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Highlights

¢ Under salt stress, GmLPAT11 enhances soybean salt tolerance by regulating antioxidant activity and redox status.
¢ Two haplotypes of the GmLPAT11 gene were identified. The natural variation of GmLPAT11 is crucial for its function, with

Hap2 being a favorable haplotype for salt tolerance.

Abstract

Lysophosphatidic acid acyltransferase (LPAT) enzymes are widely expressed in various plant species, and they contribute to
growth, development, and stress responses. Currently, information regarding the LPAT gene family in soybeans is limited.
In this study, genome-wide analyses identified 15 soybean LPATs, which were then evaluated for their conserved protein
motifs. These genes were grouped into three clusters based on their phylogenetic relationships. Confocal microscopy was
used to visualize the localization of six GmLPATs within Arabidopsis mesophyll protoplasts. cis-Acting regulatory element
analyses and qRT-PCR experiments revealed that these GmLPATs were upregulated in response to hormonal stimulation
or exposure to abiotic stressors, including drought, alkaline conditions, and salt stress. The expression patterns of these
GmLPATs varied among different soybean tissue types. One member of the solLPAT1 subtype (GmLPAT11) was found
to be upregulated in response to a range of treatments, highlighting its role in soybean salt stress responses. GmLPAT11
expression in Escherichia coli confirmed the LPAT activity of this recombinant enzyme, and overexpressing this LPAT
reduced reactive oxygen species production in transgenic soybean plants, thereby enhancing their salt stress tolerance.
Gene association analyses indicated that GmLPAT11 variants are closely associated with seedling salt tolerance, and a
polymorphism in the GmLPAT11 CDS region was potentially associated with salt tolerance. These results provide new
insights into the nature of the LPAT gene family in soybeans while also identifying promising candidate genes for future
research efforts to enhance the overall salt tolerance of soybean crops.
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1. Introduction

Phosphatidic acid (PA) functions as a signaling molecule
in plants, and it mediates various physiological processes
including the osmotic stress response (Wang et al. 2006;
Hong et al. 2016). Lysophosphatidic acid acyltransferases
(LPATs) are essential enzymes in the Kennedy pathway

that catalytically process fatty acid chains to synthesize
3-phosphoglycerate and facilitate triacylglycerol oil production
(Misra et al. 2014). LPATs are widely distributed among
various animal, plant, and microbial species, and their broad
substrate specificity is important for establishing overall lipid
acyl composition (Snyder et al. 2009).
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To date, members of the LPAT family have been
characterized in Arabidopsis thaliana (Kim et al. 2005),
Oryza sativa (Shaikh et al. 2022), Zea mays (Brown et al.
1994), Arachis hypogaea (Chen et al. 2012), Cocos nucifera
(Knutzon et al. 1995), Brassica napus (Bourgis et al. 1999),
Ricinus communis (Arroyo-Caro et al. 2013), and Tropaeolum
majus (Taylor et al. 2010), with a majority serving as key
regulators of oil synthesis and stress responses in their
respective plant species. Seven putative LPAT isoforms
are encoded in the Arabidopsis genome. Their evolutionary
associations, substrate preferences, and subcellular
localization patterns can be used to categorize them into
plastid-localized LPAT1 with a substrate preference for 16:0
over 18:1 CoA (Kim and Huang 2004), endoplasmic reticulum
(ER)-localized LPAT2-LPAT5 with an 18:1 CoA substrate
preference (Ohlrogge and Browse 1995), and soluble LPAT
(solLPAT1), which acylates LPA to produce PA (Misra et al.
2014). The different LPAT subtypes likely fulfill distinct
functional roles, as evidenced by their varied expression
patterns and activities. In Arabidopsis, there is only one
gene encoding the form in plastids, A{LPAT1. Mutation
or deletion of A{LPAT1 can lead to embryonic death. This
gene strongly prefers 18:1-CoA over 16:0-CoA (Ohlrogge
and Browse 1995). Cytoplasmic LPAT genes have been
reported in the mature seeds or organs of species such
as Z. mays (Brown et al. 1994), C. nucifera (Knutzon et al.
1995), and Limnanthes alba (Hanke et al. 1995). Transgenic
Arabidopsis seeds overexpressing homologous rapeseed
LPAT2 show increased TAG content and quality (Maisonneuve
et al. 2010). TmLPAT2 and EpLPAT2 are key TAG assembly
regulators (Taylor et al. 2010). The Arabidopsis AtLPAT4
and AtLPAT5 genes also generate alternative transcripts that
may be associated with greater PA complexity (Chapman and
Ohlrogge 2012). However, few reports to date have focused
on other members of the LPAT gene family.

