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Abstract: Small secreted peptides (SSPs) play important roles in regulating plants” growth and
development in response to external stimulus, but the genes and functions of SSPs in many species
are still unknown. Therefore, it is particularly significant to characterize and annotate SSP genes in
plant genomes. As a widely used stock of pears, Pyrus betulifolia has strong resistance to biotic and
abiotic stresses. In this study, we analyzed the SSPs genes in the genome of P. betulifolia according
to their characteristics and homology. A total of 1195 SSP genes were identified, and most of them
are signaling molecules. Among these, we identified a new SSP, subtilase peptide 3 (SUBPEP3),
which derived from the PA region of preSUBPEP3, increasing the expression level under salt stress.
Both adding synthetic peptide SUBPEP3 to the culture medium of pears and the overexpression of
SUBPEP3 in tobacco can improve the salt tolerance of plants. In summary, we annotated the SSP
genes in the P. betulifolia genome and identified a small secreted peptide SUBPEP3 that regulates the
salt tolerance of P. betulifolia, which provides an important theoretical basis for further revealing the
function of SSPs.

Keywords: small secreted peptides; Pyrus betulifolia; genome annotation; salt tolerance; subtilase
peptide 3

1. Introduction

Pears are a widely grown cash crop. In the process of pear seedling propagation, graft-
ing is the most commonly used method of vegetative propagation. Grafting propagation
plays an important role in maintaining the trait stability of scion varieties, shortening the
juvenile phase, enhancing stress resistance, and regulating tree architecture [1]. Therefore,
the application of excellent stocks is of great significance for improving fruit yield and
quality and increasing economic benefits. Among them, P. betulifolia is a kind of stock that is
widely used in pear seedling propagation. The herbarium of Pyrus betulifolia (BJM 155933)
was deposited at the national natural history museum of China. It has the characteristics of
good grafting affinity, a developed root system, and good drought tolerance, salt tolerance,
cold tolerance, potassium (K) deficiency tolerance, and pear anthracnose resistance [2-6].

Salt stress can lead to water deficiency, ion toxicity, and the accumulation of reactive
oxygen species (ROS) and other harmful substances, which seriously affect the normal
growth and development of plants [7]. Soil salinization is an important global agricultural
problem, which seriously affects agricultural productivity and environmental sustain-
ability [8]. At present, soil improvement is carried out through freshwater washing and
chemical application, but such methods consume a lot of manpower and material resources
with little effect [9]. Therefore, it is particularly significant to breed excellent crop varieties
with salt tolerance. During the cultivation of fruit trees, stocks with good salt tolerance are
often used to improve the salt tolerance of seedlings [9].

The regulation of salt tolerance mechanisms is closely related to different signaling
pathways and transcription factors. Various signaling pathways in response to salt stress
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include ROS signaling, Ca?* signaling, plant hormone signaling, and some small signaling
molecules. These signaling molecules can regulate downstream genes to control ion home-
ostasis and osmotic tolerance [10-12]. At present, with the deepening of research on SSPs,
the role of SSPs in plant stress response and signal transduction is attracting more and more
attention, and they are even being referred to as “peptide hormones” [13]. The common
action mechanism of SSPs is to act as short- or long-distance signaling molecules and
bind to the leucine-rich repeat receptor kinases (LRR-RKs) on the cell membrane, thereby
causing a series of downstream cascades [14]. For example, N-deficient roots in Arabidopsis
produce C-terminally encoded peptide 1 (CEP1), which moves long-distance to the shoots
to bind to two LRR-RKSs, thereby regulating downstream gene expression to enhance the
compensatory uptake of nitrate by N-sufficient roots [15]. The CLAVATA3/EMBRYO
SURROUNDING REGION-RELATED 25 (CLE25) peptide can respond to signals of water
deficiency in roots and move to leaves over long distances. It binds to BARELY ANY
MERISTEM (BAM) receptors to regulate abscisic acid biosynthesis and stomatal move-
ments, thereby enhancing the drought resistance by regulating transpiration [16].

SSPs are usually 5-75 amino acids long and are derived from precursor proteins [14,17].
Previous studies have shown that they usually have several characteristics: the precursor
proteins are relatively small (often <250 amino acids), have N-terminal signal peptides,
and have no transmembrane domains [18]. Due to the above characteristics and the
high conservation of SSPs, hidden Markov models (HMMs) have been used to predict
the potential SSPs in the genomes of some species. Medicago truncatula Small Secreted
Peptide Database (MtSSPdb) predicts 4439 SSP genes in the leguminous plants Medicago
truncatula [18]. The PlantSSP database contains SSP genes in the genomes of 32 species [19].
Since SSPs often have post-translational modifications [20], bioinformatics prediction and
nano-liquid chromatography—tandem mass spectrometry (LC-MS/MS)-based methods for
detecting small peptides are jointly used to determine the sequence of SSPs [21].

In this study, we predicted the precursor proteins and functions of SSPs in the genome
of P. betulifolin and screened a gene that responded to salt stress. Then, we demonstrated
that the small secreted peptide SUBPEP3 could improve the salt tolerance of plants by
applying synthetic peptides and overexpressing the SUBPEP3 gene in plants. These results
provided a comprehensive analysis of SSPs in P. betulifolia and identified a peptide SUBPEP3
that regulates salt tolerance. It is of great significance to further explore the role of SSPs in
plant salt tolerance and to breed excellent stock varieties.

2. Results
2.1. Analysis of SSP Genes in the Pyrus betulifolia Genome

There are 59,552 proteins according to the P. betulifolia protein database. Combined
with the characteristics of SSPs and the homology of known SSPs, 1195 SSP precursor
genes were identified by bioinformatics analysis (Figure 1A and Table S1). Counting the
number of amino acids in these SSP precursor proteins, we found 46% of them were
less than 250 aa (Figure 1B). The functions of SSPs were classified into three categories,
including signaling molecules, peptidase inhibitors, and antimicrobial agents, and more
than 50% of SSPs belonged to signaling molecules (Figure 1C). Based on the homology
to known SSP protein families, we predicted the protein families of SSP genes. The top
five gene families which have more genes than other identified SSP families are Cytotoxic
T-lymphocyte antigen-2 alpha (CTLA), and non-specific Lipid Transfer Protein (nsLTP),
Plantcyanin/Chemocyanin (PCY), low-molecular-weight Cys-rich (LCR), and Subtilase
Peptide (SUBPEP) (Figure 1D). Gene ontology (GO) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis of the identified SSP genes showed that the
degree of enrichment of the serine-type endopeptidase was the highest in GO enrichment
analysis. This GO term corresponds to the gene family SUBPEP, which has been found to
be related to plant defense response mechanisms (Figure 2A,B and Table S2). These results
indicate that there are a large number of small peptides in P. betulifolia which are involved
in various functions of growth and development.
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Figure 1. Identification of small secreted peptides (SSPs) in the Pyrus betulifolia protein database.
(A) The number of SSPs identified in the P. betulifolia protein database. (B) The length of SSP precursor
proteins identified in the P. betulifolia protein database. (C) The functional prediction of SSPs in
P. betulifolia. n = 1195. (D) The number of proteins in the SSPs protein families in P. betulifolia.
Different colors means different protein families.
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Figure 2. The function prediction of SSPs in P. betulifolia. (A) Gene ontology (GO) enrichment analysis
results of SSPs in P. betulifolia were classified according to the biological process, cellular component,

and molecular function. The top 18 GO term items with the minimum p-value and the most significant
enrichment in each GO category are shown. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of SSPs in P. betulifolia shows the enriched items in the top 20.

