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Abstract 

Background Soybean is a major oil crop and a primary protein source for livestock, and soybean oil is the most 
common input for biodiesel. Identifying genes that enhance soybean yield and oil content is crucial for breeding 
programs. Phosphatidic acid (PA) phosphohydrolase (PAH), which dephosphorylates PA to diacylglycerol (DAG), plays 
a critical role in lipid synthesis, and yet their potential in improving agronomic traits of oil crops remains unexplored.

Results This study shows that seed-specific expression of AtPAH1/2 enhances PA turnover into DAG and triacylglyc-
erol (TAG) accumulation in soybean seeds. PAH overexpression upregulated the expression of DAG acyltransferase 
(DGAT ) but suppressed phospholipid: DAG acyltransferase (PDAT). In addition, seed-specific expression of AtPAH1/2 
increases soybean seed size and weight. Furthermore, analysis of the variation of the soybean PAHs in 4414 soy-
bean accessions indicated that the advantageous effects of GmPAHs on oil content and seed weight were selected 
during domestication.

Conclusion These findings suggest that targeting PAHs represents a promising strategy for enhancing soybean seed 
oil content and yield in current cultivars and landraces soybeans.
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Background
Soybeans are a crucial global source of vegetable pro-
teins and oils, accounting for approximately 22% of world 
fat and oil production. Soybean oil is the most common 
source of biodiesel, accounting for over 40% of the total 
feedstock used to make biomass-based diesel. However, 
soybean seeds currently contain only around 20% oil, 

indicating significant potential for improvement com-
pared to other oilseed crops, such as sunflower (40–50%) 
and rapeseed (35–50%) [1]. Genes involved in fatty acid 
synthesis have been extensively investigated to enhance 
plant seed oil content [2, 3]. Phosphatidic acid (PA) 
phosphohydrolases (PAH) catalyze an  Mg2+-dependent 
dephosphorylation of PA to diacylglycerol (DAG) that 
can be converted to triacylglycerol (TAG) by either DAG 
acyltransferase (DGAT) or phospholipid: DAG acyl-
transferase (PDAT). DAG also serves as a precursor for 
the synthesis of membrane phospholipids, such as phos-
phatidylcholine (PC) and phosphatidylethanolamine 
(PE) by DAG-choline or -ethanolamine phosphotrans-
ferase. Additionally, PA contributes to the synthesis of 
phosphatidylglycerol (PG), phosphatidylinositols (PI), 
and phosphatidylserines (PS) via the cytidine diphos-
phate diacylglycerol (CDP-DAG) pathway [4]. Therefore, 
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PAH plays a central role in regulating the levels of mem-
brane phospholipids and storage lipids, affecting vari-
ous aspects of plant growth, development, and stress 
response [5–8].

PAH is localized at the cytosolic and membrane frac-
tions of cells [9]. In yeast and mammalian cells, PAH1 and 
PAH2 serve distinct physiological roles. PAH1, encoded 
by phosphatidate phosphatase 1, is involved in de novo 
lipid synthesis, whereas PAH2 participates in lipid sign-
aling [10–14]. In Arabidopsis, PAH1 and PAH2 play 
redundant, important roles in phospholipid biosynthesis 
[7]. Studies have shown that pah1pah2 double-mutants 
exhibit increased phospholipid content due to enhanced 
net PC biosynthesis and reduced TAG synthesis [5]. 
Mutants lacking PAH displayed elevated PA levels and 
retarded growth phenotypes in both plants and animals 
[7, 15–17]. Under phosphate-deficient conditions, pah1/
pah2 exhibited retarded plant growth and glycolipid syn-
thesis compared to phosphate-sufficient conditions [17]. 
Overall, these findings suggest that PAH plays a signifi-
cant role in regulating cell size and proliferation under 
normal and stressful conditions.

Recent findings have revealed a positive correla-
tion between seed oil content and seed size, suggesting 
a shared genetic control over these traits [18–21]. The 

shape and size of membrane-bound organelles undergo 
dynamic and remarkable changes throughout the cell 
cycle and developmental stages, facilitated by lipid bilayer 
components [22, 23]. In yeast, the PAH homolog plays a 
regulatory role in the growth of nuclear and ER mem-
branes during the cell cycle [16]. Additionally, PAH is 
implicated in cell cycle regulation through its modulation 
of TAG or phospholipid levels, with its activity repressed 
by the cell cycle regulator cyclin-dependent kinase A-1 
(CDKA,1) [10, 24–27]. However, the impact of PAH on 
crop organ size remains poorly understood. In this study, 
we introduced Arabidopsis PAH1 and PAH2 (AtPAH1/2) 
genes driven by a seed-specific promoter into soybean to 
investigate the role of PAHs in seed oil accumulation and 
seed development. Our results indicate that seed-specific 
expression of AtPAH genes influences lipid metabolism 
and seed size.

