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ABSTRACT

Excessive amounts of heavy metals (HMs) in the rooting media affect adversely plant growth, cause loss of yields, and
undesirable effects on crops. The aim of this study was to investigate the effects of exogenous sodium nitroprusside
(SNP) (200 pM), a nitric oxide (NO) donor, on toxic cobalt (Co) level (200 pM) in iceberg lettuce (Lactuca sativa L. var.
capitata). Plants were grown in a hydroponic system (modified Hoagland solution and perlite as inert media) inside a
greenhouse under natural light conditions (average temperature 27-18 °C day-night and humidity 63%). Results indicated
that excessive Co caused significant reductions in fresh (FW) and dry weights (DW) of the shoots and roots, photosynthetic
pigment contents of leaves, and metallic cation concentration of shoots and roots. Also, hydrogen peroxide (H,O,), lipid
peroxidation, proline accumulation, catalase (CAT) and ascorbate peroxidase (APX) activities, and total Co accumulation
rate (TAR) increased significantly with excessive Co. Compared to Co application, Co+SNP application showed a 48.5%
and 31.1% increase in FW and DWs, respectively. Moreover, chlorophyll (Chl) a, Chl b, Chl a+b and carotenoid (Car)
content increased 54.5%, 64.4%, 56.6%, and 39.7%, respectively. Similarly, shoot Co uptake (69.7%), shoot and root
Fe concentration (21.7% and 149.4%, respectively), root Zn concentration (6.1%), and net accumulation of Fe and Mn
via roots (4.5- and 1.6-fold, respectively) were increased. Consequently, the alleviating effect of exogenous NO on Co
toxicity in iceberg lettuce could depend on NO-induced increase in antioxidant enzyme activity and its multifunctional
role in plant cellular mechanism.
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INTRODUCTION

Excessive heavy metals (HMs) in the rooting medium adversely affect plant growth, lead to a loss of yield and have
undesirable effects on crops (Li et al., 2009; Marschner, 2012). Cobalt is classified as a beneficial element for plants
(Marschner, 2012), but excessive amounts in plant tissues cause irreversible damage to plant cells and cell membranes,
which adversely affects the uptake of water and nutrients and causes a reduction in plant growth (Gopal et al., 2003;
Chatterjee and Chatterjee., 2005; Li et al., 2009). In recent studies, the toxicity threshold of Co has been considered to be
50 uM and application levels above this value have been reported to delay normal growth and development of test plants
and reduce chlorophyll content (Gopal et al., 2003; Karuppanapandian and Kim, 2013; Agnihotri et al., 2014).

In plants exposed to HM toxicity, the balance between reactive oxygen species (ROS) and the defense mechanism of
antioxidants is disturbed, resulting in oxidative stress. The first indicators of this stress are an increase in lipid peroxidation
and H,O, content (Mostofa et al., 2014; Lwalaba et al., 2020). The increase in ROS in the cell triggers the antioxidant
capacity of cells and causes an increase in the activity of antioxidative enzymes (CAT, APX, etc.) (Wang et al., 2010;
Mostofa et al., 2014). On the other hand, the content of free proline that acts as a metal chelator or antioxidative defense
molecule also increases (Hayat et al., 2012). The interaction between resistance to environmental stress and anti-oxidative
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systems in plants has been studied by many researchers (Gopal et al., 2003; Chatterjee and Chatterjee, 2005; Ali et al.,
2010; Karuppanapandian and Kim, 2013).

Nitric oxide (NO) is a highly reactive molecule with many biological pathways that have proven to be protective against
damage induced by oxidative stress conditions (Mostofa et al., 2014; Bai et al., 2015). Applied sodium nitroprusside
(SNP), as NO donor, at low concentrations was found to be effective in regulating abiotic stress conditions, including the
toxicity of HMs. For instance, it has been reported to alleviate Cd toxicity in rice leaves (Panda et al.,2011) and ryegrass
seedling (Bai et al., 2015) and Cu toxicity in tomato plants (Wang et al., 2010).

