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Abstract: Apyrases (APYs) directly regulate intra- and extra-cellular ATP homeostasis
and play a key role in the process of plants adapting to various stresses. In this study,
we identified and characterized soybean APY (GmAPY) family members at the genomic
level. The results identified a total of 18 APYRASE homologous genes with conserved
ACR domains. We conducted a bioinformatics analysis of GmAPYs, including sequence
alignment, phylogenetic relationships, and conserved motifs. According to the phyloge-
netic and structural characteristics, GmAPYs in soybeans are mainly divided into three
groups. The characteristics of these GmAPYs were systematically evaluated, including
their collinearity, gene structure, protein motifs, cis-regulatory elements, tissue expression
patterns, and responses to aluminum stress. A preliminary analysis of the function of
GmAPY1-4 was also conducted. The results showed that GmAPY1-4 was localized in the
nucleus, presenting relatively high levels in roots and root nodules and demonstrating high
sensitivity and positive responses under aluminum stress circumstances. Further functional
characterization revealed that the overexpression of GmAPY1-4 in hairy roots not only
induced root growth under normal growth conditions but also significantly prevented root
growth inhibition under aluminum stress conditions and contributed to maintaining a
relatively higher fresh root weight. By contrast, RNAi interference with the expression of
GmAPY1-4 in hairy roots inhibited root growth under both normal and aluminum stress
conditions, but it exerted no significant influence on the dry or fresh root weight. To sum
up, these findings support the significant functional role of GmAPY1-4 in root growth and
the aluminum stress response. These findings not only enhance our comprehension of
the aluminum stress response mechanism by identifying and characterizing the APY gene
family in the soybean genome but also provide a potential candidate gene for improving
aluminum tolerance in soybeans in the future.

Keywords: apyrase gene family; soybean; conserved motif; protein structure; cis-regulatory
elements; expression pattern; aluminum stress

Int. J. Mol. Sci. 2025, 26, 1919 https://doi.org/10.3390/ijms26051919

https://doi.org/10.3390/ijms26051919
https://doi.org/10.3390/ijms26051919
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-1264-5135
https://doi.org/10.3390/ijms26051919
https://www.mdpi.com/article/10.3390/ijms26051919?type=check_update&version=1


Int. J. Mol. Sci. 2025, 26, 1919 2 of 20

1. Introduction
Apyrases (APYs) are a class of nucleoside triphosphate diphosphate hydrolases (NT-

PDases), which can hydrolyze extracellular ATP (eATP) to AMP and inorganic phos-
phate [1,2]. Apyrase belongs to the GDA1-CD39 (guanosine diphosphatase 1—cluster of
differentiation 39) phosphatase superfamily [3]. The cellular ATP level is strictly controlled
by the GDA1-CD39 nucleoside phosphatase family [3]. Expressed by prokaryotic cells and
most eukaryotic cells, apyrase was first identified in plants through its extraction from
potato tubers [4,5]. Since then, it has been extensively studied in various plants, including
Arabidopsis thaliana [6], wheat [7], rice [8], Medicago truncatula [9], Phaseolus vulgaris [10],
potatoes [11], Mimosa pudica [12], and Populus euphratica [13]. It was found that apyrase
plays an important role in plant growth and development and stress responses.

APYs have an impact on the development of plant root systems, pollen germination,
and seed yields. AtAPY1 and AtAPY2 are precisely localized within the Golgi apparatus
and participate in the regulation of cell elongation, root growth, and pollen tube germi-
nation [1,14,15]. The double knockout mutant of apy1 and apy2 manifests a dwarfing
phenotype and significantly restricts the growth of primary roots by inhibiting the elonga-
tion of root cells [16]. AtAPY7 serves as a regulatory factor and constitutes a component
of the LRX/RALF/FER signaling module, being involved in the coordination of cell wall
construction and cell proliferation [17]. In the case of constitutive expression of the pea
psNTP9 gene, it results in the expansion of root systems of soybean plants, enhancement of
their drought resistance, and a marked increase in seed yields [18].

APYs assume a vital role in the response to adverse circumstances. The apyrase of the
Arabidopsis family is a protein group with critical biological functions comprising seven
members from AtAPY1 to AtAPY7. AtAPY1 mediates a response to low boron availability
by controlling cell wall integrity under boron deficiency conditions [19]. Although AtAPY1
and AtAPY2 are endo-APYs, their mutation could cause significant elevation of extracellular
ATP (eATP) [20]. The transcription levels of AtAPY1 and AtAPY2 of Arabidopsis thaliana
seedlings were significantly increased under hypertonic stress in order to increase the eATP
concentration for survival [16,21]. At the same time, transcription levels of NADPH oxidase,
AtMAPK3, and AtACS6 increased in the eATP signaling-induced antioxidant system and
MAPK immune response to stress mechanisms [16]. Microarray and quantitative real-
time PCR analyses have demonstrated that AtAPY1, AtAPY2, and eATP play crucial
roles in linking biotic stress to plant defense responses and growth adaptation [22]. The
overexpression of PeAPY2 potentiates the cold tolerance of plants through modulating
vesicle trafficking and extracellular ATP levels [23]. Overexpression of Populus euphratica
PeAPY1 and PeAPY2 reduces the stomatal density, decreases leaf water loss rates, and
enhances the water retention capacity [24]. Therefore, stress-induced APYs play a core
regulatory role in the process of plants adapting to environmental stress.

