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ARTICLE INFO ABSTRACT

Drought triggers leaf senescence, leading to a critical decrease in crop yield. The membrane lipid composition
generally undergoes major changes during drought. However, little is known about the role of galactolipid
remodeling in the drought-induced senescence response in crops. Here, a comparative study of alterations in
galactolipid and fatty acid composition during drought and recovery was carried out using two maize cultivars
differing in drought-induced leaf senescence. Under drought condition, the monogalactosyldiacylglycerol
(MGDG) content was decreased by 18.3% and 25.9% in the cultivar with retarded leaf senescence and the
senescent cultivar, respectively, while digalactosyldiacylglycerol (DGDG) was enhanced by 43.2% and 22.9%.
Compared with the senescent cultivar, the DGDG content and the DGDG/MGDG ratio were 29.8% and 20.7%
higher in the cultivar with retarded leaf senescence, which also maintained stable chloroplast ultrastructure
under drought stress. The expressions of key galactolipid biosynthesis genes in both cultivars were up-regulated
by the drought stress. In addition, the expression levels were higher in the cultivar with retarded leaf senescence
than that in the senescent cultivar. These results suggests that a profound modification of galactolipid compo-
sition with high DGDG content and DGDG/MGDG ratio is associated with the alleviation of leaf senescence in
response to drought. The regulation of galactolipid remodeling could be a promising strategy for alleviating the
leaf senescence and improving drought adaptation in crops.
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1. Introduction to remobilize nutrients from the senescing leaves to younger leaves or

sink organs. Drought-induced senescence plays an important role in

Drought is the most serious environmental factor limiting the pro-
ductivity of agricultural crops worldwide (Chaves et al., 2009). Pre-
dictions of future global environmental change involve increases in
both severity and frequency of drought in the near future (Dai, 2013),
emphasizing the urgent need to develop adaptive agricultural strategies
for the changing environment. A better understanding of natural
drought responses in plants would help minimize drought-related losses
and ensure food production for a growing population.

Drought stress triggers various plant responses, including numerous
changes in plant systems ranging from gene expression patterns to
physiological metabolism and to growth and development (Fang and
Xiong, 2015). One effect of drought stress is the induction of leaf se-
nescence, which helps to reduce water loss at the whole-plant level and

plant survival. However, drought-induced senescence also leads to re-
ductions in canopy size and photosynthetic rate as well as critical de-
creases in crop yield after drought has been eliminated (Munne-Bosch
and Alegre, 2004; Zhang and Zhou, 2013). A relationship between crop
productivity and leaf senescence has been postulated for many years
(Zhang and Zhou, 2013). An increasing number of reports demonstrate
that delayed leaf senescence can be associated with drought tolerance
and high yields under water-limiting conditions (Harris et al., 2007;
Rivero et al., 2007; Degenkolbe et al., 2009; Borrell et al., 2014).
Membrane belongs to the first target of degradation during dehy-
dration. Protection of membrane integrity is essential to maintain me-
tabolic homeostasis (Sahsah et al., 1998). Chloroplast membranes,
especially the thylakoid membranes, are believed to be highly
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vulnerable to drought stress associated damages (Liljenberg, 1992).
Two galactolipids, monogalactosyldiacylglycerol (MGDG) and diga-
lactosyldiacylglycerol (DGDG), are the most abundant lipids in chlor-
oplast membrane, and constitute 70-80% of the thylakoid lipid matrix
and up to 70% of the total leaf membrane lipids (Dormann and
Benning, 2002; Kobayashi, 2016). During drought, changes in lipid
compositions could play an important role in membrane stabilization in
plants (Torres-Franklin et al., 2007). One of the widely reported
drought responses is the increase in DGDG/MGDG ratio, mainly origi-
nating from the decrease in MGDG in many plant species (Stevanovic
et al., 1992; Gigon et al., 2004; Torres-Franklin et al., 2007; Gasulla
et al., 2013). In addition, the higher ratio of DGDG to MGDG as well as
the higher galactolipid content also leads to improved salt stress tol-
erance in transgenic tobacco (Wang et al., 2014). Another common
response to drought is the decline in the degree of fatty acid desa-
turation (De Paula et al., 1990; Dakhma et al., 1995). Modulated fatty
acid desaturation via over expression of ®w-3 desaturases in tobacco
resulted in increased tolerance under both drought and salt stresses
(Zhang et al., 2005). Thus, the modification of membrane lipids,
especially the chloroplast lipids, could play an important role in plant
stress response.

During leaf senescence, the earliest structural changes occur in the
chloroplast, such as changes in the grana structure and content and
formation of lipid droplet called plastoglobuli (Lim et al., 2007). Thus,
chloroplasts are one of the first organelles to be targeted for breakdown
(Quirino et al., 2000). The damage of chloroplast membrane is an event
that occurs at an early stage during leaf senescence (Guo and Gan,
2005). The DGDG/MGDG ratio increased significantly in leaves with
reference to aging and senescence (Mishra et al., 1998; Zhang et al.,
2010). Recently, it has been reported that the relative contents of the
MGDG decreased, while that of DGDG increased, leading to an increase
in DGDG/MGDG ratio during abscisic acid- and ethylene-promoted
senescence (Jia et al., 2013; Jia and Li, 2015). This increase in the
DGDG/MGDG ratio may help to maintain the chloroplast membrane in
the bilayer conformation which is necessary for its biological functions
during leaf senescence (Jia and Li, 2015). In addition, it has been found
that in the resurrection plant C. plantagineumin, the thylakoid mem-
brane stays intact during desiccation, and the total lipid content re-
mains constant while the lipid composition undergoes major changes
during desiccation (Gasulla et al., 2013). These studies suggested that
galactolipid modification plays an important role in leaf senescence.

Although a number of studies have been proved that both drought
stress and leaf senescence can induce galactolipid changes in plant
(Torres-Franklin et al., 2007; Zhang et al., 2010; Gasulla et al., 2013),
little is known about the role of galactolipid remodeling in drought-
induced leaf senescence, especially its role in plant resistance to
drought-induced leaf senesces in major agricultural crops. Therefore,
the objective of the study was to investigate the relation between the
capability of galactolipid remodeling and resistance to drought-induced
leaf senescence, which could contribute to a better understanding on
the basic mechanisms for drought adaptation in crops. A comparative
study was carried out using two maize cultivars contrasting in drought-
induced leaf senescence to investigate the function of galactolipid re-
modeling in the drought-induced senescence response in crops. The
alterations in galactolipid and fatty acid composition were studied
during drought and subsequent recovery.