Results
Overexpression of PAHs increased TAG accumulation 
in soybean seeds
To investigate the role of PAH in soybean seeds, we intro-
duced AtPAH1 and AtPAH2 under the control of the 
seed-specific promoters of glycinin and β-conglycinin, 
respectively (Fig. 1A). Genomic DNA analysis confirmed 

Fig. 1 Expression of AtPAHs in soybean with seed-specific promoters. A Construction of AtPAHs overexpression in soybean. AtPAH1 is driven 
by the glycinin promoter and AtPAH2 is promoted by the β-conglycinin promoter. B Transcript level of AtPAHs in developing seeds. Data are 
means ± SD (n = 3). Differences between WT and overexpression lines were analyzed, *P < 0.05; **P < 0.01 using Student’s t-test. C Transcription 
level of AtPAH1 and AtPAH2 in transgenic developing soybean seeds. RNA was extracted from T5 generation developing seeds at 10, 20, 30, and 45 
days after flowering. Data are mean ± SD (n = 3). ANOVA (analysis of variance) was employed to assess differences in AtPAHs gene expression 
across various developmental stages. A p-value of < 0.05 was considered statistically significant



Page 3 of 12Chen et al. Biotechnology for Biofuels and Bioproducts           (2025) 18:23  

the insertion of AtPAH1 and AtPAH2 into the soybean 
genome across three independent transgenic lines (Sup-
plemental Fig. 1). To assess gene expression during seed 
development, RT-qPCR was performed on stable trans-
genic soybean lines (Fig.  1B). The expression levels of 
AtPAH1 and AtPAH2 varied among the lines, with the 
highest expression observed in transgenic line 2 (OE-
2). During seed development, AtPAH1, driven by the 
glycinin promoter, displayed higher expression in the 
early stages of developing seeds, such as 10 and 20 days 
after flowering. In contrast, AtPAH2, driven by the 
β-conglycinin promoter, exhibited higher levels of expres-
sion at 30 and 45 days after flowering (Fig. 1C).

Given that PAH catalyzes a pivotal step in glycerolipid 
synthesis by converting PA to DAG, a precursor for TAG 
production, we examined whether seed-specific expres-
sion of AtPAH1/2 influenced DAG and TAG accumu-
lation in soybean seeds. Lipids were extracted from 
developmental seeds (10, 20, 30, and 45 days after flower-
ing) and mature seeds (60 days after flowering) (Fig. 2C). 
TAG levels in developing (45 d) and mature AtPHA1/2-
expressed seeds (219.8 ± 3.3 and 329.6 ± 2.7  mg per g, 
respectively) were 20.9% and 6.7% higher compared to 
wild-type (WT) seeds (181.7 ± 10.7 and 308.8 ± 4.2  mg 
per g, respectively) (Fig. 2A). DAG content was elevated 
in AtPAH-expressed lines at 10, 20, and 30 days, and the 

level went down at 45  days, which could mean efficient 
DAG turnover to TAG in older seeds. We assessed the 
transcription level of the key TAG biosynthesis genes, 
GmDGAT1A (Glyma.13g106100) and GmPDAT1B 
(Glyma.13g108100), which are known to have the high-
est expression in soybean seeds [28]. The results showed 
that the expression levels of GmDGAT1A began rising 
at 20  days and peaked at 30  days. The expression lev-
els of GmDGAT1A were higher in the developing seeds 
of AtPAH1/2-expressed soybean at 30 days and 45 days 
compared to WT (Fig.  2D). On the other hand, GmP-
DAT1B expression was lower in AtPAH1/2-expressed 
seeds than WT (Fig.  2E). Additionally, a time-course 
analysis of fatty acid composition indicated no signifi-
cant changes in fatty acid composition in AtPAH1/2-
expressed seeds (Supplemental Fig. 2).