2.2. The Characteristic of SUBPEP3

In all the annotated small peptides, subtilase peptide 3 (SUBPEP3) was detected in
our previous studies (unpublished data). It is a small secreted peptide that belongs to the
SUBPEP family. preSUBPEP3, which belongs to a subtilisin-like protease, is the precursor
protein of the small peptide SUBPEP3. Analysis of protein-conserved domains found that
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it has conserved domains common to plant subtilisin, including a signal peptide domain, a
proprotein region (Inhibitor-19), a peptidase S8 region (S8-peptide), a protease-associated
domain (PA), and a C-terminal fibronectin III domain (FnllI) (Figure 3A). Among them, the
small peptide SUBPEP3 is located in the PA region from 390 aa to 398 aa. Phylogenetic anal-
ysis showed that preSUBPEP3 is generally conserved among species of dicots (Figure 3B).
The statistical analysis of its conserved amino acid sites showed that the seventh lysine,
the eighth valine, and the ninth lysine were unchanged, and these amino sites may play
an important role in the function of SUBPEP3 (Figure 3C). Tissue-specific analysis of pre-
SUBPEP3 revealed that its expression was significantly higher in the xylem than in the
root, phloem, leaf, and shoot (Figure 3D). Subcellular localization analysis showed that
SUBPEP3 were localized in the cytoplasm and cell membrane (Figure 3E). In conclusion,
SUBPEP3 is a small peptide that is conserved among different species and may play a role
in regulating plant growth and development through long-distance transport.

A
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preSUBPEP3 = - Peptidases_S8_3 SUBI3 fn3_6 -
12835 111 343 390 398 466 645 743 aa
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Figure 3. The characteristic of preSUBPEP3 and SUBPEP3. (A) Conserved domain of preSUBPEP3.
The numbers represent amino acid positions. (B) Phylogenetic tree shows the clustering analysis of
preSUBPEP3 with homologous sequences from other plants. Alignment of the SUBPEP3 domains can
be seen next to the phylogenetic tree. Different colors means different amino acids. (C) The Weblogo
plot shows the SUBPEP3 domain conservation. (D) Expression pattern of preSUBPEP3 in different
tissues of P. betulifolia. Data are plotted as means + SD and are based on three biological replicates.
**** p < 0.0001 by Student’s t-test. (E) Subcellular localization of SUBPEP3-GFP.
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2.3. preSUBPEP3 Response to Salt Stress

To explore the ability of preSUBPEP3 to resist abiotic stress in P. betulifolia, we treated
P. betulifolia tissue culture seedlings with 300 mM NaCl and detected the expression of
preSUBPEP3 at 0, 6, 24, and 96 h after treatment. The results showed that the expression of
preSUBPEP3 was significantly increased at 6 h, 24 h, and 96 h, indicating that SUBPEP3 can
respond to salt stress (Figure 4A). In order to explore the relationship between preSUBPEP3
protein expression quantity and salt stress, we constructed a green fluorescent protein
(GFP) expression vector using the promoter of preSUBPEP3, which was cloned from the
2488 bp before the open reading frame of preSUBPEP3, and CaMV35S was used as a control
(Figure 4B). The constructed vectors were separately transformed into an agrobacterium,
and the agrobacterium was used to infect the tissue culture seedlings of P. betulifolia
by vacuum infiltration, and then these seedlings were cultured in the culture medium
with 300 mM NaCl. After 3 days, the total proteins were extracted and the GFP protein
expression was identified by Western blot using GFP antibody. It was found that the
expression of GFP in the preSUBPEP3::GFP transient transformed plants was significantly
higher than that in the control group (Figure 4C). These results indicated that the mRNA
and protein expression of preSUBPEP3 increased significantly when P. betulifolia was
exposed to salt stress. Tissue-specific analysis showed that the expression of preSUBPEP3
was significantly higher in the xylem than in other tissue (Figure 3D), so to test whether
SUBPEP3 responds to salt stress by exhibiting long-distance movement, a fluorescence-
labeled tracer method was used to verify the long-distance movement ability of SUBPEP3.
The synthetic SUBPEP3 labeled with FAM fluorescence was added to the medium of
rooting tissue culture seedlings of P. betulifolia (Figure S1A,B). After 3 days, the fluorescence
signals of FAM-SUBPEP3 were observed in the roots and leaves of P. betulifolia using a laser
scanning confocal microscope (LSCM) (Figure 4D). This indicates that SUBPEP3 can move
long distances in P. betulifolia. Then, the expression of preSUBPEP3 in roots of P. betulifolia
under salt stress was detected, and the results showed that the expression of preSUBPEP3
was significantly increased in roots at 6 h and 96 h after salt stress (Figure 4E).
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- .g 300 mM NaCl 7,,_,]* preSUBPEP3pro::GFP —pre pro -
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Figure 4. The expression pattern of preSUBPEP3 under salt stress. (A) Relative expression of preSUBPEP3
of P. betulifolia tissue culture seedling at 0, 6, 24, and 96 h after salt treatment. (B) The schematic diagram
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shows the vectors overexpressing green fluorescent protein (GFP); the promoter is the promoter
of preSUBPEP3 or CaMV35S. preSUBPEP3pro is the promoter of preSUBPEP3. (C) Detection of
the amount of GFP proteins in infiltrated P. betulifolia which were treated with 300 mM Nacl or not.
Western blot was performed by anti-GFP antibody. CBB—total protein staining by Coomassie brilliant
blue. #1, #2, and #3 refer to three independently infiltrated plants. (D) The fluorescence images of
the leaves and roots at 3 d after P. betulifolia culture seedlings cultured in the medium with 10 uM
FAM-SUBPEP3. A scale bar is shown in each subfigure. (E) Relative expression of preSUBPEP3 in the
roots of P. betulifolia tissue culture seedlings at 0, 6, 24, and 96 h after salt treatment. Data are plotted
as means %+ SD and are based on three biological replicates. * p < 0.05 by Student’s t-test. *** p < 0.001
by Student’s t-test. **** p < 0.0001 by Student’s ¢-test.

