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Water deficit is a key limiting factor that affects the growth, development and productivity
of crops. It is vital to understand the mechanisms by which plants respond to drought
stress. Here an N-acetylglutamate kinase gene, ZmNAGK, was cloned from maize
(Zea mays). ZmNAGK was expressed at high levels in maize leaves and at lower
levels in root, stem, female flower and male flower. The expression of ZmNAGK was
significantly induced by PEG, NaCl, ABA, brassinosteroid and H2O2. The ectopic
expression of ZmNAGK in tobacco resulted in higher tolerance to drought compared
to plants transformed with empty vector. Further physiological analysis revealed
that overexpression of ZmNAGK could enhance the activities of antioxidant defense
enzymes, and decrease malondialdehyde content and leakage of electrolyte in tobacco
under drought stress. Moreover, the ZmNAGK transgenic tobacco accumulated more
arginine and nitric oxide (NO) than control plants under drought stress. In addition,
the ZmNAGK transgenic tobaccos activated drought responses faster than vector-
transformed plants. These results indicate that ZmNAGK can play a vital role in
enhancing drought tolerance by likely affecting the arginine and NO accumulation, and
ZmNAGK could be involved in different strategies in response to drought stress.

Keywords: drought stress, ZmNAGK, tobacco, abiotic stress, arginine, NO

INTRODUCTION

Along with global growing population and climate change, water resource scarcity is one of the great
environmental challenges of our time. Plants encounter many abiotic stresses that affect growth and
development, and water deficit is one of the main factors that ultimately lead to substantial yield
reduction (Boyer, 1982). Thus, it is crucial to understand the mechanisms of plant response to
drought (Daryanto et al., 2016). A broad range of strategies at physiological and molecular levels
have been developed in plants to help them adapt to stress (Mazzucotelli et al., 2008). Abscisic acid
(ABA) plays a vital role in modulating the expression of stress-related genes and cellular responses
to drought stress (Todaka et al., 2017). Exogenous 24-epiBL (24-epibrassionlide) can improve the
drought tolerance by reducing lipid peroxidation, plasma membrane penetration and enhancing
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antioxidant protective enzyme activity in Chorispora bungeana
(Li et al., 2012). Application of exogenous BL can alleviate
the detrimental effects caused by drought stress by enhancing
enzymatic antioxidant enzyme activities in maize (Anjum et al.,
2011). Transcription factors, like NAC (Zhu et al., 2016), DREB
(Kudo et al., 2017), and WRKY (Chen et al., 2017) and signal
factors, like hydrogen peroxide (H2O2), NO and Ca2+, are
involved in drought stress tolerance in plants.

Nitric oxide (NO), as one of the second messengers, plays
important roles in various physiological processes in plants,
including development, defense responses, hormone responses
and abiotic stress responses (Neill et al., 2003; Besson-Bard
et al., 2008; Su et al., 2018). NO could increase the activities
of antioxidant defense system enzymes, such as ascorbate
peroxidase (APX), catalase (CAT), glutathione reductase (GR)
and superoxide dismutase (SOD), to enhance the drought
tolerance as a second messenger (Zhang et al., 2007; Shan et al.,
2015; Peng et al., 2016; Hasanuzzaman et al., 2018). It is therefore
important to understand the mechanisms of NO production and
function. The biosynthesis of NO in plants has been difficult to
resolve and there appears to be several different pathways. One
of the enzymatic biosynthesis pathways of NO is the L-Arginine
(Arg) dependent pathway using an NO synthase like enzyme
(Besson-Bard et al., 2008; Su et al., 2018; Zhao et al., 2018).
Arginine is not only an essential amino acid in the process of
protein synthesis but also an intermediate for nitrogen storage
(Micallef and Shelp, 1989; Llacer et al., 2008), and a precursor
of polyamines (Takahashi and Kakehi, 2010) and NO (Crawford,
2006).

The first step of the Arg biosynthesis pathway is the
conversion of acetyl-CoA and glutamate to N-acetylglutamate
(NAG) catalyzed by N-acetylglutamate synthase (NAGS).
Overexpression of a tomato NAGS gene (SlNAGS1) in
Arabidopsis thaliana resulted in high ornithine levels and
increased tolerance to salt and drought stress (Kalamaki et al.,
2009). The second step of Arg biosynthesis is catalyzed by
N-acetylglutamate kinase (NAGK). NAGK is the target of Arg
in the negative feedback loop of the Arg biosynthetic pathway
(McKay and Shargool, 1981). NAGK in plants has been identified
in several studies (Burillo et al., 2004; Slocum, 2005; Chen
et al., 2006; Winter et al., 2015), and many roles of NAGK in
plants have been reported. NAGK was found to modulate the
balance of nitrogen and carbon by interacting with PII signaling
proteins (Winter et al., 2015), and OsNAGK1 could interact
with PII-like protein (OsGlnB) in rice (Sugiyama et al., 2004).
AtNAGK is implicated in gametophyte function and embryo
development in A. thaliana (Huang et al., 2017). Since NAGK
is an indirect enzyme leading to NO biosynthesis pathway via
arginine, we hypothesized that NAGK similarly to what has been
shown for NAGS could have a function in response to drought
stress.

In this study, we identified a NAGK from maize, ZmNAGK, by
sequence alignment and phylogenetic analysis. Overexpression of
ZmNAGK in tobacco resulted in increased tolerance to drought
stress. Moreover, ZmNAGK overexpressing plants accumulated
more arginine and NO in response to drought than the control
plants.

MATERIALS AND METHODS

Plant Materials and Treatments
Seeds of maize (Z. mays cv Nongda 108, from Nanjing
Agricultural University, China) were grown in greenhouse at a
temperature of 22 to 28◦C, photosynthetic active radiation of
200 µmolm−2 s−1, a photoperiod of 14/10 h (day/night) and
watered every day.

Maize plants were excised at the base of stem and placed
in distilled water for 2 h to eliminate the effect from wound
stress. Then the detached plants were placed in beakers
containing 10% (w/v) polyethyleneglycol (PEG6000) solution,
100 mM NaCl, 100 µM ABA, 50 nM BR, 10 mM H2O2
or distilled water (as control), respectively. Beakers were
wrapped with aluminum foil. Detached plants treated with
distilled water under the same conditions at the same time
served as controls for the above. The second leaves from
three maize seedlings were sampled at the time points
indicated and immediately frozen under liquid N2 for
further analysis. The experiments were repeated at least
three times.

Seeds of maize were sowed in the soil. When the second leaf
was fully expanded, the root, second leaf (as the young leaf) and
stem were collected and frozen under liquid N2. The eighth leaf
from the stem base (as the old leaf) was collected and the male
or female flowers were collected at the pollen stage. Total RNA
was extracted from these tissues and used to detect the ZmNAGK
expression.

