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Background: Glucose-6-phosphate dehydrogenase (G6PDH or G6PD) functions in supply of NADPH, which is
required for plant defense responses to stresses. However, whether G6PD functions in the abscisic acid (ABA)
signaling pathway remains to be elucidated. In this study, we investigated the involvement of the cytosolic G6PD5

Results: We characterized the Arabidopsis single null mutant g6pd5. Phenotypic analysis showed that the mutant is
more sensitive to ABA during seed germination and root growth, whereas G6PD5-overexpressing plants are less
sensitive to ABA compared to wild type (WT). Furthermore, ABA induces excessive accumulation of reactive oxygen
species (ROS) in mutant seeds and seedlings. G6PD5 participates in the reduction of H,O, to H,O in the ascorbate-
glutathione cycle. In addition, we found that G6PD5 suppressed the expression of Abscisic Acid Insensitive 5 (ABI5), the
major ABA signaling component in dormancy control. When G6PD5 was overexpressed, the ABA signaling pathway
was inactivated. Consistently, G6PD5 negatively modulates ABA-blocked primary root growth in the meristem and
elongation zones. Of note, the suppression of root elongation by ABA is triggered by the cell cycle B-type cyclin CYCBI.

Conclusions: This study showed that G6PD5 is involved in the ABA-mediated seed germination and root growth by

Keywords: Abscisic acid, Germination, Glucose-6-phosphate dehydrogenase 5, NADPH oxidases, Reactive oxygen

Background

The oxidative pentose phosphate pathway (OPPP) is the
main pathway of NADPH production, which is used for
biosynthesis [1-4] and redox balance in plant cells [5, 6].
The main regulatory step of OPPP is catalysed by
glucose-6-phosphate dehydrogenase (G6PDH or G6PD).
Many experiments have proven that G6PD is induced by
adverse biotic and abiotic stresses, including salinity,
drought and ABA [7-11]. Enhanced G6PD activity is
linked to the promotion of plant survival and tolerance
[9, 11, 12]. Arabidopsis genome-wide analysis indicates
the presence of two cytosolic (Cy-G6PD) and four

* Correspondence: wangxiaomin@lzu.edu.cn; yrbi@lzu.edu.cn

'Ministry of Education Key Laboratory of Cell Activities and Stress
Adaptations, School of Life Sciences, Lanzhou University, Lanzhou, Gansu
730000, People’s Republic of China

Full list of author information is available at the end of the article

K BMC

plastidial (Pla-G6PD) isoforms of G6PD [13]. The
Cy-G6PD includes G6PD5 and G6PD6. Based on the
difference in amino acid sequence, the Pla-G6PD is di-
vided into P1, P2 and PO type: P1 mainly exists in the
chloroplast (G6PD1); P2 mainly exists in plastids and
some non-oxygen cells (G6PD2, G6PD3), while PO is a
non-functional gene (G6PD4) [13]. Extensive studies in-
dicate that cytosolic and plastidic G6PD play different
roles in plant survival and tolerance [9, 11, 12]. For ex-
ample, Pla-G6PD is crucial in regulating biochemical re-
sponses of heavy metals [14], while Cy-G6PD is involved
in aluminum toxicity of soybean under high aluminum
concentration [15]. In Arabidopsis, G6PD6 constitutes
an immune signaling module downstream of pattern
recognition receptors, linking protein phosphorylation
cascades to metabolic regulation [16].
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Many stresses cause water deficit and ion imbalance,
which leads to inhibition of essential enzymes,
destabilization of cell membranes, decrease in nutrient
supply, and overproduction of reactive oxygen species
(ROS) [12, 17]. ROS serve as signaling molecules to
regulate many biological processes including seed ger-
mination and root growth in plants [12, 17-19]. It has
been documented that ROS are produced through both
enzymatic and non-enzymatic reactions in plants [20, 21].
In Arabidopsis, ROS are directly originated from AtrbohD
and AtrbohE, two ROS-generating NADPH oxidases,
impairing stress inhibition of primary root elongation
[18, 22]. Recent studies showed that G6PD plays a pri-
mary role in stress responses, favoring ROS-scavenging
functions [23]. In fact, during drought stress, plant cells
increase their needs for reducing power in order to sus-
tain the antioxidant defense system and counteract
ROS accumulation and consequent damages [23, 24].

