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Abstract Tree peony (Paeonia section Moutan DC.) is an excellent woody oil crop, and the
cloning and functional analysis of genes related to fatty acid (FA) metabolism from this
organism has not been reported. Lysophosphatidic acid acyltransferase (LPAAT), which
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converts lysophosphatidic acid (LPA) to phosphatidic acid (PA), catalyzes the addition of fatty
acyl moieties to the sn-2 position of the LPA glycerol backbone in triacylglycerol (TAG)
biosynthesis. This project reports a putative lysophosphatidic acid acyltransferase gene
PrLPAAT] isolated from Paeonia rockii. Our data indicated that PrLPAATI has 1047 nucle-
otides and encodes a putative 38.8 kDa protein with 348 amino acid residues. Bioinformatic
analysis demonstrated that PrLPAATI contains two transmembrane domains (TMDs). Sub-
cellular localization analysis confirmed that PrLPAATI is a plasma membrane protein.
Phylogenetic analysis revealed that PrLPAAT1 shared 74.3 and 65.5% amino acid sequence
identities with the LPAAT1 sequences from columbine and grape, respectively. PrLPAAT1
belongs to AGPAT family, and may have acyltransferase activity. PrLPAATI was ubiquitously
expressed in diverse tissues, and PrLPAATI expression was higher in the flower and devel-
oping seed. PrLPAAT] is probably an important component in the FA accumulation process,
especially during the early stages of seed development. PrLPAATI overexpression using a
seed-specific promoter increased total FA content and the main FA accumulation in
Arabidopsis transgenic plants.

Keywords Gene cloning - Expression profile - Lysophosphatidic acid acyltransferase - Paeonia
rockii - Structure and function

Introduction

Tree peony is a new woody oil crop that has a high oil production rate and good oil quality. It
belongs to section Moutan of the genus Paeonia in the family Paconiaceae, and all 9 wild
species are endemic to China [1, 2]. Tree peony’s follicle has a star-shaped fruit. It contains
black oval seeds that are characterized by abundant UFAs (>90% of the total FA content) and a
high proportion of n-3 FAs (ALA, >40% of the total FA content) that can markedly improve
the structure of diet and human health [3, 4]. As an alternative source of edible oil, the tree
peony could be sustainably exploited and be a good model for dissecting the metabolic
pathways involved in seed oil synthesis. According to previous reports, there are more than
20,267 ha of the cultivated area of the tree peony in China, which have a potential annual seed
production of 57,855 tons [5].

As a major storage lipid, triacylglycerol (TAG) could be accumulated in seeds or fruits as
well as other tissues, such as flower petals, senescing leaves and pollen grains in higher
plants [6-8]. Plant-derived TAG is an important renewable source of reduced carbon that can
be used as food, biofuel and industrial feedstock [9—11]. Through the conventional Kennedy
pathway in the endoplasmic reticulum (ER), TAG is synthesized de novo in three acylation
reactions at the sn-1-, sn-2-, and sn-3-positions of the glycerol-3-phosphate (G3P) backbone
with acyl chains from acyl-CoAs, and these three reactions respectively are catalyzed by
glycerol-3-phosphate acyltransferase (GPAT), LPAAT, and diacylglycerol acyltransferase
(DGAT) [12, 13]. The acyl-CoAs can also be incorporated into PC by the acyl editing
reactions besides Kennedy pathway [14]. In fact, by transacylation of the sn-2 FA from PC
onto sn-3 position of DAG, Phospholipid:DAG acyltransferase (PDAT) could be used to
syntheses TAG [15, 16].

LPAAT could catalyze LPA to yield PA by acylation of the sn-2 position of G3P. In
animals, this enzyme is also named as acyl-CoA:1-acylglycerol-sn-3-phosphate acyltrans-
ferase (AGPAT) [17-19]. LPAAT enzymes have been associated with multiple membrane
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systems in plants, including the mitochondrial outer membrane, endoplasmic reticulum
(ER), and chloroplasts. Besides, LPAAT is able to discriminate acyl groups with different
chain lengths and possesses a selectivity and specificity for unsaturated C18 acyl groups
in traditional oil seed crops [19]. Several studies performed on different plant species have
revealed the presence of at least two gene classes (class A and class B) that encode
microsomal LPAATs. There are five isolated and annotated LPAAT genes designated
AtLPAATI-5 in the Arabidopsis genome [20]. These genes include the plastidial isoen-
zyme gene (AfLPAATI), two class-A related genes, A?ZLPAAT2 and A/LPAATS3, a gene
encoding an anther specific isoenzyme, and two less related members, AtLPAAT4 and
AtLPAATS, which encode proteins without detectable LPAAT activity in vitro that seem to
be related to cardiolipin biosynthetic enzymes. No representative of the class-B is found
in the Arabidopsis genome [20-22]. The so-called class-B LPAATs were first cloned and
characterized from Limnanthes douglasii [23, 24] and Cocos nucifera [25]. More recently,
this gene was also identified in Ricinus communis [22]. The LPAATB has a substrate
preference for unusual acyl groups and could be typically expressed in seeds. Interest-
ingly, the LPAAT2 gene of class A also can acylate unusual fatty acids into sn-2 TAG
[26, 27].