Plants encounter various abiotic stressors during their
growth and development, including drought, temperature
extremes, salinity, ion toxicity, and mineral deficiencies,
all of which can have adverse effects through reductions
in the rates of photosynthesis and respiration related to
cell membrane damage. These abiotic stressors can also
regulate LPAT expression, and some studies have specifically
evaluated the effects of drought, high salt, cold exposure,
auxin analogs, and osmotic pressure on LPAT levels. Cold
stress can suppress Arabidopsis LPAT1 expression, leading
to a decline in the abundance of phosphatidylglycerol-
containing fatty acids with a high melting point and thereby
helping plants adapt to growth under cold conditions (Kim
et al. 2010). In the roots of Arabidopsis, LPAT2 is involved
in stimulating glyceride biosynthesis, which allows these
plants to more effectively respond to phosphate starvation
(Angkawijaya et al. 2017). PLD-derived PA has been studied
extensively and shown to be involved in plant responses to
drought and salt stress (Zhang et al. 2004, 2012; Mishra et al.
2006; Bargmann et al. 2008; Hong et al. 2008; Wang et al.
2019; Ali et al. 2022). In rice, the PA generated by LPAT2
has also been shown to play a positive role in controlling
tolerance to osmotic stress conditions (Shaikh et al. 2022).

Studies identifying multiple LPATs across plant species

and employing transgenic approaches have demonstrated the
functional significance of these genes. However, no studies
to date have comprehensively characterized the soybean
LPAT gene family. Thus, any efforts to fully analyze these
genes can potentially provide new insights into the structural
and functional features of this crop species, aiding in crop
improvement efforts (Zhou et al. 2025). Soybean plants
generally grow in light soil but have limited tolerance for saline
or alkaline conditions. Salinity adversely affects soybean
growth, agronomic traits, and seed quality, significantly
reducing yield and sometimes resulting in crop failure.
Identifying the genes associated with saline—alkali tolerance
and clarifying their molecular mechanisms are essential for
developing soybean varieties adapted to saline soil. In this
study, bioinformatics techniques were employed to identify
15 soybean LPAT genes and analyze their phylogeny, gene
structures, protein structures, cis-regulatory elements, and
expression patterns in response to abiotic stressors. NacCl
treatment upregulated GmLPAT11 expression, suggesting its
role in soybean responses to salt stress. Enzyme kinetics
experiments further showed that purified GmLPAT11 could
convert C18:1 CoA into PA. Overexpression of GmLPAT11
in soybean hairy roots improved salt tolerance, increased
antioxidant enzyme activities, and reduced cellular redox
status. A natural soybean population was analyzed to assess
the GmLPAT11 variations associated with salt tolerance,
which facilitated the identification of salt-tolerant GmLPAT 11
alleles via haplotype analysis. Together, the results of this
study highlight the potential of GmLPAT11 as a candidate
gene for future efforts to improve soybean salt tolerance.

2. Materials and methods
2.1. Soybean LPAT gene identification

The whole genome and protein sequences of soybean
were retrieved from the Phytozome v12.1 database (https://
phytozome.jgi.doe.gov/pz/portal.html). LPAT protein
sequences from A. thaliana (Arabidopsis Information
Resource (TAIR); https://www.arabidopsis.org/) were used
for BLASTP queries of the soybean genome with an e—value
cutoff of 1.0. Each candidate gene was confirmed as
encoding the LPAT enzyme (EC:2.3.1.51) using Phytozome,
and redundant sequences were removed manually. The
subcellular localization of each LPAT protein in soybean was
predicted using WoLF PSORT (https://www.genscript.com/
wolf-psort.html), and the molecular weight, isoelectric point,
and sequence length were calculated using ExPASy (https://
cn.expasy.org/tools).

2.2. Evolution, genetic structure, and synteny analyses

A phylogenetic tree was constructed in MEGA 5.0 using
homologous LPAT gene sequences from Glycine max
(GmLPAT), A. thaliana (AtLPAT), Phaseolus vulgaris
(PVLPAT), Z. mays (ZmLPAT), and O. sativa (OsSLPAT)
(Tambasco-Studart et al. 2005). The gene information is
shown in Appendix A. Protein sequences were aligned with
ClustalW to identify conserved domains. Gene exon—intron
structures were visualized using Gene Structure Display
Server v2.0 (https://gsds.gao-lab.org). Synteny among the
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LPATs from different plant species was assessed with the
PGDD database (https://chibba.agtec.uga.edu/duplication/).

2.3. GmLPAT promoter analyses

cis-Regulatory elements were scanned in the 2 kb upstream
putative promoter regions of each GmLPAT gene using the
PlantCARE database (https://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) (Liu et al. 2015).

