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Background: Salinity is one of the most prevalent abiotic stresses which adversely affect plant growth,
yield, and fruit quality by restricting water uptake and disrupting metabolic activities. Nitric oxide
(NO) can be used to alleviate the adverse effects of salinity stress on plant growth and yield; however,
limited knowledge is available on the frequency of NO application. There are limited studies on determin-
ing frequency of NO application to alleviate adverse effects of salinity stress on plant growth.
Methods: This study was conducted to determine the frequency of NO application and associated impacts
on pepper growth under salinity stress. The plants were grown in perlite medium and irrigated with a
nutrient solution having 0 and 100 mM NaCl salinity. Salinity stress was imposed one month after plant-
ing, and simultaneously 2 mM silicon (Si) and 100 lMNOwere applied at 0-, 7-, 14- and 28-days interval
after imposing salinity.
Results: Yield and plant growth were reduced by salinity stress, whereas proline and MDA (malondialde-
hyde) in the leaves were increased. The Si application increased stem diameter and dry weight, whereas
decreased plant height and root length. Furthermore, Si application decreased stomatal conductivity
under salinity-free conditions, while increased it under salinity stress. Application of NO at 7- and 14-
days interval increased most of the studied traits, whereas decreased plant height, leaf dry weight, stom-
atal conductivity, and proline content.
Conclusions: While nitric oxide applied at 7-day intervals decreased marketable yield, application at 14-
day intervals increased it by �16.5%. Based on the results, it is thought that weekly application of Si and
NO application at 14-days interval could increase marketable yield of pepper under saline environments.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Salinity is one of the most devastating abiotic stresses that limit
plant growth and yield, particularly in arid and semi-arid climates.
Like all crop plants, pepper’ growth is adversely affected by various
abiotic stresses. Various stresses (biotic or abiotic) alter metabolic
functions of plants, and reduce their growth, development, and
yield. Soil salinity increases osmotic pressure in the rhizosphere
layer; thus, plants experience physiological drought and resul-
tantly their growth is inhibited (Farooq et al., 2018a). In addition,
Na and Cl ions taken up in excess from saline soils cause ion imbal-
ance, prove toxic and cause nutritional imbalances due to their
antagonistic effect (Munns and Termaat, 1986; Lauchli, 1986;
Farooq et al., 2018b). Soil salinity is an important problem in arid
and semi-arid climatic regions, and it is constantly increasing
around the world (Kantar and Elkoca, 1998). The ability of plants
to continue their normal growth development can be ensured by
eliminating the stress factors that exert adverse effects on growth
(Farooq et al., 2017; Onen et al., 2017). Breeding salt-tolerant
plants, and low-salt water source along with drainage to remove
the salts from root zone are the possible solutions of salinity; how-
ever, both are time-consuming and expensive. Doğru and Canavar
(2020) reported that various phytohormones are used to reduce
the negative effects of salinity stress on plant growth. In the recent
years, studies have been focused on the use of external applica-
tions of various compounds (hormones, amino acids, minerals,
etc.) to alleviate the negative impacts of salinity stress in plants.
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Nitric oxide (NO) and silicon (Si) are among these compounds
which have been used to improve salinity tolerance of plants
(Ijaz et al., 2021).

The positive and negative effects of NO on plants have been
reported in several studies during recent years (Bolwell, 1999;
Beligni and Lamattina, 2001; Wendehenne et al., 2001; Lamattina
et al., 2003; Neill et al., 2003). The NO is synthesized in plants
through biochemical and molecular mechanisms (Del Rio et al.,
2004). Nitric oxide is accepted as an important signaling molecule
since it initiates various physiological reactions in plants. It is
known to have important contribution in plant development from
seed to fruit ripening. However, NO is produced in different organs,
depending on plant species, severity of salinity and temperature
stresses, and nutrient deficiency. It has been proven that NO is a
very active molecule, which biologically protects plants from the
damage caused by oxidative stress. The NO can exert both benefi-
cial and harmful effects on plant cells depending on its amount of
application. Nitric oxide is involved in mitochondrial and chloro-
plast functions in mature cells, cell wall lignification (Ferrer and
Ros-Barceló, 1999), iron deposition and ion regulation in cells
(Garcia-Mata et al., 2003). It plays an important role in the regula-
tion of plant metabolism and transformation of plant leaves from
green to yellow and from yellow to purple (senescence), promotion
of cell death (Pedroso et al., 2000), and opening and closing of
stomata (Garcia-Mata and Lamattina, 2007; Guo et al., 2003;
Sakihama et al., 2003; Bright et al., 2006). Nabi et al. (2019)
reported that external application of NO-donors ameliorated nega-
tive effects of stress on plants and increased antioxidant activity.
Likewise, Hajihashemi et al. (2020) reported that pre-treatment
of Chenopodium quinoa (quinoa) seeds with sodium nitroprusside
(SNP), H2O2 and CaCl2 lowered the negative effect of salt stress
on seed germination.

