steady increase of sensor oxidation indicating ele-
vated rates of H2O2 production or lower rates of H2O2 scaveng-
ing under near-anoxia. The oxidation was more pronounced in
mitochondria than in the cytosol (Fig. 8a–c). At reoxygenation, a
transient burst in oxidation occurred in both compartments,
indicating a sudden release of H2O2 at high rate, before the sen-
sor oxidation recovered toward a new steady state within 2–3 h.
The ROS burst showed a higher amplitude and lasted for longer
in mitochondria than in the cytosol (Fig. 8d,e). The observation

that mitochondrial H2O2 dynamics show a more pronounced
increase during the O2 regime supports the finding that NDA
abundance in mitochondria impacts on cellular ROS dynamics
with elevated ROS production in nda1-1 nda2-2 and reduced
ROS in NDAox lines than WT (Fig. 7c, 0 h). A direct compar-
ison of subcellular H2O2 dynamics between the different NDA
genotypes could not be performed due to pronounced biosensor
silencing in all transgenic backgrounds and deserves future estab-
lishment. Data from the three approaches taken together reveal
that mitochondria are a major source of ROS in a low-oxygen
environment and during reoxygenation and that NDA proteins
limit ROS formation.

NDAs are induced by ROS-associated inhibitors

Mitochondrial ROS production has been suggested as an
upstream signal of ANAC-mediated retrograde signaling (De
Clercq et al., 2013; Ng et al., 2013). Considering that NDA1
expression is controlled by ANAC016 and ANAC017 (Fig. 4),
we hypothesized that ROS formed at reoxygenation may serve as
a signal for NDA regulation. The catalase inhibitor 3-amino-
1,2,3-triazole (AT) that impairs efficient intracellular H2O2

removal by the peroxisomes (Amory et al., 1992; Prasad
et al., 1994) induced expression of NDA1 and NDA2 as did
methyl viologen (MV) that promotes O2

•� formation in
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Fig. 8 Reactive oxygen species production measured with the roGFP2-Orp1 biosensor in the cytosol and mitochondria under changing O2 conditions.
Cytosolic (cyt) and mitochondrial (mt) H2O2 was assessed with the roGFP2-Orp1 sensor stably expressed in cytosol or mitochondria using multiwell plate
reader-based fluorimetry in seedlings exposed to (a) 2 h anoxia, (b) 4 h anoxia, and (c) 6 h anoxia of 0.1%O2 followed by reoxygenation. Dashed lines
indicate the upper and lower detection limits of the roGFP2-Orp1 sensor determined for each line at the end of the treatment (shown in Supporting Infor-
mation Fig. S10) (a–c: means of log10-transformed fluorescence intensity excitation ratios � SD as indicated by shading of corresponding colour, n = 11–
16). (d) The cytosolic and mitochondrial oxidative burst amplitude was calculated by subtracting log10-transformed ratio of the respective roGFP2-Orp1
sensor after 2, 4, and 6 h of anoxia from the maximum ratio reached after reoxygenation (n = 12–16, Kruskal–Wallis test, P < 0.02). (e) The duration until
the maximum oxidation reached after 2, 4, and 6 h of anoxia (n = 12–16, Kruskal–Wallis test, P < 0.005). Different letters indicate statistically different
groups. Boxes: 25th–75th percentile; the median is indicated by a horizontal line; whiskers: 5th–95th percentile.
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chloroplasts and mitochondria (Cui et al., 2019; Fig. 7d) suggest-
ing that NDA expression may be regulated by intracellular ROS.
Considering that mitochondria are a major site of ROS produc-
tion during anoxia and reoxygenation and that ROS levels inver-
sely correlate with mitochondrial NDA abundance, a central role
of mitochondria in cellular ROS homeostasis under fluctuating
O2 availability appears likely.

Discussion

NDAs are crucial for ROS containment and survival during
reoxygenation

In recent years, research on submergence tolerance has mostly
centered on the submergence phase while desubmergence,
marked by a surge in oxygen and light exposure, has received less
attention. During desubmergence, plants acclimated to low oxy-
gen are exposed to air resulting in excessive ROS formation that
provides a cellular challenge that is distinct from the initial oxy-
gen deficiency (Elstner & Osswald, 1994; Smirnoff, 1995; Van
Aken et al., 2016b). Despite several studies on reoxygenation in
rice and Arabidopsis (Fukao et al., 2011; Tsai et al., 2014, 2016;
Yuan et al., 2017; Yeung et al., 2018; Meng et al., 2020), the
molecular and cellular mechanisms that regulate reoxygenation
stress tolerance are not fully understood. In this study, we mim-
icked submergence/desubmergence by applying a dark-
anoxia/light-normoxia regime and focused on the reoxygenation
phase.

