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Exogenous application of nitric oxide modulates osmolyte
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and promotes growth under cadmium stress in tomato
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Abstract Experiments were carried out to investigate the role
of nitric oxide (NO) in ameliorating the negative effects of
cadmium stress in tomato seedlings. Plants treated with cad-
mium (CdCl2, 150 μM) showed reduced growth, biomass
yield, pigment content, chlorophyll fluorescence, and gas ex-
change parameters. Exogenous application of NO donor (so-
dium nitroprusside) with nutrient solution protected chloro-
phyll pigments, restored chlorophyll fluorescence and gas ex-
change parameters, and caused significant enhancements in
growth and biomass yield. Cadmium triggered the synthesis
of proline and glycine betaine; however, application of NO
caused further enhancement of their accumulation, reflecting
an obvious amelioration of the cadmium-induced decline in
relative water content. Activities of the antioxidant enzymes
superoxide dismutase, catalase, ascorbate peroxidase, and glu-
tathione reductase, monodehydroascorbate reductase,
dehydroascorbate reductase, and other enzymatic activities
of ascorbate-glutathione cycle were enhanced following the
application of NO, as compared with those in untreated seed-
lings under control and cadmium stress conditions. NO

increased the flavonoid and total phenol content in Cd-
stressed tomato plants. Moreover, NO application restricted
the uptake of cadmium and enhanced the accumulation of
nutrients in different parts of tomato plants. On the basis of
the findings of the present study, we propose that NO has a
potential role as a growth promoter for tomato under cadmium
stress.

Keywords Oxidative stress . Osmolyte . Antioxidant .

Ascorbate-glutathione cycle . Cadmium . Tomato . Nitric
oxide

Introduction

Heavy metal pollution is a major global problem that causes
marked reductions in plant growth and crop yield (Singh and
Prasad 2014). Cadmium (Cd) is a non-essential heavy metal
that exhibits high solubility and is easily available and readily
absorbed by plants. The high toxicity of cadmium can be
ascribed to its high mobility between soil and plant systems
(Groppa et al. 2012). Cd pollution can originate from both
natural and anthropogenic sources, including weathering of
metal-rich rocks, mining, power stations, mineral fertilizers
(particularly phosphate fertilizer), and excessive use of waste-
water and sewage sludge for agricultural purposes (Zoffoli
et al. 2013). Consuming Cd-containing food leads to renal
disorders and the development of weak bones (Horiguchi
et al. 2010). Once Cd enters the plant system, visible symp-
toms, including necrosis and reduced root and shoot growth,
start to appear and eventually lead to phytotoxicity (Dias et al.
2013). Cd inactivates several enzymes through its strong abil-
ity to bind with cysteine sulfhydryl thiol group (Mendoza-
Cozatl et al. 2005). Cd impedes key physiological and bio-
chemical processes, including photosynthetic and respiratory
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electron transport. Moreover, it severely affects mineral nutri-
tion and water uptake (Ahmad et al. 2011; Hameed et al.
2016). In affecting electron transport systems, Cd promotes
the generation of toxic reactive oxygen species (ROS) by
leaking electrons to molecular oxygen, thereby inducing oxi-
dative stress (Ahmad et al. 2011). Behaving as a non-redox-
active metal, Cd generates ROS through interference with
redox homeostasis (Cuypers et al. 2011).

Several endogenous tolerance mechanisms are triggered in
plants to avert metal-induced oxidative stress: efficient
partitioning and compartmentation of toxic metal ions into
vacuoles (Wu and Wang 2011); excess synthesis of
phytochelatins and formation of phytochelatin-metal com-
plexes for mediating the exclusion into vacuoles; accumula-
tion of osmotic solutes; and increased activities of antioxi-
dants (Ahmad et al. 2011; Ahanger et al. 2014). Partitioning
and compartmentation help plants to maintain toxic ions and
substances within physiological limits. For rapid neutralizing
and scavenging of ROS, plants upregulate their antioxidant
defense system, which includes enzymatic as well as non-
enzymatic antioxidants (Ahmad et al. 2011; Ahanger et al.
2015). Superoxide dismutase (SOD), catalase (CAT), ascor-
bate peroxidase (APX), glutathione reductase (GR),
monodehydroascorbate reductase (MDHAR), and
dehydroascorbate reductase (DHAR) are among the important
antioxidant enzymes. The enzymes involved in ascorbate-
glutathione cycle are effective in mitigating Cd stress in plants
(Wu et al. 2015).

Nitric oxide (NO) is now recognized for its well-known
role in signaling and has been reported to have growth-
promoting properties and ultimately improves plant produc-
tivity (Fatma and Khan 2014). Over the past few years, many
studies have examined the role of exogenous NO in regulating
growth under normal and abiotic stress conditions, including
those induced by Cu, Ni, and Cd (Fatma and Khan 2014;
Ahmad et al. 2016). Hermes et al. (2013) have observed the
altered expression of genes in response to exogenous applica-
tion of NO for counteracting oxidative stress. However, the
actual mechanism underlying NO-induced stress tolerance re-
mains largely unidentified. In the present study, we therefore
sought to elucidate this mechanism by examining the allevia-
tion of cadmium stress promoted by exogenous application of
NO.

Tomato (Solanum lycopersicum L.) belongs to family
Solanaceae and has the highest commercial consumption
among vegetables. It is a rich source of important nutrients,
such as β-carotene, lycopene, flavonoids, and ascorbic acid,
making it an effective antioxidative and anticarcinogenic
food. However, on a global scale, cadmium pollution causes
a significant reduction in the growth and productivity of to-
mato. Accordingly, the present study was undertaken to inves-
tigate the role of exogenously applied NO in mitigating
cadmium-induced toxicity in tomato.

Materials and methods

Seeds of tomato (S. lycopersicum L.) were sterilized using 5%
NaOCl for 5 min. Sterilized seeds were sown in pots filled
with sand, perlite, and peat with ratio of 1:1:1. After germina-
tion, seedlings were thinned to a uniform number of one seed-
ling per pot. From the time of sowing up to 10 days of seedling
growth, pots were supplemented with 200 mL full-strength
Hoagland solution every alternate day. After 10 days, seed-
lings were treated with cadmium (150 μMCdCl2) in the form
of modified Hoagland solution. Sodium nitroprusside was
used as source of NO (100 μM) donor and was applied with
Hoagland solution every alternate day to plants after 1 week of
Cd treatment up to 40 days. Pots were maintained in a green-
house under natural climatic conditions with day/night tem-
peratures of 26 ± 2/15 ± 2 °C, a relative humidity of 70–75%,
and an average photoperiod of 18 h light and 6 h dark. After
40 days of treatment, the plants were carefully uprooted and
analyzed for different parameters. The biochemical and anti-
oxidant activity estimation was performed in uppermost
young leaves.

