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Abstract: Diacylglycerol acyltransferase (DGAT) is a vital and sole rate-limiting enzyme involved
in triacylglycerol synthesis. Identifying DGAT genes in Lindera glauca is essential for studying
lipid metabolism pathways and developing novel oil crops with enhanced value. In the study
reported in this paper, 15 LgDGAT family genes were first obtained from the L. glauca genome via
bioinformatics analysis. We comprehensively analyzed their chromosome distribution, gene structure,
subcellular localization, promoter prediction, phylogenetic relationships, tissue-specific expression,
and expression patterns during different stages of fruit development. Our findings revealed that
LgDGATs can be classified into DGAT1, DGAT2, DGAT3, and WSD (wax ester synthase/acyl-CoA:
diacylglycerol acyltransferase) subfamilies distributed across chromosome 3, 5, 6, 8 and 11. LgDGATs’
promoter region showed abundant elements linked to the light response and plant hormone response.
Forms of LgDGAT1, LgDGAT2, and LgDGAT3 were primarily expressed in the early and late phases
of fruit development, indicating their potential function in the growth and development of L. glauca,
particularly in oil accumulation. Conversely, LgWSDs exhibited predominant expression in stems
and leaves. This paper elucidates the gene structure and expression patterns of LgDGATs, providing
a theoretical foundation for understanding the functionality of DGAT genes in Lindera species.

Keywords: DGAT gene family; transcriptome; characteristic identification; expression pattern

1. Introduction

Triacylglycerol (TAG) serves as plants’ primary lipid storage form and is valuable for
human consumption and biofuel production [1]. Among the various pathways involved in
TAG biosynthesis in different plant organs and tissues, the Kennedy pathway is one of the
most critical [2,3]. Diacylglycerol acyltransferase (DGAT) is the only rate-limiting enzyme
involved in this pathway’s ultimate conversion of diacylglycerol (DAG) to TAG, and as
such, it is crucial in controlling the amount of TAG present [4].

DGAT enzymes are categorized into four types based on their cell location and struc-
tural variations: DGAT1, DGAT2, DGAT3 and WS/DGAT (wax ester synthase/acyl-CoA:
diacylglycerol acyltransferase) [5,6]. As genetically engineered targets for enhancing the
yield of plant storage lipids, DGAT1s are crucial for the cultivation of oilseed crops [7,8].
They have also been associated with plant growth [9,10]. Arabidopsis seedlings mutant for
DGAT1 exhibit abnormal growth, shrunk seeds, reduced lipids content, and delay seed mat-
uration [11,12]. Overexpression of Arabidopsis AtDGAT1 in tobacco significantly increases
TAG content in transgenic tobacco seeds [13]. DGAT2 selectively accumulates unsaturated
fatty acids in TAG. Overexpression of PfDGAT2 in Perilla frutescens [14] and JcDGAT2 in
Jatropha curcas [15] increases their unsaturated fatty acid content, respectively. Additionally,
DGAT2 is co-expressed with transcription factor ethylene response factors in tobacco to
promote the flow of carbon sources toward fat and fatty acid biosynthesis [16]. DGAT3 is
a plant cytoplasmic soluble metalloenzyme [17]. The accumulation of unsaturated fatty
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acids was dramatically increased when camelina CaDGAT3-3 was expressed specifically
in tobacco [18]. WS/DAGT is an enzyme that possesses dual functionality as both a TAG
synthetase and a wax ester synthase (WS), with its WS activity surpassing that of TAG
synthetase [6]. Arabidopsis AtWSD1 exhibits high level of WS activity, while DGAT activity
is approximately tenfold lower than its WS activity [19]. Moreover, AtWSD1 is crucial
in producing epidermal wax, which is essential for plant moisture retention and salinity
tolerance [20].

Lindera glauca (Sieb. et Zucc.) Blume is a deciduous shrub or small fruit tree found in
lowland woodland forest margins in China, Japan, and Korea [21–23], where it undergoes
non-fusion (seed asexual reproduction) [24] and sexual reproduction [25,26]. L. glauca is
a secondary forest species in low and middle altitude area, and considered as a significant
ecological and economic tree species due to its abundant resources, high adaptability, and
ecological advantages in China [27]. The fatty acids and aromatic oils found in L. glauca
fruits, as well as the terpenoids, flavonoids, and alkaloids that they contain, are rich in
traditional medicinal uses [28]. The primary fatty acids in L. glauca fruits and seeds are
capric acid, oleic acid, palmitic acid, and linoleic acid [29]. Fruits and essential oils produced
in China annually amounts to 120,000 metric tons and 1000 kiloliters, respectively [30,31].
L. glauca fruit or seed oil is frequently utilized in food oils, biodiesel, or daily-use chemical
goods, including soaps, surfactants, and lubricants [32–34].

