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Abstract

The effect of salt damage on plants is mainly caused by the toxic effect of Na*. Studies showed that the secretory carrier
membrane proteins were associated with the Na* transport. However, the salt tolerance mechanism of secretory carrier
protein (SCAMP) in soybean was yet to be defined. In this study, ten potential SCAMP genes distributed in seven soybean
chromosomes were identified in the soybean genome. The phylogenetic tree of SCAMP domain sequences of several
plants can divide SCAMPs into two groups. Most GmSCAMPs genes contained multiple Box4, MYB and MYC cis-elements
indicated they may respond to abiotic stresses. We found that GmSCAMP1, GmSCAMP2 and GmSCAMP4 expressed

in several tissues and GmSCAMP5 was significantly induced by salt stress. GmSCAMP5 showed the same expression
patterns under NaCl treatment in salt-tolerant and salt-sensitive soybean varieties, but the induced time of GmSCAMPS
in salt-tolerant variety was earlier than that of salt-sensitive variety. To further study the effect of GmSCAMP5 on the salt
tolerance of soybean plants, compared to GmSCAMP5-RNAi and EV-Control plants, GmSCAMP5-OE had less wilted leave
and higher SPAD value. Compared to empty vector control, less trypan blue staining was observed in GmSCAMP5-OE
leaves while more staining in GmSCAMP5-RNAI leaves. The Na* of GmSCAMP5-RNAI plants leaves under NaCl stress

were significantly higher than that in EV-Control plants, while significantly lower Na* in GmSCAMP5-OE plants than

in that EV-Control plants. The contents of leaves K of GmSCAMP5-RNAI, EV-Control, and GmSCAMP5-OE plants under
NaCl stress were opposite to that of leaves Na* content. Finally, salt stress-related genes NHX1, CLC1, TIP1, SOD1, and
SOST in transformed hairy root changed significantly compared with the empty control. The research will provide novel
information for study the molecular regulation mechanism of soybean salt tolerance.
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Backgrounds

Soil salinization has become a worldwide problem. When
plants are grown in saline-alkali land, the water potential
decreases and an ionic imbalance occurs, which is toxic
to plants. This can cause plants to stop growing and even
lead to their death [1-3]. The severe restriction of crop
growth and agricultural development due to soil salini-
zation highlights the significance of improving the uti-
lization of saline-alkali land for sustainable agricultural
development. Soybean, as an important oil and economic
crop, has witnessed an increasing demand over the years.
Cultivated soybean is considered to have moderate salt
tolerance [4], but it suffers from salt injury when the
soil salinity exceeds 5 dS.m™!, and no harvest is possible
under higher salt concentrations [5]. Therefore, studying
the mechanisms of salt tolerance and breeding salt-tol-
erant soybean varieties is crucial for improving soybean
yield and quality.

Osmotic stress [1, 2], plasma membrane damage [3],
ion imbalance [6, 7], and metabolic disorder [8] are the
primary causes of salt stress. Among these, ion balance
is the key issue in understanding salt tolerance mecha-
nisms. Research has shown that salt damage in soybeans
is caused by various ions. The accumulation of these ions
leads to damage such as leaf loss, withering, and a decline
in plant photosynthetic capacity. Sodium (Na*) is the
main lethal ion, and the plant’s susceptibility to salt dam-
age is closely related to the Na* content in its tissues [9].
Studies have demonstrated that plant cells have mecha-
nisms to expel or transfer Na® to inactive metabolic
zones when it enters the cells. Na*/H" transporters in
vacuoles play a crucial role in transporting Na* to vacu-
oles, thereby reducing its concentration in the cells [10].
Soybean possesses a chloride (Cl™) discharge mechanism
that is regulated by a single gene. When the Cl™ content
in each tissue of the plant reaches a certain level, the
excess ions can be effluxed from the tissue, thereby mini-
mizing the damage caused by ions to soybean. This dis-
tribution and efflux of salt ions primarily occur through
ion transporters, which are present in the cytoplasmic
membrane. These ion transporters selectively reduce ion
toxicity by transporting the relevant salt ions. Among the
extensively studied proteins are the Na*/K* and Na*/H*
conversion proteins. SOS1, a Na*/H™ antiporter situated
in the cell membrane and associated with salt tolerance,
facilitates the transport of Na*t to the vacuole, thereby
reducing ion toxicity. In a study conducted by Nie et
al. (2015), it was demonstrated that the ion transporter
GmSOS1 significantly enhanced the seed germination
rate of mutants under salt stress [11]. Another important
protein is NHX, a Na*/H* reverse transporter located on
the vacuolar membrane, which aids in compartmentaliz-
ing Na* into the vacuole [12, 13]. Previous studies have
demonstrated that the Na*/H* transporter GmNHX1
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and chloride channel protein GmCLC1 in soybean can
significantly enhance the tolerance of tobacco cells to salt
stress [14, 15]. The overexpression of TaNHX2 has been
found to enhance salt tolerance in both ‘composite’ and
whole transgenic soybean plants [13], while the overex-
pression of NHX1 has been shown to improve salt tol-
erance in whole transgenic soybean plants [16]. Similar
conclusions have been drawn for other crops as well. For
instance, the overexpression of the K*/Na* transporter
TaNHX3 gene in wheat has been found to enhance salt
tolerance in tobacco [17], and the TaNHX2 gene has been
shown to improve salt tolerance in transgenic pepper
plants [18]. Additionally, Chen et al. (2014) discovered
that the soybean potassium ion transporter GmHKTI
gene also enhances tobacco salt tolerance [19]. Overall,
these findings indicate the significant importance of anti-
transporters in enhancing salt tolerance in soybean.

Previous studies discovered NHE7 could interact
with SCAMP2 in human and NHE5 can interact with
SCAMP2 in mammals [20, 21]. These findings suggest
that the function of Na*/H* reverse transporters is influ-
enced by the secretion of the carrier membrane protein
SCAMP. SCAMPs are IV-type membrane proteins that
participate in the endocytosis pathway of cells and are
located in the plasma membrane, primary plastids, or
the reverse Golgi [22]. Bai et al. (2020) showed that the
expression of the AtSCAMP genes from Arabidopsis
thaliana was up-regulated in response to salt stress [23].
However, there is currently no research on the functional
and mechanical effects of the SCAMP in soybean under
salt stress.

In this study, we utilized a systemic bioinformatics
approach to identify and analyze the soybean SCAMP
protein family. The relative expression level of the
GmSCAMPS gene was compared in salt-tolerant and
salt-sensitive soybean varieties, and the gene was over-
expressed in soybean hairy roots. The study investigated
the salt tolerance mechanism of GmSCAMPS5 by ana-
lyzing the activities of Na* and K* content in the root
and leaf, as well as the expression levels of potential ion
transport related genes in GmSCAMPS5-overexpressing
soybean hairy roots under salt stress. The findings dem-
onstrate the positive role of GmSCAMPS5 in ion transport
under salt stress and provide new insights into the role
of SCAMP in response to salt stress and the underlying
mechanisms.

