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Abstract

High soil salinity negatively affects plant growth and development, leading to a severe decrease in crop production world-
wide. Here, we report that a secreted peptide, PAMP-INDUCED SECRETED PEPTIDE 3 (PIP3), plays an essential role in plant
salt tolerance through RECEPTOR-LIKE KINASE 7 (RLK7) in Arabidopsis (Arabidopsis thaliana). The gene encoding the PIP3
precursor, prePIP3, was significantly induced by salt stress. Plants overexpressing prePIP3 exhibited enhanced salt tolerance,
whereas a prePIP3 knockout mutant had a salt-sensitive phenotype. PIP3 physically interacted with RLK7, a leucine-rich
repeat RLK, and salt stress enhanced PIP3-RLK7 complex formation. Functional analyses revealed that PIP3-mediated salt
tolerance is dependent on RLK7. Exogenous application of synthetic PIP3 peptide activated RLK7, and salt treatment signif-
icantly induced RLK7 phosphorylation in a PIP3-dependent manner. Notably, MITOGEN-ACTIVATED PROTEIN KINASE3
(MPK3) and MPK6 were downstream of the PIP3-RLK7 module in salt response signaling. Activation of MPK3/6 was atten-
uated in pip3 or rlk7 mutants under saline conditions. Therefore, MPK3/6 might amplify salt stress response signaling in
plants for salt tolerance. Collectively, our work characterized a novel ligand-receptor signaling cascade that modulates
plant salt tolerance in Arabidopsis. This study contributes to our understanding of how plants respond to salt stress.
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Introduction

As a major abiotic stress, high soil salinity severely affects
plant growth and crop productivity globally (Van Zelm
et al, 2020). Climate change and inappropriate irrigation
practices further exacerbate soil salinization, threatening
worldwide food security (Cheeseman, 2016). Accumulated
sodium ions (Na™) in the soil reduce water availability for
plants, leading to osmotic stress (Munns and Tester, 2008).
Another detrimental effect caused by high NaCl concentra-
tions is ionic toxicity for plants (Yang and Guo, 2018). The
accumulation of Na™ in the cytoplasm might replace essen-
tial potassium ions (K™) and disrupt cellular ionic homeo-
stasis, resulting in metabolic disorder in plant cells (Yang
and Guo, 2018). Plants have evolved a variety of physiologi-
cal and biochemical strategies to cope with elevated soil sa-
linity to survive and complete their life cycles (Yang and
Guo, 2018; Van Zelm et al, 2020). These adaptive responses
are regulated by multiple signaling networks including ion
exclusion and sequestration, metabolic refiguration, as well
as growth and developmental adjustments (Zhu, 2016; Yang
and Guo, 2018). For instance, the Salt Overly Sensitive (SOS)
signaling pathway plays an essential role in maintaining ionic
homeostasis in plants under saline conditions (Yang and
Guo, 2018). Regulators of the SOS pathway such as 14-3-3
proteins and the GSK3-like kinase BRASSINOSTEROID (BR)-
INSENSITIVE 2 have been functionally characterized and
shown to fine-tune SOS-mediated ionic homeostasis and
growth adjustment in plants responding to salt stress (Zhou
et al,, 2014; Li et al,, 2020).

Peptide ligands have emerged as essential mediators of
cell-to-cell communication during plant growth and stress
responses (Matsubayashi and Sakagami, 2006; Matsubayashi,
2014). Based on their general features, more than 1,000 pu-
tative peptides have been identified in Arabidopsis
(Arabidopsis thaliana) using bioinformatics tools (Lease and
Walker, 2010). In general, peptides are characterized as small
proteins with an N-terminal signal peptide (SP), a variable
region in the middle, and a conserved C-terminus contain-
ing the active peptide (Matsubayashi, 2014). They are ini-
tially translated as propeptides and directed into the
secretory pathway through their SP, and the propeptide can
be proteolytically processed into an active peptide that may
undergo additional specific modifications required for pep-
tide-receptor binding (Matsubayashi, 2014; Chen et al,
2020). Through ligand-receptor interaction, peptide ligands
might coordinate initial environmental stress responses to
subsequent cellular signaling (Takahashi et al, 2019; Chen
et al, 2020). For instance, CLAVATA 3/ENDOSPERM
SURROUNDING REGION-RELATED 25 (CLE25) is an endog-
enous 12-amino acid (AA) peptide with two hydroxylated
proline residues (Kondo et al, 2006). CLE25 effectively pre-
vents water loss in Arabidopsis by transmitting a water defi-
cit signal from the root to the shoot and controlling
stomatal closure upon dehydration (Takahashi et al,, 2018).
In addition, an 11-AA peptide of CAP-DERIVED PEPTIDE 1
was reported to negatively regulate plant salt tolerance by
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downregulating the expression of salt tolerance genes under
high salinity conditions (Chien et al, 2015). In contrast, the
defense-related peptide PLANT ELICITOR PEPTIDE (Pep)
AtPep3 derived from the AtPROPEP3 precursor peptide
might prevent chlorophyll bleaching in plants grown under
saline conditions (Nakaminami et al, 2018). Functional dissec-
tion revealed that AtPep3 can be recognized by its receptor
PEP1 RECEPTOR 1 (PEPR1), whose loss of function nearly
abolished AtPep3-induced salt resistance in Arabidopsis
(Nakaminami et al, 2018). However, it should be noted that
only a small fraction of predicted peptides has been currently
functionally annotated or matched to a receptor.

Plant RECEPTOR-LIKE KINASEs (RLKs) belong to a large
protein family with more than 600 members in Arabidopsis
(Shiu et al, 2004), of which leucine-rich repeat (LRR)-RLKs
(LRR-RLKs) represent the largest subfamily (Torii, 2004; Gou
et al, 2010). A typical RLK contains an extracellular domain,
a transmembrane domain, and a characteristic serine/threo-
nine protein kinase domain (Torii, 2004). The extracellular
domain may perceive a wide range of extracellular signals or
ligands, leading to phosphorylation/activation of the intra-
cellular kinase domain and subsequent activation of down-
stream signaling (Osakabe et al, 2013). Numerous studies
have demonstrated that MITOGEN-ACTIVATED PROTEIN
KINASE (MAPK) cascades might act downstream of RLKs in
Arabidopsis (Meng et al,, 2012; Li et al, 2014). In fact, MAPK
cascades have been characterized as a hub of diverse signal-
ing pathways (Asai et al., 2002; Mishra et al,, 2006). RLKs are
indeed involved in multiple signaling processes in plants,
such as BR INSENSITIVE 1 for BR signaling (Li and Chory,
1997), FLAGELLIN-SENSITIVE 2 for plant immune responses
(Gémez-Gomez and Boller, 2000), and HAESA for the regu-
lation of abscission (Jinn et al,, 2000). Importantly, RLKs also
function in adaptive responses to salt stress. As mentioned
above, the RLK PEPR1 is required for AtPep3-induced salt
tolerance (Nakaminami et al,, 2018). Another example is rice
(Oryza sativa) SALT INTOLERANCE 1, a lectin-type RLK that
modulates salt sensitivity by phosphorylating MPK3/MPK6,
and mediates ethylene signaling as well as reactive oxygen
species (ROS) homeostasis (Li et al, 2014). Furthermore,
FERONIA (FER), a member from the Catharanthus roseus
RLK1-like (CrRLK1L) family in Arabidopsis, also regulates
plant growth and salt tolerance (Zhao et al, 2018). FER,
LEUCINE-RICH REPEAT  EXTENSINs, and  RAPID
ALKALINIZATION FACTOR peptides may form a functional
module that connects salt stress-induced cell-wall alterations
to salt stress responses (Zhao et al,, 2018). In addition, FER-
dependent signaling may elicit a cell-specific calcium (Ca**)
signal to maintain cell wall integrity during salt stress and
root growth recovery after exposure to high salinity (Feng
et al, 2018).

Despite the extensive knowledge provided by the previous
studies, little is known regarding the functional role of pep-
tide—RLK modules in plant salt tolerance signaling. Here, we
show that Arabidopsis PAMP-INDUCED SECRETED PEPTIDE
3 (PIP3) modulates salt tolerance through RLK7. PIP3
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physically interacts with RLK7 in planta, and salt stress
enhances PIP3-RLK7 complex formation. PIP3-mediated salt
tolerance requires RLK7, while salt treatment significantly
induces RLK7 phosphorylation in a PIP3-dependent manner.
MPK3 and MPKG6 function downstream of PIP3—RLK7 mod-
ule and possibly amplify salt stress signaling in plants, result-
ing in enhanced salt tolerance. Taken together, our work
identified a ligand-receptor signaling cascade that modu-
lates plant salt tolerance in Arabidopsis. The salt-activated
PIP3—-RLK7 module activates downstream MPK3/6 for plant
resistance to salt stress. Our work enhances our understand-
ing of plant salt tolerance, and provides putative targets for
engineering salt-tolerant crops.