2. Materials and methods
2.1. Plant growth condition and drought treatment

Seeds of two maize (Zea mays) cultivars, cultivar LY66 with retarded
drought-induced leaf senescence and senescent cultivar LY99, were
sterilized with 1% sodium hypochlorite for 10 min and then washed
with distilled water four times. After sterilization, six seeds were sowed
per plastic pot (Diameter X Height: 300 x 290 mm) filled with 15kg
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loessial soil collected from the upper 20 cm of a private cultivated field.
The soil was calcic cambisols, and the soil pH value was 8.27, organic
matter content was 2.4 gkg ™', and total nitrogen (N), phosphorous (P)
and potassium (K) content was 0.25, 0.65 and 19.2 g kg~ *, respectively.
N, P and K (0.22, 0.15 and 0.05 g kg~ ' dried soil) were applied as base
fertilizers. The experiment was conducted in a growth chamber with a
14h photoperiod and day/night temperatures of 28/23°C.
Photosynthetic photon flux density was 600 umolm~2s~! and relative
humidity was 40-50%. The plants were thinned to two per pot when
the third leaves were fully expanded. When the fifth leaves were fully
expanded, a natural progressive drought was imposed by withholding
watering based on daily measurements of pot weight. Relative soil
water content was calculated according to the weight and expressed as
a percentage of maximum pot capacity (Chen et al., 2015a). In order to
eliminate the effect of plant weight on soil water content, six plants of
each cultivar from each treatment were measured for their individual
shoot and root weight every three days, after removing the root from
soil. For the control of well-watered, relative soil water content was
maintained between 70% and 90% throughout the experiment; for the
drought treatment, the relative soil water content was allowed to fall
progressively within the first 6 days, then maintained at around 20% for
4 days by daily water supplement, and was then restored to the control
level and maintained for another 4 days, as shown in Fig. 1. There were
60 pots per treatment for each cultivar, and all pots were distributed in
a completely randomized design. In our preliminary experiment, the
leaf senescence-related parameters and lipid contents of well-watered
plants remained stable in two maize cultivars throughout the treatment
period. Therefore, the photosynthetic rate, chlorophyll fluorescence,
chlorophyll concentration, leaf relative water content and lipids in well-
watered plants were not measured in this study. The fifth leaf of plants
in drought treatment was sampled between 9:00 a.m. and 11:00 a.m. at
the beginning of drought treatment (day O, Pre-drought), the end of
drought stress (day 10, Drought) and the end of recovery (day 14,
Recovery). The fifth leaf tissues from three plants were pooled together
for a single replicate and stored at —80 °C for simultaneous analysis of
chlorophyll concentration, lipids contents and gene expression.

2.2. Growth analysis

At each time point, shoots of ten plants per treatment for each
cultivar were harvested and dried in an oven at 70 °C for 72h to de-
termine the shoot dry weight. The relative growth rates were calculated
as the percentage of increased shoot dry weight in well-watered treat-
ment taken by that in drought treatment during drought stress and
recovery, respectively (Chen et al., 2015b).
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Fig. 1. Soil water content during drought stress and recovery. Data are means = SD
(n = 30).
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2.3. Photosynthetic rate analysis

The fifth leaves were selected to measure the photosynthetic rate
using a portable photosynthesis system (Li-6400; LI-COR Inc., Lincoln,
NE, USA) between 9:00 a.m. and 11:00 a.m. The leaf was placed in a
6 cm? chamber at a photo flux density of 1000 umol m ~2s ™. Six plants
were analyzed per treatment.

2.4. Chlorophyll fluorescence analysis

Photosystem II photochemistry efficiency (Fv/Fm) in individual
leaves was analyzed using a pulse amplitude modulated chlorophyll
fluorescence system (Imaging PAM, Walz, Effeltrich, Germany) ac-
cording to Chen et al. (2015a). The fifth leaves were dark-adapted for
30 min before measurement. Six plants were analyzed per treatment.

2.5. Chlorophyll concentration analysis

Total chlorophyll was extracted from frozen fifth leaf samples
(~0.2g) with 80% (v/v) acetone. After centrifugation, the extract was
subjected to spectrophotometric measurements (UV-2550, Shimadzu,
Japan) at 645, 663, and 470 nm. The chlorophyll a and chlorophyll b
concentration were calculated using the Lichtenthaler (1987) formula.
Total chlorophyll concentration (mg g~ DW) and chlorophyll a/b ratio
were calculated. Six replicates were analyzed per treatment.

2.6. Leaf relative water content analysis

The fifth leaf of six plants per treatment were removed and weighed
immediately for measurement of fresh weight (FW). Turgid weight
(TW) was determined after leaf segments were immersed in distilled
water for 6 h, and dry weight (DW) was measured after leaf segments
were dried at 70 °C in an oven for 24 h. Relative water content (RWC)

. _ FW-DW
was calculated as: RCW = w_pw X 100%.

2.7. Transmission electron microscopy for chloroplast ultrastructure

The fifth leaf tissues from four plants of each treatment were
trimmed with a razor blade, fixed in 2% (v/v) glutaraldehyde in 0.1 M
phosphate-buffered saline (pH 7.0) by infiltration under vacuum, and
treated for 2 h. The fixed samples were washed in phosphate-buffered
saline and post-fixed in 2% (w/v) osmium tetroxide in the same buffer
for 2 h. They were then dehydrated in an ethanol series, transferred to
propylene oxide, and embedded in Quetol 812 resin. Thin sections
(70-100 nm) were cut with a diamond knife on an ultramicrotome (MT-
7000; RMC), and the sections were stained with 2% (w/v) uranyl
acetate for 40 min and then with 3% (w/v) lead citrate for 2-3 min. The
samples were observed using a transmission electron microscope (JEM-
100CX II; JEOL) at 80 kV.

2.8. Lipid analysis

Lipids were extracted according to the method of Wewer et al.
(2013). Leaf sample (~0.2 g) was homogenized in liquid nitrogen with
5mL of chloroform/methanol/formic acid (1:1:0.1, v/v/v); the homo-
genate was collected and shook vigorously. Subsequently, 2.5 mL of 1 M
KCl in 0.2M H3PO,4 was added and the mixture was vortexed briefly.
The homogenized samples were centrifuged at 4000g for 3 min, and the
lower chloroform layer was transferred to a new vial. Extraction was
repeated by adding 5 mL of chloroform/methanol (2:1, v/v) to the re-
sidue, shaking and centrifuging the mixture, and gathering the
chloroform phase. The combined chloroform phases were evaporated
with a stream of nitrogen, and 500 L of chloroform were added. Lipids
were separated by Thin Layer Chromatography (TLC) on silica gel
plates (G60; Merck, Germany) according to Wang and Benning (2011).
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After stained with iodine, the identified MGDG, DGDG and all the re-
maining lipid bands (referred as other lipids, which includes phos-
pholipids and sulfoquinovosyldiacylglycerol) were scraped off with a
razor blade and placed into tubes, respectively. Then, the lipid was
methylated with 1M HCI in methanol and converted into fatty acyl
methylester (FAME), and the resulting FAMEs were quantified by gas
chromatography (GC-2010; Shimadzu, Japan) with flame ionization
detector (FID) according to Zhang et al. (2016). Pentadecanoic acid
(15:0) was used as an internal standard. The double bond index (DBI)
was calculated as: DBI = [(16:1 mol% X 1) + (16:2 mol
% X 2) + (16:3mol% % 3) + (18:1 mol% X 1) + (18:2mol

% X 2) + (18:3mol% X 3)] x 100% (Wang et al., 2010). Four re-
plicates were analyzed per treatment.

2.9. Gene expression analysis

The fifth leaf samples were collected and frozen in liquid nitrogen to
measure the transcription levels of galactolipid biosynthesis genes. The
genes of galactolipid biosynthesis in maize were identified based on
data from the NCBI. RNA was isolated and gene expression was ana-
lyzed using quantitative RT-PCR, as described by Liu et al. (2014), using
Actinl as control. There were three replicates in each treatment. The
genes and the sequences of their specific primers are listed in Table 1.