Published literature has demonstrated the importance of exogenous NO to protect plants against the toxicity of HMs.
In particular, reports related to the role of NO in Co toxicity are still limited and further studies are needed to explain
interactions. The aim of this study was therefore to investigate the effects of exogenous SNP on the regulation of Co
toxicity in iceberg lettuce, a leafy vegetable consumed commonly all over the world.

MATERIALS AND METHODS

Seedlings of iceberg lettuce (Lactuca sativa L. var. capitata) ‘Saula’ were transferred to the polyethylene containers of
2 L capacity (one plant each) at a hydroponic system (modified Hoagland solution and perlite as inert media) inside a
greenhouse in natural light conditions. The climatic conditions in the greenhouse during the experiment were average air
temperature 27-18 °C (day-night) and average relative humidity 63%.

Before Co and sodium nitroprusside (SNP) application, lettuce seedlings were watered with different rates of modified
Hoagland solution for 11 d (5 d quarter-strength; 3 d half-strength; 3 d full-strength) for acclimatization. This solution
contains 5 mM calcium nitrate tetrahydrate [Ca(NOs),4H,0], 5 mM potassium nitrate (KNO;), 2 mM magnesium sulfate
heptahydrate (MgSO,7H,0), 1 mM potassium di-hydrogen phosphate (KH,PO.), 45.5 uM boric acid (H;BO,), 44.7
uM iron sulfate heptahydrate (FeSO,-7H,0), 30.0 uM sodium chloride (NaCl), 9.1 uM manganese sulfate monohydrate
(MnSO,-H,0),0.77 uM zinc sulfate heptahydrate (ZnSO.,-7H,0),0.32 pM copper sulfate pentahydrate (CuSO, 5H,0),0.10
uM ammonium molybdate tetrahydrate [(NH,).Mo0,0,,4H,0], and 54.8 uM disodium EDTA dihydrate (Na,EDTA-2H,0).
During the experimental period, the pH of the medium was adjusted to 6.5.

Four-week-old lettuce seedlings were produced in a mixture of vermiculite and perlite (2/1 v/v) and were obtained
from the seedling market when reached the 5 to 6 leaves-stage were exposed to four applications, including control, 200
uM Co (from CoSO,7H,0), 200 uM SNP [Na,(Fe(CN)sNO)-2H,O] (Sigma Aldrich, St. Louis, Missouri, USA), and
200 uM SNP and 200 pM Co as dissolved in full-strength modified Hoagland solution. The Co concentrations were
selected based on previous studies and taking into consideration the differentiated toxicity for diverse plant species. The
experiment was laid out as a completely randomized factorial design with three replicates for each treatment.

Sampling and harvest of plants

After 21 d lettuce plants were harvested and separated into shoots and roots for determining the fresh and dry weight
of biomass. The shoots and roots were washed with running tap water and three-times rinsed with de-ionized water to
remove any particles attached to the plant surfaces. Then all samples were dried in an air forced oven at 70 °C until a
constant mass was reached. After cooling down till room temperature they were weighted for the shoot and root dry
weights and subsequently ground to powder for nutrient ion analysis.

Determination of photosynthetic pigments, enzyme extraction and assay
Photosynthetic pigments were measured in the youngest fully expanded fresh leaves before harvest. The fresh leaf samples
(0.25 g) were cut into small pieces and were extracted in 10 mL acetone (90%, v/v) with a homogenizer (Heidolph DIAX
900, Kelheim, Germany). The extract was then filtered and the absorbance of the extract was measured at 663, 645, and
470 nm using a spectrophotometer (UV-1201, Shimadzu, Kyoto, Japan). The chlorophyll (Chl a, Chl b), and carotenoid
(Car) contents were calculated according to the formula reported by Lichtenthaler (1987).

For extraction and assay of enzymes, fully matured leaves (1.0 g) were homogenized by using homogenizer with 5 mL
extraction buffer (100 mM Na-phosphate buffer, pH 7.5) containing 0.5 mM EDTA-Na, at 4 °C. Also, 1 mM ascorbate
was included in extraction buffer for ascorbate peroxidase due to the instability of ascorbate peroxidase (APX) in the
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absence of ascorbate (Shigeoka et al., 2002). The homogenate was centrifuged at 10000 g for 5 min. The supernatant was
used for determining enzyme activity and a spectrophotometer was used for all colorimetric measurements (including
enzyme activities) at 25 °C.