Results

Salt stress significantly upregulates prePIP1 and
prePIP3 transcription

Arabidopsis PIP and PIP-LIKE (PIPL) peptides form a family
consisting of 11 members (PIP1-3 and PIPL1-8) (Hou et al,
2014; Vie et al, 2015). Structurally, each of their precursors,
prePIP/prePIPLs, possesses an N-terminal SP, a variable re-
gion in the middle, and one or two conserved core SGPS
motif(s) in the C-terminus (Figure 1A). Phylogenic analysis
using the full-length protein sequences of prePIP/prePIPLs
revealed that they can be grouped into three clades, imply-
ing that there might exist functional divergence among PIP/
PIPL members (Figure 1B). Previous studies showed that
prePIP/prePIPL transcription is induced by a variety of biotic
and/or abiotic stresses, with some prePIP/prePIPL genes spe-
cifically induced by salt stress (Vie et al, 2015), suggesting
their possible regulatory role in plant salt stress response. As
determined by real-time quantitative PCR (RT-qPCR) analy-
sis of 10-day-old Columbia-0 (Col-0) seedlings left untreated
or treated with 125-mM NadCl for the indicated time peri-
ods, we validated the transcriptional induction of prePIP/
prePIPL genes by salt stress at different levels (Figure 1C).
Among them, prePIPT and prePIP3 were strongly upregu-
lated upon salt exposure, and the induction of prePIP3 ex-
pression was much higher than that of prePIP1 (Figure 1C).

We generated a fusion construct consisting of the green
fluorescent protein (GFP) coding sequence cloned in-frame
and downstream of prePIP3 or prePIP1 and obtained the
resulting independent transgenic plants prePIP3pro:prePIP3-
GFP (PIP3-OE, OE designating [over]expression driven by the
gene’'s promoter) and prePIP1pro:prePIP1-GFP  (PIP1-OE)
(Supplemental Figure S1, A, B, G and H). Immunoblot results
showed that prePIP3 protein accumulates to a higher level
more rapidly than prePIP1 when the transgenic plants were
exposed to salt treatment for the indicated time periods
(Figure 1, D and E), suggesting a possible role for PIP3 and
PIP1 in plant salt responses.

To explore such a potential role, we generated transgenic
plants overexpressing each prePIP/prePIPL except prePIPL6
due to its low transcript abundance (Supplemental Figure
S1, C—F). Phenotypic analyses demonstrated that, except for
35Spro:prePIP3-GFP (PIP3-OX, OX designating overexpression
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driven by the 35S promoter) seedlings, all other transgenic
lines display comparable salt sensitivity as the wild-type
(WT) Col-0 (Supplemental Figure S2, A-C). In contrast,
PIP3-OX seedlings exhibited higher germination and cotyle-
don greening rates than WT (Supplemental Figure S2, A-C).
Together, these results demonstrated that PIP3 is possibly
involved in plant salt tolerance regulation.

PIP3 modulates plant salt tolerance in Arabidopsis
PIP/PIPL peptides are predicted to be secreted to the apo-
plastic space (Matsubayashi, 2011; Hou et al,, 2014; Vie et al,,
2015). In fact, PIP1 was previously validated as a secreted
peptide (Hou et al, 2014). To experimentally determine
whether PIP3 is also secreted, we transiently co-infiltrated
prePIP3-GFP and PLASMA MEMBRANE (PM) INTRINSIC
PROTEIN 2;1 (PIP2;1)-mCherry (Ma et al., 2015) constructs in
Nicotiana benthamiana leaves. Following mannitol treat-
ment, the plasmolyzed cells were observed by confocal mi-
croscopy. Similar to PIP1 (Hou et al, 2014), our plasmolysis
assay revealed that PIP3-GFP fluorescence is indeed distrib-
uted in the apoplastic space (Figure 2A), indicating that
PIP3 is a secreted peptide. In the plasmolysis assay, the
PIP2;1-mCherry fusion protein was used as a PM marker
(Figure 2A).

To further determine the regulatory role of PIP3 in plant
salt tolerance, we carried out salt sensitivity assays using
seedlings of Col-0 and PIP3-OX (lines #3, #4, and #6). When
4-day-old seedlings were transferred from Murashige and
Skoog (MS) medium to fresh MS medium containing 125-
mM NacCl, PIP3-OX seedlings displayed less growth inhibition
for both root and shoot compared to Col-0 (Figure 2, B-D).
In contrast, we observed no obvious growth difference be-
tween WT and PIP3-OX seedlings under control conditions
of MS medium alone (Figure 2, B-D). As salt stress disrupts
cellular ionic homeostasis in plants (Yang and Guo, 2018),
we determined the intracellular Na* accumulation in root
tips by staining with the fluorescent Na™ indicator CoroNa
Green (Oh et al, 2010). Root tip cells of PIP3-OX seedlings
accumulated less Na® compared to WT seedlings when
treated with salt (Figure 2, E and F). We also determined
the Na* and K™ contents in Col-0 and PIP3-OX seedlings:
2-week-old Col-0 and PIP3-OX seedlings grown on soil were
left untreated or treated with 300-mM NaCl, and then sub-
jected to atomic absorption spectrophotometer (AAS)
analysis using shoot and root tissues separately. PIP3-OX
seedlings accumulated less Na® but more K™ than WT
seedlings (Figure 2, G-J), leading to a lower Na* /K™ ratio
in both shoots and roots (Supplemental Figure S3, A and
B). In addition, soil-grown PIP3-OX plants exhibited better
growth with higher chlorophyll contents than Col-0 ex-
posed to the same salt treatment (Supplemental Figure
S4, A-C). In all experiments, we observed no differences
for plant growth or ion contents among the tested geno-
types grown under normal growth conditions (Figure 2,
E-J; Supplemental Figure S4).

We also generated pip3 homozygous mutants (lines #1 and
#2) that harbor a 47-bp deletion in prePIP3 using clustered
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Figure 1 prePIP1 and prePIP3 are highly induced by salt stress. A, Schematic representation of prePIP/prePIPLs. Blue boxes represent the SP identi-
fied by SignalP version 4.1, while gray boxes indicate variable regions, and various shades of red boxes represent the conserved domains (SGPS,
SGP, and SGSS) among PIP/PIPL peptides. B, Phylogenetic analysis of prePIP/prePIPL family members. The phylogenetic tree was constructed based
on the protein sequence alignment of prePIP/prePIPLs using the neighbor-joining method with 1,000 bootstrap replicates in MEGA6. The values
at the nodes represent percent of bootstrap confidence level. The scale bar 0.2 indicates AA substitutions per site. C, RT-qPCR analysis of PIP/PIPL
transcript levels in 10-day-old Col-0 seedlings left untreated or treated with 125-mM NaCl for the indicated times. ACTIN 2 was used as the inter-
nal control. Expression levels in Col-0 under control conditions were set to 1. Error bars represent s (n = 3). Results are shown from one represen-
tative out of three independent experiments. D and E, Immunoblot assays for prePIP1 and prePIP3 abundance. Ten-day-old prePIP1pro:prePIP1-
GFP (D) and prePIP3pro:prePIP3-GFP (E) seedlings were left untreated or treated with 125-mM NaCl for the indicated times. Then total proteins

were extracted and detected with anti-GFP and anti-actin antibodies.

regularly interspaced short palindromic repeats (CRISPR)/
Cas9-mediated gene editing (Supplemental Figure S5, A and
B). Salt sensitivity analysis showed that pip3 seedlings display
slower growth compared to Col-0 under saline conditions
(Figure 3, A-C). We also observed that pip3 seedlings have
lower germination and cotyledon greening rates than Col-0
when treated with salt (Supplemental Figure S5, C-E). In
agreement, CoroNa Green staining revealed more Na™* accu-
mulating in the root tip cells of pip3 seedlings relative to Col-
0 (Figure 3, D and E). To determine whether the salt-sensitive
phenotype seen in pip3 was due to the loss of PIP3, we con-
structed the complementation lines pip3 prePIP3pro:prePIP3-
GFP (PIP3-COM, lines #1 and #2; Supplemental Figure S1A).
Phenotypic analysis revealed that the transgenic genomic
copy of prePIP3 fully rescues the salt sensitivity of pip3 back
to WT levels (Supplemental Figure S5, F-H).

