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In addition to the classical electron transport pathway coupled to ATP synthesis, plant mitochondria have an alternative
pathway that involves type II NAD(P)H dehydrogenases (NDs) and alternative oxidase (AOX). This alternative pathway
participates in thermogenesis in select organs of some species and is thought to help prevent cellular damage during exposure to
environmental stress. Here, we investigated the function and role of one alternative path component, AtNDB2, using a
transgenic approach in Arabidopsis (Arabidopsis thaliana). Disruption of AtNDB2 expression via T-DNA insertion led to a 90%
decrease of external NADH oxidation in isolated mitochondria. Overexpression of AtNDB2 led to increased AtNDB2 protein
abundance in mitochondria but did not enhance external NADH oxidation significantly unless AtAOX1A was concomitantly
overexpressed and activated, demonstrating a functional link between these enzymes. Plants lacking either AtAOX1A or
AtNDB2 were more sensitive to combined drought and elevated light treatments, whereas plants overexpressing these
components showed increased tolerance and capacity for poststress recovery. We conclude that AtNDB2 is the predominant
external NADH dehydrogenase in mitochondria and together with AtAOX1A forms a complete, functional, nonphosphorylating
pathway of electron transport, whose operation enhances tolerance to environmental stress. This study demonstrates that at least
one of the alternative NDs, as well as AOX, are important for the stress response.

Mitochondria from higher plants possess a branched
electron transport chain (ETC). In addition to the clas-
sical ETC, composed of four large protein complexes
that oxidize intramitochondrial NADH and succinate,
terminating in cytochrome oxidase (COX) and coupled
toATP synthesis, there are a number of type IINAD(P)H
dehydrogenases (NDs) located on the inside (NDA and
NDC) and outside (NDB) of the inner mitochondrial

membrane, as well as an alternative oxidase (AOX). The
alternative NDs and AOX constitute what is known as
the alternative pathway (AP), which is not coupled to
ATP synthesis and therefore is not controlled directly by
the cell’s energy status (for review, seeMillar et al., 2011).

The AP is present in all higher plants examined to
date and is expressed in at least some tissues, but its role
in these tissues remains somewhat enigmatic. In ther-
mogenic floral appendages of some plants, the AP,
particularly AOX, is expressed in large quantities and
contributes to uncontrolled respiration and heat pro-
duction (Wagner et al., 2008). In many plants, compo-
nents of the AP are strongly expressed upon exposure to
chemical or environmental stresses (Rasmusson et al.,
2004; Clifton et al., 2006; Rasmusson and Møller, 2011;
Vanlerberghe, 2013). In Arabidopsis (Arabidopsis
thaliana), the alternative NDs are encoded in a small
gene family of four NDB genes (AtNDB1–AtNDB4),
three NDA genes (AtNDA1–AtNDA3), and an NDC
gene (AtNDC1), whereas there are five AOX genes
(AtAOX1a–AtAOX1d and AtAOX2). Most of these
have been heterologously expressed in Escherichia coli
and their individual activities explored in some detail,
revealing different regulatory features (Djajanegara et al.,
1999; Umbach et al., 2002; Selinski et al., 2016, 2017). In the
case of the NDs, three genes were functionally expressed
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and displayed different substrate preferences (Geisler
et al., 2007). By contrast, we know much less about the
in planta activities and regulation of these enzymes.
In Arabidopsis cell cultures and whole plants,

AtNDB2, AtNDA2, and AtAOX1a are concomitantly
up-regulated in response to a wide range of treatments,
effectively leading to the production of a complete by-
pass of the classical ETC (Clifton et al., 2005; Ho et al.,
2008; Vijayraghavan and Soole, 2010). These and earlier
studies (Maxwell et al., 1999; Djajanegara et al., 2002;
Gray et al., 2004; Polidoros et al., 2005) have led to the
idea that AOX, with or without ND activity, helps to
minimize the production of reactive oxygen species
(ROS) in mitochondria by keeping the ubiquinone pool
in an oxidized state (for review, see Vanlerberghe,
2013). Consistent with such a role, AtAOX1a knockout
plants have increased sensitivity to stress (Giraud et al.,
2008) and plants with increased AtAOX1a expression
produce less ROS (Smith et al., 2009).
Whereas there have been extensive studies on the

role of AOXusing a reverse genetics approach, there are
limited studies where ND expression has been manip-
ulated. This is further complicated by the dual targeting
of some of the NDs (NDAs, NDC, and NDB1) to other
organelles in the cell as well as the mitochondrion
(Carrie et al., 2008). Recent studies have assessed the
effect of reducing the expression ofAtNDB1 (Wallström
et al., 2014a), AtNDA1 and AtNDA2 (Wallström et al.,
2014b), and AtNDC1 (Fatihi et al., 2015) in Arabidopsis.
Low-level expression of NDAs resulted in delayed
growth and a shift to fermentation but apparently
had no effect on photosynthesis, whereas lower
levels of AtNDB1 resulted in slower growth and al-
tered NADPH/NADP ratios not linked to photo-
synthetic function. A knockout of AtNDC1 linked the
chloroplast-targeted version of the protein to a role
in vitamin K1 biosynthesis, and these plants were
very sensitive to high light (Fatihi et al., 2015).
Knockdown of AtNDB4 by RNA interference resul-
ted in better or unaltered growth under standard and
stress growth conditions, but these lines consistently
had higher AtNDB2 and AtAOX1a protein levels
(Smith et al., 2011). To our knowledge, there have
been no studies published assessing the impact of
altered levels of the mitochondria-specific AtNDB2.
In this study, we used transgenic Arabidopsis to

further explore the role of AtNDB2. A key role for
AtNDB2 in external NADH oxidation was identified
through analysis of a T-DNA insertion line that
showed increased sensitivity to drought and high-
light stress. When AtNDB2 was overexpressed, mito-
chondria showed enhanced levels of AtNDB2 protein,
but only small increases in external NADH oxidation
were seen. It was only when AtNDB2 was overex-
pressed together with AtAOX1a that external NADH
oxidation rates increased significantly, a change that
was linked mainly to AOX activity. These dual over-
expression plants had substantially enhanced toler-
ance to drought and high-light stress.

RESULTS

Generation and Characterization of Transgenic Plants

To explore the effects of altered expression ofAtNDB2
on plant growth, we used a T-DNA insertion line and
transgenic lines overexpressing AtNDB2 and AtAOX1a.

Atndb2 T-DNA Insertion Lines

TheAtNDB2 (At4g05020) gene contains 10 exons and
nine introns (Supplemental Fig. S1). To investigate the
effect of a reduction in AtNDB2 expression, a T-DNA
insertion line (SALK_036330) forAtNDB2was obtained
with an insertion in intron 7 of the gene. Sequence
analysis of the Atndb2 line showed that the insertion
had caused a 10-bp deletion around the insertion site,
220 bp upstream of the stop codon of the AtNDB2 gene
(Supplemental Fig. S1). Virtually no AtNDB2 transcript
could be detected in plants homozygous for the inser-
tion (Fig. 1B), andAtNDB2 proteinwas below detection
limits in isolatedmitochondria from the plants (Fig. 1, A
and B). Transcript levels of other NDB genes were un-
affected in plants grown under normal conditions
(Fig. 1C).