The seeds of Nicotiana tabacum were sown into pots that
were filled with an equal quantity of moisture and soil in
green house maintained at 25◦C under a 16/8 h (day/night)
photoperiod. After 4 weeks, tobacco seedlings were used to
do phenotypic analysis. Leaves (L1–L4 from the top) from
the transgenic and vector-transformed plants were sampled
to analyze the relative water content (RWC) (Hu et al.,
2013), malondialdehyde (MDA), electrolyte leakage, activities
of antioxidant enzymes, arginine content and NO content.
Leaves from three tobacco plants were used to measure these
physiological parameters and the experiments were repeated at
least three times.

Isolation of the Maize ZmNAGK Gene
A blast search with rice OsNAGK1 sequence as a query from
NCBI database revealed good homology with the product
of the predicted maize gene. ZmNAGK is also known as
GRMZM2G132777 in MaizeGDB. Specific primers (ZmNAGK-
F and ZmNAGK-R, see Supplementary Table S1) were designed
and used to amplify the coding sequence by PCR. The PCR
product was purified and subcloned into the pMD19-T vector
(Takara, Dalian, China) for sequence verification.

Alignment and Phylogenetic Analysis
Sequences of plant NAGK proteins from different species were
retrieved from NCBI and aligned by CLUSTAL W1. Identical

1http://clustalw.genome.ad.jp/
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and similar residues were shaded by BOXSHADE2. The putative
plastid-target sequence was predicted by the iPSORT3 (Sugiyama
et al., 2004). A phylogeny tree was constructed based on the
sequence alignment using the Neighbor-Joining method and
bootstrap analysis was performed with 1000 using the MEGA 6.0
software.

Isolation of Total RNA and qRT-PCR
Analysis
Total RNA was isolated from maize or tobacco leaves using
an RNAiso Plus kit (TaKaRa) following the manufacturer’s
protocol and the cDNA was synthesized by the 5xAll-In-
One MasterMix with AccuRT Genomic DNA Removal Kit
(abm, Zhenjiang, China). Transcript levels of ZmNAGK were
measured by qRT-PCR using a DNA Engine Opticon 2 realtime
PCR detection system (Bio-Rad) with EvaGreen 2X qPCR
MasterMix-No Dye (abm) according to the manufacturer’s
instructions. The expression level was normalized against that
of ZmActin2 in maize or NtActin in tobacco (N. tabacum).
The specific primers for qRT-PCR were designed according
to the relevant sequences and are shown in Supplementary
Table S1.

Generation of Transgenic Tobacco
The full-length coding sequence of ZmNAGK was inserted
into the KpnI-BamHI sites of the binary vector 1300-221-
3∗Flag driven by the cauliflower mosaic virus 35S promoter.
Primers for constructing recombinant vector (ZmNAGK-P1
and ZmNAGK-P2) are shown in Supplementary Table S1.
The recombinant vector or empty 1300-221-3∗Flag vector was
introduced into tobacco using Agrobacterium tumefaciens strain
GV3101 via leaf disc transformation (Horsch et al., 1985).
Independent transgenic lines were obtained by hygromycin-
resistance selection and confirmed by PCR in T0 plants.
In addition, tobacco plants transformed with empty vector
alone were also subjected to similar analysis. T0, T1, and
T2 plants were grown in agreenhouse, and the presence of
the transgene was confirmed in each generation by PCR
analysis. The ZmNAGK expression in ZmNAGK overexpressors
was detected by semi-quantitative RT-PCR analysis. The
NtUbi (GenBank accession number: U66264) was used as an
internal reference. Three independent T2 lines, ZmNAGK-2,
ZmNAGK-3, and ZmNAGK-15 were selected for further
analysis.

Water Loss Measurement and Stomatal
Density
Detached leaves (L1–L4) from 4-week-old tobacco seedlings were
placed at room temperature. Their fresh weight was recorded
immediately and then every 15 min for 2 h. The percentage
water loss was calculated as (initial fresh weight − final fresh
weight)/initial fresh weight× 100% (Yoo et al., 2011).

The impression approach which was expressed as the number
of stomata per unit leaf area was used to analyze leaf stomatal

2http://www.ch.embnet.org/software/BOX_form.html
3http://ipsort.hgc.jp/

density (Radoglou and Jarvis, 1990). The abaxial lower epidermis
of the leaf was cleaned by a degreased cotton ball, and then
carefully scraped with scalpel. The thin film (approximately
5 mm∗15 mm) was peeled off from the leaf surface, lied
on a glass slide, immediately covered with a cover slip,
and then lightly pressured with fine point tweezers. Alcohol
lamp was used to gently heat the back of the glass slide to
stabilize the epidermis. Numbers of stomatas for each film
strip were counted under a photomicroscope system with a
computer attachment (OLYMPUS BX53). Impressions were
taken from the L3 and L4, fully expanded leaves for each
treatment.

Drought Tolerance and Survival Rate
Four-week-old tobacco seedlings grown in pots with soil were
treated by withholding water for 10 days. The phenotype of
seedlings was photographed and the relative water content
was determined as described by Jiang and Zhang (2002).
Subsequently, the plants were re-watered as normal for 1 week
and the survival rate was calculated.

Measurement of Malondialdehyde
Content and Electrolyte Leakage
Malondialdehyde content was measured as described previously
(Shi et al., 2012). About 0.1 g of tobacco leaves was used and
absorbance values at 450, 532, and 600 nm were determined
with a spectrophotometer. The concentration of MDA was
calculated using the following formula: C (µmol/L) = 6.45∗
(OD532 − OD600) − 0.56∗ OD450. The percentage of electrolyte
leakage was determined according to Shi et al. (2012).

Antioxidant Enzyme Assay
Tobacco leaf samples (200 mg) were homogenized in 0.6 mL
of 50 mM potassium phosphate buffer (pH 7.0) containing
1 mM EDTA and 1% polyvinylpyrrolidone, with the addition
of 1 mM sodium ascorbate in the case of APX assay. The
homogenate was centrifuged at 12,000 g for 30 min at 4◦C,
and the supernatant was immediately used for the subsequent
antioxidant enzyme assays. The total activity of APX was
measured by monitoring the decrease of oxidized ascorbate
in absorbance at 290 nm as previously described (Nakano
and Asada, 1981; Zhu et al., 2013). Total SOD activity was
assayed by monitoring the inhibition of photochemical reduction
of nitro blue tetrazolium (NBT). One unit of SOD activity
was defined as the amount of enzyme required to cause
50% inhibition of the reduction of NBT as monitored at
560 nm (Giannopolitis and Ries, 1977; Jiang and Zhang,
2002).

Measurement of Arginine
Tobacco leaves (100 mg) were extracted, derivatized, and
analyzed as described by Rinder et al. (2008).