2.4. SUBPEP3 Could Improve the Salt Tolerance of Pears

The small secreted peptide SUBPEP3 is derived from the precursor protein preSUB-
PEP3, and we have found that the expression of the precursor protein preSUBPEP3 increases
under salt stress. Therefore, it is hypothesized that SUBPEP3 is related to the response
of P. betulifolia to salt stress. To investigate the function of SUBPEP3 in the response to
salt stress, tissue culture seedlings of the salt-intolerant pear “ZaoJinsu” were cultured
in medium containing 300 mM NaCl, and synthetic SUBPEP3 peptide was added to the
medium at a final concentration of 10 uM. After treatment, plant phenotypes were ob-
served and physiological parameters were detected. The results showed that the leaves
of the control group had obviously wilted after 3 days of salt treatment, but there was no
significant change in the plants with SUBPEP3. After 4 days of salt treatment, the leaves of
the control plants showed obvious black spots, and after 6 days, the whole plants showed
obvious dehydration and wilting. Plants cultured with SUBPEP3 did not show obvious
salt damage phenotype under salt treatment, and only a few yellow spots appeared on
individual leaves (Figure 5A). After 7 days of salt treatment, the electrical conductivity
and malondialdehyde (MDA) content of each group were measured. The results showed
that the electrical conductivity and MDA content of the pear with SUBPEP3 treatment
were significantly lower than those of the control group without SUBPEP3 (Figure 5B,C),
indicating that the cell damage of the pears with SUBPEP3 treatment was significantly
lower than that of the control group. And the expression of stress resistance-related gene
pleiotropic drug resistance protein 1 (PbPDR1) significantly increased, a change which was
induced by SUBPEP3 (Figure 5D). These results indicate that SUBPEP3 can improve the
salt tolerance of pears.

2.5. Overexpression of SUBPEP3 Enhanced Salt Tolerance

To further explore the role of SUBPEP3 in enhancing salt tolerance, we overexpressed
SUBPEP3 in Nicotiana benthamiana. Firstly, a plant expression vector was constructed with
the signal peptide of preSUBPEP3 fused to SUBPEP3, and the vector without SUBPEP3
was used as the control (Figure 6A). SUBPEP3 was overexpressed in N. benthamiana by
agrobacterium-mediated transformation (Figure 6B). The transgenic tobaccos were then
treated with 300 mM NaCl. After 6 days of salt treatment, it was observed that the N.
benthamiana leaves in the control group showed an obvious state of water loss and shrinkage,
while the N. benthamiana leaves with SUBPEP3 overexpression only showed a slight tip
drooping (Figure 6C). The results showed that the MDA contents and H,O, contents of
N. benthamiana overexpressing SUBPEP3 were significantly lower than those of tobacco
in the control group after salt treatment (Figure 6D,E). Based on the above results, it can
be concluded that overexpression of SUBPEP3 can significantly improve the salt tolerance
of plants.
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Figure 5. SUBPEP3 improves the salt tolerance of pears. (A) Morphology of tissue-cultured P. be-
tulifolia in the medium with or without 300 mM NaCl and 10 uM SUBPEP3 at 0, 3, 4, 5, 6, and
7 days after treatment. (B,C) Relative conductivity (B) and malondialdehyde (MDA) contents (C) of
tissue-cultured P. betulifolin at 7 days after treatment. Data are plotted as means =+ SD and are based on
three biological replicates. * p < 0.05 by Student’s t-test; ** p < 0.01 by Student’s t-test. (D) Expression
of PbPDR1 in P. betulifolia tissue culture seedlings with or without 10 uM SUBPEP3 treatment. Data
are plotted as means & SD and are based on three biological replicates. ** p < 0.01 by Student’s t-test.
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Figure 6. Overexpression of SUBPEP3 enhanced salt tolerance. (A) The schematic diagram shows
the vectors overexpressing fusion proteins composed by the signal peptide of preSUBPEP3 andGFP,
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with or without SUBPEP3. SP—signal peptide of preSUBPEP3. (B) The RT-PCR analysis of gfp
expressing level in the Nicotiana benthamiana of SUBPEP3-GFP overexpression line (OE- SUBPEP3),
control and wild type (WT). NtActin was used as the internal control. (C) Morphology of transgenic
N. benthamiana with or without SUBPEP3 overexpression at 7 days after being treated by 300 mM
NaCl. (D,E) MDA contents (D) and H,O, contents (E) of transgenic N. benthamiana at 7 days after
salt treatment. Data are plotted as means & SD and are based on three biological replicates. * p < 0.05
by Student’s t-test, ** p < 0.01 by Student’s ¢-test.

3. Discussion

P. betulifolia has strong tolerance to salt, drought, and other abiotic stresses, so using it
as stock to graft different varieties of pears in agricultural production can improve grafted
plants” overall resistance to abiotic stresses [2,22,23]. Therefore, studying the resistance
genes in P. betulifolia will help to improve the understanding of the molecular mechanism
of plants’ resistance to abiotic stress.

Because there are few studies on SSP genes and a large number of SSP genes have not
been annotated in the genomes of different species, the annotation of SSP genes is particu-
larly important. In this study, we predicted the SSP genes in the genome of P. betulifolia,
and a total of 1195 SSP genes were obtained by bioinformatics analysis (Figure 1A and
Table S1). A total of 4439 SSP genes of Medicago truncatula were predicted in the MtSSPdb
database [18]. Using LC-MS/MS to detect conventional peptides in maize and Arabidopsis,
a total of 844 conventional peptides were detected in maize and 2363 conventional peptides
were detected in Arabidopsis [24]. This indicates that a large number of SSP genes are
present in different species, implying that SSPs play an important role in plants. The
number of SSPs varies among different species, depending on the quality of the genome,
the method of bioinformatics analysis, and the detection conditions of mass spectrometry.
Although the SSP precursor proteins in previous studies were found to be small, with most
of the SSP precursor proteins being shorter than 250 aa [18], the analysis of the predicted
SSP genes in P. betulifolia showed that there were still some SSP genes longer than 250 aa,
and the length of preSUBPEP3 reached up to 747 aa (Figure 1B). In some previous studies,
250 aa was used as a threshold to screen SSP genes. However, there are still some reports
showing that some SSP precursor proteins are longer than 250 aa [25]. This indicates that
setting the threshold at 250 aa may lead to some important SSPs being missed. Therefore,
we used high homology to known SSP genes as a threshold rather than length.

Functional analysis of SSP genes in P. betulifolia showed that the number of SSP
genes found to function as signal molecules is the largest, at 57% (Figure 1C). And the
research on the function of SSP is mostly carried out around the signal molecules [26].
There were 21 CLAVATA3 (CLV3)/EMBRYO SURROUNDING REGION (ESR)-RELATED
(CLE) family genes in P. betulifolia (Figure 1D). This is currently the most studied SSP gene
family in the genus Arabidopsis. It has been shown that CLE is related to the regulation
of stem cell proliferation and differentiation in the meristems, embryo and endosperm
development, vascular development, and autoregulation of nodulation [27]. Some SSP
families with known functions were also found among P. betulifolin SSP gene families
(Figure 1D and Table S1), such as CEP regulating root development in response to N
deficiency signals [15,28]. PLANT PEPTIDE CONTAINING SULFATED TYROSINE (PSY)
promotes cell proliferation and expansion [29]. Phytosulfokine (PSK) is a 5-aa tyrosine
sulfated peptide that mainly promotes cell proliferation [30,31]. Casparian strip integrity
factor 1 (CIF) peptides function to promote the accumulation of hydrophobic substances
such as lignin and can regulate the formation of the Casparian band and embryonic
cuticle. The function of CIF peptide is closely related to its spatial distribution. And
CIF is required to interact with SCHENGEN3/GASSHO1 (SGN3/GSO1) and GSO2 to
function [32-34]. INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) is a peptide signal
for Arabidopsis flower organ shedding [35]. CTLA is the most common gene family in P.
betulifolia (Figure 1D). Previous studies have only shown that CTLA belongs to the group
of peptidase inhibitors, and can inhibit protease activity [36]. But its specific function and
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mechanism need to be further studied. This indicates that there are differences in SSP genes
among different species, and there are still a large number of SSP genes with unknown
functions that need to be studied further. Thus, it can be seen that SSP genes in P. betulifolia
play an important role in various important life activities such as response to external
stimuli, signal transduction, regulation of cell differentiation, and tissue development. It
involves all stages of plant growth and development, including vegetative and reproductive
growth. Therefore, it is of great significance to further verify the gene function and reveal
the mechanism of action of SSP genes in P. betulifolia.