Silicon, on the other hand, is a versatile and useful element
whose importance in plants has not been sufficiently understood
(Takahashi et al., 1990; Singh et al., 2005). There has been world-
wide interest in Si in recent years as it positively affects the devel-
opment processes of plants. Sistani et al. (1997) and Ma (2004)
observed that Si protects plants against abiotic and biotic stresses
and increases their development under extreme climatic condi-
tions (such as high temperature, drought). Tomatoes and cucum-
bers accumulate <1% Si in their tissues. Tomatoes and cucumbers
continue their healthy growth under normal growing conditions;
however, utilize Si to grow normally on the onset of any stress.
The vital activities of the plants may be disrupted if Si is deficient
in the environment under stressful environments. Silicon amelio-
rates the stress effects on photosynthesis by protecting photosyn-
thetic machinery and its functions (Rastogi et al., 2021). Silicon
increases plant’s resistance to salt and drought stress by support-
ing photosynthesis, regulating osmotic adjustment capacity,
reducing transpiration, increasing antioxidant capacity and elimi-
nating toxic ions (Chen et al., 2018). The Si is in the dormant struc-
ture in the plants and transported to upper leaves by transpiration.
Silicon transported to the upper leaves by transpiration accumu-
lates under the cuticle, making the leaves stand upright, increasing
photosynthetic activity and improving transpiration. The Si accu-
mulation in leaves and stem helps to strengthen the cell wall and
provides a hardening effect. Silicon also reduces transpiration;
thus, enables plants to gain resistance against low and high tem-
peratures, drought stress, radiation, and UV stress. Fauteux et al.
(2005) reported that Si reduces the incidence and degree of disease
infestation in plants. However, the protective effect of Si on plants
has not been fully understood (Currie and Perry, 2007). Ahmad
et al. (2021) and Liu et al. (2020) reported that Cd and As applica-
tions negatively affected plant growth in Brassica juncea and maize,
respectively, and this negative effect decreased with the combined
application of NO and Si.
2

Orosco-Alcalá et al. (2021) reported that pepper plants are sen-
sitive to salinity and biomass production decreases by 14% for each
unit increase in EC. Similarly, the researchers stated that pepper
plants can die if subjected to high salinity for a long time, also high
salinity increases the blossom end rot and reduces the fruit quality.

Climate scientists predict that global warming and climate
change would decrease clean water resources, resulting in
increased salinity in coastal areas. Therefore, use of salt water will
become necessary in crop production to ensure food security of
increasing global population. Therefore, current study investigated
the possible role of NO and Si in alleviating the adverse effects of
salinity stress on growth and development of pepper. The impact
of NO and Si applications on plant growth, yield and some bio-
chemical parameters was evaluated. It was hypothesized that NO
and Si application would reduce the negative impacts of salinity
stress on plant growth, yield, and biochemical parameters.
2. Materials and methods

2.1. Experiment details

The experiment was carried out in an unheated greenhouse
with polycarbonate cover (heated only on frosty days) and a soil-
less production system during 2019. The ‘Mert F1’ pepper variety
was used as plant material in the study. The variety is early and
suitable for greenhouse and moderately tolerant to salinity. Perlite
was used as growing medium in the experiment. Perlite was filled
in 8-liter plastic pots and 1 pepper seedling was transplanted in
each pot. Pots were placed in the greenhouse 120 cm apart from
each other. The plants were planted on 23.09.2019 and the exper-
iment was terminated on 08.02.2020.

All plants were treated equally till 30 days after planting and
watered with the same nutrient solution to ensure a healthy adap-
tation. At the end of adaptation period, only nutrient solution was
applied to the control pots, whereas nutrient solution + 100 mM
NaCl solution was applied to the pots subjected to salinity stress.
Salinity was increased by 25 mM daily and reached 100 mM at
the end of the 4th day to prevent sudden shock to the plants.
The Si and NO were also applied to the roots with 100 lM SNP
(sodium nitroprusside) for 0, 7, 14 and 28 days and 2 mM Si nutri-
ent solution was applied once a week. Diseases and pests were
controlled by recommended plant protection measures throughout
the experiment. All pots received the equal amount of irrigation.
The irrigation amount was determined according to the drainage
volume. To prevent excessive salt accumulation in soilless agricul-
ture, 20–25% of the given nutrient solution must be drained. For
this purpose, 3 pots were separated for each treatment (salt:
0 mM, Si: 0 mM and NO: 0 days) and water was given until 20–
25% of it drained, and the amount of irrigation water was deter-
mined (Soylemez et al., 2020). The amount of irrigation water
determined was measured in a graduated measuring cylinder
and applied to other plants.

