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ABSTRACT

The combined effects of exogenously-applied nitric oxide (NO) and thiourea
(TU) on plant growth and mineral nutrition of salt-stressed plants of two
maize cultivars (DK 5783 and Apex 836) were studied under greenhouse
conditions. The caryopses of the two cultivars were sown in pots containing
soil salinized with 0 or 100 mM sodium chloride (NaCl) applied through
irrigation water. In some other experiments, the effectiveness of NO and TU
in growth regulation in salt-stressed plants was examined individually and
both were found to be partially effective in mitigating the hazardous effects
of salt on plants. So in the present study, of six NO and TU levels used in the
initial germination experiment, 2 levels of combined NO and TU (3 + 400 or 6
+ 500 mg L") applied as seed soaking (pre-sowing) or as a spray to the
leaves of 10-day old seedlings were chosen for subsequent studies. The
experiment was placed in a randomized complete block design replicated
thrice. Salinity stress resulted in high reductions in plant fresh and dry
matters, total chlorophyll and maximum fluorescence yield (Fv/Fm), but
increase in proline content and membrane permeability (MP) in both
cultivars. The earlier mentioned reductions were greater in cv. Apex 836 than
those in cv. DK 5783. In contrast, increase in proline contents under saline
regime was higher in salt tolerant cultivar DK 5783 than that in salt sensitive
cultivar Apex 836. Both treatments of combined NO and TU as seed soaking
or foliar application were more effective in mitigating salt-induced shoot
growth inhibition. Seed treatment with both levels of combined NO and TU
was more effective in improving dry weights of cv. DK 5783 than that with
foliar treatments. Salt stress enhanced leaf sodium (Na™) contents, but
reduced those of potassium (K™) and calcium (Ca*") in both cultivars. Both
modes of treatment of combined growth substances resulted in increased
Ca”" and KT contents, whereas decreased Na™ in salt-stressed plants. From
these findings it is evident thatexogenously-applied NO and TU caused
growth improvement in maize plants which was ascribed to reduced MP
under saline environment. It can be concluded that NO and TU may be
involved in nutritional and physiological changes in plants subjected to high
salinity.
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Introduction

Salinization of irrigated land is one of the major environmental problems for agricultural production
(Sreenivasulu et al. 2000). Reduced capacity of crop resistance to salinity is a major debacle in stabiliza-
tion of crop performance in stress-prone environments (Chaudhry, Igbal, and Subhani 2000).

Although efforts have been made to improve salinity tolerance in plants by transferring salt tolerant
genes either by advanced molecular biology approaches or classical selection and breeding (Purtyet al.
2008; Witcombe et al. 2008; Visarada et al. 2009), these approaches have yielded not so promising
results in terms of generating highly salt tolerant crop varieties/lines. This has happened mainly due to
the fact that salinity tolerance trait is multigenic and hence very complex (Flowers 2004). In this situa-
tion, use of growth substances provides a short-term solution to overcome environmental stresses. To
date, a wide variety of substances/chemicals have been used to improve stress tolerance in plants (Ash-
raf and Foolad 2007; Nawaz and Ashraf 2010; Kaya, Ashraf, and Sonmez 2015). Thiourea is one of
them, which is believed to play a key role in oxidative stress response and other related processes. For
example, Srivastavaet al. (2011) found that thiourea treatment could alleviate the injurious effects of
saline stress on Brassica juncea seeds by regulating a variety of signaling and effecter mechanisms.

Nitric oxide (NO) being a free radical is highly reactive. NO has been reported to be a universal sig-
nal in plants which has a key role in plant stress tolerance (Planchet and Kaiser 2006; Liuet al. 2014).
NO has also been reported to alleviate the oxidative stress in plants caused by abiotic stresses
(Chen et al. 2010; Mihailovic and Drazic 2011; Kaya et al. 2015).

The present investigation was carried out to appraise how far some key growth parameters regulated
and mineral nutrients accumulated in two maize cultivars grown at high salinity with or without addi-
tional supply of combined nitric oxide and thiourea.

