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Abstract: Lysophosphatidic acid acyltransferases (LPAATs) are essential for the acylation of
lysophosphatidic acid (LPA) and the synthesis of phosphatidic acid (PA), a key intermediate in
the synthesis of membrane phospholipids and storage lipids. Here, a putative lysophosphatidic acid
acyltransferase gene, designated PrLPAAT4, was isolated from seed unsaturated fatty acid (UFA)-rich
P. rockii. The complete PrLPAAT4 cDNA contained a 1116-bp open reading frame (ORF), encoding a
42.9 kDa protein with 371 amino acid residues. Bioinformatic analysis indicates that PrLPAAT4 is
a plasma membrane protein belonging to acyl-CoA:1-acylglycerol-sn-3-phosphate acyltranferases
(AGPAT) family. PrLPAAT4 shared high sequence similarity with its homologs from Citrus clementina,
Populus trichocarpa, Manihot esculenta, and Ricinus communis. In Arabidopsis, overexpression of
PrLPAAT4 resulted in a significant increase in the content of oleic acid (OA) and total fatty acids
(FAs) in seeds. AtDGAT1, AtGPAT9, and AtOleosin, involved in TAG assembly, were upregulated
in PrLPAAT4-overexpressing lines. These results indicated that PrLPAAT4 functions may be as a
positive regulator in seed FA biosynthesis.

Keywords: lysophosphatidic acid acyltransferase; triacylglycerol; tree peony; Arabidopsis; oleic acid;
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1. Introduction

Triacylglycerol (TAG) is a critical form of oil storage in many seeds by providing energy and
carbon to support the post-germination seedling establishment [1]. Fatty acids (FAs) are mainly
synthesis de novo from acyl-CoAs in plastids, and then transported to the endoplasmic reticulum
(ER) or cytoplasm [2]. TAG is synthesized from free FAs and glycerol in the ER through the Kennedy
pathway, which sequentially transfer acyl chains from acyl-CoAs to the sn-1, -2, and -3 positions of the
glycerol-3-phosphate (G3P) backbone via three enzymes: glycerol-3-phosphate acyltransferase (GPAT),
lysophosphatidic acid acyltransferase (LPAAT), and diacylglycerol acyltransferase (DGAT) [3–5].
Furthermore, TAG can be synthesized through the transacylation of sn-2 FA from phospatidylcholine
(PC) onto sn-3-position of diacylglycerols (DAG), which is catalyzed by the phospholipid:
diacylglycerol acyltransferase (PDAT) [6,7].

Molecules 2017, 22, 1694; doi:10.3390/molecules22101694 www.mdpi.com/journal/molecules

http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0002-2519-4548
http://dx.doi.org/10.3390/molecules22101694
http://www.mdpi.com/journal/molecules


Molecules 2017, 22, 1694 2 of 14

LPAATs play a crucial role in catalyzing the second step of TAG formation, determining TAGs
acyl composition at the sn-2-position, and controlling the conversion of LPA to PA [8,9]. Since the
initial report of LPAAT activities, a number of LPAAT genes have been cloned and characterized in
Zea mays [10], Cocos nucidera [11], Brassica napus [12], Arabidopsis thaliana [13], Tropaeolum majus [14],
Arachis hypogaea [15], and Ricinus communis [16]. Previous studies have demonstrated that LPAATs
contribute to the regulation of many physiological processes, especially seed oil biosynthesis.

In Arabidopsis, overexpression of two microsomal LPAAT genes, BAT1.13 and BAT1.5 from
B. napus, increases oil content and seed mass [17]. When the yeast gene SLC1 with LPAAT activity
was constitutively expressed in soybean, the transgenic plants displayed elevated seed oil content [18].
Overexpression of SLC1-1, another putative LPAAT gene from the yeast, in Arabidopsis and B. napus
leads to a substantial increase in the proportion of very-long-chain FA at the sn-2 position of seed
TAG and content of seed oil from 8% to 48% [19]. Moreover, LPAATs are also associated with various
membrane systems, including chloroplasts, ER, and the outer membrane of mitochondria [4,20]. In the
Arabidopsis genome, a total of five LPAAT genes have been identified and designated, including one
plastidial isoenzyme gene AtLPAAT1, and four cytoplasmatic isoenzyme genes AtLPAAT2, AtLPAAT3,
AtLPAAT4, and AtLPAAT5 [20,21]. AtLPAAT1, AtLPAAT2, and AtLPAAT3 are shown to be essential
for normal plant development, and AtLPAAT4 and AtLPAAT5 cause alternative transcripts mostly
differing in the 5′-UTR, suggesting a high complexity in PA synthesis [22]. To date, however, the roles
of each LPAAT isoform in the biosynthesis of seed FA are still not completely known.

Tree peony (Paeonia section Moutan DC.), possessing striking ornamental and medicinal value,
is a deciduous shrub native to China [23–25]. Its seeds contain relatively high amounts of oil,
approximately 90% of which is unsaturated fatty acids (UFAs), such as oleic acid (OA), linoleic
acid (LA), and A-linolenic acid (ALA) [26,27]. Accordingly, the tree peony seed has been revealed to
have a great potential for production of edible oil [28]. As a novel oil crop, the molecular regulatory
mechanism of seed oil biosynthesis in tree peony remains unknown. In our earlier studies, we have
identified a P. rockii LPAAT gene, PrLPAAT1, whose ectopic overexpression in Arabidopsis remarkably
increased the accumulation of total FAs and main FA ingredients. Additionally, we have found that
the tissue-specific expression profile of PrLPAAT4 was similar with that of PrLPAAT1, and they have
relatively high transcript abundances in floral tissues and developing seeds at the early developmental
stages [29]. In this study, we focused on the impact of PrLPAAT4 on seed FA biosynthesis. We found
that transgenic Arabidopsis plants seed-specifically expressing PrLPAAT4 showed increased content of
total FAs and OA, as well as upregulated transcripts of TAG biosynthesis-related genes. Our work
could be useful to better understand the molecular mechanism of lipid biosynthesis in the high levels
of UFA-containing tree peony seed.

