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Abstract

Rice serves for more than a third of the world's population. However, drought stress (DS) affects its growth and yield.
In order to understand plant drought adaptability, we explored the physiological and thylakoid ultrastructural alteration in
super high-yield hybrid rice Liangyoupeijiu (LYPJ) under DS. Results showed that DS altered the thylakoid ultrastructure;
twisted and fractured stroma thylakoids and more starch granules in chloroplast of LYPJ were present. Also, DS lowered
chlorophyll and carotenoid contents in LYPJ after 7 d. DS reduced the proportion of unsaturated fatty acids in thylakoid
membranes and increased the content of linoleic and abscisic acids (ABA) and osmotic substances such as calcium and
potassium in LYPJ. Based on these results, we concluded that although DS severely affected normal growth, plants
employed various strategies, such as changing their membrane lipid fluidity, increasing endogenous ABA and osmotic

substance contents and stabilizing the grana thylakoids, in order to adapt to drought stress.

Additional key words: abiotic stress; membrane lipid fluidity; osmotic adjustment; phytohormone.

Introduction

Different varieties of hybrid rice are widely planted
for their high yield potential (Cheng et al. 2007).
Liangyoupeijiu (LYPJ) is one of the typical representatives
of high-yield hybrid rice in China. Nonetheless, similar to
other hybrid rice cultivars, premature senescence in LYPJ
caused by intrinsic genetic factors, accelerated by adverse
environmental stress, results in a decline in photosynthesis
during the late growth which may have devastating effects
on the stability of high yield, especially, at the flowering
and milk stage (Zhang et al. 2010). It must be also
mentioned that LYPJ as a mid-late maturing variety
shows slower grain-filling rate compared to other intra-
subspecific hybrids (Yang and Zhang 2006). This means
that the potential risk of water deficit may occur since the
flowering to grain-filling stage at any time.

Drought is considered as one of the most damaging
climate-related hazards due to the phenomenon of global
warming, and has been a direct impediment for crop
cultivation areas and yield (Lanna et al. 2018). Under
drought stress, the loss of water and the accumulation of
peroxide lead to serious damage to chloroplasts. Degrada-
tion of chloroplasts in plants resulted in net photosynthetic
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rate decline and growth retardation (Varone et al.
2012). On the other hand, plants can employ a series of
physiological and biochemical mechanisms which
contribute to drought resistance. Changes in the content
and composition of fatty acids, important components
of membranes, in order to alleviate the damage caused
by drought stress, have been intensively investigated
(Gondor et al. 2014). However, little information is
known on the fatty acids alteration in the thylakoid
membranes. As a phytohormone, abscisic acid (ABA) can
accumulate rapidly in response to stress, regulate a variety
of stress responses, and adapt plants to stress (Ullah et
al. 2018). In recent years, various signal factors, such
as cytoplasmic calcium (Ca?"), phospholipase C (PLC),
and other signaling molecules (Li et al. 2017) involved
in ABA signaling, have been identified and studied at
individual, tissue, and cellular levels in plants under
environmental stress. In addition, osmotic adjustment (OA)
is thought to be related to drought tolerance and found
to be useful in other species such as wheat (Abid et al.
2018). The major consequence of OA is the maintenance of
turgor potential at low leaf water potential. During drought
stress, some osmotic adjustment substances including Ca,
K, Na, and S significantly accumulate, thereby regulating
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EFFECT OF DROUGHT ON THYLAKOID ULTRASTRUCTURE IN SUPER HIGH-YIELD RICE

the osmotic potential of grapevine leaves (Patakas et al.
2002). However, further research is needed to elucidate
how these factors contribute to water-stress tolerance in
some widely cultivated high-yield hybrid rice cultivars
during the grain-filling period which coincides with the
occurrence of the flag leaf senescence.

Many studies on the reactive oxygen species (ROS)
and antioxidant enzymes in plants under drought stress
have been reported (Khanna-Chopra 2012). However,
there is little systematic study on ABA, osmotic adjustment
substances, and fatty acid content combined with thylakoid
ultrastructure analysis at the flag leaf senescence stage
in rice. Furthermore, most studies on drought have been
performed with rice species grown under artificial or
simulated conditions. We hypothesized that rice LYPJ
could confer an advantage in heterosis of hybrid rice in
the senescence stage of flag leaf by increasing osmotic
adjustment substances, changing membrane structure and
fatty acid composition as well as endogenous hormone
contents. In order to test this hypothesis, we carried out
a study of the physiological and thylakoid ultrastructural
alterations under natural drought conditions instead of
PEG 6000-induced drought stress. Our aim was a better
understanding of leaf senescence processes and adaptation
and adjustment mechanism in the modern high yield rice
cultivar LYPJ under drought stress.