Estimation of shoot/root length and dry biomass

Shoot and root lengths were measured immediately after
uprooting the plants using a manual scale. For the estimation
of dry weight, leaves were oven-dried at 70 °C for 24 h.

Estimation of photosynthetic pigments

Pigment content was determined by extracting fresh leaf tis-
sues with acetone (80%) and recording the absorbance at 480,
645, and 663 nm using a spectrophotometer (Arnon 1949).

Estimation of chlorophyll fluorescence and gas exchange
parameters

A PAM chlorophyll fluorimeter (H. Walz, Effeltrich,
Germany) were adopted for the determination of chlorophyll
fluorescence parameters in fully expanded leaves using the
method of Li et al. (2007).

An infrared gas analyzer (LCA-4 model, Analytical
Development Company, Hoddesdon, England) were used to
determine the net photosynthetic rate (Pn), CO2 assimilation
rate (A), stomatal conductance (gs), and transpiration rate (E)
in upper leaves of the seedling.

Determination of RLWC

Relative leaf water content (RLWC) was estimated in accor-
dance with the method described by Yamasaki and Dillenburg
(1999). Briefly, 20 leaf disks were punched from the upper-
most fresh leaves and their initial fresh weight was measured.
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Thereafter, the disks were floated on distilled water for 1 h to
record the turgid weight and were then oven-dried for 24 h
before recording the dry weight. RLWC was calculated using
the following formula:

RLWC ¼ Fresh weight−Dry weight
Turgid weight−Dry weight

Estimation of proline and glycine betaine

Proline was estimated by following the method of Bates et al.
(1973). A 500-mg leaf sample was macerated in sulfosalicylic
acid and centrifuged at 10,000×g for 10min. Twomilliliters of
the supernatant was reacted with acid ninhydrin and glacial
acetic acid at 100 °C for 1 h. Thereafter, samples were placed
on ice and proline in the samples was extracted using toluene.
Absorbance was recorded at 520 nm. Amounts of proline,
expressed as μM proline g−1 FW, were determined from a
standard curve.

For estimation of glycine betaine, 500 mg dry plant mate-
rial was extracted in deionized water (20 mL) after shaking for
24 h at 25 °C. Thereafter, the samples were filtered and then
mixed with 2 N H2SO4. A aliquot (0.5-Ml) of the resultant
mixture was reacted with cold KI–I2 reagent (0.20 mL) and
centrifuged at 10,000×g for 15 min after shaking. The
resulting supernatant was carefully removed, and to this,
1,2-dichloroethane was added to dissolve the periodide crys-
tals. After 2 h, the optical density was measured at 365 nm
using a spectrophotometer. Amounts of glycine betaine were
determined from a standard curve of reference glycine betaine
(Grieve and Grattan 1983).

Determination of electrolyte leakage, lipid peroxidation,
and hydrogen peroxide

For estimation of hydrogen peroxide (H2O2) production,
fresh tissue was extracted in 0.1% TCA and centrifuged
at 10,000×g for 10 min. The supernatant (0.5 mL) was
mixed with an equal volume of 100 mM potassium
phosphate buffer (pH 7.0) and potassium iodide (1 M).
Absorbance was recorded at 390 nm, and amounts of
H2O2, expressed as nM g−1 FW, were determined from
a standard curve (Velikova et al. 2000).

Lipid peroxidation was measured by estimating the forma-
tion of malondialdehyde (MDA) content. Fresh leaves were
macerated in 0.1% trichloroacetic acid (TCA), and the homog-
enate was centrifuged at 10,000×g for 5 min. One milliliter of
supernatant was reacted with 4 mL thiobarbituric acid (5%
TBA prepared in 20% TCA) at 100 °C for 30 min.
Thereafter, samples were cooled in an ice bath and were again
centrifuged for 10 min at 10,000×g. Optical density was read
at 532 and 600 nm (Madhava Rao and Sresty 2000).

We used the method of Dionisio-Sese and Tobita (1998) to
determine electrolyte leakage. Twenty fresh leaf disks were
transferred to a test tube containing 10 mL distilled water,
and electrical conductivity (EC0) was measured. The same
samples were boiled at 50 °C (for 20 min) and 100 °C (for
10 min), and electrical conductivities (EC1 and EC2, respec-
tively) were measured at both temperatures. Calculation of
electrolyte leakage was performed using the following
formula:

Electrolyte leakage = (EC1 − EC0)/(EC2 − EC0) × 100

Determination of antioxidant enzyme activities

Fresh plant tissue was extracted in ice-cold buffer (100 mM
potassium phosphate, pH 7.0) containing 1% polyvinyl
pyrrolidoneusing a pre-chilled mortar and pestle. The
resulting homogenate was centrifuged for 30 min at
12,000×g at 4 °C, and the supernatant was used as an enzyme
source for the assay of SOD, CAT, APX, and GR.

Superoxide dismutase (SOD, EC1.15.1.1) activity:
The activity of SOD was measured following the meth-
od of Dhindsa and Matowe (1981). Activity was mea-
sured by monitoring the ability of the enzyme extract to
inhibit the photochemical reduction of nitroblue tetrazo-
lium (NBT). The assay mixture contained phosphate
buffer (100 mM, pH 7.4), methionine (10 mM), EDTA
(1.0 mM), 50 μM riboflavin, 75 μM NBT, and 100 μL
enzyme extract. Samples were incubated for 15 min un-
der fluorescent tubes and were read at 560 nm. The
amount of protein causing 50% inhibition in the photo-
chemical reduction of NBT was defined as one unit of
SOD and was expressed as EU mg−1 protein.

Catalase (CAT, EC1.11.1.6) activity CAT activity was esti-
mated by following the decomposition of H2O2 at 240 nm for
2 min. Activity was expressed as EU mg−1 protein and an
extinction coefficient of 39.4 mM−1 cm−1 was used (Aebi
1984).

