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The recent finding that decoy engi-
neering can expand the recognition
specificity of a plant immune recep-
tor opens a wealth of opportunities
for resistance breeding. In this
Spotlight we discuss which factors
should be considered to success-
fully translate decoy engineering
into crop species.

Until recently it was not possible to engineer
novel recognition specificities of classical
plant immune receptors to completely
unrelated effectors. In a recent publication,
Kim et al. engineered a plant effector target
to increase novel recognition specificities
by trapping unrelated pathogen-derived
proteases in their act [1].

RESISTANCE TO PSEUDOMONAS
SYRINGAE 5 (RPS5) is a plant immune
receptor of the Nucleotide-binding, leu-
cine-rich repeat (NLR) type which perceives
the Pseudomonas syringae Type-III effec-
tor AvrPphB, a papain-like cysteine prote-
ase belonging to the Peptidase C58 family
[2]. The perception of AvrPphB by RPS5
requires one additional host-derived factor
known as AVRPPHB SUSCEPTIBLE 1
(PBS1), which belongs to Subfamily VII of
Receptor-like Cytoplasmic Kinases (RLCK
VII). Upon bacterial infection, PBS1, which
binds to RPS5 in its pre-activation state, is
cleaved by AvrPphB. PBS1 cleavage
exposes a five amino acid loop in PBS1
that is believed to activate RPS5, triggering
an immune response characterized by the
hypersensitive response (HR), a form of
programmed cell death [3]. Interestingly,

RPS5-mediated immune signaling requires
both PBS1 fragments, and the conforma-
tional change induced by cleavage can
be mimicked by insertion of five amino
acids in the AvrPphB cleavage site [4].
Therefore, perception of AvrPphB follows
a mouse-trap mechanism where cleav-
age of PBS1 (bait) sets off the trap and
activates RPS5, triggering immune
responses.

RPS5 detects PBS1 cleavage through its
concomitant conformational change, irre-
spective of the presence of AvrPphB.
Based on this, Kim et al. inferred that
an RPS5-mediated immune response
against other pathogens could be engi-
neered by exchanging the AvrPphB-
cleavage sequence with the cleavage
sequence of other pathogen-secreted
proteases (Figure 1). To test this, three
PBS1 mutant alleles were generated, con-
taining cleavage sites of three different
pathogen-derived proteases: the Type-III
effector AvrRpt2 of P. syringae (PBS1RCS2);
the NIa protease of Tobacco Etch Virus
(TEV) (PBS1TCS); and the NIa protease of
Turnip Mosaic Virus (TuMV) (PBS1TuMV). As
predicted, these PBS1 mutant proteins
were specifically cleaved only upon co-
expression with the corresponding patho-
gen-derived protease, triggering RPS5-
dependent HR. Importantly, stable expres-
sion of PBS1RCS2 under its own promotor
in Arabidopsis provided resistance
against P. syringae expressing AvrRpt2
in the absence of RPS2 and RIN4, two
proteins required for AvrRpt2-triggered
immunity. In addition, these lines recog-
nize AvrPphB, as they still carry the wild-
type PBS1 allele, indicating that expres-
sion of PBS1 mutant alleles does not
interfere with the RPS5-dependent per-
ception of AvrPphB by wild-type PBS1.
Likewise, Arabidopsis lines stably
expressing PBS1TuMV mounted an
immune response upon infection with
TuMV, which expresses the TuMV-Nla
protease. The ease by which novel spe-
cificities are generated by PBS1 modifi-
cations makes one wonder if PBS1

homologs might have evolved to confer
different resistance specificities.

But there are important considerations
when modifying a decoy to engineer
novel pathogen recognition specificities.
First, for an immune response to be
effective and timely, all components
involved in perception should localize to
the same subcellular compartment.
Indeed, whereas the RPS5/PBS1 com-
plex localizes to the plasma membrane
(PM), the TuMV-Nla protease mainly
resides in the nucleus [5]. Hence, though
cleavage of PBS1TuMV by TuMV-NIa acti-
vates RPS5, the induction of the immune
response is delayed to a late stage of
infection, when enough TuMV-Nla protein
has accumulated in the cytoplasm and the
virus has spread. As a result of this, Ara-
bidopsis lines overexpressing PBS1TuMV

suffered from trailing necrosis upon infec-
tion with TuMV, a phenomenon wherein
HR trails the spread of the virus. Kim et al.
suggest targeting RPS5/PBS1 to the
same subcellular location as TuMV-NIa
protease to circumvent this issue. How-
ever, several studies have shown that sub-
cellular localization is important for the
proper activation of multiple NLR proteins,
including RPS5 [5,6]. Targeting RPS5 to a
different subcellular compartment could
impair its downstream signaling. Second,
there must be constraints as to how much
PBS1 can be altered without triggering
auto-immune responses. For example,
engineering PBS1 to recognize a patho-
gen-derived protease with a similar sub-
strate specificity as a host protease would
inevitably trigger auto-immunity. In addi-
tion, a slight alteration of the PBS1
sequence may be enough to trigger HR.
For instance, inserting five amino acids in
the AvrPphB cleavage site triggers auto-
immune responses [4]. Finally, in case an
effector target has an important physio-
logical function, modifications of such an
effector target should not impair its original
function or interfere with the wild-type
effector target when both alleles are
present.
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PBS1-based protease traps may be
easily extended to perceive proteases
from other pathogens. Pathogen-derived
proteases are important effectors, and are
produced by many unrelated pathogens.
Given the fact that these effector pro-
teases alter the host cell, they must have
a specificity or spatial/temporal regulation
that makes their activity distinct from
endogenous host proteases. This speci-
ficity can be exploited while building other
PBS1-like protease traps. Interestingly,
plants have evolved additional mecha-
nisms to recognize pathogen-derived
proteases through their activity. RIN4,
for instance, is an effector target whose
cleavage by AvrRpt2 triggers immunity
mediated by the NLR RPS2 [6]. It would
be interesting to explore whether replac-
ing the AvrRpt2 cleavage site in RIN4
for that of AvrPphB activates RPS2-
mediated HR. However, we predict that