Measurement of Nitric Oxide
The tobacco leaves of transgenic plants were homogenized in Cell
and Tissue Lysis Buffer for Nitric Oxide Assay (Beyotime Institute
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FIGURE 1 | Alignment and phylogenetic analysis of ZmNAGK with NAGKs from different species. (A) ZmNAGK encodes a protein of 345 amino acid residues and
contains an AA-kinase domain. (B) The amino-acid sequences of NAGKs from Arabidopsis thaliana, Brachypodium distachyon, Nicotiana tabacum, Oryza sativa,

(Continued)
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FIGURE 1 | Continued
Setaria italica, Sorghum bicolor, and Zea mays were aligned. Identical and similar residues were shaded in black and gray, respectively. The putative plastid-target
sequence, which was predicted by the iPSORT (http://ipsort.hgc.jp/) programs are boxed. (C) Phylogeny tree of NAGKs was calculated in the MEGA 6.0 program.
The phylogenetic relationship between the examined sequences was performed using the Neighbor-Joining method with p-distance correction. Bootstrap values
were derived from 1000 replicate runs. The accession numbers: AtNAGK (NP_191315.1), BdNAGK-like (XP_003570025.1), NtNAGK-like (XP_016482712.1),
OsNAGK1 (XP_015633506.1), OsNAGK2 (BAD88532.1), SiNAGK-like (XP_004976436.1), SbNAGK-like (XP_002446901.2), ZmNAGK (XP_008668008.1).

of Biotechnology, China). The homogenate was centrifuged at
12,000 g for 10 min at 4◦C. Total NO concentration was
determined by measuring the concentration of nitrate and nitrite,
a stable metabolite of NO, according to the Griess assay with
Total Nitric Oxide Assay Kit (Beyotime).

RESULTS

Identification and Sequence Analysis of
ZmNAGK
The 1230 bp full-length cDNA sequence was obtained
from NCBI (XP_008668008.1). It contains a 1038 bp
open reading frame, which encodes a polypeptide of 345
amino acid residues. ZmNAGK contains an amino acid
kinase (AA-kinase) domain (Figure 1A). Multiple sequence
alignment showed that NAGK was highly conserved among
A. thaliana, Brachypodium distachyon, N. tabacum, Oryza
sativa, Setaria italica, Sorghum bicolor, and Z. mays, except
for 60 amino acid residues at the N-terminus. The ZmNAGK
protein contains a putative plastid-targeting polypeptide like
the homolog proteins in rice which was reported before
(Sugiyama et al., 2004) (Figure 1B). Phylogeny analysis
revealed that ZmNAGK was homologous to NAGKs in
S. bicolor and S. italica and to OsNAGK1 from O. sativa
(Figure 1C).

The Expression of ZmNAGK in Maize
We assessed the expression pattern of ZmNAGK in various
maize tissues. Total RNA was isolated from various tissues
of maize including root, stem, leaf, female flower and
male flower. Quantitative real-time polymerase chain
reaction (qRT-PCR) analysis revealed that ZmNAGK was
expressed in all the above tissues, and particularly in leaves
(Figure 2).

To understand the functions of ZmNAGK, we investigated
the expression of ZmNAGK in maize plants under abiotic
stimuli. The maize plants were treated with polyethylene glycol
(PEG), NaCl, ABA, brassinosteroid (BR) or H2O2, and then
the expression of ZmNAGK in leaves was determined by qRT-
PCR assay. ZmNAGK expression was prominently increased after
45 min PEG treatment, 60 min after NaCl treatment with a three-
fold change. ABA significant induced the expression of ZmNAGK
at 15 min and peaked at 240 min after ABA treatment. ZmNAGK
expression was increased at 15 min and maximized at 60 min
after BR treatment in a smooth trend. H2O2 also increased the
transcription of ZmNAGK (Figure 3). These results suggested
that ZmNAGK may play a positive role in response to abiotic
stress.

Overexpression of ZmNAGK in Tobacco
Enhanced Seedling Drought Stress
Tolerance
To further investigate the function of ZmNAGK in abiotic
stress tolerance, transgenic tobacco plants overexpressing
ZmNAGK under control of the cauliflower mosaic virus 35S
promoter were generated. The recombinant vector and empty
vector were transferred to Agrobacterium tumefaciens and
then were used to transform tobacco. Three independent
lines (ZmNAGK-2, ZmNAGK-3, ZmNAGK-15) with ZmNAGK
expression (Supplementary Figure S1) analyzed by semi-qRT-
PCR were selected for further analysis. No visible phenotypic
alteration was observed between the three transgenic and the
vector-transformed lines under normal growth conditions
(Supplementary Figure S2).

Phenotypic analysis showed that the ZmNAGK transgenic
lines displayed an improvement in drought tolerance compared
to vector-transformed plants (Figure 4A). The seedlings of
vector-transformed tobacco became severely wilted and impaired
after 10 days drought stress, while ZmNAGK transgenic plants
showed more open, green leaves (Figure 4A). Following the
dehydration treatment, the plants were re-watered for a week
to determine their survival rate, and the ZmNAGK transgenic

FIGURE 2 | Expression of ZmNAGK in maize tissues. RNA was isolated from
root, stem, old leaf, young leaf, female flower and male flower, and expression
of ZmNAGK relative to ZmActin2 determined by qRT-PCR analysis. Data are
means ± SD (n = 3).
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FIGURE 3 | Expression of ZmNAGK in leaves of maize plants exposed to different treatments. The detached maize plants were treated with (A) 10% PEG 6000
(B) 100 mM NaCl (C) 100 µM ABA (D) 50 nM BR (E) 10 mM H2O2 for various times as indicated. Expression level of ZmNAGK relative to ZmActin2 was analyzed
by qRT-PCR. Data are means ± SD (n = 3). The asterisks indicate a significant difference compared to Control using the unpaired Student’s t-test (∗P < 0.05,
∗∗P < 0.01).

plants had a significantly higher survival rate than the vector-
transformed plants (Figure 4A). Moreover, under normal
conditions, there was no significant difference in relative water
content (RWC) between ZmNAGK transgenic lines and vector-
transformed plants, but under drought conditions, ZmNAGK
transgenic plants showed higher RWC compared with vector-
transformed plants (Figure 4A). In view of the above results,
the ability of water retention in transgenic tobacco was further
investigated. Water loss rate and stomatal density from detached
leaves was measured. We found that the detached leaves of
the ZmNAGK transgenic tobaccos lost water at a lower rate
(Figure 4B) and had minimal lower stomatal density (Figure 4C)

than those of the vector-transformed plants. This result suggests
ZmNAGK improves the water retention ability of tobacco. These
data indicated that overexpression of ZmNAGK in tobacco
enhanced tolerance to drought stress.

