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� The genetic architecture of fatty acid
and oil content in Torreya grandis was
investigated.

� LOB domain-containing protein 40
and surfeit locus protein 1 may
involve in the regulation of oil and
sciadonic acid biosynthesis.

� Overexpression of TgLBD40
significantly increased seed oil
content.
g r a p h i c a l a b s t r a c t

Population genetic analyses of T. grandis. (A) Geographical origin of T. grandis landraces. (B) Neighbor-
joining phylogenetic tree constructed using 275,924 SNPs. Colors indicate the following groups: blue,
Shexian; green, Chun’an; red, Huizhou; yellow, Shaoxing; yellow-green, Fuyang. (C) PCA plots of the first
two components of 170 T. grandis landraces. Each point represents an independent landrace of T. grandis.
(D) Population structure analysis with different numbers of clusters.
a r t i c l e i n f o

Article history:
Received 18 October 2021
Revised 21 December 2022
Accepted 8 January 2023
Available online xxxx

Keywords:
Oil biosynthesis
Torreya grandis
Transcriptome-referenced association study
Single nucleotide polymorphism
a b s t r a c t

Introduction: Torreya grandis is a gymnosperm belonging to Taxodiaceae. As an economically important
tree, its kernels are edible and rich in oil with high unsaturated fatty acids, such as sciadonic acid.
However, the kernels from different T. grandis landraces exhibit fatty acid and oil content variations.
Objectives: As a gymnosperm, does T. grandis have special regulation mechanisms for oil biosynthesis?
The aim of this study was to dissect the genetic architecture of fatty acid and oil content and the under-
lying mechanism in T. grandis.
Methods: We constructed a high integrity reference sequence of expressed regions of the genome in T.
grandis and performed transcriptome-referenced association study (TRAS) for 10 fatty acid and oil traits
of kernels in the 170 diverse T. grandis landraces. To confirm the TRAS result, we performed functional
validation and molecular biology experiments for oil significantly associated genes.
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RNA sequencing
 Results: We identified 41 SNPs from 34 transcripts significantly associated with 7 traits by TRAS (�log10
(P) greater than 6.0). Results showed that LOB domain-containing protein 40 (LBD40) and surfeit locus
protein 1 (SURF1) may be indirectly involved in the regulation of oil and sciadonic acid biosynthesis,
respectively. Moreover, overexpression of TgLBD40 significantly increased seed oil content. The nonsyn-
onymous variant in the TgLBD40 coding region discovered by TRAS could alter the oil content in plants.
Pearson’s correlation analysis and dual-luciferase assay indicated that TgLBD40 positively enhanced oil
accumulation by affecting oil biosynthesis pathway genes, such as TgDGAT1.
Conclusion: Our study provides new insights into the genetic basis of oil biosynthesis in T. grandis and
demonstrates that integrating RNA sequencing and TRAS is a powerful strategy to perform association
study independent of a reference genome for dissecting important traits in T. grandis.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The seeds of perennial economic trees have the characteristics
of sustained high and stable yield and can synthesize both medic-
inal and edible nutrients. However, their genetic improvement is
seriously hindered because of their complex genetic basis and
quantitative traits. As an economically important tree, Torreya
grandis (T. grandis) has a long economic life; some trees have lived
up to about 1,600 years and still produced a lot of drupe-like fruits
with nutty seeds. The seeds have multiple medicinal properties,
including antioxidative [1], anti-inflammatory [2], and
antiatherosclerotic [3], as a result of their rich nutritive content
and bioactive components, especially the polyunsaturated fatty
acids. The oil content of T. grandis kernels is more than 50 % of
dry mass, of which the contents of total unsaturated fatty acids
and sciadonic acid (a newly identified type of non-methylene-
interrupted polyunsaturated fatty acid) are more than 80 % and
10 % respectively [4,5]. Because of its high nutritive content and
bioactive components, the kernels have been used as food and tra-
ditional medicine for thousands of years in China. However, due to
their wide distribution, wind pollination and the breeding of culti-
vars, T. grandis is morphologically variable in China and exhibits
considerable kernel quality variations including fatty acids and
oil content [4]. The manipulation of oil content and fatty acid com-
position has therefore become a key consideration in breeding and
biotechnology-assisted improvement of T. grandis.

Oil in plant seeds is generally stored as triacylglycerols (TAGs)
and synthesized from fatty acids (FAs). In plastids, the C16:0, C18:0

and C18:1 acyl chain FAs are synthesized by a set of enzymes,
including acetyl-CoA carboxylase (ACCase), 3-ketoacyl-ACP syn-
thase (KAS), 3-ketoacyl-ACP reductase (KAR), 3-hydroxyacyl-ACP
dehydratase (HAD) and enoyl-ACP reductase (ENR), etc. Then, the
nascent FAs are transferred to the endoplasmic reticulum (ER) to
form TAGs by a series of enzymes, such as glycerol-3-phosphate
acyltransferase (GPAT), lysophosphatidic acid acyltransferase
(LPAT), diacylglycerol acyltransferase (DGAT), and the phospho-
lipid: diacylglycerol acyltransferase (PDAT) [6]. Finally, some oil
body-associated proteins, such as oleosins (OLE), caleosin (CLO)
and steroleosin (SLO), are bond to the resulting TAGs to form oil
bodies. The pathway of lipid synthesis is also well understood in
a few valuable trees [5]. However, none of the genes involved in
natural variation in tree oil have been cloned due to research lags
and limitations in research methods.

Association studies between single nucleotide polymorphisms
and important economic traits provide a powerful approach for
the identification of genes underlying complex traits. Genome-
wide association study (GWAS) as an effective association study
approach, it has been successfully applied for the study of many
plants, such as Arabidopsis [7], rice [8,9], maize [10,11], jujube
[12], soybean [13] and lettuce [14]. However, to identify candidate
2

genes controlling important economic traits using GWAS, a
reference genome or linkage map of the species under study is
essential. Moreover, most gymnosperm species have a giant gen-
ome, high proportions of repetitive elements and numerous pseu-
dogenes. Therefore, genome sequencing of gymnosperm species is
time-consuming and costly. As a result, other approaches are
needed to conduct association studies between single nucleotide
polymorphisms and economically important traits.

Next-generation sequencing (NGS) technology has revolution-
ized life science research and been widely applied in various
plants, especially plant without a reference genome because it is
unconstrained by genomic complexity [15]. Transcriptome analy-
sis by NGS has been used to study the linkage or association
between genes and traits for a broad range of species, leading to
the identification of many candidate genes responsible for impor-
tant traits in plants, such as anion homeostasis [16], grain size
[17], drought tolerance [18], kernel oil [11], flavonoid biosynthesis
[14], erucic acid and tocopherol isoform [19], and clove shape [20].
The ‘transcriptome-referenced association study’ (‘TRAS’) using
expressed regions of the genome as a reference sequence that
could score population variation at both transcript sequence and
expression levels, and identify trait associated transcripts in spe-
cies for which a reference genome sequence is lacking [20].