Recent results suggest that LPAATS also play important roles in TAG accumulation.
Overexpression of B. napus microsomal LPAAT isozymes enhanced the TAG accumulation
and lipid content in Arabidopsis seeds [28]. Seed-specific overexpression of AAZLPAAT?2
(from Peanut) in Arabidopsis resulted in a greater-than-average seed weight and higher seed
oil content. The proportion of unsaturated FAs and total FA content also increased in this
study [13]. When microsomal LPAAT genes (BATI1.13 and BAT1.5, which encode rapeseed
microsomal LPAATs) from rapeseed were overexpressed in Arabidopsis in a seed-specific
manner, the average seed weight and the total fatty acid content of seed storage lipids
increased by 6 and 13%, respectively, compared with those of nontransformed plants [28,
29]. When the yeast genes SLCI and SLCI-I (homologs of ER-localized LPAATS in
Arabidopsis) were overexpressed in soybean, rapeseed, and Arabidopsis, the seed TAG
content increased [30, 31]. Therefore, LPAAT could be a potential valuable gene for
increasing TAG accumulation.

The plastid-located LPAAT is participated in the production of PA with C16 FAs, which is
similar to the prokaryotic form [19], notably LPAAT1 which displays substrate preference for
16:0 over 18:1 CoA [32]. LPAAT1 is required for operation of the prokaryotic pathway that
produces monogalactosyldiacylglycerol (MGD), digalactosyldiacylglycerol (DGD),
phosphatidylglycerol (PG), and sulfoquinovosyldiacylglycerol (SQD) for thylakoid biogenesis
[33]. Lipidomic analysis indicated that the deletion of Metarhizium robertsii mrLPAATI
(LPAAT activity was similar to yeast SLC/) resulted in significant increases in TAG, FAs,
and phosphatidylcholine (PC) but decreased PA, phosphatidylethanolamine (PE), and other
species of phospholipids when compared to the wild type [34]. So it is reasonable to conclude
that LPAAT]1 is essential for synthesis of FAs and lipids in eucaryon.

In this study, we isolated and sequenced a PrLPAATI gene from the tree peony and
analyzed its putative structure-function relationships. The expression profile PrLPAATI
was investigated in different organs as well as in seeds at different developmental stages.
The subcellular localization of PrLPAATI was examined. Moreover, we measured the
FA content of mature seeds in PrLPAATI transgenic Arabidopsis lines by GC-MS. Our
results will facilitate understanding of the biochemical role that PrLPAATI plays in the
tree peony.
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Materials and Methods
Plant Material and Treatments

A wild relative of tree peony Paeonia rockii with high oil content and «-linolenic acid content
grown in Wild Tree Peony Germplasm Repository at Northwest A&F University (Yangling,
China) was used in this study. Seven organs including the root, stem, leaf, calyx, petal, stamen,
pistil, and developing seeds (20, 30, 40, 50, 60, 70, 80, 90, and 100 days after flowering, or
DAF) were used for gene expression analysis. Each experiment was repeated three times in
which at least two plants were bulked. All samples were immediately frozen in liquid nitrogen
and stored at —80 °C before DNA and RNA extraction. The seeds from different develop-
mental stages were naturally dried and stored in a brown dryer which filled with nitrogen more
than 48 h for fatty acid composition analysis.

Seed Oil Content Measurement by GC-MS

The FAs of tree peony seeds were extracted, and fatty acid methylation was completed
according to procedures described in a previous study [5]. FA was analyzed by using a gas
chromatograph-mass spectrometer (GC7890A/MS5975C, Agilent Technologies, Santa Clara,
CA) equipped with a G4513A autosampler (Agilent). The column was HP-88
(100 m x 0.25 mm i.d., 0.20-um film thickness; Agilent). As the quantitative approach, an
internal standard curve method was used to construct five calibration plots of analyte/internal
standard peak-area ratio versus standard concentration which was determined by the least
squares method. The methyl heptadecanoate was used as the internal standard and the FAMEs
were measured in each sample. The FAMESs of samples were recorded as milligrams per gram
dry weight (DW). All samples were analyzed in triplicate.

Genomic DNA and Total RNA Extraction

Genomic DNA was extracted from 30 DAF seeds of the tree peony using the
hexadecyltrimethylammonium bromide (CTAB) method as described previously [35]. Total plant
RNA was extracted using the TTANGEN RNA Prep Pure Plant kit (Tiangen Biotech Co. Ltd.,
Beijing, China) following the manufacturer’s instructions. The concentration and quality of RNA
samples were inspected by spectrophotometric analysis and Goldview-stained agarose gel electro-
phoresis. Total RNA samples were treated 2 min at 42 °C for removing genomic DNA contam-
ination. The first-strand cDNAs were synthesized at 37 °C for 15 min followed by 85 °C for 5 s by
using PrimeScript® RT reagent Kit with gDNA Eraser (DRR047A, Takara, Dalian, China).

