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Abstract

Toxic heavy metals such as cadmium (Cd) and copper (Cu) are global problems that are a growing threat to the environment. Despite some
heavy metals are required for plant growth and development, others are considered toxic elements and do not play any known physiological role
in plant cells. Elevated doses of Cd or Cu cause toxicity in plants and generate damages due to the stress condition and eventually cause a
significant reduction in quantity and quality of crop plants. The nitric oxide (NO) donor sodium nitroprusside (SNP) is reported to alleviate the
toxicity of some heavy metals like Cd and Cu. In the current study, the role of NO in alleviating stresses of Cd and Cu was investigated in
in vitro-grown tobacco (Nicotiana tabacum) Based on plant growth, total chlorophyll contents, contents and activities of rubisco and rubisco
activase. According to the results of this study, the growth and total chlorophyll contents of Cd/Cu stressed plants were hugely decreased in the
absence of SNP, while the supplementation of SNP resulted in a significant increase of both fresh weight and total chlorophyll contents.
Remarkable reductions of Rubisco and rubisco activase contents and activities were observed in Cd and Cu-induced plants. SNP supplemen-
tation showed the highest contents and activities of rubisco and rubisco activase compared to the control and Cu/Cd-stressed plants. Taken
together, our findings suggest that SNP could play a protective role in regulation of plant responses to abiotic stresses such as Cd and Cu by
enhancing Rubisco and Rubisco activase.
© 2016 The Authors. Published by Elsevier B.V. on behalf of Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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stresses. Therefore, it is necessary to figure out how these
abiotic stresses can be in a cost-effective and eco-friendly way
by utilizing growth regulators and signaling molecules. This
research article mainly focuses on alleviation of heavy metal
toxicity and enhancement of plant physiological and
biochemical characteristics. Toxic heavy metals such as cad-
mium (Cd) and copper (Cu) are global problems that are a
growing threat to the environment. Despite some heavy
metals, specifically the micronutrients such as Fe, Mg, Mn, Cu
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and Mo are required for plant growth and development, others
are consider as toxic elements and do not play any known
physiological role in plant cells [1]. Heavy metal plays both
the role of important components for the upkeep of normal
physiological functions and toxic agents with damaging con-
sequences when present in inappropriate amounts [2]. Never-
theless, at high concentrations all heavy metals can
accumulate over time in plant tissues, cause toxicity and
inhibit plant growth [3]. Among these toxic elements Cd and
Cu are the most commonly reported toxic heavy metals [4]. Cd
is a widespread trace pollutant that causes abiotic stress in
plants. This element enters water or agricultural soils mainly
from industrial processes and then accumulates overtime in
plant's tissues and eventually transferred to the food chain [5].
Cu mainly accumulates in soil due to some human activities
such as application of sewage sludge, application of fertilizers,
mining, agricultural wastes and industrial activities [6]. The
influence of Cu toxicity is largely on growth of plant root and
morphology. In plants, the toxicity of both Cd and Cu is
associated with plant growth inhibition and imbalances in
many macro- and micronutrient levels. The presence of toxic
elements like Cd and Cu in plants results in many physio-
logical modifications affecting both nitrogen and carbohydrate
metabolism [7—9]. Many authors reported growth reduction
and some essential biochemical components under Cd and Cu
toxicity. Benavides et al. [10] observed a reduction in plant
growth under heavy metal toxicity. In a similar study, Rodri-
guez-Serrano et al. [11] observed a decrease in the glutathione
(GSH) content under Cd stress. Thus, heavy metal toxicity is
now being considered as a serious challenge facing researchers
in biochemistry field. In order to cope with various heavy
metal stresses and avoid heavy metals toxicity, plants possess
natural defense systems which cellular and molecular re-
sponses as well adjust the free metal contents [12]. Abiotic
stresses can also be managed by the exogenous application of
some plant regulators or signaling molecules such as nitric
oxide (NO). NO is considered as a biological messenger that
plays an important role in regulation of various physiological
processes in plants including plant growth, development and
response to biotic and abiotic stress factors [13]. The most
commonly used donor of NO is sodium nitroprusside (SNP).
In recent decades, a growing number of authors have reported
the effects of exogenously applied SNP on alleviating or
reducing heavy metal toxicity in plants, but knowledge of
physiological mechanisms of NO in overcoming heavy metal
stress is insufficient, and some of the available results
contradict one another. However, several studies reported that
exogenous application of NO counteracts Cd toxicity through
regulating cellular distribution of excess Cd and accumulation
in plant cell wall. Xiong et al. [14] imputed the NO-induced
Cd tolerance to the distribution of Cd in the cell walls of
rice plants. Rubisco, formally known as ribulose-1,5-
bisphosphate carboxylase/oxygenase, is the primary carbox-
ylating enzyme that used by all photosynthetic organisms to
fix atmospheric carbon dioxide [15]. Atmospheric carbon
fixation or carbon assimilation is the conversion process of
inorganic carbon (carbon dioxide form the atmosphere) to

