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ABSTRACT

Reactive oxygen species (ROS) homeostasis is critical for both physiological processes and stress
responses of plants. NADPH oxidases (NOXs) are the key producers of ROS in plants. However,
their functions in ROS homeostasis and plant growth regulation in wheat (Triticum aestivum) are
little investigated. Here, we cloned and characterized a NOX isoform TaNOX7 in wheat.
Overexpression of TaNOX7 in rice led to enhanced root length, ROS production, drought tolerance
as well as bigger panicles and higher yield, but shorter growth period duration. Further results
indicate that TaCDPK13, a member of calcium-dependent protein kinases (CDPKSs), can directly
interact with TaNOX7 and enhance ROS production in plants. These results demonstrate that
TaNOX?7 plays crucial roles in wheat development, fertility, and drought tolerance via interaction
with TaCDPK13, which may act as upstream regulator of TaNOX7 to regulate ROS production in

wheat.

KEYWORDS: Wheat (Triticum aestivum), ROS, TaNOX7, TaCDPK13, fertility, drought tolerance

INTRODUCTION

Reactive oxygen species (ROS), such as superoxide anion radical (‘O2) and hydrogen peroxide
(H202), are essential in developmental processes and biotic/abiotic stress responses as signal
molecules in plants.®: 2 Although there are various ROS-generating pathways, the plasma membrane
NADPH oxidases (NOXs), also named after respiratory burst oxidase homologs (RBOHS), are
considered to be the key enzymes for apoplastic ROS production of plants under both normal and

stress conditions.?
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Increasing evidences have reported that NOXs/RBOHSs participate in diverse biological
processes by regulating their activity of ROS production. For example, in Arabidopsis, AtRbohB
participates in seed after ripening,* AtRbohC (RHD2) modulates root hair formation and root-hair-
cell growth,® whereas AtRbohD and AtRbohF not only regulate the immune response® and salt stress
tolerance’ but also function in jasmonic acid (JA)-induced gene expression.® Furthermore, it was
reported that AtRbohD participates in abscisic acid (ABA)-mediated ROS production and stomatal
closure,® lignin assembly,'® and endosperm development.t! In addition, AtRbohE regulates tapetal
programmed cell death (PCD) and pollen development by interfering with the temporal ROS
pattern;'> AtRbohH/J also function in pollen tube development.’® Recently, OeRbohh, a Olea
Europaea NOX, was reported involving in the control of pollen germination and pollen tube
elongation.** In rice, three NOXs, namely OsRbohA, OsRbohB, and OsRbohE, were found
involving in immune response,'® ¢ and OsRbohA also plays a crucial role in drought-stress
tolerance.!’ Later, OsRbohH was found to modulate the aerenchyma formation in roots?> and
OsNOX3 was reported to regulate root hair initiation and elongation.'® Moreover, two maize NOXs,
ZmRbohH and ROOTHAIRLESSS5, were reported functioning in root development.t® 2° Two Pyrus
bretschneideri NOXs, PbRbohA/D might play an important role in the lignification of pear stone
cells.?! While, a Medicago truncatula NOX, MtRbohA, could be stimulated by hypoxia and which
would, in turn, lead to the regulation of nodule functioning.?? Our previous study found that there
are at least 15 NOX/RBOH homologs in wheat, playing the vital but diversity roles in both the plant
growth regulation and stress responses.?®

It has been well known that ROS play dual roles in plants. They not only lead to programmed

cell death by damaging the cellular components as deleterious factors under higher level, but are
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also necessary for plant development and tolerance to different biotic and abiotic stresses acting as
signal molecules under lower accumulation.?* 2 Therefore, there must be a ROS threshold in plant
survival. As thus, maintaining ROS homeostasis is particularly important to ensure normal
physiological processes of plants, in which the mechanism of tightly regulating NOX activity is the
pivotal problem. Numerous studies have highlighted the regulation of NOXs/RBOHSs expression
and activity in plants. For instance, four WRKY transcription factors, including WRKY8
phosphorylated by mitogen-activated protein kinases (MAPKS), can bind to the W-box element of
the NbRbohB promoter and positively modulate the transcriptional levels of the NbRbohB gene;
ETHYLENE RESPONSE FACTOR 74 (ERF74) directly binds to the promoter of AtRbohD and
activates its expression under different abiotic stresses.?’” A MAP4 kinase SIK1 was reported to
enhance ROS production for defense in Arabidopsis by binding to and phosphorylating AtRbohD.?8
Ca?* as signal molecular binds to the EF-hand region of AtRbohD, in which the conformational
change in the EF-hand region induced a direct phosphorylation and synergistically activated the
ROS producing activity of AtRbohD.?° In addition, it was found that the cold-inducible protein
AtSRC?2 can activate AtRbohF for ROS production in a Ca?*-dependent manner.®° The receptor-like
cytoplasmic kinase BIK1 not only specifically phosphorylates AtRbohD but also positively adjusts
the flg22-induced increase of cytosolic calcium, both of which control the flg22-induced ROS
production and the stomatal defense.3* Furthermore, Ca®** and phosphorylation treatments can
induce the faster diffusion and clustering of AtRbohD at the plasma membrane, where clathrin and
membrane microdomains synergistically affect the endocytosis of AtRbohD and thereby control the
activity of the protein.®? Moreover, phosphatidic acid (PA) was found regulating NADPH oxidase

activity and ROS production during the ABA-mediated stomatal closure.® In rice, OsRacl, a
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Rac/Rop GTPase, can directly activate OsRbohB/H for ROS generation to response to pathogen
infection'® and Ca?* plays a dual role (positive and negative) in regulating NOX activity and the
interaction between Racs and RBOHSs.® In animals, Hacel, acting as the negative regulator of
NADPH oxidase, can bind to and ubiquitylate Racl to degrade the Rac1-NOXA1 complex, thus
blocking ROS generation.®* These results indicate that NOX/RBOH-mediated ROS production
plays vital roles in plant development and the activity of the enzymes is subtly controlled by many
important intracellular signaling factors.

As the primary sensors of Ca?*, calcium-dependent protein kinases (CDPKs) are also
implicated in the regulation of NOX activity in plants. For example, StCDPK5 directly activates
StRbohB by phosphorylation in a calcium-dependent manner and regulates the oxidative burst for
defense responses to pathogens;36 AtCPKS5 phosphorylates AtRbohD and enhances ROS production
for defense responses and bacterial resistance;3” MtCDPKS5 can directly phosphorylate MtRbohB,
MtRbohC and MtRbohD, which triggered immune responses to regulate rhizobial colonization in
symbiotic cells of Medicago truncatula.® However, the regulatory mechanism and biological
significance of CDPKs in the regulation of NOX activity are still under investigation.

