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Beneficial effects of silicon (Si) on growth have been observed in some plant species, reportedly due to
stoichiometric changes of C, N, and P. However, little is known about the effects on the stoichiometric
relationships between C, N, and P when silicon is supplied via different modes in sorghum and sunflower
plants under salt stress conditions. Therefore, the current study was performed to investigate the impact
of differing modes of Si supply on shoot biomass production and C:N:P stoichiometry in sorghum and
sunflower plants under salt stress. Two experiments were performed in a glass greenhouse using the
strong Si-accumulator plant sorghum, as well as the intermediate type Si-accumulator sunflower, both
of which were grown in pots filled with washed sand. Plant species were cultivated for 30 days in the
absence or presence of salt stress (0 or 100 mM) and supplemented with one of four Si treatments: con-
trol plants (without Si), 28.6 mmol Si L~ via foliar application, 2.0 mmol Si L~! via nutrient solution, and
combined application of foliar and nutrient solution, each group with five replications. The results
revealed that supplied Si modified the C, N, and P concentrations, thereby enhancing the C:N:P stoichiom-
etry and shoot dry matter of sorghum and sunflower plants under salt stress. Both application of Si via
nutrient solution, as well as combined application via foliar and nutrient solution, increased the C:N ratio
in both plant species under salt stress, but in sorghum plants decreased the C:P and N:P ratios and
increased the shoot biomass production by 39%, while in sunflower plants increased the C:P and N:P
ratios and increased the shoot biomass production by 24%. Our findings suggest that salt stress alleviation
by Si impacts C:N:P stoichiometric relationships in a variable manner depending on the ability of the spe-
cies to accumulate Si, as well as the route of Si administration.
© 2020 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/).

Abbreviations: —Si, Control no added Si; F, foliar application of Si; R, root application of Si; RF, and combined foliar and root applications of Si; —Si —Na, non-Si treatment

under non-NaCl stress; —Si +Na, non-Si treatment under NaCl stress; F —Na, foliar Si treatment under non-NaCl stress; F +Na, foliar Si treatment under NaCl stress; R —Na, root
Si treatment under non-NaCl stress; R +Na, root Si treatment under NaCl stress; RF —Na, combined Si treatment under non-NaCl stress; RF +Na, combined Si treatment under
NaCl stress; HCI, Hydrochloric acid; LDM, leaves dry matter; SDM, stem dry matter; SDM, shoot dry matter; Si x NaCl, Si-NaCl interaction; S, Scheffe; Si, Silicon; Na*, sodium;
SiNaKE, Stabilized sodium and potassium silicate.
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1. Introduction

Salinity is the main abiotic stress that severely inhibits plant
growth and consequently decreases their productivity (Hussain
et al., 2016). The restrictive effects of salinity on plant life are
mainly due to the osmotic and toxic effects of sodium (Na*) and
chloride (Cl7) ions, reduced osmotic potential, and changes in
nutrient uptake, leading to large disturbances in carbon photosyn-
thesis and leaf growth rate (Munns, 2011). Excess salts slow down
plant growth, mainly due to the increased energy expenditure
required to absorb additional soil water and make biochemical
adjustments (Hussain et al., 2016). Excess salts also decrease stom-
atal opening, limiting CO, assimilation (Asrar et al., 2017). Reduced
availability of CO, alters the ratios of ATP/ADP and NADPH/NADP*
(i.e. electron and proton acceptors), causing over-reduction of pho-
tosystems and producing reactive oxygen species (ROS) which sub-
sequently damage photosynthetic machinery (Pinheiro and
Chaves, 2011). This effect of salt stress on reducing the photosyn-
thetic rate has been previously reported in both sorghum plants
(Bafeel, 2014; Zhou et al., 2018) and sunflower plants (Kaya
et al.,, 2019; Taher et al., 2018).

In plants, NaCl stress has a strong influence on the metabolism
of nitrogen (N) and carbon (C), which is reflected in various phys-
iological and biochemical processes (Anjum et al., 2017), such as
the N assimilation steps, thereby decreasing the amount of these
nutrients within the plant (Naliwajski and Sktodowska, 2018). Sil-
icon (Si) may be employed to minimize the adverse effects of salin-
ity (Coskun et al., 2019; Etesami and Jeong, 2018; Rios et al., 2017),
and the beneficial effects of Si on alleviating salt stress have previ-
ously been demonstrated in both sorghum (Liu et al., 2015; Yin
et al,, 2016) and sunflower (Ashraf et al., 2015; Conceicdo et al.,
2019) plants. Si may be immobilized in cell walls as plant opals,
called phytoliths (Epstein, 1999), which requires less energy when
compared to enzymatic synthesis of structural carbon compounds
(Raven, 1983). This implies that Si incorporation in plant tissue
may, to some extent, substitute for the production of C compounds
such as cellulose, whereas lignin appears to be unaffected by Si
availability (Schoelynck et al., 2010).

