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Abstract

Chloroplast-localized NAD kinase (NADK?2) is responsible for the production of NADP*, which is an electron acceptor in the
linear electron flow of photosynthesis. The Arabidopsis T-DNA-inserted mutant of NADK?2 (nadk2) showed delayed growth
and pale-green leaves under continuous light conditions. Under short-day conditions (8 h light / 16 h dark), the nadk2 mutant
showed more severe growth inhibition.The genomic fragment containing the promoter and coding region of NADK2 com-
plemented the phenotypes of nadk2 obtained under continuous light and short-day conditions. The nadk2 mutant produced
higher amounts of H,O, and O,~, which were reduced in the complementary line. Under short-day conditions, the nadk2
mutant accumulated more H,O, than under continuous light conditions. The accumulation of ascorbate and up-regulation of
the PDF1.2 and PRI genes indicated that the nadk2 mutant is under ROS stress and responding to keep its living activities.
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Abbreviations Introduction

DAB 3 3-Diaminobenzidine

H,O0,  Hydrogen peroxide NAD(P)(H) are ubiquitous electron mediators that are
NADP Nicotinamide adenine dinucleotide phosphate involved in a variety of metabolic processes as they reversi-
NAD*  Nicotinamide adenine dinucleotide bly transfer electrons between the oxidized (NAD*, NADP*)
NBT Nitro blue tetrazolium chloride and reduced (NADPH, NADH) forms in all organisms.
ROS Reactive oxygen species NAD(H) is involved mainly in intracellular catabolic reac-
WT Wild type tions, while NADP(H) is involved in anabolic reactions and

as a defense against oxidative stress (Gakiere et al. 2018;
Pollak et al. 2007, Ziegler et al. 2000). NAD kinase (NADK)
is the NADP* biosynthetic enzyme that regulates the bal-
ance between NAD(H) and NADP(H) (Ohashi et al. 2011).
NADK catalyzes the formation of NADP* from NAD™" and

ATP through phosphorylation (Hashida et al. 2009; Pétriacq
P4 Maki Kawai-Yamada etal. 2013, 2016).
mkawai @mail.saitama-u.ac.jp ’

Arabidopsis thaliana (L.) Heynh. (Arabidopsis) has three

' Graduate School of Science and Engineering, Saitama types of NADK (NADKI1, NADK?2 and NADK3) (Berrin
University, 225 Shimo-Okubo, Sakura-Ku, Saitama-City, et al. 2005; Turner et al. 2005). NADKI1 is localized in
Saitama 338-8570, Japan the cytosol (Chai et al. 2006), NADK3 is reported to be

2 Graduate School of Faculty of Agriculture, Yamagata localized in the peroxisomal matrix, and both NADK1 and

University, 1-23, Wakaba-Machi, , Tsuruoka-Shi,

NADK3 are involved in the oxidative stress response (Chai
Yamagata 997-8555, Japan

et al. 2006). NADK?2 is a chloroplast-localized enzyme and

Sustainable Systems Research Laboratory, Biological is known to play a vital role in energy transduction through
and Environmental Chemistry Research Division, Central the phot thetic electron t t chain (Chai et al. 2005
Research Institute of Electric Power Industry (CRIEPI), 1646 € pho os‘yn etic efectron transport chain aretal. K
Abiko, Chiba 270-1194, Japan Takahashi et al. 2006; Turner et al. 2004). A novel NAD
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kinase, NADK C, was recently identified in Arabidopsis
(Dell’ Aglio et al. 2019); NADK C is calmodulin/calcium
dependent, is associated with the mitochondrial membrane
and participates in oxidative bursts in response to attacks
by pathogens.