Abscisic acid (ABA) synthesis is significantly induced by
stresses and the ABA signaling has an important function
in abiotic stress responses, such as seed maturation and
dormancy, stomatal closure, and root growth and develop-
mental regulation [19, 25]. ABA-mediated gene regulation
occurs through the conserved ABA-responsive elements
(ABREs) in gene promoters [26]. ABREs contain ACGT as
the core nucleotide sequence, which acts as a binding site
for bZIP transcription factors [2, 26, 27]. In Arabidopsis,
Abscisic Acid-Insensitive 5 (ABIS5), a bZIP transcription
factor, plays a vital role in mediating ABA signaling during
seed maturation [28]. ABA-enhanced stress tolerance is
associated with the induction of ROS scavenging systems
[29—-32]. Furthermore, recent studies showed that ABA af-
fects the activity and expression of barley plastidial G6PD
[2]. ABA mediates drought-induced increase of the cyto-
solic G6PD activity, and the enhanced cytosolic G6PD ac-
tivity maintains cellular redox homeostasis by regulating
the AsA-GSH cycle in soybean roots [11].

With regard to the cytosolic isoforms, the Arabidopsis
¢y-G6PD mutants produce seeds with higher oil content,
suggesting that cy-G6PD is essential for the fatty acid me-
tabolism in developing seeds [11, 13]. Interestingly, when
G6PD6 knockout plants were tested for their stress sensi-
tivity, the germination rate of mutant seeds was signifi-
cantly reduced under salinity conditions and the root
growth was strongly affected by NaCl [12]. However, little
is known about the expression and function of G6PDS. In
this work, we used genetic and molecular approaches to
study the function of G6PDS. We characterized the func-
tion of G6PDS5 in seed germination and root growth. In
addition, our results demonstrate that G6PD5 functions
antagonistically with ABI5 to maintain the ABA signaling
level necessary for seed germination and subsequent seed-
ling establishment. We uncovered a novel interplay be-
tween ROS, ABA, and G6PD5.
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Methods

Plant materials and growth conditions

Arabidopsis thaliana Col-0 was used as the wild-type.
T-DNA insertion mutants gépd5 (CS804669) and g6pd6
(SALK_016157C) were obtained from the Arabidopsis
Biological Resource Center (http://www.arabidopsis.org/
). The T-DNA in the gépd5 mutant is inserted in the
coding region of At3¢2300, and in the g6pd6 mutant,
T-DNA is inserted in the coding region of At5¢40760.
The G6PDS overexpressing plants (OE#1, OE#9) was ob-
tained by transforming the G6PD5-containing constructs
into Col-0. The following mutants or transgenic lines
were also used in this study: aba2-1, aba2-3, abi4—102.
The NADPH oxidase gene single mutants atrbohDI
(CS9555) and atrbohFI1 (CS9557) and the double mutant
atrbohD1/F1 were obtained from the Arabidopsis Bio-
logical Resource Center. ABI5:GUS was friendly given
by Zuhua He (Chinese Academy of Sciences). Seeds of
abi3 and abi5-2 were provided in courtesy from Ying-
gao Liu (Shandong Agricultural University, China). The
transgenic line CYCBI;1::GUS was kindly provided by
Guangqin Guo (Lanzhou University, China). All of them
are in the Col-0 background. Seeds were sterilized with
1.5% NaClO for 15 min, washed with sterile water for
three times, placed at 4°C for 3 d. Cold-treated seeds
were germinated on the half-strength Murashige and
Skoog (1/2 MS) medium (pH 5.8) containing 1% su-
crose and 0.8% agar in a growth room at 23 °C under
100-120 umol photons-m™*s™ ' with a 16h/8h light/
dark photoperiod.

Phenotypic analysis

In germination assays, WT, gépd5, OE#1, and OE#9
seeds (approximately 50 seeds for each replicate) were
surface-sterilized. The seeds were sown on 1/2 MS
medium with or without different concentrations of
ABA and then incubated at 23 °C with a 16-h light/8-h
dark photoperiod. The number of planted and germi-
nated seeds was recorded 5 d after planting. Radicle
emergence of > 1 mm indicated seed germination. Three
replicate plates were used for each treatment.

