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An integrated analysis of the rice s

transcriptome and lipidome reveals lipid
metabolism plays a central role in rice cold
tolerance
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Abstract

Background: Rice (Oryza sativa L) is one of the most widely grown food crops, and its yield and quality are par-
ticularly important for a warm-saturated diet. Cold stress restricts rice growth, development, and yield; however, the
specific mechanism of cold tolerance in rice remains unknown.

Results: The analysis of leaf physiological and photosynthetic characteristics showed that the two rice varieties were
significantly affected by cold stress, but the cold-tolerant variety KY131 had more stable physiological characteristics,
maintaining relatively good photosynthetic capacity. To better explore the transcriptional regulation mechanism and
biological basis of rice response to cold stress, a comprehensive analysis of the rice transcriptome and lipidome under
low temperature and control temperature conditions was carried out. The transcriptomic analysis revealed that lipid
metabolism, including membrane lipid and fatty acid metabolism, may be an important factor in rice cold tolerance,
and 397 lipid metabolism related genes have been identified. Lipidomics data confirmed the importance of mem-
brane lipid remodeling and fatty acid unsaturation for rice adaptation to cold stress. This indicates that the changes
in the fluidity and integrity of the photosynthetic membrane under cold stress lead to the reduction of photosyn-
thetic capacity, which could be relieved by increased levels of monogalactosyldiacylglycerol that mainly caused by
markedly increased expression of levels of 1,2-diacylglycerol 3-beta-galactosyltransferase (MGD). The upregulation

of phosphatidate phosphatase (PAP2) inhibited the excessive accumulation of phosphatidate (PA) to produce more
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylglycerol (PG), thereby preventing of
membrane phase transition under cold stress. In addition, fatty acid f-oxidation is worth further study in rice cold
tolerance. Finally, we constructed a metabolic model for the regulatory mechanism of cold tolerance in rice, in which
the advanced lipid metabolism system plays a central role.
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Conclusions: Lipidome analysis showed that membrane lipid composition and unsaturation were significantly
affected, especially phospholipids and galactolipids. Our study provides new information to further understand the

response of rice to cold stress.
Keywords: Rice, Transcriptome, Lipidomic, Cold stress

Background

With population growth, the demand for food is increas-
ing daily. Rice (Oryza sativa L.) is one of the most widely
grown food crops, and its yield and quality are particu-
larly important for a warm-saturated diet [1]. The rice
planting area in the world is approximately 140 million
hectares, in particular, more than 15 million hectares
are threatened by different degrees of low-temperature
damage every year. Chilling damage to rice has led to a
reduction in yield and quality, which greatly affects food
security, and owing to latitude, this problem is more
prominent in China [2, 3]. The phenomenon of “spring
cold” before and after transplanting rice occurs occa-
sionally. It may delay the growth process of rice, delay
the rice plant turning green, reduce the number of till-
ers, and seriously cause the death of rice seedlings to
varying degrees. Some rice varieties with poor cold toler-
ance die completely, and farmers will need to replant the
seedlings. Therefore, cold tolerance of rice germplasm is
an unavoidable challenge, for which research can have an
important scientific significance in improving cold toler-
ance of rice and considerably improving the economic
value of people’s quality of life.

Presently, it is widely considered that the model of
plant cold tolerance signal transduction mechanism is
initiated when cold stress is first detected by plasma
membrane proteins (such as calcium channels or related
proteins), leading to calcium influx and then to changes
in membrane fluidity and cytoskeletal rearrangement.
Then, calcium-responsive protein kinases, including cal-
cium-dependent protein kinases (CDPKs), calcineurin
B-like interacting protein kinases (CIPKs), and calcium-
regulated receptor-like kinases (CRLKs), may mediate
calcium signals to activate the mitogen-activated protein
kinase (MAPK) cascade, which can regulate cold toler-
ance-related gene expression and improve cold stress
tolerance [4—6]. The expression of ZmMKKI in maize
is induced by various stresses and exogenous signaling
molecules. During cold stress, the content of osmotic
regulators, antioxidant enzyme activities, and expres-
sion of stress-related genes in tobacco plants overex-
pressing ZmMKK]1 are significantly increased, thereby
increasing the cold tolerance of genetically modified
tobacco [7]. Concurrently, these transcriptome changes
are regulated by a complex network of transcription fac-
tors (TFs) and other regulatory proteins and RNAs. TFs

act as transcriptional activators or repressors and play a
central role in the regulation of development, metabolic
processes, and biotic and abiotic stresses. Several studies
have shown that transcription factors also play an impor-
tant role in the adaptation of rice to low-temperature
stress [8—11].

Previous studies have shown that the regulation mech-
anism of biofilm fluidity is one of the main mechanisms
by which plants adapt to temperature changes, which is
affected by the distribution ratio of various lipids on the
membrane and the degree of unsaturation [12]. One of
the newest research discoveries in the field of cold signal
transduction is the formation of lipid second messen-
gers, phosphatidic acid (PA), which accumulates in cells
in suspension culture within minutes under cold stress
[13, 14]. During cold-induced signaling, PA responds to
cold stress mainly through two pathways: one is a direct
product of phospholipase D (PLD), which hydrolyzes
structural phospholipids such as phosphatidylcholine
(PC) and phosphatidylethanolamine (PE), and the other
is a secondary product of the phospholipase C (PLC)
pathway, which first polyphosphoinositide (PPI) is hydro-
lyzed to diacylglycerol (DG), which is subsequently phos-
phorylated to PA with diacylglycerol kinase (DGK) [15,
16]. Furthermore, PA is the synthetic precursor to all
phosphoglycerolipids, turnoveris crucialin, galactolipids,
and triacylglycerols (TGs), which determines lipid meta-
bolic flux and membrane composition [17]. Membrane
lipid remodeling is another important factor in plant
cold tolerance, which has been demonstrated in several
algaes, Arabidopsis, and several crops, with specific vari-
ations among different plants [18—20]. Previous studies
in non-plant systems have shown that in addition to PA,
cold stress also induces responses to various lipid signals,
such as phosphatidylinositol (PI), lysophospholipids, and
sphingolipids [21]. However, how these specific lipid spe-
cies are produced and further affect plant cold tolerance
under cold stress is unclear.

