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FLAGELLIN-SENSING2 (FLS2) is the plant cell surface receptor that perceives bacterial flagellin or flg22 peptide, initiates flg22-
signaling responses, and contributes to bacterial growth restriction. Flg22 elicitation also leads to ligand-induced endocytosis and
degradation of FLS2 within 1 h. Why plant cells remove this receptor precisely at the time during which its function is required
remains mainly unknown. Here, we assessed in planta flg22-signaling competency in the context of ligand-induced degradation of
endogenous FLS2 and chemical interference known to impede flg22-dependent internalization of FLS2 into endocytic vesicles.
Within 1 h after an initial flg22 treatment, Arabidopsis (Arabidopsis thaliana) leaf tissue was unable to reelicit flg22 signaling in a
ligand-, time-, and dose-dependent manner. These results indicate that flg22-induced degradation of endogenous FLS2 may serve
to desensitize cells to the same stimulus (homologous desensitization), likely to prevent continuous signal output upon repetitive
flg22 stimulation. In addition to impeding ligand-induced FLS2 degradation, pretreatment with the vesicular trafficking inhibitors
Wortmannin or Tyrphostin A23 impaired flg22-elicited reactive oxygen species production that was partially independent of
BRASSINOSTEROID INSENSITIVE1-ASSOCIATED KINASEL. Interestingly, these inhibitors did not affect flg22-induced mitogen-
activated protein kinase phosphorylation, indicating the ability to utilize vesicular trafficking inhibitors to target different flg22-
signaling responses. For Tyrphostin A23, reduced flg22-induced reactive oxygen species could be separated from the
defect in FLS2 degradation. At later times (>2 h) after the initial flg22 elicitation, recovery of FLS2 protein levels positively
correlated with resensitization to flg22, indicating that flg22-induced new synthesis of FLS2 may prepare cells for a new

round of monitoring the environment for flg22.

Eukaryotic host cell surface receptors are key com-
ponents of innate immunity in that they act as the first
line of defense against invading microbial pathogens
(Boller and Felix, 2009; Kumar et al., 2011). These re-
ceptors detect extracellular microbe-associated molec-
ular patterns, also referred to as pathogen-associated
molecular patterns (PAMPs), as “nonself” to alert host
cells of these microbes. PAMP perception activates host
immune responses that ultimately contribute to cessation
of microbial infection. In plants, one of the best-studied
pattern-triggered immunity systems is perception
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of bacterial flagellin or its active peptide-derivative
flg22 by FLAGELLIN-SENSING2 (FLS2; Boller and
Felix, 2009; Nicaise et al., 2009; Monaghan and Zipfel,
2012; Robatzek and Wirthmueller, 2013). FLS2 is the
plasma membrane (PM)-localized receptor-like kinase
(RLK) that detects apoplastic flg22 through its extra-
cellular Leucine-rich repeat domain (Chinchilla et al.,
2006; Dunning et al., 2007; Sun et al., 2012; Robatzek
and Wirthmueller, 2013). Flg22 perception initiates down-
stream immune responses including production of reac-
tive oxygen species (ROS), phosphorylation and activation
of mitogen-activated protein kinases (MAPKSs), and tran-
scriptional changes (Nicaise et al., 2009; Tena et al., 2011;
Monaghan and Zipfel, 2012), and increasing evidence
suggests that these signaling events constitute a signaling
network rather than a single linear pathway (Lu et al,
2009; Korasick et al., 2010; Tena et al., 2011). The regula-
tory RLK BRI1-ASSOCIATED KINASE1 (BAK1) forms a
flg22-induced complex with FLS2 within seconds and
functions very early in flg22 response pathways because
BAKI1 is required for all known downstream flg22-
signaling responses (Chinchilla et al., 2007, 2009; Heese
et al., 2007; Schulze et al., 2010; Ntoukakis et al., 2011).
The importance of FLS2-dependent responses in plant
immunity is underlined by the fact that in the absence
of functional FLS2, cells exhibit enhanced susceptibility
to bacterial infection (Zipfel et al., 2004; Li et al., 2005;
Hann and Rathjen, 2007; Zeng and He, 2010).
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FLS2 is one of only a few plant RLKs shown to un-
dergo ligand-induced endocytosis and subsequent deg-
radation (Robatzek et al., 2006; Gohre et al., 2008; Lu
et al., 2011; Beck et al., 2012; Choi et al., 2013). As de-
termined by live-cell imaging, treatment with active flg22
(derived from Pseudomonas syringae) results in internali-
zation and subsequent degradation of ectopically ex-
pressed FLS2 tagged with GFP (FLS2-GFP) within
60 min postelicitation (Robatzek et al., 2006). By contrast,
elicitation with inactive flg22 (from Agrobacterium
tumefaciens) or elf26, a bacterial PAMP recognized by
the plant elongation factor-Tu receptor (EFR) and known
to elicit similar signaling responses as flg22 (Zipfel et al.,
2006), had no effect (Robatzek et al., 2006). Very recent
quantitative live-cell imaging studies further show that
when ectopically expressed in Arabidopsis (Arabidopsis
thaliana) and Nicotiana benthamiana, FLS2-GFP traffics
through early, late, and multivesicular endosomes in
response to flg22 (Beck et al., 2012; Choi et al., 2013).
Vesicular trafficking inhibitors such as Wortmannin
(Wm) or Tyrphostin A23 (TyrA23) impede flg22-induced
internalization of FLS2-GFP into endocytic vesicles
(Robatzek et al., 2006; Beck et al., 2012). More specifically,
Wm is a known phosphatidylinositol3 (PI3)- and PI4-
kinase inhibitor that interferes with the formation
of endocytic vesicles from the PM and maturation of
late endosomes and multivesicular bodies in plant
cells (Emans et al., 2002; Tse et al., 2004; Wang et al,,
2009; Munnik and Nielsen, 2011; Ito et al., 2012). Con-
sistent with these functions, Wm impairs flg22-induced
endocytosis of FLS2-GFP and results in reduced accu-
mulation of FLS2-GFP in endosomes (Robatzek et al.,
2006; Beck et al., 2012). Flg22-elicited internalization of
FLS2-GFP is also partially reduced after treatment with
TyrA23 (Beck et al,, 2012). TyrA23 interferes with the
interaction between receptors containing the endocytic
signal YXX¢ (where Y is the amino acid Tyr, X is any
amino acid, and ¢ is a bulky hydrophobic amino acid)
and the u2 subunit of the adaptor protein complex2
required for clathrin-coated vesicle formation and sub-
sequent endocytosis (Banbury et al.,, 2003). In plants,
TyrA23 treatment leads to reduced internalization of
endocytic vesicles from the PM (Ortiz-Zapater et al.,
2006; Dhonukshe et al., 2007; Konopka and Bednarek,
2008; Leborgne-Castel et al., 2008; Irani et al., 2012). In
addition to its function as an endocytic internalization
inhibitor, TyrA23 acts as an inhibitor of Tyr kinases in
animals (Banbury et al., 2003), a role that has not been
well characterized in plants (Leborgne-Castel et al., 2008).
Thus, chemical interference studies demonstrate that ve-
sicular trafficking inhibitors impair ligand-induced endo-
cytosis of FLS2-GFP; but so far, it remains unknown
whether these inhibitors also affect flg22 signaling.

The observations that FLS2 undergoes ligand-induced
endocytosis and degradation appears to be an apparent
paradox, whereby a functional FLS2 is required for a full
immune response, yet perception of the ligand removes
FLS2 from the cell surface at the time during which
PAMP perception is required. One plausible explanation
is that termination of PAMP signaling must be tightly
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controlled because constitutive activation of immune sig-
naling diverts valuable resources from growth and de-
velopment to defense mechanisms. For the FLS2/flg22
system, signal attenuation may be achieved by diverse
mechanisms that may include regulating activity and/or
abundance of FLS2 itself (Trujillo et al., 2008; Saijo, 2010;
Leeetal.,, 2011; Lu et al., 2011; Sun et al., 2012). In animals,
ligand-induced endocytosis of receptors can be a means to
desensitize cells to further stimuli by decreasing receptor
levels from the cell surface (the site of stimulus percep-
tion), to attenuate signal(s) originating from the cell sur-
face, and/or to regulate the turnover of ligand-bound
receptor(s) from the PM (Robatzek, 2007; Sorkin and von
Zastrow, 2009; Scita and Di Fiore, 2010; Kumar et al.,
2011). For some receptors, ligand-induced endocytosis can
also serve as a means to ensure contact between recep-
tors and endosomal signaling components to initiate
signaling from endosomes (Geldner and Robatzek, 2008;
McGettrick and O’Neill, 2010; Kagan, 2012). Similar
mechanisms have been proposed but not yet formally
investigated for the flg22 /FLS2 system.