2.10. Statistical analysis

Data were analyzed by SPSS statistics software (Version 19.0 for
Windows, SPSS, Chicago, USA). Three-way ANOVA was used to assess
the main effects and interactions of cultivars, water treatments and
treatment status (pre-drought, drought and recovery) for plant growth.
Two-way ANOVA was used to assess the main effects and interactions of
cultivars and treatment status for the rest of parameters. Differences
between the mean values were compared using the least significant
differences (LSD) post hoc test, and a P value < 0.05 was considered
significant.

3. Results
3.1. Growth response to drought and recovery in two maize cultivars

Drought stress had a significant negative effect on biomass accu-
mulation for both cultivars (Fig. 2A, Table S1). After recovery, the
aboveground biomass was 66% in LY66 and 60% in LY99 of the well-
watered plants, respectively (Fig. 2A). As shown in Fig. 2B, during
10 days of drought stress, the relative growth rate was 48% in LY66 but
only 30% in LY99. And during the 4days of recovery, the relative
growth rate was 80% in LY66 but only 53% in LY99. These results
showed that the cultivar LY66 had both higher drought tolerance
during drought stress and greater recovery after re-watering than the
cultivar LY99.

Table 1
Genes and oligonucleotides used in the real-time quantitative PCR experiment.

Gene Accession Primer
ZmActinl J01238.1 F:5-GTATGTTGCTATCGAGGCTGTTC-3"

R:5-TCATTAGGTGGTCGGTGAGGTC-3"
ZmMGD1 NM_001148646 F 5-CGGATGTGGGAAGTTCTCGA-3’

R 5’-GAATTCGTCTGACCTTGGGC-3’
ZmMGD2 NM_001154306 F 5-CAGACCTCAACACATGCCAC-3’

R 5’-CGAACACGCGGATTTGAGAT-3
ZmMGD3 NM_001176586 F 5-GGGACGAGCTCAGGAGATAC-3’

R 5’-GTCCCTGACGATGTGGAACA-3’
ZmDGD1 NM_001159060 F 5-GACTGATGAGCACCCAAAGC-3’

R 5-AACAATGGGCAAAGGTCGTC-3’
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Fig. 2. Shoot dry weight (A) and relative growth rate (B) of two maize cultivars during
drought and recovery. Plants were imposed to a natural progressive drought for 10 days
(drought) and then re-watered for 4 days (recovery). Values are means * SE (n = 10).
Different letters indicate statistically significant differences at P < 0.05.

3.2. Leaf senescence response in two maize cultivars

Drought stress resulted in leaf senescence in cultivar LY99 accom-
panied by yellowish and withered tip leaves, but this was not the case in
LY66 (Fig. 3A). The photosynthetic rate and Fv/Fm decreased sig-
nificantly under drought in both cultivars, but they were higher in LY66
than in LY99 (Fig. 3B, C). After recovery, the photosynthetic rate and
Fv/Fm in LY66 returned to pre-drought level, but this was not hap-
pened in LY99 (Fig. 3B, C). The chlorophyll concentration showed a
substantial decrease in LY99, but no change was found in LY66 after
recovery (Fig. 3D). In addition, the chlorophyll a/b ratio decreased
significantly under drought in both cultivars, but LY66 still maintained
higher chlorophyll a/b ratio than LY99 (Fig. 3E).

Leaf RWC was consistently and significantly reduced by drought
stress and returned to pre-drought level after recovery in both cultivars
(Fig. 3F, Table S1). However, no significant difference of RWC was
found between two cultivars.

3.3. Effects of drought stress on chloroplast ultrastructure in two maize
cultivars

As shown in Fig. 4, chloroplasts from both cultivars growing under
pre-drought condition have well-developed thylakoid membrane sys-
tems composed by well-organized granal stacks and connected by
stroma lamellae (Fig. 4A-D). The distortions of plastids occurred under
drought stress in both cultivars. After drought treatment, the shape of
the chloroplasts was approximate an ellipsoid in both cultivars (Fig. 4E,
G). However, the swollen of chloroplasts and the loosen of granal stacks
were more severe in LY99 than in LY66 (Fig. 4E-H). The stress-induced
damage to chloroplasts and thylakoid membranes was more severe in
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LY99 than in LY66.
3.4. Lipid and fatty acid composition changes in two maize cultivars

The results presented in Fig. 5 showed the amounts of MGDG,
DGDG, other lipids and total lipids in two cultivars. The MGDG content
decreased under drought stress in both cultivars and decreased further
in LY99 after recovery (Fig. 5A). The DGDG content increased sub-
stantially in LY66 but not in LY99 under drought stress and dropped
sharply after recovery in both cultivars (Fig. 5B). Regarding the amount
of total other lipids, it decreased under drought stress and increased
back to pre-drought level after recovery in LY66, while in LY99, it
decreased under both drought stress and after recovery (Fig. 5C).
Moreover, all three lipids contents were higher in LY66 than in LY99
under both drought and re-watering conditions. As a result, the total
lipids content was also maintained higher in LY66 than in LY99 under
both drought and re-watering conditions (Fig. 5D).

In addition, the proportion (presented as moles percent of total li-
pids) of MGDG decreased, while the proportion of DGDG increased in
both cultivars under drought stress (Fig. 6). Moreover, the DGDG/
MGDG ratio enhanced greatly under drought stress and decreased after
recovery in both cultivars. However, the ratio was higher in LY66 under
pre-drought and drought conditions, but was lower after recovery, as
compared with that in LY99 (Fig. 6D).

As shown in Fig. 7, in both maize cultivars, the main fatty acids in
the MGDG and DGDG fractions were 18:2 and 18:3, which composed of
80%-90% of the total MGDG or DGDG. And the main fatty acids in the
other lipids fraction were 16:0, 18:0, 18:1, 18:2 and 18:3, which
composed of more than 90% of the total other lipids. Under pre-drought
condition, compared with LY99, the contents of 18:3 fatty acid in
MGDG and other lipids were significantly (p < 0.05) higher in LY66,
while it was lower in DGDG, and there was no difference in total lipids
between two cultivars. Under drought stress, the level of 18:3 fatty acid
decreased significantly in MGDG in both cultivars, and it showed fur-
ther decrease after recovery, but LY66 still maintained higher level than
LY99 either under drought or after recovery. The 18:3 contents in
DGDG and other lipids were not significantly affected by drought stress,
but it decreased after recovery in both cultivars, and LY66 exhibited
less decrease than LY99. In contrast, the level of 18:2 fatty acid in-
creased by drought stress and showed further increase after recovery in
both MGDG and DGDG fractions in two cultivars.

The DBI of MGDG and other lipids in both cultivars decreased under
drought stress and decreased further after recovery (Fig. 8A, C). While
in DGDG, the DBI was not affected under drought stress but dropped
sharply after recovery in both cultivars. Regarding the total lipids, the
DBI in LY66 was maintained constant under drought stress and de-
creased after recovery, as compared with pre-drought treatment; while
in LY99, it decreased under drought stress and decreased further after
recovery. In addition, the DBI of MGDG, other lipids as well as total
lipids were higher in LY66 than in LY99 under drought treatment
conditions.

The ratios of all three lipids and total lipids to chlorophyll were
higher in LY66 than in LY99 under pre-drought condition (Fig. 9).
Drought stress caused a substantial increase in the lipid-to-chlorophyll
ratio, especially in the LY99. Thus, the ratio of all lipids-to-chlorophyll
was higher in LY99 than in LY66 under drought stress. After recovery,
the ratios of MGDG, DGDG and total lipids to chlorophyll dropped al-
most to pre-drought level, but the ratios of lipid-to-chlorophyll were
still low in LY66, as compared with LY99.

