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Genome-wide identification of the P4ATPase
gene family and its response to biotic
and abiotic stress in soybean (Glycine max L.)
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Abstract

Background Soybean is an important legume crop and has significant agricultural and economic value. P4-ATPases
(aminophospholipid ATPases, ALAs), one of the classes of P-type ATPases, can transport or flip phospholipids across
membranes, creating and maintaining lipid asymmetry and playing crucial roles in plant growth and development.
To date, however, the ALA gene family and its expression patterns under abiotic and biotic stresses have not been
studied in the soybean genome.

Results A total of 27 GmALA genes were identified in the soybean genome and these genes were unevenly
distributed on 15 chromosomes and classified into five groups based on phylogenetic analysis. The GmALAs family
had diverse intron—exon patterns and a highly conserved motif distribution. A total of eight domains were found

in GmALAs, and all GmALAs had conserved Pholip_ATPase_C, phosphorylation and transmembrane domains.
Cis-acting elements in the promoter demonstrated that GmALAs are associated with cellular development,
phytohormones, environmental stress and photoresponsiveness. Analysis of gene duplication events revealed 24
orthologous gene pairs in soybean and synteny analysis revealed that GmALAs had greater collinearity with AtALAs
than with OsALAs. Evolutionary constraint analyses suggested that GmALAs have undergone strong selective pressure
for purification during the evolution of soybeans. Tissue-specific expression profiles revealed that GmALAs were
differentially expressed in roots, stems, seeds, flowers, nodules and leaves. The expression pattern of these genes
appeared to be diverse in the different developmental tissues. Combined transcriptome and gRT-PCR data confirmed
the differential expression of GmALAs under abiotic (dehydration, saline, low temperature, ozone, light, wounding and
phytohormones) and biotic stresses (aphid, fungi, rhizobia and rust pathogen).

Conclusion In summary, genome-wide identification and evolutionary and expression analyses of the GmALAs
gene family in soybean were conducted. Our work provides an important theoretical basis for further understanding
GmALAs in biological functional studies.
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Background

Plant P4-ATPases, one of the classes of P-type ATPases,
are active membrane transporters that translocate lipids
toward the cytosolic side of the biological membranes
in eukaryotic cells; these transporters create and main-
tain lipid asymmetry in the membranes and increase
tissue or phenotype polarity [1]. Such lipid flipping also
contributes to vesicle formation, vesicle trafficking, cell
division or apoptosis and is involved in lipid signal trans-
duction resulting in adaption to environmental stress
[2—-4]. P4-ATPases proteins are typically composed of
polypeptides with four major domains: a nucleotide-
binding domain (N-domain), a phosphorylation domain
(P-domain), an actuator domain (A-domain) and a
B-subunit [5].

P4-ATPases have been studied in protozoan, fungal,
plant, and animal species and they contain three major
clades of P4 ATPases (P4A, P4B, and P4C) and P4A is
predominantly present in plants [4]. The model plant
Arabidopsis thaliana contains 12 P4 ATPases (ALA1 to
ALA12), several of which have been characterized with
respect to their transport specificity, subcellular localiza-
tion, tissue-specific expression and physiological role [1].
AtALA4 and AtALAS are expressed primarily in vegeta-
tive tissues and a double knockout of AtALA4/5 results
in plant dwarfism including reduced root hair growth,
impaired trichome formation and improperly expanded
hypocotyl and leaf epidermal cells [6]. The expres-
sion of AtALA4 is upregulated in the presence of heavy
metal ions, and plants lacking AtALA4 are sensitive to
heavy metals [7]. Moreover, AtALA6 and AtALA7 are
expressed primarily in pollen, and a double knockout of
AtALA6/7 is involved in pollen fertility defects. AtALA6
overexpression results in increased heat tolerance [6].
The expression pattern of AtALA3 is similar to that of
AtALAG6 and AtALA?7, which play key roles in pollen tube
growth and Atala3 mutants exhibit reduced pollen tube
growth, resulting in fertilization defects, which are wors-
ened by both low and high temperatures [8, 9]. In addi-
tion, knockout of AtALA3 also alters trichome shape and
reduces the fitness of Arabidopsis thaliana in hot and
cold environments [9]. Overexpression of AtALA2 in
Nicotiana benthamiana cells results in enlarged multi-
vesicular body structures and ala2 plants exhibit defects
in antiviral defenses [10, 11]. Arabidopsis plants lacking
AtALA10 exhibit defects in stomatal opening and closure
that likely result from a lack of lysoPC signaling in guard
cells [12]. AtALA 10 overexpressing lines are shown to be
better at adapting to cold temperatures [13]. The pleio-
tropic AtALAI is involved in stress-related functions,
and alal plants are obviously smaller than wild-type
plants at chilling temperatures [14]. GbPATP, an AtALA1
homolog in cotton, plays an important role in improving
chilling tolerance in cotton and confers cold resistance to
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Nicotiana tabacum [15]. Overexpression of AtALAI in
maize resulted in enhanced resistance to E graminearum
and decreased accumulation of the mycotoxin [16]. In
addition, AtALAI and AtALA2 can enhance the immu-
nity of Arabidopsis thaliana to viruses [11]. Knockout of
V. dahlia VdDrs2, VdNeol, VdP4-4 and VdDnf1, which
are homologs to cotton P4-ATPases, also effectively
decrease the sporulation of V. dahlia [17]. In summary,
P4 ATPases respond and adapt to several types of biotic
and abiotic stresses simultaneously and related mecha-
nisms need to be further studied.

Soybean (Glycine max L.), which is rich in protein
and oil as well as phytochemicals, is cultivated in several
climatic zones. During their life cycle, soybean plants
encounter flooding stress, low temperature, drought and
salt stresses, virus, bacterial, oomycete, fungal, and nem-
atodes cyst infections, and other stresses, which lead to a
reduction in production and quality [13, 18, 19]. The reg-
ulatory role of GmALA genes in various stress response
and plant growth and development has not been assessed
in soybean. The investigation of the GmALA gene fam-
ily and its expression patterns under various stresses,
including abiotic stress and biotic stress, is highly impor-
tant for the further study of plant physiology and devel-
opment in soybean.

