
Abstract
Salinity of irrigation water is an important limitation factor in

crop production such as potato worldwide. Foliar application of
anti-stress compounds containing mineral nutrients is one of the
possible solutions for salinity mitigation. In this field experiment
the effects of silicone compounds on potato (cv. Agria) perfor-
mance was studied as a split plot based on randomised complete
block design with three replications at Ferdowsi University of
Mashhad, Iran, during 2016 cropping season. Treatments included
irrigation salinity [0.3 (non-stress), 5, 8 and 12 dS.m–1] and foliar
application of potassium sulphate (1000 ppm), sodium silicate
nanoparticles (400 ppm) and silica (1000 ppm). Results indicated
that salinity decreased transpiration rate, stomatal conductance,
quantum yield of PSΙΙ, membrane stability index, carotenoids,
tuber number per plant and tuber yield while it improved water use
efficiency and tuber dry matter percentage. Foliar application of
anti-stress compounds positively affected quantum yield of PSΙΙ,
carotenoids content, DPPH radical scavenging activity, tuber
number per plant, tuber yield and tuber dry matter percentage.
Although, application of all compounds improved most biochem-
ical and photosynthetic traits, but ameliorative effect of the two
silicon compounds, especially sodium silicate nanoparticles was
more evident. It seems that silicon application could be an effec-
tive strategy in reducing salinity effects and its efficiency will be
increased when is used as nanoparticles.

Introduction
Increasing demand for domestic and industrial water use,

along with the reduction of groundwater level, has pushed the
agricultural sector to reduce the use of freshwaters and to use low
quality waters instead. Therefore, using saline water in the future
for agricultural production is unavoidable (Hashemi et al., 2010;
Yousef et al., 2015; Sattar et al., 2016).

Among agricultural crops, potato is of high paramount impor-
tance in human and livestock nutrition. The salinity of irrigation
water in potato-cultivated lands of Iran has been increased in
recent years, which resulted in the more use of saline and uncon-
ventional waters in cultivation of this crop. Therefore, adoption of
agronomic management strategies and using techniques reducing
salinity stress induced by irrigation water salts is essential in pota-
to production (Kaya et al., 2001; Hussein et al., 2012). Among
these, foliar application of compounds, which increases plant
resistance to environmental stresses, is an appropriate strategy for
yield improvement in the presence of environmental stresses
(Kaya et al., 2001; Hussein et al., 2012).

Potassium (Kaya et al., 2001; Hussein et al., 2012; Yousef et
al., 2015) and silicon (Epstein, 2009; Lobata et al., 2009;
Haghighi and Pessarakli, 2013) are of elements with positive
effects in saline conditions. It is accepted that synergistic role of
potassium with other macro elements including nitrogen, phos-
phorus and calcium leads to more absorption of water and nutri-
ents and finally yield improvement (Kaya et al., 2001; Shabala
and Cuin, 2007; Yousef et al., 2015).

A study on potassium application in salinity conditions indi-
cated more negative effects of salinity on photosynthesis of barley
in potassium deficiency conditions (Degl’Innocenti, 2009). Also it
is reported that potassium reduces water loss of plant tissues and
increases water use efficiency (WUE) through its effects on stom-
atal closure and maintaining cell turgescence which all finally
leads to lower effects of stress on plant (Imas and Magan, 2000).

Despite silicon has not been considered as an essential element
in plant nutrition, but many useful effects of this element especially
in stress conditions are reported (Al-Aghabary et al., 2004;
Epstein, 2009; Haghighi and Pessarakli, 2013; Sattar et al., 2016).

