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A B S T R A C T   

Heat stress is one of the most challenging environmental factors for plants, which have evolved various mech-
anisms to cope with it. However, the role of lipid remodeling caused by heat stress is not yet fully understood. 
Here, we integrated UPLC-QTOF/MS-based lipidomic and transcriptomic analyzes to uncover the molecular basis 
of lipid remodeling under heat stress in castor bean (Ricinus communis), an important non-edible oil crop. We 
detected 297 lipid compounds in castor bean seedlings, of which 54 displayed altered abundances under heat 
stress. In particular, polyunsaturated triacylglycerols (TAGs) (e.g., TAG54:6, TAG54:7, TAG54:8, and TAG54:9) 
and diacylglycerols (DAGs) (DAG36:6) significantly increased, while polyunsaturated monogalactosyldiacyl-
glycerols (MGDGs) (MGDG34:3) markedly decreased. When heat stress was subsequently relieved, these lipid 
molecules recovered to their normal levels. We found that heat-induced TAGs primarily accumulate in the 
cytosol. Transcriptomic analysis indicated that polyunsaturated fatty acids (FAs) used for TAGs are not derived 
from de novo synthesis, but likely from the lipids remodeling via lipase activity, and are subsequently esterified 
into TAGs via diacylglycerol acyltransferase (DGAT). Our results suggest that TAGs may act as intermediates in 
lipid turnover and provide one mechanism by which plants respond to heat stress, broadening our understanding 
of how lipid remodeling functions in plant adaptation to heat stress.   

1. Introduction 

Heat, a particularly damaging abiotic stress, poses an enormous 
threat to global crop yields and food security that has been aggravated 
by the recent drastic and rapid changes in the global climate (Lobell 
et al., 2011; Wang et al., 2012; Deryng et al., 2014). Plants have evolved 
a series of sophisticated mechanisms for coping with heat stress. Re-
searchers have made great progress in advancing our understanding of 
the physiological, genetic and epigenetic mechanisms underlying these 
plant responses (reviewed in Liu et al., 2015; Ohama et al., 2017; Zhao 
et al., 2020). For example, several highly conserved evolutionary 
mechanisms for sensation and response to heat stress have been eluci-
dated, including reactive oxygen species (ROS), heat shock factors and 
proteins (HSFs and HSPs), and calcium and hormone signaling pathways 
(Song et al., 2021; Liu et al., 2015; Zhao et al., 2020). The epigenetic 
mechanisms including stress memory in response to heat have also been 

analyzed extensively, revealing the involvement of DNA methylation, 
histone modification and chromatin remodeling (Liu et al., 2015, 2019; 
Lämke et al., 2016; Lämke and Bäurle, 2017; Brzezinka et al., 2019; He 
et al., 2021; Balazadeh, 2021). 

Notably, accumulating evidence suggests that lipid remodeling, and 
triacylglycerol (TAG) accumulation in particular, plays a vital role in 
plant stress responses, especially at high temperatures (Yang and Ben-
ning, 2018; Lu et al., 2020; deVries and Ischebeck, 2020). Heat stress 
usually leads to higher membrane fluidity and permeability (Lee, 2000; 
Los and Murata, 2004), and as a response to this, plants generally 
decrease the ratio of unsaturated to saturated fatty acids (FAs) in their 
membrane glycerolipids (Falcone et al., 2004; Higashi et al., 2015, 
2018). Studies in Arabidopsis revealed that unsaturated membrane 
glycerolipid is reduced mainly through the removal of polyunsaturated 
FAs from monogalactosyldiacylglycerol (MGDG) in the chloroplast 
membrane under heat stress (Burgos et al., 2011; Szymanski et al., 2014; 
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Higashi et al., 2015, 2018). Subsequently, these unsaturated free fatty 
acids (FFAs) are immediately assembled into the neutral glycerolipid 
TAGs to reduce the toxicity of FFAs to cells (Mueller et al., 2015; Lu 
et al., 2020). Generally, TAGs are not soluble in the aqueous phase of 
cells; thus, their accumulation would not contribute to the osmotic po-
tential of the cell, providing one mechanism by which plants respond 
and adapt to heat stress. However, the precise pathways of TAG 
biosynthesis under heat stress remain to be fully elucidated in plants. 

In higher plants, TAG (three FAs esterified to a glycerol backbone) is 
synthesized by diverse routes, as summarized in Fig. 1 (Li-Beisson et al., 
2013; Vanhercke et al., 2017). The major route of TAG biosynthesis 
involves two biological processes: de novo FA synthesis in plastids and 
assembly in the endoplasmic reticulum (ER). In the plastids, FA syn-
thesis is initiated by the irreversible carboxylation of acetyl-CoA by 
acetyl-CoA carboxylase (ACCase) to form malonyl-CoA. Subsequently, 
the utilization of acetyl-CoA as a building block FA progresses via 
sequential condensation catalyzed by fatty acid synthases (FASs). FAs 
are released from FAS machinery, ultimately activated to CoA esters by a 
long-chain acyl-CoA synthetase (LACS) and exported to the ER. Within 
the ER, FAs are in turn esterified to glycerol-3-phosphate (G3P) via the 
Kennedy pathway. FAs are first esterified at the sn-1 position of G3P by 
glycerol-3-phosphate acyltransferase (GPAT) to form lysophosphatidic 
acid (LPA), which is then acylated at the sn-2 position by lysophos-
phatidic acid acyltransferase (LPAAT) to produce phosphatidic acid 
(PA). Subsequently, PA is converted into sn-1,2-diacylglycerol (DAG) by 
phosphatidic acid phosphatases (PAPs) or other phospholipids such as 
phosphatidylglycerol (PG) and phosphatidylinositol (PI). In the final 
step, DAG is acylated on the sn-3 position using a fatty acyl-CoA 