In light of the key role of APY genes in the response to abiotic stress, the identification
and functional characterization of APY family genes can offer new potential targets for the
improvement of crop stress resistance. At present, research related to APY genes in soybean
remains relatively scarce. In this research, we identified the APY members in soybean at
the genomic level by employing bioinformatics tools and carried out a comprehensive
phylogenetic analysis of them via bioinformatics.

Soybean is one of the most significant food and oil crops globally [25,26]. Soil acidifica-
tion, induced by the emission of acidic gases and the excessive application of nitrogenous
fertilizers, results in the aggravation of heavy metal stress [27]. In the case of aluminum
toxicity stress especially, it affects the growth of soybeans and poses a threat to the yield of
soybeans. In the face of aluminum toxicity stress in soil, the cellular structure of soybean
root systems is impaired; the eATP levels both inside and outside of the cells are imbalanced,
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resulting in the inhibition of soybean root growth [28]. APYs are capable of regulating the
homeostasis of ATP both intracellularly and extracellularly and play a crucial role in the
process of plant root development. Consequently, this research primarily investigated the
response mechanism of GmAPYs under aluminum stress.

Investigating the function of the soybean Apyrases family under aluminum stress not
only contributes to uncovering the molecular mechanism of plant aluminum tolerance but
also offers theoretical grounds and technical support for cultivating aluminum-tolerant
crop varieties. This study holds significant importance for enhancing crop yields in acidic
soils and facilitating sustainable agricultural development.

2. Results
2.1. Identification of the GmAPY Family

Using the TAIR database, seven members of the AtAPY family were identified:
AT3G04080 (AtAPY1), AT5G18280 (AtAPY2), AT1G14240 (AtAPY3), AT1G14230 (AtAPY4),
AT1G14250 (AtAPY5), AT2G02970 (AtAPY6), and AT4G19180 (AtAPY7). Subsequent BLAST
(https://phytozome-next.jgi.doe.gov/blast-search, accessed on 5 October 2024) analyses
identified 18 GmAPY genes with the conserved ACR domain in soybean (Figure S1).

The proteins encoded by GmAPY genes exhibited remarkable diversity in terms of
length, isoelectric point, and molecular weight. The proteins encoded by these GmAPY
genes were found to vary significantly in length, ranging from 255 to 730 amino acids. With
respect to their protein characteristics, the isoelectric points of the proteins encoded by
these GmAPYs ranged from 5.04 to 9.45, while their relative molecular weights ranged from
27.73 kDa to 81.97 kDa (Table S1).

Subcellular localization predictions revealed that most GmAPY-encoded proteins were
likely to localize to the nucleus, with the exception of Glyma.05G039650, which was predicted
to localize to the cell membrane (Table S2). Glyma.05G039650 encodes an alkaline protein
composed of 483 amino acids, and its theoretical isoelectric point is 8.79. The structure of this
protein was predicted using AlphaFold, and it was found that its N-terminal encompasses a
typical α-helical transmembrane domain. This structural characteristic may account for the
localization of this protein on the cell membrane (Figure S2).

2.2. Analyses of GmAPY Homology and Gene Structures

Comparative analyses of soybean APYs with homologs in Medicago truncatula, Phase-
olus vulgaris, Arabidopsis thaliana, Oryza sativa, and Zea mays were used to elucidate their
phylogenetic relationships. Based on these analyses, GmAPYs were named according
to their positions relative to APY homologs (Table S3). The evolutionary tree clustering
analysis showed that GmAPYs were categorized into three distinct groups (Figure 1A).
Specifically, in soybeans, Group I contained seven members, Group II had six members,
and Group III consisted of five members (Figure 1B).

The MEME program was employed to analyze the conserved motifs of the GmAPYs.
The analysis identified 10 conserved motifs (motifs 1–10) (Table S4). All GmAPY family
members encompassed at least two or more conserved motifs. The members within each
phylogenetic group manifested similar motif distribution patterns.

Specifically, in Group I of the phylogenetic tree (Figure 1C), all members shared the
identical motif distribution pattern, with the majority comprising seven motifs: 1, 2, 3, 4, 5,
7, and 8. Notably, Motif 8 was a distinctive feature of this group, yet GmAPY2-3 was an
exception, merely containing motifs 1, 4, 5, and 8.

https://phytozome-next.jgi.doe.gov/blast-search
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Figure 1. Phylogenetic, conserved motif, and gene structure analyses of the soybean APY gene family.
(A) A phylogenetic tree of the APY proteins encoded by G. max, A. thaliana, Z. mays, O. sativa, P.
vulgaris, and M. truncatula. Groups I, II, and III are shown in light green, light yellow, and light
blue, respectively. (B) A phylogenetic tree incorporating the identified GmAPY proteins. (C) The
distributions of motifs 1–10 (represented with differently colored rectangular boxes) in GmAPY
proteins. (D) GmAPY gene structures arranged based on their phylogenetic relationships. Shown
with green boxes are 5′ UTR and 3′ UTR, while exons are denoted with yellow boxes, and introns are
represented by gray lines.

In Group II, the motif distribution was largely consistent, with most members contain-
ing motifs 1, 2, 3, 4, 5, 6, 9, and 10. However, GmAPY6-1 and GmAPY6-3 lacked motifs 9
and 10, which were otherwise unique to this group. Group III exhibited certain variances.
Although the majority of the members contained motifs 1, 2, 4, and 7, GmAPY6-2 was an
exception, retaining only motifs 5 and 6. The aforementioned results not only disclosed
the evolutionary conservation of common motifs among groups but also accentuated the
unique motif patterns within each group, suggesting that APYs might have functional
differentiations in different phylogenetic groups.