Coordination between C and N metabolism and regulation of
the C:N ratio occur in physiological processes, such as photosyn-
thesis and amino acid synthesis (Huarancca et al., 2018). Stoichio-
metric analysis of C, N, and phosphorous (P) can be useful for
evaluating the variation of N and P in plant tissues subjected to
abiotic stresses, but may be influenced by specific plant physiology
(Wang et al., 2019). However, until now, studies on the effects of Si
on stoichiometry have been restricted to grass plants under water
stress (Eneji et al., 2008) and wheat plants under winter conditions
(Neu et al., 2017). Little is known so far concerning the effects of Si
availability on biomass production and nutrient stoichiometry in
sorghum and sunflower plants gown under salt stress conditions.

A formation of organic compost including Si could induce mod-
ifications in the structural nutrient stoichiometry of C:N:P, benefit-
ing biomass production in plants under saline stress. Thus, we
hypothesized that supplied Si may alleviate salt stress by altering
the C, N, and P concentrations in vegetal tissues, thereby modifying
the C:N:P stoichiometric relationships favoring shoot biomass pro-
duction. Furthermore, these beneficial effects of Si may differ
between high Si-accumulator species, such as sorghum, and inter-
mediate Si-accumulators, such as sunflower, and could also vary
depending on the Si application mode. Therefore, the present study
was performed to investigate the impact of Si applied either by
foliar or root application on the C:N:P stoichiometric relationships,
as well as biomass production, in sorghum and sunflower plants
grown under salt stress conditions.

2. Materials and methods
2.1. Plant material and experimental conditions

Seeds of sorghum (Sorghum bicolor L. ‘Moench’ Dekalb 540) and
the yellow dwarf sunflower (Helianthus annuus L. ‘Double Sungold’)
were germinated in vermiculite mixture (3:1) in trays placed in a
growth inside a glass greenhouse under specific conditions (natu-
ral light conditions, temperature 26/16 °C, 10/14 h day/night pho-
toperiod, and 65-75% relative humidity). The seeds and seedlings
of both plant species were irrigated using demineralized water
three times per day for 16 days. After this time, seedlings of both
plant species were transplanted to 4-dm> polyethylene pots that
were filled with washed sand. The sand was carefully washed a
twice with 100 mL of a 0.05 M solution of sulfuric acid (H,SO4,).
After washings with acid, each sand sample was wash with enough
tap water to remove the acid and remaining substrate, and finally
was wash with demineralized water. Individual pots contained
either two sorghum plants or two sunflower plants.

The nutrient solution (NS) used was Hoagland and Arnon (1950)
with some modifications. The iron source changed from FeEDTA to
Fe-EDDHMA and the order of NS preparation was as follows, first
2 mmol Si L' was added and the pH was adjusted to 5.0 using
1 N hydrochloric acid (HCl), second the NaCl was added or not,
according to the treatment, and finally the other nutrients were
added and then pH was adjusted and maintained at 5.0 £ 0.8, using
HCI before applying to the plants. After transplanting, NS was
quickly added, starting at 25% ionic strength until plant acclimati-
zation per 1 week (50 mL NS per pot), after which the ionic
strength was increased to 50% over 2 weeks (100 mL NS per pot),
and finally to 75% by the end of the experiment (150 mL NS per
pot). The amount of water lost by evapotranspiration was replaced
by NS in all the experimental periods.

2.2. Experimental design and Si and salt treatments

After transplanting, plants of both species were arranged in a
randomized block design, factorial scheme 4 x 2. A total of 80 pots,
40 for each plant species were moved and rearranged within each
block daily to give a random distribution of growth conditions in
the glasshouse during the experimental period We evaluated the
application of four different Si treatments: control/no added Si
(-Si), 28.6 mmol Si L~ via foliar spraying (F); 2.0 mmol Si L~! via
root (R) and the combined application via root and foliar spraying
(RF). Plants were grown in either the absence (-NaCl) or presence
(+NaCl) of NaCl (0 or 100 mM of NacCl, respectively), with five repli-
cations, obtaining the following combination treatments: —Si —Na,
non-Si treatment under non-NaCl stress; —Si +Na, non-Si treat-
ment under NaCl stress; F —Na, foliar Si treatment under non-
NaCl stress; F +Na, foliar Si treatment under NaCl stress; R —Na,
root Si treatment under non-NaCl stress; R +Na, root Si treatment
under NaCl stress; RF —Na, combined Si treatment under non-
NaCl stress; and RF +Na, combined Si treatment under NaCl stress.
Stabilized sodium and potassium silicate (SiNaKE) were used to
maintain the concentration of Si treatments.