Polar lipid composition changed in developing seeds
To explore the effect of ectopic expression of AtPAH1/2 
on polar lipid metabolism in transgenic lines, lipid 
extraction was conducted from seeds harvested at 10, 
20, 30, and 45  days after flowering, followed by mass 
spectrometry profiling. Significant alterations in vari-
ous membrane lipid classes were detected in develop-
ing seeds compared to WT controls (Fig.  3). All three 
AtPAH1/2-expressed soybean lines displayed significant 

Fig. 2 Increased oil content in AtPAHs-expressed soybean seeds. A TAG contents in AtPAHs-expressed or WT developing and mature soybean seeds. 
Values are means ± SD (n = 5). B DAG content in WT and AtPAHs overexpression developing seeds. Data are means ± SD (n = 5). C Appearances of WT 
and AtPAHs overexpression developing seeds. Bar = 1cm. D TAG synthesis genes GmDGAT1A and GmPDAT1B expression level in WT and transgenic 
soybean seeds. Data are means ± SD (n = 3). Student’s t-test for significant difference, *p < 0.05; **p < 0.01
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increases in monogalactosyldiacylglycerol (MGDG), 
PG, and PS in 20-day-old developing seeds compared 
to WT. At the 20-day-old seeds, the level of digalacto-
syldiacylglycerol (DGDG) and PE tended to increase 
in all three AtPAH1/2-expressed lines, but only the line 
OE-2 that had the highest AtPAH1/2 expression showed 
a significant increase. In 30-day-old seeds, the PE level 
increased in OE-1 and OE-3 (Fig.  3). By comparison, 
the PC level showed no significant difference between 
WT and AtPAH1/2-expressed soybean lines. The PC 
level decreased as seeds matured (Fig.  3). In contrast, 
all three AtPAH1/2-expressed soybean lines showed a 
marked decrease in PA levels, the substrate for PAH, at 
the early stages of seed development compared to WT 
(Fig. 3). These results suggest that the ectopic expression 
of AtPAH1/2 in soybean seeds promotes the conversion 
of PA into polar lipid and DAG.

Seeds expressing AtPAH1/2 enhanced polar lipid turnover 
to TAG 
To further investigate the impact of ectopic expression 
of AtPAH1/2 on lipid metabolism in seeds, we analyzed 
lipid biosynthesis in developing seeds using  [3H]-acetate 
pulse-chase labeling. Developing seeds at 19–20  days 

after flowering from WT, OE-1, and OE-2 lines were 
labeled with  [3H]-acetate for one hour and then chased 
for 0, 1, 6, and 12  h. The results revealed a progressive 
decrease in the concentration of 3H in DAG and PC 
throughout the chase period. Conversely, levels of TAG 
and PE, which both utilize DAG as substrate, showed an 
increase (Fig. 4). Concurrently, the radioactivity percent-
age in MGDG and DGDG exhibited a gradual rise, peak-
ing at the 6-h chase period (Fig. 4).

In transgenic lines, 3H concentration in PA initially 
rose but declined by the 12-h mark. By comparison, 
the PA level remained elevated in WT and higher than 
that in AtPAH1/2-expressed lines. Notably, transgenic 
plants exhibited a higher DAG content than WT before 
the chase, and the labeled DAG level became similar at 
6  h after the chase (Fig.  4). TAG content in transgenic 
seeds remained higher than in WT. Compared to WT 
seeds, AtPAH1/2-OE seeds had a lower level of PA but 
a higher level of DAG at earlier stages, consistent with 
the effect of PAH conversion to DAG. The lack of differ-
ence of DAG at later stages between AtPAH1/2-OE and 
WT plants could result from the increased conversion of 
DAG to TAG (Fig. 4). The lower PA labeling than DAG 
could result from the lower PA than DAG levels in seeds. 

Fig. 3 Effect of AtPAHs expression on membrane glycerolipid levels in developing seeds. Total lipids were extracted and analyzed using ESI–MS/MS. 
Data are means ± SD (n = 5). Significance compared with WT at 10, 20, 30, and 45 days after flowering. *p < 0.05; **p < 0.01 (Student’s t-test)
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Overall, these labeling patterns support that AtPAH1/2-
expressed soybean seeds increase the conversion of PA to 
DAG and subsequently to TAG compared to WT seeds 
(Fig. 4).