To further investigate the genomic organization associated with the apyrase family,
the exon and intron structures of GmAPYs were studied next. The number of exons in
the GmAPYs varied significantly, ranging from 1 to 9. Group I’s GmAPYs exhibited a high
degree of conservation, with all members consistently containing nine exons. Group II
typically contains two exons, but GmAPY6-3 had only one exon, which was the fewest
among all of the GmAPYs. In contrast, Group III showed greater variability, with the
number of exons ranging from a minimum of 3 to a maximum of 8, as well as some having
5 exons. Although the exon lengths of members within the same group were relatively
consistent, there were significant differences in the intron lengths (Figure 1D). This pattern
suggests that phylogenetically related members share similar gene structures, reflecting
evolutionary principles.

2.3. Analyses of GmAPY Synteny

To investigate duplication events within the GmAPY gene family, a collinearity analysis
was next conducted with MCScanX in Tbtools-II (v2.096). This analysis revealed that
all GmAPY genes originated from segmental duplication events. A collinearity analysis
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between GmAPY genes and APY genes encoded by five other species (P. vulgaris, M.
truncatula, A. thaliana, O. sativa, and Z. mays) identified 15 pairs, 13 pairs, 11 pairs, 6 pairs,
and 5 pairs of orthologous gene pairs, respectively (Figure 2A, Table S5). This indicates
that GmAPYs have a closer evolutionary relationship with the two leguminous plant
apyrases (PvAPYs and MtAPYs), which is consistent with the results of the sequence
similarity analysis.
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Figure 2. Chromosomal localization, synteny, and homology analyses of the GmAPY gene family.
(A) Homology between GmAPYs and corresponding APY genes in A. thaliana, Z. mays, O. sativa,
P. vulgaris, and M. truncatula was assessed. Chromosomes for these species are represented using
circles, while syntenic APY regions are marked with colored curves. (B) Analyses of the internal
synteny within the GmAPY family were conducted. Blue lines represent duplicated gene pairs, with
coloration being proportional to log2 expression, and yellow and red indicate low and high density
levels, respectively. Chromosomes are represented using colored boxes, while genomic blocks with
orthologous relationships in the soybean genome are marked using gray lines, and homologous
GmAPY gene pairs are outlined with blue lines.

Further investigation of these collinear genes revealed that some GmAPYs, such as
GmAPY1-2 and GmAPY3-2, were involved in multiple collinear gene pairs across these
five species. Specifically, nine GmAPYs (GmAPY1-2, GmAPY1-3, GmAPY1-4, GmAPY2-3,
GmAPY3-2, GmAPY7-1, GmAPY7-2, GmAPY7-3, and GmAPY7-4) showed collinearity with
P. vulgaris, while four were collinear with O. sativa (Figure 2A, Table S5). The number
of collinear genes was greater with dicotyledonous plants than with monocotyledonous
plants, further supporting the phylogenetic relationships inferred from the above analy-
ses. Moreover, 11 paralogous APY gene pairs were discovered in the soybean genome.
These duplicate genes often occur in related species (Figure 2B, Table S6). These synteny
occurrences proved that many APY genes had already evolved before the divergence of
soybean species.

2.4. Cis-Acting Element Analyses of GmAPYs

Using the PlantCARE database, in-depth analyses of the cis-regulatory elements lo-
cated within the 2000 bp promoter regions upstream of these GmAPYs were then conducted
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to investigate their potential roles in transcriptional regulation (Figure 3). Stress- and
hormone-related regulatory elements were identified in all three groups established above.
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Different colored boxes denote the relative positions of cis-acting elements associated with each of
these GmAPYs.

In Group I, stress-related elements such as CCAAT, MBS, and TC-rich repeats, which
are likely involved in plant responses to environmental stress, were identified. Additionally,
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hormone-related elements, including TGA, ABRE, TCA, AuxRR-core, and TGACG motifs,
were observed, suggesting their involvement in hormone signaling pathways. Group
II members of this family were found to harbor growth- and development-related CAT
elements, alongside stress-related elements like WUN-motif, CCAAT, MBS, and TC-rich
repeats, as well as hormone-related motifs such as ABRE and TGACG. In Group III, stress-
related elements like CCAAT, MBS, and TC-rich repeats were again prevalent, alongside
hormone-related elements like ABRE, TGACG, and AuxRR-core motifs.

The presence of these cis-acting elements in the promoter regions of most GmAPYs
suggests that this gene family plays a vital role in environmental stress responses and
hormone signaling pathways [29].