AtNDB2 Overexpression Lines

AtNDB2 was overexpressed in both wild-type
Columbia-0 plants and in a previously generated
AtAOX1a overexpression line, denoted XX1 (Umbach
et al., 2005). Overexpression of AtNDB2 in AtAOX1a
overexpression plants was performed, as both genes are
often coexpressed in response to stress.
Three single-copy homozygous transgenic over-

expression lines were produced in the wild-type
background. AtNDB2 transcript abundance varied
considerably in the different lines, with a range in
leaves of 3- to 60-fold wild-type levels, and protein
levels in isolated mitochondria varied accordingly
(3- to 150-fold; Fig. 2).
Mitochondria from threeAtNDB2 andAtAOX1a dual

overexpression lines (P5.2, P9.1, and P20.1) had ap-
proximately 80-fold increases in AtNDB2 protein
(Fig. 3). Levels of AtAOX1a protein remained un-
changed from that in the XX1 background, approxi-
mately 20-fold higher than that in wild-type plants
(Fig. 3).

Respiratory Activities of Mitochondria from Plants with
Altered AtNDB2 and AtAOX1a Protein Levels

Plants with Altered NDB2 Content

Mitochondria were purified from wild-type plants,
the Atndb2 T-DNA line (SALK_036330), and the three
AtNDB2 overexpression lines (P3, P9, and P17) grown
under normal conditions, and NAD(P)H oxidation
rates were measured. External NADH oxidation rates
in mitochondria from wild-type plants were modest
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(20–30 nmolNADHmin21mg21 protein) and stimulated
by Ca21 (Fig. 4). In mitochondria from the T-DNA line,
which had undetectable AtNDB2 protein, external NADH
oxidation rates were less than 3 nmol min21 mg21 pro-
tein, whether Ca21 was present or not. NADPH oxida-
tion rates were unaffected by themutation (Fig. 4B). This
suggests that AtNDB2 is responsible for the majority of
external NADH oxidation in Arabidopsis mitochondria.
However, mitochondria from the three lines with in-
creased levels of AtNDB2 protein displayed rates of ex-
ternal NADH oxidation similar to those from the wild
type (Fig. 4A; Table 1). Again, rates ofNADPHoxidation
were unchanged. The lack of increase in NADH oxida-
tion rates in lines with higher AtNDB2 protein content
was puzzling. We tested whether downstream electron
transport capacity was limiting by measuring oxygen
consumption with NADH as a substrate and then add-
ing a second substrate, succinate; this stimulated the rate
of oxygen consumption substantially (Table 1), showing
that the electron transport capacity of the cytochrome
path (AOX activity was almost zero) was not limiting
NADH oxidation rates per se in the mitochondria
overexpressing AtNDB2. This suggests that the excess
AtNDB2 protein was unable to engage the cytochrome
chain in these mitochondria.

Whereas AtNDB2 transcript abundance was altered
substantially in these plants, only minor changes were
observed for the other components of the AP (Fig. 5). It
is particularly interesting that no dramatic increases
in transcript abundance of other AtNDB genes were

observed in the T-DNA insertion line, suggesting that
these components cannot compensate for the loss of
AtNDB2 and external NADH oxidation. Small but
significant increases in AtNDB1 andAtNDC1 transcript
abundance were observed in the plants overexpressing
AtNDB2, but transcripts of AtAOX1a and a subunit of
complex I (AtCI) were unaltered in all lines (Fig. 5).

Lines Overexpressing Both AtNDB2 and AtAOX1A

In our hands, plants of AtAOX1a overexpression line
XX1 (Umbach et al., 2005), grown on plates or hy-
droponically, had between 25- and 50-fold higher
AtAOX1a transcript levels than the wild type (mean
fold change over a number of experimentswas 456 10),
with mitochondria accumulating approximately 20-
fold higher protein levels (Fig. 3) and at least a 10-fold
higher AOX capacity (31 compared with 0.1–3 nmol
oxygen min21 mg21 protein from the wild type) when
measured with a combination of NADH and succi-
nate as substrates and activated by pyruvate. These
mitochondria, therefore, have substantially increased
capacity for electron transport to oxygen. With the in-
corporation of the AtNDB2 overexpression construct
into the XX1 background line, AtNDB2 protein in mi-
tochondria increased 10- to 20-fold in the three lines
tested (5.2, 9.1, and 20.1). The amount of AOX protein,
however, did not change (Fig. 3).

Each of the three lines overexpressing both AtNDB2
and AtAOX1a (dual overexpression lines) showed

Figure 1. Molecular characterization of the
Atndb2 T-DNA insertion line. Plants were grown
for 3 weeks on agar plates, then a portion of shoot
tissue was frozen for RNA extraction and the
remaining shoot tissuewas used formitochondrial
isolation. A, Example of a western blot for
AtNDB2 (63 kD) and porin (31 kD) using 8 mg of
purified mitochondrial protein. B, AtNDB2 tran-
script and protein levels in the Atndb2 T-DNA
lines compared with the wild-type (WT) back-
ground. Transcript or protein levels were first
normalized to a reference gene or protein (see
“Materials and Methods”), then the mean value
for the wild type was set to 1. C, Absolute tran-
script levels of all external-facing NDs (AtND-
B1–AtNDB4) as well as AtAOX1A and a subunit
of complex I (AtCI) in the wild type and the
Atndb2 T-DNA line. Each replicate corresponds to
a separate batch of plants used for mitochondrial
isolations (n 5 4 6 SE). *, P , 0.05, **, P , 0.005
(unpaired, two-tailed Student’s t test).
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approximately double or triple the rate of NADH oxi-
dation to oxygen, compared with mitochondria from
wild-type and XX1 background plants, when assayed
without AOX fully activated (Fig. 6). The addition of
pyruvate to activate AOX increased NADH oxidation
dramatically, with rates approaching 300 nmol NADH
min21 mg21 (Fig. 6; Supplemental Fig. S2). Inhibition of
AOX with propyl gallate prevented the activation and
reduced NADH oxidation rates back to basal levels
(Fig. 6; Supplemental Fig. S2). Both Ca21-independent
and Ca21-dependent rates of NADH oxidation were
increased in the dual overexpression lines, with calcium
stimulating the rate approximately 5-fold (Fig. 7). Ex-
ternal NADPH oxidation rates were not significantly
different (Fig. 7).
The results show that concomitantly increasing

the capacity of AOX allows the overexpressed AtNDB2
protein to be active. To investigate this further,
we compared NADH oxidation rates with different
electron acceptors as a function of AtNDB2 protein a-
bundance in isolated mitochondria (Fig. 8). 2,6-
Dichlorophenolindophenol (DCPIP) accepts electrons

directly from the flavoprotein moiety of dehydrogen-
ases and can therefore provide a measure of the activity
of the protein itself, without relying on its interaction
with electron acceptors via the ubiquinone-binding site.
Since DCPIP also interacts with the NADH dehydro-
genase on the outer mitochondrial membrane, mito-
chondria from the T-DNA insertion line were included
as a negative control. NADH-DCPIP oxidoreductase
rates were linearly correlated with the amount of
AtNDB2 protein, as measured by immunoblotting,
over all the lines tested (Fig. 8A). However, when
DCPIP was replaced with decylubiquinone or oxygen
as electron acceptor, NADH oxidation rates no longer
followed AtNDB2 protein abundance and were much
faster in the dual overexpression lines than in the other
lines (Fig. 8, B and C). These results suggest that in the