Seed‑specific expression of AtPAH1/2 increased seed 
weight in soybean
The Arabidopsis pah1/pha2 double-mutants displayed 
an abnormal growth phenotype with slower growth rates 
than WT [7]. To investigate the impact of seed-specific 
expression of AtPAH1/2, we evaluated seed size and 
weight. Results showed that AtPAH1/2-expressed soy-
bean seeds were larger in ten-seed width (7.3 ± 0.05 cm) 
and ten-seed length (8.4 ± 0.07  cm) by 5.0% and 6.7%, 
respectively, compared to WT soybean seeds (6.9 ± 0.12 
width and 7.86 ± 0.14 length) (Fig.  5A, B). Consistent 
with the increase in seed size, the hundred-seed weight 
of the AtPAH1/2 lines was 11.4% heavier than that of 
WT (Fig. 5C). Moreover, the transgenic plants displayed 
a marked increase in the number of seeds per plant 
(Fig.  5D). To probe the mechanisms underlying seed 
size effect by AtPAH1/2, we examined the expression 
level of BIG SEEDS1 (BS1), a conserved gene known to 
regulate seed size by inhibiting primary cell proliferation 
[29]. Transcriptional analysis revealed a notable decrease 
in GmBS1 expression in 20-day-old seeds of three inde-
pendent transgenic soybean plants (Fig. 5E). Additionally, 

genes specific to the S-phase of cell division, cyclin D3 
(GmCYCD3) and GmHISTONE4, were significantly 
upregulated in these transgenic plants (Fig.  5E). These 
data could mean that enhanced cell proliferation during 
seed development could play a role in the larger seed size, 
but the effect of the AtPHA1/2 overexpression on cell 
size and proliferation requires further investigation.

GmPAH1 effects on seed size and oil content have been 
selected through domestication
The functionality of the lipid biosynthesis gene tends to 
be conserved across different species. In soybean, there 
are three PAH1 homologous genes: Glyma.10g046400, 
Glyma.13g134500, and Glyma.19g175600 (Supple-
mental Fig.  3). Protein sequence alignment revealed 
that Glyma.10g046400 and Glyma.13g134500 exhibit a 
high degree of similarity (94% identity) with each other, 
while their similarity with Glyma.19g175600 is lower, 
at 73% and 74% identity, respectively. To investigate 
the impact of PAH homologous on seed size (100-seed 
weight) and seed oil content in soybean, genetic variation 
was explored using the soybean multi-omics database 
(soyMD) [30]. Analysis of nucleotide polymorphisms in 
the PAH1 homolog Glyma.10g046400 revealed nine hap-
lotypes (hap). The oil content and 100-seed weight of the 
hap0 to hap7 genotypes were considerably higher than 
those of the hap8 genotype, with 139 SNPs displayed 

Fig. 4 In vivo labeling lipids of developing seeds with  [3H]-acetic acid. Developing seeds at 19 to 20 days after flowering were incubated 
with  [3H]-acetic acid for 1 h and subjected to lipid extraction at 0, 1, 6, and 12 h, respectively. Values are means ± SD (n = 5). Significance compared 
with WT, *p < 0.05; ** p < 0.01 (Student’s t-test)
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p-values of 9.78e−20 and 7.735e−11, respectively (Fig. 6A, 
B). We studied the distribution of various haplotypes in 
cultivars, landraces, and wild populations since domes-
tication is the process by which humans apply artificial 
selection to a wild soybean (Glycine soja). Allele-fre-
quency analysis of 4,414 accessions from various sub-
populations showed that both cultivars and landraces 
have hap0 through hap7. On the other hand, hap8 was 
only present in wild soybeans and not in cultivars or lan-
draces (Fig. 6C). Further geographical distribution analy-
sis of the nine haplotypes revealed that hap8 is exclusively 
distributed in Asia, the origin of soybean (Fig. 6D).