2.5. Characterization of Tissue-Specific GmAPY Expression in Different Tissues and Under
Aluminum Toxicity Stress

Gene expression patterns provide valuable insights into the potential biological func-
tions of genes. Subsequently, we conducted a systematic analysis of the expression profiles
of 18 GmAPYs in different tissues of soybean, including flowers, leaves, nodules, pods, roots,
seeds, SAM, and stems. The results showed that the GmAPY transcripts were expressed in
all tissues, but their expression levels varied significantly. Based on these expression levels,
we classified GmAPYs into four distinct expression pattern clusters (Figure 4A, Table S7).
Cluster 1’s genes showed high expression in the seeds and pods but low expression in the
roots and nodules. Cluster 2’s genes were actively expressed in the stems, roots, and pods
but had low expression in the flowers and SAM. Cluster 3’s genes were highly expressed in
the leaves and pods but had lower expression in the seeds and SAM. Cluster 4’s genes ex-
hibited varied expression patterns. For instance, GmAPY1-4 was mainly highly expressed in
the root nodules, while GmAPY2-1 and GmAPY2-2 had higher expression in the shoot tips,
and GmAPY7-1 had the lowest expression in the seeds. These different expression patterns
suggest that GmAPYs play multiple roles in the growth and development of soybean.
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Figure 4. Analyses of the expression of GmAPYs in different tissues and in response to AlCl3 stress.
(A) GmAPY expression levels were analyzed across soybean tissue types with the Phytozome database,
with a heatmap having been constructed with TBtools showing the log2 expression levels. Pink and
purple denote low- and high-abundance transcripts, respectively. (B) GmAPY expression levels under
conditions of AlCl3 stress. Three biological replicates were established for all experiments. ** p < 0.01
(t-test). Data are expressed as means ± SEM (n ≥ 3).

Furthermore, under the aluminum stress condition of 50 µmol L−1 AlCl3, we evaluated
the expression patterns of the GmAPY genes to explore their roles in the non-biotic stress
response. The results showed that most of the GmAPY genes responded to aluminum
stress, among which GmAPY1-1, GmAPY1-4, GmAPY2-2, GmAPY3-2, and GmAPY4-2 were
significantly upregulated. Notably, the expression of GmAPY1-4 increased approximately
threefold under aluminum stress. In contrast, GmAPY7-4 was significantly downregulated
under the same condition (Figure 4B). These results suggest that GmAPYs, especially
GmAPY1-4, play important roles in the aluminum-induced stress response, highlighting
their potential functions in non-biotic stress adaptation.

2.6. Subcellular Localization Analyses of GmAPY1-4

Given that GmAPY1-4 showed a significant response under aluminum stress condi-
tions, this gene was selected as the key object for further experimental investigation. To
determine the subcellular localization of the protein encoded by GmAPY1-4, a GFP fusion
protein expression system was constructed (Figure 5A, Table S9). The constructed expres-
sion vector was used to transform tobacco cells. The situation three days after transforma-
tion was observed under a confocal microscope (Figure 5B). In the control group containing
the empty vector, the GFP signal was uniformly distributed throughout the cells, while in
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the experimental group expressing the GmAPY1-4-GFP fusion protein, the GFP signal was
specifically localized to the nucleus. These findings align with the subcellular localization
prediction by the Cell-PLoc software (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/,
accessed on 26 October 2024).
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Figure 5. Subcellular localization analysis of GmAPY1-4. (A) Schematic overview of the utilized
pSOY1-GmAPY1-4 vector, with expression elements marked with arrows. (B) Subcellular localiza-
tion analyses of GmAPY1-4 were conducted in tobacco leaves, with confocal images showing the
localization of GFP and GmAPY1-4-GFP. Scale bar = 50 µm.

2.7. GmAPY1-4 Regulates Transgenic Soybean Hairy Root Phenotypes in Response to
Aluminum Stress

To further elucidate the functions of GmAPY1-4, this research established the RNA
interference (RNAi) and overexpression (OE) systems of GmAPY1-4 in soybean hairy roots.
The successful overexpression and RNA interference of GmAPY1-4 were confirmed using
quantitative real-time PCR (qRT-PCR) (Figure 6B). Under normal growth conditions, the
root length of overexpression (OE) was significantly longer than that of the empty vector
control (EV1), although there were no significant differences in root dry weight or root
fresh weight. Under conditions of aluminum stress, the OE displayed significantly longer
root lengths and higher root fresh weights compared with EV1, with no notable differences
in root dry weight (Figure 6A,C,D).

Similarly, under normal growth conditions, significant phenotypic differences were
observed between the RNAi lines and the empty vector control (EV2). The root length of
the RNAi lines was shorter than that of EV2, but no significant differences were observed in
the root dry weight or fresh weight. Under aluminum stress, the RNAi exhibited severe leaf
wilting and significantly shorter root lengths compared with EV2, but again, no significant
differences were noted in the root dry weight or fresh weight (Figure 6A,C,D).

These analyses revealed that under both normal and aluminum stress conditions,
overexpression of GmAPY1-4 was able to promote root growth (as indicated by increased
root length) while enhancing the root fresh weight under aluminum stress. In contrast,
RNAi-mediated silencing of GmAPY1-4 inhibited root growth (as evidenced by reduced the
root length) without affecting the root dry or fresh weight under either condition. These
findings suggest that GmAPY1-4 plays a critical role in regulating root growth and plant
responses to aluminum stress.

http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/
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Figure 6. Transgenic GmAPY1-4 hairy roots’ altered root architecture. (A) The phenotypes of soybean
hairy roots overexpressing GmAPY1-4 (OE), its control EV1, RNAi GmAPY1-4 soybean hairy roots
(RNAi), and its control EV2 under normal growth conditions and after 7 days of 50 µM AlCl3 stress.
Scale bar = 1 cm. (B) The expression of GmAPY1-4 in the roots of EV1, OE, EV2, and RNAi plants
was analyzed via real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR).
(C) The changes in plant height for the EV1, OE, EV2 and RNAi plants under normal growth
conditions and after 7 days of 50 µM AlCl3 stress. (D) Under normal growth conditions and after
7 days of treatment with 50 µM AlCl3 stress, the fresh weight of the roots, dry weight of the roots,
and maximum root length of the EV1, OE, EV2 and RNAi plants. Statistical significance: * p < 0.05;
** p < 0.01 (Student’s t-test). Data are presented as the mean ± standard error (n ≥ 3).
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3. Discussion
APYs are capable of maintaining the homeostasis of ATP both intracellularly and