Biomembranes are the barrier for cells and orga-
nelles to contact the outside environment and are also
the most sensitive to temperature changes. Under low
temperature stress, the increase in membrane perme-
ability and decrease in fluidity caused by the phase
transition of membrane lipids are the root causes of
cold damage to plants [22]. To resist low-temperature
damage, plants have formed a complex mechanism
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that adapts to temperature changes through membrane
lipid remodeling and adjustment of fatty acid unsatu-
ration during long-term evolution [12, 18, 20]. In this
study, cold-tolerant rice varieties Kongyu 131 (KY 131)
and cold-sensitive rice varieties Dongnong 422 (DN
422) were used as experimental materials. Using lipid
detection technology, the membrane lipid composition
and fatty acid (FA) content in the leaves of rice seed-
lings were determined under low-temperature stress.
This was combined with transcriptome data to analyze
the lipid metabolism pathway. Clarifying the regula-
tion mode of lipid metabolism in rice under low tem-
perature stress, will establish the basis for analyzing the
regulation mechanism of lipid metabolism and improve
rice cold tolerance.
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Results

Responses of physiological and photosynthetic
characteristics of rice during cold stress

After nine days of cold treatment (Fig. 1 A, B), the two
varieties showed withered leaf tips and curled leaves.
After five days of recovery treatment (Fig. 1 C), KY131
resumed normal growth except for withered yellow leaf
tips, while DN422 showed dry leaves. Based on the cold
response of the two varieties, we selected samples pro-
cessed for nine days to study the relevant physiological
and molecular mechanisms. Under cold conditions, the
leaf water content in KY 131 and DN 422 decreased, while
the water content in KY 131 was significantly higher than
that in 422 under cold conditions. The MDA content in
KY 131 and DN 422 increased by 130.48% and 172.40%,
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Fig. 1 Leaf phenotypes, physiological and photosynthetic characteristics responses of rice during cold stress. A phenotypes of KY 131 and
DN 422 under control conditions; B phenotypes of KY 131 and DN 422 under cold conditions; C phenotypes of KY 131 and DN 422 under
recovery conditions; D leaf water content of KY 131 and DN 422 under cold stress; E electrolyte leakage of KY 131 and DN 422 under cold stress;
F malondialdehyde of KY 131 and DN 422 under cold stress; G the chlorophyll contents of KY 131 and DN 422 under cold stress; H photosynthetic
rate of KY 131 and DN 422 under cold stress; | the maximum photochemical efficiency of PSIl of KY 131 and DN 422 under cold stress. Different
lowercase and uppercase letters represent significant differences among treatments and cultivars, respectively. (as evaluated with ANOVA with
Fisher's LSD, p < 0.05. n=>5)
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respectively. The EL in KY 131 and DN 422 increased by
123.08% and 250.00%, respectively. The photosynthetic
capacity of KY 131 and DN 422 seedlings after nine days
of cold stress was estimated by the Chl content, net pho-
tosynthetic rate (Pn), and Fv/Fm, respectively. Under cold
conditions, the Chl content, Pn, and Fv/Fm were both
decreased in the two rice cultivars, while the levels in
KY 131 were significantly higher than those in DN 422
(Fig. 1 D-I). These physiological responses indicated that
KY 131 was relatively stable under cold conditions.

Cold response transcriptome differences in rice cultivars

There were significant differences in the physiologi-
cal and photosynthetic characteristics between KY 131
and DN 422. To understand the regulatory mechanisms
of cold stress and explore new regulators, cold-respon-
sive transcriptome changes in the leaves of KY 131 and
DN 422 were studied using RNA-seq. Differentially
expressed genes (DEGs) were examined using the R
package DEseq2 to quantify and analyze all the control
and treatment conditions. Over the nine days of cold
exposure, 15,986 genes were significantly differentially
expressed under cold stress, and of these, 11,394 genes
were commonly differentially expressed in both varieties,
while 2505 and 2087 genes were specifically expressed in
KY131 and DN422, respectively (Tables S1, 2). Moreover,
the differential expression level of 1812 genes of 11,394
common differentially expressed genes was significantly
higher in KY131 than in DN422 (FC(KY131/DN422) >
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1.5), which comprised the “1812 genes of 11394” and with
the 2505 differentially expressed genes only in KY131 and
may play a central role in rice cold tolerance (Fig. 2).

The Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis

To further determine the functions of the DEGs and the
related biological processes they participate in, GO and
KEGG enrichment analyses were conducted. The GO
database enrichment analysis was separated into three
ontologies: ‘cellular component, ‘molecular function, and
‘biological process. A total of 51 and 53 GO terms were
significantly different in the CKKY vs. C9KY and CKDN
vs. CODN comparisons, respectively (Tables S3, 4). We
selected the 50 GO terms with the lowest false discov-
ery rate (FDR) in the enrichment analysis results and
drew a column chart of enrichment items, as shown in
Fig. 3. The results of GO enrichment hierarchical analysis
revealed that within the cellular component the enriched
GO terms in both KY 131 and DN 422 were ‘thylakoid
part, ‘photosynthetic membrane; ‘thylakoid membrane,
‘chloroplast thylakoid, and ‘plastid thylakoid’ Within the
molecular function the enriched GO terms in both KY
131 and DN 422 were ‘chlorophyll binding, ‘drug trans-
membrane transporter activity, ‘signaling receptor activ-
ity, and ‘molecular transducer activity, and the specific
term enrichment for KY 131 included ‘transmembrane
signaling receptor activity. Within the biological pro-
cess the enriched GO terms in both KY 131 and DN 422