We next performed exogenous applications of synthetic
PIP3 peptide. Accordingly, a peptide was synthesized com-
prising the last 35 AAs of the prePIP3 C-terminus including
two conserved SGPS motifs. Using a liquid culture-based salt
sensitivity assay with 7-day-old Col-0 and pip3 (line #1)
seedlings, pip3 mutant seedlings exhibited a stronger re-
tarded growth with lower fresh weight and chlorophyll con-
tents compared to Col-0 under saline conditions (Figure 3,
F-H). Notably, the salt-sensitive phenotype of pip3 seedlings
was nearly rescued to Col-0 levels when synthetic PIP3 pep-
tide was added to the medium (Figure 3, F-H). Taken to-
gether, these results demonstrated that the reduced plant
salt tolerance of pip3 plants is due to the loss of PIP3 func-
tion. We also performed phenotypic assays using Col-0 and
PIP1-OX seedlings, which displayed comparable salt sensitiv-
ity (Supplemental Figure S6, A—C). Exogenous application of
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Figure 2 Overexpression of prePIP3 enhances plant salt tolerance. A, Subcellular localization analysis of PIP3. The 35Spro:prePIP3-GFP construct
was transiently infiltrated in N. benthamiana leaves with PIP2;1-mCherry construct as PM marker. After additional growth for 2 days, infiltrated N.
benthamiana leaves were left untreated or treated with 1-M mannitol for 30 min, then the fluorescence of GFP or mCherry was detected by a
Leica SP5 microscope. White arrowhead indicates apoplastic space. Bar = 10 um. B, Salt sensitivity analysis. Four-day-old Col-0 and 35Spro:prePIP3-
GFP (PIP3-OX) seedlings were transferred to MS medium or MS medium containing 125-mM NaCl for additional growth, and the photographs
were taken 7 day after transfer. Bar = 1cm. C and D, Quantification of fresh weight (C) and root length (D) of plants in (B). Data are presented as
means+sp (n = 3 for [C] or n = 9 for [D]). Results are shown from three independent experiments. Different lowercase letters indicate a significant
difference at P < 0.05 based on one-way analysis of variance (ANOVA). E, CoroNa Green staining. Seedlings of 4-day-old Col-0 and PIP3-OX left
untreated or treated with 125-mM NaCl for 12 h were stained with CoroNa Green. Representative root tips are shown. Bar = 100 um. F, Mean
CoroNa Green fluorescence intensity in (E). Data are presented as means=sp (n = 9). Results are shown from three independent experiments.
Different lowercase letters indicate a significant difference at P < 0.05 based on ANOVA. G-J, Determination of Na* and K™ contents in plants.
Two-week-old Col-0 and PIP3-OX seedlings grown on soil were left untreated or treated with 300-mM NaCl for 7 days, and the shoots and roots
were collected separately to measure Na* (G and 1) and K™ (H and J) contents using AAS. Data are presented as means=sb (n = 3). Results are
shown from three independent experiments. Different lowercase letters indicate a significant difference at P < 0.05 based on ANOVA.

synthetic PIP1 peptide also had no effect on plant salt toler-  with prePIP3-nYFP and RLK7-cYFP constructs, but not in

ance in WT (Supplemental Figure S6, D—F). Taken together,  leaves expressing other construct combinations (Figure 4A).
these results suggested that PIP3 mediates plant salt toler-  As a previous study reported an absence of interaction be-
ance, possibly through regulating cellular ionic homeostasis, ~ tween RLK7 and BIK1 (Hou et al, 2014), we used the RLK7/
while PIP1 might not be implicated in plant salt tolerance. BIK1 combination as a negative control. Interestingly, the

LRR-RLK RLK7 was previously identified as a PIP1 receptor
PIP3 physically interacts with RLK7 for plant defense signaling (Hou et al., 2014) and a PIPL3 re-

Most studied small secreted peptides were reported to be ceptor for lateral root development in Arabidopsis
recognized by PM-localized LRR-RLKs (Murphy et al, 2012).  (Toyokura et al,, 2019).

To identify the possible PIP3 receptor, we generated the We conducted a semi in vivo pull-down assay to confirm
binary construct 35Spro:prePIP3-nYFP to screen for PIP3-  that PIP3 physically interacts with RLK7. Accordingly, we incu-
interacting  protein(s) using bimolecular fluorescence  bated purified recombinant glutathione S-transferase (GST)-
complementation (BiFC) assays in N. benthamiana leaves.  tagged prePIP3 protein with protein extracts from
We detected the reconstitution of yellow fluorescent protein  35Spro:RLK7-Flag transgenic seedlings (Supplemental Figure
(YFP) fluorescence signals in leaves transiently co-infiltrated ~ S7A). RLK7-Flag was clearly pulled down with prePIP3-GST
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Figure 3 PIP3 functionally rescues the salt-sensitive phenotype of the pip3 mutant. A, Salt sensitivity analysis. Four-day-old Col-0 and pip3 seed-
lings were transferred to MS medium or MS medium containing 125-mM NaCl for additional growth, and the photographs were taken 7 days after
transfer. Bar = 1cm. B and C, Fresh weight (B) and root length (C) of seedlings in (A). Data are presented as means= sp (n = 3 for [B] or n = 9 for
[C]). Results are shown from three independent experiments. Different lowercase letters indicate a significant difference at P < 0.05 based on
ANOVA. D, CoroNa Green staining. Seedlings of 4-day-old Col-0 and pip3 left untreated or treated with 125-mM NaCl for 12 h were stained with
CoroNa Green. Representative root tips are shown. Bar = 100 um. E, Mean fluorescence intensity in (D). Data are presented as the means +sps
(n =9). Results are shown from three independent experiments. Different lowercase letters indicate a significant difference at P < 0.05 based on
ANOVA. F, Synthetic PIP3 application and salt sensitivity analysis. Seedlings of Col-0 and pip3 (line #1) were subjected to liquid culture-based salt
sensitivity test with DMSO (solvent of PIP3) or 1 uM PIP3 treatment. Bar = 1mm. G and H, Fresh weight (G) and chlorophyll contents (H) for
seedlings in (F). Data are presented as means+sp (n = 3). Results are shown from three independent experiments. Different lowercase letters indi-
cate a significant difference at P < 0.05 based on ANOVA.

(Figure 4B). As a positive control, prePIP1-GST also interacted might directly bind to the extracellular domain of RLK7.
with Flag-tagged RLK7 in this pull-down system, although to Using recombinant prePIP3-GST and a variety of truncated
a lower extent (Figure 4B). Considering that PIP3 can be se-  RLK7 proteins fused to a maltose-binding protein (MBP) tag
creted into the apoplastic space, we hypothesized that it  (Figure 4C), we performed in vitro pull-down assays to
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Figure 4 PIP3 interacts with RLK7. A, BiFC assay for PIP3 and RLK7 interaction in planta. The indicated constructs were transiently infiltrated in N.
benthamiana leaves, and the YFP fluorescence signal was detected using a Leica SP5 confocal microscope. At least six randomly chosen regions of
interest for each combination were examined and representative images are shown. Bar = 50 um. B, Semi-in vivo pull-down assay. Recombinant
prePIP3-GST or prePIP1-GST proteins purified from Escherichia coli (BL21) were incubated with protein extracts from 35Spro:RLK7-Flag seedlings.
GST or GST-tagged proteins were immunoprecipitated by Glutathione Sepharose, and the co-immunoprecipitated RLK7-Flag proteins were
detected using anti-Flag antibody. C, Schematic structure of RLK7 protein and its truncated versions. RLK7", RLK7 N-terminus; RLK7, RLK7 C-terminus.
D, In vitro pull-down assay. Recombinant RLK7-MBP, RLK7N-MBP, or RLK7“-MBP, prePIP3-GST, or GST protein alone was purified from E. coli (BL21).
The resulting proteins were subjected to in vitro pull-down assay as described in Methods. RLK7", AA 1-608 of RLK7; RLK7, AA 630-977 of RLK7. E, Co-
IP assay. Seedlings of 35Spro:RLK7-Flag 35Spro:prePIP3-GFP and 35Spro:RLK7-Flag were left untreated or treated with 125-mM NaCl for 3 h before Co-IP
assay. RLK7-Flag proteins were immunoprecipitated with anti-Flag antibody-conjugated agarose and the RLK7-interacting prePIP3-GFP was detected
using anti-GFP antibody. MW marker positions were added based on a comparison of the chemiluminescence blots to the original immunoblots.

delineate the interaction interface between PIP3 and RLK7.
We first confirmed that full-length PIP3 and RLK7 physically
interact each other. Notably, we determined that the extracel-
lular domain rather than the intracellular region of RLK7
specifically binds PIP3 (Figure 4D). Finally, we tested whether
the two proteins could be co-immunoprecipitated using
protein extracts 35Spro:RLK7-Flag 35Spro:prePIP3-GFP  and
35Spro:RLK7-Flag seedlings left untreated or treated with 125-
mM NaCl. Indeed, prePIP3-GFP was co-immunoprecipitated
with RLK7-Flag using anti-Flag antibody-conjugated agarose
(Figure 4E). Importantly, the co-immunoprecipitation (Co-IP)

assay revealed that salt stress significantly enhances PIP3-
RLK7 binding affinity (Figure 4E). In contrast, although we
also confirmed PIP1-RLK7 interaction by Co-IP assay, their
binding affinity was not affected by salt stress (Supplemental
Figure S6G). Taken together, these results demonstrated that
PIP3 interacts with RLK7.