The nutrient solution recommended by Cokuysal et al. (2016)
was used in the experiment. The nutrient solution consisted of
15.5 mM NO3, 1.25 mM NH4, 6.5 mM K, 1.5 mM Mg, 4.75 mM
Ca, 30 lM BO3, 0.75 lM Cu, 5 lM Zn, 0.5 lM Mo, 10 lM Mn,
and 15 lM Fe. The EC of the nutrient solution was adjusted to
2.25 dS m�1, while pH was adjusted to 5.8–6.5 using nitric acid.
2.2. Measurements

Plant height was measured from media surface and the growth
tip with a measuring tape. Stem diameter was measured from 1 to
2 cm above the growth media level using a digital vernier caliper.
Leaf area of the harvested at the end of the experiment were deter-
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mined using the ‘‘Imagej” computer program (Easlon and Bloom,
2014).

Leaf, stem, and root were placed separately in paper bags, dried
in an oven at 65 �C until constant weight, dry weights were deter-
mined on a precision scale. Total biomass was determined by add-
ing root, stem, and leaf dry biomass.

A portable chlorophyll meter (Minolta SPAD-502) was used to
determine chlorophyll index values of leaves. The chlorophyll
index was determined by reading 6 fully developed young leaves
per plant. Stomatal conductance was determined in mmol m�2 s�1

using leaf porometer (Decagon Devices. Inc. Pullman, USA) in
young leaves that have completed their development at noon
(Ghimire et al., 2018).

The 0.5 g of fresh leaves were kept in 20 ml distilled water at
40 �C for 30 min and the EC1 value of the solution was measured.
Afterwards, the same samples were kept at 100 �C for 10 min and
the EC2 value of the solution was determined after they came to
room temperature. Membrane stability (MS) of plants was calcu-
lated with the following formula of Premchandra et al. (1990).

Membran stability ¼ EC1
EC2

� 100

Proline contents were determined according to Bates et al.
(1973). To prepare an acid-ninhydrin mixture, 1.25 g of ninhydrin
was dissolved in 30 ml of glacial acetic acid and 20 ml of 6 M phos-
phoric acid. Leaves weighing 0.5 g were homogenized in 10 ml of
3% sulfosalicylic acid and passed through Whatman No. 2 filter
paper after homogenization. The homogenized samples were
transferred into a 2 ml sieve tube to which 2 ml glacial acetic acid,
2 ml acid ninhydrin, and 4 ml Toluene was added, and left at 100 �C
water bath for 1 h, and the reaction was terminated in ice. The
upper phase was taken, and the absorbance was measured the
toluene control at a wavelength of 515 nm in the spectrophotome-
ter. A pre-prepared L-Proline solution was used as a standard.

Marketable fruits were weighed at green stage and marketable
yield per plant was calculated. Mean fruit weight was calculated by
dividing the marketable fruit weight by the number of marketable
fruits.
2.3. Statistical analysis

The experiment was carried out according to factorial design
with 4 replications. The NaCl applications (0 and 100 mM) was
main factor, whereas Si (0 and 2 mM) application was sub-factor
and NO (0-, 7-, 14- and 28-day intervals) application was regarded
as sub-sub factor. Hence, the experiment consisted of (16) treat-
ments (2 � 2 � 4 = 16), each treatment was replicated four times
and each replicate was represented by a single pot. The total num-
ber of experimental units were 64. Statistical analysis of the
recorded data was carried out using analysis of variance in TARIST
4.0 statistical package. The LSD (least significant difference) post-
hoc test was applied to compare treatments’ means.
3. Results and discussion

3.1. Plat growth parameters

Salinity stress and Si applications caused significant reductions
in plant height. The plant height was decreased as the application
interval of NO. The effect of salinity stress � Si � NO interaction on
plant height was non-significant. Salinity stress significantly
decreased plant height. The application of NO at 7-day intervals
increased plant height of the plants subjected to salinity stress
with 0 mM Si application. The increased interval of NO application
decreased plant height (Fig. 1). The Si application in salinity-free
3

environment shortened plant height, while its application under
salinity stress increased plant height. In salinity stress � Si � NO
interaction, the tallest plants (114.40 cm) were obtained from
0 mM salinity, 0 mM Si and NO application at 7-day intervals,
while the shortest plants (51.10 cm) were recorded for 100 mM
salinity, 0 mM Si and NO application at 28 days interval (Fig. 1).

