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Abstract

Background: Prunus pedunculata Pall, the deciduous shrub of Amygdalus subgenus in Rosaceae, is a new kind of
desert oil-bearing tree. It has a long story of being planted in the West and North of China for sand fixation and
desert control. In addition, the seeds of P. pedunculata are rich of oil, especially the monounsaturated fatty acid and
polyunsaturated fatty acid. However, little is known about the molecular mechanisms of oil accumulation during
the seed development of P. pedunculata.

Results: The seeds of P. pedunculata from three independent plants at 10, 18, 24, 31, 39, 45, 59 and 73 days after
flowering (DAF) were obtained and the oil compositions were evaluated. It showed that oleic acid was the
dominant type of oil content in the mature seeds (from 32.724% at 10DAF to 72.06% at 73DAF). Next,
transcriptome sequencing for the developing seeds produced 988.795 million high quality reads and TRINITY
assembled 326,271 genes for the first transcriptome for P. pedunculata. After the assembled transcriptome was
evaluated by BUSCO with 85.9% completeness, we identified 195,342, 109,850 and 121,897 P. pedunculata genes
aligned to NR, GO and KEGG pathway databases, respectively. Then, we predicted 23,229 likely proteins from the
assembled transcriptome and identified 1917 signal peptides and 5512 transmembrane related proteins. In the
developing seeds we detected 91,362 genes (average FPKM > 5) and correlation analysis indicated three possible
development stages – early (10 ~ 24DAF), middle (31 ~ 45DAF) and late (59 ~ 73DAF). We next analyzed the
differentially expressed genes (DEGs) in the developing seeds. Interestingly, compared to 10DAF the number of
DEGs was increased from 4406 in 18DAF to 27,623 in 73DAF. Based on the gene annotation, we identified 753, 33,
8 and 645 DEGs related to the fatty acid biosynthesis, lipid biosynthesis, oil body and transcription factors. Notably,
GPAT, DGD1, LACS2, UBC and RINO were highly expressed at the early development stage, ω6-FAD, SAD, ACP, ACCA
and AHG1 were highly expressed at the middle development stage, and LACS6, DGD1, ACAT1, AGPAT, WSD1, EGY2
and oleosin genes were highly expressed at the late development stage.

Conclusions: This is the first time to study the developing seed transcriptome of P. pedunculata and our findings
will provide a valuable resource for future studies. More importantly, it will improve our understanding of molecular
mechanisms of oil accumulation in P. pedunculata.
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Background
Prunus pedunculata Pall (P. pedunculata), belongs to the
deciduous shrub of Amygdalus subgenus in Rosaceae, is a
new kind of desert oil-bearing tree, which is also known
as wild cherry, almond with stem and hairy cherry [1].
This rare and endangered wild tree species is naturally dis-
tributed in the mountainous and desert areas of arid and
semi-arid areas in the Northwest China. Due to its strong
adaptability, disease and insert resistance, cold and
drought resistance, developed root system and long sur-
vival period, P. pedunculata has a long history of being
planted in the West and North of China for sand fixation
and desert control [2]. In addition, the P. pedunculata
seeds are rich in protein and oil. The monounsaturated
fatty acid and polyunsaturated fatty acid have been re-
ported to be 69.11% and 28.77%, respectively, in the seeds
of P. pedunculata [3]. However, much is unknown about
P. pedunculata and their seeds.
The oil formation process in plants consists of four

steps, including i) fatty acid de novo synthesis, ii) acyl
elongation and editing, iii) triacylglycerol (TAG) assem-
bly and iv) oil drop formation [4]. Several pathways,
genes and proteins have been reported to be involved in
the oil formation process. For example, the synthesis of
fatty acid is localized to plastid while the assembly of
TAG molecule occurs outside the plastid and is associ-
ated with the oil body [5]. The assembly of fatty acids
occur on the ACP (acyl carrier protein) through a cycle
of four reactions which elongate the acyl chain by 2 car-
bons and a total of 7 cycles are required to form the sat-
urated 16 carbon acyl-ACP [6]. The content of fatty acid
subtypes are decided by the activities of FATA (acyl-
ACP thioesterase A), FATB (acyl-ACP thioesterase B),
18:0-ACP desaturase (SAD) and KASII (β-ketoacyl ACP
synthase II) [6]. Although large is unknown about the
transport of free fatty acid products from the plastid, it
is implicated that LACS (long chain acyl-CoA synthe-
tase) on the outer plastid envelope may function in the
formation of acy-CoA, which is the substrate for glycero-
lipid assembly [4]. The esterification of newly synthe-
sized fatty acid to phosphatidylcholine is reported to
occur at the plastid envelop via LPCAT (acyl-CoA:lyso-
phosphatidylcholine acyltransferase) [7]. The assembly of
TAG from G-3-P (glycerol-3-phosphate) involves some
key enzymes, including GPAT (glycerol-3-phosphate
acyltransferase), LPAAT (lysophosphatidic acid acyl-
transferase), PAP (phosphatidic acid phosphatase) and
DGAT (diacylglycerol acyltransferase) [8]. Transcription
factors (TFs) WRI1 (ethylene-responsive transcription
factor WRI1) and LEC1 (nuclear transcription factor Y
subunit B-9) has been reported to control the expression
of more than 15 enzymes (e.g., pyruvate dehydrogenase),
which are required for the synthesis of fatty acid and the
determination of the oil content in plant seeds [9, 10].