2. Results

2.1. Isolation and Characterization of PrLPAAT4

Based on the nucleotide sequences of LPAAT4 homologies from different plant species, specific
primers were designed to amplify the partial conserved cDNA sequence of LPAAT4 gene in
P. rockii. One fragment with an expected size of 349 bp was obtained from the seeds. Its deduced
amino acid (aa) sequences had a high identity to the coding region of other known plant
LPAAT4 sequences. Next, full-length cDNA sequence of the LPAAT4 gene from P. rockii was
amplified through RACE and annotated as PrLPAAT4 (GenBank accession number: KX256279).
The complete PrLPAAT4 cDNA contained a predicted 1116-bp ORF, which encoded a protein of
371 aa residues (Figure 1a). Analysis of the conserved domains revealed that PrLPAAT4 possesses
1-acyl-sn-glycerol-3-phosphate acyltransferase-related domain, sharing high similarity with CcLPAAT4
in clementine and AtLPAAAT4 in Arabidopsis as shown by amino acid alignment (Figure 1a) Sequence
alignment revealed that PrLPAAT4 had four similar conserved acyltransferase motifs (I–IV) with
acyl-CoA:1-acylglycerol-sn-3-phosphate acyltranferases (AGPATs) and LPAATs (Figure 1b).
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Figure 1. Sequence analysis of PrLPAAT4. (a) alignment of deduced PrLPAAT4 amino acid sequence 
with similar proteins from Citrus clementina CcLPAAT4 (XP_006423197) and Arabidopsis AtLPAAT4 
(NP_565098). Identical amino acids are boxed in dark bule and similar amino acids are shaded in light 
blue. Solid lines indicate the conserved 1-acyl-sn-glycerol-3-phosphate acyltransferase-related domain. 
The conserved acyltransferase motifs (I–IV) are underlined; (b) acyltransferase motifs in PrLPAAT4, 
LPAATs, and AGPATs. The conserved amino acid residues are shown in red. 

2.2. The Predicted Structure of PrLPAAT4 

According to the analysis by ProtParam, the chemical formula for the PrLPAAT4 protein was 
C1986H3031N489O529S21, and its molecular weight was 42.9 kDa. The instability index (Ⅱ) of 
PrLPAAT4 was 44.70, indicating that it belonged to one of the unstable proteins. Hydrophobicity 
analysis suggested that the PrLPAAT4 protein was a hydrophobic protein with the grand average of 
hydrophobicity (GRAVY) was 0.170 (Figure 2a). Secondary structure prediction showed that PrLPAAT4 
contained 50.67% α-helix, 14.82% β-sheet, 6.47% β-turn, and 28.03% random coil (Figure 2b). Protein 
transmembrane topology analysis revealed three transmembrane regions in amino acid residues (No. 
30~52, 62~79 and 319~341) of PrLPAAT4, which was localized to the outer cell membrane. The finding 
suggests that PrLPAAT4 was a transmembrane protein. Space prediction of three-dimensional 
structure showed that the protein consisted of six α-helices and four β-sheets (Figure 2c). 

2.3. Phylogenetic Analysis of PrLPAAT4 

To elucidate the phylogenetic relationship of PrLPAAT4 with the other homologues proteins, a 
phylogenetic tree was constructed with their aa sequences (Figure 3). The LPAAT4 proteins of 
various species had different length ranging from 343 aa to 406 aa, and two introns were present in 
their genomic DNA sequences (Table S2). All plant LPAAT4 homologs were divided into three 
clusters: I and III, dicotyledonous plants; II, monocotyledonous plants (Figure 3). PrLPAAT4 was 
subordinate to cluster III, and its sequence identities with the similar proteins from Citrus clementina, 
Populus trichocarpa, Manihot esculenta, and Ricinus communis were 73.80%, 73.91%, 71.08%, and 
71.10%, respectively. 

Figure 1. Sequence analysis of PrLPAAT4. (a) alignment of deduced PrLPAAT4 amino acid sequence
with similar proteins from Citrus clementina CcLPAAT4 (XP_006423197) and Arabidopsis AtLPAAT4
(NP_565098). Identical amino acids are boxed in dark bule and similar amino acids are shaded in
light blue. Solid lines indicate the conserved 1-acyl-sn-glycerol-3-phosphate acyltransferase-related
domain. The conserved acyltransferase motifs (I–IV) are underlined; (b) acyltransferase motifs in
PrLPAAT4, LPAATs, and AGPATs. The conserved amino acid residues are shown in red.

2.2. The Predicted Structure of PrLPAAT4

According to the analysis by ProtParam, the chemical formula for the PrLPAAT4 protein was
C1986H3031N489O529S21, and its molecular weight was 42.9 kDa. The instability index (II) of
PrLPAAT4 was 44.70, indicating that it belonged to one of the unstable proteins. Hydrophobicity
analysis suggested that the PrLPAAT4 protein was a hydrophobic protein with the grand average
of hydrophobicity (GRAVY) was 0.170 (Figure 2a). Secondary structure prediction showed that
PrLPAAT4 contained 50.67% α-helix, 14.82% β-sheet, 6.47% β-turn, and 28.03% random coil (Figure 2b).
Protein transmembrane topology analysis revealed three transmembrane regions in amino acid
residues (No. 30~52, 62~79 and 319~341) of PrLPAAT4, which was localized to the outer cell
membrane. The finding suggests that PrLPAAT4 was a transmembrane protein. Space prediction
of three-dimensional structure showed that the protein consisted of six α-helices and four β-sheets
(Figure 2c).

2.3. Phylogenetic Analysis of PrLPAAT4

To elucidate the phylogenetic relationship of PrLPAAT4 with the other homologues proteins,
a phylogenetic tree was constructed with their aa sequences (Figure 3). The LPAAT4 proteins of
various species had different length ranging from 343 aa to 406 aa, and two introns were present in
their genomic DNA sequences (Table S2). All plant LPAAT4 homologs were divided into three
clusters: I and III, dicotyledonous plants; II, monocotyledonous plants (Figure 3). PrLPAAT4
was subordinate to cluster III, and its sequence identities with the similar proteins from Citrus
clementina, Populus trichocarpa, Manihot esculenta, and Ricinus communis were 73.80%, 73.91%, 71.08%,
and 71.10%, respectively.
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Figure 2. Predicted structure of PrLPAAT4. (a) hydrophobicity plot predicted by the Kyte–Doolittle 
method of a sliding window average over nine neighboring residues; (b) the secondary structure of 
PrLPAAT4. Blue, red, green, and pink lines show the predicted α-helices, extended strands, β-turns, 
and random coils, respectively; (c) tertiary structure of the partial PrLPAAT4 protein. The helical 
structures show the predicted α-helices, and the arrows indicate the β-sheets. 

 

Figure 3. Phylogenetic comparison of the LPAAT4 proteins. Plant species included in the 
phylogenetic tree are Manihot esculenta (Mes), Ricinus communis (Rco), Populus trichocarpa (Ptr), 
Glycine max (Gma), Arabidopsis thaliana (Ath), Arabidopsis lyrata (Aly), Citrus sinensis (Csi), Citrus 
clementina (Ccl), Eucalyptus grandis (Egr), Vitis vinifera (Vvi), Aquilegia coerulea Goldsmithn (Aco), 
Sorghum bicolor (Sbi), Zea mays (Zma), Setaria italica (Sit), Oryza sativa (Osa), and Brachypodium 
distachyon (Bdi). PrLPAAT4 is highlighted with a rhombus. The neighbor-joining method with 
MEGA software (version 5.1, Tokyo Metropolitan University, Hachioji, Tokyo, Japan) was used to 
construct the phylogenic tree. Boot-strap values as a percentage of 1000 replicates are indicated at 
corresponding branch nodes. Scale bar represents the number of amino acid substitutions per site. 

