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Abstract

Under salt stress, Silicon is considered a beneficial element for the
growth of higher plants as it alleviates the harmful effects caused
by salt. In the present study, Sorghum bicolor L. seedlings were
grown hydroponically in growth units, filled with continuously
aerated half strength of Hoagland-nutrient solution. Different
treatments were manipulated to examine the negative effects of
NaCl and the combined effect of NaCl with Si on seedlings growth,
chlorophyll content, soluble protein content, ion accumulation,
phosphoenolpyruvate carboxylase (PEPCase) and sucrose
synthase (SS) activities. The salt induced decrease in seedling
growth was relieved upon treatment with Si. Meanwhile, the
sucrose and glucose levels were significantly increased and there
was a reduction in sodium concentrations in the salt-stressed plants
treated with silicon. The PEPCase activity in sorghum seedlings
subjected to salt-stress was higher in the treatment with Si than that
without Si, but did not significantly differ from that of control.
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Introduction

Salinity is the process of accumulation of soluble salts, it
affects plant productivity especially in arid regions where evapo-
transpiration is high and the rain is not enough for leaching the salt
out of the root zone. Salt stress can lower leaf water potential, leading
to reduced turgor and some other responses and ultimately lower crop
productivity. Plants have difficulties in absorbing water when they are
subjected to salt, which quickly causes reduction in growth rate [1].
The response of plants to increased salinity is complex and included
changes in plant morphology, physiology and metabolism [2,3]. Salt
stress adversely affects plants and crops at all stages of their life cycle
as reported by many researchers [4-6].

Salinity affects plants through osmotic stress and ion imbalance
and toxicity [7,8]. Osmotic effects are due to salt-induced decrease
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in the soil water potential. High salts inside the plant take time to
accumulate before they affect plant function. Plants have developed
a wide range of mechanisms to sustain productivity under salt stress
environment. These mechanisms are osmotic adjustment, Na* and/or
CI" exclusion and tolerance [8]. Research on salt tolerance of various
crops has indicated that salt tolerance depends largely on genera and
species and even on cultivars within certain species. Sorghum bicolor
(L.) Moench was characterized as moderately tolerant to salinity [9].

Phosphoenolpyruvate (PEP) carboxylase (PEPC; EC 4.1.1.31)
is an important, highly regulated, cytosolic metabolic enzyme that
plays a pivotal photosynthetic role in primary CO, fixation by C4
and Crassulacean acid metabolism plants, but also has a variety
of additional functions, including roles in seed development and
germination germination.

Recently, Isabel Ruiz et al. [10] showed that PTPC
monoubiquitination in germinating sorghum seeds always increases
at the stage of radicle emergence is maintained during the aerobic
period of rapid cell division and reserve mobilization, and remains
relatively constant until the coleoptiles initiate the formation of the
photosynthetic tissues. Monoubiquitination is inhibitory as it results
in increased Km (PEP) values and enhanced sensitivity to allosteric
inhibitors.

The second most prevalent element in the soil after oxygen is
silicon. Si uptake by plants may alleviate biotic and abiotic stresses.
Therefore, Silicon application could improve plant growth and
production under adverse climate and soil conditions. Many reports
of silicon application against NaCl stress have been reported in rice
[11], wheat [12], soybean [13], maize [14] and barley [15-18].

Induction of tolerance by Si could be explained by the accumulation
of this element in the leaves which may limit transpiration [11].

Silicon may protect the membranes hence the ultrastructure of
organelles especially chloroplasts [15,16]. It could form complexes
with sodium in the root zone and decreasing salt uptake [12]. Yeo
et al. [19] suggested that Si minimize the water passing through the
apoplastic way, which may reduce sodium uptake and in the meantime
do not affect largely the transpiration rate of the plant.

Sorghum (Sorghum bicolor L.) is the crop of arid regions because
it can withstand relatively low rainfall and remain alive under
unfavorable environmental conditions as high temperatures and salts.
It has been reported that Si accumulated in crops of Gramineae and
Cyperaceae. Sorghum can take up and accumulate a large amount
of silicon (2 to 3% Dry weight), and therefore in many reports it is
considered as a silicon accumulator [20]. The present study aims to
investigate the effect of silicon on minimizing the damage caused by
salt in young Sorghum seedlings.

