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The Arabidopsis thaliana endogenous elicitor peptides (AtPeps) are
released into the apoplast after cellular damage caused by patho-
gens or wounding to induce innate immunity by direct binding to
the membrane-localized leucine-rich repeat receptor kinases, PEP
RECEPTOR1 (PEPR1) and PEPR2. Although the PEPR-mediated signal-
ing components and responses have been studied extensively, the
contributions of the subcellular localization and dynamics of the
active PEPRs remain largely unknown. We used live-cell imaging
of the fluorescently labeled and bioactive pep1 to visualize the in-
tracellular behavior of the PEPRs in the Arabidopsis root meristem.
We found that AtPep1 decorated the plasma membrane (PM) in a
receptor-dependent manner and cointernalized with PEPRs. Traffick-
ing of the AtPep1-PEPR1 complexes to the vacuole required neither
the trans-Golgi network/early endosome (TGN/EE)-localized vacuo-
lar H*-ATPase activity nor the function of the brefeldin A-sensitive
ADP-ribosylation factor-guanine exchange factors (ARF-GEFs). In ad-
dition, AtPep1 and different TGN/EE markers colocalized only rarely,
implying that the intracellular route of this receptor-ligand pair is
largely independent of the TGN/EE. Inducible overexpression of the
Arabidopsis clathrin coat disassembly factor, Auxilin2, which inhibits
clathrin-mediated endocytosis (CME), impaired the AtPep1-PEPR1
internalization and compromised AtPep1-mediated responses. Our
results show that clathrin function at the PM is required to induce
plant defense responses, likely through CME of cell surface-located
signaling components.

Arabidopsis | clathrin | endogenous peptides | PEPR | endocytosis

Danger- or damage-associated molecular patterns (DAMPs)
are diverse endogenous molecules that originate from the
host to activate immune responses following perception (1). In
Arabidopsis, the endogenous elicitor peptides, AtPeps, are char-
acterized as DAMPs because they are able to trigger defense
responses reminiscent of those induced in pattern-triggered im-
munity (2, 3). AtPeps form a family of eight members that ma-
ture from their precursor proteins PROPEP1 to PROPEPS.
Because AtPeps are induced by pathogen-associated molecular
patterns and can induce their own transcription, they are also
considered defense response amplifiers (4). All A¢Peps are per-
ceived by two homologous leucine-rich repeat (LRR) pattern
recognition receptors, PEP RECEPTORI1 (PEPR1) and PEPR2,
but early studies implicated PEPR1 as the primary receptor for
AtPepl (2, 4, 5). AtPepl is a 23-aa peptide derived from the C
terminus of a 92-aa precursor protein, AfPROPEP1 (3, 6). The
10 C-terminal amino acids of AtPepl bind the PEPR1-LRR
domain and trigger interaction between PEPR1 and its corecep-
tor, BRASSINOSTEROID INSENSITIVE1-ASSOCIATED
KINASEL1 (BAKT1) (5). Despite the ever-growing number of plant
signaling peptides, their intracellular dynamics have not been re-
ported to date. PEPRSs are structurally similar to the plasma mem-
brane (PM)-localized receptor kinases FLAGELLIN SENSING2
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(FLS2) and BRASSINOSTEROID INSENSITIVEL1 (BRI1),
which undergo endocytosis both independently and dependently of
their ligands, the bacterial peptide flagellin 22 (flg22) and the
brassinosteroid (BR) hormone, respectively (7, 8).

Endocytosis is proposed to function as a spatial and temporal
modulator of the outcome of receptor-mediated responses by
regulating the amounts of the respective receptors and ligands at
the PM and their localization into the cell (9). In plants, clathrin-
mediated endocytosis (CME) is the major internalization route
(10). Functional studies of mutants in the clathrin machinery
support the conserved mechanism of CME in plants and its im-
portance for growth, development, and plant defense responses
(11, 12), although, in general, the role of CME in plant immunity
has not been addressed completely.