A B
KY131 DN422

£

2505 2087 &

Up 1141 980 4

Down 1364 1107 °

conditions

CI9KY CKKY

1Y

I

H

ol

b

III‘
| I’ | !‘

C9DN CKDN

C

I
7261 up, 6220 down

|

|

|

Fig. 2 Differentially expressed transcripts in KY 131 and DN 422 under cold conditions. A Venn diagram showing the number of transcripts
detected as up and down-regulated (P < 0.01) in KY 131 and DN 422 under cold conditions; B Heat maps showing differentially expressed
transcripts in KY 131 under control and cold conditions; C Heat maps showing differentially expressed transcripts in DN 422 under control and cold
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A GO Enrichment top50 B GO Enrichment top50
chloroplast organization 115 (1.48%) 'de novo' IMP biosynthetic process [l15 (0.2%)
mitochondrial RNA metabolic process 43(0.55%) chloroplast organization 114 (1.51%)
mitochondrial RNA modification 36 (0.46%) chloroplast RNA processing 29(0.38%)
mitochondrial transport 66 (0.85%) IMP biosynthetic process 16 (0.21%)
ncRNA metabolic process 206 (2.66%) IMP metabolic process 18 (0.24%)
NncRNA processing 168 (247%) mitochondrial RNA metabolic process 45(0.6%)
nucleobase biosynthetic process 22 (0.28%) mitochondrial RNA modification 37 (0.49%)
photosynthesis 155 (2%) mRNA modification 47 (0.62%) @
photosynthesis, light reaction 69 (0.89%) ncRNA metabolic process 205 (2.71%) 3
photosynthetic electron transport chain 40 (0.52%) ncRNA processing 166 (2.2%) g.
plastid organization 130 (1.68%) nucleobase biosynthetic process 22(0.29%) 8
pyrimidine nucleobase biosynthetic process 15 (0.19%) photosynthesis 167 (2.21%) 38
regulation of response to stress 230 (2.97%) photosynthesis, light reaction 75 (0.99%) 2
ribosome biogenesis 175 (2.26%) photosynthetic electron transport chain 41(0.54%) 5
chloroplast membrane | 164 (1.85%) plastid organization 127 (1.68%) @
chloroplast thylakoid | 259 (2.93%) protein-chromophore linkage 51(067%)
chloroplast thylakoid membrane | 220 (2.49%) pyrimidine nucleobase biosynthetic process | 15 (0.2%)
photosynthetic membrane | | 233 (2.63%) regulation of response to stress 222 (2.94%)
photosystem | 70 (0.79%) response to chitin 97 (1.28%)
photosystem Il | 53 (0.6%) response to cold 185 (2.45%)
plastid membrane | 164 (1.85%) ribosome biogenesis 168 (2.22%)
plastid thylakoid | 259 (2.93%) tRNA metabolic process 100 (1.32%)
plastid thylakoid membrane | 220 (2.49%) tRNA processing 62 (0.82%)
thylakoid membrane | 232 (2.62%) chloroplast membrane 163 (1.9%)
thylakoid part | ] 249 (2.82%) chloroplast thylakoid 266 (3.1%)
anion transmembrane transporter activity 147 (1.75%) chloroplast thylakoid lumen 32 (0.37%) H
cation transmembrane transporter activity 233 (2.77%) chloroplast thylakoid membrane 228 (2.65%) £
channel activity 87 (1.03%) 241 (2.81%) a
chlorophyll binding 34 (0.4%) photosystem 174 (0.86%) £
dioxygenase activity 81(0.96%) photosystem Il 56 (0.65%) °
drug transmembrane transporter activity 85(1.01%) plastid membrane 163 (1.9%) £
electron transport pathway of photosynthesis activity 19 (0.23%) plastid thylakoid 266 (3.1%) Z
gated channel activity 53 (0.63%) plastid thylakoid lumen 32(0.37%) 3
inorganic cation transmembrane transporter activity 207 (2.46%) plastid thylakoid membrane 228 (2.65%)
ion channel activity 62 (0.74%) thylakoid membrane 240 (2.79%)
ion gated channel activity 51 (0.61%) R thylakoid part 256 (2.98%)
ligase activity 118 (1.4%) anion transmembrane transporter activity 146 (1.78%)
methyltransferase activity 170 (2.02%) cation transmembrane transporter activity 229 (2.79%)
molecular transducer activity 196 (2.33%) chlorophyll binding 37 (0.45%)
oxidoreductase activity, 34 (0.4%) drug transmembrane transporter activity 80 (0.97%) 5
passive transmembrane transporter activity 87(1.03%) electron transport pathway of photosynthesis activity 20 (0.24%) 3
receptor serine/threonine kinase binding 23(0.27%) ligase activity 117 (1.42%) g
RNA methyltransferase activity 34 (0.4%) lipid binding 144 (1.75%) ;
rRNA binding 101 (1.2%) metal ion transmembrane transporter activity 124 (1.51%) 3
secondary active transmembrane transporter activity 183 (217%) molecular transducer activity 188 (2.29%) 14
signaling receptor activity 172 (2.04%) rRNA binding 100 (1.22%) °
substrate-specific channel activity 81 (0.96%) secondary active transmembrane transporter activity 180 (2.19%) =
activity, i groups 180 (2.14%) signaling receptor activity 163 (1.98%)
transmembrane receptor protein kinase activity 127 (1.51%) single-stranded RNA binding 41(0.5%)
transmembrane receptor protein serine/threonine kinase activity 113 (1.34%) substrate-specific channel activity 76 (0.92%)
transmembrane signaling receptor activity 153 (1.82%) transmembrane signaling receptor activity 141 (1.72%)
° Percent (%) H Percent (%)
Fig. 3 The Gene Ontology (GO) enrichment analysis under cold conditions. A the top 50 significantly rich GO terms in KY 131 under cold
conditions; B the top 50 significantly rich GO terms in DN 422 under cold conditions

were ‘photosynthesis, ‘ncRNA processing, ‘chloroplast
organization, ncRNA metabolic process, and ‘plastid
organization, and the specific term enrichment for KY
131 included ‘mitochondrial transport, ‘ribosome bio-
genesis, and ‘ribonucleoprotein complex biogenesis’ The
GO enrichment analysis results showed that the func-
tion of the photosynthetic membrane, chloroplast mem-
brane, thylakoid membrane, and other biomembranes, as
well as transmembrane substances and signal conduction
processes, are significantly affected by low temperature
stress, indicating that the stability of biofilms under low
temperature stress is closely related to the low-tempera-
ture tolerance of rice.

The KEGG pathway enrichment analysis was con-
ducted to determine the biological pathways involved in
cold stress (Tables S5, 6). The top 20 pathways were sig-
nificantly enriched in the CKKY vs. COKY and CKDN vs.
CI9DN groups (Fig. 4). These metabolic pathways were
mainly enriched in ‘carbohydrate metabolism, ‘amino acid
metabolism, ‘lipid metabolism, MAPK signaling pathway,
plant-pathogen interaction, and stress-resistance-related
metabolic pathways (MAPK signaling pathway, plant-
pathogen interaction). The MAPK signaling pathway plays
an important role in plants adapted to cold stress. There
were 188 DEGs involved in the MAPK signaling pathway

in CKKY vs. CIKY, of which only 184 were also DEGs
in CKDN vs. CIDN. In the MAPK signaling pathway in
CKKY vs. CIKY, 19 genes were specifically upregulated,
and 11 were specifically downregulated (Table S7).