Materials and Methods

Sorghum seeds (Sorghum bicolor L. Moench) were obtained
from the Crop Institute, Agricultural Research Center, Giza, Egypt.
Before sowing, the seeds were surface sterilized by soaking for two
minutes in 4% sodium hypochlorite, then, rinsed four times with
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distilled water. The seeds were arranged in 9-cm diameter Petri-dishes
lined with two discs of Whatman No.1 filter paper under normal
laboratory conditions at 28°C under dark condition (germination in
the dark condition causes extension of shoot, which will facilitate the
transplanting into the nutrition solution). 10 ml of distilled water were
added daily to three replicates in a randomized complete block design.
After one week, selected seedlings of equal size (shoot lengths reached
about 2 cm) were transplanted in the growth units and subjected to
different salinity levels.

Seedlings were grown hydroponically for 14 days in growth units
consists of 4 polyethylene tubes with dimensions: 5 cm diameter, 51
cm length. Each tube has an out and inlet in order to pore the nutrient
solution. The capacity of each tube is 1500 ml with 31 pores (8 mm)
were made in each tube distributed in two alternation lines, where
the seedlings should be settled. The plastic tips of micropipettes
(Eppendorf) were used to support the seedlings during growth and
when they were harvested. The growth units were placed in a growth
room under normal laboratory conditions (20 + 2°C temperature, 75 +
2% relative humidity, and 14/10 h light/dark photoperiod). Seedlings
were irrigated with half strength Hoagland solution. An air pump (200
ml/min.) was put in the inlet of the tube to provide good circulation
and aeration of the solution. The pH was kept within the range of 6.0
to 6.5. The solutions were made using distilled water, and changed
every 3 days.

Salinity treatments (0 and 50 mM NaCl) started upon transferring
the seedlings to the tubes and went on until the end of the trial. Silicon
was added to the nutrient solution as K,SiO, (0 and 2 mM). The Si
concentration (2 mM) used was comparable with those widely used in
other studies investigating the ameliorative role of Si in abiotic stress
[21-26]. Dry mass of seedlings was measured after their drying in
oven at 75°C till constant mass.

Determination of sucrose synthase activity (EC 2.4.1.13)

Sucrose synthase activity was determined according to the
method described by Egger [27]. Briefly; One gram of leaf tissue was
homogenized with liquid nitrogen using a Microdismembrator. 100
mg polyclar was added to the leaf homogenate (4 mg) and extracted
for 5 min. with 1 ml of ice-cold Tris/Borate/B-mercaptoethanol buffer
(100/300/1 mM: pH 7.6 at melting ice temperature). Aliquots (15 pl)
were introduced into a 2- step assay (the specific step: formation of
UDPG by the enzyme; and the indicator step: determination of UDPG
by UDPG dehydrogenase). The specific step was performed in 96-well
microtiter plates (Figure 1) as described by Abdel-Latif [28].

Determination of PEP Carboxylase activity (EC 4.1.1.31)

Approximately 1.0 g of leaf tissue was ground in a prefilled mortar
with purified sand and 10 ml of freshly prepared homogenization
buffer (0.1M Tris HCI (pH 7.8), 0.5 mM EDTA, 1 mM Mg SO, and
1 mM DTE). The method is slightly modified from that described by
Foyer etal. [29] to suit the quantities of the enzyme present in the leaves
investigated. The extract was centrifuged in a Beckman-centrifuge
(model 2-21) at 16.000 rpm for 25 min. Approximately 0.3 g of solid
PVP was added to 3 ml of the supernatant and mixed vigorously
with a stirrer for 3 sec., and then the mixture was centrifuged at 8000
rpm at 4°C for 10 min. The clear supernatant was used as the source
of the enzyme. Activity of PEPCase (EC 4.1.1.31) was determined
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spectrophotometrically at 340 nm by coupling the reaction to the
oxidation of NADH in the presence of malate dehydrogenase (MDH).

Determination of protein content

Protein content was determined using coomassive Brilliant Blue
G-250 (Bio-rad reagent) as described by Bradford [30].

Measurement of ions concentration

For the determination of mineral elements, dried powder samples
were digested in nitric acid. Triplicate determinations of each element
were carried out using Atomic Absorption and expressed on dry
weight basis.