Silicon improves plant ability for light harvesting by increas-
ing chlorophyll concentration in leaf area unit and finally increases
photosynthesis (Lobata et al., 2009; Shen et al., 2010; Silva et al.,
2012;Haghighi and Pessarakli, 2013; Sattar et al., 2016). Silicon
also plays an effective role in plant water balance through its
sequestration in leaf cuticle layers inhibiting water loss and also
increases physical resistance of leaf in stress conditions (Epstein,
2009; Lobata et al., 2009; Silva et al., 2012). There are reports on
positive inductive role of silicon on plant defence system and
decreasing the effect of stress through increasing free oxygen rad-
ical scavenging capacity (Al-Aghabary et al., 2004; Epstein, 2009;
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Hashemi et al., 2010; Shen et al., 2010; Sattar et al., 2016).
Nowadays, special attention has been paid to the use of nan-

otechnologies including nanoparticles in crop production (Ruffini
and Cremonini, 2009; Haghighi and Pessarakli, 2013).
Nanoparticles have unique criteria due to their small size and could
change physico-chemical characteristics of elements compared to
their common form. They also have a higher surface, which increas-
es their solubility and surface reactivity (Haghighi and Pessarakli,
2013). Despite the widespread use of silicon compounds in differ-
ent crop production systems, application of its nanoparticles has not
been widely used (Ruffini and Cremonini, 2009).

Therefore, in this experiment effect of foliar application of
common forms of silicon and potassium on photosynthesis, bio-
chemical criteria and potato tuber yield was studied under irriga-
tion with saline water. Also, the comparison of the effects of sodi-
um silicate nanoparticles and common form of the silicon present
in market was carried out to study the possibility of expanding
application of these particles.

Materials and methods
This experiment was conducted as split-plot based on ran-

domised complete block design with three replications in spring
and summer of 2016 in research station of Faculty of Agriculture,
Ferdowsi University of Mashhad. Treatments included irrigation
salinity levels [0.3 (non-stress), 5, 8 and 12 dS.m–1] as main plots
and three anti-stress compounds such as potassium sulphate
(K2SO4) (1000 ppm), sodium silicate nanoparticles (400 ppm) and
silica (SiO2) (1000 ppm) along with a control as sub-plots.
Concentrations of potassium sulphate and sodium silicate nanopar-
ticles were determined based on the primary studies (not pub-
lished). Silica source, known as Silicon Power brand, was procured
from Khosheh Parvaran Zistfanavar Company. Particle size of
sodium silicate nanoparticles was 68 nm as shown in Figure 1.

Potato tubers (cv. Agria) used in this experiment were similar
according to physiological age and had 3-5 green buds with 1-1.5
cm length. Each experimental plot with a total area of 15 m2 con-
sisted of 4 rows of 5-meter length, spaced at 75 cm apart. Tubers
were planted in May 16th in 20 cm intervals within the rows.
According to soil analysis (Table 1), no potassium and phosphorus
fertilisers was needed to add to the soil (this amount of potassium
and phosphate is enough to produce 40 ton of potatoes per hectare)
while 200 kg.ha–1 nitrogen (46% Urea) was applied in three times
at planting, two and four weeks after planting.

Salinity treatment were imposed by dissolving NaCl in water
source based on the ionisation coefficient after the tubers and
seedlings were irrigated by normal water in the early growth stages
and establishment till to 3-4 leaf stage in one month after planting.
Foliar application of anti-stress compounds was carried out two
weeks after imposing salinity stress and in two steps with 10 days
intervals (40 days after planting) and 20 days after salinity stress
(50 days after planting) using a hand sprayer at the end of the day.
Biochemical and photosynthetic criteria was assessed one week
after the second application of anti-stress compounds.
Photosynthesis and chlorophyll fluorescence measurement were
carried out in sunny conditions during 10:00-12:00 AM. Leaf
chlorophyll fluorescence was measured by fluorimeter (OS1-FL
model) and quantum yield of PSII was calculated using eq. 1
(Maxwell and Johnson, 2000).

