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Abstract

Molybdenum (Mo), an essential microelement, may enhance the oxidative stress tolerance in plants. However, the efficacy of Mo
might be variable with different forms of nitrogen (N) fertilizer. The present study was conducted to investigate the role of Mo
application in regulating oxidative stress tolerance in winter wheat under different N sources. A hydroponic study was carried out
comprising of two winter wheat cultivars ‘97003” and ‘97014 as Mo efficient and Mo inefficient, respectively, under two Mo
levels (0 and 1 uM) and three different N sources (NO3, NH4NO;, or NH,"). Winter wheat plants supplied with different N
sources accumulated superoxide anions (O, ), and malonaldehyde (MDA) contents in the order of NH4* >NO; > NH4NO;,
suggesting that sole application of either N sources, especially sole NH,* source, may induce oxidative stress in winter wheat.
However, Mo application decreased the MDA contents by 20.02%, 15.11%, and 25.89% in Mo-efficient cultivar and 30.75%,
23.79%, and 37.76% in Mo-inefficient cultivar under NO;, NH4NOs, and NH," sources, respectively, while increased antiox-
idant enzyme activities and carotenoids and abscisic acid (ABA) contents up-regulated the expressions of 7aAO and TaAba3
genes. Mo application regulated oxidative stress tolerance in winter wheat under different N sources through enhancing ABA
production and ROS-scavenging enzymes. Mo-efficient ‘97003’ winter wheat cultivar possesses a wider range of adaptability to
withstand Mo-deficient conditions than Mo-inefficient ‘97014’ cultivar.
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ammonium (NH,*). Most of the growth and developmental pro-
cesses in higher plants have long been known to benefit from
NO; fertilizers (Marschner 2012; Coruzzi and Bush 2001).
Nevertheless, despite the fact that more energy is consumed dur-
ing NO;  assimilation pathways than NH," form of N, a few
species have been investigated to perform well under sole NH,"

1 Introduction

Nitrogen (N) is available and absorbed in different forms from
soil colloids, especially inorganic ions as nitrate (NO; ) and
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source (Britto and Kronzucker 2013; Raven 2010). Indeed, most
of the plant species start showing toxicity symptoms under higher
NH,4" concentrations, which are normally undetectable in plants
grown under same NO;  concentration or in mixed N nutrition
(Britto and Kronzucker 2002).

However, a single mechanism cannot explain the sole
NH," toxicity effects on plant growth and developmental pro-
cesses. Previous studies have reported that NH,* toxicity in-
deed impairs the photosynthetic apparatus, i.e., damaged chlo-
roplast ultrastructure, reduced Rubisco activity (Britto and
Kronzucker 2002; Lu and Zhang 2000), and severe impair-
ment in the photosystem I and II functions (Asada 2006; Drath
et al. 2008), and this malfunctioning triggers the overproduc-
tion of reactive oxygen species (ROS) (Wang et al. 2018).
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However, in contrast, some studies have highlighted that long-
term NH,* nutrition in Arabidopsis thaliana did not impair
photosynthetic capacity but increased the leaf levels of mito-
chondrial ROS (Podgorska et al. 2013). Similarly, some re-
ports indicated that functional impairments due to NH4" tox-
icity are associated with greater ROS production due to in-
creased lipid peroxidation, enhanced glutathione-ascorbate
cycle enzyme activity, or severe alterations in the redox state
(Patterson et al. 2010). Therefore, ROS-scavenging or miti-
gating approaches may represent a strategy to alleviate NH4*
toxicity effects on NH,4 -sensitive plants.

In the scenario of NH,* toxicity mitigation, most of the
previous studies have focused on the co-application with
NO; (Britto and Kronzucker 2002), which counterbalances
the NH," toxicity through alkalinization (Britto and
Kronzucker 2013). Similarly, abscisic acid (ABA) treatment
has also been reported to alleviate the NH,4" toxicity effects on
Arabidopsis by regulating the expressions of NH 4 -stress-re-
sponsive genes (Meng et al. 2012; Li et al. 2014). However,
Mo-induced mitigation of NH,* toxicity in winter wheat
plants has not been investigated.