2.4. Analyses of GmLPAT expression

GmLPAT transcriptional profiles in leaves, flowers, seeds,
pods, and roots were analyzed using high-throughput
sequencing data from the Phytozome database, with the
results shown in hierarchically clustered heatmaps (Chen
et al. 2020). The transcriptional responses of these GmLPATs
to hormonal stimulation and abiotic stress were assessed by
transplanting soybean seedlings at the second trifoliolate stage
into solutions containing 100 mmol L™ NaHCO,, 200 mmol L™
mannitol, 150 mmol L™ NaCl, 20% PEG6000, 100 umol L™
jasmonic acid (JA), 100 pmol L™ salicylic acid (SA), 100 pymol
L™ abscisic acid (ABA), or 100 pmol L™ brassinolide (BR). At
0, 1, 3, 6, 12, and 24 h after transplantation, root samples were
snap-frozen in liquid nitrogen and stored at —80°C.

RNA was extracted from these samples using a Quick
Total RNA Isolation Kit (Huayueyang, Beijing, China). RNA
concentration and quality were assessed, and integrity was
confirmed by 1% agarose gel electrophoresis. First-strand
cDNA was prepared using Prime Script® RT Master Mix
(TaKaRa, Dalian, China) and diluted to 500 ng L. gPCR
was conducted with SYBR Green (TaKaRa) on a Roche
LightCycler® 96 System following the manufacturer’s protocol
(Bustin et al. 2009). The 20 pL gPCR reactions included 10 pL
of 2x real-time PCR Mix, 0.5 pL of each primer, and cDNA in
an appropriate volume. Thermocycler settings consisted of
95°C for 30 s; 35 cycles of 95°C for 10 s, 60°C for 30 s, and
95°C for 15 s; and then a final incubation at 60°C for 60 s and
95°C for 15 s. GmLPAT transcript levels were normalized to
root mMRNA levels under basal conditions, with GmGAPDH
(Genbank no.: DQ355800) and GmACTIN (Genbank no.:
AF049106) serving as reference genes (Zhao et al. 2021).
Gene expression was quantified using the 27““ method. The
primers used for these analyses are given in Appendix B.

2.5. Analyses of subcellular localization

The complete coding regions of GmLPAT genes were
amplified from root samples of the ‘DN50’ soybean cultivar.
These genes were then introduced to the GFP-encoding
pBI121 vector to create GmLPATs::GFP fusion proteins and
cloned using gene-specific primers (Appendix B). After PEG-
calcium-mediated co-transformation and a 16 h incubation,
recombinant GmLPAT::GFP plasmids were transiently
expressed in Arabidopsis mesophyll protoplasts (Yoo et al.
2007). The empty vector served as a positive control, and
Mito-Tracker Red CMXRos (Beyotime, C1049B, China) was
used as a mitochondrial marker (Chen J et al. 2022; Chen X
et al. 2022). The localization of these GFP-labeled proteins
within cells was assessed using confocal laser-scanning
microscopy (Carl Zeiss LSM710, Germany).

2.6. Enzyme kinetic analyses

LPAT activity levels were analyzed using E. coli membrane
extracts as described previously (Toth et al. 2016), and relied
on the reaction between CoA and Ellman’s reagent DTNB.
Optimized reactions were conducted in a 400 yL volume
containing 100 mmol L™ phosphate buffer (pH 7.5), 120 ymol
L™ DTNB, 50 pmol L™ 18:1-LPA or 18:1-OH-LPA, either
2 mmol L™ EDTA (minus Mg** assays) or 1 mmol L™ MgCl,,
20-40 umol L™ of different acyl-CoAs, and 30-320 pg of
membrane extract protein. After 30 s of pre-incubation
with the extract, acyl-CoA was added, and the absorbance
at 410 nm was measured for 3 min. Released CoA
was quantified using the molar absorption coefficient of
€=13,600 M~ cm™. Initial reaction slopes were used to
calculate enzymatic activity, expressed in nanomoles of CoA
released per min.

2.7. GmLPAT11 overexpression in soybean hairy roots

The pSOY1-GmLPAT11 overexpression vector was
constructed by cloning the GmLPAT11 coding sequence
into pSOY1, which contains the CaMV35S promoter, using
primers listed in Appendix B. The pSOY1-GmLPAT11
recombination plasmid was electroporated into Agrobacterium
rhizogenes strain K599 for soybean hypocotyl transformation.
The transformation of DN50 hypocotyls and induction of
hairy roots were performed as described previously (To6th
et al. 2016), with hairy roots from K599-infected soybeans
serving as controls. PCR and enzyme activity assays were
used to confirm transgenic hairy roots, with non-transgenic
lines removed from the sample population. The impact of
transgenic hairy roots on various physical and biochemical
parameters was assessed using 10-20 transgenic hairy
roots. These roots were exposed to either 0 or 120 mmol L™
NaCl for 5 d, after which the maximum root length, fresh root
weight, leaf fresh weight, and plant height were measured.