Here we used live-cell imaging of the fluorescently labeled
pepl (TAMRA-pepl) to study the contributions of the subcellular
localization and dynamics of the active PEPRs to AfPepl re-
sponses. We found that A/Pepl1-PEPR1 complexes are internal-
ized via CME and transported to the vacuole via a trans-Golgi
network/early endosome (TGN/EE)-independent pathway. We
show that impaired clathrin function compromised the ArPepl
responses, indicating that clathrin plays a positive role in danger-
associated peptide signaling in Arabidopsis.

Significance

Plant endogenous molecules, such as the Arabidopsis thaliana
elicitor peptides (AtPeps), activate defense responses by means
of cell surface-located receptors that serve as an excellent
model to study the implications of endomembrane trafficking
in plant immunity. Here we used fluorescently labeled and
bioactive pep1 to probe in vivo the intracellular dynamics and
the fate of the active receptor-ligand complexes in the Arabi-
dopsis root meristem. We show that AtPep1 internalization
depends on its receptors and that clathrin-mediated endocy-
tosis is essential for AtPep1-induced responses.
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Results

AtPep1 Labeled the PM of Arabidopsis Root Meristem Cells in a
Receptor-Dependent Manner. To simultaneously monitor the locali-
zation of the AfPepl-bound and presumably active PEPRs in living
cells, we synthesized a fluorescently labeled ArPepl, designated
TAMRA-pepl. When applied to plants, TAMRA-pepl was stable
(Fig. S1) and biologically active at nanomolar concentrations, as
evaluated by different readouts for ArPepl responses (Fig. S2). The
localization of the labeled peptide was studied in epidermal cells
of the root meristem of 5-d-old wild type (WT) Arabidopsis
seedlings incubated with 100 nM TAMRA-pepl for different
time points and visualized immediately after three washouts (Fig.
S3A). Incubation with TAMRA-pepl for 60 s was sufficient to
label all cells in the root meristem (Fig. 14); however, previous
promoter-p-glucoronidase (GUS) reporter studies of the PEPRI and
PEPR? genes in Arabidopsis have shown that the two receptors are
expressed in leaves and in the root differentiation zone, but not in
the root meristem (6), in agreement with our results (Fig. S44).

Because TAMRA-pepl efficiently labeled the PM of root
meristem cells, we wanted to clarify this discrepancy in locali-
zation patterns. Therefore, we expressed the genomic sequences
of PEPRI and PEPR? fused to GFP under their native pro-
moters into the pepripepr2 double mutant and evaluated their
expression patterns in the root meristem. The two chimeric
proteins, PEPR1-GFP and PEPR2-GFP, were functional, be-
cause they complemented the pepripepr2 double mutant (Fig.
S4B). Whereas the expression pattern of the PEPR2-GFP pro-
tein was similar to that of the pPEPR2::NLS-GFP fusion, the
PEPR1-GFP signal was detected in root cells of the differenti-
ation zone and also in the root meristem, in correlation with the
TAMRA-pepl localization (Fig. 1B and Fig. S4C).

The PM labeling by TAMRA-pepl in the root meristem
depended on the receptors, as demonstrated by the finding that

PEPR2-GFP/
pepripepr2

B PEPRI-GFP/
peprlpepr2
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TAMRA-pepl
PM fluorescence intensity
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X —
Col-0 pepripepr2 0 01 1 10 100 1000 10000
Competitor peptide [nM]
Fig. 1. PEPR-dependent PM labeling of TAMRA-pep1. (A) Root tips of Arabi-

dopsis Col-0 seedlings treated with TAMRA-pep1 (100 nM, for 10 s and 60 s) and
imaged after three washouts. (B) Localization of PEPR1-GFP and PEPR2-GFP
expressed under endogenous promoters and complementing the pepripepr2
double mutant. (C) Unlabeled PM of the pepriperp2 double mutant by
TAMRA-pep1. Root epidermal cells were treated with TAMRA-pep1 for 60 s and
imaged as in A. (D) Quantification of TAMRA-pep1 PM fluorescence intensity in
root epidermal cells (n = 48) incubated with different concentrations of pep1 or
flg22 for 5 min, then treated with TAMRA-pep1 (100 nM, 10 's) and imaged after
three washouts (Fig. S3C). All experiments were performed using 5-d-old
seedlings. Error bars indicate SD. n, number of cells. (Scale bars: 10 pm.)