The salt-tolerance-related small secreted peptides SUBPEP3 in this study are derived
from the PA region of the precursor protein preSUBPEP3 (Figure 3A). preSUBPEP3 belongs
to the subtilisin-like protease family (Figure 1D). There are 67 SSP genes belonging to this
gene family in P. betulifolia, and the large number also shows the importance of this gene
family. Previous studies have found that there was a 12aa plant defense peptide signal
Glycine max Subtilase Peptide (GmSubPep) derived from the PA domain of the subtilisin-
like protease in the leaves of Glycine max. The transcription of GmSubPep was not induced
by wounding, methyl salicylate, methyl jasmonate, or ethephon. However, when supplied
to soybean suspension cell cultures, GmSubPep peptide can induce the expression of
defense-related genes [25]. Phylogenetic analysis of preSUBPEP3 and SUBPEP3 revealed
that they are conserved in different species (Figure 3B,C). This implies that SUBPEP3 is also
highly likely to be a signaling molecule in response to external stimuli. In this study, we
found that the expression of preSUBPEP3 could be induced by salt stress (Figure 4A,C),
and the addition to pear culture medium (Figure 5A-D) and overexpression in tobacco
(Figure 6A-E) of SUBPEP3 could significantly improve the salt tolerance of plants. As in
whole plantlets, preSUBPEP3 expression was increased in roots under salt stress (Figure 4E).
Furthermore, our results showed that SUBPEP3 could move long distances from roots to
leaves (Figure 4D). Therefore, we hypothesized that the expression of preSUBPEP3 in roots
was increased under salt stress, leading to the production of a large number of SUBPEP3
that moved to the leaves over a long distance to transmit the signal of salt stress, thereby
causing a downstream cascade to improve the salt tolerance of the plant. The specific
function mechanism is in need of further study.

As reported in previous studies, SSPs usually function by binding to the leucine-
rich-repeat receptor-like kinase (LRR-RLK) on the cell membrane [37]. Studies have been
conducted in several different ways to find receptors that correspond to SSPs. One way is
the photoaffinity-labeling method, in which the proteins overexpressed by the expression
library of Arabidopsis LRR-RLKs subfamily X and XI in tobacco BY-2 cells were incubated
with photoaffinity-labeled peptides to verify their interactions [14]. Several ligand-receptor
pairs were identified by this approach, including the GASSHO 1/SCHENGEN 3 receptor,
which directly interacts with CIF1 and CIF2 peptides [33]; the C-TERMINALLY ENCODED
PEPTIDEs (CEPs) and CEP RECEPTOR (CEPR) interaction [15]; and BARELY ANY MERIS-
TEM 1 (BAM1), which interacts with CLV3 [38]. Structural biology can also help predict
ligand-receptor pairs. The root meristem growth factor (RGF) receptor RGFR1 was identi-
fied by purifying the extracellular LRR domain of LRR-RLKSs, incubating with chemically
synthesized peptides, and combining gel filtration and mass spectrometry [39]. Another
method involves detecting peptide-induced changes in plasma membrane protein phos-
phorylation through quantitative phosphoproteomics. Synthetic RALF1 was used to induce
changes in the phosphorylation level of the target protein and screen out the receptor
protein FER [40]. The action mechanism of SUBPEP3 in inducing plant salt tolerance and
the binding of SUBPEP3 to its receptor represent potential research topics for future studies.

At present, the method of exogenously applying synthetic SSPs to plants or plant
cells has been widely used to verify the function of SSPs [16,25]. Plant hormones such
as auxin and gibberellins, which are also signal molecules like SSPs, have been widely
used as plant growth regulators in agricultural production [41]. In the future, after further
optimization which will involve improving the chemical production process to reduce the
production cost of synthetic SSPs, and improving its stability and ability to enter plant cells
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by combining with nanomaterials, synthetic SSPs is expected to be applied to regulate plant
growth and development in agricultural production.

In summary, we annotated SSP genes in the genome of P. betulifolia, which improved
the understanding of the characteristics of SSP genes in Rosaceae fruit trees and laid a
theoretical foundation for further studies on the function and the action mechanism of
SSPs. Based on this, our study identified a small secreted peptide, SUBPEP3, which was
found to enhance plant salt tolerance. This finding has great significance for the application
of SSPs in the regulation of plant stress resistance, as well as the cultivation of superior
stress-resistant varieties.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

P. betulifolia seedlings were grown in soil at 22 °C with supplemental lighting (16 h
light:8 h dark) in a greenhouse at China Agricultural University, Beijing, China. P. betulifo-
lia tissue culture plantlets were cultured on Murashige & Skoog (MS) (phyto technology)
medium containing 1 mg/L 6-benzylaminopurine (6-BA) and 0.5 mg/L 1-Naphthaleneacetic
acid (NAA) (Sangon Biotech, Shanghai, China). All P. betulifolia plants were derived from
the Shangzhuang experimental station of China Agricultural University, Beijing, China.
Nicotiana tabacum (Nicotiana tabacum var. Wisconsin 38) tissue culture plantlets were cul-
tured on Murashige and Skoog (MS) medium. All the cultivation medium contained 30 g/L
sucrose and 7 g/L agar (Sinopharm, Beijing, China). The caps of tissue culture bottles
are rigid with membranes. The environmental conditions for the growth of the tissue
culture plantlets were 16 h light, 8 h dark, and 22 °C under a 250 pmol/m? /s illumination
intensity provided by cool-white fluorescent tubes and a relative humidity of 80%. All
tissue culture plantlets were cultured in the tissue culture room of China Agricultural
University, Beijing, China.

4.2. SSP Genes Annotation

The P. betulifolin genome was downloaded from GDR (https://www.rosaceae.org/, ac-
cessed on 5 July 2023). The signal peptide domains were predicted by SignalP 5.0 (https://
services.healthtech.dtu.dk/services/SignalP-5.0/, accessed on 5 July 2023) [42]. The trans-
membrane domains analysis was conducted by TransMembrane prediction using Hidden
Markov Models (TMHMM) (https:/ /services.healthtech.dtu.dk/services/ TMHMM-2.0/,
accessed on 5 July 2023) [43]. The hidden Markov models (HMMs) were applied to
search for SSP gene homologs in the genome of P. betulifolia performed by SSP-Prediction
(https:/ /mtsspdb.zhaolab.org/prediction/, accessed on 5 July 2023) [18]. Finally, genes of
proteins with N-terminal signal peptides, no transmembrane domains, and high homology
to known SSP proteins were annotated as SSP genes.

