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Peptides encoded by small coding genes play an important role in
plant development, acting in a similar manner as phytohormones.
Few hormone-like peptides, however, have been shown to play a
role in abiotic stress tolerance. In the current study, 17 Arabidopsis
genes coding for small peptides were found to be up-regulated in
response to salinity stress. To identify peptides leading salinity
stress tolerance, we generated transgenic Arabidopsis plants over-
expressing these small coding genes and assessed survivability
and root growth under salinity stress conditions. Results indicated
that 4 of the 17 overexpressed genes increased salinity stress tol-
erance. Further studies focused on AtPROPEP3, which was the
most highly up-regulated gene under salinity stress. Treatment
of plants with synthetic peptides encoded by AtPROPEP3 revealed
that a C-terminal peptide fragment (AtPep3) inhibited the salt-
induced bleaching of chlorophyll in seedlings. Conversely, knock-
down AtPROPEP3 transgenic plants exhibited a hypersensitive
phenotype under salinity stress, which was complemented by
the AtPep3 peptide. This functional AtPep3 peptide region over-
laps with an AtPep3 elicitor peptide that is related to the immune
response of plants. Functional analyses with a receptor mutant of
AtPep3 revealed that AtPep3 was recognized by the PEPR1 recep-
tor and that it functions to increase salinity stress tolerance in
plants. Collectively, these data indicate that AtPep3 plays a signif-
icant role in both salinity stress tolerance and immune response in
Arabidopsis.
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Some of the peptides encoded by small coding genes are se-
creted from cells and translocated to other cells. These se-

creted peptides, referred to as peptide hormones (1–4), play an
essential role in plant development; similar to the role played
by phytohormones. Examples include phytosulfokine (PSK), a
growth factor related to cell proliferation; rapid alkalinization
factor (RALF), which regulates root growth; CLAVATA3
(CLV3), which is associated with the differentiation of stem
cells; LUREs, which guides pollen tube growth; STOMAGEN,
which is related to stomatal development; and casparian strip
integrity factor (CIF), which is related to the formation of the
casparian strip diffusion barrier, among others (5–12). Several
hormone-like peptides have been reported to function as long-
distance signal molecules in organ-to-organ communication (13,
14). C-terminally encoded peptide (CEP1) has been shown to
regulate root development in plants subjected to nitrate starva-
tion (15) and also functions in root-to-shoot signaling. Recently,
CLAVATA3/ESR-related 25 (CLE25) peptide has been shown
to transmit water-deficiency signals from root to shoot and
functions for dehydration stress tolerance as well (16). Although

CEP1 or CLE25 responses are dependent on environmental
conditions, most peptide hormones have been reported to play a
role in plant growth and development. Peptide hormones are
secreted from cells and bind to a receptor protein in a targeted
cell, resulting in the induction of a physiological response in
plants (2, 17). Therefore, treatment of plants with synthetic
peptides that were manufactured based on the coding sequence
of the small coding genes produces the similar phenotypic effect
observed in plants in which these small coding genes have been
overexpressed (ox) (8, 18, 19).
Peptide hormones related to wound response and biotic

stresses have been reported in plants (20–22). Systemin, CEP,
and the C terminus of a cysteine-rich secretory protein antigen 5,
and genes within the pathogenesis-related 1 proteins (CAP) su-
perfamily are associated with salinity stress response (23–25).
When overexpressed in plants, systemin functions as a positive
regulator of salinity stress tolerance, whereas both CEP and
CAP-derived peptide (CAPE) function as negative regulators.

