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Abstract: At the cellular level, the remodelling of membrane lipids and production of heat shock
proteins are the two main strategies whereby plants survive heat stress. Although many studies
related to glycerolipids and HSPs under heat stress have been reported separately, detailed alterations
of glycerolipids and the role of HSPs in the alterations of glycerolipids still need to be revealed. In this
study, we profiled the glycerolipids of wild-type Arabidopsis and its HSP101-deficient mutant hot-1
under two types of heat stress. Our results demonstrated that the alterations of glycerolipids were
very similar in wild-type Arabidopsis and hot-1 during heat stress. Although heat acclimation led to
a slight decrease of glycerolipids, the decrease of glycerolipids in plants without heat acclimation is
more severe under heat shock. The contents of 36:x monogalactosyl diacylglycerol (MGDG) were
slightly increased, whereas that of 34:6 MGDG and 34:4 phosphatidylglycerol (PG) were severely
decreased during moderate heat stress. Our findings suggested that heat acclimation could reduce
the degradation of glycerolipids under heat shock. Synthesis of glycerolipids through the prokaryotic
pathway was severely suppressed, whereas that through the eukaryotic pathway was slightly
enhanced during moderate heat stress. In addition, HSP101 has a minor effect on the alterations of
glycerolipids under heat stress.

Keywords: lipidomics; glycerolipids; heat shock; moderate heat stress; HSP101; prokaryotic pathway;
eukaryotic pathway

1. Introduction

Heat stress, which is one of the most common abiotic stresses experienced by plants, can affect
the distribution of wild plants and the production of crops [1–5]. According to the extent and rate of
the change in temperature, heat stress can be classified into heat shock and moderate heat stress [6,7].
With the increasing output of greenhouse gases, particularly CO2, the temperature has increased by
approximately 0.6 ◦C during the past 100 years and is projected to continue to rise at a high rate [8].
According to previous research, a temperature increase of 3–4 ◦C could cause crop yields to fall by
15%–35% in Africa and Asia and by 25%–35% in the middle east [9]. Field experiments have indicated
that an increased temperature will have a net negative impact on the yield of rice in tropical/subtropical
Asia [10]. An increase in temperature of only 1 ◦C in the wheat-growing season reduces wheat yields
by 3%–10% in China [11]. Due to the escalating adverse impact of high temperature on agricultural
crop production, we should investigate all aspects of the underlying mechanisms related to heat stress.

Plant cellular membranes have long been proposed to be one of the prime targets of temperature
stress [6,12–17]. It is generally accepted that maintaining the fluidity and integrity of membranes is of
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fundamental importance for plants to survive stress [18]. Glycerolipids are the major constituents of
membranes, and they can be divided into two categories, plastidic lipids and extraplastidic lipids, based on
their distribution [15,19]. Plastidic lipids, including monogalactosyl diacylglycerol (MGDG), digalactosyl
diacylglycerol (DGDG), and phosphatidylglycerol (PG), are the main constituents of chloroplast
membranes, and extraplastidic lipids, including phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), phosphatidylserine (PS), and phosphatidic acid (PA), are the main
constituents of plasma membranes [19,20]. To maintain membrane functions, changes in the composition
and unsaturation of glycerolipids occur under temperature stresses [13,17,19,20]. Low temperature
leads to a decrease in membrane fluidity; however, owing to the increases in many glycerolipid species
with polyunsaturated acyl chains, such as 36:6 PC, 36:6 PE, 34:6 MGDG, and 36:6 DGDG, the fluidity
of the membrane is maintained in Arabidopsis during cold acclimation [17,19]. The conversion of
MGDG to DGDG and oligogalactolipids under freezing stress, which is catalyzed by SENSITIVE
TO FREEZING 2 (SFR2), not only prevents the formation of nonbilayer-type structures but
also increases the repulsive hydration force between apposed bilayers during freeze-induced
dehydration [21–23]. The response of glycerolipids to moderate heat stress has also been intensively
investigated [6,13,14,16,24,25]. Plants show an increase in 18:2 (linoleate)-containing galactolipids and
a decrease in 18:3 (α-linoleate)-containing galactolipids in chloroplasts; increases in phospholipids
containing 16:0 (palmitate), 18:0 (stearate), and 18:1 (oleate) in the endoplasmic reticulum and plasma
membrane; and an increase in triacylglycerol containing 18:3 and 16:3 (hexadecatrienoic acid) as lipid
droplets under moderate heat stress [6,13,14,24]. Recent studies have highlighted the importance of
MGDG catabolism under moderate heat stress [12]. Although many lipidomic studies have been
reported, more details still need to be elucidated during moderate heat stress. In addition, the response
of glycerolipids to heat shock has never been reported.