Photosynthetic pigments

The leaf photosynthetic pigments (chlorophyll a, chlorophyll b
and carotenoids) were determined spectrophotometrically according
to Moran [31]. A known fresh weight of leaves was homogenized in
85% aqueous acetone for 5 min. The homogenate was centrifuged and
the supernatant was made up to known volume with 85% acetone and
measured against a blank of pure 85% aqueous acetone.

Quantification of non-structural carbohydrates

Carbohydrates were measured following the method of Irigoyen
etal. [32], with appropriate adaptations. A sample of 0.5 g fresh matter
was homogenized twice with 95% ethanol (v/v) and washed with
70% ethanol (v/v), followed by centrifugation at 1500 g at 2°C for 15
min. Glucose, fructose, and sucrose were determined in the resulting
supernatant spectrophotometry at 650 nm [33].

Free proline content

The method of Bates et al. [34] was used in the determination of
free proline.

Statistical analysis

Based on the data obtained from the experiment, data presented
are the mean * standard deviation (SD) gained from at least three
replicate samples. All the data of the present study were subjected
where appropriate; to standard one-way analysis of variance (ANOVA)
and student’s t-test (t-value<0.05 was considered as significant)
where a significant difference was detected by ANOVA test, pair-
wise comparisons of means were performed using Least Significant
Differences (LSD) at 0.05 probability level.

Results and Discussion

Soil salinization and alkalization is a cosmopolitan problem that
affects environment and sustainable development of agriculture.
Seed germination and early seedling growth are important stage
for the establishment of plants population. Increasing salinity levels
significantly decreased germination parameters, root and shoot length,
shoot and root fresh and dry weights of some forage sorghum cultivars
[35]. Salt stress as major factor can lower leaf water potential, leading
to reduced turgor and some other responses and ultimately lower crop
productivity in arid and semi-arid zones [1]. In the present study,
seedlings lengths as well as dry weight were affected by salinity. The
percent reduction in seedlings length and seedlings dry weight was
37.8% and 32.8%, respectively as compared to the control values. The
decline in seedlings dry weight observed in this study may be caused
by the reduced nutrients transportation from the soil to the growing
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Figure 1: Example for a microplate reader printout. The kinetics represents a SS assay. Rows A and H background (unspecific) rates: extracts without substrate
UDPG; Rows B to G: complete assay; column 1 no leaf extract added. Time of incubation was 30 min.

shoots. Therefore, a decrease in shoot dry matter accompanied by a
decline in root dry matter is a normal growth phenomenon under salt
stress.

Ithasbeen reported that Si, regardless of its essentiality, is beneficial
to higher plants subjected to stress [36]. The present experiment was
an attempt to monitor the effects of Si application on salinity tolerance
of young Sohrgum bicolor L. seedlings. Many authors reported the
positive effects of this element on maintenance and growth of plants
under saline conditions [37-39]. The decrease which appeared in
seedling length was partial when silicon was supplied to the medium.
Furthermore, inhibition of plant growth by salinity was associated
with the appearance of leaf chlorosis or necrosis [40]. However, in
the current work, the seedling remained healthy for the duration of
experiment and the shoots showed almost no sign of senescence or
salt injury. In the present study, salt stress significantly decreased both
Chl a and b content, however, Si supplementation increased them
under salt stress after two weeks of treatments (Figure 2). These results
are in accordance with that of Al-aghabary et al. [41].

Recently, Moussa and El-Galad [14] reported that silicon (Si)
treatment at 2.5 mM partially offset the negative impacts and increased
tolerance of maize (Giza 2 and Trihybrid 321) to salinity stress by
enhancing parameters such as chlorophyll (a+b), carotenoids, total
protein contents, transpiration rate, relative water content (RWC),
enzyme activity of ribulose-1,5-bisphosphate-carboxylase/oxygenase
(RuBPCase).

It is known that roots allow a plant to absorb nutrients from the
surrounding medium, and a healthy root system is a key to a healthy
plant. It is therefore, necessary to consider that the root length, shoot
length, root dry weight, and shoot dry weight will be important
parameters to evaluate the salt tolerance of plants. An increase in root:
shoot ratio, as observed in the current study, could be an indication
of a healthier plant, provided that the increase comes from a greater
root size and not from a decrease in shoot weight [42]. Our results
also revealed that root/shoot ratios increased significantly in response
to salt treatment (Figure 3B). A maximum increase for root shoot

ratio (0.50) is recorded in the salt treated plants in combination with
silicon. The results and data presented in this investigation confirm
the view of other earlier reports [43-45].