                                                                
(1)

DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging
activity was determined based on the method described by Abe et
al. (1998). To achieve this, Ethanol solution of 10–4 M DPPH was
prepared freshly and refrigerated till needed. 100 mg of fresh
leaves homogenised in liquid nitrogen and 1 ml of ethanol as sol-
vent was added to sample. Aliquots (50 µL) of extract were mixed
with 950 µL of DPPH solution and were quickly incubated at room
temperature in darkness for 30 min. Decrease in absorbance of
DPPH solution was evaluated at 517 nm. Ascorbic acid was used
as a standard.

An infrared gas analyser model LCA4 (ADC Bio Scientific
Limited England) was used to measure net photosynthesis, transpi-
ration and stomatal conductance in the youngest fully expanded
leaf of two plants in each plot (Olcer et al., 2001). Instantaneous
water use efficiency was calculated by dividing photosynthesis to
leaf transpiration (Haghighi and Pessarakli, 2013).

To determine cell membrane stability index (MSI), the
youngest fully expanded leaf of one plant in each plot was separat-
ed and maintained in vials containing 100 ml distilled water. EC1

was measured after 24 h using electrical conductivity meter
(Jenway Model). EC2 was measured after the vials was autoclaved
for an hour in 123°C and 0.15 atm and were cooled. Finally, MSI
was calculated using eq. 2 (Sairam, 1994).

                                                                                               

                                           

(2)

Chlorophyll a, b and carotenoids contents were measured
based on the method described by Dere et al. (1998). To achieve
this, photosynthetic pigments were extracted by ethanol 96% in
100 mg fresh leaf and absorbance was read in 470, 648 and 664 nm
by Jenway UV-visible spectrophotometer Model 6305. Equations

                                                                                                                                 Article

Table 1. Main physical and chemical properties of the soil at the
study site.

Soil texture          K                  P               N               Na           pH
                      (mg kg–1)    (mg kg–1)     (%)       (mg kg–1)       

Silty Loam                  397                    29.8               0.07                  8.0               7.8
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Figure 1. Sodium silicate nanoparticles diameter determined by
particle size analyser system.
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3 to 5 were used to calculate concentration of Chlorophyll a, b and
carotenoids. Total concentration of pigments was obtained from
total chlorophyll and carotenoids concentration. The ratio of
chlorophyll a and b was also calculated.

Chla = 13.36 × A664 – 5.19 × A648                                               (3)

Chlb = 27.43 A648 – 8.12 A664                                                     (4)

C(x + c) = (1000 × A470 – 2.13 × Chla – 97.64 × Chlb) / 209   (5)

At the end of the growth season (late September), 2 m2 of each
plot was harvested to determine tuber number per plant, tuber yield
and dry matter percentage of tubers. To determine dry matter of
tubers, samples were taken from each plot, weighed, cut and kept
in oven for a week and finally weighed for its dry weight.

Analysis of variance and mean comparison was performed
using SAS 9.1 and graphs were drawn by Excel software. Means
were compared by Fisher’s least significant difference test at a
probability level of 0.05.

Results and discussion
As is shown in Table 2, despite no significant changes in leaf

photosynthesis between application of anti-stress compounds and
control in non-stress condition, but the positive effects of anti-
stress compounds application on leaf photosynthesis in 5 and 8
dS.m–1 salinity treatments was revealed. In salinity level of 5
dS.m–1, the highest photosynthesis rate was found in K2SO4 treat-
ment showing 90% higher than photosynthesis compared with
control. Although all anti-stress compounds positively affected leaf
photosynthesis, the only significant difference compared to control
was related to silicon application. Effect of anti-stress compounds
was decreased as salinity level increased up to 12 dS.m–1 in a way
that no difference was found among spraying treatments in this

level of salinity (Table 2).
No significant difference was observed among spraying treat-

ments according to leaf transpiration (P≥0.05) in non-stress condi-
tions, but in salinity level of 5 dS.m–1, the highest difference with
control (88%) was found at leaves treated with K2SO4 and the low-
est in silica treatment. Despite no difference was observed among
spraying treatments in salinity levels of 8 and 12 dS.m–1, but the
lowest leaf transpiration in all spraying treatments was found in 12
dS.m–1 showing significant difference with other salinity levels
(Table 2).