Cloning of Full-Length PrLPAATI ¢DNA and Genomic DNA

Two pairs of degenerate primers composed of two sense primers and one antisense primer
(Table 1) directed against the 1-acyl-sn-glycerol-3-phosphate acyltransferase-related domain were
used to amplify the conserved regions of the tree peony LPAAT! gene with cDNA templates from
30 DAF seeds. Based on the partial cDNA clones for tree peony LPAAT], the full-length cDNA
was amplified by rapid amplification of cDNA ends (RACE). The 5’ cDNA ends and 3’ cDNA
ends were isolated following the SMARTer® RACE 5'/3' Kit User Manual (Clontech Laborato-
ries, Inc., USA). To amplify full-length clones from ¢cDNA or DNA templates, primers (in
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Table 1 Primers used in this study

Name Primer sequences (5'- 3') Application

dp-S1 RYTSCTGCTGTRTATGTKTC Degenerated primers for
amplification of the
conserved region”

dp-S2 WYAAGTTYATYAGCAAGAC

dp-Al CCATCYTTRCTSCGWGTTC

LPAATI-1F3(GSPl) GATTACGCCAAGCTTTTAAGTTTATTAGCAAGAC 3’RACE
LPAAT1-2F3(NGSP1) GATTACGCCAAGCTTCAGCAGAAGCCAGTTGGAG
LPAAT1-1R5(GSP1) GATTACGCCAAGCTTCCATCTTTACTCCGTGTTCCC 5’RACE
LPAAT1-2RS(NGSP1) GATTACGCCAAGCTTTCCAACTGGCTTCTGCTGTCC

LPAATI1F TCTTCGGATTGCCACATTTCG Full-length cDNA PCR
LPAATIR GTTAGCCTTGAGAATTGAGCG

LPAATI1F TCTTCGGATTGCCACATTTCG Full-length DNA PCR
LPAATIR GTTAGCCTTGAGAATTGAGCG

LPAATIRT-F ACAGCAGAAGCCAGTTGGAG RT-PCR

LPAATIRT-R CGCAGGCATTATTTGTCCCG

Table 1) spanning full open reading frames (ORFs) were designed. All amplicons were connected
into the pUCm-T vector (SK2212, Sangon, Shanghai, China) for sequencing.

Bioinformatic Analysis

Genomic DNA and cDNA alignments as well as splice signal identification were performed
using NCBI Splign (http://www.ncbi.nlm.nih.gov/sutils/splign/). Conserved domain analysis
was carried out using Conserved Domain Databases (NCBI CDD). The PrLPAAT1 active sites
were predicted by PROSITE in Predictprotein (http://www.predictprotein.org/). The
hydrophobicity profile and charge density distribution of PrLPAAT1 were predicted using
ExPASy (http://www.expasy.org/), the secondary structure of PrLPAAT1 was predicted using
SOPMA (https://npsa-prabi.ibep.fi/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html).
The putative subcellular localization was estimated by PSORT Prediction (http:/psort.hgc.
jp/form.html). PrLPAAT] tertiary structural model was constructed using the Phyre Version
0.2 [36]. Alignments of LPAAT1 protein sequences were achieved using ClustalW1.83 [37]
with the default settings. The alignment output was used to generate a cladogram based on the
neighbor-joining method [38], as implemented in the MEGA 5.0 [39]. The sizes of exon and
intron from the selected LPAATI genes were estimated, and the structural models of gene and
protein were drawn with FancyGENE v1.4 [40]. Based on the complete protein sequences, the
transmembrane domains (TMDs) of LPAAT1 were predicted by the SMART database
(http://smart.emblheidelberg.de/) and the transmembrane prediction server TMHMM-2.0
(http://www.cbs.dtu.dk/services/).

Protein Subcellular Localization Analysis

The PrLPAATI ORF without the stop codon was inserted into the BamH 1-Sal 1 sites of
pC1301-GFP vector, generating a construct with GFP at the C-terminal of PrLPAATI under
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the control of the 35S promoter from cauliflower mosaic virus (CaMV). This construct was
transferred into the Agrobacterium engineering strain EHA105 by microprojectile bombard-
ment, and the transfectants were streaked onto a YEB plate containing 50 mg/mL Kan and Rif
to obtain single colonies at 28 °C in dark by inverted culture. Single colonies were picked on
the transformation plates and inoculated into 1 mL YEB liquid medium containing the same
antibiotics at 220 rpm and 28 °C with shaking overnight. One milliliter of the above culture
was added to 50 mL YEB liquid medium containing the same antibiotic and incubated and
shook at 220 rpm at 28 °C for approximately 10 h to obtain 0.3 of OD600. The culture was
centrifuged at 5000 rpm for 15 min in room temperature, the supernatant was discarded, and
the cells were suspended in the same volume of infiltration buffer (10 mM MES, 200 uM
acetosyringone, and 10 mM MgCl,, pH 5.6), incubated for 4 h at room temperature, and then
delivered into the lower epidermis of 4-week-old tobacco leaves. The cells were imaged 4—
6 days after transfection using an UltraVIEW Vox spinning disk confocal system
(PerkinElmer, Cambridge, UK).

Gene Expression Analysis

Quantitative real-time RT-PCR was performed on a LightCycler480 Real-Time PCR System
(Roche Diagnostics, Basel, Switzerland) with a Premix Ex Taq™ (Perfect Real Time) kit
(DRRO41A, Takara, Dalian, China). The PCR conditions were set as follows: 95 °C for 15 s
followed by 45 cycles of 95 °C for 5 s, 58 °C for 30 s, and 72 °C for 31 s. Fluorescence data
which were collected during the 72 °C step were analyzed with LightCycler480 analysis
software. In QRT-PCR analysis, the relative expression of genes were estimated by 2427,
The interspacer 26S—18S tree peony RNA gene was used as the housekeeping gene (forword
primer: 5-ACCGTTGATTCGCACAATTGGTCATCG-3' and reverse primer: 5-TACT
GCGGGTCGGC AATCGGACG-3'). The primers of genes for RT-PCR are provided in
Table 1. All reactions were conducted in triplicate in one experiment, and three biological
replicates were carried out.