organic carbon (energy compounds) such as carbohydrates
needed for growth and development. The process of carbon
assimilation is completed by rubisco, almost of the total car-
bon atoms that are present in the bodies of living organisms
have passed through the active site of Rubisco [16]; [17].
However, Rubisco allows oxygen to react with RuBP (ribu-
lose-1, 5-bisphosphate) in addition to carbon dioxide, pro-
ducing phosphoglycolate, and thereby also initiates
photorespiration process. The most abundant protein in the
biosphere, Rubisco comprises eight large (56 KDa) subunits
and eight small (14 KDa) subunits respectively. Rubisco
activase as the name implies, is an enzyme that activates
rubisco in ATP dependent reaction. Rubisco activase is
believed to power conformational changes in Rubisco that
promote the release of inhibitory sugar phosphates from the
catalytic site. The regulation of Rubisco activation state could
differ depending on the temperatures [18]; [19]. Barta et al.
[20] figured out that high temperature caused aggregation of
Rubisco activase characterized by disruption of secondary
structure content and insoluble protein formation. In this study,
the effect of NO donor SNP application on growth, chloro-
phyll content, rubisco and rubisco activase contents and ac-
tivities were determined in Cd and Cu stressed tobacco plants
grown in vitro.

2. Materials and methods
2.1. Chemicals and apparatuses

MS medium was purchased from Duchefa Biochemie
(Haarlem, Netherland), while other chemicals were obtained
from Sigma Chemical Co. (St Louis, MO, USA). Vortex
mixer, shaker, centrifuge 5415, deep freezer, ice maker,
Refrigerator high speed centrifuge (Kontron T-324), Fraction
collector (Bio-Rad 2110), ELISA microplate reader (Bio-Rad
680), autoclave, UV—visible spectrophotometer (GeneQuant
100) and hot plate and magnetic stirrer were used in this
experiment.

2.2. Growth media

Plant growth medium of Murashige and Skoog [21] was
supplemented with 0.05 mM of SNP as a preliminary exper-
iment result and 0.2 mM of each Cd and Cu [22] in addition to
the control treatment. The pH value was adjusted to 5.8 using
pH meter. Then MS medium poured into culture jars, swirled
around, then culture glass bottles containing growth media
were sterilized at 121°C for 15 min using autoclave.

2.3. Planting

Tobacco seeds were aseptically cultivated in culture jars to
achieve primary explants. Each 3 explants (3 cm in length)
were cultivated on the culture medium. All culture bottles
were placed in aseptic condition under room temperature
(28°C) for 50 days. Then data were targeted measurements.
The experiment was replicated three times.
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2.4. Determination of growth (fresh weight)

Tobacco growth was estimated by measuring fresh weights
of tobacco roots, leaves and stems, and then total fresh weight
of tobacco was calculated. To measure the fresh weight of
tobacco, 50 days old tobacco plants were smoothly uprooted
from the artificial medium and separated into roots, leaves and
stems using sterilized forceps and scissors. Each of the three
parts of the plant was put in petri dishes then fresh masses
were measured using a digital balance.

2.5. Determination of total chlorophyll content

Total chlorophyll was estimated by adopting the method
described by Inskeep and Bloom [23]. Three fresh and fully
expanded leaves were extracted overnight with N, N-Dime-
thylformamide (DMF). solution at 4°C and then the extract
was centrifuged at 8000 x g for 5 min. The absorbance of the
supernatant was measured at 647 and 664.5 nm. The following
equation was used to estimate the content of total chlorophyll
in tobacco leaf.