extracellularly, and they play a crucial role in the regulation of various stress adaptations in
plants [30–32]. Aluminum stress can result in the accumulation of a considerable amount
of extracellular eATP, thereby triggering an increase in reactive oxygen species (ROS) levels
and eventually inducing cell apoptosis [31,33]. Recent studies have demonstrated that
overexpression of the APY gene can markedly inhibit the generation of ROS, confirming that
APYs might be an effective target for enhancing plant stress resistance [23]. With the precise
sequencing and assembly of the soybean genome, the identification of GmAPY family
members has been made feasible, providing a foundation for studying their functions. In
this research, we performed comprehensive identification and characterization of GmAPY
family members at the genomic level. The results show that a total of 18 APY genes, all
containing conserved ACR domains, were identified in the soybean genome.

Seven APY members were identified in Arabidopsis thaliana, 27 were identified in
wheat [7], and 17 were identified in peanuts (Arachis hypogaea) [34]. These members were
classified into three disparate groups in accordance with their evolutionary affinities. To
better analyze the structure and function of the GmAPYs, a phylogenetic tree encompassing
APY genes from soybean, A. thaliana, M. truncatula [35], P. vulgaris, Z. mays [36], and O.
sativa [8] was constructed. According to the phylogenetic relationship, we divided the
GmAPY gene family into three groups. This result is consistent with the AtAPY gene
family and AhAPY gene family divided into three groups [8]. Although the APY family
has undergone remarkable expansion during the course of evolution, its evolutionary
mode remains conservative. There exists a close genetic relationship between soybean APY
(GmAPY) and its homologous genes in leguminous plants such as PvAPY and MtAPY (P.
vulgaris and M. truncatula), which further substantiates the conservatism of the evolution
of the APY family (Figure 1A).

Conserved motifs serve as significant indicators for protein function, structure, and
evolution [37]. Within the GmAPYs family of soybeans, Motif 1 and Motif 4 play a crucial
role in the catalytic process of apyrases. However, there exist notable disparities in the distri-
bution and functional status of these motifs among different members (Figures 1C and S3,
Table S8). Specifically, Motif 1 functions as a proton acceptor, facilitating the activation
of water molecules by accepting protons and thereby driving the catalytic reaction and
potentially participating in the activation of substrates or the stabilization of reaction inter-
mediates. Motif 4, conversely, acts as an ATP binding site, being responsible for recognizing
and binding ATP or ADP. It is directly involved in the hydrolysis of ATP and ADP and
constitutes the core region for catalytic function. GmAPY6-2 is deficient in motifs 1 and
4, and thus it may not be engaged in the catalytic process but rather exert other functions.
GmAPY2-3 possesses only functional Motif 1 and might only be involved in proton transfer
and unable to accomplish ATP/ADP hydrolysis. GmAPY4-1 and GmAPY4-2 have only
functional Motif 4 and might act as ATP and ADP sensors or regulatory proteins. The ab-
sence or retention of these motifs in different members reflects the functional differentiation
and diversity of the GmAPY family.

Gene evolution and expression in plants are heavily influenced by the chromosomal
gene location [38]. GmAPY genes were found to be unevenly distributed across chromo-
somes 1, 2, 11, 13, 16, 17, 19, and 20, with the highest number located on chromosome 16.
Gene structure analysis showed that no GmAPY genes were intronless, and variation in the
exon-intron number may reflect functional diversification during evolution (Figure 1D).
The collinearity analysis revealed evolutionary relationships between the GmAPY and APY
genes from A. thaliana, M. truncatula, P. vulgaris, Z. mays, and O. sativa, suggesting that the
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GmAPY gene family predates the divergence of these species (Figure 2A). Existing research
on APY genes in Arabidopsis thaliana provides a valuable reference for further studies [39].

To investigate the transcriptional regulatory mechanisms and potential functions of
the GmAPY gene family, an analysis of the cis-acting elements located within the promoter
regions 2000 bp upstream of these genes was conducted. This approach ultimately revealed
the presence of five hormone-responsive elements [40], including those sensitive to ab-
scisic acid [41], gibberellin [42], auxin [43], salicylic acid [44], and methyl jasmonate [45],
suggesting that the GmAPY gene family may participate in multiple hormone signaling
pathways. Apyrase exerts a crucial role in auxin transportation and the modulation of
stomatal aperture. It was discovered in the experiments measuring the hypocotyls and pri-
mary roots of Arabidopsis thaliana seedlings that interfering with the expression of AtAPY1
and AtAPY2 would suppress the polar transport of auxin [46]. AtAPY1 and AtAPY2 are
expressed at a relatively high level in guard cell protoplasts. The extracellular nucleotides
and apyrase of Arabidopsis regulate stomatal aperture. The expression of both of these
apyrases is related to the conditions conducive to stomatal opening. In Arabidopsis, eATP
and apyrase can regulate the aperture of guard cells [47]. Under drought conditions, ectopic
expression of the constitutive gene psNTP9 results in a decreased rate of water loss from
leaves and simultaneously causes stomata to be more sensitive to ABA-induced closure,
thereby reducing water loss from leaves [18,48]. Additionally, defense and stress response
elements were identified upstream of GmAPYs in this study, as were cis-acting elements
associated with meristem expression. These hormone- and stress-responsive elements are
thus likely to play an important role in regulating the expression of GmAPY genes, thereby
enhancing plant stress resistance.