RLK7 is a mediator of plant salt tolerance

Next, we investigated whether RLK7 participated in plant
salt tolerance in Arabidopsis. Relative RLK7 transcript levels
were highly induced by salt stress, as determined by RT-
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Figure 5 RLK7 functions in plant salt tolerance regulation. A, RT-qPCR analysis of RLK7 transcript levels using 10-day-old Col-0 left untreated or
treated with 125-mM NaCl for the indicated times. ACTIN 2 was used as the internal control. Expression levels in Col-0 under control conditions
were set to 1. Error bars represent so (n = 3). Significant differences are indicated by different lowercase letters (P < 0.05), as determined by
ANOVA. B, Salt sensitivity analysis. Four-day-old Col-0, rlk7-1, rlk7-2, and rlk7-3 seedlings were transferred to MS medium or MS medium contain-
ing 100-mM or 125-mM NaCl for additional growth. Photographs were taken 7 days after transfer. Bar = 1cm. C and D, Fresh weight (C) and root
length (D) for seedlings in (A). Error bars represent s (n = 3 for [C] or n =9 for [D]). Results are shown from three independent experiments.
Significant differences are indicated by different lowercase letters (P < 0.05), as determined by ANOVA. E, Salt sensitivity analysis of seedlings culti-
vated on soil. Two-week-old soil-grown Col-0, rlk7-1, rlk7-2, and rlk7-3 seedlings were left untreated or treated with 300-mM NaCl for additional
growth. Photographs were taken 7 days later. Bar = 1cm. F, Chlorophyll contents for seedlings in (E). Error bars represent s (n = 3). Results are
shown from three independent experiments. Significant differences are indicated by different lowercase letters (P < 0.05), as determined by
ANOVA. G, Chlorophyll fluorescence images of Col-0 and rlk7 seedlings. Two-week-old soil-grown seedlings left untreated or treated with 300-
mM NaCl for 7 days were used to determine chlorophyll fluorescence. The seedlings were dark-adapted for at least 30 min before imaging.
Bar = 1cm. H, Maximum photochemical activity of PSIl (F,/F,,) in (G). Error bars represent sb (n = 6). Results are shown from one representative

out of three independent experiments. Significant differences are indicated by different lowercase letters (P < 0.05), as determined by ANOVA.

gPCR analysis, suggesting a possible role for RLK7 in plant
salt response (Figure 5A). We identified three independent
T-DNA insertional mutant lines in RLK7 (rlk7-1 to rlk7-3) for
salt-sensitivity analyses (Supplemental Figure S8, A-C).
When 4-day-old WT and rlk7 mutant seedlings were trans-
ferred to MS medium without NaCl or MS medium contain-
ing various concentrations of NaCl for additional growth,
the rlk7 mutant seedlings showed much lower fresh weight
and root length values than Col-0 under saline conditions,
while we observed no obvious growth difference between
the WT and mutant seedlings under control conditions
(Figure 5, B-D). Furthermore, rlk7 mutant seedlings accumu-
lated more Na™ but less K ions compared to Col-0 under
salt treatment (Supplemental Figure S9, A—-H). Consistent
with these results, soil-grown rlk7 mutant plants exhibited
severe growth inhibition with lower chlorophyll contents
compared to Col-0 upon 300-mM NaCl treatment (Figure 5,
E and F). When 2-week-old soil-grown Col-0 and rlk7

mutant seedlings were left untreated or treated with 300-
mM NaCl and subjected to measurement of their maximum
photochemical efficiency of photosystem Il (PSIl), the F,/F,,
ratio decreased in both Col-0 and rlk7 plants after salt expo-
sure for 7days, but was more pronounced in rlk7 mutant
plants than in Col-0, indicating that the mutant plants
might suffer from severe photoinhibition under saline condi-
tions due to the loss of RLK7 (Figure 5, G and H). Together,
these results demonstrated that RLK7 is a functional media-
tor of plant salt tolerance in Arabidopsis.

PIP3 modulates plant salt tolerance in an
RLK7-dependent manner

We explored the expression pattern of PIP3 and RLK7 by
placing the B-GLUCURONIDASE (GUS) reporter gene under
the control of the prePIP3 or RLK7 promoter and introduc-
ing the resulting constructs into the Col-0 background to
generate prePIP3pro:GUS and RLK7pro:GUS transgenic lines.
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The PIP3-RLK7 module regulates plant salt tolerance

We mainly detected the GUS staining pattern derived from
the prePIP3pro in shoots under control conditions, but
throughout the plant upon exposure to salt (Supplemental
Figure S10A). Interestingly, RLK7pro:GUS produced a pattern
similar to that of prePIP3pro:GUS (Supplemental Figure
S10B). Therefore, the temporal and spatial coincidence of
prePIP3pro:GUS and RLK7pro:GUS distributions suggested
that PIP3 and RLK7 may function in a common signaling
module during salt stress response.

We asked whether PIP3 triggered salt tolerance through
RLK7 in Arabidopsis. To this end, we treated 7-day-old Col-0
and rlk7-2 mutant seedlings with synthetic PIP3 peptide us-
ing the liquid culture-based salt sensitivity assay. We deter-
mined that exogenous application of PIP3 peptide
substantially improves salt tolerance of Col-0 but not rlk7-2
plants (Figure 6, A and B). The chlorophyll contents of Col-0
seedlings treated with PIP3 were much higher than those
treated with dimethyl sulfoxide (DMSO, used as solvent for
PIP3) under saline conditions; however, the chlorophyll con-
tents in rlk7-2 seedlings remained low whether treated with
PIP3 or DMSO upon salt exposure (Figure 6C). We also gen-
erated independent rlk7-2 35Spro:prePIP3-GFP transgenic
lines (rlk7-2 PIP3-OX, lines #1 and #2) for salt sensitivity
assays (Supplemental Figure S7B). When Col-0, rlk7-2, PIP3-
OX, and rlk7-2 PIP3-OX seedlings were transferred from MS
medium to fresh MS medium containing 125-mM Nadl for
additional growth, we discovered that the enhanced salt re-
sistance in PIP3-OX plants compared to Col-0 is nearly abol-
ished in rlk7-2 PIP3-OX plants, while rlk7-2 and rlk7-2 PIP3-
OX seedlings exhibited comparable salt sensitivity (Figure 6,
D-F), suggesting that RLK7 functions downstream of PIP3 in
plant salt tolerance signaling. Taken together, these data
demonstrated that PIP3 modulates salt tolerance through
RLK7 in Arabidopsis.

Salt stress induces RLK7 phosphorylation via the
action of PIP3

RLK7 is a typical PM-localized LRR-RLK (Supplemental
Figure S8D), prompting us to ask whether the phosphoryla-
tion status of RLK7 was altered upon salt exposure. When
35Spro:RLK7-GFP (RLK7-OX, lines #13 and #20) seedlings
(Supplemental Figure S7C) were left untreated or treated
with 125-mM NaCl for the indicated time periods, we ob-
served an increase in the abundance of a slower migrating
RLK7 form, and treating the samples with shrimp alkaline
phosphatase (rSAP) largely abolished the accumulation of
this band (Figure 7A; Supplemental Figure S11A), indicating
that salt stress significantly induces RLK7 phosphorylation,
which may represent the activation of RLK7 in response to
salt stress. Since PIP3 was a possible RLK7 ligand, we asked
whether exogenous PIP3 application would also increase
RLK7 phosphorylation. Indeed, RLK7 phosphorylation was
significantly increased by exogenous treatment of PIP3
but not DMSO (Figure 7B; Supplemental Figure S11B).
Furthermore, two independent transgenic lines pip3
35Spro:RLK7-GFP (pip3 RLK7-OX, lines #1 and #2) were used
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to determine RLK7 phosphorylation status in the pip3
mutant background (Supplemental Figure S7C). RLK7 phos-
phorylation decreased strongly in response to salt stress in
pip3 RLK7-OX plants compared to RLK7-OX plants
(Figure 7C Supplemental Figure S11C). We transferred Col-
0, rlk7-2, RLK7-OX, and pip3 RLK7-OX seedlings from MS me-
dium to MS medium containing no NaCl or with 125-mM
NaCl for additional growth. Under salt conditions, RLK7-OX
plants exhibited enhanced salt tolerance compared to WT
plants, but this enhancement was largely abolished in pip3
RLK7-OX plants (Figure 7, D-F). Taken together, these
results demonstrated that the PIP3 peptide ligand mediates
RLK7 activation for plant salt tolerance.