The activity of catalase (CAT) (EC 1.11.1.6) was determined by using a reaction solution (2.5 mL per 0.2 mL
supernatant, pH 7) containing 50 mM KH,PO, and 1.5 mM H,O, as a decrease in absorbance at 240 nm for 1 min
following the decomposition of H,O, (Chance and Maehly, 1955) and calculated using the extinction coefficient
(e =40 mM cm™) for H,O,. The activity of APX (EC 1.11.1.11) was determined by using a reaction solution (3.0 mL per
0.1 mL supernatant, pH 7) containing 50 mM KH,PO,, 0.05 mM ascorbic acid, 0.1 mM EDTA-Na,, and 1.5 mM H,O,
as a decrease of ascorbate and measuring the change in absorbance at 290 nm for 1 min (Nakano and Asada, 1981) and
calculated using the extinction coefficient (¢ = 2.8 mM cm™) for ascorbate.

Determination of membrane damage and hydrogen peroxide (H.O,), lipid peroxidation, and proline accumulation
Membrane permeability (MP) (EC %) for shoot disc samples was measured by the electrical conductivity (EC) method
as described by Yan et al. (1996).

The H,O, content of the leaves was extracted and estimated as described by Mukherjee and Choudhuri (1983). Leaf
samples (0.25 g) were homogenized by a homogenizer in 5 mL with cold acetone and filtered. An aliquot (1 mL) of the
extracted solution was mixed with 4 mL titanium dioxide (TiO,) reaction solution in TiO, (0.06%, w/v), K,SO, (0.6%,
w/v),and H,SO, (10%, v/v) and added 5 mL concentrated ammonia (NH;) solution. The mixture was centrifuged at 10000
g for 5 min. The intensity of the yellow color of the supernatant was measured at 415 nm. The H,O, content was calculated
from a standard curve plotted with the range of 100-1000 nmol H,O,.

Lipid peroxidation of leaves is a good indicator for assessing membrane damage and was estimated by the content of
malondialdehyde (MDA), the end product of lipid peroxidation, described by Hodges et al. (1999). In brief, mature leaf
samples (0.25 g) were homogenized by using homogenizer in 5 mL 0.1% trichloroacetic acid (TCA) and the homogenate
was centrifuged at 5000 g for 5 min. After that, 4 mL of 20% TCA containing 0.5% thiobarbituric acid (TBA) were added
to 1 mL aliquot of the supernatant. The mixture was heated in a boiling water bath (95 °C) for 15 min and allowed to
cool in an ice bath quickly. The supernatant was centrifuged at 10000 g for 5 min and the resulting supernatant was used
for spectrophotometric determination of MDA. The absorbance at 532 nm was recorded and corrected for nonspecific
absorbance at 600 nm. The MDA content was calculated by means of an extinction coefficient of (¢ = 155 mM cm™).

Free proline was extracted from 0.25 g fresh leaf samples homogenized with 5 mL 3% (w/v) sulfosalicylic acid at 4 °C
and estimated by ninhydrin reagent (Bates et al., 1973).

Determination of metal ions, and uptake of Co and Fe accumulation
For the measurement of nutrient ion concentrations, 500 mg each of the shoot samples was dry-ashed in a muffle
furnace at 500 °C for 6 h and then the cooled ash was dissolved in 5 mL, 0.1 M hydrochloric acid (HCI) solution
(Miller, 1998). The concentrations of Co and the other metal ions (Fe**, Zn*, Mn*, and Cu®*) were measured by using
inductively coupled plasma optical emission spectrometry (ICP-OES) (Perkin Elmer Optima 2100 DV; Waltham,
Massachusetts, USA).