Results

Identification and characterization of GmSCAMP Gene
family members

Ten potential SCAMP genes were identified in the soy-
bean genome and named GmSCAMPI to GmSCAMPIO0
according to their position on seven chromosomes (Table
S1). The length of the GmSCAMP proteins ranged from
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247 (GmSCAMP3) to 310 amino acids (GmSCAMP10).
The smallest protein molecular weight (MW) is 27751.43
Da (for GmSCAMP3), while the largest protein MW is
34658.96 Da (for GmSCAMP10). The isoelectric point
(pI) of the proteins ranged from 6.61 (GmSCAMP10) to
8.86 (GmSCAMP3), indicating that all SCAMPs were
neutral amino acids. The hydropathicity values ranged
from 0.09 to 0.23, which were greater than 0, suggest-
ing that these proteins were hydrophobic. Furthermore,
each GmSCAMP protein contained 4 transmembrane
domains. Soybean SCAMP proteins possess a shared
SCAMP conserved domain (Figure S1), indicating that
each SCAMP protein contains only one SCAMP con-
served domain.

Chromosomal distribution of GmSCAMP family members
The GmSCAMPs’ physical location map was cre-
ated using the physical location data from the soybean
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genome. The 10 SCAMP genes were unevenly dispersed
across the 7 soybean chromosomes (Figure S2). Chromo-
some 13 had the highest number of GmSCAMP genes (3
genes), trailed by Chromosome 12 (2 genes). Chromo-
somes 1, 6, 7, 9, 15 contained only 1 gene each. Signifi-
cantly, we detected that most SCAMPs were located at
the chromosomal ends.

Phylogenetic analysis of GmSCAMP Gene family

To investigate the phylogenetic relationships between
SCAMP genes in soybean, we constructed phylogenetic
trees using the alignment of SCAMP domain amino
acid sequences derived from soybean (10), Arabidopsis
(5), maize (11), and rice (8), and was rooted by using the
human SCAMP?2 as the outgroup via the Neighbor-Join-
ing (NJ) method in MEGA?7.0 (Fig. 1). 4 species SCAMPs
form a clade distinctive from human SCAMP2 proteins.
The resultant tree depicted the SCAMP genes divided
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Fig. 1 Phylogenetic tree of SCAMP proteins in soybean, Arabidopsis thaliana, maize and rice. The domain amino acid sequences of SCAMP proteins were
aligned by Clustal W. The phylogenetic tree was constructed and was rooted by using the human SCAMP?2 as the outgroup using the Neighbor-Joining
method in MEGA 7.0. The numbers next to the branches are bootstrap values (for 1000 replicates, given as a percentage). Protein sequences of soybean,
Arabidopsis thaliana, maize and rice were divided into two Groups, namely, Group 1 and Group 2 in an original tree in a radiation topology. 4 species have

at least one representative in both SCAMP groups
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into two groups. Group 1 contained eight soybean, four
Arabidopsis, eight maize, and five rice SCAMP members
respectively. Group 2 consisted of two members of the
soybean SCAMP family, as well as one Arabidopsis, three
maize, and three rice SCAMP family members respec-
tively. The ratio of Group 1 to Group 2 among soybean
SCAMP family members was 4:1, which is consistent
with that of Arabidopsis. It showed that 4 species have at
least one representative SCAMP family member in both
SCAMP groups.

Gene structure and motif composition of soybean SCAMP
Genes

To determine the differences in gene composition, a com-
parative analysis of exon and intron structures was per-
formed on ten soybean SCAMP genes (Figure S3). The
majority of SCAMP gene sequences consisted of exons,
introns and UTR. Notably, only GmSCAMP8 and GmS-
CAMPI0 lack UTR within ten SCAMP gene sequences.
The range of exons across all SCAMP genes was between
11 and 13, with most SCAMP genes in the same group
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or subgroup demonstrating conserved exons. The range
of introns across all SCAMP genes was between 11 and
14. The positions of the exons varied among the different
members of the SCAMP gene, as did the positions of the
introns.

The conserved motifs in the ten GmSCAMP proteins
was analyzed using the MEME website. A total of 10
conserved motifs were identified, designated as motifl-
10 (Figure S4). Each SCAMP protein contained 5 to 8
motifs. Motifl, motif2, motif3, and motif4 were present
in all SCAMP proteins, demonstrating their high lev-
els of conservation. SCAMPs in the same group shared
similar motifs, as was observed in GmSCAMP1 and
GmSCAMP4.

Cis-acting elements located in promoters of GmSCAMP
genes

To explore the gene expression pattern, firstly, cis-ele-
ment analysis was conducted in the 1500 bp region
upstream of the start codon in the promoter of each
GmSCAMPs (Fig. 2). Several essential cis-elements were
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Fig. 2 Promoter stress-related cis-acting elements of soybean SCAMP genes. Promoter sequences (1500 bp upstream of start codon site) of GmSCAMPs
were submitted to Plant CARE database to identify cis-acting elements. Correlation is represented by the color: red, higher correlation; blue, lower correla-
tion. MYC, MYB, G-box and STRE are stress response elements; Box 4 is hormone, drought and low temperature response element; ABRE is abscisic acid
response element; TCT-Motif is hormone response element; GATA-Motif is drought response factor; ARE is ethylene response element; ERE and GT1-motif
are light and hormone response element; WUN-motif is mechanical injury response elements; TGA-element is temperature response element; TGA-
element is auxin responsive element; MSA-like, TCA-element: temperature response factor; TGACG-Motif and CGTCA-motif: methyl jasmonate response

elements; as-1 is disease-resistant response elements
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identified, including biotic, abiotic stress-responsive ele-
ments, as well as hormone-responsive elements. Most
GmSCAMPs contained a considerable number of Box4,
MYB, and MYC and hence indicate their potential
response to various abiotic stresses, including hormone,
drought, and cold. These findings suggest that GmsS-
CAMPs have a significant regulatory effect to withstand
adversity stresses.

Expression patterns of GmSCAMP Genes

Through further exploration of RNA-seq data and rel-
evant literature, it was discovered that the expression
of SCAMP genes in various tissues is not specific to any
particular tissue. In the case of whole seeds at different
stages of development (globular, heart, cotyledon, early-
maturation, mid-maturation, late-maturation, dry), as
well as vegetative tissues (leaves, roots, stems, seedlings)
and reproductive tissues (floral buds), GmSCAMPI,
GmSCAMP2, GmSCAMP3, GmSCAMP4, GmSCAMPS,
and GmSCAMP? exhibited relatively high expression
across different tissues. On the other hand, GimSCAMP6,
GmSCAMP8, GmSCAMPY, and GmSCAMPI0 displayed
overall weak basal expression (Figure S5). In Arabidopsis,
AtSCAMPS5 demonstrated high and widespread temporal
and spatial expression patterns in most tissues, whereas
AtSCAMP2 and AtSCAMP3 exhibited overall weak basal
expression. Similarly, the expression of SCAMP genes in
different tissues of Arabidopsis was not specific to any
particular tissue.