In root elongation measurements, Arabidopsis seeds
were sown on 1/2 MS medium as above, stratified for 3
d, and then germinated at 23 °C for 5 d. For root elong-
ation measurements, 15 seedlings were used per repli-
cate, and three replicates were made for each treatment.
Five-day-old seedlings with roots 1-1.5cm long were
transferred from 1/2 MS agar plates onto a new agar
medium supplemented with different concentrations of
ABA. Increases in root length were measured after 3 d
of treatment [33, 34]. The length of primary roots was
measured with the NIH Image software (Image J, version
1.43). B-glucuronidase (GUS)-staining sites were counted
using an anatomical microscope.
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Generation of plants with different genotypes

To generate g6pd5 plants harboring CYCBIL1:GUS
(g6pd5/CYCBI;1 plants) or ABI5:GUS (g6pd5/ABIS
plants), the emasculated flowers of gépd5 plants were
crossed with pollen from Col-0 plants harboring
CYCBIL;1:GUS (Col/CYCBI;1 plants) or ABI5:GUS
(Col/ABI5 plants). The resulting homozygous g6pd5/
CYCBI;1 and g6pd5/ABIS5 plants were identified by PCR
using G6PDS-specific primers (left genomic primer,
5'-CACCATGGGTTCTGGTCAATGGC-3'; right gen-
omic primer, 5'-CAATGTAGGAGGGATCTAAATGTA
G-3’) and a T-DNA left-border primer LBb1. Identifica-
tion of the CYCBLI:GUS and ABI5:GUS background
was performed by GUS staining; lines in which all seed-
lings stained blue were used for the experiments.

Confocal microscopy

For analysis of fluorescence from the probe propidium iod-
ide (PI), seedling roots were stained with PI (Molecular
Probes, Eugene, OR, USA) according to the method de-
scribed by Mei et al. [35]. Seedlings were incubated in the
dark with 10 pg/ml of PI for 5-10 min at 25°C and then
washed three times with ddH,O. The roots were then im-
aged under a confocal microscope (Olympus FV 1000; ex-
citation 488 nm, emission 570-650 nm). The length of the
elongation zone and the meristem zone in roots, the epi-
dermal cell size, and the cell number in the root elongation
region in WT and mutant seedlings were determined after
staining with PI under a confocal microscope.

Histochemical staining and assay of reactive oxygen
species (ROS)

The hydrogen peroxide (H,O,) accumulation was de-
termined using 2,7-dichlorodihydrofluorescein diace-
tate (H2DCF, Molecular Probes). Seeds of 2-day-old or
roots of 5-day-old seedlings were treated with 20 uM
H2DCF for 10-15 min, and the fluorescence intensity
was monitored under a fluorescence microscope
(Olympus FV 1000, excitation 488 nm and emission
500-550 nm). For the determination of H,O5 or Oy in
roots, histochemical staining in root tips was per-
formed using 0.01% (w/v) 3,3-diaminobenzidine (DAB,
pH 5.0, for H,O, detection) or 0.005% (w/v) nitrotetra-
zolium blue chloride (NBT, pH 7.4, for O,~ detection),
respectively. In all cases, stained materials were photo-
graphed using a digital camera (Canon, PC1146). H,O,
and O,” content were visually detected according to
Wang et al. [15].

Activity determination of antioxidant enzymes, NADPH
oxidase and G6PD

Ten-day-old seedlings were soaked in solutions with or
without 10 uM ABA for 12 h. After treatment, the activ-
ities of antioxidant enzymes, NADPH oxidase and G6PD
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were evaluated according to the methods of Liu et al.
[36] and Wang et al. [37].

GUS staining

For GUS staining, seedlings were incubated in GUS stain-
ing buffer (1mM 5-bromo-4-chloro-3-indolyl-B-D-glu-
curonic acid (X-Gluc), 100mM sodium phosphate (pH
7.5), 0.5 mM Ks[Fe (CN)g], 0.5 mM Ky[Fe (CN)g], 10 mM
EDTA, and 0.1% Triton X-100) for 6-18 h at 37°C and
mounted in solution for microscopy analysis [38]. Quanti-
tative GUS activity assay was performed as described by
Nan et al. [33].

Quantitative real-time PCR analysis

Trizol (TaKaRa) was used for the extraction of total
RNA from seedlings. After total RNA was digested with
the RNase-free DNase I (Promega) for 45 min at 37 °C, it
was used for the cDNA synthesis with PrimeScript II 1st
Strand ¢cDNA Synthesis Kit (Takara). The diluted cDNA
was used for qRT-PCR analysis with SYBR Premix Ex
Taq™ II (Takara). Primer sequences used in the study
were shown in Additional file 1: Table S1. The cycle
threshold 2024¢™)_based method was used for relative
quantitation of gene expression. Expression levels were
normalized to Actin 2.