2.8. Biochemical and physiological analyses

After 3 d of stress treatment, root length and plant height
were measured for 10 plants per group. Roots were
separated from shoots, blanched for 15 min at 105°C, dried
to a constant weight at 80°C, and then weighed to determine
the aboveground and belowground dry weights. The leaves
of 10 seedlings were rinsed with distilled water, blotted dry,
and weighed to determine fresh weight.

Spectrophotometry was used to measure hydrogen
peroxide (H,0,) and superoxide (O, ) levels (Velikova
et al. 2000; Fryer et al. 2002). Soybean extracts (0.5 g)
were prepared in a 15 mL solution containing 0.5 mmol L™
ascorbic acid (ASA), 1% (w/v) PVP, 1.5 mmol L™" EDTA, and
50 mmol L™ K,HPO,-KH,PO, (pH 7.04). Peroxidase (POD),
superoxide dismutase (SOD), and ascorbate peroxidase
(APX) antioxidant activity levels were then measured in the
supernatant from this solution (Giannopolitis and Ries 1977;
Nakano and Asada 1981).

Leaves from WT and overexpressing plants were stained
after either 0 or 2 h of stress treatment by immersion in 1.5 mL
of NBT, DAB, or Evan’s blue staining solutions at room
temperature overnight. The leaves were then destained in a
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boiling water bath containing 75% ethanol and 5% glycerol.

Propidium iodide (PI) staining of WT and overexpressing
root tips was performed after 12 h of stress treatment by
immersing roots in a 20 ug mL™" Pl solution for 30 min,
followed by three washes with distilled water before imaging
with a laser confocal microscope. The CoroNa™ Green
Sodium Indicator staining of WT and overexpressing root tips
was conducted after 12 h of stress treatment by immersing
roots in CoroNa™ Green solution for 30 min, followed by
three rinses with distilled water before imaging with a laser
confocal microscope.

2.9. Haplotype analyses

Haplotype analysis of GmLPAT11 was conducted using 547
genetically diverse Chinese germplasm resources with varying
salt tolerance index (STI) values. The 547 varieties included
365 varieties and 182 local varieties, 93.60% of which were
from Northeast China (Heilongjiang, Liaoning, Jilin, and Inner
Mongolia). They included 363 cultivars and 149 landraces
from Northeast China; two cultivars and two landraces from
Northwest China; 30 landraces from North America; and one
cultivar from Japan. After 5 d of exposure to salt stress (120
mmol L™ NaCl), the plant height, root length, aboveground
fresh weight, and belowground fresh weight were measured.
Principal component and membership function analyses were
then conducted, and a comprehensive index and STI values
were calculated (Han et al. 2006; Dai et al. 2014; Zhang
et al. 2021). Candidate gene sequences were obtained from
Phytozome, and local BLAST analysis was performed using
GmLPAT11 sequence data and unpublished genomic data
from the resequencing of the 547 germplasm resources,
enabling single nucleotide polymorphism (SNP) identification
and analysis. GmLPAT11 SNP haplotype distributions in the
germplasm populations were analyzed with DnaSP 5.0 (Librado
and Rozas 2009), excluding haplotypes with frequencies
below 5% among the cultivars. The significance of phenotypic
variation among haplotypes was analyzed in SPSS using
ANOVA with Duncan’s multiple range test.

3. Results
3.1. Soybean LPAT identification

A search of the soybean genome identified 15 LPAT genes,
tentatively named GmLPAT1-GmLPAT15 (Table 1). The
proteins encoded by these genes ranged in length from 248
to 457 amino acids, with molecular weights from 28.06 to
50.50 kDa and isoelectric points from 5.127 to 10.231.

Comparative phylogenetic analyses of LPATs encoded in
the soybean, Arabidopsis, rice, maize, and common bean
genomes classified these LPATs into three groups: LPAT1,
LPAT2, and solLPAT1 (Fig. 1-A). The LPAT1 (GmLPATS and
GmLPAT9) and LPAT2 (GmLPAT6, GmLPAT7, GmLPATS,
GmLPAT10, GmLPAT12, GmLPAT13, and GmLPAT15)
proteins were closely related, while solLPAT1 (GmLPATS,
GmLPAT4, GmLPAT11, and GmLPAT14) proteins formed a
distinct clade, consistent with previous studies.

To further explore the relationships between gene evolution
and the proteins they encode (Kolkman and Stemmer 2001;
Liu et al. 2005), the domain organization and exon—intron
structures of these GmLPATs were analyzed (Fig. 1-C).
Acyltransferase and abhydrolase domains were shared by
the LPAT1, LPAT2, and solLPAT1 proteins. Exon—intron
organization analyses indicated that the structural evolution
of these proteins involved highly similar exon numbers
and positions within each family. The sequence alignment
of LPATs from various plant species revealed two highly
conserved regions, each with consensus motifs: Motif I,
NH(X),D; Motif Il, EGT (Taylor et al. 2010; Sivakumar and
Sivaraman 2011). These residues are highly conserved
among acyltransferases and play an essential role in catalyzing
fatty acid transfer from acyl-CoA to G3P analogs (Lewin et al.
1999). No previous comparative studies have detailed the
conserved residues or distinct motifs differentiating proteins in
the LPAT1, LPAT2, and solLPAT1 subfamilies in soybean.