Under salt stress, GmSCAMP3 in the leaves expressed
highest at 2 h, while GmSCAMPS5 exhibited highest
expression levels at 4 h (Fig. 3A). In the roots, GmS-
CAMPS5 displayed increased expression levels during
the later stage of salt stress (Fig. 3B). In addition, GmS-
CAMP2, GmSCAMP4, and GmSCAMPS exhibited
higher expression levels in root hair cells under high
salinity conditions (Fig. 3C). It was observed that SCAMP
genes were expressed in the leaves, roots, and root hair
cells under salt stress, with GmSCAMPS5 showing a sig-
nificantly high expression level. The qRT-PCR results
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of this study indicated that GmSCAMPS5 exhibited high
expression levels in the leaves of soybean during early salt
stress (Fig. 3). In conclusion, it can be inferred that GmS-
CAMP5 may be influenced by salt stress.

Expression analysis of GmSCAMPs under salt stress

To further investigate the potential function of GmsS-
CAMP2, GmSCAMP3, GmSCAMP4, and GmSCAMPS in
soybean salt-tolerance, we examined their temporal and
spatial expression patterns using qRT-PCR. We observed
that these genes exhibited different tissue expression
patterns in salt-tolerant materials, but similar patterns
in salt-sensitive materials (Fig. 4A-4D). Specifically, in
the salt-tolerant material ‘Fendoul05, GmSCAMP2 was
highly expressed in the stems, GmSCAMP3 in the roots
and leaves, GmSCAMP4 and GmSCAMPS in the leaves.
In the salt-sensitive material ‘Shaanxibayuehuang, GmS-
CAMP2, GmSCAMP3, GmSCAMP4, and GmSCAMPS5
were highly expressed in the roots. Notably, compared to
other genes, the expression level of GmSCAMPS5 in ‘Fen-
doul05’ was higher than in ‘Shaanxibayuehuang’ in the
most of tissues at 12 h. Further analysis revealed that the
expression of GmSCAMPS in the roots of both materi-
als significantly decreased, except for the roots of ‘Fen-
doul05’ at 6 h (Fig. 4E and F). Additionally, GmSCAMP5
in the leaves of ‘Fendoul05” at 1 h, 3 h, and 12 h showed
higher expression compared to the control (0 h) (Fig. 4G),
while the expression of the gene in the leaves of ‘Shaanxi-
bayuehuang’ showed higher expression at 1 h compared
to the control (0 h) (Fig. 4H). These results suggest GmS-
CAMP5 may play an important role in soybean salt stress
responses.

GmMSCAMPS5 improves salt tolerance in soybean hairy roots

To further verify the function of GmSCAMPS in vivo,
we constructed GmSCAMPS-OE, EV, and GmSCAMPS5-
RNAi soybean hairy roots (Figure S6), Positive transgenic
hairy roots were selected and further confirmed by qRT-
PCR assay. qRT-PCR analysis showed that the expression
level of GmSCAMPS5 in OE transgenic hairy roots was
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Fig. 3 Expression profiles of GmSCAMP genes under salt stress. The expression abundance of each transcript is represented by the color: red, higher ex-
pression; blue, lower expression. (A, B) Expression levels of leaf (A) and root (B) in different time period under salt stress are shown: 0 h, 1 h, 2 h,4 h, 24 h,
48 h. (C) Expression levels of root hair cells under salt stress are shown
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much higher than that in the EV-transformed control,
while the expression level of GmSCAMP5 in RNA| trans-
genic hairy roots was lower than that in the EV (Fig. 5A).
Under NaCl stress, the GmSCAMPS5-OE transgenic
plants and their roots displayed almost the same size as
the GmSCAMPS5-RNAi and EV-Control did (Fig. 5B, C).
However, there were noticeable differences in the degree
of leaf yellowing and wilting among the GmSCAMPS5-
RNAi, EV-Control, and GmmSCAMPS5-OE plants (Fig. 5B).
On GmSCAMPS5-RNAI plants, all leaves wilted and yel-
lowed after NaCl treatment. On EV-Control plants, the
lower leaves wilted while the upper leaves were basically
unaffected. On GmSCAMPS-OE plants, all leaves were
largely unaffected by salt damage. We analyzed the fresh
weight of the aerial part and roots, we found that there
were no significant differences in these indexes between
the GmSCAMP5-RNAI, EV-Control, and GmSCAMPS5-
OE plants under NaCl stress (Fig. 5D and E).

The chlorophyll content is measured using the SPAD
value, which is positively correlated with chlorophyll.
Chlorophyll plays a crucial role in photosynthesis in
plants. In this study, the SPAD value was used to assess
the salt tolerance of genetically modified soybean plants
with transgenic hairy roots, including SCAMP5-RNAI,
EV-Control, and SCAMP5-OE, under salt stress. The
SPAD value in the leaves of GmSCAMPS-OE plants was
significantly higher than that in EV-Control plants under
NaCl stress. Furthermore, the SPAD value in the leaves of
EV-Control plants was higher than that in GmSCAMP5-
RNAi plants under NaCl stress, although the difference
was not statistically significant. (Fig. 5F).

Trypan blue staining was used to observe cell activ-
ity in leaves of GmSCAMP5-RNAi, EV-Control, and
GmSCAMPS5-OE composite plants. No significant differ-
ence in trypan blue staining was observed under normal
growth conditions (Fig. 5G). However, under salt treat-
ment conditions, GmSCAMPS5-OE showed less staining
than EV-Control. In contrast, GmSCAMPS5-RNAI leaves
exhibited more intense staining than EV-Control leaves
(Fig. 5H). The results indicate that cell membrane integ-
rity and stability were significantly higher in leaves of
GmSCAMPS-OE plants than in leaves of EV-Control and
GmSCAMPS5-RNAI plants.

To further investigate the role of GmSCAMPS in ion
transport, we analyzed the Na* and K" content in the
leaves and roots. We found no significant differences in
Na* content in roots between the GmSCAMPS5-RNAI,
EV-Control, and GmSCAMP5-OE plants under NaCl
stress. The Na' content in the leaves of GmSCAMPS-
RNAI plants was significantly higher than that in EV-
Control plants under NaCl stress. Conversely, the leaves
of GmSCAMPS-OE plants had significantly lower Na*
content than those in EV-Control plants (Fig. 51 J). There
were no notable differences in K* content in the roots of
GmSCAMP5-RNAi, EV-Control, and GmSCAMP5-OE
plants exposed to NaCl stress. The potassium content
of leaves in GmSCAMPS-OE plants subjected to NaCl
stress was significantly higher than that in EV-Control
plants. Conversely, the potassium content of leaves in
GmSCAMPS5-RNAI plants was significantly lower than
that in EV-Control plants (Fig. 5K L).
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Fig. 5 Analysis of the function of soybean GmSCAMP5 under salt stress. A Relative expression analysis of positive hairy roots (**p<0.01, *p<0.05). B
Phenotypes of hairy root transformation soybean plants, include SCAMP5-RNAI, EV-Control, and SCAMP5-OE under salt stress. C The roots of hairy root
transformation soybean plants, include SCAMP5-RNA, EV-Control, and SCAMP5-OE under salt stress. D, E Fresh weight of aerial part(D) and root(E) in hairy
root transformation soybean plants, include SCAMP5-RNAI, EV-Control, and SCAMP5-OE under salt stress. F, SPAD value in hairy root transformation soy-
bean plants, include SCAMP5-RNAI, EV-Control, and SCAMP5-OE under salt stress. G, H Trypan blue staining of leaves of hairy root transformation soybean
plants, include SCAMP5-RNAI, EV-Control, and SCAMP5-OE under normal conditions(G) and salt stress(H), the dead cells can be strained, but living cells
cannot. I-L Na* content of root(l) and leaf(J), and K* content of root(K) and leaf(L) in hairy root transformation soybean plants, include SCAMP5-RNA,

