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Abstract
Silver nanoparticles (AgNPs) have been implicated to enhance seed germination and plant growth, improve photosynthetic
quantum efficiency and act as antimicrobial agents to manage plant diseases. The role of nanoparticles in the improvement of
plant tolerance to environmental stresses such as drought and salinity remains unclear. In this study, we examined the effects
of AgNP dose on the salt tolerance of tomato (Solanum lycopersicum L.) plants during germination. Tomato seeds were
treated with different AgNP doses and germinated under salinity stress. Five concentrations of AgNPs (0.05, 0.5, 1.5, 2 and
2.5 mg L-1) and two levels of NaCl (150 and 100 mM) were tested. Seed germination and seedling growth of tomato plants
were markedly inhibited by salt stress, and this effect was alleviated by exposure to AgNPs. The germination percentage,
germination rate, root length and seedling fresh and dry weight of tomato were improved after exposure to AgNPs under NaCl
stress. The expression of salt stress genes was investigated by semi-quantitative RT-PCR. Of the examined salt stress genes,
four genes, AREB, MAPK2, P5CS and CRK1, were up-regulated by AgNPs under salt stress, and three genes, TAS14, DDF2
and ZFHD1, were down-regulated in response to AgNPs. The gene expression patterns associated with AgNP exposure also
suggest the potential involvement of AgNPs in response to stress, indicating that they might be useful for improving plant
tolerance to salinity. © 2016 Friends Science Publishers
Keywords: Solanum lycopersicum L; Silver nanoparticles; Seed germination; Seedling growth; Salinity; Stress genes
Abbreviations; ABA: abscisic acid, AgNPs: silver nanoparticles, AGP-S1: ADP-glucose pyrophosphorylase large subunit,
AIM1: abscisic acid-induced MYB transcription factor, APX2: cytosolic ascorbate peroxidase 2, AREB: abscisic acid
response element-binding protein, CAC: clathrin adapter complex, CRK1: cysteine-rich receptor-like protein kinase 42-like,
DDF2: dwarf and delayed flowering 2, LOX1: linoleate 9S-lipoxygenase B, MAPK2: mitogen-activated protein kinase 2,
NaCl: sodium chloride, NCED3: 9-cis-epoxycarotenoid dioxygenase, NHX6: NA+/H+ antiporter 6, N-Si: nano-silicon, P5CS:
delta-1-pyrroline-5-carboxylate synthetase, RBOH1: respiratory burst oxidase, RT-PCR: reverse transcription polymerase
chain reaction, SGN: Sol Genomics Network, SOS2: salt overly sensitive 2, TAS14: abscisic acid and environmental stressinducible protein, ZFHD1: zinc finger homeodomain transcription factor

Introduction
Salinity stress is a menace to agriculture and a major
environmental factor that affects crops. The increased
salinization of arable land is expected to have global effects
on crop plant production (Massoud, 1977). Therefore,
increasing the tolerance of crop plants to salinity stress must
take priority in agricultural studies. In plants, various genes
are responsible for salinity resistance and are involved in the
salt tolerance process. These genes can limit the rate of salt
uptake from the soil and the transport of salt throughout
plants, adjusting the ionic and osmotic balance of cells in
plant bodies (Munns, 1993). Germination is important for
determining the final plant density if planted seeds
completely and vigorously germinate (Baalbaki et al.,

1990). Interactions between environmental factors and the
internal mechanisms of seeds control the ability of plant to
germinate successfully (Ni and Bradford, 1992). The first
phase of the growth response results from the effects of salt
outside the plants. Salt in soil solutions reduce leaf growth
and, to a lesser extent, root growth as well (Munns, 1993;
Farooq et al., 2015). Molecular control mechanisms for salt
stress tolerance depend on the regulation of the expression
of certain stress genes (Wang et al., 2003).
AgNPs are currently the most produced engineered
nanomaterials found in a wide range of commercial
products (Davies, 2009). AgNPs have been implicated in
agriculture for improving crops. There are many reports
indicating that appropriate concentrations of AgNPs play an
important role in enhancing seed germination (Barrena et
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al., 2009; Shelar and Chavan, 2015), plant growth (Salama,
2012; Sharma et al., 2012; Kaveh et al., 2013; Vannini et
al., 2013) and improving photosynthetic quantum efficiency
and chlorophyll content (Sharma et al., 2012; Hatami and
Ghorbanpour, 2013). AgNPs are also used as antimicrobial
agents to manage plant diseases (Lamsal et al., 2011).
Application of AgNPs has been found quite effective
in improving resistance against salinity during germination
of Foeniculum vulgare Mill. (Ekhtiyari et al., 2011) and
Cuminum cyminum L. (Ekhtiyari and Moraghebi, 2011).
Nano-silicon (N-Si) is a nanoparticle capable of curing the
negative effects of salt stress (Haghighi et al., 2012; Kalteh
et al., 2014). Likewise, nano zinc oxide also helps in
improving salt resistance (Sedghi et al., 2013).
In response to stress, plants activate a number of
defense mechanisms that function to increase tolerance to
adverse conditions. Furthermore, a large array of genes is
activated by stress conditions; thus, a number of proteins are
produced to combine in pathways leading to the synergistic
enhancement of stress tolerance (Wang et al., 2003).
Salinity resistance genes in tomato were identified in many
studies and published in the Sol Genomics Network (SGN)
database (SGN, 2015). Some of these genes encode
transcription factors, which regulate many genes in response
to stress, such as zinc finger homeodomain transcription
factor family (ZFHD1) (Aoki et al., 2010) and abscisic acid
response element-binding protein (AREB) (Orellana et al.,
2010; Bastías et al., 2014). Osmolytes are among the genes
induced under salinity stress. These genes play an important
role in osmotic adjustment under high salinity conditions
and include delta-1-pyrroline-5-carboxylate synthetase
(P5CS) (Hong et al., 2000) and abscisic acid and
environmental stress-inducible protein (TAS14) (Godoy et
al., 1994; Muñoz-Mayor et al., 2012). Genes responsible for
controlling K+ or Na+ uptake from soil and transport within
plants have been identified in transgenic tomato under
salinity as ion channels and transporters, such as salt overly
sensitive 2 (SOS2) (Olías et al., 2009; Candar-Çakir et al.,
2014) and NA+/H+ antiporter 6 (NHX6) (Zhang and
Blumwald, 2001). The antioxidative defense system in
plants under salt stress is related to antioxidative enzymes
such as cytosolic ascorbate peroxidase 2 (APX2), which is
expressed in tomato under salinity (Zou et al., 2005).
Signaling pathways in response to salt stress in tomato
include many signaling molecules such as mitogenactivated protein kinase 2 (MAPK2) and MAPK3
(Stulemeijer et al., 2007). Some genes involved in energy
metabolism are expressed in tomato under salt stress,
including ADP-glucose pyrophosphorylase large subunit
(AGP-S1) (Park and Chung, 1998; Yin et al., 2010) and
respiratory burst oxidase (RBOH1), which is NADPH
oxidase (Zhou et al., 2014).
Although potential of AgNPs in improving salinity
resistance has been reported in several plant species
(Ekhtiyari et al., 2011; Ekhtiyari and Moraghebi, 2011), its
role in alleviation of salinity effect and related mechanisms

is still unknown. This study was conducted to reveal the
molecular mechanisms that mediate salinity tolerance in
tomato.

