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Abstract

Background: Seed storage lipids are valuable for human diet and for the sustainable development of mankind. In
recent decades, many lipid metabolism genes and pathways have been identified, but the molecular mechanisms
that underlie differences in seed oil biosynthesis in species with developed embryo and endosperm are not fully
understood.

Results: We performed comparative genome and transcriptome analyses of castor bean and rapeseed, which have
high seed oil contents, and maize, which has a low seed oil content. These results revealed the molecular underpin-
nings of the low seed oil content in maize. First of all, transcriptome analyses showed that more than 61% of the
lipid- and carbohydrate-related genes were regulated in castor bean and rapeseed, but only 20.1% of the lipid-related
genes and 22.5% of the carbohydrate-related genes were regulated in maize. Then, compared to castor bean and
rapeseed, fewer lipid biosynthesis genes but more lipid metabolism genes were regulated in the maize embryo.
More importantly, most maize genes encoding lipid-related transcription factors, triacylglycerol (TAG) biosynthetic
enzymes, pentose phosphate pathway (PPP) and Calvin Cycle proteins were not regulated during seed oil synthesis,
despite the presence of many homologs in the maize genome. Additionally, we observed differential regulation of
vital oil biosynthetic enzymes and extremely high expression levels of oil biosynthetic genes in castor bean, which
were consistent with the rapid accumulation of oil in castor bean developing seeds.

Conclusions: Compared to high-oil seeds (castor bean and rapeseed), less oil biosynthetic genes were regulated
during the seed development in low-oil seed (maize). These results shed light on molecular mechanisms of lipid bio-
synthesis in maize, castor bean, and rapeseed. They can provide information on key target genes that may be useful
for future experimental manipulation of oil production in oil plants.

Keywords: Seed oil biosynthesis, Maize, Castor bean, Rapeseed, Transcriptome analyses, Lipid-related genes,
Carbohydrate-related genes

Background

Plant storage lipids are renewable and economically valu-
able resources; they are important for human diet and
for use as biodiesel [1, 2]. There is a pressing need for
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from acetyl-coenzyme A (acetyl-CoA) precursors, con-
densing into long-chain acyls by numerous enzymes such
as acetyl-CoA carboxylase (ACCase) [4—6], malonyl-
CoA:ACP malonyltransferase (MCMT), -ketoacyl-ACP
synthase (KAS) complex [7, 8], hydroxyacyl-ACP dehy-
drase (HAD), enoyl-ACP reductase (ENR), p-ketoacyl-
ACP reductase (KAR) [9], and acyl carrier protein (ACP).
The products of FA synthesized with chain length of C16
or C18 can be unsaturated by stearoyl-ACP desaturase
(SAD). Both saturated and unsaturated FAs are released
from acyl-ACP by acyl-ACP thioesterase (FAT) [10] and
exported to cytosol. The resulting FAs pools are then
transported to the endoplasmic reticulum (ER) for tria-
cylglycerol (TAG) assembly by enzymes such as glycerol
3-phosphate acyltransferase (GPAT) [11, 12], lysophos-
phatidic acid acyltransferase (LPAAT) [13], phosphati-
date phosphatase (PP) [14], diacylglycerol acyltransferase
(DGAT) [9, 15-17], and phospholipid:diacylglycerol acyl-
transferase (PDAT) [18, 19]. Finally, the mature TAGs are
transferred and stored in subcellular structures called oil
bodies or oleosomes. Oleosin, caleosin, and steroleosin
have been shown to be indispensable for oil body for-
mation and can regulate SOC [3, 20]. Many transcrip-
tion factors (TFs) also participate in seed development
and nutrient accumulation. TFs such as WRINKLED1
(WRI1), LEAFY COTYLEDON1/2 (LEC1/2), ABSCISIC
ACID INSENSITIVE3 (ABI3), FUSCA3 (FUS3), PICKLE
(PKL), and VP1/ABI3-LIKE (VAL) have been proved to
regulate SOC in multiple species such as Arabidopsis,
rapeseed, soybean, castor bean, and others [14, 21-24].

Lipid biosynthesis requires substrates and energy from
carbon metabolism. There is strong evidence show-
ing that glycolysis provides acetyl-CoA, dihydroxyac-
etone phosphate, ATP, and NADH for lipid biosynthesis
[25-27], whereas the pentose phosphate pathway (PPP)
mainly produces the reductant NAPDH that is needed
for fatty acid synthesis [27]. It has been shown that many
carbohydrate-related genes impact lipid accumulation.
For example, pyruvate kinase (PK) catalyzes the pro-
duction of pyruvate and ATP in glycolysis, and the loss
of function of PK in Arabidopsis drastically reduced
FA content [28, 29]. Phosphoenolpyruvate carboxylase
(PEPC) catalyzes the production of oxaloacetate (OAA)
from phosphoenolpyruvate (PEP), and RNA interference
of PEPC increased the oil content of cotton [30].

