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Combined roles of ethylene and endogenous
peptides in regulating plant immunity
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The gaseous hormone ethylene (ET) controls
diverse aspects of plant life (1). In innate
immunity, ET is often associated with resis-
tance to necrotrophic pathogens (2). ET also
plays a role in induced systemic resistance
that is triggered by the perception of bene-
ficial microbes in the rhizosphere (2). ET is
often antagonistic with the hormones salicylic
acid and jasmonic acid (2). However, percep-
tion of pathogen-associated molecular pat-
terns (PAMPs) by plant pattern-recognition
receptors (PRRs) leads to the production of
ET, salicylic acid, and jasmonic acid, and all
three hormones are required for local PAMP-
induced resistance to pathogens (3, 4). The
precise role of ET in PAMP-triggered immu-
nity (PTI) was therefore unclear. In PNAS,
Tintor et al. and Liu et al. (5, 6) present
convincing evidence for a role of ET in an
amplification loop required for sustained
PTI, and some growth responses triggered
by the hormone.

The best-studied PRRs are the Arabidopsis
leucine-rich repeat receptor kinases (LRR-
RKs) FLS2 and EFR that perceive bacterial
flagellin (or flg22) and EF-Tu (or elf18), re-
spectively (7). Following ligand-binding, FLS2
and EFR recruit the regulatory LRR-RK
BAK1 leading to transphosphorylation events
between these proteins, as well as with the
cytoplasmic kinase BIK1 (7–9).
Previous genetic analyses revealed that ET

perception and signaling are required for
proper FLS2 expression (10, 11). Indeed, the
ET-activated transcription factors EIN3 and
EIL1 bind the FLS2 promoter to regulate
FLS2 transcription (10). This finding suggests
that flg22-induced ET production enables
amplification and maintenance of PTI by
replenishment of FLS2 at the plasma mem-
brane, which is otherwise degraded following
flg22 perception (12). In a forward genetic
screen for elf18-insensitive mutants, Tintor
et al. (5) identified a unique allele of the ER-

localized protein EIN2, which is the central
regulator of ET signaling (13). Notably, al-
though they could confirm that EIN2 is re-
quired for proper FLS2 expression, no effect
on the transcript accumulation of EFR could
be observed in ein2 mutants, suggesting that
ET could play an additional role. Specifically,
the authors found that ET signaling is impor-
tant for a subset of elf18-induced responses,
such as the burst of reactive oxygen species
(ROS), transcriptional reprogramming, cal-
lose deposition, but not MAP kinase activa-
tion. The key question that then arose was:
how does ET regulate these responses?
A first hint was provided by the obser-

vation that PROPEP2 is among the elf18-
induced genes that are regulated in an
EIN2- and EIN3/EIL1-dependent manner
(5). PROPEP2 is part of a seven-member
family of propeptides that are proposed to
act as damage-associated molecular patterns
(14). PROPEP gene expression is regulated
by diverse stimuli, and derived synthetic Pep
peptides induce immune responses similar to
those triggered by PAMPs (3, 15–19). Percep-
tion of Pep peptides depends on the related
LRR-RKs PEPR1 and PEPR2 that show se-
quence and functional homologies with FLS2
and EFR (16, 20). Although PROPEP genes
have been proposed to be part of an ampli-
fication loop for PTI, this hypothesis has
never been tested directly. Tintor et al. (5)
hypothesize that the expression of PROPEP2
and subsequent potential recognition by
PEPR1/2 may contribute to certain responses
triggered by elf18. Consistently, the elf18-
induced expression of PR-1 (a late immune
marker gene) was strongly reduced in the
double-mutant pepr1 pepr2. Importantly,
pepr1 pepr2 plants were also more sus-
ceptible to spray-infection with the hemi-
biotrophic bacterium Pseudomonas syrin-
gae pv. tomato (Pto) DC3000 and affected
in the elf18-induced resistance to this
bacterium.
The second hint came with the study from

Liu et al. (6), which provides more mecha-

Fig. 1. A simplified model for the role of ET and PEPR1/2 in PAMP-triggered immunity and growth responses.
PAMP perception (such as elf18 by EFR) triggers the production of ET. ET perception induces the expression of
PROPEP genes. PROPEP-derived ligands are perceived by PEPR1/2 leading to BIK1 phosphorylation. Activation
of the PEPR1/2 system leads to immune responses, including growth inhibition and sustained PAMP-induced
responses.
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nistic insights into the puzzle. Initially, the
authors found the kinase domain of PEPR1
as a BIK1 interactor in a yeast two-hybrid
screen. The authors could then confirm that
full-length PEPR1 associates with BIK1 both
in vitro and in vivo. Consistently, Liu et al.
found that BIK1 is required for Pep1-induced
immune responses and seedling growth in-
hibition. Per se, these findings are not sur-
prising given that BIK1 also interacts with
FLS2 and EFR and given the commonalities
between the FLS2/EFR and PEPR1/2 path-
ways, in terms of the responses induced,
association with, and genetic dependence on
BAK1 (17, 18, 21, 22). However, some differ-
ences seem to exist between the perception
systems. Although BIK1 and the related pro-
teins PBL1, PBL2, and PBL5 are important
for the flg22-induced ROS burst (6, 8, 9),
only BIK1 and PBL1 interact with PEPR1
and play a role in Pep1-triggered ROS burst
and callose deposition (6).
It was recently shown that BIK1 is phos-