Arabidopsis thaliana Transformation

The construct harboring 2S2:PrLPAATI was transformed into wild type Arabidopsis plants
using a floral-dip method [41]. The seeds of transgenic plants were selected on 1/2 MS medium
containing 20 mg L ™" hygromycin (Hyg). The Arabidopsis plants were sealed with parafilm and
cultivated in Sanyo MLR 351H growth chamber, with a 120 pmol m2s photo flux density
and 14-h light/10-h dark cycle, at 22 + 2 °C for 10 days before transplanting to soil. The FAs
content of mature Arabidopsis seeds were measured as described previously [28].

Results

Cloning and Nucleotide Sequence Analysis of PrLPAATI

The cDNA fragments (190 bp) spanning the conserved region of LPAAT-type genes were
isolated from 30 DAF seeds. Based on the partial cDNA clones, the full-length cDNA
(1047 bp) and DNA (1047 bp) clones were carried out by RACE experiments. With this

information, we concluded that PrLPAAT! does not contain introns. The full-length cDNA
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fragment harboring a 1047 bp ORF and encoding a 348-aa peptide was named PrLPAATI.
This gene was deposited into GenBank (the accession number: KX256278). The ORF of the
PrLPAATI gene encoded a protein of 348 amino acid residues with a calculated molecular
mass of 38.8 kDa and an isoelectric point of 9.68. Conserved domain analysis detected a
conserved 1-acyl-sn-glycerol-3-phosphate acyltransferase-related (PLN02901) and
LPLAT AGPAT-like (cd07989) domain (Fig. 1a).

The sequence alignment of PrLPAAT1, AGPATs, and LPAATs shown that the acyltrans-
ferase motifs I, III, and IV were discovered and they have strong homology (Fig. 1b). Among
AGPAT family, the acyltransferase motif I and motif III are the most conserved regions, all
proteins possess the HXXXXD signature and most of them possess the PEGT-X signature;
motif IV is less conserved, however, it is rich in hydrophobic amino acids [42, 43]. Previous
studies have reported that the HXXXXD signature from motif I is important for the
acyltransferase activity [44], motif III is participated in binding of the acyl acceptor [42],
and motif IV may be involved in acyl-CoA binding [45]. Therefore, we proposed that
PrLPAAT1 may be a member of AGPAT family, and may have acyltransferase activity.
Moreover, motif II is also participated in binding of the acyl acceptor [46], but it is not found
in PrLPAATI.

The Predicted Structure of the PrLPAAT1 Protein

Hydrophobicity prediction using the Kyte-Doolittle algorithm revealed more hydrophobic
residues (188 amino acids) than hydrophilic residues (160 amino acids), suggesting that
PrLPAAT1 was a hydrophobic protein. Two strongly hydrophobic stretches with approximate-
ly 30 amino acids were separately distributed in N- and C-terminal regions (Fig. 2a). Second-
ary structure prediction demonstrated that the putative PrLPAAT1 protein contained 28.74%
o-helices (12 helices total), 21.84% extended strands (19 strands total), 9.20% (-turns (11
turns total), and 40.23% random coils (Fig. 2b). In addition, PSORT II predicted that this

A 1 ATGGAAGTCTCTTCTCAACTGAAATTCCACCGTTCTTTCATCCACACATCTGCTTTCTTACATCGCTTCAGTGGGAAAGAATCGAGCTTTTTGTTTCCATCGTCTTATTTACCGTTGTGC
M EV S S QL KFEH®RSTFTIHTSATFTLEHERTESGE KTESSTFTLTFTP PSS YL P L C 40
121 ACTAATARAGGACTTT GACCCAC! GGGACATTATGAGAAATTCAAACGATTATAGCATAAGCAGTCCAAACCAATGTTTTGGTGTACCTCGGCTCTATTTCACC
T NK 6L CIZE®RTPTTYSRDTIM®RNSNDTYSTISSZPNG QGCTFGYVT®P?PRTILTYFT 8
241 cc: TGTCCAGATATATTGTTGCAAGATCTGAACTTGCTGGACCGGGGAATCCTGGTGCTGCCCAGCCTTTATCAGAGT TTCAAT TGAGCTCTAAACT TAGAGGAATATGCTTT
P K K L 8 RY I VARSETZLA ASGTPGNUPGA AA AU QPTLSTETFQL S S KTULURGTICTF 12
361 TACTCCGTTTGTGCTTTTCATGCCATTTTCCTGTTTGTGATGATGGTGGTGGCGCATCCTTTTGTGCTTTTGTTGGATCGATACC! TCAACACCTTATTGCCAARATTTGG
Y s VcAF HATIFLF VMMVYVYVAHZPTFUVILLLDRYQQRIKTQHTILTIATZKTIUW I
481 GCAACTTTATCTGTCGCTCCATTCTTTARAGT TAAATT TGAAGGAT TGGAAAATCTGCCTGCAC! TCCCGCTGTTTATGTTTCCAACCATCAGAGTTTTT T
A T L S V A P F F KV KF E 6L ENTLPAQDTI®PAV YV S NH QS F LDTI Y a 20
601 CTTCTAATTCTT TTCAAGTTCATTAGCAAGACAGCTATTTTTTTCATTCCCAT CATGTCTTTTATGGGTATTATTCCTTT GCATGGACAGCAGA
L L I L G R S F KF I S K TATIFF I P I I GWAMSTFMGTITIPTLKTRMDSR 240
721 AGCCAGTTGGAGTCTTTTAAGCGATGCATGGATCTTGTAAAAAATGGAGCATCCGTTTTTTTCTTCCCAGAGGGAACTCGGAGTARAGATGGGARATTAGGTCCTTTCAAGAAAGGAGCA
S Q L E S F KR C M DLV KNG GA ASVEFFFPEGT®RSKDGKTILGE®PFXKKG A 28