Materials and Methods
Seed Germination Experiment
To evaluate the effects of AgNPs on the germination
traits of tomato seeds under salinity stress, a factorial
experiment was conducted based in a completely
randomized design with three replications. The seed
germination of tomato plants under salt stress was tested
in response to AgNPs by planting seeds in the presence
of increasing concentrations of AgNPs (0.05, 0.5, 1.5, 2
and 2.5 mg L-1) and two concentrations of NaCl (150 and
200 mM). AgNPs (silver nanopowder, 99.99%, 20 nM)
were purchased from U.S. Research Nanomaterials
(Houston, TX, USA).
Seeds were immersed in a 5% sodium hypochlorite
solution for 10 min to ensure surface sterility (USEPA,
1996), they were then soaked in distilled water for 2 h, and
then soaked in serial prepared AgNP concentration
suspensions for approximately 2 h after being rinsed four
times with distilled water. One piece of filter paper was put
into each 100 mm × 15 mm Petri dish, and 5 mL of a test
solution was added. Seeds were transferred onto filter paper
with 30 seeds per dish and a 3 mm or larger distance
between each seed. AgNPs and NaCl serial concentrations
were added into Petri dishes in which 5 mL of each solution
was added to each Petri dish. Pure water was used for
control treatment. Petri dishes were covered, sealed with
tape, and incubated at room temperature. Germination seeds
were counted based on 2 mm radical emergence at 24 h
after planting. Counting was continued until the number of
germinated seeds was constant in the last three days of the
experiment. Germination was halted after 8 days. In each
plate, 10 seedlings were randomly selected to measure dry
and fresh weight. The seed germination rate and mean
germination time were calculated, and the seedling dry and
fresh weight and root length were measured.
Seed Germination
Final germination percentage was calculated based on total
number of germinated seeds at the end of the experiment.
Measurements were performed according to the
International Rules for Seed Testing (ISTA, 1996).
Germination indices were calculated using the following
equations (Ellis and Roberts, 1981; Alvarado et al., 1987;
Ruan et al., 2002):
Germination percentage (GP %) = (Gf/n) × 100
Where Gf is the total number of germinated seeds at
the end of the experiment, and n is the total number of seeds
used in the test.
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Mean germination time (MGT) = Ʃ NiDi/n
Where Ni is number of germinated seeds until the ith
day, Di is the number of days from the start of the
experiment until the ith counting and n is total germinated
seeds.
Germination rate (GR) = Σ Ni/ΣTiNi
Where Ni is the number of newly germinated seeds at
the time Ti.
= (a/1)+(b-a/2)+(c-b/3)+...+(n-n-1/N)
Semi-quantitative RT-PCR Analysis
Gene expression for salinity stress genes was examined
using semi-quantitative RT-PCR. Genes were selected
based on previous studies of tomato genes that were induced
with salinity stress and involved in salt tolerance. ESTs
related to tomato genes expressed in salinity stress, which
are found in the SGN database (SGN, 2015), were used to
design gene-speciﬁc primers.
Total RNA was extracted using the TRIzol reagent
(Sigma, USA) from tomato seedlings, and then it was
reverse transcribed into cDNA using the RT-PCR
Superscript™ II reverse-transcriptase kit (Invitrogen, USA)
with Oligo(dT) primers. The gene-specific primers were
designed from EST sequences available in the SGN
database (Table 1). PCR was used to amplify cDNAs for
each of the investigated tomato genes using combinations of
forward and reverse primers with synthesized cDNA as a
template. Five templates were tested for expression analysis
of each salt stress gene; the treatment combinations
NaCl150 AgNPs1.5 and NaCl200 AgNPs2 with their
controls: NaCl150 and NaCl200, in addition to non-treated
controls. The PCR reaction volume was 20 μL, which
contained 4 μL 5X PCR ready mix containing Taq
polymerase (Solis BioDyne, Estonia), 0.4 µM of each
primer, 3.5 μL cDNA and sterile distilled water was used to
obtain a final volume of 20 μL. Amplifications were
performed under the following conditions: an initial
denaturation at 94°C for 5 min followed by 35 cycles of
denaturation at 94°C for 30 sec, annealing for 30 sec at
temperatures ranging from 52°C to 58°C (varied with every
primer pair, Table 1), and an extension at 72°C for 1:30
min. A final extension at 72°C for 7 min was performed
after all cycles were complete. The constitutively expressed
gene clathrin adapter complex (CAC) was used as a positive
control (Expósito-Rodríguez et al., 2008). The PCR
products were separated in a 1.2% agarose gel (Sigma,
USA). Electrophoresis was then performed for 30 min at
100 volts in tris/borate ethylenediaminetetraacetic acid
(EDTA) buffer (TBE) (Sigma, USA), and the gel was
stained with 3 μL of 10 mg mL-1 ethidium bromide (Sigma,
USA) in 120 mL of TBA buffer. The bands stained in the
gel were visualized and documented using a gel
documentation system (Bio-Rad Laboratories, USA) with
UV-light and Gel Doc 2000 Quantity One software.

Expression analysis of each gene was performed at least
three times as independent PCR reactions and run in an
electrophoresis gel, and one of the images was presented
as representative data for each gene. The PCR products
in the gel were quantified by measuring band intensity
using ImageJ software, which generated a peak diagram
for each band from which the area under each peak
could be determined, representing the intensity of the
bands in the gel.
Statistical Analysis
The means and standard deviations were derived from three
repeated samples for each treatment and related control for
germination and seedling growth measurements and three
independent PCR reactions for gene expression analysis.
Data obtained from the various treatments were statistically
analyzed using the t-test at the 0.01 and 0.05 levels.