To reveal the genetic basis of oil concentration and composition
in T. grandis kernels and clarify how oil biosynthesis is regulated,
we investigated the oil content and fatty acid variation in 170
diverse T. grandis landraces across five different locations and con-
ducted a TRAS analysis using 275,924 transcriptome-wide single
nucleotide polymorphisms (SNP). The reference sequence of
expressed regions of the genome was generated from the combina-
tion of single-molecule real-time (SMRT) sequencing and Next
Generation Sequencing (NGS) technologies. In total, 41 loci from
34 transcripts were identified to be significantly associated with
oil and fatty acid content of T. grandis kernels. We also found that
an LOB domain-containing protein 40 encoding gene, TgLBD40,
from the above 34 transcripts, was highly expressed in developing
kernels and that its expression level was significantly correlated
with oil content. We subsequently verified that TgLBD40 con-
tributed to oil accumulation in T. grandis kernels by conducting
transgenic validation and a series of molecular assays. Our results
shed light on the genetic basis of oil biosynthesis in T. grandis and
provide useful information for T. grandis breeding programs.
Materials and methods

Plant materials

In mid-August 2017, the seeds with similar maturity were col-
lected from natural populations of T. grandis landraces in five loca-
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tions which covered the main T. grandis distribution areas in China
(Table S1), including Shexian (A), Huizhou (R), Chun’an (C), Shaox-
ing (Y), and Fuyang (X). The distance between the sampled plants
was at least 50 m. In total, 170 diverse landraces were chosen for
association analysis. After collection, the arils and seed coats were
removed, and the remaining kernels were quickly frozen in liquid
nitrogen and then stored at � 80 �C until use. For each landrace,
30 kernels were randomly chosen from a single tree and each of
their endosperm was ground into powder in liquid nitrogen for
phenotypic measurement. Then, 20 mg powder from each of the
30 endosperms was mixed together for RNA isolation and tran-
scriptome sequencing.
Phenotypic measurement and correlation among 10 traits

For each landrace, their mean value of 30 randomly chosen
seeds was calculated to evaluate each landrace. Fatty acid content
was determined as described by Wu et al. [4]. Oil content was
determined according to Ding et al. [5]. Phenotypic correlation
among different traits was calculated as the Pearson’s correlation
coefficient of their trait values using SPSS software (version 16.0).
Illumina RNA sequencing

To characterize the allelic variation for this population, such as
SNPs, all 170 T. grandis landraces were subjected to Illumina RNA
sequencing individually. Total RNA from each sample was isolated
by a Plant RNA isolation Kit (DP441, Tiangen Biotech Co. ltd, Bei-
jing, China) and purified with a Dynabeads� Oligo (dT)25 kit (Life
Technologies, CA, USA). Then the purified RNA was used to con-
struct cDNA libraries with a NEBNext� UltraTM RNA Library Prep
Kit (New England BioLabs, Ipswich, MA, USA) following the manu-
facturer’s instructions. Library quality was assessed with the Agi-
lent Bioanalyzer 2100 system. Paired-end sequencing was
performed for each library using a HiSeq PE Cluster Kit v4 cBot
(Illumina, San Diego, CA, USA) in conjunction with the HiSeqTM

4000 Illumina sequencing system. Raw reads in FASTQ format were
processed using inhouse Perl scripts to yield clean reads. In this
step, reads with adaptor contamination and poly-Ns, as well as
low-quality reads with more than 5 % of ambiguous bases (N) were
removed.
PacBio SMRTbell library construction and SMRT sequencing

Total RNA was isolated from different organs and tissues of T.
grandis landrace ‘‘X08” (root, stem, leaf, and flower) using a Plant
RNA isolation Kit (DP441, Tiangen Biotech Co. ltd, Beijing, China),
following which the RNA samples were combined for PacBio
sequencing. Reverse transcription (RT) was conducted using the
Clontech SMARTer PCR cDNA Synthesis Kit. The cDNA products
of the combined RNA sample were used to construct one SMRTbell
library following the manual of the DNA Template Prep Kit 3.0
(Pacific Biosciences, USA). The fragmented cDNA was concentrated
by AMPure PB beads and the ends were repaired. Then, blunt hair-
pin adapters were ligated to the cDNA and exonucleases were
added to remove failed ligation products. SMRTbell templates con-
taining cDNA inserts were purified by AMPure PB beads. The
sequencing primers and the polymerase were then sequentially
annealed to the SMRTbell templates using the DNA/Polymerase
Binding Kit P6 v2 (Pacific Biosciences). The MagBead loading Kit
(Pacific Biosciences) was used to load the annealed templates onto
a Pacific Biosciences RS II sequencer. The sequencing was per-
formed using seven SMRT Cells with the DNA Sequencing Reagent
Kit 4.0 v2 (Pacific Biosciences).
3

Sequence data assembly and annotation

Sequence data were processed using the SMRT analysis soft-

ware (http://www.pacificbiosciences.com/devnet/). Circular con-
sensus sequence (CCS) reads were generated from the sub-read
files using the following parameters: mini Length = 50, read
Score = 0.75, artifact = -1000, Min Complete Passes = 2 and Min
Predicted Accuracy = 0. After examining for poly(A) signal and 50

and 30 adaptors, only the CCS reads with all three signals were con-
sidered as an FLNC read [21]. Unmerged subreads were also exam-
ined for the three signals, and those with three signals were
incorporated into the final FLNC read set. Because PacBio reads
have a higher frequency of nucleotide errors than the shorter reads
generated by the second generation sequencing technologies, the
software proovread [22] was used to correct those errors based
on Illumina RNA sequencing data of the T. grandis cultivar X08.
Redundant sequences were removed with CD-HIT [23]. The full-
length transcripts were subjected to functional annotation by
searching against public databases with an E-value � 10�5, includ-
ing the National Center for Biotechnology Information (NCBI) Non-
redundant (Nr) and Nucleotide (Nt) databases, SwissProt protein
database, Kyoto Encyclopedia of Genes and Genomes (KEGG,
https://www.genome.jp/kegg/kegg2.html), Cluster of Orthologous
Groups of proteins (COG), and TrEMBL. Gene ontologies (GO) were
assigned to each full-length transcript using Blast2GO [24].
Reference sequence integration and SNP identification

To obtain a high-quality reference transcriptome, we combined
Illumina RNA-sequencing data with single molecule long-read
sequencing data together and compared each sequence with Blat.
The shorter sequences with over 80 % of matched length were
removed. After removing most similar sequences, 140,296 unige-
nes were collected as reference sequence. The read sequences of
Illumina RNA-sequencing were mapped onto the reference tran-
scriptome sequence obtained above and high-quality SNPs were
detected using the STAR tool. SNP loci might have missing data
for some accessions due to low expression of some genes. For fur-
ther studies, the missing data were imputed. A total of 275,924
SNPs with missing rates of � 0.5 were filled using fillGenotype.

