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ARTICLE INFO ABSTRACT

Torreya grandis (T. grandis) is an important economic tree species because of the high content of unsaturated fatty
acids in its kernel oil. However, different T. grandis landraces vary significantly in their fatty acid and oil con-
Lipid tents, and their molecular regulatory mechanisms remain unclear. To investigate the molecular basis of the fatty
Oil biosynthesis ) acid biosynthesis pathway and oil body formation in T. grandis kernels, transcriptome sequencing were per-
?:;Esi%::::med proteins formed based on the Illumina platform in ten different T. grandis landraces. In total, 112,699 unigenes were

identified, among them, 175 unigenes related to lipid biosynthesis were found, including 126 unigenes for fatty
acid biosynthesis, 37 unigenes for triacylglycerol assembly and 12 unigenes for oil body proteins. The correlation
analysis between the oil content and the expression levels of unigenes suggested that biotin carboxylase, acyl-
ACP thioesterase A and lysophosphatidic acid acyltransferase may play key roles in oil accumulation. Three
candidate genes (T§OLEO1, TgCLO1 and TgSLO1) encoding oil body-associated proteins were further identified
through phylogenetic analysis and amino acid sequence alignment. Further subcellular localization assay in-
dicated that all of the proteins were localized in both of endoplasmic reticulum and oil body. Compared with
wild type, oil body proteins transiently over-expressed tobacco leaves had a higher abundance of oil bodies.
Furthermore, the candidate regulatory genes (including TgWRI1, TgFUS3, etc.) that may be involved in the
regulation of lipid biosynthesis were also identified. This study will be critical for the molecular assisted
screening and breeding of high content of oil and unsaturated fatty acids cultivars for T. grandis.
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et al., 2009). Vegetable oils, as an important source of edible oils and
industrial materials, play vital roles in human life.

1. Introduction

Vegetable oils are synthesized during seed development in oilseed
plants and are stored in the form of triacylglycerol (TAG) (Baud et al.,
2008). TAGs are involved in diverse physiological processes and mul-
tiple metabolic reactions in plants (Xu and Shanklin, 2016). For ex-
ample, they afford the major energy for seedling development after
germination, produce carbohydrates during seed germination and the
early development of seedling and are critical for normal growth in
plants (Penfield et al., 2004; Theodoulou and Eastmond, 2012; Zhang

In higher plants, TAGs are synthesized from glycerol-3-phosphate
(G3P) and fatty acids (FAs). The synthesis of FA first occurs in plastid by
a set of reactions, including condensation, reduction and dehydration
with the participation of FA synthases (Xu and Shanklin, 2016). The FA
synthases including acetyl-CoA carboxylase (ACCase), 3-ketoacyl-ACP
synthase (KAS), 3-ketoacyl-ACP reductase (KAR), 3-hydroxyacyl-ACP
dehydratase (HAD) and enoyl-ACP reductase (ENR), acyl-ACP thioes-
terases (FATA and FATB), and acyl-CoA sythetase (LACS). After that,

Abbreviations: DAG, diacylglycerol; TAGs, triacylglycerols; ACCase, acetyl-CoA carboxylase; ACP, acyl-carrier protein; KAS, 3-ketoacyl-ACP synthase; KAR, 3-
ketoacyl-ACP reductase; HAD, 3-hydroxyacyl-ACP dehydratase; ENR, enoyl-ACP reductase; FAT, acyl-ACP thioesterases; LACS, acyl-CoA sythetase; G3P, glycerol-3-
phosphate; GPAT, glycerol-3-phosphate acyltransferase; LPAT, lysophosphatidic acid acyltransferase; PAP, phosphatidic acid phosphatase; DGAT, diacylglycerol
acyltransferase; PDAT, diacylglycerol acyltransferase; FAME, fatty acid methyl esters; FPKM, the fragments per kilobase per million fragments; DAF, days after

flowering; LEC1, LEAFY COTYLEDON1; WRI1, WRINKLED1; FUS3, FUSCA3
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the nascent FAs were transferred to the endoplasmic reticulum (ER)
from plastid for assembling TAG with glycerol-3-phosphate acyl-
transferase (GPAT), lysophosphatidic acid acyltransferase (LPAT), dia-
cylglycerol acyltransferase (DGAT), and the phospholipid: diacylgly-
cerol acyltransferase (PDAT) (Bates et al., 2013; Furmanek et al., 2014).
During the final progress, some major oil body-associated proteins were
bond to TAG to form oil bodies.