Results
The Effect of AgNPs on Seed Germination and Seedling
Growth of Tomato under Salt Stress
In this study, we examined the role of AgNPs in enhancing
tomato tolerance for salinity and highlight molecular
mechanisms that mediate salinity tolerance in tomato by
investigating the expression profiles of salt tolerance genes
at the germination stage. Germination percentage,
germination rate and main germination time for NaCl
treatment (150 and 200 mM) and AgNP treatments were
significantly different compared with non-treated plants
(Table 2). A slight decrease in germination percentage was
observed for all NaCl and AgNP treatments compared with
non-treated plants, particularly under NaCl200 stress. The
germination rate was significantly depressed under salt
stress, and it was reduced by 29% and 43.3% compared
with the non-treated plants under NaCl150 or NaCl200
stress, respectively. The mean germination time was
positively affected with all NaCl and AgNP treatments,
and it decreased by 6% and 9.3% compared with the
non-treated plants for NaCl150 and NaCl200,
respectively which means that there was earlier
germination compared with non-treated plants. However,
the addition of certain AgNP concentrations significantly
alleviated the inhibitory effects of NaCl stress. The
germination percentage increased from 4.1 to 5.26% with
AgNP treatment compared with that of the NaCl150 control,
and the best germination percentage value (100%) was
observed with exposure to 0.5 mg/L AgNPs under NaCl150
stress. The improvement in the germination percentage
with NaCl200 stress was from 1.2% to 4.73% with AgNP
treatments of 0.5, 1.5 and 2 mg/L, whereas exposure to 0.05
and 2.5 mg/L AgNPs inhibited the germination
percentage compared with the NaCl200 control. The
germination rate improved at all AgNP concentrations
compared with that of the NaCl150 and NaCl200 controls.
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Table 1: Primer combinations used for semi-quantitative RT-PCR analysis for fifteen tomato salt stress genes in addition to
the internal control gene CAC
Gene
RBOH1
AREB
AGP-S1
AIM1
TAS14
APX2
LOX1
MAPK2
SOS2
DDF2
ZFHD1
NHX6
NCED3
P5CS
CRK1
CAC

Forward primers sequences
CGGAGTCGGTATTGGTGGAG
ACAGGAGGGAGTGGTAAGGA
ACACTCCCCTTTGTCCACTT
CGGTGAAGGTCGTTGGAATT
CGTCGGAGGATGATGGAGAA
CCACTTGAGGGACGTGTTTG
TGTCTTTGGGTGGAATTGTGG
ACCACCTCAACGAGAAGCAT
GGGTTGGGAAGAATTGGCGA
GCCGAAATCTTCCGACCTTT
GGTCATGCTGTTGATGGGTG
ACAAACCGCAGAAAAGCCTT
GTATGGTTCACGCCGTTCAA
TCTTTACAGTGGTCCTCCCC
TGTATTCCTGCTCCTGGTGG
CCTCCGTTGTGATGTAACTGG

Reverse primers sequences
AAGCCGAGTCTACACCGTTG
AGTCAAAGAGCCTTGCCTCT
ACTCTCCCCAAATGAACCGT
TTGACCACCTATTGCCCCAA
GTGTTCAATGCATCCCAGGG
CCCTTCCTTTTCCCCACTCA
GGATTGCTCAGTTTCCCTTCC
TTGCTAGGCTTCAAGTCCCT
AGGCCCAGCAAGTAAAAGCA
AGCTTCCACATGATCTCCCA
AATAGGTGGCGGTGGAATCA
CCATGGCCGATTCTTCCAAG
GCCTTGCAATTCCAGAGTGA
TATACGTTCCCCATGCAGCA
CTCCTGCAGCAAAATCCCTC
ATTGGTGGAAAGTAACATCATCG

Table 2: Influence of AgNP concentrations on
germination percentage (GP), germination rate (GR)
and mean germination time (MGT) for tomato plants at
three levels of salinity. The values are M (means) ±SD
(standard deviations) of three replicates. ( b) Indicates
significant effects at a 0.05 probability level, and ( a)
indicates significant effects at a 0.01 probability level,
related to the NaCl150 or NaCl200 salinity treatments.
(d) Indicates significant effects at a 0.05 probability
level, and ( c) indicates significant effects at a 0.01
probability level, related to the non-treated control.
Blank cells indicates to treatments that not
implemented. mg = milligram, L = liter, ℅ = percent
and mM = millimolar
AgNP (mg L-1)

Salt stress (mM)
150
Root length (cm)
11.64±1.11
4.56c±0.71
5.66bc±0.92
5.23c±0.77
7.21ac±1.29
5.53bc±0.69
3.17ac±0.86
Seedling fresh weight (g)
0.20±0.02
0.112d±0.056
0.079±0.099
0.159b±0.049
0.177a±0.021
0.121c±0.008
0.131c±0.016
Seedling dry weight (g)
0.119±0.0001 0.014d±0.007
0.011d±0.074
0.053b±0.009
0.083a±0.001
0.013d±0.121
0.013d±0.001
0

Control
0.05
0.50
1.50
2.00
2.50
Control
0.05
0.50
1.50
2.00
2.50
Control
0.05
0.50
1.50
2.00
2.50

200
2.03c±0.56
3.71ac±0.47
3.67ac±0.42
3.93ac±0.73
3.99ac±0.57
3.17ac±0.86
0.104c±0.022
0.046bc±0.059
0.159b±0.054
0.124c±0.017
0.093c±0.035
0.095c±0.010
0.012d±0.120
0.013d±0.019
0.053b±0.070
0.024d±0.001
0.012d±0.0004
0.012d±0.001

The germination rate value at 2.5 mg/L AgNP under
NaCl150 stress (14.11 seed/day) was the best, and it was
similar to the non-treated plant value (14.56 seed/day).
There was significant improvement in the mean

EST no. in SGN
Solyc08g081690.2.1
Solyc04g078840.2.1
Solyc01g109790.2.1
Solyc12g099120.1.1
Solyc02g084850.2.1
Solyc06g005150.2.1
Solyc01g099190.2.1
Solyc08g014420.2.1
Solyc01g005020.2.1
Solyc03g026270.1.1
Solyc02g067310.2.1
Solyc04g056600.2.1
Solyc07g056570.1.1
Solyc08g043170.2.1
Solyc03g112730.2.1
Solyc08g006960.2.1

Annealing Temp.

Product size (bp)