In this study, we systematically identified and analyzed
the GmALA gene family in soybeans and clarified the
expression pattern of GmALAs in soybean under stress.
Phylogenetic relationship, physicochemical property,
motif composition, conserved domain, gene structure,
duplication event, cis-element composition, chromo-
somal location, and collinearity analyses were performed
using the current soybean genome sequence data. More-
over, the expression patterns of GmALAs in different
tissues and developmental tissues were presented. In
addition, the responses of GmALAs to various abiotic
and biotic treatments were also analyzed. This study pro-
vides a valuable foundation for further functional inves-
tigations of GmALAs and offers new insight into the
mechanism of GmALAs under abiotic stresses.

Results

Identification of GmALA genes in the soybean genome

To identify the GmALA members in the soybean
genome, ALAs from A. thaliana and O. sativa were
used as queries. A total of 27 homologous GmALAs
were identified in soybean via BLASTP (BLOSUMSG62)
against the Phytozome database and were renamed
GmALA1~GmALA27 (Table 1). Information on these
GmALA genes and their corresponding proteins is shown
in Table 1, which includes gene ID, chromosome location,
number of exons, protein length (AA), molecular weight
(M. W), theoretical isoelectric point (pI), instability index
(II), grand average of hydropathicity (GRAVY), aliphatic
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index and subcellular location. The protein length of
GmALAs varied greatly from 943 aa (GmALAY) to 1296
aa (GmALA19). The pl ranges from 5.32 (GmALA10) to
8.11(GmALA18), whereas the molecular weight varies
from 107.66 kDa (GmALA9) to 145.88 kDa (GmALA24).
The II of the proteins ranged from 37.3 (GmALA10) to
43.55 (GmALA18), which predicted that 12 of the GmA-
LAs were unstable because their II value was less than
40 and that the other 15 GmALA proteins were stable.
Moreover, the ranges of the aliphatic index and GRAVY
ranged from 89.96 (GmALA16) to 99.53 (GmALA20)
and from -0.127 (GmALA24) to 0.049 (GmALA25),
respectively. A GRAVY value less than 0 predicted that
most GmALAs were hydrophilic proteins, except for
GmALA9-11, GmALA15, GmALA17, GmALA20,
GmALA21, GmALA23 and GmALAZ25. It seemed that all
the GmALAs were located in the plasmolemma accord-
ing to the predicted subcellular localization. Other
detailed information about the pI and MW of the GmA-
LAs is presented in Table 1.

To understand the genomic organization and distribu-
tion of GmALAs on the soybean chromosomes, we con-
structed a chromosomal map. Our results showed that 27
GmALAs were unevenly and irregularly distributed on
15 soybean chromosomes (Fig. 1). Chromosome 08 con-
tained 4 GmALAs (GmALA6, GmALAI2, GmALA18 and
GmALA2I) which was greater than other chromosome,
while both chromosomes 04 and 06 had 3 GmALAs.
Chromosomes 05, 13, 15, 16 and 18 all had two GmALAs.
In contrast, chromosome 01, 02, 07, 09, 12, 17 and 19
each consisted of one GmALA. The remaining chromo-
somes did not have any homologous genes to AtALAs or
OsALAs.

The chromosomal position of each GmALA gene is
mapped based on the soybean genome. Chromosome

ChO1  Ch02 Ch03  Ch04 Ch0O5 Ch06  ChO7

GmALALY

Fig. 1 Chromosomal distribution of GmALAs in the soybean genome
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numbers are indicated on the top of each scaffold. The
chromosome size is shown by the vertical scale.

Phylogenetic analysis of the GmALA gene family

To investigate the phylogenetic relationships of the ALA
family between Arabidopsis, rice and soybean, a phyloge-
netic tree was generated based on the full-length protein
sequences of 12 AtALAs, 8 OsALAs and 27 GmALAs by
using MEGA 7.0 with the neighbor-joining method (1000
bootstrap replications) (Fig. 2). Based on the P4-ATPase
family classification standard and the bootstrap values
(>50%) of the phylogenetic tree, the GmALA family was
clustered into five groups, and their distribution in each
subgroup was rather uneven (Fig. 2). Specifically, Group
1 contained seven GmALAs (GmALAI11, 15, 19, 21, 24,
25 and 27), AtALA1l and three OsALAs (OsALA-3).
Twelve GmALAs (GmALAZ2, 4-8, 10, 14, 16, 17, 22 and
26) were clustered with five AtALAs (AtALA8-12) and
three OsALAs (OsALA4-6) in Group 2. Group 3 con-
tained four GmALAs (GmALAI, 3, 12 and 13), four AtA-
LAs (AtALA4-7) and OsALA7. Group 4 consisted of only
two GmALAs (GmALA9 and 18), AtALA3. Two GmA-
LAs (GmALA20 and 23) were clustered with AtALA2
and OsALAS8 in Group 5. Groups 1-4 and 5 belong to
the P4A-ATPase and P4C-ATPase subclades, respec-
tively. Moreover, group 1 was further subdivided into the
P4Ad group, and groups 2—4 belonged to the P4Ae group
(Fig. 2).

A phylogenetic tree was constructed with 12 AtALA
protein sequences, 8 OsALA protein sequences and 27
GmALA protein sequences. All ALA protein sequences
are downloaded from Phytozome (https://phytozome-ne
xt.jgi.doe.gov/). The five subclades of the ALA family are
highlighted in distinct colors. The blue triangles, yellow
squares and red pentacles represent the ALA genes from

Ch08 Ch09 Chi10  Chll Chl2 Cchl3 Chl4 Chl5 Chl6 Ch17 Chl8 Chl9 Ch20
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Fig. 2 Phylogenetic tree of the ALA protein sequences from Arabidopsis thaliana, rice and soybean

Arabidopsis, rice and soybean, respectively. MEGA 7.0
was used to carry out protein sequence alignment and
subsequent bootstrap tree construction with the neigh-
bor-joining (NJ) method and 1000 bootstrap values.