3.5. Expression patterns of galactolipid biosynthesis genes

The expression patterns and the transcript levels for MGDG synthase
(MGD) and DGDG synthase (DGD), two key enzymes involved in the
biosynthesis of galactoglycerolipids, were analyzed. The qRT-PCR
analysis showed that the expressions of all the ZmMGD1, ZmMGD2,
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Fig. 3. Leaf senescence response and water status in the leaves of maize cultivars during drought and recovery. (A) Phenotype of leaf senescence, (B) photosynthetic rate, (C) maximum
efficiency of PSII photochemistry (Fv/Fm), (D) total chlorophyll concentration, (E) chlorophyll a/b ratio and (F) leaf relative water content (RWC). Plants were imposed to a natural
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P < 0.05.

ZmMGD3 and ZmDGD1 genes were up-regulated by drought stress and
recovered to the basal level after recovery in both cultivars (Fig. 10).
Interestingly, the expression levels of these genes were higher in LY66
than in LY99 under both pre-drought and drought stress conditions.

4. Discussion

In the present study, the higher aboveground biomass accumulation
and relative higher growth rate in LY66 than in LY99 under drought/
recovery conditions indicated that the cultivar LY66 had both higher
drought tolerance and drought recovery abilities (Fig. 2). Meanwhile,
the LY66 showed high photosynthetic rate, Fv/Fm, chlorophyll con-
centration and chlorophyll a/b ratio, indicating that the cultivar LY66
displayed retarded leaf senescence induced by drought (Fig. 3). Since
retarded leaf senescence generally confers high drought tolerance
(Rivero et al., 2007) and the cultivar LY66 showed higher drought
tolerance and recovery associated with retarded leaf senescence
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induced by drought. Thus, the alleviated drought-induced leaf senes-
cence could be partly responsible for the high drought tolerance and
recovery in LY66.

Drought generally modifies membrane lipid composition
(Liljenberg, 1992; Gasulla et al., 2013), and the galactolipid modifica-
tion plays an important role in both the adaptation to drought stress
and leaf senescence response (Fourrier et al., 2008; Jia and Li, 2015).
However, the relationship between the capability of galactolipid mod-
ification and the resistance to drought-induced leaf senescence is still
not clear. In the present study, the DGDG, other lipids and the total
lipids contents were significantly higher in LY66, in which the chlor-
oplast ultrastructure was less destroyed, and the leaf displayed alle-
viated drought-induced leaf senescence, as compared with LY99 under
drought stress and after recovery (Figs. 3, 4 and 5). Moreover, further
comparison revealed that the profoundly modified galactolipid com-
position with higher DGDG content and DGDG/MGDG ratio re-
presented the major genotypic difference (Fig. 6). These results
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P < 0.05.

suggested that modified lipid composition with higher DGDG content
and DGDG/MGDG ratio was associated with the retarded leaf senes-
cence in response to drought. Our study provided insight into the po-
tential role of galactolipid modification in regulation of drought-in-
duced senescence in crops.
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4.1. Accumulation of DGDG contributes to the alleviation of drought-
induced leaf senescence

The MGDG and DGDG comprise 70-80% of the thylakoid lipid
matrix associated with photosynthetic membranes and must be regu-
lated to maintain well organized, especially under stress conditions



D. Chen et al.

>

W

Environmental and Experimental Botany 150 (2018) 57-68

| 1 Pre-drought i
60 N Drought 60
50 L Recovery " 50 |
< “ a b =
BN =2 == c B
S 40 b S 40
€ £ A
30 30 -
2 2
= 20 r 8 20
10 - 10 -
0 0
LY66 LY99 LY66 LY99
C D
60 - 12+
<50 1.0 r
g 2
E40+ 5 008 b
] b a a =
5 30 c b 8 0.6 -
E o
< 20 Q04
e}
10 0.2 -
0 0.0
LY66 LY99 LY66 LY99

Fig. 6. Changes in proportions of MGDG (A), DGDG (B), other lipids (C) and the DGDG to MGDG ratio (D) in the leaves of two maize cultivars during drought and recovery. Plants were
imposed to a natural progressive drought for 10 days (drought) and then re-watered for 4 days (recovery). Values are means + SE (n = 4). Different letters indicate statistically
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(Dormann and Benning, 2002; Kobayashi, 2016). The decrease in
MGDG is a common adaptation to drought, osmotic stress and freezing
in many plants, including cowpea, Arabidopsis and C. plantagineum
et al. (De Paula et al., 1990; Gigon et al., 2004; Moellering and Benning,
2011; Gasulla et al., 2013). The decrease in MGDG content was also
found in maize in this study. In contrast, the DGDG content increased
markedly under drought stress (Fig. 6). Due to the small size of the head
group, MGDG molecules are cone-shaped and non-bilayer forming, and
therefore form inverted hexagonal II (Hy) structures, whereas DGDG
are cylindrical shaped and form lamellar bilayers (Sprague, 1987; Webb
and Green, 1991). Thus, the conversion of cone-shaped MGDG into
cylindrical DGDG could stabilize the bilayer membrane structure during
dehydration. The accumulation of DGDG also lead to an increased
thickness of the head groups and an increase in the concentration of
hydroxyl groups, thus enhancing the repulsive hydration forces be-
tween adjacent membranes to avoid bilayer fusion (Moellering and
Benning, 2011). In the present study, the cultivar LY66 displayed al-
leviated drought-induced leaf senescence and also maintained higher
content of DGDG than LY99 under drought stress and after recovery
(Figs. 5 and 6). Similar results have been obtained previously that the
DGDG content increased in tolerant cowpea cultivar, while dramati-
cally decreased in susceptible cultivar during mild water stress (Torres-
Franklin et al., 2007). Moreover, DGDG also accumulated in the de-
siccation tolerant plant C. plantagineum, in which the thylakoid mem-
brane stayed intact and leaf avoided drought-induced senescence
during desiccation (Gasulla et al., 2013). Therefore, these results sug-
gested that the maintenance of high contents of DGDG could play an
important role in membrane structural and functional stability in
chloroplasts to avoid the drought-induced leaf senescence.