Total chlorophyll (mg/gfw) = 17.90 Ags7 + 8.08 Agea s

2.6. Isolation of rubisco and rubisco activase

Rubisco was isolated from the tobacco leaves according to
the method of Wang et al. [24]. Tobacco leaves were grinded
using liquid nitrogen. then rubisco extracted from powder of
tobacco leaf tissues by the grinding buffer containing 50 mM
BTP (pH 7.2), 10 mM NaHCO3, 10 mM MgCl,, 1 mM EDTA,
0.5 mM ATP, 10 mM DTT, 1 mM PMSF, 1 mM benzamidine,
0.01 mM leupeptin, 1.5% PVPP and 3 mM MBT. The solution
was filtered from the leaf slurry through cheesecloth. The
extract was centrifuged at 16,000 rpm for 40 min. After
centrifugation, (NH4),SO4 powder was added into the super-
natant to 35% saturation. Using magnetic stirred, the super-
natant stirred for 30 min. The supernatant and pellet were
collected by centrifugation at 8000 x g for 8 min. The su-
pernatant contains rubisco, and the resuspended pellet contains
rubisco activase. (NH4),SO4 powder was added into the su-
pernatant up to 55% saturation. The pellet collected by
centrifugation at 8000 rpm for 8 min was resuspended in 5 ml
of 50 mM Tricine (pH 8.0), 10 mM NaHCO;, 10 mM MgCl,,
10 mM DTT, and 2 mM MBT (buffer A), and 50% PEG-10K
was added to a final concentration of 17%. The resulting
precipitate was collected by centrifugation at 8000 rpm for
8 min and resuspended in buffer A. Resuspended solution was
loaded onto a Q-Sepharose column eluted with 20 mM BTP
(pH 7.2) containing 0.1—0.5 M NaCl gradient. After passing
through Q-Sepharose column, fractions were collected and
assayed at 280 nm for rubisco content and rubisco activity. For
rubisco activase isolation, Above obtained pellet was resus-
pended in 20 mM BTP (pH 7.2), 10 mM MgCl,, 0.2 mM ATP,
and 2 mM MBT (buffer B) and 50% (w/v) PEG-10K was
added to a final concentration of 18%, stirred for 5 min, and

centrifuged at 8000 rpm for 8 min resulted pellet was dis-
solved in 2.5 ml of buffer B. Solution was cleared by spinning
at 10,000 rpm for 10 min. Pellet was resuspended again in
2.5 ml buffer B solution. The collected supernatants were
loaded on a Q-Sepharose column eluted with 20 mM BTP (pH
7.2) containing 0.0—0.5 M NaCl gradient. After passing
through Q-Sepharose column fractions were collected and
assayed for rubisco activase content and activity. Unless stated
otherwise, all protein purification processes were carried out at
4Ce.

2.7. Determination of rubisco and rubisco activase
contents

Rubisco content was determined according to the method
described by Wishnick and Lane [25]. Using spectrophotom-
eter, the optical density was measured at 280 nm. The esti-
mation of rubisco activase content was done by adopting the
method described by Bradford [26] using bovine serum al-
bumin as a standard and the optical density was measured at
595 nm.

2.8. Assay of rubisco and rubisco activase activities

Rubisco activity was spectrophotometrically determined at
340 nm by adopting the method of Racker [27]. The medium
contained 1 M Tris—HCI buffer (pH 7.2), 6 mM NADH, 0.1 M
GSH, 0.5 M KHCOs3, 0.5% glyceraldehyde-3- phosphate de-
hydrogenase, 10 units/20 pl 3-phosphoglycerate kinase, 0.05%
a-glycerophosphate dehydrogenase-triose phosphate isom-
erase, 0.025 M ribulose 1,5-bisphosphate (RuBP), 0.2 M ATP,
0.5 M MgCl,, and isolated rubisco extract in a total volume of
0.25 ml. Rubisco activase activity was estimated as the ability
to produce ADP in an ATP-dependent reaction in absorbance
at 340 nm according to the method explained by Robinson and
Portis [28]. The isolated rubisco activase solution was added to
a total volume of 0.2 ml of the activation reaction mixture
containing 50 mM Tricine-KOH (pH 8.0), 20 mM KCI, 5 mM
MgCl,, 2.5 mM ATP, 1 mM phosphoenolpyruvate, 0.3 mM
NADH, 40 units/ml pyruvate kinase, and 40 units/ml L-lactic
dehydrogenase.

2.9. Statistical analysis

The experiment was replicated three times. Results are
presented as the mean =+ standard error (SE). Significant dif-
ferences were determined by one-way analysis of variance
(ANOVA) using SPSS 12.0 software.