In mature seeds, TAG can be stored as oil bodies which are bounded
by phospholipids implanted with some intrinsic proteins including
oleosin, caleosin and steroleosin (Lin and Tzen, 2004). Oleosin is an
alkaline protein that specifically bind to oil bodies, and is found ubi-
quitously in seeds (Siloto et al., 2006; Ischebeck, 2016). Amino acid
sequence comparison revealed that the central hydrophobic domains of
different oleosins are highly conserved (Pasaribu et al., 2017), parti-
cularly in a distinct 12-amino acid hydrophilic region named the Pro-
line knot. The facilitation of targeting oleosins to oil bodies is drived by
the Proline knot (Chen and Tzen, 2001). Studies showed that oleosins
are vital for providing stability to discrete oil-bodies during seed de-
siccation, preventing fusion of oil bodies and maintaining seed germi-
nation (Miquel et al., 2014; Shimada and Hara-Nishlmura, 2010). Ca-
leosin is a protein involved in lipid mobilization. Caleosin contains
three structural regions: an N-terminal hydrophilic calcium (Ca**)-
binding region, a central hydrophilic anchoring motif, and a C-terminal
hydrophilic motif contains a few phosphorylation sites (Chen et al.,
1999; Nested et al., 2000). Steroleosin consists of an N-terminal lipid
anchoring domain and a dissolvable sterol-binding dehydrogenase
motif which is related to signal transduction (Li-Jen et al., 2002). In
addition, steroleosin was also demonstrated to possess the functions in
the formation or degradation of seed oil bodies (Lin and Tzen, 2004).

Although genes involved in oil accumulation have been widely
cloned and well characterized in many species, the operating manners
of these genes showed some differences, especially with the four acyl-
transferases, GPAT, LPAT, DGAT and PDAT, involved in TAG assembly.
It has been identified that Arabidopsis GPAT9 are responsible for the
synthesis of plant membrane lipid and TAG, which located in ER
(Shockey et al., 2016). In transgenic Arabidopsis and Brassica napus,
overexpression of LPAT genes could increase oil content (Rao and
Hildebrand, 2009). Studies also showed that DGAT plays a dominant
role on TAG accumulation in many oilseeds (Meng et al., 2009; Shiu-
Cheung and Weselake, 2006). For example, it was shown that a phe-
nylalanine insertion in DGAT is responsible for the increased oil and
oleic acid contents in maize (Zea mays L.) (Zheng et al., 2008). How-
ever, it was found that PDAT shows significant higher activity in syn-
thesizing unsaturated FAs in safflower and linseed though its con-
tribution has not been established (Banas et al., 2013; Pan et al., 2013).
These results reveal that the key genes limiting the oil biosynthesis
varied in different species.

Furthermore, several transcription factors (TFs) like LEAFY COTY-
LEDON1 (LEC1), WRINKLED1(WRI1), FUSCA3 (FUS3) and ABSCISIC
ACID3 (ABI3) are reported to be involved in regulating seed develop-
ment (Wang et al., 2007). Overexpression of LEC1 could increase oil
content and the expression levels of genes concerned with FA bio-
synthesis in Arabidopsis (Jinye et al., 2008). Overexpression of LEC1 and
a LEC1 downstream TF, WRI1, leading to a significant increase of the oil
content in maize seeds (Bo et al., 2010). When up-regulating the ex-
pression of FUS3, the expression level of genes involved in TAG as-
sembly is higher than that involved in FA biosynthesis (Zhang et al.,
2016). These studies illustrated that TFs play very important roles in
regulating oil accumulation in plant.

T. grandis, which belongs to the gymnospermous yew family
(Taxaceae), is a large, evergreen economic species, normally cultivated
in southeast China (Dong et al., 2014). As one of the rare nuts in China,
the kernels of T. grandis not only contain high nutritional values and
special flavour, but also have multiple biological functions including
anti-oxidative, antitussive, anti-inflammatory, antifungal, antibacterial
and antitumor activities (Chen et al., 2006; Dong et al., 2014). Due to
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the environmental impact and cultivation management, T. grandis has
developed into different cultivars and characters, thus, it displays di-
verse qualities (Wu et al., 2018). T. grandis is well known for their
exceptionally high oil content (approximately up to 50 % dry mass at
the mature stage). However, different landraces vary considerably in
their oil content and FA composition and the molecular regulatory
mechanisms of the oil biosynthesis are still unclear. Thus, the molecular
basis for the regulatory mechanisms of the high levels of oil biosynth-
esis, including identification of oil biosynthesis pathway and prediction
of the key genes in the pathway, needs to be excavated primarily.

Here, a quantitative comparative transcriptome analysis of T.
grandis kernels from ten different landraces were performed, the genes
involved in lipid biosynthesis pathway were identified and the key
genes regulating the oil accumulation were detected. In addition, three
candidate oil body-associated proteins in TAG assembly were also
identified. Furthermore, the subcellular localization of these proteins
were carried out to illustrate where they function. The results will
provide novel insights into the regulatory mechanisms of high levels of
oil accumulation in T. grandis, which will be helpful to develop high oil
contents genotypes.

2. Materials and methods
2.1. Plant materials

Samples were taken from ten T. grandis landraces (named as C06,
RO8, R20, R24, S18, X05, X08, X18, Z07 and Z11, respectively) in early
September 2016, which were distributed in different places (listed in
Additional file 1). Kernels were gathered at the mature stage, with other
parts of the seeds removed. After that, the kernels were flash-frozen in
liquid nitrogen and then stored at —80 °C for further analysis.