Figure 2. Molecular characterization of AtNDB2 overexpression lines.
Plants were grown for 3 weeks on agar plates, then a portion of shoot
tissue was frozen for RNA extraction and the remaining shoot tissue was
used for mitochondrial isolation. A, Example of a western blot for
AtNDB2 (63 kD) and porin (31 kD) using 8 mg of purifiedmitochondrial
protein. B, AtNDB2 transcript and protein levels in the AtNDB2 over-
expression lines (P3, P9, and P17) compared with the wild-type back-
ground (WT). Transcript or protein levels were first normalized to a
reference gene or protein (see “Materials andMethods”), then the mean
value for the wild type was set to 1. Each replicate corresponds to a
separate batch of plants used for mitochondrial isolations (n5 36 SE). *,
P , 0.05, **, P , 0.005 (unpaired, two-tailed Student’s t test).

Figure 3. Molecular characterization of dual AtAOX1A and AtNDB2
overexpression lines. Plants were grown for 3 weeks on agar and then
used for mitochondrial isolation. A, Example of a western blot for
AtNDB2 (63 kD), AtAOX (36 kD), and porin (31 kD) using 8 mg of
purifiedmitochondrial protein. B, AtNDB2 and AtAOX protein levels in
the dual overexpression lines (P5.2, P9.1, and P20.1) comparedwith the
wild type (WT) and the single AOX1A overexpression background
(XX1). Protein levels were first normalized to porin, and the mean value
for the wild type was set to 1. Each replicate corresponds to a separate
batch of plants used for mitochondrial isolations (n 5 3 6 SE). *, P ,
0.05, **, P , 0.005 (unpaired, two-tailed Student’s t test).
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single AtNDB2 overexpression lines, AtNDB2 activity
was limited by its interaction with quinone, whether it
was an artificially added quinone or the native UQ10.
Concomitant overexpression of AtAOX1a apparently
allows rapid turnover of reduced quinone and over-
comes the limitation.

Clearly, overexpressing both AtNDB2 and AtAOX1a
provides for very rapid electron transport rates via a
complete alternative path in these mitochondria. What
happens in vivo will obviously depend on posttrans-
lational control of AOX via pyruvate and redox poise
and provision of extramitochondrial NADH, but the
dual overexpression lines possess the potential for
dramatically enhanced respiration rates via external
NADH dehydrogenase and through AOX.

Growth and Stress Response of Plants with Altered
AtNDB2 and AtAOX1a

Atndb2 T-DNA and AtNDB2 overexpression plants
showed no obvious phenotypic deviation from the
wild type when grown under controlled, nonstressed
conditions (Supplemental Fig. S3), nor did the
XX1 AtAOX1a overexpression line or the three dual
overexpression lines (Supplemental Fig. S4). How-
ever, a more detailed analysis using an adaptation of
the Boyes et al. (2001) method revealed subtle differ-
ences in development between the lines. Plants were
maintained on either an agar- or soil-based medium,
and subsequent destructive and nondestructive mea-
surements were made over 14 or 48 d, respectively.
Root measurements performed in agar demonstrated
a significant decrease in root length in the AtAOX1a
overexpression line XX1 and the AtNDB2 over-
expression lines P3 and P17 as well as in both Ataox1a
and Atndb2 T-DNA lines (Fig. 9A). Interestingly, this
phenotype was not seen in any of the three dual
overexpression lines. All transgenic lines showed de-
creases in the number of secondary roots compared
with the wild type, but this was more pronounced in
the AtNDB2 single overexpression lines (Fig. 9B).
When plants were grown in soil, germination of the
dual overexpression and T-DNA lines occurred sig-
nificantly earlier than that of the wild type, whereas in
the single AtAOX1a overexpression line (XX1), ger-
mination was delayed (Fig. 9C). The emergence of the
first rosette leaves was significantly delayed in all lines
except the AtNDB2 overexpression lines P3 and P17,
which nonetheless showed a trend toward delayed
emergence. Emergence of the fourth rosette leaf was
delayed in two AtNDB2 overexpression lines and
two AtAOX1a/AtNDB2 dual overexpression lines.
Although there were small differences in rosette de-
velopment for the Atndb2 T-DNA and two dual
overexpression lines (P5.2 and P20.1), these were not
apparent by the end of vegetative development
There were no significant differences in floral de-
velopment between lines, although differences were
seen in inflorescence height among the Ataox1a
T-DNA line, two of the dual overexpression lines
(P9.1 and P20.1), and the single AtAOX1a over-
expression line (Fig. 9D). The Ataox1a T-DNA bolted
earlier and reached its maximum height before all
other lines, whereas the single AtAOX1a over-
expression line was delayed and had a smaller stem
length. Two dual overexpression lines (P5.2 and
P20.1) followed similar patterns of increased stem
height between days 16 and 21.

The effect of alterations in AtNDB2 and AtAOX1a on
the response of plants to environmental stress was ex-
amined by subjecting the different lines to a combina-
tion of drought and increased light intensity (Figs. 10
and 11). An Ataox1a T-DNA insertion line was used as
an additional control, as it was previously shown to be
more sensitive to these combined stress treatments
(Giraud et al., 2008; Ng et al., 2013). Wild-type, Atndb2,

Figure 4. Effects of AtNDB2 disruption and overexpression on NADH
andNADPHoxidation rates by purifiedmitochondria. Plants of thewild
type (WT), Atndb2 T-DNA (SALK_036330), and AtNDB2 over-
expression lines (P3, P9, and P17) were grown for 3 weeks on agar and
then used for mitochondrial isolation. Assays were carried out with
purifiedmitochondria in a cuvette, with oxygen as the electron acceptor
and either NADH (A) or NADPH (B) as the electron donor. Ca-
independent activity was measured in the presence of 0.25 mM EGTA.
Ca-dependent activity was calculated as the rate in the presence of 2mM

CaCl2 minus the Ca-independent rate. Each replicate corresponds to a
separate batch of plants used for mitochondrial isolations (n 5 3–4 6
SE). *, P , 0.05, **, P , 0.005 (unpaired, two-tailed Student’s t test
against the wild type).
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and Ataox1a lines were subjected to 12 d without
watering and with increased light levels (300 mmol m22

s21) for the final 6 d, followed by rewatering and a
return to normal conditions. Under these conditions,
the wild-type plants substantially recovered from the
stress upon rewatering (Fig. 10). However, the two
T-DNA lines were more sensitive to the stress condi-
tions and were not able to recover after being returned
to control conditions (Fig. 10). The T-DNA lines simi-
larly showed reduced water content relative to the
wild-type plants at the end of the stress treatment (i.e.
before recovery).
A more severe treatment was given to the over-

expression lines: two single AtNDB2 overexpression
lines, the AtAOX1a overexpression line, and a dual
overexpression line were subjected to a longer
drought period and 7 d of increased light levels. This
treatment was severe enough to prevent the wild-
type plants and the single AtNDB2 overexpression
lines from recovering when rewatered (Fig. 11).
However, the AtAOX1a and dual overexpression
lines showed greater recovery, presumably because
of the higher water content of their leaves measured
at the end of the stress period. A repeat of the above
experiment was performed including all three dual
overexpression lines. All tested dual overexpression
lines had significantly higher rates of recovery after a
moderate light and drought stress compared with

the wild type (Supplemental Fig. S5; Supplemental
Table S1).