Significance

Hormone-like peptides derived from small coding genes (<100
amino acids) have not been extensively characterized in re-
lation to abiotic stress tolerance. Focusing on 17 salinity stress-
inducible small coding genes in Arabidopsis, we showed that
four genes conferred increased salinity stress tolerance when
overexpressed in transgenic plants. One of the four genes
(AtPROPEP3) was found to induce salinity stress tolerance by
treatment with a 13-peptide (KPTPSSGKGGKHN) fragment, pro-
viding unique functional evidence for enhanced salinity stress
tolerance in plants in response to a peptide treatment. Although
the 13-peptide fragment shares homology with known peptides
associated with immune response, the other peptides may en-
code unique hormone-like peptides associated with salinity
stress tolerance.
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Despite the knowledge gained from the aforementioned studies,
very little is known pertaining to the role of peptide hormones in
abiotic stress responses such as drought, heat, salinity, and cold
stress. Therefore, in the present study which characterized
hormone-like peptides in Arabidopsis, we focused on salinity
stress as a representative abiotic stress. Salinity stress, which has
a significant negative impact on crop yields, is a global problem
(26–28). Salinity stress has two unique phases consisting of (i)
osmotic and (ii) ionic stress (27). When salts accumulate to high
concentrations in the soil, plants lose water due to osmotic stress
and they suffer growth inhibition. Consequently, both shoot
growth and leaf size are significantly reduced (29). Plants co-
ordinate the intracellular levels of compatible solutes to main-
tain osmotic balance, cell structure, and water flux (27). In
plants, the accumulation of Na+ or Cl− to high levels results in
the reduction of enzyme activity due to ionic toxicity (30, 31).
Several genes function in the salinity stress response such as salt
overly sensitive (SOS1–6), histidine kinase transporter (HKT),
and Na+/H+ exchanger (NHX), which are sodium (Na+) and
potassium (K+) transporters. SOS1–3, HKT, and NHX are as-
sociated with controlling the ion flux of Na+/H+ (32–38). SOS4
encodes pyridoxal (PL) kinase, which is a cofactor that regulates
Na+ and K+ ion transport (39). SOS5 functions in relation to cell
wall expansion and SOS6 is involved with osmotic stress toler-
ance. Mutations within these genes result in hypersensitive
phenotypes against salinity stress (40, 41). Thus, these pheno-
types support the conclusion that plants induce salinity stress
tolerance by regulating ion homeostasis and cell expansion.
To date, however, there have been few reports of hormone-

like peptides associated with salinity stress tolerance. It is plau-
sible that the functional roles of many small coding genes
(<100 amino acids) have not been well annotated (42, 43). Since
large-scale overexpression studies of small coding genes have
been previously used to successfully identify many hormone-like
peptides associated with plant development (42, 44–46), we
generated transgenic plants overexpressing individual salinity-
inducible small coding genes in the present study. Four of the
small coding genes conferred high levels of salt tolerance when
overexpressed in the aforementioned transgenic plants. Addi-
tional functional characterizations were performed for one of the
four small coding genes (AtPROPEP3) that conferred increased
salt tolerance by generating AtPROPEP3 knockdown plants,
confirming the essential role of AtPROPEP3 in salt tolerance.
Lastly, the functional segment of the AtPep3 peptide was iden-
tified, which was responsible for inducing salt tolerance in
Arabidopsis plants.

Results
Stress Tolerance of Transgenic Plants Subjected to Salt Stress.
Analysis of microarray data (46) for annotated and non-
annotated small coding genes (<150 aa) revealed more than a
fourfold increase in expression in response to salinity conditions
for 81 of the small coding genes. Among the salinity-inducible
genes, 19 genes were assigned to categories such as enzyme,
transcription factor, and heat shock lipoprotein, etc. (SI Appen-
dix, Table S1). Among the remaining 53 small coding genes and
9 unannotated small coding genes, representing gene candidates
encoding hormone-like peptides, we manually selected 15 small
coding genes and 2 unannotated small coding genes based upon
the presence of secreted signal amino acid sequences and high
homology across other plant species (SI Appendix, Fig. S1).
However, for these selections, we did not impose any bias with
respect to the amount of fold changes in response to salt treat-
ment (SI Appendix, Fig. S1).
To determine whether salt stress-induced small coding genes