However, there were limited studies on the biosynthesis and accumulation of oil in
L. glauca, hindering the discovery of related genes and the improvement in oil content.
Therefore, we gathered fruits, 60, 90, and 150 days after flowering to examine the expression
of the DGAT family of essential genes for oil synthesis. Additionally, to gain comprehen-
sive insights into the physicochemical properties, chromosome localization, conserved
motifs, gene structure, evolutionary relationship and cis-acting elements of LgDGATs, we
performed bioinformatics analysis of all LgDGATs in the whole genome. The findings will
serve as a basis for further investigation into oil biosynthesis and accumulation in L. glauca
fruits and the breeding of new varieties of in L. glauca fruits with high oil.

2. Materials and Methods
2.1. Identification and Characterization of DGAT Gene Family in L. glauca

The potential LgDGAT family members were identified and retrieved from the L. glauca
genome sequence by downloading the Hidden Markov Model profiles of DGAT genes
(PF03982) from the Pfam database (http://pfam.xfam.org/) (accessed on 20 July 2022) [35]
using HMMER 3.0 (http://hmmer.janelia.org/) (accessed on 20 July 2022) software (E-
value ≤ 1 × 10−5) [36]. The L. glauca genome was searched using the Arabidopsis DGAT
genes as a probe using the Blastp tool, and the candidate sequence with an E-value
1 × 10−10 was chosen after eliminating duplicates. The candidate sequences lacking the
specific DGAT family protein domains were excluded using the CD-search program [37]
(https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) (accessed on 20 July 2022),
leaving the LgDGATs.

Utilizing the ProtParam tool (https://web.expasy.org/Protparam/) (accessed on 13
April 2023), each LgDGAT protein’s physicochemical characteristics were predicted [38].
In addition, the Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/Cell--PLoc--2/) (ac-
cessed on 13 April 2023) and TMHMM Server v. 2.0 (https://services.healthtech.dtu.
dk/services/TMHMM--2.0/) (accessed on 13 April 2023) online tools were employed,
respectively, for the prediction of subcellular locations and transmembrane domains [39].

2.2. Phylogenetic Analysis of LgDGATs

The rice (http://rice.plantbiology.msu.edu/) (accessed on 4 August 2022) and maize
(https://maizegdb.org/) (accessed on 4 August 2022) databases, which contain the DGAT
protein sequences of Oryza sativa and Zea mays, respectively, were used to download
the data used in this study. The UniProt website (https://www.uniprot.org/), which
contains the sequences for Glycine max and Brassica napus, were used to download the
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data (accessed on 4 August 2022). ClustalW (http://www.clustal.org/clustal2/) (accessed
on 19 April 2023) was used to align the protein sequences from L. glauca, A. thaliana,
O. sativa, Z. mays, G. max, and B. napus in order to examine the evolutionary relationship
between LgDGATs and other species DGATs. The aligned sequences were subsequently
used to create a phylogenetic tree based on the maximum likelihood technique using
MEGA-X (https://www.megasoftware.net/dload_win_gui) (accessed on 19 April 2023)
with the default parameters and a bootstrap value set to 1000. The online tool iTOL
(https://itol.embl.de/) (accessed on 19 April 2023) was used to enrich and show the
resulting phylogenetic tree [40].

2.3. Motifs and Gene Structure Analysis

Using the MEME website (https://meme--suite.org/meme/tools/meme) (accessed
on 26 April 2023) and the motif number was set to 20 to predict the conserved motif of the
LgDGAT protein [41]. Next, the motif and gene structure of the LgDGATs were visualized
using TBtools v1.120 software, combining the conserved motif data file and the genome
database GFF3 file [42].

2.4. Cis-Acting Elements Analysis for LgDGAT Gene Promoters

The PlantCARE online website (http://bioinformatics.psb.ugent.be/webtools/plantcare/
html/) (accessed on 27 July 2022) [43] was used to predict cis-acting elements from the
sequences of LgDGATs that were 2000 bp upstream of the start codon. TBtools was used to
display the results.

2.5. Chromosomal Distribution, Gene Duplication and Synteny Analysis of LgDGATs

Using the annotation file for the genome of L. glauca, the MapChart program was used
to visualize the chromosomal position of LgDGATs [44]. Gene duplication events of DGATs
and the collinearity relationships between intraspecies and interspecies were analyzed
using MCScanX-2019 software [45]. The results were visualized using Circos 0.69 [46] and
TBtools v1.120 software.