The decrease in plant height is a typical response of the plants
to salinity stress. The short height of the plants exposed to salinity
stress and Si can be explained with decreased chlorophyll index.
Heidari (2012) reported that a decrease in chlorophyll content
may adversely affect photosynthesis. The decreased chlorophyll
contents might have suppressed plant height by reducing the prod-
ucts of photosynthesis. In addition, plants grown under salinity
stress cannot benefit from the available water sufficiently due to
high osmotic stress. Plants that cannot benefit from the available
water close their stomata; thus, photosynthesis is adversely
affected as CO2 entry to the plant is prevented, resultantly plant
growth and development is suppressed. Furthermore, toxic levels
of Na and Cl ions accumulate in plants grown in saline conditions
resulting in inhibited growth. Similar to the current study, different
earlier studies on tomato (Soylemez and Pakyurek, 2017), pepper
(Yurtseven et al., 1996) and watermelon (Sharf-Eldin et al., 2018)
have reported a decrease in plant height under as a result of salin-
ity stress. Cengiz (2017) reported that NO did not increase plant
height of pepper. The results of the current study on plant height
are similar to Cengiz (2017).

Salinity stress, Si and NO significantly altered stem diameter
(Fig. 1). While salinity stress decreased stem diameter, Si and NO
applications increased it. The interactive effects of salinity
stress � Si � NO on stem diameter were significant (Fig. 1). The
stem diameter of the plants grown in saline conditions was signif-
icantly reduced compared to those grown in salinity-free environ-
ment. Generally, Si applications under saline and non-saline
conditions increased stem thickness of the plants. The stem diam-
eters of the NO-treated plants were thicker than the plants receiv-
ing no NO application. The highest stem diameter (11.41 mm) was
recorded for the plants grown under 0 mM salinity, 0 mM Si, and
NO application every 7 days. The lowest stem diameter (8.24 and
8.25 mm) was recorded for the plants grown under 100 mM salin-
ity, 0 mM Si and no NO application and 100 mM salinity and 2 mM
Si application.

Yakit and Tuna (2006) reported decrease in stem diameter of
maize plants in response to salinity. Kiran et al. (2019) observed
that stem diameter of eggplant plant grown under salinity and
drought stress decreased compared to the control plants. It has
been reported that Si application increased stem diameter of
lamb’s lettuce (Valerianella locusta L.) under salinity stress com-
pared to no Si application (Oztekin and Tutal, 2021). It is evident
that salinity stress prevented plant growth and reduced stem
diameter. The findings of our study are in agreement with the
results of several previous studies.

Analysis of variance revealed that the effect of salinity stress
and Si application on root length was significant, while NO
remained non-significant in this regard (Fig. 2). Salinity and Si
applications decreased root length. Application of NO every 14 days
increased root length; however, the effect was non-significant.

The interactive effects of salinity stress � Si � NO on root length
was significant (Fig. 2). The plants grown under salinity-free condi-
tions, no Si application and NO application at 28 days interval
resulted in deeper penetration of roots, while the NO application
at 0- and 14-days interval under no salinity 0- and 2-mM Si appli-
cation resulted in longer roots. The root length of the plants sub-
jected to salinity stress was generally increased with Si
applications. The NO application at 14 days interval had significant
effect on the plants grown under salinity stress and 0- and 2-mM Si
application. The highest root length (45.50 cm) was recorded for



Fig. 1. The impact of individual and interactive effects of Si and NO applications on plant height and stem diameter of pepper grown under salinity stress. The means having
different letters are statistically different from each other (p < 0.05) (n = 4). LSD for plant height: NaCl = 3.817, Si = 3.817, NO = 5.428, NaCl � Si � NO = non-significant, LSD for
stem diameter: NaCl = 0.199, Si = 0.199, NO = 0.281, NaCl � Si � NO = 0.5612.

Fig. 2. The impact of individual and interactive effects of Si and NO applications on root length and leaf area of pepper grown under salinity stress. The means having different
letters are statistically different from each other (p < 0.05) (n = 4). LSD for root length: NaCl = 1.575, Si = 1.172, NO = non-significant, NaCl � Si � NO = 3.372, LSD for leaf area:
NaCl = 159.499, Si = 118.731, NO = non-significant, NaCl � Si � NO = non-significant.
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the plants grown under 0 mM salinity, 0 mM Si and NO application
at 28 days interval, while the lowest value (34.53 cm) was noted
for the plants grown under 100 mM salinity, 0 mM Si and NO appli-
cation at 7 days interval.

It has been observed that the root depths of the plants exposed
to salt stress were less. Baran et al. (1996) on pepper, Akinci et al.
(2004) on eggplant, Sekmen et al. (2005) in tomato plant and Aktas
and Kilic (2013) in soybean reported a decrease in root length
under saline environments like our study.