Molybdenum (Mo), an essential microelement, improved
the plant growth and oxidative tolerance through increased
antioxidant enzyme activities in Chinese cabbage (Zhang
et al. 2012), ABA productions in wheat (Wu et al. 2018;
Sun et al. 2009), nitrogen assimilation in sugarcane (Santos
et al. 2018), and iron nutrition in peanut (Su et al. 2019).
Oxidative tolerance is reflected by the increased activities of
antioxidant enzymes which play effective roles to maintain the
ROS homeostasis and alleviate the oxidative injuries in plant
cells (Hussain et al. 2016, 2020).

Aldehyde oxidase (AO), responsible for the oxidization of
abscisic aldehyde to ABA synthesis, requires sulfurylated
form of molybdenum cofactor (MoCo) for its activity
(Bittner 2014). However, Mo is a vital element for MoCo
biosynthesis (Nie et al. 2016), and Mo-deficient plants severe-
ly inhibited the AO activities and concomitantly ABA con-
tents in winter wheat plants (Sun et al. 2009; Wu et al. 2018).
ABA, as one of the phytohormones, plays fundamental roles
in regulating the expressions of stress-induced genes and mul-
tiple signal transduction pathways that are essential for plant
survival against oxidative stresses (Mccourt and Creelman
2008; Meng et al. 2012).

Although several studies have reported that the NH4* tox-
icity in model plant Arabidopsis thaliana was alleviated by
co-application with NO;~ (Britto and Kronzucker 2013), ex-
ogenous ABA (Meng et al. 2012; Li et al. 2012), and auxin
treatments (Zou et al. 2012), however, if NH," toxicity in
winter wheat could be alleviated by Mo application with dif-
ferent N sources is not clear. The main objective of this ex-
periment was to investigate the role of Mo application in reg-
ulating the oxidative stress tolerance in two winter wheat
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cultivars with contrasting Mo efficiencies under different N
sources.

2 Materials and Methods
2.1 Plant Material and Growth Conditions

Seeds of two winter wheat cultivars, viz., ‘97003’ and
‘97014°, were obtained from the Laboratory of Trace
Elements, Huazhong Agricultural University, China. Seeds
were surface sterilized with 0.5% sodium hypochlorite
(NaOCl) solution and rinsed with sterile distilled water.
Seeds were allowed to germinate at 25 °C in deionized water
for 5 days. The environmental conditions in the controlled
growth chamber were maintained according to our previous
study (Imran et al. 2019a). Uniform-sized wheat seedlings
were transplanted to plastic containers. For the first and sec-
ond 2-day intervals, one fourth and one half strengths of
Hoagland solution were applied respectively, and subsequent-
ly, whole strength was applied until 30-day-old wheat seed-
lings were harvested for measurement of required parameters.
To prevent NH,* oxidation in the Hoagland solution,
dicyandiamide (8.0 uM) was added as a nitrification inhibitor.
Compositions of the modified Hoagland nutrient solution
were as follows: macronutrients, 15 mM NH,"-N as 7.5 mM
(NH4)>SOy4; 15 mM NO;3 -N as 5 mM Ca (NO3),.4H,0, 5 mM
KNOs3; 15 mM NH4NOj as 3.75 mM (NH4),SO,4 and
3.75 mM Ca (NO3),.4H,0; 6 mM K as 1 mM KH,PO, and
2.5 mM K,SO4 (NH,*-N and NH,NO3); 1 mM P as KH,POy;
5 mM Ca as CaCl,.2H,0; and 2 mM Mg as MgS0O,.7H,0;
and micronutrients, 0.1 mM Fe as Fe-Na,-EDTA, 0.3 uM Cu
as CuS0,4.5H,0, 0.8 uM Zn as ZnSQO,4.7H,0, 9.1 uM Mn as
MnCl,.4H,0, and 46.2 uM B as H3;BO;. Na,M004.2H,0
was used as Mo fertilizer.

2.2 Treatments and Experimental Design

The treatments were comprised of two Mo levels (0 and
1 uM) with three different N sources (NO5;, NH4NO3, or
NH,") in two winter wheat cultivars (97003 and 97014).
Plastic pots (30 cm x 20 cm % 15 cm) containing 4 L of the
respective solution and a perforated floating board on the
Hoagland solution surface with two rows for each cultivar
were used, and each treatment was replicated four times.
The pH of the nutrient solution was maintained at 6.5 +0.05
by adding 0.1 mM HCI or NaOH to the solutions every day.
The nutrient solutions were renewed after every 2 days during
the course of study. The experiment was laid out in a
completely randomized design with factorial arrangement.
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2.3 Determination of AO Activities