play an integral role in salinity tolerance, we performed salinity
stress screening using overexpression (ox) plant lines corre-
sponding to the small coding gene candidates. As indicated in SI
Appendix, Fig. S2 and Table S2, more than two lines over-
expressing 13 of the 17 small coding genes exhibited higher levels
of survivorship than the wild-type (WT, Col-0) plants (survival

ratio ox/WT > 2). To further evaluate the effect of these small
coding genes in salinity stress tolerance, root growth was evalu-
ated in homozygous material (T3 generation) of the ox lines
under salinity stress conditions. Results indicated that primary
root length in AT5-, AT12-, AT13-, and AT23-ox plants was more
than 1.5 times longer than in WT plants (P value <0.05 using a
two-tailed t test, SI Appendix, Fig. S3). Our initial microarray
data indicated that these four genes had a higher level of in-
duction in response to salinity stress than the other 13 small
coding genes (P value = 0.0003, SI Appendix, Fig. S4). Among
the four small coding genes, AT13 mRNA exhibited the highest
induction (>100-fold) in response to salt stress. A liquid culture-
based salinity stress (150 mM NaCl) assay was also conducted in
which AT13-ox and WT plants were compared. Similar to the
previous screening assay, AT13-ox plants exhibited higher salinity
stress tolerance than WT plants (Fig. 1A). In addition, chloro-
phyll content in AT13-ox and WT plants was also measured,
indicating a significantly higher chlorophyll content in AT13-ox
plants than WT plants (Fig. 1A). A time-course evaluation of
root growth in WT and AT13-ox plants over a 14-d period
revealed significant differences between the plants by day 14
(Fig. 1B). Collectively, these observations support the supposi-
tion that AT13 plays an important role in salinity stress tolerance
in Arabidopsis. To provide further corroboration, additional
functional analyses of AT13 were performed.

AtPROPEP3/AT13, a Member of the AtPROPEP Family, Plays an
Important Role in Salinity Stress Tolerance. Although AT13 was
previously identified as AtPROPEP3, its functional role in re-
lation to salt stress tolerance was not known. AtPROPEP3/AT13
is a member of the AtPROPEP1–8 gene family, whose functions
are related to the plant immune system (21, 47). AtPROPEP1–8
genes encode elicitor peptides (AtPep1–8) that have been
functionally confirmed to induce defense-related responses in
plants via spray applications of synthetic AtPep1–8 peptides (47,
48). Data from the initial microarray analysis indicated that
AtPROPEP3/AT13 showed higher expression under salinity
stress relative to control conditions (SI Appendix, Fig. S5). Fur-
thermore, in our previously published microarray data, AtPROPEP3/
AT13 exhibited the highest level of expression among all of the
AtPROPEP gene family members in plants subjected to salt

Fig. 1. AtPROPEP3/AT13-ox plants exhibit high levels of salinity stress tol-
erance. (A) Photograph of AtPROPEP3/AT13-ox and WT plants after the
liquid culture-based salinity stress test and measurement of chlorophyll
content per fresh weight (FW). Ten-day-old plants were treated with MS
medium amended with 150 mM NaCl and then grown for 10 d. (B) Mea-
surement of primary root length in AtPROPEP3/AT13-ox (red bar) and WT
(blue bar) plants after the plate-based salinity stress test. One-week-old
plants were transferred to an agar plate containing MS medium amended
with 150 mM NaCl and then grown in a vertical orientation.
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stress (SI Appendix, Fig. S6). When the expression levels were
confirmed with qRT-PCR, AtPROPEP3/AT13 mRNA showed
the greatest induction, which was more than 15 times at 1.5 h
after NaCl treatment. On the other hand, AtPROPEP1 and -2
were ∼7–8 times greater after the same salinity treatment
compared with controls. When expression levels were com-
pared 15 min after NaCl treatment, AtPROPEP3 showed more
than 7 times greater expression, while AtPROPEP1 and -2
were 1.8 and 1.3 times, respectively. Thus, AtPROPEP3
showed the most rapid response among the AtPROPEP gene
family after salinity stress treatment (Fig. 2). Collectively,
these data support the hypothesis that AtPROPEP3/AT13
plays an important role in inducing salinity stress tolerance.