Ortiz-Morea et al.

root cells of the pepripepr2 double mutant lacked fluorescent
labeling despite functional endocytosis (Fig. 1C and Fig. S3 4
and B). This observation was further supported by a competition
experiment in which pretreatment with a 10-fold excess of un-
labeled pepl prevented PM labeling by TAMRA-pepl, whereas
labeling was unaffected by pretreatment with flg22, known to
bind and activate the LRR receptor kinase FLS2 (7) (Fig. 1D
and Fig. S3C).

Receptor-Mediated Endocytosis of AtPep1. To monitor the behavior
of the bioactive fluorescently labeled pepl over time, Arabidopsis
seedlings were pulsed with TAMRA-pepl (100 nM, 10 s), washed,
and imaged at different time points (referred to as chases) (Fig.
S54). After a 10-min chase, most of the TAMRA fluorescence
was associated with the PM. Some puncta were visible inside the
cell after a 20-min chase and became more evident after a 40-min
chase. Later, after a 90-min chase, TAMRA-pepl was concen-
trated into structures that resembled vacuoles likely undergoing
degradation (Fig. S54). The TAMRA-pepl internalization de-
pended on the temperature (Fig. S3D).

To investigate whether PEPR1 and PEPR?2 are also internalized
after stimulation with pep1, we used pepriIpepr2 Arabidopsis plants
complemented with pRPS5A4::PEPRI-GFP or pRPS5A::PEPR2-
GFP to allow robust expression of both receptors in the root
meristem cells (Fig. S4B). The subcellular localization of PEPR1-
GFP was evaluated after treatment with different pepl concen-
trations after 5-min and 40-min chases (Fig. S5B). Although some
PEPR1-GFP-labeled intracellular puncta were detected even
without pepl treatment, their presence was induced by pepl in a
time- and dose-dependent manner and was largely colocalized
with the endocytic tracer FM4-64 (10) (Fig. S6A4).

To determine whether the PEPR1 internalization followed sim-
ilar TAMRA-pepl dynamics, pRPS5A::PEPR1-GFP/pepripepr2
seedlings were pulsed with pepl (100 nM, 10 s) and imaged over
time. Comparable to TAMRA-pepl, the PEPR1-GFP signal was
first associated with the PM (10-min chase); later (20-min chase),
punctate vesicle-like structures began to appear and became more
abundant after a 40-min chase. At later time points (90-min chase),
PEPR1-GFP accumulated in the vacuole (Fig. S5C). In contrast,
PEPR1-GFP remained localized in the PM after treatment with
flg22 (Fig. S5B), suggesting that the PEPR1 internalization is spe-
cifically induced by its ligand. The temporal dynamics of the
PEPR1-GFP internalization after continuous application of pepl
remained the same as after the 10-s pulse (Fig. S5D).

To study the subcellular dynamics of AfPepl-PEPRs, ligand-
receptor complexes in root meristem epidermal cells of pRPS5A::
PEPR1-GFP/pepripepr2 and pRPS5A::PEPR2-GFP/pepripepr2
seedlings were pulsed with TAMRA-pepl (100 nM, 10 s) and im-
aged after washout. TAMRA-pepl and PEPR1-GFP and PEPR2-
GFP cointernalized with the same temporal dynamics (Fig. 2 and
Fig. S6B) as previously shown individually for TAMRA-pepl and
PEPR1-GFP. High Pearson’s correlation coefficient values were
obtained when TAMRA-pepl colocalized with either PEPR1-
GFP or PEPR2-GFP; thus, our observations are consistent with
the view of a receptor-mediated ArPepl internalization.