Aldehyde oxidase activities were measured according to the pro-
tocol described by Sun et al. (2009). The fresh wheat leaf sam-
ples were ground in cold Tris—HCI buffer (pH 8.5) containing
dithiothreitol (DTT), ethylene diamine tetraacetic acid (EDTA),
reduced glutathione (GSH), and polyvinylpolypyrrolidone
(PVPP). The crude extracts were separated by centrifuging at
4 °C for 20 min at 12,000 rpm. The reaction mixture was com-
prised of supernatant and active solution containing phenazine
methosulphate (PMS), 2, 6-dichloroindorphenol (DCIP), and in-
dole-3-aldehyde. Absorbance was measured at 600 nm by
spectrophotometer.

2.4 Measurement of ABA Contents

In the fresh leaf samples, ABA contents were measured using
ELISA kits following the operational instruction manual.

2.5 Total RNA Extraction and qRT-PCR

Frozen wheat samples were subjected to evaluate the regula-
tion pattern of target genes by following the protocol men-
tioned in our previous study (Imran et al. 2019b). Briefly, total
RNA was extracted from leaf tissues, liquefied with 30 pL
DEPC-H,O0, and the quantity was measured with Nano Drop
2000 UV-VIS spectrophotometer (Thermo Fisher, Waltham,
MA, USA). Then cDNA was synthesized from the quantified
RNA using Oligo (dT18) primers through reverse transcrip-
tase, INTP, M-MLVRTase, and a detection system of 1Q5
Real-Time PCR (Bio-Rad, USA). The reaction mixture, com-
prised of SYBR Green mix (Bio-Rad, USA), gene-specific
primers, and cDNA templates, was assorted in a 96-well plate
for subsequent measurements. The cycling program was as
follows: 30-s denaturation at 95 °C and 44 cycles of 10 s at
95 °C, 20 s at annealing temperatures of the specific primers
(Table 1), followed by 30 s at 72 °C. The primers of TaAO and
TaAba3 genes were used from our previous lab study (Nie
et al. 2016). The detailed information regarding primer se-
quences, gene index number, and annealing temperature are
available in Table 1.

2.6 Carotenoid Contents

Fresh wheat samples were soaked in 95% ethanol under darkness
until the green leaves were decolorized. Spectrophotometer was
used to measure the absorbance at 665, 649, and 470 nm, and
carotenoid contents were measured according to the method de-
scribed by (Wu et al. 2014).

2.7 Measurement of Antioxidant Enzyme Activities

Superoxide dismutase (SOD; EC 1.15.1.1) activities were
measured by following the method of Wu et al. (2014).
Fresh leaf samples were homogenized with cold sodium phos-
phate buffer (pH 7.8), and supernatant was separated from the
crude fibers by centrifuging at 4 °C for 10 min at 4000 rpm.
Reaction mixture was comprised of sodium phosphate
(pH 7.8), riboflavin, nitro blue tetrazolium (NBT), EDTA-
Na,, methionine, enzyme extract, and distilled water.
Spectrophotometer was used to measure the absorbance at
560 nm.

Peroxidase (POD; EC 1.11.1.7) activity was deter-
mined by following the method as described by Wu
et al. (2014). Fresh plant samples were ground with ice-
cold 50 mM sodium phosphate (pH 5.5) extraction buffer,
and the supernatant was separated after centrifugation at
3000 rpm for 10 min at 4 °C. The reaction mixture was
comprised of 50 mM sodium phosphate (pH 5.5), 0.3%
H,0,, 0.2% guaiacol, and the enzyme extract. The absor-
bance values were measured by spectrophotometer at
470 nm for POD activity.

Catalase (CAT; EC 1.11.1.6) activity was measured by
following the protocol of Wu et al. (2014). Fresh plant sam-
ples were ground with cold 50 mM sodium phosphate
(pH 7.8) extraction buffer, and the supernatant was separated
after centrifugation at 4000 rpm for 15 min at 4 °C. The reac-
tion mixture was comprised of 50 mM sodium phosphate
(pH 7.8), 0.1 M H,0,, distilled water, and the enzyme extract.
The absorbance values were measured at 240 nm by spectro-
photometer to determine the CAT enzyme activities.