Cold response transcription factors differences in rice
cultivars

Transcription factors (TFs) play important roles in
plant growth and response to environmental changes
by mediating gene expression. As shown in Fig. 5,
under cold stess conditions, 939 TFs were differentially
expressed in KY131, and 904 TFs were differentially
expressed in DN422. Among them, 135 TFs were specifi-
cally expressed in cold-tolerant cultivar KY131, and the
expression changes of 137 TFs in KY131 were signifi-
cantly higher than those in DN422 (FC(KY131/DN422)
> 1.5), which genes may play a central role in cold tol-
erance in rice (Fig. 6). These transcription factors cover
a total of 55 transcription factor families, among which
AP2/ERF-ERF, bHLH, bZIP, MYB and NACZ transcrip-
tion factor family members are more, and most of them
are up-regulated under cold stress. These results tran-
scriptional regulation plays an important role in rice
adaptation to temperature changes and is an important
part of rice response to cold stress.
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Fig. 4 The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis under cold conditions. A the top 20 significantly rich pathways
in KY 131 under cold conditions; B the top 20 significantly rich pathways in DN 422 under cold conditions
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Fig. 5 Transcription factors (TFs) differentially expressed in KY 131
and DN 422 under cold conditions

Lipid metabolism-related genes

Transcriptional profiling of two rice cultivars indi-
cated that lipid metabolism may play a central role in
rice cold tolerance; therefore, we further focused our
analyses on the changes in transcription activity of a
compiled list of 391 DEGs involved in lipid metabolism.
Under cold conditions, 349 DEGs were detected in KY
131, with 238 upregulated and 111 downregulated; 326
DEGs were detected in DN 422, with 228 upregulated
and 98 downregulated and of these, 284 DEGs were
identified in both varieties, with 199 up-regulated and
85 down-regulated in both varieties, suggesting that
lipid metabolism pathways showed significant changes
in adaptation to low temperature stress (Fig. 7a). We
randomly selected 27 DEGs of lipid metabolism for

qRT-PCR in the two varieties. Correlation analysis
showed that the qRT-PCR results were highly corre-
lated with the RNA-seq results, with a Pearson coef-
ficient of 0.96 (Fig. 7b). These results showed that the
RNA-Seq data were reliable. The KEGG enrichment
analysis showed that DEGs were enriched in 14 meta-
bolic pathways including “Fatty acid biosynthesis,’
“Fatty acid elongation,” and “Fatty acid degradation” in
both two varieties (Fig. 7c, d).

Quantitative changes in lipid composition induced by cold

stress

To investigate whether the differential expression of
lipid metabolism genes was reflected in differential lipid
abundances, the lipidomes of KY 131 and DN 422 were
compared quantitatively under cold stress. In our study,
a total of 14 lipid headgroup classes and 218 molecular
lipid species were detected (Table 1, S8). The total lipid
contents of KY 131 and DN 422 were 13061.27 and
14709.55 nmol mg~' FW under control conditions and
were 15932.01 and 14526.62 nmol mg ' FW under cold
conditions. Galactolipids, including monogalactosyldia-
cylglycerol (MGDG), digalactosyldiacylglycerol (DGDG)
and sulfoquinovosyldiacylglycerol (SQDG), are the main
constituents of chloroplast membranes and photosyn-
thetic complexes, accounting for approximately 66% of
the total lipids. The MGDG content in DN 422 was sig-
nificantly decreased, while in KY 131 it was significantly
increased, which was mainly caused by the significant
change in MGDG 34:3 and 36:6. The higher MGDG
content can inhibit the reduction of chloroplast mem-
brane lipids and maintain the integrity of the chloroplast
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membrane to a certain extent, thereby inhibiting a signif-
icant reduction in photosynthesis.

Phospholipids are important structural lipids that make
up cell membranes. The content of phospholipids in rice
leaves accounts for about 21-24% of the total lipid con-
tent and of these, PG, PC, PE, and phosphatidylinositol
(PI) were the most abundant, and PC, PE, and PI were
significantly increased in KY 131, with the PC 34:3, 36:5,
and C36:6 species contributing the most to the increase
in PC, and the PE 34:3 and 36:5 species contributing
more to the increase in PE. In this study, two lyso-phos-
pholipids were detected, including lyso-phosphatidylcho-
line (LPC) and lyso-phosphatidylethanolamine (LPE),
which were significantly increased in KY 131 and DN 422
under cold conditions.

In addition to membrane lipids, small amounts of the
intermediate lipid DG and the storage lipid triacylglyc-
erol (TG) were also detected. There were 21 DG molecu-
lar species in rice leaves and the DG content increased
in both varieties under cold conditions. The contents
of DG with acyl chains of DG 36:5 and 36:6 were the
major contributors to the increased DG. The TG content
was significantly reduced in KY 131, and significantly
increased in DN 422, under cold conditions, of which TG
52:4, 52:5, 52:6, 54:5, 54:6, 54:7, 54:8, and 54:9 were the

main factors causing this result. An increased DG-TG
ratio was observed in KY 131, which indicates that the
degradation rate of TG was increased in KY 131 under
cold conditions. Cold treatment was able to modulate
the accumulation of lipid composition in rice. As such,
the cold and control treatment were clearly segregated in
distinct quadrants of the biplot based on lipid molecular
species composition and accumulation. This segregation
was based on principal component analysis (PCA), where
68.9% of the variability observed in rice lipids could be
explained by both PC1 and PC2. These results showed
that MGDG, PG, PC, PE, LPC, and LPE are the main fac-
tors affecting the difference in cold tolerance between KY
131 and DN 422 (Fig. 8).

Changes in the degree of membrane lipid unsaturation
induced by cold stress

The above analysis results show that under cold stress,
most lipid molecules in rice leaves will change to a cer-
tain extent, and there are obvious differences among
varieties with different cold tolerance. Changes in the
content of lipid molecular species can directly affect the
fatty acid groups attached to them, changing their satura-
tion, which in turn affects the unsaturation of membrane
lipids. Double bond index (DBI) is the average number
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Fig. 7 Identification and analyses of DEGs involved in lipid metabolic pathways during the cold stress in KY 131 and DN 422. A Venn diagram

of lipid metabolism-related genes as up and down-regulated (P < 0.01) in KY 131 and DN 422 under cold conditions; B Quantitative real-time

PCR (gRT-PCR) assay was carried out for lipid metabolism-related DEGs in KY 131 and DN 422; C The transcriptional changes involved in 14 lipid
metabolic pathways in KY 131 under cold stress; D The transcriptional changes involved in 14 lipid metabolic pathways in DN 422 under cold stress

Table 1 The changes of lipid components (nmol g—1 FW) after cold treatments in KY 131 and DN 422. Data are the means £ SD.
Means denoted by the same letter do not differ signifificantly according to Tukey's test (p < 0.05)

Lipid class KY DN Relative change
(RC)