Arabidopsis Genome Initiative locus identifiers for the
genes mentioned in this article are as follows: ACTIN2
(AT3G18780), G6PDS (AT3G27300), G6PD6 (AT5G407
60), AtrbohD (AT5G47910), AtrbohF (AT1G64060), APX1
(At1G07890), GR2 (At3G54660), NCED6 (AT3G24220),
NCED9 (AT1G78390), CYP707A3 (AT5G45340), CYP707
A4 (AT3G19270), ABI3 (AT3G24650), ABI4 (AT2G402
20), ABIS (AT2G36270), CYCBIL;I (AT4G37490), PLT1
(AT3G20840), PLT2 (AT1G51190).

Generation of G6PD5-overexpressing (G6PD5-OE) lines
Full-length Arabidopsis G6PD5 cDNA was obtained
using reverse transcription PCR, cloned into the
pENTR-TOPO cloning vector (Invitrogen) and se-
quenced. After the LR reaction, G6PD5 cDNA was
inserted into the pGWB2 vector; this construct was
named pGWB2-G6PD5. Transformed plants were se-
lected on hygromycin-containing medium. Plants of the
second generation after transformation were used for
the experiments. The empty pGWB5 vector (the ccdb
gene was substituted by a non-sense segment with a ter-
mination codon) was also transferred into Col-0 and
used as control plants.

Statistical analysis

Each experiment was repeated at least three times. Data
were analyzed by one-way variance analysis (ANOVA, P
<0.05), and expressed as mean + SE.



Yang et al. BMC Plant Biology (2019) 19:44

Results

Responsiveness of g6pd mutants and G6PD5-
overexpressing lines to ABA treatment during seed
germination and root growth

ABA is significantly induced by stresses and its signaling
has an important function in abiotic stress responses.
Therefore, we tested whether G6PD5 is involved in the
regulation of ABA signaling. To study the underlying
role of G6PD5 in Arabidopsis, we obtained a T-DNA in-
sertion mutant from the Arabidopsis Biological Resource
Center. The g6pd5 mutant did not display any visible
phenotype at the germination and seedling stages com-
pared to WT under normal growth conditions (Fig. 1a-c).
However, the g6pd5S mutant exhibited severely reduced
seed germination rate with increased ABA concentra-
tions compared to WT (Figs. 1, 2a-c). In addition, the
primary root growth of g6pd5 also showed an
ABA-sensitive phenotype (Fig. 2d, e). In contrast, seeds
of the g6pd6 mutant exhibited inconspicuous seed
germination compared to WT with ABA treatment
(Fig. la-c). Moreover, the expression of G6PD5 was
induced by ABA treatment, whereas G6PD6 was
inhibited (Fig. 1). Therefore, we mainly focused on
G6PD5 in the following experiments.

Under normal growth conditions, no significant differ-
ence in the germination rate and primary root growth was
observed between WT and the G6PDS overexpression
(OE) lines (Fig. 2). However, with ABA treatment, the OE
lines exhibited a significantly higher seed germination rate
than WT (Fig. 2a, b) and the primary root growth of OE
plants was also hyposensitive to ABA treatment (Fig. 2c,
d). These data indicate that overexpression of G6PD5 in-
creases ABA tolerance in Arabidopsis.

Oxidative damage in G6PD5-overexpressing and g6pd5
mutant plants

Previous studies showed that ROS play a key regulatory
role in the germination program under abiotic stress
[39, 40]. ROS can modulate root elongation by loosen-
ing cell walls under favorable conditions [22, 41]. ABA
causes oxidative damage and ROS production, so we
evaluated the ROS levels in seeds and seedlings of
g6pd5 and G6PD5-overexpressing (OE) lines treated
with ABA. The H,O, content in both seeds and seed-
lings of the g6pd5 mutant and WT increased in re-
sponse to ABA treatment (Fig. 3a, Additional file 1:
Figure S1, Additional file 1: Figure S2a). It is
noteworthy that the O, content was significantly en-
hanced in the g6pd5 mutant but attenuated in OE lines
(Fig. 3b, Additional file 1: Figure S2b). To further dis-
sect the role of G6PD5 involvement in ROS signaling,
exogenous H,O, was supplied to the medium. The
g6pd5 mutant showed increased sensitivity to oxidative
stress, as manifested by delayed germination and root
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elongation relative to WT (data not shown). These re-
sults suggest that the oxidative level in g6pd5 is higher
than that in WT.

