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Abstract

Soil salinity poses a significant threat to global food security as salt-affected soils are expected to increase more under the influence of climate
change. Sorghum is the world's 5" most important cereal crop and is moderately salt tolerant. Salt stress causes osmotic stress in sorghum and
induces several physiological changes, such as membrane disruption, reactive oxygen species (ROS) generation, nutrient imbalance, decreased
photosynthetic activity, and decreased stomatal aperture. This research focused on minimizing the detrimental effects of soil salinity on crop
productivity by exploring the potential of ortho-silicic acid (OSA) as a mitigating agent for salt stress and analyzing its impact on growth,
physiological and biochemical attributes. A pot experiment was performed under control and 4, 6, and 8 dS-m~" NaCl with OSA concentrations of
1.5 and 2.5 mg-L™". Results indicated that OSA application improved growth attributes, including fresh weight, plant height, dry weight, and leaf
area, under various salt stress levels. Physiological attributes such as photosynthesis rate, transpiration rate, stomatal conductance, and relative
water content were 23.7%, 32.4%, 51.3%, and 6.4% higher under 2.5 mg-L™" OSA treatment, respectively compared to control. Nutritional
attributes such as crude protein, fiber, total soluble sugars, and lignin were also improved under OSA treatment. The concentration of 2.5 mg-L™’
OSA treatment was found to be more effective under saline and non-saline conditions for increasing sorghum productivity. This research offers a
promising strategy to increase crop productivity and resilience in the face of escalating soil salinity due to climate change.
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Introduction

Soil salinity is a major restraint to agricultural production
worldwide, and has been recognized as a major challenge to
food security by the Food and Agricultural Organization (FAO,
2022). According to the reports, salt-affected soils are esti-
mated to be around 1 billion ha, globally!". According to CSSRI,
Karnal Haryana, salt-affected soils are estimated to increase by
~16 mha in India by the year 2050, due to anthropological
changes. Soil salinization has made a significant part of land
area unproductive or less productivel, This land degradation
in salt-affected areas in India are threatening the development
and economic growth of the country. In arid and semi-arid
regions of India, desertification is reaching irreversible levels
due to environmental degradation. Continued usage of impro-
per farming techniques and activities has intensified soil
salinization3-3l. However, there is a dire need to adapt promi-
sing approaches in agriculture, which have the potential to
meet global food demand while reducing the environmental
footprint of agricultural systems®7), The estimates show that
50% of arable land around the world will become salt-affected
by the year 2050, therefore escalating food insecurity!®°l,
According to the Central Ground Water Board (CGWB), 84.87%
of groundwater resources are classified as 'saline' in Haryana,
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largely due to overexploitation of groundwater resources and
improper agricultural practices, which has led to the depletion
of groundwater reserves and increased salinity. Soil salinity has
a significant negative impact on crops, reducing their growth,
yield and quality. This is due to the interference of salt with the
nutrient and water uptake ability of plants, disrupting the
morphological, physiological, biochemical, molecular, and
metabolic processes resulting in a lowering of osmotic poten-
tial and an increase in ion toxicity['%1"l, An increase in the toxi-
city of ions causes the production of reactive oxygen species
(ROS), contributing to a decrease in protein content and accu-
mulation of proline and other osmolytes!'2, The global popula-
tion is also expected to grow to 9.8 billion by 2050, which will
require at least a 50% rise in agricultural production from 2012
levels.

Sorghum bicolor (L) Moench, is a C; crop of the family
Poaceae and is ranked among the top five cereal crops globally.
It is a multipurpose crop that is mainly grown for food, fodder,
fuel, and bioethanol productiont3l. It is well known for its
adaptability to moderately salt-stressed conditions and is
therefore widely grown in arid and semi-arid areas. It is known
for its high nutritional content, gluten-free nature, and low
environmental impact, making it an ideal choice for promoting
sustainable food systems. According to the United States
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Department of Agriculture (USDA) report of 2022, the world's
total sorghum production is 58.6 million tonnes, with India
contributing 7.51% of the world's production. In India, Maha-
rashtra is the largest producer of sorghum, contributing 47%,
followed by Karnataka (22%) and Rajasthan (8%). In Haryana,
sorghum is mainly grown as a fodder crop, with an area of 40.3
thousand hectares and a production of 21.3 thousand tonnes,
with an average yield of 528 kg per hectare, according to the
Department of Agriculture (DOA) of Haryana. The year 2023 has
also been declared as the International Year of Millets to raise
awareness about potential nutritional benefits, resilience, and
the role of millets in sustainable agriculture. It is anticipated to
emerge as a vital crop in the current climate change scenario
due to its significant tolerance to high temperatures, water
deficit, and saline conditions, which makes it an indispensable
feed reservel'%l. Sorghum is a rich source of various phytochemi-
cals including tannins, phenolic acids, anthocyanins, phytos-
terols, and policosanols and its fractions possess high antioxi-
dant activity in vitro relative to other cereals. It is gluten-free
and can be a good alternative for those with celiac disease or
gluten sensitivity. It is also low on the glycemic index, making it
a good choice for people with diabetes.