58°C
56°C
54°C
58°C
58°C
56°C
56°C
58°C
54°C
52°C
52°C
54°C
58°C
52°C
58°C
56°C

284
159
237
176
168
187
217
192
162
192
153
158
153
229
169
173

germination time recorded with 2.5 mg/L AgNPs under
NaCl150 stress and at 1.5, 2 and 2.5 mg/L AgNPs with
NaCl200 stress compared with controls.
The root length and fresh and dry weights of
tomato seedlings were significantly reduced under NaCl
stress and AgNP treatment compared with non-treated
plants (Table 3). Root length was significantly depressed
under NaCl stress and reduced by 60.82% and 82.56%
compared with non-treated plants under NaCl150 and
NaCl200 stress, respectively (Supplementary Fig. 1 and
2). Fresh weight was reduced by 44% and 48%
compared with non-treated plants under NaCl150 and
NaCl200 stress, respectively. Dry weight also reduced
by 88.2% and 89.9% compared with non-treated plants
under NaCl150 and NaCl200 stress, respectively.
However, treatment with certain AgNP concentrations
significantly alleviated the inhibitory effects of NaCl
stress on tomato plant root length and fresh weight
values. The best root length value (7.21 cm) was
observed with exposure to 1.5 mg/L AgNPs under
NaCl150 stress, which was a 58.11% improvement in
root length compared with the NaCl150 control.
Treatment with 2.5 mg/L AgNPs under NaCl150 stress
decreased the tomato root length by 30.48% compared
with the NaCl150 control. Root length values at all
AgNP concentrations were significantly improved from
56.15% to 96.55% under NaCl200 stress. Fresh weight
significantly increased by 41.96% and 85.03% under
NaCl150 at AgNP concentrations of 0.5 and 1.5 mg/L,
respectively, compared with NaCl150 control. Under
NaCl200 stress, the fresh weight of tomato plants
significantly increased by 52.88% for 0.5 mg/L AgNP
treatment. Dry weight significantly increased with
AgNP concentrations of 0.5 and 1.5 mg/L under
NaCl150 stress compared with the NaCl150 control.
Under NaCl200 stress, the dry weight for tomato plants
significantly increased with 0.5 mg/L AgNPs compared
with the NaCl200 control.
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Table 3: Influence of AgNP concentrations on root length
(RL), seedling fresh (FW) and dry weight (DW) for tomato
plants at three levels of salinity. The values are M (means)
±SD (standard deviations) of three replicates. (b) Indicates
significant effects at a 0.05 probability level, and ( a)
indicates significant effects at a 0.01 probability level,
related to the NaCl150 or NaCl200 salinity treatments.
(d) Indicates significant effects at a 0.05 probability
level, and ( c) indicates significant effects at a 0.01
probability level, related to the non-treated control.
Blank cells indicates to treatments that not implemented.
mg = milligram, L = liter, cm = centimeter, ℅ = percent
and mM = millimolar
AgNP (mg L-1)

Salt stress (mM)
150
Germination percentage
100.0±1.50
95.0d±1.00
98.89b±1.92
100.0a±2.00
98.89b±1.92
98.89b±1.92
99.67a±1.53
Germination rate (seed/days)
14.557±0.237
10.34d±1.51
11.78bd±1.21
11.36bc±0.587
11.30bc±0.825
10.97c±0.128
14.11ac±1.01
Mean germination time (days)
31.777±0.133
29.87d±0.964
29.89±1.40
29.30c±0.176
29.95d±1.10
29.92c±0.490
28.043bc±0.650
0

Control
0.05
0.50
1.50
2.00
2.50
Control
0.05
0.50
1.50
2.00
2.50
Control
0.05
0.50
1.50
2.00
2.50

200
94.42d±1.00
92.22±1.92
98.00b±1.00
95.56±1.92
98.89b±1.00
91.11b±1.92
8.25c±0.200
8.70c±0.188
10.24bc±0.691
9.29bc±0.225
10.34bc±0.273
9.03c±0.552
28.813c±0.650
27.677c±0.517
28.80c±1.07
26.980bc±0.201
26.30bc±0.173
27.277bc±0.401

Fig. 1: Semi-quantitative RT-PCR analysis of fifteen salt
stress genes expressed in tomato seedlings under two NaCl
concentrations, NaCl150 and NaCl200, and two treatment
combinations of NaCl and AgNPs, NaCl150 AgNPs1.5
and NaCl200 AgNPs2, in the addition to non-treated
plants. CAC was used as a positive control
Expression Pattern of Tomato Salt Stress Genes in
Response to AgNPs under Salt Stress
The expression of salt stress genes was investigated by
semi-quantitative RT-PCR using cDNA isolated from

tomato seedling tissues. Two treatment combinations,
NaCl150 AgNPs1.5 and NaCl200 AgNPs2 with their
respective controls: NaCl150 and NaCl200, in addition to a
non-treated control, were chosen for semi-quantitative RTPCR analysis. As shown in Fig. 1 and 2 (Supplementary
Table 1), mRNA for the CAC gene, as a positive control,
was almost uniformly expressed in the tested treatments and
controls. Analysis of salt stress gene expression by semiquantitative RT-PCR revealed different expression patterns
in response to AgNPs as evidenced by the relative intensity
of their gel bands.
The RBOH1 gene demonstrated an increase in
expression with both NaCl stresses and AgNP treatments
compared with non-treated control plants. After exposure to
AgNPs, RBOH1 gene expression decreased by 2.09-fold
with NaCl150 stress, whereas it increased by 4.57-fold with
NaCl200 stress compared with NaCl150 and NaCl200
controls. The expression of the AREB gene under NaCl200
stress was higher than under NaCl150 stress and its
expression increased by 2.78 and 1.07-fold after treatment
with AgNPs compared with its expression in the NaCl150
and NaCl200 controls, respectively. The AGP-S1 gene was
only induced with NaCl200 AgNPs2 treatment; it was
16.11-fold higher than the NaCl200 control. Abscisic acidinduced MYB transcription factor (AIM1) was not
expressed in non-treated tomato plants, and it had strong
expression with NaCl and AgNP treatment combinations
with the exception of NaCl200 AgNPs2 treatment, which
had the lowest expression level and the level was similar to
the non-treated plants. However, AIM1 expression
increased by 2.71-fold after exposure to AgNPs under
NaCl150. The TAS14 gene was more abundantly expressed
after salt stress and AgNP treatments, but its expression was
1.32 and 1.21-fold lower after exposure to AgNPs under
NaCl150 and NaCl200 control treatment, respectively.
APX2 expression was observed to be the lowest level in
non-treated plants and with the NaCl150 AgNPs1.5
treatment, whereas its highest level was with NaCl200
AgNPs2 treatment. By contrast, its expression increased by
2.95-fold after exposure to AgNPs under NaCl200 stress.
Linoleate 9S-lipoxygenase B (LOX1) was not expressed in
non-treated control plants and had high expression in tomato
plants with both NaCl stress and AgNP treatments.
Nevertheless, the LOX1 gene had its highest expression
level in the NaCl200 control, which was reduced by 1.79fold after exposure to AgNPs, whereas NaCl150 increased
its expression by 1.22-fold. MAPK2 was also not expressed
in non-treated control plants and had strong expression in
tomato plants with both NaCl stresses and AgNP treatments.
Moreover, MAPK2 gene expression increased by 2.22 and
4.38-fold after treatment with AgNPs compared with its
expression with the NaCl150 and NaCl200 controls,
respectively. Surprisingly, SOS2 gene expression decreased
under NaCl150 stress, whereas it increased with NaCl200,
and its lowest expression level was observed with NaCl150
AgNPs1.5 treatment compared with the non-treated control.
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Fig 2: The relative expression level of tomato salt stress genes (related to non-treated control) under two NaCl
concentrations, NaCl150 and NaCl200, and two treatment combinations, NaCl150 AgNPs1.5 and NaCl200 AgNPs2. CAC
was used as a positive control. The relative intensity values shown (y axis) are an average of three replicates. The intensity
of each band was measured with ImageJ software. Bars represent the mean ± SD of three independent experiments.
Different letters indicate a significant difference among treatments at the 0.05 levels by t-test
Nevertheless, after AgNP treatment, SOS2 was expressed
1.28-fold higher than the NaCl200 control. Dwarf and
delayed flowering 2 (DDF2) gene expression increased
under both NaCl stress levels, whereas it decreased by 1.49
and 1.35-fold after exposure to AgNPs compared with the
NaCl150 and NaCl200 controls, respectively. The ZFHD1
gene had strong expression in tomato plants with NaCl
stress and AgNP treatment compared with non-treated
plants with the exception of NaCl200 AgNPs2 treatment,
which demonstrated the lowest expression level.
Nevertheless, ZFHD1 gene expression decreased by 1.33
and 6.81-fold after exposure to AgNPs compared with the
NaCl150 and NaCl200 controls, respectively. NHX6 gene
expression increased in tomato plants with NaCl stress and
AgNP treatments with the exception of the NaCl150 control
in which it decreased compared with non-treated plants.
However, NHX6 gene expression increased by 2.11-fold
with NaCl150 stress after exposure to AgNPs, whereas it
was not affected under NaCl200 stress after exposure to
AgNPs. 9-cis-epoxycarotenoid dioxygenase (NCED3) gene
expression decreased under NaCl150 stress, whereas it
increased under NaCl200 stress compared with non-treated
plants. After exposure to AgNPs, NCED3 gene expression
decreased by 1.14-fold under NaCl150 stress, whereas it
increased by 1.58-fold under NaCl200 stress compared with
the NaCl150 and NaCl200 controls. P5CS gene expression
increased in tomato plants with both NaCl stress and AgNP
treatments with the exception of the NaCl150 control, which
had the lowest expression level. After exposure to AgNPs,
P5CS gene expression increased by 5.74-fold under
NaCl150 stress and by 5.16-fold under NaCl200. Similar to
the NCED3 and SOS2 genes, cysteine-rich receptor-like
protein kinase 42-like (CRK1) gene expression in tomato
plants decreased under NaCl150 stress, whereas it increased
under NaCl200 stress compared with non-treated control