The Co uptake, total accumulation rate (TAR) of Co, and net accumulation of ion via roots were calculated by Equations
1,2, and 3 (Moradi and Ehsanzadeh, 2015; Cikili et al., 2016):

lon uptake (‘Mg plantl) = [DW]shnolormn/ X [ion]shoolarmm [1]
TAR of Co (ug g DW d") = (ionm X DWie) + (i0n,00 X DWW, )/growth day x (DWW, + DW,.,) [2]
Net Acc (ug g’ DW) = [i0n] 00/ DW, (3]

Where [107 [0 or roor 1S 10N cONcentration in shoot or root.

Statistical analysis

Statistical analysis of the experimental data was analyzed using ANOVA with the MINITAB package program (Minitab
Corp., State College, Pennsylvania, USA). Multiple comparisons of means among applications (i.e. control, SNP, and Co
levels) were analyzed using Duncan’s multiple range test at the significance level (a 0.05).
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RESULTS

Plant growth and photosynthetic pigment content
Applied Co caused a significant reduction in both shoot and root FW and DW in iceberg lettuce compared to control,
whereas applied SNP showed a close effect to control (Figure 1). In comparison with Co applied plants, the application of
Co+SNP caused a considerable increase in FW (48.5%) and in DW (31.1%) in the shoot, but any ameliorative effect was
not observed in the root of plants exposed to Co.

Applied Co caused a significant decrease in the photosynthetic pigment contents (Chl @, Chl b, Chl a+b, and Car) of
the test plants (Table 1). These decreases were by 51.5%, 72.9%, 57.2%, and 48.0%, respectively. However, Co+SNP
increased significantly Chl a (54.5%), Chl a+b (64.4%), and Car (56.6%) content compared to Co-toxic plants.

Membrane permeability, hydrogen peroxide, lipid peroxidation, and proline accumulation

The effect of toxic Co levels on the leaves of iceberg lettuce on MP, the contents of H,O, and MDA, and proline
accumulation is given in Table 2. The Co application led to a significant increase in the MDA content by 24.5%, this
increase was 2.3-fold in the H,O, content and 3.8-fold in proline accumulation compared to Co-toxic plants. The SNP
application caused a decrease only in the MDA content by 28.9%. Moreover, in comparison with Co-toxic plants, the
Co+SNP application led to a notable reduction in the content of H,O, and MDA and proline accumulation by 48.0%,
37.7%, and 50.0%, respectively (Table 2).

Figure 1. Effects of Co and sodium nitroprusside (SNP) on iceberg lettuce fresh weight (A) and dry weight (B).
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Each value refers to the average of three replicates and error bars represent the standard error (SE). Different letters on the bars indicate
significant differences according to Duncan’s multiple range test (p < 0.05).

Table 1. Effects of Co and sodium nitroprusside (SNP) on photosynthetic pigments in iceberg lettuce leaves.

Photosynthetic pigments

Applications Chl a Chl b Chl a+b Car Car/Chl
mg g' FW

Control 0.617 +0.030a 0218 +0.031a 0.835+0.037a  0.450 £0.016a 0.540 = 0.007b

Co 0.299 +0.083c 0.059 +0.026¢ 0.357 £0.108¢c 0.234 +0.053¢c 0.685 +£0.047a

SNP 0.597+0017ab  0.161 £0.011lab 0.758 £0.008a  0.420 +0.004ab  0.554 +0.003b

Co + SNP 0462 +0.024b 0.097 £0.009bc  0.559+0.034b  0.327+0.019b  0.584+0.001b

F_Test Hk sk ok Kk *

Chl: Chlorophyll; Car: Carotenoid.
Each value refers to the average of three replicates and shows the standard error (SE). Different letters in the same
column indicate significant differences according to Duncan’s multiple range test (p < 0.05).
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Table 2. Effects of Co and sodium nitroprusside (SNP) on membrane permeability, hydrogen peroxide content, lipid
peroxidation, and proline accumulation in iceberg lettuce.