Silicon (Si) is a beneficial element which acts as a mitigator of
abiotic and biotic stresses and increases growth and produc-
tion in higher plantsl'>9L, It is present in the earth's crust in the
form of SiO, in high concentration but it can't be utilized by
plants in this form. Plants uptake Si in the form of ortho-silicic
acid (OSA) or mono-silicic acid (H,SiO,). It is the only biologi-
cally active form of silicon and is easily soluble in water. Silixol is
a stable formulation of OSA which contains 0.8% ortho-silicic
acid, and has been generally used in foliar spray as a Si fertilizer
in different concentrations which vary from crop to crop to
enhance plant growth. Si helps in the alleviation of salt stress
by reducing uptake of Na*['”l and ClI- ions!'8 which contributes
to the maintenance of optimum K*/Na* ratio under saline
conditions. The effect of Si on the transcriptional regulation of
genes involved in water transport and stress-related pathways,
including the jasmonic acid pathway, ABA-dependent or inde-
pendent regulatory pathway, and phenyl propanoid pathway,
has been proposed and the role of Si in stress mitigation in rice,
wheat, maize, tomato, and soybean have been established by
various researchers!’l, Silicon also alleviates salt-induced
osmotic stress by upregulating the aquaporin's activity, thereby
increasing the root hydraulic conductancel?9. Si is associated
with higher tolerance due to involvement in the protection of
various essential mechanisms such as energy metabolism,
photosynthesis, transcription/translation, and hormonal signa-
ling under salinity using proteomics studies?'. Si supplementa-
tion via both foliar and root application effectively attenuated
salinity in sorghum and sunflower plants by contributing
to an antioxidative defense mechanism leading to Na*
detoxification22, Si application also enhanced nutrient uptake
and nutrient use efficiency (NUE) contributing to higher dry
weight accumulation(?3], The foliar application of manganese
combined with silicon resulted in increased quantum effi-
ciency of PSIl, micronutrient uptake, relative chlorophyll index
and subsequently enhanced dry mass accumulation in corn
and sorghum24l, The above findings indicate that silicon plays a
crucial role in enhancing crop resilience and its nutritional
quality under salinity stress. Therefore, the present investiga-
tion with the aim to mitigate the negative impact of salt stress
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on the growth, physiological, and biochemical parameters of
sorghum by exogenous application of ortho-silicic acid was
undertaken.

Materials and methods

Seeds of two sorghum genotypes (CSV33MF and SSG 59-3)
were collected from the Forage Section, Department of Gene-
tics and Plant Breeding, Chaudhary Charan Singh Haryana Agri-
cultural University, Hisar (Haryana) and were sown in pots
under screen house conditions in screen house of the Depart-
ment of Botany and Plant Physiology on July 17, 2021. The
seeds were surface sterilized in 1% sodium hypochlorite
(NaOCl) solution for 5 min and were sown in plastic pots
containing 10 kg of dune sand. Before sowing pots were satu-
rated with desired salt levels i.e., control (0), 4, 6, and 8 dS:‘m~".
The nutrient solution was given at regular intervals according
to the method of Arnon[?5. Ortho-silicic acid (1.5 and 2.5
mg-L~") was applied exogenously with the help of a manual
sprayer 30 d after sowing (DAS). Three plants per pot were
maintained to study several parameters.

Growth/morphological attributes

Fresh weight (FW) of leaf, root and stem, fresh weight (FW) of
leaf, root and stem height (HT), dry weight (DW) and leaf area
(cmZplant~T) at 40 Days After Sowing (30 DAS and 10 Days after
OSA application).

Physiological attributes

Photosynthesis rate, transpiration rate, and stomatal conduc-
tance were calculated using a third leaf from the top by using a
plant Infrared Gas Analyzer (IRGA, LCi-SD, ADC Bioscience,
USA)[26l,

Relative water content (RWC) was calculated according to
Barrs & Weatherley?”l using the formula:

Fresh weight — Dry weight
Turgid weight — Dry weight

To assess the water potential of leaves, a pressure chamber
(Model 3005, Soil Moisture Corporation, Santa Barbara, CA,
USA) was used(?8], The third leaf from the top was separated
from the plant with the help of a sharp edge knife and sealed in
the pressure chamber one by one with the cut end protruding
outside, and pressure was developed until the sap just
appeared at the end.

RWC (%) = 100

1,000 mmol-kg’l = 2.5 MPa = 25 bars

Chlorophyll fluorescence in plants was measured on a sunny
day using a chlorophyll fluorometer)2?l. For 2 min, a fully
expanded leaf was acclimated to darkness using a clip, and the
leaf-adapted darkness was then continuously irradiated for 1 s
(1,500 mol-m=2:s71) by an array of three light-emitted diodes in
the sensor.