Haplotype analysis of another homolog, 
Glyma.13g134500, showed that hap0 and hap1 have 
higher oil content and 100-seed weight than hap2, with 
97 SNPs showing p-values of 9.629e−22 and 3.837e−4, 
respectively (Fig.  7A, B). Hap2 was only found in wild 
soybeans (Fig.  7C) and is distributed in Asia (Fig.  7D). 
Meanwhile, Glyma.19g175600 exhibited haplotype differ-
ences in 100-seed weight (p-value = 6.404e−3) but not in 
total oil content (p-value = 0.1075) (Fig. 7E, F). The recep-
tor soybean cultivar Jack used in this study contained 

the beneficial PAH haplotypes of both Glyma.10g046400 
and Glyma.13g134500. These results suggest that 
Glyma.10g046400 and Glyma.13g134500 affect seed oil 
content and yield traits simultaneously and have been 
selected during the domestication and breeding of wild 
soybeans to cultivar or landrace varieties. In other words, 
the GmPAH genotype found in existing cultivars and 
landraces is a superior variant characterized by elevated 
oil content and increased seed weight. This implies that 
increasing oil content and seed weight in current culti-
vars and landraces through PAH genotype screening may 
not be feasible. Instead, using seed-specific promoters 
to increase the expression of PAH genes in soybean, as 
shown in the present study, presents a potential avenue to 
enhance oil content and seed weight in soybean cultivars.

Discussion
Enhancing crop productivity and ensuring global 
food security are critical goals for sustaining adequate 
human nutrition. Transgenic technologies offer an 
efficient approach to boost crop productivity, protec-
tion, and quality. Numerous genes from various plant 

Fig. 5 Enhanced seed size and weight in AtPAHs expressing soybean. A Seed width is measured from the left to the right, with the seed umbilicus 
being oriented to the right. B Seed length is measured from the left to right, with the seed umbilicus facing upwards. Bars = 1cm. Comparisons 
of seed width (A, right), seed length (B, right), seed weight (C), and seed number per plant D of WT and AtPAHs overexpression line. Values are 
means ± SD (n = 10). E Expression level of seed size-related genes in 20d soybean seeds. Data are means ± SD (n = 3). P < 0.05 is indicated by *, 
and P < 0.01 is indicated by **, determined by Student’s t-tests
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species have proven invaluable for crop enhancement. 
However, the use of constitutive expression promoters 
in transgenic plants can lead to abnormal morphology, 
including retarded development and sterility. [31, 32]. 
In response to these challenges, seed-specific promot-
ers have been utilized to enhance seed oil accumulation 
and improve fatty acid composition. The promoters of 
Napins, which are vital seed storage proteins in Bras-
sica species, have been utilized to drive the expression 
of leafy cotyledon1 (BnLEC1) and LEC1-like (BnL1L) 
genes, resulting in a significant increase of up to 20% in 
seed oil content without adverse effects on major agro-
nomic traits [33]. Another study compared the effect 
of the β-conglycinin promoter-driven seed-specific vs 
the Cauliflower Mosaic Virus (CaMV) 35S promoter-
driven constitutive expression of fatty acid desaturase 
3 (FAD3) and found a 1.6-fold higher increase in fatty 
acid content with the seed-specific promoter compared 
to the CaMV 35S promoter [34]. Moreover, overexpres-
sion target genes in transgenic plants can introduce 
genetic diversity beyond a single species or genus, 

opening avenues for introducing specific traits from 
other species.

Cultivated soybeans, including landraces and culti-
vars, were domesticated from wild soybeans in China 
approximately 5,000 years ago [35]. Traits associated with 
advantageous genes and loci were selected during the 
transition from wild types to landraces, and these genes 
may not be used for further improvement in molecu-
lar design breeding. In this study, we identified favora-
ble PAH genotypes selected through domestication and 
breeding and specifically expressed the Arabidopsis 
PAH gene in soybean seeds, resulting in increased seed 
oil content and seed weight (Fig. 2A, Fig. 5C). This sug-
gests that tissue-specific expression of exogenous genes 
can further improve agronomic traits of crops based on 
previously selected beneficial genotypes. Therefore, lev-
eraging transgenic approaches, alongside the identifica-
tion and incorporation of beneficial genes from diverse 
organisms, holds substantial promise for significantly 
improving crop traits, particularly seed yield and quality 
in soybeans.