Applications Membrane permeability H.O, content MDA content Proline
EC, % g g' FW

Control 11.42 £0.65 3.89 £0.02b 12.58 £0.57b 0.12+001c

Co 13.67 £0.55 8.84 £0.43a 15.66 +0.16a 046 +0.05a

SNP 1023 +1.12 452+047b 8.94 £0.19¢ 0.13+001c

Co + SNP 1253 +1.99 4.60 +0.60b 9.75 £0.43c 0.23+0.03b

F-Test ns sk sk sk

MDA: Malondialdehyde; EC: electrical conductivity.
Each value refers to the average of three replicates and shows the standard error (SE). Different letters in the same
column indicate significant differences according to Duncan’s multiple range test (p < 0.05).

Enzymatic activities and Co accumulation

The variation in the activities of CAT and APX enzymes of the test plant is presented in Figure 2. Excessive Co caused
a significant increase in both CAT and APX by more than 8-fold and 25-fold, respectively. But, these activities were
considerably lowered by the Co+SNP application.

Applied Co and SNP to the rooting media caused a notable increase in shoot and root Co concentration and Co
uptake. But the effects of Co+SNP application on Co concentrations and uptake showed differences in shoots and roots.
This application (Co+SNP) caused a 28.5% increase in shoot Co concentrations, while a 21.9% decrease in root Co
concentrations (Table 3). Also, Co and Co+SNP applications caused a notable increase in the TAR of Co by 46.7- and
49.1-fold more than the control, respectively. The effects of SNP on the concentration, uptake, and accumulation of Co
was not considerable. On the other hand, Co accumulated more in root than in shoot in all applications.

Fe, Zn, Mn, and Cu concentrations

The changes in metallic cation concentrations (Fe, Zn, Mn, and Cu) in shoot and roots are collectively given in Figure
3. Applied Co did not affect considerably the Fe concentrations in shoot and root. But, applied SNP caused a significant
increase in Fe concentration in the shoot and root by 43.5% and 93.1%, respectively, compared to control. Similar increases
with the Co+SNP were observed in Fe concentrations in the shoot by 21.7% and in the root by 149.4% (Figure 3A).
Besides, applied Co decreased remarkably Zn concentrations in both shoot and root by 30.0% and 29.6%, respectively.
But, the Co+SNP application caused a notable amelioration only in the root Zn concentration by 6.1% compared to Co
toxic plants (Figure 3B). On the other hand, applied Co caused a significant increase in Mn concentration in the shoot by
17.3%, but nonsignificant increase in root was observed. The SNP application caused a notable increase in this parameter
in shoot and root at the rate of 69.0% and 89.9%, respectively (Figure 3C). Also, in comparison with control, both Co and
Co+SNP applications decreased the Cu concentration in the shoot by 32.1% and 46.8%, respectively (Figure 3D).

Figure 2. Effects of Co and sodium nitroprusside (SNP) on enzymatic activities in iceberg lettuce.
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CAT: Catalase; APX: ascorbate peroxidase.
Each value refers to the average of three replicates and error bars represent the standard error (SE). Different letters on the bars indicate
significant differences according to Duncan’s multiple range test (p < 0.05).
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Table 3. Effects of Co and sodium nitroprusside (SNP) on the concentration, uptake, total accumulation rate (TAR) of
Co in iceberg lettuce.

Co concentration Co uptake

Applications Shoot Root Shoot Root TAR of Co

— ugg'DW pg plant! ————  pgg!' DW d!
Control 0.18+0.01c 6.88 +£0.26¢c 0.46 £0.04c 4.35+040c 0.8 £0.08b
Co 58.08 = 5.50b 873.07 £ 56.10a 77.68 £491b 34540 £345a  355+4.99
SNP 3.72£0.18c 33.94 £ 1.20c 9.62 +0.66¢ 2246 +2.08c 5.0+0.65b
Co + SNP 74.65 +4.68a 681.80 +47.60b 131.83 + 14 4a 237.69+175b 373 x193a
F—TCSt kskk sk skoksk kokk ok

Each value refers to the average of three replicates and shows the standard error (SE). Different letters in the same
column indicate significant differences according to Duncan’s multiple range test (p < 0.05).