Synteny analysis of GmALA genes and calculation of Ka/Ks

Tandem and segmental duplications of the GmALAs
were obtained by collinear analysis. As a result, 24 pairs
of segmentally duplicated genes were identified on fif-
teen chromosomes (Chrl, Chr2, Chr4-9, Chr12, Chrl3,
and Chr15-19) (Fig. 3A, B). There were no tandemly
duplicated genes on the soybean chromosomes. Syntenic
analysis was also carried out for A. thaliana, rice and
soybean (Fig. 3B, C). The results revealed that 14 (51.8%)
GmALAs showed pairwise synteny with genes in the A.
thaliana genome, and 3 (11.1%) GmALAs showed pair-
wise synteny with genes in rice. To investigate whether
Darwinian positive selection was involved in the diver-
gence of GmALAs after duplication and to trace the dates
of the duplication blocks, the ratio of nonsynonymous
substitution per site (Ka) to the synonymous substitu-
tion rate per site (Ks) was used to show the molecular

evolution of GmALAs, and the ratios of Ka/Ks of all the
tandem amplifications and segmental duplications was
showed on Supplementary Table S1. The substitution
rate ratios (Ka/Ks) of 17 paralogous pairs were calculated
using TBtools. Ks was used to calculate the approximate
dates of duplication events. The segmental duplications
of the GmALAs in the soybean genome was likely origi-
nated from 4.59 Mya (million years ago, Ks=0.0560) to
60.34 Mya (Ks=0.7362), with a mean value of 25.85 Mya
(Ks=0.3154). In this study, the Ka/Ks ratios of 16 seg-
mental duplication pairs were less than 0.3, and those of
only one segmental duplication pair were more than 0.3,
which demonstrated the possibility of significant func-
tional divergence of some GmALAs after duplication
events.

Motif compositions, gene structures, conserved domains
and cis-acting regulatory elements of GmALAs

Ten conserved motifs (motifl-motifl0) existed in
GmALA proteins (Fig. 4A). The lengths and motif
sequences are shown in Table 2. The length of the 10
motifs ranged from 8 AA (motif 10) to 20 AA (motif
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Fig. 4 Analysis of conserved motifs, protein domains, gene structure and cis-acting elements of the GmALAs promoter in soybean. (A) Motif composi-
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gray lines, respectively. (D) Cis-acting element analysis of GmALA promoters
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Table 2 Analysis of the 10 conserved motifs of GmALAs in soybean
Motif Loge Best possible match Width
1 13 RKRMSV1 VERDEEG SSRKRMSVIVRDEEG 15
2 ]L |=N gMK~ AD é YwMOF E ﬁ |: éf N . Ry VLCKGADSVMFERLAKNGRE 20
......... =2y = 5% .
3 1A A Ei( F EF £E R'[g TS)$s.. AARELGFEFYERTQTSISIH 20
4 15% Bs ?S GRY g ER : wé%]sl:lx!s ELDPASGKKVEREYKLLNVL 20
5 =D pYELIDYQGES DEQALS DPDVKLIDYQGESPDEQALA 20
6 1F E E KT KQ VE—E As D*p: " FEEKTKZHIHEYADA 15
7 ”_ XL.A $CN T 1 Y [ 'rV¥D LALAACNTIVPLVVD 15
o ELRTLobAE | eme u
9 0 i&ééﬁ&\ill__ GLHEF HGEKQRFNVLGLHEF 15
10 1S DEZAFY SPDEGAFL 8

2-5). All the GmALAs had motifs 4 except for GmALA9-
11, 15, 18-19, 21, 24-25, and 27. However, most of
GmALAs contains five motifs, except for GmALA4, 6,
11, 22, 24, and 27 which have four motifs. In addition,
GmALA9 had only one motif4 but GmALA23 con-
tained motif 4, 8. And GmALA10, 15, 18-20 showed
three motifs. The Pfam program was used to identify
eight types of domains-based GmALA proteins sequence
(Fig. 4B). As expected, the PhoLip_ATPase_N, Cat-
ion_ATPase, PhoLip_ATPase_C, TMs, phosphoryla-
tion, actuator, E1-E2_ATPase and hydrolase conserved
domains existed in the GmALA proteins and all GmALA
proteins contained the PhoLip_ATPase_C conserved
domain, TMs, phosphorylation, and PhoLip_ATPase_N
domain, except for GmALA9 and 10, which lack the
PhoLip_ATPase_N domain. Additionally, GmALAs gene
family contains 7-10 TMs and the number difference of
TMs between GmALAs mainly occurs at the N-terminal,
such as GmALA1 has 2 TMs at the N-terminal and 6 at
C-terminal. Some GmALAs (GmALA2, 5-8, 11, 15, and
17-27) had E1-E2_ATPase domains, while all GmALAs,
except for GmALA?27, contains Cation_ATPase domain.
Besides, all GmALAs, except for GmALA9, 11, 15, 19, 21,
24, 25, and 27, had Actuator domains and only GmALA9,
18, 24, and 27 had hydrolase domains. The gene structure
of GmALAs exhibited diverse exon—intron patterns and
the number of exons varied from 7 to 27 (Fig. 4C). For
instance, GmALAIS8, 20 and 23 had more than twenty
exons and GmALAI8 notably had twenty-seven exons.
Meanwhile, the GmALA members with high homol-
ogy, such as GmALA7 and GmALAS, had highly similar
exon—intron structures (intron number and exon length).