Overexpression of ZmNAGK in Tobacco
Alleviated Oxidative Damage to
Seedlings Under Drought Stress
Tolerance of plants under different stresses has been shown
to be correlated with change in MDA content (Sharma
et al., 2011; Cheng et al., 2013). MDA content increased
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FIGURE 4 | Tolerance of ZmNAGK transgenic tobacco to drought stress. (A) Phenotype of vector- or ZmNAGK-transformed plants grown on soil and treated by
withholding water for 10 days and re-watered for 1 week. Control plants were watered daily throughout the experiment. The survival rate of tobacco plants after
re-watering for 1 week. The relative water content in the leaves of vector- or ZmNAGK-transformed plants under drought treatment for 10 days. (B) Water loss of
tobacco leaves at room temperature. Detached tobacco leaves from transgenic and vector-transformed seedlings were placed at room temperature for 2 h and the
percentage of water loss was recorded at different time points. (C) Stomatal density on leaf epidermis of overexpressors and vector-transformed seedlings.
(D) Determination of the MDA content and electrolyte leakage in transgenic and vector-transformed plants under water deficit. The content of MDA and the
electrolyte leakage were determined in the leaves of ZmNAGK- and vector-transformed plants under drought treatment for 7 days and in well-watered control plants.
Data are means ± SD (n = 3). The asterisks indicate a significant difference compared to vector-transformed plants using the unpaired Student’s t-test (∗P < 0.05,
∗∗P < 0.01).

when plants were subjected to drought stress (Lim and Lee,
2014). To further investigate the effect of ZmNAGK on
oxidative damage to seedlings under drought stress, MDA
content and electrolyte leakage were studied. In the absence
of stress, there was no difference between the plants in
MDA content, and in response to drought the MDA content
increased in all the lines (Figure 4D). However, the MDA
content in three transgenic lines, ZmNAGK-2, ZmNAGK-3,

and ZmNAGK-15, accumulated less in response to drought
compared to the vector-transformed plants (Figure 4D).
Similarly, when plants were exposed to drought stress, the
electrolyte leakage was slightly lower in ZmNAGK transgenic
lines than in vector-transformed plants (Figure 4D). These
results could suggest that overexpression of ZmNAGK in
tobacco alleviates oxidative damage to seedlings under drought
stress.
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FIGURE 5 | Analysis of antioxidant enzyme activities in drought-induced ZmNAGK transgenic and vector-transformed tobaccos. The activities of APX and SOD were
measured in leaves of seedlings treated with distilled water (Control) or drought for 7 days. Data are means ± SD (n = 3). The asterisks indicate a significant
difference compared to vector-transformed plants using the unpaired Student’s t-test (∗P < 0.05, ∗∗P < 0.01).

FIGURE 6 | The content of arginine and NO in the leaves of ZmNAGK transgenic and vector-transformed plants in response to drought stress. The seedlings were
treated with distilled water (Control) or drought for 7 days, and then the content of arginine (A) and NO (B) in leaves was analyzed. Data are means ± SD (n = 3). The
asterisks indicate a significant difference compared to vector-transformed plants using the unpaired Student’s t-test (∗P < 0.05, ∗∗P < 0.01).

Overexpression of ZmNAGK in Tobacco
Enhanced the Capacity of Antioxidant
Defense
To further assess the role of ZmNAGK in alleviating oxidative
damage, the activities of antioxidant enzymes ascorbate
peroxidase (APX) and superoxide dismutase (SOD) were
analyzed. Under normal condition, no significant differences
in APX and SOD activities were detected between ZmNAGK
transgenic lines and vector-transformed plants. However, when
the plants were exposed to drought stress, ZmNAGK transgenic
plants had markedly higher APX and SOD activities than
vector-transformed plants (Figure 5), especially in ZmNAGK-2.
These results could suggest that ZmNAGK increases the capacity
of antioxidant defense in tobacco under drought stress.

Overexpression of ZmNAGK in Tobacco
Increased Arginine and NO Content
Under Drought Stress
Arg is a precursor of NO (Crawford, 2006), and NAGK affects
Arg biosynthesis (McKay and Shargool, 1981; Slocum, 2005;

Winter et al., 2015; Huang et al., 2017). ZmNAGK transgenic lines
accumulated more arginine compared with vector-transformed
plants under drought stress (Figure 6A). Consistently, ZmNAGK
transgenic lines accumulated slightly more NO compared with
vector-transformed plants under drought stress (Figure 6B). This
suggests that ZmNAGK can increase arginine production and NO
level in tobacco under drought stress.

Overexpression of ZmNAGK in Tobacco
Activated the Expressions of Abiotic
Stress-Response Genes Under Drought
Stress
It is reported that the expression of the gene for ERD
(early responsive to dehydration) is strongly induced by
dehydration stress (Nakashima et al., 1997; Simpson et al.,
2003). Overexpression of DREB1 (dehydration-responsive
element binding protein) and NCED (9-cis-epoxycarotenoid
dioxygenase), respectively, in Arabidopsis transgenic plants
increased stress tolerance to drought (Liu et al., 1998; Iuchi
et al., 2001). To investigate the putative molecular mechanisms
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of ZmNAGK function in drought stress resistance in plants,
the expressions of several stress-responsive genes in transgenic
and vector-transformed plants were analyzed via qRT-PCR
assay. Our results showed that the expression levels of several
stress-responsive marker genes such as NtDREB, NtERD10C,
NtRD29A, and NtNCED1 were increased under drought stress
in control plants, and more importantly in transgenic tobaccos
(Figure 7).

DISCUSSION

As sessile organisms, plants are always subjected to various
abiotic stresses which cause severe damage to growth, physiology
and reproduction. Maize is one of the main crops where the
yield is often threatened by drought stress. A recent study
concluded that drought stress globally led to up to 40% yield
reduction of maize from 1980 to 2015 (Daryanto et al., 2016).
Therefore, it is essential to obtain genes related to drought
tolerance, understand the mechanisms of plant drought tolerance
and cultivate drought-tolerant crops (Wang et al., 2003; Vinocur
and Altman, 2005; Valliyodan and Nguyen, 2006; Cattivelli
et al., 2008). In the present study, we identified a NAGK in
maize, ZmNAGK. ZmNAGK possesses a putative plastid-target
peptide at N-terminus and an AA-kinase domain as has been
reported in OsNAGKs and AtNAGK (Sugiyama et al., 2004).

In the phylogenetic analysis, ZmNAGK had very high sequence
similarity to NAGKs from other plants, and was clustered with
OsNAGK1 and NAGKs from S. italica and S. bicolor, suggesting
a comparable function for these proteins among plant species.
However, little is known about the functions of NAGK in abiotic
stress.