In addition to the changes in membrane lipids, the production of HSPs plays an important role
during heat stress [26–30]. Previous research indicated that changes in membrane fluidity could induce
the production of HSPs [18]. HSPs mainly function as molecular chaperones to prevent the aggregation
of denatured proteins, assist in the folding of nascent polypeptides, aid in the refolding of denatured
proteins, or help to resolubilize aggregated denatured proteins [26,31]. Therefore, the hot-1 Arabidopsis
mutant, which has a mutation in the HSP101 gene, is more sensitive to high-temperature stress than the
wild-type Arabidopsis [32,33]. Previous studies have indicated that some small HSPs also function as
membrane stabilizers under high-temperature stress [27,34]. Hsp17 can antagonize the heat-induced
hyperfluidization of the membrane and thereby help to preserve the structural and functional integrity
of biomembranes in Synechocystis [27]. However, studies concerning the effect of HSPs on the content
and alteration of glycerolipids under two different types of heat stress have never been reported.

In this work, we examined the leaf glycerolipids of wild-type Arabidopsis (Col) and its HSP101
T-DNA insertion mutant hot-1 under two types of heat stress: Moderate heat stress (MHS; 30 ◦C,
18 days) and heat shock (HS; 45 ◦C, 3 h), which have commonly been applied in previous studies [6].
A lipidomic analysis based on electrospray tandem mass spectrometry (ESI-MS/MS) was used to
profile the molecular species of glycerolipids [17]. Although heat acclimation, a process including the
pre-exposure of plants to sublethal temperatures, led to a slight decrease in glycerolipids, it reduced the
degradation of glycerolipids under heat shock. However, the remodelling of plastidic lipids, severely
suppressed the prokaryotic pathway and slightly enhanced the eukaryotic pathway, that occurred
during moderate heat stress. Our research also indicated that HSP101 had a minor effect on the
alteration of membrane lipids under both types of heat stress.

2. Results

2.1. Contents and Alterations of Glycerolipids During the Heat Acclimation Process in Wild-Type Arabidopsis
and Hot-1

Previous studies have mainly attributed the increased thermotolerance of plants to the
accumulation of HSPs during heat acclimation. However, whether and how membrane lipids
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respond to this process has seldom been investigated [32,33,35]. In addition, whether HSPs affect
membrane lipids during this process is also not clear. In the heat shock experiments, neither wild-type
Arabidopsis nor hot-1 could survive without heat acclimation, whereas wild-type Arabidopsis survived
with heat acclimation (Figure S1) [36]. We profiled glycerolipids throughout the whole process: Control,
heat acclimation, non-direct heat shock (NDHS, heat shock after heat acclimation), and direct heat
shock (DHS, heat shock without acclimation) (Figure 1). A glycerolipids analysis indicated that the
contents and alterations of glycerolipids were very similar in wild-type Arabidopsis and hot-1 after heat
acclimation (Figure 2). In wild-type Arabidopsis and hot-1, the content of total glycerolipids decreased
by approximately 11.87% and 13.15% separately after heat acclimation (Figure 2). In wild-type
Arabidopsis, the contents of PG, PC, PS, PI, and PA did not change after heat acclimation, whereas
that of MGDG, PE, and DGDG decreased. The contents of MGDG, PE, and DGDG decreased by
approximately 16.49%, 14.60%, and 10.24% separately. In hot-1, the contents of PI, PS, PA, and DGDG
did not change after heat acclimation, but that of MGDG, PG, PC, and PE decreased. The contents of
MGDG, PG, PC, and PE decreased by approximately 11.65%, 15.07%, 19.83%, and 14.20% separately.
Overall, heat acclimation led to a decrease in glycerolipids in both wild-type Arabidopsis and hot-1.
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Figure 1. Diagrammatic sketch of the heat shock process. (a) The process of heat shock with heat
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the samples were harvested. NDHS: Non-direct heat shock; DHS: Direct heat shock.
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Figure 2. Effects of heat shock on the total content of glycerolipids in various head group classes in
wild-type Arabidopsis and hot-1. Values shown are the mean ± SE; n = 4 or 5. Means with different
letters are significantly different according to the least significant difference (LSD) test at P < 0.05 under
heat shock. The letter “H” indicates that the amount of lipid was significantly higher (P < 0.05) in hot-1,
compared to wild-type Arabidopsis at the corresponding treatment. HA: Heat acclimation; NDHS:
Heat shock with heat acclimation; DHS: Direct heat shock.
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2.2. Heat Acclimation Reduced the Degradation of Glycerolipids During Heat Shock in Wild-Type Arabidopsis
and Hot-1