DISCUSSION

AtNDB2 Is the Major External-Facing NADH
Dehydrogenase of Arabidopsis Mitochondria

The results presented here clearly show that AtNDB2
is the main external-facing NADH dehydrogenase in
Arabidopsis mitochondria. Mitochondria from the
Atndb2 T-DNA insertion line had dramatically de-
creased rates of exogenous NADH oxidation, whereas
overexpressing AtNDB2 increased NADH oxidation,
especially when coexpressed with AtAOX1a. This is
consistent with AtNDB2 being the most highly
expressed of the four external NDs at the transcript
level (Fig. 1; Elhafez et al., 2006). Both Ca21-dependent
and Ca21-independent NADH activities decreased in
the T-DNA line, which is consistent with data for the
enzyme when it was expressed heterologously in E. coli
(Geisler et al., 2007) and correlative data in Arabidopsis
(Smith et al., 2011). The small amount of NADH oxi-
dation activity that remained in the Atndb2 T-DNA
plants was probably attributable to other external NDs,
most likely AtNDB4, which is also capable of calcium-
independent NADH oxidation (Geisler et al., 2007).
Based on our results, under normal growth conditions,

Table 1. External NADH oxidation rates in AtNDB2 overexpression lines are not limited by flux through
downstream mitochondrial eletron transport chain (mETC) components

Plants were grown for 21 d on agar and then used for mitochondrial isolation. Purified mitochondria
were assayed using an oxygen electrode (Oxygen Consumption). All assays were conducted in 1 mL of
reaction medium (see “Materials and Methods”) supplemented with ADP (1 mM) and CaCl2 (2 mM). Where
indicated, succinate (10 mM) and/or NADH (0.2 mM) were used as substrates. Each replicate corresponds
to a separate batch of plants used for mitochondrial isolations (n 5 3 6 SE).

Genotype Oxygen Consumption

Succinate 1 NADH NADH Only Succinate Only

nmol min21 mg21 protein
Wild type 49.5 6 9.6 34.7 6 8.4 35.6 6 1.5
NDB2 overexpression line P3 51.1 6 6.2 39.4 6 8.2 34.3 6 4.9
NDB2 overexpression line P17 63.3 6 9.1 48.3 6 6.8 33.3 6 5.4

Figure 5. Effects of AtNDB2 disruption and
overexpression on transcript levels of type II de-
hydrogenase genes andAtAOX1a andAtCI. Plants
were grown hydroponically in a growth cabinet
for 6 weeks under control conditions (22°C,
80–120 mmol m22 s21, 16/8-h day/night periods).
Each replicate consisted of a single, whole rosette.
Transcripts of all NDs (AtNDA1 and AtNDA2,
AtNDB1–AtNDB4, and AtNDC1) were normal-
ized to two reference genes, Ubiquitin and Pdf2;
therefore, values represent relative units (n 5 6 6
SE). *, P , 0.05, **, P , 0.005 (unpaired, two-
tailed Student’s t test). WT, Wild type.
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AtNDB4 only accounts for a small proportion of ex-
ternal NADH oxidation, at least in leaf mitochondria; it
may be expressed more highly in other tissues. In this
context, it is interesting that when expression of
AtNDB4 was reduced by RNA interference, there was
substantial up-regulation of AtNDB2 transcript and
protein (Smith et al., 2011). It is intriguing that altering
the expression of AtNDB4, responsible for such a small
fraction of total external NADH oxidation, according to
our results, leads to a response in the muchmore highly
expressed AtNDB2 protein. Smith et al. (2011) sug-
gested thatAtNDB2 expression inductionwas a general
stress response to the knockdown of AtNDB4 rather
than a compensatory mechanism, since AtAOX1a was
also up-regulated. However, it is possible that the two
isoforms have different roles or are expressed in dif-
ferent tissues; this requires more detailed investigations
of the localization and regulation of the different NDB
proteins.

AtNDB2 and AtAOX1a Appear To Be Intimately Linked
in Arabidopsis

Overexpression of AtNDB2 alone resulted in in-
creased amounts of AtNDB2 protein in mitochondria,
but much of it was not engaged in NADH oxida-
tion through to oxygen. Only when AtAOX1a protein
amount and activity were also enhanced did we ob-
serve large increases in external NADH oxidation,
suggesting that AtAOX1a can either protect AtNDB2
from oxidative damage or that rapid reoxidation by
AtAOX1a of the reduced quinone arising fromAtNDB2
occurs. Although coordinated increases in the expres-
sion of AtAOX1a and AtNDB2 transcripts have been
shown under various stress and other conditions
(Clifton et al., 2005; Smith et al., 2009, 2011), this is the
first clear demonstration of a functional association
between AtAOX1a and AtNDB2.

In transgenic Nicotiana sylvestris lines overexpressing
an external NADPH dehydrogenase from potato (So-
lanum tuberosum), the plants demonstrated increased
AOX protein and activity (Liu et al., 2008), possibly to
prevent overreduction of the ubiquinone pool and po-
tential damage to mitochondrial proteins as a conse-
quence of a higher rate of electron flux into the mETC.
Occasionally we have similarly observed increased
AtAOX1a levels in some of the Arabidopsis single
AtNDB2 overexpression lines. These observations sug-
gest that subtle differences exist between species in
their response to changes in mitochondrial electron
transport activity andmay point to differences between
the different NDB proteins and their interactions with
ubiquinone.

A simple explanation for our results is that AtNDB2
activity was restricted in mitochondria from the single
AtNDB2 overexpression line by the activity of mETC
components downstream of the dehydrogenase and the
ubiquinone pool, yet the addition of succinate as a
second substrate stimulated oxygen uptake in these
mitochondria (Table 1). It is possible that AtNDB2 is
especially sensitive to ubiquinone redox poise and re-
quires a strongly oxidized ubiquinone pool for it to be
active, a condition guaranteed by increased AOX ac-
tivity in mitochondria from the dual overexpression
lines. The differing electron acceptor experiments
support this interpretation (Fig. 8). Alternatively, the
results may point to a special relationship be-
tween AtNDB2 and AtAOX1a, and it is noteworthy
that in many circumstances expression of these two
genes is coordinately regulated (Clifton et al., 2005;
Supplemental Fig. S6). There is also a hint from re-
cent studies of mitochondrial protein complexes in
Arabidopsis that AtNDB and AtAOX proteins may be
physically connected to form alternative respirasomes
(Senkler et al., 2017) to streamline the bypass of proton-
pumping and ROS-generating complexes of the mETC.
Whereas AtNDB2 and AtAOX1a have not been found