Ascorbate peroxidase (APX, EC1.11.1.1) activity APX ac-
tivity was assayed in accordance with the method of Nakano
and Asada (1981). H2O2-dependent oxidation of ascorbate
was monitored at 290 nm for 2 min. An extinction coefficient
of 2.8 mM−1 cm−1 was used for calculation of APX activity,
which was expressed as EU mg−1 protein.

Glutathione reductase (GR, EC1.6.4.2) activity The meth-
od of Foster and Hess (1980) was used for estimating the
activity of GR. The 3-mL reaction mixture contained potassi-
um phosphate buffer (100 mM, pH 7.0), 150 μM NADPH,
1.0 mMEDTA, and 500 μMoxidized glutathione. Changes in
absorbance were monitored at 340 nm for 3 min, and activity
was expressed as EU mg−1 protein.
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Determination of enzymes related
to ascorbate-glutathione cycle

Monodehydroascorbate reductase (MDHAR, EC 1.6.5.4)
activity The method developed by Miyake and Asada (1992)
was used for the determination of MDHAR. The activity was
expressed as μmol NADPH oxidized/(EU mg−1 protein).

Dehydroascorbate reductase (DHAR, EC: 1.8.5.1) activity
The protocol provided by Nakano and Asada (1981) was used
to estimate the activity of DHAR. The absorbance was record-
ed at 265 nm using spectrophotometer (Beckman 640 D,
USA) and was expressed as EU mg−1 protein.

Ascorbate and glutathione The procedure given by Huang
et al. (2005) was used for the determination of ascorbic acid.
Yu et al. (2003) method was used for the estimation of gluta-
thione pool. GSH content was calculated by subtracting
GSSG from total GSH.

Glutathione S-sransferase (GST, EC: 2.5.1.18) activity The
established procedure by Hasanuzzaman and Fujita (2013)
was used for the estimation of GST activity. The absorbance
was recorded at 340 nm using spectrophotometer (Beckman
640 D, USA) and was expressed as EU mg−1 protein.

Estimation of cadmium and other inorganic elements

Dry plant material (500 mg) was subjected to acid digestion
using sulfuric acid and nitric acid (1:5, v/v) at 60 °C for 24 h.
The digested material was treated with HNO3/HClO4 mixture
(5/1, v/v). Thereafter, the concentration of cadmium and other
inorganic elements in shoot and root was estimated using an
atomic absorption spectrophotometer (Perkin-Elmer Analyst
Model 300) and expressed as μM g−1 DW. For the sulfur
estimation turbidimetric method given by Chesnin and Yien
(1950) was used.

Statistical analysis

All experiments were repeated three times. Treatment means
were statistically analyzed using least significant difference
(LSD) analysis of variance for a completely randomized
design.

Results

Growth and biomass yield

Shoot and root lengths were reduced by 75.94 and 65.52%,
respectively, as a consequence of Cd treatment, and the dry
weights of shoots and roots were reduced by 75.60 and

74.07%, respectively, compared with those of control plants.
Application of NO (100 μM) enhanced the shoot and
root length by 51.04 and 48.46%, respectively, relative
to cadmium-only-treated plants (Fig. 1a). When applied
to Cd-stressed plants, NO (150 Cd + NO) enhanced the
dry weight of shoots and roots by 41.17 and 36.36%,
respectively, compared with Cd-treated plants alone
(Fig. 1b).

Pigment content

Compared to the control plants, chlorophyll a, chlorophyll
b, total chlorophyll, and carotenoid contents declined by
60.43, 55.31, 58.69, and 31.08%, respectively, in plants
subjected to Cd stress. Exogenous application of NO de-
creased the negative effect of Cd by enhancing chloro-
phyll a by 33.33%, chlorophyll b by 36.36%, total chlo-
rophyll by 34.48%, and carotenoids by 13.55%, relative
to Cd-stressed plants. In control plants, application of NO
(100 μM) increased the contents of chlorophyll a, chloro-
phyll b, total chlorophyll, and carotenoids by 8.80, 14.54,
10.38, and 15.90%, respectively (Fig. 2).

Fig. 1 Ameliorating role of NO against Cd induced effect on (a) shoot
and root length and (b) shoot and root dry weight in tomato seedlings.
Data presented are the means ± SE (n = 5). Different letters indicate
significant difference at P ≤ 0.05
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Chlorophyll fluorescence and gas exchange parameters

Tomato plants exposed to Cd stress (150 μM) reduced the
Fv/Fm by 24.70%, ϕPSII by 26.15%, ϕexc by 37.28%, and
qp by 30.76% over control plants. A substantial increase
of 50.00% in NPQ was also recorded at the same concen-
tration of Cd. Supplementation of NO to Cd-stressed
plants showed enhanced levels of Fv/Fm, ϕPSII, ϕexc,
and qp by 32.81, 62.50, 32.43, and 23.80%, respectively,
over Cd-alone-treated plants. In contrast, the NPQ was
observed to decrease by 28.73% through application of
NO relative to Cd-treated plants alone (Table 1). The re-
sults related to the effect of Cd and NO on gas exchange
parameters are depicted in Table 1. Cd (150 μM)-treated
plants exhibited decrease in net photosynthetic rate (Pn),
CO2 assimilation rate (A), stomatal conductance (gs), and
transpiration rate (E) by 32.37, 48.36, 79.62, and 72.98%,
respectively, relative to control. When the plants treated
with NO in presence of Cd, the gas exchange parameters
enhanced over the plants treated with Cd alone. A signif-
icant increase in Pn (42.69%), A (12.87%), gs (28.43%),

and E (10.34%) was observed when control plants was
supplied with NO.

RLWC, proline, and glycine betaine content

RLWC was reduced by 31.57% in cadmium-stressed plants;
however, in plants treated with the Cd+NO combination, the
percentage reduction was only 21.15% relative to the control
(Fig. 3a). In control plants, proline and glycine betaine were
observed to increase by 1.02- and 1.09-fold, respectively, fol-
lowing exogenous application of NO. In cadmium-treated
plants, the amounts of proline and glycine betaine increased
by 4.35- and 8.74-fold, respectively, relative to control, and
was further increased by 1.35- and 1.24-fold, respectively, by
the application of NO, compared with the Cd-treated plants
(Fig. 3b, c).