The cis-acting elements in the 1500 bp upstream pro-
moter sequences of the GmALAs were analyzed. A
total of 37 cis-regulatory elements were identified in
the promoter regions of GmALAs, and these elements
were divided into four categories environmental stress-,
photoresponsive-, phytohormone-, and plant growth-
and development- responsive elements (Fig. 4D). The
stress—responsive elements included elements essential
for anaerobic induction (ARE), anoxic specific inducibil-
ity (GC-motif), low-temperature responsiveness (LTR),
drought-inducibility (MBS), light responsiveness (MRE),
and defense and stress responsiveness (TC-rich repeats).
The photoresponsive element contained Box 4, the GT1-
motif, the G-box and the GATA- motif. There were eleven
types of cis-acting hormone- responsive elements, and
several important responsive elements, such as abscisic
acid responsiveness elements (ABREs), MeJA-responsive
elements (CGTCA motifs and TGACG motifs), salicylic
acid-responsive elements (TCA elements), and auxin-
responsive elements (TGA boxes), were abundant. The
plant growth and development responsive element group
included five types of cis-acting elements, such as CAT-
box (meristem expression), circadian (circadian control),
GCN4_motif (endosperm expression), HD-Zip 1 (dif-
ferentiation of the palisade mesophyll cells) and O,-site
(zein metabolism).

Expression patterns of GmALAEs in different tissues

The tissue expression profiles demonstrated that all
GmALAs were detected in tissues with diverse expres-
sion patterns (Fig. 5A). For instance, GmALA18 had the
highest expression level in stems, root hairs and shoot
apical meristems (sams) tissues. GmALA6, GmALA12,
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Fig. 5 Expression patterns of GmALAs in different tissues. (A) Tissue-specific expression of GmALAs. Different tissues (leaf, stem, root, root hair, nodule,
sams, seeds, pods and flowers) were harvested from G. max cv. Williams 82 plants that had been grown for 4 weeks. The data were retrieved from phy-
tozome database (https://phytozome-next.jgi.doe.gov/). (B) GmALAs expression in different developmental nodules. Nodules from the soybean cultivar
‘Tianlong #.1'were harvested on different days after inoculation (10, 16, 22, 26, 32, and 38 days). The data were retrieved from the soybase (https://www.so
ybase.org/expression/). (C) GmALAs expression in cotyledons at different developmental stages. Seven different stages of cotyledons were collected dur-
ing the development of soybean (G. max cv. Williams) seedlings. Stage 1, imbibed seed for 24 h; pre-emerging hypocotyls. Stage 2, yellow cotyledons; the
emerging radicle is 8-10 mm long. Stage 3 included yellow cotyledons with slightly green edges and 15-20 mm long hypocotyls. In stage 4 yellow-green
cotyledons and hypocotyls 30-35 mm long were observed. In stage 5, yellow-green cotyledons above the ground and primary roots start to develop.
In stage 6, mostly green cotyledons above the ground grew straight from the hypocotyl. Stage 7, fully green cotyledons; plants 6-7 cm long above the
ground; the root system fully developed; cotyledons upright; unifoliolate exposed. The data were retrieved from the soybase (https://www.soybase.org/e
xpression/). (D) GmALA expression in leaves at different developmental stages. Leaf samples were collected at different stages from Williams-82 soybean
plants. Samples from stage 1 were collected after the trifoliates opened but before the leaves fully expanded. Stages 2 and 3 were collected 21 and 40
days after stage 1, respectively. Stages 4 and 5 were collected after 49 and 56 days, respectively. The data were retrieved from the soybase (https://www.s
oybase.org/expression/). (E) GmALA expression in different developmental pods. The samples were collected from G. soja (P1468916) introgressed into G.
max (A81-356022). Pod1: one cm pod, Pod2: pod shell 10 days after flowering, Pod3: pod shell 14 days after flowering. The data were retrieved from the
soybase (https://www.soybase.org/expression/). (F) GmALA expression in seeds at different developmental stages. Seeds (seed1, 10-DAF; seed2, 14-DAF;
seed3, 21-DAF; seed4, 25-DAF; seed5, 28-DAF; seed6, 35-DAF; and seed7, 42-DAF) were collected on different days after flowering of the introgressed G.
soja (P1468916) into G. max (A81-356022). The data were retrieved from the soybase (https://www.soybase.org/expression/)
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GmALA27, GmALAI, GmALA24 and GmALAI2 had
the highest expression levels in leaves, roots, flow-
ers, nodules, pods and seeds, respectively. Moreover,
GmALAI18, GmALA20 and GmALAI2 also had higher
expression levels than other GmALAs in root hair. In
addition, GmALAIS, GmALA9 and GmALA3 were
higher expression levels than other GmALAs in sams.
GmALA9, GmALAILS, GmALAL, GmALAI9, GmALA3
and GmALA?7 were second highest expression than other
GmALAs in the nodules, flowers, leaves, pods, seeds and
roots, respectively.

GmALAs presented various expressed tendencies
in different developmental tissues (Fig. 5B-F). Among
them, GmALAI maintained relatively high expression
in developmental nodules and most GmALAs exhibited
staple expression except GmALAS, GmALA7, GmALAI1l
and GmALA21, whose expression suddenly increased
in senescent nodules (nodules 6) (Fig. 5B). Most of
the GmALAs tended to be downregualted at different
stages of cotyledon development, especially GmALAS
and GmALA7 whose expression decreased by approxi-
mately 90% in fully green cotyledons 1 compared with
pre-emerging hypocotyls (cotyledons 7) (Fig. 5C). The
remaining GmALAs, such as GmALA2 and GmALA24,
exhibited almost low or stable expression in developing
cotyledons (Fig. 5C). Relative to those in developing coty-
ledons, the expression of one-third of GmALAs, such as
GmALA4 and GmALA6, remained high expression from
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opened trifoliates leaves to senescenced leaves (Fig. 5D).
An increase or decrease in the expression of GmALAs,
such as GmALA16 and GmALA12, was also detected in
developing leaves. The remaining GmALAs (GmALA13)
exhibited relatively low expression and were stable at
different leaf stage (Fig. 5D). Although the expression
of most GmALAs was almost unchanged in the devel-
opmental pod, the expression of many GmALAs, such
as GmALA17 or GmALA12, increased or decreased in
seeds of 10 to 35 days after flowering (Fig. 5E, F).