In this report, we demonstrated that ZmNAGK gene
played a positive role in response to drought stress from
the following evidence: First, the phytohormones BR and
ABA can regulate the protective responses to various stresses
in plants (Jiang and Zhang, 2002; Xia et al., 2009; Zhang
et al., 2011). Here the increased expression of ZmNAGK
under different treatments indicated that ZmNAGK expression
was positively correlated with response to abiotic stimuli in
maize. This result also suggested a possible regulatory role
of ZmNAGK in maize exposed to drought stress. Secondly,
the ZmNAGK transgenic lines displayed enhanced tolerance
to drought stress, higher survival rate and higher water
content under drought stress. Thirdly, it is reported that
water deficit is related to stomatal density in plant (Xu
and Zhou, 2008). Over-expression of ZmNAGK in transgenic
tobacco led to higher water retention ability. Fourthly, drought
stress induces ROS production and overproduced ROS results
in oxidative damage in plants. Over-expression of ZmNAGK
in transgenic tobacco could relieve the oxidative damage in

FIGURE 7 | Expressions of stress-related genes in leaves of ZmNAGK transgenic and vector-transformed plants in response to drought stress. (A–D) The transcript
levels of NtDREB, NtERD10C, NtRD29A, and NtNCED1 under normal conditions or after 7 days drought treatment in transgenic and vector-transformed seedlings,
respectively. Expression levels of these genes were relative to NtActin was analyzed by qRT-PCR. Data are means ± SD (n = 3). The asterisks indicate a significant
difference compared to vector-transformed plants using the unpaired Student’s t-test (∗P < 0.05, ∗∗P < 0.01).
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response to drought stress. Fifthly, over-expression of ZmNAGK
in transgenic tobacco improved the antioxidant defense ability of
plants under drought stress. And stress-responsive genes such as
NtDREB, NtRD29A, NtERD10C could be activated in ZmNAGK
transgenic tobaccos under drought stress. Kalamaki et al.
(2009) demonstrated that overexpression of tomato N-acetyl-
L-glutamate synthase gene (NAGS1), which catalyzes the first
step in arginine biosynthesis, increased tolerance to salt and
drought stresses in A. thaliana, implying arginine biosynthesis
was involved with stress tolerance of plants. We found that
over-expression of ZmNAGK in transgenic tobacco accumulated
more arginine under drought stress. Our findings in this study,
combined with previous reports, suggest that ZmNAGK, which
catalyzes the second step in arginine biosynthesis, would play a
significant role in response to drought stress.

Nitric oxide, as a key signaling molecule, plays an essential role
in the activation of plant defense signaling pathways in response
to various abiotic stresses (Wang and Yang, 2005). Drought stress
can induce NO generation (Gould et al., 2003; Neill et al., 2003),
which enhances the water stress tolerance of plants (Garcia-Mata
and Lamattina, 2001; Farooq et al., 2009). We measured the NO
content before and after drought stress in tobacco, and the NO
content in ZmNAGK transgenic tobaccos increased after drought
stress compared to the vector-transformed plants. Winter et al.
(2015) have reported that arginine is an important precursor of
NO. Since NAGK participates in arginine biosynthesis (Shargool
et al., 1988; Kalamaki et al., 2009; Huang et al., 2017), the
enhanced drought stress tolerance in ZmNAGK expressing plants
could be related to the NO accumulation via the arginine
biosynthesis pathway. However, additional mechanism of the
ZmNAGK-induced drought tolerance cannot be excluded, and
more details of NO production and arginine metabolism need to
be explored.

In addition, it is reported that under stress, the expression
levels NtDREB, NtRD29A (response to dehydration), NtERD10C
were significantly up-regulated in transgenic tobacco of a
FvMYB1 gene from Fraxinus velutina (Li et al., 2016).
The increased gene expressions of stress-related genes in
ZmNAGK transgenic tobaccos indicated there are different
targets downstream NO to improve drought stress tolerance.

CONCLUSION

We identified and characterized a NAGK in maize, ZmNAGK.
Overexpression of ZmNAGK gene improved drought tolerance

in tobacco by higher water retention, antioxidant defense
ability, lower oxidative damage and accumulated more arginine.
Moreover, the drought tolerance of ZmNAGK transgenic tobacco
could be related at least in part to NO production.

AUTHOR CONTRIBUTIONS

AZ conceived the project and designed the experiments. WL
did most of the experiments and analysis presented in this
study and wrote the manuscript. YX helped with phenotypic
analysis and generated Figure 1. XZ generated Figure 6 and
Supplementary Figure S1. GH participated in analysis of
activities of antioxidant enzymes. XS measured the water loss rate
of Figure 4. YS cloned the gene. JY gave advice to manuscript
writing. HS revised the manuscript. All authors approved the final
manuscript.

FUNDING

This study was supported by grants from the National Natural
Science Foundation of China (31671603), the Fundamental
Research Funds for the Central Universities (KYZ201637), the
Natural Science Foundation of Jiangsu Province (BK20161450)
and Postgraduate Research and Practice Innovation Program
of Jiangsu Province. HS was supported via the Joint BioEnergy
Institute supported by the United States Department of Energy,
Office of Science, Office of Biological and Environmental
Research through contract DE-AC02-05CH11231 between
Lawrence Berkeley National Laboratory and the United States
Department of Energy.

ACKNOWLEDGMENTS

We gratefully acknowledge Professor Yiqun Bao from College
of Life Sciences, Nanjing Agricultural University for 1300-221-
3∗Flag vector plasmid.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2018.01902/
full#supplementary-material

REFERENCES
Anjum, S. A., Wang, L., Farooq, M., Hussain, M., Xue, L., and Zou, C. (2011).

Brassinolide application improves the drought tolerance in maize through
modulation of enzymatic antioxidants and leaf gas exchange. J. Agron. Crop Sci.
197, 177–185. doi: 10.1111/j.1439-037X.2010.00459.x

Besson-Bard, A. E., Pugin, A., and Wendehenne, D. (2008). New insights into
nitric oxide signaling in plants. Annu. Rev. Plant Biol. 59, 21–39. doi: 10.1146/
annurev.arplant.59.032607.092830

Boyer, J. S. (1982). Plant productivity and environment. Science 218, 443–448.
doi: 10.1126/science.218.4571.443

Burillo, S., Luque, I., Fuentes, I., and Contreras, A. (2004). Interactions
between the nitrogen signal transduction protein PII and
N-Acetyl glutamate kinase in organisms that perform oxygenic
photosynthesis. J. Bacteriol. 186, 3346–3354. doi: 10.1128/JB.186.
11.3346

Cattivelli, L., Rizza, F., Badeck, F. W., Mazzucotelli, E., Mastrangelo, A. M.,
Francia, E., et al. (2008). Drought tolerance improvement in crop plants:
an integrated view from breeding to genomics. Field Crop. Res. 105, 1–14.
doi: 10.1016/j.fcr.2007.07.004

Chen, J., Nolan, T., Ye, H., Zhang, M., Tong, H., Xin, P., et al. (2017). Arabidopsis
WRKY46, WRKY54, and WRKY70 transcription factors are involved in

Frontiers in Plant Science | www.frontiersin.org 10 January 2019 | Volume 9 | Article 1902

https://www.frontiersin.org/articles/10.3389/fpls.2018.01902/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2018.01902/full#supplementary-material
https://doi.org/10.1111/j.1439-037X.2010.00459.x
https://doi.org/10.1146/annurev.arplant.59.032607.092830
https://doi.org/10.1146/annurev.arplant.59.032607.092830
https://doi.org/10.1126/science.218.4571.443
https://doi.org/10.1128/JB.186.11.3346
https://doi.org/10.1128/JB.186.11.3346
https://doi.org/10.1016/j.fcr.2007.07.004
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01902 December 22, 2018 Time: 12:37 # 11

Liu et al. Over-Expressed ZmNAGK Enhanced Drought Tolerance

brassinosteroid-regulated plant growth and drought responses. Plant Cell 29,
1425–1439. doi: 10.1105/tpc.17.00364