2.2. Oil extraction and lipid analysis

The kernels of T. grandis were dried to a constant weight at 60 °C.
Total oil was extracted from 10 g of dried powder at 45 °C for 12 h with
petroleum ether as a solvent in a Soxhlet apparatus. The oil contents
were calculated as a percent of dry sample. Fatty acid methyl esters
(FAME) were obtained using the method provided by Wu et al. with
some modifications and analyzed by using a gas chromatograph
(Thermo Scientific TRACE-1300, Italy) (Wu et al., 2018). The relative
content of each fatty acid was determined by the retention time of the
fatty acid methyl ester gas phase standard (Sigma). For each sample, the
oil content and lipid analysis were performed with three biological
replicates under a completely random experimental design.

2.3. RNA extraction, cDNA library construction and Illumina RNA
sequencing

Total RNA was extracted from the ten T. grandis kernels by the RNA
extraction Kit (TIANGEN, DP441) with an additional DNase I
(TIANGEN) to digest any genomic DNA contamination. The purified
RNA concentration was examined using a NanoDrop ND-1000 spec-
trophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA).
The NEBNext®Ultra™ RNA Library Prep Kit was used to generate cDNA
libraries. The library quality was evaluated by the Agilent Bioanalyzer
2100 system. Paired-end sequencing was carried out for each library
using a HiSeq PE Cluster Kit v4 cBot (Illumina, San Diego, CA, USA).
Sequencing was conducted by an Illumina HiSeq™ 4000 paired-end
sequencing system.

2.4. Sequence data assembly and annotation
To obtain high quality data, in-house perl scripts was applied to

process the Raw data in FASTQ format. In this step, adapters of se-
quences were cut and the low quality reads with =5 uncertain bases or
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Fig. 1. The oil content and fatty acid composition of different T. grandis, Bars topped by the same letter were not significantly different according to one-way ANOVA
(P value). Significant differences were determined using Duncan's new multiple range test at P = 0.05. (A) The oil content of kernels in different T. grandis. (B) Gas
chromatograms of main fatty acids standards. (C) Main fatty acid compositions of different T. grandis.

with over 50 % of Qphred < = 20 bases were removed from the raw
data. Meanwhile, the clean data containing Q20, Q30, GC-content, and
sequence duplication levels were calculated, providing a basis for all
the downstream analyses. All clean reads from ten T. grandis landraces
were put together for transcripts assembly using Trinity 2.0 (Grabherr
et al., 2011). Functional annotation of genes was based on the tran-
scripts with the comparison against the following public protein data-
bases: NCBI non-redundant protein (Nr) database; NCBI non-redundant
nucleotide sequences (Nt); SwissProt database; Clusters of Orthologous
Groups of proteins (COG), the Kyoto Encyclopedia of Genes and Gen-
omes (KEGG), and Gene Ontology (GO).

2.5. RNA-Seq data analysis

The transcript abundances of each gene were calculated by the
fragments per kilobase per million fragments (FPKM) method
(Mortazavi et al., 2008). The significance of gene expression difference
was judged with ‘|log,FPKM ratio| = 1 and FDR (false discovery rate)
< 0.001’ as the threshold (Benjamini et al., 2001). GO (Gene Ontology)
enrichment analysis of the unigenes was performed using GOseq R
packages based on the Wallenius noncentral hyper-geometric distribu-
tion (Young et al., 2010). GO was used to classify unigenes based on
molecular function, biological processes and cellular components for
kernels (Conesa and Gotz, 2008).

2.6. qRT-PCR analysis

qRT-PCR was performed to identity the expression patterns of
candidate genes in the kernels of ten different T. grandis landraces or
different development stages of X08 landrace. cDNA was synthesized
from total RNA using the PrimeScript™RT Master Mix (Takara). Diluted
c¢DNA was amplified with specific primers (listed in Additional file 2)
and reacted with ChamQ SYBR qPCR Master Mix (Vazyme) on a C1000
Touch™ Thermal Cycler (Bio-Rad) by the following condition: 45 cycles
of 95 °C for 10 s, 57 °C for 10 s and 72 °C for 20 s. Each sample was
normalized using Actin as internal control, and the formula 2~ AACP
was uesd to calculate the results. Three biological replicates were per-
formed.

2.7. Microscopy

After cloning the full-length ¢cDNA (without stop codon) from the
kernel of X08 landrace, the binary vector 35S ::GFP (modified from
pCAMBIA1300) was applied for recombination. The recombinant
plasmids were subsequently transformed into Agrobacterium tumefaciens
strain GV3101 and transiently expressed in tobacco (N. benthamiana)
leaves. Oil bodies were stained with 2 pg/mL Nile Red (Sigma-Aldrich)
in 50 mM PIPES buffer (pH 7.0) for 20 min. After then, the samples
were washed three times (10 min each time) using 50 mM PIPES buffer
immediately (Gidda et al., 2016). Fluorescence was observed via con-
focal laser scanning microscopy (LSM510: Karl Zeiss).
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2.8. Statistical and sequence analyses

The data of the experiment were collected and analyzed using the
statistical analysis systems software (SPSS, version 21.0). Pearson’s
correlation coefficient (r) was applied to calculate the data correlations,
and significant differences were applied using Duncan’s new multiple
range test at P = 0.05. For phylogenetic analysis, the unrooted phy-
logenetic tree was constructed using MEGA 7.0 with the neighbor
joining method and bootstrap values from 1000 replicates were in-
dicated at each branch (Tamura et al., 2011). Amino acid sequence
comparison was analyzed by DNAMAN 8.0.