2.6. Calculation of the Ka/Ks Values

The non-synonymous replacement rate (Ka) and synonymous replacement rate (Ks)
were calculated using the Simple Ka/Ks Calculator in TBtools software. The Ka/Ks ratio
was explored to investigate the selection pressure on genes in the evolutionary process.
Using the formula T = Ks/(2 × 3.02 × 10−9) × 10−6 million years (Mya), the divergence
time (T) was calculated [47].

2.7. Expression of the LgDGAT Genes During Fruit Development

Transcriptome sequencing (RNA–Seq) experiments were conducted in three stages
during fruit development of L. glauca: 60 (early fruiting stage), 90 (rapid fruit growth), and
150 (fruit ripening) days after flowering (DAF). The fruit samples were collected from the
nursery (31.8◦ N, 114.1◦ E) of Jigongshan National Nature Reserve (Henan, China). Three
replicates of each sample were frozen in liquid nitrogen and kept at ultra-low temperatures
at –80 ◦C after being collected in the field. RNAprep Pure Plant Kit (TIANGEN, Germany)
was used to extract total RNA from the obtained samples. Separate cDNAs were generated
for each of the nine replicate RNA samples using the KAPA Stranded mRNA-seq Kit. Firstly,
mRNA enrichment of total RNA was performed using RNA cleanXP purified magnetic
beads with oligo(dT) produced by Beckman Coulter (USA). The mRNA is then broken into
fragments by heating, and the first strand of cDNA is synthesized with random primers
based on this template. RNase H is added to create a gap, and the RNA will continue to
extend in the gap to generate a second strand of cDNA. The double-stranded cDNA is
then purified, end-repaired, and the 3’ end is tailed. Finally, the obtained library DNA was
amplified and purified using PCR, and fragments of 250~500 bp size were selected via
agarose gel electrophoresis for recovery. The nine separate libraries were then barcoded,
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and the barcoded libraries were normalized to ensure equal representation in the library
pool prior to sequencing on the Illumina NovaSeq 6000 platform. The ID of each library
can be found at NCBI (accession number: PRJNA977679). The extraction of total RNA,
cDNA library construction and sequencing were carried out by Biomarker Technologies
Ltd (Beijing, China). The sequencing results were submitted to NCBI (accession number:
PRJNA977679). We employed the TPM method for expression quantification. Based
on the differential expression of the DGATs in transcriptome annotation data, one-way
analysis of variance (ANOVA) was performed using the IBM SPSS Statistic 26 [48], and
the results were represented in a histogram using Pheatmap (https://cran.r--project.org/
web/packages/pheatmap/) (accessed on 17 May 2023) package in R–4.0.0 software (https:
//www.r--project.org/) (accessed on 17 May 2023).

2.8. Real-Time PCR Analysis of LgDGATs’ Gene Expression

After the samples were ground into powder with liquid nitrogen, total RNA was
extracted using RNAprep Pure Kit (DP441, TIANGEN, Beijing, China). The NanoPho-
tometer N50 (Implen, Munich, Gemany) was used to detect RNA purity and concentration.
Then, total RNA reverse transcription was carried out using PrimeScriptTM RT Master
Mix (TaKaRa, Tokyo). The reaction procedure was as follows: 37 ◦C for 15 min and 85 ◦C
for 5 s. After the reaction was terminated, the samples were quickly placed on ice and
stored in a refrigerator at –20 ◦C. Specific primers of 9 LgDGATs and internal controls were
designed at NCBI (Table 1) (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.
cgi?LINK_LOC=BlastHome) (accessed on 23 July 2023). RPL32e (large subunit ribosomal
protein L32e) and UBC (ubiquitin-conjugating enzyme) were used as internal controls. The
primers were all synthesized by TSINGKE Biotechnology Co., Ltd. (Beijing, China). The
gene expression of 9 LgDGATs was analyzed with qRT-PCR, which was performed using
CFX96 real-time PCR system (Bio-RAD, Laboratories, Hercules, CA, USA). The reaction
system (25 µL) contained TB Green® Premix Ex Taq™ II 12.5 µL, upstream primers 1 µL,
downstream primers 1 µL, cDNA 2 µL, and sterile distilled water 8.5 µL. The preparation
process was completed on ice. Reaction conditions were as follows: 95 ◦C for 30 s, followed
by 39 cycles at 95 ◦C for 5 s and 60 ◦C for 30 s, with a melting curve analysis. The operation
was repeated three times for each sample. The 2−∆∆CT method was then used to calculate
the levels of gene expression.