In chloroplasts, the NADP* produced by NADK2 accepts
the electrons at the last step of photosystem I (PSI), and its
reduced form NADPH, participates in carbon fixation in the
Calvin cycle;

NADK?2 is thus very important in photosynthesis. In
a previous study, we demonstrated that alteration of the
NADP*/NAD? balance in rice and Arabidopsis affected
the metabolism of these plants (Takahara et al. 2010; Taka-
hashi et al. 2009). Specifically, rice overexpressing NADK2
showed an increased NADP*/NAD™ ratio, increased resist-
ance to oxidative stress, and accumulation of certain Cal-
vin cycle metabolites and amino acids (Kawai-Yamada
et al. 2021; Onda et al. 2014; Takahara et al. 2010; Taka-
hashi et al. 2009). Conversely, an NADK?2 knockout mutant
(nadk2) showed growth inhibition and produced smaller
rosette leaves with a pale green color due to the reduced
chlorophyll content (Chai et al. 2005). Our previous study
demonstrated that photosynthetic activity in nadk2 was
affected, as revealed by chlorophyll fluorescence analysis
(Takahashi et al. 2006). Recently, Ji et al (2022) reported
that photoinhibition susceptibility was increased in the
nadk2 mutant. They demonstrated that a reduction in the
translation activities of psaA and psaB caused a deficiency
in the PSI complex in the nadk2 mutant.

As a photosynthetic organelle, the chloroplast has the
potential to produce large amounts of reactive oxygen spe-
cies (ROS), such as superoxide anions (O,~) and hydrogen
peroxide (H,0,). The uncontrolled production of ROS can
disrupt a wide variety of important molecular processes in
plant cells (Apel and Hier 2004; Noctor et al. 2006). We
hypothesized that ROS generated in the nadk2 mutant dis-
rupted the photochemical system, and that this may be one
of the factors affecting plant growth. In the present study,
we first generated a complementary line of the nadk2 mutant
to comprehensively evaluate the phenotype. We analyzed
ROS generation in nadk2 to determine whether this mutant
is under ROS stress.

Materials and methods

Plant materials and growth conditions

Arabidopsis ecotype Columbia was used as the wild type in
this study. The nadk2 mutant was obtained from the T-DNA
Express Collection at the Salk Institute Genomic Analysis

Laboratory (http://signal.salk.edu) as described in Taka-
hashi et al. (2006). Arabidopsis seeds were sown directly
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in Jifty 7 (Jiffy Products International BV) and grown under
CL (70 umol m~2 s7!), SD conditions (8 h light/16 h dark,
70 umol m~2 s~ 1), or long-day conditions (LD, 16 h light/8 h
dark, 70 umol m~2 s7!) at 23 °C. To measure the ROS in
the nadk?2 plants under SD conditions, the plants that were
grown under CL for 2 weeks and transferred to SD condi-
tions were also used. The gnadk line (nadk2 which includes
a NADK?2 genomic fragment containing 2 kb of the promoter
region) was produced in this study. The genome fragment
of NADK was amplified using the following primer set;
forward, 5'-CCTGACAACGGCAAGGTAAACCATT-3";
reverse, 5'-AACCGTTTCTCGAGTTGTTTCTCTC-3'. The
amplified fragment was cloned into the pHG plasmid con-
taining a hygromycin resistant gene as a selection marker.
The resultant plasmid (pHG-gnadk) was transformed to the
nadk?2 using an Agrobacterium-mediated method.

For the confirmation of WT, nadk2 and gnadk plants,
genomic PCR and RT-PCR were performed using the fol-
lowing primers; AtNADK?2-S2: 5'-GGCTTCTCTGCAGCC
CCTATTGCTGTGCC-3'"; AtNADK2-A2: 5'-GACTCGTTT
GAGGTCTTGCCTGAAGTCCT-3"; LB: 5'-GCAAACCAG
CGTGGACCGCTTGCTGCAAC-3"; Actin8 (forward,
5'"TGAGCCAGATCTTCATCGTC-3', reverse, 5'-TCTCTT
GCTCGTAGTCGACA-3").