Relative stress injury was quantified by determining the ratio
of ion leakage into the external aqueous medium to the total
ion concentration of the stressed tissue, as assessed through
the electrical conductivity of the external mediumB%, The
membrane injury was calculated as:

Ecl
0, -1 — ——
RSI (%) = 1= - x 100

Biochemical attributes
Dried samples were ground to 1 mm particles and crude
protein (CP), lignin, and fiber were analyzed by near-infrared
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reflectance spectroscopy (NIRS) using the method given by
Fekadu et al.B", All results are reported as % dry mass (% DM).

Total soluble sugars were determined using the method
given by Yemm & Willisi32],

Statistical analysis

The data was analyzed statistically for ANOVA using
complete randomized design (CRD) by using SPSS 13.0 (Statisti-
cal Package for the Social Sciences) (SPSS Inc., Chicago, IL, USA)
using Tukey's HSD test at 0.05 significance level and was
expressed as mean + standard errors. Treatments were com-
pared with CD values at a 5% level of significance. Pearson's
correlation analysis was conducted to explore potential associ-
ations among the traits, aiming to identify any potential rela-
tionships between variables. Correlation analysis was done
using different packages of R software version 4.0.5.

Results

Growth attributes

The growth attributes were significantly influenced by both
salt stress and OSA treatments. The data is presented in
Tables 1 & 2. According to Table 1, the effect of ortho-silicic acid
(OSA) on the fresh weight (FW), plant height (HT), dry weight
(DW), and leaf area of sorghum genotype CSV 33 MF was eva-
luated under different levels of salt stress.

Fresh weight

The fresh weight of stem, leaf, and root showed a drastic
decline under salt stress. OSA was able to mitigate the nega-
tive effects of salt stress to some extent. At control (0), the hig-
hest percent increase in FW was observed at 2.5 mg-L= of OSA,
with stem FW increasing by 17.1%, leaf FW by 20.7%, and root
FW by 20.6% in CSV 33MF. Exogenous OSA application also
resulted in increased FW of stem, leaf, and root at 4 dS-m~" with
the highest increase observed at 2.5 mg-L~!, with stem FW
increasing by 14.4%, leaf FW by 12.5 %, and root FW by 19.3%.
Under 8 dS'm~" salt level, the highest decline in fresh weight
was observed which was mitigated to some extent by OSA
application which increased FW of stem, leaf, and root. The
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highest percent increase in FW was observed at 2.5 mg-L~" of
OSA, with stem FW increasing by 23.8%, leaf FW by 20.5%, and
root FW by 21.4%. Similar trends were observed in Table 2
demonstrating the impact of salt stress and OSA on sorghum
genotype SSG 59-3. The imposition of elevated salt stress levels
resulted in a significant decrease in the fresh weight of leaves,
with the maximum reduction of 62.6% observed at 8 dS:‘m-" in
comparison to the control. However, the application of
ortho-silicic acid (OSA) at concentrations of 1.5 and 2.5 mg-L~!
led to an increase in the fresh weight of leaves, with more
pronounced enhancements observed at 2.5 mg-L~".
Dry weight

The dry weight of the leaf, stem and root showed a declining
trend with the increasing salt level from control to 8 dS-m~".
Fold change was found maximum in leaf dry weight at 8 dS:m-!
of salt stress i.e. 0.59 and 0.55 in CSV33MF and SSG 59-3 respec-
tively, with respect to the control. Dry weight enhancement
was noticed after exogenous OSA application. Maximum
increase was observed at 2.5 mg-L~! OSA application. After the
application of 2.5 mg-.L-! of OSA, the percent increase was
maximum at the control of salt stress in both genotypes i.e.
CSV33MF (20.6%) and SSG 59-3 (11.2%) with respect to the
control. Likewise, the dry weight of leaves exhibited a declin-
ing trend with escalating salt stress levels in the SSG 59-3 geno-
type. The highest percentage decline of 45.39% was observed
at 8 dS‘m~" of salt stress compared to the control. However, the
foliar application of OSA resulted in an increment in the dry
weight of leaves, with the maximum enhancement observed at
2.5 mg-L~". Similar results were also obtained for dry weight of
stem and root under different levels of salt stress and foliar
application of ortho-silicic acid. The contribution towards dry
weight was more from the stem as compared to the root.