3. Results

3.1. The oil content and fatty acid composition of mature kernels in
different T. grandis landraces

The oil content and fatty acid composition were examined in T.
grandis kernels from ten landraces. Comparing to C06 (14.27 %) and
R20 (11.15 %), the oil content are much higher in S18, X18, Z07, R08,
R24, X05, X08 and Z11, up to 22.49 %, 26.50 %, 31.42 %, 39.29 %,
40.27 %, 36.54 %, 43.58 % and 51.16 %, respectively (Fig. 1A). This
result indicates that the oil content in mature kernels among the dif-
ferent landraces were varied and abundant.

The fatty acid composition was identified by gas chromatography,
with the retention time of authentic standards already preserved
(Fig. 1B). There were seven dominant fatty acids in T. grandis, which
were palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1 A,
linoleic acid (C18:2/A\%'?), linolenic acid (C18:3A*'%1%), eicosadie-
noic acid (C20:2A\''*) and sciadonic acid (C20:3/\>11,14). The ac-
cumulation of these main fatty acids was also various in different
landraces. The most abundant fatty acids in these landraces were oleic
acid and linoleic acid (Fig. 1C). In contrast with other samples, the
content of linoleic acid in R20, X18 and Z11 was less than that of oleic
acid. The results indicated that the oleic and linoleic acid content
showed a reversible conversion, which appeared to be one decreased
while the other increased. Interestingly, the content of linoleic acid and
sciadonic acid exhibited similar trends in different landraces (Fig. 1C;
Additional file 3), which suggested that linoleic acid and sciadonic acid
may be co-regulated in T. grandis.

3.2. Transcriptome sequencing, similarity analysis, and functional
annotation

Based on RNA-Seq sequencing, the statistical summary of the ten
samples were measured. The low-quality reads, adapter reads and se-
quences containing N ratios higher than 10 % were filtered out firstly.
Then, an average number of 62.76 million clean reads were generated.
The total number of clean nucleotides sequences per sample was 7.4 G
or more. The average GC content were 46.24 % and the Q20 and Q30
values were greater than 96.84 % and 91.95 %, respectively, indicating
that our transcriptome data was reliable and of high quality (Additional
file 4). Subsequently, 112,699 unigenes were producted from these
high-quality reads.

The transcripts were annotated by BLASTing against the Nr, Nt,
SwissProt, COG, GO and KEGG databases with an E-value threshold of
107>, The overall functional annotation was shown in Additional file 5.
Results showed that there are 87,172, 11,511, 62,107, 37,477, 53,937,
and 44,339 unigenes were annotated by BLASTing against the Nr, Nt,
SwissProt, COG, GO, and KEGG databases, respectively. In order to
investigate the differentially expressed genes (DEGs) among ten T.
grandis landraces, expression level of the unigenes was compared with
one of the landraces, C06, and the number of up-regulated and down-
regulated genes was counted. Finally, over 8030 DEGs were identified
with more than 3047 upregulated and more than 3387 downregulated
unigenes (Fig. 2). In order to further explore the functions of DEGs, GO
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enrichment analysis was performed. Among the down-regulated uni-
genes, 239 genes were categorized to the biological process, 132 and 90
were categorized to the molecular function and the cellular component,
respectively (Fig. 3A). Among the up-regulated unigenes, the corre-
sponding genes of the biological process, the molecular function and
the cellular component were 47, 61 and 23, respectively (Fig. 3B).

3.3. Identification of genes involved in lipid biosynthesis from different T.
grandis

Although previous studies have identified the lipid biosynthesis
pathway in other plant species (Li-Beisson et al., 2013), the oil body
formation pathway and how the lipid biosynthesis pathway genes in-
volves in regulating oil accumulation in T. grandis are still unclear.
Moreover, limited number of studies have exemplified how the tran-
scription of genes in the pathway is coordinated during oil accumula-
tion. Therefore, the lipid biosynthesis pathway including oil body for-
mation pathway were identified based on previous studies and the
transcriptome data in this study (Fig. 4), and the roles of the pathway
genes in oil accumulation in T. grandis were further analyzed. In total,
175 unigenes related to lipid biosynthesis, including 126 responsible for
FAs biosynthesis, 37 for TAG assembly and 12 for oil bodies, were
identified. The FPKM value of each unigene in the ten landraces was
shown in the form of heatmap (Fig. 4).