As a first step to examine potential role(s) of ligand-
induced down-regulation of FLS2 in flg22 signaling in
planta, we established reelicitation assays to correlate
FLS2-signaling competency with endogenous receptor
abundance in Arabidopsis leaves, a tissue commonly
used for flg22-signaling and bacterial pathogen infection
assays. Our results indicate that flg22-induced degrada-
tion of endogenous FLS2 may serve as a means to de-
sensitize cells to stimuli. We also provide evidence that
the vesicular trafficking inhibitors Wm and TyrA23,
previously shown to impair flg22-induced internaliza-
tion of FLS2 resulting in accumulation of FLS2 at the PM
(Robatzek et al., 2006; Beck et al., 2012), negatively affect
flg22-induced ROS production but not MAPK phos-
phorylation. In addition, subsequent flg22-elicited FLS2
protein synthesis that could be blocked by the protein
synthesis inhibitor cycloheximide (CHX) prepared cells
for a new round of flg22 perception, thus contributing to
the resensitization of plant cells to flg22.

RESULTS

Endogenous FLS2 Undergoes Ligand-Induced Degradation
That Is Ligand, Time, and Dose Dependent

A previous live-cell imaging study using emerging
young leaves (Robatzek et al., 2006) showed that in re-
sponse to 10 uM flg22, ectopically expressed FLS2-GFP is
internalized from the PM into small vesicles at 30 min,
followed by loss of FLS2-GFP fluorescence at 60 min,
consistent with ligand-induced endocytosis and subse-
quent degradation of FLS2-GFP. In recent quantitative
live-cell imaging reports, FLS2-GFP signal could still be
detected in endosomes 120 to 200 min after elicitation
with 10 to 100 um flg22 (Beck et al.,, 2012; Choi et al,,
2013). However, little is known about the fate of en-
dogenous, nontagged FLS2 after flg22 elicitation. To this
end, we investigated whether endogenous, nontagged
FLS2 underwent flg22-induced degradation in more
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detail. Using Arabidopsis ecotypes expressing functional
endogenous FLS2 (Bauer et al., 2001), we assessed FLS2
accumulation using an aFLS2-peptide antibody that
detects FLS2 in the wild type but not fls2A plants (Heese
et al., 2007; Korasick et al., 2010). When ecotype Lands-
berg erecta (Ler) seedlings were treated with concentra-
tions of flg22 (10 um) previously used in live-cell imaging
studies (Robatzek et al., 2006; Beck et al., 2012), FLS2
levels decreased within 40 min of fIg22 elicitation (Fig. 1A).
These results are consistent with flg22-induced
degradation of endogenous FLS2. By contrast, fls2-24
seedlings expressing FLS2 mutant protein impaired in
flg22 binding and signaling (Bauer et al., 2001) did not
show altered FLS2 levels (Fig. 1A), confirming the
specificity of the degradation response. Similarly, FLS2
underwent ligand-induced degradation in a dose-
dependent manner in 4- to 5-week-old Arabidopsis
ecotype Columbia (Col-0) leaves (Fig. 1C), a devel-
opmental tissue stage commonly used for flg22-
signaling and pathogen infection assays. Importantly,
FLS2 degradation occurred at a concentration as low
as 0.1 um, commonly used for flg22-signaling response
assays (Chinchilla et al., 2007, Heese et al.,, 2007;
Korasick et al., 2010). Confirming the specificity for the
ligand receptor pair, FLS2 degradation was specific to
active flg22 but not to water, inactive flg22, or the
unrelated bacterial PAMP elf26 (Fig. 1, A-C). Protein
levels of Mitogen-Associated Protein Kinase6 (MPK6)
or the endoplasmic reticulum membrane-bound calnexin
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Figure 1. Flg22-induced degradation of endogenous FLS2 is ligand,
dose, and time dependent. A and B, Time dependency and specificity
in Ler seedlings. Ler wild-type and fls2-24 mutant seedlings were eli-
cited in the presence (+) or absence (-) of 10 um flg22 (A) or with T um
of indicated PAMPs (B) for indicated times. C, Dose and ligand de-
pendency in Col-0 leaves. Col-0 wild-type leaf strips were elicited with
(+) or without () indicated PAMP with indicated concentration for O or
60 min. For immunoblot analyses, total protein extracts were probed
with aFLS2 (FLS2), aCalnexin (Caln), or aMPK6 (M6) antibodies.
Probing with the latter two antibodies served as loading controls.
Each experiment was done at least three times with similar results.
AF, inactive flg22 (from A. tumefaciens); E, elf26.
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were not significantly altered by any treatment (Fig. 1,
A-C). These results are consistent with endogenous,
nontagged FLS2 undergoing flg22-induced degrada-
tion in a ligand-, dose-, and time-dependent manner in
two different Arabidopsis ecotypes.

Ligand-Induced Degradation of FLS2 Desensitizes Cells to
Flg22 in a PAMP- and Time-Dependent Manner

To address whether flg22-dependent degradation of
FLS2 may serve as a means to desensitize host cells to
flg22, we assayed MAPK phosphorylation and ROS
production because they are implicated in two parallel
flg22-signaling pathways and both responses are rapid
and transient, in that flg22-induced activities peak 10
to 15 min postelicitation and return to nearly basal levels
within 40 to 60 min (Fig. 2, A-D). For reelicitation assays,
leaf tissue was first treated at 0 min with the indicated
PAMP, incubated for 45 to 50 min, and then washed
to remove excess ligand. To evaluate PAMP-signaling
competency after the first elicitation, the same samples
were reelicited with specified PAMPs at 60 min. Re-
sponses were monitored at indicated times postelicitation.

To assess cells” ability to reelicit MAPK activation,
samples were collected just prior to elicitation (0 and
60 min) as well as 10 min postelicitation (10 and
70 min, respectively) with indicated PAMPs and ana-
lyzed for phosphorylated MAPKSs using immunoblot
analyses (Heese et al., 2007; Korasick et al., 2010). Cells
initially treated with flg22 were flg22-signaling in-
competent at 60 min (Fig. 2A; Active flg22 [PF]/PF, 70%;
phosphorylated MPK6 [P-M6], P-M3) but remained
signaling competent to elf26 (PF/E, 70%). Importantly,
the inability to reelicit flg22-dependent MAPK phos-
phorylation was not due to reduced MAPK protein
levels at any times (Fig. 2A; MPK6). Similarly for ROS
production, after the initial fast and transient flg22-
induced ROS response, reelicitation of the same tissue
with flg22 at 60 min did not result in significant ROS
production (Fig. 2B). Consistent with the MAPK phos-
phorylation results, these cells were flg22-signaling
incompetent at 60 min postelicitation. Thus, loss of
flg22-induced signaling at 60 min correlated with flg22-
induced degradation of FLS2 at that time (Fig. 1C). By
contrast, reelicitation with the unrelated PAMP peptide
elf26 led to ROS production, indicating that cells treated
initially with flg22 were capable of mounting PAMP-
dependent ROS responses at 60 min per se (Fig. 2C).
Cells initially elicited with inactive flg22 (Fig. 2D) or
elf26 (Supplemental Fig. S1A) remained signaling com-
petent for flg22, consistent with FLS2 not being degraded
in response to these peptides (Fig. 1C). Flg22-signaling
incompetency was observed as early as 20 min after the
initial flg22 treatment, but reelicitation with elf26 resulted
in significant ROS production at these times (Fig. 2E).
This argues against the possibility that this flg22-signaling
incompetency between 20 and 60 min may be solely due
to an extended refractory period of cellular components
required for PAMP-induced ROS production.
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Figure 2. Ligand-induced desensitization to flg22 is PAMP and time
dependent. A, Specificity of reelicitation of MAPK phosphorylation.
Col-0 leaf strips were first elicited with 0.1 um flg22 (PF) for 0, 10, or
60 min. Samples denoted 70* were reelicited at 60 min for 10 min
with 0.1 um of indicated PAMP; minus (-) denotes no elicitation at
given time point. Total protein extracts were probed with aMPK6 (M6)
or aP-p44/42 MAPK to assess MPK6 protein levels or phosphoryla-
tion of MPK6 (P-M6), MPK3 (P-M3), and an unknown MPK (P-M2).
B-D, Specificity of ROS reelicitation. For first elicitation, Col-0 leaf discs
were elicited with 0.1 um of indicated PAMP at 0 min (white symbols),
washed, and reelicited with indicated PAMP at 60 min (arrow; black
symbols; n = 20 per treatment). All three ROS experiments in B to D
were set-up in the same 96-well plate at the same time to allow direct
comparison. E, Signaling competency between 20 and 60 min. All
Col-0 leaf disc halves (n = 96) were elicited at 0 min with 0.1 um active
flg22 (white bar). After 15 min, all tissue was washed. Subsets of tissue
(n =16 per treatment) were then reelicited a second time at 20, 40, or
60 min with indicated PAMP. White bar represents ROS peak pro-
duction 10 to 12 min after the first elicitation at 0 min (PF once). Black
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Loss of flg22-signaling competency at 60 min was dose
dependent, in that the amplitude of the reelicitation ROS
response was dependent on the initial flg22 concentra-
tion to which cells were exposed to at 0 min. Cells treated
first with 0.001 or 0.01 um flg22 remained signaling
competent to 0.1 um flg22 at 60 min (Fig. 3, A and B). By
contrast, cells initially exposed to 0.1 or 1 um flg22 were
flg22-signaling incompetent at 60 min (Fig. 3, C and D,
respectively). The dose dependency of obtaining a reel-
icitation response showed an inverse correlation with the
dose-dependent degradation of FLS2 in response to flg22
(Fig. 1C). For subsequent experiments, concentrations of
0.1 or 1 um flg22 were used for all elicitations.