3.2. GmLPAT synteny and gene structure analyses
LPAT genes in the soybean, Arabidopsis, rice, maize, and

Table 1 Basic information on the 15 soybean LPAT genes (GmLPATS)

Gene name Gene ID" Gene location Protein length (aa) Isoelectric point  Molecular weight (kDa)
GmLPAT1 Glyma.02G181300 Gm2 32801499-32809390 385 9.621 43.24
GmLPAT2 Glyma.03G139700 Gm3 36761439-36768842 378 9.892 42.02
GmLPAT3 Glyma.04G026500 Gm4 2142017-2148415 388 9.161 43.61
GmLPAT4 Glyma.06G026500 Gm6 2032806-2036004 248 8.382 28.06
GmLPATS Glyma.06G220300 Gm6 25070446-25081599 348 10.097 38.50
GmLPAT6 Glyma.10G095500 Gm10 13758064-13771475 384 9.637 43.18
GmLPAT7 Glyma.11G120600 Gm11 9176591-9180658 376 8.818 43.26
GmLPAT8 Glyma.12G045700 Gm12 3302152-3306082 376 9.214 43.24
GmLPAT9 Glyma.12G163500 Gm12 33116752-33122217 356 10.231 39.58
GmLPAT10 Glyma.14G077500 Gm14 6425125-6429260 384 9.062 4411
GmLPAT11 Glyma.14G216800 Gm14 49011220-49014983 397 8.302 44.73
GmLPAT12 Glyma.15G034100 Gm15 2715118-2721322 457 5.127 50.50
GmLPAT13 Glyma.17G248200 Gm17 40451620-40456023 384 9.025 44.06
GmLPAT14 Glyma.17G255400 Gm17 41041415-41044732 387 8.039 43.41
GmLPAT15 Glyma.19G142500 Gm19 40791453-40802147 388 9.796 43.27

IDs are available in the Phytozome database (https://phytozome-next.jgi.doe.gov/).
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Fig. 1 Phylogenetic analysis, protein domain and collinearity analysis of the lysophosphatidic acid acyltransferase (LPAT) gene
family. A, evolutionary analyses of the LPATs encoded by Glycine max (L.) Merr., Arabidopsis thaliana (L.) Heynh., Phaseolus vulgaris
L., Zea mays L., and Oryza sativa L. B, the LPAT protein domain. C, GmLPAT exon-intron structures. D, GmLPAT protein sequence
alignment results. E, synteny analyses of the LPAT genes encoded by Z. mays, P. vulgaris, A. thaliana, G. max, and O. sativa. F, synteny
analyses of GmLPAT genes. Circles represent chromosomes, while differently colored curves denote syntenic LPAT gene areas.

common bean genomes were compared to gain further
insight into GmLPAT evolution (Fig. 1-E). These GmLPATs
were distributed across 11 of the 20 soybean chromosomes,
with multiple genes on chromosomes 3, 6, 12, 14, and 17,
while one gene was present on each of the remaining six
chromosomes (Appendix C). A total of 50 homologous LPAT
gene pairs were identified among the five species, including

10 pairs between Arabidopsis and soybean, 21 between
common bean and soybean (Fig. 1-F), one within rice, six
between rice and maize, three within common bean, and one
within maize. The soybean genome harbored 18 homologous
gene pairs, primarily among related subfamilies. These
syntenic events suggest that many of the identified LPAT
genes evolved before the divergence of soybean species.
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3.3. cis-Acting regulatory element analyses of GmLPAT
promoters

The putative cis-acting regulatory elements within the
promoters upstream of each of these GmLPATs were identified
using predictive analysis (Fig. 2). Most of the GmLPAT
promoters contain hormone-responsive elements, including
abscisic acid response elements (ABREs) and methyl
jasmonate (MeJA) response elements (TGACG, CGTCA).
Elements responsive to specific stressors were also identified,
including low-temperature response (LTR) elements and light-
responsive elements, such as AE-BOX, G-BOX, and GATA
motifs. These findings suggest roles for GmLPATs in plant
development and stress response regulation.

3.4. Subcellular localization and enzyme kinetic analyses
GFP-tagged versions of six GmLPATs were transiently
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expressed in Arabidopsis mesophyll protoplasts, with
35S:GFP as a positive control. Of these, GmLPAT®,
GmLPAT9, and GmLPAT10 were localized to the endoplasmic
reticulum (Fig. 3-A), while GFP-tagged GmLPAT3, GmLPATS5,
and GmLPAT11 were detected only in chloroplasts, indicating
chloroplast localization (Fig. 3-B). These results align with
online predictive analyses, offering new insight into plant
LPAT localization at the subcellular level.