Transcriptome sequencing has enabled the identification
of genes involved in the seed development and their associ-
ation with the oil content in plant seeds. Fei utilized the
transcriptome sequencing for the five seed development
stages of Zanthoxylum bungeanum and identified 20 genes
related to the fatty acid synthesis, such as ENR, ECR and
SAD1 [11]. Abdullah performed transcriptome sequencing
for the developing seeds of Camelina sativa and identified
7932 genes involved in the triacylglycerol biosynthesis and
accumulation [12]. Feng assembled the transcriptome for
Eucommia ulmoides and reported 65 genes involved in fatty
acid biosynthesis including FABG (3-oxoacyl-ACP reduc-
tase), KASII and FABI (enoyl-ACP reductase I) [13]. Yang
reported 124 genes (e.g., GmABI3b, GmNFYA, GmFAD2-
1B) potentially affecting the soybean oil content by analyz-
ing the dynamic transcriptome of developing soybean seeds
[14]. Li analyzed the de novo transcriptome of developing
tree peony seeds and identified 388 genes (e.g., SAD, FAD2,
FAD8) that might be involved in de novo fatty acid and
TAG biosynthesis [15]. In addition, Wang identified 211
genes and 35 proteins associated with the fatty acid metab-
olism pathway, 63 genes and 11 proteins associated with
the biosynthesis of unsaturated fatty acids, and 115 genes
and 24 proteins associated with ALA (alpha-linolenic acid)
metabolism in the tree peony seeds [16]. Kim identified 540
unique perilla genes involved in all known pathways of
acyl-lipid metabolism by analyzing the transcriptome of
seeds and leaves of Perilla frutescens [17]. However, little is
known about the gene changes and their association with
fatty acid synthesis during the seed development of P. ped-
unculata seeds.
In the present study, we examined the oil content of seven

fatty acid subtypes in the P. pedunculata seeds at eight de-
veloping stages and performed transcriptome sequencing.
We assembled the transcriptome for P. pedunculata seeds
and annotated them. Then, differentially expressed genes
(DEGs) were identified during the seed development and
they might be related to the fatty acid synthesis. Weighted
gene co-expression network analysis (WGCNA) revealed
key genes for specific time points of the seed development
and quantitative RT-PCR confirmed the expression changes
of key genes involved in the seed development and oil accu-
mulation in P. pedunculata seeds. This is the first time to
study the transcriptome of P. pedunculata seeds and our
study will provide a valuable resource for future studies re-
lated to P. pedunculata. The output of this study will im-
prove our understanding towards the seed development and
provides the molecular basis of oil accumulation in plants.

Results
Dynamic changes of oil content in the developing seeds
of Prunus pedunculata
The seeds of P. pedunculata were obtained from three
plants at 10, 18 24, 31, 39, 45, 59 and 73 DAF. Then,
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using the Gas Chromatograph analysis we evaluated the
oil content (Fig. 1a), including oil, palmitic acid, palmito-
leic acid, stearic acid, oleic acid, linoleic acid and lino-
lenic acid. It is notable that oleic acid was the major
type of oil content and was gradually increased during
the seed development from 32.724% (10DAF) to
72.060% (73DAF). The composition of linoleic acid and
oil peaked at 31 (37.744%) and 59 (52.62%) DAF, re-
spectively. Whereas the oil content remained ~ 50% after
59DAF. The other oil contents including palmitic acid,
palmitoleic acid, stearic acid and linolenic acid were de-
creased during the seed development. This information

provides a basis of understanding the oil content in the
developing seeds of P. pedunculata.

Transcriptome sequencing and de novo assembly
To study the gene changes and explore the molecular
mechanisms in the developing seeds of P. pedunculata,
we employed the transcriptome sequencing for all the
samples mentioned above and three biological replicates
were used. Initially, 988.795 million high quality reads
were produced for the 24 samples (average = 41.20 mil-
lion reads) by the transcriptome sequencing after data
cleaning (Table 1). Then, we randomly selected one

Fig. 1 Oil content in the developing seeds of P. pedunculata and overview of the assembled transcriptome. a Proportions of different oil types in
the developing seeds of P. pedunculata at 10, 18, 24, 31, 39, 45, 59 and 73 DAF. Error bars showing the standard variance are too small to be seen
in the plot. b Evaluation of the assembled transcriptome using BUSCO. S: complete and single-copy BUSCOs; D: complete and duplicated
BUSCOs; F: fragmented BUSCOs; M: missing BUSCOs. c Length distribution of the assembled genes for P. pedunculata seeds. d Number of genes
aligned to different species in NR mapping results. e GO annotation for the assembled genes
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sample from the three replicates for de novo analysis.
TRINITY assembled a total of 402,741 transcripts derived
from 326,271 genes (Table 1). The GC content, N10, N20
and N50 of the assembled transcriptome were calculated
as 40.55%, 2333, 1542, 552, respectively (Table 1). The
total bases assembled for the developing seeds of P. ped-
unculata was 205.66M and CD-HIT identified 198,113
clusters among the assembled transcriptome (Table 1)
[18]. Next, we selected the longest transcripts as the uni-
gene dataset and evaluated the completeness of the assem-
bled unigenes using BUSCO [19]. Figure 1b showed that
the assembled transcriptome had more similarity to
eukaryote sequences, compared to archaea and bacteria
sequences. We identified 219 (85.9%) complete BUSCOs
out of the 255 total BUSCOs, including 189 (74.1%)
complete and single-copy and 30 (11.8%) complete dupli-
cated BUSCOs. Length distribution of the assembled tran-
scriptome showed that 93.83% of the assembled unigenes
were in the length 200 ~ 1000 nt and 533 (0.16%) unigenes
were longer than 4000 nt (Fig. 1c).