The SiNaKE source, used for applying the Si treatments, was
applied via NS and/or foliar sprayings. K* introduced by SiNaKE
were balanced among all treatments, including the control groups,
by calculating additional K* and then adding K* balanced by potas-
sium chloride (KCl).

For plants of both species, following one week of acclimatiza-
tion foliar applications of Si were initiated and 100 mM NacCl (10
dS m~! electrical conductivity) was added in the NS and kept until
the end of the experiment. The initial pH of foliar solution after the
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addition of Si was 10.0-11.5, which was adjusted to 7.0-7.5 using
HCI before applying to the plants. Foliar sprays were performed on
the fully developed leaves at S2-S4 phenological stages for sor-
ghum plants (Vanderlip and Reeves, 1972) and the V4-V8 pheno-
logical stages for sunflower plants (Schneiter and Miller, 1981).
Foliar spraying of Si was carried out around 10 days (four applica-
tion during the experimental period) for both plant species (Calero
et al., 2019). We considered the following conditions for perform-
ing the foliar application of Si: the relative humidity was >60% and
the ambient temperature was between 20 °C and 27 °C. The initial
pH of NS after the addition of 2.0 mmol L' of Si was 8.0-9.5, which
was adjusted to 5.5-6.0 using HCIl before applying to the plants
(Hurtado et al., 2020). Si treatments (applicable to both the R
and RF treatment groups) was incorporated in Hoagland NS and
applied in the rooting medium throughout the entire experimental
period (Olivera et al., 2019).

2.3. Determination of carbon, nitrogen, and phosphorus
concentrations

Forty days after grown the plants were harvested in the S4 stage
for sorghum and V8 stage for sunflowers. After harvesting the plants,
they were sequentially washed in distilled water, followed by deter-
gent solution (0.2%), then HCl solution (0.1%), and finally twice with
demineralized water (Calero et al., 2019). The leaves and stems were
then transferred on to paper sacks and dried to a constant weight
using a forced ventilation oven (TE 394-3, Tecnal, Piracicaba, Sdo
Paulo, Brazil) at 60 °C and weighed to obtain the shoot biomass pro-
duction (SDM). The shoots were then pulverized with a Wiley mill
fitted with a stainless-steel chamber and blades (IKA-WERKE, GMBH
& CO. KG, Germany). Finely pulverized shoot samples were used to
measure the total C and N concentration by dry combustion
(1000 °C) using an elemental analyzer (LECO Truspec CHNS) cali-
brated with the pattern LECO 502-278 of wheat (C = 45.00% and
N = 2.68%) (Olivera et al., 2019b). The dried SDM was digested with
a diacid mixture of nitric acid (HNOs) and perchloric acid (HCIO4)
in a 3:1 ratio for P analysis. Total P concentrations were measured
using the molybdenum antimony colorimetric method and an ultra-
violet spectrophotometer subsystem (model SP-1105, Ningbo Hino-
tek Technology, Shanghai, China) after digestion following the
methods described by Bataglia et al. (1983). Thus, the C:N, C:P, and
N:P ratios were calculated on a C, N, and P concentrations basis.

2.4. Statistical analysis

All values are presented as mean + standard error of the mean
(S.E.) of five replicates. This experiment was repeated twice and
samples for nutrients estimations were collected in 5 replicates
and each replicate/sample was assayed twice. The data presented
in this paper were subjected to statistical analysis by factorial anal-
ysis to test the main effects of the four levels of Si applied and the
two levels of NaCl and their interactions (Si x NaCl). Data obtained
for the applied treatments were analyzed assuming normality by
the Shapiro-Wilk test and the unequal variances by the Fisher’s
test (p < 0.05). The data were then subjected to a two-way analysis
of variance (ANOVA) using the software R (R Core Team, 2018). The
Scheffe test (p < 0.05) was carried out to determine if significant
differences existed among means. All figures were created using
GraphPad Prism v8.0 (GraphPad Inc., San Diego, CA, USA).