Interaction of salinity and anti-stress compounds on instanta-
neous water use efficiency of potato leaf was not significant but
effect of salinity on this parameter was significant in a way that the
highest instantaneous water use efficiency was found in salinity
level of 12 dS.m–1 showing significant difference with lower salin-
ity levels. The difference among other salinity levels was not sig-
nificant (Figure 2A).

Foliar application of sodium silicate nanoparticles significant-
ly decreased potato leaf stomatal conductance while application of
the other compounds did not affect this parameter (Table 2).
Salinity stress caused stomatal conductance to decrease and the
most negative impact was found in control and salinity level of 8
dS.m–1 which was lower than all the three spraying treatments in
this salinity level (Table 2).

Similar to photosynthesis, quantum yield of PSII did not sig-
nificantly differ between control and spraying treatments in non-
stress conditions but a reduction of 37, 24 and 45% was found in
salinity levels of 5, 8 and 12 dS.m–1, respectively compared to con-
trol and the lowest mean of this parameter in each salinity level
was found in control while quantum yield of PSII in leaves treated
with anti-stress compounds showed impressive stability in saline
conditions and had no significant difference with non-stress condi-
tions. Also, no significant difference was observed among three
anti-stress compounds and salinity levels according to this param-
eter (Table 2).

Despite of the fact that DPPH radical scavenging activity was

                   Article

Table 2. Interaction effect between irrigation salinity and foliar application of anti-stress compounds on net photosynthesis rate (Pn),
Transpiration rate (Tr), Stomatal conductance (SC), Quantum yield of PSII (QY PSII) and DPPH radical scavenging (DPPH) in potato.

Irrigation salinity              Anti-stress                   Pn                    Tr                       SC                        SC                  QY PSII               DPPH 
(dS.m–1)                            compounds           (µmol CO2         (mmol               (mmol                 (mmol                                      (Ascorbate 
                                                                            m–2 s–1)          m–2 s–1)            m–2 s–1)              m–2 s–1)                                     mg g–1 FW)

Non-saline (0.3)                               Control                            6.49                        1.95                           25.1                             25.1                           0.548                         1.833
                                                        Nano-NaSiO3                       5.13                        1.77                           17.8                             17.8                           0.530                         2.805
                                                               K2SO4                              7.59                        1.48                           29.7                             29.7                           0.453                         2.035
                                                                SiO2                               6.10                        1.82                           24.4                             24.4                           0.565                         1.921
5                                                           Control                            6.09                        1.51                           16.6                             16.6                           0.343                         2.149
                                                        Nano-NaSiO3                       4.86                        1.71                           19.2                             19.2                           0.491                         1.716
                                                               K2SO4                             11.60                       2.84                           23.6                             23.6                           0.466                         1.963
                                                                SiO2                               6.14                        1.39                           20.2                             20.2                           0.471                         2.824
8                                                           Control                            6.28                        1.66                            8.5                               8.5                            0.410                         1.043
                                                        Nano-NaSiO3                       8.11                        2.08                           19.6                             19.6                           0.488                         2.434
                                                               K2SO4                              8.14                        1.57                           20.3                             20.3                           0.542                         2.261
                                                                SiO2                               9.60                        2.04                           23.3                             23.3                           0.477                         2.050
12                                                         Control                            5.13                        0.95                           16.6                             16.6                           0.299                         2.190
                                                        Nano-NaSiO3                       5.95                        0.76                           17.4                             17.4                           0.447                         2.404
                                                               K2SO4                              4.11                        0.65                           17.4                             17.4                           0.547                         2.222
                                                                SiO2                               6.96                        0.89                           19.8                             19.8                           0.514                         2.248