Salinity stress and Si applications had significant effect on leaf
area, while NO applications remained non-significant (Fig. 2).
Salinity stress and Si applications reduced the leaf area by 77.38%
and 19.02%, respectively. The application of NO every 7 days
increased leaf area by 6.38% compared to the control.

The interactive effect of salinity � Si � NO was non-significant
for leaf area (Fig. 2). The plants NO application at 7-day intervals to
the plants grown under 0 Mm salinity and Si application observed
an increase in leaf area compared to the control group, while a
decrease was recorded when NO was applied at 14 and 28-day
intervals. Likewise, Si applications leaf area of the plants grown
under salinity-free environments; however, NO application in
addition to Si increased leaf area. Leaf area generally decreased
with the imposition of salinity stress. The highest leaf area
(1302.77 cm2) was noted for the plants grown under 0 mM salinity
and Si and NO application at 7-day intervals, while the lowest leaf
area (101.29 cm2) was recorded for the plants grown under
100 mM salinity, 0 mM Si and NO application at 28 days interval.

Plants grown in saline environments experience physiological
drought due to high osmotic pressure in the soil. In other words,
although there is water in the environment, the plant cannot ben-
efit from it due to the high osmotic pressure. Plants reduce their
leaf area to adapt the saline environments. Kaya and Dasgan
(2013) reported that total leaf area of beans decreased with
increasing salinity. Similarly, Aksoy (2019) reported decreased leaf
area of tomato, Bora (2015) for pepper and Sharf-Eldin et al. (2018)
for watermelon. The findings of our study and the results of these
researchers are in line with each other.
3.2. Biomass production

Salinity stress and NO applications had significant effect on leaf
dry weight, while Si application had non-significant effect (Fig. 3).
While salinity reduced dry weight of leaves by 73.22%, there was
no significant difference between Si applications. Nitric oxide
applications, on the other hand, decreased leaf dry weight.

Regarding salinity � Si � NO interaction (Fig. 3), application of
NO at 7- and 14-day intervals decreased leaf dry weights, while NO
application every 28 days increased dry weight of the leaves. Si
application in salt-free environment decreased leaf dry weight,
while its application in saline environment increased leaf dry
weight. Increased interval of NO application under saline condi-
tions decreased leaf dry weight. While the highest leaf dry weight
(8.67 g plant�1) was recorded for the plants grown under 0 mM
salinity, 2 mM Si, and NO application every 7 days, the lowest
(0.98 g plant�1) was recorded under 100 mM salinity, 2 mM Si,
and NO application at 28 days interval.

The results of the current study indicated that Si application
alleviated the negative effects of salt stress. Other researchers
working on different plants also reported decrease in leaf dry
weight under salinity stress (Yurtseven et al., 1996; Bora, 2015).
Cengiz (2017) applied three different doses of NO donor SNP to
pepper plants and reported that 1 to 100 lM applications reduced
leaf weight compared to the control, while 0.01 lM SNP applica-
tion was in the same statistical class as the control. The results of
the researchers and the findings of current study show similarities.
5

Salinity stress and Si application significantly altered shoot dry
weight, while NO supplication has non-significant impact in this
regard (Fig. 3). Shoot dry weight of the plants grown in saline con-
ditions decreased compared to control plants. Silicon application
significantly increased shoot dry weight.

The interactive effect of salinity stress, Si and NO application
was significant for shoot dry weight. The plants grown under
0 mM salinity, 2 mM Si and NO application at 7-days interval
recorded a significant increase in shoot dry weight (Fig. 3). Silicon
application under salinity-free environment generally decreased
shoot dry weight, while its application under saline environment
alleviated the adverse effects of salinity stress and increased
shoot dry weight. The increasing interval of NO application under
saline environment resulted in a linear reduction of shoot dry
weight.

Several earlier studies have determined that salinity stress
results in the necrosis of older leaves and decreased fresh and
dry weights of the plants (Dasgan et al., 2002; Demir, 2009; Akay
Rastgeldi et al., 2014). On the other hand, Khan et al. (2019) stated
that Si application can reduce negative effects of salinity by regu-
lating the antioxidant defence system; thus, reducing lipid peroxi-
dation and ultimately protecting membrane integrity and
decreasing plasma membrane permeability. Similarly, high Na+

concentration causes excessive production of ROS in plants, nega-
tively affects plant growth and metabolism, but Si application
reduces Na+ accumulation (Khan et al., 2019).

Salinity stress and NO application had significant effect on root
dry weight, whereas Si application remined non-significant (Fig. 4).
Root dry weight of the plants grown in saline conditions decreased
by 69.77% compared to the control. Silicon applications increased
root dry weight in a non-significant manner, while NO application
every 7 days significantly increased root dry weight. Extending NO
application interval decreased root dry weight.