Taken together, reelicitation data using two indepen-
dent PAMP-signaling assays indicate that the inability to
reelicit cells with flg22 was specific to the receptor-ligand
pair FLS2-flg22. These results also support the hypothe-
sis that ligand-induced degradation of FLS2 contributes
to desensitizing host cells to the stimulus.

Vesicular Trafficking Inhibitors Impede Ligand-Induced
Degradation of FLS2 and Flg22-Induced ROS Production
But Not MAPK Phosphorylation

A recent study provides evidence that treatment with
the vesicular trafficking inhibitors Wm and TyrA23 in-
terferes with flg22-induced endocytosis and reduce flg22-
induced accumulation of FLS2 in endosomes (Beck et al.,
2012). So far, however, it has not been investigated whether
these treatments affect flg22 signaling. To this end, we
pretreated Col-0 leaf strips with Wm and TyrA23 at
previously published inhibitor concentrations and pre-
incubation times of 1 h prior to flg22 elicitation (Beck et al.,
2012). Leaf strips were then elicited with 1 um flg22 as
described in our previous experiments to monitor flg22-
induced ROS production and MAPK phosphorylation.

First, we showed that consistent with previous live-
cell imaging studies (Robatzek et al., 2006; Beck et al.,
2012), pretreatment with Wm resulted in impaired
flg22-induced degradation of endogenous FLS2 as de-
termined by immunoblot analyses (Fig. 4A). Flg22-
elicited MAPK phosphorylation did not show any
apparent difference between Wm- and mock-treated
samples (Fig. 4A; compare -Wm/+PF and +Wm/+PF;
P-M3 and P-M6 at 10 min), indicating that tissue pre-
incubated with Wm remained flg22-signaling competent
for flg22-induced MPK3 and MPK6 phosphorylation to
a similar extent as mock-treated tissue. By contrast, we

(PF/PF) or gray bars (PF/E) represent ROS peak production 10 to 12 min
after reelicitation of tissue subsets for a second time at indicated times
with active flg22 or elf26, respectively. To allow for direct comparison,
all treatments in E were set-up in the same 96-well plate at the same
time. Values are mean * sg, and means with different or the same
letters are significantly different or not significantly different, respec-
tively (two-tailed Student’s t test, P = 0.0001). Each experiment was
repeated more than three times with similar results. AF, inactive flg22;
E, elf26; RLU, relative light unit.
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Figure 3. Desensitization of flg22-induced ROS production was dose
dependent. A to D, For ROS production, Col-0 leaf disc halves were
elicited for their first elicitation (white square) with the indicated
concentration of flg22 at 0 min, washed, and reelicited at 60 min
(arrow) with 0.1 um flg22 (black square; n = 24 per treatment). To
allow direct comparisons, all shown ROS experiments (A-D) were
performed in the same 96-well plate at the same time. Values are
mean * st. This experiment was repeated more than three times with
similar results. RLU, relative light units.

consistently observed a significantly decreased amplitude
in flg22-elicited ROS production after Wm treatment
compared with mock treatment (Fig. 4B; compare +Wm,
black symbols and ~-Wm, white symbols; P < 0.0001);
however, no change in the timing of initiation and at-
tenuation of ROS was observed. In control experiments,
no ROS production was observed over the entire time
course in mock-treated samples that were pretreated
with Wm and then treated with water or dimethyl
sulfoxide (DMSO) instead of flg22 at 0 min (Fig. 4B;
x, +Wm/-flg22).

Pretreatment with TyrA23 showed similar flg22-
elicited response defects as those observed after Wm
preincubation. Tissue preincubated with TyrA23 dis-
played impaired ligand-induced degradation of FLS2
yet unaltered MAPK phosphorylation in response
to flg22 (Fig. 4C). TyrA23 pretreatment also led to a
significantly reduced amplitude of flg22-induced ROS
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production (Fig. 4D; compare +123, black symbols and
—T23, white symbols; P < 0.0001; see also Supplemental
Fig. S2, A and B). To investigate whether the TyrA23-
reduced ROS response could be attributed to TyrA23
being an inhibitor of endocytic internalization or of
Tyr kinase activity, we performed the control experiment
by pretreating Col-0 leaf strips with Tyrphostin A51
(TyrA51). TyrA51 is a tyrphostin analog known to block
Tyr kinase activity and receptor signaling, but in contrast
to TyrA23, TyrA51 does not inhibit endocytic internali-
zation of receptors (Banbury et al., 2003; Ortiz-Zapater
et al., 2006; Dhonukshe et al., 2007; Konopka and
Bednarek, 2008; Leborgne-Castel et al., 2008; Irani et al.,
2012). Similar to TyrA23, TyrA51 pretreatment consis-
tently resulted in decreased flg22-induced ROS produc-
tion compared with mock-treated Col-0 samples (Fig. 4F;
see also Supplemental Fig. 52, A and B). Importantly, we
observed no reproducible statistically significant differ-
ences in flg22-elicited ROS production between TyrA23-
and TyrAb5l-treated samples (Supplemental Fig. S2, A
and B; P > 0.5). Similar to TyrA23, TyrA51 did not show
any apparent impairment of flg22-elicited MAPK phos-
phorylation (Fig. 4E). But in contrast to TyrA23, TyrA51
did not impair ligand-induced degradation of FLS2
(Fig. 4E; Supplemental Fig. S2B). Thus, these results in-
dicate that in TyrA23-treated samples, the reduced flg22-
elicited ROS production was likely due to the function of
TyrA23 as a Tyr kinase inhibitor rather than to its role in
blocking ligand-induced endocytosis of FLS2. Taking
results from these inhibitor studies together, Col-0 leaf
strips exposed to the vesicular trafficking inhibitors Wm
and TyrA23 remained signaling competent for MPK3
and MPK6 phosphorylation but were impaired in flg22-
induced ROS production.