After heat shock, the content of total glycerolipids decreased dramatically in both wild-type
Arabidopsis and hot-1, regardless of whether the plants were acclimated or not, except that the
content of PS was slightly higher after NDHS in hot-1 (Figure 2). This decrease involved almost
all classes of glycerolipids, except for PA. However, compared to NDHS, DHS led to more severe
degradation: The total lipid content decreased 40.50% after DHS and 30.83% after NDHS in wild-type
Arabidopsis; the total lipid content decreased 38.42% after DHS and 26.97% after NDHS in hot-1
(Figure 2). In wild-type Arabidopsis, the more severe degradation observed after DHS involved MGDG
and PC. The content of MGDG and PG decreased by approximately 37.71% and 30.28% separately after
NDHS, but decreased by approximately 52.54% and 45.70% separately after DHS. In hot-1, the more
severe degradation observed after DHS involved MGDG, PG, PC, and PE. The content of MGDG, PG,
PC, and PE decreased by approximately 32.68%, 19.91%, 31.05%, and 39.09% separately after NDHS,
but decreased by approximately 43.80%, 35.50%, 49.46%, and 52.71% separately after DHS. In contrast,
the contents of PA after DHS were greater than those after NDHS in both wild-type Arabidopsis
and hot-1 (Figure 2). The content of PA increased by approximately 258.39% and 236.18% separately
after NDHS in wild-type Arabidopsis and hot-1, but increased approximately 684.11% and 570.84%
separately after DHS. Many molecular species of PA that did not exist in the control or after heat
acclimation appeared after heat shock, such as 34:4, 34:5, and 34:6 PA (Figure S2). All molecular
species in each class of glycerolipids showed similar changes during heat shock in both wild-type
Arabidopsis and hot-1 (Figures S2 and S3). Overall, the degradation of glycerolipids in plants without
heat acclimation is more severe under heat shock.

2.3. The Contents of Glycerolipids Changed Profoundly Under Moderate Heat Stress in Wild-Type Arabidopsis
and Hot-1

Although there is no significant difference in phenotypes between wild-type Arabidopsis and
hot-1 under ambient temperature, it seems that wild-types of Arabidopsis grew better than hot-1 under
moderate heat stress (Figure S4). To investigate whether moderate heat stress and HSP101 affect
the alteration of glycerolipids, we profiled glycerolipids in the leaves of wild-type Arabidopsis and
hot-1 under ambient temperature and moderate heat stress (Figure 3). We found that the content
of glycerolipids changed profoundly in wild-type Arabidopsis and hot-1 after moderate heat stress.
However, the contents of glycerolipids were very similar in wild-type Arabidopsis and hot-1, except
that of PS are slightly higher in hot-1 after moderate high temperature (Figure 3). In wild-type
Arabidopsis, the content of total glycerolipids decreased by approximately 26.91% after moderate
heat stress. This decrease in total glycerolipids mainly involved plastidic lipids, especially MGDG
and PG. The contents of MGDG and PG decreased by approximately 36.20% and 35.24%, respectively.
While the content of extraplastidic lipids decreased by less than that of plastidic lipids, the content
of PE and PI decreased by approximately 28.76% and 19.27%, respectively. In hot-1, the content of
total glycerolipids decreased by approximately 26.02% after moderate heat stress. This decrease is
mainly due to the decrease of MGDG and PG, which decreased by approximately 34.62% and 36.43%
separately. However, the content of PE and PI did not change after moderate heat stress. In contrast,
the content of PA increased slightly after moderate heat stress in both wild-type Arabidopsis and hot-1.
Overall, the moderate heat stress led to a decrease in total glycerolipids, which was mainly due to the
decrease in plastidic lipids, such as MGDG and PG.



Plants 2020, 9, 693 5 of 15
Plants 2020, 9, x FOR PEER REVIEW 5 of 15 

 

 

Figure 3. Effects of moderate heat stress on the total content of glycerolipids of various head group 

classes in wild-type Arabidopsis and hot-1. Values shown are the mean ± SE; n = 4 or 5. Symbols * and 

** indicate that the content of glycerolipids under moderate heat stress differed significantly from that 

under ambient temperature in wild-type Arabidopsis and hot-1 at P ≤ 0.05 and ≤ 0.01, respectively. 