Population genetics analysis

A neighbor-joining (NJ) phylogenetic tree was constructed by
the PHYLIP software using SNPs [25]. A nonparametric bootstrap
analysis was performed, with 100 bootstrap replicates. EIGENSOFT
software package was used to perform principal component anal-
ysis (PCA) of the population [26]. The first two components were
plotted for the T. grandis landraces. Population structure was ana-
lyzed using the STRUCTURE program [27]. For each K value that
ranged from 1 to 20, STRUCTURE was run 20 times with an admix-
ture model and 10,000 burn-in and MCMC replicates. Then the
obtained results were imported into CLUMPAK [28]. The final
result was presented as a graph which shows the most likely num-
ber of populations and the population membership of each lan-
drace. The population-differentiation statistics (FST) were
computed as described by Nordborg et al. [29], using a 100-kb win-
dow, among the five groups of T. grandis.

TRAS for 10 oil-related traits

To excavate the candidate transcripts for the 10 oil-related
traits measured in this study, TRAS was carried out to detect the
suggestive loci associated with the 10 traits based on the mapped
high-quality 275,924 SNPs for the T. grandis population. The asso-
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ciation analysis was conducted using a mixed linear model pro-
gram and TASSEL tool [30]. The transcriptome-wide significance
threshold of the TRAS for all the investigated traits was � log10
(P) greater than 6.0 which was calculated by Bonferroni correction
based on the effective number of independent markers [31,32].

Correlation analysis of expression level and traits

To quantify the expression of each transcript in all 170 diverse
T. grandis landraces, the expression level of each transcript in each
T. grandis landrace was analyzed by estimating the expected num-
ber of fragments per kilobase of transcript sequence per million
base pairs sequenced (FPKM) using RSEM [33]. Pearson’s correla-
tion analysis was used to associate the expression level of tran-
scripts and the trait values.

Quantitative reverse transcription polymerase chain reaction (qRT-
PCR)

Expression of TgLBD40 was determined in different T. grandis
tissues, including roots, stems, leaves, arils, and developing kernels
at different developmental stages (in the middle of May, June, July,
August and September of 2018, respectively). The expression level
of AtLBD41 was also identified in all used Arabidopsis lines. Total
RNA was isolated from the samples by Total RNA Kit (TIANGEN,
DP441) with an additional DNase I (TIANGEN), and 1 lg of RNA
was used to synthesize the first strand of cDNA using the Prime-
ScriptTMRT Master Mix (Takara). Gene expression was determined
using the ChamQ SYBR qPCR Master Mix (Vazyme) on a C1000
TouchTM Thermal Cycler (Bio-Rad). The primer pairs are listed in
Table S2. The PCR conditions were as follows: 45 cycles of 95 �C
for 10 s, 56 �C for 10 s and 72 �C for 20 s. The T. grandis Actin gene
was amplified as an internal reference, and the formula 2�44Cp

was uesd to calculate the results. Three biological replicates per
sample were used.

Generation of TgLBD40 overexpressing and complemented plants

The full-length coding sequence (CDS) of TgLBD40 was ampli-
fied from the cDNA of T. grandis by PCR using gene-specific primers
(Table S2) and inserted into the downstream of the 35S promoter
of a modified pCAMBIA1300 vector. The resulting recombinant
pCAMBIA1300-TgLBD40 construct was transformed into wild type
Arabidopsis (Col-0) and atlbd41 mutant (Salk_078678C) via the
Agrobacterium tumefaciens-mediated floral dip method.
Hygromycin-resistant T1 plants were planted for seed harvesting,
and T2 seeds with a hygromycin resistance ratio of 3:1 were
selected to collect T3 seeds. T3 seeds with 100 % resistance to
hygromycin were used for the following experiments. The expres-
sion of TgLBD40 in independent positive transgenic lines was
detected by semi-quantitative RT-PCR using the primers listed in
Table S2. Three independent lines from each of TgLBD40 overex-
pressing and complemented plants were selected for further
experiment.

Transient expression in tobacco leaves and subcellular localization

The full-length cDNAs of genes were amplified by PCR using
gene-specific primers (Table S2) and cloned into the 35S::GFP vec-
tor (modified from pCAMBIA1300) to obtain the recombinant con-
structs under control of the cauliflower mosaic virus (CaMV) 35S
promoter. The recombinant vectors were introduced into Agrobac-
terium tumefaciens strain GV3101 and cultured until the OD600

reached to 0.6. After centrifuging, the agrobacteria were resus-
pended in the buffer solution containing 10 mM MgCl2, 0.2 mM
acetosyringone, and 10 mM MES (pH 5.6) with OD600 at 0.6. For
4

transient expression of the fluorescent proteins, infiltration buffer
was injected into leaves of 4-week-old Nicotiana benthamiana.
After 3 days of incubation, leaves were harvest for oil determina-
tion and subcellular localization analysis. GFP signals were
detected using a confocal laser scanning microscope (LSM510, Karl
Zeiss).
Total oil content analysis

Following the procedures described by Yeap et al. [34], the total
oil content of dried mature seeds and leaves was analyzed by
gravimetric lipid assay. Dried samples were weighed carefully on
a Semi-Micro analytical balance to ± 0.01 mg. The samples were
ground with 2 ml of 6/4 hexane/isopropanol (v/v). The mixture
was vortexed for 2 min and sonicated for 15 min at room temper-
ature. Then, 1 ml of aqueous sodium sulphate (2.5 ml of 15 % wt/
vol) was added to the mixture, which was vortexed again and cen-
trifuged at 4000 rpm for 5 min, to achieve phase separation. The
lower phase was re-extracted following the above method. The
upper phases of all extracts were combined and transferred to a
clean new glass tube. The lipid extracts were evaporated under
oxygen-free nitrogen until a constant weight was obtained. The
total oil content was calculated by dividing the weight of the
extracted lipid by the initial sample weight.
Dual luciferase assay

To determine the transactivation activity of transcription fac-
tors to the promoter of oil biosynthesis genes, a transient dual luci-
ferase assay was performed. The coding regions of transcription
factors were cloned into the pGreen II 0029 62-SK vector as an
effector. The promoter of oil biosynthesis genes was introduced
into the pGreenII 0800-LUC vector, allowing the promoter to be
cloned as a transcriptional fusion with the firefly luciferase gene
(LUC). All primers are listed in Supplementary Table S2. The con-
structed effector and reporter plasmids were introduced into
Agrobacterium tumefaciens (GV3101) and then cotransformed into
N. benthamiana leaves. LUC and REN luciferase activities were mea-
sured using a dual luciferase assay kit (Promega). The results were
calculated by the ratio of LUC to REN.
Protein extraction and immunoblot analysis

Total proteins were extracted from N. benthamiana leaves using
extraction buffer (50 mM Tris-HCl, pH 7.5; 20 mM NaCl; 2 mM
PMSF; 20 mM MG132; and protease inhibitor cocktail). Proteins
were quantified with the Pierce 660 nm Protein Assay using a
BSA standard curve and 20 lg proteins of each sample were loaded
for Immunoblot analysis. The blotted gels were incubated with
anti-GFP-HRP antibody (Miltenyi Biotec, 130–091-833). Coomassie
Brilliant Blue staining of blots was used to control the protein
levels after electrotransfer.
Expression and purification of recombinant MBP-TgLBD40 protein.