841 TTTAGCCTTGCTGCGAAAACCAGAGTGC TGGTGCCAATTACTCTTAT ACGGGACAAATAATGCCTGCGGC T TTCAGGATCTGTGAAA(

!SLAAKTRVPVVPITLIG'.l'GQIHPAGH!GIL“SGSVKVVVSZI]

961 cgcAﬁGcz hennse DA ;A ; r‘D f‘;l]‘A ; AC s xE ATAEAAII\-\IL IA ;l < uDJuS,m,;-t, NTT(S:TC:AGzCTI‘;A 48
B | Motif I | | Motif Il | | Motif 1| | Motif IV

PrLPAATI1 VSNHQSFLDIY FMGIIPLKRM FFPEGTRSKDGK VPVVPITLIG

LPAAT consensus --NHQS--D-- -G--FIDR - - -FPEGTR---G - -P--P-----

AGPAT consensus --NH-S--D-- -G--F--R-- -FPEGTR --- - - --=--PV----

Fig. 1 a Nucleotide and deduced amino acid sequence of PrLPAATI cDNA from the tree peony. The residues
with gray backgrounds indicate the conserved l-acylglycerol-3-phosphate acyltransferase-related domain. The
underlined bold letters in gray background indicate a LPLAT AGPAT-like domain. b Acyltransferase motifs in
PrLPAAT1, AGPATs, and LPAATSs. The conserved amino acid residues are shown in color
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protein was located on the mitochondrial inner membrane and the plasma membrane. Further
prediction of PrLPAAT1 transmembrane topology using TMHMM-2.0 revealed that
PrLPAAT1 contained tswo TMDs (Fig. 4b). Phyre homology modeling of PrLPAAT1 showed
a folding mode and spatial configuration similar to that of MsPatA (PDB code 5F34) [47] and
CmGPAT (PDB code 1TUQ) [48]. The stereo diagrams indicated that the secondary structure
elements of PrLPAAT1 were organized into a compact domain consisting seven «-helices and
eight (3-sheets (Fig. 2c).

Phylogenetic Relationships of the LPAAT1 Genes in Eukaryotes

To better understand the relationships between the tree peony LPAATI gene and those of other
eukaryotes (animals, plants, and algae), we explored the evolutionary histories of LPAATI
genes by using full-length sequences to construct phylogenetic trees. A compact view of the
tree is shown in Fig. 3 based on the LPLAT AGPAT-like domain. Our phylogenetic analyses
indicated that the possible evolutionary relationships of the LPAAT genes could be predicted
via homology searches. Homologs of the plastidic LPAATI genes were discovered in all
species (except the plant Setaria italica) with sequenced genomes. All plant species harbored
a single LPAATI gene but the G. max which possessed four copies of LPAATI [19]. The results
of cloning showed that Paeonia rockii harbored a single LPAAT] gene.

As shown in Fig. 3, all plant LPAATT homologs grouped in a cluster. Interestingly, the green
algae Physcomitrella patens, Coccomyxa subellipsoidea, Chlamydomonas reinhardtii,
Micromonas pusilla, and Ostreococcus lucimarinus presented a single LPAATI gene and
grouped in a cluster together with plant LPAAT! (Fig. 3). All animal LPAAT! homologs
grouped into another cluster. AGPATI and AGPAT?2 are paralogous genes in metazoan species,
which originated from a duplication event. With the exception of the fish Danio rerio,
homologs of the AGPATI and AGPAT2 genes were found in almost all of animal species
studied. Although the human AGPAT! and AGPAT?2 genes encode respective proteins which
have nonredundant functions, they have quite similar biochemical properties [49]. The results
indicated that tree peony LPAATI appeared to be more closely related to AcLPAATI (from
Aquilegia coerulea) than other LPAAT] isoforms, suggesting that tree peony and columbine
LPAATI had a common origin. PrLPAAT1 shared 74.3 and 65.5% amino acid sequence
identities with those from columbine and grape, respectively.
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Fig. 3 Phylogenetic analysis of the selected LPAAT1 members. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) is shown at each node. The scale bar
represents the number of substitutions per amino acid site. The clusters or subclusters grouping each LPAAT1 are

highlighted with different colors in the figure: plants (green), algae (purple), and animals (vellow). The complete
list of species is presented in Table 2