AT13 Peptide Enhances Salinity Stress Tolerance.To determine whether
or not the AtPep3/AT13 peptide encoded by AtPROPEP3/AT13
plays a functional role in salinity stress tolerance, a variety of syn-
thetic peptide fragments were applied and salinity stress tolerance
was evaluated using a liquid culture-based salinity stress assay. The
structures of the various synthetic peptides are presented in Fig. 3A.
To identify the functional region(s) within AtPROPEP3/AT13,
peptide fragments (∼30 amino acids), with overlapping regions of
15 amino acids, were synthesized and used to treat plants. Sum-
marized data for treatment with the synthetic peptides are pre-
sented in SI Appendix, Table S3. Seven-day-old WT Arabidopsis
plants were pretreated with each peptide for a period of 3 d. Sub-
sequently, both 150 mM NaCl and 10 μM of peptide fragments
were administered at the same time in a liquid culture-based
salinity stress assay. Arabidopsis plants treated with the AT13-
5 peptide fragment exhibited the highest level of salinity stress
tolerance in relative comparison with plants treated with the
other peptide fragments or the untreated controls (Fig. 3B and SI
Appendix, Fig. S7). Additionally, the chlorophyll content in
seedlings treated with AT13-5 was significantly higher than the
untreated control or seedlings treated with the other peptide
fragments (Fig. 3C).

Functional Roles of AT13/AtPep3 Peptides Relative to Salinity Stress.
Treatment of plants with the AtPep3/AT13 peptide resulted in a
phenotype similar to the one observed in AtPROPEP3/AT13-ox
plants (Figs. 1 and 3). Therefore, a microarray analysis ofAtPROPEP3/
AT13-ox, AT13-5 peptide-treated, and WT plants was conducted
to identify genes that were induced by the AT13-5 peptide. The
analysis focused on 165 genes that were up- or down-regulated in
both AtPROPEP3/AT13-ox and AT13-5 peptide-treated plants
compared with WT plants (SI Appendix, Table S4) [false dis-
covery rate (FDR) <0.05]. A salinity-inducible gene, AT1g17710,
was up-regulated in both the AtPROPEP3/AT13-ox and AtPep3/
AT13 peptide-treated plants and this response was subsequently
confirmed by qRT-PCR (SI Appendix, Fig. S8 and Table S4).
Although overrepresented gene ontology (GO) categories in
AtPROPEP3/AT13-ox and AT13-5 peptide-treated plants were
examined, none of the typical salinity or abiotic stress responsive
genes were identified in either AtPROPEP3/AT13-ox or AT13-5

peptide-treated plants (SI Appendix, Table S5). Nevertheless, both
up- and down-regulated genes exhibited a significant linear cor-
relation in overexpressing and peptide-treated plants (r = 0.65, P
value = 2.0 × 10−21), indicating that similar sets of genes were
altered in both sets of plants (Fig. 4). These data indicate that the
AT13-5 peptide treatment has a similar effect as AtPROPEP3/
AT13-ox at the genomic level.
To address the functional roles of AtPROPEP3/AT13 in sa-

linity stress responses, we examined the common genes regulated
by salinity stress conditions (2 h and 6 h) in our previous
microarray and the 165 genes regulated by treatment with the
AT13-5 peptide and AtPROPEP3/AT13-ox. Out of 165 genes,
most of the genes (157/165 = 95%) were regulated by salinity
stress treatment as well, indicating that unknown salinity-induced
genes are substantially regulated by AtPROPEP3/AT13. Addi-
tionally, genes related to other phytohormones, such as ABA,
JA, and SA, were not particularly altered (SI Appendix, Table S6).
As shown in Fig. 5 and SI Appendix, Fig. S9, AtPROPEP3/