Figure 2. Predicted structure of PrLPAAT4. (a) hydrophobicity plot predicted by the Kyte–Doolittle
method of a sliding window average over nine neighboring residues; (b) the secondary structure of
PrLPAAT4. Blue, red, green, and pink lines show the predicted α-helices, extended strands, β-turns,
and random coils, respectively; (c) tertiary structure of the partial PrLPAAT4 protein. The helical
structures show the predicted α-helices, and the arrows indicate the β-sheets.
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Figure 3. Phylogenetic comparison of the LPAAT4 proteins. Plant species included in the phylogenetic
tree are Manihot esculenta (Mes), Ricinus communis (Rco), Populus trichocarpa (Ptr), Glycine max
(Gma), Arabidopsis thaliana (Ath), Arabidopsis lyrata (Aly), Citrus sinensis (Csi), Citrus clementina (Ccl),
Eucalyptus grandis (Egr), Vitis vinifera (Vvi), Aquilegia coerulea Goldsmithn (Aco), Sorghum bicolor (Sbi),
Zea mays (Zma), Setaria italica (Sit), Oryza sativa (Osa), and Brachypodium distachyon (Bdi). PrLPAAT4
is highlighted with a rhombus. The neighbor-joining method with MEGA software (version 5.1,
Tokyo Metropolitan University, Hachioji, Tokyo, Japan) was used to construct the phylogenic tree.
Boot-strap values as a percentage of 1000 replicates are indicated at corresponding branch nodes.
Scale bar represents the number of amino acid substitutions per site.
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2.4. Comparative Analysis of PrLPAAT4 and Its Deduced Protein Structure

Comparative analysis of exons/introns is important for better understanding the gene
structure and organization, protein functionality and evolutionary changes among species [30].
Three representative plants, A. thaliana, Oryza sativa, and P. rockii, were selected from cluster I, II,
and III, respectively, to map the LPAAT4 genetic structure. All four LPAAT4 genes were composed of
three exons and two introns, sharing high similarity in exon and intron sizes (Figure 4a). Prediction of
transmembrane structures revealed that each LPAAT4 protein contained at least three transmembrane
domains and one LPLAT_AGPAT-like domain (Figure 4b). In the case of transmembrane domain
distribution, PrLPAAT4 was similar with Arabidopsis LPAAT4 protein but different with two rice
LPAAT4 proteins (Figure 4b). LPAAT4 proteins from A. thaliana and P. rockii exhibited an overlap
between the transmembrane and LPLAT_AGPAT-like domains (Figure 4b).
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Figure 4. Comparative analysis of gene structure and conserved domain in the LPAAT4 proteins.
(a) exon–intron structure of plant LPAAT4 genomic DNAs. Representative sequences are presented
for each cluster: A. thaliana (Ath), O. sativa (Osa) and P. rockii (Pro). The size of each exon and
intron is shown by bp; (b) prediction of the transmembrane and acyltransferase domains of plant
LPAAT4 proteins. Predicted transmembrane structures (red) and LPLAT_AGPAT-like domain (black) of
representative species were obtained using the transmembrane sever 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 by aa residues.

2.5. PrLPAAT4 Is Localized to the Plasma Membrane

To investigate the subcellular localization of the PrLPAAT4 protein, the plasmid
35S::PrLPAAT4-GFP (pC1301-PrLPAAT4-GFP) was transiently transformed into the lower epidermis of
tobacco leaves by Agrobacterium-mediated transformation method, using an empty vector 35S::GFP
(pC1301-GFP) as a control (Figure 5a). The results showed that the control GFP fluorescence was
spread throughout the entire cellular structures, including the nucleus, cytomembrane and cytoplasm
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(Figure 5b). Nevertheless, the GFP fluorescence by the 35S::PrLPAAT4-GFP chimera was observed in
the plasma membrane of tobacco lower epidermal cells, suggesting the localization of PrLPAAT4 to
the plasma membrane (Figure 5b).
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Figure 5. Subcellular localization of PrLPAAT4 in tobacco cells. (a) schematic diagram of the construction
of the recombinant 35S::PrLPAAT4-GFP vector. 35S: a constitutive promoter from the cauliflower mosaic
virus; GFP: green fluorescent protein; NOS: Nopaline synthase terminator; (b) 1–4: GFP florescence
detection in tobacco leaves transformed with pC1301-GFP; 5–8: GFP florescence detection in tobacco leaves
transformed with pC1301-PrLPAAT4-GFP; 1, 5: bright field images; 3, 7: GFP florescence; 4, 8: Chlorophyll
autoflorescence; 2, 6: merging images of others. Scale bars = 23.00 µm.

2.6. Overexpression of PrLPAAT4 in Arabidopsis Increases FA Content and Expression of FA and Lipid
Biosynthetic Genes

To better dissect the function of PrLPAAT4, transgenic Arabidopsis plants expressing PrLPAAT4
were generated. Three independent homozygous T2 lines, L4OX-12, L4OX-22 and L4OX-25, exhibiting
the greatest expression of PrLPAAT4, were confirmed via semi-quantitative RT-PCR (Figure 6a).
In addition, compared with wild-type (WT) plants, the average of 100-seed weight and number of
seeds per silique had a significant increase changed in PrLPAAT4-overexpressing lines (Figure 6c,d).

Furthermore, to study the role of PrLPAAT4 in FA biosynthesis, we analyzed the content and
composition of FAs in mature seeds of the transgenic Arabidopsis plants overexpressing PrLPAAT4 using
GC-MS. We found that the total FAs content of the seeds in T2 lines L4OX-12, L4OX-22 and L4OX-25 were
5.8%, 7.1% and 7.8%, respectively higher than that in WT control (Figure 6e and Table S3). To further
determine that the increase in the total FAs content was caused by which specific FA, we assessed the
abundance of the main FA components in WT and transgenic seeds. By comparison with WT, the levels of
C18:1 (oleic acid) were significantly increased in the transgenic seeds of three lines (Figure 6b and Table S3).

To clarify the molecular mechanism of PrLPAAT4 in FA biosynthesis and TAG assembly,
we detected the expression levels of DGAT and GPAT, as well as the gene encoding the major oil body
protein (Oleosin). Compared with control line, transcript levels of AtDGAT1, AtGPAT9, and AtOleosin
were significantly increased in transgenic Arabidopsis lines overexpressing PrLPAAT4 (Figure 6f–h).
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Figure 6. Effect of PrLPAAT4 overexpression on plant growth, FA content and composition of transgenic
Arabidopsis seeds. (a) semi-quantitative RT-PCR analysis of PrLPAAT4 transcript abundances in
the seeds of transgenic Arabidopsis lines overexpressing PrLPAAT4, compared to WT; (b) main FA
content; (d) number of seeds per silique; (c) 100-seed weight; (e) total FA content; (f–h) quantitative
real-time PCR analysis of AtDGAT1 (f); AtGPAT9 (g); and AtOleosin (h) expression levels in
PrLPAAT4-overexpressing transgenic Arabidopsis plants. Error bars represent the mean ± SD of
three independent biological replicates. Atactin7 was used as a reference gene. Asterisks denote
significant difference using Student’s t test. * indicates p < 0.05; ** indicates p < 0.01.