EV-Control, and SCAMP5-OE under salt stress

Mechanism of GmSCAMP5 in regulating salt soybean
tolerance

To explore the mechanism GmSCAMPS in regulate soy-
bean salt stress, the maker genes expression pattern of
soybean salt stress response were checked. Under salt
treatment conditions, the relative expression levels of
GmNHX1, GmCLC1, GmTIP1, GmSODI and GmSOSI
were significantly higher in GmSCAMP5-OE com-
pared to the EV-Control. On the other hand, the rela-
tive expression levels of GmNHX1, GmCLCI, GmTIPI,
GmSODI and GmSOS1 were decreased in GmSCAMPS-
RNAi compared to the EV-Control, with a significant
decrease in the expression levels of GmTIP1, GmSODI1

and GmSOS1 (Fig. 6). These findings suggest that GmS-
CAMPS5 may regulate soybean salt stress by inducing
the expression of salt-tolerance related genes, thereby
enhancing the salt tolerance of soybean and reducing the
degree of salt damage in plants.

Discussion

A total of 10 SCAMP genes were identified in soybean,
while 5 AtSCAMP genes were identified in Arabidopsis,
this gene family enlargement may result in the specific
role in soybean SCAMP gene family [23]. In a previous
study [22], a phylogram was created based on the amino
acid sequences of putative plant SCAMPs, with a variety
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Fig. 6 Expression levels of salt tolerance related genes in hairy root transformation soybean plants. gRT-PCR analysis of GmNHX1(A), GmCLC1(B),
GmTIP1(C), GmSODI1(D), and GmSOSI(E) in in hairy root transformation soybean plants, include SCAMP5-RNAI, EV-Control, and SCAMP5-OE under salt
stress. The transcript amounts in each sample were normalized to those of GmCYP2 (Student’s t-test; *p < 0.05, **p < 0.01)

of animal SCAMPs as outgroups. The study found that
angiosperm SCAMPs can be divided into two clusters,
with a bootstrap support of over 60%. Each cluster con-
tains representatives from all angiosperm taxa (includ-
ing monocots and dicots) except Manihot esculenta. This
suggests a functional differentiation of SCAMDPs in angio-
sperm lineages. In our study, we constructed phyloge-
netic trees using SCAMP domain amino acid sequences
from soybean, two monocotyledons (rice and maize), and
one dicotyledon (Arabidopsis), with human SCAMP?2 as
outgroups. The resulting phylogenetic trees showed that
the SCAMPs from the four species (soybean, Arabidop-
sis, maize, and rice) formed a distinct clade separate from
human SCAMP2 proteins. These findings are consis-
tent with previous reports. GmSCAMP, a SCAMP pro-
tein found in soybean, has a highly conserved SCAMP
domain and a small protein length ranging from 137 to
172 amino acids.The number of introns and exons in
GmSCAMP gene family members varied significantly,
suggesting potential changes during evolution. The pro-
moter regions of GmSCAMPs contain numerous stress-
related cis-acting elements, indicating their possible
involvement in stress responses.

The expression patterns of plant genes are closely
related to their functions. It was observed that the
expression of SCAMP genes in different tissues was not
tissue-specific (Figure S5). Among the SCAMP genes,
GmSCAMPI1, GmSCAMP2, GmSCAMP3, GmSCAMP4,
GmSCAMPS, and GmSCAMP7 showed relatively high
expression across different tissues, while GmSCAMP6,
GmSCAMP8, GmSCAMPY, and GmSCAMPI10 had weak
basal expression. In Arabidopsis, AtSCAMPS exhib-
ited high and ubiquitous temporal and spatial expres-
sion patterns in most tissues, whereas AtSCAMP2 and
AtSCAMP3 showed overall weak basal expression [22].
Similarly, the expression of SCAMP genes in different tis-
sues was not tissue-specific in Arabidopsis.

Previous studies have only reported on the role of
SCAMP genes in NaCl stress. Research on Arabidopsis

thaliana has shown that AtSCAMPI-5 genes are up-
regulated in the roots and leaves under NaCl stress,
with significantly higher expression levels in the leaves
compared to the roots. These findings suggest that
AtSCAMPs genes respond to NaCl stress in Arabidopsis
thaliana [23]. However, no studies have been found on
GmSCAMPs in soybean under NaCl stress. The expres-
sion levels of SCAMPs under salt stress were analyzed
using RNA-seq data. Some RNA-seq data revealed highly
expression of GmSCAMP2 and GmSCAMPS5 in nodules
(extracted from NCBI-SRA database: PRJNA551959).
This provides valuable gene resources for investigating
the mechanism of symbiotic nitrogen fixation in soybean
and the efficiency of nitrogen fixation in soybean nodules.
Furthermore, RNA-seq data indicated that GmSCAMP2,
GmSCAMP4, and GmSCAMP5 exhibited higher expres-
sion levels in root hair cells under high salinity conditions
(Fig. 3C). As roots are the organs directly contact with
the soil, they are more susceptible to salt stress. There-
fore, we do not exclude the possibility of these genes in
regulating soybean nodulation, but studying the expres-
sion and function of these genes in the roots is crucial in
understanding salt tolerance.

In our previous study, Shi et al. (2022) [24] identified
two varieties with different salt tolerance. We selected
this two materials for gene expression analysis. We found
under 150mM NaCl conditions, ‘Fendoul05’ exhibited
significantly higher dry weight, plant height, and root
length compared to ‘Shaanxibayuehuang’ The leaves and
stems of ‘Fendou 105" contained less Na* and CI~ than
‘Shanxibayuehang, while the roots of ‘Fendou 105" con-
tained higher Na* and CI”. The SPAD of ‘Fendoul05’
significantly increased under 150mM NaCl conditions,
while that of ‘Shanxibayuehang’ was decreased. These
findings indicate that these two materials possess dif-
ferent salt response pattern, including ion transport and
photosynthesis characteristics. Therefore, studying the
expression level of SCAMPs under salt stress in these two
soybean varieties is important. Many studies investigated
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salt tolerance in soybean using RNA-seq, focusing on
either the stage of fully developed true leaves [25] or fully
expanded first trifoliate leaves [26—28]. In this study, we
utilized RNA-seq data from primary leaves, which are
also known as true leaves. The salt-sensitive materials
used for qRT-PCR analysis were highly susceptible to
salt stress, and subjecting them to salt stress treatment at
the primary leaves expanded stage would result in plant
death. To ensure that the plants experienced damage but
remained alive, we selected the period of first trifoliate
leaves expansion for treatment.