Figure 3. Effects of Co and sodium nitroprusside (SNP) on microelement concentrations in the shoot and root of iceberg
lettuce.
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Each value refers to the average of three replicates and error bars represent the standard error (SE). Different letters on the bars indicate
significant differences according to Duncan’s multiple range test (p < 0.05).

Net accumulation of ions via roots

Net accumulation of metallic cations (Co, Fe, Zn, Mn, and Cu) by the way of a unit root are summarized in Table 4.
Compared to control, the net accumulation of Co increased significantly with Co application by 140-fold, but this parameter
of Cu decreased by 36.5%. Moreover, net accumulation values of Fe, Zn, and Mn were found nonsignificant. While SNP
applied alone caused a notable increase in a net accumulation of Mn by 61.2%, a decrease in a net accumulation of Cu
by 37.4%. On the other hand, the Co+SNP application increased significantly the net accumulation of both Fe (4.5-fold)
and Mn (28.6%).
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Table 4. Effects of Co and sodium nitroprusside (SNP) on net accumulation of metallic cations in iceberg lettuce.

Net accumulation of metallic cations via roots

Applications Co Fe Zn Mn Cu

pg g' DW
Control 7.6 +0.3% 088.6 + 128.0bc  282.6 +31.60 122.1 + 12.60b 499 +3.96a
Co 10722 £46.70a 5842 +21.2c 1699 +3.28 115.3 £9.70b 31.7+1.88b
SNP 48.6 +2.40b 1668.7 £202.0b  243.1+13.70 196.8 + 18.20a 31.2+249%
Co + SNP 1078.0 £ 143.00a  2620.1 +442.0a 237.0 £41.80 185.9 +29.70a 350+5.07b
F—Test Fkok sk ns * *

Each value refers to the average of three replicates and shows the standard error (SE). Different letters int the
same column indicate significant differences according to Duncan’s multiple range test (p < 0.05).

DISCUSSION

Cobalt excessively absorbed by the roots, accumulates at the tips of the leaves, mainly following the transpiration stream
and may indicate symptoms of toxicity depending on the species (Pandey and Sharma, 2002; Kabata-Pendias, 2011).
Chlorosis in young leaves, which is closely linked with Fe chloroses, and later turns to necrotic spots on chlorotic areas
are typical symptoms of Co toxicity.

In the study, decreases observed in biomass production (shoot and root FW and DW) (Figure 1) and photosynthetic
pigment contents (Chl a, Chl b, and Car) (Table 1) of the plants might be an indicator of Co-toxicity. The reduction in
chlorophyll contents, a common symptom of toxicity of HMs (Jayakumar et al., 2007; Lwalaba et al., 2020), could be
explained by reducing the availability of Fe for chlorophyll-heme biosynthesis (Pandey and Sharma, 2002). Also, the
reduction in Fe concentration in shoots due to the toxic effects of Co could cause decreases in photosynthetic pigments
(Figure 3A). This could be related to the role of Fe in the photosynthetic electron transport chain and photo-chlorophyll
molecule (Rochaix, 2011). The findings related to the toxicity of excess Co applied to tomato (Gopal et al., 2003;
Chatterjee and Chatterjee, 2005), to mung bean (Agnihotri et al., 2014), and to barley genotypes (Lwalaba et al., 2020)
are consistent with the results.

In plants exposed to HM, generally, cellular components such as membranes, nucleic acids, chloroplast pigments are
damaged due to the effects of the produced ROS and deteriorating enzymatic and non-enzymatic antioxidant balances
(Gupta et al., 2013). In the study, Co stress causes an increase in membrane permeability, contents of H,O, and MDA,
and proline accumulation (Table 2). Acting as an excellent osmolyte, proline plays three vital roles during stress, as
a metal chelator, an antioxidative defense molecule, and a signaling molecule (Hayat et al., 2012). Many works have
been carried out to investigate the effects of excess Co on the induction of the non-enzymatic stress parameters (Ali
et al., 2010; Karuppanapandian and Kim, 2013; Mostofa et al., 2014). On the other hand, enzymatic activities (CAT
and APX) increased in Co-toxic plants (Figure 2). The possible reason for these increases might be avoiding oxidative
damage. Published literature on the effects of excess Co on growth parameter, photosynthetic pigments and the activities
of antioxidative enzymes in plants supports presented findings such as Gopal et al. (2003) and Chatterjee and Chatterjee
(2005) in tomato, Ali et al. (2010) in chickpea, and Karuppanapandian and Kim (2013) in Indian mustard.