To gain a comprehensive understanding of GmAPY expression profiles, their expres-
sion patterns were analyzed across several different tissue types. GmAPY transcripts were
detected in flowers, leaves, nodules, pods, roots, seeds, shoot tips, and stems through these
analyses, and further comparisons revealed that their expression levels varied significantly
between tissues. Based on these findings, the GmAPY genes were categorized into four
distinct tissue expression patterns. The first pattern exhibited high transcriptional levels
in the seeds and low levels in the roots. This may reflect the role of these GmAPY genes
as mediators of the hydrolysis of ATP and ADP as a means of supplying energy for seed
germination and early development [49], whereas roots, with relatively stable metabolic
activity relative to that observed in seeds, require less energy such that they are not as
reliant on these enzymes. The second pattern presented with high transcriptional levels
in the pods and low levels in the flowers and shoot tips. Notably, the promoter regions
of the GmAPY genes associated with this pattern contained the auxin-responsive TGA
element [50], indicating that their transcriptional activity may be influenced by auxin,
ultimately promoting pod development and maturation. This aligns with the findings for
Arabidopsis, where suppression of apyrase activity has been demonstrated to reduce polar
auxin transport while inhibiting the growth of these plants [6]. The third pattern displayed
high transcriptional levels in the leaves and low levels in the seeds. Based on the observed
findings, it is possible that these GmAPYs control stomatal movement, thereby allowing
them to shape water transpiration and gas exchange [51]. The less intense metabolic activity
which occurs in seeds may contribute to lower overall energy demands such that these
enzymes are not expressed at high levels in this compartment. The fourth pattern was
characterized by low transcriptional levels in the seeds. Overall, these patterns offer unique
and unprecedented insight into the tissue-specific functional specialization of the GmAPY
genes in soybean plants.

The impact that aluminum stress had on the GmAPY expression profiles was also
explored in great detail. When these plants were exposed to aversive aluminum stress, a
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majority of these GmAPYs exhibited shifts in their expression profiles, with several exhibit-
ing significant changes in their expression, including GmAPY1-1, GmAPY1-4, GmAPY2-2,
GmAPY3-2, and GmAPY4-2. Strikingly, GmAPY1-4 expression levels rose roughly threefold
compared with the control conditions, suggesting a possible functional role for this gene
as an important mediator which helps soybean plants cope with exposure to aluminum-
related stress conditions. Conversely, aluminum stress triggered a significant drop in
GmAPY7-4 expression, possibly suggesting its inhibition under these conditions or its in-
volvement in a physiological process which was impaired or subverted following exposure
to aluminum. The distinct expression patterns exhibited by GmAPYs exposed to aluminum
stress were closely associated with the mechanisms through which plants adapt to being
exposed to aluminum stress.

At present, the two most commonly used methods for subcellular localization of
soybean protein are using Arabidopsis protoplasts and Nicotiana leaves. We chose Nicotiana
leaves as the research platform to conduct subcellular localization analysis of GmAPY1-4,
and the results showed that GmAPY1-4 was localized in the nuclei of Nicotiana leaf cells.
Given that Nicotiana leaf cells have unique structural features, such as a smaller cytoplasmic
proportion and a specific epigenome, this may have affected the protein localization results.
Therefore, in subsequent studies, we will explore other methods to further verify the
subcellular localization of GmAPY1-4.

When a promoter analysis of GmAPY1-4 was conducted, this led to the detection
of many different hormone-responsive cis-acting elements, including those sensitive to
salicylic acid, auxin, abscisic acid, and methyl jasmonate. These elements are key players
which help coordinate the ways in which plants respond upon exposure to abiotic stress.
The elevated expression of GmAPY1-4 observed under aluminum stress conditions may be
attributed to these regulatory elements. Salicylic acid (SA), a critical signaling molecule
involved in stress responses, is capable of enhancing aluminum-induced citrate secretion
in roots, reducing aluminum accumulation at the root tips, and mitigating aluminum-
induced inhibition of the process of root elongation [52]. Similarly, abscisic acid (ABA) is
capable of functioning as an aluminum stress signal, with the application of exogenous
ABA contributing to the enhancement of aluminum resistance in soybeans by increasing
endogenous ABA levels in the root tips [53]. Additionally, ethylene production induced
by aluminum stress is likely to serve as a signal by disrupting the auxin polar transport
mediated by AUX1 and PIN2 to modify the auxin distribution in roots and consequently
cause the cessation of root elongation [54]. Aluminum stress suppresses polar auxin
transport and the formation of starch granules, resulting in an elevated root gravitropic set
angle (GSA) and reconfiguration of the root system architecture (RSA), thereby modulating
the gravitropism of pea (P. sativum) roots [55]. Aluminum stress activates NADPH oxidase
on the plasma membrane, which catalyzes the generation of superoxide radicals (O2

−)
from oxygen [56]. Concurrently, the Fenton reaction is expedited, converting hydrogen
peroxide (H2O2) into highly toxic hydroxyl radicals (OH−) [57] and resulting in excessive
accumulation of reactive oxygen species (ROS) within the plant, which ultimately induces
oxidative stress [58]. Owing to their inherent reactivity, these species can interact with and
damage the membranes of cells such that overall cellular function and integrity can readily
become compromised [59]. ROS are also capable of dealing direct damage to the DNA such
that strand breaks and damage to individual nucleotide bases can arise, culminating in
the disruption of appropriate metabolic activity and the consequent impairment of normal
plant growth and development. The biological generation of ROS refers to the generation
process of ROS within organisms. Within plants, the generation and accumulation of ROS
are affected by multiple regulatory factors. Studies have shown that under aluminum stress
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conditions, auxin and methyl jasmonate are capable of regulating the accumulation of ROS,
thereby playing a crucial role in mitigating aluminum-induced plant damage [46,60,61].