molecule by diacylglycerol acyltransferase (DGAT) to yield TAG. TAG 
can also be synthesized via an acyl-CoA-independent pathway, in which 
DAG is acylated using phosphatidylcholine (PC) as the acyl donor to 
produce TAG, a process catalyzed by phospholipid:diacylglycerol acyl-
transferase (PDAT). Once synthesized, TAGs are packaged to form oil 
bodies or lipid droplets and stored in the cytosol. However, it should be 
noted that TAG can be synthesized and stored in the chloroplast (within 
plastoglobules), where it is referred to as chloroplastic TAG (Lippold 
et al., 2012). In chloroplasts, most DAG molecules are used to synthesize 
glycerolipids, including monogalactosyldiacylglycerol (MGDG), diga-
lactosyldiacylglycerol (DGDG), and the sulfolipid sulfoquinovosyl 
diacylglycerol (SQDG) (reviewed in Hölzl and Dörmann, 2019). Mean-
while, TAG and other lipids can be hydrolyzed by cellular lipases to 
release FFAs, participating in lipid remodeling or turnover. 

Castor bean (Ricinus communis L. Euphorbiaceae) is an important 
non-edible oil crop. The castor bean plant originates from tropical East 
Africa and is extensively cultivated in tropical and subtropical regions 
(Moshkin, 1986; Chan et al., 2010; Xu et al., 2021). Owing to the high 
level of ricinoleic acid (over 90%) in its seeds, the castor bean oil has 
been widely used in industry for making lubricants, cosmetics, coatings, 
inks, plastics, and biodiesel (Ogunniyi, 2006). Therefore, there has been 
considerable interest in breeding to improve varieties with high seed 
yield or oil content. Significant progress has furthered our understand-
ing of how ricinoleic acid and TAGs are synthesized in castor bean seeds 
(Chan et al., 2010; Brown et al., 2012). Several key genes involved in 
this pathway were identified and functionally characterized, including 
those encoding oleate 12-hydroxylase (Van de Loo et al., 1995; Broun 
and Somerville, 1997; Venegas-Calerón et al., 2016), DGAT (Burgal 
et al., 2008), and PDAT (Kim et al., 2011). Meanwhile, castor bean 
displays a striking ability to thrive and produce high yields in adverse 
environments where most other crops would not grow (Kumar et al., 
1997; César and Batalha, 2010; Sausen and Rosa, 2010). Specifically, 
castor bean is able to grow despite drastic daily and seasonal tempera-
ture cycles between 15 ℃ and 45 ℃ (Kumar et al., 1997) and therefore 
provides an ideal candidate in which to study the molecular basis of 
plant adaptation to high temperatures. However, whether TAG is 
involved in castor bean high-temperature tolerance remains unclear. 
Therefore, in our study, we explored the accumulation of TAGs in castor 
bean seedlings in response to heat stress via integrative lipidomics and 
transcriptomics analyzes. 

2. Materials and methods 

2.1. Plant material and heat treatment 

Seeds from castor bean var. ZB306 (kindly provided by the Zibo 
Academy of Agricultural Sciences, Shandong, China) were surface 
sterilized and placed on wet filter paper for germination at 25 ℃. After 2 
days, the germinated seeds were transplanted into potting soil and 
grown in a glasshouse under standard light conditions (16-h-light/8-h- 
dark cycle, 25 ℃/22 ℃) at Kunming Institute of Botany (Kunming, 
Yunnan, China). Four-week-old seedlings were then divided into two 
groups, each with 20 seedlings. Seedlings grown at 25 ℃ for 12 h-light 
condition were defined as the control group (hereafter named CK), and 
those grown at 45 ℃ for 12 h-light condition were considered the heat 
stress group (named HS). After heat treatment, half of seedlings were 
returned to normal conditions (25 ℃ for 12 h-night condition) and were 
defined as the recovery group (RHS). Seedlings of each group were 
collected separately, frozen immediately in liquid nitrogen, and stored 
in an ultra-low-temperature freezer at − 80 ℃ for subsequent analyzes. 

2.2. Lipid analysis by thin-layer chromatography 

To investigate lipid remodeling under heat stress, we first measured 
abundance changes of different lipid molecules by thin-layer chroma-
tography (TLC), including neutral glycerolipids (TAG and DAG), free 