Comparative Analysis of Gene Structure and Conserved Domains in LPAAT1
Protein

To better understand the evolutionary rules of LPAAT! structural organization, protein function
among species, the gene structure of LPAATI was explored in eukaryotes [50]. The cDNA
sequences were aligned with their corresponding genomic DNA sequences, subsequently, the
exons and intron lengths of LPAAT! were manually counted. In clusters of each isoform of
LPAATI, the gene structure was relatively conserved, however, the number of introns was
fairly different in plants and animals (Fig. 4a and Table 2). In the cluster of the representative
plants, there were six introns within the Arabidopsis LPAAT gene, whereas only four introns
in the rice LPAATI gene (Fig. 4a). Nevertheless, the LPAATI genes within the cluster of
representative plants have high conservation in exon size, especially in the middle portion of
the genes. Interestingly, the tree peony LPAATI gene did not contain any intron sequences
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Fig. 4 Comparative analysis of gene structure and conserved domains in the LPAAT1 protein. a Exon-intron
structure of plant and animal LPAAT! genes. Representative sequences of eudicots, monocots, and animals are
presented for each cluster: A. thaliana (Ath), O. sativa (Osa), P. rockii (Pro), M. musculus (Mmu) and H. sapiens
(Hsa). The size of each exon is shown in bp. b Prediction of the transmembrane and acyltransferase domains of
plant and metazoan LPAAT1 proteins. Predicted transmembrane structures (red) and LPLAT AGPAT-like
domain (black) of representative species were obtained using the transmembrane prediction server TMHMM-
2.0 and the SMART database with the complete protein sequences. The sequences are represented as simplified
boxes. The size of each sequence is shown in amino acid residues (aa)

LPAATI1 - AGPAT1/2

(Fig. 4a), which is very rare in eukaryote LPAATI genes. Between human AGPATI/2 and
mouse AGPATI/2, we could observe a higher conservation of exon sizes and mild variation in
the number of introns (Fig. 4a).

As we see, the amino acid length of the LPAAT1s ranged from 214 to 423 residues
(Table 2). We explored the conserved domains and analyzed the functional motifs in the
representative proteins of plant and animal species which have been depicted in Fig. 4b.
Predictions of transmembrane (TrM) structures suggested that each LPAAT] gene at least have
two regions which contained an extremely probable TrM sequence (Fig. 4b), the above shown
that the LPAAT1 proteins are membrane-associated. As depicted in Fig. 4b for the protein
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sequences of the representative species, the acyltransferase (LPLAT AGPAT-like) domain
could also been observed in all of the LPAAT1 proteins. Interestingly, it is shown that proteins
within the cluster plants normally presented one TrM structure overlapping the
LPLAT AGPAT-like domain, which was also observed in the tree peony LPAAT1 protein.

Subcellular Localization of the PrLPAAT1 Protein

To determine the subcellular localization of the PrLPAAT1 protein, the fusion protein expres-
sion vector 35S::PrLPAAT1-GFP (pC1301-PrLPAAT1-GFP) was transformed into the lower
epidermis of tobacco by Agrobacterium-mediated transformation method using an empty
vector 35S::GFP (pC1301-GFP) as a control. The results showed that the green fluorescence
of tobacco lower epidermal cells transformed with the control 35S::GFP was spread through-
out the entire cellular structure, including the cytomembrane, cytoplasm and nucleus (Fig. 5).
In contrast, the green fluorescence of the 35S::PrLPAAT1-GFP chimera was located at the
plasma membrane in the tobacco lower epidermal cells (Fig. 5), and these results indicated that
PrLPAAT1 was a plasma membrane protein, which was consistent with the subcellular
localization prediction results.

Expression Pattern of the PrLPAATI Gene

The expression of PrLPAAT! in different tree peony organs was determined using qRT-PCR.

The results showed that PrLPAATI was constitutively expressed in the tree peony, with higher
pC1301-GFP

pC1301-PrLPAATI1-GFP

Fig. 5 Subcellular localization of PrLPAAT1-GFP fusion protein in the transgenic tobacco cells. a Schematic
diagram of the construction of the recombinant PrLPAAT1-GFP vector. 35S: a constitutive promoter from the
cauliflower mosaic virus; GFP: green fluorescent protein; NOS: nopaline synthase terminator. b 1-4: Transgenic
plant pC1301-GFP florescent detection; 5—8: Transgenic plants pC1301-PrLPAAT1-GFP florescent detection; 1,
5 are bright field images; 3, 7 are GFP florescence; 4, 8 are Chlorophyll autofluorescence; 2, 6 are overlapping.
Note: scale bars are 23.00 um
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expression in the petal, pistil and seed and lower expression level in the root, stem and leaf
(Fig. 7a). LPAATI expression has not been previously reported in tree peony species, but its
homolog expression has been observed in Arabidopsis with results similar to ours, as its
expression was not restricted to typical oil storage organs such as seeds but was ubiquitous
with low abundance [20].

The seed development process was observed from pollination until maturation. The pods of
P, rockii were hand-collected at ten-day intervals from the 20 DAF until full maturity, covering
a total range of 90 d, including S1, S2, S3, S4, S5, S6, S7, S8 and S9, a total of nine times.
Figure 6a shows that the size and color varied dramatically at different stages of seed
development. The fatty acid contents of seeds from nine developmental stages of P. rockii
were characterized by GC—MS, and the FA content is depicted in Table S1. The results showed
that five dominant components were found, namely, palmitic acid (C16:0, 5.6% of total FAs at
S9), stearic acid (C18:0, 1.6%), oleic acid (C18:1A9c¢, 24.3%), linoleic acid (C18:2A9¢, 12c,
26.1%), and «-linolenic acid (C18:3A9c¢, 12¢, 15¢, 41.7%). The combined content of these
five FAs was more than 99.3% of total FAs at S9 and it was always predominant across the
seed developmental stages, especially, the high proportion of n-3 FAs is quite rare in oil crops.