LSD (0.05)                                                          2.34                        0.48                            7.4                               7.4                            0.125                         0.767
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not affected by silica and K2SO4 compounds in non-stress condi-
tions, but an increase of 53% was observed in sodium silicate
nanoparticles application compared to control. No significant dif-
ference was found between anti-stress compounds and control
according to DPPH radical scavenging activity in salinity level of
5 dS.m–1, but the difference among the three compounds was sig-
nificant in a way that DPPH radical scavenging activity of the sil-
ica treated leaves was higher than K2SO4 and sodium silicate
nanoparticles (Table 2). The effective role of foliar application of
anti-stress compounds on DPPH radical scavenging activity was
quite evident in salinity level of 8 dS.m–1 and 2.3, 2.2 and 2 times
increase was observed in sodium silicate nanoparticles, K2SO4 and
silica, respectively compared to control. But, in salinity level of 12
dS.m–1, despite the high DPPH radical scavenging activity of anti-
stress compounds, no significant difference was observed between
these treatments and control (Table 2).

Data on the photosynthesis parameters revealed that despite
leaf area was severely affected by salinity, but photosynthesis per
leaf area unit (data not shown) was not impressively declined.

Since increment of leaf thickness specially in parenchyma tis-
sues is one of the strategies inhibiting the destruction of leaf pho-
tosynthesis structure (Gao et al., 2015), it seems that in the present
study, increasing the density of cells containing photoreceptor pig-
ments in leaf cross section has led to photosynthesis stability in
leaf area unit in a large extent. Also, it has been mentioned that
potassium contributes to enzyme proteins production (Hasegawa et
al., 2000; Shabala and Cuin, 2007) through synergistic absorption
of macro elements in stress conditions (Kaya et al., 2001; Shabala
and Cuin, 2007). So it seems that partly positive influence of
K2SO4 on leaf photosynthesis especially in 8 dS.m–1, is due to the
indirect effect of potassium through production of enzymes
involved in photosynthesis. Although, presence of sulphur in this
compound possibly has positive effect on plant criteria, but regard-
ing the bold role of potassium as an anti-stress element, the posi-
tive effects of K2SO4 is greatly attributed to this element.
Generally, in the present study, application of the two silicon com-
pounds had little effects on net photosynthesis rate of potato.
However, the results of the previous studies indicated the effective

role of silicon on this parameter in several plants e.g. maize (Zea
mays L.) (Sattar et al., 2016), tomato (Solanum lycopersicum)
(Haghighi and Pessarakli, 2013; Silva et al., 2012) and pepper
(Capsicum annum L.) (Lobata et al., 2009).

Potato leaf transpiration and stomatal conductance were
decreased as salinity level increased independent of the anti-stress
compounds used. Similar results have been reported on different
plants in stress conditions (Silva et al., 2012; Haghighi and
Pessarakli, 2013; Sattar et al., 2016). It is accepted that in saline
conditions, leaf stomata are closed due to secondary drought stress
caused by higher soil water potential, resulting in reduced leaf
transpiration, stomatal conductance and finally plant water loss
(Degl’Innocenti et al., 2009; Hashemi et al., 2010; Shen et al.,
2010). As the results of the present study showed, transpiration
was more affected than stomatal conductance by salinity stress in
all salinity levels especially 12 dS.m–1. Since stomata ability is of
high paramount importance in gas exchange specially CO2 to sup-
ply photosynthesis precursor, so non-significant effect of salinity
on photosynthesis could be partly attributed to maintenance of leaf
stomatal conductance. Also, the increment of instantaneous WUE
was not unexpected regarding little changes in photosynthesis and
50 - 60% reduction of leaf transpiration in anti-stress treated leaves
in salinity level of 12 dS.m–1 (Figure 2, Table 3). Researchers have
stated that under stress conditions, changes such as increasing the
thickness of the leaf parenchyma tissue and leaf cuticle layer along
with leaf area reduction occur which increases WUE to improve
biomass production, despite many of the yield attributed parame-
ters are declined (Hasegawa et al., 2000).