Control Cold Control Cold KY DN
MGDG 5084.354+236.46b 6796.774+189.52a 6328.624534.29a 5249454259.11b 33.68 -17.05
DGDG 2256.064+252.23b 2926.05+145.14a 2623.14252.67a 2894.27+4.65a 29.7 10.34
SQDG 1121.07+£126.96a 942.53+79.75a 1191.25+£14.00a 1080.82+48.24a -15.93 -9.27
PA 69.44+8.18a 52.95+5.79a 52.89t1.11a 61.25+5.99a -23.75 15.81
PC 309.01£29.72b 448.79+3248a 364.89+35.2a 319.34+17.01a 45.23 -1248
PE 469.4435.85b 591.79+34.2a 487.52429.78a 444.07424.58a 26.07 -8.91
PG 1668.29+89.71a 1777.14+17.5a 1740.37+£104.9a 1685.85+47.56b 6.52 -3.13
PI 626.04+£2141b 729.074+22.99a 440.924+41.57b 52848+66.77a 16.46 19.86
PMeOH 18.92+1.06a 18.36+0.98a 21.99+0.68a 21£1.5% -2.96 -4.5
LPE 14.9741.09b 18.64+1.64a 26.03+£2.58b 41.83%3.00a 24.52 60.7
LPC 17.24£1.39 16.38£1.19a 23.05+£242a 23.8+0.36a -4.99 3.25
DG 856.761+29.89b 1264.52+107.51a 1080.69+92.26b 1766.78426.59a 47.59 6349
TG 171.88+4.30a 88.54+6.00b 87.91+7.84b 133+2.28a -4849 51.29
FA 377.86+£21.73a 260.47+£9.89 240.324+19.19b 276.68+2.19a -31.07 15.13
Total 13061.274340.00b 15932.014357.56a 14709.544+636.42a 14526.62+249.47a 21.98 -1.24
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Fig. 8 The principal component analysis (PCA) of lipid components determined on rice cultivars when grown with control and cold conditions

Table 2 Double-bond index (DBI) of membrane lipids after cold treatments in KY 131 and DN 422. DBl = (Z [N x mol % lipid])/100.

Data are the means £ SD. Means denoted by the same letter do not differ signifificantly according to Tukey’s test (p < 0.05)

Lipid class KY DN Relative change (RC)
Control Cold Control Cold KY DN
MGDG 289.28+13.78b 386.3£11.51a 358.19+30.8a 298.79+14.82b 33.54 -16.58
DGDG 115.62+13b 150.36+6.82a 134.224+12.54b 147.78+1.47a 30.05 10.1
SQDG 49.32+5.57a 41.18+£3.19a 49.1£1.09a 45.8+1.44b -16.5 -6.72
PA 2.2640.24a 1.84+0.2b 1.75+0.07b 1.974+0.17a -20.35 12.57
pPC 8.74+0.87b 14.04+0.94a 10.55£1.7a 9.964+0.53a 60.64 -5.59
PE 16.45+1.25b 21.8641.52a 17.33%+1.7a 15.884+0.82a 32.89 -8.37
PG 34.03+3.28b 38.18+0.3a 34.324232a 35.66+0.92a 12.2 39
Pl 545+1a 5.6640.65a 3.85+041a 4.240.33a 3.85 9.09
PMeOH 0.55+0.02a 0.55+0.03a 0.65+0.02a 0.64+0.04a 0 -1.54
LPE 0.24+0.03a 0.29+0.02a 048+0.05b 0.64+0.05a 20.83 3333
LPC 0.27£0.02a 0.23£0.02a 0.37£0.04a 0.33£0.07a -14.81 -10.81
DG 35.67+0.81b 58.63+545a 48.16+4.44b 84.13+2.05a 64.37 74.69
TG 10.31+0.317a 5.12+0.3%b 5.33+0.52b 8.24+0.15a -50.34 546
FA 6.98+0.9a 4.53+0.15b 3.68+0.27a 3.724+0.19a -35.1 1.09
Total 575.17+20.72b 728.72+18.79a 667.97+35.63a 657.74£13.14a 26.7 -1.53
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of fatty acid double bonds in membrane lipid molecules,
and is an important indicator of the total unsaturation
of lipids. As shown in Table 2, under cold stress, the DBI
of each membrane lipid component in the two rice cul-
tivars changed significantly. The total membrane lipid
DBI in KY 131 increased by 26.70%, while the total mem-
brane lipid DBI in DN 422 decreased by 1.53%, indicating
that cold-tolerant rice varieties can adapt to cold stress
by increasing the membrane lipid unsaturation level.
Among the membrane lipid components, MGDG has the
highest DBI, which is the main reason for the difference
in total membrane lipid unsaturation between KY131 and
DN422 under cold stress. In addition, DG, PC, TG, FA,
and LPC showed larger RC in DBI ranging from 33.39 to
74.71%, which was another major factor for the increase
of total membrane lipid unsaturation.

Changes in free fatty acid components induced by cold
stress

Sixteen FA components were detected in the rice leaves
(Table 3). Although the main FA classes were similar,
there was great diversity in their contents between the
two cultivars under cold stress. The total fatty acid (TFA)
content decreased by 31.06% and increased by 15.13%
in KY 131 and DN 422. Simultaneously, the content of
saturated fatty acids (SFAs) was decreased in KY 131, but
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increased in DN 422. The content of unsaturated fatty
acids (UFAs) was decreased in KY 131, but was almost
unchanged in DN 422. In general, KY 131 accumu-
lated more UFAs (161.53 nmol mg™' FW) than DN 422
(138.47 nmol mg~! FW), and exhibited the genetic char-
acteristic of having more UFAs during the adaptation to
low temperature. The main reason for this finding may be
that KY 131 had a higher FA 18:3 content under cold con-
ditions. Additionally, under cold conditions, the ratio of
UFA to SFA was decreased in both varieties, and the ratio
of UFA to SFA in KY 131 was higher than that in DN 422
under both conditions, suggesting that higher levels of
unsaturated fatty acids are beneficial for rice to adapt to
low temperatures.

Construction of a lipid metabolism regulatory network

for cold tolerance in rice

Combined transcriptome and lipid metabolome analysis
results, a schematic diagram is presented to illustrate the
lipid-related gene-metabolism network in rice adapta-
tion to cold stress, and to elucidate the molecular regu-
lation mechanism of membrane lipid metabolism in rice
cold tolerance. As shown in Fig. 9, under cold stress, the
up-regulated expression of CDS1 and PAP2 in rice leaves
can hydrolyze PA to produce lipid intermediates DG
and CDP-DG, which can prevent plants from excessive

Table 3 The changes of fatty acid components (hnmol g—1 FW) after cold treatments in KY 131 and DN 422. Data are the means =+ SD.
Means denoted by the same letter do not differ signifificantly according to Tukey's test (p < 0.05)