Aluminum stress can suppress the growth of soybean roots, leading to reductions in
taproot and lateral root elongation lengths [62]. These changes can also coincide with a
drop in the root surface area and overall root volume as concentrations of aluminum in the
soil rise [63]. As aluminum concentrations become increasingly elevated, this can coincide
with diminished root branching and the overall simplification of the structural composition
of the root system for soybean plants. Exposure to aluminum stress can also limit soybean
root system vitality, impairing the ability of these plants to absorb water and nutrients [64].
As a consequence, the exposed plants experience a deleterious net drop in soybean growth,
yield, and quality.

To further investigate the effect of GmAPY1-4 under normal growth conditions and in
the aluminum stress environment, the present study established RNA interference (RNAi)
and overexpression (OE) systems in soybean hairy roots. Under normal growth conditions,
the OE plants exhibited a comparable plant height to that of the empty vector control
(EV1) plants (Figure 6C), but the root length of the OE plants was significantly longer than
that of the EV1 plants (Figure 6D). This finding demonstrates that the overexpression of
GmAPY1-4 exerted a limited influence on the growth of the aboveground parts of the plant,
while the overexpression of this gene might have facilitated the growth or development of
the root system. While the RNAi plants did not differ in height from the corresponding
EV2 control plants (Figure 6C), they conversely exhibited roots which were shorter than
those of the EV2 plants, confirming that silencing GmAPY1-4 resulted in the suppression
of root growth. Interestingly, neither the OE nor RNAi plants exhibited any significant
differences in root dry weight or fresh weight in comparison with their respective EV1 and
EV2 controls. This suggests that GmAPY1-4 primarily influences root elongation rather
than having any pronounced effect on biomass accumulation. These findings place an
emphasis on the pivotal role which GmAPY1-4 plays in the promotion of root growth
under normal growth conditions and in the aluminum stress environment.

When these plants were exposed to aluminum stress conditions, the root lengths
of the OE plants significantly exceeded those of the EV1 plants, further validating the
role of GmAPY1-4 in promoting root growth under aluminum stress. Furthermore, this
outcome indicates that GmAPY1-4 holds significant worth as a potential gene for enhancing
the aluminum tolerance capacity of roots. Conversely, the root length of the RNAi plants
subjected to aluminum stress was conspicuously shorter than that of EV2 plants, suggesting
that the inhibition of GmAPY1-4 expression exerted an additional adverse effect on root
growth. This finding further emphasizes the critical function of GmAPY1-4 as a significant
mediator in root aluminum tolerance.

Additionally, when these plants were exposed to aluminum stress, there was no
observable difference in plant height when comparing the OE and EV1 plants (Figure 6C),
However, the root fresh weight of the OE plants remained significantly higher than that
of the EV1 plants, suggesting that the OE plants are better equipped to maintain the
physiological function and water status in their roots under these avid aluminum stress
conditions, thereby preserving a higher fresh weight. Even with this apparent increase in
fresh weight, no significant difference in root dry weight was detected between the OE and
EV1 plants. This indicates that the OE plants primarily sustain root physiological function
by retaining water under conditions of aluminum stress rather than by accumulating
additional dry matter. Similarly, RNAi plants and EV2 plants did not show significant
differences in fresh root weight or dry root weight, indicating that under aluminum stress
conditions, the inhibition of GmAPY1-4 expression had no significant effect on the root
weight. This placed additional emphasis on the fact that the silencing of GmAPY1-4
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primarily impacts root elongation without any pronounced corresponding impact on
biomass accumulation.

In summary, these findings elucidate the pivotal importance of GmAPY1-4 as a regula-
tor of soybean root growth and aluminum tolerance. Overexpression of this gene not only
promotes root elongation but also helps maintain higher root fresh weights and physio-
logical functionality under aluminum stress. In contrast, RNAi interference of GmAPY1-4
hampers root growth and exacerbates growth inhibition under aluminum stress conditions.

4. Materials and Methods
4.1. Soybean APY Gene Identification

Soybean protein and whole-genome sequences were obtained from the Phytozome
v12.1 database (https://phytozome-next.jgi.doe.gov/, accessed on 5 October 2024) [65].
Using the verified adenosine triphosphate diphosphatase (APY) protein sequence from the
Arabidopsis Information Resource (TAIR) (https://www.arabidopsis.org/, accessed on 5
October 2024) [66], a BLASTP search was performed against the soybean genome database
with a stringent E value threshold of 1.0. Redundant sequences were manually removed.
The Plant-mPLoc online tool (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/, accessed
on 26 October 2024) was used to predict the subcellular localization of GmAPY proteins [67],
and the Expasy platform (https://web.expasy.org/protparam/, accessed on 28 October
2024) was employed to calculate the molecular weight, isoelectric point, and sequence
length [68].