Wheat (Triticum aestivum) is a worldwide staple crop, necessitating a clear deciphering of its
developmental characteristics and stress tolerance mechanisms. However, up to now, only two NOX
genes of wheat were reported to be sensitive to brown rust infection.®® Although at least 15 NOX
homologs were identified in wheat and their tissue and inducible expression patterns were
uncovered systematically,®® the functions of wheat NOX family genes and their regulatory
mechanisms in both plant growth regulation and stress tolerance are still of largely elusive. In this

study, we firstly cloned a NOX homolog (TaNOX7) in wheat and investigated its biological
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functions by employing a series of transgenic plants. The results obtained here show that TaNOX7,
as a key producer of ROS, plays a vital role in plant development, fertility and drought tolerance. It
directly interacts with TaCDPK13, a member of CDPKs, to regulate the ROS production of the
plants, and therefore contributes to the plant growth regulation and drought tolerance. More
interestingly, overexpression of TaNOX7 in rice greatly improved the yielding traits with reduced
growth duration period, implying that TaNOX7 is a well target to the improvement of fertility and
stress tolerance of plants by molecular breeding.

MATERIALS AND METHODS

Plant materials and growth conditions

Wheat (Triticum aestivum cv. Chinese Spring) seedlings growing in field were harvested used for
the gene expression profiles analysis and cloning. The AtRbohD-knockout mutant, atrbohd, which
was isolated from an Arabidopsis thaliana T-DNA insertion mutant line N673320, was used for
drought stress treatment or transgenic plant generation. A rice OsNOX1 (OsRbohB)-knockout
mutant, osnox1, which was screened from a rice Tos17 insertion mutant line NF5029 0 501 1A,
was used to make callus for transgenic plant generation. Moreover, the wheat tissues, namely roots,
flag leaves, and young spikes from inflorescence emergence stage of 100 varieties grown in field
were harvested for transcriptional sequencing. The detailed information about the 100 wheat
varieties, plant growth conditions, as well as the calculation standard for agronomic traits, refers to
supplementary material Sl and .

Transcriptome sequencing and data analysis

Total RNA of the roots, flag leaves and spikes from 100 varieties of wheat at inflorescence

emergence stage, was extracted and broken into small fragments. Then the small fragments were
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reversed transcription into cDNA. After end repair and add adapter, they were sequenced on
Novaseq (Illumina, San Diego, USA, PE150) according to the manufacturer’s standard protocols
with 350 bp insert size. The clean reads were mapped against wheat genome (IWGSC ref V1)! using
Hisat2 (version 2.1.0)? with default parameters. Then transcript was quantitative with StringTie®
(version 1.3.5 stringtie -e -B -G). At last, the Transcripts per million reads (TPM) information for
each sample was extracted, and Kruskal-Wallis test among genes was carried out with the function
of stat_compare_means in R package ggpubr (R 3.6.3). The detailed information for 100 varieties
of wheat are shown in Table S1.

mRNA isolation and RT-PCR

For the analysis of gene tissue-specific expression profiles, total RNA was extracted in the different
samples from wheat cv. Chinese spring grown in field using RNAiso TM Plus kit (Takara, Dalian,
China) and treated with RNase-free DNase | (Takara). The analysis of the tissue-specific expression
profiles and coexpression relationship of TaNOX7 and TaCDPKs genes were performed with the
UltraSYBR Mixture (Kangwei, Beijing, China) with TaActinl (AB181991.1) and TaGAPDH1
(ABS59297.1) as the internal transcript level controls. The detailed information for the genes,
experiment performance and the primer sequences are shown in supplementary material SI and

Table S2/3, respectively.

Subcellular localization analysis
The subcellular location of TaNOX7 was performed using an Agrobacterium-mediated
instantaneous transformation system.* The AtCBL1n::MCherry construct was used as the marker

for plasma membrane protein localization.** The methods in details refer to supplementary material
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Sl

Transformation of plants

The coding region of TaNOX7 and its promoter sequence named TaNOX7pro were all amplified for
the expression vector construction using their primer-specific oligonucleotides. The vectors of
pCAMBIA1301-35S-TaNOX7 and pCAMBIA1301-TaNOX7pro-GUS were transferred into calli
obtained from the rice cultivar Nipponbare and the osnox1 mutant, according to an Agrobacterium-
mediated transformation method.*> TaNOX7 transgenic lines on Arabidopsis thaliana (Col-0, wild
type) and an AtRbohD-knockout mutant atrbohd were also generated according to a method
described previously.“¢ The detailed information for transgenic plant generation and the specific

primer sequences refer to supplementary material SI and Table S3, respectively.

Detection of ROS production

The histochemical analysis for H.O; and 2 accumulation in plant tissues were conducted by 3,
3’-Diaminobenzidine (DAB) and Nitrotetrazolium blue chloride (NBT) staining, respectively,
according to the previous described method.*”- 4 In addition, ROS production in root tips was
visualized via fluorescence of 2, 7-dichlorodihydrofluorescein diacetate acetyl ester (H,.DCFDA).
The H20; content in the samples was detected with the protocol of the Hydrogen Peroxide Assay
Kit (Beyotime R technology, Shanghai, China), whereas the content of O, were detected with the
hydroxylamine oxidation method.*® At same time, the O, production rate in the rice transgenic
lines was also detected with the sodium, 3’-[1-[phenylaminocarbonyl]-3, 4-tetrazolium]-bis (4-

methoxy-6-nitro) benzenesulfonic acid hydrate (XTT) method as the described previously.>® The
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methods in details refer to supplementary material SI.

GUS staining for the tissue/organ specific expression of TaNOX7
To examine the tissue/organ-expression specificity of TaNOX7, the GUS staining system was
employed as the described previously > with some modifications. The method of GUS staining in

details refers to supplementary material Sl.

Examination of plant stress tolerance
The full and mildew free seeds of transgenic rice were selected and immersed into deionized water
at 37 <C for 48 h. After soaking enough water for germination, the seeds were put into 4% agar
including 1.0 uM HO; for 4 days, then were transferred into Hoagland’s nutrient solution
containing 0.5 pM H20; and cultivated for 3 days. The phenotypes of the seeds geminating progress
were photographed and the germinating rate was recorded. At the same time, the length of roots and
numbers of adventitious roots were measured after the H,O, treatment.

To examine the drought tolerance of transgenic plants, the seedlings cultivated with soil in pots
for one month were subjected to drought stress treatment by withholding water. After treated for 15
days, the plants were rewatered for 10 days and then the survival rates for the different plant lines
were recorded. Three biological experiments were performed and at least 50 plants were used for
the calculation. The water lose rate (WLR) was also assessed as the described previously®? with
slight modifications. At the four-leaf stage, the third fully expanded leaves of the transgenic rice
plants were cut and their fresh weights (FW) were recorded immediately. The leaves were left on
filter paper in dry dishes in a growth chamber with a constant temperature of 23~25<C and a relative

10
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humidity of 40~60%. The leaves were weighed every 30 min (W30 min), and then the WLR for certain
time points was calculated using the following formula: WLR %=[ ( FW-W30 min ) /FW] *100. At

least 6 leaves from different plants for each line were used for the analysis.