Table 1. Primers for qRT-PCR.

Gene ID Forward Primer Reverse Primer

LgDGAT1 CGACTCCTCCTCCAAGACCTG ACCGACGGATTCCTCTGTTCTC
LgDGAT2.1 TCAGTGAGGTTATCTGTTGC GACCATAGCAGAAAACAGGA
LgDGAT2.2 CACACCACTACTAAGGCAAA ATATGAACAATCTCCCGAGC
LgDGAT2.3 GAGGTCATCCTCCAGAAAAG AAGTTGAGATGAATGGTCCC
LgDGAT2.4 GTGTTTGGGATGCTGTTATG ACGTGAAGTGTAATGGGAAA
LgDGAT2.6 CTCTGTCAACGCAACCATACTCAC TGTGGACTGTGGTGTGGATGG
LgDGAT3.3 ATAGACCAACCACAACCCATTCAG AAGAGAAGCAAGGAACAGCAGTAG

LgWSD1 TCCCAAGCCAGTCCAGTGTC TTGAGATTGTGAAGGTTGTGTTAGC
LgWSD2 AAGTTTCGACATTCAGGACA GTAGCCCTTCTAATTCTCGG

UBC CTGGGATACCATCCAGAACATC CTCAAGTGTCCTTCCAGCATAG
RPL32 CCGCCACCTCTCTCTTTATTT GCGCTTCTTGACAATCTTCTTG

2.9. Tissue-Specific Expression of LgDGATs

The NCBI database (https://www.ncbi.nlm.nih.gov/sra/) (accessed on 9 May 2023)
provided the transcriptome information for L. glauca in five different tissues, including the
sarcocarps, roots, leaves, stems, and seeds (accession number: SRX591256). The expression
of heat maps was generated using the HeatMap program in TBtools software based on the
transcriptome data.
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3. Results
3.1. Identification of DGAT Members in L. glauca

Fifteen DGAT candidates (Table 2) were identified in L. glauca through Blastp and
hmmer searches and domain analysis. Among them, one belonged to the DGAT1 subfamily,
and eight belonged to the DGAT2 subfamily, while each subfamily of the WSD and DGAT3
consisted of three members. Tables S1 and S2, respectively, contains the protein and
gene sequences.

Table 2. Information on LgDGATs in L. glauca.

Gene ID Accession
Number AA Molecular

Weight PI Aliphatic
Index GRAVY Predicted Location(s) Transmembrane

Domain

LgDGAT1 Lg06G6989 543 61,266.01 7.14 91.84 0.129 Endoplasmic reticulum YES
LgDGAT2.1 Lg05G6132 292 32,678.24 9.28 95.72 0.189 Endoplasmic reticulum NO
LgDGAT2.2 Lg05G3126 347 39,417.38 9.33 96.89 0.165 Endoplasmic reticulum YES
LgDGAT2.3 Lg05G3163 349 39,622.65 9.33 96.33 0.175 Endoplasmic reticulum YES
LgDGAT2.4 Lg06G6636 340 38,598.36 9.26 101.79 0.293 Endoplasmic reticulum YES
LgDGAT2.5 Lg08G2897 304 33,914.54 5.23 85.89 −0.221 Endoplasmic reticulum NO
LgDGAT2.6 Lg10G4262 279 30,661.56 8.86 82.15 0.146 Cell membrane YES
LgDGAT2.7 Lg03G1073 486 55,057.85 8.64 98.27 −0.134 Endoplasmic reticulum NO
LgDGAT2.8 Lg03G1089 1428 160,137.89 7.06 93.77 −0.132 Endoplasmic reticulum NO
LgDGAT3.1 Lg03G163 90 9049.4 6.21 72.56 −0.11 Cell wall NO
LgDGAT3.2 Lg03G198 259 27,851.62 8.58 73.13 −0.557 Nucleus NO
LgDGAT3.3 Lg06G3301 360 38,915.39 5.68 66.89 −0.399 Nucleus NO

LgWSD1 Lg10G479 168 18,727.96 8.72 96.37 0.083 Nucleus NO
LgWSD2 Lg10G489 399 44,459.4 5.86 100.13 −0.026 Chloroplast NO
LgWSD3 Lg11G2666 385 43,035.94 8.47 94.21 −0.023 Chloroplast NO

Note: AA, PI, and GRAVY, respectively, indicate number of amino acids, theoretical isoelectric point, and average
hydrophilicity of the protein.

