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Silicon Application Increases Drought Tolerance of
Kentucky Bluegrass by Improving Plant Water Relations
and Morphophysiological Functions
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Drought stress encumbers the growth of turfgrass principally by disrupting the plant-water relations and physiological functions.
The present study was carried out to appraise the role of silicon (Si) in improving the drought tolerance in Kentucky bluegrass (Poa
pratensis L.). Drought stress and four levels (0, 200, 400, and 800mg L−1) of Si (Na

2

SiO
3

⋅9H
2

O) were imposed after 2 months old
plants cultured under glasshouse conditions. Drought stress was found to decrease the photosynthesis, transpiration rate, stomatal
conductance, leaf water content, relative growth rate, water use efficiency, and turf quality, but to increase in the root/shoot and
leaf carbon/nitrogen ratio. Such physiological interferences, disturbances in plant water relations, and visually noticeable growth
reductions in Kentucky bluegrass were significantly alleviated by the addition of Si after drought stress. For example, Si application
at 400mg L−1 significantly increased the net photosynthesis by 44%, leaf water contents by 33%, leaf green color by 42%, and turf
quality by 44% after 20 days of drought stress. Si application proved beneficial in improving the performance of Kentucky bluegrass
in the present study suggesting that manipulation of endogenous Si through genetic or biotechnological means may result in the
development of drought resistance in grasses.

1. Introduction

Drought is one of the gravest threats to plants, and due to
global warming; its prevalence is increasing worldwide [1].
Approximately one-third of the world land area is prone
to drought, and, in China, this ratio is higher up to 47%
[2]. Drought induces various changes in morphological,
metabolic, or/and physiological functions of plant. At the
initial phase of plant growth and establishment, it negatively
affects both elongation and expansion growth [3, 4]. Reduced
leaf growth and in turn the leaf areas and higher root/shoot
ratio in response to drought has also been reported in many
species [5]. Severe water stress poses injurious effects on plant
water relations, photosynthesis, ion uptake, and nutrient

metabolism and assimilates partitioning [5, 6]. Interrupted
water supply from the xylem to the surrounding elongating
cells under drought stress leads to loss of turgor and stomatal
closure [7]. It also disturbs the photosynthetic apparatus
through its interaction with UV or/and visible radiation
[8]. Both stomatal and nonstomatal limitations are generally
considered to be the main determinant of reduced photo-
synthesis under drought stress [6].

Silicon (Si) is the second most abundant element existing
in the Earth’s crust [9]. Although it is not considered as an
essential element, nevertheless, there is increasing evidence
regarding its beneficial effects on plant growth and devel-
opment [10, 11]. Si acts as a physical or mechanical barrier
in plants and not only acts as cell wall incustation, but is
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also actively involved inmanymetabolic and/or physiological
processes.Many plants deprived of Si suffer significant reduc-
tions in growth and yield as well as increased susceptibility
to both biotic and abiotic stresses [12]. Studies have shown
that beneficial effects of Si aremore prominent under stressful
conditions as it can increase plant defense systems against
salinity [13, 14] low [9] and high temperature [11], UV-
radiation [15, 16] and heavy metal toxicity [17].

Si is also reported to increase drought tolerance in plants
by maintaining leaf water potential, photosynthetic activity,
stomatal conductance, leaves erectness, and structure of
xylem vessels under high transpiration rates [10, 11, 18]. All
these parameters have beenwidely used as physiological indi-
cators for the selection of drought-tolerant plant materials
[19]. Si can reduce the electrolyte leakage from rice leaves and
therefore promote photosynthetic activity in plants grown
under water deficit conditions [20]. Gong et al. [18] reported
higher water use efficiency by application of Si in wheat.
Gao et al. [21] reported that Si influences stomata movement
and, therefore, affects transpiration rate through stomata.
Matoh et al. [22] suggested that application of Si results in
formation of a silica-cuticle double layer on leaf epidermal
tissue, which is responsible for higher leaf water potential
under water stress conditions. Endodermal tissues are known
to accumulate large amounts of Si in drought tolerant cereal
cultivars [23]. Results of Lux et al. [23] and Hattori et al. [24]
revealed that Si plays a critical role in root growth and water
movement from rhizosphere to roots under drought condi-
tions in sorghum. Hattori et al. [11] ascribed the higher water
flux to lowered hydraulic resistance resulting from higher
root growth and water transport in silicon-applied sorghum
under drought stress.