To further determine whether pretreatment with
Wm and TyrA23 affected the cell’s ability to reelicit
flg22-induced ROS production, we combined inhibitor
pretreatment with reelicitation assays. As discussed
above, pretreatment with these inhibitors interferes
with ligand-induced endocytosis of FLS2, resulting in
FLS2 localization at the PM (Robatzek et al., 2006; Beck
et al., 2012). For the reelicitation assays, leaf strips were
preincubated with inhibitors for 1 h as specified above,
washed, and then elicited with 1 um flg22 to induce
ROS production (designated as the first elicitation at
0 min). After 45 to 50 min after the first elicitation,
samples were washed, reelicited with 1 um flg22 at
60 min, and monitored for ROS production (designated
as the second elicitation at 60 min). Consistent with
our data shown in Figure 4, B and D, TyrA23 or Wm
pretreatment resulted in significantly reduced ROS
production after the first elicitation with flg22 com-
pared with tissue that was mock pretreated (Fig. 5, A
and B, respectively; P < 0.0001). For pretreatment us-
ing either inhibitor, reelicitation at 60 min with a sec-
ond round of flg22 did not induce any ROS production
after 10 to 20 min (corresponding to time points at
70-80 min). In addition, no statistically significant differ-
ence was observed during the entire time course of the
second reelicitation between Col-0 samples that were

Plant Physiol. Vol. 164, 2014


http://www.plantphysiol.org/cgi/content/full/pp.113.229179/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.229179/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.229179/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.229179/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.229179/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.229179/DC1

De- and Resensitization of an Endogenous Flagellin Receptor

A Cc
Wm - |- - |+ +|+ T23 - -]+ H|+ T51 -|- -|+ +| +
PF -|+ +|+ +|- PF -|+ +|+ +]|- PF -|+ +|+ +| -
min o[28[2 g8 min o|28[28|8 min o|2 8[28[8
I - @\l i i
o RS T e
© ok e ] o ©
=@ i = =
P-M6-| & P-M6-
P-M3- : -M3-
P BV
Col0 Col0 Col0
B Wortmannin D Tyrphostin A23 F Tyrphostin A51
30 25
20 3 & P
— 2 a 20
1| it S 20 o 5| i
% 10 é 1 = X i;
= =] 10
3 s i.l“'lsi. z " é 5| Tatttelg
d " . .| 0 D-.. "Hugy
0 10_20 30 40 0 10 20 30 40
0 10 20 30 40 Time (min) Time (min)

Time (min)

Figure 4. Effects of chemical inhibitors on ligand-induced degradation of FLS2 and flg22 signaling. A and B, Pretreatment with
30 um Wm. C and D, Pretreatment with 100 um TyrA23. E and F, Pretreatment with 100 um TyrA51. For immunoblot analyses
(A, C, and E), Col-0 leaf strips were treated with (+) or without (=) chemical inhibitors and elicited with (+) or without () T um
flg22 for indicated times in minutes. Total protein extracts were probed with aFLS2, aP-p44/42 MAPK to assess FLS2 protein
degradation, or flg22-induced phosphorylation of MPK6 (P-M6), MPK3 (P-M3), and an unknown MPK (P-M?). Individual
MAPKs were identified by apparent mass. Immunoblots probed with aMPK6 (M6) confirmed MPK6 accumulation and served as
loading control. For flg22-induced ROS production (B, D, and F), Col-0 leaf disc halves were treated in the presence (black
squares) or absence (white squares) of chemical inhibitors and elicited with 1 um flg22 at 0 min (n = 24 per treatment). Mock
treated samples (x) were pretreated with either inhibitor and treated with DMSO instead of flg22 at 0 min (n = 24 per treatment).
To allow for correct comparisons, ROS experiments shown in the same section were performed in the same 96-well plate at the
same time. Values are mean = st. Each experiment was done at least three times with similar results. T23, TyrA23; T51, TyrA51;

RLU, relative light units.

pretreated with or without these vesicular trafficking
inhibitors. ROS production after the second elicitation
(at 70- to 80-min time points) was consistently signifi-
cantly reduced compared with ROS production after the
first elicitation (10- to 20-min time points; P < 0.0001).
From these reelicitation assays, we conclude that upon
pretreatment with Wm and TyrA23, FLS2 was unable
to initiate a second elicitation within 1 h after an initial
elicitation. Thus, cells appeared to be flg22-signaling
incompetent even under conditions at which this re-
ceptor remained at the PM due to interference with
flg22-induced endocytosis of FLS2 from the PM into
endocytic vesicles.

TyrA23- and Wm-Dependent Inhibition of Flg22-Induced
ROS Production Is in Part BAK1 Independent

Previous studies reported that the regulatory RLK
BAK1 is required for ligand-induced endocytosis of
FLS2 because in bakl mutant plants, FLS2 remains
at the PM and is not degraded after flg22 elicitation
(Chinchilla et al., 2007; Lu et al., 2011). We confirmed
that under our experimental conditions using 4- to
5-week-old bakl-4 leaves, FLS2 was not degraded after
1 h of flg22 elicitation (Supplemental Fig. S2D). Next,
we examined whether after an initial flg22 treatment,
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bak1-4 mutant cells remained ROS-signaling competent
using the experimental reelicitation set-up described
above. Consistent with previous results (Chinchilla
et al., 2007; Heese et al., 2007; Shan et al., 2008), bak1-4
mutants showed significantly reduced but detectable
ROS production when elicited at 0 min with flg22
(Fig. 6A; P < 0.0001). After the initial elicitation, bak1-4
mutant tissue was unable to mount a ROS response
when samples were reelicited at 60 min with a second
round of flg22 (Fig. 6A; 70- to 80-min time point), and
no significant difference in ROS production was ob-
served between reelicited bak1-4 and wild-type (Col-0)
tissues during the duration of the ROS measurements
after the reelicitation (Fig. 6A). From these reelicitation
assays, we conclude that similar to Wm and TyrA23
pretreatment, FLS2 was unable to initiate ROS signaling
in bakl-4 mutant plants when exposed to a second flg22
elicitation within 1 h after an initial treatment with flg22.

When compared directly within the same experimen-
tal plate set-up, we noticed that during the first flg22
elicitation (elicitation at 0 min), the amplitudes of the
initial ROS production were consistently not statistically
significantly different between wild-type Col-0 plants
pretreated with TyrA23 and nonpretreated bakl-4 mu-
tant plants (Fig. 6B; black bar, -TyrA23/+flg22 and
white bar, +TyrA23/+flg22; P > 0.15). Notably, BAK1
undergoes Tyr phosphorylation required for flg22
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Figure 5. Cells remain flg22-signaling incompetent after pretreatment
with vesicular trafficking inhibitors Wm and TyrA23 following an ini-
tial flg22 elicitation. A, Flg22-induced ROS reelicitation after pre-
treatment with 100 um TyrA23. B, Flg22-induced ROS reelicitation
after pretreatment with 30 um Wm. For ROS production in A and B,
Col-0 leaf disc halves were pretreated for 1 h with (circles) or without
(square) chemical inhibitors, washed, elicited with 1 um flg22 at 0 min
(first elicitation, white symbols), and then reelicited at 60 min (arrow;
second elicitation, black symbols) with 1 um flg22. To allow for correct
comparisons, ROS experiments shown in the same section (A or B)
were performed in the same 96-well plate at the same time (n = 24 per
treatment). Experiment was repeated at least three times with similar
results. RLU, relative light units.

signaling (Oh et al., 2010, 2011), and BAK1, but not FLS2,
contains a YXX¢ motif in its cytoplasmic tail (Geldner
and Robatzek, 2008; Robatzek and Wirthmueller, 2013),
thus raising the possibility that BAK1 may be the target
of the observed TyrA23-dependent inhibitory effects on
flg22-ROS production in Col-0. To this end, we directly
compared ROS production in Col-0 and bak1-4 leaf strips
that were either pretreated with TyrA23 (+TyrA23) or
mock pretreated (-TyrA23) prior to their elicitation with
1 um flg22. Importantly, bak1-4 leaf tissue that was
exposed to TyrA23 consistently showed an addi-
tional highly significant reduction in flg22-induced ROS
production compared with mock-pretreated bakl-4
plants (Fig. 6B; black bar, +TyrA23/+flg22 and
+TyrA23/-1g22; P < 0.0001). Furthermore, when ei-
ther plant line was preincubated with TyrA23, bakl-4
consistently showed an additional significant reduc-
tion in flg22-induced ROS production compared with
Col-0 (Fig. 6B; white and black bar, +TyrA23/+{lg22;
P < 0.0001). Similar results were obtained when
comparing Col-0 and bakl-4 tissue in the absence and
presence of Wm (Fig. 6B; compare white and black
bars, -Wm and +Wm/+{lg22), indicating that this was
not a TyrA23-specific response defect. Based on these
chemical interference results in Col-0 and bakI-4 plants,
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we conclude that BAK1 is unlikely the sole target of
TyrA23- and Wm-dependent inhibition of flg22-induced
ROS production.