For decades, studies on seed oil biosynthesis have
been mainly focused on comparisons within species.
The genetic populations with different oil contents have
been analyzed to find out the key limiting factors that
regulate the seed oil content within species in soybean,
rapeseed, sesame, peanuts, sunflower, maize, castor bean,
and so on [31-37]. Extensive technical approaches, for
instance, quantitative trait locus (QTL) analyses [38—40],
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genome-wide association study (GWAS) [41-43], tran-
scriptomics, lipidomics, metabolomics and fluxomics
analysis [32, 35, 36, 44—46], had been applied to uncover
the molecular mechanism of seed oil biosynthesis. Nev-
ertheless, studies on lipid metabolism within species have
been carried out for more than 40 years, plenty of the
vital factors that control the seed oil biosynthesis remain
poorly understood. Thus, to break the bottleneck of lipid
metabolism researches and seek for some new alterna-
tive genes for the improvement of oil content for plant
oil industry, it is critical to explore the conserved and
diverse lipid metabolic pathways across multiple species.

With the rapid development of sequencing technolo-
gies in recent years, several comparative transcriptome
analyses have been performed to explore the molecular
mechanisms that underlie differences in seed oil bio-
synthesis between different species. The transcriptomes
of four developing oilseeds (Ricinus communis, Brassica
napus, Euonymus alatus, and Tropaeolum majus) were
sequenced based on deep expressed sequence tags (ESTs)
and some conserved lipid-related modules were found
[47]. Comparative genomic analyses were conducted on
three low-oil grasses (Sorghum bicolor, Setaria italica,
and Oryza sativa) and four high-oil dicots (Glycine max,
Gossypium raimondii, R. communis, and Arabidopsis
thaliana) to investigate the mechanisms of their differ-
ences in seed oil accumulation [48]. Zhang et al. [49] per-
formed an integrated omics analysis to investigate acyl
lipid metabolism genes and carbon metabolism genes
in soybean, rapeseed, Arabidopsis, and sesame seeds.
Different plant species store lipids in different organs
or tissues, therefore, it is important to understand the
mechanism difference in oil accumulation from different
tissues. Most oil plants are exalbuminous seeds and store
lipids in the embryo [50, 51], but some albuminous seeds
such as castor bean and Jatropha curcas store lipids in
the endosperm [8, 14, 52]. Additionally, plants that have
developed pericarps, such as the oil palm, can accumu-
late lipids in the mesocarp [53]. To date, the molecular
mechanisms that underlie differences in lipid accumula-
tion among different plant species remain unclear. Com-
parisons between species have mainly focused on whole
seeds, but differences in seed oil biosynthesis at the
level of the specific lipid storage tissues have not been
addressed.

Maize is one of the most important worldwide food
crops and vital source of vegetable oil. To meet the
increasing demand of vegetable oil, underlying molecular
mechanism of oil biosynthesis in maize is of great impor-
tance. Maize kernel consists of developed embryo and
endosperm, and the oil mainly stored in embryo. Maize
has relatively large seeds but unfortunately the oil content
of maize kernels is extremely low, which is approximately
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4%-5% of the seed dry weight [54]. Nevertheless, cas-
tor bean, which had developed embryo and endosperm
as well, had high oil content and accumulated plenty of
oil in the endosperm. To date, inter-species comparative
transcriptome analyses were carried out among limited
species, and the molecular mechanism of differential oil
biosynthesis between maize and other oil plants remains
obscure. To uncover the molecular mechanisms respon-
sible for differences in lipid accumulation in albuminous
seeds with high- and low-oil content. Embryos of maize
(Zea mays) and rapeseed (B. napus) (which is a reference
of oil plants for the oil biosynthesis analysis in embryo)
and endosperm tissues of castor bean (R. communis)
were collected from developing seeds at different devel-
opmental stages for transcriptome analyses. Although
the gene copy numbers for the individual genes are dif-
ferent among these three species, clear difference in
regulation of lipid biosynthetic pathways was observed.
Higher number of the lipid- and carbohydrate-related
genes were regulated in castor bean and rapeseed than in
maize, and the expression levels of oil biosynthetic genes
were highest in castor bean.