The letter “H” indicates that the amount of lipid was significantly higher (P < 0.05) in hot-1, compared 

to wild-type Arabidopsis at the corresponding treatment. MHS: Moderate heat stress. 

2.4. The Alterations of Plastidic Lipids molecular species under moderate heat stress in wild-type Arabidopsis 

and hot-1 

Previous studies have indicated that plastidic lipids are more sensitive to environmental stress 

than extraplastidic lipids [15]. However, the response of individual plastidic lipid molecular species 

to moderate heat stress is not clear. Our data indicated that the contents and alteration of individual 

plastidic lipid molecular species were almost identical in wild-type Arabidopsis and hot-1 after 

moderate heat stress (Figure 4). Although the content of MGDG decreased, the content of 36:x 

MGDG, which contains 36 carbons in two acyl chains and is mainly synthesized through the 

eukaryotic pathway, increased by approximately 29.71% and 18.16% separately under moderate heat 

stress in wild-type Arabidopsis and hot-1 (Figure 4). This increase involved all 36:x MGDG (total acyl 

chains: Double bonds) molecular species except for 36:6 MGDG. The content of 34:6 MGDG, which 

is synthesized through the prokaryotic pathway, decreased by approximately 58.81% and 54.67% 

separately under moderate heat stress in wild-type Arabidopsis and hot-1. However, the other 34:x 

MGDG molecular species showed slight increases or no change during moderate heat stress. In 

contrast to the change in MGDG, the total DGDG content did not change under moderate heat stress 

in both wild-type Arabidopsis and hot-1 (Figure 3). However, the DGDG composition underwent a 

profound alteration (Figure 4). The contents of 36:6 and 34:6 DGDG, both of which have more double 

bonds, decreased significantly in both wild-type Arabidopsis and hot-1. Other molecular species, such 

as 36:5, 36:4, and 34:2 DGDG, all increased during moderate heat stress. The decrease in total PG was 

mainly due to the decrease in 34:4 PG, which is also synthesized through the prokaryotic pathway, 

in both wild-type Arabidopsis and hot-1. From the observed alteration of plastidic lipids, we know 

that the molecular species of plastidic lipids changed profoundly during moderate heat stress. 

Figure 3. Effects of moderate heat stress on the total content of glycerolipids of various head group
classes in wild-type Arabidopsis and hot-1. Values shown are the mean ± SE; n = 4 or 5. Symbols * and
** indicate that the content of glycerolipids under moderate heat stress differed significantly from that
under ambient temperature in wild-type Arabidopsis and hot-1 at P ≤ 0.05 and ≤ 0.01, respectively.
The letter “H” indicates that the amount of lipid was significantly higher (P < 0.05) in hot-1, compared
to wild-type Arabidopsis at the corresponding treatment. MHS: Moderate heat stress.

2.4. The Alterations of Plastidic Lipids Molecular Species under Moderate Heat Stress in Wild-Type Arabidopsis
and Hot-1

Previous studies have indicated that plastidic lipids are more sensitive to environmental stress
than extraplastidic lipids [15]. However, the response of individual plastidic lipid molecular species
to moderate heat stress is not clear. Our data indicated that the contents and alteration of individual
plastidic lipid molecular species were almost identical in wild-type Arabidopsis and hot-1 after
moderate heat stress (Figure 4). Although the content of MGDG decreased, the content of 36:x MGDG,
which contains 36 carbons in two acyl chains and is mainly synthesized through the eukaryotic pathway,
increased by approximately 29.71% and 18.16% separately under moderate heat stress in wild-type
Arabidopsis and hot-1 (Figure 4). This increase involved all 36:x MGDG (total acyl chains: Double
bonds) molecular species except for 36:6 MGDG. The content of 34:6 MGDG, which is synthesized
through the prokaryotic pathway, decreased by approximately 58.81% and 54.67% separately under
moderate heat stress in wild-type Arabidopsis and hot-1. However, the other 34:x MGDG molecular
species showed slight increases or no change during moderate heat stress. In contrast to the change
in MGDG, the total DGDG content did not change under moderate heat stress in both wild-type
Arabidopsis and hot-1 (Figure 3). However, the DGDG composition underwent a profound alteration
(Figure 4). The contents of 36:6 and 34:6 DGDG, both of which have more double bonds, decreased
significantly in both wild-type Arabidopsis and hot-1. Other molecular species, such as 36:5, 36:4,
and 34:2 DGDG, all increased during moderate heat stress. The decrease in total PG was mainly due to
the decrease in 34:4 PG, which is also synthesized through the prokaryotic pathway, in both wild-type
Arabidopsis and hot-1. From the observed alteration of plastidic lipids, we know that the molecular
species of plastidic lipids changed profoundly during moderate heat stress.
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Figure 4. Effects of moderate heat stress on plastidic lipid molecular species in wild-type Arabidopsis
and hot-1. Values shown are the mean ± SE; n = 4 or 5. Symbols * and ** indicate that the content of
glycerolipids under moderate heat stress differed significantly from that under ambient temperature in
wild-type Arabidopsis and hot-1 at P ≤ 0.05 and ≤ 0.01, respectively. MHS: Moderate heat stress.