Chen, Y. M., Ferrar, T. S., Lohmeier-Vogel, E. M., Morrice, N., Mizuno, Y.,
Berenger, B., et al. (2006). The PII signal transduction protein of Arabidopsis
thaliana forms an arginine-regulated complex with plastid N-acetyl glutamate
kinase. J. Biol. Chem. 281, 5726–5733. doi: 10.1074/jbc.M510945200

Cheng, M. C., Liao, P. M., Kuo, W. W., and Lin, T. P. (2013). The Arabidopsis
ethylene response factor1 regulates abiotic stress-responsive gene expression by
binding to different cis-acting elements in response to different stress signals.
Plant Physiol. 162, 1566–1582. doi: 10.1104/pp.113.221911

Crawford, N. M. (2006). Mechanisms for nitric oxide synthesis in plants. J. Exp.
Bot. 57, 471–478. doi: 10.1093/jxb/erj050

Daryanto, S., Wang, L., and Jacinthe, P. (2016). Global synthesis of drought effects
on maize and wheat production. PLoS One 11:e0156362. doi: 10.1371/journal.
pone.0156362

Farooq, M., Basra, S. M. A., Wahid, A., and Rehman, H. (2009). Exogenously
applied nitric oxide enhances the drought tolerance in fine grain aromatic rice
(Oryza sativa L.). J. Agron. Crop Sci. 195, 254–261. doi: 10.1111/j.1439-037X.
2009.00367.x

Garcia-Mata, C., and Lamattina, L. (2001). Nitric oxide induces stomatal closure
and enhances the adaptive plant responses against drought stress. Plant Physiol.
126, 1196–1204. doi: 10.1104/pp.126.3.119

Giannopolitis, C. N., and Ries, S. K. (1977). Superoxide dismutase. I. occurrence in
higher plants. Plant Physiol. 59, 309–314. doi: 10.1104/pp.59.2.309

Gould, K. S., Lamotte, O., Klinguer, A., Pugin, A., and Wendehenne, D. (2003).
Nitric oxide production in tobacco leaf cells: a generalized stress response. Plant
Cell Environ. 26, 1851–1862. doi: 10.1046/j.1365-3040.2003.01101.x

Hasanuzzaman, M., Nahar, K., Rahman, A., Inafuku, M., Oku, H., and Fujita, M.
(2018). Exogenous nitric oxide donor and arginine provide protection against
short-term drought stress in wheat seedlings. Physiol. Mol. Biol. Plants 24,
993–1004. doi: 10.1007/s12298-018-0531-6

Horsch, R., Fry, J., Hoffmann, N., Eichholtz, D., Rogers, S., and Fraley, R. (1985).
A simple and general method for transferring genes into plants. Science 227,
1229–1231. doi: 10.1126/science.227.4691.1229

Hu, W., Huang, C., Deng, X., Zhou, S., Chen, L., Li, Y., et al. (2013). TaASR1,
a transcription factor gene in wheat, confers drought stress tolerance in
transgenic tobacco. Plant Cell Environ. 36, 1449–1464. doi: 10.1111/pce.12074

Huang, J., Chen, D., Yan, H., Xie, F., Yu, Y., Zhang, L., et al. (2017). Acetylglutamate
kinase is required for both gametophyte function and embryo development in
Arabidopsis thaliana. J. Integr. Plant Biol. 59, 642–656. doi: 10.1111/jipb.12536

Iuchi, S., Kobayshi, M., Taji, T., Naramoto, M., Seki, M., Kato, T., et al.
(2001). Regulation of drought tolerance by gene manipulation of 9-cis-
epoxycarotenoid, a key enzyme in abscisic acid biosynthesis in Arabidopsis.
Plant J. 27, 325–333. doi: 10.1046/j.1365-313x.2001.01096.x

Jiang, M., and Zhang, J. (2002). Water stress-induced abscisic acid accumulation
triggers the increased generation of reactive oxygen species and up-regulates
the activities of antioxidant enzymes in maize leaves. J. Exp. Bot. 53, 2401–2410.
doi: 10.1093/jxb/erf090

Kalamaki, M. S., Alexandrou, D., Lazari, D., Merkouropoulos, G., Fotopoulos, V.,
Pateraki, I., et al. (2009). Over-expression of a tomato N-acetyl-L-glutamate
synthase gene (SlNAGS1) in Arabidopsis thaliana results in high ornithine levels
and increased tolerance in salt and drought stresses. J. Exp. Bot. 60, 1859–1871.
doi: 10.1093/jxb/erp072

Kudo, M., Kidokoro, S., Yoshida, T., Mizoi, J., Todaka, D., Fernieet, A. R.,
et al. (2017). Double overexpression of DREB and PIF transcription factors
improves drought stress tolerance and cell elongation in transgenic plants. Plant
Biotechnol. J. 15, 458–471. doi: 10.1111/pbi.12644

Li, T., Sun, J., Bi, Y., and Peng, Z. (2016). Overexpression of an MYB-related gene
FvMYB1 from Fraxinus velutina increases tolerance to salt stress in transgenic
tobacco. J. Plant Growth Regul. 35, 632–645. doi: 10.1007/s00344-015-9565-y

Li, Y., Liu, Y., Xu, X., Jin, M., An, L., and Zhang, H. (2012). Effect of 24-epi
brassinolide on drought stress-induced changes in Chorispora bungeana. Biol.
Plant 56, 192–196. doi: 10.1007/s10535-012-0041-2

Lim, C. W., and Lee, S. C. (2014). Functional roles of the pepper MLO protein gene,
CaMLO2, in abscisic acid signaling and drought sensitivity. Plant Mol. Biol. 85,
1–10. doi: 10.1007/s11103-013-0155-8

Liu, Q., Sakuma, Y., Abe, H., Kasuga, M., Miura, S., Yamaguchi- Shinozaki, K., et al.
(1998). Two transcription factors, DREB1 and DREB2, with an EREBP/AP2

DNA binding domain, separate two cellular signal transduction pathways in
drought- and low temperature-responsive gene expression, respectively, in
Arabidopsis. Plant Cell 10, 1391–1406. doi: 10.1105/tpc.10.8.13917

Llacer, J. L., Fita, I., and Rubio, V. (2008). Arginine and nitrogen storage. Curr.
Opin. Struc. Biol. 18, 673–681. doi: 10.1016/j.sbi.2008.11.002

Mazzucotelli, E., Mastrangelo, A. M., Crosatti, C., Guerra, D., Stanca, A. M., and
Cattivelli, L. (2008). Abiotic stress response in plants: when post-transcriptional
and post-translational regulations control transcription. Plant Sci. 174, 420–
431. doi: 10.1016/j.plantsci.2008.02.005

McKay, G., and Shargool, P. D. (1981). Purification and characterization of
N-acetylglutamate 5-phosphotransferase from pea (Pisum sativum) cotyledons.
Biochem. J. 195, 71–81. doi: 10.1042/bj1950071