Materials and methods

Plant materials and growth conditions: The experiments
were conducted from 10 August (firstflagleaves expansion)
to 26 September (the harvest time) in 2014 and 2015 in
Nanjing Normal University, Jiangsu Province, China.
Seedlings of LYPJ with equal growth (the third leaf fully
expanded) were procured from the nursery of botanical
garden. Potted seedlings were arranged in a single-factor
randomized block design, with three replications of each
treatment when the first flag leaves expanded. Two treat-
ments were applied: well-watered (WW) and drought-
stressed (DS). Pot water holding capacity was maintained
at 100% for WW but withheld in DS. DS treatment was
initiated on rice with the flag leaves fully expanded by
withholding water; based on leaf curling symptoms. All
plant were well watered before DS treatment. The soil
relative water content (RWC) was maintained less than
35% after irrigation for DS plants to ensure stress status.
During the experimental treatment period, samples were
collected at about 7-d intervals and stored at —80°C until
analysis.

Chlorophyll (Chl) and carotenoid (Car) contents were
extracted from 0.5 g leaf samples using 80% acetone;
absorbances at 470, 645, and 663 nm were recorded on a
spectrophotometer (Genesys 10, Thermo Electron, USA).
The calculations of Chl and Car contents were done
according to the method described by Arnon (1949) and
Lichtenthaler (1987).

Chloroplast ultrastructure: The flag leaves without the
leaf midrib were cut into small pieces (approximately

0.1 x 0.5 cm). These small pieces were placed in a bottle
with 4% glutaraldehyde buffer solution, and the air was
pumped out of the bottle with a syringe so that the leaves
became fully soaked in the buffer solution. Leaves were
fixed at 4°C for over 24 h. They were then rinsed in
phosphate buffer (pH 7.4) for 15 min and post-fixed in
5% osmium tetroxide at the room temperature. The fixed
samples were dehydrated in an ascending series of acetone
(30,50, 70, 80, and 90%; 15 min each) and in 100% acetone
(three times by 7-8 min), washed in 100% acetone for
15 min, and embedded in the Epon 812 resin. Thin sections
were obtained with an LKB-V ultramicrotome (LKB
Ultrascan XL, Bromma, Sweden) and double stained with
uranyl acetate-lead citrate before being examined with a
transmission electron microscope (TEM) (Hitachi 600-A4-2,
Japan) operating at 75 kV.

Thylakoid membrane lipids were analyzed according to
the method of Zhang et al. (2010). The extract of chloro-
plast membrane lipids was surged several times with 1 cm?
of 0.4 M methanol solution and kept motionless for 2 h.
The mixture was extracted with 10% acetic acid and
heptane. The upper solution was imbibed and evaporated
to dryness under reduced pressure. The extract, with the
addition of some chloroform, was then quantitatively
analyzed by gas chromatography (G1530N, Agilent, USA)
A chromatographic data processor was used to record and
store chromatograms and to calculate peak areas. Peaks
were identified through comparison with several external
qualitative standards.

Inorganic element contents in the leaf cells and their
different cell components including cell wall, organelles,
and cytoplasm were determined by flame atomic absorption
spectrometry (SpectrAA220FS, USA). The components
of cells were separated according to the method by Shi
and Pan (2015). All the samples were dried well and put
into digestive tubes. Each digestive tube was immersed in
perchloric acid (5 ml) and concentrated nitric acid (15 ml)
overnight. Every tube was digested at 180°C until no
impurities, and then water was added to obtain a volume
of 50 ml.

Determination of ABA and IAA: The measurement of
ABA was conducted according to the method described
by Zhou et al. (2016) with some modifications. In brief,
2 g of leaf tissues were collected, ground in liquid nitrogen,
extracted in 80% methanol (v/v), purified, dissolved in
600 pl of high-performance liquid chromatography
(HPLC) mobile phase (acetonitrile:acetic acid (1.8%),
1:1, v/v), and filtered (0.22 um) for endogenous ABA
determination. The ABA concentration was analyzed
using an Agilent 6540 Accurate Mass LC-MS Q-TOF'. The
indole-3-acetic acid (IAA) concentration in rice leaves
was determined using an LC/MS method after extraction,
purification, and filtration (0.22 pm) as described by
Vayssicres et al. (2015).