The initial process involved in FAs biosynthesis in plastids is com-
plex. Researchers have reported that genes related to fatty acid synth-
esis were expressed the highest at 120 days after flowering (DAF) in the
embryo of pecan (Carya illinoinensis) (Huang et al., 2017), which in-
dicated that the expression levels of genes responsible for the nascent
FAs are highly related to the developmental stages of seeds. In this
study, although there was no significant correlation between those gene
expressions and oil contents in different landraces, some notable clues
concerned with the composition of fatty acids were inferred. According
to the correlation analysis between the content of the main fatty acids
and the FPKMs of candidate genes involved in FA biosynthesis of the
ten landraces, 2 unigenes (BRD_TGR20275, TR56397-c0.g1_i1) of PDH
are significantly and negatively correlated with oleic acid (r = —0.734)
and eicosadienoic acid (r = —0.760), respectively (Additional file 6).
The unigenes of biotin carboxylase (BC) which belongs to ACCase
showed high relations to several main fatty acids, with 1, 3 and 6
unigenes significantly correlated with palmitic acid, oleic acid and li-
noleic acid, respectively. Besides, only the unigene, BRD_TGR42355,
exhibited an extremely significant correlation with linolenic acid (r =
0.801), while another unigene, BRD TGR23527, had an independent
correlation with the total oil content (r = 0.636) (Additional file 6).
These results imply that the BC genes play key roles in fatty acid bio-
synthesis. Interestingly, It was found that 1 unigene (BRD_TGR51105)
of FATA displayed a remarkably correlation with oleic acid (18:1) (r =
0.797) (Additional file 6), consistent with previous result that FATA is
broadly accepted to hydrolyze 18:1-ACP (Moreno-Pérez et al., 2012).

In ER, apparently most unigenes of LPAT were highly correlated to
unsaturated fatty acids, especially to oleic acid (18:1), eicosadienoic
acid (20:2) and sciadonic acid (20:3) (Additional file 6), which means
LPAT may be an important enzyme for improving the synthesis of un-
saturated fatty acids. To further determine which genes exert the most
important role in oil accumulation, correlation analysis between the
expression levels of the unigenes of LPAT, GPAT, PDAT, and DGAT and
total oil contents in the ten landraces was conducted. The result showed
that the unigenes of PDAT, BRD_TGR47946 and BRD_TGR65782, were
highly and positively correlated with oil contents (Additional file 6).
This result is consistent with previous research in safflower and linseed
(Banas et al., 2013; Pan et al., 2013), implying that PDAT has a great
contribution to the oil synthesis in T. grandis.
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3.4. Characterization of candidate genes encoding proteins related to oil
bodies

In mature seeds, oil is present mainly in the form of oil bodies,
which are stable due to the functions of steric hindrance and electro-
negative repulsion supplied by their integral proteins (Jiang et al.,
2009). Thus, it is necessary to identify the candidate proteins involved
in oil body in T. grandis. From the sequences of the transcripts, 6, 3 and
3 unigenes which encoded oleosin, caleosin and steroleosin were se-
lected, respectively. Phylogenetic analysis was carried out to char-
acterize the evolutionary relationships of those oil body-associated
proteins from T. grandis and other known species. As shown in
Fig. 5A-C, a unigene of oleosin (TR15587|c0.g1_i1, named as TgOLEO1)
in T. grandis had high homology with Pine G (pine oleosin presented in
gymnosperm) and Pine pollen, while two unigenes of caleosin
(TR23028|c0.g1.i1 and TR32279|c1 gl il, named as TgCLOl and
TgCLO2, respectively) and two unigenes of steroleosin
(TR32219|c0.g1.i1 and TR15874|c0.gl.il, named as TgSLOI and
TgSLO2, respectively) had high homology with that of Pine and Pinus
massoniana, respectively. Besides, the correlation analysis between oil
contents and the expression levels of the unigenes for these proteins in
five developmental stages of T. grandis from X08 revealed that both of
TgOLEO1 and TgCLO1 were significantly correlated with oil contents
(Additional file 7). Furthermore, the alignment analysis of amino acid
sequence was also conducted between TgOLEO1, TgCLO1 and TgSLO1,
and their homologs in other plants, respectively. As expected, the result
showed that the domain of TgOLEO1 were highly homologous with
other oleosins, and possesses the conserved motif known as Proline knot
(Fig. 5D); The position was also found in TgCLO1, along with a Ca®™-
binding region and four phosphorylation sites (one tyrosine kinase and
three casein kinase II phosphorylation sites) (Fig. 5E); Three structural
regions: Membrane anchoring, NADPH binding, and Sterol binding
regions in TgSLOI were proposed after comprising with other plants

(Fig. 5F). These results suggested that TgOLEO1, TgCLO1 and TgSLO1
are probably the candidate genes encoding the proteins involved in oil
bodies.

3.5. Subcellular localization of oil body-associated proteins

To further investigate where those oil body-associated proteins
function, the three candidate proteins, T¢OLEO1, TgCLO1 and TgSLO1
were selected to observe their localization. Thus, the coding sequences
of those proteins were fused to the C-terminus of GFP driven by the
CaMV35S promoter. The fusion constructs then transiently expressed
into tobacco (N. benthamiana) leaves. As shown in Fig. 6, each of
TgOLEO1, TgCLO1 and TgSLO1 was co-localized to both the ER marker
and Nile red-strained oil body. This indicating that oleosin, caleosin and
steroleosin represent bona fide proteins in lipid mobilization from ER to
oil bodies. Most importantly, comparing with the controls, there was a
higher abundance oil bodies in all the oil body proteins transiently
over-expressed tobacco leaves. Notably, the TgSLO1-transgeneic leaves
had a significant larger size of oil bodies.