Response of GmALAEs to biotic stress

GmALAs expression in leaves and roots after aphid
infestation, fungal infection, or rhizobial treatment was
obtained from public transcriptome data. The results
demonstrated that all GmALAs were involved in these
four biotic stresses and showed diverse expression
patterns (Fig. 6). Further analysis revealed that some
GmALAs had greater expression in the susceptible near-
isogenic line (NIL) of Wyandot than in the resistant NIL
after aphid infestation for 24 h, such as GmALAI and
GmALA3, which both first increased but then decreased
in expression (Fig. 6A). The other GmALAs, such as
GmALAII and GmALA1S, maintained low gene expres-
sion levels in the susceptible and resistant NILs and did
not markedly differ between the aphid infected plants
and the control plants (Fig. 6A). Both the nonpathogenic
fungus FO36 and the pathogenic fungus FO40 induced

[ GmALAT2
AEET.

©) D)
[ GmALA13

1:60 E GMALA19 10.00
{

I GmALA14
N GmALA11
I GmALA17
GmALA19
GmALA12
GmALA2
GmALA3
GMALA7
{E-- GmALA20

1.00 GmALA22
GmMALA26 9.00
0,50 GmALAG 8.00
0.00 GMALA17
GMALA5 7.00
-0.50 GMALA7
1.00 GmALA9 6.00
GMALA18
GIALA2 5.00
GmALA8 4.00
GMALA4
GMALA10

[ [ GmALA1
4E

-1.50

[ GmALA3
GmALA20
GmALA23
GmALA21
GmALA25
GmALA11
GmALA15
GmALA14
GmALA16

T

1)
2
%)
v
%2
v
%
e
&
Y
8/

7
7
)
%
7

Fig. 6 Expression patterns of GmALAs in different tissues under biological stress. (A) GmALA expression in the leaves of Wyandot varieties near isogenic
lines resistant and susceptible to aphid treatment. The data were retrieved from the soybase (https://www.soybase.org/expression/). (B) GmALA expres-
sion in roots of plants treated with the non-pathogenic fungus (FO36) or pathogenic fungus (FO40) of Fusarium oxysporum. Hpi: hours post inoculation.
Soybean [G. max (L) Merrill] Forrest roots were collected at 72 and 96 h post inoculation. The data were retrieved from soyKB (https://soykb.org/). (C)
GmALA expression in rhizobium treated roots. Soybean G. max (L.) Merr. cultivar ‘Williams 82’ plants roots were isolated at 6, 12, 18, 24, 36, and 48 h after
incubation with Bradyrhizobium japonicum USDA110. The data were retrieved from soyKB (https://soykb.org/). (D) GmALA expression in soybean leaves
treated with rust pathogen (Phakopsora pachyrhizi Sydow). The soybean [Glycine max (L.) Merrill] cv. 5601 T leaves were collected at 72 h post-inoculation.
The data were retrieved from the soybase (https://www.soybase.org/expression/)
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the expression of some GmALAs, such as GmALA2,
GmALAS, and suppressed the transcriptional lev-
els of some GmALAs, such as GmALA1 and GmALA4
(Fig. 6B). Interestingly, six GmALAs, GmALAIS,
GmALA22, GmALAI10, GmALA17, GmALA27, and
GmALA3, presented opposite expression patterns at
72 h in roots under FO36 and FO40 infection (Fig. 6B).
In contrast to that in response to fungal infection, the
GmALAs expression pattern in roots under rhizobial
infection was more complex (Fig. 6C). Most GmALAs,
except GmALA12 and GmALA13, which both presented
significant decreases at 12 h after incubation (HAI) and
increases at 36 HAI, showed no obvious differences dur-
ing the rhizobium infected period (Fig. 6C). Moreover,
GmALAI14-16 and GmALAII also presented significant
decreases at 12 HAIL It seemed that long term infection
with Asian soybean rust (Phakopsora pachyrhizi Sydow)
had no effect on the expression of GmALAs in leaves,
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and the expression patterns of some GmALAs, such as
GmALAI7, were similar to those in leaves under F40
infection (Fig. 6C, D).

Response of GmALAs to abiotic stress

Since abiotic stress-responsive elements were detected
in the promoters of GmALAs (Fig. 4D), we also tested
the expression of GmALAs in leaves or roots under
dehydration, drought, blue light, wounding, saline, cold
conditions and ozone exposure (Fig.S1). The expression
profiles demonstrated that all GmALAs were differen-
tially expressed under abiotic stress conditions (Fig. 7).
However, the expression levels of most GmALAs in roots
under natural dehydration showed little dramatic change,
except for GmALAI1 and GmALA13, whose expression
decreased and increased, respectively, at 1 h in dehy-
drated roots (Fig. 7A). Similar to natural dehydration
treatment, all three genes (GmALAY9, GmALAI8 and
GmALA23) had extremely high and stable expression in
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Fig. 7 Expression patterns of GmALAs in leaves and roots under abiotic stress. (A) GmALA expression in roots after different durations of dehydration
stress. Root tissue was harvested after 0, 1, 6 and 12 h of G. max cv. Williams 82 plants were removed from the germination paper and left in air under
water-limiting conditions to impose dehydration stress. The data were retrieved from the soybase (https.//www.soybase.org/expression/). (B) GmALAs ex-
pression in roots under different durations of salt stress. Root tissue was harvested after 0, 1,6 and 12 h of G. max cv. Williams 82 plants were transferred to
100 mM NaCl solution. The data were retrieved from the soybase (https://www.soybase.org/expression/). (C) GmALAs expression in leaves under different
durations of low-temperature stress. Two-week-old Williams 82 unifolate seedling leaves were subjected to 4 °C for 1 or 24 h. The data were retrieved from
the soybase (https://www.soybase.org/expression/). (D) GmALA expression in the leaves of cultivars sensitive and tolerant to ozone. Sensitive Madarin-
Ottawa and tolerant Fiskeby IIl cultivars were exposed to low (25 ppb) and high (75 ppb) ozone concentrations. The data were retrieved from the soybase
(https//www.soybase.org/expression/). (E-H) Relative expression of GmALAs in leaves of Tianlong #1 plants under low temperature (4 °C), blue light,
drought treatment (20% PEG6000) and injury treatment (two holes in each leaf). The results are presented as the means + standard deviations. Samples
were collected at 0, 3, 6, 12, 24 and 48 h and original samples were used as control. * and ** above the bars denote significant differences at P<0.05 and