Measurement of chlorophyll contents

The chlorophyll (a+b) contents were measured spectropho-
tometrically. After elution of chlorophyll in N, N-dimeth-
ylformamide overnight, absorbance was measured at
wavelengths of 647 nm and 664 nm using a UV-Vis spectro-
photometer (Pharmacia Biotech Ultrospec® 3000 CT, USA).
The pigment concentrations were calculated as described in
Ceusters et al. (2019).

Assays of NAD kinase (NADK) activity and NAD(P)(H)
contents

Leaves (20-30 mg) in 200 pL of protein extraction buffer
(2.5 mM HEPES/KOH pH 8.0, 0.1 mM MgCl,, 0.001 mM
CaCl,, 0.001 mM PMSF, 10% protease inhibitor [cOm-
plete™, Mini, Protease Inhibitor Cocktail, Roche]) were
homogenized using a handy homogenizer (HOMOGE-
NIZER S-203, IKEDA RIKA, Japan) and sonicated (5 s X3
times) on ice. After centrifugation at 15,000 rpm for 10 min
at 4 °C, the supernatant was transferred to new tubes, and the
protein content was measured using a Bradford protein assay
(Bio-Rad Laboratories, USA). NADK activity was measured
using a discontinuous assay involving a cycling assay for
NADP™, as described by Ishikawa et al. (2016; 2020).

For the NAD(P)(H) measurements, leaves (20-30 mg)
were boiled in 200 pL of 0.2 N HCI (extraction of NAD™
and NADP") and 0.2 N NaOH (extraction of NADH and
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NADPH) for 2 min. After homogenization with a handy
homogenizer IKEDA RIKA HOMOGENIZER S-203) and
sonication (5 s X3 times) on ice, samples were centrifuged
at 15,000 rpm for 10 min at 4 °C. The supernatants were
neutralized by adding 15 pL of 0.2 M NaH,PO, (pH 5.6) and
120 uL of 0.2 N NaOH for NAD* and NADP™, or adding
15 puL of 0.2 M HEPES/KOH pH8.0 and 120 pL of 0.2 N
HCI for NADH and NADPH. The NAD(P)(H) contents were
measured using a cycling assay, as described by Ishikawa
et al. (2016; 2020).

Determination of H,0, contents

Arabidopsis leaves (120-200 mg) were frozen in liquid
nitrogen, crushed with a mortar and pestle, and extracted
using 1 mL of 50 mM phosphate buffer (pH 7.0) supple-
mented with 10 mg of polyvinylpyrrolidone (PVP). The
extract was centrifuged at 6,000 X g for 25 min at 4 °C, and
the supernatant was collected, centrifuged at 6,000 X g for
25 min at 4 °C. The supernatant (300 pL) was added to 1 mL
of titanium sulfate solution containing 1% titanium sulfate
and 20% sulfuric acid (v/v). The mixture was centrifuged
at 6,000 x g for 15 min at room temperature and hydrogen
peroxide concentrations were determined by measuring the
absorbance at 410 nm (Velikova et al. 2000). Calibration
curves were obtained by adding several concentrations of
H,O0, to the titanium sulfate solution.

ROS staining

For 3,3'-diaminobenzidine (DAB) staining, the Arabidopsis
plants were cut anad placed in 1 mg mL~' 3,3"-diaminoben-
zidine (DAB)-HCI, pH 3.8 (Sigma, MO, USA; # D-8001)
(Thordal-Christensen et al. 1997). Leaves were cleared by
boiling in acetic acid/glycerol/ethanol (1:1:3[v/v/v]) solution
for 5 min. Material was mounted on a glass slide in 60%
glycerol for observation and H,O, was detected as.
reddish-brown coloration.

NBT staining was performed to detect O, ",

Arabidopsis leaves were vacuum infiltrated with 10 mM
NaNj; in 10 mM potassium phosphate buffer (pH 7.8) and
incubated in 0.1% NBT (in 10 mM potassium phosphate
buffer (pH 7.8) for 20 min at room temperature and cleared
by boiling in acetic acid/glycerol/ethanol (1:1:3[v/v/v]) solu-
tion for 5 min. Material was mounted on a glass slide in 60%
glycerol for observation.