The AtPep1-PEPR Trafficking Is Largely Independent of V-ATPase
Activity at the TGN/EE. To better understand the endocytic route
of PEPR with its ligand, we incubated various fluorescence-
tagged endomembrane markers with TAMRA-pepl and assessed
their colocalization after a 40-min chase by counting as
positive only the vesicles with colocalization values >0.5
calculated by Pearson’s correlation coefficient. TAMRA-pepl
colocalized only partially (18-37%) with all tested TGN markers,
including VHA-al, SYP61, SYP42, clathrin, and YFP-RabAle
(13-17) (Fig. S74). TAMRA-pepl colabeled only 5% of the
Golgi SNARE, MEMBI12 (17) and 3.4% of the autophagy
marker ATGS8 (Fig. S7 B and C). In addition, TAMRA-pepl
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Fig. 2. Internalization of AtPep1 and its receptor PEPR1. (A) Here 5-d-old

pepripepr2 seedlings complemented with the pRPS5A:PEPR1-GFP construct
were treated with TAMRA-pep1 for 10 s, washed with medium three times, and
imaged at the indicated times. As a colocalization indicator, the Pearson cor-
relation (P) was calculated for merged images. White arrows point to colocalized
structures. (Scale bars: 10 um.) (B) Quantification of PEPR1-GFP PM fluorescence
intensity in A (n = 27). n, number of cells analyzed. Error bars indicate SD.

uptake was not affected in different autophagy mutants (Fig. S7D).
In contrast, colocalization increased (76-84%) between TAMRA-
pepl and the multivesicular body (MVB) markers ARA7 and
ARAG (17, 18) (Fig. S7E). Finally, TAMRA-pep1 accumulated in
the vacuoles marked by VAMP727 (17) (Fig. S7F). Taken to-
gether, the live-cell imaging analyses revealed that TAMRA-pepl
and, presumably, its bound receptors follow an endocytic traf-
ficking route from the PM to the vacuole, passing through late
endosomal compartments and, unexpectedly, only partially via the
TGN/EEs or endomembranes neighboring it. This observation is
in contrast to the BR receptor and its ligand that colabeled >80%
of the TGN/EE compartments marked by the VHA-al-RFP, as
shown previously (8).

To support the colocalization studies, we investigated whether
the trafficking route of the ArPepl-PEPR complexes requires the
function of the vacuolar H*-ATPase (V-ATPase), which is present
in the TGN/EE compartments to acidify them (13). We examined
the subcellular dynamics and localization of TAMRA-pepl in
transgenic lines expressing VHA-al-GFP in the presence of the
specific V-ATPase inhibitor concanamycin A (ConcA) (13) (Fig.
3A4). Surprisingly, after a 40-min chase, the fluorescent probe did
not accumulate in typical ConcA bodies, as seen for the VHA-al-
GFP, despite some minor colocalization. After a 90-min chase, the
TAMRA-pepl signal was visible in the vacuole, indicating that its
trafficking, although somewhat delayed (Fig. S84), was not blocked
by the inhibition of the V-ATPase activity. These findings are
supported by the subcellular dynamics of PEPR1-GFP in the

11030 | www.pnas.org/cgi/doi/10.1073/pnas.1605588113

presence of ConcA and the endosomal tracer FM4-64, previously
shown to accumulate into the TGN/EE-positive ConcA bodies (13)
(Fig. 3B). For this experiment, pRPSSA::PEPR1-GFP/pepripepr2
seedlings were pretreated with ConcA (2 uM, 30 min), then pulsed
with pepl or with water (mock control), in the presence of FM4-64
and ConcA. Seedlings stained with FM4-64 pretreated and
treated with DMSO were used as a control for the ConcA
treatment. Without pepl1 elicitation, PEPR1-GFP localization
was not significantly affected by ConcA, although at later points

A DMSO
TAMRA-pepl
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ConcA [2uM]
TAMRA-pepl
Pep Merge

100nM i
: 2 F s
o - S e .
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VHA-al-GFP
DMSO/ ConcA [2uM]/ ConcA [2uM]/pep1[100nM]/
FM4-64[4M] FM4-64 [4pM] FM4-64 [4uM]