3. Results

3.1. Nitric oxide alleviates tobacco growth inhibition
under Cd/Cu stresses

Influence of SNP (NO donor) on the growth of tobacco
plants treated with heavy metals (Cd/Cu) was investigated and
statistical analysis was performed. Results showed that the
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growth was inhibited in tobacco plants, which were under Cd
and Cu stresses while SNP application alleviated the negative
effects of these stresses. Growth of tobacco plants was
inhibited in the presence of Cd and Cu. especially in Cd-
stressed plants, the effect of heavy metal toxicity was clearly
seen as yellowish-brown color on the old leaves of tobacco
plants. Supplying SNP to Cd and Cu stressed plants promoted
the growth of tobacco and all SNP treated tobacco plants were
observed with fully green leaves (Fig. 1). In order to confirm
these results, total fresh weight of tobacco plants was
measured. Total fresh weight was significantly reduced under
Cd and Cu toxicity. While fresh weight increased by SNP
supplementation. The lowest fresh weight was observed in
plants grown under Cu toxicity, application of 0.05 mM SNP,
0.2 mM Cu + 0.05 mM SNP and 0.2 mM Cu + 0.05 mM SNP
increased the fresh weight of tobacco plants compared to Cd
and Cu-stressed plants. The highest fresh weights were re-
ported from the treatments of SNP, Cd 4+ SNP and Cu + SNP
respectively (Fig. 2).

3.2. NO increases chlorophyll contents in Cd/Cu-stressed
tobacco plants

The results showed that total chlorophyll content was
significantly reduced by heavy metal (Cd/Cu) stresses and
increased by SNP application. Typical symptoms of Cu and Cd
toxicity were yellowing and drying on the leaves of tobacco
plants, while leaves of SNP supplemented plants were fully
green. However, the observed morphological discerption of

Control

Cd + SNP

18

16

14 |

12

10

s |

® 1 I
4 |

27 I

0 T T

Control Ccd Cd+SNP Cu Cu+SNP SNP

Freash Weight (g)

Fig. 2. Effect of 0.05 mM SNP on fresh weight of tobacco plants grown on MS
medium under 0.2 mM Cd and 0.2 mM Cu stress conditions. The bars
represent standard errors (SE).

tobacco leaves indicates the influence of Cd, Cu and SNP
treatments on total chlorophyll content of tobacco plants.
According to the results, the lowest contents of total chloro-
phyll were reported from the tobacco plants which were
exposed to Cd and Cu stresses. Especially Cu-induced tobacco
plants showed a significant reduction in total chlorophyll
content. While SNP application increased contents of total
chlorophyll compared to tobacco plants grown under Cd and
Cu stresses. Compared with the control plants, supplementing
SNP with Cd had no significant differences in total chlorophyll
content. When SNP was added to the Cu-induced plants, total

Cu + SNP

Fig. 1. Effect of 0.05 mM SNP on growth of 6 weeks old tobacco plants grown on MS medium under 0.2 mM Cd and 0.2 mM Cau stress conditions. Tobacco plants
were maintained at 28 °C under light for 16 h (800 uM/m2/s PFD) and dark for 8 h.



A.LH. Khairy et al. / Biochimie Open 2 (2016) 41—51 45

35 4

30 A

20 4
15 4
10 4
. N
0 - T T

Control Cd Cd+SNP Cu

Chlorophyll Content (mg/g)

Cu+SNP SNP

Fig. 3. Effects of 0.05 mM SNP on Total chlorophyll content of tobacco plants
grown on MS medium under 0.2 mM Cd and 0.2 mM Cu stress conditions.
The bars represent standard errors (SE).

chlorophyll content was higher than the control. In all cases,
our results indicate that content of total chlorophyll was
reduced by both metals (Cd/Cu) and increased by SNP sup-
plementation (Fig. 3).

3.3. Influence of SNP on content and activity of rubisco
in Cd/Cu-stressed tobacco plants

Using Q-sepharose column, Rubisco was isolated from
leaves of tobacco plants grown under conditions of control
(Fig. 4), 0.2 mM Cd (Fig. 5), 0.2 mM Cu (Fig. 6), 0.05 mM
SNP (Fig. 7), 0.2 mM Cd + 0.05 mM SNP (Fig. 8), 0.2 mM
Cu + 0.05 mM SNP (Fig. 9), respectively. According to the
results, rubisco content was remarkably decreased by Cd and
Cu treatments. Tobacco plants treated with 0.05 mM SNP
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Fig. 4. Elution profiles for tobacco leaf protein and rubisco activities. Rubisco
was isolated from leaves of in vitro grown tobacco plants treated with control.
Fractionation was done on Q-Sepharose column. The column was eluted with
BTP (pH 7.2) containing 0.1—0.5 M NaCl gradient. After passing through
anion exchanger column fractions were collected and assayed at 280 nm.
Closed circles (@) represent protein, open circles (O) represent rubisco ac-
tivity, while the straight line indicates NaCl gradient.
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Fig. 5. Elution profiles for tobacco leaf protein and rubisco activities. Rubisco
was isolated from leaves of in vitro grown tobacco plants treated with Cd in
addition to the control. Fractionation was done on Q-Sepharose column. The
column was eluted with BTP (pH 7.2) containing 0.1—0.5 M NaCl gradient.
After passing through anion exchanger column fractions were collected and
assayed at 280 nm. Closed circles (@) represent protein, open circles (O)
represent rubisco activity, while the straight line indicates NaCl gradient.