3. Results

3.1. Effects of salt stress and different Si supply on leaf, stem, and shoot
biomass

The results indicate that there was an interaction (p < 0.0001)
between NaCl and Si on the leaf, stem, and SDM accumulation in

both plant species (Fig. 1a-f). The applied NaCl stress (100 mM)
decreased the leaf dry matter (LDM) by 69%, stem dry matter
(StDM) by 61%, and SDM by 65% in sorghum plants, while in sun-
flower plants the reduction was 43, 42 and 43% respectively
(Fig. 1a-f). However, in salt-stressed sorghum plants, the three
methods of Si application (F, R and RF) increased the LDM by
57%, StDM by 28%, and SDM by 39% compared to the plants grown
under —Si +Na treatment (p < 0.0001) (Fig. 1a). On the other hand,
in salt-stressed sunflower plants, all of the Si (F, R and RF) treat-
ments increased the LDM by 28%, StDM by 20%, and SDM by 25%
than the plants grown under —Si +Na conditions (Fig. 1b).

3.2. Effects of salt stress and different Si supply on the concentration of
C, N, and P in shoots

The ANOVA revealed a significant interaction (p < 0.0001)
between NaCl and Si after 30 d of the treatments. Significant effects
of both NaCl and Si on C, N, and P concentrations in shoots of sor-
ghum and sunflower plants were also observed (Fig. 2a-f). Under
non-salt stress conditions, the C concentrations [C] were not
affected in shoots of sorghum plant, regardless of the Si treatments
(Fig. 2a, b). In contrast, under salt stress conditions, the [C]
decreased in shoot of sorghum by 6% and sunflower by 9% compare
to the plants under —Si —Na conditions (Fig. 2a, b). In salt-stressed
sorghum plants, the [C] was 7% higher in the F and RF treatments
and showed a significant difference (p < 0.0001) compared to the
other Si treatments (Fig. 2a). However, in salt-stressed sunflower
plants, the [C] increased by 8% in all Si treatments (F, R, and RF)
compared to the plants grown under -Si +Na treatment
(p < 0.005) (Fig. 2b).

On the other hand, in sorghum plants exposed to NaCl stress,
the N concentrations [N] in plant shoots increased by 22%, while
in salt-stressed sunflower plants the shoot [N] was increased by
11% in comparison with the non-salt-stressed plants (Fig. 1c, d).
In salt-stressed sorghum plants, the shoot [N]decreased by 9%
under Si R and RF treatments compared to the others Si treatments
(p < 0.031) (Fig. 2¢). Similarly, in salt-stressed sunflower plants,
both the Si R and RF treatments decreased the shoot [N] by 10%
and showed a significant difference (p < 0.019) compared to the
others Si treatments (Fig. 2d).

In both plant species cultivated under non-salt stress conditions
the addition of Si did not affect the shoot P concentrations [P]
(Fig. 1e, f). However, salt stress (100 mM) increased the shoot [P]
by 36% in sorghum plants and by 66% in sunflower plants
compared to the plants under —Si —Na treatment (Fig. 2e, f). In
salt-stressed sorghum plants, the shoot [P] increased under all Si
treatments (F, R, and RF) and showed significant difference
(p < 0.0001) compared to the non-Si treated plants, especially in
the R and RF treatments (38% increase), while the Si (F) treatment
increased the [P] by 10% in comparison with the plants under —Si
+Na treatment (Fig. 2e). In salt-stressed sunflower plants, the shoot
[P] decreased by 10% in the Si (R) and Si (RF) treatments, compared
to the others Si treatments (p < 0.0005) (Fig. 2f).

3.3. Effects of salt stress and different Si supply on the stoichiometric
ratios of C:N, C:P, and N:P

ANOVA revealed an interaction (p < 0.0001) between NaCl and
Si in the stoichiometric ratios of C:N, C:P, and N:P in the shoots of
sorghum and sunflower plants (Fig. 3a-f). Salt stress (100 mM)
markedly decreased the shoots C:N ratios in sorghum plants by
25% and in sunflower plants by 17% compared to the plants grown
under —Si —Na treatments (Fig. 3a, b). However, in salt-stressed
sorghum and sunflower plants, the shoot C:N ratios increased by
8 and 9% respectively, in the S and RF treatments, compared to
the others Si treatments (Fig. 3a, b).
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Fig. 1. Effect of different methods of Si application on leaf, stem, and shoot dry matter in sorghum (a, ¢, e) and sunflowers plants (b, d, f) plants grown under the absence and
presence of NaCl in the nutrient solution, and different Si supplementation: (0) control treatment (-Si), (F) foliar Si application (28.6 mmol L™!), (R) nutrient solution Si
application (2 mmol L), (RF) combined foliar and nutrient solution applications of Si. Data are means of 5 replications + standard error (SE). Different normal lowercase
letters (e.g., a, b) indicate significant differences among Si treatments under non-salt stress; different italic lowercase letters (e.g., a, b, ¢) indicate significant differences among
Si treatments under salt stress and uppercase letters (e.g., A, B) indicate significant differences between non-salt and salt treatments at the same method of Si application,
according to the Scheffe test. ANOVA, *p < 0.05 and **p < 0.01; Si x NaCl, silicon-sodium chloride interaction, S, Scheffe values (p < 0.05). Stack bars show the S.D., based on

the average of five replicates.