Fig. 6 Haplotype analysis of Glyma.10g046400 in the soybean natural variation population. A Total oil content (%) of each soybean accession 
across nine haplotypes of Glyma.10g046400 on Chr10:4155215.4164211 ± 2 kb. B One hundred seed weight (g) of each soybean accession 
across the nine haplotypes of Glyma.10g046400. C Allele frequencies of the nine haplotypes of Glyma.10g046400 in cultivar, wild, and landrace 
sub-populations. Numbers represent the percentage of accessions of each haplotype in the three sub-populations. D Geographical distribution 
of Glyma.10g046400 gene across different haplotypes. The pie chart areas represent the proportion of each haplotype in various regions. The colors 
corresponding to the haplotypes are shown to the right of panel A 
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PAH is an evolutionarily conserved enzyme found 
in both plants and animals. PAH plays a crucial role 
in maintaining lipid homeostasis by regulating cel-
lular levels of PA to DAG. Mutation in PAH retarded 
growth in Arabidopsis and mice [7, 53]. So, this study 
chose seed-specific expression of PAH1/2 to minimize 
PAH effects on other tissues. In soybean seeds, ectopic 
expression of AtPAHs not only increased TAG content, 
but also elevated glycolipid levels. This suggests that 
increased cellular pools of DAG can be utilized for the 
synthesis of both storage and membrane glycerolip-
ids, consistent with similar findings in Arabidopsis [7]. 
While AtPAH expression increased TAG content in 
developing and mature seeds, there were no significant 
differences observed in the fatty acid composition of 
the TAGs.

The level of AtPAH1 ectopic expression was way higher 
than that of AtPAH2. In addition, AtPAH1 and 2 dis-
played different patterns of expression during the seed 
development, with AtPAH1 expressed highly in the early, 
whereas AtPAH2 highly in later stages (Fig.  1C). These 
disparities in expression could result from the use of dif-
ferent promoters as AtPAH1 was driven by the glycinin 
promoter whereas AtPAH2 was under the control of the 
β-conglycinin promoter. The current experimental design 
involved co-expression of both genes simultaneously and 

thus could not attribute the observed seed phenotype to 
the OE of single AtPAH1 or AtPAH2.

Genes involved in oil synthesis also have been reported 
to influence seed size and weight [36–40]. [19, 21]), 
potentially due to an increased supply of the source 
repository. Ectopic expression of AtPAH1/2 in soybean 
seeds upregulated GmDGAT1A RNA levels, enhanc-
ing DAG synthesis and subsequent TAG production by 
boosting GmDGAT1A activity. Previous Arabidopsis 
studies have shown that regulating carbon flux into TAGs 
can increase seed oil content and seed weight [39]. Anal-
ysis of dividing cells has revealed that lipids, including PA 
and TAG, contribute to the structural integrity during cell 
division. Knockdown of DGAT  and other lipid metabolic 
enzymes results in cell division defects [41, 42]. In our 
study, ectopic expression of AtPAH1/2 in soybean seeds 
increased seed size, indicating an impact on cell prolif-
eration during seed development. On the other hand, 
phospholipids also play a crucial role as cell membrane 
components during cell division, supporting changes 
in the plasma membrane. Notably, around 20 days after 
flowering, corresponding to rapid seed enlargement, 
the disparity in polar lipids content between soybeans 
expressing AtPAH1/2 and WT soybeans becomes most 
prominent. Moreover, both the substrate and the product 
involved in the PAH-catalyzed reaction serve as signaling 

Fig. 7 Haplotype analysis of Glyma.13g134500 and Glyma.19g175600 in soybean population. A Total fat content (%) of each soybean accession 
across four haplotypes of Glyma.13g134500 (Chr13:24696109.24705068 ± 2 kb). B One hundred seed weight (g) of each soybean accession 
across the four haplotypes of Glyma.13g134500. C Allele frequencies of the five haplotypes of Glyma.13g134500 in cultivar, wild, and landrace 
sub-populations. Numbers represent the percentage of accessions of each haplotype in the three sub-populations. D Geographical distribution 
of Glyma.13g134500 gene across different haplotypes. The pie chart areas represent the proportion of each haplotype in various regions. The color 
of Glyma.13g134500 associated with the haplotypes is shown in panel C of the upper section. E Total fat content (%) of each soybean accession 
across three haplotypes of Glyma.19g175600 (Chr19:43561808.43569019 ± 2 kb). F One hundred seed weight (g) for each soybean accession 
in the three haplotypes of Glyma.19g175600. The colors of Glyma.19g175600 corresponding to the haplotypes are displayed to the right of panel E 
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lipids. Lipids can act directly as ligands or assist in assem-
bling proteins into signaling platforms, which is crucial 
for cellular signaling processes. Given that PAH affects 
levels of PA and DAG in developing soybean seeds, inves-
tigating the potential contribution of these lipid signaling 
molecules to cell size regulation would be valuable.