H2O2, MDA accumulation, and electrolyte leakage

Cadmium treatment caused a considerable increment
(185.58%) in the accumulation of H2O2, whereas Cd+NO-

Fig. 2 Effect of NO and Cd on
pigment content in tomato
seedlings. Data presented are the
means ± SE (n = 5). Different
letters indicate significant
difference at P ≤ 0.05

Table 1 Effect of Cd and NO chlorophyll fluorescence and gas exchange parameters in tomato seedlings

Chlorophyll fluorescence Parameters 0 0 μM Cd+NO 150 μM Cd 150 μM Cd+NO

Efficiency of PSII (Fv/Fm) 0.85 ± 0.019b 0.95 ± 0.025a 0.64 ± 0.007c 0.85 ± 0.019b

Quantum yield of PSII (ΦPSII) 0.65 ± 0.008b 0.70 ± 0.009b 0.57 ± 0.005c 0.78 ± 0.015a

Capture efficiency of PSII (Φexc) 0.70 ± 0.016a 0.64 ± 0.008b 0.57 ± 0.007c 0.49 ± 0.003d

Photochemical quenching (qp) 0.91 ± 0.022a 0.96 ± 0.025a 0.73 ± 0.009c 0.78 ± 0.016b

Non-photochemical quenching (NPQ) 0.58 ± 0.007b 0.42 ± 0.002c 0.87 ± 0.016a 0.62 ± 0.007b

Gas exchange Net photosynthesis rate Pn (μmol m−2 S−1) 11.15 ± 1.05c 15.91 ± 1.23a 7.54 ± 0.59d 14.05 ± 1.15b

CO2 assimilation A (μmol CO2 m
−2 S−1) 14.37 ± 1.19b 16.22 ± 1.39a 7.42 ± 0.55d 11.55 ± 1.07c

Stomatal conductance gs (mmol CO2 m
−2 S−1) 320 ± 5.47b 411 ± 7.16a 65.21 ± 2.54d 172.22 ± 3.35c

Transpiration rate E (mmol H2O m−2 S−1) 1.74 ± 0.044b 1.92 ± 0.051a 0.47 ± 0.005d 0.88 ± 0.021c

Data presented are the means ± SE (n = 5). Different letters next to the number indicate significant difference at P ≤ 0.05.

ND not detected
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treated plants exhibited a 51.38% reduction in H2O2relative to
the cadmium-stressed plants. Cadmium stress increased lipid
peroxidation and electrolyte leakage by 2.05- and 6.19-fold,
respectively. However, in Cd+NO-treated plants, lipid perox-
idation declined by 1.59-fold and electrolyte leakage by 1.42-
fold, compared with cadmium-treated plants (Fig. 4a–c).

Antioxidant enzyme activity and ascorbate-glutathione
cycle

In control plants, exogenous application of NO improved
the activity of SOD, CAT, APX, and GR by 6.34, 30.04,
9.04, and 17.29%, respectively. In cadmium-stressed

plants, the activity of SOD, CAT, APX, and GR was in-
creased by 82.67, 114.83, 105.18, and 106.22%, respec-
tively, and was further enhanced following NO applica-
tion by 15.37, 27.70, 32.29, and 38.57%, respectively,
compared with the cadmium-treated plants (Fig. 5a, b).
Plants treated with Cd exhibited reduced activity of
DHAR by 35.62% and MDHAR by 41.18% over control
plants. However, supplementation of NO to Cd-stressed
plants enhanced the activity of DHAR and MDHAR by
43.39 and 57.56%, respectively, as compared to Cd-alone-
treated plants. Cd-treated plants showed increase in GST
by 73.43%; however, further increase by 39.35% was also
recorded by the application of NO to Cd-stressed plants.

Fig. 3 Application of NO enhanced (a) relative leaf water content
(RLWC), (b) proline content, and (c) glycine betaine content in Cd-
stressed tomato seedlings. Data presented are the means ± SE (n = 5).
Different letters indicate significant difference at P ≤ 0.05

Fig. 4 NO application decreased the accumulation of (a) H2O2, (b)
MDA content, and (c) electrolyte leakage in Cd-treated tomato seedlings.
Data presented are the means ± SE (n = 5). Different letters indicate
significant difference at P ≤ 0.05
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The effect of Cd and NO on the ascorbate-glutathione cycle
is presented in Table 2. Cd stress decreased the AsA by 50.00%
and GSSG by 30.88% over control; in contrast, GSH enhanced
by 43.37% at same concentration of Cd.When these Cd-treated
plants were supplemented with NO, enhanced levels of AsA
(40.00%), GSH (69.56%), and GSSG (67.60%) were recorded
as compared to Cd-alone-treated plants.

Flavonoids and total phenol content

As shown in Table 3, enhanced levels in flavonoid content by
64.38% and total phenol content by 70.57% was observed in
seedlings treated with Cd. A further increment by 82.31 and
48.72% in flavonoid and total phenol content, respectively,
was recorded in Cd-stressed plants supplemented with NO.

Cd accumulation

NO application resulted in a significant reduction in the up-
take and accumulation of cadmium by causing reductions of
67.20, 56.07, and 62.53% in leaf, stem, and root, respectively
(Table 4).

Mineral nutrient uptake

Table 5 shows S, Mn, Mg, Ca, and K contents in shoot and
root of tomato seedlings under Cd and NO influence. As is
evident from the results that under the influence of Cd, the
shoot S, Mn, Mg, Ca, and K contents declined by 29.48,
52.40, 50.75, 40.68, and 46.93%, respectively, over control
plants. Similar decrease in root S (41.97%), Mn (36.39%), Mg
(30.76%), Ca (35.48%), and K (36.87%) was observed with
similar concentration of Cd over control. When the CD-
treated plants were supplied with NO, enhanced levels in S,
Mn, Mg, Ca, and K contents of both shoot and root were
recorded.