On the other hand, the applied NaCl stress (100 mM) decreased
the C:P ratio in the shoots of sorghum plants by 31%, and in the
salt-stressed sunflower plants by 44% compared to the plants
under —Si —Na treatment (Fig. 3¢, d). Similarly, in salt stressed sun-
flower plants all the Si treatments (F, S, and RF) decreased the C:P
ratio and showed significance difference (p < 0.0001) compared to
the plants under —Si +Na treatment, but the highest decreases
(33%) were obtained with the application of the Si R and RF treat-
ments. The C:P ratio decreased by 10% in the Si (F) treatment than
the plants grown under —Si +Na treatment (Fig. 3c). In contrast, in
salt-stressed sunflower plants, the N:P ratio increased by 15%
under the S and RF treatments compared to the other Si treatments
(p < 0.009) (Fig. 3d).

Salt stress (100 mM NaCl) decreased the N:P ratio in the shoots
of sorghum plants by 14% and sunflower plants by 33% compared
to the —Si —Na treatment (Fig. 3e, f). In salt stressed sorghum
plants, the N:P ratio decreased by 32% in the Si R and RF treatments
than the plants under —Si +Na treatment (p < 0.0001). In addition,
foliar application of Si (F) decreased the N:P ratio by 11% compared
to the control non-Si treated plants (Fig. 3e). In contrast, in salt-
stressed sunflower plants, the combined application of Si (RF)
increased the N:P ratio by 12% and showed significance difference
(p < 0.0019) compared to the plants under —Si +Na treatment
(Fig. 3f).

4. Discussion

Our study shows for the first time the effects of different meth-
ods of Si application on the C, N, and P stoichiometry of sorghum
and sunflower plants grown under salinity conditions. Several
authors suggested various potential mechanisms by which Si can
stimulate plant tolerance against salt stress (Al-Huqail et al,
2017; Alzahrani et al., 2018; Olivera Viciedo et al., 2020). From this
study, it was evident that Si alleviated salt stress effects in sor-
ghum and sunflower plants. Plant growth characteristics were
increased with the different methods of Si application of both plant
species. These improvements in both plant species growth under
salt stress may be attributed to that Si is enhanced of antioxidative
defense mechanism (Alzahrani et al., 2018).

In the present study, we observed that the salt stress decreased
stoichiometric homeostasis (H) in both plant species and was
partly reversed by all methods of Si application mediated a benefi-
cial effect on SDM production in both plant species grown under
salt stress, which may help clarify the increasing of SDM (39%) in
sorghum plants (Fig. 1a, ¢, e), whereas in sunflower the increases
the SDM (23%) (Fig. 1b, d, f). These results suggest that Si plays a
key role in attenuating salt stress, resulting in a higher production
of SDM. Similar trends were observed by Si application to the
growth medium in salt-stressed sorghum (Hurtado et al., 2020;
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Fig. 2. Effect of different methods of Si application on elemental concentrations of carbon, nitrogen and phosphorous in shoots of sorghum (a, c, e) and sunflower (b, d, f)
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show the standard deviation (S.D.) based on the average of five replicates.

Liu et al.,, 2015; Yin et al., 2016, 2013) and sunflower plants (Ashraf
et al., 2015; Calero et al., 2019). In addition, Si helps plants to main-
tain the SDM of the upper parts of plants by decreasing oxidative
damage and ionic toxicity under salinity conditions by enhancing
the mineral nutrients status (Calero et al., 2019). The higher SDM
recorded in salt-stressed plants treated with Si suggests that the
Si could maintain higher levels of H. Similar observations have
been made in other Si-accumulator plants under drought stress
(Eneji et al., 2008). Hence, the findings reported in this work could
facilitate a deeper understanding of the potential mechanisms
adopted by sorghum and sunflower plants due to exogenous Si
supplementation during saline stress.