AT13 RNAi plants exhibited a salt-sensitive phenotype when
exposed to 125 mM NaCl. This response was quantitatively
verified by measuring chlorophyll content (Fig. 5 and SI Ap-
pendix, Fig. S9). The ability to complement the AtPROPEP3/
AT13 RNAi plants by applying synthetic AT13-5 peptide was
also examined. When RNAi plants were treated with 100 nM of
AT13-5 peptide, the salt-sensitive phenotype of RNAi plants was
complemented and these plants exhibited salinity stress toler-
ance relative to nontreated plants (Fig. 5 and SI Appendix, Fig.
S9). As confirmed by qRT-PCR, one of the genes regulated by
AtPROPEP3/AT13, AT1g17710, was down-regulated in RNAi
plants (SI Appendix, Fig. S8). These data indicated that the
AtPep3/AT13 peptide was essential for the induction of salinity
stress tolerance.
High levels of salinity stress tolerance were conferred both

when the AtPROPEP3/AT13 coding sequence was overexpressed
and also when plants received treatment with the AtPep3/
AT13 peptide (Figs. 1 and 3). In plants, salinity stress occurs in
two phases: (i) osmotic and (ii) Na+ ion stress. When osmotic
stress tolerance was evaluated after application of the AtPep3/
AT13 peptide, no significant differences were observed between
the peptide treatment and the control (SI Appendix, Fig. S10).
These data suggested that the AtPep3/AT13 peptide might

Fig. 2. Expression level of AtPROPEPs under salinity stress treatment. Fold
changes of AtPROPEP genes were analyzed by qRT-PCR analysis. Two-week-
old wild-type plants were treated with 200 mM NaCl and collected over a 3-h
time-coursed sampling period.

Fig. 3. AtPep3/AT13 peptide induced salinity stress tolerance. (A) Full-length
amino acid sequence of AT13 and synthetic peptide fragments used in the salt
treatment assay. Overlapping peptide fragments covering the entire AT13
protein (∼30 amino acids in length) were synthesized. Sequence details are
provided in SI Appendix, Table S3. (B and C) Images of representative plants
after each peptide/salt treatment and chlorophyll content per fresh weight
(FW) in plants after each peptide/salt treatment, respectively. Seven-day-old
plants were pretreated with 10 μM of a peptide fragment for 3 d (peptide
pretreatment) followed by a combined treatment with the peptide plus
150 mM NaCl. All treatments were carried out in liquid culture. Plants were
grown for 10 d and chlorophyll content was subsequently assessed.
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function to confer salinity stress tolerance in relation to the ionic
stress induced by Na+.

Identification of the Minimal Functional Fragment for Inducing
Salinity Stress Tolerance. A dose–response test was conducted to
determine the lowest concentration of AT13-5 peptide that was
sufficient enough to induce salinity stress tolerance. The results
revealed that 10 nM of the AT13-5 peptide was still capable of
inducing a high level of salt tolerance relative to untreated plants
(Fig. 6), suggesting that the AtPep3/AT13 peptide functions at
low concentrations in a similar effective range as other known
peptide hormones. In addition, the data suggest that the AT13-
5 peptide fragment contains the functional region of the AtPep3/
AT13 peptide. Furthermore, to identify the causal functional
region of the AtPep3/AT13 peptide for salinity stress tolerance,
we carried out a peptide application test using several different
lengths of the AT13 peptide, including the AtPep3 fragment as
previously reported (21) (SI Appendix, Fig. S11 and Table S3).
According to the test, 13-peptide (KPTSSGKGGKHN), AT13
(11–23) was the minimum size for activity under our experi-
mental conditions (SI Appendix, Fig. S12).
When using synthetic peptides, contamination risks associated