4.3. GO and KEGG Enrichment Analysis

The Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
annotation were performed by eggNOG-Mapper (http://eggnog-mapper.embl.de/, ac-
cessed on 4 August 2023) [44]. The GO and KEGG enrichment analysis were conducted by
TBtools-1I v2.012 [45].

4.4. Domain Prediction and Phylogenetic Analysis

The conserved domains of sequences were predicted by NCBI CD-search (https://
www.ncbinlm.nih.gov/Structure /cdd/wrpsb.cgi/, accessed on 4 August 2023). Phyloge-
netic analysis was performed by Molecular Evolutionary Genetics Analysis 5.0 (MEGAD5) [46].

4.5. RNA Extraction and gRT-PCR

The samples subjected to RNA extraction were stored at —80 °C. Before RNA extrac-
tion, samples were ground under liquid nitrogen conditions. The total RNA of P. betulifolia
was extracted by the cetyltrimethyl ammonium bromide (CTAB) method [47]. The total
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RNA of tobacco was extracted by TRIzol reagent (Invitrogen). Extracted RNA was treated
with DNase I (Promega, Madison, WI, USA) for 40 min at 37 °C to avoid genomic DNA
contamination. Total RNA was reverse transcribed into cDNA by TRUEscript RT Master-
Mix (Aidlab Biotechnologies) according to the product manuals. The cDNA for qRT-PCR
was diluted 10 times. And an qRT-PCR assay was carried out on Thermo Fisher Scientific’s
stepone Plus real-time PCR instrument with SuperReal premix Plus (TTANGEN BIOTECH
(BEIJING), Beijing, China). For qRT-PCR analysis, 2 pL diluted DNA was used as template
in a reaction under the following conditions: 95 °C for 15 min, and 40 cycles of 95 °C for
10 s and 60 °C for 32 s. The fold changes in target gene expression were normalized using
PHACTIN as the internal control and evaluated by the 2~#A method. All primers used are
listed in Table S3. All assays were based on three biological replicates.

4.6. Peptide Synthesis

Synthetic peptides were synthesized by Sangon Biotech (Shanghai) with the pu-
rity >95%.

4.7. Plasmid Construction

The promoter of preSUBPEP3 was cloned from the 2488 bp before the open reading
frame of preSUBPEP3. The fragments replaced the CaMV35S promoter of pCAMBIA2300
to generate preSUBPEP3pro::GFP using Mfel and BamHI restriction sites. The fragments
of the signal peptide of preSUBPEP3 and SUBPEP3 were inserted into pCAMBIA2300
using Kpnl and BamHI restriction sites to generate pPSUBPEP3-GFP. The same plasmid
without SUBPEP3 was used as the control. Plasmids were constructed by a ClonExpress
II One Step Cloning Kit (Vazyme, Nanjing, China) according to the product manuals.
All constructs were confirmed by sequencing and then transformed into Agrobacterium
tumefaciens strain GV3101.

4.8. Transient Expression and Plant Transformation

The agrobacterium cultured overnight was resuspended in suspension buffer (10 mM
MgCl,, 10 mM MES (pH 5.6), and 0.1 mM acetosyringone) with the absorbance value of
1.0 at a wavelength of 600 nm (ODggg = 1.0). After being kept at room temperature for 2 to
4 h, the bacterial suspension infected the P. betulifolia tissue culture seedlings by vacuum
infiltration. And then the seedlings were cultured for 1 d in the dark and 2 d in the normal
light conditions.

N. tabacum was used as the genetic background of the transgenic lines. And the
transform of N. tabacum was performed by leaf disc transformation [48].

4.9. Western Blot

Total protein of P. betulifolia tissue culture seedlings was extracted by the Plant Total
Protein Extraction Kit (HuaXingBoChuang Bio, Beijing, China) and separated by SDS-
PAGE. The primary antibody was GFP-tag mouse monoclonal antibody that was used at
1:3000 (v/v) dilution. The secondary antibody was horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin G that was used at 1:10,000 (v/v) dilution.

4.10. Salt Treatment and Salt Tolerance Assay

Plantlets planted in soil were watered with 300 mM NaCl. Tissue culture seedlings
were grown in medium with 300 mM NaCl. The leaves of the plantlets were collected
for physiological index measurement, including electrolyte leakage, MDA, and HyO,
contents. The electrolyte leakage, MDA, and H,O, contents of plant leaves were measured
as previously reported [49-51].

4.11. Subcellular Localization

The fragments of the signal peptide of preSUBPEP3 and SUBPEP3 were inserted into
pCAMBIA2300 using Kpnl and BamHI restriction sites to generate pPSUBPEP3-GFP. The
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vectors were transformed into A. tumefaciens strain GV3101 and were infiltrated in N.
benthamiana leaves. Three days after infiltration, GFP fluorescence was detected using a
Zeiss LSM900 confocal microscope at 488 nm excitation light wavelength.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ijms25094612/s1.

Author Contributions: Conceptualization, C.X., SSW. (Shengnan Wang) and T.L.; methodology,
C.X., SW. (Shengnan Wang) and T.L.; investigation, C.X., L.X. and W.H.; resources, X.Z. and S.W.
(Shengyuan Wang); data curation, C.X., C.M. and S.W. (Shuang Wu); writing—original draft prepa-
ration, C.X.; writing—review and editing, S.W. (Shengnan Wang); visualization, C.X. and S.W.
(Shengnan Wang); supervision, S.W. (Shengnan Wang); funding acquisition, S.W. (Shengnan Wang)
and T.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (32272658),
the National Key Research and Development Program of China (2022YFF1003102), the earmarked
fund for the China Agriculture Research System (CARS-28-08) and the 2115 Talent Development
Program of China Agricultural University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article or in the
Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Feng, M.; Augstein, F.; Kareem, A.; Melnyk, C.W. Plant grafting: Molecular mechanisms and applications. Mol. Plant 2024, 17,
75-91. [CrossRef]

2. Liu, Y;; Yang, T,; Lin, Z,; Gu, B.; Xing, C.; Zhao, L.; Dong, H.; Gao, J.; Xie, Z.; Zhang, S.; et al. A WRKY transcription factor
PbrWRKY53 from Pyrus betulaefolia is involved in drought tolerance and AsA accumulation. Plant Biotechnol. . 2019, 17,1770-1787.
[CrossRef] [PubMed]

3.  Zhao, L.; Yang, T.; Xing, C.; Dong, H.; Qi, K.; Gao, J.; Tao, S.; Wu, J.; Wu, J.; Zhang, S.; et al. The f-amylase PbrBAM3 from
pear (Pyrus betulaefolia) regulates soluble sugar accumulation and ROS homeostasis in response to cold stress. Plant Sci. 2019,
287,110184. [CrossRef] [PubMed]