Reduction of quantum yield of PSII with increasing salinity
level compared to control, indicates the negative effect of salinity
stress on photoreceptor centres (Hasegawa et al., 2000; Al-
Aghabary et al., 2004). This reduction seems to be the result of the
effect of secondary oxidative stress caused by salinity stress on
electron transport chain and its protein centres (Hasegawa et al.,
2000; Yousef et al., 2015) inhibiting energy received transfer from
photoreceptor centres to electron transport chain and their destruc-
tion through a negative feedback, all resulted in quantum yield
reduction of PSII. Unlike, this parameter remained stable in all
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Figure 2. Effect of irrigation salinity on water use efficiency (A) and membrane stability index (B) of potato leaf.
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spraying treatments and salinity levels, improvement of quantum
yield of PSII as a result of potassium and silicon application is
shown in other studies (Al-Aghabary et al., 2004; Degl’Innocenti
et al., 2009; Sattar et al., 2016). Also, increment of DPPH radical
scavenging activity as an indicator of total antioxidant capacity in
leaves treated with all three compounds of K2SO4, Sodium silicate
nanoparticles and SiO2 specially in salinity levels of 8 and 12
dS.m–1, indicates that improvement in plant defence system as a
result of anti-stress compounds application has led to an increased
capacity to remove free oxygen radicals and reduced salinity-
induced oxidative stress in a way that photoreceptor centres and
quantum yield of PSII had not been affected by salinity.

Despite cell membrane stability of potato leaves was not
affected by anti-stress compounds application, salinity and their
interaction (data not shown). But, this parameter was significantly
decreased as salinity level increased, reaching to the lowest level
in salinity levels of 8 and 12 dS.m–1 (Figure 2B). Reduction of cell
membrane stability in stress conditions has been attributed to an
increase in lipid peroxidation of cell membrane (Hasegawa et al.,
2000; Kaya and Higgs, 2001; Shabala and Cuin, 2007; Gao et al.,
2015).

In non-stress conditions when K2SO4 and sodium silicate
nanoparticles were applied, chlorophyll a and b content in potato
leaves was significantly increased compared to control in a way
that an increase of 50 and 52% was found in total pigments con-
centration under two mentioned anti-stress treatments while no
significant effect was found on leaf carotenoids content in non-
stress conditions (Table 3). Also, no significant difference was
found among spraying treatments in non-stress conditions accord-
ing to chlorophyll a to b ratio due to the similar changes of chloro-
phyll a and b. In salinity level of 5 dS.m–1, chlorophyll a, b,
carotenoids content and total pigments concentration was higher
than non-stress conditions while lower means of these parameters
was found when anti-stress compounds were applied.

No significant difference was observed among anti-stress com-
pounds and control according to Chl a/b (Table 3). In salinity level
of 8 dS.m–1, only the effect of sodium silicate nanoparticles was
significant on carotenoids content and Chl a/b and in salinity level
of 12 dS.m–1, only carotenoids content of SiO2 treated leaves was

significantly higher than the other anti-stress compounds treat-
ments which led to the significant increase in total pigments con-
centration (TPC) of this treatment compared to control (Table 3).

The increase in Chl a/b and TPC of control under saline condi-
tions is in consistence with data on photosynthesis stability (Tables
2 and 3) and approved the more concentrated parenchyma chloro-
phyll containing cells in leaf area unit which confirmed the previ-
ous study by Gao et al. (2015) on potato plantlets in saline envi-
ronment.