3.6. Identification of regulatory genes potentially involved in oil biosynthesis

Due to the biological value and potential economic importance of
vegetable oil, the regulation of oil accumulation has been widely stu-
died to increase the oil yield in plants. Some TFs, such as LECI1, WRI1,
FUS3 and ABI3, involved in plant oil metabolism has been identified
from several species. In our transcriptomic data in T. grandis, 4 unigenes
for WRI1 and 1 unigene for FUS3 were detected. The transcripts for
LEC1 and ABI3 were not detected in any T. grandis landrace, suggesting
the lipid biosynthesis is not regulated by LECI1 and ABI3 in mature
kernels of T. grandis. However, some unigenes for ABI3 interacting
proteins that may be involved in lipid biosynthesis were identified. To
further investigate the correlation between the expression level of the
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Fig. 5. Phylogenetic analysis and amino acid sequence alignment of oil body related proteins from T. grandis and other plants. The accession numbers of the
sequences used for phylogenetic analysis (A-C) are as follows: Pine G (KJ415242), Atol2 (Arabidopsis thaliana 7Z54164.1), Rice L (U43930) and Sesame H (AF302807).
Pine Seed(KJ415240.1), AtClo3 (Arabidopsis thaliana At2g33380), BnCLol (Brassica napus AAY40837.1), Rice(X89891.1), Sesame (AF109921.1). Pinus massoniana
(KT731102.1), SLO1-1 (Brassica napus EU678274), Arab A (Arabidopsis thaliana BAA96983.1), Sesamum indicum (AF302806) and Zea mays (NM_001159142). (D)
Alignment of the deduced amino acid sequences of TgOLEO1 with Pine G (KJ415242), Atol2 (Arabidopsis thaliana 7Z54164.1) Rice L (U43930) and Sesame H
(AF302807) amino acid sequences. The position of the proline-knot motif is indicated on top of the sequences. (E) Alignment of the deduced amino acid sequences of
TgCLO1 with Pine Seed(KJ415240.1), AtClo3 (Arabidopsis thaliana At2g33380), BnCLol (Brassica napus AAY40837.1), Rice(X89891.1) and Sesame (AF109921.1)
amino acid sequences. The positions of a calcium-binding motif, a proline-knot motif and four phosporylation sites (one tyrosine kinase and three casein kinase II
phosphorylation sites) are indicated on tops of their sequences. (F) Alignment of the deduced amino acid sequences of TgSLO1 with Pinus massoniana (KT731102.1),
SLO1-1 (Brassica napus EU678274), Arab A (Arabidopsis thaliana BAA96983.1), Sesamum indicum (AF302806) and Zea mays (NM_001159142) amino acid sequences.

The proposed structural regions (membrane anchoring, NADPH binding, and sterol binding) are indicated on the tops of the sequences.

transcripts for WRI1, FUS3, and ABI3 interacting proteins and the ex-
pression level of the transcripts for lipid biosynthesis pathway enzymes,
Pearson’s correlations were calculated (Fig. 7). The results showed that
the ABI3 interacting protein transcripts, BRD_TGR51101 and
BRD_TGR93779, were positively and significantly correlated with the
most of the BCCP transcripts; BRD_TGR74197, BRD_TGR62856,
BRD_TGR50862, BRD_TGR44617, BRD_TGR43511, and
BRD_TGR36404 were negatively and significantly correlated with the
most of the KASII transcripts. However, the ABI3 interacting protein
transcript, BRD_TGR40616 was positively and significantly correlated
with the most of the KASII transcripts. It was also found that the WRI1
transcript (BRD_TGR14987) and the ABI3 interacting protein tran-
scripts (BRD_TGR25574, BRD_TGR50862 and BRD_TGR62856) were
negatively and significantly correlated with almost all the FAD2 tran-
scripts. While, the positive and extremely significant correlations be-
tween the ABI3 interacting protein transcripts (BRD_TGR93779 and
BRD_TGR40616) and all the FAD2 transcripts were found. From the
whole results of Fig. 7, it was found that the ABI3 interacting protein
transcripts (BRD_TGR36404, BRD_TGR43511, BRD_TGR44617,
BRD_TGR50862 and BRD_TGR62856) play negative regulatory roles in
lipid biosynthesis; while the ABI3 interacting protein transcripts,
BRD_TGR30687, BRD_TGR40616 and BRD_TGR93779, play positive
regulatory roles in lipid biosynthesis. The most of WRI1 transcript
(BRD_TGR128) negatively and significantly correlated transcripts are
fatty acid biosynthesis related genes, while the most of WRI1 transcript
(BRD_TGR128) positively and significantly correlated transcripts are oil
assembly related genes (Fig. 7). Those regulators would be helpful for
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ER marker Merged

1300:GFP

TgSLOI:GFP TgCLOI:GFP TgOLEOI:GFP

further research in the regulatory mechanism of oil biosynthesis in T.
grandis.

3.7. Sequence variation analysis and validation of RNA-Seq data by qRT-
PCR

To look for sequence variation that could be associated with oil
content, cDNAs of oil body assembly and oil-body proteins related
genes were sequenced and analyzed in the different T. grandis landraces
(Additional file 8). A total of 30 SNPs from unigenes of PDAT, GPAT,
DGAT, LPAT, TgOLEO1, TgCLO1 and TgSLO1 were obtained. Of these 30
SNPs, nine are synonymous. It was found that SNP M2 and M3
fromTgSLO1, which is unique to the two high oil landraces (R24 and
Z11) may be contributed to their high oil content (Additional file 8).