GmSCAMPS in the leaf exhibited the highest expres-
sion levels at 4 h. When comparing RNA-seq data with
qRT-PCR data, it was observed that the expression peak
of GmSCAMPS5 in leaves was different. However, it was
consistently induced early period during salt stress. Addi-
tionally, it was discovered that the duration of induced
expression was longer in salt-tolerant materials compared
to salt-sensitive materials. In RNA-seq data GmSCAMPS
displayed increased expression levels in the roots dur-
ing significantly decreased, except for the roots of ‘Fen-
doul05’ at 6 h in this study. However, the expression of
GmSCAMPS in the roots of ‘FendoulO5’ increased at
48 h compared to 12 h and 24 h. In contrast, the expres-
sion of GmSCAMPS in the roots of ‘Shaanxibayuehuang’
decreased at 48 h compared to 1 to 24 h. The expression
pattern of GmSCAMPS in the roots of salt-tolerant mate-
rials was similar to that observed in the RNA-seq data,
suggesting that the expression of GmSCAMPS in the
roots may be induced in salt-tolerant materials during
the later stages of salt stress. It is evident that the expres-
sion of GmSCAMPS5 in the roots of salt-sensitive mate-
rials was down-regulated under salt stress, which could
be one of the reasons for the difference in salt tolerance
between the two materials.

The association of the SCAMP gene family with salt tol-
erance in plants has been sporadically reported. Lin et al.
(2005) found that the Na*/H* transporter NHE7 in mam-
mals interacts with SCAMP2. SCAMP1 and SCAMP5
have also been shown to interact with NHE7 [20]. How-
ever, the direct role of the SCAMP protein family in soy-
bean under abiotic stress has not been confirmed. This
study investigates the overexpression of GmSCAMPS in
soybean hairy root and its effect on salt tolerance. These
results shown that GmSCAMPS plays a positive regula-
tory role in soybean’s salt tolerance. It is noteworthy that
GmSCAMPS plays a crucial role in the transport of Na*
and K*, preventing the transport of Na* from the root to
the leaves and reducing salt damage in plants. Previous
studies have demonstrated the importance of GmNHX1I,
GmCLCI1, GmTIP1, GmSOS1, and GmSODI in improv-
ing salt tolerance. GmNHXI, GmCLCI1, GmTIP1, and
GmSOS1 are involved in ion transport, while GmSODI
is involved in the first line of defense against reactive
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oxygen species (ROS) [29-34]. The results of this study
showed that these five genes were significantly upregu-
lated in GmSCAMP5-OE plants under salt stress, sug-
gesting that GmSCAMPS can regulate the expression
of these genes in response to salt stress. However, the
molecular mechanism of GmSCAMPS in soybean salt
tolerance requires further research.

Materials and methods

Identification of SCAMP genes in soybean

GmSCAMP protein sequences were obtained from Phy-
tozome (https://phytozome.jgi.doe.gov/pz/portal. html).
SCAMP domain (PF04144) from the Pfam protein family
database (https://pfam.xfam.org/) was used to search for
predicted SCAMP proteins in soybean genome (G.max
Wm82.a2.v1) with an e-value cut-off of 10~ %, The soybean
SCAMP protein sequences were aligned using the HMM
model in HMMERv3.0. The putative SCAMP gene core
sequences were verified by performing searches against
the Pfam (http://pfam.xfam.org/), NCBI-CDD (https://
www.ncbi.nlm.nih.gov/cdd/) and SMART (http://smart.
embl.de/) databases to confirm the presence of the
SCAMP conserved domain, and redundant sequences
manually. Visualize SCAMP conserved domains using
IBS (http://ibs.biocuckoo.org/). The same methodology
was used for identifying SCAMP genes in Arabidopsis,
maize and rice. Physicochemical properties (number of
amino acid, molecular weight, isoelectric point informa-
tion, hydrophilia) for GmSCAMPs were obtained from
ExPASy (http://web.expasy.org/protparam/). Transmem-
brane domain analysis was performed using Tmpred
(http://www.ch.embnet.org/software/TMPRED  form.
html).

Chromosomal location analysis

The physical locations of SCAMP genes on soybean
chromosomes were extracted from the soybean genomic
database. A physical location map was drawn by TBtools
software.

Phylogenetic analysis

The domain amino acid sequences of SCAMP proteins
from soybean, Arabidopsis, maize, and rice were aligned
by Clustal W. The phylogenetic tree was constructed and
was rooted by using the human SCAMP2 as the out-
group using the NJ method in MEGA 7.0 [35] with 1,000
bootstrap replications.

Analysis of gene structure and the conserved motif

The intron insertion sites in the SCAMP genes were iden-
tified by comparing the coding sequence with the cor-
responding gene full-length sequence using the GSDS
(http://gsdscbi.pku.edu.cn/). The conserved SCAMP
motifs were analyzed using the MEME5.2 (http://
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meme-suite.org/tools/meme); the maximum number of
motifs was set to 15 [36].

Promoter sequence analysis

The promoter sequences (1,500 bp upstream) of the
GmSCAMPs were obtained from the Phytozome data-
base and analyzed using Plant CARE database (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/)
[37]. Promoter graphs were drawn using GSDS and
TBtools.

Expression patterns of SCAMP Genes

The RNA-seq data for soybean SCAMP genes in vari-
ous tissues at different developmental stages under nor-
mal conditions [38, 39], as well as their expression in the
leaf, root and root hair under NaCl stress [40, 41], were
extracted from NCBI, the raw sequence data in the form
of fastq file of bio-projects PRINA140081, PRJNA432861,
PRJNA373634(GmSalinity-c), PRJNA373633(GmSalinity-
b), PRJNA373632(GmSalinity-a), PRJNA373617(GmCtrl-
1a), PRJNA373618(GmCtrl-1b), PRJNA373619(GmCtrl-1c)
were used for the expression analysis. The log2(TPM+1)
was used to calculate the data of various tissues at differ-
ent developmental stages under normal conditions, and
the expression levels of GmSCAMPs were visualized using
TBtools software.

Plant materials and cultural condition

The plant materials used for gene expression pattern
analysis were the salt tolerance variety ‘Fendoul05’ and
the salt sensitive variety ‘Shaanxibayuehuang’ (provided
by Shanxi Agricultural University) [24]. The plant mate-
rial Williams 82 was used for gene cloning and Agrobac-
terium rhizogenes-mediated transformation of soybean
hairy roots.