TgLBD40 coding sequence was cloned in pMAL-c2X vector,
using the primers listed in Table S2. The MBP and MBP-TgLBD40
proteins were expressed in Escherichia coli strain BL21 (DE3) and
then purified using a MBPtrap HP column (Cytiva) attached to
ÄKTA FPLC system (Cytiva) according to the instruction manual
of pMALTM Protein Fusion and Purification System (#E8000S; New
England Biolabs, Inc.).
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Electrophoretic mobility shift assay (EMSA)

The 50-Cy5-labeled and unlabeled primers were first synthe-
sized (Table S2). Then the 50-Cy5-labeled probes and unlabeled
competitors were generated by annealing the labeled and unla-
beled primers, respectively. The Cy5-labeled probes (100 nM) were
incubated with 5 lM of purified MBP-TgLBD40 protein in binding
buffer (50 lL) comprising 10 mM Tris-HCl (pH 7.5), 50 mM NaCl,
1 mM EDTA, 5 % glycerol and 5 mM DTT for 30 min at room tem-
perature. For competition assay, 10-fold, 30-fold and 100-fold
molar excess of each competitor was added to the reaction mixture
before incubation. Protein-DNA complexes were separated by elec-
trophoresis through 8 % polyacrylamide gel in 0.5X Tris–borate
EDTA buffer at 120 V. The Cy5 signals were detected using an
Odyssey CLX imaging system (LI-COR).
Results

Phenotypic variation and correlation analyses of oil-related traits

The phenotypic traits we examined included oil content and
fatty acid levels (sciadonic acid, eicosadienoic acid, eicosenoic acid,
Fig. 1. Phenotypic variation among populations and correlation analysis among traits.
grouped by trait category and individuals grouped by population as in Fig. 2. (b) Pairwi
correlation. Numbers represent correlation coefficients.

5

arachidic acid, linolenic acid, linoleic acid, oleic acid, stearic acid
and palmitic acid) (Fig. 1a). For all the phenotypes evaluated in this
study, we observed almost no global similarities among subpopu-
lations except that the sciadonic acid and oil content were slightly
higher in X and Y subpopulations than other subpopulations
(Fig. 1a, Fig. 3a and Fig. S1-6a). The populations showed consider-
able phenotypic variation for most of the traits both in each group
and in all groups (Table S3, Fig. 3b and Fig. S1-6b). Pearson corre-
lation analysis demonstrated that eicosadienoic acid and sciadonic
acid were strongly and positively correlated with linolenic acid and
linoleic acid, and strongly and negatively correlated with palmitic
acid and oleic acid (Fig. 1b). In addition, the palmitic acid and oleic
acid were also strongly and positively correlated with arachidic
acid and eicosenoic acid, and strongly and negatively correlated
with linolenic acid and linoleic acid.
Transcriptome analysis

We sequenced the transcriptome of different organs of T. gran-
dis landrace ‘‘X08” using the SMRT sequencing platforms in our
previous study [35]. Full-length cDNAs from RNA samples were
normalized and subjected to an SMRT sequencing using the PAC-
(a) Summary of phenotypic distributions among all individuals, with phenotypes
se correlations of phenotypes across T. grandis landraces, measured as the Pearson



Fig. 2. Population genetic analyses of T. grandis. (a) Geographical origin of T. grandis landraces. (b) Neighbor-joining phylogenetic tree constructed using 275,924 SNPs. Colors
indicate the following groups: blue, Shexian; green, Chun’an; red, Huizhou; yellow, Shaoxing; yellow-green, Fuyang. (c) PCA plots of the first two components of 170 T. grandis
landraces. Each point represents an independent landrace of T. grandis. (d) Population structure analysis with different numbers of clusters (K = 2–6).
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BIO RS II sequencing platform. A total of 97,211 transcripts with a
total length of 235,890,123 bases were obtained as indicated by
detection of the poly(A), 5’ and 3’ primers, and sequences.

To characterize the genotypes of the 170 T. grandis landraces in
sequence and to perform TRAS analysis, we sequenced their tran-
scriptomes using Illumina technology and obtained approximately
10.64 billion clean reads, with an average number of 62.59 million
reads for each landrace (Table S4).
Population structure and differentiation

Neighbor-joining (NJ) phylogenetic tree was constructed based
on the SNP genotypes to show the phylogenetic relationships
among T. grandis landraces (Fig. 2a). Phylogenetic analysis showed
that the 170 T. grandis landraces were resolved into five distinct
groups (Fig. 2b), which were consistent with their geographical
distribution. This result indicates that T. grandis landraces from dif-
ferent locations have unique genotype variation. Landraces
from X are closer to landraces from C than other landraces. The
phylogenetic relationships of the different T. grandis groups were
also supported by principal component analysis (PCA). We
observed clear, deep subpopulation structure in this collection of
T. grandis from PCA analysis, which is similar to the NJ phylogenetic
tree result (Fig. 2c). The five subpopulations, A, C, R, X and Y,
formed clear clusters based on the top two principal components.

To further investigate the population structure of T. grandis, the
Bayesian clustering program STRUCTURE was used through gradu-
ally increasing the number of clusters (K). Different numbers of
clusters were identified as K was increased, and the DK analysis
showed that when K < 6, the T. grandis from the five locations could
not be separated from the structure completely. At K = 6 and K = 7,
6

T. grandis from C and X were assigned to independent clusters
(Fig. 2d). However, R and A, as well as Y, C and X exhibited small
admixture proportions, X could be divided into two parts, consis-
tent with the results from our NJ phylogenetic and PCA analyses.
Based on transcriptome-wide SNP analysis and phenotypic varia-
tion, we speculate that X accessions may have experienced low-
frequency gene flow to T. grandis from another place and that
the X landraces includes two types of T. grandis.