Fig. 1. Biosynthetic pathways of triacylglycerol (TAG) and chloroplast lipids 
(MGDG, DGDG and SQDG) in higher plants. In brief, fatty acids are de novo 
synthesized in plastid and exported to acyl-CoA pool in endoplamic reticulum 
(ER). Subsequently, these FAs were in turn esterified to glycerol-3-phosphate 
(G3P) to product PA, DAG and TAG. TAG in ER is synthesized and involves 
two different pathways: Kennedy pathway (Route 1, from DAG to TAG) and 
acyl-CoA-independent pathway (Route 2 indicated by green arrow, from PC to 
TAG). Meanwhile, phospholipids such as PG, PI, PE and PC are produced in ER. 
Besides, in plastid, TAG (Route 3 indicated by red arrow) and other chloroplast 
lipids including MGDG, DGDG and SQDG can be synthesized using DAG as 
substrate. Abbreviations: DAG, diacylglycerol; DGDG, digalactosyldiacylgly-
cerol; G3P, glycerol-3-phosphate; MGDG, Monogalactosyldiacylglycerol; PA, 
phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; 
PG, phosphatidyl glycerol; PI, phosphatidylinositol; SQDG, sulfoquinovo-
syldiacylglycerol; TAG, triacylglycerol. 
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fatty acids (FFAs), phospholipids (PG, PA, and PC), and membrane 
glycerolipids (MGDG, DGDG, and SQDG). An abbreviated list is pro-
vided in Table S1. These different lipids were extracted from seedlings of 
CK, HS and RHS with three independent biological replicates, and 
identified using standards purchased from Larodan Fine Chemicals AB 
(Malmö, Sweden). Briefly, approximately 0.2 g of frozen fresh tissue was 
homogenized using a mortar and pestle with liquid nitrogen, and then 
total lipids were extracted with hexane/isopropanol (3:2, v/v). Total 
lipids were then redissolved in chloroform/methanol (1:1, v/v). The 
neutral glycerolipids and FFAs were separated on commercial silica gel 
60 F254 TLC plates (Beijing Stronger Science Co., Ltd., Beijing China) 
that were dipped in a solution of hexane/diethylether/acetic acid 
(80:20:1, v/v/v). Subsequently, the neutral glycerolipids were visual-
ized by placing TLC plates into iodine vapor and identified using stan-
dards run in parallel with samples. For phospholipid analysis, we 
employed high-performance thin-layer chromatography (HPTLC) to 
separate PG, PA, and PC using a solution of chloroform/methanol/ 
water/triethylamine (35:35:7:35, v/v/v/v). The TLC plates were 
sprayed with anisaldehyde (Aladdin, Shanghai China) and oven-dried 
(120 ℃ for 1 h) for visualization. As for chloroplast membrane glycer-
olipid analysis, an HPTLC method was used to separate MGDG, DGDG, 
and SQDG with acetone/methylbenzene/water (91:30:7.5, v/v/v) as a 
solvent. The separated bands were sprayed with anisaldehyde and 
visualized by heating in the oven (120 ℃ for 1 h). TLC results were 
quantified using ImageJ. 

2.3. UPLC-QTOF/MS-based lipidomics and statistical analysis 

To precisely measure lipidome-wide alterations under heat stress, we 
performed ultra-performance liquid chromatography coupled with 
quadrupole time-of-flight mass spectrometry (UPLC-QTOF/MS)-based 
lipidomic analysis (Higashi et al., 2015; Okazaki and Saito, 2018). 
Seedlings from the CK, HS, and RHS groups were collected with three 
independent biological replicates each. Approximately 35 mg of sample 
was ground in liquid nitrogen and then inner standards (80 μL, 
10 μg/mL, Table S2), dichloromethane (2 mL), and methanol (2 mL) 
were added for each sample. The mixture was vortexed for 1 h at room 
temperature. Subsequently, dichloromethane (2 mL) and deionized 
water (1.6 mL) were added, and the mixture was vortexed for another 
5 min and then spun for 3 min at 4500 rpm at 4 ◦C. After that, the lower, 
organic phase was collected and the remaining solution was extracted 
twice using the dichloromethane (4 mL). The entire lower, organic 
phase was combined and dried with gaseous nitrogen. Finally, the res-
idue was dissolved with 1 mL of isopropanol and filtered through 
organic membranes. 

One microliter of solution was first subjected to analysis with a 
Shimadzu UHPLC LC-30A with a Phenomenex Kinete C18 column (2.1 ×

100 mm2, 2.6 µm) at 60 ◦C. Chromatographic separation was performed 
by a gradient elution using H2O/MeOH/ACN (1:1:1) containing 5 mM 
NH4Ac (A) and IPA/CAN (5/1) containing 5 mM NH4Ac (B) with a flow 
rate of 0.4 mL/min. The procedures of elution were based on the 
following criteria: 20% B from 0 to 0.5 min; 40% B from 0.5 to 1.5 min; 
60% B from 1.5 to 3.0 min; 98% B from 3.0 to 13.0 min; 20% B from 
13.0 to 13.1 min; and 20% B from 13.1 to 17.0 min. Next, the separated 
substances were introduced into the mass spectrometer (AB Sciex Tri-
pleTOF® 6600) and were detected in the positive mode from 100 to 
1200 m/z according to the following parameters: curtain gas: 
35,000 psi; ion source gas1: 50.000; ion source gas2: 50.00; ion spray 
voltage: 5500.00 V; temperature: 600 ◦C. 

The acquired data were qualitatively and quantitatively analyzed by 
MSDIAL (ver. 4. 00), PeakView (ver. 2.1), and MultiQuant (ver. 3. 0. 2) 
software. To identify differential lipid metabolites between the two 
groups, we adopted partial least squares-discriminant analysis (PLS-DA), 
a supervised method for multivariate data discrimination. The variable 
importance projection (VIP), fold change (FC), and false discovery rate 
(FDR) were calculated in the PLS-DA model. Metabolites with significant 

differences were determined by VIP value ≥ 1 and FDR ≤ 0.05. Mean-
while, we identified the strongly altered lipid species as markers with FC 
≥ 2. 

2.4. Subcellular localization of TAGs 

As mentioned above, TAGs can be synthesized and stored in the 
cytosol or chloroplasts. To determine where TAGs were stored, we 
performed Nile red staining experiments in castor bean protoplasts 
isolated from leaves of four-week-old seedlings of CK, HS and RHS ac-
cording to previously described protocols (Yoo et al., 2007; Zhai et al., 
2009). In brief, young leaves were sectioned into 1-mm slices using a 
fresh razor blade in sterile disposable Petri dishes. These slices were then 
rapidly treated with filter-sterilized enzyme solution (10 mL, pH 5.7) 
that contained 0.4 M D-mannitol, 10 mM MES hydrate, 20 mM CaCl2, 
20 mM KCl, 0.1% BSA, 1.5% cellulase, and 0.4% macerozyme (Onozuka 
R-10). Before the enzyme solution was used, it needed to be incubated in 
a 55 ◦C water bath for 10 min and then cooled to room temperature and 
filter-sterilized using a syringe filter. Next, a vacuum was applied for 
30 min and then released. The reaction was incubated on an orbital 
shaker at 50 rpm for 3 h under dark conditions at room temperature. 
After enzyme digestion, the product was washed by adding an equal 
volume of W5 wash buffer (2 mM MES, pH 5.7, containing 154 mM 
NaCl, 5 mM KCl, and 125 mM CaCl2) and filtered through a 100-mesh 
nylon mesh to remove undigested tissues. Protoplasts were collected 
by centrifugation at 100 × g for 5 min at room temperature and incu-
bated using W5 wash buffer for 1 h on ice until precipitation of the 
protoplasts was complete. Finally, the supernatant was discarded and 
protoplasts were resuspended in sterilized WI solution containing 
20 mM KCl, 0.5 M mannitol, and 4 mM MES. Approximately 500 μL of 
protoplast cell suspension was stained with 3 μL Nile red dye (1 mg/mL 
in dimethyl sulfoxide [DMSO]). The mixtures were then incubated in the 
dark for 10 min at room temperature. The stained protoplasts were 
imaged using a confocal laser-scanning microscope (Olympus FV-1000, 
Tokyo, Japan). 