Discussion

In the present study, exposure of tomato plants to cadmium
resulted in a decline in shoot and root lengths and dry weight.
Cadmium has been reported to effect growth due to distur-
bances in normal metabolic activities (Ahmad et al. 2011,
2016). Such a reduction in plant growth under cadmium stress
has also been ascribed to impeded nutrient uptake and a

Fig. 5 NO and Cd enhanced the activity of antioxidant enzymes (a) SOD
and CATand (b)APX andGR in tomato seedlings. Data presented are the
means ± SE (n = 5). Different letters indicate significant difference at
P ≤ 0.05

Table 2 Effect of NO and Cd on flavonoid, total phenol content, and enzyme activity of ascorbate glutathione cycle (AsA, GSH, DHAR, MDHAR,
GST) in leaf of tomato seedlings

Parameters 0 0 μM Cd+NO 150 μM Cd 150 μM Cd+NO

Flavonoid content (mg catechin g−1 extract) 16.51 ± 1.16b 18.32 ± 1.35a 5.88 ± 0.46d 10.72 ± 0.91c

Total phenol (mg GAE g−1 extract) 7.34 ± 0.66d 8.77 ± 0.84c 12.52 ± 1.06b 18.62 ± 1.41a

AsA (nmol g−1 FW) 5000 ± 48.33a 5500 ± 50.27a 2500 ± 22.08c 3500 ± 31.82b

GSH (nmol g−1 FW) 80.21 ± 2.59d 91.11 ± 2.82c 115 ± 3.21b 195 ± 3.57a

GSSG (nmol g−1 FW) 32.51 ± 1.34b 33.17 ± 1.35b 22.47 ± 0.93c 37.66 ± 1.47a

DHAR (nmol min−1 mg−1 protein) 120 ± 3.25b 132 ± 3.31a 77.25 ± 2.27d 110.77 ± 3.17c

MDHAR (nmol min−1 mg−1 protein) 60.22 ± 2.37a 63.15 ± 2.41a 35.42 ± 1.38c 55.81 ± 2.29b

GST (nmol min−1 mg−1 protein) 15.81 ± 1.08c 16.32 ± 1.13c 27.42 ± 1.29b 38.21 ± 1.40a

Data presented are the means ± SE (n = 5). Different letters next to the number indicate significant difference at P ≤ 0.05
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decline in water content (Gomes et al. 2013). Growth and
developmental events such as cell division and tissue elonga-
tion are irreversibly affected by heavy metals through their
effect on membrane potential and associated proton pumps
(Karcz and Kurtyka 2007). The results of reduced growth
and biomass yield due to Cd stress in present study support
the findings of Ahmad et al. (2011) in mustard, Li et al. (2013)
in soybean, and Khan et al. (2015) in wheat. Application of
NO caused a significant improvement in growth parameters,
including length and dry weight of shoot and root. Consistent
with our results, Basalah et al. (2013) and Mostofa et al.
(2014) have also reported amelioration of metal stress by sup-
plementation of NO in wheat and rice, respectively. Recently,
Zhao et al. (2016) have similarly demonstrated improved
growth and biomass yield in response to exogenous applica-
tion of NO. The reason might be that NO functions relaxant
for cell wall, protects phospholipid bilayer, and helps in cell
enlargement and growth of plant (Leshem and Haramaty
1996). Another reason may be NO increases osmotic pressure
of a cell and improves the viscosity of cytoplasm (Dong et al.
2014a, b).

Reduction in chlorophyll contents due to cadmium
(150 μM) treatment is consistent with the findings of

Ahmad et al. (2011) and Khan et al. (2015), who reported a
significant decline in the chlorophyll contents of Brassica
juncea plants exposed to cadmium. Heavy metal accumula-
tion causes a reduction in the synthesis of chlorophyll pig-
ments by altering the chlorophyll biosynthetic intermediates,
and thereby the functioning of the pigment protein complex
(Ahanger et al. 2016). However, in the present study, the ex-
ogenously sourced NOwas observed to help cadmium-treated
tomato plants withstand such damage to some extent, and this
positive impact of exogenously applied NO may be attributed
to its effect on the de novo synthesis of chlorophylls and
associated protein components (Ahmad et al. 2016). Studies
that support the present findings of NO-mediated protection of
chlorophyll against cadmium stress include those of Bai et al.
(2015) and Khairy et al. (2016). NO shields the chloroplast
membrane from stress-induced destruction, thus protects pig-
ment content (Kausar et al. 2013; Ahmad et al. 2016). Hence,
it is evident from the present study that application of NO
counters the negative impacts of Cd on photosynthesis by
protecting and maintaining the levels of pigments and associ-
ated components.

Cd stress decreased the Fv/Fm, ϕPSII, ϕexc, and qp, as has
been reported by many biologists with different plants. Li

Table 3 NO application
decreased the accumulation of Cd
in different organs of tomato
seedlings under Cd stress

Treatments (mg L−1 Cd) Leaf Cd (μmol g−1 DW) Shoot Cd (μmol g−1 DW) Root Cd (μmol g−1 DW)

0 ND ND ND

0+ NO ND ND ND

150 Cd 4.94 ± 0.46a€ 16.21 ± 1.35a£ 29.79 ± 2.52a¥

150 Cd + NO 1.62 ± 0.17b€ 7.12 ± 0.66b£ 11.16 ± 1.01b¥

Data presented are the means ± SE (n = 5). Different letters next to the number indicate significant difference at
P ≤ 0.05. The symbols €, £, and ¥ indicate the significant difference among different organs under the same
treatment for the given parameter

ND not detected

Table 4 Effect of different
concentrations of NO and Cd on
mineral uptake by shoot and root
in tomato seedlings