The potential role of GmLPAT11 in stress resistance was
explored preliminarily. A His-tagged GmLPAT11 plasmid
was expressed in E. coli for crude protein purification. SDS-
PAGE analyses were used to assess the molecular weight of
GmLPAT11-His (Fig. 4-C), while kinetic studies of the enzymatic
activity of recombinant GmLPAT11 were performed with C18:1
LPA as the substrate. The Eadie-Hofstee plot was used to
establish the kinetic parameters for this enzyme with C18:1
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Fig. 2 cis-Acting regulatory element predictive analyses of GmLPAT promoter regions. Different colors of the boxes provide an
approximation of the relative positions of these cis-acting elements upstream of each GmLPAT. MeJA, methyl jasmonate.
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LPA as a substrate, yielding a K., of 74.14 nmol L™ and V,,, of
40.92 nmol min™ ug™ protein (Fig. 3-D). These results confirm
the LPAT enzymatic activity of purified recombinant GmLPAT11.

3.5. Characterization of GmLPAT tissue expression
patterns and responses to hormones or abiotic stressors

gPCR was used to assess the tissue-specific expression
patterns of GmLPATSs in soybean leaves, flowers, pods, seeds,
stems, roots, nodules, and shoot apex samples. The GmLPATs
were expressed in both reproductive and vegetative tissues
(Yu et al. 2021). GmLPAT11 was expressed at high levels in
all analyzed tissue types compared to the other GmLPATSs.
Members of the GmLPAT family likely play distinct roles in
soybean growth and development based on their tissue-
specific expression patterns (Fig. 4-A). The transcriptional
responses of these GmLPATs to salt (150 mmol L™ NaCl),
alkali (100 mmol L™" NaHCO,), and osmotic (20% PEG or
200 mmol L™ mannitol) stress conditions were also analyzed.
Under salt stress, GmLPATs were markedly upregulated, with
GmLPAT5 showing peak expression at 6 h post-treatment.
After 3 h of alkaline treatment, GmLPAT12 showed significantly

increased expression compared to the other GmLPATs. Most
GmLPATs were upregulated at later stages of alkaline stress,
while some were downregulated. Osmotic stress did not
significantly affect GmLPAT expression levels.

Plant hormones, including ABA, SA, BR, and MeJA, can
influence stress signaling in plants (Wang et al. 2016). To
clarify the responses of GmLPAT transcription to phytohormone
stimulation, the mRNA levels of these 15 GmLPATs were
analyzed in response to SA, JA, BR, and ABA treatments.
Most GmLPATs were rapidly upregulated in response to JA
treatment and stayed elevated throughout the experimental
period. Most GmLPATs showed increased expression 6 h
after BR treatment, while GmLPAT1, GmLPAT2, GmLPAT7,
GmLPATS, and GmLPAT15 exhibited temporary upregulation
at this time. SA or ABA treatment failed to significantly alter
GmLPAT expression. Overall, most GmLPATs are associated
with plant responses to JA and BR treatment (Fig. 5-B).

3.6. Overexpressing GmLPAT11 enhances soybean
salt tolerance

Soybean hairy roots overexpressing GmLPAT11 were
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generated to examine the effects of GmLPAT11 on plant
responses to high salinity. GmLPAT11 mRNA levels were
elevated in overexpressing (OE1-OE12) compared to wild-
type (WT) hairy roots (Appendix D). The LPAT enzymatic
activities in OE lines were 2.8- to 5.0-fold higher than
in WT hairy roots (Appendix D), confirming GmLPAT11
overexpression. The two lines with the highest levels of
GmLPAT11 expression (OE1 and OE2) were chosen for

further research. Overexpressing GmLPAT11 failed to impact
the growth of these soybean plants under normal conditions,
with no apparent differences between the WT and OE plants
(Fig. 5-A).
apparent following salt treatment. Specifically, on day 3 of

However, differences between the two were

NaCl treatment, GmLPAT11 overexpression was associated
with root length, plant height, dry weight, and fresh weight
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values that were all larger than those of WT plants, confirming
the ability of GmLPAT11 overexpression to enhance saline-
alkali stress tolerance in soybean plants (Fig. 5-C).