showed the highest content of rubisco compared to those
grown under Cd and Cu stresses. However, applying SNP to
Cu-induced plants did not show significant differences.
Rubisco content of Cd-stressed tobacco plants was remarkably
increased by SNP application. In both Cd and Cu-stressed
plants, content of rubisco was increased by SNP compared
to heavy metal-stressed plants (Fig. 10). Rubisco activity was
also reduced by both Cd and Cu. the highest reduction of
rubisco activity was observed in Cd-stressed plants. Compared
to the control, the biggest values of rubisco activity were re-
ported from the treatments of 0.2 mM Cu + 0.05 mM SNP and
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Fig. 6. Elution profiles for tobacco leaf protein and rubisco activities. Rubisco
was isolated from leaves of in vitro grown tobacco plants treated with Cu in
addition to the control. Fractionation was done on Q-Sepharose column. The
column was eluted with BTP (pH 7.2) containing 0.1—0.5 M NaCl gradient.
After passing through anion exchanger column fractions were collected and
assayed at 280 nm. Closed circles (@) represent protein, open circles (O)
represent rubisco activity, while the straight line indicates NaCl gradient.
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Fig. 7. Elution profiles for tobacco leaf protein and rubisco activities. Rubisco
was isolated from leaves of in vitro grown tobacco plants treated with SNP in
addition to the control. Fractionation was done on Q-Sepharose column. The
column was eluted with BTP (pH 7.2) containing 0.1—0.5 M NaCl gradient.
After passing through anion exchanger column fractions were collected and
assayed at 280 nm. Closed circles (@) represent protein, open circles (O)
represent rubisco activity, while the straight line indicates NaCl gradient.

0.2 mM Cd + 0.05 mM SNP respectively (Fig. 11). However,
tobacco plants treated with Cd, Cu and SNP did not show
significant differences.

3.4. Influence of SNP on content and activity of rubisco
activase in Cd/Cu-stressed tobacco plants

Rubisco activase was isolated from leaves of in vitro grown
tobacco plants by using Q-sepharose column. Plants were
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Fig. 8. Elution profiles for tobacco leaf protein and rubisco activities. Rubisco
was isolated from leaves of in vitro grown tobacco plants treated with
Cd + SNP in addition to the control. Fractionation was done on Q-Sepharose
column. The column was eluted with BTP (pH 7.2) containing 0.1—0.5 M
NaCl gradient. After passing through anion exchanger column fractions were
collected and assayed at 280 nm. Closed circles (@) represent protein, open
circles (O) represent rubisco activity, while the straight line indicates NaCl
gradient.
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Fig. 9. Elution profiles for tobacco leaf protein and rubisco activities. Rubisco
was isolated from leaves of in vitro grown tobacco plants treated with
Cu + SNP in addition to the control. Fractionation was done on Q-Sepharose
column. The column was eluted with BTP (pH 7.2) containing 0.1—0.5 M
NaCl gradient. After passing through anion exchanger column fractions were
collected and assayed at 280 nm. Closed circles (@) represent protein, open
circles (O) represent rubisco activity, while the straight line indicates NaCl
gradient.