Fatty acid KY DN Relative change (RC)
Control Cold Control Cold KY DN

FA 14.0 167+020a 1324+007b 1.194+011b 141 4+£0.05a -20.73 18.69
FA 16:0 7328+6.19a 5390+499b 6253 +590b 8345+399a -2645 3346
FA17:0 242+025a 1944+0.16b 205+£0.19b 260+0.11a -19.77 27.24
FA 180 3124+ 166a 24104+354Db 2157 £324b 2922 +434a -22.85 3545
FA 18:1 1190 £ 0.89a 709+0.72b 1082+ 1.19a 1071 £049a -4042 -1.03
FA 18:2 2820+£540a 15.65 = 0.69b 1941 £234a 2001 £1.00a -44.51 3.07
FA 183 20934 +3049a 13783 +£5.04b 105.54 £ 6.86 a 10651+ 567 a -34.16 091
FA 19:1 027 +£003a 024+£001a 0234+002b 029+001a -9.67 25.28
FA 20:0 405+ 056a 3954+0.154a 334+£0.18b 445+ 027 a -2.32 3337
FA 20:1 046 £0.04a 035+003b 039+001b 043+£002a -24.24 9.34
FA 20:2 037+002a 031+004a 036+£002b 0454007 a -17.07 23.77
FA 22:0 290+0.18a 278+022a 284+£015b 394+ 006a -3.99 3893
FA 22:1 0.07£0.007a 0.05+001b 0.07 £0.01a 007 £0.03a -22.58 6.65
FA 22:2 0.01 £0.001 a 0.01 £0.001 a 0.01 £0.001 a 0.02 +£0.002 a -23.75 9.96
FA 23:0 205+0.13a 201+0.16a 1.84+£007b 251+0.10a -1.98 36.77
FA 24:0 96240744 8.93 £ 097 ab 812+£0.15b 1060 £0.36a =717 30.63
TFA 37785+£2173a 26047 +987 b 240304+ 19.19b 27666 £2.19a -31.07 15.13
UFA 250.63 £29.54 a 16153 +535b 136.84 £ 1043 a 13847 +£6.22a -35.55 1.19
SFA 12722 +871a 98.94 + 8.56b 10346 £875b 138194+ 821a -22.23 3357
UFA/SFA 197+£039a 1.63+0.14a 132+£001a 1.004+0.10b -17.26 -24.24
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Fig. 9 Cold exposure induces gene programs involved in lipid metabolism. Selected glycerolipid, glycerophospholipid, Galactolipid metabolism,
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accumulation of PA and cause membrane lipid peroxida-
tion damage. At the same time, the up-regulated expres-
sion of of MGD and GLA can directly lead to the increase
of MGDG content, significantly increases the unsatura-
tion of membrane lipids, which is crucial to ensure the
structural integrity of chloroplast and maintain the nor-
mal process of photosynthesis under cold stress. Interest-
ingly, the genes involved in fatty acid B-oxidation were
all significantly up-regulated, which prevent the forma-
tion of very long chain fatty acids and promote the pro-
duction of unsaturated fatty acids such as C16 and C18
by fatty acyl-CoA, thereby increasing the unsaturation
of membrane lipids and enhancing cold tolerance. The
[B-oxidation process of fatty acids is also a central step in
the a-linolenic acid (C18:3) metabolic pathway. In addi-
tion to increasing the unsaturation of membrane lipids,
C18:3 can also be used as a precursor to synthesize JA
through the o-linolenic acid metabolic pathway. Under
cold stress, the expression of key genes (AOS, ACOX,
and JMT) on the a-linolenic acid metabolic pathway in
KY131 was significantly up-regulated, indicating that low
temperature stress promoted the synthesis of JA. There-
fore, the JA signal transduction pathway may play an
important role in cold tolerance in rice.

Discussion

Cold stress seriously affects the growth, development,
yield, and quality of crops, and is a key limiting factor
for rice production at higher altitudes and colder agri-
cultural regions [23]. Many molecular studies have been
performed on reference rice cultivars, providing impor-
tant insights into the response to stress, although vari-
ability leads to the notion that conclusions are not always
translatable to other cultivars with agronomic relevance.
Photosynthesis is highly sensitive to cold stress [24] and
in this study, we observed that there are large differ-
ences between cold-sensitive (DN 422) and cold-toler-
ant (KY 131) varieties in response to cold stress [25, 26],
and there are many differences in the physiology, gene
expression, and lipid metabolite changes between the
two rice varieties under cold conditions. The photosyn-
thesis-related indicators of the two varieties decreased
significantly, and the carbon metabolism pathways such
as photosynthesis, starch, and sucrose metabolism, and
chlorophyll synthesis and degradation were also signifi-
cantly enriched under low temperature stress. This study
speculated that the decrease in Chl content, Pn, and Fv/
Fm was caused by the damaged photosynthetic mem-
brane, which may reduce carbon assimilation products,
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and in turn, inhibit growth and development [27]. There-
fore, it is of critical importance to elucidate the specific
mechanisms and promote the genetic improvement of
cold tolerance in rice cultivars. The integrated analysis of
the rice transcriptome and lipidome allowed us to gain
more insight into the lipid metabolism regulation mecha-
nism in response to cold stress, which could be of great
practical significance in regulating rice lipid metabolism
to improve cold tolerance in rice.

At present, many genes, metabolic pathways, and sign-
aling factors have been identified in some plants during
cold stress [28-30]; however, a clear and comprehensive
relationship between lipid metabolism and cold tolerance
has not been established in rice. Recent studies suggest
that carbohydrate metabolism, amino acid metabolism,
plant-pathogen interaction, and plant hormone signal
transduction pathways are necessary and all play a role in
response to low temperature stress [31-33]. In this study,
these responses were also significantly enriched in the two
rice varieties under cold conditions. The results of the GO
enrichment hierarchical analysis showed that the stabil-
ity of the membrane system was significantly affected in
both varieties under cold conditions. Most of the cold-
stress responsive lipid metabolism genes likely have simi-
lar expression patterns in both varieties to cope with cold
stress. These results show that the membrane lipid metab-
olism pathway is indispensable for rice to adapt to cold
conditions. Several recent studies have also shown that
membrane lipid remodeling can modulate lipid composi-
tion, fatty acyl group unsaturation, and membrane fluid-
ity, which have been developed as a key strategy for plants
to adapt to low temperature stress [34, 35].