2.5. The Alterations of Extraplastidic Lipids Molecular Species Under Moderate Heat Stress in Wild-Type
Arabidopsis and Hot-1

Under moderate heat stress, the changes in extraplastidic lipids were less pronounced than
those in plastidic lipids, but some interesting alterations still occurred (Figure 5). First, the molecular
species containing 34:3 (including 18:3 and 16:0) fatty acids all showed decreases in PE, PI, and PS,
by approximately 45.09%, 40.05%, and 37.2%, respectively in wild-type Arabidopsis. In contrast,
the molecular species containing 34:3 fatty acids only decreased in PE and PI, by approximately 15.22%
and 28.30%, respectively in hot-1. Second, the molecular species containing 36:5 and 36:6 fatty acids
(including 18:2/18:3 and 18:3/18:3) decreased in almost all classes of extraplastidic lipids, with the
exception of PA and PS, in both wild-type Arabidopsis and hot-1. Third, moderate heat stress did not
lead to a dramatic change in PA in wild-type Arabidopsis and hot-1. The increase in PA was mainly
due to the production of 34:2 PA, whereas 34:3, 36:5, and 36:6 PA showed no change under moderate
heat stress. Last, the molecular species of PS, including 34:2 PS, 36:2 PS, 38:2 PS, 40:2 PS, and 42:2 PS,
increased significantly in hot-1 under moderate heat stress. Whereas, that in wild-type Arabidopsis
increased less or did not change, except for 36:2 PS. Overall, moderate heat stress seemed to mainly
lead to a decrease in more unsaturated extraplastidic lipids containing 18:3 acyl chains in wild-type
Arabidopsis and hot-1.
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2.6. Changes in the Double Bond Index Under the Two Types of Heat Stress in Wild-Type Arabidopsis and Hot-1

Previous studies have indicated that temperature can induce a change in the double bond index
(DBI), with high temperature leading to a decrease in the DBI and low temperature leading to an
increase [24,37–39]. Our results were consistent with previous studies: The DBI of total lipids decreased
by approximately 10.47% and 10.72% separately under moderate heat stress in wild-type Arabidopsis
and hot-1 (Figure 6a). A careful analysis indicated that the DBI of each class of glycerolipids all
decreased under moderate high temperature in both wild-type Arabidopsis and hot-1 (Figure 6a).
Among plastidic lipids, the DBI of PG decreased the most in both wild-type Arabidopsis and hot-1,
by about 23.00% and 21.29%, respectively. In contrast, the DBI of MGDG decreased the least in both
wild-type Arabidopsis and hot-1, about 6.07% and 4.68%, respectively. The DBI of all extraplastidic
lipids decreased by approximately the same extent in both wild-type Arabidopsis and hot-1 under
moderate heat stress (Figure 6a). Under heat shock, the DBI of glycerolipids changed slightly in both
wild-type Arabidopsis and hot-1 (Figure 6b). The DBI of total glycerolipids did not change during heat
acclimation and decreased slightly after NDHS or DHS in wild-type Arabidopsis, whereas the DBI of
total glycerolipids did not change during the whole process of heat shock.
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Figure 6. Effects of two types of heat stress on the DBI of glycerolipids in wild-type Arabidopsis
and hot-1. (a) The alteration of DBI in wild-type Arabidopsis and hot-1 under moderate heat stress.
(b) The alteration of DBI in wild-type and hot-1 under heat shock. DBI = (Σ[N × nmol/mg])/Σ nmol/mg,
where N is the total number of double bonds in the two fatty acid chains of each glycerolipid molecule.
Values shown are the mean ± SE; n = 4 or 5. Symbols * and ** indicate that the content of glycerolipids
under moderate heat stress differed significantly from that under ambient temperature in wild-type
Arabidopsis and hot-1 at P ≤ 0.05 and ≤ 0.01, respectively. Means with different letters are significantly
different according to the least significant difference (LSD) test at P < 0.05 under heat shock.