2.5. Transcriptome sequencing and analyzes 

Total RNA was isolated from seedlings using Trizol reagent (GEN-
Eray, SHH, CHN) following the manufacturer’s directions. Three bio-
logical replicates were used for each group (CK, HS, and RHS). The 
concentration and integrity of the RNA were measured on a Qubit 3.0 
device (Thermo, Waltham, MA, USA) and by gel electrophoresis (Bio- 
Rad, Hercules, CA, USA), respectively. High-quality RNAs were reverse 
transcribed into cDNA and then sonicated to the fragment size of 
300–500 bp. The RNA-seq libraries were constructed using the TruSeq® 
Stranded mRNA Sample Preparation kit (Illumina, San Diego, CA, USA) 
following the manufacturer’s instructions and sequenced on an Illumina 
HiSeq X Ten system (Illumina, San Diego, CA, USA) at Shanghai OE 
Biotech Co., Ltd. (Shanghai, China). 

Raw reads obtained from RNA-seq were first preprocessed to remove 
adapter sequences, low-quality reads, and contaminating sequences. 
Subsequently, the clean reads were aligned to the castor bean reference 
genome (downloaded from our website, http://oilplants.iflora.cn/) 
using HISAT2 version 2.0.4, and gene expression was calculated and 
normalized as FPKMs (fragments per kilobase million) using StringTie 
version 1.3.1 (Pertea et al., 2016). Differentially expressed genes (DEGs) 
between the two groups were determined by fold change ≥ 2 and 
adjusted P ≤ 0.05 using DEseq software (Anders and Huber, 2010). The 
functional enrichment analysis including GO and KEGG terms was per-
formed using the OmicShare tools (www.omicshare.com/tools). 

2.6. Quantitative real-time PCR validation 

We collected three independent seedlings from the CK, HS, and RHS 
groups to validate the expression levels of the candidate genes we 
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selected. Total RNA was isolated and purified as mentioned above. High- 
quality RNAs were reverse transcribed using the PrimeScript RT Reagent 
Kit (TransGen Biotech, Transgen Biomedical Technology Co., Ltd., Bei-
jing, China). Quantitative reverse-transcription PCR (qRT-PCR) re-
actions were performed using SYBR Green Master Mix (TransGen 
Biotech) on the CFX96 machine (Bio-Rad, USA). The ACTIN2 gene 
(30206.m000761) was used as an internal reference to normalize the 
relative expression level of all genes. All primers used in this study are 
listed in Table S3. 

3. Results and Discussion 

3.1. Heat induced the accumulation of TAGs in castor bean seedlings 

The four-week-old seedlings of castor bean var. ZB306 were used for 
heat stress (HS) and recovery (RHS) as described in the Methods. 
Compared with seedlings from the CK group, the HS seedlings exhibited 
no obvious phenotypic differences, suggesting a strong tolerance of 
castor bean seedlings to heat stress (Fig. 2A). To investigate the changes 
in lipid molecules, we initially isolated the neutral glycerolipids (DAGs 
and TAGs), polar chloroplast membrane glycerolipids (MGDG, DGDG, 
and SQDG), free fatty acids (FFAs), and phospholipids (PG, PA, and PC) 
from the seedlings in the CK, HS, and RHS groups and performed TLC 
analysis. As a results, we found that the content of TAG was increased to 
2.4-fold and MGDG was decreased to 47% in HS group relative to CK 
group (Fig. 2B). After recovery from HS, the content of TAG was 
reduced, but still relatively higher (1.5-fold) than in the CK group. The 
contents of other glycerolipids, such as DGDG and SQDG, were not 
obviously altered in HS and RHS relative to CK. As for phospholipids, we 

did not observe any difference in the contents of PG, PA, or PC in the 
seedlings from the CK, HS, and RHS groups (Fig. 2B). The content of FFA 
seems to be slightly higher (1.2-fold) in HS than in CK. These results 
show that heat stress can induce the accumulation of TAG and the 
reduction of MGDG in castor bean seedlings. 