Results

The copy numbers of most lipid- and carbohydrate-related
genes were higher in maize than castor bean

To eliminate the effect of species ploidy, the relative copy
numbers of key regulators that participate in seed oil
biosynthesis were analyzed in these three species. Copy
numbers of genes that encoding proteins involving in FA
biosynthesis, TAG assembly, and oil body formation were
higher in rapeseed than in castor bean and maize (Fig. 1a
and Table S1). This result probably reflects the fact that
rapeseed is an allopolyploid and contains duplicates of
most genes [55]. All lipid biosynthesis genes had more
copies in maize than in castor bean except for ACCase,
the key rate-limiting enzyme of FA biosynthesis (Fig. 1a
and Table S1). It has been well-known that ACCase con-
tains the homomeric ACC2 and heteromeric ACCase
complex composed of CT-a, CT-f, BCCP, and BC subu-
nits. Our findings revealed that the castor bean and rape-
seed genomes contained the heteromeric ACCase but
not the homomeric ACC2, whereas the maize genome
only contained homomeric ACC2 (Fig. 1a and Table S1).
In addition to different copy numbers of lipid biosyn-
thesis genes, the three species also had different copy
numbers of genes encoding oil biosynthesis regulators.
All lipid-related TFs had fewer copy numbers in castor
bean than in rapeseed (Fig. 1a and Table S1). The relative
copy numbers of lipid-related TF genes in maize were
inconsistent: maize had the greatest numbers of WRII,
ABI3, and VAL2 genes among three species, but the low-
est copy numbers of LECI and FUS3. More importantly,
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LEC2 and PKL genes were not present in the maize
genome (Fig. 1a and Table S1). In addition, rapeseed had
the highest copy numbers of carbohydrate-related genes
that functioned in sucrose metabolism, glycolysis, the
PPP, and the Calvin Cycle, followed by maize and cas-
tor bean (Fig. 1b and Table S1). These findings revealed
that the copy numbers of most lipid- and carbohydrate-
related genes were highest in rapeseed, lower in maize,
and lowest in castor bean.

Less lipid-related pathways were regulated in maize
embryo
Rapeseed embryo, castor bean endosperm, and maize
embryo tissues were collected at four developmental
stages (S1 to S4) for SOC and transcriptome analysis
(Fig. 2a). The results showed that SOC increased as seed
development progressed and reached its highest level
at stage 3 in maize, castor bean, and rapeseed (Fig. 2a).
After transcriptome sequencing and data processing,
relative gene expression levels at stages 2, 3, and 4 were
compared to that at stage 1 to identify the differentially
expressed genes (DEGs). In total, 47 408, 10 708, and
7144 genes were differentially expressed over the course
of seed development in maize, castor bean, and rapeseed,
respectively (Fig. 2b). Moreover, lipid- and carbohydrate-
related genes accounted for 3.5% and 1.3% of all DEGs in
the rapeseed embryo, and similar numbers were found
in the endosperm of castor bean or the embryo of maize
(Fig. 2b). In contrast, when the number of lipid- and car-
bohydrate-related DEGs was compared with the number
of lipid- and carbohydrate-related genes in the entire
genomes, 61.8% (937/1516) of the lipid-related genes
and 68.0% (607/892) of the carbohydrate-related genes
in rapeseed were regulated in embryo; 61.2% (224/366)
of the lipid-related genes and 61.7% (142/230) of the car-
bohydrate-related genes in castor bean were regulated
in endosperm (Table 1). However, only 20.1% (112/558)
of the lipid-related genes and 22.5% (82/365) of the car-
bohydrate-related genes in maize were regulated in the
embryo (Table 1). To further investigate the regulation of
every homologous lipid- and carbohydrate-related gene
in these three species, we calculated a regulation ratio
for each homologous gene by dividing the number of dif-
ferentially expressed gene copies in a species by the total
number of gene copies in the species. The comparison
of the regulated ratio between three species showed that
most genes had a higher regulation ratio in castor bean
and rapeseed than in maize (Fig. S1). We therefore con-
cluded that fewer genes involved in seed oil accumulation
were regulated during seed development in maize.

We next performed Gene Ontology (GO) analysis to
identify differentially regulated pathways between three
species during seed oil accumulation. GO terms enriched
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Fig. 1 Relative copy number variation analyses of lipid- and carbohydrate-related genes in three species. a, lipid-related genes including

FA biosynthesis, TAG assembly, oil body formation, and lipid-related TFs. b, carbohydrate-related genes that participated in different carbon
metabolism pathways. SM, sucrose metabolism; PPP and CC, pentose phosphate pathway and calvin cycle; ST, sugar transporters; PT, plastid
transporters; OA and TCA, organic acid and TCA; OCA, other carbohydrate metabolism

in the rapeseed DEGs were mainly related to photosyn-
thesis, response to stresses such as cold, water depriva-
tion and abscisic acid, and lipid metabolic processes
(Table S2). Castor bean DEGs were mainly enriched in
GO terms related to protein biosynthesis and modi-
fication, lipid metabolic processes, and DNA replica-
tion (Table S2). In contrast, maize DEGs were enriched
in GO terms such as regulation of transcription, DNA-
templated, and spermine biosynthetic process (Table

S2). Thus, more lipid related pathways were regulated
in castor bean and rapeseed than in maize during seed
development.