Conclusion
Here, we identified that the superior GmPAH genotype, 
which enhances oil content and 100-seed weight, has 
been selected during the domestication of soybeans. We 
further showed that seed-specific expression of AtPAHs 
in cultivated soybeans enhanced seed oil content and 
seed weight. The ectopic expression of AtPAHs increased 
the conversion of PA to DAG that is further acylated to 
TAG via DGAT. Additionally, the expression of AtPAHs 
promoted the synthesis of phospholipids and glycolip-
ids during seed development. These results indicate the 
potential application to use the seed-specific expression 
of PAHs to improve seed oil and crop yield even in the 
present superior genotypes.

Materials and methods
Plant materials and growth conditions
Soybean transformation was performed using an 
improved Agrobacterium-mediated method from the 
Plant Transformation Core (PTC) at the University of 
Missouri [43–45]. Agrobacterium-mediated soybean 
plants were selected based on glufosinate ammonium 
(Basta) resistance and the DsRed marker for selection. 
Positive plants were subsequently confirmed using gene-
specific primers via PCR (Supplemental Fig.  1). Three 
independent lines from the T5 generation were used for 
subsequent experiments. Soybean wild-type Jack ecotype 
and three transgenic lines were grown in 2.5-gallon pots 
filled with Berger 7–35% soil mix in a greenhouse. The 
plants were cultivated under controlled conditions with 
14 h of light and 10 h of darkness, maintaining tempera-
tures at 26 °C during the day and 24 °C at night. Supple-
mental lighting was used when sunlight levels fell below 
400W/m2 between 6 and 8 am, with humidity maintained 
at 40%. Additionally, a shade curtain automatically closed 
to 50% when sunlight exceeded 900W/m2, and fully 
closed at 100% when levels surpassed 1000W/m2.

Construction of plant transformation vectors
The genomic sequences of PAH1 and PAH2 from Arabi-
dopsis were amplified using the following primer pairs: 
AtPAH1F (5’-GCG GAA TTC ATG AGT TTG GTT GGA 
AG-3’) and AtPAH1R (5’-GCG GAA TTC TCA TTC 
AAC CTC TTC TAT-3’) for AtPHA1 (At3g09560), and 
AtPAH2F (5’-GCG GCG GCC GCA TGA ATG CCG TCG 
G-3’) and AtPAH2R (5’-GCG GCG GCC GCT CAC ATA 

AGC GAT G-3’) for AtPAH2 (At5g42870). The AtPAH1 
PCR product was then ligated into the pJC-Gly-DsRed 
binary vector at the EcoRI site, which includes the seed-
specific glycinin promoter, the Basta resistance gene, 
and the DsRed marker. The AtPAH2 DNA fragment was 
cloned into the NotI site of the Beta-ConSoyHyg plasmid, 
containing the β-conglycinin promoter. Subsequently, the 
DNA segment comprising the β-conglycinin promoter, 
AtPAH2 genomic sequence, and terminator was excised 
from the Beta-ConSoyHyg plasmid using AscI, which 
has a compatible sticky end with MluI, and then inserted 
into the MluI site of the pJC-Gly-DsRed vector contain-
ing AtPAH1. The resultant constructs, named pJC-Gly-
DsRed-AtPAH1/2, contained the genomic sequence of 
AtPAH1 under the control of the Gly-promoter, while 
AtPAH2 was driven by the β-conglycinin promoter. 
These constructs were then transformed into the GV3101 
strain of Agrobacterium tumefaciens for soybean plant 
transformation.

RNA extraction and real‑time PCR analyses
Total RNA was extracted from soybean seeds at various 
developmental stages using an RNA isolation kit (Qiagen) 
according to the manufacturer’s instructions. Genomic 
DNA contamination was eliminated using RNase-free 
RQ1 DNase (Promega), and RNA concentration was 
assessed with a NanoPhotometer (Implen). Subsequently, 
cDNA synthesis was performed using a qScript cDNA 
Synthesis Kit (Quanta Biosciences) starting with 1 μg of 
total RNA. Transcript amplification utilized gene-specific 
primers, as detailed in Supplemental Table 1. PCR condi-
tions involved initial denaturation at 94 °C for 3 min, fol-
lowed by 40 cycles of 94  °C for 30 s, annealing at 58  °C 
for 30  s, and extension at 72  °C for 30  s, employing the 
iQ5 Real-time PCR system (BioRad) with SYBR Green. 
We processed the RT-qPCR data using the 2(-Delta Delta 
C(T)) method [46]. Expression levels of target genes were 
normalized to the internal control, soybean ACTIN.