plants. However, the CRK1 gene was expressed after
exposure to AgNPs 1.03 and 1.92-fold higher compared
with the NaCl150 and NaCl200 controls, respectively.

Discussion
Salinity has known inhibitory effects on water uptake, the
germination of seeds and seedling root elongation (Katembe
et al., 1998; Debez et al., 2004). Our results suggest that
AgNPs play an important role in moderating the inhibition
seed germination and plant growth in saline environments
by inducing salt tolerance in plants. We found that exposure
to AgNPs is capable of increasing of the germination
percentage, the germination rate, the root length and the
seedling fresh and dry weights of tomato plants under NaCl
stress. The mean germination time improved under salt
stress and with AgNP treatments. The best dose for AgNPs
for tomato seed germination under NaCl150 salinity was 2.5
mg/L, whereas the best seedling growth values were
observed at 1.5 mg/L AgNPs at the NaCl150 salinity level.
Exposure to 2 mg/L AgNPs appeared to be proper to
enhancing tomato seed germination and root length under
NaCl200 salinity. The treatment combinations: NaCl150
AgNPs1.5 and NaCl200 AgNPs2 were chosen for
molecular analysis. Previous reports have suggested that
AgNPs have positive effects on seed germination, seedling
growth, yield and physiology and metabolism in different
plant species (Siddiqui et al., 2015). These findings suggest
that AgNPs may be directly or indirectly involved in
morphological changes and physiological processes in
plants. Thus, our findings indicate that it is plausible that
AgNPs play a protective role in the germination of tomato
seeds under salt stress. Similarly, the AgNPs alleviated the
inhibitory effects of salt stress and improved the
germination percentage, germination speed, vigor of stems,
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fresh weight and root length of cuminum cyminum L. seed
(Ekhtiyari and Moraghebi, 2011) and Foeniculum vulgare
mill (Ekhtiyari et al., 2011) at the germination stage. In
addition, our findings are in agreement with Haghighi et al.
(2012) who reported that application of N-SiO2 increases
the germination parentage of tomato under saline-stress
conditions.
Of the investigated salt stress genes in tomato plants,
the AIM1, AGP-S1, APX2, LOX1 and MAPK2 genes were
expressed only under NaCl stress, and they were not
expressed in non-treated plants. Of investigated genes,
twelve genes were expressed under NaCl150 stress at a
level lower than that under NaCl200 stress, after exposure to
AgNPs. Only three investigated salt stress genes were
expressed under NaCl150 stress greater than that under
NaCl200 stress. The reduction in the expression of the P5CS
gene at the NaCl150 level was similar to that for the P5CS
gene from the soybean cultivar Ataem-7, which had
expression levels in this cultivar under the NaCl150 stress
that was the same as its expression level in control. By
contrast, P5CS gene expression in another soybean cultivar,
Üstün-1, was 4.44-fold higher than control (Celik and Atak,
2012).
The expression of four genes: AREB, MAPK2, P5CS
and CRK1, was up-regulated by AgNPs under both salt
levels, NaCl150 and NaCl200. By contrast, the TAS14,
DDF2 and ZFHD1 genes were down-regulated with AgNPs
under both NaCl levels. These genes, which were
differentially regulated by AgNPs in our study, are involved
in regulating abscisic acid (ABA) responses, which mediate
the expression of a number of salt-responsive genes and in
many ways act as a mediator for the whole-plant response to
salt stress (Godoy et al., 1990; Sharma et al., 2005; Mahajan
and Tuteja, 2005; Vinocur and Altman, 2005; Tran et al.,
2007; Brock et al., 2010; Yaish et al., 2010; Zhang et al.,
2013). The MAPK pathway is used by animal and human
cell lines to transduce AgNPs signals (Eom and Choi,
2010). In the nematode Caenorhabditis elegans, the
expression of MAPK increases in response to AgNPs (Lim
et al., 2012).
The expression of other genes i.e., AIM1, LOX1 and
NHX6, is up-regulated by AgNPs under NaCl150 stress
whereas they are down-regulated under NaCl200 stress.
AIM1 and LOX1 pathways are involved in controlling gene
expression by ABA under abiotic stresses (Ganesan et al.,
2012; Vicente et al., 2012). LOX1 also regulates root
development by controlling the emergence of lateral roots
through the production of (10E, 12Z)-9-hydroperoxy-10,
12-octadecadienoate (Vellosillo et al., 2007). NHX6 gene
expression is regulated by SOS2 activity on the vacuolar
membrane directly and indirectly (Olías et al., 2009), which
participates in ion homeostasis and cell expansion under
normal conditions (Venema et al., 2003).
The other investigated genes i.e., RBOH1, SOS2,
APX2 and NCED3, were down-regulated by AgNPs under
NaCl150 stress and up-regulated by AgNPs under NaCl200