The interactive effect of salinity stress, Si and NO application
was significant for root dry weight. Nitric oxide and Si application
generally increased root dry weight. The plants receiving no salin-
ity and Si produced the highest root dry weight with NO applica-
tion every 28 days, while NO application at 7-day intervals with
2 mM Si under salinity-free environment resulted in the highest
root dry weight. While Si application in saline environment
increase root dry weight with NO at 0-day interval, it decreased
it in other NO applications. Root dry weight decreased as NO appli-
cation interval increased in saline environment.

The studies conducted on melon, pepper and tomato reported a
significant decrease in dry weight of plants with increasing salinity
(Chartzoulakis and Klapaki, 2000; Debouba et al., 2006; Soylemez
et al., 2017). Silicon applied to maize grown under salt stress
increased root dry weight (Rohanipoor et al., 2013). The findings
of the above researchers support the results of current study.

Salinity stress had significant effect on total plant biomass,
whereas Si and NO application remained non-significant (Fig. 4).
Salinity stress significantly decreased total dry biomass of the
plant, Si application increased it; however, the increase was non-
significant. Application of NO at 7-day interval increased plant
dry biomass in non-significant manner.

The interactive effect of salinity stress, Si and NO application
was significant for total plant dry weight (Fig. 4). The highest
and the lowest total plant dry biomass was recorded for the plants
grown under 0- and 100-mM salinity, respectively. Silicon
increased the total dry biomass of plants under non-saline environ-
ments. In the interactions, the highest total dry weight (33.70 g
plant�1) was recorded for the plants grown under 0 mM salinity,
2 mM Si and NO application a 7 days interval. The lowest total
plant dry biomass (5.62 g plant�1) was recorded for the plants
grown under 100 mM salinity, 0 mM Si and NO application at
28 days interval.



Fig. 3. The impact of individual and interactive effects of Si and NO applications on leaf and stem dry weight of pepper grown under salinity stress. The means having
different letters are statistically different from each other (p < 0.05) (n = 4). LSD for leaf dry weight: NaCl = 1.262, Si = non-significant, NO = 1.196, NaCl � Si � NO = 1.691, LSD
for stem dry weight: NaCl = 1.532, Si = 1.141, NO = non-significant, NaCl � Si � NO = 1.930.

Fig. 4. The impact of individual and interactive effects of Si and NO applications on root dry weight and total biomass production of pepper grown under salinity stress. The
means having different letters are statistically different from each other (p < 0.05) (n = 4). LSD for root dry weight: NaCl = 0.740, Si = non-significant, NO = 0.778,
NaCl � Si � NO = 1.558, LSD for total biomass production: NaCl = 1.816, Si = non-significant, NO = non-significant, NaCl � Si � NO = 5.102.
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Decreased dry biomass of plants under salt stress have been
attributed to the disruption of osmotic balance of NaCl ions taken
in excess to the plant body and the decrease in metabolic activity
(Giuffrida et al., 2009). The studies on tomatoes reported that salt
stress reduce plant dry weight (Aksoy, 2019). Furthermore, it has
been reported that salt stress reduced total plant dry biomass of
tomato and lamb’s lettuce (Valerianella locusta L.) grown in soilless
culture, while Si application alleviated the negative effects salt
stress by increasing plant dry weight (Oztekin et al., 2017;
Oztekin and Tutal, 2021).

Celik and Eraslan (2015) applied NO to corn plant grown under
salt stress and reported that salt stress and NO applications
reduced the dry weight of the plant. On the other hand, Kausar
et al. (2013) stated that NO applied to wheat plant under salt stress
has a positive effect on plant growth and yield. The findings
obtained in our study and the results of the earlier studies are in
line with each other.
3.3. Physiological and biochemical traits

The individual effects of salinity stress, Si and NO application
significantly altered chlorophyll index. Salinity stress and Si appli-
cations decreased chlorophyll index, whereas NO applications
increased it compared to control plants. Increasing interval of NO
application increased chlorophyll index.