In order to investigate the population differentiation among A,
C, R, X and Y, the population-differentiation statistic (FST) was per-
formed. The transcriptome-wide genetic differentiation between
any two groups was weak, with FST index of 0.027 to 0.046
(Fig. S7). The pairwise population differentiation FST between the
C and R groups was the highest (FST = 0.046), indicating a relatively
higher population differentiation between the C and R groups than
between other groups. The lowest FST (0.027) was estimated
between the A and R groups. The low population differentiation
is advantageous for TRAS in T. grandis.
Transcriptome-referenced association studies for 10 oil-related traits

TRAS analyses on oil-related traits were performed for all the
landraces using a mixed linear model (MLM). The method took
transcriptome-wide patterns of genetic relatedness into account,
greatly reducing false positives, as shown in quantile–quantile
plots (Fig. 3c; Fig. S1-6c). In total, we identified 41 SNPs from 34
transcripts that were significantly associated with 10 oil-related
traits, with � log10 (P) greater than 6.0 from the compressed
MLM (Table S5), including 1 SNP for arachidic acid, 1 SNP for
eicosadienoic acid, 23 SNPs from 19 transcripts for eicosenoic acid,
1 SNP for linoleic acid, 2 SNPs from 2 transcripts for oil content, 12



Fig. 3. Phenotypic distribution and transcriptome-wide association scan for oil content. (a) Boxplots showing the differences in oil content among populations. Box edges
represent the upper and lower quantile with the median value shown as a line in the middle of the box. Individuals falling outside the range of the whiskers shown as open
dots. (b) Histograms of oil content in all samples. (c) Quantile-Quantile plot for a mixed linear model for oil in all samples. (d) Manhattan plots for oil. The reference
transcriptome was generated by integrating Illumina RNA-sequencing data with single molecule long-read sequencing data. The reference sequence was artificially divided
into 36 pseudo chromosomes. Candidate genes are shown along the top of the significantly associated signals. The red horizontal line indicates the significance threshold
(�log10 (P) = 6.0).
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SNPs from 10 transcripts for palmitic acid, and 1 SNP for sciadonic
acid. The Manhattan plots for MLM of all the traits are shown in
Fig. 3d and Fig. S1-6d.

Pearson’s correlation analysis was conducted in order to inves-
tigate whether these traits were associated with the expression
level of their traits significantly associated transcripts. The results
showed that the expression levels of the BRD_TGR26378,
BRD_TGR90326 and BRD_TGR17081, BRD_TGR74645, and
BRD_TGR57892 and BRD_TGR20025 were positively and signifi-
cantly associated with contents of sciadonic acid, palmitic acid,
arachidic acid, and eicosenoic acid, respectively (Fig. S8). In con-
Table 1
Transcriptome-wide significant association signals of oil-related traits in T. grandis.

Traits SNP ID Position (bp) REF/ALT p value Se

Arachidic acid SNP1 2,997,193 C/T 1.42 � 10�9 B
Eicosadienoic acid SNP2 8,620,054 C/G 5.92 � 10�8 B
Eicosenoic acid SNP3 3,813,471 C/T 9.23 � 10�10 B

SNP4 7,129,377 C/T 9.23 � 10�10 B
SNP5 15,989 A/G 1.46 � 10�9 B
SNP6 5,999,610 C/T 9.82 � 10�10 B
SNP7 5,999,612 T/C 1.08 � 10�9 B

Linoleic acid SNP8 5,167,765 T/A 1.21 � 10-7 B
Oil content SNP9 220,350 T/G 4.54 � 10-7 TR

SNP10 5,546,666 G/C 6.33 � 10-8� B
Palmitic acid SNP11 8,112,400 G/T 1.05 � 10�8 B

SNP12 6,023,941 A/C 1.42 � 10�7 B
SNP13 1,889,693 T/C 1.64 � 10�8 B
SNP14 1,890,393 G/A 2.34 � 10�8 B
SNP8 5,167,765 T/A 1.75 � 10�7 B

Sciadonic acid SNP15 853,862 A/T 5.62 � 10�7 B
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trast, the expression levels of BRD_TGR44768 and BRD_TGR88253
were negatively and significantly associated with palmitic acid.

Moreover, we selected the top one to five most significantly
associated SNPs for each trait for further analysis. Among them,
palmitic acid and linoleic acid shared one SNP (5,167,765 position)
which from the transcript was annotated as ‘‘unknown protein”
(Table 1). Some SNPs are located on the same transcript, such as
both of the SNPs in the 5,999,610 bp position and the
5,999,612 bp position were significantly associated with eicosenoic
acid and located on the same transcript, BRD_TGR9628, which was
annotated as ‘‘Shikimate kinase 3”. Likewise, both of the SNPs in
quence ID Annotation

RD_TGR74645 Acyl-CoA thioesterase
RD_TGR39525 UKL1: Uridine kinase-like protein 1
RD_TGR20025 unknown
RD_TGR57892 unknown
RD_TGR76587 SK3: Shikimate kinase 3
RD_TGR9628 SK3: Shikimate kinase 3
RD_TGR9628 SK3: Shikimate kinase 3
RD_TGR94687 unknown
182770-c1_g1_i1 LBD40: LOB domain-containing protein 40

RD_TGR2031 unknown
RD_TGR14127 UBA2C: UBP1-associated protein 2C
RD_TGR17081 ARAD1: Probable arabinosyltransferase
RD_TGR88253 TGHH: G patch domain-containing protein TGH homolog
RD_TGR88253 TGHH: G patch domain-containing protein TGH homolog
RD_TGR94687 unknown
RD_TGR26378 SURF1: Surfeit locus protein 1



Fig. 4. Expression and sequence analysis of TgLBD40. (a) The relative expression level of TgLBD40 and the oil content in different tissues and different developmental stages of
kernels. (b) Phylogenetic relationship between TgLBD40 and its orthologs. All amino acid sequences were retrieved from NCBI (https://www.ncbi.nlm.nih.gov/). (c) Domain
structure and full-length amino acid alignment of representative LBD protein orthologs, including TgLBD40, XP_003541285.1 (Glycine max) and NP_566175.1 (Arabidopsis
thaliana). The conserved LOB domain is highlighted by red line. (d) Subcellular localization analysis of TgLBD40 in N. benthamiana leaves. Both 35S::TgLBD40-GFP and 35S::
OsART1-RFP (nuclear marker) constructs were transiently coexpressed in N. benthamiana leaves. GFP green fluorescence, bright field, RFP red fluorescence, and merged
images are shown. Fluorescence signals were analyzed by using confocal microscopy. Scale bar = 50 lm.
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the 1,889,693 bp position and the 1,890,393 bp position were sig-
nificantly associated with palmitic acid and located on the same
transcript, BRD_TGR88253, which was annotated as ‘‘G patch
domain-containing protein TGH homolog” (Table 1). Among the
candidate transcripts presented in Table 1, they are all annotated
as protein-encoding RNAs that are involved in fatty acid catabolic
process (BRD_TGR74645 for arachidic acid), nucleoside metabolic
process (BRD_TGR39525 for eicosadienoic acid), shikimate meta-
bolic process (BRD_TGR76587 and BRD_TGR9628 for eicosenoic
acid), transcriptional regulation (TR182770-c1_g1_i1 for oil con-
tent, and BRD_TGR14127 and BRD_TGR88253 for palmitic acid),
cell wall organization (BRD_TGR17081 for palmitic acid), cyto-
chrome c oxidase assembly (BRD_TGR26378 for sciadonic acid),
and four encoded uncharacterized proteins.

Potential regulatory networks for traits

The correlations between the expression levels of the tran-
scripts and the traits were also used to excavate potential candi-
date regulators. Table S6 showed that there were 11 transcripts
significantly correlated with three traits with correlation
coefficient � 0.7. Most of the traits were significantly correlated
with the expression level of at least two transcripts, suggesting
that the different transcripts correlated with the same trait inter-
acted to control the trait.