A
S1 S2 S3 S4 SS S6 S7 S8 S9

B
250 -
225 A
200 -
£ 175 4
2 -0-C16:0
T, 1501 *-C18:0
%.0 125 -¢C18:1
£ 100 C18:2
= --C18:3
S 751 48 Total FAs
50 -
25
0 - )

S1 §2 S3 S4 S5 S6 s7 S8 59

Fig. 6 Observation and measurement of lipids across the developmental period of tree peony seeds. a The
developmental progress of Paeonia rockii seeds (S1-S9). The pods were harvested at 20 days after pollination
(DAP, immature stage) and every 10 days thereafter until 100 DAP (pods containing mature seeds). b The total
fatty acid content at five time points during tree peony seed development of Paeonia rockii (mean = SD, n = 3)
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Other minor FAs (<1.0%) were also detected including myristic acid (C14:0), palmitoleic acid
(C16:1A9c¢), cis-11-octadecenoic acid (C18:1Allc), eicosanoic acid (C20:0) and cis-11-
eicosenoic acid (C20:1A11c¢).

PrLPAATI gene expression was measured during seed development in the tree peony
(Fig. 7b). The results demonstrated that PrLPAATI expression had a biphasic pattern.
PrLPAATI exhibited relatively high transcript abundance during S1-S6 and dropped thereafter
(S6-S9). The expression of the PrLPAATI gene was increased at S1-S6, which coincided with
the highest rate of FA accumulation in tree peony seeds (Fig. 6b). Interestingly, FA content was
still increased at S6-S8, but PrLPAATI exhibited relatively low transcript abundance at the
same times. In conclusion, the expression of PrLPAAT! did not completely correlate with seed
FA accumulation, especially during the late stages of seed development, such as the period
from 70 to 100 DAF (S6-S9). However, these results indicated that PrLPAATI is probably an

A

40 -
s @ PrLPAATI & PrLPAAT4
30 4
25 4
20

15 4

10 A

Relative expression

Root Stem  Leaf Calyx  Petal Stamen Pistii  Seed

@ PrLPAATI W PrLPAAT4

Relative expression

S1 S$2 3 S4 S5 S6 S7 S8 S9

Fig. 7 Expression profile of the tree peony PrLPAATS. a Tissue-specific expression of PrLPAATS. b PrLPAATS
expression during tree peony seed development. Error bar represents the standard deviation of three replicates.
The tree peony /8S RNA was used as an internal control
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important component of the lipid biosynthesis process, especially during the early stages of
seed development.

Moreover, we have tried to clone other PrLPAATS, but only PrLPAAT4 was isolated from
tree peony. In Fig. 7, the spatial and temporal expression of PrLPAAT4 was measured.
Analysis showed that the expression profile of PrLPAAT4 was similar with that of PrLPAATI
in different tree peony organs and at S1-S4 stages of seed development. PrLPAATI exhibited
higher transcript abundances than PrLPAAT4 during S5-S9. Similarly, the transcript abun-
dances of PrLPAATI and PrLPAAT4 dropped markedly at S7-S9.

FA Levels in Mature PrLPAATI Transgenic Arabidopsis Seeds

The FA content of mature seeds was measured in PrLPAAT] transgenic Arabidopsis lines by
GC-MS. The total FA content increased by 19.37% in T1 overexpressing seeds compared with
wild type (Fig. 7b). We wondered if that the change of total FAs content was based on the
increase of one or more specific FAs, the FA profiles of seeds from wild type, and PrLPAATI
overexpression plants were analyzed (Fig. 7a). The results showed that most of the FAs have
higher levels of production in the transgenic T1 seeds compared to wild type seeds, and the
predominant FAs in the transgenic seeds were C18:1, C18:2, C18:3, C20:1, and C16:0
(Fig. 8).

Discussion

In recent years, the tree peony has been found to be an excellent woody oil crop with a have
high oil production rate and good oil quality. As an alternative source of edible oil, the tree
peony could be sustainably exploited, and it is a good model for dissecting the metabolic
pathways involved in seed oil synthesis. Currently, tree peony genetic engineering is an
emerging field, and the cloning and functional analysis of genes related to fatty acid metab-
olism have not yet been reported. In this study, we cloned and identified one LPAAT gene
encoding a LPAAT-like protein from the tree peony known as PrLPAATI. The full-length
c¢DNA fragment harbored a 1047 bp ORF encoding a 348-aa peptide, and the PrLPAATI gene
did not contain introns. Like most plant species (with the exception of G. max), the tree peony
harbored a single LPAATI gene. The subcellular localization of PrLPAAT1 was analyzed in the
tree peony. Inspection of the subcellular localization of PrLPAAT]1 in the lower epidermis cells

A

=

501 u col-0 180 1
45 4 160
| ® PrLPAATI-OX 140
120 I
100
80 A
60 4
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Fatty acids content
(ug mg' DW)
o
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Total fatty acid content
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C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1 C20:2 C20:3 C22:0 C22:1 col-0 PrLPAATI-OX

Fig. 8 Effect of PrLPAATI overexpression on FA content in Arabidopsis seeds. a FA profiles of wild type (Col-
0) and PrLPAAT I-overexpressing (PrLPAATI-OX) plants. b Total fatty acid content of Col-0 and PrLPAATI-OX
plants
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of tobacco leaves revealed that this protein is concentrated on membrane structures (Fig. 5),
and these results indicated that PrLPAAT1 was a plasma membrane protein, which was not
consistent with previous studies in Arabidopsis [51]. The Arabidopsis LPAAT protein (ATS2)
is localized in the plastid. As shown in Fig. 5, the tree peony PrLPAAT1 protein may also be
localized in the plastid, but this is not very obvious.