The interactive effect of salinity stress, Si and NO application
was non-significant for chlorophyll index (Fig. 5). Salt stress
decreased chlorophyll index. Silicon application in salt-free envi-
ronment decreased chlorophyll index, while increased it under sal-
ine environment. Application of NO at 7 and 14-day intervals in
salt-free conditions increased chlorophyll index, while combined
application of Si and NO under salt stress decreased chlorophyll
index compared to control.
Fig. 5. The impact of individual and interactive effects of Si and NO applications on chlo
means having different letters are statistically different from each other (p < 0.05
NaCl � Si � NO = non-significant, LSD for stomatal conductance: NaCl = 11.564, Si = 11
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The highest chlorophyll index (40.27) was recorded for the
plants grown under 0 mM salinity and Si application, and NO appli-
cation 7-day intervals, while the lowest value (13.03) was obtained
for the plants grown under 100 mM salinity, 0 mM Si and NO appli-
cation at 0-day interval. It has been reported that chlorophyll and
photosynthetic pigments are damaged and the amount of chloro-
phyll decreases under salt stress (Kusvuran et al., 2008; Izci,
2009; Demirel et al., 2012). Increasing salt concentration due to
irrigation water salinity causes a decrease in the amount of chloro-
phyll (Kaya et al., 2007; Kusvuran et al., 2008). Celik and Eraslan
(2015) reported that SNP applied to maize plant under salt stress
increased chlorophyll. Similarly, Hajihashemi et al. (2021) reported
that SNP application eliminated several salt-induced adverse
effects on tissue structure and increased photosynthetic pigments,
carbohydrate and protein content, and antioxidant activity, and
ROS accumulation and lipid peroxidation under salt stress.
Rohanipoor et al. (2013) reported that salt stress decreased the
amount of chlorophyll in maize grown under salt stress; however,
Si application increased it.

Salinity stress, Si and NO application had significant effect on
stomatal conductance (Fig. 5). Salinity stress and application of Si
and NO decreased stomatal conductance. The interactive effect of
salinity, Si and NO application was also significant for stomatal
conductance (Fig. 5). The highest stomatal conductance
(319.50 mmol m�2 s�1) was noted for the plants grown under
non-saline environments, 0 mM Si application and NO application
at 0 days interval (control). The stomatal conductance decreased
under salt stress. Silicon applied in salt-free environment
decreased stomatal conductance, while increased it under salt
stress. Nitric oxide applications generally decreased stomatal con-
ductance. Stomatal conductance decreased with increasing inter-
val of NO application.

Plants experience physiological drought under salinity stress
due to high osmotic pressure of soil water and close their stomata
rophyll index and stomatal conductance of pepper grown under salinity stress. The
) (n = 4). LSD for chlorophyll index: NaCl = 1.133, Si = 1.133, NO = 1.192,
.564, NO = 18.20, NaCl � Si � NO = 27.08.
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to reduce plant water loss. Stomata closure prevent the entry of
CO2 into plant structure, which negatively affect photosynthesis,
development, and productivity of plants. Deveci and Tuğrul
(2017) investigated the effect of salt stress on leaf physiological
properties in spinach and reported that stomata were closed in
response to salinity. Avcu et al. (2013) stated that Si applied to
plants reduces stomatal conductance. Celik and Eraslan (2015)
indicated that stomatal resistance of maize plants increased with
NO application under salt stress. The results reported by the
researchers are similar to the findings of current study.

Membrane permeability was significantly affected by salinity,
while Si and NO had non-significant effect in this regard. Mem-
brane permeability of plants grown under salinity-free environ-
ments was 44.45%, whereas it increased to 54.88% in the plants
grown under salt stress. Silicon and NO applications had no effect
on membrane permeability; however, NO application at 7-day
intervals slightly increased membrane permeability.

The interactive effect of salinity, Si and NO applications signifi-
cantly altered membrane permeability (Fig. 6) Salt stress increased
membrane permeability. Silicon applied in a salt-free environment
decreased membrane permeability; however, did not cause any
change in membrane permeability under salt stress. The highest
value of membrane permeability (57%) was recorded for the plants
grown under 100 mM salinity, 2 mM Si and NO application at 7-
day intervals, while the lowest value (37%) was noted under
0 mM salinity, 2 mM Si and NO application at 28 days interval.

Kaya and Higgs (2003) noted that salt stress applied to pepper
plants disrupted cell structure. Bora (2015) reported that salt stress
increased membrane permeability in pepper. Kaya and Dasgan
(2013) reported increased membrane permeability in beans, and
Alkhatib et al. (2021) in eggplant. The results obtained in current
study are in harmony with these earlier studies.

Proline content was significantly affected by salt stress and NO
application, while Si had non-significant effect (Fig. 6). Salt stress
increased the proline content, while NO application decreased it.
Fig. 6. The impact of individual and interactive effects of Si and NO applications on mem
means having different letters are statistically different from each other (p < 0.05) (n =
significant, NaCl � Si � NO = non-significant, LSD for proline contents: NaCl = 1.879, Si
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Si applications reduced the proline content; however, the reduc-
tion was non-significant.

The interactive effect of salt stress, Si and NO application was
significant. The NO application under 0 mM salinity and Si
decreased the proline content. While NO decreased proline content
in plants grown under 100 mM salt and 0 mM Si, it increased it in
plants receiving 2 mM Si.