Materials and methods
Plant growth and treatments

The study was conducted in a glasshouse at the Research Station of the Agriculture Faculty, University
of Harran (Turkey) during May and June 2013 using two maize cultivars DK5783 and Apex 836. Five
seeds of each cultivar were planted in each pot which contained 10 kg of air-dried soil. The physico-
chemical properties of the soil used are as follows: soil texture loamy clay, electrical conductivity (EC:
1:2.5 water, v:v) 0.45 dS m ™', pH 7.3, nitrogen (N) 1.25 g kg™', potassium (K) 1.40 gkg™ ', and. Nitro-
gen, phosphorus pentoxide (P,0s), and potassium oxide (K,O) were added to the soil in the form of
urea, triple superphosphate, and potassium sulfate at the rates of 100, 50, and 120 mg kg ',
respectively.

Three seedlings were maintained in each pot after germination. All pots placed in a glasshouse for
further 35 days wherein the mean temperature was 27 + 2 °C and relative humidity (RH) 60-70%.
The experiment was placed in a randomized complete block design replicated thrice. The volume of
water applied daily toeach pot varied from 50 mL to 500 mL depending on the size of plants.

The sodium chloride (NaCl) levels(0, control, and 100 mM) were applied to the maize plants
through irrigation water. Nitric oxide (3 and 6 mg L") and thiourea (400 and 500 mg L™") were
applied 10 days after seed germination in combination as seed treatment (soaking) or foliar spray. The
source of NO was sodium nitroprusside (SNP). All seed samples before planting were surface sterilized
with 1% sodium hypochlorite solution. For pretreatment of NO plus TU as seed soaking, the seeds
were soaked for 24 hr either in 3 mg L™" NO plus 400 mg L' TU or 6 mg L™ 'NO plus 500 mg L ™"
TU solution. Plants were sprayed once a week with NO and thiourea solution (50 mL pot~') prepared
in a surfactant solution 0.01% tween-20 (CsgH;,40,6). The foliar spray was initiated 10 days after the
seed germination took place and continued up to day 35. For the salt treatment 5.85 g kg~ NaCl were
added to the soil to bring the salt level to 100 mM. The EC of the soil was checked every week till the
end of the experiment.

Just before ending the experiment, fresh, dry weights, inorganic nutrients, total chlorophyll, maxi-
mum fluorescence measurements, membrane permeability (MP) and free proline were measured.
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Maximum fluorescence measurements

A portable chlorophyll fluorometer (Photosynthesis Yield Analyzer Mini-PAM, Walz, Germany) was
used to measure chlorophyll fluorescence. The data on the following fluorescence attributes were
recorded: minimum fluorescence (Fo), maximal fluorescence (Fm), and variable fluorescence (Fv).
From these data, maximum quantum efficiency (Fv/Fm) of photosystem (PS) II was also worked out.

Electrolyte leakage

The protocol described by Dionisio-Sese and Tobita (1998) was followed for appraising electrolyte
leakage of the maize plants. Fresh leaves were cut into pieces of about 5 mm size and 200 mg of the
subsamples were placed in each test tube containing 10 mL distilled deionized water. All containing
leaf pieces and water were placed in a water bath at 32°C, and after 2 hr the initial electrical conductiv-
ity of the medium (EC1) was measured. After that, in order to get all electrolytes released, the same
samples were autoclaved at 121°C for 20 min. After cooling the samples, the final electrical conductiv-
ity (EC2) was measured. For working out the electrolyte leakage following formula was employed:

(EL % = EC1 /EC2x100)

Chlorophyll content

One gram of fully expanded youngest leaves was triturated in acetone solution (90%). After measuring
the optical density of the samples using a UV-visible spectrophotometer, the values were subjected to
the formulae given by Strain and Svec (1966) to calculate chlorophyll concentrations.

Free proline content

The protocol described by Bates, Waldren, and Teare (1973) was employed to determine free proline in
fresh leaves. Half-gram of fresh leaf material was triturated in 10 mL of 3% aqueous sulfosalicylic acid.
After reacting the filtrate with acid-ninhydrin solution and glacial acetic acid, the mixture was heated
for 1 hr at 100°C in a water bath. Then it was extracted with 4 mL toluene. The optical density of the
colored mixture was read at 520 nm.