Our data indicate that electron removal via the alternative
mETC components NDA1 and NDA2 protects from excess
ROS formation (Fig. 7). On the one hand, ROS are signaling
molecules that help plants to sense their environment and trigger
adaptive responses (Bailey-Serres et al., 2012; Devireddy
et al., 2021). During hypoxia, H2O2 controls the expression of
alcohol dehydrogenase (ADH), and ADH activity is modified by
Cys oxidation in vitro to underpin energy supply via fermenta-
tion (Yang, 2014; Dumont et al., 2018). On the other hand,
ROS are reactive. They can cause irreversible oxidative damage to
lipids, proteins, and nucleic acids, and even trigger programmed
cell death (Møller et al., 2007; P�erez-P�erez et al., 2012). There-
fore, plants need to balance ROS formation with ROS scaveng-
ing to survive reoxygenation (Yeung et al., 2019). The flood-
tolerant Arabidopsis accession Lp2-6 showed restricted ROS
accumulation during the first hour of reoxygenation, and
improved survival of reoxygenation suggesting that tolerance to
reoxygenation correlates with controlled ROS accumulation dur-
ing the early recovery phase (Yeung et al., 2018). By contrast, the
flood-sensitive Bay-0 accession was less efficient in controlling
ROS during reoxygenation and showed reduced survival (Yeung
et al., 2018). Arabidopsis seedlings overexpressing the transcrip-
tion factor gene MYC2 showed efficient control of ROS and
increased survival during reoxygenation compared with the myc2-
2 knockout mutant that displayed excessive ROS production and
reduced survival (Yuan et al., 2017). Transcript levels of genes
encoding the antioxidant enzymes ascorbate peroxidase 2 (APX2)
and glutathione reductase 1 (GR1) were induced in Arabidopsis

within 3 h of reoxygenation (Yuan et al., 2017). In accord with
the idea that survival of reoxygenation requires fine-balancing of
ROS, the plasma membrane-localized respiratory burst oxidase
homologue (RBOH) D, which generates O2

•� in the extracellu-
lar space, was implicated in providing tolerance to reoxygenation
stress in Arabidopsis (Yeung et al., 2018). Here, we show that
mitochondria are important sites of H2O2 formation when envi-
ronmental O2 concentrations change and that the NDA-
dependent alternative mETC is instrumental in limiting cellular
ROS during reoxygenation (Figs 7, 8). Taken together, an intri-
cate network of ROS producing, preventing, and scavenging sys-
tems is in place to optimize cellular ROS levels under
reoxygenation stress and failure of any part tips plant fate toward
death. Reactive oxygen species formation and scavenging occur
in different cellular compartments raising the question of how
the rescue systems are coordinated. While evidence for ROS for-
mation and induction of antioxidant defense responses during
reoxygenation has been accumulating, few studies have been ded-
icated to understand the underlying regulatory mechanisms so far
(Fukao et al., 2011; Tsai et al., 2014; Yuan et al., 2017; Yeung
et al., 2018; Meng et al., 2020). It deserves emphasizing that
increased ROS production by partial reduction in molecular oxy-
gen in cells is only plausible when residual amounts of oxygen are
still available and cannot occur in the total absence of oxygen
(Sasidharan et al., 2017; Wagner et al., 2018; Pucciariello & Per-
ata, 2021).

NDAs are controlled by transcription factors that act in
mitochondrial retrograde signaling

The expression levels of NDA1, NDA2, and AOX1a were signifi-
cantly increased during reoxygenation (Fig. 2). Similarly, the
alternative mETC components AOX and NDA were induced at
the protein and transcript levels in rice seedlings during the
reoxygenation phase following anoxia (Millar et al., 2004; Narsai
et al., 2009). Reoxygenated rice coleoptiles were able to respire in
the absence of complex IV due to the induction of AOX protein
(Millar et al., 2004), and overexpression of AOX in Nicotiana
tabacum was shown to reduce nitro-oxidative stress during reoxy-
genation (Jayawardhane et al., 2020). In addition, the activity of
an Aspergillus niger alternative dehydrogenase was induced under
oxidative stress in oxygen-enriched cultures of the fungus
(O’Donnell et al., 2011), a setup that mimics reoxygenation in
plants. Increased expression of NDA1 and NDA2 when H2O2

removal is impaired (Amory et al., 1992; Prasad et al., 1994) and
in response to increased chloroplastic ROS production, as well as
induction of AOX isoforms by H2O2 or antimycin A (Vanler-
berghe & McLntosh, 1996; Zarkovic et al., 2005; Ng
et al., 2013) make it likely that ROS signaling contributes to the
regulation of gene expression of alternative mETC components
(Elstner & Osswald, 1994; Smirnoff, 1995; Huang et al., 2016).