Figure 6. Effects of AOX activation on NADH
oxidation rates by purified mitochondria with
various AtNDB2 and AtAOX1A expression levels.
Plants of the wild type (WT), Atndb2 T-DNA
(SALK_036330), AtNDB2 overexpression line
(P3), Ataox1a T-DNA (SALK_084897), and dual
overexpression lines (P5.2, P9.1, and P20.1) were
grown for 3 weeks on agar and then used for mi-
tochondrial isolation. Assays were carried out in a
cuvette with oxygen as the electron acceptor and
NADH (0.2 mM) as the electron donor in the
presence of ADP (1 mM) and CaCl2 (2 mM), with
subsequent additions of dithiothreitol (DTT; 1 mM)
and pyruvate (5 mM) to activate AOX and propyl
gallate (0.25 mM) to inhibit AOX. Each replicate
corresponds to a separate batch of plants used for
mitochondrial isolations (n5 36 SE). *, P, 0.05,
**, P , 0.005 (unpaired, two-tailed Student’s
t test).
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specifically associated together in wild-type Arabi-
dopsis, it is possible that overexpression of the two
proteins together may result in such a physical asso-
ciation. Even if this is the case, it is clear from the
competition between external NADH and succinate
(Table 1; Supplemental Table S2) that AtNDB2 and
AtAOX1a interact via a ubiquinone pool that is at least
partially accessible to other respiratory proteins such as
complex II. It should also be noted that while mito-
chondria from wild-type Arabidopsis grown under
nonstressed conditions express very little AOX protein
and activity, as do those fromAtaox1a T-DNAknockout
plants, both readily oxidize external NADH. Likewise,
mitochondria overexpressing AtAOX1a had normal
levels of external NADH oxidation. It appears that the

link between the two proteins is important only when
they are both up-regulated, as occurs under many, al-
though not all (Svensson et al., 2002), stress conditions,
and it is only in rare cases that AtNDB2 expression is
enhanced without concurrent enhancement ofAtAOX1a
expression (Supplemental Fig. S6). Acclimation to cold is

Figure 7. Biochemical characterization of dual overexpression lines.
Plants of the wild type (WT), AtAOX1a overexpression line (XX1), and
dual overexpression lines (P5.2, P9.1, and P20.1) were grown for
3 weeks on agar and then used for mitochondrial isolation. Spectro-
photometric assays were carried out in a spectrophotometer with oxy-
gen as the electron acceptor and either 0.2mMNADH (A) or NADPH (B)
as the electron donor. Pyruvate (5 mM) and DTT (1 mM) were present in
all cases. Ca-independent activity was measured in the presence of
EGTA (0.5 mM). Ca-dependent activity was calculated as the rate in the
presence of CaCl2 (2mM)minus the Ca-independent rate. Each replicate
corresponds to a separate batch of plants used for mitochondrial iso-
lations (n 5 3–46 SE). *, P , 0.05, **, P , 0.005 (unpaired, two-tailed
Student’s t test against the wild type).

Figure 8. Relationship between AtNDB2 protein content and NADH
oxidation rates with different electron acceptors. Plants were grown for
3 weeks on agar and then used for mitochondrial isolation. Purified
mitochondria were assayed in a quartz cuvette in a spectrophotometer.
All assays were conducted in a final volume of 1 mL, with standard
reaction medium (SRM) supplemented with NADH (0.2 mM), ADP
(1 mM), CaCl2 (2 mM), and either DCPIP (0.1 mM; A), decylubiquinone
(dUQ; 40mM; B), or no artificial electron acceptor (C). Different markers
represent different lines, including the wild type (WT; open circles),
AtNDB2 overexpression lines (closed circles),AtAOX1a overexpression
line XX1 (open squares), and AtAOX1a/AtNDB2 dual overexpression
lines (closed squares). NADH oxidation rates for theAtndb2 T-DNA line
(shown by X on the axis) are given to indicate background NADH ox-
idation rates that may represent remaining external NADH dehydro-
genase activities, matrix-facing NADH dehydrogenase activities, or
outer membrane NADH dehydrogenase activities, particularly for the
DCPIP rates, which were measured with thawed mitochondria (a ma-
late dehydrogenase latency assay for inner membrane integrity showed
that these mitochondria were 70% intact). Data represent means of
separate mitochondrial preparations used in enzyme assays or western
blots (n 5 3 6 SE).
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Figure 9. Dual overexpression of AtAOX1A and AtNDB2 reversed early growth delays observed with individual AtAOX1A or
AtNDB2 overexpression. Measurements were performed for 14 d using plants grown on agar (A and B) or for 44 d using plants
grown in soil (C and D). All plants were grown in a growth room at 22°C with 14-h daylength and photosynthetically active
radiation (PAR) of 100 to 150 mmol m22 s21, using Sylvania Luxline Plus T5 fluoro lights. A, Roots were measured every day after
complete emergence of the cotyledon (n5 16–196 SE). Values found to be statistically significant (P, 0.05; unpaired, two-tailed
Student’s t test against the wild type [WT]) were as follows: day 3, P3, P17, and 084; day 4, P3, P9, and P17; day 5, P17 and 084;
day 6, P17; day 7, P17 and 084; day 8, P17; day 9, P17, 330, and 084; day 10, P17, 330, and 084; day 11, P17, 330, and 084; day
12, P17; day 13, P17 and 330; day 14 XX1, P3, P17, 330, and 084. B, Secondary roots were counted at 14 d using a light mi-
croscope (n 5 16–19 6 SE). Bars not sharing a common letter are statistically significantly different from each other (P , 0.001;
unpaired, two-tailed Student’s t test). C, Growth stageswere recorded based on themilestones outlined by Boyes et al. (2001); n5
7–166 SE). D, Plant height wasmeasured after bolting andmeasurements continued until plant height had plateaued (n5 7–236
SE). Values found to be statistically significant (P, 0.01; unpaired, two-tailed Student’s t test against thewild type) were as follows:
day 4, 084; day 5, 084; day 6, 084; day 7, 084; day 8, 20.1 and 084; day 9, 20.1 and 084; day 10, 084; day 11, XX1, P3, 9.1, and
084; day 12, 9.1 and 084; day 13, XX1, P3, 9.1, and 084; day 14, P3, 9.1, and 084; day 15, 5.2, 9.1, and 084; day 16, 5.2, 20.1,
and 084; day 17, 20.1 and 084; day 18, 20.1; day 19, XX1, P3, and 20.1; day 20, 20.1; day 21, 20.1.
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one such circumstance, and in this caseAtUCP1was up-
regulated (Armstrong et al., 2008), which would also
modulate the redox state of the ubiquinone pool. The
link between NDs and AOX is also evident from a bio-
informatics study looking for type II NADH dehydro-
genases in the kingdom Animalia, where, although ND
genes were only found in primitive metazoa, animal
species containing the ND gene also had an AOX gene
(Matus-Ortega et al., 2011).