In this study, two silicon containing treatment had significant
and positive effects on traits related to photosynthesis pigments
which showed the results of the others researchers (Al-Aghabary et
al., 2004; Lobata et al., 2009; Silva et al., 2012; Haghighi and
Pessarakli, 2013) while K2SO4 was not considered as an appropri-
ate treatment. The effect of sodium silicate nanoparticles on TPC
was significant in non-saline conditions and salinity level of 8
dS.m–1 while the positive effect of SiO2 was found in the highest
salinity level (12 dS.m–1). The more effectiveness of nanoparticles
compared to the common form has been attributed to their unique
features, reactivity and transfers in plant tissues (Haghighi and
Pessarakli, 2013; Ruffini and Cremonini, 2009). Reduction of TPC
in leaves treated by nanoparticles compared to SiO2 in 12 dS.m–1

may be possibly due to the presence of Na which had increased the
pressure on leaves in high saline conditions. On the other hand, it
may be possible that nanoparticles act as the secondary stress
inducers due to their higher biological activity and permeability in
plant tissues which along with vulnerability and lack of biochemi-
cal coherence and desirable cell structure, leads to defective in
potato function in higher salinity levels.

Potato tuber number per plant was affected by irrigation water
salinity and anti-stress compounds in a way that this parameter was
decreased in anti-stress treatments compared to control and the low-
est tuber number was found in application of sodium silicate
nanoparticles (Figure 3). But, the positive effect of silicon contain-
ing compounds was revealed in saline conditions so that in salinity
level of 5 dS.m–1, the highest number of tubers was observed in
these treatments. Despite the positive effects of anti-stress com-
pounds were severely decreased as salinity level increased, but
application of sodium silicate nanoparticles resulted in higher tuber

                   Article

Table 3. Interaction effects between irrigation salinity and foliar application of anti-steress compounds on concentration of Chlorophyll
a (Chl a), Chlorophyll b (Chl b), Carotenoids (Cart), Total pigments (TPC) and Chlorophyll a/b ratio (Chl a/b) at potato.

Irrigation salinity             Anti-Stress                       Chl a                         Chl b                         Cart                            TPC                Chl a/b
(dS.m–1)                            compounds                 (mg g–1 FW)            (mg g–1 FW)           (mg g–1 FW)              (mg g–1 FW)               

Non-saline (0.3)                              Control                                     0.835                                  0.447                                 0.157                                    1.440                         1.86
                                                       Nano-NaSiO3                               1.301                                  0.658                                 0.199                                    2.157                         1.98
                                                             K2SO4                                      1.320                                  0.721                                 0.144                                    2.185                         1.81
                                                               SiO2                                        0.912                                  0.492                                 0.144                                    1.548                         1.85
5                                                          Control                                     1.015                                  0.530                                 0.171                                    1.716                         1.90
                                                       Nano-NaSiO3                               0.957                                  0.492                                 0.157                                    1.606                         1.97
                                                             K2SO4                                      0.668                                  0.412                                 0.098                                    1.178                         1.64
                                                               SiO2                                        0.535                                  0.335                                 0.089                                    0.960                         1.60
8                                                          Control                                     1.125                                  0.595                                 0.193                                    1.913                         1.88
                                                       Nano-NaSiO3                               1.453                                  0.645                                 0.274                                    2.373                         2.25
                                                             K2SO4                                      1.131                                  0.610                                 0.204                                    1.945                         1.85
                                                               SiO2                                        1.057                                  0.544                                 0.199                                    1.799                         1.94
12                                                        Control                                     1.063                                  0.564                                 0.169                                    1.796                         1.93
                                                       Nano-NaSiO3                               0.807                                  0.466                                 0.102                                    1.376                         1.73
                                                             K2SO4                                      1.196                                  0.604                                 0.203                                    2.003                         1.98
                                                               SiO2                                        1.385                                  0.720                                 0.239                                    2.343                         1.92