PEPR1-GFP Merge PEPR1-GFP Merge

PEPRI1-GFP Merge

40

60.
90-

Fig. 3. The trafficking of TAMRA-pep1 and PEPR1-GFP to the vacuole did not
require V-ATPase activity. (A) Subcellular localization of TAMRA-pep1 in
Arabidopsis root meristem epidermis of transgenic seedlings expressing the
TGN/EE marker VHA-a1-GFP in the presence of ConcA and DMSO (mock con-
trol) over time. Seedlings were pretreated with ConcA (2 pM, 30 min) and then
with TAMRA-pep1 (100 nM, 10-s pulse, three washouts) in the presence of
ConcA (2 uM) for 40, 60, and 90 min before imaging. Arrows and arrowheads
point to colocalized and uncolocalized vesicles marked with TAMRA-pep1 and
VHA-a1-GFP, respectively. (B) Subcellular localization of PEPR1-GFP in Arabi-
dopsis root epidermal meristem cells in the presence of DMSO, ConcA (2 uM),
and ConcA (2 uM)/pep1 (100 nM for 10 s) over time. pepripepr2 seedlings
complemented with the pRPS5A::PEPR1-GFP construct were pretreated with
ConcA (2 pM, 30 min) and then exposed or not to pep1, stained with FM4-64
(4 uM, 5 min, three washouts), and kept in the presence of ConcA (2 pM) for
the indicated times until imaging. Arrows and arrowheads point to PEPR1-GFP
vesicles colocalized and uncolocalized with FM4-64, respectively. (Insets) 3x
magnification showing details of the PEPR1-GFP vesicles. In all experiments,
5-d-old seedlings were used. (Scale bars: 10 um.)
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some GFP-positive compartments were seen either in the proximity
of or colocalizing with the FM4-64—positive ConcA bodies (Fig. 3B).
After pretreatment with ConcA and pepl application in the pres-
ence of the inhibitor, a considerable portion of PEPR1-GFP-
marked vesicles clearly colocalized with FM4-64 into the ConcA
bodies and were still better visualized after 40- and 60-min chases
(Fig. 3B), but, as seen for TAMRA-pepl (Fig. 34), the PEPRI-
GFP trafficking to the vacuoles was not blocked. Based on the low
colocalization between TAMRA-pepl and VHA-al-GFP and the
ineffectiveness of ConcA, we concluded that trafficking of the
AtPepl-PEPR complexes to the vacuole does not strictly require
the V-ATPase activity associated with TGN/EE.

PEPR1 Secretion, but Not Its Endocytosis, Depends on ARF-GEF. Most
of the plant PM proteins, including receptors, constitutively cycle
between PM and endosomal compartments, a mechanism that
modulates their abundance and activity (19). Therefore, to investi-
gate whether PEPR1 also undergoes recycling, we applied the fungal
inhibitor brefeldin A (BFA), which is also routinely used to block
recycling in plants through inhibition of the BFA-sensitive ADP-
ribosylation factor-guanine exchange factors (ARF-GEEFs) (20).
Following treatment with BFA (50 pM, 60 min), PEPR1-GFP
fluorescence clearly accumulated in BFA bodies that were also
costained with the endocytic tracer FM4-64 (Fig. 4 A and B). Because
PEPR-GFP did not accumulate into BFA bodies in the presence of
BFA and the protein synthesis inhibitor cycloheximide (CHX) (Fig.
4C), we concluded that the majority of the PEPR1-fluorescent signals
that accumulated in the BFA bodies without CHX belonged to newly
synthetized, but not recycled, PEPR1 proteins.