Next, homologous genes were identified in maize, cas-
tor bean, and rapeseed, and 2108 genes were found to
be conserved among these species. Furthermore, there
were 5040 dicot-specific genes (shared by castor bean
and rapeseed) and 1256 embryo-specific genes (shared
by rapeseed and maize) (Fig. 2c). Enriched GO terms in
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Table 1 The number of total and differential expressed lipid-related and carbohydrate-related genes in maize, castor bean, and

rapeseed
All lipid-related genes Differential expressed lipid- All carbohydrate-related Differential expressed
related genes genes carbohydrate-related
genes
Rapeseed 1516 937 (61.8%) 892 607 (68.0%)
Maize 558 112 (20.1%) 365 82 (22.5%)
Castor bean 366 224 (61.2%) 230 142 (61.7%)
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these 2108 conserved genes included acetyl-CoA bio-
synthetic process from pyruvate, long-chain fatty acid
biosynthetic process, carbohydrate metabolic process,
and acyl-CoA metabolic process (Table S2). Those 5040
dicot-specific genes were enriched in GO terms such as
negative regulation of fatty acid biosynthetic process,
lipid catabolic process, and lipid oxidation, while those
1265 embryo-specific genes were enriched in GO terms
including response to salt stress, response to auxin, regu-
lation of jasmonic acid-mediated signaling pathway, and
ethylene biosynthetic process (Table S2). Therefore, we
speculated that oil biosynthesis and carbon partitioning
were differentially regulated between maize, castor bean,
and rapeseed seeds and that fewer oil biosynthesis path-
ways were regulated in maize than in castor bean and
rapeseed.

More lipid metabolic, but less lipid biosynthetic genes
were regulated in maize embryo during the seed
development

Subsequently, we focused on the gene expression profiles
of lipid-related genes that have been reported to regulate
lipid biosynthesis, and classified these genes into differ-
ent categories based on lipid-related metabolic pathways
[3]. Comparison of lipid-related DEGs (LDEGs) between
species revealed that fewer lipid biosynthesis genes such
as plastidial fatty acid synthesis and TAG synthesis genes
were regulated in maize than in castor bean and rapeseed
(Fig. 3a). By contrast, more lipid metabolism genes such
as those encoding cutin synthesis, aliphatic suberin syn-
thesis, GDSL, galactolipid degradation, and lipase were
regulated in maize (Fig. 3a).

All DEGs in three species could be grouped into dif-
ferent clusters based on their gene expression patterns
(Fig. S2). Nevertheless, rapeseed lipid biosynthesis genes
were clustered into four expression profiles; these genes
reached their highest expression levels at stage 2 (Fig. 3b).
Likewise, maize and castor bean lipid biosynthesis genes
were clustered into one and two expression profiles,
respectively, and their highest expression levels were also
appeared at stage 2 (Fig. 3b). Maize lipid metabolism
genes were clustered into four expression profiles and
showed increasing expression trends during seed devel-
opment (Fig. 3c). By contrast, lipid metabolism genes
in the four expression profiles of castor bean tended to
decrease in expression (Fig. 3c). Similarly, genes in five
out of eight rapeseed expression profiles also tended to
decrease in expression during development, except pro-
files 34, 39 and 44, whose genes showed a temporary
increase in expression at stage 2 or stage 3 (Fig. 3c). Thus,
we concluded that fewer lipid biosynthesis genes but
more lipid metabolism genes were regulated in the maize
embryo during seed oil accumulation.
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Most TFs and genes that associated with TAG and FA
biosynthesis were differentially regulated between maize,
castor bean and rapeseed

Comparison of differentially expressed lipid related genes
between species showed that more genes involved in FA
biosynthesis and oil body formation were differentially
expressed in castor bean and rapeseed than in maize (Fig.
S3), even though these genes had higher copy numbers
in maize than in castor bean (Fig. 1a). Interestingly, most
key TAG biosynthesis enzymes (e.g., glyceraldehyde-
3-phosphate dehydrogenase (GPDH), GPAT9, DGAT,
and PDAT) showed no regulation during maize embryo
development (Fig. 4a). Similarly, key TFs that partici-
pate in lipid biosynthesis (e.g., LEC1/2, ABI3, VAL1/2,
ASIL1, and PKL) were not regulated in the maize embryo
(Fig. 4b). Therefore, we concluded that lack of regulation
of lipid biosynthetic enzymes, especially key TAG assem-
bly enzymes and lipid-related TFs, might lead to the low
abundance of oil in maize embryo.