subjected to control (Fig. 12), 0.2 mM Cd (Fig. 13), 0.2 mM
Cu (Fig. 14), 0.05 mM SNP (Fig. 15), 0.2 mM Cd + 0.05 mM
SNP (Fig. 16), 0.2 mM Cu + 0.05 mM SNP (Fig. 17),
respectively. The results showed that both heavy metals (Cd/
Cu) remarkably reduced the content of rubisco activase. A
significant reduction of rubisco activase content was reported
from the plants grown under Cu toxicity. While SNP appli-
cation increased the content of rubisco activase compared to
Cu-induced plants. Compared to Cd-stressed plants, SNP
application had no significant differences (Fig. 18). Supplying
SNP increased rubisco activase activity in Cu-stressed plants
and Cd-stressed plants respectively. Stresses of Cd and Cu
decreased rubisco activase contents as compared to the con-
trol. The lowest rubisco activase activity was observed in Cu-
induced tobacco plants while the highest value of rubisco
activase activity was reported from the treatment of 0.2 mM
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Fig. 10. Effects of 0.05 mM SNP on Rubisco content of tobacco grown on MS
medium under 0.2 mM Cd and 0.2 mM Cau stress conditions, the bars represent
standard errors (SE).
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Fig. 11. Effect of 0.05 mM SNP on Rubisco activity of tobacco grown on MS
medium under 0.2 mM Cd and 0.2 mM Cu stress conditions, the bars represent
standard errors (SE).

Cu + 0.05 mM SNP. In all cases, rubisco activase activity was
reduced by both heavy metal stresses and increased by SNP
supplementation (Fig. 19).

4. Discussion

It is well known that all abiotic stresses limit the growth
and productivity of plants. In the recent decades, several
studies have been carried out to understand the natural toler-
ance mechanisms in crop plants in order to alleviate negative
impacts of these abiotic stress factors. Among the abiotic
factors, heavy metals such as Cd and Cu are considered as
serious stress factors which cause huge reduction in produc-
tion of plants. Cd is a non-essential microelement for plant
growth, but is taken up by roots in high doses and accumulates
in the upper part of plants such as stems and leaves, thereby
causes disturbances in metabolic processes, disrupting some
physiological mechanisms, inhibiting growth, affecting crop
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ities. Rubisco was isolated from leaves of in vitro grown tobacco plants treated
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through anion exchanger column fractions were collected and assayed at
280 nm. Closed circles (@) represent protein, open circles (O) represent
rubisco activity, whilst the straight line indicates NaCl gradient.

0.6 0.4
—O— Rubisco activase activity
0.5 4 —e— Protein g
Loz =
: 5
S 044 >
N =
© B
= 0.3 0.2 e
o ©
° =
- = ©
8 021 = o
g g g
o 2 ro1 2
S
0.1 4 4
0.0
0.0 00000t X X 0.0
0 20 40 60

Fractions

Fig. 13. Elution profiles for tobacco leaf rubisco activase contents and activ-
ities. Rubisco was isolated from leaves of in vitro grown tobacco plants treated
with Cd in addition to the control. Fractionation was done on Q-Sepharose
column. The column eluted with BTP (pH 7.2) containing 0.0—0.5 M NaCl
gradient. After passing through anion exchanger column fractions were
collected and assayed at 280 nm. Closed circles (@) represent protein, open
circles (O) represent rubisco activity, whilst the straight line indicates NaCl
gradient.

yield and eventually threatening food safety all over the world.
In the previous decades, many studies have been conducted on
alleviation of Cd toxicity by applying plant regulators and
possible mechanisms of the protective function of these hor-
mones on Cd toxicity [29—31], but there have been no
definitive results yet. Cu is considered as an important
micronutrient for plant development and production.
Although, concentrated levels of Cu cause toxicity in plant
physiology and ultimately result in reduction of plant pro-
ductivity and yield. In the past years, many authors reported
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Fig. 14. Elution profiles for tobacco leaf rubisco activase contents and activ-
ities. Rubisco was isolated from leaves of in vitro grown tobacco plants treated
with Cu in addition to the control. Fractionation was done on Q-Sepharose
column. The column eluted with BTP (pH 7.2) containing 0.0—0.5 M NaCl
gradient. After passing through anion exchanger column fractions were
collected and assayed at 280 nm. Closed circles (@) represent protein, open
circles (O) represent rubisco activity, whilst the straight line indicates NaCl
gradient.
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Fig. 15. Elution profiles for tobacco leaf rubisco activase contents and activ-
ities. Rubisco was isolated from leaves of in vitro grown tobacco plants treated
with SNP in addition to the control. Fractionation was done on Q-Sepharose
column. The column eluted with BTP (pH 7.2) containing 0.0—0.5 M NaCl
gradient. After passing through anion exchanger column fractions were
collected and assayed at 280 nm. Closed circles (@) represent protein, open
circles (O) represent rubisco activity, whilst the straight line indicates NaCl
gradient.