For the ascorbate peroxidase (APX; EC 1.11.1.11) ac-
tivity determination, fresh wheat leaf samples were ho-
mogenized with cold 50 mM sodium phosphate (pH 5.5)

Table 1 Primers used for qRT-

Primer sequence 5' to 3’ Temperature (°C)

PCR amplification Genes Index no.
TaAO TC454526
TaAba3 TC385542
TaActin AB181991.1

(F) TGAAGCAGATGACGGCGTTC 58
(R) AAGAGCACGGTGCACGACTG
(F) TTGGATGTACGGCCTGCTCA 55
(R) GGACAGCGCTCTGTGAGTCG
(F) ACTGGGATGACATGGGGAA 58

(R) ACCGCTGGCATACAAGGAC

F and R represent forward and reverse primers, respectively; AO, aldehyde oxidase; Aba, abscisic acid
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buffer containing 0.2 mM EDTANa,, and the homogenate
was centrifuged at 4 °C for 15 min at 10000 rpm. The
supernatant was collected to determine APX activity by
following the method of Mohanty (2004).

2.8 Analysis of Superoxide Anion (0,7) and Membrane
Damage

Superoxide anion (O, ) staining was executed in fresh
wheat samples following the method of Wu et al.
(2017). Briefly, top fully expanded winter wheat leaves
were detached (5 cm) from the leaf tip, and 2-cm leaf
tip was cut. Then, remaining 3-cm leaf segments were
subjected to staining procedure for O, analysis. The
measurement of O, was visually detected using nitro
blue tetrazolium solution (0.5 mg mL™") for 8 h and de-
colorized in boiling ethanol.

The malonaldehyde (MDA) contents were measured ac-
cording to the method used in our previous study (Wu et al.
2017). Fresh wheat samples were thoroughly homogenized
with cold TCA (0.1%), and the crude extracts were centri-
fuged at 4 °C for 20 min at 12000 rpm. The supernatant was
used to measure MDA contents.

2.9 Statistical Analysis

Two-way analysis of variance (ANOVA) was followed
to statistically analyze the data using Statistix 8.1 soft-
ware (Analytical Software, Tallahassee, FL, USA). Least
significant difference (LSD) test was used at P <0.05 to
analyze the mean variances of the data. Sigmaplot 10.0
was used to plot the graphs.

3 Results

3.1 Effects of Mo Application on Winter Wheat Growth
Under Different N Sources

Total plant dry weight under different N sources followed the
order of NH,NO; >NO5;~ >NH," in both wheat cultivars
(Fig. 1), signifying that sole NH,* nutrition intensely ham-
pered wheat plant growth and dry matter accumulation as
compared with the NO;  source, and combined supply of both
sources as NH4;NOj3; provided complementary environment
for optimum growth and development of winter wheat plants.
However, Mo application increased plant dry matter by
24.15%, 30.28%, and 12.33% in Mo-efficient cultivars while
by 36.16%, 47.75%, and 17.59% in Mo-inefficient cultivars
as compared with —Mo-treated plants under NO3;, NH4NO3,
and NH,* sources, respectively (Fig. 1a and b), suggesting
that Mo has complementary effects to all N sources.
Noticeably, between the two winter wheat cultivars, Mo-
inefficient cultivar recorded more prominent enhancement in
plant dry weight accumulation than Mo-efficient cultivar un-
der +Mo conditions, indicating that Mo-inefficient cultivar is
more dependent on Mo supply (Fig. 1).

3.2 Mo Supply Enhanced AO Activities and
Endogenous ABA Contents Under Different N Sources

Aldehyde oxidase (AO) is a crucial Mo enzyme involved in
the endogenous ABA biosynthesis process. Thus, the effects
of Mo supply on AO activities and concomitantly ABA con-
tents under different N sources were measured in the leaves of
winter wheat cultivars (Fig. 2). Among different N sources,
AO activities were significantly higher under NH4NO; source
as compared with the sole NH,* or NO3~ sources in both

0.30 | === -Mo
= +Mo

0.25

0.20

Dry matter (g plant"')

bc
0.15 LY
0.10
0.05
0.00 - -
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Fig. 1 Influence of molybdenum (Mo) and different nitrogen (N) sources
on total plant dry matter accumulations of two winter wheat cultivars, i.e.,
Mo-efficient ‘97003” (a) and Mo-inefficient ‘97014’ cultivar (b). Both
wheat cultivars were exposed to molybdenum treatments: —-Mo and + Mo