To quantify the O,, the blue formazan particles in the
tissues were dissolved in 2 M potassium hydroxide and
dimethylsulfoxide, and absorbance at 620 nm was meas-
ured using a UV—Vis spectrophotometer (Pharmacia Biotech
Ultrospec® 3000 CT, USA) (Sim Choi et al. 2006).

Ascorbate contents

Leaves (50 mg-100 mg) harvested from 14 to day-old plants
after germination, were rapidly frozen in liquid nitrogen and
ground and homogenized in 0.3 mL / 100% (v/v) methanol
containing 100 pM 1, 4-piperazine diethane sulfonic acid and
100 pM methionine sulfone as the internal standard. After
centrifugation (15,000 rpm, 5 min at 4 °C), the supernatants
were transferred to a 3 kDa Amicon ® Ultra Centrifugal Fil-
ter (Ultracel ®- 3 K, IRL). After centrifugation (12,000 rpm,
30 min at4 °C), an aliquot of 13 pL of the resulting filtrate was
used for metabolite analysis by capillary electrophoresis mass
spectrometry (CE- MS/MS) (CE: G1600AX, MS: G1965B,
Agilent Technologies, Waldbronn, Germany) according to the
method of Miyagi et al. (2010).

Catalase activity

Catalase activity was determined using an extinction coeffi-
cient of 40 mM~! cm™! following the method of Abei (1984).
The crude extracts of leaves were prepared using the same
method as for the NADK activity assay. The reaction mixture
contained 5 pL of 30% H,0,, 25 pL of 50 mM potassium
phosphate buffer (pH 7.0) and 5 pL of enzyme extract dis-
solved in water to 500 pL, and the decrease in the absorbance
at 240 nm was monitored. Enzyme activity was expressed as
pmol min~! g FW™,

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from Arabidopsis leaves using a RNe-
asy Plant Mini Kit (Qiagen, Venlo, The Netherlands), followed
by DNase I treatment (Qiagen). The first strand cDNA was
generated using reverse transcriptase and a random primer,
according to the manufacturer’s instructions (Applied Biosys-
tems™). gqRT-PCR analysis was performed using the follow-
ing primers: AT2G29350 (SAG13, forward, 5'-CAGCTTGCC
CACCCATTGTTA-3'; reverse, 5'-GTCGTACGCACCGCT
TCTTTC-3"), AT5G44420 (PDF1.2, forward, 5'-TAATCA
TCATGGCTAAGTTTGCTT-3'; reverse, 5'-ATACACACG
ATTTAGCACCAAAGA-3"), AT3G57260.1 (PRI, forward,
5'-AGTTTTGGGGACTGTTTCAT-3'; reverse, 5’-ATTTAT
GCTTGCAGCTTCAT-3"). qRT-PCR was then performed
using Power SYBR Green PCR Master Mix (ABI Prism®)
and the 7300 Real-Time PCR system (Applied Biosystems).
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Results

Complementation of nadk2 mutant using a NADK2
genome fragment

Previous studies have reported that the nadk2 mutant
shows delayed growth, but it has not yet been determined
whether a genomic fragment complements this pheno-
type. Therefore, we first generated a complementary line
of the nadk2 mutant. The results revealed that the nadk2
mutant has lost its function due to a T-DNA insertion in
the NADK motif. which is required for enzyme activity
(Fig. 1a). A complementary line (gnadk) was created in
which the genomic fragment of NADK?2 containing a pro-
moter (~2 kb) and a coding region was introduced into the
nadk2 mutant (Fig. 1b, c¢). Under continuous light (CL)
conditions, the phenotype of the nadk2 mutant was char-
acterized by having pale green leaves and slow growth;
however, the mutant was capable of matureing and produc-
ing flowers and seeds, as described previously (Chai et al.
2005; Takahashi et al. 2006). However, under short-day
(SD) conditions (8 h light/16 h dark), the nadk2 mutant
could germinate, but could not develop any further. The
complementary line (gnadk) showed similar growth to
wild-type plants (Fig. 1d). To investigate whether the
gnadk line completely recovered the nadk2 phenotype,