Transcriptome annotation
Next, we annotated the assembled seed transcriptome
(326,271 unigenes) of P. pedunculata using multiple
tools and databases. First, the transcriptome was aligned
against the NCBI non-redundant (NR) and we found
that 195,342, unigenes mapped. The NR mapping results
showed that the top two hit species by the assembled
unigenes were Prunus mume (92,253 unigenes) and Pru-
nus persica (69,662 unigenes) (Fig. 1d). Second, we iden-
tified 109,850 unigenes aligned to the Gene Ontology
(GO) database. GO annotation showed that 132,608,
118,239 and 80,695 unigenes were involved in the bio-
logical processes of “cellular process”, “metabolic
process” and “single-organism process”, respectively (Fig.
1e). We also identified 65,847 and 64,407 unigenes re-
lated to “cell” and “cell part”, respectively (Fig. 1e), which
might be related to the fatty acid synthesis. Third, we

annotated the assembled transcriptome using the KEGG
pathway database and found 121,897 unigenes aligned. It
showed that 26,474, 14,804 and 2834 unigenes were in-
volved in the pathways of “metabolic pathways”
(ko01100), “biosynthesis of secondary metabolites”
(ko01110) and “plant hormone signal transduction”
(ko04075), respectively.
Then, Trinotate was used to further annotate the as-

sembled developing seed transcriptome of P. peduncu-
lata. Among the assembled transcriptome RNAMMER
predicted 16 unigenes encoding ribosomal RNAs. Next,
using TransDecoder we predicted 23,229 likely proteins
produced by the assembled transcriptome. We found 18,
002 (77.58%) and 16,120 (69.40%) of the likely proteins
aligned to the UniProt/SwissProt and Pfam databases,
respectively. From the likely proteins, SignalP and
TmHMM identified 1917 signal peptides and 5512
transmembrane related proteins, respectively.

Gene expression profiles and differential expression
analysis
We next aligned the clean reads to the assembled uni-
genes using Bowtie2 and profiled the gene expression
for all samples using the RSEM method [20, 21]. We
used FPKM (fragments per million reads per kilo base
mapped) method to normalize the gene expression and
filtered lowly expressed genes (average FPKM < 5) in
each sample. As a result, for the developing seeds we
identified a total of 91,362 genes, of which 51,363, 50,
238, 51,370, 41,064, 34,168, 39,189, 50,288 and 52,372
distributed in 10DAF, 18DAF, 24DAF, 31DAF, 39DAF,
45DAF, 59DAF and 73DAF, respectively (Fig. 2a). We
next analyzed the correlation between samples using the
gene expression profiles. Figure 2b revealed that the seed
development of P. pedunculata can be divided into three
stages – early (10 ~ 24 DAF), middle (31 ~ 45 DAF) and
late (59 ~ 73 DAF). Interestingly, highly expressed genes
(top 10) of the P. pedunculata developing seeds con-
firmed these three development stages (Fig. 2c). Among
the highly expressed genes, we found genes encoding
proline-rich cell wall proteins specific to early develop-
ing seeds (10DAF and 18 DAF), genes encoding YSL9-
like proteins specific to early developing seeds (10 ~ 24
DAF), and genes encoding legumin proteins specific to
late developing seeds (31 ~ 73 DAF).
Next, we identified DEGs in the developing seeds of P.

pedunculata. Using 10DAF as control, the numbers of
DEGs identified in other samples (Additional file 1) can
be seen in Fig. 2d. It is interesting that the numbers of
DEGs were increased during the seed development, from
4406 DEGs in 18DAF to 27,623 in 73DAF. Notably,
comparison of DEGs in the developing seeds of P. ped-
unculata revealed that 110 up-regulated (Fig. 2e) and
314 down-regulated (Fig. 2f) genes were shared by all

Table 1 Overview of the assembled transcriptome of P.
pedunculata

Category Value

High quality reads 988,795,320

Average reads (high quality) 41,199,805

TRINITY transcripts 402,741

TRINITY genes 326,271

CD-HIT clusters 193,113

GC (%) 40.55

N10 2333

N20 1542

N50 552

Total assembled bases 205,656,558
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the time points compared to 10DAF. Next, we analyzed
the DEGs in the developing seeds compared to the pre-
vious timepoint. Figure 2g showed that the most DEGs
were found in 24DAF vs 18DAF, followed by 73DAF vs
59DAF and 31DAF vs 24DAF. Comparison of DEGs
identified in the developing seeds relative to the previous
timepoint also confirmed that most DEGs identified in
these time points and that no DEGs were identified to
be up-regulated (Fig. 2h) or down-regulated (Fig. 2i)
during the seed development.

Fatty acid related genes
Based on the gene annotation for the developing seeds
transcriptome of P. pedunculata, we identified 1246, 51,

9 and 2490 genes related to the fatty acid biosynthesis,
lipid biosynthesis, oil body and TFs, respectively
(Table 2). During the seed development, we identified
753, 33, 8 and 645 DEGs related to the fatty acid biosyn-
thesis, lipid biosynthesis, oil body and TFs, respectively
(Table 2).

Fatty acid related pathways
In the seed development of P. pedunculata we identified
753 DEGs (Additional file 2) related to 24 fatty acid
pathways/biological processes, including fatty acid me-
tabolism (ko01212), biosynthesis of unsaturated fatty
acids (ko01040), fatty acid biosynthesis (ko00061) and
fatty acid transport (GO:0015908). The numbers of