with the preparation of peptide batches have been previously
reported (49). To minimize the potential for additional effects
contributed from other peptide impurities, a bioactivity exami-
nation was performed with high-purity (>90%) synthetic pep-
tides of Pep3 and AT13 (11–23) (SI Appendix, Table S3). As
shown in SI Appendix, Fig. S13, WT plants exhibited high salinity
tolerance when treated with both of the purified peptides.
To detect the AtPep3/AT13 peptide in planta, we performed

mass spectrometric analysis in either NaCl-treated or nontreated
plants (SI Appendix, Fig. S14). According to the LC-MS/MS anal-
ysis, we identified a “TKPTPSSGKG” fragment, which overlapped
with the minimum functional size of the AtPep3/AT13 peptide,
from both NaCl-treated and nontreated plants (SI Appendix, Fig.
S14 A and B). When comparing the areas of detected peaks of
Pep3 from NaCl-treated and control samples by LC-MS analysis,
the NaCl-treated sample was more than two times greater than the
nontreated control (SI Appendix, Fig. S14 C and D). Collectively,
these data suggest that this functional region of the AtPep3/
AT13 peptide increased under salinity stress conditions and is ca-
pable of inducing salinity stress tolerance in plants.

Common Pathway for Salinity Stress Tolerance and Immune
Response. AtPep3 is a member of the Pep family and is an elic-
itor peptide for immune response in plants (21). Infections from
both pathogens or bacteria have been shown to up-regulate
AtPROPEP1–7 genes belonging to the Pep family. The binding of
AtPeps encoded by AtPROPEP1–7 with two membrane-receptor
kinase genes (PEPR1 and -2) as ligands (47, 48, 50) is func-
tionally important for the immune response in Arabidopsis. The

AtPep3/AT13 peptide has already been reported to preferen-
tially bind to the PEPR1 receptor (48). In the present study, we
demonstrated that the AtPep3/AT13 peptide plays an important
role in plant salinity stress tolerance (Fig. 3). To elucidate
whether the salinity stress tolerance conferred by treatment with
the AtPep3/AT13 peptide is dependent upon a similar in-
teraction of with PEPR1 or -2, as observed in the immune re-
sponse of plants, we examined tolerance to salinity stress using
single or double mutant plants of pepr1 and -2. When pepr1, -2,
and double mutants were treated with only 125 mM NaCl, and
did not receive an AtPep3/AT13 peptide treatment, all mutants
exhibited a salinity sensitive phenotype compared with WT (SI
Appendix, Fig. S15). When the AtPep3/AT13 peptide was ap-
plied to these mutants under the 125 mM NaCl stress condition,
only pepr2 single mutants exhibited salinity stress tolerance,
while both pepr1 and double mutants exhibited sensitivity to the
salinity stress (Fig. 7 and SI Appendix, Fig. S16). These data in-
dicated that the pathway between AtPep3/AT13 peptide and
PEPR1 plays an important role for salinity stress tolerance.
Thus, it is likely that salinity stress tolerance and immune re-
sponse are induced by a shared pathway among the AtPep3/
AT13 peptide and PEPR1.

Discussion
Hormone-like peptides have been recently identified in plants
(1–3) and only a few have been shown to play a role in abiotic
stress tolerance. In the present study, we demonstrated that
AT13-ox plants exhibited a high level of survivorship compared
with WT plants. In addition, we isolated function to the peptide
level and confirmed that exogenous application of synthetic
AtPep3 peptide was capable of enhancing salinity tolerance
of plants.
Although AT13 was previously identified, its functional role in

relation to salt stress tolerance was not known. AtPROPEP3/
AT13 is a member of the AtPROPEP1–8 gene family, whose
functions are related to the plant immune system (21). We
confirmed that the AtPROPEP3/AT13 gene was induced by
treatment with salinity stress and that AtPROPEP3/AT13 showed
the highest induction among the gene family (Fig. 2). These data
suggested that AtPROPEP3/AT13 functions as a trigger for sa-
linity stress response.
Exogenous treatment of plants with a predicted mature pep-