Although considerable amounts of MGDG and DGDG are thought to
exist as “bulk lipids” and mainly function as structural lipids (Mizusawa
and Wada, 2012), DGDG has also been recognized as important for the
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proper structure and function of PSII through specifically bounding and
predominantly affecting the reaction properties of the PSII donor side
(Steffen et al., 2005; Sakurai et al., 2007; Mizusawa and Wada, 2012;
Kobayashi, 2016). Moreover, loss of DGDG in Synechocystis increased
their sensitivity to photoinhibition under high temperature and high
light, particularly by impairing the repair cycle of PSII (Mizusawa et al.,
2009). DGDG deficiency also lead to enhanced photoinhibition under
high light in Arabidopsis (Holzl et al., 2009). Therefore, DGDG is re-
quired for photoprotection in both Synechocystis and plant (Kobayashi,
2016). During photoinhibition, strong light drives the photosynthetic
transport of electrons, and when the quantity of electrons generated
exceeds the capacity of the Calvin cycle to absorb them, the excess
electrons can reduce oxygen to produce the reactive oxygen species
(ROS) (Nishiyama and Murata, 2014). It has been reported that various
abiotic stresses, such as salt stress, drought, heat and cold, could de-
press the fixation of CO,, leading to generation of excess ROS and in-
hibition of the repair of PSII (Nishiyama et al., 2006; Murata and
Takahashi, 2008; Takahashi and Badger, 2011; Nishiyama and Murata,
2014). Interestingly, increase of the DGDG/MGDG ratio also occurred
in response to these abiotic stresses, therefore, it is possible that the
increased DGDG contents also played a role in alleviating the photo-
inhibition under stress conditions, in addition to the structural function.
Here, the cultivar LY66, which maintained a higher DGDG content and
ratio of DGDG to MGDG than the cultivar LY99 under drought condi-
tion, also displayed a higher PSII activity (Fv/Fm, Fig. 3C). Thus, it is
suggested that the higher DGDG content and ratio of DGDG to MGDG
might contribute to alleviating photoinhibition through reducing the
ROS production and photooxidative damage, and thus improve the PSII
activity under drought stress and alleviate the drought-induced leaf
senescence.
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4.2. Increase in DGDG to MGDG ratio is associated with the retarded
drought-induced leaf senescence

In addition to DGDG content, the balance between the levels of the
lamella-forming lipid DGDG and the non-lamella-forming lipid MGDG
also affects the stability of thylakoid membranes (Shimojima and Ohta,
2011; Wang et al., 2014). As in all organisms, the ratio of bilayer-
forming lipids to non-bilayer-forming lipids is crucial for protein
folding and insertion (Gounaris and Barber, 1983; Bogdanov and
Dowhan, 1999) as well as for intracellular protein trafficking (Kusters
et al., 1994; Dormann and Benning, 2002). The ratio of DGDG to MGDG
in chloroplasts must therefore be tightly regulated (Dormann and
Benning, 2002). It is known that MGDG and DGDG are readily inter-
convertible (Harwood, 1998) and it is proposed that the conversion of
MGDG into DGDG is a common response to dehydration (Gasulla et al.,
2013). One of the well reported drought responses is the increase in
DGDG/MGDG ratio (Stevanovic et al., 1992; Gigon et al., 2004; Torres-
Franklin et al., 2007; Gasulla et al., 2013). Under stress conditions, the
relatively high level of bilayer lipid could facilitate lamellar membrane
stability. In this study, the ratio of DGDG to MGDG was increased in
both cultivars under drought stress (Fig. 6 D), indicating that plants
apparently intended to avoid lipid remodeling that could result in ex-
cessive membrane destabilization or in the formation of non-lamellar
phases within the bilayer under drought stress. Modulation of the
DGDG/MGDG ratio also occurs in response to other environmental
stresses, such as phosphate starvation, heat stress and freezing. It has
been demonstrated that the MGDG produced by type B MGD gene was
thought to be used directly for subsequent DGDG synthesis in Arabi-
dopsis under phosphate starvation (Kobayashi et al., 2009; Shimojima
and Ohta, 2011). In addition, increase in DGDG/MGDG ratio is also
widely believed to enhance the stability of the thylakoid membrane at
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elevated temperatures (Siiss and Yordanov, 1986; Chen et al., 2006). In
this study, the cultivar with retarded leaf senescence maintained a high
ratio of DGDG/MGDG under drought condition, giving them a high
capability to stabilize and maintain their membrane structures and
functions, as well as maintained a high content of chlorophyll; this
could explain how the cultivar with retarded drought-induced leaf se-
nescence maintained high photosynthetic rate under drought stress, at
least partially.

Under stress conditions such as nitrogen deficiency and salt stress,
the lipid-to chlorophyll ratio is markedly increased, indicating that the
protein-packing density in thylakoids tends to be decreased under
stresses (Gaude et al., 2007; Wang et al., 2014). In this study, the da-
mage to the chloroplast membrane and the decrease in chlorophyll
concentration were less in the cultivar with retarded leaf senescence,
while the protein-packing density was significantly high (lower lipid-to-
chlorophyll ratio) under drought stress (Fig. 9); all those changes may
be ascribed to their higher DGDG content and DGDG/MGDG ratio
under drought stress (Fig. 8). The increase in DGDG/MGDG ratio could
be an adaptive strategy of plants to alleviate the drought-induced leaf
senescence by maintaining the membrane in a physical state compatible
with normal functioning of membrane proteins.

4.3. Accumulation of DGDG is associated with MGD and DGD expression

Changes in lipid contents might be caused by alterations in the
expression of genes involved in lipid biosynthesis or degradation. Two
key enzymes are involved in the biosynthesis of these galactoglycer-
olipids: MGDG synthase, which transfers a galactosyl residue from UDP-
Gal to diacylglycerol, and DGDG synthase, which catalyzes the further
galactosylation of MGDG to form DGDG (Shimojima and Ohta, 2011).
In this study, the transcript levels of ZmMGD1, ZmMGD2, and ZmMGD3
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and ZmDGD]1 in both cultivars were up-regulated by the drought stress
and recovered to the basal expression level after recovery (Fig. 10).
These results showed that the alterations in the expression of MGD and
DGD genes could be responsible for the accumulation of DGDG under
drought stress. The observed discrepancies between expression of MGDs
and MGDG content could be the result of a balance between bio-
synthesis and degradation. Moreover, the newly synthesized MGDG by
MGD might be catalyzed into DGDG by DGD under drought stress. It is
known that environmental stresses such as drought stimulate the ga-
lactolipase activities and gene expression (Ferrari-Iliou et al., 1994;
Matos et al., 2001; Torres-Franklin et al., 2007). In addition to the DGD
pathway, the glycolipids: glycolipids galactosyl transferase SFR2 can
also produce DGDG by transferring a galactose from one MGDG to
another (Moellering and Benning, 2011). However, it is reported that in
desiccated C. plantagineum, the outermost galactose (Galy) in DGDG
was in the a-configuration, indicating it was synthesized by DGD
pathway (Gasulla et al., 2013). Thus, the accumulation of DGDG under
drought stress perhaps mainly results from the stimulated MGD and
DGD activities along with the gene expression. Moreover, the expres-
sion level of MGD and DGD genes was higher in retarded leaf senes-
cence cultivar than in senescent cultivar under drought stress, which
might be responsible for the higher DGDG content in the cultivar with
retarded leaf senescence under drought stress.

During severe drought stress, the decline in the membrane lipid
contents has been widely reported (Liljenberg, 1992; Toumi et al.,
2008). This decline mainly results from the activation of degradation
progresses, such as lipid hydrolysis by hydrolytic enzymes (Sahsah
et al., 1998) and peroxidation caused by ROS (Ferrari-Iliou et al., 1994).
Kaoua et al. (2006) showed that the galactolipase and phospholipase
activities were stimulated in stressed and senescing plants, and Ferrari-
Iliou et al. (1994) also reported that the peroxidation of thylakoid lipids
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increased under drought condition. In the present study, the decline of
galactolipid content occurred in the cultivar LY99, whereas the ga-
lactolipid level remained stable in the cultivar LY66 which showed
retarded leaf senescence (Fig. 5). Similar results have been previously
reported in various plants with different drought tolerance (Torres-
Franklin et al., 2007; Toumi et al., 2008). Therefore, the decline of
galactolipid content in cultivar LY99, in which the onset of leaf se-
nescence was induced by drought, might be explained by an activation
of lipid degradation processes.