Salinity stress decreased the [C] (Fig. 2a, b), presumably by the
lower activity of photosynthesis, caused by the osmotic stress,
nutritional imbalance and toxicity (Rios et al., 2017). This is consid-
ered as one of the major reasons for a lowered C gain and growth
under salt stress (Netondo et al., 2004). The present study showed
contradictory effects of different methods of Si application on C
concentration in the both plant species under salinity conditions.
In salt-stressed sorghum plants the Si R and Si RF treatments
showed lower [C], whereas all Si treatments increased the [C] in
salt-stressed sunflower plants (Fig. 2a, b). These results suggest
that the Si application method plays an important role in the mod-

ifying [C] and vary among plant species. Thus, the dilution effect on
the [C] in the salt-stressed sorghum plant tissues appeared due to
the higher shoot growth of the plants (Sardans et al., 2012; Zhang
et al., 2017). One possible reason for this marked reduction in the
[C] might be attributed to the deposition of Si in the growth med-
ium, may be due to a partial replacement of organic compounds of
C (such as cellulose) by Si in plant tissues, consistent with previous
findings reported on Phragmites australis (Schaller et al., 2012). This
would be advantageous to the plant due to the deposition of Si in
the form of phytoliths, formed in the cell wall at low energy cost
(Raven, 1983) and able to confer similar defenses to the refractory
polymers such as lignin (Schoelynck et al., 2010). The proposed
explanations for these findings included that root Si application
may increase salt stress tolerance in sorghum plants by decreasing
the proline concentrations in shoots (Lee et al., 2010; Pei et al,,
2010), which could benefit the plant by reserving more energy
for coping with stresses (Yin et al., 2013). Another probable mech-
anism of Si decreasing the [C] is decreased rate of transpiration,
which help to the stomata closure for longer periods during the
day. This, in turn, leads to the decreased C assimilation rate and
water loss, resulting in maintenance of the C assimilation at low
water availability (Khan et al., 2017). These results suggested that
the sorghum plants respond very well to the application of Si (R)
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Fig. 3. Effect of different methods of Si application on the C:N, C:P, and N:P ratios in shoots of sorghum (a, c, e) and sunflowers plants (b, d, f) plants grown under the absence
and presence of NaCl in the nutrient solution, and different Si supplementation: (0) control treatment (no Si), (F) foliar Si application (28.6 mmol L"), (R) nutrient solution Si
application (2 mmol L), (RF) combined foliar and nutrient solution applications of Si. Data are means of 5 replications + S.E. Different normal lowercase letters (e.g., a, b)
indicate significant differences among Si treatments under non-salt stress; different italic lowercase letters (e.g., a, b, c) indicate significant differences among Si treatments
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replicates.

and combined Si (RF) and the adverse effects of salinity (water and
nutrient limitations), a finding that was corroborated by higher
SDM (Fig. 1a-f). This suggests that the observed decline of the
[C] in sorghum plants under salinity conditions can reflect change
for a more viable defense mechanism when Si is sufficient and
available under salt stress conditions.

On the other hand, in salt-stressed sunflower, all methods of Si
application (F, R, and RF) increasing the shoot [C]. These increases
in shoot [C] by Si indicates that there was an enrichment of C. This
phenomenon involves the increment of C-rich secondary com-
pounds, like the phenolics and lignin, that are reduced to N-rich
metabolites (Kasurinen et al., 2006). One possible explanation for
this is that the high [C] by Si application was ascribed to the
enhanced SDM. The underlying mechanisms of this response are
probably associated with an improved photosynthesis rate with
Si application under salinity conditions (Asrar et al., 2017). Another
probable mechanism of Si increasing shoot [C] is enhanced the pro-
line concentration, which can be degraded, and used as a source of
C in plants recovering from salt stress as well as a membrane sta-
bilizer and a free radical scavenger (Al-Hugqail et al., 2017; Li et al.,
2018; Mansour and Ali, 2017). Increasing the photosynthesis rate
is another mechanism whereby Si maintains the C concentration
in salt-stressed plants (Asrar et al., 2017; Liu et al., 2019). Thus,

it was deduced that Si play an important role in the increased [C]
in intermediate-Si accumulating plant (sunflower) grown under
salinity conditions.

Our results indicated that in shoots both plant species culti-
vated under salinity conditions, in general, there was an increase
in the [N] and [P] (Fig. 2c-f). These effects caused by salinity
occurred due to the dilution effects of these nutrient on plant tis-
sue from the decrease in SDM (Fig. 1a-f), and do not mean that
there was an increase in uptake of these nutrients. However, the
effect of Si on increasing the N uptake in Si-accumulating plants
under saline conditions is poorly documented (Haddad et al.,
2018). In agreement with the present results, augmentation with
foliar spraying of Si increased the [N] and [P] in the non-Si accumu-
lating moringa (Moringa oleifera L.) plants (Hussein and Abou-
baker, 2014), although in Si-accumulating plants this is poorly
studied and documented.