4. Hao, L;Wang, S.; Zhang, Y,; Xu, C; Yu, Y; Xiang, L.; Huang, W.; Tian, B.; Li, T.; Wang, S. Long-distance transport of the pear
HMGR1 mRNA via the phloem is associated with enhanced salt tolerance. Plant Sci. 2023, 332, 111705. [CrossRef] [PubMed]

5. Lin, L,; Yuan, K;; Xing, C.; Qiao, Q.; Chen, Q.; Dong, H.; Qi, K; Xie, Z.; Chen, X.; Huang, X.; et al. Transcription factor PbbZIP4 is
targeted for proteasome-mediated degradation by the ubiquitin ligase PbATL18 to influence pear’s resistance to Colletotrichum
fructicola by regulating the expression of PANPR3. Plant |. 2023, 116, 903-920. [CrossRef] [PubMed]

6. Yang, H.Li, Y,;Jin, Y;; Kan, L.; Shen, C.; Malladi, A.; Nambeesan, S.; Xu, Y.; Dong, C. Transcriptome Analysis of Pyrus betulaefolia
Seedling Root Responses to Short-Term Potassium Deficiency. Int. J. Mol. Sci. 2020, 21, 8857. [CrossRef] [PubMed]

7. Afzal, M.Z; Jia, Q.; Ibrahim, A K.; Niyitanga, S.; Zhang, L. Mechanisms and Signaling Pathways of Salt Tolerance in Crops:
Understanding from the Transgenic Plants. Trop. Plant Biol. 2020, 13, 297-320. [CrossRef]

8. Haj-Amor, Z.; Araya, T.; Kim, D.G.; Bouri, S; Lee, J.; Ghiloufi, W.; Yang, Y.; Kang, H.; Jhariya, M.K.; Banerjee, A.; et al. Soil salinity
and its associated effects on soil microorganisms, greenhouse gas emissions, crop yield, biodiversity and desertification: A review.
Sci. Total Environ. 2022, 843, 156946. [CrossRef] [PubMed]

9.  Melino, V,; Tester, M. Salt-Tolerant Crops: Time to Deliver. Annu. Rev. Plant Biol. 2023, 74, 671-696. [CrossRef]

10. Deinlein, U.; Stephan, A.B.; Horie, T.; Luo, W.; Xu, G.; Schroeder, ].I. Plant salt-tolerance mechanisms. Trends Plant Sci. 2014, 19,
371-379. [CrossRef] [PubMed]

11.  Van Zelm, E.; Zhang, Y.; Testerink, C. Salt Tolerance Mechanisms of Plants. Annu. Rev. Plant Biol. 2020, 71, 403-433. [CrossRef]

12.  Yang, Y.; Guo, Y. Elucidating the molecular mechanisms mediating plant salt-stress responses. New Phytol. 2018, 217, 523-539.
[CrossRef] [PubMed]

13. Patel, N.; Mohd-Radzman, N.A.; Corcilius, L.; Crossett, B.; Connolly, A.; Cordwell, S.J.; Ivanovici, A.; Taylor, K.; Williams, J.;
Binos, S.; et al. Diverse peptide hormones affecting root growth identified in the Medicago truncatula secreted peptidome. Mol.
Cell. Proteom. 2018, 17, 160-174. [CrossRef] [PubMed]

14. Olsson, V.; Joos, L.; Zhu, S.; Gevaert, K.; Butenko, M.A.; De Smet, I. Look Closely, the Beautiful May Be Small: Precursor-Derived

Peptides in Plants. Annu. Rev. Plant Biol. 2019, 70, 153-186. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms25094612/s1
https://www.mdpi.com/article/10.3390/ijms25094612/s1
https://doi.org/10.1016/j.molp.2023.12.006
https://doi.org/10.1111/pbi.13099
https://www.ncbi.nlm.nih.gov/pubmed/30801865
https://doi.org/10.1016/j.plantsci.2019.110184
https://www.ncbi.nlm.nih.gov/pubmed/31481191
https://doi.org/10.1016/j.plantsci.2023.111705
https://www.ncbi.nlm.nih.gov/pubmed/37059127
https://doi.org/10.1111/tpj.16417
https://www.ncbi.nlm.nih.gov/pubmed/37549222
https://doi.org/10.3390/ijms21228857
https://www.ncbi.nlm.nih.gov/pubmed/33238495
https://doi.org/10.1007/s12042-020-09265-0
https://doi.org/10.1016/j.scitotenv.2022.156946
https://www.ncbi.nlm.nih.gov/pubmed/35768029
https://doi.org/10.1146/annurev-arplant-061422-104322
https://doi.org/10.1016/j.tplants.2014.02.001
https://www.ncbi.nlm.nih.gov/pubmed/24630845
https://doi.org/10.1146/annurev-arplant-050718-100005
https://doi.org/10.1111/nph.14920
https://www.ncbi.nlm.nih.gov/pubmed/29205383
https://doi.org/10.1074/mcp.RA117.000168
https://www.ncbi.nlm.nih.gov/pubmed/29079721
https://doi.org/10.1146/annurev-arplant-042817-040413
https://www.ncbi.nlm.nih.gov/pubmed/30525926

Int. J. Mol. Sci. 2024, 25, 4612 14 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tabata, R.; Sumida, K.; Yoshii, T.; Ohyama, K.; Shinohara, H.; Matsubayashi, Y. Perception of root-derived peptides by shoot
LRR-RKs mediates systemic N-demand signaling. Science 2014, 346, 343-346. [CrossRef] [PubMed]

Takahashi, F; Suzuki, T.; Osakabe, Y.; Betsuyaku, S.; Kondo, Y.; Dohmae, N.; Fukuda, H.; Yamaguchi-Shinozaki, K.; Shinozaki, K.
A small peptide modulates stomatal control via abscisic acid in long-distance signalling. Nature 2018, 556, 235-238. [CrossRef]
[PubMed]

Wang, S.; Tian, L.; Liu, H.; Li, X,; Zhang, J.; Chen, X,; Jia, X.; Zheng, X.; Wu, S.; Chen, Y,; et al. Large-Scale Discovery of
Non-conventional Peptides in Maize and Arabidopsis through an Integrated Peptidogenomic Pipeline. Mol. Plant 2020, 13,
1078-1093. [CrossRef] [PubMed]

Boschiero, C.; Dai, X.; Lundquist, PK.; Roy, S.; Christian De Bang, T.; Zhang, S.; Zhuang, Z.; Torres-Jerez, 1.; Udvardi, M.K,;
Scheible, W.; et al. MtSSPdb: The Medicago truncatula Small Secreted Peptide Database. Plant Physiol. 2020, 183, 399-413.
[CrossRef]

Ghorbani, S.; Lin, Y.; Parizot, B.; Fernandez, A.; Njo, M.F; Van de Peer, Y.; Beeckman, T.; Hilson, P. Expanding the repertoire of
secretory peptides controlling root development with comparative genome analysis and functional assays. J. Exp. Bot. 2015, 66,
5257-5269. [CrossRef] [PubMed]