ANACs are plant-specific transcription factors involved in the
response to oxidative stress and mitochondrial dysfunction (De
Clercq et al., 2013; Van Aken et al., 2016b; Meng et al., 2019,
2020; Shapiguzov et al., 2019b; Mittler et al., 2022). NDA1 is
recognized and activated by ANAC016 and ANAC017, and
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anac016 and anac017-1 seedlings show reduced induction of
NDA1 and NDA2 during reoxygenation (Figs 4, 5). More so,
overexpression of ANAC017 increased NDA1 transcript abun-
dance (Meng et al., 2019). AOX1a expression induced by
ANAC017 provides protection from thiol-based reductive stress
indicating adjustment of mitochondrial respiratory capacity via
ANAC017-mediated retrograde signaling (Fuchs et al., 2022).
The NDA2 promoter lacks an MDM site and is not activated by
ANAC013, ANAC016, or ANAC017 (Fig. S8). ANAC017,
ANAC055, and ANAC072 bind to an ANAC binding site in the
NDA2 promoter (Tran et al., 2004; Olsen et al., 2005; Ng
et al., 2013), but the specific hierarchy of transcriptional regula-
tion of NDA2 remains unresolved.

ANAC017 overexpression upregulates ANAC013, ANAC016,
and ANAC053 through a positive feedback loop suggesting that
ANAC017 acts as a key regulator of mitochondrial retrograde
signaling that impacts NDA2 expression indirectly within this
transcription factor network (De Clercq et al., 2013; Meng
et al., 2019; Broda et al., 2021; Fuchs et al., 2022). Decreased
survival of reoxygenation and desubmergence of anac016 and
anac017-1 seedlings compared with WT reveals the importance
of mitochondrial retrograde signaling via ANAC016 and
ANAC017 in submergence/desubmergence tolerance (Bui
et al., 2020; Meng et al., 2020).

ANACs are membrane-associated transcription factors that are
attached to the endoplasmic reticulum. Under various stresses,
they are released via proteolysis and translocate to the nucleus to
initiate transcriptional responses (Kim et al., 2006; Seo
et al., 2008; De Clercq et al., 2013; Ng et al., 2013; Van Aken
et al., 2016b). Since ROS have been long-term candidates to be
involved in mitochondrial retrograde signaling (Murphy, 2009;
Møller & Sweetlove, 2010; Crawford et al., 2018), the ROS
burst observed in mitochondria and, to a lesser extent, the cytosol
during reoxygenation, might act as signal that initiates cleavage
of ANAC017 to allow translocation to the nucleus to induce the
expression of NDA1 and AOX1a. Reactive oxygen species-
mediated signaling in response to mitochondrial dysfunction and
MV as stimulant for organellar O2

•� production has been sug-
gested previously (Ng et al., 2014; Van Aken et al., 2016a; Wang
et al., 2018; Ugalde et al., 2021). Inhibition of complex III,
which may elevate the rate of mitochondrial O2

•� release
(amongst various other cell physiological changes), was shown to
initiate the cleavage of ANAC017 by a rhomboid protease in the
ER membrane which in turn induced expression of mitochon-
drial dysfunction stimulon (MDS) genes including AOX1a (Ng
et al., 2013).

Alternative respiratory electron transport in the
mitochondrion protects from photosystem II damage in the
chloroplast during reoxygenation

The acclimation of the shoot to reoxygenation is strongly influ-
enced by photosynthetic recovery. It is essential to prevent leaf
senescence and cell death during reoxygenation (Kato et al.,
2014). In many plant species, a significant reduction in maximal
quantum yield of PSII (FV/FM) and nonphotochemical