This study analyzed the DEGs and differential metabo-
lites in lipid metabolism pathways under cold conditions
and showed that most of the reactions in the phospho-
lipid synthesis pathway in the endoplasmic reticulum,
the galactolipid synthesis pathway in the chloroplast,
and the a-linolenic acid metabolic pathway were acti-
vated, and most of the genes that catalyzed these reaction
steps were upregulated under cold conditions. In plant
cells, PA is not only an intermediate product produced
by glycerophospholipids, galactolipids, and storage lipid
TG, but also an important signal molecule, called “lipid
second messenger” which is mainly induced by various
biological and abiotic stresses. When encountering abi-
otic stresses such as low temperature and drought, the
content of PA in plants usually increases rapidly, playing
the role of signal molecules [13]. However, recent studies
have shown that PA, as a polar lipid, lacks a hydrophilic
head. Under low temperature stress, excessive accumula-
tion of PA leads to the production of active oxygen free
radicals, which trigger membrane lipid peroxidation
[36]. In this study, the PA content of the two varieties
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showed different fates. PA in rice varieties leaves accu-
mulated through three pathways: acylation of OsGPATs
and OsLPAAT, hydrolysis of OsPLCs and OsPLDs, and
phosphorylation of OsDGKs. When PA accumulates, it is
also catalyzed and hydrolyzed by OsPAPs, OsPGS1, and
OsCDS1/2 into DG and CDP-DAG, and glycerophos-
pholipids are produced under the action of various phos-
pholipid synthases such as PISD, PCYT1/2, and EPTI.
The downregulation of OsCDS1 (LOC_0s02g03460) and
OsPAP2 (LOC_Os08g27030) caused excessive accumula-
tion of PA, and subsequently reduced the content of PC,
PE, and PG in DN 422. PG is the only phospholipid pre-
sent in the chloroplast membrane and almost all PGs in
plants are distributed in the chloroplast. Although PG
occupies a relatively low proportion of membrane lipids,
it is the main factor that determines the phase change
of membrane lipids and increases fatty acid saturation.
Related studies have shown that PG can quickly accu-
mulate unsaturated fatty acids or unsaturated phospho-
lipid molecules when plants adapt to low temperature
stress, which is one of the factors necessary for plants to
maintain a certain cold tolerance [37, 38]. Therefore, the
upregulated expression of OsCDSI and OsPAP2 under
low temperature stress can prevent peroxidation damage
caused by excessive accumulation of PA, while rapidly
increasing PG to maintain membrane lipid stability.
Galactolipids are the most abundant lipids in rice
leaves, accounting for approximately 66% of the total
lipid content. It mainly includes three components:
MGDG, DGDG, and SQDG. In plants, almost all galac-
tolipids are distributed in the thylakoids. Generally, when
plants are exposed to low temperature, drought, and salt
stress, the MGDG content in their bodies is significantly
reduced [37, 39, 40]. Moellering et al. [41] showed that
the decrease in MGDG content under low temperature
stress is due to its degradation; that is, the abundant
galactose residues in MGDG are transferred to other
lipid receptors under the action of the glycosyl hydrolase
SER2 in the final production of oligogalactolipids and
DAG. In cold-tolerant varieties, the significant increase
in MGDG content may be due to the upregulated expres-
sion of OsGLA (LOC_0s03g56070), especially the signifi-
cant increase in MGDG 34:3 and 36:6 content, which not
only increased the content of thylakoid membrane lipids
but also was increased by reducing the unsaturation of
the thylakoid membrane lipid, resulting in less exposure
of the thylakoid membrane to cold stress, thereby main-
taining a certain degree of photosynthesis. Concurrently,
this study also found that another thylakoid membrane
lipid component DGDG increased significantly, espe-
cially the content of polyunsaturated molecular species
such as DGDG C36:6, C36:5-DGDG, and C34:3, which
increased the most. To a certain extent, the fluidity and
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integrity of thylakoid membrane lipids are maintained,
thereby ensuring normal photosynthesis. Further studies
have found that the increase in DGDG content is mainly
caused by the significant upregulation of OsMGD and
OsDGDI1. In Arabidopsis, the knockout of DGDI hinders
the formation of membrane light-harvesting complex
II (LHCII) and reduces the stability of PSI. The chloro-
phyll fluorescence lifetime was significantly shortened
[42]. Therefore, the increase in DGDG content caused by
the up-regulation of OsMGD and OsDGDI in rice leaves
under low temperature stress is essential to ensure the
structural integrity of chloroplasts and maintain the nor-
mal progress of photosynthesis.

In addition to membrane lipid metabolism, fatty acid
metabolism also plays an important regulatory role in
the adaptation of rice to low-temperature stress. Pre-
vious studies have shown that since short-chain fatty
acids and unsaturated fatty acids have lower melting
points, plants can appropriately shorten the length of
the fatty acid carbon chain and increase the number
of fatty acid double bonds to inhibit the phase transi-
tion of membrane lipids under low temperature stress,
thereby maintaining cell membrane fluidity [43]. This
study demonstrated that under low-temperature condi-
tions, cold-tolerant varieties have higher membrane lipid
unsaturation and unsaturated fatty acid content. This
enables the plant to maintain a certain degree of stability
and fluidity of the membrane system under cold stress.
Fatty acid p-oxidation is the main form of fatty acid deg-
radation in plants and is catalyzed by a multienzyme
complex, including ACOX, MFP, and ACAA, to decrease
the length of the carbon chain of fatty acids [44]. In the
present study, OsSACOX1 (LOC_0Os03g53630) and OsA-
COX4 (LOC_0Os05g07090) were significantly upregulated
in both varieties and activated the B-oxidation pathway of
fatty acids under cold stress. Fatty acid f-oxidation is the
sole pathway for the metabolic breakdown of fatty acids
that generate energy and carbon skeletons in plants and
plays an important role in plant growth, development,
and cellular homeostasis [45, 46]. Fatty acid p-oxidation
is also the central component of a-linolenic acid (C18:3)
metabolism. In the a-linolenic acid metabolic pathway,
C18:3 produces 12-oxo-phytodienoic acid (OPDA) under
the action of lipoxygenase (LOX), hydroperoxide dehy-
dratase (AOS), and cetyl-CoA acyltransferase (fadA),
and then produce JA through three fatty acid -oxidation
cycles. In Arabidopsis thaliana, JA can positively regulate
the C-repeat-binding factors (CBF) pathway to increase
the accumulation of cryoprotective compounds under
low temperature stress and interacts with other plant
hormones to regulate stomatal closure and maintain the
normal progress of light action [47, 48]. These results
indicate that rice may improve its tolerance through
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active JA metabolism and signal transduction when
exposed to cold stress.

In this study, these results provide a holistic view
of lipid metabolism-related genes and metabolism in
response to cold stress. PA, MGDG, DGDG, and FA
play important roles in maintaining membrane stabil-
ity and mobility under cold conditions. Changes in the
expression of lipid metabolism-related genes (OsCDS],
OsPAP2, OsGLA OsMGD, and OsDGDI) alter the rice
PA, MGDG, DGDG, and FA content to adapt to cold
stress.