To confirm the data from the RNA-seq, the transcription of the genes
encoding PDAT, WRI1 and ABI3 interacting proteins in ten T. grandis
landrace kernels was analyzed using qQRT-PCR. The correlation between
the RNAseq and qRT-PCR data was highly significant (r = 0.7743,
p < 0.001), indicating that the expression data obtained by RNA-Seq
was reliable (Additional file 9).

4. Discussion

In this study, ten T. grandis landraces which are different in their oil
content and fatty acid composition were selected. Presumably, the ge-
netic varieties and environmental factors might be responsible for those
differences. Then, transcriptome sequencing in ten different T. grandis

Nile red

GFP Bright field

Fig. 6. Representative confocal laser-scanning microscopy images of tobacco leaf cells transiently expressing T¢OLEO1, T¢CLO1 and TgSLO1 with GFP, stained with
the neutral lipid-selective dye Nile red. For each set of images, the corresponding merged and bright field images are shown. Bars = 50/20 pum.
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Fig. 7. Correlation analysis between the expression level of the transcripts for WRI1, FUS3, and ABI3 interacting proteins and the expression level of the transcripts
for lipid biosynthesis pathway enzymes in the 10 selected landraces. Different colors indicate different Pearson’s correlation coefficients. Asterisk (*) means P < 0.05;
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landraces were performed. From the transcriptome data, 112,699 uni-
genes were obtained. Among these unigenes, 175 unigenes related to
lipid biosynthesis, including 126 unigenes for fatty acid biosynthesis,
37 unigenes for TAG assembly and 12 unigenes for oil body proteins,
were further identified. Then, the metabolic pathways of lipid bio-
synthesis were further proposed. Moreover, some key genes for reg-
ulating the synthesis of lipid in T. grandis were also identified. The
correlation analysis between the oil content and the expression levels of
unigenes suggested that BC, FATA and PDAT play key roles in oil ac-
cumulation. The correlation analysis between the fatty acids and the
expression levels of unigenes indicated that PDH, BC, FAS, KASII, SAD,
FATA and LACS play important roles in the accumulation of fatty acid
components. These results suggest that the regulatory mechanism of
lipid biosynthesis in T. grandis is different from other plants. This
conclusion is supported by the following lines of evidence.

It is reported that increasing activity of key enzymes such as PDH
could promote lipid accumulation in oilseed (Rajalakshmi and Natraj,
1991), but there are no positively correlations between the expression
of PDH unigenes and lipid components in T. grandis. Instead, the PDH
unigenes, BRD_TGR20275 and TR56397-c0_gl_il, were strongly and
negatively correlated with oleic acid and eicosadienoic acid, respec-
tively, suggesting that PDH may decrease lipid accumulation in T.
grandis. It is worth noting that the chain length of saturated FAs was
determined by the specific substrates of plant FATA and FATB acyl-ACP
thioesterases (Pollard et al., 1991). It is reported that the lack of FATA
transcripts in oil palm embryo still contributes to high accumulation of
unsaturated FAs (Dussert et al., 2013). In Arabidopsis, FATB was de-
monstrated as a decisive component of FA synthesis and was critical for
seed development (Bonaventure et al., 2003). The AtFatA recognized
both 14:1-ACP and 16:1-ACP as substrates, while the AtFatB showed
the highest activity toword 16:0-ACP but also appeared a significant
substrate activity to 18:1-ACP (Salas and Ohlrogge, 2002). However, in
T. grandis, the high correlation between the level of transcription of
FATA and the content of unsaturated FAs suggests that high oil de-
position, especially in unsaturated FAs, requires the considerable up-
regulation of FATA.

It has been shown that PDATI and DGATI are the two main acyl-
transferase enzymes contributing to TAG biosynthesis in Arabidopsis
seeds (Banas et al., 2013). However, the relative contribution of both
enzymes in TAG biosynthesis is uncertain. From this study, it is obvious
that PDAT showed a tighter connection with the content of oil in T.
grandis than DGAT, suggesting PDAT contributed more in oil accumu-
lation than DGAT. Nevertheless, the importance of DGAT, which is
essential to TAG biosynthesis in many oilseeds should not be ignored.
On the one hand, RNAi strategy was used to prove that DGAT1 and
PDAT1 have supplementary effects during embryonic development in
Arabidopsis seeds. On the other hand, it was observed that low level
expression of DGAT1 was sufficiently to maintain normal oil body size
(Zhang et al., 2009). Therefore, to dig out the potential value of the two
genes by genetic engineering is important not only for laying the
foundation for further understanding of plant oil synthesis, but also for
improving strategies for regulating oil synthesis in T. grandis.