The selected healthy seeds, which were free from pests
and diseases, were soaked in a 0.1% sodium hypochlorite
solution for 15 min. They were then rinsed with sterile
water four to five times and spread on moist gauze for
germination over a period of four days. Soybean buds
exhibiting similar growth were chosen and transplanted
into Hoagland nutrient solution in an artificial climate
chamber (maintained at 25°C with a light cycle of 14 h
on and 10 h off). After approximately 14 days (once the
third compound leaf was fully expanded), the soybean
plants were exposed to a 150 mM NaCl solution for vary-
ing durations: 0, 1, 3, 6, 12, 24 and 48 h. Following the
treatment, the roots, stems, and leaves were immediately
submerged in liquid nitrogen and stored at -80°C for sub-
sequent qRT-PCR analysis.

RNA extraction and gene cloning
Total RNA was isolated from distinct tissues of ‘Fen-
doul05’ and ‘Shaanxibayuehuang, as well as leaf of
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Williams 82, using Trizol according to the manufacturer’s
protocol (TaKaRa). The cDNA was synthesized using the
TransScript ° One-Step gDNA Removal and cDNA Syn-
thesis SuperMix (TransGen) as manufacturer’s instruc-
tions. GmSCAMPS sequence was downloaded from
Phytozome and used as a reference to clone GmSCAMPS.
The primers were designed using Primer Premier 6.0. The
primers sequences are listed in Supplementary Table S1,
and synthesized by Sangon biotech (Shanghai) company.

Quantitative real-time PCR (qRT-PCR) analysis

Three biological replicates were applied for quanti-
tative real-time PCR (qRT-PCR) analysis. The rela-
tive expression levels of test genes were analyzed by
the22*“‘methods [42]. The primers sequences are listed
in Supplementary Table S1, and synthesized by Sangon
biotech (Shanghai) company.

Plasmid construction

For the construction of Gateway entry vectors, BP Clon-
ase was used with pDONR207 and the purified PCR
product, which were then transferred into E. coli DH5«
after the PCR reaction. Similarly, LR Clonase was used
with the overexpressing vector pB7WG2D and positive
donor plasmids, as well as the RNA interference vec-
tor pK7WG2D and positive plasmids. The recombinant
plasmids pB7WG2D-GmSCAMDP5 and pK7WG2D-GmS-
CAMPS5 were confirmed by sequencing. Recombinant
plasmids pB7WG2D-GmSCAMP5 and pK7WG2D-
GmSCAMPS, along with the empty vectors pB7WG2D
and pK7WG2D, were transformed into soybean using
Agrobacterium (A. rhizogenes K599)-mediated genetic
transformation.

Evaluation of the tolerance agrobacterium rhizogenes-
mediated transformation of soybean hairy roots to salt
stress

Seeds of Williams 82 were surface-sterilized and ger-
minated in sterile B5 medium (pH=5.7) at 25°C under
a 16-hour (light) / 8-hour (dark) photoperiod for 3-4
days, until the cotyledons were about to open. The coty-
ledons were then carefully incised using sterile scalpels
and co-cultivated with A. rhizogenes K599 (containing
pB7WG2D-GmSCAMP2, pK7WG2D-GmSCAMP2,
pB7WG2D, or pK7WG2D) on a petri dish lined with ster-
ilized filter paper. This co-cultivation process took place
at 28°C in the dark for another 3-4 days. Afterwards,
the soybean seedlings were transferred to vermiculite
with Hoagland nutrient solution and placed under high
humidity at 280C in the dark for approximately 3 days.
They were then exposed to a 12-hour (light) / 12-hour
(dark) photoperiod until hairy roots had developed at the
infection site and reached a length of about 5 cm. Positive
transgenic soybean hairy roots were identified using a
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handheld lamp (LUYOR-3415RG, USA), to detect green
fluorescence signals. The soybean cotyledons containing
positive hairy roots were then transferred to vermiculite
at 25°C for a duration of 7 days.

These plants were subjected to 0 mM (water control)
and 200 mM NaCl for a period of 14 days. The levels of
Na* and K* contents were measured according to the
method described by Liu et al. (2016) [43]. The SPAD
value in the leaf was measured by Chlorophyll Meter
(SPAD-502Plus, Japan). To assess the effects of NaCl
treatment, the leaves were soaked in a 0.5% trypan blue
solution (Coolaber, China) for 12 h, followed by decol-
oration in 75% ethanol. This process was carried out in
triplicate, with three independent transgenic plants mea-
sured for each repetition.

Furthermore, RNA was isolated from more than 10
randomly selected positive soybean hairy roots, and
cDNA was synthesized for detecting gene expression.
Five genes were selected for analysis of the mechanism of
GmSCAMPS5-mediated salt resistance in soybean, which
were reported to play an important role in salt stress.
GmNHX1(Glyma.20g229900), a Na*/H* antiporter gene,
localized in the tonoplast could sequester ions (espe-
cially Na*) from cytoplasm into vacuole to reduce its
toxic effects [29]. GmCLCI(Glyma.05g077100), a chlo-
ride channel gene, enhanced salt tolerance by reduc-
ing CI” accumulation to reduce the negative impact of
salt stress [30]. GmTIPI(Glyma.03g185900), a tonoplast
intrinsic proteins gene, confers salt tolerance to soybean
[31]. GmSOSI(Glyma.08g092000), a salt overly sensi-
tive gene, characterized Na* efflux transporter, plasma
membrane Na*/H™" exchanger plays a critical role in soy-
bean salt tolerance by maintaining Na* homeostasis [32].
GmSODI1(Glyma.19g240400), a superoxide dismutase
gene, functions as a first line of defense against reactive
oxygen species (ROS) [33], transcript accumulation of
GmSODI to overcome heat and salinity induced oxida-
tive damage [34].

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512870-023-04649-2.

Supplementary Material 1: Figure S1. Analysis of SCAMP conserved
domains. NCBI-CDD (https://www.ncbi.nlm.nih.gov/cdd/) databases to
confirm the presence of the SCAMP conserved domain, and visualize
SCAMP conserved domains using IBS (http://ibs.biocuckoo.org/). Differ-
ently colored boxes indicate different types of domains, and red depicts
the SCAMP conserved domain. Digital indicated the position of the
SCAMP domain in the soybean SCAMP genes. Figure S2. Chromosomal
distribution of GmSCAMPs gene. 10 GmSCAMPs were identified from
soybean genome and named GmSCAMP1 to GmSCAMP10 according to
their distribution positions on chromosomes. Figure S3. Gene structure
of GmSCAMPs. The exon and intron structures of the 10 GmSCAMP genes
were compared. Figure S4. Conserved domains of GmSCAMPs. Conserva-
tion of motifs in the 10 GmMSCAMP proteins was identified using the MEME
website. (A) 10 different conserved motifs were indicated by colored

box, namely motif1-10. (B) motif logo in the 10 GmSCAMP proteins was

Page 11 of 12

identified, A: Alanine, C: Cysteine, D: Aspartic acid, E: Glutamic acid, F:
Phenylalanine, G: Glycine, H: Histidine, I: Isoleucine, K: Lysine, L: Leucine, M:
Methionine, N: Asparagine, P: Proline, Q: Glutamine, R: Arginine, S: Serine,
T: Threonine, V: Valine, W: Tryptophan, Y: Tyrosine. Figure S5. Expression
profiles of GmSCAMP genes in different soybean tissues. The expression
abundance of each transcript is represented by the color: red, higher
expression; blue, lower expression. Expression levels in the whole seeds
at five stages of seed development (globular, heart, cotyledon, early-
maturation, mid-maturation, late-maturation, dry), and vegetative (leaves,
roots, stems, seedlings) and reproductive (floral buds) tissues. Figure S6.
Fluorescence detection of positive hairy roots. Fluorescence detection of
positive hairy roots in SCAMP5-RNA, EV-Control, and SCAMP5-OE. Table
S1. Physical and chemical properties of GmSCAMPs. Table S2. Primers
used in this study

Acknowledgements
The authors thank professor Jinzhong Zhao for valuable suggestions.