In addition to LDEG numbers, gene expression levels
also differed between these species and may have led to
differences in seed oil biosynthesis. There were signifi-
cant differences in the fold changes of many lipid-related
genes between maize, castor bean, and rapeseed. Accord-
ing to the comparison of fold changes between these spe-
cies, the key lipid biosynthesis regulator genes PKL and
VAL2 showed opposite regulation patterns between cas-
tor bean and rapeseed at the four developmental stages,
and they were not regulated in maize (Fig. 5a). The rate-
limiting FA biosynthesis ACCase enzymes were up-reg-
ulated at stage 2 and stage 3 in rapeseed, but ACCase
homologs were down-regulated or not regulated in cas-
tor bean and maize at stage 2 and stage 3 according to the
fold changes (Fig. 5a). Similarly, numerous lipid-related
genes (e.g., FUS3, WRI1, LEC1/2, PDCH, GPDHC, and
DGAT) were also differentially regulated in maize, cas-
tor bean, and rapeseed according to the comparison of
fold changes (Fig. S4). To compare the gene expression
levels of lipid-related genes in three species, the average
FPKM of all expressed genes was introduced to homog-
enize the relative gene expression levels in each species.
We found that most lipid-related genes had higher rela-
tive expression levels in castor bean than in rapeseed and
maize (only homologous ACCase and DGAT genes were
shown), a finding that might account for the rapid accu-
mulation of oil in castor bean endosperm (Fig. 5b).

Next, the quantitative real-time PCR (qRT-PCR)
were carried out to further validate the differential
regulation of some critical genes (WRII, LECI, VAL2,
GPAT9, and DGAT) that functioned in seed oil bio-
synthesis. In castor bean and rapeseed, the expres-
sion levels of WRI1, LEC1, VAL2, GPATY9, and DGAT
genes increased or declined to two times between
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different developmental stages, which suggested
that these genes were differentially expressed during
the seed development (Fig. 6). On the contrary, the
qRT-PCR analyses showed that the maize LECI and
GPAT9 genes were not transcribed in maize embryo
(Fig. 6). In addition, one out of four maize VAL2 genes
and two out of six maize DGAT genes were not tran-
scribed in maize embryo, and expression levels of
the remaining orthologous genes were not more than
twice between four seed developmental stages (Fig. 6).
These results implied that maize LEC1, VAL2, GPAT9,
and DGAT genes were not differentially regulated

during maize embryo development. Meantime, maize
had five WRIIs, and the qRT-PCR data showed that
two of them were not transcribed, two WRIIs were
not differentially expressed, and one maize WRII
(Zm00001eb195920) were extremely highly expressed
at stage 2 (Fig. 6), which is in line with that was found
in comparative transcriptome analyses (Fig. S4). Thus,
we concluded that WRI1, LECI, VAL2, GPATY, and
DGAT genes were barely regulated in maize embryo
development, which might account for the low oil con-
tent in maize seeds.
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Many PPP, the Calvin Cycle, and plastidic glycolytic genes
that participated in carbohydrate metabolism were

not regulated in maize embryo

In addition to lipid-related genes, carbohydrate-related
genes also play vital roles in seed oil biosynthesis. Com-
parison of carbohydrate-related metabolic pathways
between species indicated that glycolysis, the PPP, and
the Calvin Cycle were up-regulated in castor bean and
rapeseed. Other carbohydrate metabolic pathways were
up-regulated in castor bean and maize, while sucrose
metabolism and sugar transport pathways were up-reg-
ulated in maize (Fig. 7a). The numbers of carbohydrate-
related DEGs (CDEGs) associated with sugar transport,
plastid transport, organic acids, the TCA, and other
carbohydrate metabolic pathways were the highest in
rapeseed, followed by castor bean and maize (Fig. S5).