In addition, the decline in the degree of fatty acid desaturation is
another common response to dehydration (Depaula et al., 1993;
Dakhma et al., 1995). The decrease in fatty acid desaturation under
stress conditions is disadvantageous to the stability of the thylakoid
membrane because it tends to reduce the fluidity of the thylakoid
membrane (Karim et al., 1999; Zhang et al., 2005; Sui et al., 2010;
Wang et al., 2010). A significant decrease in fatty acid desaturation has
also been observed during leaf aging (Zhang et al., 2010). It has been
reported that modulated fatty acid desaturation via over expression of
-3 desaturases in tobacco resulted in increased tolerance to salt and
drought stress (Zhang et al., 2005). In this study, the cultivar LY66
maintained a higher degree of fatty acid desaturation than the LY99 did
under drought condition, giving them a high capability to stabilize the
membrane fluidity (Fig. 8). This result suggests that maintaining high
degree of fatty acid desaturation may also play an important role in
membrane stability to alleviate the drought-induced leaf senescence.
Moreover, the decline in the degree of fatty acid desaturation might be
attributed to the peroxidation of unsaturated fatty acids by ROS, which
increased under drought stress (Ferrari-Iliou et al., 1994; Kaoua et al.,
2006) and in senescing leaves (Zhang et al., 2010). In addition, the
lipophilic membrane-bound chloroplastic antioxidants, carotenoids and
tocopherols, are essential for protecting chloroplast membranes from
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oxidative damage (Munné-Bosch et al., 2001). Here, the cultivar LY66
could maintain a higher degree of fatty acid desaturation and also had a
higher carotenoids content than LY99 (data not shown). Thus, it is
possible that the cultivar LY66 had a stronger chloroplastic antioxidant
defense ability, which helped it to maintain high degree of fatty acid
desaturation under drought stress.

In conclusion, the different leaf senescence responses to drought in
two maize cultivars could be associated with the capability of ga-
lactolipid remodeling. The increased DGDG level and DGDG/MGDG
ratio through the stimulated expression of the MGD and DGD genes may
play an important role in conferring alleviated drought-induced leaf
senescence. This could provide a novel strategy for drought adaptation
in plants and crops.

Acknowledgements

This work was supported by the National Natural Sciences
Foundation of China (No. 31200206), Youth Innovation Promotion
Association of the Chinese Academy of Sciences (No. 2015389), the
West Light Foundation of the Chines Academy of Science, the “Youth
Elite Project” and “Young Faculty Study Abroad Program” of Northwest
A&F University, the Project of Youth Science and Technology New Star
in Shaanxi Province (2016KJXX-66), and National Basic Research
Program of China (2015CB150402).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.envexpbot.2018.02.017.

References

Bogdanov, M., Dowhan, W., 1999. Lipid-assisted protein folding. J. Biol. Chem. 274,
36827-36830.

Borrell, A.K., Mullet, J.E., George-Jaeggli, B., van Oosterom, E.J., Hammer, G.L., Klein,
P.E., Jordan, D.R., 2014. Drought adaptation of stay-green sorghum is associated
with canopy development, leaf anatomy, root growth, and water uptake. J. Exp. Bot.
65, 6251-6263.

Chaves, M.M., Flexas, J., Pinheiro, C., 2009. Photosynthesis under drought and salt stress:
regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551-560.

Chen, J., Burke, J.J., Xin, Z., Changcheng, X.U., Velten, J., 2006. Characterization of the
Arabidopsis thermosensitive mutant atts02 reveals an important role for galactolipids
in thermotolerance. Plant Cell Environ. 29, 1437-1448.

Chen, D., Wang, S., Xiong, B., Cao, B., Deng, X., 2015a. Carbon/nitrogen imbalance as-
sociated with drought-induced leaf senescence in sorghum bicolor. PLoS One 10.
http://dx.doi.org/10.1371/journal.pone.0137026.

Chen, D., Wang, S., Cao, B., Cao, D., Leng, G., Li, H., Yin, L., Shan, L., Deng, X., 2015b.
Genotypic variation in growth and physiological response to drought stress and re-
watering reveals the critical role of recovery in drought adaptation in maize seed-
lings. Front. Plant Sci. 7. http://dx.doi.org/10.3389/fpls.2015.01241.

Dai, A., 2013. Increasing drought under global warming in observations and models. Nat.
Clim. Change 3, 52-58.

Dakhma, W.S., Zarrouk, M., Cherif, A., 1995. Effects of drought-stress on lipids in rape
leaves. Phytochemistry 40, 1383-1386.

De Paula, F.M., Thi, A.T.P., De Silva, J.V., Justin, A.M., Demandre, C., Mazliak, P., 1990.
Effects of water stress on the molecular species composition of polar lipids from Vigna
unguiculata L. leaves. Plant Sci. 66, 185-193.

Degenkolbe, T., Do, P.T., Zuther, E., Repsilber, D., Walther, D., Hincha, D.K., K6hl, K.I.,
2009. Expression profiling of rice cultivars differing in their tolerance to long-term
drought stress. Plant Mol. Biol. 69, 133-153.

Depaula, F.M., Thi, A.T.P., Zuilyfodil, Y., Ferrariiliou, R., Dasilva, J.V., Mazliak, P., 1993.
Effects of water stress on the biosynthesis and degradation of polyunsaturated lipid
molecular species in leaves of Vigna unguiculata. Plant Physiol. Biochem. 31,
707-715.

Dormann, P., Benning, C., 2002. Galactolipids rule in seed plants. Trends Plant Sci. 7,
112-118.

Fang, Y., Xiong, L., 2015. General mechanisms of drought response and their application
in drought resistance improvement in plants. Cell. Mol. Life Sci. 72, 673-689.

Ferrari-Iliou, R., D'Arcy-Lameta, A., Thi, A.T.P., Zuily-Fodil, Y., Mazliak, P., 1994. Effect
of drought on photodynamic peroxidation of leaf total lipophilic extracts.
Phytochemistry 37, 1237-1243.

Fourrier, N., Bédard, J., Lopez-Juez, E., Barbrook, A., Bowyer, J., Jarvis, P., Warren, G.,
Thorlby, G., 2008. A role for SENSITIVE to FREEZING2 in protecting chloroplasts
against freeze-induced damage in Arabidopsis. Plant J. 55, 734-745.

Gasulla, F., Vom Dorp, K., Dombrink, 1., Zahringer, U., Gisch, N., Dormann, P., Bartels, D.,
2013. The role of lipid metabolism in the acquisition of desiccation tolerance in

67

Environmental and Experimental Botany 150 (2018) 57-68

Craterostigma plantagineum: a comparative approach. Plant J. 75, 726-741.

Gaude, N., Bréhélin, C., Tischendorf, G., Kessler, F., Dérmann, P., 2007. Nitrogen defi-
ciency in Arabidopsis affects galactolipid composition and gene expression and re-
sults in accumulation of fatty acid phytyl esters. Plant J. 49, 729-739.

Gigon, A., Matos, A.R., Laffray, D., Zuily-Fodil, Y., Pham-Thi, A.T., 2004. Effect of
drought stress on lipid metabolism in the leaves of Arabidopsis thaliana (ecotype
Columbia). Ann. Bot. 94, 345-351.

Gounaris, K., Barber, J., 1983. Monogalactosyldiacylglycerol: the most abundant polar
lipid in nature. Trends Biochem. Sci. 8, 378-381.