3. Discussion

Currently, LPAATs have been extensively explored for functional and biotechnological studies.
Microsomal LPAATs are classified into at least two classes, class A and B, based on the difference in
subcellular localization. In this study, we identified a PrLPAAT4 gene encoding a LPAAT-like protein
from the tree peony. Subcellular localization of PrLPAAT4 in the lower epidermis cells of tobacco leaves
indicated that this protein targeted the plasma membrane (Figure 5), which was consistent with our
predicted result by PSORT Prediction and subcellular localization of AhLPAAT4 from A. hypogaea [15].

Phylogenetic analysis further demonstrated the evolutionary relationship between PrLPAAT4
and LPAAT4 proteins from other plant species. PrLPAAT4 shared high similarity with the homologues
proteins from C. clementina, P. trichocarpa, M. esculenta, and R. communis (Figure 3), indicating that these
proteins probably play similar roles in plant lipid biosynthesis. Additionally, phylogenetic analysis
showed three main distinct deep branching clusters of LPAAT proteins. The clusters were designated
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as cluster I, cluster II, and cluster III, respectively, with cluster I and III being dicots, and cluster II being
monocots. There is a high structural conservation among proteins from each cluster. These results
indicate that LPAAT4s exist early in plants and are transmitted both vertically and horizontally during
the eukaryotic evolution.

Polypeptidesequence analysis of PrLPAAT4 revealed four highly conserved motifs (I-IV),
which are important to acyltransferase reactions (Figure 1). In the AGPAT family, all enzymes
possess the HXXXXD signature and the majority harbors the PEGT-X signature [31]. Specifically,
acyltransferase motifs I and III are the most conserved regions with invariant residues [31,32], and they
are involved in the catalyzation of acyltransferase activity [33] and the binding of the acyl acceptor [31],
respectively. Therefore, we hypothesized that PrLPAAT4 had acyltransferase activity and possibly
contributed to glycerolipid metabolism in plant cells. Moreover, PrLPAAT4 also contained the specific
residues in motif II and IV, which may be responsible for the binding of acyl acceptor LPA and G3P [31],
and acyl-CoA binding [34]. Thus, we proposed that PrLPAAT4 may be a member of the AGPAT family.

In the present study, three independent homozygous lines showed markedly different transcript
abundances of PrLPAAT4 (Figure 6a). It is probably caused by the integration of PrLPAAT4 fragment
into different loci of the chromosomal DNA in three transgenic Arabidopsis lines. Previous studies have
indicated that quantitative variation in exogenous genes expression among individual transformants
is generally ascribed to different integration sites of exogenous genes [35–38]. Transgenic Arabidopsis
plants showed that the average of 100-seed weight and number of seeds per silique were significantly
increased (Figure 6c,d). Apart from seed yield-related traits, the seed quality-related ones were also
examined in the transgenic plants. In plants, the content of specific fatty acid can be accumulated
due to the selectivity of LPAAT [39,40]. PrLPAAT4 and PrLPAAT1 individually may be more specific
to C18:1 and C18:2 because the findings that overexpression of PrLPAAT4 and PrLPAAT1 led to a
significant increase in C18:1 (Figure 6b) and C18:2, respectively [29]. Many reports have shown
that the fatty acid pattern of TAG usually is primarily controlled by the acyl-CoA specificities and
selectivities of the microsomal LPAATs [41]. During TAG assembly, the LPAAT has the highest substrate
stringency and dictates [42]. Additionally, LPAAT possesses strong preference for unsaturated fatty
acids [43,44], especially for C18 acyl groups [4]. The Brassica LPAAT shows a preference for C18:1 [45];
the preferred substrate of flax LPAAT is C18:2-CoA. In addition, the meadowfoam LPAAT is highly
active towards LPA-22:1 and erucoyl CoA [40]; the LPAAT of Cocos nucifera displays high activity for
medium-chain-length substrate specificity [11]. We speculate that the members of the LPAAT family
of the same species and the LPAATs of different species may both have specificity and selectivity for
FAs. In addition, the result that PrLPAAT4 overexpression in Arabidopsis resulted in the improvement
in the total FAs content (Figure 6e) is consistent with the findings from many previous reports.
Overexpression of peanut AhLPAAT2 in Arabidopsis, the total FA content of the seeds significant
increased [46]. The total FAs content is increased in the PrLPAAT1-overexpressing Arabidopsis
plants [29]. Similar results can be found in Arabidopsis [19] and rapeseed [17]. All results indicate that
different plants LPAATs have complex effects on the synthesis and content of FA, and require further
study and discussion. It is highly likely that PrLPAAT4 overexpression could result in an improvement
in seed yield and quality traits, providing a theoretical foundation for the seed oil-related molecular
studies of tree peony and other oil crops.

We found that the genes, AtGPAT9, AtDGAT1, and AtOleosin involved in TAG assembly via
Kennedy pathway displayed higher expression levels in PrLPAAT4-overexpressing Arabidopsis plants
than WT (Figure 6f–h). The same result was found in transgenic Arabidopsis overexpressing AhLPAT2
from A. hypogaea [46]. Nevertheless, the molecular mechanism of the result remains unknown and need
further studies. It seems likely that the expression of transgenes could affect the normal expression
patterns of corresponding endogenous genes as well as genes involved in the same or related processes.
Overall, there may be a positive feedback mechanism that an increase in PrLPAAT4 activity causes the
upregulation of the genes related to TAG assembly. However, the molecular mechanism of PrLPAAT4
for FA biosynthesis in tree peony still remains unclear, and requires further examination in future work.
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4. Materials and Methods

4.1. Plant Materials

The seeds of P. rockii were harvested in Wild Tree Peony Repository at Northwest A&F University
(Yangling, China) between April and July. The seeds at 20, 30, 40, 50, 60, 70, 80, 90 and 100 days after
flowering (DAF) and other tissues, including roots, topmost stems, younger leaves, calyxes, petals,
stamens, and pistils of P. rockii flowers at anthesis, were hand-collected for gene expression analysis.
All samples with three biological replicates were taken from at least three plants, and were frozen in
liquid nitrogen immediately and stored at −80 ◦C until further use.

4.2. Genomic DNA and Total RNA Isolation

Genomic DNA was extracted from the P. rockii seeds at 30 DAF using the
hexadecyltrimethylammonium bromide (CTAB) method with some minor modifications [47].
Total RNA was isolated using the TIANGEN RNA Prep Pure Plant kit according to the manufacturer’s
instructions (Tiangen Biotech Co. Ltd., Beijing, China). The quality and concentration of RNA
samples were tested by Goldview-stained agarose gel electrophoresis and spectrophotometric analysis,
respectively. Total RNA samples were reverse-transcribed to generate the first-strand cDNA using
PrimeScript® RT reagent Kit with gDNA Eraser (DRR047A, Takara, Dalian, China).