Fig. 2 Gene expression profiles and differential expression analysis. a Number of genes identified in the P. pedunculata seeds at each developing
stage. b Pearson correlation of the samples based on the gene expression profiles. c Hierarchical cluster analysis of samples based on the gene
expression profiles. d Number of DEGs identified in the developing seeds of P. pedunculata compared to 10DAF. e Comparison of up-regulated
genes in the developing seeds of P. pedunculata compared to 10DAF. (F) Comparison of down-regulated genes in the developing seeds of P.
pedunculata compared to 10DAF. g Number of DEGs identified in the developing seeds of P. pedunculata compared to previous timepoint. h
Comparison of up-regulated genes in the developing seeds of P. pedunculata compared to previous timepoint. i Comparison of down-regulated
genes in the developing seeds of P. pedunculata compared to previous timepoint
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DEGs identified for each pathway/biological process can
be found in Additional file 3 and we used a heat map
(Fig. 3a) to show the expression levels of these 753 genes
during the seed development. Interestingly, the highly
expressed fatty acid related genes varied during the seed
development. Thus, we examined the expression of
DEGs encoding FAD (fatty acid desaturase), SAD6
(stearoyl-[acyl-carrier-protein] 9-desaturase 6), ACP
(acyl carrier protein 1), ACCA (acetyl-coenzyme A carb-
oxylase carboxyl transferase subunit alpha), LACS (long
chain acyl-CoA synthetase), ACAT1 (acetyl-CoA acetyl-
transferase, cytosolic 1), DGD1 (digalactosyldiacylglycerol
synthase 1), GPAT (glycerol-3-phosphate acyltransferase),
AGPAT (1-acyl-sn-glycerol-3-phosphate acyltransferase 1),
AHG1 (Probable protein phosphatase 2C 75) and UBC
(ubiquitin-conjugating enzyme) during the seed develop-
ment. According to their expression patterns during the
seed development, these genes can be divided into three
groups. The first group of DEGs consisted of FAD, SAD6,
ACCA and ACP, which peaked at the middle stage of the
seed development of P. pedunculata (Fig. 3b, c). Interest-
ingly, we found that genes encoding omega-6 FAD peaked
at 39DAF and that the omega-3 FAD gene peaked at
59DAF (left panel of Fig. 3b). The top two highly expressed
genes encoding omega-6 FAD were TR56947|c2_g3 and
TR56947|c2_g12 (right panel of Fig. 3b). The SAD6 was
shown to be detectable between 31DAF and 39DAF

(Fig. 3c) and the ACP (TR40569|c0_g1) peaked at 31DAF
(Fig. 3c). The second group included GPAT, DGD1, LACS
and UBC, which were highly expressed at both early and
late stages of the seed development (Fig. 3d). Interestingly,
we found that LACS2s were highly expressed at early stage
while other LACS (e.g., LACS6, LACS7 and LACS8) were
overexpressed at late stage of the seed development. Like
LACS genes, UBC1/UBC6 and UBC28 were overexpressed
at early and late stages, respectively (Fig. 3d). The third
group include AGPAT and ACAT1 genes, which were
highly expressed at late stage of the seed development (Fig.
3e). The expression of AGPAT and ACAT1 started to be in-
creased at 45DAF and 73DAF, respectively.

Lipid biosynthesis
Among the 55 genes involved in the lipid biosynthesis,
33 genes were differentially expressed during the seed
development of P. pedunculata (Additional file 4). Inter-
estingly, their expression patterns during the seed devel-
opment were similar to G3P, GPAT, LACS and UBC
(Fig. 4a). We found that RINOs (inositol-3-phosphate
synthase) were highly expressed at the early stage and
gene encoding TF-B3 domain-containing protein peaked
at 45DAF (Fig. 4a). While another two groups of DEGs
were highly expressed at the late stage of seed develop-
ment, such as the O-acyltransferase WSD1-like genes,
which peaked at 59DAF, and the EGY2s, which peaked
at 73DAF.

Oil body biosynthesis
There were nine genes involved in the seed oil body bio-
synthesis process (GO:0010344) in the seeds of P. ped-
unculata (Table 2) and we identified 8 of them
differentially expressed during the seed development
(Additional file 5). Interestingly, their expression was
found to be increased after 45DAF and peaked at
59DAF (Fig. 4b). Further, we found that the DEGs en-
coding LEC2 TFs and TF-B3 domain containing protein
were highly expressed at 59DAF and that DEGs encod-
ing oleosins were highly expressed at 73DAF.

Transcription factors
Next, we would like to know the expression changes of
TF genes and their relationship with the oil content dur-
ing the seed development. As shown in Table 2, a total
of 2490 TFs were annotated for P. pedunculata seeds
and 645 were differentially expressed during the seed de-
velopment (Additional file 1). Among them, 126 AP2-
like/ER (ethylene-responsive), 12 AP2, 8 GATA, 26
MADS-box, 42 MYB, 20 NAC, 13 TCP, 15 TGA, 50
WRKY, 78 bHLH, 21 heat stress and 59 nuclear Y sub-
unit TFs were identified (Additional file 1). Notably,
most AP2s were highly expressed at the early stage while

Table 2 Number of genes related to the oil content in the
seeds of P. pedunculata

Comparison Fatty acid Lipid Oil body TFs

Total gene 1246 51 9 2490

Total DEG 753 33 8 645

Compared to 10DAF:

18DAF_vs_10DAF 15:51a 2:0 0:0 20:43

24DAF_vs_10DAF 85:132 1:2 1:0 107:86

31DAF_vs_10DAF 136:176 6:2 3:0 132:121

39DAF_vs_10DAF 168:190 5:7 3:0 140:124

45DAF_vs_10DAF 169:185 10:5 4:0 145:135

59DAF_vs_10DAF 163:205 14:8 4:0 183:92

73DAF_vs_10DAF 175:268 12:8 4:0 207:162

Compared to the previous timepoint:

18DAF_vs_10DAF 15:51 2:0 0:0 20:43

24DAF_vs_18DAF 91:105 0:7 1:0 125:76

31DAF_vs_24DAF 79:93 6:3 3:0 76:72

39DAF_vs_31DAF 26:24 0:4 2:0 31:20

45DAF_vs_39DAF 17:16 7:0 2:0 20:18

59DAF_vs_45DAF 34:90 8:2 3:0 75:42

73DAF_vs_59DAF 52:105 2:6 0:5 54:103
aNumbers at the left and right sides of the colon represent the up-regulated
and down-regulated genes
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Fig. 3 DEGs related to fatty acid pathways. a Hierarchical clustering of the fatty acid pathway associated DEGs identified in the developing seeds
of P. pedunculata. b Heat map for differentially expressed FAD genes in the samples. c Expression levels of SAD, ACP and AHG1 genes in the
developing seeds. d Expression of GPAT, ACCA, DGD1, LACSs and UBC genes in the developing seeds. e Expression patterns of AGPAT and
ACAT1 genes in the developing seeds
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the TGA TFs were highly expressed at the late stages of
the seed development (Fig. 4c). We also found that the
ER TF subtypes may function at different stages of the
seed development (Fig. 4c). For example, AP2/EREBP,
CRF2-like, RAP2, ER may function in the initial stage;
and AP2-like and ABR1-like, ER function at the late
stage of the seed development. Like ER, NAC, WRKY
were overexpressed at early and late stages (Fig. 4c). In
addition, some TF subtypes were found to function dur-
ing the whole process of the seed development, such as
MYB, TCP, GATA, bHLH, heat stress, nuclear TF Y sub-
unit and MADS-box (Fig. 4c). It is notable that MADS-