Statistical analysis: All data were statistically analyzed
with SPSS (version 18.0, USA). The data shown are mean
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value + standard deviation (SD). Differences between
treatment means were compared using the LSD at the
0.05 probability level. Single and double asterisks refer to
significant difference between the drought and the control
at 0.05 and 0.01, respectively.

Results

Chl and Car contents: As shown in Fig. 1, when exposed
to drought treatment for 7 d, Chl and Car contents were
slightly higher than that of WW plants. From 14 d, both Chl
and Car contents decreased significantly compared with
the WW group. After 35 d of drought stress, the minimum
Chl and Car contents were observed in DS group.

Chloroplast and thylakoeid ultrastructure: Changes in
chloroplast ultrastructure were observed in WW and DS
plants. At 14 d, mesophyll cells in flag leaves of WW
plants possessed considerable plump chloroplasts, which
contained grana with appressed stacking and well-
developed stroma lamellac (Fig. 24,B). Following DS

group, asignificantincrease of starch granules in chloroplast
was noticed and plastoglobules showed a high electron
density (Fig. 2E,F). In DS plants, chloroplasts changed
their shape to a smaller oval, with typical fine structure of
grana stacks shrank in plies and curved or partially cracked
stroma lamellae. Additionally, the cell walls of DS plants
showed remarkable thickenings. Up to 28 d, WW plants
exhibited loosely appressed and deformed grana, along
with large plastoglobules (Fig. 2C,D). Interestingly, DS
plants presented smaller but appressed grana stacks with
swollen lumen and chloroplasts no longer clung to the
cell membrane. In addition, stromal thylakoids twisted
and fractured, while granal thylakoids still kept compact
(Fig. 2G,H). Furthermore, we found several concentric
inner membrane structures with crystalline inclusions in
the cytoplasm of DS plants (Fig. 2G).

The fatty acids of thylakeid membrane lipids were
separated and analyzed by gas chromatography. As shown
in Fig. 3, two saturated fatty acids, palmitic acid (c16:0)
and stearic acid (c18:0), and four unsaturated ones,
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Fig. 1. Changes in chlorophyll
(Chl) (A) and carotenoid (Car) (B)
contents of flag leaves during
senescence stage in high-yield
hybrid rice LYPJ exposed to
drought stress for 35 d. Vertical
bars represent SD (n = 3). Single
and double asterisks refer to
significant difference between the
drought and the control at 0.05
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and 0.01, respectively. FM — fresh
mass.

Fig. 2. Transmission electron micrographs of chloroplasts and thylakoids in leaf mesophyll cells of rice in control and drought-stressed
plants. Control (4,B) and drought-stressed (E,F) plants at low (4,F) and high (B,F) magnification on 14 d. Control (C,D) and drought-
stressed (G,H) plants at low (C,G) and high (D,H) magnification on 28 d. CI — crystalline inclusions, CP — chloroplast, CW — cell wall,
GT - grana thylakoid, PG — plastoglobuli, PH — phenols, SG — starch granule, SS — special structure, ST — stroma thylakoid.
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palmitoleic acid (c16:1), oleic acid (c18:1), linoleic acid
(c18:2), and linolenic acid (c18:3) among the thylakoid
membrane lipids were found. Different patterns of fatty acid
composition of thylakoid membranes were found. When
exposed to DS treatment for 14 d, compared with that of
the control plants, the stearic acid content of the thylakoid
membranes increased, but oleic acid was significantly
reduced by 39.6% (Fig. 34). While on 28 d, palmitic acid
content increased and linoleic acid showed an increment
up to 35.1% (Fig. 3B). Moreover, DS significantly
decreased the linolenic acid content by 8.5 and 17.4% at
the two time points, respectively. Specifically, the ratio of
unsaturated to saturated fatty acids, index of unsaturated
fatty acid (IUFA), was reduced by DS treatment compared
with control plants (Fig. 3C).