PIP3-RLK7 module regulates salt tolerance by
activating MPK3/6

MPK3 and MPK6 are versatile downstream effectors mediat-
ing signal transduction in response to multiple stresses (Li
et al, 2014; Zhao et al, 2017). To examine whether the
MPK3/MPK6 cascades were involved in salt tolerance regula-
tion mediated by the PIP3-RLK7 module, we determined
the activation of MPK3/6 in Col-0 and rlk7-2 seedlings upon
salt exposure using phospho-p44/42 MAPK antibodies, as
previously described (Zhao et al, 2017). MPK3/6 phosphory-
lation did significantly increase in Col-0 but not in rlk7-2
mutant treated with salt (Figure 8A). We next wished to as-
sess the functional role of PIP3 in salt stress-induced MPK3/
6 activation. To this end, we treated Col-0 and rlk7-2 seed-
lings with 1-uM synthetic PIP3 peptide for the indicated
time periods and determined the phosphorylation status of
MPK3/6. Exogenous application of synthetic PIP3 peptide
significantly enhanced MPK3/6 activation in Col-0 but not
in rlk7-2 (Figure 8B). In agreement, when Col-0 and pip3
(line #1) seedlings were treated with 125-mM Nadl, the salt-
induced activation of MPK3/6 was significantly attenuated
in pip3 seedlings relative to Col-0 (Figure 8C). These results
demonstrated that the PIP3-RLK7 module activates MPK3/
6 signaling in response to salt stress.

To further examine the regulatory role of MPK3/6 in plant
salt tolerance mediated by the PIP3—-RLK7 module, we
crossed mpk3-1 and mpk6-2 with PIP3-OX plants to generate
mpk3-1 35Spro:prePIP3-GFP (mpk3-1 PIP3-OX) and mpk6-2
35Spro:prePIP3-GFP (mpké6-2 PIP3-OX) lines for salt sensitivity
analyses (Supplemental Figure S7D). We found that mpk3-1
PIP3-OX and mpk6-2 PIP3-OX plants exhibit a salt-sensitive
phenotype comparable to that of mpk3-1 and mpké-2,
whereas the salt resistance in PIP3-OX significantly increased
compared to Col-0 due to PIP3 overexpression (Figure 8, D—
F), suggesting that the salt tolerance mediated by PIP3 pep-
tide is dependent on MPK3/6. We also generated mpk3-1
35Spro:RLK7-GFP - (mpk3-1  RLK7-OX) and  mpké6-2
35Spro:RLK7-GFP  (mpk6-2 RLK7-OX) plants (Supplemental
Figure 7E). Again, we failed to observe the elevated fresh
weight and root length seen in RLK7-OX plants compared
to Col-0 grown under saline conditions in mpk3-1 RLK7-OX
and mpk6-2 RLK7-OX plants compared to mpk3-1 and
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Figure 6 PIP3 activates plant salt tolerance through RLK7. A, Phenotypic analysis of plant salt sensitivity. Col-0 and rlk7-2 seedlings were subjected
to liquid culture-based salt stress assays with application of DMSO or PIP3 peptide at the indicated concentrations at 23°C for 7 days. Images
were taken and chlorophyll contents and fresh weight were measured. Bar = 1Tmm. B and C, Fresh weight (B) and chlorophyll contents (C) for
seedlings in (A). Error bars represent so (n = 3). Results are shown from three independent experiments. Significant differences are indicated by
different lowercase letters (P < 0.05), as determined by ANOVA. D, Phenotypic analysis of plant salt sensitivity. Four-day-old Col-0, rlk7-2, and
PIP3-OX (lines #3 and #4) and rlk7-2 35Spro:prePIP3-GFP (rlk7-2 PIP3-OX, lines #1 and #2) seedlings were transferred to MS medium or MS medium
containing 125-mM NaCl for additional growth. Photographs were taken 7 days after transfer. E and F, Fresh weight (E) and root length (F) for the
seedlings in (D). Error bars represent so (n = 3 for [E] or n = 9 for [F]). Results are shown from three independent experiments. Significant differen-
ces are indicated by different lowercase letters (P < 0.05), as determined by ANOVA.

mpk6-2, respectively (Figure 8, G-I1). Taken together, we con-
cluded that MPK3 and MPK6 function downstream of the
PIP3-RLK7 module, leading to enhanced salt tolerance in
plants.

Discussion

Various small peptides encoded by short genes have been
identified in plants (Matsubayashi, 2001; 2014); however,
only a few have been functionally annotated or reported to
function in abiotic stress tolerance. In this study, we report
that the peptide ligand PIP3 modulates plant salt tolerance

by activating its possible receptor RLK7 in Arabidopsis, and
that the MPK3/6 signaling cascade acts as essential down-
stream components of the PIP3—RLK7 module to trigger salt
tolerance (Figure 9).

We found that prePIP3 expression is salt stress-induced
and that overexpression of prePIP3 significantly improves
salt tolerance in Arabidopsis, possibly by re-establishing cel-
lular ionic homeostasis. Conversely, the PIP3 loss-of-function
mutant pip3 exhibited a severe salt-sensitive phenotype.
Application of synthetic PIP3 peptide to WT plants recapitu-
lated the salt-tolerant phenotype of PIP3-OX seedlings. The
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Figure 7 Salt stress induces RLK7 phosphorylation via the action of PIP3, leading to enhanced salt tolerance. A, Determination of the phosphoryla-
tion status of RLK7. Total protein extracts from 10-day-old 35Spro:RLK7-GFP seedlings left untreated or treated with 125-mM NaCl for the indi-
cated periods of time were incubated with or without rSAP. The phosphorylation status of RLK7 was determined by immunoblot analysis using
anti-GFP antibody. Results are shown from one representative out of three independent experiments. Numbers below blots represent the ratio of
phosphorylated RLK7 to nonphosphorylated RLK7 ( + p/—p). B, PIP3 peptide enhances RLK7 phosphorylation. Total proteins were extracted from
10-day-old 35Spro:RLK7-GFP seedlings treated with 1-uM PIP3 or an equal volume of DMSO for immunoblot analysis using anti-GFP antibody.
Results are shown from one representative out of three independent experiments. Numbers below blots represent the ratio between phosphory-
lated RLK7 and nonphosphorylated RLK7 ( + p/-p). C, Genetic inactivation of PIP3 attenuates salt-induced phosphorylation of RLK7. Total protein
extracts from 10-day-old Col-0, pip3, 35Spro:RLK7-GFP (RLK7-OX, lines #13 and #20) and pip3 35Spro:RLK7-GFP (pip3 RLK7-OX, lines #1 and #2)
seedlings left untreated or treated with 125-mM NaCl were subjected to immunoblot analysis using anti-GFP antibody. Results are shown from
one representative out of three independent experiments. Numbers below blots represent the ratio of phosphorylated RLK7 to nonphosphory-
lated RLK7 (+ p/-p). D, Phenotypic analysis of plant salt sensitivity of Col-0, pip3, RLK7-OX (lines #13 and #20), and pip3 RLK7-OX (lines #1 and
#2). Four-day-old seedlings were transferred to MS medium or MS medium containing 125-mM NaCl for additional growth. Photographs were
taken 7 days after transfer. Bar = 1cm. E and F, Fresh weight (E) and root length (F) for seedlings in (D). Error bars represent+sps (n = 3 for [E] or
n =9 for [F]). Results are shown from three independent experiments. Significant differences are indicated by different lowercase letters
(P < 0.05), as determined by ANOVA.

findings presented here have expanded the biological func-  tolerance. It is thus possible that RLK7 may sense salt stress
tions of the PIP/PIPL peptide family. Using BiFC assays, we  via the action of the PIP3 ligand. The salt-induced accumula-
tested several hypothetical PIP3 receptors and identified a  tion of PIP3 would thus mediate salt tolerance by inter-
member of class XI LRR-RLKs as a candidate. RLK7 is a typi-  acting with and activating RLK7; therefore, PIP3 and
cal PM-localized RLK whose extracellular N terminus physi- RLK7 may form a functional module for plant salt toler-
cally interacts with PIP3. In fact, the N-terminal domain of  ance regulation. It should be noted that although we
the RLK7 extracellular region was reported to bind specific ~ detected direct physical interaction between PIP3 and

ligands, making RLK7 a potential sensor from environmental RLK7, we cannot exclude the possibility that PIP3-
stimuli (Pitorre et al, 2010; Hou et al, 2014). In addition, mediated RLK7 activation also requires additional com-
PIP3-mediated salt tolerance functioned in an RLK7- ponents in planta. Additional biochemical assays should
dependent manner. Phosphorylation is a representative hall- be performed to answer this question. Importantly, our
mark of RLK activation, which plays an essential role in data showed that both PIP3 and RLK7 are mainly
transmitting various signals in response to environmental expressed in shoots under control conditions, but be-
stimuli (Shiu et al, 2004 Macho et al, 2015 Chen et al, came expressed throughout the entire plant in response