box – MADS23 and MADS3 peaked at 24DAF while
DAM5 for dormancy associated MADS-box peaked at
59DAF and 73DAF (Fig. 4c). WRKY20 and WRKY49
were found to be overexpressed at 24DAF while genes
encoding WRKY1, WRKY2 and WRKY21 were highly
expressed at late stage of the seed development (Fig. 4c).

Weighted gene co-expression network analysis
To further investigate the association between DEGs and
the oil content in the seeds of P. pedunculata, we per-
formed the weighted gene co-expression network ana-
lysis (WGCNA). As a result, we identified 450, 133, 6,
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Fig. 4 Heat maps of lipid biosynthesis, oil body and TF genes in the developing seeds of P. pedunculata. a Heat map of DEGs involved in the
lipid biosynthesis. b Heat map of DEGs involved in oil body. c Heat maps of differentially expressed TF genes
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Fig. 5 WGCNA and qRT-PCR. a WGCNA analysis identified co-expressed genes associated with the fatty acid biosynthesis. b qRT-PCR validation
for six genes. For each gene the upper and lower panel of plots showed the expression levels (normalized to 10DAF) detected by transcriptome
sequencing and qRT-PCR, respectively
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743 and 103 genes from blue, brown, grey, turquoise
and yellow modules, respectively (Fig. 5a, Add-
itional file 6). It is notable that the blue module genes
were associated with the late stage of seed development

and the oil content in the seeds of P. pedunculata.
Among the blue module genes, 420 were co-expressed
with the oil, such as ACOX1 (acyl-CoA oxidase 1),
ACOX4, LACS6, oleosin, O-acyltransferase WSD1-like
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and various TFs (e.g., AP2-like ER, TGA). Interestingly,
the other fatty acid types, including palmitic acid, palmi-
toleic acid, stearic acid, oleic acid, linoleic acid and lino-
lenic acid, were found to be associated with the
turquoise module genes (Additional file 6), which were
significant at the early stage of the seed development. In
addition, we found that the omega-3 FAD gene was co-
expressed with the oil at 73DAF and that SAD6 genes
were significantly correlated with the omega-6 FAD
genes during the middle seed development stage of P.
pedunculata.

Fatty acid biosynthesis pathway for P. pedunculata seed
To propose a proper pathway involved in the fatty acid
biosynthesis in the developing seeds of P. pedunculata,
we first highlighted the DEGs in the general fatty acid
biosynthesis pathway based on the KEGG pathway anno-
tation (Fig. 6a). It showed that some key genes of the
fatty acid biosynthesis were identified in this study, in-
cluding 6.4.1.2 (acetyl-CoA carboxylase, ACACA),
3.1.2.14 (fatty acyl-ACP thioesterase B, FATB), 3.1.2.21
(medium-chain acyl-[acyl-carrier-protein] hydrolase,
MCH), 1.14.19.2 (acyl-[acyl-carrier-protein] desaturase,
FAB2), 6.2.1.3 (long-chain acyl-CoA synthetase, ACSL),
FabD, FabF, FabH, FabI, FabG and FabZ. Their prod-
ucts are either substrates, intermediates or important en-
zymes. Next, we proposed the working model of fatty
acid synthesis in plastid and endoplasmic reticulum (Fig.
6b). In addition to the DEGs described above, we found
extra important genes related to the fatty acid biosyn-
thesis. For example, PDH (pyruvate dehydrogenase com-
plex), involved in the overall conversion of pyruvate to
acetyl-CoA, was found to be highly expressed in the
seeds of 24DAF and 31DAF (Additional file 1). Some
other genes from this model were also found to be dif-
ferentially expressed in the developing seeds of P. pedun-
culata, such as MAT (malonyl-CoA-acyl carrier protein
transacylase), FATB, DGAT, PAH (phosphatidic acid
phosphohydrolase), CPT (diacylglycerol cholinephospho-
transferase), PLA (phospholipase), AGK (acylglycerol kin-
ase) and GLPK (glycerol kinase). However, some genes
like KASI (ketoacyl-ACP synthase I), KASII (ketoacyl-ACP
synthase II), KASIII (ketoacyl-ACP synthase III), WRI,
LPCAT (lysophosphatidylcholine acyltransferase), SDP
(sugar-dependent protein) and LPAT (acyl-CoA:acylgly-
cerol-3-phosphate acyltransferase) were not detected in
the developing seeds of P. pedunculata. The reason for
their absence requires further experiments to be explored.

qRT-PCR
Then, we performed quantitative real-time PCR to val-
idate the gene expression changes during the seed
development of P. pedunculata. A total of six genes
(TR52836|c2_g6, TR61055|c0_g11, TR61099|c1_g5,

TR61813|c2_g5, TR63042|c1_g1, TR64906|c6_g12)
were randomly selected and the 18S rRNA was used as
the internal control. The primers can be accessed in
the Additional file 7 and nine reactions were per-
formed for every gene at each time point of the seed
development. Relative normalized expression (RNE)
was used to show the expression of all genes in the
samples (relative to 10DAF). As a result, we found that
the expression patterns of all six genes were agreed by
both RNA-Seq and qRT-PCR (Fig. 5b). It is notable
that the high expression of TR61055|c0_g11 (tran-
scription factor TGA2), TR63042|c1_g1 (MYB tran-
scription factor 3) and TR61813|c2_g5 (long chain
acyl-CoA synthetase 6, LACS6) were confirmed by
qRT-PCR at the late seed development stage and the
high expression of TR61099|c1_g5 (fatty acyl-ACP
thioesterase B, FATB) was validated in the early seed
development stage (Fig. 5b). From the sequencing and
qRT-PCR results we found that TR64906|c6_g12 (B3
domain-containing transcription factor LEC2) peaked
at 59DAF. TR52836|c2_g6 (stearoyl-[acyl-carrier-pro-
tein] 9-desaturase 6, SAD6) was found to be highly
expressed at 31DAF by the sequencing and at 39DAF
by qRT-PCR (Fig. 5b) and both time points are defined
as in the middle seed development stage. The high
agreement of gene expression patterns by transcrip-
tome sequencing and qRT-PCR revealed that the
genes identified in this study might be functional in
the development and the oil content of the P. pedun-
culata seeds.