G6PD5 influences NADPH oxidases AtrbohD and AtrbohF
In Arabidopsis, ROS could be generated by peroxidases,
amino oxidases and oxygen photoreduction. However,
the main source of ROS production is from the NADPH
oxidases AtrbohD and AtrbohF, which play an important
role in stress-inhibited primary root growth [22]. To de-
termine whether the function of G6PD5 in response to
ABA is achieved through the NADPH oxidase signaling
pathway, we analyzed the expression of NADPH oxidase
genes in WT and g6pd5 with or without ABA treatment.
As shown in Fig. 4, the expression of the NADPH oxi-
dases AtrbohD and AtrbohF was markedly increased by
ABA treatment in all materials, especially in the g6pds5
mutant (Fig. 4a, b). These results suggest that G6PDS5 in-
fluences the expression of NADPH oxidases. Expectedly,
the activity of the NADPH oxidase was higher in g6pd5
than in WT under ABA treatment (Fig. 4c). These results
suggest that cy-G6PD is involved in RBOH-dependent
ROS production in ABA-treated seedlings. To prove the
hypothesis, we used the NADPH oxidase single mu-
tants, atrbohDI1 (CS9555) and atrbohF1 (CS9557), and
the double mutant atrbohDI/FI. In these mutants,
the expression of G6PDS was lower than that in WT
plants (Fig. 4d).

G6PD5 enhances the expression of antioxidant enzymes
Antioxidant enzymes respond to stresses to remove
extra ROS to maintain the equilibrium between ROS
production and scavenging [19]. To investigate the ef-
fects of G6PD5 on the transcript and activity of antioxi-
dant enzymes, we determined the activities and
expression levels of antioxidant enzymes, including APX
and GR. Results showed that the ABA-induced activity
and expression levels of APX and GR (Fig. 3c) in the
g6pd5 mutant were significantly lower than that in WT
plants. In contrast, the expression levels of APX and GR
in OE lines were higher than that in WT (Fig. 3d). These
results suggest that G6PD5 enhances the capacity of plants
to scavenge excessive ROS under ABA treatment to main-
tain the balance between ROS production and scavenging.
The enhanced G6PD5 activity provides more NADPH for
the antioxidant system to remove excess ROS.

Further analysis showed that exogenous application of
ascorbic acid (ASC) or glutathione (GSH) partially or
fully rescued the seed germination and root growth de-
fects in the g6pd5 mutant (Fig. 3e). It is noteworthy that
GSH was more effective than ASC (Fig. 3f). Therefore,
G6PD5 participates in the reduction of H,O, to H,O in
both the glutathione peroxidase cycle and the
ascorbate-glutathione cycle.



Yang et al. BMC Plant Biology

(2019) 19:44

Page 5 of 14

100 —
80
60

404

Germination (% )

204

Control

ABA

| mm G6PD5 =2 G6PD6 i

.0 b

o

2 1.5

5 c ¢

3 1.0-

L4 d
0.5-'—‘
0.0- 1 5

Control
ABA (uM)

from one representative experiment are presented

Fig. 1 Seed germination and root growth of wild type (WT), gépd5, and gépdé mutant in response to ABA. a and b Seeds were germinated on
1/2 MS agar plates with 1 uM ABA. Photographs were taken 4 d after treatment. ¢ 5-day-old seedlings were grown vertically on 1/2 MS agar
plates supplemented with 10 uM ABA. Root growth was monitored and analyzed using ImageJ software. d Relative transcript levels of G6PD5 and
G6PD6 in wild-type (Col-0) with different concentrations of ABA treatment. The transcript levels were normalized to Actin2. e The activities of
G6PD in Arabidopsis WT and mutants exposed to ABA treatment. One-way Duncan'’s test was performed, and statistically significant differences
are indicated by different lower case letters (P < 0.05). Bar, 1 cm. The experiments were repeated at least three times with similar results, and data

= 2.0
§ a 2§
£ I
5 1.54
c
o
B 1.0
e C
g
0.5
E
=
o
0.0
Control ABA
e~
£
%35- N Col-0 [ g6pd5 ) OE#1 Bl OE#9
s a
< 30 a
g
2 % 254
3 =
g E204
e ] c c
2 S1s;
é B
104 d d
a
< 54
=
T o
£ Control ABA

G6PD5 affects genes in ABA biosynthesis and catabolism
As a stress phytohormone, ABA has a pivotal regula-
tory function in numerous stress responses [19, 42].
To determine the function of G6PD5 in ABA metab-
olism, we analyzed the expression of genes encoding
enzymes in ABA biosynthesis and catabolism in WT
and g6pd5 plants. qRT-PCR results showed that ABA
biosynthesis genes (NCED6 and NCED9) had higher
expression levels in the g6pd5 mutant than in WT
under ABA treatment (Fig. 6a). In contrast, the cata-
bolic genes CYP707A3 and CYP707A4 were expressed
at an obviously lower level in the g6pd5 mutant than
in WT (Fig. 6a). This result indicates that G6PD5 is
involved in the expression regulation of genes in ABA
metabolism.