The amount of Si accumulation in the shoot through the
roots varies between 0.1 and 10.0% [9], and such accumu-
lations are reported to be higher in monocotyledons with
respect to dicotyledons [25]. It has been reported that adding
Si to monocots, especially Gramineae plants, ensured better
growth and development due to large amounts of Si accumu-
lation [26]. Being a member of Gramineae family, Kentucky
bluegrass, which has a relatively excellent adaptability to
various environments, is used often to cover barren soil
and with an increasing interest in the quality of life and
green environment; there has been an expansion of its utility
and areas of use. Drought is known to limit the growth of
turf grasses and can cause severe decline in its quality [19].
Despite the availability of volumetric information on role of Si
regarding plant water relations and gas exchange in different
field crops under stressful conditions [11, 13, 14, 23, 24], effect
of Si has rarely been investigated on performance of Kentucky
bluegrass under drought. It is hypothesized that Si application
may improve growth and drought tolerance of Kentucky
bluegrass by modulating associated morphophysiological
changes and plant water relations. The present study intends
to unravel the role of Si application in regulating drought
tolerance, water relations, morphophysiological growth, and
quality of Kentucky bluegrass. Optimization of Si application
rate for Kentucky bluegrass under drought stress will be
another objective of the study.

2. Materials and Methods

2.1. Plant Material and Treatments. Seeds of Kentucky blue-
grass “Midnight” were sown in polyvinyl chloride (PVC) pots
(16 cm diameter and 40 cm height) filled with 5.2 kg mixture
of vermiculite and loam soil (1 : 4 v/v; with 625mg kg−1
of effective Si) under glasshouse conditions. Midnight is
well known, drought tolerant, and widely grown variety of
Kentucky bluegrass. Seeds started germination after 10 days
of sowing and plants were established for 2 months. Average
daily day and night temperature was 25 ± 2∘C and 15 ± 2∘C,
respectively. Relative humidity of 75±5%andnatural sunlight
were maintained during the study. Plants were cut to 10 cm
every week and were fertilized at fortnightly interval (17N-
6P-10K) during the experimental period.

Drought stress and Si treatments were imposed after
2 months old plants cultured under glasshouse conditions.
Drought stress was given by completely withholding irri-
gation for 20 days. Soil water contents were monitored on
every 5 d intervals by TDR200 (Spectrum, USA) combined
with weighting pots. Well-water controls were irrigated every
day until water drained from the bottom of pot to maintain
maximum soil water content. Plants were fertilized with four
levels of Si (Na

2

SiO
3

⋅9H
2

O) treatments after every 3 days
with Hoagland’s nutrient solution modified to supply Si at
0mg L−1 (Si-0), 200mg L−1 (Si-200), 400mg L−1 (Si-400),
and 800mg L−1 (Si-800) under drought stress. Well-watered
and drought stress treatments without Si application were
also maintained for comparison. After 20 days of drought
stress, the plants were rewatered to reach soil field capacity for
the examination of recovery on the 7th and 14th days. Treat-
ments were arranged in a completely randomized designwith
four replicates. Measurements were taken on every 5 d inter-
vals, and then on the rewatered 7 d and 14 d. All studies were
repeated 3 times during 2012 and 2013.

2.2. Data Collection. Net photosynthesis (𝐴), transpiration
rate (Tr), and stomatal conductance (𝑔

𝑠

) were determined
using Li-6400 (Li-6400, LICOR, Inc., Lincoln, NB, USA) fol-
lowing the method described in Hu et al. [27]. Six individual
leaves (second fully expand from the top) were taken from
each pot and were placed in leaf chamber with a built-in red
and blue light source of the Li-6400, and all measurements
were taken on at the level of 800 𝜇molm−2 s−1 photosynthetic
photon flux density, which was the light saturation point
for Kentucky bluegrass leaves. Leaf instantaneous water use
efficiency (IWUE) was calculated by dividing 𝐴 by Tr [28].