Analysis of the LgDGATs’ characteristics (Table 2) revealed that their length was be-
tween 90 and 1428 amino acids, their molecular weights were between 9.05 and 160.14 kDa,
and their aliphatic indices were between 72.56 and 101.79. The theoretical isoelectric of these
LgDGATs ranged from 5.23 to 9.33, and most were basic proteins. The grand average of hy-
dropathicity was −0.557~0.293, of which LgDGAT1, LgDGAT2.1, LgDGAT2.2, LgDGAT2.3,
LgDGAT2.4, LgDGAT2.6, and LgWSD1 were classified as hydrophobic proteins. Subcel-
lular localization analysis indicated that eight genes (LgDGAT1, LgDGAT2.1, LgDGAT2.2,
LgDGAT2.3, LgDGAT2.4, LgDGAT2.5, LgDGAT2.7, and LgDGAT2.8) were located in the
endoplasmic reticulum, three genes (LgDGAT3.2, LgDGAT3.3, and LgWSD1) were located
in the nucleus, and two genes (LgWSD2 and LgWSD3) were located in the chloroplast.
LgDGAT2.6 and LgDGAT3.1 were found in cell membranes and cell walls, respectively.
Furthermore, the analysis of transmembrane domains analysis showed that LgDGAT1,
LgDGAT2.2, LgDGAT2.3, LgDGAT2.4, and LgDGAT2.6 possessed transmembrane regions,
while the remaining LgDGAT proteins had no transmembrane structures detected.

3.2. Phylogenetic Analysis of LgDGATs

The phylogenetic tree (Figure 1) constructed by the 50 DGATs from L. glauca, A. thaliana,
O. sativa, Z. mays, G. max, and B. napus displayed that these proteins were clustered into four
clades, DGAT1, DGAT2, DGAT3, and WSD. Further analysis indicated a close relationship
between DGAT2 and DGAT3. Within the WSD clade, LgWSD1 and LgWSD2 were clustered
together, suggesting that they possess similar and distinct functions. In the DGAT3 clade,
LgDGAT3.1, LgDGAT3.2, and LgDGAT3.3 were hypothesized to have functions similar to
DGAT3 in A. thaliana and B. napus. Similarly, LgDGAT1 was proposed to have more similar
functions as DGAT1 in O. sativa and Z. mays. In the DGAT2 clade, eight LgDGATs (2.1 to 2.8)
were clustered together, implying the presence of numerous redundant genes in DGAT2
due to gene replication during evolution.
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Figure 1. Phylogenetic tree of proteins from the DGAT family. Fifty DGATs of Lindera glauca (Lg),
Arabidopsis thaliana (At), Oryza sativa (Os), Zea mays (Zm), Glycine max (Gm), and Brassica napus (Bn)
are included in this tree. Distinct colors are used to designate distinct groupings of DGAT proteins.
Each species of proteins is labeled with specific symbols.

3.3. Analysis of Conserved Motifs and Gene Structure of LgDGATs

The LgDGAT sequences were subjected to conservative motif prediction using the
MEME online tool. The results indicated significant differences among different subfamilies
(Figure 2B). Motif 1 was present in all members of the LgDGAT2 subfamily, while motifs 6
and 14 were present in all LgDGAT3 subfamily members. Motifs 8 and 9 were unique to
the LgWSD subfamily and absent in other subfamilies. The LgDGAT1 contained motifs 16
and 17, also found in the DGAT2 subfamily. Members within the same subfamily exhibited
same or identical motif distributions, distinguishing them from other subfamilies. This
finding suggested that genes in the same subfamily probably have similar roles, but genes
in separate subfamilies have different roles. Moreover, the motif characteristics of each
subfamily suggested that the LgDGAT2 subfamily may have more complex functions than
the other three subfamilies.
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green box, respectively. (D) Conserved motif logos of LgDGATs.

Four subfamilies of LgDGATs indicated distinct gene structures (Figure 2C). The
LgDGAT1 subfamily had 18 exons, while the LgWSD subfamily mainly consisted of three to
six exons. The LgDGAT3 subfamily had 1 to 2 exons, and the LgDGAT2 subfamily exhibited
a range of 6 to 9 exons, except the LgDGAT2.8 had more than 20 exons. Notably, LgDGAT2.8
possessed over 1000 amino acids, making it longer than other genes. This finding suggested
that the length of this subfamily’s genes and the number of exons may have increased due
to gene evolution.