Discussions
Seed oil content is a new important trait of P. peduncu-
lata, however, little is known about the molecular basis
of oil accumulation and genes involved in the oil synthe-
sis in P. pedunculata seeds, probably due to the missing
of its genome sequence. Here, we assembled the tran-
scriptome for P. pedunculata seeds for the first time and
studied the dynamic gene profiles of the seeds at eight
developing points. We examined the content of different
fatty acid types, including oil, palmitic acid, palmitoleic
acid, stearic acid, oleic acid, linoleic acid and linolenic
acid, in the developing seeds of P. pedunculata (Fig. 1a).
The three major fatty acid types were oil, oleic acid and
linoleic acid in the mature seeds of P. pedunculata.
Interestingly, oleic acid was shown to be the highest type
in the P. pedunculata seeds, and the proportion is simi-
lar to camellia and olive oil [22, 23]. The decrease of pal-
mitic acid, palmitoleic acid, stearic acid and linolenic
acid during the seed development might link with the
high expression of LACS2 at the early developing stage
of P. pedunculata seeds (Fig. 1a, Fig. 3d). In Arabidopsis
LACS2 enzyme preferers using palmitic acid and
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palmitoleic acid as substrates to form the cutin or cu-
ticular waxes [24].
According to the gene expression profiles, the seed de-

velopment of P. pedunculata can be divided into three
stages (Fig. 2b, c). We observed that genes encoding
GPAT, DGD1, LACS2, UBC, RINO and multiple TFs
(e.g., AP2/EREBP ER, CRF2-like, RAP2, AP2, NAC, MYB,
MADS-box, WRKY) were highly expressed at the early
stage (10 ~ 24DAF) of the seed development (Fig. 3d,
Fig. 4a, c). GPAT exhibits sn-1 acyltransferase activity
with high specificity of acyl-CoAs, has the potential of
triggering the biosynthesis of storage lipid and plays a
pivotal role in the Kennedy pathway, the de novo assem-
bly of TAG from G-3-P and acyl-CoAs and the glyceroli-
pid biosynthesis [25]. The G-3-P is acylated by GPAT
and LPAT to yield the phosphatidic acid, which is then
hydrolyzed to form diacylglycerol, the final substrate for
TAG via DGAT (diacylglycerol acyltranstransferase)
[17]. The UBC enzymes are essential for the fatty acid β-
oxidation during the early seedling development of oil-
seed plants [26]. The high expression of these genes at
the early development stage might contribute to the ac-
cumulation for the fatty acid biosynthesis in subsequent
processes.
At the middle stage of seed development (31 ~

45DAF), we identified ω6-FAD, SAD, ACP, ACCA,
AHG1 and some TF (e.g., TCP, heat stress, bHLH,
nuclear TF Y subunit) genes highly expressed (Fig. 3,
Fig. 4). ACCA is the first enzyme involved in the
pathway of fatty acid synthesis in plastid and regu-
lates the flux of carbon into fatty acids [4]. Whereas
the assembly of fatty acids usually happens on the
ACP through a cycle of 4 reactions of elongating the
acyl chain by 2 carbons each time [6]. The FAD
genes have been described to correlate the seed devel-
opment and the fatty acid biosynthesis in some oil
plants, including Zanthoxylum bungeanum [11],
Camelina sativa [12], Linum usitatissimum [27],
Eucommia ulmoides [13], Glycine max [14] and Paeo-
nia section [16]. FAD2 and FAD3 in the ER (endo-
plasmic reticulum) catalyze the desaturation of fatty
acids attached to phospatidylcholine (PC) from PC-18:
1 to PC-18:2 (FAD2) and from PC-18:2 to PC-18:3
(FAD3) [28–30]. FAD6 has the potential of introducing the
second double bond in the biosynthesis of 16:3 and 18:3
fatty acids, which are important constituents of plant mem-
brane, and functions on fatty acids esterified to galactolip-
ids, sulfolipids and phosphatidylglycerol through ferredoxin
[31]. It is reported that stearic acid is converted into oleic
acid (highest content in the P. pedunculata seeds) by SAD,
which is one of the regulators for the proportion of fatty
acids in seeds [4]. While AHG is a negative regulator of
abscisic acid responses during the seed germination [32].
The high expression of key regulatory genes during the

middle stage of seed development may indicate the oil stor-
age and the determination of the contents of fatty acids.
Next, we would like to discuss highly expressed genes