4.2. Evolution and Gene Structure Analyses

Homologous APY amino acid sequences were retrieved from soybean (GmAPY),
Arabidopsis thaliana (AtAPY), Medicago truncatula (MtAPY), Phaseolus vulgaris (PvAPY), Zea
mays (ZmAPY), and Oryza sativa (OsAPY). A phylogenetic tree was constructed using
MEGA 11.0 software, and protein sequences were aligned using ClustalW (https://myhits.
sib.swiss/cgi-bin/clustalw, accessed on 20 October 2024) to identify conserved domains.
Gene structural data were extracted from genome annotation files, and the conserved motifs
were analyzed using MEME 5.5.7 (https://meme-suite.org/meme/tools/meme, accessed
on 22 October 2024) [69]. These motifs were visualized using TBtools-II v2.142 [70].

4.3. Collinearity Analysis

Collinearity analysis was conducted using the MCScanX program in TBtools-II
v2.142 [70]. Genome sequences and annotation files in gff3 format were utilized as in-
put, and default parameters were applied to identify the collinear blocks between soybean
and five other species.

4.4. Cis-Acting Element Analysis

The 2 kb promoter regions of the GmAPYs were analyzed, using the PlantCare website
(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 2 November
2024) [71] to predict the cis-acting elements.

4.5. GmAPY Expression Analysis

The transcription profiles of GmAPY genes in different plant organs (leaves, roots,
seeds, pods, and flowers) were analyzed using high-throughput sequencing data from
the Phytozome database [65]. The results are presented as a heatmap generated through
hierarchical clustering.

https://phytozome-next.jgi.doe.gov/
https://www.arabidopsis.org/
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
https://web.expasy.org/protparam/
https://myhits.sib.swiss/cgi-bin/clustalw
https://myhits.sib.swiss/cgi-bin/clustalw
https://meme-suite.org/meme/tools/meme
https://bioinformatics.psb.ugent.be/webtools/plantcare/html/
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4.6. qRT-PCR

The soybean seedlings which had grown to the stage when the first trifoliate leaf
was fully expanded were transplanted into 50 µM AlCl3 solution and treated for 7 days.
Subsequently, root samples of the soybeans were collected, and the total RNA was extracted
using TransZol Plant reagent (TransGen Biotech, Beijing, China). RNA was treated with
DNase I to remove genomic DNA, and cDNA was synthesized using the TransScript® One-
Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China).
Then, qRT-PCR analysis was conducted using the PerfectStart™ Green One-Step qPCR
SuperMix and specific primers [72]. Gene expression was normalized to the reference gene
GmUKN1 (Glyma.12g020500) [73].

4.7. Subcellular Localization Analysis

Subcellular localization analysis was performed using 4-week-old Nicotiana benthami-
ana plants. Agrobacterium tumefaciens strain EHA105, containing the CaMV35S-GmAPY1-
4-GFP plasmid, was transformed via injection. The OD600 of the Agrobacterium suspension
was adjusted to 0.2 with infiltration buffer (10 mM MgCl2, 10 mM MES-KOH (pH 5.6),
and 150 µM acetosyringone) before injection into tobacco leaves. Fluorescence signals
were assessed after 48 h using a Zeiss LSM 700 confocal laser scanning microscope (Zeiss,
Oberkochen, Germany).

4.8. Soybean Hairy Root Transformation

Hairy root transformation was conducted using Agrobacterium rhizogenes strain K599
carrying the plasmids pSoy1-GmAPY1-4-GFP, pSoy1-GFP, pB7GWIWG2-GmAPY1-4-
DsRed, and pB7GWIWG2-DsRed [74]. Transgenic roots were screened using qRT-PCR
and fluorescence light excitation with an appropriate light source (LUYOR). Positive roots
underwent aluminum stress treatment for seven days, and changes in the root length, fresh
weight, and dry weight were analyzed.

4.9. Statistical Analysis

Statistical analyses were conducted using SPSS 23.0. Experiments were repeated
three times, and the results are presented as the mean ± standard deviation (SD). The p
values were calculated using t-tests, with statistical significance being defined as p < 0.05.
GraphPad Prism 8.0.1 was used to prepare figures.

5. Conclusions
In this exhaustive study, the soybean APY gene family was thoroughly characterized,

and the expression profiles of the included genes were extensively analyzed. A total of
18 GmAPY genes were successfully identified and classified into three groups through
phylogenetic analysis. Strikingly, those genes within the same subfamily were found to
present similar structural features and conserved motif compositions. Additional homology
analysis demonstrated an uneven chromosomal distribution of these GmAPY genes, with
their notable concentration on chromosomes 1, 2, 11, 13, 16, 17, 19, and 20. This observation
strongly suggests that segmental duplication has played a pivotal role in the expansion of
the GmAPY gene family. Cis-regulatory element analysis indicated that GmAPY genes are
actively involved in hormone regulation and responses to environmental stress. Expression
pattern analyses revealed distinct tissue specificity for GmAPY genes, along with significant
responsivity to aluminum stress. A preliminary functional analysis of the GmAPY1-4 gene
was also conducted, revealing it to localize to the nucleus and be highly expressed in the
roots and root nodules, in addition to being positively responsive to aluminum stress in a
highly sensitive manner. Further functional characterization showed that overexpression
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of GmAPY1-4 in soybean hairy roots was sufficient to promote root growth under both
normal and aluminum stress conditions, while also preserving higher root fresh weights
under aluminum stress. In contrast, the RNA interference of GmAPY1-4 inhibited root
growth but without significantly affecting the root dry or fresh weight under either normal
or aluminum stress conditions. These findings suggest that GmAPY1-4 plays an essential
role in regulating root growth and contributing to plant responses to aluminum stress. Our
research on the GmAPY1-4 gene opens up multiple possibilities for enhancing the genetic
aluminum tolerance of soybeans.
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