stress. This expression pattern for such genes is due to their
role in catalyzing the reduction of H2O2 to water (Zou et al.,
2005; Verslues et al., 2007; Zhang et al., 2009; Zhou et al.,
2014). This result was confirmed by Lei et al. (2008) who
found that nanoparticles reduced antioxidant stress by
reducing H2O2 and increasing enzymes such as APX,
resulting in improved seed germination in some plant
species. Down-regulation of the SOS2 gene by both salinity
levels in our study is similar to its expression in Brassica
oleracea, which demonstrated down-regulation of SOS2
gene expression in shoot tissue (Kumar et al., 2009).
NCED3 gene expression was also induced in response to
three different AgNP sizes and shapes (Syu et al., 2014).
Plant adaptations to salinity are of three distinct types:
osmotic stress tolerance, Na+ or Cl− exclusion, and the
tolerance of tissue to accumulated Na+ or Cl− (Munns and
Tester, 2008). The changes in the molecular response to
AgNPs among the tested salinity levels suggest that AgNPs
can alter their protective mechanisms at higher salinity
levels. A recent study by Kohan-Baghkheirati and GeislerLee (2015) revealed that AgNPs affect the fewest genes
(575) in the Arabidopsis genome compared with those
affected by Ag+ (1,010), heat (1,374), drought (1,435), salt
(4,133) and cold (6,536). Moreover, 111 genes were unique
for AgNPs, and they were enriched for three biological
functions: response to fungal infection, anion transport, and
cell wall/plasma membrane related (Kohan-Baghkheirati
and Geisler-Lee, 2015). The expression patterns of genes
investigated in this study suggest that they are regulated in
response to AgNPs, which represents a novel abiotic
stressor for plants (Geisler-Lee et al., 2013; Qian et al.,
2013).

Conclusion
Exposure to AgNPs alleviated the adverse effects of salt
stress and improved the germination, root length and
seedling fresh and dry weight of tomato seeds under NaCl
stress. Four salt stress genes AREB, MAPK2, P5CS and
CRK1, were up-regulated by AgNPs under salt stress, and
three genes TAS14, DDF2 and ZFHD1 were downregulated. The expression of other salt stress genes varied
between the two salinity levels NaCl150 and NaCl200.

Acknowledgments
The authors are greatly indebted to Maha Al-Roais, research
assistant at Biology Department, College of Science and
Humanities, Prince Sattam bin Abdulaziz University, for her
excellent research assistance.

References
Alvarado, A.D., K.J. Bradford and J.D. Hewitt, 1987. Osmotic priming of
tomato seeds, effects on germination, field emergence, seedling
growth and fruit yield. J. Amer. Soc. Hortic. Sci., 112: 427-432

Almutairi / Int. J. Agric. Biol., Vol. 00, No. 0, 201x
Aoki, K., K. Yano, A. Suzuki, S. Kawamura, N. Sakurai, K. Suda, A.
Kurabayashi, T. Suzuki, T. Tsugane, M. Watanabe, K. Ooga, M.
Torii, T. Narita, T. Shin-I, Y. Kohara, N. Yamamoto, H. Takahashi,
Y. Watanabe, M. Egusa, M. Kodama, Y. Ichinose, M. Kikuchi, S.
Fukushima, A. Okabe, T. Arie, Y. Sato, K. Yazawa, S. Satoh, T.
Omura, H. Ezura and D. Shibata, 2010. Large-scale analysis of fulllength cDNAs from the tomato (Solanum lycopersicum) cultivar
Micro-Tom, a reference system for the Solanaceae genomics. BMC
Genom., 11: 210
Baalbaki, R.Z., R.A. Zurayk, S.N. Bleik and A. Talhuk, 1990
Germination and seedling development of drought susceptible
wheat under moisture stress. Seed Sci. Technol., 17: 291-302
Barrena, R., E. Casals, J. Colon, X. Font, A. Sanchez and V. Puntes, 2009.
Evaluation of the ecotoxicity of model nanoparticles. Chemosphere,
75: 850-857
Bastías, A., M. Yañez, S. Osorio, V. Arbona, A. Gómez-Cadenas, A.R.
Fernie and J.A. Casaretto, 2014. The transcription factor AREB1
regulates primary metabolic pathways in tomato fruits. J. Exp. Bot.,
doi: 10.1093/jxb/eru114
Brock, A.K., R. Willmann, D. Kolb, L. Grefen, H.M. Lajunen, G. Bethke, J.
Lee, T. Nürnberger and A.A. Gust, 2010. The Arabidopsis mitogenactivated protein kinase phosphatase PP2C5 affects seed
germination, stomatal aperture, and abscisic acid-inducible gene
expression. Plant Physiol., 153: 1098-1111
Candar-Çakir, B., S. Saritaş and Ö. Çelik, 2014. Expression analysis of salt
overly sensitive 2 (SOS2) gene salt stressed tomato plants. Erratum
to: In Vitro Cell Dev. Biol. Plant., 50: 521-522
Celik. O. and C. Atak, 2012. Evaluation of prolile accumulation and
K1pyrroline-5-carboxylate synthetase (P5CS) gene expression
during salinity stress in two soybean varieties. Pol. J. Environ. Stud.,
21: 559-564
Davies, J.C., 2009. Nanotechnology Oversight: an Agenda for the New
administration. Project on Emerging Technologies. Woodrow
Wilson International Center for Scholars, Washington, DC
Debez, A., K. Ben Hamed, C. Grignon and C. Abdelly, 2004. Salinity
effects on germination, growth, and seed production of the
halophyte Cakile maritime. Plant Soil, 262: 179-189
Ekhtiyari, R., H. Mohebbi and M. Mansouri, 2011. The study of the effects
of nano silver technology on salinity tolerance of (Foeniculum
vulgare mill.). Plant Ecosyst., 7: 55-62
Ekhtiyari, R. and F. Moraghebi, 2011. The study of the effects of nano
silver technology on salinity tolerance of cumin seed (Cuminum
cyminum L.). Plant Ecosyst., 7: 99-107
Ellis, R.A. and E.H. Roberts, 1981. The quantification of ageing and
survival in orthodox seeds. Seed Sci. Technol., 9: 373-409
Eom, H.J. and J. Choi, 2010. p38 MAPK activation, DNA damage, cell
cycle arrest and apoptosis as mechanisms of toxicity of silver
nanoparticles in Jurkat T cells. Environ. Sci. Technol., 44: 8337–
8342
Expósito-Rodríguez, M., A.A. Borges, A. Borges-Pérez and J.A. Pérez,
2008. Selection of internal control genes for quantitative real-time
RT-PCR studies during tomato development process. BMC Plant
Biol., 8: 131
Farooq, M., M. Hussain, A. Wakeel and K.H.M. Siddique, 2015. Salt stress
in maize: effects, resistance mechanisms and management. A review.
Agron. Sustain. Dev., 35:461–481
Ganesan, G. H.M. Sankararamasubramanian, M. Harikrishnan, G. Ashwin
and A. Parida, 2012. A MYB transcription factor from the grey
mangrove is induced by stress and confers NaCl tolerance in
tobacco. J. Exp. Bot., 63: 45-49
Geisler-Lee, J., Q. Wang, Y. Yao, W. Zhang, M. Geisler, K. Li, Y. Huang,
Y. Chen, A. Kolmakov and X. Ma, 2013. Phytotoxicity,
accumulation and transport of silver nanoparticles by Arabidopsis
thaliana. Nanotoxicology, 7: 323–337
Godoy, J.A., R. Lunar, S. Torres-Schumann, J. Moreno, R.M. Rodrigo
and J.A. Pintor-Toro, 1994. Expression, tissue distribution and
subcellular localization of dehydrin TAS14 in salt-stressed
tomato plants. Plant Mol. Biol., 26: 1921-1934
Haghighi, M., Z. Afifipour and M. Mozafarian, 2012. The effect of N-Si on
tomato seed germination under salinity levels. J. Biol. Environ. Sci.,