TgLBD40 is localized to the nucleus and is highly expressed in oil
accumulating tissues

Given that TgLBD40 was a strong candidate gene related to ker-
nel oil content, we further characterized the expression pattern,
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amino acid sequence and phylogeny of TgLBD40. The expression
levels of TgLBD40 were examined in different tissues and different
developmental stages of kernels. The results of qRT-PCR and oil
content determination showed that TgLBD40 was highly expressed
in tissues with high oil content, including the leaves, arils and the
kernels before reaching full maturity (Fig. 4a). Both the expression
level of TgLBD40 and oil content increased with the extension of
kernel development time, and reached the highest level in Septem-
ber, which was just before the full maturity of kernels (Fig. 4a). We
also detected the expression levels of TgLBD40 in nine T. grandis
plants with different oil content using qRT-PCR, and the results
showed that there was a significant correlation between the
expression of TgLBD40 and oil content (Fig. S9). These results indi-
cated that the transcript abundance of TgLBD40 showed a similar
trend with oil content, and TgLBD40 might be involved in oil body
formation or oil accumulation in T. grandis. Phylogenetic analysis
revealed that LBD40-like proteins from gymnosperms, mosses,
Gramineae, Brassicaceae, Fabidae, and woody angiosperm clades
clustered separately, suggesting functional conservation within
the clade and possible functional diversity between clades
(Fig. 4b). Furthermore, the alignment analysis of amino acid
sequence was also conducted between TgLBD40 and its homologs
in Arabidopsis and Glycine max. The result showed that TgLBD40
was highly homologous with the LBD40-like proteins from Ara-
bidopsis and Glycine max, and possesses the conserved domain
known as LOB domain (Fig. 4c). However, it has not been reported
that LBD40-like proteins are involved in oil accumulation and oil
body formation. In order to investigate the subcellular localization
of TgLBD40, we expressed a 35S::TgLBD40-GFP construct in N. ben-
thamiana leaf epidermal cells by agro-infiltration. The TgLBD40-
GFP fusion protein was found only in the nucleus. When

http://fatty+acid+catabolic+process
http://fatty+acid+catabolic+process
http://nucleoside+metabolic+process
http://nucleoside+metabolic+process
https://www.ncbi.nlm.nih.gov/


Fig. 5. TgLBD40 promotes oil accumulation. (a) Partial nucleotide sequences of TgLBD40, red letters represent the SNP mined by TRAS. (b) The protein sequences
corresponding to the nucleotide sequences in (a). (c) Immunoblot analysis of TgLBD40-Ser-GFP and TgLBD40-Ala-GFP fusion protein expression in tobacco leaves. The total
proteins were isolated for immunoblot assays with anti-GFP antibody. Coomassie brilliant blue staining indicates that similar amounts of proteins were loaded. (d) Oil
content of wild type (WT), LBD40-Ala and LBD40-Ser transient expressed tobacco leaves. Values are averages and SD of three individual experiments. Different letters indicate
significant difference at P < 0.05. (e) The relative expression level of TgLBD40-Ser was identified by qRT-PCR in all used Arabidopsis lines. (f) Oil percentage of seed dry weight.
Values are averages and SD of four individual experiments. Statistical significance was determined by Student’s two-tailed t test (*P < 0.05, ***P < 0.01). N.S. means no
significant difference compared to Col-0.
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TgLBD40-GFP protein was co-expressed with nuclear-localized
transcription factor, OsART1-RFP [36], they were colocalized
(Fig. 4d). Taken together, these results indicate that TgLBD40
may be a transcriptional activator involved in the regulation of
oil biosynthesis in T. grandis.

Overexpression of TgLBD40 promotes oil accumulation

Sequence analysis suggested that the 220,350 position SNP sig-
nificantly associated with oil content is a nonsynonymous poly-
morphism in TgLBD40 (T > G variant with amino acid change
from Ser to Ala). To demonstrate whether TgLBD40 is functionally
involved in oil accumulation, and whether the nonsynonymous
variant in the TgLBD40 coding region alters gene function, the
two cDNAs of TgLBD40 with only T > G variant at 220,350 position
SNP (here the cDNAs of TgLBD40 with T and TgLBD40 with G are
designated as TgLBD40-Ser and TgLBD40-Ala, respectively) were
transiently expressed in N. benthamiana leaves individually
(Fig. 5a, b). TgLBD40-Ser-GFP and TgLBD40-Ala-GFP fusion protein
expression in the tobacco leaves was identified by immunoblot
analysis and the oil content of samples with relatively consistent
protein expression was determined (Fig. 5c). Results showed that
both TgLBD40-Ser and TgLBD40-Ala elevated the oil content of
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tobacco leaves, but TgLBD40-Ser was the most effective one
(Fig. 5d). We also found that the proportions of TgLBD40-ser and
TgLBD40-Ala natural variant in the A, C, R, X and Y were 20:16,
17:0, 21:6, 36:1 and 53:0, respectively (Fig. S10). Results showed
that in the five T. grandis populations except for C, the higher the
proportion of TgLBD40-ser and TgLBD40-Ala, the higher the oil
content (Fig. S10 and Fig. 3a). The higher proportion of TgLBD40-
ser and TgLBD40-Ala in C is probably because it has only 17 sam-
ples. These results suggest that the 220,350 position SNP may be
one of the functional polymorphisms responsible for the variation
in oil levels. However, the influence of unidentified polymorphisms
cannot be ruled out. To further demonstrate the role of TgLBD40 in
oil accumulation, we generated TgLBD40-Ser overexpressing Ara-
bidopsis lines. Three independent transgenic lines were analyzed
in the T3 generation. qRT-PCR analyses indicated that TgLBD40
was strongly expressed in transgenic lines but not in Col-0 and vec-
tor control plants (Fig. 5e). We subsequently compared oil content
of the overexpressing, Col-0 and vector control Arabidopsis seeds.
As expected, the oil content of the overexpressing plants was
increased with a statistical significance in comparison with Col-0
and vector control plants (Fig. 5f). To check whether TgLBD40 is
a functional homologue of AtLBD41 which has the highest homol-
ogy with TgLBD40 in Arabidopsis, we investigated the seed oil con-