(μg g−1 DW) Treatments

0 0 μM Cd+NO 150 μM Cd 150 μM Cd+NO

Shoot S 121 ± 3.11b 132 ± 3.35a 85 ± 2.47d 105 ± 2.88c

Shoot Mn 35.11 ± 1.55b 43.15 ± 1.67a 16.71 ± 1.13d 29.27 ± 1.38c

Shoot Mg 266 ± 4.77b 281 ± 4.91a 131 ± 3.17d 216 ± 4.21c

Shoot Ca 127 ± 3.37b 137 ± 3.45a 75 ± 2.33d 118 ± 3.26c

Shoot K 701 ± 8.55b 721 ± 8.67a 372 ± 5.41d 552 ± 5.77c

Root S 405 ± 5.88b 432 ± 6.15a 235 ± 3.88d 355 ± 4.17c

Root Mn 115 ± 3.02b 117 ± 3.10a 93.15 ± 2.75d 101 ± 2.91c

Root Mg 868 ± 9.12b 878 ± 9.24a 701 ± 7.57d 789 ± 8.16c

Root Ca 217 ± 4.22b 232 ± 4.41a 180 ± 3.94d 192 ± 4.05c

Root K 1410 ± 13.77b 1437 ± 13.87a 890 ± 10.11d 1205 ± 12.36c

Data presented are the means ± SE (n = 5). Different letters next to the number indicate significant difference at
P ≤ 0.05
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et al. (2015) reported that higher concentrations of Cd
(100 μmol L−1) significantly decreased the levels of Fv/Fm,
ϕPSII, ϕexc, and qp and in contrast NPQ showed increase.
Decrease in Fv/Fm andϕPSII has also been reported in Lemna
minor under combination of CO2 and Cd toxicity by Pietrini
et al. (2016). Plants treated with different concentrations of Cd
also exhibited decreased chlorophyll fluorescence parameters
(Franklin et al. 1992; Gonzalez-Mendoza et al. 2007; Zhang
et al. 2007). According to He et al. (2008), Fv/Fm is a strong
parameter for stress indicator in plants. Stress-induced decline
in Fv/Fm suggests the drop in maximum quantum efficiency
PSII centers causing photoinactivation due to increase in non-
photochemical quenching (NPG) and dissipates energy in the
form of heat, thus damages PSII centers (Franklin et al. 1992).
This photoinactivation results in oxidative damage and deple-
tion of PSII reaction center (Baker 2008). Damage to antenna
molecules due to heavy metal stress may block transport of
electrons from PSII to PSI, thus decreases Fv/Fm and ϕPSII
(Mallick and Mohn 2003). They also suggest that Cd replaces
manganese (Mn) fromwater-splitting site that ultimately leads
to obstructions in photosynthetic reactions. It has been sug-
gested that stress-induced reduction in chlorophyll fluores-
cence is attributed to damage to the antenna molecules
resulting in partial or complete blockage of electron transport
form PSII to PSI (Mallick andMohn 2003). Another reason of
decreasing chlorophyll fluorescence due to Cd stress is by the
replacement of Ca2+ by Cd2+ during photoactivation PSII cat-
alytic center (Gonzalez-Mendoza et al. 2007). Thus, it is sug-
gested that Cd acts on the primary site, i.e., water-splitting
apparatus of PSII (Gonzalez-Mendoza et al. 2007).

The supplementation of NO restored the gas exchange
parameters, and chlorophyll fluorescence in the present
study has also been reported by Wu et al. (2011) in tomato
and Zhang et al. (2006) in barley under light and salt stress,
respectively. This beneficial role of NO is due to the uptake of
mineral nutrients. According to Wang et al. (2013), enhanced
uptake of iron (Fe) and magnesium (Mg) in presence of NO
restored chlorophyll synthesis, photosynthesis, and
transpiration under salt stress. Dong et al. (2014a, 2014b) also
showed enhanced uptake of mineral elements and restoration

of stomatal aperture by exogenous NO under Cu stress. This
in turn leads to restored gas exchange, chlorophyll
fluorescence, photosynthesis, and tolerance to Cd stress in
the present study. The role of NO against abiotic stress has
been demonstrated by Laspina et al. (2005) in Helianthus
annuus under Cd stress, Farooq et al. (2009) in Oryza sativa
under drought stress, Dong et al. (2014a, 2014b) in Lolium
perenne under Cu stress, and Fatma et al. (2016) in B. juncea
under salt stress.

Gas exchange attributes are susceptible to any environmen-
tal stress and are reported by many biologists (Ahmad et al.
2011; Asgher et al. 2014; Iqbal et al. 2015). Cd stress de-
creased the Pn, A, gs, and E in the present study has been also
observed in wheat seedlings (Khan et al. 2015). B. juncea
plants subjected to different concentrations of Cd also showed
decreased behavior in gas exchange parameters and are report-
ed by Per et al. (2016) and Ahmad et al. (2016). Li et al. (2015)
reported decrease in gas exchange attributes at high concen-
trations of Cd in Cd-accumulating plant Elsholtzia argyi.
Other heavy metals like arsenic (As) have also been evaluated
in decreasing the gas exchange parameters in maize (Anjum
et al. 2017). Decline in Pn, A, gs, and E is directly related to
the plant biomass yield (Simonova et al. 2007). According to
Anjum et al. (2017), Cd stress induced structural deformity in
the stomata and due to which all the gas exchange parameters
are hampered. Khan et al. (2016) and Per et al. (2016) also
reported that reduced functions of stomata leading to de-
creased conductance under Cd stress are the main cause of
reduction in photosynthesis. According to Vassilev et al.
(2011), reduced stomatal functions are the main cause of de-
creased photosynthesis in bean plants under Zn treatment.
They also reported reduction in intercellular spaces of leaf
mesophyll that leads to hindrance in CO2 flow to the chloro-
plasts which ultimately effects carboxylase activity of
Rubisco. Application of NO enhanced the gas exchange pa-
rameters in the present study, and the results corroborate with
the findings of Fatma et al. (2016) in B. juncea.

Exogenous application of NO results in greater accumula-
tion of osmotic constituents and mediates stress tolerance
through maintenance of cell water content (Ahmad and

Fig. 6 Induction of activities of
enzyme involved in ascorbate-
glutathione cycle that provides
tolerance to the Cd-stressed plants
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Sharma 2008; Ahanger et al. 2014). Similar to other
osmolytes, proline and glycine betaine play an irreplaceable
role in osmoregulation, membrane stability, and stress mitiga-
tion in crop plants. It has been reported by several workers that
accumulation of supra-optimal levels of proline and glycine
betaine does not affect enzyme activity but instead hydrates
enzymes, thereby contributing to the restoration of their activ-
ity (Kishor et al. 2005). Cadmium-induced accumulation of
osmolytes has also been reported by other workers (John et al.
2009; Ahmad et al. 2011; Zhao et al. 2016). The increased
accumulation of proline and glycine betaine due to NO
application observed in the present investigation clearly
indicates the protective role of NO against cadmium.
Although results pertaining to the impact of NO on osmolyte
accumulation under cadmium stress are very scanty, other
studies have reported similar findings, including those of
Zhao et al. (2016) in Typha angustifolia, Khan et al. (2012)
in B. juncea, and Mostafa et al. (2014) in O. sativa.
Exogenous application of NO has been reported to enhance
the proline and glycine betaine content in excised leaf tissue of
B. juncea (Fatma and Khan 2014). Under stress conditions,
accumulation of proline has been attributed to enhanced ac-
tivity of proline synthesizing enzymes, together with a reduc-
tion in proline catabolism (Khan et al. 2015). Moreover, ob-
servations in the present study suggest that NO-induced pro-
line accumulation may be due to regulatory control over pro-
line metabolism. Such enhancement in proline and glycine
betaine in NO-treated plants resulted in enhancement of the
RLWC, which may be due to NO-induced enhancement of
hydraulic conductivity. Cd reduces hydraulic conductivity,
causing a considerable reduction in cellular turgor, and there-
by resulting in a decline in RLWC (Ehlert et al. 2009). The
NO-induced increase in water content can contribute to im-
proved wall extensibility, leading to enhancement of cell divi-
sion and morphological attributes such as leaf area, length,
and weight.