LSD (0.05)                                                                  0.381                                  0.175                                 0.056                                    0.587                         0.31
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number per plant (Figure 3). Unlike the reduction of tuber number
in anti-stress treatments in non-stress conditions, tuber yield not
only did not decrease, but also increased in application of sodium
silicate nanoparticles and SiO2 compared to control (Figures 3 and
4). So, it could be concluded that in non-stress conditions, tuber
weight was positively affected by silicon containing compounds in
such a way that tuber yield increased despite, tuber number
decreased. Different results were found in saline conditions and
more severe reduction of tuber yield compared to tuber number was
found in all salinity levels (Figures 3 and 4), which was due to the
lower tuber weights. Moreover, in salinity level of 5 dS.m–1, tuber

yield was significantly affected by both sodium silicate nanoparti-
cles and SiO2 while in higher salinity levels, the only positive effect
was found in sodium silicate nanoparticles (Figure 4).

Since in this study, salinity levels were higher than potato
salinity tolerance threshold, reduction of yield and yield compo-
nents was not unexpected. Yield reduction of different crop species
in stress conditions also has been indicated in studies by Sattar et
al. (2016) and Yousef et al. (2015). Similar to photosynthetic pig-
ments and quantum yield of PSII, the more positive effects of sodi-
um silicate nanoparticles was found on tuber number and yield
compared to the other compounds. So, it seems that positive effects
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Figure 3. Effects of irrigation salinity and anti-stress compounds on potato tuber number per plant.

Figure 4. Effects of irrigation salinity and anti-stress compounds on potato tuber yield.
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of sodium silicate nanoparticles during growth season coincided
with the determination period of number and size of sink, has final-
ly increased potato yield.

Despite application of potassium for tuber yield improvement
in stress conditions has been suggested in previous studies, but in
the present study, foliar application of K2SO4 did not affected pota-
to yield neither in non-stress nor in stress conditions, it seems that
due to the high amount of potassium in field soil (Table 1).

Little effects of salinity and anti-stress compounds was found
on potato tuber dry matter in a way that only 2% increase of this
parameter was observed in application of sodium silicate nanopar-
ticles and SiO2 in non-stress conditions. Also, under stress condi-
tions, application of the two mentioned compounds increased tuber
dry matter in most levels of salinity stress while potassium appli-
cation increased dry matter only in salinity level of 5 dS.m–1

(Figure 5). In all spraying treatments, tuber dry matter increased as
salinity level increased to 8 dS.m–1, but in the highest salinity
level, tuber dry matter decreased in all spraying treatments except
sodium silicate nanoparticles.

It seems that increasing salinity followed by greater (more
intense) soil matric potential induced by irrigation water salts, has
decreased water content of tubers which may be due to the inability
of the roots adjacent to the tubers in water supply for tubers or
direct effects of saline soil in contact with the tubers. Also, increase
in thickness of the tubers skin as a protective strategy in stress con-
ditions (Konstankiewicz and Zdunek, 2001) may be another effec-
tive factor in increment of skin thickness of tubers as well as tuber
dry matter.

Conclusions
Generally, results of the present study indicated that salinity

stress did not have impressive effects on photosynthesis per leaf
area unit and even TPC was increased in leaf weight unit in stress
conditions. But, transpiration, stomatal conductance, quantum

yield of PSII, cell membrane stability index, carotenoids content,
tuber number per plant and tuber yield were reduced under saline
conditions while instantaneous WUE and tuber dry matter percent-
age were increased. Foliar application of anti-stress compounds
lowered the effects of salinity on quantum yields of PSII,
carotenoids content, DPPH radical scavenging activity, tuber num-
ber per plant, tuber yield and tuber dry matter percentage. All three
anti-stress compounds used in this experiment positively affected
biochemical and photosynthetic criteria, but effect of silicon con-
taining compounds specially sodium silicate nanoparticles was
more relevant in terms of yield attributed criteria. Also, K2SO4 had
the lowest effect on the studied criteria with no significant effect
on tuber yield. According to the results of this experiment, it could
be concluded that silicon application may be an effective strategy
in reducing salinity effects in saline conditions and more efficiency
will be achieved by using this element as nanoparticles.
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