Guo, Y., Gan, S., 2005. Leaf senescence: signals, execution, and regulation. Curr. Top.
Dev. Biol. 71, 83-112.

Holzl, G., Witt, S., Gaude, N., Melzer, M., Schottler, M.A., Dérmann, P., 2009. The role of
diglycosyl lipids in photosynthesis and membrane lipid homeostasis in Arabidopsis.
Plant Physiol. 150, 1147-1159.

Harris, K., Subudhi, P.K., Borrell, A., Jordan, D., Rosenow, D., Nguyen, H., Klein, P.,
Klein, R., Mullet, J., 2007. Sorghum stay-green QTL individually reduce post-flow-
ering drought-induced leaf senescence. J. Exp. Bot. 58, 327-338.

Harwood, J., 1998. Involvement of chloroplast lipids in the reaction of plants submitted
to stress. In: In: Paul-André, S., Norio, M. (Eds.), Lipids in Photosynthesis: Structure,
Function and Genetics. Advances in Photosynthesis and Respiration 6 Springer
Dordrecht.

Jia, Y., Li, W., 2015. Characterisation of lipid changes in ethylene-promoted senescence
and its retardation by suppression of phospholipase D8 in Arabidopsis leaves. Front.
Plant Sci. 6. http://dx.doi.org/10.3389/fpls.2015.01045.

Jia, Y., Tao, F., Li, W., 2013. Lipid profiling demonstrates that suppressing Arabidopsis
phospholipase D8 retards ABA-promoted leaf senescence by attenuating lipid de-
gradation. PLoS One 8. http://dx.doi.org/10.1371/journal.pone.0065687.

Kaoua, M.E., Serraj, R., Benichou, M., Hsissou, D., 2006. Comparative sensitivity of two
moroccan wheat varieties to water stress: the relationship between fatty acids and
proline accumulation. Bot. Stud. 47, 51-60.

Karim, M.A., Fracheboud, Y., Stamp, P., 1999. Photosynthetic activity of developing
leaves of Zea mays is less affected by heat stress than that of developed leaves.
Physiol. Plant. 105, 685-693.

Kobayashi, K., Awai, K., Nakamura, M., Nagatani, A., Masuda, T., Ohta, H., 2009. Type-B
monogalactosyldiacylglycerol synthases are involved in phosphate starvation-in-
duced lipid remodeling, and are crucial for low-phosphate adaptation. Plant J. 57,
322-331.

Kobayashi, K., 2016. Role of membrane glycerolipids in photosynthesis, thylakoid bio-
genesis and chloroplast development. J. Plant Res. 129, 1-16.

Kusters, R., Breukink, E., Gallusser, A., Kuhn, A., De, K.B., 1994. A dual role for phos-
phatidylglycerol in protein translocation across the Escherichia coli inner membrane.
J. Biol. Chem. 269, 1560-1563.

Lichtenthaler, H.K., 1987. Chlorophylls and carotenoids: pigments of photosynthetic
biomembranes. Methods Enzymol. 148, 350-382.

Liljenberg, C.S., 1992. The effects of water deficit stress on plant membrane lipids. Prog.
Lipid Res. 31, 335-343.

Lim, P.O., Kim, H.J., Nam, H.G., 2007. Leaf senescence. Ann. Rev. Plant Biol. 58,
115-136.

Liu, P., Yin, L., Deng, X., Wang, S., Tanaka, K., Zhang, S., 2014. Aquaporin-mediated
increase in root hydraulic conductance is involved in silicon-induced improved root
water uptake under Osmotic stress in Sorghum bicolor L. J. Exp. Bot. 65, 4747-4756.

Matos, A.R., d'Arcy-Lameta, A., Franga, M., Pétres, S., Edelman, L., Kader, J.C., Zuily-
Fodil, Y., Pham-Thi, A.T., 2001. A novel patatin-like gene stimulated by drought
stress encodes a galactolipid acyl hydrolase. FEBS Lett. 491, 188-192.

Mishra, S., Shanker, S., Sangwan, R.S., 1998. Lipid profile in relation to tropane alkaloid
production and accumulation during leaf growth and senescence in Duboisia myo-
poroides. Fitoterapia 69, 65-72.

Mizusawa, N., Wada, H., 2012. The role of lipids in photosystem II. BBA-Bioenergetics
1817, 194-208.

Mizusawa, N., Sakata, S., Sakurai, I., Sato, N., Wada, H., 2009. Involvement of diga-
lactosyldiacylglycerol in cellular thermotolerance in Synechocystis sp. PCC 6803.
Arch. Microbiol. 191, 595-601.

Moellering, E.R., Benning, C., 2011. Galactoglycerolipid metabolism under stress: a time
for remodeling. Trends Plant Sci. 16, 98-107.

Munné-Bosch, S., Jubany-Marf, T., Alegre, L., 2001. Drought-induced senescence is
characterized by a loss of antioxidant defences in chloroplasts. Plant Cell Environ. 24,
1319-1327.

Murata, N., Takahashi, S., 2008. How do environmental stresses accelerate photoinhibi-
tion? Trends Plant Sci. 13, 178-182.

Nishiyama, Y., Murata, N., 2014. Revised scheme for the mechanism of photoinhibition
and its application to enhance the abiotic stress tolerance of the photosynthetic
machinery. Appl. Microbiol. Biot. 98, 8777-8796.

Nishiyama, Y., Allakhverdiev, S.I., Murata, N., 2006. A new paradigm for the action of
reactive oxygen species in the photoinhibition of photosystem II. BBA- Bioenergetics
1757, 742-749.

Quirino, B., Noh, Y., Himelblau, E., Amasino, R., 2000. Molecular aspects of leaf senes-
cence. Trends Plant Sci. 5, 278-282.

Rivero, R.M., Kojima, M., Gepstein, A., Sakakibara, H., Mittler, R., Gepstein, S.,
Blumwald, E., 2007. Delayed leaf senescence induces extreme drought tolerance in a
flowering plant. Proc. Natl. Acad. Sci. U. S. A. 104, 19631-19636.

Siiss, K.H., Yordanov, I.T., 1986. Biosynthetic cause of in vivo acquired thermotolerance
of photosynthetic light reactions and metabolic responses of chloroplasts to heat
stress. Plant Physiol. 81, 192-199.

Sahsah, Y., Campos, P., Gareil, M., Zuily-Fodil, Y., Pham-Thi, A.T., 1998. Enzymatic
degradation of polar lipids in Vigna unguiculata leaves and influence of drought
stress. Physiol. Plant. 104, 577-586.


https://doi.org/10.1016/j.envexpbot.2018.02.017
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0005
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0005
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0010
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0010
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0010
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0010
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0015
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0015
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0020
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0020
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0020
http://dx.doi.org/10.1371/journal.pone.0137026
http://dx.doi.org/10.3389/fpls.2015.01241
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0035
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0035
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0040
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0040
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0045
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0045
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0045
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0050
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0050
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0050
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0055
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0055
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0055
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0055
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0060
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0060
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0065
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0065
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0070
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0070
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0070
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0075
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0075
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0075
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0080
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0080
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0080
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0085
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0085
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0085
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0090
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0090
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0090
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0095
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0095
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0100
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0100
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0105
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0105
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0105
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0110
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0110
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0110
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0115
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0115
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0115
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0115
http://dx.doi.org/10.3389/fpls.2015.01045
http://dx.doi.org/10.1371/journal.pone.0065687
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0130
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0130
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0130
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0135
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0135
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0135
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0140
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0140
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0140
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0140
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0145
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0145
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0150
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0150
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0150
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0155
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0155
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0160
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0160
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0165
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0165
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0170
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0170
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0170
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0175
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0175
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0175
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0180
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0180
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0180
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0185
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0185
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0190
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0190
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0190
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0195
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0195
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0200
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0200
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0200
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0205
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0205
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0210
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0210
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0210
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0215
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0215
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0215
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0220
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0220
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0225
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0225
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0225
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0230
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0230
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0230
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0235
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0235
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0235

D. Chen et al.

Sakurai, I., Mizusawa, N., Wada, H., Sato, N., 2007. Digalactosyldiacylglycerol is required
for stabilization of the oxygen-evolving complex in photosystem II. Plant Physiol.
145, 1361-1370.