LPAATs play an important role in the lipid metabolism of living organisms [19]. To
explore the evolutionary history of the LPAATIs, the newly published genomes of several
species were used, including algae, angiosperms and metazoan animals. Based on the
previous researches, our work predicted the evolutionary relationships of LPAATIs in
species and elucidated the contribution of PrLPAATI during evolution. We identified that
the LPAATIs could encode the enzymes which are catalyzing the second acylation reaction
of TAG assembly in several species. Two primary clusters were exhibited in the phyloge-
netic tree (animals and plants). Our phylogenetic analyses showed that LPAATI genes
emerged early and were transmitted vertically and horizontally during the eukaryotic
evolution. Plant LPAATIs and animal AGPAT1/2 s (Fig. 3) are related to the prokaryotic
LPAATs compactly. Moreover, PrTLPAAT1 shared 74.3 and 65.5% amino acid sequence
identities with those from columbine and grape, respectively, suggesting that these genes
might play similar roles in lipid metabolism.

The relatively high conservation of gene structure was observed between genes in the same
cluster by phylogenetic reconstruction, which was considered in an ancient gene family that
play an important role in virtually all livings. Interestingly, the tree peony LPAAT gene did not
contain any intron sequences (Fig. 4a), which is very rare in eukaryote LPAATI genes. The
results suggested that these genes would be activated at the later diversification events during
the eukaryotic evolution. The integration of previous studies [19, 22, 51] with the present
results supports the hypothesis that LPAATI genes have different origins in species during the
eukaryote evolution. LPAATI could be observed in all studied species, and it is a plastidic
isoform that is participated in the production of PA with C16 FAs at the sn-2 position, which is
similar to the prokaryotic formation, all of that redouble supported our phylogenetic tree
analysis. Predictions of transmembrane (TrM) structures suggested that each PrLPAATI gene
has at least two regions which contained an extremely probable TrM sequence (Fig. 4b), which
indicated that the PrLPAAT1 protein is associated with membrane systems, which was
confirmed by subcellular localization analysis (Fig. 5).

From gRT-PCR analyses, it was shown that PrLPAATI was expressed constitutively,
although this expression was low in the root, stem and leaf. These findings were consistent
with the previous studies in Arabidopsis, in which expression of AtLPAAT] [51] was detected
constitutively. Thus, we proposed that PrLPAATI might be involved in the production of PA
for a constitutive requirement in most tissues. Our study showed that PrLPAATI expression
was higher in the flower and developing seed than that in vegetative organs (root, stem and
leaf). In contrast, LPAATI in Arabidopsis had a distinct tissue distribution, with higher
expression in the leaf, stem, flower, and developing seed (4 days after flowering) and lower
expression in the root [51]. Interestingly, PrLPAATI expression was higher in the petal and
pistil than in the calyx and stamen, suggesting that PrLPAATI might play different roles in
different parts of the flower.

Our results showed that FAs in Paeonia rockii mainly included palmitic acid (C16:0, PA),
stearic acid (C18:0, SA), oleic acid (C18:1A9¢, OA), linoleic acid (C18:2A9¢, 12¢, LA), and
o-linolenic acid (C18:3A9c¢, 12¢, 15¢, ALA), the content of five dominant FAs steadily
increased during seed development (Fig. 6b). The expression of PrLPAATI was detected at
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all stages of seed development (20 DAF to maturity). Furthermore, PrLPAATI expression was
increased at S1-S6 (Fig. 7b), which coincided with the highest rate of FA accumulation in tree
peony seeds (Fig. 6b). These results indicated that PrLPAATI is probably an important
component in the FA accumulation process (or Kennedy pathway), especially during the early
stages of seed development. Furthermore,Paeonia rockii seed oil contains >90% unsaturated
Cl18s, it cannot be excluded that PC-derived pathways contributed to the TAG synthesis [52].
PC is an intermediate in the flux of FAs or diacylglycerol, or both substrates into TAG [11],
and its sn-2 position is the main site of FA modification [53, 54]. The process of Acyl fluxes
into and out of PC is significant for the production of TAG containing high amounts of the
polyunsaturated FAs (PUFA) [55]. From a single Kennedy pathway to >90% PC-derived
pathways, the pathway of TAG synthesis appears to differ in plants [11]. Interestingly, The FA
content increased at S6-S8, but the PrLPAATS exhibited relatively low transcript abundance at
the same times. In this scenario, we speculate that PC-derived pathways played a major role in
the TAG synthesis during the late stages of seed development.

PrLPAATI overexpression using a seed-specific promoter increased total FA content and
the main FA accumulation in Arabidopsis transgenic plants. These results suggested that
PrLPAATI plays an important role in tree peony FA accumulation.

Conclusions

In conclusion, we cloned the Lysophosphatidic acid acyltransferase gene PrLPAATI from
Paeonia rockii, and using bioinformatics analysis, we confirmed that the PrLPAATI was
highly homologous with the characterized LPAAT from columbine and grape. Subcellular
localization analysis confirmed that PrLPAAT1 was a plasma membrane protein. PrLPAATI
was ubiquitously expressed in diverse tissues, and it was more highly expressed in the
developing seed. At 2060 DAF, PrLPAATI expression was increased and coincided with
the highest rate of FA accumulation. The total FA content and the main FA accumulation were
increased by using a seed-specific promoter to overexpress the PrLPAATI in Arabidopsis
transgenic plants. These results indicated that PrLPAATI probably plays an important role in
tree peony FA accumulation and TAG assembly.
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