quenching (NPQ) was observed during reoxygenation (Luo
et al., 2009, 2010, 2018; Sone & Sakagami, 2017). We observed
PSII recovery in WT and NDA overexpressors, but not in nda1-1
nda2-2, revealing an essential role of the NDA-mediated alterna-
tive mETC in PSII rescue (Fig. 3). The submergence-sensitive
Arabidopsis accession Bay-0 exhibited a lower FV/FM ratio than
the submergence-tolerant accession Lp2-6 3 d after reoxygenation
(Yeung et al., 2018). Furthermore, the submergence-tolerant
rice accession M202 (Sub1A) displayed unaltered non-
photochemical quenching (NPQ) at the time of desubmergence
as compared to non-submerged controls, while the submergence-
sensitive M202 background showed strongly reduced NPQ
(Alpuerto et al., 2016) suggesting that maintaining efficient pho-
tosynthesis at desubmergence of shoot tissues is an important ele-
ment of flooding tolerance. NDA1 and AOX1 are light-
responsive and are further regulated diurnally pointing to a func-
tional link between the alternative mETC and photosynthetic
activity also beyond oxygen stress (Svensson & Rasmusson, 2001;
Escobar et al., 2004; Elhafez et al., 2006; Rasmusson & Esco-
bar, 2007). A role for respiration in optimizing the chloroplastic
energy pool to maintain cellular carbohydrate levels is well-
established (Vanlerberghe et al., 2020). Maintaining this balance
may plausibly become particularly important during stress when
the formation of ROS in both mitochondria and chloroplasts can
increase dramatically. Chloroplastic ROS metabolism of Ara-
bidopsis is controlled by the nuclear-encoded MDS genes, one of
which encodes for AOX1a (Shapiguzov et al., 2019a). The alter-
native mETC prevents photoinhibition of PSII under high light
and helps oxidize excess NADH (Yamada et al., 2020). If not
controlled, excessive ROS production, as a result of excess light,
inactivates the reaction centers of PSI and PSII (Posp�ı�sil, 2009).
Photorespiration can dissipate a surplus in photochemical energy
and prevent photo-oxidative damage (Kozaki & Takeba, 1996).
Yet, our data suggest that seedling survival of reoxygenation was
independent of photorespiratory activity.

Insufficient replenishment of energy reserves and redox imbal-
ance impede plant survival during low-oxygen conditions and
reoxygenation. Suppression of NDA1 or NDA2 affects the NAD
(P)H redox balance (Wallstr€om et al., 2014). However, in planta
fluorimetry and ultra-performance liquid chromatography
(UPLC)-based quantification of ATP and ADP showed no differ-
ences in these metabolites between WT, nda1-1 nda2-2,
NDA1ox3, and NDA2ox2. A very rapid increase in NADH :
NAD+ and a decrease in ATP levels were observed upon the
onset of anoxia, but these were independent of NDA abundance
(Fig. 6). Similarly, previous work on leaves of mature Arabidopsis
rosettes exposed to a gradual hypoxia-anoxia treatment showed a
decrease in ATP concentration and a rapid increase in the
NADH : NAD+ ratio (Wagner et al., 2019). Likewise, Arabidop-
sis seedlings exposed to 4 h of anoxia showed a decrease in ATP
levels (Tsai et al., 2016). In this study, the NADH : NAD+ ratio
required several hours after reoxygenation for recovery, while
ATP recovered faster, within 1 h (Tsai et al., 2016). Quick recov-
ery of NADH redox balance and ATP indicated that seedlings
were able to effectively manage their energy and NADH redox
balance independently of the presence and abundance of the
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NDA proteins. The peroxide sensor roGFP2-Orp1 targeted to
cytosol and mitochondria revealed a more pronounced and
longer-lasting oxidative burst in mitochondria than in the cytosol
revealing distinct subcellular peroxide accumulation during
reoxygenation with mitochondria as a major site of intracellular
ROS formation. The overall temporal dynamics of cytosolic per-
oxide production validate those observed recently (Liu
et al., 2022). The concomitant induction of NDAs by mitochon-
drial dysfunction signaling via ANAC transcription factors sup-
ports a specific role for mitochondrial ROS management in
reoxygenation stress resistance.

The drastically impaired survival phenotype of the nda1-1
nda2-2 line could result from any phase of the applied stress
regimes of anoxia–reoxygenation or submergence–desubmer-
gence. The phenotypic analysis of nda1-1 nda2-2 alone is too
crude to pinpoint when exactly NDA capacity is required for sur-
vival, since the double mutant is defective in both expression of
the basal levels of the protein and induction of NDA expression
at reoxygenation. Yet, the observation that the mutant lines
anac16 and anac017-1, which are not defective in the basal
expression of NDA1 and NDA2 but impaired in their induction
(Fig. 4d,e), show a similar survival phenotype as the nda1-1
nda2-2 line (Figs 1a, 5d) provides a strong argument for the criti-
cal phase for survival occurring after the initial reoxygenation
stress, that is, later during recovery when NDA expression is
induced.

In conclusion, the alternative mETC with the internal alterna-
tive dehydrogenases NDA1 and NDA2 is a crucial pathway to
prevent excessive ROS formation in mitochondria during reoxy-
genation. Electron transfer by NDAs in mitochondria reduces
cellular ROS load, protects the photosynthetic machinery in the
chloroplasts from oxidative damage, and thereby promotes pho-
tosynthetic recovery and plant survival. Our study provides direct
evidence for the role of mitochondria as a hub of defense against
reoxygenation stress.
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