The results also showed that the application of SNP along with Co has positive effects on FWs in shoot and root and
the contents of Chl a, Chl a+b, Car, compared to Co applied plants (Figure 1A, Table 1). These positive effects of SNP
on biomass productions and chlorophyll contents could be related to (i) protection of plants by NO against oxidative
membrane damage and its activations on root biomass (about 30% in root FW) (Figure 1A), and (ii) inducing effects of
SNP on NO generation (Panda et al., 2011). Also, the significant decrease observed in the contents of H,O, and MDA
and proline accumulation with the Co+SNP application could be explained by the positive effects of SNP on antioxidant
enzymes (Table 2). Mostofa et al. (2014) reported that exogenous SNP (200 uM) caused a significant decrease in the
content of H,O, and MDA and proline accumulation in Cu stressed plants. Reduced MDA, H,O, content and proline
accumulation by SNP has also been reported in tomato plants (Wang et al., 2010) and rice seedlings (Mostofa et al., 2014)
under Cu stress, and in rice plants under Cd stress (Panda et al., 2011).
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Numerous studies have shown that heavy metals applied to the rooting media caused an increase in their concentrations
in the roots and shoots of plants (Jayakumar et al.,2007; Ali et al.,2010; Agnihotri et al.,2014). Table 3 shows that applied
Co caused an increase in the shoot and root Co concentration, Co uptake, and the TAR value of Co. Also, a majority of
Co accumulated in roots, while a small amount was accumulated in shoots. The reason for Co accumulation in roots of
the plant likely to be a precaution of the roots to harmful effects of excess Co by forming a storage site. Some organelles
in the cell, like trichomes, could serve as HMs storage sites for detoxification or secrete various secondary metabolites to
neutralize metal toxicity (Emamverdian et al., 2015). Another possible reason might be its immobilization in the vacuoles
of the root’s cells, inhibiting its toxicity by forming a protective barrier (Klink et al., 2013). As seen in Table 3, Co+SNP
applications caused an increase in shoot Co concentration, whereas a reduction in the root Co concentration, compared to
Co applied plants. Similar effects of Co+SNP on especially in FWs of shoot and root were found (Figure 1). The increase
in shoot Co concentration with Co+SNP application could be related to the positive effects of NO on shoot development.
Cui et al. (2010) reported that exogenous NO caused an increase in H*-ATPase enzyme activity that plays a vital role
in the transport of multiple ions, in the shoot and root of tomato plants. This could be associated with the regulatory
effects of NO in plant cells. In plants, NO signaling cascades are capable to transmit many environmental and hormonal
stimuli either directly or indirectly (Rico-Lemus and Rodriguez-Garay, 2014). On the other hand, the decrease of Co
concentration in root could be associated with inducing the defense mechanisms in root to prevent oxidative damage
under stress conditions (Wang et al., 2010). Plants are capable of producing the NO molecule in its own roots to inhibit
excess metallic ion mobilization to upper organs, thus they could avoid the toxicity effects of HMs (Xiong et al., 2009).
The increases in TAR gained by the effects of both Co and Co+SNP applications can be associated with the higher Co
level in the growth medium. Cikili et al. (2016) reported that the TAR of Cd showed an increase depending on the Cd
dosage in the Solanaceae family. Sharma and Agrawal (2006) have associated the high TAR of Cd and Zn in the carrot
plant with the existence of high Cd and Zn in growth media.