The Protein Synthesis Inhibitor CHX Blocks
Ligand-Induced Degradation of FLS2 and Attenuation
of Flg22-Signaling Responses

We noticed that flg22 elicitation resulted in a sig-
nificant decrease but not always a complete loss of
FLS2 protein accumulation at 1 h postelicitation
(Fig. 1). Because previous studies have shown that flg22
induces FLS2 mRNA accumulation (Zipfel et al., 2004;
Denoux et al., 2008), we confirmed first that under the
experimental conditions used for our reelicitation
assays, flg22 elicitation led to a statistically significant
increase in FLS2 mRINA levels within 1 h in Col-0, as
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Figure 6. TyrA23- and Wm-dependent inhibition of flg22-induced
ROS is partially independent of BAK1. A, Flg22-induced ROS reel-
icitation in bak1-4 mutant plants. Col-0 or bak1-4 leaf disc halves were
elicited with T um flg22 at 0 min (first elicitation, white symbols) and
then reelicited at 60 min (arrow; second elicitation, black symbols)
with T um flg22. B, FIg22-induced ROS production after pretreatment
with (+) or without (=) 100 um TyrA23 or 30 um Wm in Col-0 or bak7-4.
For ROS production, Col-0 or bak1-4 leaf disc halves were pretreated for
1 h with (+) or without (=) chemical inhibitors, washed, and then elicited
once with 1 um flg22 at 0 min. ROS peaks (10-12 min postelicitation)
are shown in bar graph representation. To allow direct comparisons,
ROS experiments shown in the same section were performed in the
same 96-well plate at the same time (n = 24 per treatment). Values are
mean * sg, and means with different or the same letters are significantly
different or not significantly different, respectively (two-tailed Student’s
ttest, P = 0.001). Experiments were repeated at least three times with
similar results. RLU, relative light units.
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determined by quantitative real-time (qRT)-PCR (Fig. 7A;
0 and 1 h, P < 0.0001). This increase was transient in
that there was no statistically significant difference
in FLS2 mRNA levels at 3 h postelicitation compared
with 0 h (Fig. 7A; 0 and 3 h, P > 0.2). Next, we used
immunoblot analyses to examine whether FLS2 pro-
tein detected at 1 h after flg22 elicitation represented
newly synthesized FLS2 by treating Col-0 leaf strips
with the protein translation inhibitor CHX. Interest-
ingly, in the presence of CHX, FLS2 protein did not
undergo apparent ligand-induced degradation at 1 h
in response to flg22 compared with mock-treated sam-
ples (Fig. 7B; FLS2, -CHX/+flg22 and +CHX/+flg22).
Similar results were obtained for Ler seedlings
(Supplemental Fig. S3A; FLS2). CHX treatment also
inhibited attenuation of flg22-signaling responses in
that MPK3 and MPK6 remained phosphorylated at 60
or 90 min post flg22 elicitation in the presence of CHX
(+CHX/+PF) but not in the absence (-CHX/+PF) in
Col-0 leaf tissue or Ler seedlings, respectively (Fig. 7B;
Supplemental Fig. S3A; P-M6 and P-M3). At least for
MPKS®, this lack in phosphorylation attenuation could
not be attributed to changed MAPK protein levels
because MPK6 protein levels did not increase at 60 min
in the presence of CHX compared with the absence of
CHX at 60 min postelicitation (Fig. 7B; Supplemental
Fig. S3A; M6). Similarly, the duration of flg22-induced
ROS production was greatly prolonged in the presence
but not in the absence of CHX (Fig. 7C). Treatment
with CHX alone did not significantly induce MAPK
phosphorylation or ROS production (Fig. 7, B and C,
respectively). In contrast to duration, the amplitude of
flg22-induced ROS production was not significantly
affected. Elevated ROS levels after treatment with
flg22 plus CHX were not observed in respiratory burst
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o
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oxidase-D (rbohD) null mutant plants (Supplemental
Fig. S3B), which lack functional RbohD, the PM-
localized NADPH oxidase responsible for PAMP-
dependent extracellular ROS production (Niihse et al.,
2007; Zhang et al., 2007; Mersmann et al., 2010; Torres,
2010). Thus, prolonged ROS production in CHX-treated
tissue was fully dependent on RbohD. These results are
consistent with the idea that de novo synthesis of yet
unknown protein(s) contribute to ligand-induced deg-
radation of FLS2 and attenuation of flg22-induced ROS
and MAPK phosphorylation.

Resensitization of Cells to Flg22 Positively Correlates with
de Novo Protein Synthesis of FLS2

So far, it remains unknown whether the increase in
FLS2 mRNA (Fig. 6A; Zipfel et al., 2004; Denoux et al.,
2008) correlates with increased FLS2 protein accumu-
lation and, if so, whether newly synthesized receptors
are flg22-signaling competent and result in resensiti-
zation of the tissue. To this end, samples were pulse
treated with flg22 for 45 to 50 min and incubated for
up to 24 h in the absence of ligand. After the initial
flg22-dependent FLS2 degradation (1 h), FLS2 protein
levels began to be restored over 24 h postelicitation
(Fig. 8A). No protein of similar apparent M, was
detected in fIs2A null mutants (Supplemental Fig. S3C),
confirming that the protein of interest was FLS2. To
verify that FLS2 accumulation at later times was due to
de novo protein synthesis in Col-0 leaf strips, we ad-
justed our experimental design because CHX inhibited
flg22 degradation of FLS2 (Fig. 7B). Tissue was first
incubated with flg22 for 1 h in the absence of CHX. At
1 h postelicitation, corresponding to the time at which
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Figure 7. Ligand-induced degradation of FLS2 and attenuation of flg22-signaling responses is impaired by treatment with the
protein synthesis inhibitor CHX. A, FIg22-induced expression levels of FLS2 mRNA. Col-0 leaf strips were elicited for 40 to 45
min with T um flg22, washed, and incubated in the absence of flg22 until indicated times. Samples were processed for qRT-PCR
using At2g28390 as the reference gene. For each time point, results of at least three independent experiments containing three
biological and three technical repeats are shown. Values are mean * sg, and means with different or the same letters are
significantly different or not significantly different, respectively (two-tailed Student’s ¢ test, P < 0.003). B, Effect of CHX on
ligand-induced degradation of FLS2 and flg22-signaling responses. For immunoblot analyses, total protein extracts were probed
with aFLS2, aP-p44/42 MAPK, or aMPK6 (M6) as in Figure 4. C, Effect of CHX on flg22-induced ROS production. Col-0 leaf
disc halves (n = 24 per treatment) were cotreated in the presence (black squares) or absence (white squares) of 50 um CHX and
elicited with 1 um flg22 at 0 min. Mock-treated samples (x) were treated with CHX and DMSO (instead of flg22) at 0 min (n = 24
per treatment). To allow for correct comparisons, ROS experiments shown in C were performed in the same 96-well plate at the
same time. RLU, relative light units; P-M?, phosphorylated unknown MPK.
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FLS2 was mostly degraded, samples were incubated
for an additional 2 h in the absence (-) or presence (+)
of CHX. When comparing FLS2 protein accumulation
at 3 h (Supplemental Fig. S3D), CHX-treated samples
(+CHX/+lg22) did not accumulate additional FLS2
protein, whereas in the absence of CHX (-CHX/+f1g22),
FLS2 protein levels increased at 3 h postelicitation.
These results are in agreement with de novo FLS2
protein synthesis at later times after an initial ligand-
induced degradation of FLS2 (1 h).