Next, we visualized PEPR1-GFP fluorescence after 40- and
60-min chases following AtPep1 elicitation in the presence of BFA
(50 pM) (Fig. 4D). After a 40-min chase, the PEPR1-GFP fluo-
rescence accumulated into BFA bodies (likely derived from se-
cretion) and into a population of vesicles arranged around the
BFA bodies, some of which seemed to colocalize with the BFA
bodies (Fig. 4D, Inset). After a 60-min chase, the PEPR1-GFP
fluorescent signal was also seen in the vacuole, indicating that the
ligand-induced internalization of PEPR1 was not blocked. To
confirm this observation, we evaluated the internalization of
TAMRA-pepl in the presence of BFA (Fig. 4F). The treatment
was performed in transgenic plants expressing the endosomal
marker VHA-al-GFP, which has been detected in the core of
BFA bodies (13). As expected, the localization pattern and tem-
poral dynamics of TAMRA-pep1 in the presence of BFA were
similar to those of PEPR1-GFP after activation (Fig. 4E). These
observations suggest that the endocytic trafficking of ArPepl-
PEPR complexes is not compromised in the presence of BFA, as
previously reported for FLS2 in Arabidopsis leaves (7).

Clathrin Is Required for AtPep1-PEPR1 Complex Internalization and
AtPep1 Responses. In plants, CME is the major internalization
route of plant PM proteins (10). To gain further insight into
the internalization mechanism of ArPepl-PEPR complexes, we
characterized TAMRA-pepl endocytosis in the clathrin heavy
chain 2 (chc2) knockout mutants (chc2-1 and chc2-2) (11). In
both chc2 alleles, the intracellular accumulation of TAMRA-
pepl was slightly, but significantly, reduced, implying its im-
paired internalization (Fig. S8 B and C). To corroborate these
observations, we took advantage of the inducible line expressing
the clathrin-interacting protein Auxilin2 (AX2) (XVE>>AX?2),
the overexpression of which blocked CME in Arabidopsis (Fig.
5A4). When seedlings were induced with 5 pM estradiol, moni-
tored as root growth arrest, both the internalization of TAMRA-
pepl and FM4-64 were completely blocked, suggesting that the
AtPepl-PEPR complexes undergo CME.

To investigate whether the internalization of ArPepl-PEPR
requires the known CME adaptor AP-2, we also carried out
TAMRA-pepl uptake experiments in root epidermal cells of

Ortiz-Morea et al.
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Fig. 4. PEPR1 secretion, but not its endocytosis, depends on ARF-GEF. (A-C)
Subcellular localization of PEPR1-GFP after treatment for 60 min with DMSO
(A), BFA (50 uM) (B), and CHX (50 pM) + BFA (50 pM) (C). (D) Experiments
performed after pretreatment with CHX for 1 h. Subcellular localization of
PEPR1-GFP after 40 and 60 min of pep1 elicitation (100 nM, 10-s pulse) in the
presence or absence of BFA (50 uM). pepr1pepr2 seedlings complemented with
the pRPS5A::PEPR1-GFP construct were stained with FM4-64 (4 pM, 5 min, three
washouts). (E) Subcellular localization of TAMRA-pep1 in the presence or ab-
sence of BFA. Seedlings expressing VHA-a1-GFP were treated with TAMRA-pep1
for 10 s, washed, kept in the presence or absence of BFA (50 uM), and imaged
after 40 and 60 min. (Insets) Details of BFA bodies at 2.5x magnification. In all
experiments, 5-d-old seedlings were used. (Scale bars: 10 pm.)

ap2m-2 (21) and ap2s (22) mutants defective in the medium and
small subunits of the Arabidopsis AP-2, respectively (Fig. S8 B
and C). Notably, the uptake of TAMRA-pepl was not signifi-
cantly compromised in any of these lines, in contrast to the
previously reported, partially inhibited FM4-64 uptake (22, 23).