Lipid extraction and profiling
Total lipids were extracted from developing seeds fol-
lowing a previously established protocol with minor 
adjustments [47]. Briefly, seeds at various developmen-
tal stages were isolated from pods and immediately 
immersed in 3  mL of preheated (75  °C) isopropanol 
containing 0.01% butylated hydroxytoluene (BHT), 
then incubated for 15 min. Next, 1.5 mL of chloroform 
and 0.6 mL of water were added, and the mixture was 
shaken for 1.5 h at 220 rpm. The resulting lipid extract 
was transferred to a new glass tube. The seeds were 
sliced into approximately 1-mm-thin pieces and placed 
in another glass tube. These slices were incubated with 
3  mL of chloroform/methanol (2/1, v/v) in a shaking 
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incubator for one hour. This chloroform/methanol 
extraction step was repeated five times. The combined 
lipid extracts were washed with 1 mL of 1 M KCl solu-
tion and 2 mL of water and then dried under a stream 
of nitrogen gas. Chloroform was added to dissolve the 
dried lipids, with the amount calculated based on the 
dry weight of the tissue. Phospholipids, galactolipids, 
and diacylglycerol were analyzed using an electrospray 
ionization triple quadrupole mass spectrometer, and 
lipid molecular species were quantified by comparison 
with internal standards, as previously described [48].

For fatty acid analysis, approximately 30 mg of seed 
powder was accurately weighed and placed into glass 
tubes with Teflon cover. For each tube, 1.5 mL of 2.5% 
 H2SO4 in methanol with 0.01% BHT, 400 µL of tolu-
ene, and 200 µL of a 2 mg/mL internal standard of 17:0 
fatty acid were added. The tubes were then heated 
at 90  °C  for 1 h to esterify the fatty acids into methyl 
esters. The mixture was subsequently extracted with 
1.8  mL of water and 1  mL of hexane. The upper hex-
ane phase containing the fatty acid methyl esters was 
collected for analysis using gas chromatography (Shi-
madzu GC-17A, Kyoto, Japan), as described [49].

[3H] Acetate chase labeling
Soybean pods were collected 19 or 20 days after flow-
ering. Seeds extracted from these pods were directly 
placed onto the culture medium composed of 5  mM 
MES, 0.5% sucrose, 1/2 Murashige and Skoog salts, 
pH5.8, kept on ice. Thirty embryos from each line 
were dissected and pre-incubated at room temperature 
for 40  min under a light intensity of 40 µmole  m−2  s 
−1, with continuous shaking. Radiolabeling was initi-
ated by adding 10  mL of culture medium containing 
20 µCi/mL  [3H] -acetate (5 mCi/ml in ethanol, Ameri-
can Radiolabeled Chemicals). The samples were then 
incubated for 1 h at room temperature with gentle agi-
tation. After labeling, the embryos were washed twice 
with fresh culture medium, and the chase period was 
started. At specified time points, embryos were col-
lected and transferred to preheated (75  °C) isopro-
panol containing 0.01% butylated hydroxytoluene for 
lipid extraction. Lipid components were extracted and 
separated using thin-layer chromatography (TLC), and 
the levels of 3H in glycolipid (MGDG, DGDG), phos-
pholipid (PA, PC, PE), and glycerolipid (DAG, TAG) 
were quantified using a scintillation counter (Perkin 
Elmer). Phospholipids and glycolipids were separated 
on TLC plates using the following developing solvents: 
chloroform/methanol/water (65/25/4, v/v/v) and hex-
ane/diethyl ether/acetic acid (75/25/1, v/v/v), respec-
tively [50–52].

Soybean multi‑omics database (soyMD) analysis 
of GmPAHs
The variation of GmPAH in 4414 resequenced soybean 
accessions was analyzed using the soybean multi-omics 
database (SoyMD) [30]. The single-locus model was 
employed to analyze the haplotypes of three GmPHA 
genes and their 2-kb flanking regions in relation to total 
oil content and one-hundred seed weight. The module 
on allele frequency in sub-population, geographical dis-
tribution, and phenotypic value was plotted based on 
the soyMD website to illustrate the functional role of 
GmPHAs.
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