3.2. Lipidomic analysis reveals the dynamic changes of lipid compounds 
under heat stress and during recovery 

To quantitatively measure the dynamic changes of lipid compounds 
under heat stress, we performed lipidomics for castor bean seedlings 
from CK, HS, and RHS with three biological replicates using the UPLC- 
QTOF/MS technique (see Methods). A total of 297 lipid molecules 
were identified (Table S4). Pearson correlation analysis showed a sig-
nificant positive correlation between biological replicates (rp ≥ 0.99, 
Fig. S1A), suggesting that our data are reliable for subsequent analyzes. 
Principal component analysis (PCA) and hierarchical clustering revealed 
three major groups, corresponding to CK, HS, and RSH (Fig. S1B, C). 
These lipids were further classified into four categories according to 
LIPID MAPS comprehensive classification system (Fahy et al., 2009): (1) 
glycerolipids (including 91 TAGs, 17 DAGs, 4 Monoacylglycerols [MGs], 
15 MGDGs, 16 DGDGs, 10 SQDGs, and 5 Diacylglycerylglucuronides 
[DGGAs]); (2) phospholipids (including 5 PAs, 16 PCs, 36 phosphati-
dylethanolamines [PEs], 13 PGs, and 5 PIs); (3) sphingolipids (including 
5 hexosylceramides [HexCers] and 28 ceramides [Cers]); and (4) free 
fatty acids (31 FFAs) (Fig. S1D). Among them, MGDG and PI were 
abundant in castor bean seedlings (Fig. 3A), but only trace amounts of 
Cer, HexCer, and DGGA were detected (Table S4). Among FFAs, poly-
unsaturated FAs such as C18:2 and C18:3 were major components in 

Fig. 2. Heat-induced phenotypic change and 
lipids remodeling in castor bean seedlings. (A) 
Appearance of normal seedling grown in 25 ℃ 
(CK), heat-treated seedling grown in 45 ℃ for 
12 h (HS) and recovered seedling grown in 
25 ℃ for 12 h (RHS). (B0Thin-layer chroma-
tography (TLC) analysis for neutral glycer-
olipids lipids (DAGs and TAGs), free fatty acids 
(FFAs), phospholipids (PG, PA and PC) and 
membrane glycerolipids (MGDG, DGDG and 
SQDG). Abbreviations: DAG, diacylglycerol; 
DGDG, digalactosyldiacylglycerol; FFA, free 
fatty acids; MGDG, Monogalactosyldiacylgly-
cerol; PA, phosphatidic acid; PC, phosphatidyl-
choline; PG, phosphatidyl glycerol; SQDG, 
sulfoquinovosyldiacylglycerol; TAG, triacylgl 
ycerol.   
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castor bean seedlings (Fig. 3B). 
Meanwhile, we analyzed the FA species esterified to different lipid 

compounds mentioned above. We found that PA, PC, PE, TAG, and DAG 
contained similar FA species, primarily consisting of C16:0, C18:2, and 
C18:3, while PG was mainly composed of C16:0 accounting for ~68% of 
total FAs (Fig. 4). MGDG and DGDG predominantly consisted of C18:3, 
accounting for 93% and 82% of total FAs, respectively. MG, on the other 
hand, mainly contained C18:3 (~72%), and SQDG was mainly 
composed of C16:0 (~41%) and C18:3 (~49%) (Fig. 4). 

Multiple comparisons showed that heat treatment induced a signif-
icant increase in the content of TAG, DAG, and PC (P < 0.05, one-way 
ANOVA) and decrease in the content of MGDG, SQDG, and PE 
(P < 0.05, one-way ANOVA) compared with CK (Fig. 3A). The levels of 
PA, PG, and PI were slightly but not significantly increased after heat 
treatment (Fig. 3A), consistent with the results reported for Arabidopsis 

where PG, and PI were slightly affected by elevated temperature or light, 
but were significant accumulated under cold or darkness (Szymanski 
et al., 2014). When heat stress was subsequently relieved, the content of 
SQDG and PE was restored to levels comparable to those in CK, and TAG 
and DAG showed significant decreases relative to HS (P < 0.05, one-way 
ANOVA) but were still higher than CK seedlings (Fig. 3A), consistent 
with reports in Arabidopsis (Higashi et al., 2015; Mueller et al., 2015). 
Intriguingly, the level of PC exhibited continuous increase after recovery 
from HS, and the MGDG content recovered to a higher level in RHS than 
in either HS or CK (Fig. 3A). This indicates that TAGs and DAGs may 
function as temporary intermediate or ‘buffer’ of lipid turnover during 
heat stress (Troncoso-Ponce et al., 2013; Higashi et al., 2015). In addi-
tion, we observed that heat stress did not induce an obvious change in 
the content of total FFAs, but there was a significant decrease in the 
content of unsaturated FAs, including C18:1, C18:2, and C18:3 FAs, in 

Fig. 3. UPLC-QTOF/MS-based lipidomics analysis. (A)The content of different lipid compounds in castor bean seedlings of CK, HS and RHS. The letters on the bar 
indicate the significant difference with a P-value < 0.05 using one-way ANOVA. (b)The content of free fatty acids in seedling from CK, HS and RHS. The letters on the 
bar indicate the significant difference with a P-value < 0.05 using one-way ANOVA. (C)Identification of heat-responsive lipid molecules based on orthogonal partial 
least square discriminant analysis (OPLS-DA). The red dots indicate the up-regulated (top right) and down-regulated lipid molecules (bottom left). The red dots in the 
box represent the most significant lipid molecules induced by heat stress. (D)Heatmaps of the content of differential lipid molecules between HS and CK. The color 
scale demonstrates log2 (molecule content) values. Abbreviations: Cer, Ceramide; DAG, diacylglycerol; DGDG, digalactosyldiacylglycerol; FFA, free fatty acids; 
MGDG, Monogalactosyldiacylglycerol; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidyl glycerol; PI, phosphati-
dylinositol; SQDG, sulfoquinovosyldiacylglycerol; TAG, triacylglycerol. 
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the seedlings from the RHS relative to the HS and CK groups (P < 0.05, 
one-way ANOVA) (Fig. 3B). Overall, we revealed a large number of lipid 
compounds and their dynamic changes under heat stress and during 
recovery. 