2016). In our work, we observed the rapid phosphorylation/ to salt stress. Considering that PIP3 or RLK7 loss-of-
activation of RLK7 upon salt exposure; importantly, the PIP3  function affects the salt resistance of plants both in their
peptide ligand was involved in RLK7 activation. The genetic ~ shoot and root parts, we speculate that the PIP3—-RLK7
inactivation of PIP3 significantly attenuated RLK7 phosphor- module may be implicated in local signaling during plant
ylation under saline conditions, leading to decreased salt  salt responses. However, whether PIP3 functions as a
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Figure 8 PIP3-RLK7 module regulates salt tolerance by activating MPK3/6. A, Determination of the activation of MPK3/6 in seedlings in response
to salt stress. Ten-day-old Col-0 and rlk7-2 seedlings were left untreated or treated with 125-mM NaCl for indicated time period (2.5, 5, or 15 min).
Immunoblot analysis using the phospho-p44/42 MAPK antibody was conducted. Results are shown from one representative out of three indepen-
dent experiments. B, Determination of the activation of MPK3/6 in seedlings with PIP3 treatment. Ten-day-old Col-0 and rlk7-2 seedlings were left
untreated or treated with 1M synthetic PIP3 for indicated time period (5, 15, or 30 min). Immunoblot analysis using the phospho-p44/42 MAPK
antibody was conducted. Results are shown from one representative out of three independent experiments. C, The pip3 mutant inhibits MPK3/6
activation upon salt exposure. Ten-day-old Col-0 and pip3 seedlings were left untreated or treated with 125-mM NaCl for the indicated times (2.5,
5, or 15 min). Immunoblot analysis using the phospho-p44/42 MAPK antibody was conducted. Results are shown from one representative out of
three independent experiments. D, Salt sensitivity analysis. Four-day-old Col-0, PIP3-OX, mpk3-1, mpk6-2, mpk3-1 35Spro:prePIP3-GFP (mpk3-1
PIP3-0OX), and mpk6-2 35Spro:prePIP3-GFP (mpk6-2 PIP3-OX) seedlings were transferred to MS medium without (Control) or with 125- or 150-mM
NaCl for additional growth. Photographs were taken 7 days after transferring. Bar = 1 cm. E and F, Fresh weight (E) and root length (F) for seedlings
in (D). Error bars represent sb (n = 3 for [E] or n = 9 for [F]). Results are shown from three independent experiments. Significant differences are in-
dicated by different lowercase letters (P < 0.05), as determined by ANOVA. G, Salt sensitivity analysis. Four-day-old Col-0, RLK7-OX, mpk3-1,
mpk6-2, mpk3-1 355pro:RLK7-GFP (mpk3-1 RLK7-OX), and mpk6-2 355pro:RLK7-GFP (mpk6-2 RLK7-OX) seedlings were transferred to MS medium
without (Control) or with 125 or 150-mM NaCl for further growth. Photographs were taken 7 days after transfer. Bar = 1cm. H and |, Fresh weight
(H) and root length (1) for seedlings in (G). Error bars represent so (n = 3 for [H] or n =9 for [I]). Results are shown from three independent
experiments. Significant differences are indicated by different lowercase letters (P < 0.05), as determined by ANOVA.

possible long distant signal during initial salt response  salt tolerance regulation. Whether specific PTMs are added
signaling should be investigated in the future. onto PIP3 in response to salt stress should be tested in the

RLK7 may be activated by various PIP/PIPL members (Hou  future, as well as the functional link between these PTMs
et al, 2014 Toyokura et al, 2019) or other extracellular  and RLK7 activation and plant salt tolerance. Possible RLK7
ligands (Matsubayashi and Sakagami, 2006; Shinohara et al,  co-receptors or other regulatory components might be also
2012, Hohmann et al, 2017) for growth or stress response  involved in specifying the interactions between RLK7 and its
regulation. In our study, PIP3 rather than PIP1 exerted a reg- ligands, leading to fine-tuned downstream signaling for
ulatory role in plant salt tolerance through RLK7, although proper response to multiple endogenous or environmental
the accumulation of both peptides was salt-induced and  stimuli. Characterization of such regulators in the PIP3-
both formed a complex with RLK7. Considering that small RLK7 module will be important. Notably, more than one
peptides can undergo multiple posttranslational modifica- peptide—receptor pair has been identified for plant salt tol-
tions (PTMs) during processing, such PTMs might explain erance regulation (Nakaminami et al, 2018; Zhao et al,
the functional difference between PIP3 and PIP1 in plant  2018), raising the possibility that these signaling pathways
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Figure 9 A working model for PIP3-RLK7 module-mediated salt tolerance. A, In WT seedlings grown under normal growth conditions, the PIP3
peptide accumulates to basal levels, while RLK7 and downstream MPK3/6 are inactive. Therefore, seedlings exhibit normal growth. B and C, In WT
seedlings, both PIP3 and RLK7 accumulate to high levels upon salt exposure. PIP3—RLK7 interaction results in RLK7 activation, leading to the acti-
vation of MPK3/6 for salt stress signal amplification. Therefore, cellular ionic homeostasis is restored under saline conditions, resulting in enhanced
salt tolerance (B). In rlk7 mutant seedlings, PIP3-RLK7 module is disrupted due to RLK7 loss-of-function, leading to attenuated salt tolerance and

repressed plant survival (C). rlk7, RLK7 loss-of-function mutant.

may coordinately modulate plant salt tolerance: various li-
gand-receptor modules might be activated in different tis-
sues or at different times upon salt exposure, ensuring full
stress response for downstream signaling initiation. The
downstream components of each signaling pathway might
be functionally linked or even shared, therefore amplifying
stress signaling for fine-tuned plant growth in response to
salt stress. Whether the PIP3-RLK7 module cross-talks with
other signaling pathways underlying plant salt tolerance
should be explored in the future.

MAPK cascades are conserved in eukaryotes (Mishra et al,,
2006). Upon perception of environmental stimuli, MAP3K,
MAP2K, and MAPK can be sequentially phosphorylated,
leading to sequential phosphorelay in plants (Mishra et al,
2006; Cristina et al, 2010). For instance, MPK3/6 are acti-
vated by cold (Zhao et al, 2017), heat (Evrard et al, 2013),
and salt (Yu et al, 2010), to connect phytohormonal signals
and second messengers such as Ca’* and ROS in
Arabidopsis (Droillard et al, 2002; Chang et al, 2012
Smékalova et al., 2014). Besides the upstream MAPK kinases,
MAPKs are also activated by other kinases (Moon et al,
2003; Takahashi et al, 2017; Li et al, 2014). In this study, our
genetic and biochemical evidence revealed that the PIP3-
RLK7 module may transmit salt response signals by activat-
ing MPK3/6 in Arabidopsis. Loss-of-function of RLK7 or PIP3
impaired salt-induced MPK3/6 activation, and the PIP3 pep-
tide ligand enhanced MPK3/6 activation in WT but not in
the rlk7-2 mutant. Salt sensitivity analyses confirmed that
the PIP3—RLK7 signaling cascade-mediated salt tolerance is
dependent on MPK3/6. Our data suggest that RLK7 acti-
vated by PIP3 transmits the salt stress signal to MPK3/6

directly or to other unknown components to activate
MPK3/6, resulting in enhanced salt tolerance. Further studies
are required to verify the possible immediate downstream
elements of the PIP3-RLK7 module for MPK3/6 activation.

Taken together, our work characterizes the small peptide
ligand PIP3 as an interactor and activator of RLK7, therefore
amplifying salt response signaling possibly via the action of
MPK3/6 for plant resistance to salt stress (Figure 9). The
findings presented here provide a better understanding of
how plants respond and adapt to salt stress, and offer puta-
tive targets for the construction of salt-tolerant crops in the
future.

Materials and methods

Plant materials

Homozygous pip3 mutants were constructed using CRISPR/
Cas9 gene editing as described (Li et al, 2020). The T-DNA
insertional  mutants  rlk7-1  (SALK_056583),  rlk7-2
(SALK_083114), and rlk7-3 (SALK_120595), were obtained
from the Arabidopsis Biological Resource Center. Both
mpk3-1 and mpk6-2 mutants were kindly provided by Dr
Juan Xu from Zhejiang University. The transgenic plants
35Spro:RLK7-GFP and 35Spro:prePIP3-GFP were generated as
described below in methods. Subsequently, the mutants
mpk3-1, mpké6-2, or pip3 were crossed to the transgenic lines
35Spro:RLK7-GFP  to generate mpk3-1 35Spro:RLK7-GFP,
mpk6-2 35Spro:RLK7-GFP, or pip3 35Spro:RLK7-GFP, respec-
tively. The mutants mpk3-1, mpké-2, or rlk7-2 were crossed
to the transgenic line 35Spro:prePIP3-GFP to generate mpk3-
1 35Spro:prePIP3-GFP, mpk6-2 pro35S:prePIP3-GFP or rlk7-2
pro35S:prePIP3-GFP, respectively. For each construct, more
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than 12 independent lines were obtained, and representative
T, lines were used for subsequent analyses except
35Spro:prePIP3-GFP, for which three independent T, lines
(#3, #4, and #6) were used.