tide of AtPep3 (EIKARGKNKTKPTPSSGKGGKHN) induced
biotic stress tolerance. These results were in accordance to what
was observed for treatment with AtPep1, -2, and -4–7 (47, 48). In
the present study, a larger fragment of AtPep3 was applied and
found to induce salinity stress tolerance. To determine whether
the functional region of the peptide was similar for inducing
tolerance to both salinity and biotic stresses, we examined salinity
stress tolerance after treatment with a size range of synthetic
AtPep3/AT13 peptides (Fig. 3 and SI Appendix, Fig. S11 and Table
S3). We identified the minimal fragment (KPTPSSGKGGKHN)
which effectively induced salinity stress tolerance, and importantly,

Fig. 5. Phenotype of AtPROPEP3/AT13 RNAi plants subjected to salinity
stress. (Left) Representative images of WT, AtPROPEP3/AT13 RNAi, and
AtPROPEP3/AT13 RNAi + AT13-5-treated (100 nM) plants subjected to salt
stress in a liquid culture-based salinity stress test. (Right) Chlorophyll content
per fresh weight (FW) in seedlings after the salt stress test. The salinity stress
test utilized 125 mM NaCl and plants were grown for 10 d before measuring
the chlorophyll content.

Fig. 4. Comparison of gene expression in AtPROPEP3/AT13-ox and WT
plants treated with the AT13-5 peptide. Log values of gene expression ratios
of AtPROPEP3/AT13-ox and AT13-5 peptide-treated plants were plotted.
Vertical and horizontal plots indicate alterations in gene expression patterns
in AtPROPEP3/AT13-ox and AT13-5 peptide-treated plants, respectively.
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this fragment overlapped with the efficacious region which also
conferred tolerance to biotic stress (SI Appendix, Figs. S11 and
S12). We partially identified the endogenous AtPep3/AT13
peptide (TKPTPSSGKG) from plants by LC-MS/MS analysis
(SI Appendix, Fig. S14). LC-MS/MS analysis revealed that the
AtPep3/AT13 peptide was increased by NaCl treatment (SI
Appendix, Fig. S14). Taken together with the increased expres-
sion of AtPROPEP3/AT13 mRNA under NaCl-treated condi-
tions (as shown in Fig. 2), these data suggest that the AtPep3/
AT13 peptide accumulated under salinity stress conditions and
functioned for salinity stress tolerance in plants. In addition, our
present data determined that the C-terminal region of the
AtPep3/AT13 peptide plays an essential role for inducing tol-
erance to both salinity and biotic stress.
Treatment with the AtPep3/AT13 peptide induces both

salinity stress and biotic stress tolerance within a similar con-
centration range to other peptide hormones. Specifically, a dose–
response test revealed that application with 10 nM of the
AtPep3/AT13 peptide still induced a high level of salinity stress
tolerance in WT Arabidopsis plants (Fig. 6 and SI Appendix, Fig.
S13). With respect to immunity response, treatment with either
AtPep1 or AtPep3 peptides at comparably low concentrations
(1–10 nM) induced the expression of defense-responsive genes
(21, 48, 51). Taken together, it is likely that, similar to other
peptide hormones, that the AtPep3/AT13 peptide functions in
plants at a very low concentration within intercellular spaces.
Interestingly, AtPROPEP1–7 genes, including AtPROPEP3/AT13,