Author contributions

WIJD, LXWand AQY designed and conceived the study, MW and CRH cloned
the gene and constructed the vector, grew the seedlings and harvested

them for quantitative detection, GCS and QKY completed the bioinformatics
analysis, HYZ and WMY participated in the expression analysis, All authors read
and approve the final draft.

Funding

This work is supported by Fundamental Research Program of Shanxi Province
(202103021224128,202103021224146, 20210302123365), National Key
Research and Development Program of China (2021YFD1600600), Breeding
Project of Shanxi Agricultural University (YZGC096), Central Guidance for Local
Science and Technology Development Projects (No.YDZJSX2022A035), Shanxi
Breeding Innovation Joint research and development projects in 2023 (YZGG-
03-04), Construction of Modern Agricultural Industry Technology System in
Shanxi Province in 2023 (2023CYJSTX05-07).

Data Availability

The RNA-seq data used in this study were download from NCBI
Database, Sequence data from this article can be found in the GenBank/
EMBL or Glycine max Wm82.a4.v1 database with the following entry
number: GmSCAMP1 (Glyma.01g010300), GmSCAMP2 (Glyma.06g296900),
GMSCAMP3 (Glyma.07g191600), GmSCAMP4 (Glyma.099210800),
GMSCAMPS (Glyma.12g108200), GmSCAMP6 (Glyma.12¢202000),
GMSCAMP7 (Glyma.13g185100), GmSCAMPS(Glyma.13g244600),
GMSCAMPI(Glyma.13g185100), GmSCAMP10 (Glyma.13g185100).

Declarations

Ethics approval and consent to participate
All experimental research methods in this study were performed in
accordance with the relevant guidelines and regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 27 September 2023 / Accepted: 30 November 2023
Published online: 08 December 2023

References

1. RoySJ,Negrédo S, Tester M. Salt resistant crop plants. Curr Opin Biotechnol.
2014;26:115-24.

2. Deinlein U, Stephan AB, Horie T, Luo W, Xu G, Schroeder JI. Plant salt-tolerance
mechanisms. Trends Plant Sci. 2014;19:371-9.

3. Chen ZH, Soltis DE. Evolution of environmental stress responses in plants.
Plant Cell Environ. 2020;43:2827-31.


https://doi.org/10.1186/s12870-023-04649-2
https://doi.org/10.1186/s12870-023-04649-2
https://www.ncbi.nlm.nih.gov/cdd/
http://ibs.biocuckoo.org/

Wang et al. BMC Plant Biology

10.
11.

20.

22.

23.

24,

25,

26.

(2023) 23:628

Munns R, Tester M. Mechanisms of salinity tolerance. Annu Rev Plant Biol.
2008;59:651-81.

Chen H, Cui S, Fu S, Gai J, Yu D. Identification of quantitative trait loci associ-
ated with salt tolerance during seedling growth in soybean (Glycine maxL).
Aust J Agr Res. 2008;59:1086-91.

Zhang H, Wang S. Advances in study of Na* uptake and transport in higher
plants and Na* homeostasis in the cell. Chin Bull Bot. 2007;24:561-71.

Shen W, Feng Z, Qin W, Fan Y. Effects of saline-alkali stress on the growth

and ion micro-distribution of ryegrass plants. Acta Prataculturae Sinica.
2020;29:52-63.

Rana M. Genes and salt tolerance: bringing them together. New Phytol.
2005;167:645-63.

Gao J, Chao D, Lin H. Understanding abiotic stress tolerance mechanisms:
recent studies on stress response in rice. J Integr Plant Biol. 2007;49:742-50.
Apse MP, Blumwald E. Na* transport in plants. FEBS Lett. 2007;581:2247-54.
Nie W, Xu L, Yu B. A putative soybean GmsSOS1 confers enhanced

salt tolerance to transgenic Arabidopsis sos1-1 mutant. Protoplasma.
2015;252:127-34.

Waditee R, Hibino T, Tanaka Y, Nakamura T, Incharoensakdi A, Takabe T. Halo-
tolerant Cyanobacterium Aphanothece halophytica contains an Na™/H* anti-
porter, homologous to eukaryotic ones, with novel ion specificity affected by
C-terminal tail. J Biol Chem. 2001;276:36931-8.

Cao D, Hou W, Liu W, Yao W, Wu C, Liu X, Han T. Overexpression of TaNHX2
enhances salt tolerance of ‘composite’and whole transgenic soybean plants.
Plant Cell Tiss Org. 2011;107:541-52.

Li WY, Wong FL, Tsai SN, Phang TH, Shao G, Lam HM. Tonoplast-located
GMCLCT and GmNHX1 from soybean enhance NaCl tolerance in transgenic
bright yellow (BY)-2 cells. Plant Cell Environ. 2006;29:1122-37.

Wong TH, Li MW, Yao XQ, Lam HM. The GmCLC1 protein from soybean func-
tions as a chloride ion transporter. J Plant Physiol. 2013;170:101-4.

Dong L, Liu L, Che W, Zhang S, Du H, Gao J, et al. Screening of homogeneous
transgenic lines with Na*/H™ antiporter gene(AINHX1)in soybean and its
physiological analysis. Soybean Sci. 2015;34:378-83.

LuW, Guo C, Li X, Duan W, Ma C, Zhao M, et al. Overexpression of TaNHX3, a
vacuolar Na* /H* antiporter gene in wheat, enhances salt stress tolerance in
Tobacco by improving related physiological processes. Plant Physiol Bioch.
2014;76:17-28.

Bulle M, Yarra R, Abbagani S. Enhanced salinity stress tolerance in transgenic
Chilli pepper (Capsicum annuum L) plants overexpressing the wheat anti-
porter (TaNHX2) gene. Mol Breeding. 2016;36:36.

Chen H, Chen X, Gu H, Wu B, Zhang H, Yuan X, et al. GmHKT1; 4, a novel
soybean gene regulating Na*/K* ratio in roots enhances salt tolerance in
transgenic plants. Plant Growth Regul. 2014;73:299-308.