Micallef, B. J., and Shelp, B. J. (1989). Arginine metabolism in developing soybean
cotyledons. Plant Physiol. 91, 170–174. doi: 10.1104/pp.91.1.170

Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-
specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867–880.
doi: 10.1093/oxfordjournals.pcp.a076232

Nakashima, K., Kiyosue, T., Yamaguchi-Shinozaki, K., and Shinozaki, K. (1997).
A nuclear gene, erd1, encoding a chloroplast-targeted clp protease regulatory
subunit homolog is not only induced by water stress but also developmentally
up-regulated during senescence in Arabidopsis thaliana. Plant J. 12, 851–861.
doi: 10.1046/j.1365-313X.1997.12040851.x

Neill, S. J., Desikan, R., and Hancock, J. T. (2003). Nitric oxide signalling in plants.
New Phytol. 159, 11–35. doi: 10.1046/j.1469-8137.2003.00804.x

Peng, D., Wang, X., Li, Z., Zhang, Y., Peng, Y., Li, Y., et al. (2016). NO is
involved in spermidine-induced drought tolerance in white clover via activation
of antioxidant enzymes and genes. Protoplasma 253, 1243–1254. doi: 10.1007/
s00709-015-0880-8

Radoglou, K. M., and Jarvis, P. G. (1990). Effects of CO2 enrichment on four
poplar clones. II. Leaf surface properties. Ann. Bot. 65, 627–632. doi: 10.1093/
oxfordjournals.aob.a087

Rinder, J., Casazza, A. P., Hoefgen, R., and Hesse, H. (2008). Regulation of
aspartatederived amino acid homeostasis in potato plants (Solanum tuberosum
L.) by expression of E. coli homoserine kinase. Amino Acids 34, 213–222.
doi: 10.1007/s00726-007-0504-5

Shan, C., Zhou, Y., and Liu, M. (2015). Nitric oxide participates in the regulation
of the ascorbate-glutathione cycle by exogenous jasmonic acid in the leaves
of wheat seedlings under drought stress. Protoplasma 252, 1397–1405. doi:
10.1007/s00709-015-0756-y

Shargool, P. D., Jain, J. C., and McKay, G. (1988). Ornithine biosynthesis and
arginine biosynthesis and degradation in plants cells. Phytochemistry 27,
1571–1574. doi: 10.1016/0031-9422(88)80404-7

Sharma, S., Villamor, J. G., and Verslues, P. E. (2011). Essential role of tissue-
specific proline synthesis and catabolism in growth and redox balance at
low water potential. Plant Physiol. 157, 292–304. doi: 10.1104/pp.111.18
3210

Shi, B., Ni, L., Zhang, A., Cao, J., Zhang, H., Qin, T., et al. (2012). OsDMI3 is a novel
component of abscisic acid signaling in the induction of antioxidant defense in
leaves of rice. Mol. Plant 5, 1359–1374. doi: 10.1093/mp/sss068

Simpson, S. D., Nakashima, K., Narusaka, Y., Seki, M., Shinozaki, K., and
Yamaguhci-Shinozaki, K. (2003). Two different novel cis-acting elements
of erd1, a clpA homologous Arabidopsis gene function in induction by
dehydration stress and dark-induced senescence. Plant J. 33, 259–270. doi:
10.1046/j.1365-313X.2003.01624.x

Slocum, R. D. (2005). Genes, enzymes and regulation of arginine biosynthesis in
plants. Plant Physiol. Biochem. 43, 729–745. doi: 10.1016/j.plaphy.2005.06.007

Su, J., Zhang, Y., Nie, Y., Cheng, D., Wang, R., Hu, H., et al. (2018). Hydrogen-
induced osmotic tolerance is associated with nitric oxide-mediated proline
accumulation and reestablishment of redox balance in alfalfa seedlings. Environ.
Exp. Bot. 147, 249–260. doi: 10.1016/j.envexpbot.2017.12.022

Sugiyama, K., Hayakawa, T., Kudo, T., Ito, T., and Yamaya, T. (2004). Interaction
of N-acetylglutamate kinase with a PII-like protein in rice. Plant Cell Physiol.
45, 1768–1778. doi: 10.1093/pcp/pch199

Takahashi, T., and Kakehi, J. (2010). Polyamines: ubiquitous polycations with
unique roles in growth and stress responses. Ann. Bot. 105, 1–6. doi: 10.1093/
aob/mcp259

Todaka, D., Zhao, Y., Yoshida, T., Kudo, M., Kidokoro, S., Mizoiet, J., et al. (2017).
Temporal and spatial changes in gene expression, metabolite accumulation and

Frontiers in Plant Science | www.frontiersin.org 11 January 2019 | Volume 9 | Article 1902

https://doi.org/10.1105/tpc.17.00364
https://doi.org/10.1074/jbc.M510945200
https://doi.org/10.1104/pp.113.221911
https://doi.org/10.1093/jxb/erj050
https://doi.org/10.1371/journal.pone.0156362
https://doi.org/10.1371/journal.pone.0156362
https://doi.org/10.1111/j.1439-037X.2009.00367.x
https://doi.org/10.1111/j.1439-037X.2009.00367.x
https://doi.org/10.1104/pp.126.3.119
https://doi.org/10.1104/pp.59.2.309
https://doi.org/10.1046/j.1365-3040.2003.01101.x
https://doi.org/10.1007/s12298-018-0531-6
https://doi.org/10.1126/science.227.4691.1229
https://doi.org/10.1111/pce.12074
https://doi.org/10.1111/jipb.12536
https://doi.org/10.1046/j.1365-313x.2001.01096.x
https://doi.org/10.1093/jxb/erf090
https://doi.org/10.1093/jxb/erp072
https://doi.org/10.1111/pbi.12644
https://doi.org/10.1007/s00344-015-9565-y
https://doi.org/10.1007/s10535-012-0041-2
https://doi.org/10.1007/s11103-013-0155-8
https://doi.org/10.1105/tpc.10.8.13917
https://doi.org/10.1016/j.sbi.2008.11.002
https://doi.org/10.1016/j.plantsci.2008.02.005
https://doi.org/10.1042/bj1950071
https://doi.org/10.1104/pp.91.1.170
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1046/j.1365-313X.1997.12040851.x
https://doi.org/10.1046/j.1469-8137.2003.00804.x
https://doi.org/10.1007/s00709-015-0880-8
https://doi.org/10.1007/s00709-015-0880-8
https://doi.org/10.1093/oxfordjournals.aob.a087
https://doi.org/10.1093/oxfordjournals.aob.a087
https://doi.org/10.1007/s00726-007-0504-5
https://doi.org/10.1007/s00709-015-0756-y
https://doi.org/10.1007/s00709-015-0756-y
https://doi.org/10.1016/0031-9422(88)80404-7
https://doi.org/10.1104/pp.111.183210
https://doi.org/10.1104/pp.111.183210
https://doi.org/10.1093/mp/sss068
https://doi.org/10.1046/j.1365-313X.2003.01624.x
https://doi.org/10.1046/j.1365-313X.2003.01624.x
https://doi.org/10.1016/j.plaphy.2005.06.007
https://doi.org/10.1016/j.envexpbot.2017.12.022
https://doi.org/10.1093/pcp/pch199
https://doi.org/10.1093/aob/mcp259
https://doi.org/10.1093/aob/mcp259
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01902 December 22, 2018 Time: 12:37 # 12