Plant height

The plant height was reduced in both genotypes due to the
effect of salt stress. At 0 dS-m~" salt level, plant height was
recorded highest (136.0 + 5.29 cm) at 2.5 mg-L~! of OSA demon-
strating a fold change of 1.19 as compared to control condi-
tions of treatment. The plant height also showed a percent

Table 1. Effect of ortho-silicic acid (OSA) on fresh weight stem (FWS), fresh weight leaf (FWL), fresh weight root (FWR), plant height (PH), dry weight stem
(DWS), dry weight leaf (DWL), dry weight root (DWR) and leaf area (LA) of Sorghum genotype CSV 33MF grown under different levels of salt stress.
Salt level OSA FWS FWL FWR PH DWS DWL DWR LA
(mg'L™")  (g-plant™) (g-plant™) (g-plant™) (cm) (g-plant™) (g-plant™) (gplant™) (cm?)
0dSm™ 0 29.73%9+0.64 11.40°<+0.55 10.062°9+0.29 114.02+839 9.01P<+0.19 2.84%+0.14 3.05%P+0.09 689.0%¢ +33.4
1.5 33.90% +0.55 1250°+047 11.66%°+023 129.72+4.18 997°+0.16 3.122°+0.12 3.38%°+0.08 756.6%°+28.7
25 34.832+046 13.76°+0.61 12.132+0.27 136.0°+529 10.85°+0.14 3.432+0.15 3.672+0.07 832.0°+35.2
4dSm™! 0 28209+ 0.83 11.16°+0.38 9.86Pe+ 073 112.0%°+3.79 8269+0.25 2.70°9+0.18 2.98P<+0.22 663.6°+43.4
1.5 30839 +044 12.06%°+0.17 11.43%°+023 1203°+7.36 9.03°+0.15 2.92%<+0.05 3.20*+0.05 717.3P+11.2
25 32.26°°°+0.23 1256°°+0.32 11.76°+0.29 12432+590 9.49%°+0.06 3.14®+0.08 3.41°+023 769.6°®+ 184
6 dS-m™! 0 21.039"+0.43 8.60%+006 7.80°°+042 8269+442 581F+0.55 2.189+001 236 +0.13 479.6% +03.0
1.5 24.109+040 91694055 9.33%+069 93.0°+1.16 6.50°+0.53 2.369+028 2489 +036 499.39+296
25 2520F 055 9.769+0.27 9409+0.12 953+133 6.739€+£0.38 246%9+0.07 2.759+0.07 548.39+16.0
8dsm™’ 0 1440'£1.46  556/+0.37 590f+032  47.7°+233 3.859+045 1.40°+0.05 1.80°+0.21 302.0/+12.2
1.5 17.00'+0.89  6.037+0.13 6.76f +0.41 5879+ 433 4649+027 147°+0.04 2019%+0.10 318.0+05.0
25 17.83"M+0.53  6.70¢F +0.15 716 +£046  63.09€+208 4.889+0.16 1.54°+0.01 2.119%+0.10 340.07+05.1
MSE 1.43 0.43 0.505 125 0.298 0.045 0.085 49.8
CcD 2.03 1.11 1.20 13.9 0.92 0.36 0.49 82.8
S.E(m) 0.69 0.38 0.41 4.74 0.31 0.12 0.17 28.2
SE(d) 0.98 0.54 0.58 6.71 0.45 0.17 0.24 39.9

Data having the same letters in the column do not differ significantly while groups with different letters suggest a significant difference (Tukey's HSD test p <
0.05) with error degree of freedom = 24; MSE (Mean Square Error) at 5%. * Values are presented as mean + standard error (n = 3).
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Table 2. Effect of ortho-silicic acid (OSA) on fresh weight stem (FWS), fresh weight leaf (FWL), fresh weight root (FWR), plant height (PH), dry weight stem
(DWS), dry weight leaf (DWL), dry weight root (DWR) and leaf area (LA) of Sorghum genotype SSG 59-3 grown under different levels of salt stress.

Salt level 0SA FWs FWL FWR PH DWS DWL DWR LA

(mg'L™")  (g-plant™) (g-plant™) (g-plant™) (cm) (g-plant™) (g-plant™) (g-plant™) (cm?)
0dS'm™! 0 29.10°+0.47 11.53%<+147 10.03%*<+069 118.7°+4.8 8.82°+0.14 288%°+037 3.04°+021 697.0°+315
1.5 315724069 13772076 10562°+0.32 13232 +13 9552+020 3422+0.18 3.23%+0.14 829.02°+156
25 32562+ 054 13.97°+043 11.232+1.02 140.02+25 1047°+042 3.632+0.12 338°+040 879.0°+19.7
4dS-m™ 0 2773+ 1,65 11.272°+133 9.67%<+0.57 116.7°°+4.1 8.06°+0.51 2.822¢+033 292%°+0.33 681.7°+23.7
1.5 29.672+130 12.50®°+035 11.102+0.35 128.0%*+29 858°+0.40 3.122+0.08 3.14%®+0.10 755.0°°+19.9
2.5 31.80°+1.67 13.30°+0.50 10.26%*+0.30 13232+09 9.012°+041 3.322+0.12 3.21%°+0.19 804.0%® + 30.1
6dS'm™! 0 19.279+0.38 8.039f+070 7.679f+024 87.09+15 5779+£0.12 1.949F+017 229°+0.16 360.79+16.2
1.5 2160°+0.66 8509 +045 840°d+032 9809+15 6.299+0.16 2.06°9+0.11 2.4225<+0.12 389.39+03.2
25  2290°+1.78 893b9+043 8.83%9+009 100.79+51 6569+037 2.18°4+0.13 2572b<+023 43479+ 148
8dsm™’ 0 12.60°+0.50  4.30f+0.25 5704040  533°+12 3.75¢+022 1.12f+0.07 1.66°+0.08 247.7+17.0
1.5 14379 +068 4.63F+073 587¢F+0.18 627°+1.6 4.04°+021 1237009 1.72°+0.15 269.0¢ +25.5
2.5 15.90%¢ +0.47 5.079%f+072 6.779F+046 66.0°+2.8 421°+0.04 1.28%f+0.10 1.85°+0.06 284.7¢7+08.1