In the current study, there was a decrease in the shoot [N] fol-
lowing treatment with either Si (R) or Si (RF) in salt-stressed sor-
ghum plants (Fig. 2c). This effect is probably due to the dilutional
effect of these nutrients, given the higher shoot growth of plants
(Sardans et al., 2012; Zhang et al., 2019). These results suggest that
Si application can increase the nutrient use efficiency (NUtE) and
the amount of C fixed per N uptake unit (Neu et al., 2017), which
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the Si application in salt stressed plants can maintain higher
growth rates at lower [N] and these findings also consistent with
previous studies in this plant species (Calero et al., 2019).
Therefore, lower [N] may be invested in other functions, such as
reproduction (Sterner and Elser, 2002). Similar results were
reported previously with Si addition in the growth medium in rice
(Abdel-Haliem et al., 2017). This result was partly consistent with
the report of Sardans et al. (2012) who found that the low [N] is
more closely associated with C-assimilation capacity.

However, in salt-stressed sunflower all methods of Si application
increased the shoot [N] (Fig. 1d). These increasing in the [N] in the
cell could facilitate various fundamental processes, such as photo-
synthesis, stomatal development, cell division, pigment production,
and net primary production of plants (Minden and Olde Venterink,
2019; Tian et al., 2019). In addition, the application of Si increased
the [N] in the shoots of other eudicots (previously referred to as
dicots) grown under saline stress, such as canola (Brassica napus
L.) (Haddad et al., 2018), chili (Capsicum annumn L.) (Tantawy
et al., 2015), zinnia (Zinnia elegans Jacq) (Manivannan et al., 2015),
sunflower (Conceicdo et al., 2019) and cucumber plants (Alsaeedi
et al., 2019). This effect could be explained by the fact that salt-
stressed plants produce more proline and glycine betaine in leaves,
as N source compounds, to protect themselves against the adverse
effects of salinity (Calero Hurtado et al., 2020).

In the present study, all Si treatments increased the shoot [P] in
salt-stressed sorghum plants, especially the Si R and combined Si
RF treatments (Fig. 1e). The variation by Si in the increasing [P]
are probably due to a dilution effect (Zhang et al., 2020, 2017).
These results are in agreement with the recent findings about
interference between Si and P metabolism of gramineous plants
(Eneji et al., 2008; Schaller et al., 2012). These results indicate that
the use of Si in the growth medium modifies the P uptake rates
under salt stress, and also this varying of this nutrient could be
due to the differential use of P by the plants (Elser, 2006), with high
[P] is more closely associated with growth rate capacity (Sardans
et al,, 2012). Si application was reported to increase [P] under
salinity stress in Spartina densiflora plants (Mateos-Naranjo et al.,
2013). On the other hand, in the current study, shoot [P] was also
decreased by Si (R and RF) treatments in salt-stressed sunflower
plants (Fig. 1f). These results indicate that there was a well-
adjusted effect in intermediate Si-accumulating plants between
the combination of salt stress and the Si application in the growth
medium and combined (R and RF) treatments. This decline in shoot
[P] by Si addition in the growth medium, helped to increase the P
uptake and use efficiency under salt stress conditions (Calero et al.,
2019). Our results suggested that the growth of sunflower plants
under salinity conditions was limited by P. Contrarily, other studies
also revealed that Si application maintained higher [P] under salt
stress conditions, such as Egyptian clover (Abdalla, 2011), canola
(Haddad et al.,, 2018), and moringa (Hussein and Abou-baker,
2014). The results suggested that the effects of Si in the uptake
and translocation of mineral nutrients in salt stressed plants, vary
among plant species and the methods of application of Si, which
strongly suggests that Si functions in plants grown under salinity
conditions are complex.