Nutrient analysis and dry weight measurement

For measuring dry weights, the plants were dried in an oven up to constant weight. For determining
the amount of mineral nutrients in plant samples, the samples were subjected to a muftle furnace at
550°C for 6 hr to get ash. To the ash, 5 mL of 2 M hot hydrochloric acid (HCl) were added, and final
volume was raised to 50 mL with distilled water. Sodium (Na), calcium (Ca), and potassium (K) were
determined using an inductively coupled plasma (ICP) (Chapman and Pratt 1982).

Statistical analysis

The statistical package SAS version 9.1 (SAS, Cary, NC) was used to work out analysis of variance of
data for all parameters.The least significant difference (LSD) test at p <0.05 probability level was used
to appraise the differences among mean values within each parameter.

Results

Based on the results of unpublished germination experiment, of nine cultivars, cv. DK 57 83 (salt toler-
ant) and cv. Apex 836 (salt sensitive) and of six NO and TU doses, two levels each of NO (3 and 6 mg
L") and TU (400 and 500 mg L") were selected and combined for the glasshouse experiment.
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Table 1. Fresh (FW), dry weights (DW) and total chlorophyll (mg kg’1) of different cultivars of maize grown in salt with or without dif-
ferent levels of combined nitric oxide (NO) and thiourea (TU) (mg L") applied as different modes. (Within each column, means with
different letters are significantly different (p < 0.05). *LSD test: Shows significant differences between treatments and cultivars
(p < 0.05). ns: not significant.

Cultivars Treatments FW (g plant™) DW (g plant™) Chla +Chl b
C 163 a 1.86 a 1256 a
S 9.7d 1.11c¢ 1056 c
sNO+TU3+4-400 123b 1.23b 1132b
DK 5783 sNO-+TU6-+500 123b 121b 1136 b
fNO+TU3+-400 10.7 ¢ 1.12c 1136 b
fNO+TU6+-500 11.4c 1.16 bc 1139b
C 123 a 1.29a 1198 a
S 6.7 C 0.71c 1005 d
Apex 836 sNO+TU3+-400 72b 0.81b 1074 b
sNO+TU6-+500 73b 084 b 1082 b
fNO+TU3+400 72b 0.79b 1046 c
fNO+TU6+-500 73b 0.82b 1036 ¢
Cvs x treatments * * ns

C: control; S: 100 mM NaCl; s: seed application; f: foliar application.

Some key growth parameters

Salinity stress reduced fresh and dry weights, total chlorophyll and maximum fluorescence yield
(Fv/Fm) of both cultivars (Tables 1 and 2). However, cv. Apex 836 was more affected by salinity than
cv. DK 5783. Foliar and seed applications of NO and TU in combination at both doses increased these
key parameters in both cultivars grown under saline regime, though the values were still significantly
lower than those of the control plants. The effect of seed application of combined NO and TU was
slightly higher than that of foliar application in increasing dry weight in the salt-stressed maize plants.

Salinity stress increased MP and proline content in both cultivars. MP was slightly higher in cv.
Apex 836, but proline was higher in cv. DK 5783 (Table 2). Both seed and foliar applications of NO
and TU in combination at both doses reduced MP and proline content to the levels being significantly
higher than those at control conditions.

Mineral elements

As expected, Na* concentrations increased in the salt-stressed plants of both maize cultivars. The salt
sensitive cultivar Apex 836 had higher Na* concentration than the salt tolerant cultivar DK5783

Table 2. Maximum fluorescence yield (Fv/Fm), membrane permeability (MP) and proline (pro, umol g~") of different cultivars of
maize grown in salt with or without different levels of combined nitric oxide (NO) and thiourea (TU) (mg L~") applied as different
modes. (Within each column, means with different letters are significantly different (p <0.05). *LSD test: Shows significant differences
between treatments and cultivars (p <0.05). ns: not significant