3.4. Cis-Acting Elements in LgDGAT Promoters

The potential regulatory mechanisms of LgDGATs were analyzed using PlantCARE
database with 2000 bp upstream sequences (Figure 3). Four cis-acting elements were present
in the promoter regions: plant hormone responsiveness, abiotic and biological stress, plant
growth and development, and light response.
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Among all LgDGATs, LgDGAT2.3, LgDGAT2.7, LgDGAT2.8, LgDGAT3.2, and LgDGAT3.3
contained the most amounts of cis-acting elements (10 elements), while LgDGAT2.5 con-
tained the fewest (5 elements). All LgDGAT promoters contained light-responsive ele-
ments. Regarding composition type specificity, most LgDGAT promoters contained MeJA-
responsiveness, anaerobic induction, zein metabolism regulation, abscisic acid respon-
siveness, and MYB binding site elements. Approximately half of the LgDGAT promoters
contained gibberellin-responsive element, auxin-responsive element, low-temperature re-
sponsiveness, and circadian control elements. Defense and stress-responsive elements
were present in the promoters of LgDGAT1, LgDGAT2.1, LgDGAT2.7, LgDGAT3.3, and
LgWSD3. Meristem expression elements were found in LgDGAT2.2, LgDGAT2.3, LgDGAT2.4,
LgDGAT2.7, and LgDGAT2.8. Seed-specific regulation elements were present in LgDGAT2.2
and LgDGAT2.3, while salicylic acid responsiveness elements were found in LgDGAT2.4,
LgDGAT3.2, and LgDGAT3.3. Endosperm expression elements were detected in LgDGAT2.8,
LgDGAT3.1, LgDGAT3.2, and LgWSD2.

3.5. Chromosomal Localization, Gene Duplication, and Genome Synteny of LgDGATs

Based on genomic annotation data, distribution maps of 15 LgDGATs in the chromo-
somes were created (Figure 4), illustrating the positions of each gene on various chromo-
somes. The distribution of these genes was as follows: one gene each on chromosomes 8
and 11, three genes each on chromosomes 5, 6, and 10, and four on chromosome 3. Two gene
duplication events were uncovered, LgDGAT2.1/LgDGAT2.2 and LgDGAT2.2/LgDGAT2.3
(Figure 5, Table 2). Both duplicate gene pairs resulted from segmental duplication events,
with no tandem duplication events observed among LgDGATs.

The Ka/Ks ratios of the two pair of paralogous genes were all less than 1.0, indicating
the occurrence of purifying selection. This finding suggested that LgDGATs have undergone
evolutionary conservation, contributing to maintenance of functional stability. In terms
of divergence time, the LgDGAT2.1/LgDGAT2.2 pair exhibited an earlier divergence time
of 109.81 Mya, whereas divergence time of the LgDGAT2.2/LgDGAT2.3 pair was only
0.67 Mya (Table 3). Furthermore, a collinearity analysis of DGATs (Figure 6) from L. glauca,
A. thaliana, and O. sativa indicated that LgWSD3 exhibited synteny with one AtDGAT
(AT5G53380.1); LgDGAT3.1 and LgDGAT3.2 both exhibited synteny with one OsDGAT



Forests 2023, 14, 1633 9 of 17

(OsKitaake05g027500.1), suggesting that the DGATs of L. glauca, A. thaliana, and O. sativa
had undergone dramatic evolutionary changes.
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Table 3. Gene duplication events and divergence time between paralogous pairs of LgDGATs.

Duplicated
Gene 1

Duplicated
Gene 2 Ka Ks Ka/Ks Duplicated Type Selective Type Divergence

Time (Mya)

LgDGAT2.2 LgDGAT2.1 0.223508 0.663243 0.336993 WGD or Segmental Purifying 109.808444
LgDGAT2.2 LgDGAT2.3 0.001261 0.00406 0.310504 WGD or Segmental Purifying 0.672185
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3.6. Differential Expression Levels of LgDGAT Genes in Developing Fruit

L. glauca fruits (LGF) have emerged as a novel resource in China, possessing industrial
and medicinal value due to their rich content of terpenoids and oil [29]. The biosynthesis
and accumulation of oil in LGF may be regulated by certain genes, thereby influencing fruit
growth and development. Hence, we systematically studied the expression of LgDGATs
during fruit development stages (fruits at 60, 90, and 150 DAF) and identified specific genes
that may regulate oil biosynthesis and accumulation in fruits (Figure 7A).