Matsubayashi, Y. Posttranslationally modified small-peptide signals in plants. Annu. Rev. Plant Biol. 2014, 65, 385-413. [CrossRef]
Okamoto, S.; Suzuki, T.; Kawaguchi, M.; Higashiyama, T.; Matsubayashi, Y. A comprehensive strategy for identifying long-
distance mobile peptides in xylem sap. Plant |. 2015, 84, 611-620. [CrossRef] [PubMed]

Zhang, F.; Wang, C.; Yao, ].L,; Xing, C.; Xu, K.; Zhang, Z.; Chen, Q.; Qiao, Q.; Dong, H.; Han, C,; et al. PbHsfCla-coordinates
ABA biosynthesis and H,O, signalling pathways to improve drought tolerance in Pyrus betulaefolia. Plant Biotechnol. |. 2024, 22,
1177-1197. [CrossRef] [PubMed]

Dong, H.; Wang, C.; Xing, C.; Yang, T.; Yan, J.; Gao, J.; Li, D.; Wang, R.; Blumwald, E.; Zhang, S.; et al. Overexpression of PbrNHX2
gene, a Na* /H* antiporter gene isolated from Pyrus betulaefolia, confers enhanced tolerance to salt stress via modulating ROS
levels. Plant Sci. 2019, 285, 14-25. [CrossRef] [PubMed]

Wang, P; Yao, S.; Kosami, K.I.; Guo, T.; Li, ].; Zhang, Y.; Fukao, Y.; Kaneko Kawano, T.; Zhang, H.; She, YM.; et al. Identification of
endogenous small peptides involved in rice immunity through transcriptomics- and proteomics-based screening. Plant Biotechnol.
J. 2020, 18, 415-428. [CrossRef] [PubMed]

Pearce, G.; Yamaguchi, Y.; Barona, G.; Ryan, C.A. A subtilisin-like protein from soybean contains an embedded, cryptic signal
that activates defense-related genes. Proc. Natl. Acad. Sci. USA 2010, 107, 14921-14925. [CrossRef] [PubMed]

Grienenberger, E.; Fletcher, ].C. Polypeptide signaling molecules in plant development. Curr. Opin. Plant Biol. 2015, 23, 8-14.
[CrossRef] [PubMed]

Fletcher, J.C. Recent Advances in Arabidopsis CLE Peptide Signaling. Trends Plant Sci. 2020, 25, 1005-1016. [CrossRef] [PubMed]
Taleski, M.; Imin, N.; Djordjevic, M.A. CEP peptide hormones: Key players in orchestrating nitrogen-demand signalling, root
nodulation, and lateral root development. J. Exp. Bot. 2018, 69, 1829-1836. [CrossRef] [PubMed]

Amano, Y.; Tsubouchi, H.; Shinohara, H.; Ogawa, M.; Matsubayashi, Y. Tyrosine-sulfated glycopeptide involved in cellular
proliferation and expansion in Arabidopsis. Proc. Natl. Acad. Sci. USA 2007, 104, 18333-18338. [CrossRef] [PubMed]

Reichardt, S.; Piepho, H.P.; Stintzi, A.; Schaller, A. Peptide signaling for drought-induced tomato flower drop. Science 2020, 367,
1482-1485. [CrossRef] [PubMed]

Li, Y;; Di, Q.; Luo, L.; Yu, L. Phytosulfokine peptides, their receptors, and functions. Front. Plant Sci. 2024, 14, 1326964. [CrossRef]
[PubMed]

Doll, N.M.; Royek, S.; Fujita, S.; Okuda, S.; Chamot, S.; Stintzi, A.; Widiez, T.; Hothorn, M.; Schaller, A.; Geldner, N.; et al.
A two-way molecular dialogue between embryo and endosperm is required for seed development. Science 2020, 367, 431-435.
[CrossRef] [PubMed]

Nakayama, T.; Shinohara, H.; Tanaka, M.; Baba, K.; Ogawa-Ohnishi, M.; Matsubayashi, Y. A peptide hormone required for
Casparian strip diffusion barrier formation in Arabidopsis roots. Science 2017, 355, 284-286. [CrossRef] [PubMed]

Okuda, S.; Fujita, S.; Moretti, A.; Hohmann, U.; Doblas, V.G.; Ma, Y.; Pfister, A.; Brandt, B.; Geldner, N.; Hothorn, M. Molecular
mechanism for the recognition of sequence- divergent CIF peptides by the plant receptor kinases GSO1/SGN3 and GSO2. Proc.
Natl. Acad. Sci. USA 2020, 5, 2693-2703. [CrossRef] [PubMed]

Schardon, K.; Hohl, M.; Graff, L.; Pfannstiel, J.; Schulze, W.; Stintzi, A.; Schaller, A. Precursor processing for plant peptide
hormone maturation by subtilisin-like serine proteinases. Science 2016, 354, 1594-1597. [CrossRef] [PubMed]

Lyapina, I; Filippova, A.; Kovalchuk, S.; Ziganshin, R.; Mamaeva, A.; Lazarev, V,; Latsis, L.; Mikhalchik, E.; Panasenko, O.; Ivanov,
O.; et al. Possible role of small secreted peptides (SSPs) in immune signaling in bryophytes. Plant Mol. Biol. 2021, 106, 123-143.
[CrossRef] [PubMed]

Zhang, H.; Han, Z.; Song, W.; Chai, J. Structural Insight into Recognition of Plant Peptide Hormones by Receptors. Mol. Plant
2016, 9, 1454-1463. [CrossRef] [PubMed]

Shinohara, H.; Matsubayashi, Y. Reevaluation of the CLV3-receptor interaction in the shoot apical meristem: Dissection of the
CLV3 signaling pathway from a direct ligand-binding point of view. Plant |. 2015, 82, 328-336. [CrossRef] [PubMed]

Song, W.; Liu, L.; Wang, J.; Wu, Z.; Zhang, H.; Tang, J.; Lin, G.; Wang, Y.; Wen, X.; Li, W.; et al. Signature motif-guided identification
of receptors for peptide hormones essential for root meristem growth. Cell Res. 2016, 26, 674-685. [CrossRef] [PubMed]


