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Abstract

The effects of water stress on leaf surface morphology (stomatal density, size, and trichome density of both adaxial and
abaxial surfaces) and leaf ultrastructure (chloroplasts, mitochondria, and cell nuclei) of eggplant (Solanum melongena L.)
were investigated in this study. Higher stomata and trichome densities were observed on abaxial surface compared with
the adaxial surface. Compared with well watered (WW) plants, the stomata and trichome density of the abaxial surface
increased by 20.39% and 26.23% under water-stress condition, respectively. The number of chloroplasts per cell profile
was lesser, the chloroplasts became round in a shape with more damaged structure of membranes, the number of
osmiophilic granules increased, and the number of starch grains decreased. The cristac in mitochondria were
disintegrated. The cell nuclei were smaller and the agglomerated nucleoli were bigger than those of WW plants. Our
results indicated that the morphological and anatomical responses enhanced the capability of plants to survive and grow

during stress periods.
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Introduction

Eggplants (Solanum melongena L.) are very sensitive to
water stress during their entire growing period. They
require considerable amount of water for their growth and
development. Plants respond to water stress differently
depending on the species, duration, and severity of soil
water depletion (Dias and Briiggemann 2007, Fang et al.
2011, Song et al. 2011).

Stomata play an important role in determining the
water and carbon cycle between the plants and the
atmosphere (Weng ef al. 2011). The features of stomata,
such as stomatal size, stomata density, and position,
occupy a central position in the gas-exchange process
(Jones 1989, Fu et al. 2010). Stomata control the flux of
CO, and water vapor by varying their aperture and they
restrict the diffusion of gases. Stomatal resistance
depends mainly upon stomata size and number (Meidner
and Mansfeld 1968). Various environmental factors
(e.g. water availability, light intensity, photoperiod) can
affect stomata opening-closing behavior (Al-Ani and
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Bierhuizen 1971, Pallardy and Kozlowski 1979, Bondada
et al. 1994). In addition to stomatal characteristics, other
epidermal features, such as a shape and a number of the
epidermal cells, trichomes, and epicuticular waxes, also
play a crucial role in gas exchange processes (Poulson
and Vogelmann 1990, Martin et al. 1991).

Fewer studies have been undertaken on drought-
induced stomata behavior and ultrastructural changes in
cells and organelles (Yordanov et al. 2000, Dias and
Briiggemann 2007). The ability of plants to acclimate to
water availability involves alterations of morphological
and anatomical characteristics at the leaf level. These
changes may enhance the capability of plants to survive
and to grow during stress periods. The aim of this study
was to delineate the differences in the morphological (on
epidermal surface) and anatomical (chloroplasts, mito-
chondria, cell nuclei) changes involved in drought
tolerance, which enabled plants to adapt to water stress
and to maintain growth, development, and productivity.
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Materials and methods

Plants and growth conditions: All experiments were
conducted in the greenhouse at China Agricultural
University, Beijing (Lat/Lon: 39.9°N 116.3°E). The study
was carried out with eggplants (S. melongena L. cv. HQ-2)
grown from seeds. Seeds were soaked overnight and
allowed to germinate on wet tissue paper in darkness.
They were then sown in plastic pots (20 cm diameter)
with a mixture of field soil and vermiculite (2:1, v/v) in
January 2008. The water-stress treatment was initiated,
when the plants had 5-6 fully expanded leaves. The
average temperature in the greenhouse was 25/18°C
day/night, relative humidity was 65/85% day/night under
a natural light (the maximal irradiance was around 1,000
umol m? s'), light intensities were monitored using a
PAR Quantum Sensor SKP216 (Skye Instruments Ltd.,
UK). Forty plants were randomly assigned to two diffe-
rent watering regimes as follows: WW treatment [at field
capacity (FC) of 100%] and water-stressed (WS)
treatment (30% of FC, WS), following the methods of
Desclaux and Roumet (1996). During the experiment, the
pots were rewatered to different FC by replacing the
amount of water transpired every day. The experiment
lasted for 30 d. Each treatment was replicated 5 times
(1 seedling per pot and 4 pots per replication).

Analysis of epidermal structure: Scanning electron
microscope observation was done according to Chen et
al. (2008). The leaf samples (2 mm x 2 mm) were fixed
with 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.2), then transferred to 1% OsO, fixative for

Results

Stomatal characteristics: The higher stomata density
was observed on the abaxial surface compared with the
adaxial surface. The stomata on the abaxial surface were
smaller (length x width) than those on the adaxial surface
(Fig. 1, Table 1). The stomata density of the abaxial
surface increased by 20.4% under the water stress com-
pared with the well-water condition (Fig. 1, Table 1). For
adaxial surface, there was no significant difference of sto-
matal density between the WW and WS plants (Table 1).