Most enzymes that participate in the PPP and Cal-
vin Cycle (e.g., 6-phosphogluconate dehydrogenase
(6PGDH), ribulose-phosphate 3-epimerase (RPE), tran-
sketolase (TK), transaldolase (TA), ribulose bisphos-
phate carboxylase (RBCS), and phosphoribulokinase
(PRK)) were not regulated in maize embryo (Fig. 7b).
Numerous glycolytic enzymes (including key enzymes
such as hexokinase (HXK), phosphofructokinase (PFK),
phosphoglycerate kinase (PGK), and PK) were regu-
lated only in the cytosol in maize embryo (Fig. 7b). By
contrast, they were differentially expressed in the cyto-
sol and plastid of rapeseed embryo and castor bean
endosperm (Fig. 7b). More interestingly, invertase
(INV) genes that play important roles in sucrose metab-
olism functioned only in the cytosol in castor bean
endosperm. This differed from the situation in rape-
seed and maize embryos, in which INV genes were
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differentially expressed in the cytosol, plastid, cell wall,
and vacuole (Fig. 7b). Another vital sucrose metabolism
enzyme, sucrose synthase (SuSy), plays important roles
in carbon fixation and metabolism. We found that more
SuSy homologs were regulated in castor bean and rape-
seed than in maize: 9 of 14 SuSy genes were regulated
in rapeseed, and all five SuSy genes were regulated in
castor bean, but only 3 of 14 SuSy genes were regulated

in maize (Fig. 1b and 7b). Analysis of gene expression
patterns showed that most carbohydrate-related genes
were highly expressed at stage 1 and stage 2 in castor
bean and rapeseed, but were highly expressed at stage 2
and stage 3 in maize (Fig. 7c). We therefore speculated
that reduced regulation of carbohydrate-related genes
may limit the supply of substrates for oil biosynthesis
in maize.
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Discussion

Thousands of genes were regulated during seed devel-
opment, underscoring the sophisticated coordination of
seed development and storage accumulation in plants.
Plant seed oil biosynthesis is regulated by lipid- and
carbohydrate-related genes [3]. Our research showed
that most of these genes had the highest copy numbers

in rapeseed, which is consistent with its allopolyploid
genome in which most genes are duplicated and have
redundant functions [55]. Most lipid- and carbohydrate-
related genes had higher copy numbers in maize than in
castor bean, which is reminiscent of the previous findings
that key genes involved in oil biosynthesis and turnover
have only single copies in castor bean [56]. Strikingly,
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more lipid- and carbohydrate-related genes were regu-
lated during seed development in castor bean than in
maize, and the proportion of regulated lipid- and carbo-
hydrate-related genes was much higher in castor bean
and rapeseed than in maize (Table 1 and Fig S1). These
findings are in agreement with previous studies that

acyl-lipid metabolism genes were differentially expressed
between high-oil dicots and low-oil grasses [48]. Hence,
we speculated that the lower oil content of maize embryo
was not caused by gene family contraction but might owe
to the less regulation of lipid- and carbohydrate-related
genes.



Liu et al. BMC Plant Biology (2022) 22:153

Although the ratios of LDEG numbers to total DEG
numbers were similar among three species, their gene
expression patterns and lipid-related pathway enrich-
ment were quite different. Fewer lipid biosynthesis
pathways and more lipid metabolism pathways were reg-
ulated in maize, and lipid metabolism genes were down-
regulated in castor bean and rapeseed but up-regulated
in maize (Fig. 3). Therefore, we concluded that more lipid
biosynthesis genes and fewer lipid metabolism genes
were regulated during lipid accumulation in castor bean
endosperm and rapeseed embryo than in maize embryo,
potentially leading to the differences in seed oil accumu-
lation between these species.

Broadly speaking, lipid biosynthesis in plants involves FA
biosynthesis, TAG assembly, and oil body formation. Genes
involved in TAG assembly and lipid-related transcription
factor genes were minimally regulated in maize embryo,
consistent with the GO enrichment analyses, which indi-
cated that lipid biosynthesis pathways were specifically
enriched only in castor bean and rapeseed (Fig. 4 and Table
S2). Maize is one of the most important food crops and is
increasingly viewed as a potential oil crop because of its
high levels of polyunsaturated fatty acids [57, 58]. GWAS of
368 maize inbred lines showed that DGAT1-2 and WRIla
contributed to the oil biosynthesis in Ilinois high-oil (IHO)
population [51]. Similarly, the comparison between two
contrasting maize genotypes revealed that many vital TAG
biosynthetic genes showed differential expression between
high oil content (HOC) and low oil content (LOC) maize.
GPAT, DGAT, and PDAT genes were up-regulated, but
GPDH was down-regulated in HOC [54]. These findings
were consistent with our conclusion from comparisons
across multiple species, which implied that GPAT, DGAT,
GPDH, PDAT, and WRII genes played vital roles in seed oil
biosynthesis in maize kernels. Furthermore, DGAT gene,
whose protein product catalyzes the last step in TAG for-
mation, has been shown to play a vital role in maize seed
oil biosynthesis. The oil and oleic acid contents increased
by 41% and 107% when the high-oil DGAT1-2 allele was
ectopically expressed in maize kernels [59]. Likewise, het-
erologous expression of fungal DGAT?2 in maize caused a
significant increase in the seed oil content [16]. Thus, we
speculated that a lack of DGAT regulation was very likely
to limit seed oil biosynthesis in maize. Transcription fac-
tors such as LEC1 and WRI1 have been proved to strongly
influence seed oil synthesis in maize. Overexpression of
ZmLECI and ZmWRI1 genes greatly increased the seed
oil content of maize kernels and activated target genes
that participate in lipid biosynthesis [23, 60]. Our research
indicated that LECI was not regulated in maize embryo,
and only one out of five WRII homologs was differentially
expressed in this tissue. Thus, we inferred that the absence
of regulation of lipid-related TFs and TAG assembly genes
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may also limit oil biosynthesis in maize embryo. These
genes are therefore promising targets for the improvement
of maize seed oil content.