Liu et al. Over-Expressed ZmNAGK Enhanced Drought Tolerance

phytohormone content in rice seedlings grown under drought stress conditions.
Plant J. 90, 61–78. doi: 10.1111/tpj.13468

Valliyodan, B., and Nguyen, H. T. (2006). Understanding regulatory networks and
engineering for enhanced drought tolerance in plants. Curr. Opi. Plant Biol. 9,
189–195. doi: 10.1016/j.pbi.2006.01.019

Vinocur, B., and Altman, A. (2005). Recent advances in engineering plant tolerance
to abiotic stress: achievements and limitations. Curr. Opi. Plant Biol. 16,
123–132. doi: 10.1016/j.copbio.2005.02.001

Wang, W., Vinocur, B., and Altman, A. (2003). Plant responses to drought, salinity
and extreme temperatures: towards genetic engineering for stress tolerance.
Planta 218, 1–14. doi: 10.1007/s00425-003-1105-5

Wang, Y., and Yang, Z. (2005). Nitric oxide reduces aluminum toxicity by
preventing oxidative stress in the roots of Cassia tora L. Plant Cell Physiol. 46,
1915–1923. doi: 10.1093/pcp/pci202

Winter, G., Todd, C. D., Trovato, M., Forlanl, G., and Funck, D. (2015).
Physiological implications of arginine metabolism in plants. Front. Plant Sci.
6:534. doi: 10.3389/fpls.2015.00534

Xia, X. J., Wang, Y. J., Zhou, Y. H., Tao, Y., Mao, W., Shi, K., et al. (2009).
Reactive oxygen species are involved in brassinosteroid-induced stress tolerance
in cucumber. Plant Physiol. 150, 801–814. doi: 10.1104/pp.109.138230

Xu, Z., and Zhou, G. (2008). Responses of leaf stomatal density to water status
and its relationship with photosynthesis in a grass. J. Exp. Bot. 59, 3317–3325.
doi: 10.1093/jxb/ern185

Yoo, C. Y., Pence, H. E., Jin, J. B., Miura, K., Gosney, M., Hasegawa, P.,
et al. (2011). The Arabidopsis GTL1 transcription factor regulates water
use efficiency and drought tolerance by modulating stomatal density via
transrepression of SDD1. Plant Cell 22, 4128–4141. doi: 10.1105/tpc.110.07
8691

Zhang, A., Jiang, M., Zhang, J., Ding, H., Xu, S., Hu, X., et al. (2007). Nitric oxide
induced by hydrogen peroxide mediates abscisic acid-induced activation of the

mitogen-activated protein kinase cascade involved in antioxidant defense in
maize leaves. New Phytol. 175, 36–50. doi: 10.1111/j.1469-8137.2007.02071.x

Zhang, A., Zhang, J., Zhang, J., Ye, N., Zhang, H., Tan, M., et al. (2011). Nitric
oxide mediates brassinosteroid-induced ABA biosynthesis involved in oxidative
stress tolerance in maize leaves. Plant Cell Physiol. 52, 181–192. doi: 10.1093/
pcp/pcq187

Zhao, G., Zhao, Y., Yu, X., Kiprotich, F., Han, H., Guan, R., et al. (2018). Nitric
oxide is required for melatonin-enhanced tolerance against salinity stress in
rapeseed (Brassica napus L.) seedlings. Int. J. Mol. Sci. 19:E1912. doi: 10.3390/
ijms19071912

Zhu, Y., Yan, J., Liu, W., Liu, L., Sheng, Y., Sun, Y., et al. (2016). Phosphorylation of
a NAC transcription factor by a calcium/calmodulin-dependent protein kinase
regulates abscisic acid-induced antioxidant defense in maize. Plant Physiol. 177,
1651–1664. doi: 10.1104/pp.16.00168

Zhu, Y., Zuo, M., Liang, Y., Jiang, M., Zhang, J., Scheller, H., et al. (2013). MAP65-
1a positively regulates H2O2 amplification and enhances brassinosteroid-
induced antioxidant defence in maize. J. Exp. Bot. 12, 3787–3802. doi: 10.1093/
jxb/ert215

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Liu, Xiang, Zhang, Han, Sun, Sheng, Yan, Scheller and Zhang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 12 January 2019 | Volume 9 | Article 1902

https://doi.org/10.1111/tpj.13468
https://doi.org/10.1016/j.pbi.2006.01.019
https://doi.org/10.1016/j.copbio.2005.02.001
https://doi.org/10.1007/s00425-003-1105-5
https://doi.org/10.1093/pcp/pci202
https://doi.org/10.3389/fpls.2015.00534
https://doi.org/10.1104/pp.109.138230
https://doi.org/10.1093/jxb/ern185
https://doi.org/10.1105/tpc.110.078691
https://doi.org/10.1105/tpc.110.078691
https://doi.org/10.1111/j.1469-8137.2007.02071.x
https://doi.org/10.1093/pcp/pcq187
https://doi.org/10.1093/pcp/pcq187
https://doi.org/10.3390/ijms19071912
https://doi.org/10.3390/ijms19071912
https://doi.org/10.1104/pp.16.00168
https://doi.org/10.1093/jxb/ert215
https://doi.org/10.1093/jxb/ert215
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Over-Expression of a Maize N-Acetylglutamate Kinase Gene (ZmNAGK) Improves Drought Tolerance in Tobacco
	Introduction
	Materials and Methods
	Plant Materials and Treatments
	Isolation of the Maize ZmNAGK Gene
	Alignment and Phylogenetic Analysis
	Isolation of Total RNA and qRT-PCR Analysis
	Generation of Transgenic Tobacco
	Water Loss Measurement and Stomatal Density
	Drought Tolerance and Survival Rate
	Measurement of Malondialdehyde Content and Electrolyte Leakage
	Antioxidant Enzyme Assay
	Measurement of Arginine
	Measurement of Nitric Oxide

	Results
	Identification and Sequence Analysis of ZmNAGK
	The Expression of ZmNAGK in Maize
	Overexpression of ZmNAGK in Tobacco Enhanced Seedling Drought Stress Tolerance
	Overexpression of ZmNAGK in Tobacco Alleviated Oxidative Damage to Seedlings Under Drought Stress
	Overexpression of ZmNAGK in Tobacco Enhanced the Capacity of Antioxidant Defense
	Overexpression of ZmNAGK in Tobacco Increased Arginine and NO Content Under Drought Stress
	Overexpression of ZmNAGK in Tobacco Activated the Expressions of Abiotic Stress-Response Genes Under Drought Stress

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