Cultivars Treatments Fv/Fm MP (%) Pro
DK 5783 C 0,62a 16 C 1.09d
S 0,58 c 24 a 289%a
sNO+TU3+400 0,59 bc 21b 245b
sNO+TU6+-500 0,59 bc 21b 2.36 bc
fNO+TU3+-400 0,60 abc 21b 232¢
fNO+TU6+500 0,60 abc 21b 243 b
Apex 836 C 0,60 a 19¢ 112¢
S 0,54 c 29a 262a
sNO+TU3+4-400 0,56 bc 26ab 2.38b
sNO+-TU6+500 0,56 bc 25b 241b
fNO+TU3+-400 0,57 b 25b 2.29b
fNO+4-TU6+500 0,56 bc 26ab 226 b
Cvs x treatments ns * *

C: control; S: 100mM NaCl; s: seed application; f: foliar application.
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Table 3. Sodium, calcium, and potassium concentrations (mmol kg™ dry weight) in the leaves of different cultivars of maize grown in
salt with or without different levels of combined nitric oxide (NO) and thiourea (TU)(mg L") applied as different modes. (Within each
column, means with different letters are significantly different (p < 0.05). “LSD test: Shows significant differences between treatments
and cultivars (p < 0.05).

Cultivars Treatments Na Ca K
DK 5783 C 36d" 172a 355a
S 322a 110c¢ 254d
sNO+TU3-+400 262 ¢ 126 b 284 ¢
sNO+TU6+500 273bc 132b 289 ¢
fNO+TU3+400 283 b 132b 295 bc
fNO+TU6-+500 283b 130 b 305b
Apex 836 C 30d 165 a 341a
S 393 a 95 ¢ 221d
sNO+TU3-+400 333¢ 122 b 282 b
sNO+TU6+-500 330c¢ 131b 284 b
fNO+TU3+400 356 b 125b 253 ¢
fNO+TU6-+500 353b 124 b 278 b

Cvs x treatments

C: control; S: 100mM NaCl; s: seed application; f: foliar application.

(Table 3). Both modes of NO and TU in combination at both doses reduced Na™t content, but it was
still much higher than that under control conditions. Furthermore, salinity reduced Ca** and K" con-
centrations in the leaves of both cultivars, but these reductions were slightly higher in the salt sensitive
cultivar Apex 836. In most cases, seed application of combined NO and TU was more effective in
reducing Na™ and increasing Ca®* and K™ contents compared to the other mode of application.

Discussion

Exogenous application of a variety of growth promoting substances is contemplated as an effective
means of eliminating the negative effects of abiotic stresses including salinity on plants (Ashraf et al.
2010; Akram and Ashraf 2013; Habib and Ashraf 2014). Of such growth substances, application of
thiourea (TU) and nitric oxide (NO) has been found beneficial for mitigating the inhibitory effects of
salt stress on different crops, e.g., chickpea (Sheokand, Bhankar, and Sawhney 2010), maize
(Yildiztugay et al. 2014), wheat (Asthir et al.2013), Phragmites karka (Zehra et al. 2013), cucumber
(Cui et al. 2011), and rice (Habib and Ashraf 2014). In the present study, although saline stress
(100 mM sodium chloride) suppressed growth in terms of plant fresh and dry weight of two maize cul-
tivars, DK 5783 and Apex 836; however, exogenous application as seed priming or foliar-spray
improved the growth of maize plants under saline conditions. Our results are in agreement with an ear-
lier study by Habib, Ashraf, and Aqeel Ahmad (2010) in which varying levels of NO as pre-sowing seed
treatment showed stimulating effects on seedling growth as well as on seed germination of rice plants at
80 mM NaCl. In extension to this report, Habib and Ashraf (2014) attributed this improved seedling
growth to NO-induced improvement in leaf water relations and reduction in the accumulation of toxic
ions such as Na* and CI™. Similarly, using thiourea (10 mM) as a foliar spray, Anjum et al. (2011) also
observed improved growth of two differentially salt responsive wheat cultivars supplied with salinity
(120 mM Na(l) stress. They ascribed this thiourea-induced increase in growth to triggering of a variety
of physio-biochemical processes as recently reported by Pandey et al. (2013).