Firefly luciferase complementation imaging (LCI) assay

In order to verify the interaction between TaNOX7 and TaCDPKZ13, the firefly luciferease (LUC)
complementation imaging (LCI) assay was performed according to a method.*2 First, we constructed
the expression vectors TaCDPK13-cLUC and TaNOX7-nLUC, and transformed them into
Nicotianna benthamiana leaves by an Agrobacterium-mediated transient transform method.*> After
inoculated 2 or 3 days, the chemilluminescence images and the fluorescence intensity profiles were
all taken by a plant living imaging system (Lumazone Pylon2048B, Princeton, US). The detailed

information refers to supplementary material SI and Table S3.

Bimolecular fluorescence complementation (BiFC) assay

Bimolecular fluorescence complementation (BiFC) assay was performed according to the method
described by Walter and others.5 The coding regions of TaCDPK13 genes were cloned into
pSPYNE vector with the N-terminal fragment of the yellow fluorescent protein (nYFP) and
TaNOX7 was cloned into pSPYCE vector with the C-terminal fragment of the yellow fluorescent
protein (CYFP). Then, the Agrobacterium-mediated transient transform method*® was used to
transiently co-express TaNOX7-cYFP and TaCDPK13-nYFP in Nicotianna benthamiana leaves.
The fluorescence visualization in leaves was observed with a confocal microscope (A1R, Nikon,
Tokyo, Japan). The primers used for the vector construction are listed in supplementary Table S3.

11
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Protein extracts and immunoprecipitation assays
The total proteins were extracted from Nicotianna benthamiana leaves using a membrane protein
extraction method with some modification. The protein extracts were denatured and separated by
SDS-PAGE and then the gel was stained with Coomassie Brilliant Blue. For the Co-
immunoprecipitation (Co-IP) assay, TaNOX7 1047 np)-GFP-tagged and TaCDPK13-6*Myc-tagged
proteins were detected by monoclonal anti-GFP antibody and anti-Myc antibody (SA003; ABclonal,
Wuhan, China), respectively. HRP goat anti-mouse 1gG antibody (SA003; ABclonal) and antigen-
protein complex were detected using the ECL protein gel blot detection kit (GE Healthcare Life
Sciences, Beijing, China) and Light-Capture equipped with a CCD camera (ATTO, Shanghai, China)
as described by Kobayashi and others.® The primers used for the vector construction are listed in
supplementary Table S3.
RESULTS
Cloning of TaNOX7 and analyses of its expression in wheat and rice
Previously, we identified 46 members of NOX gene family in wheat genome,?® however, no wheat
NOX members were further studied to clarify their exact functions in the plant development and/or
stress tolerance. In the present study, one wheat NOX gene, namely TaNOX7-3A, was cloned from
wheat cv. Chinese spring and characterized. There are three copies of TaNOX7 gene in wheat
genome, namely TaNOX7-3A, TaNOX7-3B and TaNOX7-3D, respectively. These three
homologuous genes shared similar gene structure and high identity in amino acids sequence (Fig.
S1). By using RNA-seq experiments on more than 100 wheat varieties, the main effectiveness of
the three homologuous genes in transcriptional expression was detected. As shown in Fig. 1A,
12
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TaNOX7-3A (gene ID: AK334324) exhibited the highest expression level in wheat root, flag leaf
and spike, showing that TaNOX7-3A might be the main effectiveness gene for TaNOX7 in wheat.
Therefore, TaNOX7-3A was selected for further study. To simplify the phraseology, the gene is
referred TaNOX?7 in the following experiments.

The amino acid sequence alignment showed that the TaNOX7 cloned here has high identity
with HYRRboh2 (Hordeum_vulgare_ MLOC_81745), OsRbohB (0s01g0360200), and AtRbohD
(AT5G47910.1), and has all the conserved domains, namely NADPH_Ox (Pfam accession number
PF08414), Ferric_reduct (PF01794), FAD_binding_8 (PF08022), and NAD_binding_6 domain
(PF08022) as the typical NOXs possess (Fig. S2). Considering the fact that NOXs are the plasma
membrane proteins,® we then examined the subcellular localization of TaNOX7 using a transient
transformation system in both the protoplasts and leaf epidermal cells of Nicotiana benthamiana
with AtCBL1n-mCherry served as a marker for plasma membrane protein location.** As expected,
the TaNOX7-GFP fluorescence signals are well merged with those of AtCBL1n-mCherry at the
plasma membranes (Fig. S3), confirming that TaNOX?7 is also plasma membrane-located. These
results suggest that a real NOX gene was successfully cloned from wheat.

As shown in Fig. 1B, TaNOX7 is expressed in all tissues and at all developmental stages of
wheat examined, although the expression exhibits tissue specificity at different stages. Compared
with the level in roots of the seedlings at second-leaf stage, the transcriptional expression of TaNOX7
is markedly higher in young spikes of the plant at booting stage. In addition, the expression of
TaNOX7 always keeps relative higher in spikes than that in leaves at the three reproductive growth
stages, namely heading, flowering, and filling stages. Similar expression pattern for TaNOX7 was
also obtained from detection of B-glucuronidase (GUS) activity in TaNOX7 promoter::GUS

13
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transgenic rice plants (Fig. 1C). As can be seen, although the histochemical staining of GUS activity
in transgenic plants was detected in all tissues examined, the strong staining was observed in
germinating embryo (Fig. 1Cb), bud (Fig. 1Cc), young root (Fig. 1Cd), and young panicle (Fig. 1Cf-
h). The predominant expression was found in the immature panicles at heading stage (Fig. 1Cg).
With the grain development and getting mature, the GUS staining became weaker and weaker (Fig.
1Ch-j). All the results imply that TaNOX7 might play vital roles in the whole plant development,

but preferentially in seed development.

Generation of transgenic plants and characterization of the phenotypes of
transgenic plants

To further understand the function of TaNOX?7, a series of transgenic plant lines were generated by
introducing TaNOX7 gene to the rice cultivar Nipponbare (WT) and an OsNOX1/OsRbohB-
knockout mutant osnox1 (the closest homologue of TaNOX7 in rice) as well as to the Arabidopsis
thaliana wide-type and an AtRbohD-knockout mutant atrbohd (the closest homologue of TaNOX7
in Arabidopsis). Intriguingly, the TaNOX7 transgenic rice plants showed two distinct phenotypes
comparing with the WT. The rate of germination, root length, root hair density, and plant size in
some lines are suppressed as similar to those in osnox1, while all these phenotypes in other lines are
facilitated. For interpreting these phenotypes, semi-quantitative and quantitative RT-PCR assays
were carried out to investigate the expression levels of TaNOX7 and OsNOXL1 in these transgenic
lines, respectively (Fig. 2Ad~f; Fig. S8B/C). As can be seen, although the transcripts of TaNOX7 in
all the transgenic rice plants are significantly higher than those in the WT and VC (transgenic lines
for empty vector control), the transcripts of OsNOX1 (OsRbohB) are markedly lower in the two

14
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suppressed lines than the other plant lines. Considering the fact that introduced transgenes can often
result in silencing of homologous endogenous genes as so called cosuppression,®® the two
suppressed lines obtained here were named as CS-2 and CS-3, respectively. While, the other
overexpression lines were named as OE-2, OE-3, OE-5 and OE-6, respectively (Fig. 2A, 7A,; Fig.
S8). In addition, overexpression of TaNOX7 in the osnox1 mutant (the complementary lines, CO)
restored the phenotypes of the mutant at the plant growth and fertility (Fig. S8A). As a whole, the
morphology of the different rice lines exhibits a well correlation with the expression levels of
TaNOX7, showing the pivotal roles of TaNOX7 in seed germination and seedling development.