Sorghum seedling length was reduced upon salt exposure by
37.8% compared to the corresponding control (Figure 3A). On the
other hand, when seedlings were grown at 50mM NaCl with 2mM
silicon, seedling length was reduced only 22%. Similarly, NaCl alone
reduced seedling dry weight by 34% but applying 2 mM Si in the salt
treated plants resulted in an increase in seedling dry weight (6.56
mg) compared to the control value (Figure 3C). Under non saline
conditions silicon increased both seedling length and seedling dry
weight compared to the control.

In a study by Cheng et al. [46] on aloe, they reported that addition
of Si (2.0 mmol/L) in irrigation solution alleviated significantly the
inhibition of NaCl stress at 100 or 200 mmol/L. They also reported
that exogenously applied Si decreased significantly Na® and CI
) contents, increased K content and K*/Na® ratio. One of the
mechanisms they explained this was the significant enhancement of
H®-ATPase activities by the addition of silicate in plasma membrane
and tonoplast and H(*)-pyrophosphatase activity in tonoplast isolated
from aloe root tips under NaCl stress.

Several reports concluded that the positive effect of Si in salt
treated plants is due to lowering sodium element in the shoots [39,47-
50]. This silicate-enhance salt tolerance is associated with decrease
sodium concentration and increase potassium concentration in plants
which uptake and transport is an active process [51].

Matoh et al. [11] reported that silica deposition in leaf walls of rice
reduced transpiration leading to lowering sodium uptake.

In this work, adding silicon reduced sodium uptake in salt treated
seedlings. The Na* content in salt-stressed plants supplemented with
Si accounted for 6.89 mg/g dry weight compared to 20.72 mg/g dry
weight in salt-stressed plants (Figure 4A).

In the study of Wang and Han [48] on alfalfa, they reported that
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Figure 2: Effect of NaCl (0 or 50 mM) and silicon (0 or 2 mM) on photosynthetic pigment content of 3-week old sorghum bicolor.
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Figure 3: Effect of NaCl (0 or 50 mM) and silicon (0 or 2 mM) on seedlings length (A), root/shoot ratio (B) and seedlings dry weight (C) of 3-week old sorghum bicolor.

potassium increased in leaves and shoots of tolerant alfalfa only. Tuna et
al. [49] reported similar results on wheat that was subjected to salt stress.
They showed enhanced potassium content upon treatment with silicon.

This is in agreement with the present results, as supplementary
Si increased K* content of sorghum seedlings to 18.76 mg/g

dry weight compared to 10.91 mg/g dry weight in salt-stressed
seedlings (Figure 4A).

Previous researches [39,47,49] concluded that silicon in salt
treated plants decreases sodium uptake and as a result increases the
K*/Na* ratio. In the present study, this ratio increased (2.72) in salt
stressed seedlings supplemented with Si (Figure 4B) compared to salt-
stressed ones (0.52).

Compared to the corresponding control, silicon significantly
increased the sucrose content under salt about 5.3-fold compared
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Figure 4: Effect of NaCl (0 or 50 mM) and silicon (0 or 2 mM) on Na*, K*,
Ca*?2and Mg* contents (A) and the K*/Na* ratio (B) in sorghum seedlings.

to an increase of 2.7-fold in salt-treated seedlings .Silicon increased
the content of fructose and glucose. However, under salt stress,
the increase in these sugars was more pronounces in glucose while
fructose content remained more or less similar to the corresponding
control value. Glucose content increased by salt application with a
percent increase of 36% compared with the control value. Similarly,
sucrose content increased in all treatments. However, no effect of Si
was observed on fructose content either in salt treated seedlings or
not (Figure 5). Increase of soluble sugars in silicon treated seedlings
referred mainly to the changes in sucrose content of those seedlings.

Moussa [52] studied the influence of Silicon on salt- stressed
maize. He concluded that Si offset the negative effects and increased
tolerance of maize to NaCl stress by enhancing SOD and CAT
activities, chlorophyll content and photosynthetic activity.