In the present study, cadmium stress markedly increased
the production of H2O2, thereby inducing lipid peroxidation
and electrolyte leakage. Our results showing increased H2O2

production concomitant with lipid peroxidation and electro-
lyte leakage in cadmium-stressed plants are consistent with
those of John et al. (2009) and Ahmad et al. (2011) for mus-
tard. Hossain et al. (2006) have also reported higher electro-
lyte leakage due to cadmium stress. Cd stress-induced loss of
membrane integrity has been attributed to enhanced peroxida-
tion of membrane lipids exhibiting sensitivity to ROS, which
results in the leakage of cellular components (Ahmad et al.
2011). Peroxidation of lipids is an important parameter that is
employed widely for measuring the magnitude of oxidative
stress and is mainly due to enhancement of the activity of
lipoxygenase mediating enhanced peroxidation of lipids
(Macri et al. 1994). However, NO application was effective
in mitigating the negative impact of cadmium to a

considerable extent, thereby preventing damage to membrane
integrity. Kaya and Ashraf (2015), working with tomato, have
also reported the protective role of NO against boron-induced
oxidative damage to membranes via the reduction of free rad-
ical production. In the present study, the observed decline in
lipid peroxidation and membrane leakage in NO-treated toma-
to plants may have been attributable to the upregulation of the
antioxidant system that rapidly eliminates of ROS, including
H2O2. In agreement with our findings, Bai et al. (2015) in rye
grass and Zhao et al. (2016) in T. angustifolia have also dem-
onstrated that NO mitigates the cadmium-induced oxidative
damage to membranes, by reducing the generation of free
radicals and hence lipid peroxidation rate. Similarly,
Mostofa et al. (2014) have also demonstrated that copper-
induced enhancement of H2O2 production and loss of mem-
brane integrity were mitigated by exogenous NO application.

Increases in SOD, CAT, APX, and GR activities as a result
of cadmium stress have been reported in Glycine max (Melo
et al. 2011), Arachis hypogaea L. (Shan et al. 2012), B. juncea
(Ahmad et al. 2011; Irfan et al. 2014), and Solanum
melongena L. (Singh and Prasad 2014). Our results showing
improved NO-induced antioxidant enzyme activity in
cadmium-stressed plants are consistent with the results of
Basalah et al. (2013) for wheat and Zhao et al. (2016) for
T. angustifolia. Mostofa et al. (2014) have demonstrated im-
proved tolerance in rice, attributable to exogenous application
of NO, against copper-induced oxidative damage. NO modu-
lates antioxidant components such as glutathione and ascorbic
acid to mediate rapid ROS scavenging and maintain metabo-
lism at an optimal functional level (Mostofa et al. 2014; Zhao
et al. (2016). Furthermore, enhancement of the activities of
APX and GR predicts the ubiquitous role of NO in H2O2

removal and protection of photosynthetic electron transport
by maintaining the concentration of NADH. The NO-
induced improvement in the activities of antioxidant enzymes
observed in the present study may be attributed to upregula-
tion of antioxidant enzyme coding genes (Ahmad et al. 2016).
The antioxidant enzymes APX and GR work in an integrative
manner across the ascorbate-glutathione pathway to mediate
the maintenance of redox buffer components and protection of
cellular structures. In the present study, NO-induced upregu-
lation of GR and APX activities may have protected metabo-
lism by enhancing the GSH/GSSH ratio and associated en-
zymes of the ascorbate-glutathione pathway (Ahmad et al.
2016). In addition, improvement in the activity of GR restrict-
ed the flow of electrons to oxygen, thereby reducing the for-
mation of superoxide radicals, and CAT prevents formation of
the more toxic hydroxyl radical (Ahmad et al. 2010). Kaya
and Ashraf (2015) observed a significant reduction in oxida-
tive stress in NO-treated tomato plants under boron stress due
to improved SOD and peroxidase activity. In B. juncea, Fatma
et al. (2016) and Ahmad et al. (2016) demonstrated that exog-
enous application of NO mitigated the deleterious effect of
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salinity by causing reduced production of ROS and lipid per-
oxidation due to upregulated SOD, APX, GR, and CATactiv-
ities. Glutathione S-transferase (GST) is also involved in
stress tolerance especially under oxidative stress (Conklin
and Last 1995). During oxidative stress, the production of
endogenous electrophiles is minimized by GST in conjugation
with GSH. Roxas et al. (1997) and Cummins et al. (1999)
showed that under stress, the GST functions as glutathione
peroxidase and protects the plants from the stress injury.
GST overexpression provides tolerance to Al toxicity in
Arabidopsis (Ezaki et al. 2001).

Apart from enzymatic antioxidants, non-enzymatic an-
tioxidants like AsA and GSH also played a great role in
abiotic stress tolerance in plants (Shao et al. 2008). Cd
stress decreased the AsA level as has been reported by
Ahmad et al. (2016) in B. juncea and Wang et al. (2017)
in Triticum aestivum. Application of NO enhanced the
AsA and GSH concentrations in the present study, and
the results are in accordance with that of Sun et al.
(2015). Wang et al. (2017) also reported that tolerance
to Cd stress through AsA was mediated by NO. Xu
et al. (2015) reported that the NO induced accumulation
of AsA and GSH under Cd stress in two peanut cultivars.
The importance of AsA-GSH cycle under Cd stress has
been well documented by Anjum et al. (2011) in mung
bean. AsA is used as a substrate in detoxification of H2O2