To assess whether newly synthesized FLS2 was sig-
naling competent, samples were first elicited at 0 h with
flg22 for 45 min, washed, and kept in water until 1, 2, 3,
4, or 24 h. For MAPK activation, control samples (only
first elicitation) were collected at indicated times after
initial flg22 elicitation. Samples from tissue reelicited
with flg22 were collected 10 min after the second elici-
tation. A 10-min sample (i.e. initial 10-min response to
flg22) served as a positive control. Consistent with Figure
3D, MAPK phosphorylation was detected at 10 min after
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Figure 8. FLS2 protein replenishment leads to resensitization to flg22 that is FLS2 and RbohD dependent. A, After initial ligand-
induced degradation of FLS2, subsequent increased new FLS2 protein levels positively correlated with flg22-induced MAPK
phosphorylation. After a first flg22 elicitation at 0 min for 45 to 50 min, Col-0 leaf strips were washed and incubated in the
absence of flg22 until indicated times. For reelicitation, samples were reelicited with flg22 at indicated hours for 10 min.
Immunoblot analysis of total protein extracts was done as in Figure 4. B to D, Resensitization of flg22-induced ROS production.
All Col-0 leaf disc halves were elicited with flg22 at 0 h for 45 min (n = 60 per treatment). After a wash step, subsets of leaf disc
halves (n = 20 per treatment) were reelicited at 1 (B), 3 (C), or 16 h (D). Arrows indicate times of second elicitation with flg22.
ROS experiments shown in B, C, and D were set-up in the same 96-well plate to allow for direct comparison. E, Bar graph
representation showing ROS peak (10-12 min) after first elicitation and second reelicitation with active flg22 at indicated hours
(n=10 per treatment). F, ROS resensitization is FLS2 dependent. G, ROS resensitization is RbohD dependent. For Fand G, wild-
type (Col-0), fIs2, or rbohD leaf tissue was treated as in B to D at indicated times. For E to G, white bars represent ROS peak
production 10 to 12 min after the first elicitation at 0 min (PF once), and black bars represent ROS peak production 10 to 12 min
after reelicitation of tissue subsets for a second time at indicated times (PF/PF). ROS experiments shown in the same panel were
set-up in the same 96-well plate. All experiments were elicited with 0.1 um flg22 and done at least three times with similar
results. Values are mean = se. RLU, relative light unit; P-M?, phosphorylated unknown MPK; Caln, calnexin.
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the first elicitation (Fig. 8A, 10 min) but only minimally
upon reelicitation at 1 h (1 h plus 10 min). By contrast,
flg22 was able to reelicit strong MAPK phosphorylation
at later times between 2 and 24 h, and the intensity of
MAPK phosphorylation correlated with increased FLS2
protein accumulation. Using a similar experimental de-
sign for ROS reelicitation, tissue that was initially treated
with flg22 also displayed significant flg22-induced ROS
production after reelicitation at 3 and 16 h (Fig. 8, C and
D). This gradual increase in ROS production over time,
reflecting recovery of flg22-signaling competency, is
highlighted in the bar graph representation of ROS
production (Fig. 7E). No ROS production was observed
in fls2A (Fig. 8F) or rbohD (Fig. 8G) null mutants, indi-
cating that ROS reelicitation responses were dependent
on functional FLS2 and RbohD. The RbohD require-
ments also confirmed that ROS detected at later times
were not due to other mechanisms of ROS production.
In conclusion, results from two independent reelici-
tation assays correlated restoration of flg22-signaling
competency with increased accumulation of newly
synthesized FLS2. Our results are consistent with the
hypothesis that after the initial flg22-dependent
endocytic degradation of FLS2 (at 1 h), de novo syn-
thesis of FLS2 at later times (>1 h) may be a means to
prepare cells for a new round of flg22 perception, thus to
resensitize cells to the stimulus.

DISCUSSION

In this study, we provided evidence that in Arabi-
dopsis tissue commonly used for flg22-signaling and
bacterial pathogen infection assays, endogenous, non-
tagged FLS2 protein was degraded in a ligand-, time-, and
dose-dependent manner within 60 min postelicitation
(Fig. 1). Thus, our results are in agreement with endoge-
nous FLS2 undergoing ligand-induced endocytic degra-
dation in a flg22-dependent manner shown in a previous
live-cell imaging study using ectopically expressed FLS2-
GFP (Robatzek et al, 2006). Furthermore, our study
demonstrated that degradation of endogenous FLS2 oc-
curred after elicitation with active flg22 but not inactive
flg22 (Felix et al., 1999) or the unrelated PAMP peptide
elf26 that is perceived by and signals through a different
RLK, namely EFR (Zipfel et al., 2006). Our work provided
ligand specificity and dose dependency, thus expanding
on a previous study reporting that in 12-day-old seed-
lings, endogenous FLS2 is degraded 30 min postelicitation
with 1 um active flg22 (Lu et al., 2011). Another finding
of our study was that ligand-induced degradation of
endogenous FLS2 was observed even at 0.1 um flg22, a
concentration commonly used for flg22 response assays
and 100- to 1,000-fold lower than that used for live-cell
imaging studies of FLS2-GFP (Robatzek et al., 2006;
Beck et al., 2012; Choi et al., 2013).

To date, our understanding of ligand-induced en-
docytosis of FLS2 is based largely on information gained
from live-cell imaging analysis. While these studies have
provided invaluable information on the spatial and
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temporal dynamics of FLS2 after flg22 elicitation in vivo
(Robatzek et al., 2006; Beck et al., 2012; Choi et al., 2013),
they have not addressed in detail whether ligand-
induced endocytosis of FLS2 influences signaling to
recurrent or different PAMPs. This work complements
previous imaging studies, in that we used biochemical
and physiological signaling assays to assess whether
Arabidopsis tissue remained signaling competent or
endured a desensitization or refractory period after an
initial flg22 stimulus. Using two independent flg22-
signaling responses (ROS production and MAPK
phosphorylation), we demonstrated that wild-type Col-0
leaf tissue that initially responded to active flg22 was
unable to reelicit a subsequent signaling response when
exposed to a second round of active flg22 between 20 to
60 min after the initial flg22 elicitation. This flg22-
dependent desensitization response was dose dependent
and correlated with the dose dependency observed for
the flg22-induced degradation of FLS2. Elicitation with
0.1 or 1 um flg22 consistently resulted in a significant
decrease but not a complete loss in FLS2 protein accu-
mulation at 60 min. Based on the inability to reelicit flg22
signaling after an initial flg22 treatment at those concen-
trations, a subset of FLS2 molecules may be in an altered
conformational state or sequestered to a subcellular lo-
cation that prevents these receptors from perceiving flg22
and/or inducing flg22 events. In the latter scenario, FLS2
may be present in endocytic vesicles en route for protein
degradation or in parts of the secretory pathway en route
to the PM, the site of flg22 perception. Consistent with
this hypothesis, lack of signal initiation at 20 min after the
initial flg2?2 elicitation correlated with the time at which
FLS2 is reported in intracellular vesicles (Robatzek et al.,
2006). In contrast to elicitation with active flg22, cells
initially elicited with elf26 or inactive flg22 remained
signaling competent to a second elicitation with active
flg22 (Fig. 2; Supplemental Fig. S1). Similarly, after a first
exposure to flg22, cells were able to mount a subsequent
elf26-induced ROS response within 20 min (Fig. 2E).
These signaling results were consistent with the obser-
vation that after an initial elicitation with inactive flg22 or
elf26, FLS2 protein was not degraded but accumulated to
comparable levels as prior to the initial treatment (Fig. 1).