Proline is an osmolyte which plays an important role in osmotic
adjustment. It usually accumulates as a response to osmotic stress [53].
However, its role in osmotic adjustment is still controversial. Some
studies reported that its accumulation under stress is higher in stress-
tolerant plants than in stress sensitive ones [54,55]. Other research
concluded that proline accumulation is due to the injury caused
by stress rather than an indication tolerance [56,57]. In the current
study, proline did not increase markedly upon silicon treatment,while
seedlings subjected to salt treatment showed a significant increase in
free proline content (Figure 6). Nonetheless, Si treatment resulted in a
significant decrease in free proline level in salt treated plants compared
to the seedlings treated with NaCl alone. It was reported that proline
acts as a source of both carbon and nitrogen helping in the recovery
of stress, as well as a membrane stabilizer and also a free radical
scavenger [58]. Proline increased remarkably in Sorghum seedlings
grown under saline condition and showed a marked decreased in
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Figure 5: Effect of NaCl (0 or 50 mM) and silicon (0 or 2 mM) on the
sucrose, fructose and glucose contents (umol/g fresh weight) in sorghum

leaves.
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Figure 6: Effect of NaCl (0 or 50 mM) and silicon (0 or 2 mM) on proline
content of sorghum seedlings.

seedlings treated with both Si and NaCl. Silicon therefore may play
a protective role for Sohrgum seedlings to prevent them from being
injured by salinity stress. Therefore, the level of proline accumulated
in salt-stressed with Si treatment was not as high as it was in salt-
stressed without Si treatment. The results of this work show that
silicon enhance the salt tolerance and this was not accompanied by
increase in proline content [49,59].

Soluble Protein content of sorghum seedlings increased
significantly in all treatments in comparison to control group (Figure
7). In addition, exogenous application of Si significantly increased
soluble protein content of sohrgum seedlings in both Si and Si+NaCl
treated groups compared with control one. Early findings by Liang
[16] and Al-aghabary et al. [41] showed similar results.

Growth reduction reflects the increased metabolic energy cost
and reduced carbon gain, which is associated with salt adaptation
[60]. PEPCase is expected to contribute the control of carbon flux in
the photosynthetic pathway under saline condition [61]. Based on the
data reported by Garcia-Maurino et al. [62], it can be hypothesized
that both enzymes PEPCase and SS may have positive impact on
osmotic adjustment. Different lines of evidence suggest that PEPCase
enzyme contribute to the regulation of atmospheric CO, uptake,
whereas SS enzyme contributes to the control of sucrose production
in leaves. There were some evidence that these enzymes changes may
be related to the degree of many factors such as cell composition,
the pattern of cation distribution, growth condition and certainly
the age of the tissue is likely to be an important factor, although the
photoperiod, temperature, salinity and nutritional status were widely
appreciated [63].
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Figure 8: Effect of NaCl (0 or 50 mM) and silicon (0 or 2 mM) on the

activities of PEPCase and SS (umol/h/g fresh weight) in sorghum leaves.

The effect of salt stress on sucrose metabolism was studied by
Fernandes and Arrabaga [7] in Lupinus albus L. They found that
Sucrose synthase (SS) activity increased under salt stress and sucrose
phosphate synthase activity decreased. In the present study, the
most significant response of S. bicolor plants to excess NaCl (with or
without Si) was the increase of sucrose content in leaves, which was
partially due to SS activity increase under salinity (Figure 8). It could
be concluded that, there was a clear correlation between the increase
in sucrose content in the different treatments and the SS activity.

Mudgal et al. [64] analyzed differences in sensitivity to saline
stress among kabuli and desi cultivars of chickpea. They showed that
PEPCase activity increased upon salt treatment and the degree of
increase being concentration dependent. In the present investigation
the PEPCase activity in sorghum seedlings subjected to salt-stress
was higher in the treatment with Si than in the treatment without
Si, but did not significantly differ from that of control treatment
(Figure 8). Ahmad et al. [12] reported that Si enhanced the growth
of salt treated barley by improving the chlorophyll content and
photosynthetic activity of leaf cell organelles. This may indicate that
silicon supplementation under salt stress can maintain photosynthesis
efficiency in the leaves in a higher level.

doi: 10.4172/2329-955X.1000164

Conclusion

The present results concluded that the growth inhibition caused
by salt treatment of sorghum seedlings was partly improved by silicon
supplementation. This study suggests that silicon may induce stress
tolerance either by inhibiting Na+ accumulation and/or through
the involvement of a metabolic or physiological regulator through
the enhancement of both PEPCase and SS activities. Further studies
should be done to understand the different roles of silicon in plant
metabolism.
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