Expression analysis was performed for nine LgDGATs detected at three developmental
stages: 60, 90, and 150 DAF. All nine genes exhibited expression throughout the entire fruit
development process. During fruit development, LgDGAT2.2, LgDGAT2.3, and LgDGAT3.3
showed similar expression patterns, with low expression levels at 60 and 90 DAF, reaching
the lowest point at 90 DAF, followed by a significantly increase at 150 DAF. The expression
level of LgDGAT1 displayed an increasing trend, while LgDGAT2.1 exhibited relatively
stable and high expression levels, suggesting their potential involvement in TAG biosynthe-
sis in fruits. LgWSD1 and LgWSD2 exhibited similar expression patterns, with a decrease
followed by an increase in expression, peaking at 60 DAF. Conversely, LgDGAT2.4 and
LgDGAT2.6 showed lower expression levels during fruit development, indicating their lim-
ited role in TAG accumulation in LGF. The qRT-PCR analysis was performed on randomly
selected fruits at 90 DAF. The expression of nine genes was roughly consistent with the
transcriptome data, which proved the accuracy of the transcriptome data.

3.7. Analysis of Expression Patterns of LgDGATs in Different Plant Tissues

Nine genes were found to have an expression when LgDGATs were examined for
expression across various tissues, according to data retrieved from the NCBI database,
while the other genes were not.

Their relative expression levels in seeds and stems were generally low (Figure 8).
LgDGAT1, LgDGAT2.2, LgDGAT2.3, and LgDGAT2.1 exhibited peak expression in the sarco-
carps and low expression levels in leaves. LgDGAT2.4, LgWSD1, and LgWSD2 showed peak
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levels in leaves and low sarcocarps expression. LgDGAT2.6 and LgDGAT3.3 exhibited peak
expression in roots. These results indicate distinct main expression sites for each LgDGAT,
highlighting their functional specialization and close coordination. Similar expression
patterns among these genes within the same subfamily were observed, such as LgDGAT2.2
and LgDGAT2.3, and LgWSD1 and LgWSD2.
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and UBC genes were used as the internal controls.
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4. Discussion

L. glauca is known for its high oil content, surpassing that of conventional oil plants [49].
Apart from its edible applications, L. glauca oil derived from fruits or seeds has diverse
industrial applications, such as in soaps, surfactants, and lubricants [32–34]. Mature
L. glauca seeds have an oil content ranging from between 42.0% and 53.0% [50,51]. The
biosynthesis of TAG, the primary oil component in plants, occurs in the endoplasmic
reticulum through the catalysis action of multiple enzymes [52,53], with DGAT being
the only rate-limiting enzyme for TAG biosynthesis [4]. The role of this enzyme in oil
biosynthesis has been extensively studied in various plants [54–59], and overexpression
of DGATs has been shown to enhance vegetable oils yield and quality [18]. However, no
relevant report regarding the LgDGATs family exists. Using a bioinformatics method, we
thoroughly analyzed LgDGATs in this study, encompassing phylogenetic evolution, gene
structure, and gene expression, thus establishing a foundation for future investigations on
improving L. glauca oil content.

We retrieved 15 LgDGATs from the L. glauca genome via aligning homologous se-
quences. Their number exceeds that of soybean (10), Arabidopsis (14), rice (5), and maize
(5) [60,61]. The expansion of LgDGAT counts may reflect the evolution of L. glauca
to adapt to its environment. The identified LgDGATs were categorized into four sub-
groups: LgDGAT1 (one gene), LgDGAT2 (eight genes), LgDGAT3 (three genes), and LgWSD
(three genes). Exon–intron numbers and conserved motifs were similar among genes
belonging to the same subfamily. However, gene structure and conserved motifs varied
significantly among different subfamilies, indicating diverse biological functions within the
same subfamily. Even though intron insertion or deletion aids in genome evolution [62],
our results showed that not all LgDGATs lost introns equally, especially LgDGAT2.8. Recent
studies have associated intron loss with genome reduction, suggesting that the number of
introns primarily reflects the rate of evolution, with slower-evolving genes retaining more
ancestral introns [63,64]. This diversity in LgDGATs’ evolution was observed. Evolutionary
analysis indicated that the members of four LgDGAT subfamilies were distributed across
multiple monocotyledonous and dicotyledonous plants, forming distinct clusters. This
finding suggests that the differentiation of these subfamilies predates species divergence
or, akin to DGAT1 and DGAT2, has an independent origin [65], consistent with previous
research findings [66].