3.3. The accumulation of predominantly polyunsaturated TAG species 
under heat stress 

We employed partial least squares-discriminant analysis (PLS-DA) to 
identify differential lipid molecules under heat stress in castor bean 
seedlings, based on the criteria of VIP value ≥ 1 and FDR ≤ 0.05. The 

Fig. 4. The content of different fatty acids esterified to different lipid compounds in CK, HS and RHS. The letters on the bar indicate the significant difference with a 
P-value < 0.05 using one-way ANOVA. Abbreviations: DAG, diacylglycerol; DGDG, digalactosyldiacylglycerol; MG, Monoacylglycerol; MGDG, Monogalactosyldia-
cylglycerol; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidyl glycerol; SQDG, sulfoquinovosyldiacylglycerol; TAG, 
triacylglycerol. 
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results revealed 39 up-regulated and 15 down-regulated lipids under 
heat stress (Fig. 3C and D and Table S5). Notably, there was a dramatic 
accumulation of DAGs and TAGs, which increased 2- to 43-fold under 
heat stress, especially DAG36:6, TAG54:6, TAG54:7, TAG54:8, and 
TAG54:9. The same lipid molecules, especially TAG54:9, were likewise 
substantially induced under heat stress in Arabidopsis seedlings (Higashi 
et al., 2015; Mueller et al., 2015), suggesting they could be used as 
potential markers of response to heat acclimation. Interestingly, all 
up-regulated TAGs and DAGs bore polyunsaturated FAs such as C18:2 
and C18:3 at the sn-2 and/or sn-3 position, while other up-regulated 
lipid molecules, such as PC, MGDG, and PE, contained either saturated 
or monounsaturated FAs (Fig. 3D). This suggests that polyunsaturated 
FAs were preferentially and efficiently esterified into DAGs or TAGs 
under heat stress. Correspondingly, we found that the contents of 
polyunsaturated PE (e.g., PE36:6, PE34:2, and PE34:3) and MGDG 
(MGDG34:3) and saturated TAGs were significantly down-regulated 
(VIP value ≥ 1 and FDR ≤ 0.05, Fig. 3D). Changes in FA species in 
other lipid compounds show a similar trend. We found that the content 
of polyunsaturated FAs (e.g., C18:2 and C18:3) had a substantial in-
crease in TAGs and DAGs and decrease in MGDG and PE under heat 
stress (P < 0.05, one-way ANOVA, Fig. 4). 

After recovery from heat stress, 19 up-regulated and 12 down- 
regulated lipid molecules were identified in the RHS group compared 
with the HS group (Table S6). Specifically, polyunsaturated MGDG (e.g., 
MGDG36:5, MGDG36:4, MGDG36:3, and MGDG36:2), PC (PC36:4, 
PC36:5, and PC36:6), and PE (PE36:5) were significantly up-regulated 
(VIP value ≥ 1 and FDR ≤ 0.05) and even restored to higher levels 
relative to CK (Table S6), while unsaturated FA, TAG, DAG, and MG 
molecules exhibited significantly reduced abundances in RHS relative to 
HS (Table S6). Meanwhile, the content of total polyunsaturated FAs, 
especially C18:3, in MGDG, PC, and PE were restored in RHS and 
reached higher levels relative to CK, yet the contents of TAG and DAG 
were substantially reduced in RHS seedling relative to HS (Fig. 4). 
Overall, these results show the turnover of polyunsaturated FAs in 
different lipid molecules, especially TAGs and MGDGs, under heat stress 
and during recovery in castor bean seedlings. 

3.4. TAGs accumulated predominantly in the cytosol 

Considering that TAGs can be synthesized and stored either in the 
cytosol or in chloroplasts, we wondered where the heat-induced TAGs 
were stored. Usually, TAGs are synthesized and packaged into oil bodies 
that are formed by a phospholipid monolayer and proteins such as 
oleosins, caleosins, and steroleosins (Shimada and Hara-Nishimura, 
2010). The oil bodies can be visualized using Nile red, a fluorescent, 
lipophilic dye that provides an effective means to monitor the location of 
TAGs. Using a fluorescence microscope, we observed that a large num-
ber of lipid droplets (red fluorescence) were produced in protoplasts 
obtained from heat-treated leaves, while only a few lipid droplets were 
observed in protoplasts obtained from CK (see Fig. 5). After recovery 
from heat stress, the number of lipid droplets were obviously reduced 
relative to HS, but were still higher than CK (see Fig. 5), consistent with 
the changes of TAG content (Fig. 3A). Furthermore, we found that there 
was no obvious colocalization between the fluorescence of lipid droplets 
(red) and the autofluorescence of the chloroplasts (green). It is suggested 
that heat-induced lipid droplets were most likely stored in the cytosol 
rather than in chloroplastic compartments, consistent with previous 
observations in Arabidopsis (Mueller et al., 2015). Nevertheless, 
emerging evidence also suggests that TAGs can accumulate in plastid 
lipid bodies (plastoglobuli) during drought stress (Eymery and Rey, 
1999), nitrogen starvation (Gaude et al., 2007), moderate heat stress 
(Zhang et al., 2010), and senescence (Lippold et al., 2012) in plants. It 
seems to have different mechanisms to drive TAG accumulation under 
different abiotic stresses. 