MSE 3.22 1.76 0.772 229 0.272 0.100 0.123 19.82

cD 3.04 2.25 1.49 9.28 0.88 0.54 0.60 59.8

S.E (m) 1.04 0.77 0.51 3.16 0.30 0.18 0.20 204

SE(d) 1.46 1.08 0.72 4.47 0.43 0.26 0.29 28.8

Data having the same letters in the column do not differ significantly while groups with different letters suggest a significant difference (Tukey's HSD test p <
0.05) with error degree of freedom = 24; MSE (Mean Square Error) at 5%. * Values are presented as mean + standard error (n = 3).

increase of 12.6% and 15.7% at 1.5 mg-L=" and 2.5 mg-L~" of
OSA, respectively as compared to the control at 6 dS-m~1. The
plant height exhibited a significant percent increase of 32.2% at
8 dS'm~" after the exogenous application of 2.5 mg-L~" OSA as
compared to the control of the treatment. Plant height also
experienced a significant reduction with increasing levels of
salt stress in the SSG 59-3 genotype. At 8 dS‘m~7, there was a
higher percentage decline of 55.4% compared to the control
level. The foliar application of OSA at concentrations of 1.5 and
2.5 mg-L~" resulted in significant enhancements in plant height,
with the maximum increase of 23.8% observed at 8 dS'm~" at
2.5mg-L~1 OSA.

Leafarea

Leaf area per plant decreased with increasing salt levels rang-
ing from control to 8 dS‘-m~'. The highest decline in leaf area
was observed at 8 dS-m~! of salt level, but on comparison of
both genotypes, SSG 59-3 (64.4%) had a maximum decrease in
leaf area per plant as compared to CSV 33MF (56.2%) with
respect to control. Leaf area per plant was increased after the
foliar spray of ortho-silicic acid at 1.5 and 2.5 mg-L~", but the
maximum rise in leaf area was observed at 2.5 mg-L~! of OSA.
The leaf area showed a significant percent increase of 20.7% at
2.5 mg-L~" of OSA compared to the control at 0 dS-m~". After
exogenous application of 2.5 mg-L-! OSA, the leaf area also
exhibited a significant percent increase of 15.9% at 4 dS-‘m~!
and 14.3 % at 6 dS'-m~" in CSV33MF genotype. The most drastic
reduction in leaf area was observed at 8 dS‘m~! which was
56.16% in CSV33MF and 64.56% in SSG 59-3. Exogenous appli-
cation of 2.5 mg-L~! OSA mitigated the effects of salt stress on
leaf area and increased leaf area by fold change of 1.13 in
CSV33MF and 1.15 in SSG 59-3.

Overall, both genotypes exhibited reductions in fresh weight,
dry weight, plant height, and leaf area per plant as salt stress
levels increased. Nevertheless, the application of OSA miti-
gated these adverse effects and led to improvements in these
growth parameters, with greater enhancements observed at
2.5 mg-L~" of OSA.
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Physiological attributes

The leaf water potential values became increasingly nega-
tive as salt levels were incremented from the control to
8 dS'‘m~" in both genotypes at 40 Days after sowing (DAS)
(Tables 3 & 4). A comparison of the two genotypes revealed
that SSG 59-3 exhibited the most negative value (-1.15 MPa)
compared to CSV33MF (-1.13 MPa) at the 8 dS'm~! salt level.
The water potential of the leaves became less negative when
different concentrations of ortho-silicic acid were applied to
both genotypes. SSG 59-3 displayed a less mean negative value
(—=0.50 MPa) compared to CSV33MF (-0.57 MPa) after the appli-
cation of 2.5 mg-L~" OSA at control. The relative water content
(RWC) progressively decreased with increasing salt stress levels
at 40 DAS in both genotypes. The maximum decrease in RWC
was observed at the 8 dS'm~! salt level in both genotypes, with
a decrease of 18.3% in CSV33MF and 18.5% in SSG 59-3
compared to their respective controls. The foliar application of
2.5 mg-L~1 of ortho-silicic acid increased the RWC at each level
of salt stress in both genotypes. In CSV33MF, the RWC
increased from 81.2% to 85.5% at 4 dS‘m~, from 71.6% to
76.1% at 6 dS‘m~", and from 66.2% to 72.0% at 8 dS-m~". A simi-
lar enhancement in RWC was observed in SSG 59-3. Relative
Stress Injury exhibited an increasing trend with the imposition
of salt stress, ranging from the control to 8 dS:‘m-'. The maxi-
mum leakage was estimated at the 8 dS-m~" salt level in both
genotypes, with SSG 59-3 showing more damage (42.3%)
compared to CSV33MF (36.8%) with respect to the control. The
foliar application of 2.5 mg-L~" of ortho-silicic acid prevented
electrolyte leakage to some extent.