P<0.01, respectively, relative to the control
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Fig. 8 Relative expression of GmALAs in leaves under five hormone stresses

roots under saline-stressed conditions (Fig. 7B). More-
over, all four GmALAs (GmALAS, GmALA7, GmALAILI
and GmALA15) were induced at 12 h and the remaining
GmALAs, such as GmALA2 and GmALA13, seemed to
remain stable in roots during salt stress (Fig. 7B). Tran-
scriptomes revealed that most GmALAs were consistent
with the expression levels in leaves between the control
and 4 C treated groups at 1 h and 24 h (Fig. 7C). More-
over, detailed qRT-PCR analysis revealed that the expres-
sion of GmALA2 and GmALA4 increased by an average
of 4-fold at 6 h compared with that of the control in the
leaves under low temperature (4°C) (Fig. 7E). The three
main GmALAs (GmALA6, GmALA9 and GmALA20) had
extremely high expression levels in leaves under ozone
treatment, and they all increased slightly at 40 min com-
pared with the control in the 25 ppb or 75 ppb ozone-
intolerant cultivar (Mandarin-Ottawa) and the resistant
cultivar (Fiskeby III) (Fig. 7D). Blue light, 20% PEG6000
treatment and physical damage caused different
responses of the target GmALAs (Fig. 7F-H). For exam-
ple, GmALAI tended to decrease during blue light, first
increasing and then decreasing in leaves under drought
and wounding stress (Fig. 7F-H). However, GmALA2-
4, GmALAI9 and GmALA20 showed similar patterns,
with their transcriptional levels first increasing and then
decreasing in leaves under these three conditions, in par-
ticular, GmALA2 increased 7-fold at 12 h compared with
that of the control in leave under blue light conditions. It
seemed that GmALA2 was promoted at 6 h in leaves dur-
ing drought and wounding (Fig. 7G, H). In all, GimALAs
were promoted or suppressed in different conditions,
such as GmALA1 was suppressed in 4°C temperature or
blue light condition at 6 h and promoted in drought or
wounding condition at 3 h.
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Response of GmALAs to phytohormones
Phytohormone-responsive elements were also detected
in the promoters of GmALAs (Fig. 4D). To validate the
function of GmALAs in response to hormone regulation,
the expression of GmALAs in leaves under salicylic acid
(SA), abscisic acid (ABA), auxin (IAA), methyl jasmonate
(MeJA) and gibberellin (GA) treatments was detected
(Fig.S2). The results showed that GmALAs exhibited
various expression trends under phytohormone treat-
ment (Fig. 8). The expression levels of targeted GmA-
LAs (GmALAI, 3, 4 and 18) were significantly decreased
at 48 h in leaves under SA treatment. For example, the
GmALAI level decreased by approximately 95% at 48 h
compared with that of the control. All the remaining
GmALAs (GmALA2, 19, 20 and 22) increased at 12 h in
leaves during SA treatment. In contrast to the SA treat-
ment, all the selected GmALAs increased at 12 h—6 h in
leaves under ABA or GA spraying respectively, for exam-
ple, GmALA19 increased approximately 7-fold in leaves
at 6 h compared with control under GA treatment. The
expression trends of all GmALAs in leaves under MeJA
treatment were partially consistent with those under IAA
treatment, for example, GmALA2 was downregulated
at 12 h under both conditions. Moreover, GmALAI9
increased approximately 9-fold and 4-fold at 3 h in
response to MeJA and IAA, respectively.

The results are presented as the means + standard devi-
ations. Samples were collected at 0, 3, 6, 12, 24 and 48 h
and the original samples were used as controls. * and **
above the bars denote significant differences at P<0.05
and P<0.01, respectively, relative to the control.
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Discussion

P4-ATPase (ALA) gene family members are widely dis-
tributed in eukaryotes and have been primarily studied
in mammals, yeast and a small number of plants [20-23].
There are 12 distinct P4-ATPases in Arabidopsis thali-
ana, while there are 8 in rice. Humans have 14 members
of this family, while S. cerevisiae harbour 5 [5, 21-23]. In
this study, we identified 27 GmALA genes that clustered
into five main groups based on classification standards,
which was greater than the number identified in Arabi-
dopsis, rice and yeast [24, 25]. There was no direct cor-
relation between the number of P4-ATPase genes and
genome size in these plants, based on the sizes of the
Arabidopsis (125 Mb), rice (430 Mb), and soybean (1.025
Gb) genomes. Gene duplication, determined through
homology analysis, is considered to be one of the most
important driving forces of genome evolution [26]. Gen-
erally, gene duplications include tandem repeats, seg-
mental duplications and interspersed repeats, while
segmental and tandem duplications are considered the
main factors for gene family expansion in plants [27].
Tandem duplication and segmental duplications are
important reasons for the generation and expansion of
gene families in plants. Our research grouped five clus-
ters from the ALA family of soybean, rice and Arabi-
dopsis thaliana. This indicates that they may have arisen
from a common ancestor. Syntenic analysis revealed that
GmALAs showed pairwise synteny with genes in the A.
thaliana and rice genomes, indicating that GmALAs
underwent specific evolutionary events after the diver-
gence of these three species. Most genes have undergone
replication events, which increase the number of genes.
This can be proven by the Ka/Ks value. A Ka/Ks value less
than 1 demonstrates functional constraint due to purify-
ing or negative selection of the genes [28]. We conclude
that GmALAs experience strong purifying selection pres-
sure with limited functional divergence after segmental
duplications. Many orthologous gene pairs among the
three species also suggest a high degree of similarity in
gene sequences. Moreover, a total of 24 pairs of segmen-
tally duplicated genes have been identified in the soybean
genome, while zero pairs of tandemly duplicated genes
have been identified, implying that segmental duplica-
tion events are the main source for the expansion of the
GmALA family in soybean. This result is possibly due to
the allotetraploid nature of soybean.