6: 87-90
Hatami, M. and M. Ghorbanpour, 2013. Effect of nanosilver on
physiological performance of pelargonium plants exposed to
dark storage. J. Hort. Res., 21: 15-20.
Hong, Z., K. Lakkineni, Z. Zhang and D.P.S. Verma, 2000. Removal
of feedback inhibition of 1 pyrroline-5-carboxylase synthetase
(P5CS) results in increased proline accumulation and protection
of plants from osmotic stress. Plant Physiol., 122: 1129-1136
ISTA [International Seed Testing Association], 1996. International rules for
seed testing. Seed Sci. Technol., 21: 1-288
Kalteh, M., Z.T. Alipour, S. Ashraf, M.M. Aliabadi and A.F. Nosratabadi,
2014. Effect of silica nanoparticles on basil (Ocimum basilicum)
under salinity stress. J. Chem. Heal. Risk, 4: 49-55
Katembe, W.J., I.A. Ungar and J.P. Mitchell, 1998. Effect of salinity on
germination and seedling growth of two Atriplex species
(Chenopodiaceae). Ann. Bot., 82: 16-175
Kaveh, R., Y.S. Li, S. Ranjbar, R. Tehrani, C.L. Brueck and B. Van Aken,
2013. Changes in Arabidopsis thaliana gene expression in response
to silver nanoparticles and silver ions. Environ. Sci. Technol., 47:
10637-10644
Kohan-Baghkheirati, E. and J. Geisler-Lee, 2015. Gene expression, protein
function and pathways of Arabidopsis thaliana responding to silver
nanoparticles in comparison to silver ions, cold, salt, drought, and
heat. Nanomaterials, 5: 436-467
Kumar, G., R.S. Purty, M.P. Sharma, S.L. Singla-Pareek and A.
Pareek, 2009. Physiological responses among Brassica species
under salinity stress show strong correlation with transcript
abundance for SOS pathway related genes. J. Plant Physiol.,
166: 507-520
Lamsal, K., S.W. Kim, J.H. Jung, Y.S. Kim, K.S. Kim and Y.S. Lee, 2011.
Application of silver nanoparticles for the control of Colletotrichum
species in vitro and pepper anthracnose disease in field.
Mycobiology, 39: 194-199
Lei, Z., S. Mingyu, W. Xiao, L. Chao, Q. Chunxiang, C. Liang, H. Hao, L.
Xiaoqing and H. Fashui, 2008. Antioxidant stress is promoted by
nano-anatase in spinach chloroplasts under UV-B radiation. Biol.
Trace Elem. Res., 121: 69-79
Lim, D., J.Y. Roh, H.J. Eom, J.Y. Choi, J. Hyun and J. Choi, 2012.
Oxidative stress-related PMK-1 P38 MAPK activation as a
mechanism for toxicity of silver nanoparticles to reproduction in the
nematode Caenorhabditis elegans. Environ. Toxicol. Chem., 31:
585-592
Mahajan, S. and N. Tuteja, 2005. Cold, salinity and drought stresses: An
overview. Arch. Biochem. Biophys., 444: 139-158
Massoud, F.I., 1977. The Use of Satellite Imagery in Detecting and
Delineating Salt Affected Soils. Pedologie Teledetection, AISS-ISSS,
Roma
Munns, R., 1993. Physiological processes limiting plant growth in
saline soil: some dogmas and hypotheses. Plant Cell Environ.,
16: 15-24
Munns, R. and M. Tester, 2008. Mechanisms of salinity tolerance. Annu.
Rev. Plant Biol., 59: 651–681
Muñoz-Mayor, A., B. Pineda, J.O. Garcia-Abellán, T. Antón, B. Garciasogo, P. Sanchez-Bel, F.B. Flores, A. Atarés, T. Angosto, J.A.
Pintor-Toro, V. Moreno and M.C. Bolarin, 2012. Overexpression of
dehydrin TAS14 gene improves the osmotic stress imposed by
drought and salinity in tomato. J. Plant Physiol., 169: 459-468
Ni, B.R. and K.J. Bradford, 1992. Quantitative models characterizing seed
germination responses to abscisic acid and osmoticum. Plant
Physiol., 98: 1057-1068
Olías, R., Z. Eljakaoui, J. Li, P.A.Z.A De Morales, M.C. Marín-Manzano,
J.M. Pardo and A. Belver 2009. The plasma membrane Na+/H+
antiporter SOS1 is essential for salt tolerance in tomato and affects
the partitioning of Na+ between plant organs. Plant Cell Environ.,
32: 904-916
Orellana, S., M. Yañez, A. Espinoza, I. Verdugo, E. González, S.
Ruiz-Lara and J.A. Casaretto, 2010. The transcription factor
SlAREB1 confers drought, salt stress tolerance and regulates
biotic and abiotic stress-related genes in tomato. Plant Cell
Environ., 33: 2191-2208