The chlorophyll content also declined with increasing salt
stress levels from the control (0) to 8 dS‘m~" in both genotypes.
The maximum fold change was observed at the 8 dS'm~" salt
level, contributing to a fold change of approximately 0.6 in
both CSV33MF and SSG 59-3 compared to the control. A pro-
gressive increase in chlorophyll content was observed in both
genotypes with the application of different concentrations of
ortho-silicic acid. The fold change was maximum at 2.5 mg-L~!
of ortho-silicic acid in CSV33MF (1.285) and SSG 59-3 (1.207) at
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the 8 dS‘m~" salt level compared to the control. Chlorophyll
fluorescence or photochemical quantum yield also declined
with the imposition of salt stress in both genotypes at 40 DAS.
The quantum yield values decreased from the control to 8
dS'm~1, ranging from 0.73 to 0.65 in CSV33MF and 0.71 to 0.64
in SSG 59-3, respectively. The application of 2.5 mg-L~" of ortho-
silicic acid resulted in a progressive increase in quantum yield
at each salt level, as well as in the control. The maximum
increase was noticed at the 6 dS‘m~" salt level in CSV33MF,
where it increased from 0.68 to 0.74.

The rate of photosynthesis decreased with increasing salt
stress levels from the control (0) to 8 dS‘-m~" in both genotypes
at 40 DAS. The percent decrease in photosynthetic rate was
44.2% in CSV33MF and 46.5% in SSG 59-3 at the 8 dS'm~" salt
level compared to the control. The foliar application of 2.5
mg-L~" of ortho-silicic acid enhanced the rate of photosynthe-
sis in both genotypes. The percent increase was noticed at each
level of salt stress in CSV33MF (14.1%, 15.4%, and 32.2% at 4, 6,
and 8 dS‘m~, respectively) compared to the control. Similar
increments were also observed in genotype SSG 59-3. A
progressive decline was noticed in the rate of transpiration with
an increase in salt levels from the control to 8 dS‘m~'. The fold
change in transpiration rate was highest at the 8 dS'm~! salt
level, with 0.305 in CSV33MF and 0.282 in SSG 59-3 compared
to the control. At the highest salt level (8 dS-m~1), the applica-
tion of 2.5 mg-L~" of ortho-silicic acid showed a significant
increase in transpiration rate (88.7% in CSV33MF and 73.1% in
SSG 59-3). Stomatal conductance also decreased with an
increase in salt levels in both genotypes. The percent decline in
stomatal conductance observed at 4, 6, and 8 dS-m~" salt levels
was 5.0%, 50.2%, and 70.1%, respectively, in CSV33MF, and
5.2%, 68.4%, and 84.4% in SSG 59-3 compared to their respec-
tive controls. The foliar application of ortho-silicic acid (1.5 and
2.5 mg-L~7) led to an improvement in stomatal conductance in
both genotypes, while the maximum increase was observed at
2.5 mg-L~1 OSA at 8 dS‘m~" leading to a fold change of 2.33 in
the CSV33MF genotype.

Biochemical parameters

A decrease in protein content was observed with the
increase in salt levels from control to 8 dS‘m~" at 40 DAS as
described in Fig. 1. In the sorghum genotypes CSV33MF and
SSG 59-3, protein content decreased from 8.89 to 6.61 and 8.59
to 6.72% DM, respectively, with the onset of salt stress (0 to 8
dS-m~1). The foliar application of ortho-silicic acid (2.5 mg-L-")
increased protein content under both stressed and control
conditions. The maximum increase in protein content (23.9% in
CSV33MF and 15.2% in SSG 59-3) was observed with 2.5 mg-L~!
OSA at 8 dS'm~" salt level compared to their respective controls.

The total soluble sugar (TSS) content of both sorghum geno-
types was significantly influenced by both salt stress (4, 6, and 8
dS'm~") and OSA (1.5 and 2.5 mg:L~"). The results revealed that
plants grown under stress conditions exhibited higher TSS
values compared to the control. The maximum TSS content was
estimated at 8 dS'm~" salt level in both genotypes (CSV33MF
and SSG 59-3). Significant increases in TSS content were
observed with the application of ortho-silicic acid at 1.5 and 2.5
mg-L~" concentrations. The highest increase was observed in
CSV33MF at 8 dS‘m~" salt level, where TSS content increased
from 7.40 to 7.97 at 2.5 mg-L-" OSA.