Taken together, these results indicate that flg22-
induced degradation of FLS2 affected homologous but
not heterologous desensitization of cells to bacterial
PAMPs (Figs. 2 and 3; Supplemental Fig. S1). Homol-
ogous or heterologous desensitization refers to the
inability of cells to respond to the same or a different
stimulus, respectively, after cells have been exposed to
an initial stimulus (Chandra et al., 2000). Thus, our
signaling data were in agreement with previous studies
reporting dose-dependent homologous but not heter-
ologous desensitization to specific PAMP stimuli in to-
mato (Solanum lycopersicum), tobacco (Nicotiana tabacum),
or soybean (Glycine max) cell-cultured cells (Legendre
et al, 1993; Granado et al, 1995; Felix et al., 1998;
Chandra et al., 2000; Kadota et al., 2006); however, none
of these studies have addressed desensitization to
flg22. Furthermore, we performed in planta experiments
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utilizing Arabidopsis leaf tissue, thus enabling us to start
to address the genetic requirements for the desensitiza-
tion (and resensitization, see below) responses for the
FLS2/flg22 system. We found that under conditions in
which the initial flg22-elicited ROS production and MAPK
phosphorylation are reduced (bakl loss-of-function mu-
tant), homologous desensitization to flg22 still occurred.
Our study also investigated responses for a bone fide
receptor-ligand pair for which both the receptor (FLS2)
and its ligand (flg22) were known at the time of the ex-
periments, and importantly, ligand-induced endocytosis
of its receptor has been reported. Such knowledge and the
availability of an «FLS2 antibody allowed us to correlate
flg22-signaling competency (desensitization and resensi-
tization) with receptor abundance in the context of ligand-
induced degradation of FLS2. Interestingly, a very recent
study demonstrated that pretreatment with flg22
enhances ROS production to subsequent perception of
AtPeps (Flury et al,, 2013). AtPeps are small, plant-
derived peptides recognized by RLKs, specifically, the
Arabidopsis peptide receptors AtPEPR1 and AtPEPR2,
and are proposed to function as endogenous amplifiers
of innate immune response in plants (Boller and Felix,
2009). In agreement with our data, Flury et al. (2013) noted
homologous desensitization in Arabidopsis leaf discs in
response to various stimuli including flg22, but so far, a
further or more detailed analysis of these homologous de-
sensitization responses or the cellular fate of any of the
involved RLKSs (including AtPEPRs) has not been reported.

Homologous desensitization and the observation of
a refractory period to a given stimulus may occur
through a combination of molecular mechanisms that
may include, but are not limited to, the removal and
degradation of ligand-bound activated receptors from
the cell surface, attenuation of signaling through the
regulation of receptor activity, and/or receptor abun-
dance at the site of perception. Our data are in agree-
ment with flg22-induced degradation of FLS2 serving
as a mechanism to desensitize cells to flg22 and, upon
repetitive flg22 stimulation, to prevent continuous
receptor-stimulated signal output. It is also tempting
to speculate that ligand-induced degradation of FLS2
may contribute to flg22 signal attenuation because in
the presence of the protein synthesis inhibitor CHX,
we observed prolonged ROS production and MAPK
phosphorylation as well as a block in FLS2 degrada-
tion after flg22 elicitation (Fig. 7). But one needs to be
cautious with such interpretation because CHX is
known to have pleiotropic effects in that it inhibits
translation of a large number of target proteins. Fur-
thermore, as evident from our Wm and TyrA23 results
(Fig. 4), a block in flg22-induced degradation of FLS2
does not necessarily result in prolonged ROS produc-
tion or MAPK phosphorylation. As an alternative ex-
planation, CHX treatment (Fig. 7, B and C) may likely
block the de novo synthesis of protein(s) that contrib-
ute to ligand-induced degradation of FLS2 as well as
flg22-signaling responses and perhaps function inde-
pendently. Regulation of flg22-signaling responses
appears to be under the control of multiple negative
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regulators including phosphatases and E3 ligases
(Gémez-Gomez et al., 2001; Schwessinger and Zipfel,
2008; Trujillo et al., 2008; Lu et al., 2011), and some of
these may be short lived. In agreement, flg22-induced
gene transcription has also been proposed to be under
the control of rapidly turned-over repressors, based on
the substantial overlap in transcriptional up-regulation
of genes in response to CHX and flg22 (Navarro et al.,
2004). De novo synthesis of short-lived phosphatases is
also known to be required for attenuation of MAPK
phosphorylation (Schweighofer et al., 2007), and the
phosphatase inhibitor type 2A cantharidin disrupts
flg22-induced FLS2 endocytosis and results in sus-
tained ROS production after flg22 elicitation (Serrano
et al.,, 2007). As is likely for CHX, this phosphatase
inhibitor would probably also have multiple targets.
Furthermore, the U-box E3 ligases Plant U-Box12
(PUB12) and PUB13, which form a BAK1-dependent
complex with FLS2 and polyubiquitinate FLS2 in re-
sponse to flg22, function as negative regulators of
flg22-signaling responses (Lu et al., 2011). But in con-
trast to CHX-treated tissue (Fig. 7), mutations in
PUBI12 or PUBI13 lead to an increase in amplitude
rather than duration of flg22-induced ROS production
(Lu et al., 2011), suggesting that these E3 ligases and
CHX appear to affect flg22 responses differently, po-
tentially by targeting diverse components of the flg22-
signaling network.

Another potential role for ligand-induced endocytic
degradation of FLS2 may be to remove ligand-bound
receptor molecules from the site of stimulus percep-
tion, the PM. Consistent with flg22 binding to intact
Arabidopsis tissue being nonreversible (Bauer et al.,
2001), we found that Arabidopsis tissue was unable to
mount a second round of flg22-induced ROS produc-
tion, even under conditions in which cells have been
previously shown to sequester FLS2 at the PM. These
conditions included wild-type Col-0 tissue pretreated
with Wm or TyrA23 and subsequent elicitation with
flg22 (Fig. 5) as well as bakl mutant plants after an
initial flg22 elicitation (Fig. 6A; see also below). It
should be noted that so far, it remains unknown,
whether in response to CHX or in pub12/publ13 mutant
plants, FLS2 accumulates at the PM or within an endo-
somal compartment due to a block in flg22-induced in-
ternalization of FLS2 from the PM or trafficking within
endosomal compartments, respectively. In conclusion,
we propose that the observed flg22-induced receptor
degradation may play a significant role in turning over
ligand-occupied FLS2.

It is becoming increasingly clear that flg22 percep-
tion leads to activation of a flg22-signaling network
rather than a single linear signaling pathway and that
MAPK phosphorylation and ROS production appear
to be part of two separate signaling branches of this
network (Lu et al., 2009; Korasick et al., 2010; Tena et al.,
2011). It is possible that mechanisms regulating these
signal pathways may be distinct and separable. In
agreement with this hypothesis, we found that Col-0
leaf strips exposed to the vesicular trafficking inhibitors
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Wm and TyrA23 showed reduced ROS production yet
unaltered MAPK phosphorylation when elicited with
flg22. Importantly, flg22-induced phosphorylation of
MAPK showed that the overall ability of cells to per-
ceive flg22 was not impaired. Although we cannot
formally exclude the possibility, it is unlikely that Wm
and TyrA23 acted on the same component(s) involved
in ROS signaling because these inhibitors are known to
affect different cellular targets and have distinct mode
of actions (Banbury et al., 2003; Munnik and Nielsen,
2011). Interestingly, in addition to their inhibitory
function on stimulated endocytosis, Wm and TyrA23
have been previously reported to negatively affect ROS
production in a RbohD-dependent manner in response
to salt stimulus (Leshem et al., 2007) and to the fungal
elicitor cryptogein (Leborgne-Castel et al,, 2008), re-
spectively. Similar to our findings, pretreatment with
TyrA51 resulted in impaired cryptogein-induced ROS
production but did not interfere significantly with endo-
cytic vesicle formation in response to cryptogein through
a yet unknown receptor (Leborgne-Castel et al., 2008).

Considering that both TyrA23 and TyrA51 are known
inhibitors of Tyr kinase activity (Banbury et al., 2003) and
both of these tyrphostins impaired flg22-induced ROS
production, Tyr kinase activity appears to be necessary
to initiate a full and robust ROS production following
flg22 elicitation. By contrast, flg22-induced endocytic
degradation of FLS2 was only impaired after pretreat-
ment with TyrA23 (but not TyrA51), suggesting that Tyr
kinase activity may not play a significant role in flg22-
induced endocytic degradation of FLS2. Because pre-
treatment with TyrA23 or TyrA51 did not appear to alter
MAPK phosphorylation, we propose that Tyr kinase
activity and/or the endocytic degradation of FLS2
may not be necessary to initiate MAPK phosphoryla-
tion. Furthermore, our results support the hypothesis
that the inhibitory effect of TyrA23 on ligand-induced
degradation of FLS2 could be attributed to an inhibition
of endocytic vesicle formation by disrupting interaction
between the u2 adapter protein and YXX¢-containing
receptors (Banbury et al., 2003; Ortiz-Zapater et al.,
2006, Konopka and Bednarek, 2008). Such YXX¢ in-
ternalization motif is present in BAK1 but absent from
FLS2. Despite the fact that BAK1 contains a YXX¢
motif (Geldner et al., 2007) and shows Tyr phospho-
rylation required for some flg22-signaling responses
(Oh et al., 2010, 2011), our chemical interference results
in Col-0 and bakl-4 plants indicated that BAK1 was
unlikely the only target of TyrA23-dependent inhibition
of flg22-induced ROS production. Thus, we propose
that other, yet unknown YXX¢-containing protein(s) or
component(s) targeted by TyrA23 or Wm appear to
participate in flg22-induced ROS production that
function either downstream of or in a parallel pathway
to BAKI.