G6PD5 suppresses the ABA-signaling pathway

ABA signal transduction genes are involved in the regu-
lation of seed germination and root growth [43]. The
germination defects in g6pd5 seeds strongly pointed to
the involvement of ABA. We investigated whether differ-
ences in the expression of ABA signaling-related genes
account for the hypersensitivity of g6pd5 to ABA (Fig. 5).
We examined the expression of ABA signaling genes
ABI3, ABI4, and ABIS. qRT-PCR results showed that sig-
nificant differences in the expression of these
ABA-regulated genes were observed between WT and
g6pd5 mutant plants (Fig. 5). The transcript level of
ABI5 was significantly induced in the mutant plant (an
increase of 6 fold relative to WT), indicating that
G6PDS5 probably acts upstream of these genes in the
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ABA signaling pathway. We also examined the expres-
sion level of G6PDS5 in ABA-deficient mutants (aba2-1,
aba2-3) and ABA-responsive mutant (abi3, abi4—102,
abi5-2). Results showed that the G6PD5 expression level
in ABA-deficient mutants (aba2-1, aba2-3) was mark-
edly lower than that in WT, whereas in ABA-responsive
mutants the expression level of G6PD5 was significantly
higher than that in WT (Fig. 6b).

To confirm the ABI5 expression level in the g6pd5
mutant, we crossed the g6pd5 mutant with Col-0 plants
harboring ABIS5:GUS (Col/ABI5 plants). We obtained
homozygous g6pd5 plants harboring ABIS:GUS (g6pd5/
ABIS plants) and compared the ABI5 expression in Col/

ABI5 and g6pd5/ABIS seedlings (Fig. 7). Five-day-old
g6pd5/ABIS seedlings showed a strong blue coloration
in the QC of root tips relative to Col/ABI5 with or with-
out ABA treatment (Fig. 7). These results confirmed a
higher ABI5 expression level in g6pdS5 seedlings, suggest-
ing that G6PD5 is likely involved in the regulation of
ABA signaling.

G6PDS5 is involved in ABA-inhibited cell elongation in root
meristem and elongation zones

To further dissect the mechanisms of G6PD5 function
in ABA-repressed root growth in Arabidopsis, we mea-
sured the primary root length in WT and g6pd5 mutants
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grown on 1/2 MS media supplied with ABA. The root
growth of WT and mutants was similar on ABA-free
medium (Fig. 8a). However, when grown on
ABA-containing medium for 12 h, g6pd5 mutant plants
exhibited dramatically shortened root elongation zone
compared to WT (Fig. 8a, e). These results indicate that
ABA suppresses cell elongation in the elongation zone
of g6pd5 roots. In addition to cell elongation in the
elongation zone, cell division in the root meristem zone
also contributes to root growth. Therefore, we examined
the size of root apical meristem. The length and cell
number of the meristem zone in gépd mutant plants

were less than that in WT in the presence of ABA (Fig.
8a-d), implying that G6PD5 is required for cell division
in the root meristem.

Furthermore, we found that the cell cycle B-type cyclin
CYCBI1 accounts for the reduction in primary root
growth in gépd5 mutants under ABA treatment (Fig. 9).
To further investigate the protective mechanism of
G6PD5 under ABA condition, we first examined the ex-
pression of CYCBI gene in the gépd5 mutant and WT.
Results showed that the expression of CYCBI was de-
creased under ABA treatment in seedlings, especially in
g6pd5 mutant (Fig. 9c). Next, we used the cell cycle
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marker line CYCBI;1:GUS and observed that homozy-
gous g6pd5 plants harboring CYCBI;1:GUS (g6pd5/
CYCBI;1 plants) had weaker blue coloration than Col-0/
CYCBI;1 in the root meristem under ABA treatment
(Fig. 9a, b). Based on the above results, we concluded
that G6PD5 is involved in the transcriptional regulation
of the CYCBI gene, and in the process, G6PD5 plays a
key role by participating in CYCB accumulation under
ABA treatment in primary roots.