that high doses of Cu inhibit plant growth and reduce the
productivity. Lidon and Henriques [32] found that Cu stress
inhibits plant growth and decreases the production. Therefore,
heavy metal toxicity is now being recognized as a serious
challenge that facing researchers in plant physiology and
biochemistry field. In order to cope with these heavy metal
stresses and avoid their toxicity, plants possess physiological
defense systems which cellular and molecular responses as
well adjust the free metal contents to tolerate toxicity of heavy
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Fig. 16. Elution profiles for tobacco leaf rubisco activase contents and activ-
ities. Rubisco was isolated from leaves of in vitro grown tobacco plants treated
with Cd 4+ SNP in addition to the control. Fractionation was done on Q-
Sepharose column. The column eluted with BTP (pH 7.2) containing
0.0—0.5 M NaCl gradient. After passing through anion exchanger column
fractions were collected and assayed at 280 nm. Closed circles (@) represent
protein, open circles (O) represent rubisco activity, whilst the straight line
indicates NaCl gradient.
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Fig. 17. Elution profiles for tobacco leaf rubisco activase contents and activ-
ities. Rubisco was isolated from leaves of in vitro grown tobacco plants treated
with Cu + SNP in addition to the control. Fractionation was done on Q-
Sepharose column. The column eluted with BTP (pH 7.2) containing
0.0—0.5 M NaCl gradient. After passing through anion exchanger column
fractions were collected and assayed at 280 nm. Closed circles (@) represent
protein, open circles (O) represent rubisco activity, whilst the straight line
indicates NaCl gradient.

0.6 -

0.5 A

04 *
03
02 -
01 -
O .

Cd+SNP Cu Cu+SNP SNP

Rubisco activase content (mg/ml)

Control

Fig. 18. Effect of 0.05 mM SNP on Rubisco activase content of tobacco grown
on MS medium 0.2 mM Cd and 0.2 mM Cu stress condition. The bars
represent standard errors (SE).

0.3
£ '
=
2
a
802 A
2
k+}
©
o
@

2
2 01 -
«
)
2
2
k3]
<

0 -

Control Cd+SNP Cu Cu+SNP

Fig. 19. Effect of 0.05 mM SNP on Rubisco activase activity of tobacco grown
on MS medium under 0.2 mM Cd and 0.2 mM Cu stress condition. The bars
represent standard errors (SE).
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metals. In addition to plant's natural tolerance mechanisms,
there are some signaling molecules are known to play a crucial
role in alleviation of heavy metal toxicity. Sodium nitroprus-
side (SNP) a donor of nitric oxide (NO) is recognized as one
of the most important signaling molecules which can be used
to overcome the toxicity of heavy metals. Recently, a huge
number of researches about SNP functional role in alleviation
of heavy metal stresses have been carried out. In many reports
SNP was shown to promote the plant response to abiotic
stresses, such as drought, heat, salinity, heavy metals and
oxidative agents [33]. Other many reports are also suggesting
the functional role of SNP in plant physiology [34—37].
Supplementation of NO could significantly enhance wheat
seeds germination and alleviate oxidative stress against Cu
toxicity [38]. In soybean plants subjected to cadmium chloride
(0.2 mM), the exogenous application of SNP promoted plant
growth and recovered damage caused by this metal [39]. In
addition, it was also observed that treating seedlings with
100 mM SNP protected sunflower leaves against Cd-induced
oxidative stress condition [40]. In the current research we
studied SNP role in alleviation of both Cd and Cu toxicity by
investigating fresh weight, total chlorophyll content, rubisco
content, rubisco activity, rubisco activase content and rubisco
activase activity in tobacco plants grown in in vitro. According
to the results, we found that all investigated characteristics and
biochemical components were notably retarded by inducing
Cd and Cu treatments and increased by SNP application.
Supplying 0.2 mM of both Cd and Cu resulted in morpho-
logical disorders. And the growth of tobacco plants was clearly
disrupted. While supplementation of SNP promoted the plant
growth by recovering the toxic damages of both metals. In
order to confirm these results, total fresh weight of tobacco
was measured. The fresh weights of tobacco plants exposed to
Cd and Cu were remarkably reduced compared to the control.
SNP application showed an increase of total fresh weight in
tobacco plants compared to those grown under both Cd and Cu
stresses. The lowest fresh weight was observed in Cu-induced
plants while the highest fresh weight was reported from SNP
treated plants. In similar studies, SNP promoted the growth of
several crops against Cd toxicity, such as wheat [41], sun-
flower [42] and rice [43]. However, the observed increase of
total fresh weight in Cu, Cd and SNP treated plants indicates
that SNP plays a protective role in alleviation of heavy metal
toxicity. Total chlorophyll content was also affected by Cd and
Cu stresses. Morphologically, leaves that were fully green
turned to yellowish-brown and light green in Cd and Cu
stressed tobacco plants. This morphological description in-
dicates that the presence of both metals resulted in a huge
reduction in total chlorophyll contents. After chlorophyll
determination, the results showed that total chlorophyll con-
tent was significantly reduced by Cu toxicity. While in SNP
supplemented plants the content of total chlorophyll was
higher than the control. Plants grown under Cd + SNP treat-
ment did not show significant differences in total chlorophyll
content. Cd treatment showed a significant decrease in total
chlorophyll as compared with the control. These results are in
agreement with Yuanjie et al. [44] who reported that Cu