Trichome characteristics: The shape of trichomes was
asteroidal. Trichome density of the abaxial surface was
higher than that of adaxial surface (Fig. 2, Table 1). The
trichome density of the abaxial surface increased by
26.2% under water-stress condition compared with the
well-water condition (Table 1). For adaxial surface, no
significant difference of trichome density between the
WW and WS plants was observed (Fig. 2, Table 1).
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30-40 min and washed several times with distilled water
and then dehydrated firstly using 30% ethanol, followed
by gradual series of increasing ethanol (30, 50, and 70%)
and finally with 100% ethanol for 20-30 min. Leaf
samples were then transferred to propylene oxide for
20-40 min and washed with isoamyl acetate for 40 min
and then oven-dried at 40°C overnight and subsequently
the samples were coated with a thin layer of gold for
5-10 min prior to scanning electron microscope analysis
(8-3400N, Hitachi, Japan).

Analysis of leaf ultrastructure: The mature leaf samples
(2 mm x 2 mm) were preserved in 2.5% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.2) and then transferred
to 1% OsQ;, to increase the fixation and washed several
times with 0.1 M phosphate buffer and then dehydrated
through series of acetone, and finally embedded in
Spurr’s epoxy resin (Spurr 1969). Thin sections (1-2 pum)
were cut on an ultramicrotome (EM UC6, Leica,
Germany) and then stained with 2.5% uranyl acetate,
followed by lead citrate, and then examined by trans-
mission electron microscopy (JEOL-1230, Jeol, Japan).

Statistical analysis: Data were subjected to analysis of
variance (ANOVA) and mean values were compared by
the Duncan’s multiple range test (p<0.05), when a signi-
ficant difference was detected. The statistical analysis
was performed using SPSS 13.0 for Windows (SPSS,
Chicago, IL, USA).

Leaf ultrastructure: The chloroplasts of WW plants
looked like shuttles in a shape, with tightly stacked grana
thylakoids. Fewer number of osmiophilic granules was
observed in the chloroplasts (Fig. 34). Water stress
significantly changed the internal structure of the
chloroplast. The number of the chloroplasts per cell
profile was smaller (Table 2). The length of the
chloroplasts decreased and the width increased (Table 2),
the chloroplasts became round in a shape with a bigger
damage in the membrane structure, the number of
osmiophilic granules increased, and the lamellae arranged
disorderly (Fig. 34,B). The number of starch grains (per
chloroplast) decreased significantly (Fig. 34,8, Table 2).
The cristae in mitochondria were disintegrated
(Fig. 3C,D). The cell nuclei were smaller and the
agglomerate nucleoli were bigger than those of WW
plants (Fig. 3E,F).
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Discussion

The stomata play an important role in a regulation of
a leaf water status (Baldini et al. 1997). Many xero-
phytes, in order to save internal water, develop their
stomata in local leaf epidermal depressions or in crypts
(Fahn 1986). We found the stomata were mostly located
on the abaxial side below the trichome layer, the leaves of
the WS plants had more and smaller stomata than those
of WW plants (Table 1, Fig. 1). The increase in the
number of stomata could be explained by the decrease in
epidermal cell expansion and leaf area under water stress.
Bosabalidis and Kofidis (2002) showed that the increase
in stomata density contributed to better transpirational
control. Under water stress, most stomata were closed
(Fig. 1) which resulted in the reduction of the tran-
spiration. This process entailed in parallel a reduction of
the rate of photosynthesis. Wilkinson and Davies (2002)
indicated that the major events of plant response to
dehydration stresses were perception and transduction of
the stress signals through signalling components. When
water supply was limited, the abscisic acid (ABA)
triggered release of anions and K' from guard cells. The
decrease in guard cell osmotic pressure and volume resul-
ted in stomata closure, reducing a loss of water during the
leaf transpiration. The initial steps in ABA signal
transduction have been shown to activate guard cell anion
channels in a Ca-dependent as well as -independent
manner (Keller ef al. 1989, Lebaudy et al. 2007).

To avoid excessive water loss, higher trichome
density was also abserved on leaf surfaces of eggplants.
Leaf pubescence is a common feature of xeric genotypes
(Karabourniotis and Bornman 1999, Liakoura et al.
1999). This feature is thought to decrease transpirational
water loss (Fahn 1986, Baldini et al. 1997) and to
increase a water-use efficiency by increasing of leaf
boundary layer resistance (Pallioti e al. 1994). Bongi and
Palliotti (1994) observed that trichomes were a barrier to
the diffusion of CO, and H,O, and that they lowered the

[

Fig. 1. A comparison of leaf epidermal structure of eggplant
(cv. HQ-2) under well watered and water-stress conditions.
Stomata and epidermal cells on the adaxial (4-D) and abaxial
(E-H) leaf epidermis of eggplant grown under well water
(4,B,E,F) and water stress (C,D,G,H) conditions. Bar — 50 um
(4,C,E,G), 10 um (B,D,F,H).