do not contain signals for secretion in their N-terminal regions. It
is not clear how AtPep1–7, which is encoded by AtPROPEP1–7,
functions within plant intercellular spaces. AtPeps are thought to
increase within cytoplasm after pathogen or bacterial infection.
Subsequently, cell membranes are damaged and AtPeps are re-
leased and then recognized by PEPR1 and -2 receptors which are
localized on the cell surface (48, 50, 52, 53). Indeed, similar to the
plant immune response, we found that the AtPep3/AT13 peptide was
recognized by PEPR1 but not by PEPR2; resulting in the induction
of salinity stress tolerance in WT plants (Fig. 7). AtPeps, especially
AtPep3, were highly induced by salinity stress and were likely release
after the occurrence of cellular damage resultant from the stress. After
release, the AtPeps were recognized by specific receptors shared be-
tween the common pathway that could be activated to elicit immune
response and function to induce salinity stress tolerance in plants.
These observations support the conclusion that both salinity and biotic
stress result in comparable types of cellular damage, resulting in
similar cellular responses that are mediated by AtPeps.
At the present time, specifics pertaining to the molecular

signaling of salinity tolerance by the AtPep3/AT13 peptide are
still not known. The AT1g17710 gene (PEPC1), was up-reg-
ulated in both the AtPROPEP3/AT13-ox and AtPep3/AT13
peptide-treated plants, and conversely, down-regulated in
RNAi plants (SI Appendix, Fig. S8 and Table S4). The PEPC1

gene possesses a pyridoxal phosphate phosphatase-related
domain which may likely catalyze pyridoxal 5-phosphate
(PLP) to pyridoxal, which is an active form of vitamin B6. PLP
is also recognized as a cofactor of several enzymes and can
bind to ion channels and may therefore regulate Na+ influx
(54, 55). It is possible that the regulation of Na+ influx by
activated AtPep3/AT13 peptide might be the basis for the
observed salinity stress tolerance observed in the present
study, which is opposite of the response reported in the salt
overly sensitive 4 mutant (54, 56, 57).
In this study, out of 81 up-regulated small coding genes, four

candidates of sORF overexpressing plants exhibited high levels
of salinity stress tolerance. Although we only examined the
functional role of AT13, it is likely that the other three genes may
also be associated to a new signaling network in relation to sa-
linity stress tolerance. In a similar investigation, Chien et al. (25)
also examined the salinity stress response within the CAP gene
family consisting of small coding genes. Among the CAP genes,
Chien et al. identified a secreted small peptide (AtCAPE1) which
exhibited a salinity stress-tolerant phenotype within the knockout
mutant. It is important to note that no similar genes were af-
fected by the overexpression of AT13 or the knockout of
AtCAPE1. Taken together, it appears that multiple small coding
genes play various functional roles within salinity stress-related
signal cascades.

Materials and Methods
Plant material and growth conditions, generation of AtPROPEP3/AT13-over-
expressing and RNAi plant lines, salinity stress assay, liquid culture-based salinity
stress test, measurements of chlorophyll content, peptide design and treatment
assay, microarray analysis, immunoprecipitation, sample preparation for MS/MS
analysis and LC-MS/MS analysis, and database searching are described in SI Ap-
pendix, Supporting Text.

Fig. 7. Phenotype of pepr mutant plants subjected to salinity stress. (Top)
Images of representative plants after each peptide/salt treatment. (Bottom)
Chlorophyll content per fresh weight (FW) in plants after each peptide/salt
treatment. Seven-day-old single or double receptor mutant plants were
pretreated with 100 nM of a peptide fragment for 3 d (peptide pre-
treatment) followed by a combined treatment with the peptide plus
150 mM NaCl. All treatments were carried out in liquid culture. Plants were
grown for 10 d and chlorophyll content was subsequently assessed. The
presented data represent the average of three biological replicates.

Fig. 6. Dose–response test of the AtPep3/AT13 peptide affected in salinity
stress tolerance. (Left) Representative images of plants from the AT13-
5 dose–response test. (Right) Chlorophyll content per fresh weight (FW) in
plants after each peptide/salt treatment. Plants were treated with different
concentrations of AT13-5 peptides for 3 d (peptide pretreatment) before
being treated with medium containing the different concentrations of the
peptide plus 150 mM NaCl. The presented data represent the average of
three biological replicates. DMSO treatment was used as a control.
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