Since ROS production is the basic function of NADPH oxidase enzymes, we then investigated
whether differential expression of TaNOX7 affected ROS production in rice under normal growth
condition. Both the results obtained from histochemical staining and physiological measurement
indicated that different transgenic plant lines generated different amounts of ROS (mainly O, and
H20,). As shown in Fig. 2B and Fig. S8D/E, the CS lines and osnox1 mutant exhibited quite
lower O, and H2O; contents or production rate in both leaves and roots as compared to the WT
and VC plants. On the contrary, the OE lines showed much stronger signals of DAB and NBT
staining and higher contents and/or production rate of O,~ and H20; than those of the WT and VC
plants. Similar results were also obtained in the TaNOX7 transgenic Arabidopsis thaliana (Fig.
S6A/B). All these results exhibit a well correction between the TaNOX7 transcriptional express
levels and ROS production, suggesting that the roles of TaNOX7 in seed germination and plant
development depend on its ROS producing activity (Fig. 2, 7; Fig. S8).

To further clarify the roles of TaNOX7-mediated ROS production in seed germination and
plant development, we then treated the seeds and young seedlings of different transgenic plants with
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exogenous H.O,. As shown in Fig. 3, the exogenous H2O, application greatly influenced the seed
germination rate and root development of the transgenic plants. The seed germination rate is
obviously higher in the CS-2, CS-3 and osnox1 plants than that in the WT and OE plants under
exogenous H>O; treatment even through it is much lower in those plants than the WT and OE under
control condition (Fig. 3A ~ B). By contrast, the length of primary roots keeps no much difference
between the different plant lines under the exogenous H2O- treatment although it is markedly
inhibited by the treatment. However, the adventitious root length and numbers are enhanced by the
exogenous H20; treatment in all the transgenic plant lines with no remarkable differences existing
between the plant lines (Fig. 3A~D). These results suggest that exogenous H2O, application could,
at least partly, restore the phenotype of the CS and osnoxl plants in seed germination and root
development, further demonstrating that the role of TaNOX7 in plant development depends on its

ROS producing activity.

Drought tolerance of TaNOX7 transgenic rice plants

Since the differential expression of TaNOX?7 in rice greatly influenced the ROS production and its
transcripts can be greatly upregulated under drought stress in wheat (Fig. S5), we then checked the
possible function of this gene in plant drought tolerance. As can be seen in Fig. 4, similar to the
osnox1l mutant, the gene silence lines CS-2 and CS-3 are very sensitive to drought treatment as
compared to the WT, VC and OE plants (Fig. 4A~C). After drought and rewatering, the survival
rate of the CS plants is quite lower (25-30%) than that of the WT and VC lines (60-70%), whereas
it is much higher in OE lines (80-90%) (Fig. 4D), showing that overexpression of TaNOX7 in rice
enhanced the plant drought tolerance, which is closely related to the levels of its mediated ROS
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production as described above. Furthermore, the CS plant lines and osnox1 mutant exhibited much

higher water loss rate than the WT whereas the OE plants are opposite (Fig. 4E), further indicating

the roles of TaNOX?7 in plant drought tolerance. The drought stress experiments were also carried

out on Arabidopsis transgenic plants and a similar result was obtained (Fig. S6).

The interaction between TaNOX7 and TaCDPK13

To get more insights in the mechanism of TaNOX?7 functions and activity regulation in wheat, the

transcriptional expression patterns of TaNOX7 and several CDPK genes including TaCDPK2, 4, 13,

14, 17, 20, 21 and 22 were examined in 14 tissues of wheat from different development stages by

gRT-PCR. As shown in Fig. S7, each gene examined has its unique expression pattern in wheat.

Similar to TaNOX7, TaCDPK2 and 4 are expressed in whole plant but no marked tissue-specificity.

In terms of TaCDPK14, 17, 20, 21 and 22, the dominant expression levels are mainly presented in

leaves at early development stages. However, TaCDPK13 is expressed in the whole plant but with

peaking levels in spikes, which is much similar to that of TaNOX7, showing an obvious co-

expression relationship between TaNOX7 and TaCDPK13 genes.

Then, we further analyzed the relationship between TaNOX7 and TaCDPK13 by employing

different experimental approaches, including the firefly luciferease complementation imaging assay

(LCI), bimolecular fluorescence complementation assay (BiFC) and coimmunoprecipitation (ColP).

As shown in Fig. 5A, strong fluorescent signals were detected in tobacco (N. benthamiana) leaves

when nLUC-TaNOX7 was co-expressed with cLUC-TaCDPK13. The interaction between TaNOX7

and TaCDPK13 was next verified by the BiFC assay since strong signals of YFP fluorescence were

observed when 35S::TaNOX7-cYFP was coexpressed with 35S::TaCDPK13-nYFP in epidermal
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cells of tobacco leaves (Fig. 5B). In addition, the interaction relationship of TaNOX7 and
TaCDPK13 was further verified by the ColP assay (Fig. 5C). As can be seen, a clear band of
TaNOX7-GFP was observed in the TaCDPK13-MYC immunoprecipitates when the GFP-tagged
protein was coexpressed with TaCDPK-MYC in tobacco leaves, showing that TaNOX7 physically

interacts with TaCDPK13 in vivo.

Effect of TaNOX7 and TaCDPK13 interaction on ROS production and various
aspects of the plant development

To dissect the biological significance of interaction between TaNOX7 and TaCDPK13, we at first
used the Agrobacterium tumefaciens—mediated transient expression assay (agroinfiltration) to test
whether transient co-expression of TaNOX7 with TaCDPK13 could affect the ROS production in
plants. As shown in Fig. 5D, the DAB staining indicated that the reddish brown precipitates are
much more in the areas of co-expression of cLUC-TaCDPK 13 with nLUC-TaNOX?7 than the three
controls in tobacco leaves, demonstrating that TaCDPK13 can promote ROS production by directly
interacting with TaNOX?7.

To further explore the physiological implications of TaNOX7 and TaCDPK13 interaction, the
sophisticated expression profiles of TaCDPK13 and TaNOX7 in young spikes from 12 stages of
wheat were investigated with the expression levels of the genes in flag leaves as the references (Fig.
6A). As expected, TaNOX7 has an absolutely higher expression levels in the young spikes at all the
examined developmental stages than that in the flag leaves. TaCDPK13 exhibits a quite similar
expression profile as TaNOX7, showing a very well coexpression relationship with TaNOX7 during
panicle development. In addition, TaNOX7 and TaCDPK13 also show very higher expression levels
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in almost all the floral organs compared with those in the flag leaves (Fig. 6B). All the results
indicate that the interaction of TaNOX7 with TaCDPK13 may mainly function in the development

of spikes and floral organs, contributing to the fertility of the plant.