Soil water contents (SWC) were measured using time
domain reflectometry (TDR200, Soil Moisture Equipment,
Spectrum, USA) by inserting the 20-cm-long wave guide
probe to monitor the soil water deficit in the top 20-cm soil
profile. Leaf relative water content (RWC) of fully expanded
leaves was determined based on fresh (FW), turgid (TW),
and dry weights (DW) using the following formula: RWC
(%) = [(FW − DW)/(TW − DW)] × 100. Leaf fresh weight
was immediately weighed (Mettler AE260 balance, USA)
after being excised from the plants and then was soaked in
deionized water for 6 h at room temperature 25 ± 1∘C. Leaf
samples were then blotted dry and immediately weighed for
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determination of TW. Samples were then dried in an oven
at 80∘C for 72 h and weighed again for DW. The relative
growth rate was calculated according to average daily growth
rate compared to the control. Leaf blade width and length
were measured visually by a ruler with the minimum scale
of 0.01 cm. Shoot and root biomass was determined from
washed samples oven-dried at 60∼65∘C for 48 h and then
weighed and root/shoot ratio was computed. Quality of Ken-
tucky bluegrass was represented by turf green colormeasured
by SPAD502 (Minolta, Japan) combined with visual rating
from 1–9 with 6 being considered the minimal acceptable
level and 9 being healthy plants with dark-green and turgid
leaf blades and a dense turf canopy [29]. The samples of
leaves were ground and passed through a 20 mesh screen
after being dried at 80∘C for 36 h. The total contents of
nitrogen (N) and organic carbon (C) were determined by
the semimicro-Kjeldahl method and the rapid dichromate
oxidation technique [30], respectively. The total C to N ratio
(C :N) (g g−1DW) was calculated as an estimate for the long
term nitrogen use efficiency [31].

2.3. Statistical Analysis. Studies were carried out following
completely randomized design with four replications and
repeated three times. Since the results of all runs of whole
experiment were statistically similar (𝑃 ⩽ 0.05), data were
pooled for further statistical analyses. Data collected were
subjected to statistical analysis by analysis of variance using
the computer software SPSS (version 12, SPSS, Chicago,
IL, USA). The mean values were compared with the least
significance difference test at 0.05 probability level. The rela-
tionships between different attributes were evaluated by using
hyperbola regression analysis.

3. Results

Drought stress significantly decreased the net photosynthesis
(𝐴) and transpiration rate (Tr) of Kentucky bluegrass as com-
pared towell watered treatment (Figures 1(a) and 1(b)).When
plants were subjected to drought, both attributes were pro-
gressively decreased with the passage of time until recovery
stage. After 20 d of drought stress, 88% and 55% reductions
in 𝐴 and Tr, respectively, were recorded in treatments, where
no Si was applied. Application of Si at 400 and 800mg L−1
showed 44% and 39% increase in 𝐴 under drought stress;
nevertheless, these both treatments could not significantly
alter the Tr as compared to no Si application under
drought. When plants were rewatered after drought stress,
𝐴 and Tr were increased and such an increase was higher
in Si applied treatments.

Leaf water content (RWC; Figure 1(c)), soil water contents
(SWC; Figure 1(d)), leaf green color (LGC; Figure 1(e)), and
relative growth rate (RGR; Figure 1(f)) were almost constant
during experimental period under well watered conditions.
However, these variables were severely declinedwith progres-
sive drought and the decline was more pronounced when no
Si was applied. Fertilization of Si remained beneficial under
drought and Si applied at 400mg L−1 recorded an increase
of 33, 21, 42, and 22% in RWC, SWC, LGC, and RGR,

respectively, as compared to no Si application at 20 d after
drought stress.

The initial level of stomatal conductance (𝑔
𝑠

; Figure 2(a))
and instantaneous water use efficiency (IWUE; Figure 2(b))
was almost similar for all treatments. Nonetheless, when
Kentucky bluegrass plants were subjected to drought, 𝑔

𝑠

and
IWUE were decreased with the passage of time, until plants
were rewatered. Application of Si resulted in less 𝑔

𝑠

under
stress conditions. IWUE of Kentucky bluegrass was signifi-
cantly increased in response to Si application during whole
experiment. When these Kentucky bluegrass plants were
rewatered after stress, they showed higher IWUE even than
well watered plants.

The root/shoot ratio (Figure 2(c)) of Kentucky bluegrass
was increased under drought conditions to a significant level.
Under no Si application, the root/shoot ratio of Kentucky
bluegrasswas 13, 23, 34, and 38%higher after 5, 10, 15, and 20 d
of drought stress, respectively, as compared to well watered
treatment. Increase in root/shoot ratio of Kentucky bluegrass
was proportional to rate of Si application and Si applied
at 800mg L−1 recorded highest root/shoot ratio. Drought
stress also hampered the turf quality (Figure 2(d)), and Si
application appeared beneficial in lowering such ill effects.
The initial level of turf quality was approximately 8.0 for all
treatments, which declined to below acceptable level after
20 d of stress. Si application at 400mg L−1 remained superior
to the rest of treatment, as this treatment improved the
turf quality by 44% as compared to no Si application under
drought stress. Leaf blade (Figures 2(e) and 2(f)) of Kentucky
bluegrass responded differentially to drought stress as well as
Si application, but these differences were not to a significant
level. Length aswell aswidth of leaf bladewas increased under
drought up till 10 d after stress, which declined afterward.
Application of Si proved beneficial as it increased size of leaf
blade in terms of length and width.