The evolution of gene families largely depends on the
organization of gene structure. The varied length of the
nucleotide sequence and distinct gene structures among
GmALAs indicate the complexity of the soybean genome
and divergent biological functions in soybean devel-
opment. The molecular weights and isoelectric points
of the GmALA proteins also differed among the fam-
ily members, suggesting that their functions diverged.
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Additionally, GmALA proteins encompass 10 con-
served motifs with varying compositions, and GmALAs
members are grouped into the same subfamily based
on similar motif types and counts, highlighting the bal-
ance between conservation and diversification within the
GmALA family. The majority of GmALAs possess typi-
cal exons and introns, which exist in a splicing pattern
and conserved PhoLip_ATPase_C, phosphorylation and
transmembrane domains. This result is consistent with
previous reports in other plants [15, 29]. All GmALAs are
predicted to be expressed in the plasmolemma, and most
GmALA proteins are neutral or weakly acidic, hydro-
philic, and relatively stable. Based on the results above,
GmALAs exhibit functional redundancy and divergence
in the membrane during soybean development.

The potential cis-acting elements in the promoter
region of GmALAs play a crucial role in initiating and
regulating gene expression in various tissues under differ-
ent environmental conditions. A total of 37 cis-elements
were identified in the GmALA promoter region. Among
these cis-elements, 7 are associated with cell develop-
ment, 7 are involved in phytohormone responsiveness, 8
are related to light responsiveness, and 8 are associated
with stress-related cis-regulatory elements. The function
of the remaining cis-regulatory elements is unclear, indi-
cating the diverse functions of the regulatory elements in
GmALAs. These diverse cis-regulatory elements in the
GmALA promoter region may also reflect functional dif-
ferences at the transcriptional level.

ALAs play a crucial role in the transport of phospho-
lipids and are involved in plant development and vari-
ous stress responses [8, 15, 17]. For example, AtALA6
is involved in the response to heat stress in Arabidopsis
thaliana [24]. Arabidopsis ALAI and ALA2 are respon-
sible for mediating RNAi-based antiviral immunity, and
ALAI also plays a role in chilling tolerance in Arabidopsis
[14, 30]. FgDnfA and FgDnfD are crucial for the pathogen-
esis of Fusarium graminearum, and a significant decrease
in deoxynivalenol (DON) production is observed in
AFgDNFA and AFgDNFD [31]. In the present study, gene
expression profiling data from different tissues (roots,
nodules, stems, flowers, leaves, sams, pods and seeds),
various abiotic stresses (drought, salt, ozone, low temper-
ature, and physical damage), biotic stresses (aphid biting,
fungus infection, rust and rhizobium treatment) and hor-
mone treatments (salicylic acid, abscisic acid, IAA, MeJA
and gibberellin) were used to dissect the functional roles
of GmALAs. Different expression patterns are identified
among GmALA genes, such as GmALAI is significantly
expressed in different developmental nodules, which will
be a candidate target for functional communication with
nodule formation and development in soybean. These
results indicate the functional differentiation of GmA-
LAs. In addition, the expression of GmALAs in response
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to hormone stress conditions was analyzed by qRT-PCR.
The expression of a total of 4 GmALAs (GmALA2, 19, 20
and 22) could be significantly induced by SA, ABA and
GA spraying at 6 h, 6 h and 12 h, respectively, suggesting
that GmALAs may be involved in the cross-talk of differ-
ent signaling pathways involved in hormone metabolism.
Additionally, the expression difference of GmALAs indi-
cates they possibly regulate the different lipids flipping
under different environmental conditions and GmALAs
family genes mutually coordinate the external signals to
form charged lipids cavity to attract the intracellular pro-
tein or other target molecular in cytosolic side of biologi-
cal membranes. Although genes with similar structures
will be clustered in the same subfamily and may have
similar biological functions, some GmALAs that are not
clustered in the same group, such as GmALAI and 2,
show distinct response patterns under abiotic and biotic
stress, suggesting that they may be involved in different
response pathways under stress, and further experiments
should be conducted to validate these functions. In sum-
mary, our results provide useful information for further
functional exploration of these genes.

Conclusions

In this study, we characterized 27 GmALAs in the soy-
bean genome, and these genes were divided into five
groups. These genes had different motif compositions
and gene structures. Moreover, all the GmALAs were
distributed randomly on 15 chromosomes. A total of 24
pairs of GmALAs were identified from segmental dupli-
cations. Cis-regulatory elements of the GmALA promot-
ers are involved in cellular development, phytohormones,
environmental stress and photoresponsiveness. The
GmALA family presented differential expression patterns
in different tissues and developmental tissues, and differ-
ential responses were also found under different abiotic
and biotic stresses for GmALAs. Interestingly, GmALAs
are also involved in the regulation of hormone metabo-
lism. Our results provide a valuable insight for improving
the productivity and enhancing the environmental fitness
of soybean plants.

Materials and methods

Identification of the GmALAs in the soybean genome

The Arabidopsis thaliana ALA protein sequence was
used for homology alignment by TBlastP utilizing
BLOSUMS62 with an expect threshold = -1 and “# of
alignments to show =100 in the soybean proteome (ver-
sion Wm82.a4.v1l) from the database JGI Phytozome (h
ttp://phytozome.jgi.doe.gov/pz/ portalhtml) to obtain
sequences similar to those of members of the AtALA
gene family [32]. The obtained candidate sequences with
no conserved ALAase domain were deleted and gene
family identification was performed using the SMART (
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http://smart.embl-heidelberg.de/) and Pfam (http://pfam
xfam.org/) databases. To further explore the character-
istics of their domain-containing proteins, the ExPASY
program (http://web.ExPASY.org/prot) was used to cal
culate the molecular weight (MW) and isoelectric point
(pD), and the online software CELLO v.2.5 (http://cello
Jlife.nctu.edu.tw/) was used to predict their subcellular
localization [33].