Previous research indicated that DGAT1 and DGAT2 were transmembrane proteins
in different endoplasmic reticulum subdomains [67]. In this study, all LgDGAT1 and
LgDGAT2s, except LgDGAT2.6, were localized in the endoplasmic reticulum. Based on
hydrophobicity index, subcellular localization, and transmembrane prediction, LgDGAT1,
LgDGAT2.2, LgDGAT2.3, and LgDGAT2.4 were identified as endoplasmic reticulum mem-
brane proteins. Homologous genes derived from repetitive events often exhibit similar
expression patterns [68]. Two pairs of fragment duplicates were found in LgDGATs, in
which LgDGAT2.2 and LgDGAT2.3 had similar gene structures and conserved motifs and
had similar expression patterns in different tissues and fruit development.

Further investigation indicated that these duplicated genes had a Ka/Ks ratio of less
than 1.0, indicating purifying selection. Our findings support earlier evidence that the
DGAT family may participate in abiotic stress responses, such as plant stress and low
temperature, and contribute to TAG biosynthesis [69]. Plant adversity induces changes
in membrane fluidity, and fatty acids were associated with membrane fluidity [70]. Most
LgDGATs promoter contained MYB binding sites, suggesting the potential regulation of
LgDGATs by MYB transcription factors. Additionally, we identified the cis-acting elements
responsive to various phytohormones, including MeJA, GA, IAA, and ABA. ABA is widely
recognized for its significant role in plants responses to biotic and abiotic stressors [71].
The ABA-responsive element was present in almost all LgDGATs, implying a potential
association with the response to abiotic stress. The photoresponsive element was present
in all LgDGATs, and thus we speculated a potential association between LgDGATs and
photosynthesis.
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While DGATs primarily participate in oil accumulation, they are also involved in lipid
metabolism during biological processes such as seed germination, seedling development
and leaf senescence [72]. Consequently, DGATs are expected to be expressed in various
tissues, including seeds, flowers, and leaves, albeit with tissue-specific expression levels.
For instance, DGAT1 in Tropaeolum majus is exclusively expressed in developing seeds [59],
and DGAT1 expression in rosette increases with leaf senescence [73]. Tung tree DGAT1
shows minimal expression differences among organs, whereas DGAT2 is highly expressed
in developing seeds [56]. AtDGAT1 exhibits high expression in developing Arabidopsis
seeds, correlating with TAG accumulation [74]. In this study, nine expressed LgDGATs
were identified via the transcriptome data in different L. glauca tissues obtained from the
NCBI database and fruits during three developmental stages sequenced by us. These
genes include LgDGAT1, LgDGAT2.1, LgDGAT2.2, LgDGAT2.3, LgDGAT2.4, LgDGAT2.6,
LgDGAT3.3, LgWSD1, and LgWSD2. The remaining six LgDGATs were not detected in either
transcriptome data, suggesting that they may be pseudogenes or expressed at shallow
levels during these periods. In this study, LgDGAT2.1 was significantly expressed during
fruit development, and fruits at 150 DAF had high LgDGAT2.2, LgDGAT2.3, and LgDGAT3.3
expression. These genes may play pivotal roles in oil accumulation in developing fruits.
However, the LgWSD subfamilies were mainly expressed in stems, leaves, and other organs,
consistent with the study on sunflower [75]. We hypothesized that the LgWSD subfamilies
may involve lipid accumulation and cuticle wax formation in these tissues. Plant cuticle
prevents excessive water loss, resists ultraviolet radiation, and protects against diseases
and pests [76]. AtWSD1 has been implicated in epidermal wax synthesis in stems and is
vital for Arabidopsis’ adaptation to drought stress [19,20]. AtWSD11 (FOP1) exhibits high
expression in Arabidopsis flowers, and its encoded product may act as a lubricant to enable
uninhibited growth of petals as they extend between sepals and anthers [77]. The distinct
tissue expression patterns of the four LgDGAT subfamilies indicate functional divergence
among LgDGATs, suggesting a finely regulated process of oil accumulation in L. glauca.

5. Conclusions

In this study, 15 LgDGATs were identified in the L. glauca genome through bioin-
formatics analysis. The LgDGATs were comprehensively analyzed for physicochemical
properties, chromosome localization, conserved motifs, gene structure, evolutionary re-
lationship and cis-acting elements. Based on the similarities between these genes’ struc-
tures and functions, they were divided into four groups. The cis-acting components in
their promoter region were linked to plant hormone signaling, plant growth and devel-
opment, abiotic and biological stress responses, and light responsiveness. According to
transcriptome data, nine LgDGATs were among the identified genes and showed measur-
able expression levels in three stages of fruit development and different tissues. Expression
pattern analysis indicated the significant involvement of LgDGAT2.1 in TAC accumulation
in the LFG. Our results provide valuable insights and data for future investigations on
the functional characterization of LgDGATs and offer novel candidate genes for utilizing
L. glauca resources.
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