Improvement of yield-component traits caused by TaNOX7 overexpression

To further clarify the biological function of TaNOX?7, the agronomic traits of TaNOX7 transgenic
rice plants were comprehensively analyzed during the whole reproductive growth. As shown in Fig.
7 and Fig. S8, the differentially expression of TaNOX?7 in rice significantly influenced the plant
growth period and many other agronomic traits. The TaNOX7-overexpressing lines OE-5 and OE-6
show the shortest growth period (136~139 days) but the longest filling stage (35~36 days) among
the transgenic plants, followed by OE-2 and OE-3 with the middle growth period (145~147 days)
and the filling stage (25~28 days); while, the co-suppressed lines CS-2 and CS-3 have the longest
growth period (157~159 days) but the shortest filling stage (22~23 days). In contrast, the WT plant
possesses a 147-days growth period and a 24-days filling stage while the osnox1 mutant has a 172-
days growth period and a 27-days filling stage (Fig. 7C). In addition, many vyield-related traits
including the effective panicle number (Fig. S8F), percentage of effective panicle (Fig. 7Da), yield
per plant (Fig. 7Db), panicle length (Fig. S7H), percentage of seed setting (Fig. 7Dc), and thousand
kernel weight (Fig. 7Dd), show obvious higher in the TaNOX7-overexpressing lines (especially the
OE-5 and OE-6) but markedly lower in the CS plants and osnox1 mutant as compared to those in
the WT. The OE plants also possess big panicles as compared to those of WT, CS lines and the
osnox1l mutant (Fig. 7B). The phenotypes of the plants in these yielding characters are well
correlated with their TaNOX7 expression and ROS producing levels (Fig. 7, S8). All these results
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indicate that overexpression of TaNOX7 in rice greatly improved the yielding traits of the plants and

this, might be closely correlated with its function in ROS production.

DISCUSSION

In this study, a NADPH oxidase gene, namely TaNOX7, was cloned and characterized in wheat. Its
encoding protein has the four conserved domains that the typical NOX/RBOH proteins have,> 3
and is located in the plasma membrane (Fig. S2, S3), demonstrating that the gene cloned here, do
belongs to the NOX superfamily of plants. Nevertheless, the distribution of TaNOX7 on the plasma
membrane is not uniform (Fig. S3), that is consistent with a previous study in which NOX/RBOH
proteins were found to be presented on the plasma membrane by discrete dynamic spots with a
highly heterogeneous diffusion coefficient.®? Similar phenomenon was also observed on a rice
NADPH oxidase OsRbohA.*" In addition, it was reported that the homodimerization of OsRbohB
is required for the interaction of the protein with a Rac GTPase.5” Apparently, the homodimerization

and dynamic state are the general form for the location of NOXs/RBOHs on the plasma membranes.

TaNOX?7 participates in seed germination and seedling development by regulating
ROS homeostasis

The spatio-temporal expression pattern showed that TaNOX7 is expressed in almost all tissues
and/or organs with dominantly transcripts in young spikes (Fig. 1B/D, 6, S7), implying its
predominant roles in plant development, especially in young spikes. Many previous studies have
shown that NOXs/RBOHs mediated ROS involves in various stages of plant development like seed
germination, after-ripening, seedling growth, root development and so on.58-% In the present study,
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we found that the seed germination rate, plant size and root length are greatly reduced in the TaNOX7
co-suppressed rice transgenic plants but increased in the overexpression lines. The expression level
of TaNOX?7 is closely associated with the seed germination rate and plant development as well as
the accumulation levels of O,~ and H20: in transgenic plant lines (Fig. 2, SBA~E). These results
promote us to speculate that TaNOX7 may play pivotal roles in seed germination and plant
development by regulating the ROS production. In fact, increasing reports have indicated that ROS
produced by NADPH oxidases can promote GA biosynthesis, and subsequently GA induces and
activates NOXs for ROS production in aleurone cells, which induce a-amylase activity in aleurone
cells for seed germination.®® ¢ The functions of NOXs on regulating root development may also
depend on its ROS producing activity. A previous report indicated that AtRHD2 (an NADPH
oxidase) controls root development by making ROS that regulate plant cell expansion through the
activation of Ca?* channels.®?

The regulation of ROS to seed germination and root development seems bidirectional.
Although ROS (mainly H,0-) were found to facilitate seed germination,®® root hair growth,%? and
lateral roots® and adventitious roots development,® excess accumulation of them in seeds or in root
tops causes oxidative damage, which reduces germination ability® and root growth rate,®
respectively. Obviously, a critical balance between the production and elimination of ROS determine
the fate of the cells.5® It was reported that, exogenous ABA mediated ROS accumulation produced
by AtRbohD and AtRbohF can positively or negatively affect the primary root growth, typically
depending on ABA concentrations: under high concentration, the increasing ROS repressed primary
root growth;®” however, low ROS accumulation also reduced plant size and primary root length.58
Furthermore, exogenous H;O, can reverse the suppressed root and root hair length to normal
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phenotype in an AtRbohC-knockout mutant.8? In the present study, as shown in Fig. 3, exogenous
H.0, treatments significantly facilitate the seed germination rate of all the TaNOX7 transgenic rice
plants, especially in the gene silencing lines CS-2 and CS-3. While, the primary roots are retarded
eminently, but the adventitious roots (either the root length or number) are predominantly promoted
relative to that of the control groups. In a word, exogenous H2O; can reduce the developmental gap,
which is due to the different level of endogenous ROS in different transgenic plant lines. This means
that the low expression of TaNOX7 mediated inhibition of seed germination and seedling
development could be eliminated by exogenous H2O; application while the high expression of the
gene led facilitation of seed germination and seedling development could be suppressed by the
exogenous H20; treatment (Fig. 2, 3). Coincidentally, a similar case reported that the primary root
length is decreased and the lateral root number is increased in a dose dependent manner under
exogenous H,0- in Arabidopsis.5 Moreover, some other papers reported that the ROS produced by
AtRbohD and AtRbohF affect cytosolic Ca?* levels and auxin sensitivity of roots, thus positively
regulating the ABA-inhibited primary root growth®” and negatively modulating the lateral root
development by changing the peroxidase activity.5® However, at high concentration (500 piM) of
exogenous H,0, treatment reduced Arabidopsis root hair length.”® Therefore, there must have a
ROS threshold interval in plants to maintain the normal physiological function, both above or below
the threshold are unfavorable to plants. Our results provide a solid evidence for this presumption.
To sum up, the results obtained here suggest that TaNOX?7 is necessary for seed germination and

plant development by regulating ROS homeostasis.