Plants need metallic cations for redox activity in enzymatic and photosynthetic reactions. These cations were studied
in two groups as redox-active (Fe, Cu, Cr, and Co) and redox-inactive (Zn, Ni, Cd, and Al) (Singh et al., 2015). In the
study, although the Fe concentration in the shoot and root tended to decrease with excess Co due to competition between
Co and Fe ions, applied SNP caused a notable increase in Fe concentration in the shoot (Figure 3A). The decreasing
trend in Fe concentration with excess Co might be related to using the same physiological binding site these two cations
(Mengel et al., 2001) and thus excess Co could cause a decrease in the uptake and mode of action of other heavy metals,
including Fe (Gopal et al., 2003). In addition, the possible cause of the increase in shoot and root Fe concentration by the
effects of SNP (Figure 3A) may be the interaction between NO and Fe in heme or Fe-S groups due to forming nitrosyl
complexes in target molecules (Ramirez et al., 2011). Increases or decreases in metallic cation concentrations with the
effect of excess Co could be associated with the antagonistic or synergistic interaction between Co and these cations
(Figure 3). Cobalt behaves like Fe, Mn, Zn, and Cu during root absorption and transported in a similar way in the forms
of binding to complexing organic compounds, as a chelate (Mengel et al., 2001). The adverse effects of excess Co on
biological activity in the rhizosphere might also inhibit the absorption of other metallic cations (Zaborowska et al., 2016).
The observed decreases in the concentration of Fe, Cu, Mn, and Zn caused by toxic Co levels are in accordance with the
findings reported by Jayakumar et al. (2007) in the radish plant. On the other hand, NO molecules can react with transition
metals of metalloproteins to form metal-nitrosyl complexes and this molecule could bind to Fe, Zn, or Cu centers of
metalloproteins through coordination bonding (Ford, 2010).

The net accumulation via roots indicates the amount of Co deposited by a unit root in the upper organs of a plant
(Moradi and Ehsanzadeh, 2015). Positive or negative effects of applications on the net accumulation via roots are either
due to the negative effect of the Co levels on the roots or due to the positive effect of SNP on the shoots and roots. The
increases in the net accumulation of Co could be a dose-dependent effect (Table 4). The decreases in the net accumulation
of Cu might be associated with the antagonistic effects of Co ions on Cu ions that have been in the same redox-active
group (Singh et al., 2015). Ameliorative effects of SNP on the biomass production and photosynthetic pigments (Figure
1, Table 1) could also affect positively the net accumulation of Fe and Mn. Similar results were reported by Moradi and
Ehsanzadeh (2015) for Cd ions in safflower.
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CONCLUSIONS

It seemed that excess Co caused toxic effects on growth and photosynthetic pigments in iceberg lettuce that have resulted
in a reduction of biomass production and photosynthetic pigments. The inhibition of photosynthesis could be related
to the effect of Co on Fe concentration in plant and/or translocation of Fe from root to upper organs. Excess Co also
caused an increase in components occurring in toxicity stress, such as membrane permeability, the content of H,O, and
malondialdehyde (MDA), and proline accumulation and led to the increase in enzymatic activities (catalase and ascorbate
peroxidase) in leaves. On the other hand, applied sodium nitroprusside (SNP) together with Co partially decelerated the
toxic effects of Co in iceberg lettuce. The reduction in the contents of H,O, and MDA and proline accumulation, and also
increase in the concentration of Fe in shoot and root could be a piece of evidence for these results. All these data indicated
the importance of exogenous nitric oxide (NO) in plant growth, micronutrient uptake, and its accumulation and in the
protection against deleterious effects of Co. The protective effect of exogenous NO on Co toxicity in lettuce plant could
depend on NO-induced increase in antioxidant enzyme activity. Also, the reactive oxygen species (ROS) binding capacity
of NO and its multifunctional roles in plant cellular mechanisms could help cells to cope with stress conditions.

All these data indicated the importance of exogenous SNP in growth, uptake, and accumulation of micronutrients and
in the protection against deleterious effects of Co. The protective effect of exogenous NO on lettuce plants could depend
on the regulation of ion imbalance and NO-induced increase in antioxidant enzyme activity. Studies on the toxic effects
of metallic ions on leafy (edible) vegetables are still insufficient. The effects of metallic cations, especially heavy metals,
on such vegetables which have high consumption, need more investigation.
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