2.7. The Alterations of LysoPLs under Two Types of Heat Stress in Wild-Type Arabidopsis and Hot-1

Previous studies have confirmed that LysoPLs act as secondary signal messengers in plant
signalling [40–42]. They are involved in many important physiological processes, such as cell
elongation, shoot gravitropism, and pollen maturation [43]. The changes in lysophospholipids under
heat stress were investigated in the present study (Figure 7). Under moderate heat stress, the content
of all LysoPL species almost did not change in both wild-type Arabidopsis and hot-1, except 18:2 Lyso
PE in wild-type Arabidopsis and 16:1 LysoPG in hot-1 (Figure 7a). Under heat acclimation, the content
of LysoPLs also did not increase. However, the content of LysoPL species increased dramatically after
heat shock (both NDHS and DHS) in both wild-type Arabidopsis and hot-1 (Figure 7b). The increase in
the content of LysoPLs after NDHS was lower than the increase in LysoPLs after DHS. The increase in
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the content of LysoPLs involved all LysoPLs species (Figure 7b). These results indicated that LysoPLs
respond actively to heat shock.Plants 2020, 9, x FOR PEER REVIEW 9 of 15 
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Figure 7. Effects of two types of heat stress on the content of lysolipids in wild-type Arabidopsis and
hot-1. (a) The alteration of lysolipids under moderate heat stress. (b) The alteration of lysolipids under
heat shock. Values shown are the mean ± SE; n = 4 or 5. Symbols * and ** indicate that the content
of LysoPLs under moderate heat stress differed significantly from that under ambient temperature in
wild-type Arabidopsis and hot-1 at P ≤ 0.05 and ≤ 0.01, respectively. Means with different letters are
significantly different according to the least significant difference (LSD) test at P < 0.05 under heat shock.

3. Discussion

Although many studies related to how glycerolipids respond to high-temperature stress have
been reported, a number of questions still remain to be addressed [13,14,16,24,25]. In this study,
we quantitatively profiled the molecular species of glycerolipids in the leaves of wild-type Arabidopsis
and hot-1 plants under two types of heat stress, heat shock (HS; 45 ◦C, 3 h), and moderate heat stress
(MHS; 30 ◦C, 18 days). The glycerolipid data indicated that HSP101 has a minor effect on the alterations
of glycerolipids under both types of heat stress. Although heat acclimation led to a decrease in some
classes of glycerolipids, it reduced the degradation of glycerolipids under heat shock. Under moderate
heat stress, the alterations of the contents of individual molecular species of glycerolipids demonstrated
that the prokaryotic and eukaryotic pathways are closely coordinated to meet the overall demands for
homeostasis maintenance.

Previous studies have demonstrated that HSP101 plays an important role in acquired
thermotolerance, and whether HSP101 has an effect on the metabolism of glycerolipids under heat



Plants 2020, 9, 693 10 of 15

stress has not previously been investigated [32,33]. Judging from the glycerolipids data obtained in our
study, the contents and alterations of glycerolipids were very similar between wild-type Arabidopsis
and hot-1 under the two types of heat stress. The only difference was that in comparison to wild-type
Arabidopsis, hot-1 exhibited a higher content of PS after NDHS and moderate heat stress (Figure 2,
Figure 3). PS is a kind of membrane glycerolipid that contains very long chain fatty acids [44,45].
Its outward movement could disrupt the asymmetry of the membrane and trigger cell death [46].
Our previous research also suggested that the length of its acyl chains may be correlated with the plant
lifespan [45]. The higher content of PS in hot-1 implies that hot-1 may suffer more negative impacts
than wild-type Arabidopsis under NDHS and moderate heat stress. Muller et al. also has revealed that
heat shock transcription factors (HSF), which could mediate amplification of heat-responsive genes,
such as HSPs, did not affect the accumulation of triacylglycerols during heat acclimation [6]. It seems
that the metabolism of glycerolipids was not dependent on HSFs during heat stress. Although HSP101
plays a minor role in the alteration of glycerolipids during heat stress, we assume that it may function
in the repair of membrane lipids after heat stress, since HSP101 can protect proteins, including those
involved in the synthesis of membrane lipids, from denaturation during heat shock [31].