Various researchers working on different plants have reported
that salt stress increases leaf proline content (Celik and Eraslan,
2015). Kirecci and Yurekli (2019) observed that NaCl and NO appli-
cations in sunflower increased proline content compared to control
treatment. The results of our study show similarities with the find-
ings of earlier studies.
3.4. Marketable yield

Salt stress and NO application significantly altered marketable
yield; however, Si application had non-significant effect in this
regard (Fig. 7). Marketable yields significantly decreased in salt-
treated plants. The application of NO every 14 days increased mar-
ketable yield, while its application every 28 days was in the same
statistical group as of control plants.

The interactive effect of salt stress, Si and NO application
remained non-significant for on marketable yield (Fig. 7). The Si
and NO application increased marketable yield under salinity
stress in a non-significant manner. Silicon application decrease
yield of the plants grown under non-saline environment, while it
increased marketable yield under salt stress. While the highest
marketable yield was obtained from 2 mM Si and NO application
at 14 days interval under salt stress, the lowest marketable yield
was obtained from the plants grown under 0 mM Si and NO appli-
cation at 28 days interval. The reason of low marketable yield than
average is due to the short trial period.

Salt stress not only hindered plant growth but also negatively
affected yield. Salt stress disrupts osmotic and ionic balance at
brane permeability and proline contents of pepper grown under salinity stress. The
4). LSD for membrane permeability: NaCl = 0.003, Si = non-significant, NO = non-
= non-significant, NO = 1.977, NaCl � Si � NO = 5.316.



Fig. 7. The impact of individual and interactive effects of Si and NO applications on marketable yield and fruit weight of pepper grown under salinity stress. The means having
different letters are statistically different from each other (p < 0.05) (n = 4). LSD for marketable yield: NaCl = 58.56, Si = non-significant, NO = 61.60, NaCl � Si � NO = non-
significant, LSD for fruit weight: NaCl = 4.471, Si = non-significant, NO = non-significant, NaCl � Si � NO = non-significant.
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the cell level, inhibits photosynthesis, damage photosynthesis cell
metabolism; thus, resulting in abnormal plant growth. Doğru and
Canavar (2020) reported that salinity reduced plant growth by
decreasing photosynthetic pigments that influence photosynthetic
activity. Similarly, Reina-Sanchez et al. (2005), Flores et al. (2010),
Soylemez and Pakyurek (2017) and Aksoy (2019) reported that salt
stress reduces marketable yield. In our study, Si and NO applied
under saline conditions alleviated the effect of salt stress by
increasing stomatal conductance and increased marketable yield
by positively affecting photosynthesis.

Silicon and NO did not affect mean fruit weight; however, salt
stress significantly altered it. Salt stress decreased average fruit
weight. Silicon applications increased mean fruit weigh, but it
was non-significant. Application of NO at 14-day interval increased
mean fruit weight compared to control plants, while application of
NO at 7-day and 28-day intervals decreased it.

Three-way interaction of salt stress, Si and NO application has
non-significant effect o on mean fruit weight (Fig. 7). Plants grown
under 0 mM salinity produced heavier fruits than the plants sub-
jected to 100 mM salinity. Silicon application decreased mean fruit
weight in under non-saline environments, it increased in fruit
weight in the plants subjected to salt stress. The effect of NO appli-
cations on average fruit weight fluctuated, and generally, applica-
tion every 14 days gave better results. The highest average fruit
weight (33.73 g) was recorded for the plants grown under 0 mM
salinity, 2 mM Si and NO application at 14 days interval. The lowest
(7.88 g) fruit weight was recorded for the plants grown under
100 mM salinity, 2 mM Si, NO application at 28 days interval.

Soylemez and Pakyurek (2017) reported that salt stress reduced
average fruit weight of tomato. Again, in another study on tomato,
salt stress reduced fruit weight by 73.5% (Ali and Ismail, 2014). Salt
stress in eggplant plant have a reducing effect on fruit weight
(Talhouni et al., 2017). The results obtained by the researchers
and the results of the current study are similar.
9

4. Conclusion

The results revealed that salinity stress significantly decreased
plant growth parameters, yield characteristics, chlorophyll index
and stomatal conductance. Although the beneficial effects of Si
and NO varied according to different studied parameters to allevi-
ate the adverse effects of salinity, their individual effects exerted
positive impacts in general. However, simultaneous use of Si and
NO had negative effect on the studied traits under salt stress. Sili-
con application weekly and NO application at 14-days interval
could increase marketable yield under saline conditions. It is rec-
ommended that future works should be concentrated on determin-
ing the impact of Si and NO on growth and yield parameters by
applying these during different growth phases to find a suitable
and optimum combination. Furthermore, different doses of NO
should also be tested to find the optimum dose for increasing
growth and yield of pepper under salinity stress.
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