4.3. Full-Length Cloning of PrLPAAT4

The conserved fragments of PrLPAAT4 were PCR-amplified from cDNA templates using
degenerate primers composed of two sense primers and two antisense primers (Table S1). The sequence
amplification of 5′ and 3′ ends of PrLPAAT4 cDNA was performed based on Rapid Amplification
of cDNA Ends (RACE) technique using SMARTer® RACE 5′/3′ Kit (Clontech Laboratories, Inc.,
Mountain View, CA, USA), following the manufacturer’s instructions. To obtain the coding region
of PrLPAAT4, specific primers (Table S1) spanning full open reading frames (ORFs) were designed.
All PCR amplification products were cloned into pUCm-T vetor (SK2212, Sangon, Shanghai, China)
for sequencing.

4.4. Sequence and Phylogeny Analysis

Homology search of sequences at nucleotide and protein levels was carried out through
Blast (http://blast.ncbi.nlm.nih.gov). Phylogenetic tree was constructed using MEGA (version 5.1)
software [48], based on multiple sequence alignment by MUSCLE (http://www.ebi.ac.uk/Tools/
msa/muscle/). The hydrophobic property and charge distribution were analyzed using ExPASy
(http://www.expasy.org/). The protein molecular weight and isoelectric point were evaluated using
ProtParam software (http://web.expasy.org/protparam/). The secondary and tertiary structure
predictions were conducted using SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?
page=/NPSA/npsa_sopma.html) and Phyre Version 0.2 (Imperial College London, South Kensington
Campus, London SW72AZ, UK) [49], respectively. The putative subcellular localization was performed
using PSORT Prediction (http://psort.hgc.jp/form.html). The sizes of exon and intron of PrLPAAT4
DNA were measured, and the structural models of gene and protein were drawn with FancyGENA
v1.4 software (Eurpean Institute of Oncology, IFOM-IEO Campus, Via Ademello 16, 20139 Milan,
Italy) [50]. The transmembrane prediction server TMHMM2.0 (http://www.cbs.dtu.dk/services/)
and the SMART database (http://smart.emblheidelberg.de/) were used to identify the conserved
transmembrane domains (TMDs) of PrLPAAT4.

4.5. Subcellular Localization

The PrLPAAT4 ORF region without the stop codon was inserted into the BamH I-Sal I restriction
sites of binary vector pC1301-GFP to generate 35S::PrLPAAT4-GFP construct. The constructed plasmid

http://blast.ncbi.nlm.nih.gov
http://www.ebi.ac.uk/Tools/msa/muscle/
http://www.ebi.ac.uk/Tools/msa/muscle/
http://www.expasy.org/
http://web.expasy.org/protparam/
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/ NPSA/npsa_sopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/ NPSA/npsa_sopma.html
http://psort.hgc.jp/form.html
http://www.cbs.dtu.dk/services/
http://smart.emblheidelberg.de/
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was transformed into the Agrobacterium tumefaciens strain EHA105 by electroporation. Positive colony
was selected on an LB plate supplemented with 50 mg/mL rifampicin and kanamycin, and cultured in
liquid LB medium containing appropriate antibiotics at 28 ◦C in dark until OD600 of 0.3 for the final
cell density. After centrifugation and cell collection, the pellets were resuspended in the same volume of
infiltration buffer (10 mM MES, 200 µM acetosyringgone, and 10 mM MgCl2, pH 5.6), by shaking at room
temperature for 4–6 h. Afterwards, the construct was delivered into the lower epidermis of 4-week-old
tobacco leaves by agro-infiltration. The GFP fluorescence was observed at 4–6 days post-transfection
using the UltraVIEW Vox spinning disk confocal system (PerkinElmer, Cambridge, UK).

4.6. Overexpression Construct and Stable Transformation

The coding sequence of PrLPAAT4 was ligated into the Kpn I-Xba I restriction sites of binary
vector pCAMBIA1300 under the control of Arabidopsis seed-specific promoter 2S2. The generated
2S2::PrLPAAT4 construct was transformed into wild-type Arabidposis plant (WT) using the floral dip
method as previously described [51]. The harvested seeds were planted on 1/2 MS plates containing
20 mg/L hygromycin in Sanyo MLR 351H growth chamber at 22 ± 2 ◦C under a 14/10 h light/dark
(120 µmol m−2·s−1) cycle. Hygromycin-resistant seedling with green leaves and well-established
roots were selected as T0 transformants, and followingly transferred from the plates to moistened
potting soil. The positive transformants was confirmed via the PCR method. Independent transgenic
Arabidopsis lines exhibiting a 3:1 segregation of hygromycin (20 mg/L) resistance in the T1 generation
were selected. Homozygous T2 transgenic lines showing 100% survival on hygromycin-containing
medium were finally established. Mature Arabidopsis seeds were collected from T2 homozygous lines
for further analysis.

4.7. FA Measurement

Twenty milligrams of dried Arabidopsis seeds were collected from ten plants, comprising
three replicates. We followed the extraction protocol for FAs and the preparation of FA methyl
esters as described previously [52]. FA analyzed by using a gas chromatograph-mass spectrometer
(GC68990N/MS5937, Aglient Technologies, Santa Clara, CA, USA) equipped with a G4513A
autosampler (Agilent). The column was an aryl-polysiloxane packed capillary column (HP-88;
30 m × 0.25 mm i.d., 0.20 µm film thickness; Agilent). Qualitative FA analysis was achieved by
a mass spectra database search (NIST08 Library) and co-elution with corresponding standards.
A standard curve method with an internal standard was used as the quantitative approach to construct
five calibration plots of analyte/internal standard peak-area ratio versus standard concentration,
as determined by the least squares method. The FAMEs in each sample were measured using methyl
heptadecanoate as the internal standard. The FAMEs were expressed as milligrams per gram dry
weight (DW) of sample. All samples were analyzed in triplicate under the same conditions.

4.8. Quantitative Real-Time PCR

The seeds of WT and the homozygous T2 line of transgenic Arabidopsis at 14 DAF were used
for expression analysis. The isolation of total RNA and synthesis of the first-strand cDNA were
performed as described above. Atactin7 was used as reference gene to normalize the expression data.
Quantitative real-time PCR (qRT-PCR) was conducted using Premix Ex TaqTM (Perfect Real Time)
kit (DRR041A, Takara, Dalian, China) in a LightCycler480 Real-Time PCR System (Roche Diagnostic,
Basel, Switzerland). All samples were analyzed with three biological replicates. Relative expression
levels were computed using the 2−44CT comparative threshold cycle (Ct) method [53]. All primers
used for the assessment of transcript levels were listed in Table S1.
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4.9. Statistical Analysis

All experiments included three biological replicates and technical replicates as previously
indicated. Mean ± SD were determined and one-way analysis of variance was carried out using
SPSS (version 17.0 for Windows; Chicago, IL, USA), to determine significance at p-value < 0.05.