Table 1. Effects of drought stress on leaf epidermal structure of eggplant. Data represent means + SE of 5 replications (n = 5), and
20 visual fields of each replication. The different letters represent significant differences using Duncan’s multiple range test at £<0.05

after ANOVA.
Parameters Well watered plants Water-stressed plants

Adaxial Abaxial Adaxial Abaxial
Stomatal density 2063+ 13.6° 269.8+162°  203.1+17.3° 3248+223"
[numbers mm 2]
Stomatal length [um] 2124+ 1.74* 1878 £1.74°  19.45+2.06° 18.17+1.26°
Stomatal width [um]  15.63 £0.87* 14.93 +1.92° 14.06 £ 1.74°  13.46 £ 1.03°
Trichome density 576+0.89° 11.17+1.73°  4.64+0.82° 14.10£1.21%

[numbers mm 2]
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Fig. 2. The structure of eggplant (cv. HQ-2) trichome on adaxial
(4-D) and abaxial (E—H) surface under well watered (4,B,E,F)
and water-stressed (C,D,G,H) conditions. Bar — 500 um
(4,C,E,G), 200 um (B,D,F,H).

boundary layer conductance in the air surrounding the
stomata. After removing trichomes from leaves, they
found that the total boundary layer resistance was
reduced more than fivefold. Karabourniotis et al. (1992)
also found that nonglandular hairs in a number of plant
species contained flavonoids and other pigments. These
compounds were located in the cell walls of the mature
hairs (Karabourniotis and Bornman 1999). Besides,
previous studies of F. farinosa showed that leaf pubes-
cence reduced radiation absorption, and it was a cost-
effective mechanism for maintaining favorable leaf tem-
peratures in very hot, dry, and desert climates (Ehleringer
1983). Moreover, trichome layers that cover the surface
of plant organs often act as an effective filter, protecting
the underlying tissues against damage.

The changes in chloroplasts were typical in plants
stressed by extreme temperatures, low light, saline stress,
and water stress (Munné-Bosch et al. 2001, Navarro et al.
2007, Fu et al. 2011). The increase in the number of
osmiophilic granules (plastoglobuli) was observed in our
study (Fig. 34,B). It is assumed that plastoglobuli may
play a role in the synthesis and recycling of lipophilic products
and oxidative stress defense. Plastoglobuli have
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Fig. 3. A comparison of the ultrastructure of chloroplasts (4,B),
mitochondria (C,D), and cell nuclei (£,F) under well watered
(4,C,E) and water-stressed (B,D,F) conditions of eggplant (cv.
HQ-2). G — grana lamellae; S — starch grain; O — osmiophilic
granules; Cr — cristae; N — nucleoli. Bar — 500 nm (4,B,E,F),
200 nm (C,D).

a function in the storage of thylakoid components, such as
lipids, plastohydroquinone, and tocopherol (Munné-Bosch
et al. 2001). The mechanisms that underlie cell shape
determination in WS plants are still not fully understood.
Potential interactions between sugar metabolism and
actin organization dynamics were suggested by previous
studies (Li et al. 2003, Chary et al. 2008). Eastmond et
al. (2002) also reported that trehalose-6-P might be acting
as a regulatory molecule involved in metabolism and
embryo development. There could be two reasons: one
possibility was that some sugar catabolic enzymes or
related metabolites could serve as a signal in controlling
cell shape determination; another possibility was that the
related metabolites could be involved in the transcrip-
tional regulation of genes encoding proteins involved in
cytoskeletal organization (Chary et al. 2008).
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Table 2. Effects of drought stress on the ultrastructure of chloroplast of eggplant. Data represent means + SE of 5 replications (n = 5),
and 20 visual field of each replication. The different letters represent significant differences using Duncan’s multiple range test at

P<0.05 after ANOVA.

Parameters Well watered plants  Water-stressed plants
Chloroplast [cell numbers profile™']  13.71 £ 1.70° 10.26 + 1.26°

Starch grain [numbers chloroplast™']  2.00 £ 0.35 0.50 £ 0.07°
Chloroplast length [um] 5.69 +0.70* 4.18 +0.56
Chloroplast width [um] 1.82+0.21° 2.21+0.32°

Starch grain length [um] 1.43 £0.14° 1.31+0.17°

Starch grain width [pm] 0.71 £ 0.06" 0.54 £0.07*

Conclusions: Our results indicated that the morpholo-
gical, and anatomical characteristics collectively confer-
red eggplant a high degree of plasticity in a response to
water stress. The leaves of the WS plants had more and
smaller stomata than those of WW plants. Most of the
stomata were closed and covered by trichomes to prevent
water loss. The chloroplasts became round in shape with
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