Materials and methods

Plant material, cold treatment, and sample preparation
The experiment was conducted at the Rice Research
Institute of Northeast Agricultural University in 2020.
Kongyu 131 (KY 131), a cold-tolerant rice cultivar, and
Dongnong 422 (DN 422), a cold-sensitive rice cultivar,
were selected. Rice seeds of the same size, plump, and
vigorous were selected and sterilized with 1% sodium
hypochlorite solution for 30 min, soaked in clean water
at room temperature for 24 h, and then the paper bed
sprouting method was used to cultivate them in the dark
at 32 °C for 48 h. Well-germinated seeds were selected
and sown in high-temperature sterilized sand and cul-
tivated in an artificial climate room. During this period,
1/2 Hoagland nutrient solution was rationed daily. The
culture conditions in the control temperature climate
chamber were 25 °C, 10 h day/14 h night. At the three-
leaf heart stage, the seedlings were transferred to the con-
trol temperature and low temperature climate room, and
the culture conditions in the low-temperature climate
chamber were 10 °C, 10 h day/14 h night. The cold treat-
ment method was slightly modified according to a previ-
ous study [26]. Sampling was carried out after nine days
of control (CK) and cold (C9) treatments. CKKY and
CKDN represent KY131 and DN422 under control con-
ditions; C9KY and C9DN represent KY131 and DN422
under cold treatment conditions. Three rice plants with
the same growth were selected, and the rice leaves were
cut with sterilized scissors, wrapped in foil paper, marked
and placed in liquid nitrogen immediately, and then
placed at -80 °C in a refrigerator for later use.

Measurement of leaf relative water content, electrolyte
leakage, malondialdehyde content, and photosynthetic
characteristics

The leaves were harvested after nine days of treatment.
The relative water content of the leaves was determined
as described by Wang et al. [49]. Leaf electrolyte leak-
age was determined using an electrical conductivity
meter (DDSJ-308 F, Shanghai, China) according to the
method described by Song et al. [50]. Malondialdehyde
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content was measured as described by Chen et al. [54].
Nine days after the low-temperature treatment started,
the net photosynthetic rate (Pn) was measured on the
penultimate leaves using a CIRAS-3 portable pho-
tosynthetic instrument (PP Systems, USA) [52]. The
fluorescence parameters Fv/Fm and chlorophyll (Chl)
fluorescence images of the penultimate leaves were ana-
lyzed after 30 min of dark adaptation using fluorescence
measurements with a HITACHI F-7000 fluorescence
spectrophotometer (Tokyo, Japan) [53]. Chlorophyll
(Chl) content was analyzed as previously described by
Liet al. [54].

RNA extraction and transcriptome sequencing analysis
Three samples of rice from the penultimate leaf under
the control and low temperature treatment were meas-
ured for nine days; three biological replicates per sample
were used for the transcriptome analyses. Total RNA was
extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). After total RNA was extracted, mRNA was
purified using NucleoSpin RNA Clean-up (MACHEREY-
NAGEL, Diiren, Germany) according to the manufac-
turer’s instructions. The purified mRNA was fragmented
into short fragments using fragmentation buffer and
reverse-transcribed into cDNA using random hexamer
primers. Second-strand ¢cDNA was synthesized using
DNA polymerase I, RNase H, dNTPs, and buffer. The
cDNA fragments were purified using a QiaQuick PCR
extraction kit, end repaired, poly(A) was added, and the
fragments were ligated to Illumina sequencing adapt-
ers. The ligation products were size-selected by 1% aga-
rose gel electrophoresis, PCR-amplified, and sequenced
using an Illumina HiSeqTM 2500 (Wuhan, China). The
transcripts were assembled using Cufflinks to obtain
the known and new transcripts. Before data analysis, we
conducted strict quality control on the data to ensure
that these reads were of high enough quality to ensure
the accuracy of subsequent analysis. The filtering crite-
ria were as follows: (1) Remove reads with adapters; (2)
When the N content in any sequencing read exceeds 10%
of the base number of the read, remove the paired reads;
(3) When the number of low-quality (Q < 20) bases
contained in any sequencing read exceeded 50% of the
bases of the read, the paired reads were removed. Then,
differential expression analysis across samples was con-
ducted to obtain DEGs (false discovery rate [FDR] < 0.05,
|log2FC| > 1). Genes were annotated against the Gene
Ontology (GO) (Available online: http://www.r-project.
org/) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Available online: http://kobas.cbi.pku.edu.cn/)
databases to obtain their functions. Significant functional
categories and metabolic pathways were identified within
differentially expressed genes, with FDR < 0.05.
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Confirmation of lipid metabolism-related genes

in the transcriptome using qRT-PCR analysis

The purified total RNA was reverse-transcribed using
Prime Script RT Master Mix (Takara Bio Inc., Shiga,
Japan). Real-time PCR was performed using SYBR
Premix Ex Taq II (Takara Bio Inc., Shiga, Japan) in the
Applied Biosystems QuantStudio 3 (Thermo Fisher Sci-
entific, Germany). OsACTIN1 was used as a reference
control. Relative quantification analysis was performed
using the comparative CT method. Correlation coef-
ficients for RNA-Seq and qRT-PCR data were plot-
ted and calculated using the Origin 2018 (OriginLab,
Northampton, MA, USA) mapping software. The prim-
ers used are listed in Table S9.

Lipid extraction and liquid chromatography electrospray
ionization tandem mass spectrometry (LC-ESI-MS/MS)
analysis

The cut rice leaf samples of approximately 250 mg were
added with 80 pL of whole fat internal standard (both
at a concentration of 10 pg/mL), and 2 mL of metha-
nol. Then 2 mL of dichloromethane was added, and
vortexed for 1 h. This was followed by the addition of
2 mL of dichloromethane, 1.6 mL of ultrapure water,
vortexing, and centrifugation, removing the superna-
tant, adding 4 ml of dichloromethane to extract the
remaining supernatant, repeating twice, combining
the supernatants, blowing with nitrogen, and reconsti-
tuting with 1 mL of isopropanol. Then passed through
the 0.22 pm organic filter membrane and get on the
machine. Lipidomic analysis was performed on an AB
Sciex Triple 4000 quadruple electrospray ionization
mass spectrometer (ESI/MS) coupled with a Shimadzu
UPLC LC-20 A (Shimadzu, Kyoto, Japan). The specific
methods were previously described by Gwak et al. [55].
Based on the high-resolution QTOF mass spectrum,
the precise molecular weight of the characteristic peaks
in the sample was obtained and compared with the
database information to obtain the qualitative results
of the metabolites. The quantitative results of metab-
olites were obtained based on the ion signal intensity
(CPS) of the characteristic peak in the mass spectrum.
MSDIAL ver. 4.00, PeakView 2.1, MultiQuant 3.0.2, and
other software were used to complete the qualitative
and quantitative lipids.

Statistical analysis

For experimental variables, one-way of variance
(ANOVA) was applied to assess differences among treat-
ments with SPSS 22.0 (Softonic International, Barce-
lona, Spain) software. Significant differences (p < 0.05)
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between treatments are indicated by different letters
according to Fisher’s LSD. Principal component analysis
(PCA) [56] and graphs were employed with Origin 2018
software (OriginLab, Northampton, MA, USA).
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