3.7. GmLPAT11 shapes cellular redox status and reactive
oxygen species (ROS) homeostasis under salt stress

Propidium iodide (Pl), which cannot penetrate intact cell
membranes, was used to identify dead or damaged cells.
Pl staining of the root tips of different soybean lines was
performed after 12 h of NaCl treatment. Under basal
conditions, Pl staining was minimal in the WT, OE1, and
OE2 lines, with no differences among them. After 120 mmol
L™ NaCl treatment, all lines showed increased PI staining
intensity, indicating some level of membrane damage and
cell death. Compared to WT plants, the OE1 and OE2
lines showed reduced PI staining (Fig. 6-B), suggesting that
GmLPAT11 overexpression reduces membrane damage and
cell death under salt stress.

The CoroNa™ Green sodium ion indicator, which emits
a strong green fluorescent signal following Na* binding, was
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Fig. 5 GmLPAT11 overexpression enhances the salt tolerance
of transgenic soybean hairy roots. A and B, plant performance
under the indicated conditions. Scale bar=1 cm. C, control
and GmLPAT11-overexpressing soybean hairy root parameters
following treatment for 3 d with 120 mmol L= NaCl. Bars mean
SD (n=3). 7, P<0.05; 7, P<0.01; Student’s t-test.

then used to stain soybean roots after NaCl treatment for
12 h. Under basal conditions, minimal CoroNa staining was
evident for the WT, OE1, and OE2 lines, with no significant
differences among these lines. However, after 120 mmol
L™ NaCl treatment, all lines showed increased staining
intensity consistent with stress-induced Na® accumulation
(Fig. 6-B). The OE1 and OEZ2 lines showed reduced CoroNa
staining compared to WT plants, suggesting that GmLPAT11
overexpression enhances salt tolerance by promoting root
Na* ion efflux.

The H,0, and O, - levels were also analyzed in these
soybean lines to further confirm the above results. Both H,O,
and O, - levels were low and similar among the WT, OE1,
and OE2 lines under basal conditions. However, NaCl stress
increased H,0, and O, - levels in the roots of all analyzed
lines, with significantly higher levels in samples from WT plants
relative to the OE1 and OE2 lines. Therefore, GmLPAT11
overexpression can limit salt stress-associated ROS
accumulation to protect these plants against oxidative injury.

Considering the lower ROS levels observed in soybean
plants overexpressing GmLPAT11 after exposure to salt
stress, the potential link between reduced ROS levels and
enhanced antioxidant activity was evaluated. These analyses
focused on the activity levels of superoxide dismutase (SOD;
converts O, - to H,0, and O,), catalase (CAT; converts H,O,
to H,O and O,), and ascorbate peroxidase (APX; converts
H,0, to H,O and O,). In the absence of stress, the SOD,
CAT, and APX activity levels were similar among all lines.
However, the SOD, CAT, and APX activity levels in the OE1
and OE2 lines after NaCl stress were higher than those
for WT plants (Fig. 6-C). This indicates that GmLPAT11
overexpression can strengthen the antioxidant capacity of
soybean plants.

3.8. Haplotype analyses of GmLPAT11

Genome-wide sequencing and candidate gene association
analyses have been widely used in crop species to identify
beneficial alleles. This approach narrows the range of
potential alleles and improves gene characterization
accuracy, making it a valuable tool for evaluating candidate
genes. For haplotype screening and the determination of
major haplotypes, we referred to previous studies. Among
the 547 germplasm resources in this study, we identified 23
haplotypes, with 383 and 75 soybean varieties belonging
to Hap1 and Hap2, respectively, which are considered the
major haplotypes. In total, 20 significant SNPs related to
salt tolerance (P<0.01) were identified in the GmLPAT11
gene based on analyses performed at the seedling stage,
indicating a link between natural variation and the salt tolerant
phenotypes. The natural GmLPAT11 variation observed in
this haplotype analysis may contribute to salt tolerance in
soybean seedlings. However, further studies are needed to
confirm whether the identified promoter polymorphisms affect
gene expression and salt tolerance.

4. Discussion
4.1. Molecular characterization of the GmLPAT family

Comparative analyses of different species of plants have
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staining-based detection of membrane injury in soybean lines subjected to salt stress, and CoroNa™ Green staining-mediated detection
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indicated the extensive expansion of the LPAT gene family
throughout evolution (Misra et al. 2014). The phylogenetic
analyses in this study demonstrated that GmLPATs and
homologous genes in leguminous plants are closely related,
reflecting functional conservation (Fig. 1-A). Collinearity
observed between GmLPATs and the LPATs expressed by
common bean and Arabidopsis plants indicates the potential
emergence of GmLPATs before these species diverged
(Fig. 1-E). Previous studies of the LPAT1, LPAT2, and
solLPAT1 subtypes reported similar findings for subcellular