We next tested whether CME impairment would affect early
and late AfPepl responses, including mitogen-activated protein
kinase (MAPK) activation and root growth inhibition, respectively
(12). Although the MAPK phosphorylation caused by pepl ap-
plication was not affected in any of the tested chc2, ap2m, and
ap2s alleles (Fig. S9), it was strongly reduced when XVE>>AX2
seedlings were induced for 24 h with estradiol and treated with
pepl (Fig. 5B). Interestingly, the root sensitivity of the chc2 mu-
tants to pepl application was also altered, but only at one pepl
concentration (Fig. S8D). To rule out the possibility that the re-
duced MAPK activation was not due to impaired secretion, we
checked the amount of PEPR1-GFP receptors and the TAMRA-
pepl available at the PM by measuring the fluorescence intensity
before and after estradiol induction in XVE>>AX2 seedlings. We
observed a PM-localized receptor and, in some cases, even an
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Fig. 5. Clathrin dependence of AtPep1-PEPR internalization and responses.
(A) The internalization of FM4-64 (Left; 4 uM, 5 min, three washouts, 30-min
chase) and TAMRA-pep1 (Right; 100 nM, 10-s pulse, three washouts, 40-min
chase) was blocked after induction of Auxilin2 (AX2) expression in 5-d-old
XVE>>AX2 seedlings with 5 pM estradiol for 24 h. (B) Pep1-induced (20 nM)
MAPK activation was impaired after the XVE>>AX2 line had been treated
with 5 uM estradiol for 24 h. Phosphorylation of MPK6 and MPK3 was de-
tected with anti-phospho-p44/p42-MPK antibody. The blot was reprobed
with anti-MPK6, ant-MPK3, and anti-tubulin to show protein levels. Indi-
vidual MPKs were identified by molecular mass and are indicated by arrows.
These experiments were repeated five times. (C) Subcellular localization of
PEPR1-GFP in root epidermal cells of pRPS5A::PEPR1-GFP/IXVE>>AX2-expressing
seedlings before (DMSO) and after induction with 5 uM estradiol for 24 h. (D)
Quantification of PEPR1-GFP PM fluorescence intensity in C (n = 36). n, number
of cells analyzed. Error bars indicate SEM. No statistically significant difference
(*P < 0.01, Student’s t test) was found. (Scale bars: 10 pm.)

excessive amount of membranous material that accumulated at the
periphery of epidermal cells, suggesting that secretion was not
blocked (Fig. 5 C and D). Complementary to these results, MAPK
activation after pep1 application was not compromised in mutants in
the AP1M subunit of the TGN/EE-localized AP-1 complex, which is
essential for post-Golgi trafficking (24) (Fig. S9 4 and B). Based on
the foregoing findings, we conclude that clathrin is required for
AtPepl-PEPR-mediated responses through CME regulation.

Discussion

Here we used live-cell imaging of fluorescently labeled and
biologically active pepl (TAMRA-pepl) to assess the impor-
tance of the subcellular localization and dynamics of the AtPep-

11032 | www.pnas.org/cgi/doi/10.1073/pnas.1605588113

PEPR complexes for signaling in the root meristem. TAMRA-
pepl associated rapidly and in a receptor-dependent manner
with the PM, in agreement with previous biochemical work
showing that receptor-ligand complexes are formed within sec-
onds (5). The TAMRA-pepl localization correlated with the
expression pattern of the PEPR1-GFP protein. TAMRA-pepl
and PEPR-GFP were simultaneously internalized and trans-
ported to the vacuole, most probably as a mechanism to de-
sensitize cells after the ArPep1 stimulation, as reported for other
ligands (8, 25). Interestingly, the temporal dynamics of the
AtPepl-PEPR complexes differed from those of BR-BRI1,
which internalize very rapidly (8), but were similar to those of the
FLS2 receptor (7). Thus, diverse signaling responses require
endocytosis with different dynamics and, notably, pattern rec-
ognition receptors follow ligand-induced endosomal trafficking
with similar dynamics.