Many carbohydrate-related genes were also differen-
tially regulated in maize embryo. It has been reported
that complete or partial glycolytic pathway can provide
pyruvate for oil biosynthesis in non-photosynthetic
plants [61]. Although cytosolic glycolysis is commonly
regarded as the key carbon metabolism pathway in
plants [62], plastidic glycolytic genes such as PK and
PGK have also been shown to play important roles in
carbon fixation, metabolism, and seed oil biosynthesis
in Arabidopsis, rapeseed, and castor bean [28, 63-65].
However, according to our data, most glycolytic genes
(e.g., HXK, PFK, PGK, and PK) were regulated spe-
cifically in the cytosol of maize. Moreover, most genes
that participate in the PPP and the Calvin Cycle, which
could provide substrates and energy for oil biosynthesis,
were not regulated in maize embryo (Fig. 7). Thus, we
speculated that levels of carbohydrates, which provide
substrates for oil biosynthesis, might be limited in the
maize embryo due to the absence of regulation of plas-
tidic glycolytic, the PPP, and the Calvin Cycle genes.

Since copy numbers of lipid-related and carbohydrate-
related genes were the lowest in castor bean among these
species, an interesting question arises: how can castor
bean rapidly accumulate so much lipids in seed? In vascu-
lar plants, sucrose is the main photoassimilate that moves
from sources to sinks for the synthesis of storage com-
pounds, and its metabolism is controlled by two enzymes,
INV and SUSy [66]. In our study, only cytosol INV genes
(which are minimally active in most plants) were differen-
tially regulated in castor bean endosperm, whereas all cas-
tor bean SUSy genes were strongly regulated (Fig. 1b and
7b). These findings suggested that castor bean may prefer
to utilize fructose for carbon fixation and metabolism.
At the same time, lipid biosynthetic genes were highly
expressed in castor bean (Fig. 5b), which might account
in part for its high seed oil content. Besides, we specu-
lated that castor bean may have evolved some new genes
for lipid biosynthesis. This notion is consistent with previ-
ous research on the castor bean genome in which it was
reported to have evolved an oleic acid hydroxylase gene
(FAH) that functions in the biosynthesis of ricinoleic acid
[56]. Therefore, it is probable that new genes have been
evolved to maintain a high and specific flux of carbohy-
drates to TAGs in castor bean seeds, a hypothesis that will
require experimental verification in the future.

Conclusions

Transcriptomic comparisons between maize, castor
bean, and rapeseed shed light on the gene regulation pro-
files of oil biosynthesis in oil storage tissues. The low oil
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content of maize embryo may have several causes: lower
ratio of differentially expressed lipid- and carbohydrate-
related genes; less regulation of lipid biosynthesis genes,
especially TAG assembly genes and lipid-related TFs,
but more regulation of lipid metabolism genes; and the
shortage of substrates and energy for oil biosynthesis due
to a lack of regulation of the PPP, the Calvin Cycle, and
plastidic glycolytic genes. This study provides insight into
molecular mechanisms of seed oil accumulation in maize
and provides multiple potential targets for improving
maize oil production, such as DGAT, WRI1, LECI, PK,
and PGK. These findings improve our understanding of
seed oil biosynthesis at the molecular level and provide
a solid foundation for further studies, helping to draw a
blueprint for the molecular breeding of oilseed crops.