The inorganic element concentrations in leaf cell, cell
wall, organelles, and cytoplasm of two groups were
measured by flame atomic absorption spectrometer at 21 d
(Fig. 4). Compared with WW plants, the concentrations

35

of K, Ca, and Mo in cell walls of DS plants significantly
increased by 20.9, 49.7, and 83.0%, respectively (Fig. 44).
As shown in Fig. 4B, the concentration of Mg in DS
organelles significantly decreased by 56.3% and Ca
increased by 19.6%. The concentrations of P, K, and Ca
in DS cytoplasm increased by 35.5, 21.2, and 84.8%,
respectively, while S decreased by 20.3% (Fig. 4C). As
shown in Fig. 4D, the changes of inorganic ion concen-
trations in DS leaf entire cells were similar to that in
cytoplasm. The concentrations of P, K, and Ca increased
by 182.5, 25.2, and 49.7%, while Mg and Mo decreased
by 34.7 and 20.3%, respectively.

ABA and IAA content: Under DS treatment, ABA content
of leaves increased significantly and was higher than that in
the control during the whole experimental period (Fig. 5).
At 7, 21, and 35 d, ABA content of leaves increased by
139.3,112.9, and 225.5% under DS compared with control
(Fig. 54). However, there was no difference in IAA content
between the WW and DS plants (Fig. 5B).
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Fig. 3. Fatty acid composition analysis conducted on plants on 14 (4) and 28 d (B), index of unsaturated fatty acid (C) after full
expansion of flag leaves in high-yield hybrid rice LYPJ under drought treatment. Vertical bars represent SD (n = 3). Single and double
asterisks refer to significant difference between the drought and the control at 0.05 and 0.01, respectively.
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Fig. 4. Changes in inorganic element
concentration in the cell wall (4),
organelles (B), cytoplasm (C), and
entire cell (D) of flag leaves during
senescence stage in high-yield hybrid
rice LYPJ exposed to drought stress.
Vertical bars represent SD (n = 3).
Single and double asterisks refer to
significant difference between the
drought and the control at 0.05 and
0.01, respectively.
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Discussion

Chl decomposition is the initial process of leaf senescence,
while DS accelerates leaf senescence and the loss of
photosynthesis (Avila-Ospina et al. 2014). LYPJ had
a rapid stress response and the Chl content increased
in the early stage of DS. However, as the period of DS
was extended, the contents of leaf Chl and Car decreased
significantly (Fig. 1). A decrease in Chl content might bring
about photooxidation and degradation of photosynthetic
apparatus, which is a representative phenomenon of
oxidative stress (Farooq ef al. 2009). Moreover, it is
already known that Car act as efficient quenchers of tri-
anions of Chl and singlet oxygen and are also precursors
of the ABA. The decreased Car in LYPJ rice under DS
in our study indicated that the plant was easily prone to
light damage (Cunningham and Gantt 1998, Sultana ef al.
1999). In addition, the Car content in DS plants was higher
than that of the control group during the early stages of
DS in our work. We considered that this fact probably
represented an increase of Car biosynthesis in the DS-
treated rice during the early stages of drought stress, which
would be necessary to compensate a possible Chl reduction
induced by a longer exposure to drought conditions.
Although our previous studies investigated the ultra-
structure of chloroplasts in hybrid LYPJ during the grain-
filling period (Chen et al. 2004), we focused more on the
thylakoid ultrastructure in this study at the flowering and
milk stage under DS. At 14 d, starch granules increased
significantly and a small number of osmiophilic granules
formed in chloroplasts of DS group. Chloroplasts under
DS changed their shapes to a smaller oval and grana stacks
with swollen lumen and were no longer clung to the cell
membrane. Furthermore, thylakoids in DS at 28 d were
swollen and there was a disarrangement of the stromal
lamellae (Fig. 2). These morphological changes were
similar to those observed by Yamane et al. (2003). It should
also be noted that DS induced a lot of starch granules
accumulating in chloroplasts (Fig. 2F), suggesting that
the pathway of transport of the energy, which was fixed
by leaf photosynthesis, to the seed was destroyed. Due
to the severe loss of water during the drought, the stroma
thylakoids of DS were loosely bent in the chloroplast
(Fig. 2H), which was in accordance with Shao ez al. (2016).
Interestingly, stromal thylakoids twisted and broke, but
the granal thylakoid lamellae remained relatively tight
(Fig. 2H). This indicated that the structure and function of
LHCII still kept intact and the DS-induced photoinhibition
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was eliminated by dissipation of excitation energy as heat
(Hu et al. 2013).