@ Springer

= -Mo
@) |=— (b)
a
a
b
b be
d cd

d & de

NH,NO, NH," NO; NH,NO, NH,'

as 0 and 1 pM Mo [Na,Mo00O,4.2H,0] concentrations, respectively,
against three different N sources: NO3, NH4NO;, and NH4* sources in
modified Hoagland solution. The LSD test was used to determine signif-
icant differences (P <0.05, n=4)
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winter wheat cultivars (Fig. 2a and b). Compared with —Mo
plants, Mo application increased the AO activities in leaf tis-
sues by 36.10%, 46.93%, and 29.34% in Mo-efficient cultivar
while by 64.70%, 88.56%, and 46.87% in Mo-inefficient cul-
tivar under NOs;, NH4;NO5 and NH,4" sources, respectively
(Fig. 2a and b).

Nevertheless, in contrast to AO activities, ABA contents in
the leaftissues followed the order of NH,* > NO;~ > NH4NO;
under different N sources (Fig. 2¢ and d). However, Mo ap-
plication increased the ABA contents in leaf tissues by
42.80%, 31.74%, and 58.47% in Mo-efficient cultivar while
by 95.52%, 73.26%, and 132.05% in Mo-inefficient winter
wheat cultivars under NO5, NH4,NOs, and NH,* sources, re-
spectively (Fig. 2¢ and d), indicating that Mo-induced rises in
ABA contents were higher under sole application of either N
sources especially sole NH,* supply.

3.3 Mo Application Regulated the Expressions of
TaAO and TaAba3 Genes

The transcript abundance of 7aAO and TaAba3 genes under
various N forms followed the order of NH,* > NO; >
NH4NOj; in winter wheat (Fig. 3). However, Mo supply sig-
nificantly up-regulated 7aAO and TaAba3 genes expressions
in leaf tissues under sole either NO5 or NH,* sources relative
to NH4NOj source as compared to —Mo plants (Fig. 3).
Interestingly, the expressions of 7aAO and TaAba3 genes un-
der Mo-deficient conditions were higher in Mo-efficient
‘97003’ cultivar compared with those in Mo-inefficient
‘97014’ cultivar (Fig. 3), suggesting that ‘97003’ cultivar is

comparatively more resistant to withstand Mo-deficient con-
ditions than Mo-inefficient winter wheat ‘97014’ cultivar.

3.4 ROS and the Activities of ROS-Scavenging
Enzymes in Winter Wheat Plants

To assess the rate of oxidative damage caused by different N
sources and Mo-induced amelioration in winter wheat culti-
vars, the superoxide anion (O, ) accumulations, MDA con-
tents, and correspondingly ROS-scavenging enzyme activities
were measured in two winter wheat leaf tissues (Figs. 4, 5, and
6). The present study revealed that O, accumulations and
MDA contents under different N sources followed the order
of NH,* > NO;3 > NH4NO;, whereas antioxidant enzyme ac-
tivities as NH4NOs3 > NO;z > NH, " in both cultivars (Figs. 4, 5,
and 6), suggesting that sole N sources either NH,* or NO;~
caused more oxidative damage to wheat plants as compared
with the mixture supply as NH4NOj3 source. Ostensibly, Mo-
inefficient ‘97014” cultivar accumulated more O, in leaf tis-
sues as compared with Mo-efficient ‘97003” cultivar under —
Mo treatment (Fig. 4), indicating that Mo-efficient ‘97003’
winter wheat cultivar might better adapt to Mo-deficient con-
ditions. However, Mo application diminished the lipid perox-
idation rates, as is manifest from the decreased MDA contents,
by 20.02%, 15.11%, and 25.89% in Mo-efficient ‘97003’ cul-
tivar while by 30.75%, 23.79%, and 37.76% in Mo-inefficient
‘97014’ cultivar under NO5;, NH4,NO;, and NH,* sources,
respectively (Fig. 5a and b). Moreover, Mo application dra-
matically enhanced the antioxidant enzymes (SOD, POD,
CAT, and APX) activities compared with —Mo plants, under
different N sources in both winter wheat cultivars (Fig. 6).
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These observations conclude that sole application of either N
sources (NH4" or NO3) causes more oxidative damage to win-
ter wheat with sole NH4" source; however, being the more
destructive than co-application as NH4NOj3 source and Mo
supply has significant role in mitigating the different N
sources induced oxidative damage to winter wheat.