https://doi.org/10.1126/science.1257800
https://www.ncbi.nlm.nih.gov/pubmed/25324386
https://doi.org/10.1038/s41586-018-0009-2
https://www.ncbi.nlm.nih.gov/pubmed/29618812
https://doi.org/10.1016/j.molp.2020.05.012
https://www.ncbi.nlm.nih.gov/pubmed/32445888
https://doi.org/10.1104/pp.19.01088
https://doi.org/10.1093/jxb/erv346
https://www.ncbi.nlm.nih.gov/pubmed/26195730
https://doi.org/10.1146/annurev-arplant-050312-120122
https://doi.org/10.1111/tpj.13015
https://www.ncbi.nlm.nih.gov/pubmed/26333921
https://doi.org/10.1111/pbi.14255
https://www.ncbi.nlm.nih.gov/pubmed/38041554
https://doi.org/10.1016/j.plantsci.2019.04.021
https://www.ncbi.nlm.nih.gov/pubmed/31203878
https://doi.org/10.1111/pbi.13208
https://www.ncbi.nlm.nih.gov/pubmed/31301098
https://doi.org/10.1073/pnas.1007568107
https://www.ncbi.nlm.nih.gov/pubmed/20679205
https://doi.org/10.1016/j.pbi.2014.09.013
https://www.ncbi.nlm.nih.gov/pubmed/25449721
https://doi.org/10.1016/j.tplants.2020.04.014
https://www.ncbi.nlm.nih.gov/pubmed/32402660
https://doi.org/10.1093/jxb/ery037
https://www.ncbi.nlm.nih.gov/pubmed/29579226
https://doi.org/10.1073/pnas.0706403104
https://www.ncbi.nlm.nih.gov/pubmed/17989228
https://doi.org/10.1126/science.aaz5641
https://www.ncbi.nlm.nih.gov/pubmed/32217727
https://doi.org/10.3389/fpls.2023.1326964
https://www.ncbi.nlm.nih.gov/pubmed/38250441
https://doi.org/10.1126/science.aaz4131
https://www.ncbi.nlm.nih.gov/pubmed/31974252
https://doi.org/10.1126/science.aai9057
https://www.ncbi.nlm.nih.gov/pubmed/28104889
https://doi.org/10.1073/pnas.1911553117
https://www.ncbi.nlm.nih.gov/pubmed/31964818
https://doi.org/10.1126/science.aai8550
https://www.ncbi.nlm.nih.gov/pubmed/27940581
https://doi.org/10.1007/s11103-021-01133-z
https://www.ncbi.nlm.nih.gov/pubmed/33713297
https://doi.org/10.1016/j.molp.2016.10.002
https://www.ncbi.nlm.nih.gov/pubmed/27743937
https://doi.org/10.1111/tpj.12817
https://www.ncbi.nlm.nih.gov/pubmed/25754504
https://doi.org/10.1038/cr.2016.62
https://www.ncbi.nlm.nih.gov/pubmed/27229311

Int. J. Mol. Sci. 2024, 25, 4612 15 of 15

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Haruta, M.; Sabat, G.; Stecker, K.; Minkoff, B.B.; Sussman, M.R. A peptide hormone and its receptor protein kinase regulate plant
cell expansion. Science 2014, 343, 408—411. [CrossRef] [PubMed]

Jiang, K.; Asami, T. Chemical regulators of plant hormones and their applications in basic research and agriculture. Biosci.
Biotechnol. Biochem. 2018, 82, 1265-1300. [CrossRef] [PubMed]

Almagro, A.J.; Tsirigos, K.D.; Sonderby, C.K.; Petersen, T.N.; Winther, O.; Brunak, S.; von Heijne, G.; Nielsen, H. SignalP 5.0
improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 2019, 37, 420-423. [CrossRef] [PubMed]
Krogh, A.; Larsson, B.; von Heijne, G.; Sonnhammer, E.L.L. Predicting transmembrane protein topology with a hidden markov
model: Application to complete genomes. . Mol. Biol. 2001, 305, 567-580. [CrossRef]

Muller, J.; Szklarczyk, D.; Julien, P; Letunic, I.; Roth, A.; Kuhn, M.; Powell, S.; von Mering, C.; Doerks, T.; Jensen, L.J.; et al.
eggNOG v2.0: Extending the evolutionary genealogy of genes with enhanced non-supervised orthologous groups, species and
functional annotations. Nucleic Acids Res. 2010, 38, D190-D195. [CrossRef] [PubMed]

Chen, C.; Wu, Y;; Li, J.; Wang, X.; Zeng, Z.; Xu, J.; Liu, Y,; Feng, J.; Chen, H.; He, Y.; et al. TBtools-II: A “one for all, all for one”
bioinformatics platform for biological big-data mining. Mol. Plant 2023, 16, 1733-1742. [CrossRef] [PubMed]

Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGAS5: Molecular evolutionary genetics analysis using
maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 2011, 28, 2731-2739. [CrossRef]
[PubMed]

Gambino, G.; Perrone, I.; Gribaudo, I. A Rapid and effective method for RNA extraction from different tissues of grapevine and
other woody plants. Phytochem. Anal. 2008, 19, 520-525. [CrossRef] [PubMed]

Wang, S.; Duan, X.; Wang, S.; Hao, L.; Zhang, Y.; Xu, C.; Yu, Y.; Xiang, L.; Jiang, E; Heinlein, M.; et al. A chaperonin containing
T-complex polypeptide-1 facilitates the formation of the PbWoxT1-PbPTB3 ribonucleoprotein complex for long-distance RNA
trafficking in Pyrus betulaefolia. New Phytol. 2023, 238, 1115-1128. [CrossRef]

Zhang, Y.; Wang, S.; Li, W.; Wang, S.; Hao, L.; Xu, C.; Yu, Y;; Xiang, L.; Li, T.; Jiang, F. A long noncoding RNA HILinc1 enhances
pear thermotolerance by stabilizing PbHILT1 transcripts through complementary base pairing. Commun. Biol. 2022, 5, 1114-1134.
[CrossRef] [PubMed]

Mihara, M.; Uchiyama, M. Determination of malonaldehyde precursor in tissues by thiobarbituric acid test. Anal. Biochem. 1978,
1,271-278.

Golkar, P.; Akbari, R.; Bazarganipour, M.; Javed, R. Biochemical and phytochemical responses of Ammi visnaga L. (Apiaceae)
callus culture elicited by SiO; and graphene Oxide-SiO, nanoparticles. Plant Physiol. Biochem. 2023, 200, 107741. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/science.1244454
https://www.ncbi.nlm.nih.gov/pubmed/24458638
https://doi.org/10.1080/09168451.2018.1462693
https://www.ncbi.nlm.nih.gov/pubmed/29678122
https://doi.org/10.1038/s41587-019-0036-z
https://www.ncbi.nlm.nih.gov/pubmed/30778233
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1093/nar/gkp951
https://www.ncbi.nlm.nih.gov/pubmed/19900971
https://doi.org/10.1016/j.molp.2023.09.010
https://www.ncbi.nlm.nih.gov/pubmed/37740491
https://doi.org/10.1093/molbev/msr121
https://www.ncbi.nlm.nih.gov/pubmed/21546353
https://doi.org/10.1002/pca.1078
https://www.ncbi.nlm.nih.gov/pubmed/18618437
https://doi.org/10.1111/nph.18789
https://doi.org/10.1038/s42003-022-04010-7
https://www.ncbi.nlm.nih.gov/pubmed/36289367
https://doi.org/10.1016/j.plaphy.2023.107741

	Introduction 
	Results 
	Analysis of SSP Genes in the Pyrus betulifolia Genome 
	The Characteristic of SUBPEP3 
	preSUBPEP3 Response to Salt Stress 
	SUBPEP3 Could Improve the Salt Tolerance of Pears 
	Overexpression of SUBPEP3 Enhanced Salt Tolerance 

	Discussion 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	SSP Genes Annotation 
	GO and KEGG Enrichment Analysis 
	Domain Prediction and Phylogenetic Analysis 
	RNA Extraction and qRT-PCR 
	Peptide Synthesis 
	Plasmid Construction 
	Transient Expression and Plant Transformation 
	Western Blot 
	Salt Treatment and Salt Tolerance Assay 
	Subcellular Localization 

	References