Simultaneous Increase in AtNDB2 and AtAOX1a
Expression Does Not Affect Plant Growth under
Normal Conditions

Data obtained in this study represent a detailed
analysis of the impact that overexpressing either
AtAOX1a and/or AtNDB2 has on plant growth under
control conditions. Interestingly, some minor negative
phenotypic effects were observed with single over-
expression of either gene, which were not evident when

both genes were overexpressed together (Fig. 9). A few
studies have previously assessed the impact of over-
expressingAOX on growth, and no obvious phenotypic
effects were reported under control conditions (Fiorani
et al., 2005; Umbach et al., 2005; Murakami and
Toriyama, 2008). Most of the analyses focused on ef-
fects under stress (Bartoli et al., 2006; Pasqualini et al.,
2007; Li et al., 2013; Liu et al., 2014; Dahal and
Vanlerberghe, 2017). Smith et al. (2009) observed a
slight growth penalty in relative growth rate of leaves at
4 to 5 weeks of age in AtAOX1a overexpression lines
under control conditions but no effect on root growth.
Similarly, a slight growth penalty (15%–17% in inflo-
rescence stem length) was also evident in some lines of
transgenic cassava (Manihot esculenta) overexpressing
AtAOX1a (Zidenga et al., 2012). However, in transgenic
Arabidopsis plants whereAtNDB4 expression had been
reduced (Smith et al., 2011), both AtAOX1a and
AtNDB2 expression were increased and no growth
penalty was evident in shoots or roots under control
growth conditions. These observations are mostly

Figure 10. Effects of drought andmoderate-light treatment on plants containingAtNDB2 orAtAOX1a T-DNA insertions. Plants of
the wild type (WT), Atndb2 T-DNA, and Ataox1a T-DNA lines were grown in a controlled-temperature growth cabinet at 22°C
with 16-h daylength and PAR of 80 to 120 mmol m22 s21 using custom-made panels of red and blue light-emitting diode (LED)
lightmodules (Phoenix Biosystems). The position of eachpot was rotated daily. After 36 d,water waswithheld,with continued pot
rotation. After 6 d, plantswere transferred tomoderate light (300mmolm22 s21), with drought continued in the samemanner for a
further 6 d, at which point plants were either harvested or rewatered and returned to control growth conditions to check recovery.
A, Photographs of representative plants grown under control conditions (left), at the end of the drought and moderate-light
treatment (middle), and after 14 d of recovery (right). B and C, Dry weights (DW; B) and water contents (C) of plants harvested
at the end of the drought and moderate-light treatment (n5 46 SE). *, P, 0.05 (unpaired, two-tailed Student’s t tests compared
with the wild type).
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consistent with the results of the detailed phenotype
analysis in the dual overexpression lines in this study
(Fig. 9).

Mitochondria from the dual overexpression plants
were capable of extremely high rates of uncoupled
electron transport via AtNDB2 and AtAOX1A, and this
has the potential to influence the efficiency of respira-
tion in vivo. However, AOX in these mitochondria
was still controlled through activation by 2-oxoacids,
such as pyruvate. As the activation of AOX was re-
quired for rapid external NADH oxidation in the
dual overexpression lines, regulating AOX activity
also effectively controls NDB2 activity, although the
concentration of cytosolic NADH, and possibly Ca21,
will also affect NDB2 activity in vivo. In this way, the
metabolic state of the cell may prevent enhanced ac-
tivity of the AP when it is likely to be detrimental to
the plant, and this may be why the overexpression
lines show only modest growth and developmental
changes under normal growth conditions.

The Atndb2 T-DNA knockout plants, with a greatly
reduced capacity for extramitochondrial NADH oxida-
tion, also showed only small differences in growth
and development when grown in the absence of envi-
ronmental stress. Yet knockdown of AtNDB1 produced
plants with dramatically less external NADPH oxidation

capacity and led to a decrease of almost 20% in rosette
dry weight (Wallström et al., 2014a). Interestingly, an
approximately 80% loss of external NADPH oxidation
had a negative impact on growth, whereas a 90% loss
of external NADH oxidation did not, suggesting that
the former may be more important during normal
growth and development. External NADH oxidation
may be more important during stress conditions,
considering the higher stress responsiveness of the
AtNDB2 gene relative to AtNDB1. In both Atndb1
(Wallström et al., 2014a) and Atndb2 T-DNA lines
(our results), a small residual (10%–20%) capacity for
oxidation of external NAD(P)H was retained, possi-
bly due to the activity of other dehydrogenases.
Complete loss of activity would presumably result in
a much more severe phenotype.

Altered AtNDB2 and AtAOX1a Expression Influences
Stress Responses of Arabidopsis

Data sets from Genevestigator were screened to
identify which stresses elicit a large and significant up-
regulation of transcript levels of AtNDB2 and each of
the other external type II ND genes in Arabidopsis
(Supplemental Fig. S6). Most of the conditions that

Figure 11. Effects of extended drought and
moderate-light treatment on plants over-
expressing AtNDB2 and/or AtAOX1a.
Plants of the wild type (WT), AtNDB2 over-
expression lines (P3 and P17), AtAOX1a
overexpression line (XX1), and dual over-
expression line (P5.2) were grown in a
controlled-temperature growth cabinet at
22°C with 16-h daylength and PAR of 80
to 120 mmol m22 s21 using custom-made
panels of red and blue LED light modules
(Phoenix Biosystems). The position of each
pot was rotated daily. After 32 d, water was
withheld, with continued pot rotation. After
6 d, plants were transferred to moderate
light (300 mmol m22 s21), with drought
continued in the same manner for a further
7 d (i.e. a slightly prolonged stress, com-
pared with Fig. 10), at which point plants
were either harvested or rewatered and
returned to control growth conditions to
check recovery. A, Photographs of repre-
sentative plants grown under control
conditions (left), at the end of the drought
and moderate-light treatment (middle),
and after 14 d of recovery (right). B and C,
Dry weights (DW; B) and water contents
(C) of plants harvested at the end of the
drought and moderate-light treatment
(n 5 4 6 SE). *, P , 0.05 (unpaired, two-
tailed Student’s t tests compared with the
wild type).
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up-regulated AtNDB2 also up-regulated AtAOX1a,
reconfirming the coexpression relationship between
these two genes. Cold, drought, high-light, and salt
treatments all led to increasedAtNDB2 expression above
that of AtAOX1a in at least some instances, whereas Suc
and Glc treatments, as well as elevated CO2 and circa-
dian cycles that returned to light after a period of dark-
ness, all seem to induce AtNDB2 transcript. This
suggests that AtNDB2 may be particularly important
when carbon and/or reductant supply exceeds cellular
demand, perhaps because of its ability to dissipate excess
reducing equivalents. On this basis, we chose a combi-
nation of drought and increased light exposure to in-
vestigate the effect of altered AtNDB2 and AtAOX1a on
stress responses.
Whereas the reduction in external NADH oxidation

rates observed in theAtndb2 T-DNA plants did not impact
plant growth under normal controlled conditions, it did
lower the tolerance of the plant to the combination of
drought and moderately high-light stress (Fig. 10). These
conditions are likely to cause photoinhibition, which ne-
cessitates the dissipation of excess reducing power in
the chloroplast for the plant to survive (Raghavendra and
Padmasree, 2003; Yoshida et al., 2007, 2010). One way of
achieving this is via the operation of amalate/oxaloacetate
cycle across the chloroplast envelope, which delivers
NAD(P)H to the cytosol. Oxidation of cytosolic NADHvia
AtNDB2 may be crucial for this cycle to be maintained.
Overexpression of AtNDB2 and AtAOX1a together