Fig. 6. Pearson’s correlation analysis between the expression level of TgLBD40 and the expression level of the unigenes for oil biosynthesis pathway enzymes. (a) Schematic
diagram of oil biosynthesis pathway. Enzymes are marked in red words. Abbreviations: PDH, pyruvate dehydrogenase; ACC (BC), Biotin carboxylase subunit of heteromeric
acetyl-CoA carboxylase (ACCase); ACC(BCCP), biotin carboxyl carrier protein of heteromeric ACCase; KAS, ketoacyl-ACP synthase; SAD, stearoyl-ACP desaturase; FATA, acyl-
ACP thioesterase A; FATB, acyl-ACP thioesterase B; LACS, long-chain acyl-CoA sythetase; GPAT, glycerol-3-phosphate acyltransferase; LPAT, 1ysophosphatidic acid
acyltransferase; PAP, phosphatidic acid phosphatase; DGAT, diacylglycerol acyhransferase; PDAT, phospholipid: diacylglycerol acyltransferase; CPT, diacylglycerol
cholinephosphotransferase; FAD2, v-6 desaturase; FAD3, v-3 desaturase; TAG, triacylglycerol. (b) Heat map of Pearson correlation coefficient at the expression level of
TgLBD40 and all unigenes for enzymes in oil biosynthesis pathway. (c) The corresponding P value in (b). The red horizontal line represents P = 1 � 10�6. (d) Unigenes
correlated with TgLBD40 at the level of P < 1 � 10�6. The heat map shows the correlation coefficient between unigenes and TgLBD40.
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tents of two atlbd41 mutants (SALK_144556C and Salk_078678C).
The mutants were identified by two paired reactions and homozy-
gous mutant lines were selected for oil content determination
(Fig. S11). Results showed that both mutants have significantly
lower oil content than Col-0 and vector control plants (Fig. 5f).
Moreover, we also performed transgenic complementation of
10
Salk_078678C with TgLBD40-Ser and found two complemented
lines with oil contents to the level of the wild type. The expression
levels of AtLBD41 in all used lines were detected by qRT-PCR
(Fig. S12a). Results showed that there was almost no AtLBD41
expression in the mutants and the transgenic lines had no signifi-
cant effect on AtLBD41 expression (Fig. S12b). These results suggest



Fig. 7. TgLBD40 directly binds to promoter of TgDGAT1 and its enhancement of transcription of TgDGAT1 requires combination with TgWRI1. (a) Diagrams of the reporter and
effector vectors used in the dual-luciferase assay. (b) Analysis of the regulatory effects of TgLBD40-Ser, TgLBD40-Ala and TgWRI1 alone or TgWRI1 combined with TgLBD40-
Ser or TgLBD40-Ala on the TgDGAT1 promoter by dual luciferase assay. Each value represents the mean ± SD of four independent experiments. Statistical significance was
determined by Student’s two-tailed t test (**P < 0.01, ***P < 0.001). (c) The promoter fragments used to generate probes. Red letters represent the LBD binding site like DNA
motifs. (d) Results of EMSAs confirming TgLBD40 bound to the promoter fragments of TgDGAT1. The unlabeled probe was taken as competitor. MBP alone was used as
negative control of the binding. Red arrowhead indicates the DNA-protein complex.
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that there is functional conservation in oil biosynthesis regulation
of TgLBD40 and its homolog in Arabidopsis, although they clustered
in different clades (Fig. 4b).

The expression of TgLBD40 is significantly correlated with the
expression of oil synthesis pathway genes

To understand the potential molecular mechanism by which
TgLBD40 increased oil accumulation in T. grandis, the correlation
11
between the expression level of TgLBD40 and the expression level
of the unigenes for oil biosynthesis pathway enzymes was investi-
gated by Pearson’s correlation analysis. The results showed that in
the unigenes with a correlation level of P < 1 � 10�6, most of the
unigenes positively correlated with TgLBD40 were annotated as
long-chain acyl-CoA sythetase (LACS) (9 unigenes), DGAT (2 unige-
nes), stearoyl-ACP desaturase (SAD) (2 unigenes) and GPAT (1 uni-
gene), respectively; there were 2, 1, 1, 2, and 1 unigenes negatively
correlated with TgLBD40 that were annotated as KASⅡ, biotin car-
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boxyl carrier protein (BCCP), biotin carboxylase subunit of hetero-
meric acetyl-CoA carboxylase (BC), MTACP and OLE, respectively
(Fig. 6). These results indicated that TgLBD40 may act as a tran-
scription factor to affect the expression of TAG biosynthesis-
related genes, thus promoting oil biosynthesis.

TgLBD40 enhanced transcription of TgDGAT1 by combining with
TgWRI1

Dual-luciferase assay was used to investigate the regulation
mechanism of TgLBD40 on oil biosynthesis in T. grandis. The results
showed that significantly enhanced transcription fromthepromoter
of the oil biosynthetic gene TgDGAT1 could be detected when
TgWRI1, a key transcription factor in the regulation of plant oil
biosynthesis, co-transformed with TgLBD40-Ser or TgLBD40-Ala,
although TgLBD40-Ser, TgLBD40-Ala and TgWRI1 alone had no
effect on the activation of TgDGAT1 promoter (Fig. 7a, b). Interest-
ingly, the positive regulatory effect of TgLBD40-Ala combined with
TgWRI1 on TgDGAT1 promoter was significantly weaker than that
of TgLBD40-Ser combined with TgWRI1 (Fig. 7b), indicating that
the 220,350 position SNP identified from TRAS could alter the tran-
scriptional activation activity of TgLBD40. Phylogenetic analysis
results showed that TgDGAT1 was closely clustered with
NP_001237684.2 (Glycine max), NP_001302732.1 (Brassica napus)
and NP_179535.1 (Arabidopsis thaliana) (Fig. S13a), and TgWRI1
was closely clustered with XP_013647955.1 (Brassica napus) and
NP_001035857.1 (Arabidopsis thaliana) (Fig. S14a). A comparison
of protein sequences indicates that TgDGAT1 contains a conserved
MOBAT domain and shares high amino acid identity to AtDGAT1
(NP_179535.1) and ZmDGAT1 (EU039830.1) (Fig. S13b). The
TgWRI1 protein sequence contains two highly conserved AP2
domains and a highly conserved 14–3-3 binding motif, which were
similar to AtWRI1 (NP_001035857.1) and BnWRI1
(XP_013647955.1) (Fig. S14b). These results suggest that TgDGAT1
and TgWRI1 may have functions similar to their homologs in other
plants.

Previous studies showed that LBDs can recognize HCGGCG/
GCGGCW sites to regulate the expression of genes involved in plant
growth, development andmetabolic processes [37,38]. As shown in
Fig. 7c, two LBD binding site-like DNA motifs in the TgDGAT1 pro-
moter were found. To test whether TgLBD40 could directly bind to
the TgDGAT1 promoter, EMSA assays were performed. Results
showed that the purified MBP-tagged TgLBD40 protein but not the
MBP alone could directly bind to the TgDGAT1 promoter fragments
containing LBD binding site-like DNA motifs in vitro (Fig. 7d). Fur-
thermore, the unlabeled probes could effectively compete with the
binding (Fig. 7d). These results indicating that TgLBD40 can directly
bind to the TgDGAT1 promoter, but its enhancement of transcription
of TgDGAT1 requires combination with TgWRI1.