Supplementary Materials: Supplementary Materials are available online. Table S1 Primers used in this study,
Table S2 Proteins used for construction of phylogenetic tree, Table S3 Fatty acid contents in mature wild-type and
PrLPAAT4-overexpressing transgenic Arabidopsis seeds.
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6. Banaś, W.; Sanchez, G.A.; Banaś, A.; Stymne, S. Activities of acyl-CoA:diacylglycerol acyltransferase
(DGAT) and phospholipid:diacylglycerol acyltransferase (PDAT) in microsomal preparations of developing
sunflower and safflower seeds. Planta 2013, 237, 1627–1636. [CrossRef] [PubMed]

7. Dahlqvist, A.; Stahl, U.; Lenman, M.; Banas, A.; Lee, M.; Sandager, L.; Ronne, H.; Stymne, S.
Phospholipid:diacylglycerol acyltransferase: An enzyme that catalyzes the acyl-CoA-independent formation
of triacylglycerol in yeast and plants. Proc. Natl. Acad. Sci. USA 2000, 97, 6487–6492. [CrossRef] [PubMed]

8. Baud, S.; Lepiniec, L. Physiological and developmental regulation of seed oil production. Prog. Lipid Res.
2010, 49, 235–249. [CrossRef] [PubMed]

9. Misra, N.; Panda, P.K.; Parida, B.K. Genome-wide identification and evolutionary analysis of algal LPAT
genes involved in TAG biosynthesis using bioinformatic approaches. Mol. Biol. Rep. 2014, 41, 8319–8332.
[CrossRef] [PubMed]

10. Brown, A.P.; Coleman, J.; Tommey, A.M.; Watson, M.D.; Slabas, A.R. Isolation and characterisation of a
maize cDNA that complements a 1-acyl sn-glycerol-3-phosphate acyltransferase mutant of Escherichia coli
and encodes a protein which has similarities to other acyltransferases. Plant Mol. Biol. 1994, 26, 211–223.
[CrossRef] [PubMed]

11. Knutzon, D.S.; Lardizabal, K.D.; Nelsen, J.S.; Bleibaum, J.L.; Davies, H.M.; Metz, J.G. Cloning of
a coconut endosperm cDNA encoding a 1-acyl-sn-glycerol-3-phosphate acyltransferase that accepts
medium-chain-length substrates. Plant Physiol. 1995, 109, 999–1006. [CrossRef] [PubMed]

12. Bourgis, F.; Kader, J.C.; Barret, P.; Renard, M.; Robinson, D.; Robinson, C.; Delseny, M.; Roscoe, T.J. A plastidial
lysophosphatidic acid acyltransferase from oilseed rape. Plant Physiol. 1999, 120, 913–922. [CrossRef]
[PubMed]

13. Kim, H.U.; Li, Y.; Huang, A.H.C. Ubiquitous and endoplasmic reticulum-located lysophosphatidyl
acyltransferase, LPAT2, is essential for female but not male gametophyte development in Arabidopsis.
Plant Cell 2005, 17, 1073–1089. [CrossRef] [PubMed]

http://dx.doi.org/10.1105/tpc.7.7.957
http://www.ncbi.nlm.nih.gov/pubmed/7640528
http://dx.doi.org/10.1016/j.pbi.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/23529069
http://dx.doi.org/10.1016/j.ympev.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26721558
http://dx.doi.org/10.1016/0005-2760(91)90294-R
http://dx.doi.org/10.1007/s00425-013-1870-8
http://www.ncbi.nlm.nih.gov/pubmed/23539042
http://dx.doi.org/10.1073/pnas.120067297
http://www.ncbi.nlm.nih.gov/pubmed/10829075
http://dx.doi.org/10.1016/j.plipres.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20102727
http://dx.doi.org/10.1007/s11033-014-3733-1
http://www.ncbi.nlm.nih.gov/pubmed/25280541
http://dx.doi.org/10.1007/BF00039533
http://www.ncbi.nlm.nih.gov/pubmed/7948871
http://dx.doi.org/10.1104/pp.109.3.999
http://www.ncbi.nlm.nih.gov/pubmed/8552723
http://dx.doi.org/10.1104/pp.120.3.913
http://www.ncbi.nlm.nih.gov/pubmed/10398728
http://dx.doi.org/10.1105/tpc.104.030403
http://www.ncbi.nlm.nih.gov/pubmed/15772283


Molecules 2017, 22, 1694 12 of 14

14. Taylor, D.C.; Francis, T.; Lozinsky, S.; Hoffman, T.; Giblin, M.; Marillia, E.F. Cloning and characterization of a
constitutive lysophosphatidic acid acyltransferase 2 (LPAT2) gene from Tropaeolum majus L. Open Plant Sci. J.
2010, 4, 7–17. [CrossRef]

15. Chen, S.L.; Huang, J.Q.; Lei, Y.; Zhang, Y.T.; Ren, X.P.; Chen, Y.N.; Jiang, H.F.; Yan, L.Y.; Li, Y.R.; Liao, B.S.
Identification and characterization of a gene encoding a putative lysophosphatidyl acyltransferase from
Arachis hypogaea. J. Biosci. 2012, 37, 1029–1039. [CrossRef] [PubMed]

16. Arroyocaro, J.M.; Chileh, T.; Kazachkov, M.; Zou, J.; Alonso, D.L.; Garcíamaroto, F. The multigene family
of lysophosphatidate acyltransferase (LPAT)-related enzymes in Ricinus communis: Cloning and molecular
characterization of two LPAT genes that are expressed in castor seeds. Plant Sci. 2013, 199–200, 29–40.
[CrossRef] [PubMed]

17. Maisonneuve, S.; Bessoule, J.J.; Lessire, R.; Delseny, M.; Roscoe, T.J. Expression of rapeseed microsomal
lysophosphatidic acid acyltransferase isozymes enhances seed oil content in Arabidopsis. Plant Physiol. 2010,
152, 670–684. [CrossRef] [PubMed]

18. Rao, S.S.; Hildebrand, D. Changes in oil content of transgenic soybeans expressing the yeast SLC1 gene.
Lipids 2009, 44, 945–951. [CrossRef] [PubMed]

19. Zou, J.; Katavic, V.; Giblin, E.M.; Barton, D.L.; Mackenzie, S.L.; Keller, W.A.; Hu, X.; Taylor, D.C. Modification
of seed oil content and acyl composition in the brassicaceae by expression of a yeast sn-2 acyltransferase
gene. Plant Cell 1997, 9, 909–923. [CrossRef] [PubMed]

20. Yu, B.; Wakao, S.; Fan, J.; Benning, C. Loss of plastidic Lysophosphatidic acid acyltransferase causes
embryo-lethality in Arabidopsis. Plant Cell Physiol. 2004, 45, 503–510. [CrossRef] [PubMed]

21. Kim, H.U.; Huang, A.H.C. Plastid lysophosphatidyl acyltransferase is essential for embryo development in
Arabidopsis. Plant Physiol. 2004, 134, 1206–1216. [CrossRef] [PubMed]