3.5. Transcriptomic analyzes revealed heat-responsive genes in castor 
bean seedling 

As shown in Figs. 1 and 6A, TAG can be synthesized de novo via the 
Kennedy pathway or acyl-CoA-independent pathway. A crucial question 
is where TAGs and polyunsaturated FAs are derived under heat stress. To 
determine this, we performed transcriptomic analysis on seedlings from 
CK, HS, and RHS with three biological replicates. We obtained 37.6 
million clean reads for each sample, with an average of 92.5% mapping 

Fig. 5. Localization of lipid droplets in castor bean protoplasts from CK, HS and RHS leaf of four-week-old seedling. Chloroplast autofluorescence (green) and lipid 
droplets stained with Nile Red (red) were visualized under a fluorescence microscope. The bar in the images indicates 10 µm.(For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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onto the castor bean genome (Table S7). There was good replicability 
between two samples from the same group, suggesting that our data 
were reliable and can be used for subsequent analysis (Fig. S2). We 
detected 18,591 genes in castor bean seedlings with a FPKM value > 1 in 
at least one sample. Differential expression analysis identified 3163 up- 
regulated and 3172 down-regulated genes in HS relative to CK 
(Table S8). Interestingly, these up-regulated genes were mainly enriched 
in GO terms including response to abscisic acid, response to heat, heat 
acclimation, and temperature compensation of the circadian clock 
(Fig. S3A), consistent with known heat response mechanisms in plants 
(Liu et al., 2015). We noted that lipid catabolic process, lipid storage, 
and triglyceride lipases were also significantly enriched (Fig. S3A), 
supported by our observations from lipidomic analysis. Down-regulated 
genes, on the other hand, were primarily involved in chloroplast and 
thylakoid membrane metabolism (Fig. S3B), suggesting that the chlo-
roplast membrane may be sensitive to heat stress. 

Heat shock proteins (HSP) are well known to have important roles in 
thermotolerance by preventing protein denaturation and aggregation 
(Nishad and Nandi, 2021). Among these heat-responsive genes, we 
found that 34 genes encoding HSP exhibited dramatic increase under 
heat stress in castor bean seedlings (Table S9). For example, the gene 
HSP101 (30138.m003984) increased ~20-fold under heat stress and its 
homolog in Arabidopsis was found to be involved in basal and acquired 
thermotolerance (Hong and Vierling, 2000). Meanwhile, we identified 
415 heat-responsive genes encoding transcription factor (TF), including 
233 up-regulated and 182 down-regulated TFs (Table S9). Specially, 8 

genes encoding heat shock transcription factors (HSFs) were signifi-
cantly up-regulated under heat stress (Table S9), which were known 
master regulators of the heat shock response (Ohama et al., 2017; 
Nishad and Nandi, 2021). These heat-responsive HSPs and HSFs as well 
as other TFs may contribute to thermotolerance of castor bean seedling. 

3.6. The molecular basis of TAG accumulation under heat stress 

We focused our attention on lipid metabolism and remodeling under 
heat stress in castor bean seedlings. Thus, we inspected the castor bean 
genome and identified 135 genes coding for enzymes involved in FA 
synthesis, glycerolipid and phospholipid metabolism in the ER and 
plastids, oil body formation, and lipid hydrolysis (Fig. 6A and 
Table S10). Of them, 17 were up-regulated and 25 were down-regulated 
under heat stress in castor bean seedlings (Fig. 6B). We found that key 
genes involved in de novo FA synthesis, such as ACCase, 3-Ketoacyl-ACP 
synthase I (KAS I), 3-Ketoacyl-ACP Reductase (KAR), Palmitoyl-acyl 
carrier protein thioesterase (FATB), and LACS1, were significantly 
down-regulated under heat stress (P < 0.05, Fig. 6B). Considering the 
transcriptional dynamics during heat stress, we performed qRT-PCR to 
investigate the expression pattern of these FA synthesis-related genes in 
4 h, 8 h and 12 h heat-treated castor bean seedlings under light condi-
tion. As a result, we found genes encoding ACCase, KAS I, KAS II, KAS III 
and KAR were significantly repressed during heat stress (Fig. S4). 
Studies in Arabidopsis have revealed that FA synthesis-related genes 
were down-regulated under heat stress and light condition, but were 

Fig. 6. Lipids metabolism and related gene expression in castor bean seedlings. (A)Network of genes involved in the fatty acid, triacylglycerols and galactolipids 
synthesis as well as lipids hydrolysis and trafficking. Main reaction step (black font) and key genes (green font) in these pathways were displayed. The abbreviations 
and functional description of all genes were listed in Table S10. (B)The heatmap shows the expression level of differentially expressed genes between HS and CK 
involved into the process of lipids metabolism. Genes with red or blue color indicate up-regulated or down-regulated genes under heat stress in castor bean seedling. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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activated under darkness (Szymanski et al., 2014; Higashi et al., 2015). 
Similarly, genes encoding GPATs and PAPs in the Kennedy pathway 
exhibited lower expression levels in HS seedlings compared to CK 
seedlings (Fig. 6B and Table S10). These results show that the accu-
mulation of TAGs does not derive from de novo FA and TAG synthesis. 
Interestingly, we found that genes encoding DGATs (including RcDGAT1 

and RcDGAT2), which represent the last and rate-limiting step for TAG 
assembly in the Kennedy pathway, were substantially up-regulated 
under heat stress, along with two oleosin genes involved in oil body 
formation (OLE1: 29794.m003372 and OLE4: 30174.m008728) (Fig. 6B 
and Table S10). However, genes encoding phosphatidylcholine diac-
ylglycerol cholinephosphotransferase (PDCT), lysophophatidylcholine 

Fig. 7. Quantitative real-time PCR analysis of ten genes we selected. Error bars depict standard error of the mean based on three biological replicates. The expression 
level of genes in CK was normalized to 1. Asterisks indicate the statistical significance between two sample (two-tailed unpaired t tests; *p < 0.05, **p < 0.01, 
***p < 0.001, ns: no significant). Abbreviations: DGAT, diacylglycerol acyltransferase; FAD, fatty acid desaturase; HIL1, HEAT INDUCIBLE LIPASE 1; MGD, 
monogalactosyl diacylglycerol synthase; OLE, oleosin; PLIP2, PLASTID LIPASE2; TGD, trigalactosyldiacylglycerol;. 
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acyltransferase (LPCAT), and PDAT in the acyl-CoA-independent 
pathway had no significant change in their expression levels under 
heat stress (Fig. 6B and Table S10). 