Fig.1 Arabidopsis nadk2

mutant and the complementary

line (gnadk). (a) Diagrammatic

illustration of the Arabidopsis

NADK?2 gene showing the site a
of the T-DNA insertion. Gray

boxes indicate the NADK-motif.

PCR primers (LB, S2 and A2)

used in (b) and (c) are shown

as arrows. (b) Genomic PCR

analysis of wild-type NADK2 b
(S2-A2 primers) and T-DNA
inserted NADK?2 (LB-A2) in
wild-type (WT), nadk2 and a
complementary line (gnadk). (c)

At1G21640

primers
WT

RT-PCR analysis of NADK?2 in S2-A2

WT, nadk2 and gnadk plants.

The Actin8 gene was used as a

control. (d) Plant phenotype of LB-A2

WT, nadk2, and gnadk grown

for 28 days under continuous

light (CL) and short-day (SD) c

conditions WT nadk2 gnadk
S2-A2
Actin8
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nadk2 gnadk

we measured the fresh weight (Fig. 2a, b) and chlorophyll
content of the plants (Fig. 2c, d). No data could be col-
lected for the nadk2 mutants grown under SD conditions
because the nadk2 mutant cannot develop further grow
under the growth conditions employed after germina-
tion (Fig. 1d). As shown in Fig. 2a-d, under conditions
of CL and SD, the gnadk and WT plants had comparable
fresh weights and chlorophyll contents. In addition, the
gnadk showed the same levels of NADK activity as the
WT plants (Fig. 2e, f). The NAD(P)(H) measurements
demonstrated that the nadk2 mutant showed decreased
NADPT levels, and increased NAD' and NADPH levels
compared to WT plants. As a result, the phosphorylation
ratio NADP*/NAD) and redox reactions (NADH/NAD™)
in the nadk2 mutant were decreased, but NADPH/NADP*
was increased compared to that of WT plants (Fig. 3). In
contrast, the gnadk plants demonstrated recovery to the
WT (Fig. 3). Under long-day conditions (16 h light/8 h
dark), the nadk2 mutant showed better growth than under
SD conditions, but it did not grow further and was unable
to reach the flowering stage (Fig. S1).

These results indicate that the phenotypes of the
nadk?2 plants were complemented by the introduction of
a genomic fragment of NADK?2. In addition, the 2 kb pro-
moter used in this study was shown to be suitable for the
correct functioning of NADK?2.

LB
=
T-DNA
TGA
= -
S2 A2
mmmm 300 bp
d
WT nadk2
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weight (a, b), chlorophyll contents (¢, d) and NADK activity (e, f)
were measured in plants grown under continuous light (CL) (a, c, e)

nadk2 gnadk

nadk2 produced more H,0, and O, than WT plants

Since NADK?2 is responsible for producing NADP?,
which acts as an electron acceptor for photosynthetic
electron transfer in the chloroplast, we hypothesized that
the lack of electron acceptors in the nadk2 mutant would
result in a surplus of electrons and the generation of ROS,
which could inhibit the growth of the nadk2 mutant.
Therefore, we examined H,0, and O, accumulation in
WT, nadk2, and gnadk plants grown under CL condi-
tions. As shown Fig. 4a, H,0, was highly accumulated
in the nadk2, and 3,3'-diaminobenzidine (DAB) staining

o
N
o
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-
O
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Fresh weight (mg)
S