Methods

Plant growth conditions and sampling

The cultivated species of rapeseed (cv. ZS11), castor bean
(cv. Youbi No. 4) and maize (cv. Taiyanghua No. 3) were
used for analyses. All plants were cultivated at the experi-
mental field with nature growth condition at Wuhan,
Hubei, China. Rapeseed seeds were sampled at 15 (S1), 25
(S2), 35 (S3), and 50 (S4) days after flowering, castor bean
seeds were sampled at 10 (S1), 20 (S2), 30 (S3), and 40 (S4)
days after flowering, and maize seeds were sampled at
15 (S1), 20 (S2), 25 (S3), and 30 (S4) days after flowering
according to the seed developmental process of plants. For
each biological sample, developing seeds from four to six
plants were collected and put together to do the analyses.
Embryo of rapeseed and maize, and endosperm of cas-
tor bean at four stages were carefully separated from the
whole seeds for oil content and transcriptome analysis.

Analysis of SOC

The rape embryo, castor bean endosperm, and maize
embryo with six biological replicates (for each biological
sample, developing seeds from four to six plants were col-
lected and put together to do the analyses) were dried at
37 °C to eliminate the moisture effect, since the developing
maize, castor bean, and rapeseed seeds at pre-mature stage
have lot of moisture. The seeds with known oil contents of
each species were used to build the baseline for the meas-
urement and the oil contents were measured using nuclear
magnetic resonance (NMR PQO001; Niumag). The detection
range of seed weight with NMR PQ001 was about 1.0-1.2 g.

RNA extraction and cDNA synthesis

Total RNAs of rapeseed embryo, maize embryo, and
castor bean endosperm were extracted for transcrip-
tome analyses. Plant tissues were grounded with lig-
uid nitrogen and total RNAs were isolated following
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manufacturer’s instructions of the RNA extraction kit
(9769, TaKaRa). RNA concentration was measured using
nanodrop spectrophotometer (Nanodrop Technolo-
gies, Santa Clara, CA, USA) and integrity was evaluated
with the Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA). Subsequently, an Illumina
TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA,
USA) was used to build cDNA libraries.

Transcriptome sequencing and blast searches

Generated cDNA libraries were sent to a HiSeq2500-
PE125 platform (Illumina) to acquire sequence reads. The
obtained raw data was processed with Trimmomatic [67]
to filtered the adaptors and low-quality. Then, filtered
clean reads were searched against the reference genome
of B. napus (ZS11) [68], R. communis [69], and Z. mays
(B73) from MaizeGDB (Assembly version: Zm-B73-REF-
ERENCE-NAMS-5.0), respectively. Gene expression levels
were calculated by fragments per kilobase exon model
per million mapped reads (FPKM) based on the number
of uniquely mapped reads, to eliminate the influence of
different gene lengths and sequencing discrepancies on
the gene expression calculation. To identify DEGs dur-
ing the seed development, S2, S3, and S4 samples were
compared to S1 samples with DESeq2 [70] R package.
The thresholds for significant differential expression were
|log2 (Fold change)|>1 and a corrected p<0.05. p-val-
ues were adjusted using the Benjamini and Hochberg’s
approach [71] for controlling the false discovery rate.

Data analysis

The lipid-related the genes (genes associated with lipid
metabolism and carbohydrate metabolism) which were
used to carry out the genomic comparisons in this study
referred to the published data in Plant Journal [47].

To analyze the copy number variation between maize,
castor bean, and rapeseed, all genes of these three species
were compared to Arabidopsis to find the homologous
genes, and the copy numbers of the lipid-related genes were
calculated in maize, castor bean, and rapeseed, respectively.

Gene expression pattern analyses were conducted with
the STEM software, and the maximum number of model
profiles were set to 50 and the maximum unit changes in
model profiles between time points were set to 2. GO term
enrichments were run on the RStudio loaded with the GO
package, and the false discovery rate was set to 0.05. Venn
diagram analyses were carried out using an online plat-
form (http:// bioinfogp.cnb.csic.es/tools/venny/).

Quantitative real-time PCR (qRT-PCR) analysis
Total RNAs were isolated from the embryos of maize
and rapeseed, endosperm of castor bean at different



Liu et al. BMC Plant Biology (2022) 22:153

developmental stages. ¢cDNA was synthesized with
500 ng total RNA using PrimeScript® RT reagent Kit
With gDNA Eraser (TaKaRa, Tokyo, Japan) according to
manufacturer’s instructions. qRT-PCR was performed
with iTaq Universal SYBR Green Supermix (Bio-Rad,
USA). Gene transcript levels were quantified in triplicate
by real-time PCR with the Applied Biosystems, 7500 Fast
Real-Time PCR System (Thermo Fisher Scientific, USA).
Six biological replicates were analyzed for each sample
and the expression level was normalized to actin genes.
The primer sequences used in this study are given in
Table S3.
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