identified in the late stage (59 ~ 73DAF) of the seed de-
velopment, such as LACS6, DGD1, ACAT1, AGPAT,
WSD1, EGY2 and oleosin (Fig. 3, Fig. 4). Using palitate,
palmitoleate, oleate and linoleate as substrates, LACS6
has the potential of activating the long chain fatty acids
for both synthesis of cellular lipid and degradation
through beta-oxidation [33, 34]. DGD1 is specific for α-
glycosidic linkages and involved in the synthesis of diac-
ylglycerol galactolipids which are specifically localized in
the thylakoid membranes [35, 36]. The overexpression
of ACAT1, a CoA biosynthetic enzyme, has been shown
to lead the increase of oil content in Arabidopsis [37].
AGPAT is a plastidial enzyme of the prokaryotic gly-
cerol-3-phosphate pathway, which converts the lysopho-
sphatidic acid into phosphatidic acid by incorporating an
acyl moiety at position sn-2 [38]. The o-acyltransferase
WSD1, the major wax ester synthase, has been reported to
be involved in the drought tolerance in plants [39, 40]. In
Camelina seeds the expression of WSD1 was up-regulated
during the early seed development and correlated with the
oil content of the seeds [12]. Oleosin are the major pro-
teins involved in the oil body biogenesis and the
stabilization of TAG/cytosol oil body interface [41]. The
expression of oleosin genes has been shown to be up-
regulated during the seed development in plants, such as
Camelina sativa [12] soybean [14], Paeonia section [15]
and Perilla frutescens [17]. Overall, these genes have been
shown to participate the fatty acid biosynthesis, however,
their functions in the oil accumulation of P. pedunculata
seeds are still not clear. Together with these studies, the
high expression of these genes supports them to play a
key role during the seed development and fatty acid bio-
synthesis in P. pedunculatai.
The fatty acid biosynthesis is a complicated process

that involves many enzymes and molecules. It is the fun-
damental to the production of membranes and lipids in
the plastids of plants [13]. We proposed a proper work-
ing model for the genes involved in the fatty acid biosyn-
thesis for P. pedunculata (Fig. 6b). Some key genes from
the process were identified with differential expression
in the developing seeds of P. pedunculata. However, we
missed some known important regulators that have been
reported to participate in the fatty acid biosynthesis,
such as KASI ~ III [13], WRI1 [9] and LPAT [17]. There
might be some explanations for their absence, including
1) the de novo assembly method or the annotation
method missed these genes; 2) they were not detected
by the transcriptome sequencing; and 3) they were not
expressed in the seeds of P. pedunculata. Future studies
need to be performed to complete the working model of
fatty acid biosynthesis in P. pedunculata. In addition, we
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identified some TFs that might be involved in the fatty
acid biosynthesis of P. pedunculata, however, the regula-
tion mechanism during the oil accumulation is still not
clear. Future experiments are required to investigate
their functions in the fatty acid biosynthesis for P.
pedunculata.

Conclusions
In conclusion, we assembled the first transcriptome for
the developing seeds (eight time points) of P. peduncu-
lata. In total, 402,741 transcripts of 326,271 unigenes
were reported with the GC ratio of 40.55%. Annotation
of the transcriptome showed 109,850 and 121,897 uni-
genes aligned to the GO and KEGG pathway databases,
respectively. We also predicted 23,229 likely proteins
produced by the P. pedunculata seed transcriptome, of
which 1246, 51, 9 and 2.490 related to fatty acid biosyn-
thesis, lipid biosynthesis, oil body and TFs, respectively.
We profiled 91,362 genes expressed more than 5 FPKM
in the developing seeds of P. pedunculata and identified
48,788 DEGs. Compared to 10DAF, the numbers of
DEGs were shown to be increased during the seed devel-
opment, from 4406 in 18DAF to 27,623 in 73DAF. We
found that 753, 33, 8 and 645 DEGs related to the fatty
acid biosynthesis, lipid biosynthesis, oil body and TFs,
respectively. GPAT, DGD1, LACS2, UBC and RINO were
highly expressed at the early seed development (10 ~
24DAF), ω6-FAD, SAD, ACP, ACCA and AHG1 were
highly expressed at the middle seed development (31 ~
45DAF) while LACS6, DGD1, ACAT1, AGPAT, WSD1,
EGY2 and oleosin genes were abundant at the late seed
development. The genes expression changes were con-
firmed by qRT-PCR. This is the first time to study the
transcriptome of P. pedunculata developing seeds and
our findings will provide a valuable resource for future
studies. More importantly, it will improve our under-
standing of the oil accumulation for P. pedunculata.

Methods
Plant material
We selected three six-year-old plants of Prunus pedun-
culata Pall which were planted in the experimental fields
of Inner Mongolia Breeding Center, China. The original
seeds were obtained from the wild place of Baotou,
China (110.066562,41.039184) and maintained in the
Inner Mongolia Seed Museum as Mengbian-1. The days
after flowering (DAF) of fruits were marked with tags to
track the seed development. From 10th April of 2019,
we collected the fruits of Prunus pedunculata at 10, 18,
24, 31, 39, 45, 59 and 73 DAF with three biological repli-
cates (n = 3). Every development stage we collected a
total of ~ 100 seeds at each timepoint and peeled off the
peel and stone. Then, the nucleolus was flash frozen in
liquid nitrogen and stored at − 80 °C until further use.

As the ovules at 0 DAF were hard to collect, we used
seeds at 10 DAF as the control.

Quantitation of oil content
The oil content of P. pedunculata seeds was determined
using the Gas Chromatograph (GC, Agilent 6890 N) ac-
cording to the manufacturer’s protocol, as described
[14]. The CP-Sil 88 (Agilent Technology) and nitrogen
gas were used as the GC column and carrier gas, re-
spectively. The initial temperature was set to 180 °C and
raised to 200 °C at the rate 6 °C/min. After 3 min, the
temperature was then raised to 240 at the rate 10 °C/
min. The samples were ground with grinder at low
temperature and then dried in the vacuum freezing
dryer. Then, powder samples (100 mg) were diluted in
1% heptadecanoic acid (with internal standard) in 2 mL
centrifuge tubes. After 1 mL methylation agent (2.5%, v/
v, H2SO4 in CH3OH) was added to each tube, the sam-
ples were water bathed for the methyl esterification at
85 °C for 1 h. We collected the extractions, centrifuged
them and retained the supernatants, followed by adding
600 μL NaCl (0.9%, w/v) and 350 μL n-hexane later.
Then, the mixture was centrifuged at 4000 RPM for 10
min and the organic phase was air-dried. After 500 μL
ethyl acetate was added to the dried methyl esterification
samples, they were subjected to the GC for oil content
analysis. Compared to the standard, the fatty acids were
examined qualitatively and quantitatively by the peak
area method. The absolute content of fatty acids was de-
termined by the methyl ester standard. This experiment
was replicated three times and average values were cal-
culated for each oil type.