Discussion

In this study, a TRAS approach that is independent of a reference
genome was used to identify traits associated with SNPs and tran-
scripts based on association mapping and regulatory networks.
TRAS has its advantages although it cannot identify SNPs in an
intron or regulatory regions of genes. TRAS can directly associate
the trait with candidate transcripts and their expression. In com-
parison, the loci controlling the trait identified by GWAS is only a
genome region [20]. Moreover, TRAS can detect potential interac-
tion of trait associated-transcripts by co-expression analysis. To
perform the TRAS approach, a reference transcriptome of T. grandis
was generated by integrating Illumina RNA-sequencing data with
single molecule long-read sequencing data in this study. Based
on this reference transcriptome and the RNA sequencing of 170
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diverse T. grandis landraces, a total of 275,924 high-quality SNPs
and a large gene expression profile library were generated. Our
results showed that the traits we focused on exhibit a broad vari-
ation within sub-populations and this makes it possible for us to
identify loci controlling traits in T. grandis populations successfully.

At present, research on fatty acid and oil synthesis in plants has
focused almost entirely on oil seeds in angiosperm species. Several
transcription factors like LEAFY COTYLEDON1 (LEC1), LEC2,
WRINKLED1 (WRI1), FUSCA3 (FUS3) and ABSCISIC ACID3 (ABI3)
are reported to act as positive regulators of oil biosynthesis, while
Transparent Testa 2 (TT2), TT8, GLABRA2 (GL2), Arabidopsis six-b-
interacting protein 1-like 1 (ASIL1), and APETALA2 (AP2) act as
negative regulators of oil biosynthesis in angiosperm [39]. Target
genes of these transcription factors in oil biosynthesis include FATB
(acyl-ACP thioesterase B), PKb1 (pyruvate kinase), BCCP2 (BIOTIN
CARBOXYL CARRIER PROTEIN2), ACP1 (acyl-carrier protein1),
OLE1 (oleosin 1), KASI, and KASII [39]. Oil biosynthesis in gym-
nosperm species is difficult to study because their effective popu-
lation sizes are very large and their genomes are highly
heterozygous [40]. To date, there are few studies on oil synthesis
in gymnosperms. In our previous study, we found that three genes,
TgOLEO1, TgCLO1 and TgSLO1, encoding oil body-associated pro-
teins in Torreya grandis can affect the oil content [5]. The difference
between gymnosperms and angiosperms in oil composition is that
the oil of gymnosperms contains sciadonic acid, while angiosperm
oil does not. This is because almost all angiosperm species have
lost the capability to introduce supplementary D5-desaturation
into unsaturated C20 fatty acids [41,42]. The candidate genes
encoding the last two enzymes of sciadonic acid biosynthesis have
been identified using transcriptome sequencing [4].

In this study, we identified 41 SNPs from 34 transcripts that
were significantly associated with seven oil-related traits using
TRAS. None of the reported homologous genes that have been iden-
tified through forward genetics to control related traits were iden-
tified, suggesting that it is the first findings, to our knowledge, that
the natural variation of the genes identified. Some of the genes
identified by TRAS in this study may indirectly influence oil accu-
mulation and composition. For example, enhancement of gib-
berellin (GA) signaling or exogenous gibberellic acid can affect
the total seed oil content [43]. In Arabidopsis, LOB domain-
containing protein 40 (LBD40) was identified as an early
gibberellin-responsive gene [44]. In this study, we identified an
oil content associated transcript (TR182770-c1_g1_i1) encoding a
protein which homology with Arabidopsis LBD41, suggesting that
TgLBD40 may mediate the regulation of gibberellin on oil biosyn-
thesis. Sciadonic acid biosynthesis needs a desaturase AL10 or
AL21 which has a cytochrome b5 domain and may have cyto-
chrome b5 activity [45]. Cytochrome b5 could interact with cyto-
chrome C to form a complex which is believed to involve the
formation of salt linkages between specific carboxylic acid residues
of cytochrome b5 with lysine residues on cytochrome C [46]. It was
reported that surfeit locus protein 1 (SURF1) can be involved in the
biogenesis of cytochrome c oxidase [47]. Here, we identified a sci-
adonic acid associated transcript (BRD_TGR26378) encoding a pro-

tein which homology with human SURF1, suggesting that TgSURF1
may be involved in the regulation of sciadonic acid biosynthesis.

The Pearson’s correlation analysis showed that the gene expres-
sion levels of eight of the 34 transcriptswere significantly correlated
with their corresponding traits (Fig. S8), suggesting that the associ-
ation of these 8 transcripts were authentic. However, the remaining
26 transcriptswere associatedwith their corresponding trait only in
termsof the SNPs, but not in terms of gene expression,whichmaybe
caused by the linkage disequilibrium [20]. Alternatively, these tran-
scriptsmay regulate the trait through changing the protein function
but not changing the transcriptional expression level.
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In addition to the identification of trait-associated SNPs and the
transcripts where the SNPs are located, we also revealed the asso-
ciation networks across different traits. For example, we identified
the 5,167,765 position SNP that functioned as a key node for con-
necting palmitic acid and linoleic acid. It is noted that palmitic acid
is strongly and negatively correlated with linoleic acid (Fig. 1b),
suggesting that the gene at this position may mediate the meta-
bolic process that converts palmitic acid to linoleic acid.

To confirm the TRAS result, we performed functional validation
and molecular biology experiments for TgLBD40. The plant-specific
LBD gene family plays an important role in the regulation of lateral
organ development and participates in the regulation of antho-
cyanin and nitrogen metabolism [48]. However, a role for the
LBD gene family in the regulation of plant oil biosynthesis has
not been reported so far. Transient expression assay demonstrated
that polymorphisms of the 220,350 position SNP in the TgLBD40
coding region could alter the oil content in plants. When TgLBD40
was stably overexpressed in Arabidopsis, seeds accumulated more
oil content than Col-0 seeds (Fig. 5). Pearson’s correlation analysis
showed that the expression level of TgLBD40 was positively and
significantly correlated with the expression level of LACS, DGAT
and GPAT encoding unigenes, while negatively and significantly
correlated with the expression level of OLE encoding unigenes. It
has been shown in other plants that overexpression of LCS, DGAT
and GPAT and mutations of some OLE members can increase oil
content [49–53]. LOB domain proteins are suggested to act as tran-
scription factors based on their nuclear localization [54,55] and
their ability to bind DNA motif HCGGCG/GCGGCW [37,38]. We
have demonstrated that TgLBD40 was localized in the nucleus
and could directly bind to the TgDGAT1 promoter, but its enhance-
ment of transcription of TgDGAT1 requires combination with
TgWRI1. However, whether TgLBD40 can directly or indirectly acti-
vate the expression of other oil synthesis pathway related enzyme
coding genes needs to be further studied.

Conclusions

In conclusion, our TRAS analysis yielded dozens of genes that
are potentially associated with traits of interest in T. grandis, a spe-
cies without a reference genome. While some of the identified
genes have unknown functions, almost all of the others are not
directly related to oil biosynthesis. The result of functional valida-
tion of TgLBD40 demonstrates that TRAS combined with transgenic
technology provides a powerful tool for rapid identification of new
genes related to oilseed quality.
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