Overexpression of TaNOX7 enhanced the fertility and drought-tolerance of
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transgenic plants
As shown in Figure 2, the rate of seed germination and root development were all positively
correlated with ROS accumulation level and TaNOX7 expression level. These results were sufficient
to explain that TaNOX7 can regulate the vegetative growth of plant by regulate the ROS
accumulation level. At the same time, the seedling growth status of plants will directly affect their
fertility and tolerance to environmental stresses. In the present study, coinciding with their
characteristics of seedling growth, the differential expressed TaNOX?7 transgenic plants also showed
differential seed fertility and drought tolerance. Overexpression of TaNOX?7 in rice enhanced ROS
accumulation, boosted plant fertility, increased panicle length, reduced the growing cycle and
lengthened grain-filling duration (Fig. 7, S8), demonstrating that overexpression of this gene greatly
improved yielding characters of the plants. Consistent with this, TaNOX7 exhibited higher
expression levels in young spikes and floral organs of wheat, implying its crucial roles in plant
fertility and seeds development. The higher fertility owes much to healthy vegetative growth and
longer reproductive growth. Coincided with this, the TaNOX7-overexpressing transgenic plants also
showed shorten growth period of duration and relative longer reproductive growth stage (Fig. 7C).
This is the first observation that NOXs/RBOHs might function in plant fertility and seed
development although the functional mechanisms still remain under investigation.
Over-expression of TaNOX?7 in rice also greatly enhanced the tolerance of plants to drought
stress, whereas suppression of its homologue OsNOX1 or AtRbohD reduced the stress tolerance of
plants (Fig. 4, S6), indicating that TaNOX7 also functions in plant stress tolerance. The roles of
TaNOX?7 in plant stress tolerance may also depend on its ROS producing activity. In fact, many
important signaling pathways including Ca?*, receptor-like protein kinases (RLKSs), receptor-like
23
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cytoplasmic kinases (RLCKSs), calcium-dependent protein kinases (CDPKSs),”*"® botrytis-induced
kinasel (BIK1),”2 mitogen activated protein kinase (MAPK) cascades,’> 7 open stomata 1
(OST1),”> POP/RAC small GTPases, '8 and hormones (like ABA, JA, SA and ET),® 73 77 8 have
been found participating in the activity regulation of NOXs/RBOHs to regulate ROS production for
stress tolerance.® In our present study, we found that the drought tolerance of the TaNOX7
transgenic rice is greatly consistent with the ROS production levels of the plants. The lower drought
tolerance in the TaNOX?7 gene silencing lines is due to the low ROS level in these plants, which may
block a stress related signal transduction and subsequently the intracellular resistance-related
cascade reaction could not be motivated for the stress tolerance. While, overexpression of the gene
enhanced ROS accumulation in plants and therefore improved the drought tolerance (Fig. 4, S6).

However, the regulatory mechanism of TaNOX7 in ROS-producing needs further investigation.

The interaction between TaNOX7 and TaCDPK13 may contribute to the plant
fertility and stress tolerance

It is well known that both NOX enzymes and CDPKs possess EF_hand domains, which are the
crucial domains for Ca?* binding. In fact, the roles of CDPKSs in plant growth regulation and various
stress responses are closely associated with NOX/RBOH-mediated ROS production in a Ca?*-
depended manner.? 7°-81 |In addition, both protein phosphorylation and Ca?* show a synergistic effect
on the activation of AtRbohH and AtRbohJ.*® Therefore, as the primary Ca?*-regulated kinases,
CDPKs become the putative subjects for the phosphorylation of NOXs/RBOHSs.%¢: 37 All these
results strongly suggest that phosphorylation of NOX/RBOHs in the Ca?* dependent manner may
be a general regulatory mechanism for the CDPK-mediated ROS-production. In the present study,
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we found that TaCDPK13 could directly interact with TaNOX7 (Fig. 5A~C) and transient co-
expression of TaNOX7 with TaCDPK13 enhanced ROS production in tobacco leaves (Fig. 5D).
These results implied that TaCDPK13 can increase the activity of TaNOX7 and then enhanced the
production of ROS. Since the phosphorylation regulation of NOXs/RBOHs in CDPK-dependent
pattern widely exists in various species,>” 82 we speculated that TaCDPK13 might also function on
the phosphorylation of TaNOX7 and thus regulate the ROS production for the plant development
and stress tolerance even though the mechanism of the interaction between TaNOX7 and
TaCDPK13 needs further verification.

As known to all, many genes have their specific expression pattern and functional preference.
For example, AtCDPK11 was found to participate in plant immune and abiotic stress signaling by
affecting transcriptional regulators as well as in pollen tube growth.8 8 While, OsCDPKO plays a
positive role in drought tolerance and spikelet fertility.8> Similarly, both TaCDPK13 and TaNOX7
are all expressed in the whole plant but with peaking levels in spikes and floral organs (Fig. 6; Fig.
S7). At the same time, considering the differential characteristics of the TaNOX7 transgenic rice
plants on seedling growth, fertility, drought tolerance and ROS production, we speculate that the
interaction of TaNOX7 with TaCDPK13 may play crucial function in the spike and flower organ
development at reproductive growth stage and therefore contributes to plant fertility by facilitating
ROS production.

As a whole, a novel NADPH oxidase homologue gene, TaNOX7, was identified and cloned
from wheat in this study. TaNOX7 is expressed in whole plant with dominant transcripts in spikes
and floral organs of wheat. Overexpression of TaNOX7 in rice led to more ROS production, faster
seed germination and seedling growth, higher drought tolerance, as well as shorter growth period
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and improved yielding characters. TaNOX7 can directly interact with TaCDPK13, and plays vital
roles in plant development, especially in fertility. Our study firstly reported that overexpression of
an NADPH oxidase gene may facilitate yield production of crops with a shorten growth period,
providing a promising and charming strategy to increase crop yields and stress tolerance using

bioengineering technology.
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Supplementary Figures

Figure S1. Comparative analysis of the protein conserved motifs and the amino acid sequences with
three homologues of TaNOX7 (TaNOX7-3A, TaNOX7-3B and TaNOX7-3D). A. Alignment
analysis of amino acid sequences for three homologues of TaNOX7. Amino acid sequences
alignment analysis was performed using clustalx-2.1. B. The conserved domains of the protein

TaNOX?7. The logos of domain organization were obtained from EMBL-EBI.

Figure S2. Identification of TaNOX7 and alignment analysis of its amino acid sequences with three
other NADPH oxidases identified in other plants. Amino acid sequences alignment analysis was
performed using clustalx-2.1 and GeneDoc 2.7.0. The blue/green/pink boxes represent that the
conserved percent of the amino acid sequences between TaNOX7 and the three others (TaNOX7:
AK334324; AtRbohD: AT5G47910.1; HYRRbohB2: ACB56482.1; OsRRbohB: XP_015620905.1)

is 100%, 80% and 60%, respectively.

Figure S3. Subcellular localization of TaNOX7. The subcellular localization was analyzed by
confocal microscopy using a transient transformation system with Nicotiana benthamiana as the
materials. The top two panels show the analysis using tobacco protoplasts. Bars = 10 um. The
bottom two panels show the analysis using tobacco leaf epidermal cells. Bars = 50 um. AtCBL1n-
mCherry served as a marker for the plasma membrane localization of proteins.