The acclimation process can increase the tolerance of plants to extreme temperatures [17,19,32].
Previous studies have demonstrated that the remodelling of glycerolipids, including increases in their
unsaturation and contents, occurs during cold acclimation and contributes to freezing tolerance [17,19].
Our results demonstrated that heat acclimation (38 ◦C, 2 h) led to decreased contents of MGDG and PG,
particularly MGDG, in both wild-type Arabidopsis and hot-1. MGDG is the most sensitive glycerolipid
during environmental stresses such as drought, freezing, and dehydration [12,23,47]. Since MGDG
tends to form a hexagonal II phase or other nonbilayer phases, a decrease in MGDG could maintain
the integrity of the membrane during heat shock [48]. The decreased MGDG may be converted into
triacylglycerols, which accumulated during heat acclimation in the previous report [35]. The contents
of PA and LysoPLs did not increase during heat acclimation. PA and LysoPLs have been recognized
as secondary signal messengers in plant signalling, and their contents increase dramatically under
environmental stress [40,41]. The DBI of glycerolipids also did not change during heat acclimation.
These clues suggest that the alteration of glycerolipids during heat acclimation may only have a minor
effect on acquired thermotolerance in our study. The reason for this small effect may have been that the
time for heat acclimation was too short (only 2 h) to alter the glycerolipids to an extent that could lead
to acquired thermotolerance. Our results are consistent with previous research showing that the time
required for the fatty acid composition to adjust to high-temperature growth conditions is more than
60 h, which corresponds to the occurrence of new lipid synthesis and turnover [24]. Although heat
acclimation has little effect on the alteration of glycerolipids, it reduces the degradation of glycerolipids
under heat shock. According to the above discussion, neither the alteration of glycerolipids during
heat acclimation nor HSP101 led to reduced degradation after heat shock. The observed decrease
in degradation may have been due to the production of some HSPs during acclimation, since some
studies have proven that HSPs can be inserted into the cell membrane to maintain the integrity of
membranes [34,49]. However, this assumption needs to be further verified, since the effect of HSPs on
the plant membrane has never been reported.

The alterations of glycerolipids in Arabidopsis leaves under moderate heat stress have been
reported in several studies [6,13,14,25]. However, these studies only showed the alteration of the
relative composition of glycerolipids, whereas the changes in the absolute contents of glycerolipids
have seldom been reported in detail [13,14,24]. Indeed, data including the changes in the composition
of glycerolipids could reflect rules of the alteration of glycerolipids under moderate heat stress [13].
However, data on the changes in the absolute contents of glycerolipids could provide more information.
Our data demonstrated that the content of glycerolipids decreased during moderate heat stress.
This result suggested that the synthesis of glycerolipids was hampered during moderate heat stress.
The decrease was mainly due to the decrease in plastidic lipids. It seems that the synthesis of
extraplastidic lipids, which occurs in the ER, is less affected [50,51]. A careful analysis indicated that
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the contents of 36:x MGDG, synthesized via the eukaryotic pathway, were increased, although this
increase did not include 36:6 MGDG. The content of 36:x DGDG did not change during moderate
heat stress. These results suggested that the synthesis of glycerolipids by the eukaryotic pathway in
the ER was slightly increased. The dramatic decreases of 34:6 MGDG and 34:4 PG indicated that the
prokaryotic pathway was severely hampered under moderate heat stress. In addition, the decrease in
18:3-containing molecular species, such as 36:6 DGDG, 34:6 DGDG, and 34:6 MGDG, and the increase
in 18:2-containing molecular species, such as 36:5 DGDG, 34:5 DGDG, and 36:5 MGDG, implied that
the desaturase that converts 18:2 to 18:3 fatty acids may be affected during moderate heat stress.
In addition, some 18:3-containing molecular species may be hydrolyzed by PHOSPHOLIPASE1 (PLA1)
to generate several jasmonates including OPDA, MeJA, JA, and JA-Ile, which contribute to many
abiotic stresses tolerance, including thermotolerance [52–55]. Thus, moderate heat stress hampered the
synthesis of glycerolipids mainly through a decrease in the prokaryotic pathway, whereas synthesis
via the eukaryotic pathway was slightly increased.

4. Materials and Methods

4.1. Plant Materials

Arabidopsis thaliana plants of the Columbia (Col) accession and its HSP101 T-DNA insertion mutant
(salk-066374) hot-1 were used in this study. The hot-1 seeds were kindly provided by Prof. Jian Liu
(Shandong Normal University, China), and the total absence of HSP101 was confirmed by a western
blot assay [36].