There is a general consensus that the fatty acids are
essential components for different cellular membranes that
provide structural barriers to the environmental stress
(Upchurch 2008). The proportion of saturated fatty acids
in thylakoid membranes increased under DS (Fig. 34,B),
which was identical with previous study of Gondor et al.
(2014). Thomas et al. (1986) suggested that mature leaves
increase the melting temperature of the plasma membrane
by elevating saturated fatty acids to enhance the heat
resistance of plants. In addition, the IUFA of DS decreased
sharply by DS treatment compared with WW plants at
both 7 and 28 d (Fig. 3C). Wang et al. (2010) reported that
a smaller reduction in IUFA under stress was propitious
to the stability of the thylakoid membrane. However, the
linoleic acid (c18:2) in DS increased significantly at 28 d
(Fig. 3B), which was similar to our previous study, where a
large amount of linoleic acid accumulated in the senescent
leaves of LYPJ (Zhang et al. 2010). We speculated that the
increase of linoleic acid can aggrandize the fluidity of the
thylakoid membranes to improve the repair rate of PSII in
crops under severe drought stress.

It is well known that many plants have reduced their
osmotic potential in order to adapt to drought conditions
(Patakas ef al. 2002). The accumulation of elements during
drought stress is really interesting. The concentration of Ca
increased significantly in stressed plants (Fig. 4). The rapid
increase in Ca concentration can affect tissue elasticity
and increase the rigidity of the cell wall (Atkinson 1991).
This was in agreement with the considerable increase
in thickness of cell walls observed in LYPJ under water
stress (Fig. 4). Ca also plays a key role in stabilizing plant
membranes and cell walls by attaching various proteins
and lipids to the membrane surfaces (Hirschi 2004).

Osmotic adjustment is associated with plant drought
tolerance ability (Babu et al. 2008, Guo et al. 2018).
Potassium exists mainly in the form of ions. The K*
concentration increased significantly in DS because K* is
well-known as osmoticum (Fig. 4). The result indicated
that the increasing K* concentration cloud employs both
functions of decreasing the osmotic potential and enhancing
stomatal conductance (Blatt and Gradmann 1997).
However, with deficiency in soil moisture, P concentration
decreased significantly in stressed plants. When the
concentration of P in the cytoplasm matrix is low, it restricts
the transport of triose phosphate from the chloroplasts
which leads to accumulation of starch in the chloroplasts.
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This can be demonstrated by huge accumulation of starch
granules in the chloroplast ultrastructure during drought
stress (Fig. 2F). Fischer and Bremer (1993) believed that
this phenomenon may be caused by the obstruction in the
transport of the photoassimilates to the sink or the decrease
in the utilization of photoassimilates. As an important
micronutrient, Mo plays an essential role in electron
donors/or acceptors in molybdoenzymes in plants, such as
nitrogenase, aldehyde oxidase, xanthine dehydrogenase,
and nitrate reductase catalyses (Kaufholdt ez a/. 2013). The
reduction of Mo would hinder the metabolic processes of
nitrogen, carbon, and sulfur in DS-treated plants.

When plants were exposed to low water potential, the
ABA content increased rapidly in our study (Fig. 54).
ABA is considered to be an important messenger involved
in the adaptive response of plants against abiotic and biotic
stresses (Umezawa et al. 2006). ABA and IA A can improve
plant drought-stress tolerance (Sreenivasulu et al. 2012,
Defez et al. 2017). In this study, there was a slight increase
but no significant difference in IAA compared with the
WW group during drought stress, which may be attributed
to the complexity of IAA biosynthesis regulation or/and
the uniqueness of rice LYPJ. Many studies have shown that
ABA can induce the expression of antioxidant enzymes to
remove ROS (Jing and Zhang 2002, Shi et al. 2012). It was
considered that the increased ABA would usefully act as
a regulator in biotic responses in rice LYPJ. Additionally,
it is known that ABA activates guard cell anion channels
both by calcium-dependent and calcium-independent
pathways; strong relationship between ABA and Ca*’/
calmodulin (CaM) signaling system has been reported
in the literature (Geiger et al. 2010). We speculated that
ABA and Ca*" form a highly ordered regulatory network
in the regulation of plant responses to drought stress in
rice LYPJ.

Taken together, evidence from physiological para-
meters and thylakoid ultrastructure analysis denoted that
the changes induced by natural drought played a wider
negative role in growth and photosynthetic processes in
super high-yield hybrid rice during flowering stage and
milk stage under drought stress. The suitable strategy is
demonstrated by the positive correlation between changing
their membrane lipid fluidity, variations of endogenous
phytohormones, enhancement of osmotic substances,
and stabilizing the grana thylakoids in order to minimize
photoinhibition damage and ROS production in this super
high-yield hybrid rice.
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