Figure S4. Levels of ROS in root tips of the wild-type rice (WT), TaNOX7-transgenic lines and
OsNOX1-knockout mutant osnox1. The ROS levels was visualized by confocal microscopy with
fluorescence of 2, 7-dichlorodihydrofluorescein diacetate acetylester (H,DCFDA; Sandalio et al.
2008). At least 10 of root tips from 4 day old plants were collected for the analysis. Relative

fluorescence intensities were recorded from different positions along the central axes of the root tips
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as marked by the rulers in the related pictures. Bars = 200 pm.

Figure S5. Inducible express pattern of TaNOX7 under different biotic and abiotic stresses. The
expression profiles obtained from the database of TA_AFFY_WHEAT-0 as reported by
Genevestigator v3 Results were given as heat maps in green/red coding that reflect relative signal
values; where greener represents stronger down-regulated expression and redder represents stronger

up-regulated expression.

Figure S6. ROS production and drought tolerance of the Arabidopsis wild-type (WT, Columbia),
TaNOX7-transgenic plant lines, AtRbohD-knockout mutant Atrbohd, and complementary lines
(CO). A and B. DAB (A) and NBT (B) staining for detecting ROS (H,O, and ©O-,) accumulation
levels in the 23 day old plants. C. 30 day old plants after drought treatment for 25 days. Data
represent similar results from more than three independent experiments.

Figure S7. Co-expression analysis of TaNOX7 and TaCDPKs in 14 tissues of wheat by gRT-PCR.
Figure S8. Agronomic traits and ROS production of the wild-type rice (WT), TaNOX7-transgenic
lines, OsNOX1-knockout mutant osnox1, and complementary lines (CO). A. Phenotype of the
different type of plants at the heading stage. B. The relative expression levels of OsNOX1 (the
homologue of TaNOX7) in the different type of plants. C. The relative expression levels of TaNOX7
in the different type of plants. D. The contents of O in the different type of plants. E. The contents
of H20- in the different type of plants. CO, the complementary lines complementing the mutant

osnox1 with TaNOX7. F-1. Agronomic indexes of the different type of plants.

Supplementary Tables

Table S1. The names of 100 wheat varieties
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FIGURE CAPTIONS

Figure 1. Tissue expression analysis of TaNOX?7.

A. Expression levels of TaNOX7 homologous copies in wheat by RNA-seq. Total RNA, used in

RNA-seq experiments, are extracted from 100 varieties of wheat at inflorescence emergence stage.

B. Tissue-specific expression analysis of TaNOX7 in wheat by gRT-PCR with TaActinl

(AB181991.1) and TaGAPDH1 (ABS59297.1) as the internal controls. C. Spatial expression pattern

of TaNOX?7 in rice. Histochemical GUS assays were performed by using GUS staining (blue) in

TaNOX7 promoter::GUS transgenic rice plants. a. Callus; b. Germinating seed; c. Bud; d. Seedling;

e. Two-week old seedling; f. Seeds and panicles at booting stage; g. Flowers and panicles at heading

stage; h. Panicles at milking stage; i. Seeds and panicles at dough stage; j. Seeds and panicles at full

ripe stage.

Figure 2. Seed germination, root development, and ROS production in the wild-type rice,

TaNOX7-transgenic lines and OsNOX1-knockout mutant osnox1.

A. Seed germination and root development in different transgenic lines. a. Seed germination after

germinated 5 days. b. and c. Phenotypes of principal root, adventitious root and root hair of the

young seedlings cultivated for 7 and 14 days, respectively. d. Expression of TaNOX7 in the different

type of plants analyzed by semi-quantitative PCR. e. Expression levels of TaNOX?7 in the different

type of plants analyzed by qRT-PCR. f. Relative expression levels of OsNOX1 in the different type

of plants analyzed by gRT-PCR. B. ROS production detected by the histochemical staining and

physiological measurement. a./b./e. H;O, content detecting by 3,3’-diaminobenzimidine

tetrachloride (DAB) staining in roots of 14-days old seedlings, principal roots of 4-days old
12
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seedlings, and leaves from 7-days old seedlings, respectively. c./d./f. Oz content detecting by nitro
blue tetrazolium (NBT) staining in roots of 14-days old seedlings, principal roots of 4-days old
seedlings, and leaves from 7-days old seedlings, respectively. g. O2 production rate in the different
type of plants. The O, production rate was detected with the XTT method (Duan et al., 2009).4" h.
H20- content in the different type of plants. H,O, content was detected by a Hydrogen Peroxide
Assay Kit (made in beyotime R technology). Leaves from 30-days old young seedlings were used
for the measurement of O production rate and H2O, content. Values are means £=SD based on
three biological experiments with 3 to 5 technique replicates. Different letters indicate significant

differences determined by the Duncan (D) test.

Figure 3. Effects of exogenous H2O; treatment on the seed germination and root development
of the wild-type rice, TaNOX7-transgenic lines and OsNOX1-knockout mutant osnox1.

Aand B. Seed germination rate under 1.0 uM H2O; treatment for 4 days. C and D. Root development
under H20; treatment (1.0 uM H2O; for 4 d, and then 0.5 pM H20; for 3 d). Values are means £SD
(n=20 plants) from three biological experiments. Different letters indicate significant differences

determined by the Duncan (D) test. CK, the control groups. VC, the vector control.

Figure 4. Drought tolerance of the wild-type rice, TaNOX7-transgenic lines and OsNOX1-

knockout mutant osnox1.

A. Phenotypes of the different type of plant lines before drought treatment (top panel), after

withholding water for 15 days (middle panel), and after rewatering for 10 days (bottom panel). 45

day old plants were used for drought stress treatment. B. Survival rate of the different type of plant
13
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lines undergone drought and rewatering. Data are means =SD (n = 50 plants) from more than three

independent experiments. Different letters indicate significant differences determined by the

Duncan (D) test. C._Water loss rate of the different type of plant lines. At least 6 leaves from two-

week old of seedlings for each plant line were used for the analysis. Three biological experiments

were performed for the examination. VC, the vector control.

Figure 5. TaNOX?7 interacts with TaCDPK13, which enhanced ROS production in plants. A~C.

The interactions between TaNOX7 and TaCDPK13. A. Verification of protein interaction between

TaNOX7 and TaCDPK13 using the firefly luciferase complementation imaging (LCI) assay. B.

Bimolecular fluorescence complementation (BiFC) assay, showing the interactions between

TaNOX7 and TaCDPK13, respectively. C. The Co-Immunoprecipitation (Co-1P) assay, showing the

physically interactions between TaNOX7 and TaCDPK13 in vivo. D. Transient coexpression of

TaNOX7 with TaCDPK13 enhanced ROS production in the leaves of N. benthamiana. The level of

ROS accumulation was detected by 3, 3’-diaminobenzidine (DAB) dye. The DAB staining intensity

in situ ROS levels of agroinfiltrated tobacco leaves in each treatment was calculated based on the

stain intensity of the control “cLUC+nCLU”. Bars annotated with different letters represent values

that are significantly different at P<<0.05 according to one-way ANOVA analysis.

Figure 6. Expression profiles of TaNOX7 and TaCDPK13 in the spikes at different

developmental stages and floral organs at the heading stage of wheat.