allowed the plants to survive more severe drought and
high-light stress, although no more so than over-
expression of AtAOX1a alone (Fig. 11). Overexpression
of AtNDB2 alone had little effect, but this is not sur-
prising since the mitochondria of these plants have only
marginally elevated capacity for external NADH oxi-
dation. In this context, it should be noted that whereas
wild-type and single AtNDB2 overexpression plants
essentially lack AOX activity, the AtAOX1a over-
expression plants do possess normal capacity for ex-
ternal NADH oxidation, suggesting that both activities
are needed to provide resistance to the stress imposed.
This would explain why, in contrast to the wild type,
neither theAtndb2 nor theAtaox1a T-DNA line was able
to recover from the milder stress treatment (Fig. 10).
The plants overexpressing AtAOX1a showed higher
relative water content at the beginning and end of the
stress treatment, which may suggest an increased ca-
pacity for the synthesis of compatible solutes in these
plants. In other studies, it has been suggested that AP
during high-light stress allows an increase in tricar-
boxylic acid cycle flux toward amino acid metabolism
(Florez-Sarasa et al., 2016). A metabolic analysis of the
AtAOX1a overexpression plants during drought and
light stress is worthy of further investigation.

CONCLUSION

We have shown that AtNDB2 is the major external
NADH dehydrogenase in Arabidopsis and that,

together with AtAOX1a, it plays a critical role in the
ability of the plant to cope with photoinhibitory stress
conditions. Furthermore, our results indicate that both
AP components need to be present simultaneously for the
stress response, but not necessarily for normal growth,
consistent with the well-documented coordinated ex-
pression of the two proteins under environmental stress
inArabidopsis. It has been proposed thatAOXexpression
could be a useful indicator of an improved stress response
in crop breeding (Arnholdt-Schmitt et al., 2006). Our re-
sults suggest that the expression of both AOX and NDB
genes needs to be considered.

MATERIALS AND METHODS

Plant Growth Conditions

For all plate-grown Arabidopsis (Arabidopsis thaliana) plants, seeds were
sterilized and then stratified at 4°C in the dark for 3 d. Seedswere plated on one-
half-strength Murashige and Skoog medium (Sigma-Aldrich) containing 2%
(w/v) Suc and 0.8% (w/v) agar at a density of approximately one plant per cm2.

For hydroponically grown plants, the method of Conn et al. (2013) was used
in a growth room at 22°C with 14-h daylength and PAR of 100 to 150 mmol m22

s21, using Sylvania Luxline Plus T5 fluoro lights, or in a glasshouse during early
spring, with temperatures varying between 20°C and 24°C during the night and
day, respectively, with 11-h daylength and PAR of 100 to 150 mmol m22 s21.

For soil-grown plants, a cocopeat soil mix (PIRSA-SARDI) was supple-
mented either with slow-release fertilizer with trace elements (Osmocote) or
with a hydroponic growth solution (Conn et al., 2013) and used to fill ap-
proximately 6-cm-diameter pots, each harboring a single Arabidopsis plant.

T-DNA Insertion Lines

The SALK_036330 T-DNA insertion line, which contained a T-DNA inser-
tion in an intron of AtNDB2, was obtained from the Arabidopsis Biological
Resource Center. PCR screening was used to identify lines homozygous for the
insertion using primers designed to target the T-DNA insert within theAtNDB2
gene or to bridge the T-DNA insertion site. Results from a PCR screen are
shown in Supplemental Figure S7, clearly distinguishing homozygotes from
heterozygotes and null segregants. The precise location of the T-DNA insertion
was determined by sequencing the PCR products obtained using LBb1.3 and
RB primers for this line (SIGnAL Web site, http://signal.salk.edu/
tdnaprimers.2.html).

An Ataox1a T-DNA insertion line (SALK_084897), characterized in previous
studies (Giraud et al., 2008; Strodtkötter et al., 2009),was also used in some analyses.

Generation of Transgenic Lines

A full-length transcript of AtNDB2 was amplified (Supplemental Table S3)
from cDNA of Arabidopsis ecotype Columbia-0 and cloned into either the
Gateway binary overexpression vector, pK7WG2, for the single AtNDB2
overexpression lines (Karimi et al., 2002) or pEarlygate (Earley et al., 2006) to
transform plants already harboring an AtAOX1a overexpression cassette (XX1
line from Umbach et al., 2005), using the floral dip method (Clough and Bent,
1998). Positive transformants were selected either on kanamycin (for single
overexpression lines; Sigma-Aldrich) or glufosinolate (for dual overexpression
lines; Sigma-Aldrich) and checked by PCR for the presence of the AtNDB2
overexpression cassette. T2 seeds were screened for copy number based on seg-
regation ratios and x2 analysis (Supplemental Fig. S8). Single-copy transgenic
lines were identified and self-fertilized until homozygous lines were obtained.
Homozygous T3 and T4 seeds (P3, P9, and P17 single overexpression lines; P5.2,
P9.1, and P20.1 dual overexpression lines) were used in subsequent experiments.

Gene Expression Analysis

RNAwas extracted from100mgof frozen, powdered rosette leaves (MacRae,
2007; Shavrukov et al., 2013). Traces of genomic DNA were removed with
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RQ1 RNase-free DNase (Promega). Reverse transcription of total RNA (1 mg)
was performed with the iScript cDNA Synthesis Kit (Bio-Rad). Reverse tran-
scription quantitative PCRwas carried out essentially as described by Soole and
Smith (2015), using the KAPA SYBR-fast qPCR Universal ReadyMix system
(Geneworks). Biological replicates were made up of pooled rosettes of plate-
grown samples (three replicates, each from separate batches of plates) and
single rosettes from hydroponically grown samples (six replicates). Reverse
transcription quantitative PCR assays were run in duplicate for each cDNA
sample. Transcripts were normalized to two reference genes, ubiquitin
(At2g17190) and protein phosphatase2A (At1g13320.1).

Mitochondrial Isolation

Plants were grown for 3 weeks on agar plates in a controlled-temperature
growth cabinet at 22°Cwith 16-h daylength and PAR of 80 to 120 mmolm22 s21

using custom-made panels of red and blue LED light modules (Phoenix Bio-
systems). Mitochondrial isolation and purification were carried out with 15 g of
shoot tissue using a protocol described by Dry and Wiskich (1987), with
modifications to isolation and wash media as well as discontinuous Percoll
density gradient concentrations as per Juszczuk et al. (2007). Density gradients
were centrifuged at 30,000g for 40 min in a swinging-bucket rotor (SW32Ti;
Beckman Coulter). The final wash and resuspension of mitochondrial protein
were carried out in wash media lacking bovine serum albumin.

Enzyme Assays

Unless otherwise specified, freshly prepared mitochondria were assayed in
SRM (0.45 M mannitol, 50 mM N-[tris(hydroxymethyl)methyl]-2-amino-
ethanesulfonic acid [TES], 50 mM KCl, 10 mM KH2PO4, and 2 mM MgCl2,
pH 7.2).