Construction of homozygous pip3 mutants

For the construction of pip3 mutants, two sgRNAs targeting
prePIP3 75bp (sgRNAT: 5-TCGTCCTTTGGGTTTAACGA
AGG-3') and 139bp (sgRNA2: 5'-CTTGGGGCGATTAAGGA
GTCGGG-3') downstream of the translation initiation codon
(ATG) were designed using an online CRISPR/Cas9 target
predictor (http://crispr.cos.uni-heidelberg.de/). Two U6 pro-
moter-sgRNA-U6 terminator cassettes were amplified by
PCR using vector pCBC-DT1T2 as the template; the PCR
fragments were then cloned into the pHEC401 vector as de-
scribed previously (Wang et al, 2015). The resulting con-
structs were introduced into the Col-0 accession by
Agrobacterium (Agrobacterium tumefaciens, strain EHA105)-
mediated  transformation. Genomic sequences from
hygromycin-resistant transgenic plants that contain the
sgRNA target sites were amplified using primer sets shown
in Supplemental Table S1; the amplicons were sequenced to
ascertain the presence of the desired mutations at the target
regions. Two independent pip3 mutants (lines #1 and #2)
harboring the same 47-bp deletion in the prePIP3 gene were
identified.

Plant growth and salt sensitivity analysis

Mature seeds were surface sterilized using a solution con-
taining 20% (w/v) Na hypochlorite and 0.1% (v/v) Triton X-
100 for 15 min, washed 5 times with sterile water, and sown
on MS medium (pH 5.8, containing 2.5% [w/v] sucrose and
0.3% [w/v] phytagel agar, Sigma-Aldrich, St Louis, MO, USA).
Plates were kept at 4°C for 2 days, and then seeds were ger-
minated and grown under constant illumination (100 pmol
m~> s~'; 16-h light/8-h dark) at 23°C.

For salt sensitivity assays on plates, Arabidopsis Col-0
(WT), mutants, or related transgenic plants were germinated
and grown vertically on MS medium for 4 days. Then, seed-
lings were transferred to MS medium with or without 100-,
125-, or 150-mM NaCl. Photographs were taken 7 days after
transfer. Root length and fresh weight were scored. For salt
sensitivity assays in soil, 2-week-old seedlings of WT,
mutants, or related transgenic plants were subjected to con-
trol (no NaCl added) or 300-mM NaCl treatment for 7 days.
Photographs were taken and chlorophyll content was deter-
mined. For each experiment, at least three replicates were
performed and similar results were obtained.

The liquid culture-based salt sensitivity assays were per-
formed as previously described, with minor modifications
(Nakaminami et al, 2018). Briefly, WT, rlk7-2, or pip3 seed-
lings were grown in liquid MS medium for 7 days at 23°C
under long-day conditions (16-h light/8-h dark). Salt stress
tests were then carried out by replacing the liquid medium
with new medium containing 150-mM NaCl. The seedlings
were grown at 23°C for another 7days and salt sensitivity
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was subsequently evaluated by measuring the chlorophyll
content and fresh weight of the tested plants.

Peptide design and treatment assay

PIP3 and PIP1 synthetic peptides were synthesized by and
purchased from GL Biochem (Shanghai, China); the peptide
information is summarized in Supplemental Table S3. The
synthetic peptides were dissolved in DMSO and peptide
treatment was performed following the liquid culture-based
salt sensitivity assay. WT or relevant mutant seedlings were
cultivated in liquid MS medium for 4 days. The medium was
then replaced by MS medium containing PIP3 peptide or
PIP1 peptide; seedlings were grown for 3days to serve as a
peptide pretreatment. The salt sensitivity assays were per-
formed by replacing the peptide-containing medium with
MS medium containing 150-mM NaCl with PIP3 peptide,
PIP1 peptide, or DMSO (Control) after the pretreatment.
The seedlings were grown for another 7 days at 23°C, and
images were taken and the chlorophyll content was
determined.

Subcellular protein localization

The coding sequences of RLK7 and prePIP3 were amplified
with the LP-RLK7-GFP/RP-RLK7-GFP, and LP-prePIP3-GFP/
RP-prePIP3-GFP primer pairs and cloned into the p1300-GFP
vector using the Sall and Kpnl sites, respectively. The result-
ing constructs were then introduced into Agrobacterium in-
filtrated into N. benthamiana leaves. Infiltrated leaves were
returned to normal growth conditions for 2days, and the
fluorescent signals were then visualized under Leica SP5 mi-
croscope. For PIP3 subcellular localization analysis, epidermal
cells of N. benthamiana leaves were first subjected to plas-
molysis in 1M mannitol treatment for 30 min before micros-
copy. To mark the PM, aquaporin PIP2;1 was fused to
mCherry (Ma et al, 2015) and transiently infiltrated in N.
benthamiana leaves along with prePIP3-GFP. For the subcel-
lular localization of RLK7, the PM-specific dye FM4-64
(Invitrogen, Waltham, MA, USA; CD4673) was used as
described (Tian et al, 2015). Sequences of primers used
for plasmids construction can be found in Supplemental
Table S1.

In vitro pull-down assays

Full length or truncated RLK7 (RLK7N or RLK7%) were fused
to an MBP tag by cloning the cloning sequences into the
PMAL-C2X vector, while full-length prePIP3 was fused to a
GST tag by cloning into the pGEX-4T-1 vector.
Recombinant GST-tagged prePIP3 or GST were purified with
glutathione Sepharose (GE Healthcare, Chicago, IL, USA; 17-
0756-05) according to the manufacturer’s protocol, while
MBP-tagged RLK7, RLK7™, and RLK7< proteins were purified
with Amylose resin (NEB, E8021S, Ipswich, MA, USA).
Subsequently, 5 ug recombinant prePIP3-GST proteins were
incubated with 5ug recombinant RLK7-MBP, RLK7"-MBP,
RLK7“-MBP, or MBP in 500 uL pull-down buffer (150-mM
NaCl, 20-mM Tris—HCI [pH 8.0], 1-mM PMSF, 02% [v/v]
Triton X-100, and 1% [w/v] protease inhibitor cocktail) at
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4°C for 2 h. Glutathione Sepharose beads were washed thor-
oughly with pull-down buffer and proteins were eluted from
beads by boiling at 95°C with 30 uL sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer for 10 min. The samples were then separated by SDS-
PAGE and analyzed by the anti-MBP (NEB, E8032S) and
anti-GST (BioEasy, Shenzhen, China; BE2013) antibodies.
Sequences of primers used for plasmids construction can be
found in Supplemental Table S1.

BiFC assays

To determine the interaction between RLK7 and PIP3 in
planta, the coding sequence of prePIP3 was cloned into the
pXY103 vector (nYFP), while the coding sequence of RLK7
was cloned into the pXY104 (cYFP) vector. The resulting
constructs were introduced into Agrobacterium strain
EHA105 by electroporation and infiltrated into N. benthami-
ana leaves. As negative control, prePIP3-nYFP and cYFP,
RLK7-cYFP, and nYFP, as well as BIK1-nYFP and RLK7-cYFP,
were co-infiltrated in N. benthamiana leaves, respectively.
Three days after infiltration, YFP fluorescence was detected
using a Leica SP5 confocal microscope. Three independent
experiments were performed and similar results were
obtained. Sequences of primers used for plasmids construc-
tion can be found in Supplemental Table S1.

Co-IP assays

The Co-IP assays were performed as previously described
(Zhou et al, 2012). Briefly, total proteins from transgenic
plants 35Spro:RLK7-Flag  35Spro:prePIP3-GFP, 35Spro:RLK7-
Flag 35Spro:prePIP1-GFP, or 35Spro:RLK7-Flag were extracted
with IP buffer (10-mM Tris—HCI [pH 7.5], 150-mM NadCl, 2-
mM EDTA, 1-mM PMSF, and 0.5% [v/v] Nonidet P-40) and
incubated with anti-Flag antibody-conjugated agarose (MBL,
Aichi, Japan; M185-10). For immunoblot analysis, equal
amounts of each sample were separated on a 10% (w/v)
SDS-PAGE and transferred to PVDF membranes. Proteins
were then probed by immunoblot analysis using anti-Flag
(Solarbio, Beijing, China; M1001060) and anti-GFP (Solarbio;
M1001030) antibodies.

Determination of RLK7 and MPK3/6
phosphorylation

Phosphorylation of RLK7 was determined as previously de-
scribed with minor modifications (Chen et al, 2016). Briefly,
10-day-old 35Spro:RLK7-GFP and pip3 35Spro:RLK7-GFP seed-
lings left untreated or treated with 125-mM NadCl or 1-uM
synthetic PIP3 for indicated time period were homogenized
in 200-uL protein extracting buffer (50-mM Tris—HCl [pH
8.0], 10-mM MgCl,, 100-mM NaCl, 1-mM DTT, and 1-mM
PMSF) containing 1% (v/v) Triton X-100. The samples were
subjected to electrophoresis on 10% (w/v) SDS-PAGE gel
(with 28% [v/v] glycerol instead of ddH,0), using sequential
voltage steps (70 V/1.5h, 90 V/15h, up to 120V for 4h),
and probed by immunoblot analysis using anti-GFP anti-
body. The ratio between phosphorylated and nonphos-
phorylated RLK7 (+ p/-p) was quantified using Image Lab
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software (version 2.0.1). For phosphatase treatment, the
resulted samples were divided into two aliquots and pre-
heated at 65°C for 15min to inactivate endogenous phos-
phatase. rSAP (NEB; M0371S) was then added to one of the
two aliquots, and both were incubated at 30°C for 10 min.
The reactions were finally stopped by adding 10puL
5 X loading buffer. Electrophoresis and immunoblot analysis
was then performed as described above.