Significant increase in carbon : nitrogen (C :N) ratio of
Kentucky bluegrass leaves was observed, when plants were
subjected to drought stress (Table 1). Such an increase was
more pronounced with the passage of time until plants were
rewatered. After 15 d of drought stress, C : N ratio of Kentucky
bluegrass leaves was increased by 40%; nevertheless, Si
application at 400mg L−1 was more effective in decreasing
(15%) the C :N ratio of Kentucky bluegrass under stressful
conditions.

The relationship drawn between 𝐴 and RWC, 𝐴 and
𝑔

𝑠

, and 𝐴 and LGC showed the strong positive association
of these attributes. Hyperbola regression analysis (nonlinear
relationship) revealed 84%, 95%, and 87% variations for 𝐴
and 𝑔

𝑠

, 𝐴 and LGC, and 𝐴 and RWC, respectively (Figure 3).
Likewise, positive relationship was found between SWC and
Tr, SWC and RGR, and WC and RWC depicting 67, 77, and
93% variations, respectively (Figure 4).

4. Discussion

Drought stress hampered all the morphophysiological
attributes, water relations, and turf quality of Kentucky
bluegrass; nonetheless, Si application was beneficial in
alleviating the adverse effects of drought stress. Previously
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Figure 1: Influence of silicon application on (a) photosynthesis, (b) transpiration rate, (c) leaf relative water content, (d) soil water content,
(e) green color of leaf, and (f) relative growth rate of Kentucky bluegrass under drought stress. ns: nonsignificant; DAT: days after treatment;
Ww: well watered; Ds: drought stress; Si-0, Si-200, Si-400, and Si-800 means Si application at 0, 200, 400, and 800mg L−1, respectively. 0–20
DAT: drought stress period; 20–34 DAT: recovery stage.
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Figure 2: Influence of silicon application on (a) stomatal conductance, (b) IWUE, (c) root/shoot ratio, (d) turf quality, (e) leaf blade length,
and (f) leaf blade width of Kentucky bluegrass under drought stress. ns: nonsignificant; DAT: days after treatment; Ww: well watered; Ds:
drought stress; Si-0, Si-200, Si-400, and Si-800 means Si application at 0, 200, 400, and 800mg L−1, respectively. From 𝑡 = 0–20 days: drought
stress period, after 20 days: recovery stage.
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Table 1: Influence of silicon application on C :N ratio of Kentucky bluegrass leaves under drought stress.

Treatment Days after treatment
0 d 10 d 15 d 27 d

Ww-Si-0 17.36a 17.86b 17.14c 17.94d

Ds-Si-0 17.88a 21.98a 28.73a 24.83a

Ds-Si-200 17.93a 21.25a 27.52ab 22.65ab

Ds-Si-400 17.40a 19.29ab 24.56b 19.64cd

Ds-Si-800 17.65a 20.17ab 26.37ab 20.95bc

LSD (0.05) ns 2.82 3.53 2.99
Means sharing different latters are significant at LSD (0.05). ns: nonsignificant; Ww: well watered; Ds: drought stress; Si-0, Si-200, Si-400, and Si-800 means Si
application at 0, 200, 400, and 800mg L−1, respectively. From 𝑡 = 0–20 d: drought stress period, after 20 days: recovery stage.
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Figure 3: Relationship of net photosynthesis with (a) stomatal conductance, (b) leaf green color, and (c) leaf water contents using hyperbola
regression analysis.
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Figure 4: Relationship of soil water content with (a) leaf water content, (b) relative growth rate, and (c) transpiration rate using hyperbola
regression analysis.

many studies have documented plant growth improvement
by Si application under drought conditions in many species
including wheat [10, 18], rice [32], sorghum [23, 24], and
soybean [15] plants. Eneji et al. [33] also reported improve-
ments in growth and nutrient use of four grass species
(rhodes grass, timothy grass, sudangrass and tall fescue)
following Si application under water deficit conditions.