Effect of AgNPs on the Salinity Tolerance of Tomato / Int. J. Agric. Biol., Vol. 00, No. 0, 201x
Park, S.W. and W.I. Chung, 1998. Molecular cloning and organ-specific
expression of three isoforms of tomato ADP-glucose
pyrophosphorylase gene. Gene, 206: 215-221
Qian, H., X. Peng, X. Han, J. Ren, L. Sun and Z. Fu, 2013. Comparison of
the toxicity of silver nanoparticles and silver ions on the growth of
terrestrial plant model Arabidopsis thaliana. J. Environ. Sci., 25:
1947–1956
Ruan, S., Q. Xue and K. Tylkowska, 2002. The influence of priming on
germination of rice Oryzo sativa L. seeds and seedling emergence
and performance in flooded soil. Seed. Sci. Technol., 30: 61-67
Salama, H.M.H., 2012. Effects of silver nanoparticles in some crop plants,
common bean (Phaseolus vulgaris L.) and corn (Zea mays L.). Int.
Res. J. Biotech., 3: 190-197
Sedghi, M., M. Hadi and S.G. Toluie, 2013. Effect of nano zinc oxide on
the germination parameters of soybean seeds under drought stress.
Ann. WUT-ser. Biol., XVI: 73-78
SGN
(Sol
Genomics
Network),
2015.
[http://www.sgn.cornell.edu/index.pl]. Retrieved in May 20, 2015
Sharma, N., S.R. Abrams and D.R. Waterer, 2005. Uptake, movement,
activity, and persistence of an abscisic acid analog (8’Acetylene
ABA methyl ester) in marigold and tomato. J. Plant Grow. Regul.,
24: 28-35
Sharma, P., D. Bhatt, M.G. Zaidi, P.P. Saradhi, P.K. Khanna and S. Arora,
2012. Silver nanoparticle-mediated enhancement in growth and
antioxidant status of Brassica juncea. Appl. Biochem. Biotechnol.,
167: 2225-2233
Shelar, G.B. and A.M. Chavan, 2015. Myco-synthesis of silver
nanoparticles from Trichoderma harzianum and its impact on
germination status of oil seed. Biolife, 3: 109-113
Siddiqui, M.H., M.H. Al-Whaibi, M. Firoz and M.Y. Al-Khaishany, 2015.
Nanotechnology and Plant Sciences; Role of Nanoparticles in
Plants, Springer International Publishing Switzerland DOI
10.1007/978-3-319-14502-0_2
Stulemeijer, I.J.E., J.W. Stratmann and M.H.A.J. Joosten, 2007. Tomato
mitogen-activated protein kinases LeMPK1, LeMPK2, and LeMPK3
are activated during the Cf-4/Avr4-induced hypersensitive response
and have distinct phosphorylation specificities. Plant Physiol., 144:
1481-1494
Syu, Y.Y., J.H. Hung, J.C. Chen and H.W. Chuang, 2014. Impacts of size
and shape of silver nanoparticles on Arabidopsis plant growth and
gene expression. Plant Physiol. Biochem., 83: 57-64
Tran, L.S., K. Nakashima, Y. Sakuma, Y. Osakabe, F. Qin, S.D. Simpson,
K. Maruyama, Y. Fujita, K. Shinozaki and K. Yamaguchi-Shinozaki,
2007. Co-expression of the stress-inducible zinc finger
homeodomain ZFHD1 and NAC transcription factors enhances
expression of the ERD1 gene in Arabidopsis. Plant J., 49: 46-63
U.S. Environmental Protection Agency (USEPA), 1996. Ecological Effects
Test Guidelines: Seed Germination/Root Elongation Toxicity Test.
OPPTS 850, 4200, EPA 712-C-96-154, Washington DC
Vannini, C., G. Domingo, E. Onelli, B. Prinsi, M. Marsoni, L. Espen and M.
Bracale, 2013. Morphological and proteomic responses of Eruca
sativa exposed to silver nanoparticles or silver nitrate. PLoS One, 8:
e6875
Vellosillo, T., M. Martínez, M.A. López, J. Vicente, T. Cascón, L. Dolan,
M. Hamberg and C. Castresana, 2007. Oxylipins produced by the 9lipoxygenase pathway in Arabidopsis regulate lateral root
development and defense responses through a specific signaling
cascade. Plant Cell, 19: 831-846

Venema, K., A. Belver, M.C. Marin-Manzano, M.P. Rodríguez-Rosales and
J.P. Donaire, 2003. A novel intracellular K+/H+ antiporter related to
Na+/H+ antiporters is important for K+ ion homeostasis in plants. J.
Biol. Chem., 278: 22453–22459
Verslues, P.E., G. Batelli, S. Grillo, F. Agius, Y.S. Kim, J. Zhu, M.
Agarwal, S. Katiyar-Agarwal and J.K. Zhu, 2007. Interaction of
SOS2 with nucleoside diphosphate kinase 2 and catalases reveals a
point of connection between salt stress and H2O2 signaling in
Arabidopsis thaliana. Mol. Cell Biol., 27: 7771-7780
Vicente, J., T. Cascón, B. Vicedo, P. García-Agustín, M. Hamberg and C.
Castresana, 2012. Role of 9-lipoxygenase and α-dioxygenase
oxylipin pathways as modulators of local and systemic defense. Mol.
Plant, 5: 914-928
Vinocur, B. and A. Altman, 2005. Recent advances in engineering plant
tolerance to abiotic stress: Achievements and limitations. Curr. Opin.
Biotech., 16: 123-132
Wang, W.1., B. Vinocur and A. Altman, 2003. Plant responses to drought,
salinity and extreme temperatures: towards genetic engineering for
stress tolerance. Planta, 218: 1-14
Yaish, M.W., A. El-kereamy, T. Zhu, P.H. Beatty, A.G. Good, Y.M. Bi and
S.J. Rothstein, 2010. The APETALA-2-Like transcription factor
OsAP2-39 controls key interactions between abscisic acid and
gibberellin in rice. PLoS Genet., 6: e1001098
Yin, Y., Y. Kobayashi, A. Sanuki, S. Kondo, N. Fukuda, H. Ezura, S.
Sugaya and C. Matsukura, 2010. Salinity, induces carbohydrate
accumulation and sugar regulated starch biosynthetic genes in
tomato (Solanum lycopersicum L. cv. ‘Micro-Tom’) fruits in an
ABA- and osmotic stress-independent manner. J. Exp. Bot., 61:
563-574
Zhang, H.X. and E. Blumwald, 2001. Transgenic salt-tolerant tomato plants
accumulate salt in foliage but not in fruit. Nat. Biotechnol., 19:
765-768
Zhang, X., G. Yang, R. Shi, X. Han, L. Qi, R. Wang, L. Xiong and G. Li,
2013. Arabidopsis cysteine-rich receptor-like kinase 45 functions in
the responses to abscisic acid and abiotic stresses. Plant Physiol.
Biochem., 67: 189-198
Zhang, Y.1., J. Tan, Z. Guo, S. Lu, S. He, W. Shu and B. Zhou, 2009.
Increased abscisic acid levels in transgenic tobacco over-expressing
9 cis-epoxycarotenoid dioxygenase influence H2O2 and NO
production and antioxidant defences. Plant Cell Environ., 32:
509-519
Zhou, J., X.J. Xia, Y.H. Zhou, K. Shi, Z. Chen and J.Q. Yu, 2014. RBOH1dependent H2O2 production and subsequent activation of MPK1/2
play an important role in acclimation-induced cross-tolerance in
tomato. J. Exp. Bot., 65: 595-607
Zou, L.P., H.X. Li, B. Ouyang, J.H. Zhang and Z.B. Ye, 2005. Molecular
cloning, expression and mapping analysis of a novel cytosolic
ascorbate peroxidase gene from tomato. DNA Seq., 16: 456-461
(Received 15 June 2015; Accepted 30 October 2015)