To determine MPK3/6 activation, 10-day-old Col-0, rlk7-2,
and pip3 seedlings were left untreated or treated with 125-
mM NaCl or 1uM synthetic PIP3 for indicated periods of
time, and the activation of MPK3/6 in Col-0, rlk7-2 as well
as pip3 seedlings was determined using phospho-p44/42
MAPK (Cell Signaling, Danvers, MA, USA; 9101S) antibodies
as previously described (Zhao et al,, 2017).

Measurements of chlorophyll fluorescence
Chlorophyll fluorescence was analyzed using a chlorophyll
fluorometer (IMAG-MINI PAM-2000) at room temperature.
Briefly, 2-week-old soil-grown Col-0 and rlk7 mutant seed-
lings were left untreated or treated with 300-mM NaCl for
7 days before being subjected to chlorophyll fluorescence de-
termination. Specifically, seedlings were dark-adapted for
30 min before measurements. Values of F,/F,, were averaged
from equal circles of interested area in leaves. Chlorophyll
fluorescence images and chlorophyll fluorescence parameters
of the samples were measured synchronously using the
Imaging PAM software.

Na® content determination using CoroNa Green
staining

The Na ™ -specific fluorescent dye, CoroNa Green (Invitrogen;
C36676), was used to determine Na™ accumulation in root
tips. Four-day-old seedlings grown on MS medium were
transferred to fresh liquid medium containing 125-mM NaCl
or no NaCl for 12 h. The seedlings were then washed 4 times
with distilled water and stained with 20 uM CoroNa Green
in the presence of 0.02% (v/v) pluronic acid for 3h.
Fluorescence was visualized under a Leica SP5 confocal mi-
croscopy. The mean fluorescence intensity was quantified
using Image) (version 1.8.0; Schneider et al, 2012). After
opening 16-bit image files captured with the confocal laser
microscopy, the color threshold was set using the menu
Image > Adjust > Color Threshold. The area over the desig-
nated threshold was then set automatically with the red de-
marcation line. The mean fluorescence intensity (mean gray
value) was calculated by the menu Analyze > Measure
(Ctrl + M). The values were demonstrated as ‘Mean’ on the
pop-up. Nine root tips were analyzed per group for
experiments.

Determination of the contents of Na* and K™

Na® and K™ content determination was performed as pre-
viously described (Zhou et al, 2012). Two-week-old Col-0,
PIP3-OX, or rlk7 seedlings were treated with 300-mM NaCl
for 7 days, and the shoot and root tissues were harvested
separately and dried at 80°C for 2days. The samples were
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accurately weighed and treated at 300°C for 1h and at
575°C for 4h in a muffle furnace. The resulting ground dry
matter was dissolved in 0.1-M HCl. The Na* and K™ con-
tents of the samples were determined with an AAS (Hitachi
Z-5000).

Chlorophyll content determination

Entire seedlings or the leaf discs of salt-stressed seedlings
grown in liquid MS or on soil were used for the measure-
ments. Chlorophyll was extracted with 80% (v/v) acetone and
the absorbance of the extracted solution was measured at
646 and 663 nm. Chlorophyll content was calculated using
the following formula: Chl = 17.32 X A646 + 7.18 X A663.

Promoter activity analysis

For GUS staining, a 1,702-bp prePIP3 genomic DNA frag-
ment upstream of the translational start site (ATG, with A
set as position 1) was amplified with primers containing
BamHI and Ncol restriction sites and then cloned into the
pCAMBIA 1301-GUS vector. Similarly, a 1,672-bp RLK7 geno-
mic DNA fragment upstream of the ATG was amplified
with primers containing EcoRI and Ncol restriction sites and
then cloned into the pCAMBIA 1301-GUS vector. The
resulting constructs were subsequently transformed into
Col-0 and transgenic T, lines were used for GUS staining as
described (Cheng et al, 2013). The sequences of primers
used are listed in Supplemental Table S1.

RT-PCR and RT-qPCR assays

Total RNA was extracted with Trizol reagent (Invitrogen;
AM1830) from 10-day-old seedlings grown on MS medium
with indicated treatment. Subsequently, total RNA was
treated with RNase-free DNase | (Invitrogen; AM2222) to re-
move genomic DNA. Ten micrograms of RNA was used for
reverse transcription with M-MLV reverse transcriptase
(Promega, Madison, WI, USA; M1705) according to the
manufacturer’s instructions. The resulted cDNAs were used
for RT-gPCR or PCR analysis to determine the transcription
level of PIP/PIPL family members as well as RLK7 using spe-
cific primers provided in Supplemental Table S2. ACTIN 2
was used as an internal control.

Database, sequence alignment, and phylogenetic
analysis

The Arabidopsis Genome Initiative, GenBank/EMBL, and
Ensembl were used to obtain the information of the PIP/
PIPL gene family. Predicted AA sequences were aligned by
the Clustal W and a phylogenetic tree was constructed by
MEGAG6 software with the neighbor-joining method (Saitou
and Nei, 1987; Tamura et al.,, 2013).

Statistical analysis

Data are presented as the means+standard deviation (sp)
from three biological replicates if not specified otherwise.
For fresh weight measurements, three seedlings or six seed-
lings per group from one experiment were pooled to deter-
mine their total weight as one data point, and three
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independent experiments made three points (n =3). For
root length measurements, the primary root length of nine
seedlings per group from three independent experiments
was quantified (n=9). For chlorophyll content measure-
ments, six seedlings or six leaf discs from seedlings grown on
soil per group from one experiment were pooled to deter-
mine chlorophyll contents toward their fresh weight as one
data point, and three independent experiments made three
points (n =3). For mean fluorescence intensity measure-
ments, nine root tips were analyzed per group from three
independent experiments (n =9). For chlorophyll fluores-
cence measurements, values of F,/F,, were averaged from six
equal circles of interested area in leaves per group from one
experiment (n=6). For Na* and K* content measure-
ments, about 1g shoots or 0.5g roots per group from one
experiment were pooled for ionic content determination as
one data point, and three independent experiments made
three points (n = 3). For the ratio of + p/-p measurement,
the signal intensity quantified from one experiment made
one data point, and three independent experiments made
three points (n =3). For statistical significance, one-way
analysis of variance test was performed, with different lower-
case letters indicating a significant difference at P < 0.05.
Summary of statistical analyses can be found in
Supplemental Data Set S1.

Accession numbers

Sequence data from this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases
under the following accession numbers: RLK7 (At1g09970),
prePIP1  (At4g28460), prePIP2  (At4Gg7290), prePIP3
(At2g23270), prePIPL1 (At1g49800), prePIPL2 (At3g06090),
prePIPL3  (At4g37295), prePIPL4 (At5g43066), prePIPLS
(At5g43068), prePIPL7 (At4gl11402), prePIPL8 (At5g43064),
MPK3 (At3g45640), MPK6 (At2g43790), PIP2;1 (At3g53420),
and BIK1 (At2g39660).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Validation of related transgenic
plants.

Supplemental Figure S2. Salt sensitivity analyses of trans-
genic plants overexpressing PIP/PIPL members.

Supplemental Figure S3. Determination of the Na™ /K"
ratio in plants.

Supplemental Figure S4. Overexpression of prePIP3
enhances plant salt tolerance.

Supplemental Figure S5. Construction of the pip3 mu-
tant and salt sensitivity analyses.

Supplemental Figure S6. PIP1 is not implicated in plant
salt tolerance regulation.

Supplemental Figure S7. Validation of transgenic plants
using immunoblot analyses.

Supplemental Figure S8. Validation of rlk7 mutants and
analysis of the subcellular localization of RLK7.
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Supplemental Figure S9. RLK7 functions in plant cellular
ionic homeostasis regulation.

Supplemental Figure S10. Determination of prePIP3 and
RLK7 promoter activity.

Supplemental Figure S11. Quantification of the ratio be-
tween phosphorylated RLK7 and nonphosphorylated RLK7.

Supplemental Table S1. Primers used for plasmid
construction.

Supplemental Table S2. Primers used for RT-qPCR and
RT-PCR assays.

Supplemental Table S3. Sequence information of PIP1
and PIP3.

Supplemental File S1. Multiple protein alignment used
for the phylogenetic tree shown in Figure 1.

Supplemental File S2. Newick file format of the phyloge-
netic tree based on Supplemental File S1.

Supplemental Data Set S1. Summary of statistical analyses.
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