22. Chapman, K.D.; Ohlrogge, J.B. Compartmentation of triacylglycerol accumulation in plants. J. Biol. Chem.
2011, 287, 2288–2294. [CrossRef] [PubMed]

23. Li, C.; Du, H.; Wang, L.; Shu, Q.; Zheng, Y.; Xu, Y.; Zhang, J.; Zhang, J.; Yang, R.; Ge, Y. Flavonoid composition
and antioxidant activity of tree peony (Paeonia section Moutan) yellow flowers. J. Agric. Food Chem. 2009, 57,
8496–8503. [CrossRef] [PubMed]

24. Li, S.; Chen, L.; Xu, Y.; Wang, L.; Wang, L. Identification of floral fragrances in tree peony cultivars by gas
chromatography–mass spectrometry. Sci. Hortic. 2012, 142, 158–165. [CrossRef]

25. Yuan, J.; Cheng, F.Y.; Zhou, S.L. The phylogeographic structure and conservation genetics of the endangered
tree peony, Paeonia rockii (Paeoniaceae), inferred from chloroplast gene sequences. Conserv. Genet. 2011, 12,
1539–1549. [CrossRef]

26. Qi, J.C.; Zhou, H.M.; Ma, J.Q.; Li, P. Analysis of the chemical constituents in peony seed oil by GC-MS.
J. Cereals Oils 2005, 11, 22–23.

27. Shi, G.; Guo, X.F.; Jin, B.L.; Huang, H.X.; Wang, W.; Zhang, S.X.; Wang, F.L. Optimization of supercritical CO2

extraction and analysis of antioxidation activity of peony seed oil. J. Chin. Cereals Oils Assoc. 2013, 28, 47–50.
28. Wu, J.; Cai, C.; Cheng, F.; Cui, H.; Zhou, H. Characterisation and development of EST-SSR markers in tree

peony using transcriptome sequences. Mol. Breed. 2014, 34, 1853–1866. [CrossRef]
29. Zhang, Q.Y.; Niu, L.X.; Yu, R.; Zhang, X.X.; Bai, Z.Z.; Duan, K.; Gao, Q.H.; Zhang, Y.L. Cloning,

characterization, and expression analysis of a gene encoding a putative lysophosphatidic acid acyltransferase
from seeds of Paeonia rockii. Appl. Biochem. Biotechnol. 2016, 182, 721–741. [CrossRef] [PubMed]

30. Wang, Y.; You, F.M.; Lazo, G.R.; Luo, M.C.; Thilmony, R.; Gordon, S.; Kianian, S.F.; Gu, Y.Q. PIECE: A database
for plant gene structure comparison and evolution. Nucleic Acids Res. 2013, 41, D1159–D1166. [CrossRef]
[PubMed]

31. Yamashita, A.; Hayashi, Y.; Matsumoto, N.; Nemotosasaki, Y.; Oka, S.; Tanikawa, T.; Sugiura, T.
Glycerophosphate/Acylglycerophosphate acyltransferases. Biology 2014, 3, 801–830. [CrossRef] [PubMed]

32. Lewin, T.M.; Wang, P.; Coleman, R.A. Analysis of amino acid motifs diagnostic for the
sn-glycerol-3-phosphate acyltransferase reaction. Biochemistry 1999, 38, 5764–5771. [CrossRef] [PubMed]

33. Ghosh, A.K.; Ramakrishnan, G.; Chandramohan, C.; Rajasekharan, R. CGI-58, the causative gene for
Chanarin-Dorfman syndrome, mediates acylation of lysophosphatidic acid. J. Biol. Chem. 2008, 283,
24525–24533. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/1874294701004010007
http://dx.doi.org/10.1007/s12038-012-9277-4
http://www.ncbi.nlm.nih.gov/pubmed/23151793
http://dx.doi.org/10.1016/j.plantsci.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23265316
http://dx.doi.org/10.1104/pp.109.148247
http://www.ncbi.nlm.nih.gov/pubmed/19965969
http://dx.doi.org/10.1007/s11745-009-3337-z
http://www.ncbi.nlm.nih.gov/pubmed/19768478
http://dx.doi.org/10.1105/tpc.9.6.909
http://www.ncbi.nlm.nih.gov/pubmed/9212466
http://dx.doi.org/10.1093/pcp/pch064
http://www.ncbi.nlm.nih.gov/pubmed/15169931
http://dx.doi.org/10.1104/pp.103.035832
http://www.ncbi.nlm.nih.gov/pubmed/14976237
http://dx.doi.org/10.1074/jbc.R111.290072
http://www.ncbi.nlm.nih.gov/pubmed/22090025
http://dx.doi.org/10.1021/jf902103b
http://www.ncbi.nlm.nih.gov/pubmed/19711909
http://dx.doi.org/10.1016/j.scienta.2012.05.015
http://dx.doi.org/10.1007/s10592-011-0251-8
http://dx.doi.org/10.1007/s11032-014-0144-x
http://dx.doi.org/10.1007/s12010-016-2357-4
http://www.ncbi.nlm.nih.gov/pubmed/27987185
http://dx.doi.org/10.1093/nar/gks1109
http://www.ncbi.nlm.nih.gov/pubmed/23180792
http://dx.doi.org/10.3390/biology3040801
http://www.ncbi.nlm.nih.gov/pubmed/25415055
http://dx.doi.org/10.1021/bi982805d
http://www.ncbi.nlm.nih.gov/pubmed/10231527
http://dx.doi.org/10.1074/jbc.M801783200
http://www.ncbi.nlm.nih.gov/pubmed/18606822


Molecules 2017, 22, 1694 13 of 14

34. Yamashita, A.; Nakanishi, H.; Suzuki, H.; Kamata, R.; Tanaka, K.; Waku, K.; Sugiura, T. Topology
of acyltransferase motifs and substrate specificity and accessibility in 1-acyl-sn-glycero-3-phosphate
acyltransferase 1. Biochim. Biophys. Acta 2007, 1771, 1202–1215. [CrossRef] [PubMed]

35. Blundy, K.S.; Blundy, M.A.; Carter, D.; Wilson, F.; Park, W.D.; Burrell, M.M. The expression of class I patatin
gene fusions in transgenic potato varies with both gene and cultivar. Plant Mol. Biol. 1991, 16, 153–160.
[CrossRef] [PubMed]

36. Dean, C.; Jones, J.; Favreau, M.; Dunsmuir, P.; Bedbrook, J. Influence of flanking sequences on variability in
expression levels of an introduced gene in transgenic tobacco plants. Nucleic Acids Res. 1988, 16, 9267–9283.
[CrossRef] [PubMed]

37. Mlynárová, L.; Nap, J.P. Reduced position effect in mature transgenic plants conferred by the chicken
lysozyme matrix-associated region. Plant Cell 1994, 6, 417–426. [CrossRef] [PubMed]

38. Peach, C.; Velten, J. Transgene expression variability (position effect) of CAT and GUS reporter genes driven
by linked divergent T-DNA promoters. Plant Mol. Biol. 1991, 17, 49–60. [CrossRef] [PubMed]

39. Bernerth, R.; Frentzen, M. Utilization of erucoyl-CoA by acyltransferases from developing seeds of
Brassica napus (L.) involved in triacylglycerol biosynthesis. Plant Sci. 1990, 67, 21–28. [CrossRef]

40. Cao, Y.Z.; Huang, A.H.C. Lysophosphatidate acyltransferase in the microsomes from maturing seeds of
Meadowfoam (Limnanthes alba). Plant Physiol. 1990, 94, 1199–1206. [CrossRef] [PubMed]

41. Frentzen, M. Acyltransferases from basic science to modified seed oils. Eur. J. Lipid Sci. Technol. 1998, 100,
161–166.