The activity of the root meristem is regulated by root
meristem-specific genes, among which the PLETHORA
(PLTs) genes are master regulators of root development
[44]. PLT1 and PLT2 are predominantly localized in the

QC and redundantly regulate the root stem cell niche in
root apical meristem (RAM) [44]. We investigate the ex-
pression of RAM-related genes in WT and g6pd5. Re-
sults showed that the expression levels of PLTI and
PLT2 were lowered in the g6pd5 mutant compared to
WT with ABA treatment (Fig. 9d, e). These findings in-
dicate that G6PD5 is crucial for RAM maintenance in
the presence of ABA.

Discussion

To date, several studies have reported the expression
patterns of G6PDs during plant development and in re-
sponse to stresses [11, 37]. Cy-G6PD acts as the main
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Fig. 5 G6PD5 attenuates the expression of several ABA responsive genes. Relative expression levels of ABA-signaling genes ABI3, ABI4, ABI5 in
plants. Two-week-old seedlings were incubated in liquid MS medium with or without 10 uM ABA for 12 h. The transcript levels were determined
by gRT-PCR analysis. The transcript levels were normalized to Actin2. Results are averages + SE (n = 3). All experiments were repeated at least
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isoforms in the regulatory step of OPPP and is involved
in regulating redox balance in cells during salt tolerance
[11, 37]. Therefore, Cy-G6PD plays positive roles in en-
hancing plant tolerance to environmental stresses in sev-
eral species [23, 45]. In this study, we investigated the
involvement of G6PD5 in the response of Arabidopsis to
ABA during seed germination and root development.
We showed that G6PD5 is a central component in seed
germination and seedling development under ABA treat-
ment. Seed germination rate of the g6pd5 mutant under
ABA treatment was reduced by approximately 50% com-
pared to WT, implying that G6PD5 has critical functions
in plant development and ABA responses (Fig. 2a, b). In
contrast, gépd6 mutant seeds exhibited inconspicuous

germination compared to WT under ABA treatment
(Fig. la-c). These results suggest that G6PD5 plays a
more important role than G6PD6 in Arabidopsis seed
germination. The g6pd5 mutant exhibited severely re-
duced seed germination rate and shortened primary
roots with increased ABA concentrations compared to
WT. Why is G6PDS5 responsive to ABA treatment? We
found ABREs in the promoter region of G6PD5 but not
in G6PD6 (Additional file 1: Table S2).

Under favorable conditions, ROS, such as H,O,, super-
oxide anion and hydroxyl radical, are produced at low
concentrations in plasma membrane, chloroplasts, mito-
chondria and peroxisomes [46]. ROS are not only the
ever-present danger due to their physicochemical toxicity,

~N

a Control 10 uM ABA b 1207 mmmCol-0/4B/15 [196pd5/ABI5
X a
Col-0/ABI5 g6pd5/ABI5 Col-0/ABI5 g6pd5/ABI5 2100+
':z"' /;ﬁ S 80
Q 60+ b
Ry
S 40-
o
2
5 204 d —3
Q
¢
0
Control 10 uM ABA
Fig. 7 G6PD5 knockout on the expression of ABI5 genes in Arabidopsis. a Expression of ABI5:GUS in Col-0/ABI5 and g6pd5/ABI5 seedling roots
grown for 7 d then treated with or without 20 uM ABA for 12 h using GUS staining. b Quantification of the GUS activity in Col-0/ABI5 and g6pd5/
ABI5 seedlings. The GUS activity of Col-0/ABI5 root was adjusted to 100%. Mean values and SE were calculated from three independent
experiments (n = 20). Within each set of experiments, bars with different letters were significantly different at the p < 0.05 level
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but also important signaling molecules that accumulate
under many stress conditions [11, 19]. Previous reports
showed that H,O, plays a role in drought-induced in-
crease of total G6PD activity [11]. Thus, we examined the
effect of H,O, on G6PDS under ABA treatment. We con-
firmed that the oxidative level is higher in g6pd5 than in
WT. ROS originated from the NADPH oxidases AtrbohD
and AtrbohF play an important role in stress-inhibited pri-
mary root growth in Arabidopsis [22]. Further investigation
demonstrated that the ABA-induced H,O, generation re-
sults from the enhanced NADPH oxidase activity. To con-
solidate this observation, we examined the antioxidant
enzyme activities and transcription levels in g6pd5 and
WT plants (Fig. 3¢, d). These results suggest that G6PDS5 is
enhanced to scavenge the excessive ROS under ABA treat-
ment in order to maintain the balance of ROS production
and scavenging. Results also indicate that the enhanced
G6PD5 activity provides more NADPH for the antioxidant

system to remove excessive ROS. Reduction of H,O, to
H,0 can then be achieved through either the glutathione
peroxidase cycle or the ascorbate-glutathione cycle.