At later times (>2 h) after the initial flg22 treatment,
time-dependent resensitization of flg22 signaling cor-
related with increased accumulation of FLS2 protein
after the initial flg22-induced degradation of FLS2.
Consistent with the increased accumulation of FLS2
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protein being due to new FLS2 protein synthesis, it
could be blocked by the protein synthesis inhibitor
CHX (Supplemental Fig. S3D; Beck et al., 2012). Based
on the resensitization of Col-0 tissue to flg22 being
FLS2 dependent (Fig. 8F; Supplemental Fig. S3C), we
propose that this new synthesis of FLS2 protein served
as a means to prepare cells for a new round of flg22
perception. This hypothesis is congruent, as cells are
likely to encounter flagellated bacteria multiple times
throughout their lifecycle. During an initial encounter,
ligand-induced degradation of FLS2 may aid in turning
over bound receptors and/or preventing continuous flg22
signaling, which is known to be detrimental for plants
because it diverts valuable cellular resources from growth
and development to signaling. Subsequent replenishment
of signaling-competent FLS2 is conceivable because cells
unable to reinstate degraded receptors with newly syn-
thesized FLS2 would lose their ability to perceive flagellin
and initiate immune responses during subsequent infec-
tions. In agreement, cells lacking functional FLS2 exhibit
enhanced susceptibility to bacterial infection (Zipfel et al.,
2004; Li et al., 2005; Hann and Rathjen, 2007; Zeng and
He, 2010). Such replenishment scenario may provide in-
sight into why pathogenic bacteria evolved mechanisms
to inject effectors into the host cell that target compo-
nents of the FLS2 receptor complex for degradation
(Gohre et al., 2008; Shan et al., 2008; Zhang et al., 2010).
Because effector delivery is assumed to occur after
pattern-triggered immunity response initiation (Block
and Alfano, 2011), effectors that target the FLS2 complex
components may interfere with the reestablishment of
flg22-signaling competency of cells rather than with the
initial detection of bacteria and flg22-response initiation.
In summary, we provide in planta evidence that en-
dogenous FLS2 underwent ligand-induced degradation
in a ligand-, time-, and dose-dependent manner. Results
from flg22 reelicitation assays for two independent flg22-
signaling responses (MAPK phosphorylation and ROS
production) support the hypothesis that ligand-induced
degradation of FLS2 plays a role in desensitizing host
cells to the stimulus. Degradation of ligand-bound FLS2
is likely required for receptor turnover from the cell
surface. Subsequent replenishment of newly synthesized
FLS2 to the site of stimulus perception resulted in
resensitization, probably to prepare cells for a new
round of flg22 perception and signaling. We also re-
port that flg22-induced ROS production and FLS2
degradation responses can be separated from MAPK
phosphorylation through the use of vesicular traffick-
ing inhibitors (Wm and TyrA23), thus highlighting
the value of utilizing vesicular trafficking inhibitors to
gain insights into their effect on stimulus-dependent
immune signaling as well as trafficking events.

MATERIALS AND METHODS
Chemicals and PAMPs

Unless otherwise specified, all chemicals were from Fisher Scientific. CHX
(Sigma-Aldrich) was used at a final concentration of 50 um for Col-0 leaves
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and 100 um for Ler seedlings at indicated times. TyrA23 and TyrA51 were
purchased from Santa Cruz Biotechnology and used at a final concentration of
100 uM (Beck et al., 2012). Wm (Sigma-Aldrich) was used at a final concen-
tration of 30 um (Beck et al., 2012). For CHX treatment, Col-0 leaf tissue was
cotreated by floating tissue in solution containing both CHX and flg22. For all
other inhibitor treatments, Col-0 leaf tissue was pretreated by floating leaf
strips in water-containing inhibitor for 1 h prior to subsequent elicitation with
indicated flg22 concentration. PAMP peptides (Korasick et al., 2010) were
made by GenScript and used at indicated concentrations and times.

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) seedling and plant growth was at 22°C as
described (Heese et al., 2007), except that after transplanting, plants were
grown in an 8-h-light/16-h-dark photoperiod at 82 umol m?2s, fls2-24 is in
Ler background (Gomez-Gémez et al., 1999); fIs2A, bak1-4, and rbohD are in
Col-0 background (Torres et al., 2002; Heese et al., 2007). Fully expanded ro-
sette leaves were used from 4- to 5-week-old plants for all samples unless
otherwise noted. After cutting leaf tissue or transfer of seedlings, all samples
were floated on distilled water overnight at 22°C in continuous light to reduce
wounding response prior to experimental assays.

Immunoblot Analysis and Antibodies

For sample elicitation for immunoblot analysis, three leaf discs (each 1.5 cm?,
cut into five strips) of 4- to 5-week-old plants or four to five intact seedlings
(7-8 d old) were elicited with indicated concentrations of specified PAMP for
45 to 50 min, washed twice with 1 mL distilled water to remove excess PAMP,
and incubated in distilled water at 22°C until flash frozen in liquid nitrogen at
indicated times. For chemical interference assays, samples were pretreated for
1 h with specified chemical inhibitors prior to flg22 elicitation. For reelicitation
of MAPK phosphorylation, samples were initially elicited and washed as in-
dicated above, but then incubated with the indicated PAMP for an additional
10 min prior to freezing. All samples were stored at —80°C. Sample preparation
and immunoblot analyses of total proteins using antibody concentrations were
done as described (Heese et al., 2007). An exception is that aP-p44/42 MAPK
(1:3,000; #4370; Cell Signaling Tech) was used to detect phosphorylated
MAPKs.

Apoplastic ROS Production

One-half of a cut leaf disc (1.1 cm?) of 4- to 5-week-old plants were used for
individual ROS production measurements using a luminol-based assay (Heese
et al., 2007). For ROS reelicitation, samples were first elicited for 40 min with
indicated PAMP at specified concentration, washed twice with 150 uL of
distilled water, and placed at 22°C under continuous light until indicated
times of reelicitation. For chemical interference assays, samples were pre-
treated for 1 h with specified chemical inhibitors prior to flg22 elicitation. To
allow for correct comparison, ROS experiments shown within the same figure
were set-up at the same time and performed in the same 96-well plate. Al-
though absolute values of ROS production (displayed as relative light units)
varied from experiment to experiment, the actual trends were always the
same.

qRT-PCR Analysis

For pulse elicitation, four leaf discs (each 1.1 cm?, cut into five strips) of 4- to
5-week-old plants were elicited with 1 um flg22 for 40 min, washed twice, and
kept in distilled water at 22°C until flash frozen in liquid nitrogen at indicated
times. Total RNA was isolated and real-time PCR reactions were performed
and analyzed as described (Korasick et al., 2010; Anderson et al., 2011) with
FLS2-f 5'-TCTGATGAAACTTAGAGGCAAAGCG-3' and FLS2-r 5'-CGTAA-
CAGAGTTTGGCAAAGTCG-3' primers using the expression of At2G28390
(SAND family protein gene) to normalize all qRT-PCR results (Anderson et al.,
2011).

Statistical Analysis
Each experiment was done at least three independent times with similar
results. Statistical significances based on unpaired two-sample Student’s ¢ test

were determined with Graph Pad Prism4 software.
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Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. flg22-dependent desensitization is PAMP-dependent.

Supplemental Figure S2. Specificity of Tyrphostin A23 and Tyrphostin A51
in flg22-induced ROS production and ligand-induced degradation of
FLS2.

Supplemental Figure S3. Prolonged activation of flg22-signaling responses
in the presence of CHX is RbohD-dependent.
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