The fiber content significantly decreased with increasing
levels of salt stress from control to 8 dS‘m~" in both genotypes
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at 40 DAS. The decrease was 14.1% in CSV33MF and 10.8% in
SSG 59-3 at 8 dS‘m~T compared to the control. Application of all
concentrations of ortho-silicic acid caused an increase in fiber
content in both genotypes under stressed and control condi-
tions, but the maximum increment was observed with 2.5
mg-L=" OSA in CSV33MF compared to SSG 59-3 under control
conditions. Lignin content increased with each increment in
salt levels in both genotypes at 40 DAS. The percentage
increase in lignin content was 5.6%, 14.9%, and 18.3% at 4, 6,
and 8 dS:m~1 salt levels, respectively, in CSV33MF compared to
their respective controls. Foliar application of OSA (1.5 and 2.5
mg-L~7) led to an increase in lignin content in both genotypes,
with the maximum increase observed at 2.5 mg-L~'. The
percentage increase was higher at 8 dS-m~' salt level in
CSV33MF (4.5%) and at 6 dS‘m~" in SSG 59-3 (6.8%) compared
to their respective controls.

Discussion

Salt stress has a detrimental influence on plant development
(germination, vegetative growth, and reproductive develop-
ment), physiology and biochemical aspects along with its water
and nutrient uptake either directly or indirectly. A comprehen-
sive review of the literature revealed a scarcity of well-main-
tained work on the effects of ortho-silicic acid on the morpho-
physiological and biochemical responses of sorghum to salt
stress. The nutritional quality of sorghum also relies on these
components, therefore evaluation of these parameters under
salt stress might reveal the relative importance of these traits in
maintaining nutritional quality which can be further improved
by crop improvement program of forage sorghum for salt
stress tolerance.

Morpho-physiological changes in response to
OSA treatment under salt stress

Growth variables are an indispensable tool for assessing crop
productivity across various species. It is influenced by an array
of factors, including genetic makeup, physiological and
biochemical factors along with environmental factors. Under
salt stress, both the genotypes of sorghum (CSV33MF and SSG
59-3) exhibited a significant decline in plant height, fresh and
dry weight, leaf number, leaf area per plant, and specific leaf
weight. This reduction in growth parameters intensified with
increasing salt concentration, validating findings also reported
by Bimurzayev et al.l>3], The presence of salts in the soil lowers
the solute potential, leading to a reduction in water imbibition
by roots, which subsequently impairs plant growth and deve-
lopment. This decrease in growth could be linked to negative
effects on physiological processes such as osmotic imbalance,
ion stresses, transpiration, and photosynthesisB4. Increased salt
tolerance in plants is often associated with higher antioxidant
activity and cell membrane protection, contributing to
decreased lipid peroxidation as well as improved leaf photo-
synthetic rate and stomatal conductance. For this, in-depth
investigations are warranted. For instance, a recent opportu-
nity has suggested that mapping the movement of cell apo-
plastic ion and metabolite patterns could offer novel insights
into the function of guard cellsB3, particularly under salinity.
This understanding could shed light on the maintenance of
photosynthesis and biomass accumulation with silicon applica-
tion under salinity. OSA has shown potential in alleviating salt
stress by regulating antioxidant activity. Foliar application of
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Fig. 1

Effect of ortho-silicic acid (OSA) on protein (% DM), fiber (% DM), Total Soluble Sugar (TSS) (% DM) and lignin (% DM) of Sorghum

genotypes CSV33MF and SSG 59-3 grown under different levels of salt stress at 40 DAS. Data having the same letters in the column do not
differ significantly while groups with different letters suggest a significant difference (Tukey's HSD test p < 0.05) with error degree of freedom = 48.

OSA mitigates salt-induced damage and enhances photosyn-
thetic characteristics of plants, evidenced by improved photo-
synthetic pigment content, photosynthetic rate, stomatal con-
ductance, and intercellular CO, concentration[36], Under abiotic
stress, OSA can promote meristem division and plant develop-
ment through improved nutrient uptake and reduced oxida-
tive damage caused by ROS generationB7l. Additionally, OSA
contributes to plant growth by enhancing multiple adaptive
responses, including organic acids and phenol exudation, accu-
mulation of compatible solutes and hormonal regulation[38l,

Biochemical changes in response to OSA
treatment under salt stress

In leaves, intense soluble sugar accumulation was observed
following salt treatment in all the genotypes of wheat and
barley. This accumulation is attributed to increased invertase