5 }
0 n.d.
WT nadk2 gnadk
d
1
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(nmol g FW-1)
e o o ©
o N M o o

n.d
nadk2 gnadk
f
035
z 03 |SD
g 025 |
g 0.2 +
- 015 |
£ 01|
S 0.05 |
E, 0 n.d.
WT nadk2 gnadk

or under short-day (SD) (b, d, f) conditions for 28 days. Leaves were
harvested during the light period. n=3, *p <0.05, **¥p <0.01, com-
pared with WT (#-test), n.d. =not determined, Error bars indicate SD

also showed strong signal in the nadk2 mutant. In addi-
tion, we performed Nitro blue tetrazolium chloride (NBT)
staining to detect O,~. The results showed strong staining
in nadk2 mutants grown under CL conditions (Fig. 4b).
Furthermore, the antioxidant ascorbate was also accumu-
lated in the nadk2 plant, suggesting that nadk2 is under
ROS stress (Fig. 4c).

However, since nadk2 mutants do not grow at all under
SD conditions as shown in Fig. 1d, it is not possible to meas-
ure ROS levels in these mutants. Therefore, we transferred
plants grown for 2 weeks under CL conditions to SD condi-
tions, and collected samples at the Light End (LE), Dark
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Fig. 3 Comparison of NAD(P) a 30
(H) contents. Leaves obtained B WT
from plants grown for 28 days 25 **
under continuous light (CL) i T O nadk2
were used for NAD(P)(H) n *
measurement. The phosphoryla- E .20 O gnadk
tion ratio (b, ¢) and redox (d, e) b= % %
reaction were calculated from 8T l
(a). n=3 *p <0.05, *p <0.01, To 15
compared with WT (Z test). E_’< g
Error bars indicate SD aE 10
s
5
0
NADP+ NADPH NAD+* NADH
b N N c
6 NADP "/NAD 5 NADPH/NADH
5 } 4 |
4 L
S 83t
c 3 r 5
2 | 27
1t *% Tr
0 — 0
WT  nadk2 gnadk WT  nadk2  gnadk
d e
5 NADH/NAD * 4 NADPH/NADP *
1.5 3t pi
el ko]
§ 1+ § 2 F
0 0 _-
WT

Initial (DI), Dark End (DE), and Light Initial (LI) to quantify
H,0,. The results showed that nadk2 consistently accumu-
lated large amounts of H,0,, especially under LE time point
(Fig. 5a). H,0, levels decreased during the dark period (DI
and DE), but never reached the same levels as in WT plants.
In addition, the catalase activity that decomposes H,0, to
water and oxygen showed a tendency to be increased in the
nadk2 mutant (Fig. 5b). Comparison of H,0O, accumulation
between CL and SD (LI) showed that H,0, accumulated
more under the SD conditions (Fig. S2). The amount of
H,0, detected under SD conditions was always higher than
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nadk2

gnadk WT nadk2  gnadk

that detected under CL conditions, implying that this was
one of the reasons for the significant inhibition in the growth
of nadk2 mutants under SD conditions.

To determine whether the nadk2 mutant is under ROS
stress, expression levels of several ROS-related genes were
analyzed by qRT-PCR. Among the examined genes, plant
defensin 1.2 (PDF1.2) and pathogenesis-related 1 (PRI)
showed up-regulation in the nadk2 mutant, but senescence-
associated gene 13 (SAG13) and others (WRKY70, DNDI,
and SGT1b) did not (Fig. 6, Fig. S3). These results suggest
that the PRI and PDF1.2-related H,O, stress responses are
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Fig.4 Reactive oxygen species (ROS) detection in WT, nadk2,
and gnadk plants. a H,0, measurement and 3, 3-Diaminobenzidine
(DAB) staining were performed in plants grown under continuous
light (CL) conditions for 28 days. Bars=20 pm. b Nitro blue tetra-
zolium chloride (NBT) staining was performed in plants grown under

activated in nadk2, and that these responses are not related
to senescence or cell death response involving other genes
(SAG13, WRKY70, DNDI and SGTID).