Lin PJC, Williams WP, Luu Y, Molday RS, Orlowski J, Numata M. Secretory carrier
membrane proteins interact and regulate trafficking of the organellar (Na*,
K*)/H* exchanger NHE7. Cell Sci. 2005;118:1885-97.

Diering GH, Church J, Numata M. Secretory carrier membrane protein 2
regulates cell-surface targeting of brain-enriched Na*/H* exchanger NHES. J
Biol Chem. 2009;284:13892-903.

Law AHY, Chow CM, Jiang L. Secretory carrier membrane proteins. Proto-
plasma. 2012;249:269-83.

Bai X, Chen X, Huang T, Jiang X, Zhou Y. Cloning and bioinformatics analysis
of SCAMP genes from Arabidopsis thaliana under salt stress. J Trop Ecol.
2020;11:138-44.

Shi G, Yang W, Du W, Wang M. Screening of salt-tolerant soybean germplasm
and physiological. Biotechnol Bull. 2022;38:174-83.

Hu J, Zhuang Y, Li X, Li X, Sun C, Ding Z, et al. Time-series transcriptome
comparison reveals the gene regulation network under salt stress in soybean
(Glycine max) roots. BMC Plant Biol. 2022;22:157.

Zeng A, Chen P, Korth KL, Ping J, Thomas J, Wu C, et al. RNA sequencing analy-
sis of salt tolerance in soybean (Glycine max). Genomics. 2019;111:629-35.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 12 of 12

Belamkar V, Weeks NT, Bharti AK, Farmer AD, Graham MA, Cannon SB. Com-
prehensive characterization and RNA-Seq profiling of the HD-Zip transcrip-
tion factor family in soybean (Glycine max) during dehydration and salt stress.
BMC Genom. 2014;15:950.

Cadavid IC, Guzman F, de Oliveira-Busatto L, de Almeida RMC, Margis R.
Transcriptional analyses of two soybean cultivars under salt stress. Mol Biol
Rep. 2020;47:2871-88.

SunT, Ma N, Wang C, Fan H, Wang M, Zhang J, et al. A golgi-localized Sodium/
Hydrogen exchanger positively regulates salt tolerance by maintaining
higher K*/Na* ratio in soybean. Front Plant Sci. 2021;12:638340.

Wei P Wang L, Liu A, Yu B, Lam HM. GmCLC1 confers enhanced Salt Toler-
ance through regulating Chloride Accumulation in soybean. Front Plant Sci.
2016;25:1082.

Zhou L, Wang C, Liu R, Han Q, Vandeleur RK, Du J, et al. Constitutive overex-
pression of soybean plasma membrane intrinsic protein GmPIP1;6 confers
salt tolerance. BMC Plant Biol. 2014;14:181.

Zhang M, Cao J, Zhang T, Xu T, Yang L, Li X, et al. A putative plasma mem-
brane Na™/H* antiporter GmSOS1 is critical for salt stress tolerance in Glycine
max. Front Plant Sci. 2022;13:870695.

Alscher RG, Erturk N, Heath LS. Role of superoxide dismutases (SODs) in
controlling oxidative stress in plants. J Exp Bot. 2002;53:1331-41.

Bilal S, Shahzad R, Asaf S, Imran M, Al-Harrasi A, Lee 1. Efficacy of endophytic
SB10 and glycine betaine duo in alleviating phytotoxic impact of combined
heat and salinity in Glycine max L. via regulation of redox homeostasis and
physiological and molecular responses. Environ Pollut. 2023;316(Pt 2):120658.
Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol Biol Evol. 2016;33:1870-4.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME SUITE:
tools for motif discovery and searching. Nucleic Acids Res. 2009;37:W202-8.
Lescot M, Dehais P, Thijs G, Marchal K, Moreau Y, Van de Peer Y, et al. Plant-
CARE, a database of plant cis-acting regulatory elements and a portal to tools
for in silico analysis of promoter sequences. Nucleic Acids Res. 2002;30:325-7.
Lin JY, Le BH, Chen M, Henry KF, Hur J, Hsieh TF, et al. Similarity between soy-
bean and Arabidopsis seed methylomes and loss of non-CG methylation does
not affect seed development. Proc Natl Acad Sci U S A. 2017;114:E9730-9.
Danzer J, Mellott E, Bui AQ, Le BH, Martin P, Hashimoto M, et al. Down-regulat-
ing the expression of 53 soybean transcription factor genes uncovers a role
for SPEECHLESS in initiating Stomatal cell lineages during embryo develop-
ment. Plant Physiol. 2015;168:1025-35.

Liu A, Xiao Z, Li MW, Wong FL, Yung WS, Ku YS, Wang Q, Wang X, et al. Tran-
scriptomic reprogramming in soybean seedlings under salt stress. Plant Cell
Environ. 2019;42:98-114.

Nordberg H, Cantor M, Dusheyko S, Hua S, Poliakov A, Shabalov |, Smirnova

T, Grigoriev IV, et al. The genome portal of the Department of Energy Joint
Genome Institute: 2014 updates. Nucleic Acids Res. 2014;42(Database
issue):D26-31.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-AACt method. Methods. 2001;25:402-8.
LiuY,YuL, QuY, Chen J, Liu X, Hong H et al. GmSALT3, which confers
improved soybean salt tolerance in the field, increases leaf CI™ exclusion prior
to Na* exclusion but does not improve early vigor under salinity. Front Plant
Sci2016;1485.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Genome-wide analysis of the SCAMPs gene family of soybean and functional identification of ﻿GmSCAMP5﻿ in salt tolerance
	﻿Abstract
	﻿Backgrounds
	﻿Results
	﻿Identification and characterization of ﻿GmSCAMP﻿ Gene family members
	﻿Chromosomal distribution of ﻿GmSCAMP﻿ family members
	﻿Phylogenetic analysis of ﻿GmSCAMP﻿ Gene family
	﻿Gene structure and motif composition of soybean ﻿SCAMP﻿ Genes
	﻿﻿Cis﻿-acting elements located in promoters of ﻿GmSCAMP﻿ genes
	﻿Expression patterns of ﻿GmSCAMP﻿ Genes
	﻿Expression analysis of ﻿GmSCAMPs﻿ under salt stress
	﻿﻿GmSCAMP5﻿ improves salt tolerance in soybean hairy roots
	﻿Mechanism of ﻿GmSCAMP5﻿ in regulating salt soybean tolerance

	﻿Discussion
	﻿Materials and methods
	﻿Identification of ﻿SCAMP﻿ genes in soybean
	﻿Chromosomal location analysis
	﻿Phylogenetic analysis
	﻿Analysis of gene structure and the conserved motif
	﻿Promoter sequence analysis
	﻿Expression patterns of ﻿SCAMP﻿ Genes
	﻿Plant materials and cultural condition
	﻿RNA extraction and gene cloning
	﻿Quantitative real-time PCR (qRT-PCR) analysis
	﻿Plasmid construction
	﻿Evaluation of the tolerance agrobacterium rhizogenes-mediated transformation of soybean hairy roots to salt stress

	﻿References