phorylated in response to ET and is required
for some responses triggered by ET, such as
hypocotyl growth inhibition and wound-
induced resistance to the necrotrophic fungus
Botrytis cinerea (23). Given that ET regulates
the expression of PROPEP1 and PROPEP2
(5, 14), Liu et al. (6) tested whether PEPR1/2
and BIK1 play a role in some ET-induced
responses. The authors found that PEPR1/2
and BIK1 are indeed required for full expres-
sion of ET-induced genes and ET-triggered
resistance to B. cinerea. Consistent with these
and previous results (16, 20, 23), the authors
could then connect ET, Pep1, PEPR1/2, and
BIK1 by showing that PEPR1 and PEPR2
are required for both Pep1- and ET-induced
BIK1 phosphorylation.
Taken together, the results from Tintor

et al. and Liu et al. (5, 6) nicely illustrate
the complexity of immune signaling (Fig. 1).
These reports reveal that one function of
PAMP-induced ET production, beyond the
transcriptional control of some PRR-encoding
genes, might be to induce the expression
of PROPEP genes (such as PROPEP1 and
PROPEP2). The corresponding putative Pep
peptides are then recognized by PEPR1/2,
leading to BIK1 phosphorylation and activa-
tion of a second wave of immune signaling.
This PEPR1/2-mediated amplification loop
plays an important role in ensuring optimal
PAMP-induced late transcriptional repro-
gramming and immunity to both hemibio-
trophic and necrotrophic pathogens.
Remarkably, Liu et al. (6) also found that

PEPR1/2 are partially required for ET-
induced hypocotyl growth inhibition in
etiolated seedlings. This unexpected result
suggests that the ET-induced PROPEP1 ex-
pression and potential subsequent Pep1 rec-

ognition by PEPR1/2 transduced by BIK1
underlies to some extent certain growth re-
sponses triggered by ET. These results illus-
trate that the hypocotyl growth inhibition of
etiolated seedlings, which constitutes one of
the hallmarks of the typical triple response
triggered by ET perception (1), is indirect
and most likely results from the activation
of PEPR1/2-triggered immune responses
leading to seedling growth inhibition, a re-
sponse also observed upon treatment with
the PAMPs flg22 and elf18 (3).
This model is, however, far from being so

simple. Notably, an ET-independent con-
tribution of PEPR1/2 to EFR-triggered im-
munity seems to exist, because elf18-induced
PROPEP3 expression is not affected in ein2
seedlings. This ET-independent PEPR1/
2-dependent function may operate as a
backup mechanism if the ET signaling sec-
tor is lost. As such, these studies definitely
confirm the previously hypothesized role of
PEPR1/2 as an amplification system for PTI.
Moreover, an additional uncharacterized

role for ET in EFR-triggered immunity that
is PEPR1/2-independent must exist, as the
pepr1 pepr2 and ein2 mutations have addi-
tive effects on the basal and elf18-induced
immunity to Pto DC3000 (5). This notion
is further supported by the fact that ein2 and
pepr1 pepr2 plants are not necessarily affected
in the same set of elf18-induced responses.
For example, the elf18-induced ROS burst
is PEPR1/2-independent (5). Similarly, flg22
induces a wild-type ROS burst in pepr1 pepr2

mutant plants (16), which seems to contra-
dict the recently reported cross-dependency
of the PEPR1/2 and FLS2 perception sys-
tems (19). Thus, in the same way that ET
controls the expression of FLS2 (10, 11), it
is possible that ET regulates the expression
of additional immune components that act
downstream of PRRs via the transcription
factors EIN3/EIL1.
Despite these important advances, impor-

tant questions remain to be answered. Most
urgently, it is still unclear what constitutes the
actual PEPR1/2 ligands and how they are
generated. Indeed, PROPEPs lack a signal
peptide for secretion (14), and their secretion
or processing into Pep peptides in vivo has
not yet been demonstrated. Furthermore,
does PROPEP production in response to
elf18 also underlie the characteristic elf18-
induced seedling growth inhibition? Finally,
despite the emerging central role of BIK1 and
related proteins in immunity, no substrates
for BIK1 have been identified so far. The
identification of these substrates is likely
to provide invaluable insight into how the
activation of PRR complexes by PAMPs
or damage-associated molecular patterns
leads to a multitude of responses, result-
ing ultimately in broad-spectrum disease
resistance.
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