CL conditions for 28 days. Stainability was quantified as described in
the Materials and methods. Bars=20 pm. ¢ Ascorbate contents were
measured in plants grown under CL conditions for 28 days. n=3,
*p <0.05, **¥p<0.01, compared with WT ( test). Error bars indicate
SD

Discussion

NADK?2 has been demonstrated to play important roles
in the stress response and in controlling cellular metabo-
lism in Arabidopsis (Hashida et al. 2009; Takahashi et al.
2009). The NADP* produced mediates photosynthetic
energy transfer as the final electron acceptor and promotes
anabolism to support plant growth (Hashida et al. 2009).
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Fig.6 gqRT-PCR analysis of the plant defensin 1.2 (PDF1.2),
pathogenesis-related 1 (PRI) gene and senescence-associated gene
13 (SAGI3) in leaves obtained from plants grown under continu-
ous light conditions for 28 days. The transcript levels of PDF1.2,
PRI and SAGI13 were compared among the WT, nadk2 mutant and
gnadk plants. The expression levels were normalized to Actin8. n=3
*p<0.05, *¥p<0.01
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In addition to being used for carbon and nitrogen assimi-
lation, and lipid and chlorophyll metabolism, NADPH
provides the reducing power, and functions to maintain
redox homeostasis by regulating the scavenging of ROS
in plant cells (Noctor 2006). The nadk2 mutant has been
demonstrated to have a broad range of phenotypes, includ-
ing photosynthetic defects, leaf color variations, metabolic
changes and growth retardation (Chai et al. 2005; Ji et al.
2022; Kawai-Yamada et al. 2021; Takahashi et al. 2006,
2009).

For the first time, a complementary experiment using a
genomic fragment was conducted in this study. In a recent
study, Ji et al. (2022) reported that the expression of NADK?2
cDNA under the control of CaMV 35S promoter was capa-
ble of mitigating growth defects in nadk2. Our results indi-
cate that the nadk2 phenotype was complemented by the
introduction of a genomic fragment of NADK?2. In addition,
the 2 kb promoter used in this study was shown to be effec-
tive for the correct functioning of NADK?2.

In the nadk2 mutant, a decrease in ®II (a parameter indi-
cating the efficiency of photosynthetic electron transport)
has been reported (Takahashi et al. 2006). Ji et al. (2022)
suggested that PSI was reduced in the nadk2 mutant in
response to disrupted NAD(P)(H) balance. The present
study also showed that a decrease in NADP* and increase
in NAD* and NADPH contents in the nadk2 mutant affect
phosphorylation ratios (NADP*/NAD™) and redox reactions
(NADH/NAD*, NADPH/NADP™), and disrupt the photo-
synthetic electron transport chain.