localization, protein structure, and phylogeny, which were
confirmed in this study (Misra et al. 2014). The LPATs within
each subgroup showed similar intron-exon lengths and
distributions. GFP-fused GmLPAT3, GmLPAT4, GmLPATS,
GmLPAT6, GmLPAT9, GmLPAT10, and GmLPAT11 were
expressed, with GmLPAT4, GmLPAT6, GmLPAT9, and
GmLPAT10 localizing to the endoplasmic reticulum, while
GmLPAT3, GmLPAT5, and GmLPAT11 were localized to
chloroplasts. Different subtypes of GmLPATs thus appear
to function in specific organelles. These results can
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provide valuable insight into the functions of these different
plant LPAT family members. LPATs play key roles in lipid
biosynthesis and stress response regulation in Arabidopsis
(Kim et al. 2005), rice (Shaikh et al. 2022), maize (Brown
et al. 1994; Chen et al. 2012), B. napus (Bourgis et al. 1999),
castor bean (Arroyo-Caro et al. 2013), and tomato (Taylor
et al. 2010) plants. In this study, qPCR showed GmLPAT
expression in both reproductive and vegetative tissues
of soybeans, suggesting roles in physiological processes
essential for growth and development. GmLPATs were also
significantly upregulated in response to hormone treatments
and stressors, especially salt stress (Fig. 4). Promoter cis-
acting regulatory elements likely mediate GmLPAT expression
in response to abiotic stressors (Fig. 2), including hormone-
responsive elements (ABRE, TGACG, and CGTCA), stress-
responsive elements (LTR), and light-responsive motifs (AE-
BOX, G-BOX, and GATA-motif). Enzymatic analyses of
recombinant GmLPAT11 showed a substrate affinity (K,) of
74.14 nmol L™ (Fig. 3), consistent with the kinetic parameters
described for other LPATs (Arroyo-Caro et al. 2013).

4.2. GmLPAT11 enhances salt tolerance in soybean by
regulating antioxidant activity and redox status

GmLPAT11 overexpression in soybean hairy roots resulted
in significantly longer roots and higher root fresh weight
than in WT plants under salt stress, indicating enhanced
salt tolerance (Fig. 5), as was also reported in rice (Shaikh
et al. 2022). PAis a key second messenger involved in
the development of plants and the coordination of stress
responses (Wang et al. 2024). In Arabidopsis, for instance,
PA is important for responses to heat, cold, and drought
conditions (Ruelland et al. 2015; Pokotylo et al. 2018).
Abiotic stressors can disrupt redox homeostasis, leading to
increased lipid peroxidation and oxidative stress, making
redox balance essential for resistance (Hossain and Dietz
2016). Salt stress increased the APX, POD, and SOD activity
levels in all soybean lines, with even higher levels observed
in GmLPAT11-overexpressing plants than in WT controls.
Cellular damage and the levels of H,0, and O, - were also
analyzed, with GmLPAT11-overexpressing plants exhibiting
reduced staining intensity in all three cases, consistent with
reduced ROS accumulation and less severe cellular damage.
The PI staining of root tips showed reduced intensity and
fewer stained areas in GmLPAT11-overexpressing plants,
indicating reduced membrane damage and cell death,
thereby contributing to salt stress resistance. Under saline—
alkali stress conditions, high soil Na® concentrations can
disrupt the ionic balance in plant cells, leading to membrane
structural damage and reduced metabolic activity, resulting
in ion toxicity (Hasegawa 2013). CoroNa™ Green staining
of WT and GmLPAT11-overexpressing roots showed lighter
staining in the latter, suggesting improved salt tolerance
through enhanced Na* root efflux.

4.3. GmLPAT11 gene variants are closely related to
soybean seedling salt tolerance

Advanced whole-genome sequencing and candidate
gene association analyses have improved the accurate

identification of beneficial alleles in many crops. At the
seedling stage, 20 GmLPAT11 SNPs associated with
salt tolerance were identified (P<0.01), indicating a close
association between natural genetic variation and salt
tolerance. The GmLPAT11 variants identified through
this haplotype analysis suggest that natural variation
in soybean tolerance to salt stress is at least partially
attributable to GmLPAT11 variation (Fig. 7). Further
molecular analyses are needed to determine whether
promoter polymorphisms in GmLPAT11 or other soybean
genes are functionally linked to differences in gene
expression and salt tolerance.

5. Conclusion

This study identified 15 LPAT genes in the soybean genome.
The products of these genes were classified into the LPAT1,
LPAT2, and solLPAT1 subtypes through phylogenetic
analyses. The observed differences in the expression
patterns of specific GmLPATs under abiotic stress conditions
suggest that they have different functions. The transcriptional
response of GmLPAT11 to salt stress indicates its potential
role in coordinating soybean responses to abiotic stress.
The mechanistic studies conducted in this study support a
model wherein GmLPAT11 can enhance soybean tolerance
for saline-alkali stress by enhancing antioxidant activity
and mitigating ROS accumulation. Together, these findings
provide a basis for characterizing the functional roles of
GmLPATs and other plant LPAT families in future studies.
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