ABA plays a central role in plant development and
adaptation to numerous stress responses [19, 47, 48].
ABI3 has long been recognized as the major regulator of
seed dormancy and ABA inhibition of seed germination
[39, 49]. ABI5 functions downstream of ABI3 and
promotes dormancy in concert with ABI3 [39, 43, 50].
Furthermore, ABIS plays a role in regulating ROS
homeostasis by activating CATALASE 1 transcription
during seed germination [28]. CATALASE 1 is a key
positive regulator of ABA signaling involved in mediat-
ing seed germination and subsequent primary root es-
tablishment [51]. Mechanistic investigations revealed
other important modulators that interact with ABI5 to
fine-tune seed germination [51]. ABI4 is involved in
redox regulation and oxidative challenges in Arabidopsis
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experiments were repeated at least three times with similar results, and data from one representative experiment are presented

leaves [39, 43]. Interestingly, the transcript levels of
ABI3, ABI4, and ABI5 were increased in the g6pd5 mu-
tant (Fig. 5). This indicates that G6PD5 probably acts
upstream of these genes in the ABA signaling pathway.
The g6pd5 mutant showed less sensitivity to ABA com-
pared with WT. Taken together, our results suggest that
the germination defects in the g6pd5 mutant is mediated
by ABI genes, especially by ABIS.

In addition, ABA inhibition of primary root growth is
mediated by the ABA-induced regulation of CYCBI ex-
pression at the G2/M checkpoint [22, 52]. One mechan-
ism in plant response to primary root growth is to
regulate the expression of cell cycle-related genes. We
found that the expression of CYCBI was decreased under
ABA treatment in g6pd5 mutant seedlings (Fig. 9).

Therefore, we propose that G6PD5 is involved in the tran-
scriptional regulation of CYCBI gene under ABA treat-
ment. Certainly, G6PD5 is crucial for RAM maintenance
in the presence of ABA by regulating the expression levels
of PLT1 and PLT2 (Fig. 94, e).

Conclusions

Our results showed that ABA, H,O,, APX, GR and ABI
are required for ABA-induced G6PD5 gene function.
Our findings point to a different node of this crosstalk
that is activated by an increase in cytosolic G6PD5 and
that is involved in dormancy and germination control.
Based on these results, as well as those reported previ-
ously, we proposed a hypothetical model shown in
Fig. 10. In this model, ABA induces G6PDS5, which
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Fig. 10 Schematic illustration of a proposed model during Arabidopsis seed germination and root growth. In this model, arrows indicate positive
regulation and bars indicate negative regulation. Dotted arrows indicate results from the literature

subsequently suppresses H,O, generation by activating
the NADPH oxidase in seeds and roots under ABA
treatment. The enhanced G6PD5 is involved in regulat-
ing key enzymes (APX and GR) in the ASC-GSH cycle
by utilizing NADPH. The enhanced antioxidant ability
can facilitate to maintain a steady-state level of HyO, in
cells, thus avoiding ROS damages to plant cells. G6PD5
is crucial for RAM maintenance in the presence of
ABA by regulating the expression levels of CYCBI,
PLT1 and PLT2. Moreover, G6PDS5 affects genes in
ABA biosynthesis and catabolism after ABA treatment
and G6PDS probably acts upstream of ABI genes in the
ABA signaling pathway.

Additional file

Additional file 1: Table S1. Primer sequences used in the study. Figure
S1. ROS levels in g6pd5 and OF lines. 1-day-old seeds were grown vertically
on 1/2 MS agar plates supplemented with 10 uM ABA for 6 h. Quantification
of the H,DCF-DA fluorescence in Arabidopsis seeds with ABA treatment.
Figure S2. H,O, and O, levels in gépd5 and OE lines. 5-day-old seedlings
were grown vertically on 1/2 MS agar plates supplemented with the 10 uM
ABA for 6 h. Table S2. Cis-acting regulatory elements identified in the pro-
moter region of G6PD5 and G6PD6. The online search tool PlantCARE was
used to detect putative cis-acting regulatory elements. (http://bioinforma-
tics.psb.ugentbe/webtools/plantcare/html/). (DOC 610 kb)
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