Total RNA extraction, library construction and sequencing
Total RNA was extracted from the nucleolus using the
TRIzol reagent (Invitrogen), as previously described [42].
After the quality and quantity of the total RNA were ex-
amined using the Agilent 2100 Bioanalyzer, equal
amount of total RNA (1 μg) was used for the library
construction at BGI-Shenzhen. In brief, poly(A) mRNAs
were enriched and pulled down by the magnetic oligo
(dT) beads and fragmented into small pieces (~ 200 bp).
Then, random hexamer (N6) primers were used to con-
struct the double strand cDNA libraries. After the end
repair by phosphate at 5′-end and sticky “A” at 3′-end,
the cDNA libraries were ligated with sequencing primers
to build the final RNA-Seq libraries. Next, the final li-
braries were sequenced on the BGISEQ-500 RS platform
with paired-end 150 strategy.

De novo assembly
We used Trim_galore to remove low quality reads, reads
with adapters and contamination reads from the raw
reads. FASTQC (http://www.bioinformatics.babraham.
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ac.uk/projects/fastqc/) was used to evaluate the clean
reads for quality control. Then, clean reads of each time
point were subjected to the TRINITY software for de
novo assembly, as described previously [43]. CD-HIT
was used to evaluate the clusters of the transcripts [18].
Then, we selected the longest transcripts (used as uni-
gene) using the program provided by Trinity and ex-
tracted the likely proteins using TransDecoder. To
evaluate the completeness of the assembled unigenes, we
employed BUSCO to map the unigenes to three datasets,
including archaea, bacteria and eukaryota [19].

Transcription annotation
We first annotated the assembled transcriptome using
Trinotate, according to the protocol [44]. In brief, the
unigenes and likely protiens were aligned against the
UniProt/Sprot using BLASTX and BLASTP, respectively,
with the e-value <1e-3. RNAmmer (v1.2) [45], HMMER
[46], SignalP (v4.1) [47] and TMHMM Server (v.2.0)
[48] were used to predict the rRNA transcripts, protein
domains, signal peptides and transmembrane regions in
the assembled unigenes and likely proteins. Then, all the
annotations were subjected to Trinotate to generate a
report.
Next, we aligned the assembled unigenes to NCBI

non-redundant (NR), UniProt and Kyoto Encyclopedia
of Genes and Genomes (KEGG) databases to obtain the
Gene Ontology (GO) and pathway annotation, as previ-
ously described [43]. After the matched unigenes were
selected (e-value <1e-5), BLAST2GO was used to re-
trieve associated GO items describing biological process
(BP), cellular component (CC) and molecular function
(MF). Unigenes with enzyme commission number (EC)
were obtained and searched in the KEGG metabolic
pathway database. The KEGG pathway annotation (re-
lease 90.0) for the assembled transcriptome was per-
formed at BGI-Shenzhen [49].

Gene expression profiles and differential expression
analysis
We used Bowtie2 [20, 50] and RSEM (RNA-Seq by
Expectation-Maximization) [21] to align the clean reads
to the assembled unigenes and profile gene expression,
respectively, for each sample. FPKM (fragments per mil-
lion reads per kilo base mapped) method was used for
normalization and average FPKM of each gene were cal-
culated for each time point. After lowly expressed genes
(average FPKM < 5) were filtered, we performed differ-
ential expression analysis using edgeR with following
cut-offs: log2 fold change (log2FC) > 1 or < − 1, coeffi-
cient of variation (CV) < 0.7, p-value < 0.5 and false dis-
covery rate (FDR) < 0.1 [50].

Functional analysis
We performed functional analysis for the differentially
expressed genes using the GO and KEGG pathway an-
notation results. To identify significantly enriched GO
terms and pathways, we first calculated the p-value using
the Fisher’s Exact Test to present the enrichment signifi-
cance and calculated the corrected p-value (shown as q-
value) using the qvalue package in R platform. Signifi-
cantly enriched GO terms and KEGG pathways were se-
lected as follows: q-value < 0.05 and non-plant associated
terms/pathways were filtered.

qRT-PCR
We performed quantitative real-time PCR (qRT-PCR) to
validate the gene expression changes during the seed de-
velopment of Prunus pedunculata. We randomly se-
lected six genes (TR52836|c2_g6, TR61055|c0_g11,
TR61099|c1_g5, TR61813|c2_g5, TR63042|c1_g1,
TR64906|c6_g12) and used the 18S rRNA as the internal
control. Forward and reverse primers were predicted for
the candidate genes and control using the Beacon De-
signer 7.9. After the total RNA was extracted from the
seeds at all eight time points (as described above), an ali-
quot (2 mg) of the total RNA was used for the first-
strand cDNA synthesis using the TRUEScript First-
Strand cDNA Synthesis kit (Aidlab Biotech, Beijing,
China). Then, the cDNA (1 μL) was used to build the
qRT-PCR reaction mixture (10 μL) together with 2 ×
SYBR Green Supermix (5 μL, DBI, China), forward pri-
mer (0.5 μL), reverse primer (0.5 μL) and ddH2O (3 μL).
The qPCR mixture was run on the qTOWER 2.2 qRT-
PCR Thermal Cyclers (Analytik Jena, Germany) follow-
ing the protocols. Then, Ct value of each gene in each
sample was obtained and ΔCt was calculated. The
10DAF samples were used as control and the expression
levels of all genes in the other samples were calculated
present using the relative normalized expression: RNE =
2−ΔΔCt. Three reactions were performed for each gene in
every single replicate, thus we obtained nine replicates
(n = 9) for each gene at each timepoint.
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