A number of studies have shown that saline stress can cause alterations in leaf fluorescence of differ-
ent crops such as sunflower (Akram, Ashraf, and Akram 2009), okra (Saleem, Ashraf, and Akram
2011), wheat (Habib, Ashraf, and Shahbaz2013; Perveen, Shahbaz, and Ashraf, 2013), and eggplant
(Shaheen et al. 2012), etc. In the present study, maximum fluorescence yield (F,/F,,) of both maize cul-
tivars was enhanced due to exogenously-applied combined NO and TU under saline conditions which
is parallel to the findings of Habib, Ashraf, and Shahbaz (2013), who documented improved chloro-
phyll fluorescence in salt-stressed rice plants due to foliar-applied NO. In another study, Pandeyet al.
(2013) have found improvement in the vegetative growth of Indian mustard (B. juncea)plants and they
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attributed this growth improvement to high efficiency of PSI and PSII due to exogenous application of
varying levels of TU. About two decades ago, Sahu, Solanki, and Dashora (1993) observed that exoge-
nously-applied TU enhanced the photosynthetically active leaf area as well as rate of photosynthesis
in maize plants that was ascribed to TU-induced improvement in the efficiency of photosystems
(Sahu, Solanki, and Dashora 1993). Up till now, a number of experiments have been carried-out on
TU- and/or NO-induced changes/improvement in the rate of photosynthesis under stress in different
crops, e.g., tall fescue (Chen et al. 2013), clusterbean (Burman, Garg, and Kathju 2004), wheat
(Nathawat et al. 2007; Kausar and shahbaz 2013), maize (Sahu, Solanki, and Dashora 1993), and
tomato (Xue-Xia et al. 2007), but exploration of the role of TU or NO on efficiency of photosystems
has been ignored. As it is well known that the efficiency of photosytems and rate of photosynthesis is
closely interlinked (Misra, Latowski, and Strzalka 2006; Geissler, Hussin, and Koyro 2009; Ashraf and
Harris 2013), but the gap between TU- or NO-induced changes in the photosynthesis either linked to
PSI or PSII still needs to be elucidated. Recently, Chen et al. (2013), while examining the protective
role of NO in the recovery of PSII in tall fescue under stress, have reported that the improved behavior
of PSII under stress conditions was due to chlorophyll a fluorescence transients induced by overexpres-
sion of genes encoding PSII core proteins.

In the present study, both modes of NO and TU in combination at both doses reduced Na™ con-
tents, while increased Ca** and K* contents in both maize cultivars under saline conditions. Similarly,
Habib and Ashraf (2014) while working with rice have observed that pre-sowing seed treatment with
NO significantly decreased Na*and Cl~, while it improved Ca**and K™ contents in both shoots and
roots of salt-stressed rice plants. A significant reduction observed in Na™uptake shows that TU induced
tolerance is due to salt avoidance strategy (Srivastava et al. 2011). Recently, while working with cotton,
Liu et al. (2014) have observed that foliar-applied NO (0.09 mM) improved seedling growth and they
ascribed this growth improvement to low uptake of Na* and enhanced accumulation of some essential
nutrients such as Ca**, K*, and magnesium (Mg>"). Furthermore, exogenously-applied 0.1 mM NO
improved K" uptake thereby decreasing Na*/K™", which resulted in improved antioxidant defense
system in salt-stressed cotton plants (Dong et al. 2014). Although many reports are available in the lit-
erature on the differential uptake of different inorganic nutrients, a detailed study needs to be carried
out to uncover the integral role of TU or NO in accumulation of these nutrients in plants under saline
stress.

Conclusions

In conclusion, salinity stress induced decrease in plant fresh, dry matter, and F,/F,,, but increase in MP
and proline content in both maize cultivars. The aforementioned reductions were higher in Apex
836 than those in DK 5783. Both treatments of combined NO and TU as seed soaking or foliar applica-
tion were effective in mitigating salt-induced inhibition more in shoot growth than on other processes.
Both modes of treatment of combined growth substances resulted in increased Ca** and K* contents,
and decreased that of Na* in salt-stressed maize plants. Overall, externally-applied combined NO and
TU induced growth improvement in maize was ascribed to reduced leaf Na* andMP and increased
Ca’" and K*as well as increased maximum fluorescence yield under saline regime.
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