Meanwhile, we investigated the expression level of a gene encoding 
plastoglobule-localized PHYTYL ESTER SYNTHASE (PES), which can 
catalyze the conversion of DAGs into TAGs in chloroplasts in Arabi-
dopsis (Lippold et al., 2012). The homologous gene RcPES1 (30128. 
m008656) in castor bean was substantially down-regulated under heat 
stress, suggesting that it is not involved in the response to heat stress. 
Additionally, evidence showed that the Arabidopsis gene SENSITIVE TO 
FREEZING2 (SFR2) can catalyze the conversion of MGDGs into oligo-
galactolipids and DAGs, which are then converted to TAGs during 
freezing (Moellering et al., 2010). Also, recent studies in Arabidopsis 
show that severe heat stress (45 ℃, 90 min) can activate SFR2 to 
participate in the MGDG remodeling (Mueller et al., 2017). However, 
the homologous gene RcSFR2 (29889.m003347) was not induced by 
heat stress (45 ℃, 12 h) in castor bean seedling. Overall, these results 
show that DGAT in the Kennedy pathway may contribute substantially 
to the accumulation of polyunsaturated TAGs in the cytosol under heat 
stress in castor bean seedlings. However, we cannot ignore the effects of 
PDAT activity on TAG synthesis, as demonstrated in Arabidopsis where 
PDAT1 mutant seedlings were more sensitive to heat stress despite its 
expression not being induced by heat stress (Mueller et al., 2017). 

Since FAs used for TAG synthesis are not derived from de novo FA 
synthesis, we speculate that they may be generated through the release 
of other lipid molecules, as suggested by the changing FAs composition 
in different lipid molecules, especially MGDG. Transcriptomic analysis 
indicated that many genes encoding diverse lipases were substantially 
induced under heat stress in castor bean seedlings (Fig. 6 and Table S10), 
and these might be involved in lipids and FAs turnover. For example, 
genes encoding triacylglycerol lipase (TAGL) are involved in the 
degradation of TAG or other structural lipids to release FFAs (Sandoval 
and Herrera-López, 2018). It is suggested that TAG accumulation was 
accompanied by its degradation, which may be required for the change 
of FAs composition in TAG. Similarly, genes encoding phospholipases 
such as PLA, PLC, and PLD can hydrolyze phospholipids and release 
unsaturated FAs involved in lipid turnover (Dong et al., 2012). Addi-
tionally, the gene HIL1 (HEAT INDUCIBLE LIPASE1) and PLIP2 
(PLASTID LIPASE2), which is thought to function in the degradation of 
MGDG to produce C18:3-FFA in Arabidopsis (Higashi et al., 2018; Wang 
et al., 2018), were substantially induced by heat stress in castor bean 
seedling. This result showed that lipid turnover may play an important 
role in the production of FFAs used for TAG synthesis, although it re-
mains unclear how these FFAs were transported and exported to ER. 

Under heat stress, we also observed a substantial decrease in MGDG 
content, which may be closely related to the significant decrease in the 
expression of MGD1 (29848.m004509, monogalactosyl diacylglycerol 
synthase 1) (Fig. 6B). Studies in Arabidopsis revealed that MGD1 is 
responsible for the biosynthesis of MGDG (Shimojima et al., 1997; Jarvis 
et al., 2000) and is significantly repressed under heat stress (Higashi 
et al., 2015). Additionally, genes encoding trigalactosyldiacylglycerols 
(TGDs), especially TGD4 (29889.m003404), which is involved in lipid 
transfer from the ER to the chloroplast (Xu et al., 2008), were 
down-regulated under heat stress (Fig. 6B). The transcriptional repres-
sion of RcMGD1 and RcTGDs may be closely linked to the reduction of 
MGDG content. Meanwhile, we observed that the FAD8 gene, encoding a 
chloroplast-localized desaturase for the production of C16:3 and C18:3 
(Gibson et al., 1994; McConn et al., 1994), was down-regulated under 
heat stress, resulting in the further reduction of polyunsaturated FAs in 
chloroplast lipids. Plastidic FAD mutants were shown to be more 
tolerant to heat stress (Kunst et al., 1989; Murakami et al., 2000; Rou-
taboul et al., 2012). 

Subsequently, we selected six up-regulated genes (DGAT1, DGAT2, 
OLE1, OLE4, PLIP2, and HIL1) and four down-regulated genes (TGD2, 
TGD4, FAD8, and MGD1) for qRT-PCR validation. All up-regulated genes 
and three of the four down-regulated genes were confirmed by qRT-PCR, 

the one exception being TGD2, whose expression did not change under 
heat stress (see Fig. 7). This result indicates a general consistency be-
tween transcriptomics and qRT-PCR. Overall, our results suggest that 
heat-induced changes in transcription levels coordinate changes in lipids 
metabolism—in other words, lipid turnover under heat stress may be 
controlled by heat-responsive genes. 

4. Conclusions 

We performed an integrated analysis of lipidomics and tran-
scriptomics in castor bean seedlings under heat stress and during re-
covery and identified a large number of heat-responsive lipid molecules 
and genes. We found that TAGs synthesis can be significantly induced by 
heat stress and stored in the cytosol, but they decrease during recovery. 
TAGs may be transient intermediates for the recycling of FAs released 
from other lipids, especially chloroplast lipids such as MGDG. Tran-
scriptomic analysis identified many genes related to heat-responsive 
lipids that coordinate lipid remodeling. Our findings add insights to 
the understanding of lipid turnover under heat stress in castor bean and 
other plant species, while offering potential applications in manipu-
lating specific lipid molecules, especially TAGs, to improve plant heat 
tolerance in the future. 
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Gaude, N., Bréhélin, C., Tischendorf, G., Kessler, F., Dörmann, P., 2007. Nitrogen 
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