42. Laurent, P.; Huang, A.H. Organ- and development-specific acyl coenzyme a lysophosphatidate
acyltransferases in palm and meadowfoam. Plant Physiol. 1992, 99, 1711–1715. [CrossRef] [PubMed]

43. Ichihara, K.I.; Asahi, T.; Fujii, S. 1-Acyl-sn-glycerol-3-phosphate acyltransferase in maturing safflower seeds
and its contribution to the non-random fatty acid distribution of triacylglycerol. Eur. J. Biochem. 1987, 167,
339–347. [CrossRef] [PubMed]

44. Griffiths, G.; Stobart, A.K.; Stymne, S. The acylation of sn-glycerol 3-phosphate and the metabolism of
phosphatidate in microsomal preparations from the developing cotyledons of safflower (Carthamus tinctorius
L.) seed. Biochem. J. 1985, 230, 379–388. [CrossRef] [PubMed]

45. Oo, K.C.; Huang, A.H.C. Lysophosphatidate acyltransferase activities in the microsomes from palm
endosperm, maize scutellum, and rapeseed cotyledon of maturing seeds. Plant Physiol. 1989, 91, 1288–1295.
[CrossRef] [PubMed]

46. Chen, S.L.; Lei, Y.; Xu, X.; Huang, J.Q.; Jiang, H.F.; Wang, J.; Cheng, Z.S.; Zhang, J.A.; Song, Y.H.; Liao, B.S.;
et al. The peanut (Arachis hypogaea L.) gene AhLPAT2 increases the lipid content of transgenic Arabidopsis
seeds. PLoS ONE 2015, 10, 1–23. [CrossRef] [PubMed]

47. Allen, G.C.; Floresvergara, M.A.; Krasynanski, S.; Kumar, S.; Thompson, W.F. A modified protocol for rapid
DNA isolation from plant tissues using cetyltrimethylammonium bromide. Nat. Protoc. 2006, 1, 2320–2325.
[CrossRef] [PubMed]

48. Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: Molecular evolutionary
genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods.
Mol. Biol. Evol. 2011, 28, 2731–2739. [CrossRef] [PubMed]

49. Kelley, L.A.; Sternberg, M.J. Protein structure prediction on the Web: A case study using the Phyre server.
Nat. Protoc. 2009, 4, 363–371. [CrossRef] [PubMed]

50. Rambaldi, D.; Ciccarelli, F.D. FancyGene: Dynamic visualization of gene structures and protein domain
architectures on genomic loci. Bioinformatics 2009, 25, 2281–2282. [CrossRef] [PubMed]

51. Clough, S.J.; Bent, A.F. Floral dip: A simplified method for Agrobacterium-mediated transformation of
Arabidopsis thaliana. Plant J. 1998, 16, 735–743. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbalip.2007.07.002
http://www.ncbi.nlm.nih.gov/pubmed/17707131
http://dx.doi.org/10.1007/BF00017925
http://www.ncbi.nlm.nih.gov/pubmed/1888893
http://dx.doi.org/10.1093/nar/16.19.9267
http://www.ncbi.nlm.nih.gov/pubmed/3174450
http://dx.doi.org/10.1105/tpc.6.3.417
http://www.ncbi.nlm.nih.gov/pubmed/12244242
http://dx.doi.org/10.1007/BF00036805
http://www.ncbi.nlm.nih.gov/pubmed/1907871
http://dx.doi.org/10.1016/0168-9452(90)90046-Q
http://dx.doi.org/10.1104/pp.94.3.1199
http://www.ncbi.nlm.nih.gov/pubmed/16667817
http://dx.doi.org/10.1104/pp.99.4.1711
http://www.ncbi.nlm.nih.gov/pubmed/16669099
http://dx.doi.org/10.1111/j.1432-1033.1987.tb13342.x
http://www.ncbi.nlm.nih.gov/pubmed/3622518
http://dx.doi.org/10.1042/bj2300379
http://www.ncbi.nlm.nih.gov/pubmed/4052051
http://dx.doi.org/10.1104/pp.91.4.1288
http://www.ncbi.nlm.nih.gov/pubmed/16667178
http://dx.doi.org/10.1371/journal.pone.0136170
http://www.ncbi.nlm.nih.gov/pubmed/26302041
http://dx.doi.org/10.1038/nprot.2006.384
http://www.ncbi.nlm.nih.gov/pubmed/17406474
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://dx.doi.org/10.1038/nprot.2009.2
http://www.ncbi.nlm.nih.gov/pubmed/19247286
http://dx.doi.org/10.1093/bioinformatics/btp381
http://www.ncbi.nlm.nih.gov/pubmed/19542150
http://dx.doi.org/10.1046/j.1365-313x.1998.00343.x
http://www.ncbi.nlm.nih.gov/pubmed/10069079


Molecules 2017, 22, 1694 14 of 14

52. Li, S.S.; Yuan, R.Y.; Chen, L.G.; Wang, L.S.; Hao, X.H.; Wang, L.J.; Zheng, X.C.; Du, H. Systematic qualitative
and quantitative assessment of fatty acids in the seeds of 60 tree peony (Paeonia section Moutan DC.) cultivars
by GC-MS. Food Chem. 2015, 173, 133–140. [CrossRef] [PubMed]

53. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2−44CT Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.foodchem.2014.10.017
http://www.ncbi.nlm.nih.gov/pubmed/25466004
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Isolation and Characterization of PrLPAAT4 
	The Predicted Structure of PrLPAAT4 
	Phylogenetic Analysis of PrLPAAT4 
	Comparative Analysis of PrLPAAT4 and Its Deduced Protein Structure 
	PrLPAAT4 Is Localized to the Plasma Membrane 
	Overexpression of PrLPAAT4 in Arabidopsis Increases FA Content and Expression of FA and Lipid Biosynthetic Genes 

	Discussion 
	Materials and Methods 
	Plant Materials 
	Genomic DNA and Total RNA Isolation 
	Full-Length Cloning of PrLPAAT4 
	Sequence and Phylogeny Analysis 
	Subcellular Localization 
	Overexpression Construct and Stable Transformation 
	FA Measurement 
	Quantitative Real-Time PCR 
	Statistical Analysis 