A. Expression profiles of the genes in the spikes at different development stages. B. Expression

profiles of the genes in different floral organs at the heading stage. The relative expression levels of

14
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the genes in the spikes and floral organs were analyzed by gRT-PCR with using the expression levels

of the genes in flag leaves as the reference. Bars annotated with different letters represent values

that are significantly different at P<<0.05 according to one-way ANOVA analysis.

Figure 7. Agronomic traits and yielding characters of the wild-type rice, TaNOX7-transgenic

lines and OsNOX1-knockout mutant osnox1.

A. Phenotype of the different type of plants at the heading stage, showing the different maturing of

the panicles between the different plant lines. B. Phenotype of the mature panicles of the different

type of plants, showing the heavy panicles in the OE plants. C. The days of vegetative and

reproductive periods of the different type of plants. D. Yielding traits of the different type of plants.

At least 50 plants were used for the calculation of the percentage of effective panicles, weight of the

effective panicles per plant, and percentage of seed setting. For the analysis of thousand kernel

weight, three biological repeat experiments were performed. Bars annotated with different letters.
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Figure 1. Tissue expression analysis of TaNOX7. A. Expression levels of TaNOX7 homologous copies in
wheat by RNA-seq. Total RNA, used in RNA-seq experiments, are extracted from 100 varieties of wheat at
inflorescence emergence stage. B. Tissue-specific expression analysis of TaNOX7 in wheat by gRT-PCR with
TaActinl (AB181991.1) and TaGAPDH1 (ABS59297.1) as the internal controls. C. Spatial expression pattern
of TaNOX?7 in rice. Histochemical GUS assays were performed by using GUS staining (blue) in TaNOX7
promoter::GUS transgenic rice plants. a. Callus; b. Germinating seed; c. Bud; d. Seedling; e. Two-week old
seedling; f. Seeds and panicles at booting stage; g. Flowers and panicles at heading stage; h. Panicles at
milking stage; i. Seeds and panicles at dough stage; j. Seeds and panicles at full ripe stage.
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Figure 2. Seed germination, root development, and ROS production in the wild-type rice,
TaNOX7-transgenic lines and OsNOX1-knockout mutant osnox1. A. Seed germination and root
development in different transgenic lines. a. Seed germination after germinated 5 days. b. and c.
Phenotypes of principal root, adventitious root and root hair of the young seedlings cultivated for 7 and 14
days, respectively. d. Expression of TaNOX7 in the different type of plants analyzed by semi-quantitative
PCR. e. Expression levels of TaNOX7 in the different type of plants analyzed by qRT-PCR. f. Relative
expression levels of OsNOX1 in the different type of plants analyzed by gRT-PCR. B. ROS production
detected by the histochemical staining and physiological measurement. a./b./e. H,0, content detecting by
3,3'-diaminobenzimidine tetrachloride (DAB) staining in roots of 14-days old seedlings, principal roots of 4-
days old seedlings, and leaves from 7-days old seedlings, respectively. c./d./f. «Oy content detecting by
nitro blue tetrazolium (NBT) staining in roots of 14-days old seedlings, principal roots of 4-days old

seedlings, and leaves from 7-days old seedlings, respectively. g. «O>™ production rate in the different type of
plants. The O3~ production rate was detected with the XTT method (Duan et al., 2009).47 h. H,O;, content
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in the different type of plants. H,O;, content was detected by a Hydrogen Peroxide Assay Kit (made in
beyotime R technology). Leaves from 30-days old young seedlings were used for the measurement of «O>"

production rate and H,O; content. Values are means £ SD based on three biological experiments with 3 to 5
technique replicates. Different letters indicate significant differences determined by the Duncan (D) test.
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Figure 3. Effects of exogenous H>0> treatment on the seed germination and root development of
the wild-type rice, TaNOX7-transgenic lines and OsNOX1-knockout mutant osnox1. A and B. Seed

germination rate under 1.0 uM H,O> treatment for 4 days. C and D. Root development under H>O>

treatment (1.0 pM H»O> for 4 d, and then 0.5 uM H0> for 3 d). Values are means £ SD (n=20 plants)
from three biological experiments. Different letters indicate significant differences determined by the Duncan
(D) test. CK, the control groups. VC, the vector control.
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Figure 4. Drought tolerance of the wild-type rice, TaNOX7-transgenic lines and OsNOX1-knockout
mutant osnox1. A. Phenotypes of the different type of plant lines before drought treatment (top panel),
after withholding water for 15 days (middle panel), and after rewatering for 10 days (bottom panel). 45 day
old plants were used for drought stress treatment. B. Survival rate of the different type of plant lines
undergone drought and rewatering. Data are means £ SD (n = 50 plants) from more than three
independent experiments. Different letters indicate significant differences determined by the Duncan (D)
test. C. Water loss rate of the different type of plant lines. At least 6 leaves from two-week old of seedlings
for each plant line were used for the analysis. Three biological experiments were performed for the
examination. VC, the vector control.
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Figure 5. TaNOX7? interacts with TaCDPK13, which enhanced ROS production in plants. A~C. The
interactions between TaNOX7 and TaCDPK13. A. Verification of protein interaction between TaNOX7 and
TaCDPK13 using the firefly luciferase complementation imaging (LCI) assay. B. Bimolecular fluorescence

complementation (BiFC) assay, showing the interactions between TaNOX7 and TaCDPK13, respectively. C.

The Co-Immunoprecipitation (Co-IP) assay, showing the physically interactions between TaNOX7 and

TaCDPK13 in vivo. D. Transient coexpression of TaNOX7 with TaCDPK13 enhanced ROS production in the
leaves of N. benthamiana. The level of ROS accumulation was detected by 3, 3’-diaminobenzidine (DAB)
dye. The DAB staining intensity in situ ROS levels of agroinfiltrated tobacco leaves in each treatment was
calculated based on the stain intensity of the control "cLUC+nCLU". Bars annotated with different letters

represent values that are significantly different at P<0.05 according to one-way ANOVA analysis.
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Figure 6. Expression profiles of TaNOX7 and TaCDPK13 in the spikes at different developmental
stages and floral organs at the heading stage of wheat. A. Expression profiles of the genes in the
spikes at different development stages. B. Expression profiles of the genes in different floral organs at the
heading stage. The relative expression levels of the genes in the spikes and floral organs were analyzed by
gRT-PCR with using the expression levels of the genes in flag leaves as the reference. Bars annotated with
different letters represent values that are significantly different at P<0.05 according to one-way ANOVA
analysis.
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Figure 7. Agronomic traits and yielding characters of the wild-type rice, TaNOX7-transgenic lines
and OsNOX1-knockout mutant osnox1. A. Phenotype of the different type of plants at the heading
stage, showing the different maturing of the panicles between the different plant lines. B. Phenotype of the
mature panicles of the different type of plants, showing the heavy panicles in the OE plants. C. The days of
vegetative and reproductive periods of the different type of plants. D. Yielding traits of the different type of
plants. At least 50 plants were used for the calculation of the percentage of effective panicles, weight of the
effective panicles per plant, and percentage of seed setting. For the analysis of thousand kernel weight,
three biological repeat experiments were performed. Bars annotated with different letters.
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