Our results reveal that the responses of plant nutrient ratios to a
combination of NaCl and Si were remarkably different between the
species of plants, as well as between the different modes of Si
application (Fig. 2a-f). To our knowledge, this is the first study
describing experimental evidence of the C:N, C:P, and N:P stoichio-
metric relationships in high Si-accumulator (sorghum) and
intermediate-type Si-accumulator (sunflower) plants grown under
moderate salt stress conditions. We observed that the supplemen-
tation of Si (S and RF) increased the C:N ratio in both plant species
grown under salt stress, presumably as result of decreased [N]

(Fig. 2c-d), and increasing shoots biomass accumulation (Fig. 1a,
¢, e). Our results suggested that the growth of sorghum plants
under salinity conditions was limited by N. This indicates that Si
applications, provide a high stoichiometric homeostasis in both
salt-stressed plants. These results suggest that Si-induced changes
in shoots C:N ratios, which may an important mechanism to pre-
dict how plant productivity will respond to different scenarios,
including salinity conditions (Siefert and Ritchie, 2016; Yue et al.,
2017). Chen et al. (2015) reported that C:N ratio is also related to
the senescence process in leaves. These changes in C:N by Si appli-
cation could be an important mechanism delay the leaves senes-
cence caused by the salt stress. These findings indicate that Si
addition in the growth medium have a tendency to increase C:N
ratio in Si-accumulating and intermediate-Si-accumulating plant
under salinity conditions.

In the present study, we also observed a different response by
sorghum and sunflower plants in the C:P and N:P ratios to Si sup-
ply under saline conditions. Our results showed that not find no
regularity of C:P and N:P ratios under salt stress conditions, result-
ing from different availability of Si (Fig. 3c-f). In this study, we
found that C:P and N:P ratios decreased in al Si treatments in
salt-stressed sorghum plants (Fig. 2c, e). As noted above, these
effects may be associated with the decreasing of [N] and increasing
[P] under salinity conditions with the application of Si (S and RF),
converting more SDM (Fig. 1a-f). These results indicate a balancing
effect between salinity and the application of Si. Therefore, applica-
tion of Si (R or RF) under moderate salt stress would have a more
obvious effect on P uptake than on the assimilation of C and N in
the Si-accumulating plants (sorghum). However, studies have
shown that Si application minimizes the water deficit by increas-
ing the N:P ratio (Eneji et al., 2008). One explanation for the differ-
ences observed in the C:P and N:P ratios between the studied
species may be the availability of Si, as well as the amount
absorbed under saline conditions. However, it is still unclear how
plant response to change of C:P and N:P ratios in saline environ-
ment. In concordance with our results, contradictory effects of Si
on the C:P and N:P ratios has been previously observed in wheat
plants (Neu et al., 2017). These findings indicate that Si application
in the growth medium have a tendency to decrease C:P and N:P
ratios in Si-accumulating plant (sorghum) grown under salinity
conditions.

On the other hand, we observed that the intermediate Si-
accumulating species (sunflower) was increased the C:P and N:P
ratios under Si (R or RF) treatments (Fig. 3d, f) and responds very
well to the combination of salt stress and Si application via the
roots, corroborated by a higher production of SDM (Fig. 1a-f).
These results suggest that supplementation with Si in the growth
medium plays a stronger role in C assimilation than N and P
uptake, given the decreases in the [N] and [P] of the plant
(Fig. 2d, f). These results are in agreement with a study conducted
in wheat plants, where Si addition in the growth medium increased
C:N and C:P ratios (Neu et al., 2017). However, under Si applica-
tions, there was a high shoot of H in in salt-stressed sunflower
plants. The significantly higher C:P and N:P ratios under Si R and
RF treatments suggested that Si induced an increase in P use
efficiency.

Thus, our hypotheses were proven, indicating the results con-
firm improved crop performance in plants responding to salt stress
following Si application, as a result of homeostatic stoichiometric
changes to the C:N:P ratios that influence plant growth. Further-
more, these results suggest that Si-accumulator plants, such as sor-
ghum, may respond better to salt stress conditions if Si is provided
in the root, and that intermediate-type Si-accumulator plants, such
as sunflower, may benefit more from combined treatment with Si
via foliar and root applications.
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5. Conclusions

Our results reveal that Si supply increased the aerial biomass
production and modified the stoichiometry of both plant species
cultivated under saline conditions. This increase can be attributed
to the subsequent effects on the stoichiometry of these nutrients in
sorghum and sunflower plants. The supplementation of Si via NS,
and the combined application of foliar and NS Si, increased the C:
N ratios in both plant species under saline conditions, but the C:
P and N:P ratios changed, decreasing in sorghum plants while
increasing in sunflower plants. However, the foliar spraying of Si
also changed the stoichiometry, decreasing the C:N ratio in both
crops, while the C:P and N:P ratios were increased in sorghum
plants and decreased in sunflower plants. Our findings suggest that
the benefits of Si in alleviating the effects of salinity has impact on
the C:N, C:P and N:P stoichiometric relationships, which vary with
the ability of the species to accumulate Si as well as the method of
Si application.
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