When plants are exposed to environmental stress, ROS
are produced as metabolic byproducts. Abiotic stresses, such
as cold, heat, salt, and drought, as well as biotic stresses
generate ROS (Edreva 2005; Foyer and Noctor 2005; Neill
et al. 2002). Photosynthesis is a major source of ROS, such
as H,0,, O,, singlet oxygen ('Oz) and hydroxyl radicals
(-OH), which generate oxygen molecules and the reducing
power through the decomposition of water by light energy
(Maruta et al. 2016). As shown in Fig. 4, the nadk2 mutant
accumulated considerable quantities of H,O, and O, under
CL conditions. Since nadk2 cannot grow under SD condi-
tions, we developed a system to transfer plants grown under
CL conditions for 2 weeks to SD conditions. Under these
dark/light growth conditions, high concentrations of H,0,
were consistently generated in nadk2 mutants (Fig. 5),
suggesting that the nadk2 mutant is under ROS stress. In
plant cells, NADP™ is increased under light conditions, and
decreased under dark conditions. Hashida et al. (2018) dem-
onstrated that the NADP" content of the nadk2 mutant is
always low, and that there are no quantitative fluctuations
over time. The inability to quantitatively regulate NADP™*
under light and dark conditions may be related to the fact
that more ROS are produced under dark/light conditions and
nadk2 causes more severe growth inhibition.
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Since plant cells are continuously exposed to ROS, ROS
scavenging mechanisms in different organelles play key roles
in cell survival. The chloroplast, one of the major sources
of ROS, has evolved numerous antioxidative enzymes,
including catalases, monodehydroascorbate reductase,
dehydroascorbate reductase, glutathione S-transferase, glu-
tathione reductase, superoxide dismutase, ascorbate per-
oxidase and NADPH thioredoxin reductase. All of these
enzymes act synergistically in ROS scavenging in plants,
and most utilize NADPH as a reducing energy source, either
directly or indirectly (Mittler 2002). As shown in Fig. 3, the
amount of NADPH in whole cells is not reduced compared to
WT plants, but the NADP(H) pool size (NADP* + NADPH)
was reduced and the NAD(P)(H) balance was disrupted.
Since there are isoforms (NADK1, NADK3 and NADK C)
with different intracellular localizations in the cells, it is pos-
sible that they are activated in different cellular locations in
cases of NADK?2 deficiency. It is also possible that the ROS
elimination system does not work well due to disruption of
the NAD(P)(H) balance at the organelle level.

Furthermore, we investigated expression levels of cer-
tain ROS-related genes in nadk2 mutants. The PDF1.2 gene,
which is related to the defense response to biotrophic and
hemi biotrophic microorganisms, has been reported to be
upregulated by ROS, and to play a central role in the induc-
tion of cellular death and pathogen confinement (Alvarez
et al. 1998; Mukherjee et al. 2010). The defense machinery
of plants has been forced to evolve continuously to com-
bat a wide range of abiotic and biotic stress factors. These
responses typically involve a series of events including
the production of ROS and the synthesis of antimicrobial
molecules and PR proteins. PR proteins, which induce pro-
grammed cell death, in order to inhibit the spread of infec-
tion, also contribute to systemic acquired resistance (Chassot
et al. 2007; Van Baarlen et al. 2007). Increased expression
of PDF1.2 and PRI indicate that nadk2 is under ROS stress,
and that it is responding to ROS-related signals. However,
although the leaves of nadk2 plants are pale green in color,
they continue to grow under CL conditions and cell death
does not occur. In addition, the senescence marker gene
SAG13, ROS-related transcription factor (WRKY70), cell
death regulator (DND1), and hormone regulator (SGT1b)
were not upregulated in nadk?2 plants (Fig. 6, Fig. S3). Based
on these results, it is suggested that the physiological phe-
nomena occurring in nadk2 differ from typical senescence or
cell death. Chai et al. (2005) reported that the nadk2 mutants
accumulate considerably more pchlide and Mg-protoporphy-
rin IX than WT plants. Because the conversion of pchlide to
chlide is dependent upon NADPH as a reducing agent, the
lack of NADK2 may affect chlorophyll biosynthesis and be
responsible for the pale green color of the leaves in these
plants. The growth inhibition observed in the nadk2 mutant
may therefore be the result of a combination of multiple

defects in photosynthetic electron transport, ROS scavenging
systems, and chlorophyll biosynthesis.

Conclusion

In conclusion, the growth retardation of nadk2 was restored
in a gnadk line in which the genomic fragment of NADK2
was introduced. These findings indicate that the phenotypes
observed in nadk2 plants grown under CL or SD condi-
tions were caused by the loss of NADK?2. The ROS analysis
showed that the accumulation of H,O, under CL and SD
conditions may be responsible for the growth inhibition of
nadk2 mutants. Furthermore, catalase activity tended to be
increased at all stages, and ascorbate increased significantly
in nadk2. These findings show that nadk2 is under ROS
stress and is responding and trying to adapt.
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