4.2. Growth Conditions and Treatments

For the moderate heat stress experiment, we germinated seeds in soil. After two days at 4 ◦C,
the seeds were germinated and grown at 22 ◦C for two weeks in a growth chamber. Then, a subset of
these seedlings was transferred to a 30 ◦C growth chamber. Except for their different temperatures,
the conditions of these two chambers were identical: 80% relative humidity, 120 µmol m−2 s−1 light,
and a 12-h photoperiod. After 18 days, the leaves of these seedlings were harvested for lipid analysis
and other experiments. For the heat shock experiments using seedlings in agar plates, we germinated
seeds in 0.8% solidified agar plates containing a 1× Murashige and Skoog basal medium and 1%
sucrose. After two days at 4 ◦C, the seeds were germinated and grown at 22 ◦C under 120 µmol m−2 s−1

light and a 12-h photoperiod for 10 days in a growth chamber. After 10 days, a subset of plants were
transferred to 38 ◦C for 2 h for heat acclimation, followed by 1 h at 22 ◦C and then 3 h at 45 ◦C (NDHS),
while the other subset of the seedlings were directly transferred to 45 ◦C for 3 h (DHS) (Figure 1).

4.3. Lipid Extraction and ESI-MS/MS Analysis

The process of lipid extraction, ESI-MS/MS analysis, and quantification was performed as described
previously [17,19]. Briefly, the leaves of two or three different plants were cut at each sampling time
and immediately transferred to 3 mL of isopropanol with 0.01% butylated hydroxytoluene (BHT)
at 75 ◦C to inhibit lipolytic activity. After 15 min, 1.5 mL of chloroform and 0.6 mL of water were
added. The tubes were shaken for 1 h, followed by the removal of the extract. The samples were
re-extracted with chloroform/methanol (2:1) with 0.01% BHT three times with 2 h of agitation each
time. The remaining plant tissue was heated overnight at 105 ◦C and weighed. The weights of
these extracted and dried tissues are described as the “dry weight” of the plants. Lipid samples
were analyzed on a triple quadrupole MS/MS equipped for ESI. Data processing was performed as
previously described [17]. The lipids in each class were quantified in comparison to two internal
standards of that class, using a correction curve determined between standards. The internal standards
include the following: di 14:0-PG, di 20:0-PG, di 12:0-PE, di 23:0-PE, di 12:0-PC, di 24:1-PC, di 14:0-PA,
di 20:0-PA, di 14:0-PS, di 20:0-PS, 16:0–18:0-PI, di 18:0-PI, 34:0-MGDG, 36:0-MGDG, 34:0 DGDG, 36:0
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DGDG, 14:0 LysoPG, 18:0 LysoPG, 14:0 LysoPE, 18:0 LysoPE, 13:0 LysoPC, and 19:0 LysoPC. Five
replicates of each treatment for each genotype were analyzed.

4.4. Data Analysis

The Dixon’s Q-test was performed on all data sets and any results that were remote from the other
data were removed. The data were subjected to one-way ANOVA analysis (LSD) of variance with
SPSS 16.0 (P < 0.05). Paired values were subjected to the two-tailed Student’s t-test (SPSS version 16.0)
to determine statistical significance (P < 0.05).

5. Conclusions

Our research indicated that although heat acclimation led to a slight decrease of glycerolipids,
it indeed reduced the degradation of glycerolipids under heat shock. The alteration of the content of
individual molecular species of glycerolipids under moderate heat stress indicated that the synthesis
of glycerolipids through the prokaryotic pathway was severely suppressed, whereas that through the
eukaryotic pathway was slightly enhanced. In addition, our research also indicated that HSP101 has a
minor effect on the alterations in glycerolipids under both types of heat stresses.
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Abbreviations

DBI double bond index
DGDG digalactosyl diacylglycerol
DHS direct heat shock
HA heat acclimation
LysoPC lysophosphatidylcholine
LysoPE lysophosphatidylethanolamine
LysoPG lysophosphatidylglycerol
MGDG Monogalactosyl diacylglycerol
MHS moderate heat stress
NDHS non-direct heat shock
PA phosphatidic acid
PC phosphatidylcholine
PE phosphatidylethanolamine
PG phosphatidylglycerol
PI phosphatidylinositol
PS phosphatidylserine
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