Pankaj et al. Grass Research 2024, 4: €016

activity, which converts sucrose to fructose and glucose, thus
raising the total soluble sugar content(39, Elevated levels of
sugar metabolites in the leaves of salt-tolerant cultivars, func-
tioning as osmo-protectants, helping the plants cope with
osmotic stress0,

Silicon (Si) plays a crucial role in altering the gene expression
of Si transporters (Lsi1 and Lsi2) and stress-related proteins,
leading to increased silica accumulation and higher levels of
compatible solutes in Si-supplemented plants*'l. Similarly,
maize plants grown from seeds treated with Si for 12 h showed
increased growth, leaf-relative water content, and levels of
photosynthetic pigments, soluble sugars, soluble proteins, total
free amino acids, potassium, and activities of SOD, CAT, and
POD enzymes, compared to untreated plants“Z. Increased
lignin deposition has been observed in Si-treated (Si+) plants
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compared to untreated (Si—) plants. Deposition of lignin at the
inner tangential cell wall starts together with the formation of
the silica aggregates in Si+ rootst3l. Upregulation of phenyl-
propanoid biosynthesis-related genes under -Si conditions.
Due to this -Si plants exhibit increased mechanical strength and
calorific value in cell walls due to elevated lignin deposition.
Limiting the Si supply also significantly increased the thiogly-
colic acid lignin content and thioacidolysis-derived syringyl/
guaiacyl monomer ratio*4. Flores et al. reported that silicon
application improved the physiological quality, dry mass, and
fibre production of Sorghum bicolor*l. The accumulation of
large amounts of silicon in the endoderm tissues of sorghum
increased the crop's tolerance to stress including water deficit
as the endoderm cells play an important role in water trans-
portation by roots. Also, the application of silicon increased the
protein content in sorghum seeds. The study focused on the
nutritional and functional properties of sorghum-based pro-
ducts and the potential valorization of sorghum bran. The addi-
tion of silicon, along with micro minerals and soybeans,

Pearson's
Correlation

-1.0 -0.5 0.0 05 1.0

ns p = 0.05;
*p <0.05;
**p<0.01;
***p <0.001
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enhanced the protein content in polished sorghum-based
productst®l, In the present study, OSA alleviated the negative
impact of stress on growth and yield, consistent with previous
findings. Si application enhanced levels of photosynthetic
pigments, relative water content, protein content, and carbohy-
drate content in both wheat varieties (WH-1105 and KRL-210). It
also reduced proline content, malondialdehyde (MDA) content
(an indicator of lipid peroxidation), and electrolyte leakage,
thereby improving salt stress tolerance. Furthermore, Si
reduces Na* absorption, improves ion balance, and alleviates
the adverse effects of salt stress in two licorice species, as
demonstrated by previous studies®748],

All morphological parameters were observed to have a
highly significant negative correlation with RSI, while confer-
ring a highly significant positive correlation with A, g, RWC, E
and CHL. Figure 2 provides information regarding the corre-
lation values and patterns among the different traits varying
across all the treatments. The data is highly significant for
approximately all parameters having a p-value of < 0.001.
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Fig. 2 Pattern of correlation and level of significance observed among different traits across all the treatments in both sorghum genotypes.
TSS (Total Soluble Sugar), PROTEIN, FIBRE, LIGNIN, A (Assimilation Rate), g, (Stomatal Conductance), DW (Dry Weight of Stem, Leaf and Root),
FW (Fresh Weight of Stem, Leaf and Root), WP (Water Potential), E (Transpiration Rate), RWC (Relative Water Content); PLANTHT (Plant Height),

Fv/Fm (Chlorophyll Fluoroscence), CHL (Chlorophyll Content).
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Correlations between different traits were determined using
Pearson correlation coefficients (PCCs). Strong correlation was
observed among all the physiological traits except RSI, and
with the growth traits. Among the biochemical traits, protein
and fibre showed a positive correlation with physiological and
growth traits whereas lignin and TSS showed a negative
correlation.

Conclusions

Salt stress is a major environmental factor limiting global
plant growth and productivity. The sorghum varieties CSV33MF
and SSG 59-3, grown in northern India, are significantly affected
by salinity and sodicity. Silicon (Si) has shown potential as
an abiotic stress mitigator. Salt stress negatively impacted
morpho-physiological and biochemical traits in both sorghum
genotypes, with SSG 59-3 experiencing greater reduction.
Foliar application of ortho-silicic acid (OSA) improved various
growth parameters, with 2.5 mg-L=" OSA being more effective
than 1.5 mg-L-". OSA significantly mitigated the effect of salt
stress up to 6 dS‘m~' and demonstrated improved productivity
at all salt levels. OSA enhances osmotic balance and water use
efficiency (WUE), preventing salt-induced damage in plants.
Sorghum is a vital crop in the context of climate change due to
its abiotic stress resilience ensuring food security in increa-
singly adverse conditions. These findings suggest the potential
inference of using exogenous ortho-silicic acid to mitigate salt
stress.
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