significantly decrease total chlorophyll, chl. a, chl. b, and car
as compared with the control. The applications of different
concentrations of SNP changed the chlorophyll contents in
ryegrass. In another research, a similar reduction in total
chlorophyll content under Cu toxicity was observed in Atriplex
halimus [45] and mangrove plant seedlings [46]. In this study,
Cd-treated plants showed lower contents of total chlorophyll
compared to those were supplemented with SNP. In similar
results, Chen et al. [47] detected that NO stability of the
subcellular structure under Cd stress contributed to its effec-
tive role in preventing Cd-induced leaf chlorosis and inhibition
of photosynthesis in barely seedlings. Our results indicated
that SNP played a crucial role in the increase of total chlo-
rophyll content in Cd and Cu-stressed tobacco plants. There-
fore, SNP might be responsible for the enhancement of heavy
metal tolerance in plants. Rubisco and rubisco activase were
also investigated in the research. Rubisco is an important
protein that involved in atmospheric carbon fixation, whereby
CO, is converted to organic carbon (energy compounds). And
rubisco activase is an enzyme which activates rubisco. In this
study, contents of rubisco, activity of rubisco, contents of
rubisco activase and activity of rubisco activase were investi-
gated. Using Q-Sepharose column, rubisco and rubisco acti-
vase were isolated from leaves of tobacco plants treated with
02 mM Cd, 0.2 mM Cu, 0.05 mM SNP, 0.2 mM Cd +
0.05 mM SNP, 0.2 mM Cu + 0.05 mM SNP in addition to the
control (untreated plants). Results of the present study showed
that rubisco content was remarkably retarded by toxicity of Cd
and Cu compared to the control. And the lowest contents of
rubisco were observed when tobacco plants were exposed to
Cu stress. Compared to the both Cd and Cu-stressed plants,
SNP application significantly increased the contents of
rubisco. Highest contents of rubisco were reported from
treatments of 0.05 mM SNP, 0.2 mM Cd + 0.05 mM SNP,
0.2 mM Cu + 0.05 mM SNP, respectively. Rubisco activity
was reduced by Cd stress while Cu treatment had no signifi-
cant differences compared to the SNP treatment. Rubisco ac-
tivity in Cd, Cu and SNP treatments was lower than the
control. In tobacco plants grown under SNP supplemented
with Cd and Cu conditions, rubisco activity was higher than
the control. The highest rubisco activity was observed when
SNP was applied to Cu-induced tobacco plants. Due to the
important role of rubisco activase in process of rubisco acti-
vation, we investigated contents and activities of rubisco
activase. Rubisco activase content was significantly decreased
by Cu stress, while Cd treatment did not show significant
differences compared to the control. Rubisco activase contents
were increased in tobacco plants grown under SNP, Cd + SNP
and Cu + SNP, respectively. Rubisco activase activity was also
retarded by Cd and Cu stresses, while in SNP supplemented
with Cu treatment rubisco activase activity was higher than the
control. Compared to cd and Cu-stressed plants, rubisco
activase activity was increased by SNP, Cd 4+ SNP and
Cu + SNP, respectively. Despite insufficiency of related
studies, a few similar results have been previously reported.
Roh and Chin [48] observed that the content and activity of
rubisco activase decreased by Cd. However, the observed
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increase of rubisco and rubisco activase contents and activities
in SNP treated plants indicates that SNP could overcome toxic
damages generated by heavy metals.

5. Conclusion

In conclusion, induction of both metals Cd and Cu resulted
in a significant reduction of tobacco growth, total chlorophyll
content, rubisco content and activity, rubisco activae content
and activity. While supplementation of SNP resulted in growth
enhancement, as well increased the contents and activities of
all investigated biochemical components. Thus, our results
indicate that SNP application might alleviate Cd and Cu tox-
icities and regulate plant growth and development.
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