Shimojima, M., Ohta, H., 2011. Critical regulation of galactolipid synthesis controls
membrane differentiation and remodeling in distinct plant organs and following
environmental changes. Prog. Lipid Res. 50, 258-266.

Sprague, S.G., 1987. Structural and functional consequences of galactolipids on thylakoid
membrane organization. J. Bioenergetic Biomembr. 19, 691-703.

Steffen, R., Kelly, A., Huyer, J., Dérmann, P., Renger, G., 2005. Investigations on the
reaction pattern of photosystem II in leaves from Arabidopsis thaliana wild type
plants and mutants with genetically modified lipid content. Biochemistry 44,
3134-3142.

Stevanovic, B., Thu, P.T.A., Depaula, F.M., Dasilva, J.V., 1992. Effects of dehydration and
rehydration on the polar lipid and fatty acid composition of Ramonda species. Can. J.
Bot. 70, 107-113.

Sui, N., Li, M., Li, K., Song, J., Wang, B.S., 2010. Increase in unsaturated fatty acids in
membrane lipids of Suaeda salsa L enhances protection of photosystem II under high
salinity. Photosynthetica 48, 623-629.

Takahashi, S., Badger, M.R., 2011. Photoprotection in plants: a new light on photosystem
1I damage. Trends Plant Sci. 16, 53-60.

Torres-Franklin, M.L., Gigon, A., Melo, D.F.D., Zuily-Fodil, Y., Pham-Thi, A.T., 2007.
Drought stress and rehydration affect the balance between MGDG and DGDG
synthesis in cowpea leaves. Physiol. Plant. 131, 201-210.

Toumi, 1., Gargouri, M., Nouairi, I., Moschou, P.N., Salem-Fnayou, A.B., Mliki, A.,
Zarrouk, M., Ghorbel, A., 2008. Water stress induced changes in the leaf lipid com-
position of four grapevine genotypes with different drought tolerance. Biol.
Plantarum 52, 161-164.

Wang, Z., Benning, C., 2011. Arabidopsis thaliana polar glycerolipid profiling by thin

68

Envir 1 and Experimental Botany 150 (2018) 57-68

layer chromatography TLC coupled with gas-liquid chromatography (GLC). J. Vis.
Exp. 49. http://dx.doi.org/10.3791/2518.

Wang, G.P., Li, F., Zhang, J., Zhao, M.R., Hui, Z., Wang, W., 2010. Overaccumulation of
glycine betaine enhances tolerance of the photosynthetic apparatus to drought and
heat stress in wheat. Photosynthetica 48, 30—41.

Wang, S., Uddin, M.L., Tanaka, K., Yin, L., Shi, Z., Qi, Y., Mano, J., Matsui, K., Shimomura,
N., Sakaki, T., Deng, X., Zhang, S., 2014. Maintenance of chloroplast structure and
function by overexpression of the rice monogalactosyldiacylglycerol synthasegene
leads to enhanced salt tolerance in tobacco. Plant Physiol. 165, 1144-1155.

Webb, M.S., Green, B.R., 1991. Biochemical and biophysical properties of thylakoid acyl
lipids. BBA- Bioenergetics 1060, 133-158.

Wewer, V., Dérmann, P., Holzl, G., 2013. Analysis and quantification of plant membrane
lipids by thin-layer chromatography and gas chromatography. Methods Mol. Biol.
1009, 69-78.

Zhang, H., Zhou, C., 2013. Signal transduction in leaf senescence. Plant Mol. Biol. 82,
539-545.

Zhang, M., Barg, R., Yin, M., Gueta-Dahan, Y., Leikin-Frenkel, A., Salts, Y., Shabtai, S.,
Ben-Hayyim, G., 2005. Modulated fatty acid desaturation via overexpression of two
distinct omega-3 desaturases differentially alters tolerance to various abiotic stresses
in transgenic tobacco cells and plants. Plant J. 44, 361-371.

Zhang, M., Zhang, C., Yu, G., Jiang, Y., Strasser, R., Yuan, Z., Yang, X., Chen, G.X., 2010.
Changes in chloroplast ultrastructure, fatty acid components of thylakoid membrane
and chlorophyll a fluorescence transient in flag leaves of a super-high-yield hybrid
rice and its parents during the reproductive stage. J. Plant Physiol. 167, 277-285.

Zhang, M., Deng, X., Yin, L., Qi, L., Wang, X., Wang, S., Li, H., 2016. Regulation of ga-
lactolipid biosynthesis by overexpression of the rice MGD gene contributes to en-
hanced aluminum tolerance in tobacco. Front. Plant Sci. 7. http://dx.doi.org/10.
3389/fpls.2016.00337.


http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0240
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0240
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0240
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0245
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0245
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0245
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0250
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0250
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0255
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0255
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0255
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0255
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0260
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0260
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0260
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0265
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0265
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0265
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0270
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0270
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0275
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0275
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0275
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0280
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0280
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0280
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0280
http://dx.doi.org/10.3791/2518
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0290
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0290
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0290
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0295
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0295
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0295
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0295
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0300
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0300
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0305
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0305
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0305
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0310
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0310
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0315
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0315
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0315
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0315
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0320
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0320
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0320
http://refhub.elsevier.com/S0098-8472(18)30319-8/sbref0320
http://dx.doi.org/10.3389/fpls.2016.00337
http://dx.doi.org/10.3389/fpls.2016.00337

	Galactolipid remodeling is involved in drought-induced leaf senescence in maize
	Introduction
	Materials and methods
	Plant growth condition and drought treatment
	Growth analysis
	Photosynthetic rate analysis
	Chlorophyll fluorescence analysis
	Chlorophyll concentration analysis
	Leaf relative water content analysis
	Transmission electron microscopy for chloroplast ultrastructure
	Lipid analysis
	Gene expression analysis
	Statistical analysis

	Results
	Growth response to drought and recovery in two maize cultivars
	Leaf senescence response in two maize cultivars
	Effects of drought stress on chloroplast ultrastructure in two maize cultivars
	Lipid and fatty acid composition changes in two maize cultivars
	Expression patterns of galactolipid biosynthesis genes

	Discussion
	Accumulation of DGDG contributes to the alleviation of drought-induced leaf senescence
	Increase in DGDG to MGDG ratio is associated with the retarded drought-induced leaf senescence
	Accumulation of DGDG is associated with MGD and DGD expression

	Acknowledgements
	Supplementary data
	References