The integrity of fresh and frozen mitochondrial preparations was estimated
using cytochrome c oxidase and NAD-malate dehydrogenase latency assays
(Rasmusson and Møller, 1990).

NADH and NADPH oxidation was monitored using a modernized Aminco
DW-2 spectrophotometer (Olis) with split beam at 340 nm. Assays contained
50 mg of mitochondrial protein in 1 mL of SRM supplemented with 0.2 mM

NAD(P)H, 1 mM ADP, and either 0.5 mM EGTA (for Ca21-independent rates) or
2 mM CaCl2 (for maximum rates with Ca21). These measurements were con-
ducted either with oxygen as the electron acceptor or supplemented with 40 mM

decylubiquinone as an artificial electron acceptor, similar to that described by
Geisler et al. (2007). In a similar assay, 0.1 mM DCPIP was used as an alternative
electron acceptor and reduction was monitored at 600 nm using a Halo DB-20
double-beam spectrophotometer (Dynamica). DCPIP assays also contained
1 mM KCN and 0.25 mM propyl gallate, and the background rate in the absence
of mitochondria was subtracted from the rate in their presence.

Oxygen consumption was monitored polarographically using Oxygraph
Plus chambers coupled to O2View software (Hansatech Oxygraph). Assays
contained 100 mg of mitochondrial protein in 1 mL of reaction medium sup-
plemented with various substrates as detailed in individual figure and table
legends. For NADH oxidation rates, sequential additions included 1 mM

NADH, 1 mM ADP, and 2 mM CaCl2. For succinate oxidation rates, sequential
additions included 10 mM succinate, 0.1 mM ATP, and 1 mM ADP. To activate
AOX, additions of 1 mM DTT and 5 mM pyruvate were made. COX was
inhibited by 0.5 mM KCN, and AOX was inhibited by 0.12 mM propyl gallate.

Immunoblotting

Mitochondrial samples were boiled at 95°C for 2 min in SDS-PAGE loading
buffer (62.5 mM Tris, 30% [v/v] glycerol, 5% [v/v] b-mercaptoethanol, 2% [w/
v] SDS, and 0.002% [w/v] Bromophenol Blue), centrifuged for a few seconds,
then supernatants were loaded onto 10% (w/v) SDS-PAGE gels. Once resolved,
the proteins were transferred to a 0.45-mmnitrocellulose membrane (Trans-Blot
Transfer Medium; Bio-Rad) before probing with the AOA antibody raised
against Sauromatum guttatum AOX in mouse that reacts with all AOX proteins
tested to date (Elthon and McIntosh, 1987), the NDB2 antibody raised against
Arabidopsis NDB2 in rabbit (Oryctolagus cuniculus; Carrie et al., 2008), or the
PORIN antibody raised in mouse (Mus musculus; Armstrong et al., 2008).
Protein band densities were analyzed using ImageLab 4.0 (Bio-Rad), and the
porin protein band in each sample was used as an internal normalizing control
for mitochondrial protein content.

Phenotyping Methods

For fresh weight (FW) measurements, plants were harvested and weighed
immediately. For hydroponically grown plants, where rootmeasurementswere
possible, the roots were rinsed in deionized water before blotting dry and
weighing. For dryweight (DW)measurements, plant tissues were dried at 80°C
until all water was removed, then cooled to room temperature and weighed.
Water content was calculated as (FW 2 DW)/DW (Munns, 2010).

A detailed growth analysis of various overexpression lineswas conducted as
part of this study, according to Boyes et al. (2001). For root analyses, plants were
grown on plates in a growth room at 22°C with 14-h daylength and PAR of 100
to 125 mmol m22 s21, using Sylvania Luxline Plus T5 fluoro lights. Seeds were
arranged in a single row, approximately 1 cm apart, and plates were oriented
vertically. Plates were rearranged within the cabinet daily to minimize posi-
tional effects. Root lengths were measured daily from 8 to 14 d. Secondary root
measurements were made on day 14 using a light microscope. For growth
milestones, plants were grown in individual pots of soil and subirrigated as
necessary. Rosette leaf emergence was recorded once leaf diameter reached at
least 1 mm. Stem measurements began as soon as the floral stem could be seen
and recorded every alternate day.

Drought and Moderate-Light Experimental Conditions

Plants were grown in a controlled-temperature growth cabinet at 22°C with
16-h daylength and PAR of 80 to 120 mmol m22 s21 using custom-made panels
of red and blue LED light modules (Phoenix Biosystems). Pots of soil were
sealed at the bottom to prevent soil loss or water leakage, and each contained
the same volume of soil and water and a single Arabidopsis plant. Plants were
rearranged within the cabinet daily to minimize positional effects. After 36 d,
water waswithheld, except to top up pots to the sameweight. This ensured that
all pots contained the same amount of water despite becoming drier every day.
After 6 d, plants were transferred to moderate light (300 mmol m22 s21) with
continued water limitation. For experiments with T-DNA lines, the combined
drought and moderate-light treatment continued for 6 d, after which time the
wild-type plants could still recover. For experiments with overexpression lines,
the combined treatment continued for 7 d, after which time the wild-type plants
could not recover. For recovery, plants were returned to normal light conditions
and rewatered to control levels.

Statistical Methods

Statistical comparison of data groups was conducted using two-tailed un-
paired Student’s t tests or by one-way or two-way ANOVA (with posthoc
Tukey’s tests) using GraphPad Prism. Information specific to each data set,
including replication and statistical analyses, is provided in the figure legends.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
data libraries under accession numbers At3g22370 (AtAOX1a), At1g07180
(AtNDA1), At2g29990 (AtNDA2), At4g28220 (AtNDB1), At4g05020 (AtNDB2),
At4g21490 (AtNDB3), At2g20800 (AtNDB4), At5g08740 (AtNDC1), At5g08530
(AtCI), At4g05320 (AtUBQ), and At1g13320 (AtPDF2).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Sequence information for the AtNDB2 T-DNA
insertion site.

Supplemental Figure S2. Examples of AOX activation and inhibition ef-
fects on NADH oxidation rates in purified mitochondria.

Supplemental Figure S3. Manipulation of AtNDB2 expression had little
effect on plant growth under normal conditions.

Supplemental Figure S4. Dual overexpression of AtNDB2 and AtAOX1a
had little effect on plant growth under control conditions.

Supplemental Figure S5. Effects of extended drought and moderate-light
treatment on plants overexpressing AtNDB2 and AtAOX1a.
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Supplemental Figure S6.Up-regulation of AtNDB2 transcript level relative
to other AP genes in abiotic stress experiments.

Supplemental Figure S7. Example of a genomic screen for T-DNA insert
zygosity.

Supplemental Figure S8. Screening transgenic Arabidopsis lines for
AtNDB2 overexpression constructs.

Supplemental Table S1. Survival rates of dual Aox1a/Ndb2 overexpression
plants watered for recovery at the end of the drought and moderate-light
treatment.

Supplemental Table S2. External NADH oxidation competes with succi-
nate oxidation in dual overexpression lines.

Supplemental Table S3. Primer sets used for AtNDB2 full-length gene
amplification and transcript level analysis.
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