Reduced photosynthesis is the major effect caused by
drought, which presumably arises by a decreased leaf
expansion and impaired photosynthetic machinery [34].
Farooq et al. [6] stated that stomatal and nonstomatal
limitations are the main determinant of reduced photo-
synthesis under water limited condition. In present study,
there was strong positive relationship of photosynthesis
with stomatal conductance as well as leaf green color

(Figure 3), as both attributes were severely affected by
drought stress; therefore, reduction in stomatal conduc-
tance and leaf green color might be ascribed as the
major cause of reduced photosynthesis. Reddy et al. [35]
reported that the decrease in photosynthesis under drought
through metabolic impairment is more complex than stom-
atal conductance and mainly it is through reduced photo-
synthetic pigment contents in sunflower.

In present study, drought severely diminished plant water
relation by decreasing leaf water potential, stomatal con-
duction, and transpiration rate. Such reductions could be
attributed to decrease in soil water potential (Figure 1) which
made water unavailable to root systems for compensating
water loss by transpiration. Soil water contents were strongly
linked with leaf water potential and transpiration rate, which
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justified our assumption (Figure 4). While working onHibis-
cus rosa-sinensis, Egilla et al. [36] observed that relative water
content, stomatal conductance, turgor potential, transpira-
tion, and water use efficiency were severely decreased under
drought stress. Siddique et al. [37] proposed that concomitant
increase in leaf temperature upon exposure to drought stress
substantially decreased the relative water content, leaf water
potential, and transpiration rate in wheat plants.

Si application significantly increased the photosynthetic
rate, leaf water potential, relative growth rate, leaf green
color, and water use efficiency of Kentucky bluegrass under
drought stress. This might be attributed to improved water
uptake, root growth, and leaf erectness by application of
Si [11, 18] that maintained higher leaf water potential,
leaf green color, and higher photosynthesis in the present
study. Previously, Gong et al. [18] reported that addition of
7.14mmol Na

2

SiO
3

per 8 kg of soil increased (2.7%) the leaf
relative water content and leaf water potential (0.4MPa) in
wheat under drought conditions. Gong et al. [10] found that
application of 2.11mmol Na

2

SiO
3

increased net assimilation
rate by ∼37mmol Cm−2 s−1 under water deficit conditions
in wheat. Hattori et al. [11] observed that growth rate of
Si-applied (1.66mM K

2

SiO
3

) sorghum was higher under
drought conditions as compared to control. Accumulation
of silicon in the leaves increases leaf blade erectness, which
in turns facilitates light penetration, decreases transpiration,
and promotes photosynthesis. Higher water use efficiency in
Si applied Kentucky bluegrass might be ascribed to higher
photosynthesis and growth rate and less transpiration rate.
Gao et al. [21] also recorded that Si improved the water use
efficiency in maize plant.

Reduced turf quality of Kentucky bluegrass under
drought stress might be due to withering of leaves caused by
decease in relative water contents. Liu et al. [19] have also
reported that water shortage in soil can reduce the quality
of Kentucky bluegrass leaves. In present study, increase in
root/shoot ratio and decrease in leaf blade size were observed
under drought stress. Tahir et al. [38] and Jaleel et al. [39] have
also observed increased root growth due to water stress in
sunflower and Catharanthus roseus plants, respectively. Pre-
viously some authors have related such increase in root/shoot
ratio to ABA content of roots and shoots under drought
conditions [40, 41]. Increase in C :N ratio of Kentucky blue-
grass leaves by the exposure of drought stress is also evident
form the results, which might be attributes to decrease in
leaf N contents. A reduced transpiration rate due to water
deficit reduces the nutrient absorption and efficiency of their
utilization. Less water availability under drought conditions
generally limits total nutrient uptake and diminishes tissue
concentrations in plants. Furthermore, such effects may also
be related to limited availability of energy for assimilation of
NO
3

−/NH
4

+ under drought conditions [6].

5. Conclusion

Drought stress posed strong negative effects on growth
and quality of Kentucky bluegrass. Nevertheless, Si appli-
cation remained effective in alleviating the negative effects
of drought stress. Taking in conjunction the results of

the present study, the enhanced performance of Si applied
Kentucky bluegrass seems to arise from (1) improved water
relations, (2) better gas exchange, and (3) increased morho-
physiological functions. Our study provides an insight and
is a step forward in establishing the role of Si for improving
performance of drought-stressed Kentucky bluegrass. At the
same time, it implies that Si application rate of 400mg L−1
is superior in terms of all studied attributes under drought
stress as well as after recovery stage. Our results justified the
beneficial role of Si for Kentucky bluegrass under drought
stress and suggested that manipulation of endogenous Si
through genetic or biotechnological means may result in the
development of drought resistance in Kentucky bluegrass.
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