Because TGN/EE is the first compartment that gathers
endocytosed cargos (26), high colabeling was expected between
the TGN/EE markers and TAMRA-pep1, as previously observed
for the BRII receptor-ligand complexes (8). Surprisingly, and
similar to FLS2 (7, 27), the colocalization of TAMRA-pep1 with
all tested TGN/EE markers, including clathrin (28) and VHA-al,
was low, in contrast to the MVB markers, for which high
colocalization values were obtained. Possibly, the AfPepl-PEPR
complexes either are internalized directly to MVBs bypassing the
TGNJ/EE or are transported to the MVBs via a V-ATPase-
negative subpopulation of the TGN. In agreement, the transport
of TAMRA-pepl to the vacuole, although delayed, was not
blocked by the inhibitor of the V-ATPase activity, ConcA (13),
similarly to the boron transporter BOR1 at high boron concen-
trations (29) and the FLS2 receptor (7, 27). Intriguingly, ARA7
colocalized with the VHA-al in the TGN/EE, thus marking the
TGN/EE subdomains that will mature into MVBs (30). There-
fore, PEPRs might associate with TGN/EE subpopulations that
are partially excluded from the V-ATPase activity preceding the
switch to ARA7-dependent TGN/EE maturation into MVBs.
The identity of this TGN subpopulation remains to be de-
termined, however. The fungal toxin BFA induced the accumu-
lation of the inactive PEPR1-GFP into BFA bodies, but these
bodies were not detected after protein synthesis inhibition, im-
plying that the signal detected in BFA bodies derives from se-
creted, instead of recycled, receptors.

Although we cannot rule out a BFA-insensitive recycling
pathway or a very slow recycling rate, our results suggest that the
abundance of the inactive receptors at the PM is regulated
mainly by secretion. Because PEPRs function as innate immunity
amplifiers and their expression is also induced by A¢Peps (4), we
can predict that after elicitation the internalized PEPRs are
replaced by newly synthetized proteins. Accordingly, BFA did
not affect the ArPep1-PEPRI1 trafficking to the vacuole, as pre-
viously reported for the activated FLS2 receptor and the fluo-
rescent BR analog (7, 8).

Direct evidence for the role of CME in plant endogenous
peptide-mediated responses has not yet been reported. We
have shown that the endocytosis of ArPepl-PEPR1 depends
on clathrin, because TAMRA-pepl internalization was slightly
reduced in chc2 alleles and completely blocked after overexpression
of the clathrin-interacting protein AX2 that seemingly prevents
clathrin recruitment to the nascent endocytic pits. The inhibition
of TAMRA-pepl internalization after overexpression of AX2
correlated with severely reduced activation of MAPKSs after pepl
application. In agreement, in response to pepl, the root growth
insensitivity of the two chc2 alleles was increased but, surpris-
ingly, at only one pepl concentration. Taken together, our re-
sults reveal that ArPepl-mediated responses are compromised
and that the severity of the phenotypes, at least related to early
MAPK responses, correlates with the extent of the CME in-
hibition at the PM.

Ortiz-Morea et al.
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In plants, clathrin-coated vesicles are also essential for sorting
cargos for recycling and possibly secretion at the TGN/EE (28).
Given that the amounts of PEPR1-GFP and TAMRA-pepl
at the PM were not reduced after AX2 induction, we conclude
that the secretion of PEPR1 is not significantly affected. In ad-
dition, the ArPepl-mediated MAPK activation was not altered
by mutations in the medium subunit of the TGN/EE-localized
AP-1, which is essential for post-Golgi trafficking (24). Despite
their involvement in CME, the mutant alleles of AP-2, ap2m-2
and ap2s (21, 22), did not affect TAMRA-pepl uptake or
AtPepl-mediated MAPK activation, raising the question of
whether PEPR endocytosis is mediated by AP-2.

Finally, in contrast to the BR signaling, clathrin is required
for AtPepl-mediated responses. Whether CME is necessary for
the delivery of signaling complexes to as-yet undefined endo-
somal compartments or for the removal of unknown negative
AtPepl signaling components from the PM remains to be
determined.

Materials and Methods

The experimental procedures followed for this study are described in detail in
Sl Materials and Methods.

Plant Material and Growth Conditions. Arabidopsis thaliana (L.) Heynh. (Columbia
accession, Col-0), pepripepr2 (2), chc2-1 and chc2-2 (11), ap1m2-1 and hap13
(Ws) (24), ap2m-2 (21), ap2s (22), atg5-1 (31), and atg7-2 (32) plants were used.
Generation of constructs, used primers (Table S1), transgenic lines, media, and
growth conditions are described in S/ Materials and Methods.
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