4 Discussion

Wheat is an NH,"-sensitive crop, and previous studies on
model plant Arabidopsis thaliana (NH," sensitive plant) have
frequently reported that sole NH,* source causes more severe
oxidative damages through ROS production than NO3 -based
fertilizers (Britto and Kronzucker 2002; Britto and
Kronzucker 2013). Moreover, Mo, a stress-resistant microel-
ement, has been reported to enhance the plant oxidative stress
tolerance under drought, salinity, and cold stresses through
endogenous ABA production and increased activities of anti-
oxidant enzymes (Sun et al. 2009; Zhang et al. 2012; Wu et al.
2018). However, Mo-induced amelioration in the oxidative
damages caused by different N sources in winter wheat plants
still remains unclear.

In the present study, a severe reduction in the plant dry matter
accumulation was observed under sole NH," source as compared
with NO5~ fertilizers in both winter wheat cultivars (Fig. 1), in-
dicating that sole NH,4* source might have inhibited the plant
growth and developmental processes and thereby accumulated
less biomass. Similar results were reported in previous studies
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where wheat plants supplied with sole NH," source significantly
reduced the plant dry biomass due to NH,*-induced toxicity in
the plant growth and developmental processes including dam-
aged photosynthetic apparatus and superfluous ROS production
(Wang et al. 2016; Wang et al. 2018). Compared with the —-Mo-
treated plants, Mo application increased the plant dry weight of
both wheat cultivars under different N sources in the order of
NH4NO; > NO; >NH," (Fig. 1). These observations suggest
that Mo fertilizer has complementary effects to all N sources
whether NO;~ or NH," in winter wheat. Most of the previous
studies have repeatedly focused and reported the Mo and NO3
interactions in different crop plants (Kovacs et al. 2015; Liu et al.
2017; Wen et al. 2019); however, none of the studies has still
explored the role of Mo application in regulating the oxidative
stress tolerance in winter wheat cultivars under different N
sources.

Abscisic acid is a vital hormone in the defense responses
and orchestration of stress signal transductions in different
crop plants (Xiong et al. 2002; Hubbard et al. 2010). It regu-
lates the expressions of stress-induced genes and activates
signal transduction pathways that are essential for plant sur-
vival and productivity (Mccourt and Creelman 2008).
Downton et al. (1988) have reported that endogenous ABA
production in leaves responds in a similar way to exogenous
ABA application. Moreover, previous studies have reported
that Mo-enzyme AO is a key regulator for the oxidization of
abscisic aldehyde to ABA in Arabidopsis thaliana (Seo et al.
2000), pea (Zdunek-Zastocka 2008), and wheat (Sun et al.
2009; Wu et al. 2018). In the present study, Mo application
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Fig. 4 Impacts of molybdenum
(Mo) and different nitrogen (N)
sources on visual observation of
superoxide anions (O, ) contents
in leaf tissues of two winter wheat
cultivars, i.e., Mo-efficient
‘97003’ and Mo-inefficient
‘97014’ cultivar. Both wheat cul-
tivars were exposed to molybde-
num treatments: -Mo and + Mo
as 0 and 1 uM Mo
[Na,Mo00,4.2H,0] concentra-
tions, respectively, against three
different N sources: NOs,
NH4NO3, and NH4* in modified
Hoagland solution. Each treat-
ment has at least 10 similar results
for superoxide anions (O, ) con-
tents in both winter wheat leaf
tissues

enhanced the AO activities and ABA contents under all N
sources compared with the —Mo-treated plants; however,
Mo-induced increases in the AO activities under different N
sources followed the order of NH4NOz > NO; >NH,* while
ABA contents as NH;* > NO; > NH4NOj; in both wheat cul-
tivars (Fig. 2). However, these higher ABA contents might
also be due to concomitantly increased carotenoid contents
(Fig. 5c and d) because carotenoids are precursor substances
in the process of ABA synthesis (Xiong et al. 2001).
Moreover, the present results imply that AO might be a