In this study, the lipid body proteins, oleosin, caleosin and ster-
oleosin, in T. grandis were evaluated by phylogenetic analysis, protein
alignment, correlation analysis and subcellular localization. The current
studies have focused on the identification of plant lipid body proteins
while research of the mechanism about how they function in the phy-
siological aspects remains elusive. In Arabidopsis, Oleol was the most
abundant isoform of seed oleosin, its suppression resulted in a larger
form of lipid bodies (Siloto et al., 2006). It is suggested that the accu-
mulation of oleosins might regulate the size of oil body in vivo by
correlation analysis between oil body size and oleosin levels (Ting et al.,
1996; Tzen et al., 1993). In soybean (Glycine max), RNA interference of
oleosin resulted in the formation of giant oil body and disrupted seed
germination (Schmidt and Herman, 2008). The expression of oleosins
was spatially and developmentally regulated by the transactivator,
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ABI3 (Crowe et al., 2000; Keddie et al., 1994). This study also provides
evidence of the overall increased expression of oleosin during the de-
velopment of T. grandis kernels. However, overexpression of steroleosin
formed oil droplets larger than native pine oil bodies, particularly for
the recombinant steroleosin which lack of the sterol binding domain
(Pasaribu et al., 2016). Consistently, microscopic observation also
showed that overexpression of the TgSLO1 resulted in bigger size of oil
bodies in this study. Besides, overexpressed these oil body-associated
proteins resulted in increased amount of oil bodies, suggesting their
crucial role on the developing T. grandis seeds.

Previous studies have identified a set of TFs, such as LEC1, LEC2,
ABI3, FUS3 and WRI1, which exhibit extremely important roles in
regulating synthesis and accumulation of lipid in plant seeds. In T.
grandis, the transcripts of ABI3 interacting proteins, FUS3 and WRI1
were preliminarily identified, while the regulatory mechanism of those
TFs needs further verification. The LEC1, LEC2 and ABI3 transcripts
were not detected, suggesting that a lack of importance for the three
TFs in the mature stage of kernels in T. grandis. Up-regulated or down-
regulated expression of these genes will make a great change in the oil
accumulation. Study showed that the ectopic expression of LECI in
Arabidopsis can activate the expression of ABI3 and FUS3, and further
resulted in the accumulation of seed storage protein (Kagaya et al.,
2005). LEC2, FUS3 and ABI3 cannot only interact with genes involved
in fatty acid biosynthesis, but also participate in oil accumulation by
more sophisticated ways (Baud and Lepiniec, 2009). For instance, LEC2
can quickly and directly activate the expression of seed specific genes
such as S3 oleosin in Arabidopsis leaves (Santos Mendoza et al., 2005). It
was also found that WRII is regulated by LEC2 and is essential for
regulating LEC2 in fatty acid metabolism (Baud et al., 2007). In this
study, the expression of LEC1, LEC2 and ABI3 were not detected in the
mature kernels, suggesting the lipid biosynthesis is not regulated by
LEC1, LEC2 and ABI3 in the mature kernels of T. grandis. LEC1, LEC2
and ABI3 may be expressed in the early or/and middle development
stages of T. grandis kernels to regulate the lipid biosynthesis, which
requires further study. WRI1 is a unique TF, which can regulate gly-
colytic and FA metabolism in plant. Researches showed that WRI1
functions by driven downstream genes of pyruvate kinase (PKp-f1),
ACCase (BCCP2 and BC), ACP (ACPI1), ENR (ENR) and KAS (KASD
(Baud et al., 2009; Fukuda et al., 2013; Maeo et al., 2009; Qu et al.,
2012). Some studies showed that WRI1 play positive regulatory roles in
oil accumulation (Cemac and Benning, 2004; Baud et al., 2007; Liu
et al.,, 2010). In this study, it was found that the TgWRI1 transcripts
negatively and significantly correlated with most of the transcripts of
fatty acid biosynthesis pathway enzymes, suggesting that WRI1 may
play negative regulatory roles in fatty acid biosynthesis. In addition,
there are still positive and significant correlations between WRI1
transcripts and oil assembly related transcripts. Therefore, whether
WRI1 plays a positive or negative regulatory role in oil accumulation
needs further verification. In future, the functions of these candidate
genes and the regulatory mechanisms of lipid biosynthesis and oil ac-
cumulation should be further characterized, which might be important
for breeding new cultivars with high qualities.

5. Conclusion

In summary, comparative transcriptome analysis were carried out
based on the Illumina platform in ten different T. grandis landraces and
112,699 transcripts were obtained which provide important genetic
resource in our research. The lipid biosynthetic pathway in T. grandis
were proposed and all the genes involved in lipid biosynthesis were
identified from the transcriptome data. In T. grandis, BC, FATA, and
PDAT play key roles in oil accumulation, which differed from other
plants, suggesting that a unique regulatory mechanism of oil accumu-
lation in T. grandis might exist. The candidate genes (TgOLEO1, TgCLO1
and TgSLO1) for oil body-associated proteins were further identified.
Subcellular localization assay indicated that all of the proteins were
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localized in both of ER and oil body. Overexpression of the proteins
could increase the amount of oil bodies. Furthermore, some candidate
regulatory transcripts (TgWRII and TgFUS3, etc.) that may be involved
in the regulation of lipid biosynthesis were also identified. Taken to-
gether, this study preliminarily revealed the unique molecular me-
chanism of lipid biosynthesis pathway in T. grandis, which will be cri-
tical for breeding new cultivars with high oil contents.
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