into water by APX, and oxidized form of DHA produces
AsA by the help of GSH through AsA-GSH cycle (Anjum
et al. 2011). As described in Fig. 6, during the conversion
of H2O2 to H2O by APX, MDHA, and DHA is also pro-
duced. The production of AsA from MDHA is mediated
by MDHAR and from DHA is mediated by DHAR.
Overexpression of DHAR, in transgenic tobacco showed
enhanced tolerance against aluminum (Al) stress (Yin
et al. 2010). Sun et al. (2015) also reported that applica-
tion of NO enhanced the DHAR activity in wheat roots
under Al stress. For the generation of AsA from DHA
needs electron donor and the part is played by reduced
GSH and it is converted to oxidized glutathione (GSSG)
(Fig. 6) (Sun et al. 2015). Conversion of GSH from GSSG
is mediated by GR. In the present study, NO application
has been found to maintain the GSH pool and also GSH/
GSSG ratio. Sun et al. (2015) reported that NO applica-
tion enhanced the activity and gene expression of DHAR
and GR in wheat roots under Al toxicity. They also con-
cluded the high activity and gene expression of GR
maintains the high AsA and GSH concentrations. NO
increases GSH and GSSG ratios in wheat genotypes,
demonstrating outstanding performance against Al stress
(Sun et al. 2015). Sun et al. (2015) reported that GSH
biosynthesis is not induced by NO, but it activates en-
zymes of GSH metabolism. NO is having a leading role
in protection against heavy metal stress like Cd (Gill

et al. 2013; Ahmad et al. 2016). The protective role
may be due to its antioxidant nature, and it also induces
the activity antioxidant enzymes and genes (Xiong et al.
2010; Gill et al. 2013).

Increase in flavonoids and total phenol content under
abiotic stress is regarded as the adaptive strategy against
the Cd stress (Marquez-Garcıa et al. 2012; Kapoor et al.
2014; Ahmad et al. 2016). Many other biologists have
also reported enhanced levels of flavonoid content and
total phenols against Cd stress (Ahmad et al. (2015) in
Cannabis sativa; Abd_Allah et al. (2015) in H. annuus).
Plants accumulate more flavonoids that provide protec-
tion under metal stress (Winkel-Shirley 2001). Phenolic
compounds act as antioxidants because they have
electron-donating agents (Michalak 2006), and thus
quench extra free radicals and decrease production of
ROS (Lopes et al. 1999; Jung et al. 2003). Flavonoids
have been reported to have protective functions against
the abiotic stress (Simontacchi et al. 2015). According
to Tossi et al. (2011), NO regulates gene expression
involved in flavonoid biosynthesis. So, NO is responsi-
ble for the accumulation of flavonoids under stress
(Tossi et al. 2011).

In our study, roots accumulated more cadmium in com-
parison with shoots, which showed less cadmium content,
indicating a more efficient sequestration of toxic cadmium
ions in the latter. However, application of NO significant-
ly decreased the uptake of cadmium in all plant parts.
Basalah et al. (2013) and Zhao et al. (2016) have also
reported reduced cadmium uptake due to NO application.
NO prevents the uptake and accumulation of toxic heavy
metals in the upper parts of plants, resulting in the pro-
tection of tomato plants from a cadmium-induced osmotic
shift and excess generation of ROS, and hence oxidative
stress (Gill and Tuteja 2010). Application of NO to white
clover plants also showed decreased accumulation of Cd
and may be due to immediate enhancement in internal NO
levels (Liu et al. 2015). NO supplementation also pro-
motes membrane transporters that are responsible for Cd
removal from root cells and improves uptake of K and Ca
(Singh et al. 2009; Xu et al. 2010). NO is also reported to
have positive impact on morphology of roots like regula-
tion of later root formation (Correa-Aragunde et al. 2008),
growth of primary roots (Fernández-Marcos et al. 2011),
formation of adventitious roots (Pagnussat et al. 2004),
and development of root hairs (Lombardo et al. 2006).
Consistent with the observations in the present study, in-
creased accumulation of Cd in roots relative to shoots has
earlier been reported in B. juncea (Ahmad et al. 2011;
Irfan et al. 2014).

The decrease in mineral uptake by root and shoot in the
present study corroborates with the findings of Gonçalves
et al. (2009). Ahmad et al. (2015) also reported restricted
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uptake of mineral nutrients by B. juncea in presence of Cd.
According to Nazar et al. (2012), Cd is in competition with
mineral nutrients for the same transporters and elevated levels
of Cd results in enhanced uptake of Cd and reduced uptake of
mineral nutrients. Another reason is that the activity of H+-
ATPase is inhibited under Cd and other heavy metal stress
(Burzyński and Kolano 2003). Cd hampers the uptake of min-
eral nutrients like Ca and K, and Cd enters to the root cells
through the transporters/cation channels and is then
transported to the shoot (Liu et al. 2015). When Cd is
transported through the cations/transporters, it reduces the up-
take of other nutrients (Zhang et al. 2014). Supplementation of
NO decreased the Cd accumulation and enhanced the uptake
of other important nutrients like, Ca, Mg, K, Cu, and Fe (Liu
et al. 2015). Ca also acts as secondary messenger in plants,
and it quickly responds under metal stresses. The relation
betweenNO and Ca is very close, as NO is reported to activate
the Ca2+ influx; it also increases Ca2+ transporters, thus main-
tains the Ca level in the cell (Courtois et al. 2008; Besson-Bard
et al. 2009). In rice plants, application of NO enhanced pectin
and hemicellulose which helps in detoxification of Cd (Xiong
et al. 2009). This detoxification is due to, NO increased Cd
accumulation in cell walls of both root and stem and decreased
in cell wall of leaves (Xiong et al. 2009). Uptake of nutrients
in ryegrass by NO application under Cd stress has also been
reported by Wang et al. (2013). It has been assumed that NO
stimulates the PM H+-ATPase and enhanced the uptake of
mineral elements (Wang et al. 2013). Thus, NO in plants is
having the ability to decrease the Cd translocation from root to
shoot (Xiong et al. 2009; Wang et al. 2013). Activities of PM
H+-ATPase, V-H+-ATPase, and H+-PPase were enhanced by
the external supplementation of NO under metal stress (Cui
et al. 2010). Based on these results, it could be concluded that
accumulation of Cd in cell wall hampers the transport of Cd to
the upper parts of the plants and by the decrease in Cd accu-
mulation and stimulation of PM H+-ATPase, other nutrients
might have got chance to be transported.

Conclusions

Exogenous application of NO allayed the cadmium-induced
damage to a range of morphophysiological attributes. NO en-
hanced the osmolytes and maintained the pigment content,
water status, and chlorophyll fluorescence in Cd-stressed
seedlings; NO also prevented oxidative damage by upregulat-
ing antioxidant enzymes, thereby promoting a significant de-
cline in ROS-induced lipid peroxidation and electrolyte leak-
age. NO boosts mineral uptake and reduced Cd accumulation,
thus minimizes the Cd effect on seedlings. On the basis of the
findings of the present study, we propose that NO has a po-
tential role as a growth promoter for tomato under cadmium
stress.
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