stress-sensitive enzyme whose efficacy decreased under
stressed environment (NH,* toxicity), while ABA synthesis
is specifically induced when plants are under stress. These
observations coincide with previous reports that Mo-
induced AO activities decreased with increasing intensi-
ties of drought or cold stresses, while ABA contents con-
tinued to increase in winter wheat (Wu et al. 2018; Sun
et al. 2009). In the present study, Mo-induced transcript
abundance of 7aAO and TaAba3 genes and ABA contents
under different N sources followed the order of NH," >
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NO3z; >NHyNOj; sources in both wheat cultivars (Figs. 2
and 3). These results suggest that wheat plants experience
more oxidative stress when grown under sole NH,* source
than NO; -based fertilizers, and Mo-induced higher ABA
production and transcript abundance of TaAba3 gene may
represent a strategy of Mo fertilizer to mitigate NH,* tox-
icity effects in winter wheat plants. Previous studies also
reported that overexpression of LOS5/ABA3 gene led to
notable increases in ABA accumulations, expressions of
stress-up-regulated genes, drought tolerance, and a series
of physiological and biochemical resistant responses in
transgenic soybean (Li et al. 2013).

Generally, there exists a natural coordinated balance for
ROS production and utilization to run several retrograde
signaling pathways, photosynthetic processes, and numer-
ous redox homeostasis under normal conditions (Miige
2014). However, in the NH,"-sensitive plant species, sole
NH," source implicates ROS overproduction through im-
pairment in the photosystem II functions (Drath et al.
2008), damaged chloroplast ultrastructure, abridged photo-
synthesis rate (Britto and Kronzucker 2002), and increased
lipid peroxidation (Patterson et al. 2010). In the present
study, O, accumulations in the leaves of both winter
wheat cultivars under different N sources followed the or-
der of NH,* > NOj; > NH4NO; (Fig. 4), indicating that sole
NH," source triggered the ROS production as compared
with NO; ™ fertilizers, and these findings are in line with
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previous reports on wheat plants (Yang et al. 2016; Wang
et al. 2018; Polesskaya et al. 2004). However, Mo appli-
cation reduced O, accumulations as evident from Fig. 4
and verified from the MDA contents in winter wheat leaf
tissues under different N sources (Fig. 5a and b). The MDA
contents indeed represent the lipid peroxidation rate and
the oxidative injury mediated by ROS (Moore and
Roberts 1998). Therefore, to overcome the cascades of
uncontrolled redox reactions and protect the cells from
ROS-induced oxidative damages, plants significantly en-
hance the activities of antioxidant enzymes such as SOD,
POD, CAT, and APX (Hussain et al. 2016; Foyer and
Noctor 2010; Zou et al. 2012). In the present study, Mo
application enhanced the activities of SOD, POD, CAT,
and APX under different N sources (Fig. 6), indicating that
Mo application strengthened the antioxidant defense sys-
tem to protect the wheat plants against oxidative injuries
induced by sole N sources especially sole NH," nutrition
relative to mixture supply as NH4NO;. These results are in
line with previous studies where Mo application signifi-
cantly improved the antioxidant enzyme (SOD, POD,
CAT, and APX) activities under drought and low-
temperature stresses in wheat (Sun et al. 2009; Wu et al.
2018) and salinity stress in Chinese cabbage (Zhang et al.
2012).

Taken together, our results conclude that oxidative
damage due to higher ROS production under different N
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sources followed the order of NH,* >NO5; >NH,4NOs,
and Mo application mitigated the oxidative stress through
concomitantly ABA productions and regulating the ROS-
scavenging enzyme activities in winter wheat. This may
represent a strategy of Mo fertilizer to mitigate the NH,*
toxicity effects in NH4 " -sensitive plants. However, further
genetic and molecular studies should be meditated to gain
deeper insights for the better understanding of the detailed

mechanisms between Mo and different N sources, espe-
cially sole NH,* nutrition.

5 Conclusions

Molybdenum application enabled the winter wheat plants to
efficiently detoxify the reactive oxygen species and alleviate

@ Springer
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the NH,4™ toxicity through increasing abscisic acid production,
carotenoid contents, and transcript abundance of 7aAO and
TaAba3 genes and mediating the antioxidant enzyme activi-
ties in leaf tissues. Oxidative stress induced under different N
sources in winter wheat plants followed the order of NH,* >
NOj; > NH4NO; sources. Moreover, higher abscisic acid con-
tents, antioxidant enzyme activities, and gene expressions in
Mo-efficient ‘97003’ cultivar than Mo-inefficient ‘97014’ cul-
tivar under Mo-deprived environment suggested that Mo-
efficient winter wheat ‘97003” cultivar might proficiently
adapt to versatile environmental stresses with minimum harms
to plant growth and developmental processes under Mo-
deficient conditions.
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