Chromosomal location, phylogenetic analysis, gene
structure, conserved motif/domain, cis-acting elements
and collinearity analysis

Glycine max (Wm82) genome was downloaded from the
JGI Phytozome database. The physical position and chro-
mosomal distribution information of the GmALAs were
obtained by using TBtools software (http://www.tbtools.
com/) [34]. Phylogenetic relationships were constructed
using amino acid sequences by MEGA?7.0 with the neigh-
bor-joining method (1000 bootstrap replications). The
conserved motif, gene structure and conserved domain
were determined with the TBtools based on the software
protocol. Collinearity analysis of ALAs from soybean,
Arabidopsis thaliana and rice was performed by TBtools
using MCScanX plugins. The cis-regulatory elements in
the promoter region (1500 bp upstream of the starting
codon) of the GmALAs were searched by the online pro-
gram PlantCARE (http://bioinformatics.psb.ugent.be/we
btools/plantcare/html/) [35].

Retrieving transcriptome data of GmALAs

The transcriptome data of tissues and developmental tis-
sues were retrieved from the JGI Phytozome (http://phy
tozome.jgi.doe.gov/pz/portal.html) or SoyBase databases
(http://soybase.org/), respectively [32]. The fragments
per kilobase of transcript sequence per millions base
pairs sequenced (FPKM) values of the GmALA genes
in nine tissues, different developmental tissues, biotic
treatment and abiotic treatment were retrieved based
on their ID number. A heatmap was generated using the
heatmap function of the TBtools package [34]. Different
tissues (leaf, stem, root, root hair, nodule, sams, seeds,
pods and flowers) were harvested from G. max cv. Wil-
liams 82 plants that had been grown for 4 weeks. Devel-
opmental nodules from the soybean cultivar Tianlong #1
were harvested on different days after inoculation (10, 16,
22, 26, 32, and 38 days). Developmental cotyledons were
collected during the development of soybean (G. max
cv. Williams 82) seedlings. Developmental leaf samples
were collected at different stages from Williams 82 soy-
bean plants. Developmental pods and seeds were col-
lected from G. soja (P1468916) introgressed into G. max
(A81-356022). The expression data of Bradyrhizobium
japonicum or Fusarium oxysporum treated roots of G.
max (L.) cultivar “Williams 82’ or ‘Forrest’ were retrieved
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from soyKB (https://soykb.org/). The expression data in
leaves of Wyandot or 5601 T varieties treated by aphid or
rust pathogen were retrieved from the SoyBase databases
(http://soybase.org/). The expression data in Williams 82
leaves or roots under dehydration, salt, low-temperature
stress were retrieved from the SoyBase databases (http://
soybase.org/). The expression data in sensitive Madarin-
Ottawa and tolerant Fiskeby III cultivars leaves or roots
under dehydration, salt, low-temperature stress were
retrieved from the SoyBase databases (http://soybase.or
g/). The expression data in leaves of sensitive Madarin-
Ottawa and tolerant Fiskeby III cultivars for ozone stress
were retrieved from the SoyBase databases (http://soyba
se.org/). All original data were uploaded in the Table S2
and taken the logarithm with a base of 2 for heatmap.

Calculation of Ka/Ks values

MCScanX was used for pairwise alignments of the paral-
ogous nucleotide sequences. Ka (non-synonymous sub-
stitution rate) and Ks (synonymous substitution rate)
were estimated using the simple Ka/Ks calculator in
TBtools. The divergence time (T) was calculated using
the formula: T = Ks/2)\, where the synonymous mutation
rate A was 6.161029 for soybean [36-38].

Plant materials and stress treatments

The soybean seeds of Glycine max cv. Tianlong #1 [gifted
varieties developed by professor of Xinan Zhou working
in Oil Crops Research Institute of the Chinese Academy
of Agricultural Sciences, (OCRI)] were sterilized in 1%
sodium hypochlorite for 1 min, washed three times in
sterilized water, and then germinated in sterilized mixed
soil (vermiculite: humus=1:1) under a 14 h/10 h (light/
dark) photoperiod, at 25 C, and 60% relative humidity.
Uniformly grown fully unfolded plants with 4-5 leaves
were subjected to stressed conditions, including low
temperature (4 °C), blue light (50-100 pmol m~2 s71),
drought (20% PEG6000), physical damage, 2 mM salicylic
acid,100 uM abscisic acid, 10 pM IAA, 20 uM MeJA and
50 uM gibberellin (Fig.S1, S2). Untreated plantlets were
used as controls. Leaves for gene expression analysis were
collected at 0, 3, 6, 12, 24 and 48 h after treatment, imme-
diately frozen in liquid nitrogen, and then stored at — 80
C prior to RNA extraction. Three biological replicates
were obtained from each time point.

RNA isolation and RT-qPCR analysis

qRT-PCR analysis was conducted following a previously
described method [39, 40]. Total RNA was isolated using
a Total RNA Kit (TIANGEN, Beijing, China) accord-
ing to the manufacturer’s instructions. A total of 600 ng
RNA was reverse transcribed using the HiFiScript cDNA
Synthesis Kit (CWBIO, Jiangsu, China) according to the
manufacturer’s protocol. Following ten-fold dilution of
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the original cDNA, RT-qPCR was performed using Hieff®
qPCR SYBR Green Master Mix (No Rox) (YEASEN,
Shanghai, China) on a LightCycler 96 (Roche, Basel,
Switzerland). All operational procedures were performed
according to the manufacturer’s instructions. The qRT-
PCR were performed in a total volume of 20 pL, includ-
ing 10 pL of SYBR Premix Ex Taq, 8.2 uL of ddH,O, 1 uL
of diluted cDNA, and 0.4 uL of each forward and reverse
primer. The qPCR program was as follows: initiation
with a 5 min denaturation period at 95 °C, followed by
40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for
20 s. In total, 3 biological replicates and 2 technical rep-
licates were performed for each reaction, and the relative
expression of genes was calculated by the ACt method.
All the primers used in the study are listed in Table S3.
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