engineering RIN4 is more challenging
than PBS1, as the AvrRpt2 cleavage
site overlaps with a region that is crucial
for other immune-related functions [7].
Several pathogen-derived apoplastic
proteases, such as Xanthomonas cam-
pestris argC and Clavibacter michiganen-
sis Chp-7 and ChpG are perceived in
an activity-dependent manner in Brassi-
caceae and Nicotiana subspecies,
respectively [8,9]. Identification of the
molecular components underlying per-
ception of these extracellular proteases
could facilitate engineering the perception
of apoplastic pathogen-derived pro-
teases, mediating recognition in subcel-
lular compartments other than the
cytoplasm.

In contrast to effectors with other enzy-
matic activities, the identification of prefer-
ential cleavage motifs of effector proteases

can be relatively straightforward, for exam-
ple by simple proteomic techniques such
as PICS (Proteomic Identification of prote-
ase Cleavage Sites) [10]. Furthermore, only
a few amino acids in the host target need to
be substituted, as protease specificity is
usually determined by short peptide
sequences, thereby reducing the chance
of unintended side effects. Engineered
decoy proteins can be quickly screened
by transient expression for specific cleav-
age by effector proteases and triggering
HR to facilitate pre-selection before gener-
ating stable lines.

Also other decoys can be engineered to
change their specificity. Apart from effec-
tor target cleavage, inhibition, phosphor-
ylation and other post-translational
modifications of guarded effector targets
have been reported. For example, tomato
Cf-2 is a transmembrane immune recep-
tor that perceives the interaction of the
apoplastic cysteine protease Rcr3 with
Avr2, a protease inhibitor produced by
the fungus Cladosporium fulvum [11]. It
would be interesting to investigate if the
concept of decoy engineering can be
extended to this perception mechanism.
Likewise, the promotors of the so-called
executor genes have been successfully
engineered to trap unrelated TAL (Tran-
scription-activator like) effectors produced
by Xanthomonas spp [12].

In conclusion, the work of Kim et al. pro-
vides a proof-of-principle for new crop
protection strategies, by showing that
pathogen-derived proteases can be
tricked into cleaving PBS1, thus turning
this host kinase into a versatile protease
trap.
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Figure 1. Engineering of the PBS1 decoy by introducing cleavage sites for unrelated proteases
results in novel recognition specificities of the RPS5 immune receptor. The native PBS1 (left) was
engineered by replacing the AvrPphB cleavage site (orange) by cleavage sites targeted by unrelated pathogen-
derived proteases: AvrRpt2 (blue) from Pseudomonas syringae (Pto); Nla protease (green) of Tobacco Etch
Virus (TEV) and the Nla protease (cyan) of Turnip Mosaic Virus (TuMV).
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A Feed-Forward
Regulation Sets Cell
Fates in Roots
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Formative cell divisions generate
new cell types and tissues during
development, and are controlled
by receptor kinase signalling path-
ways. The phosphatase PP2A has
now been shown to be both a tar-
get and positive regulator of the
receptor kinase ACR4, thus

creating a feed-forward loop that
serves to establish new cell fates.

A specific feature of plants is their
extended postembryonic development,
which requires the continuous production
of new cells. Organogenesis and the initi-
ation of new tissue layers is coordinated
by the two main stem cell niches, the
shoot and root apical meristem. Addition-
ally, plants can build new organs by the
formation of new meristems, for example,
during lateral root initiation. These pro-
cesses are founded on well-organised
and oriented formative cell divisions that
give rise to cells with distinct identities;
because cell fate determination in plants
depends on positional information, this
necessitates intensive use of intercellular
communication pathways. For that pur-
pose, plants employ a large set of recep-
tor-like kinases (RLKs) (more than 600 in
Arabidopsis) and small signalling pepti-
des, which play essential roles in shoot
and root stem cell homeostasis, lateral
root primordia formation, vascular tissue
specification, stomata initiation, and epi-
dermal cell specification [1]. However, for
the majority of RLKs and their ligands, the
precise signal transduction pathways are
still unknown. The overall signalling activity
of such a pathway depends on several
parameters, most importantly ligand avail-
ability as the primary trigger, but also the
localisation of RLKs, their amount and
turnover, and the availability of corecep-
tors. For example, BRI1-Associated
Kinase 1 (BAK1) and its homologs act
as coreceptors in multiple signalling path-
ways and modulate the kinase activity of
their partner RLK through phosphorylation
[2], which can also influence their internal-
isation and subsequent recycling or deg-
radation (Figure 1). Kinase activities are in
turn antagonised by specific phospha-
tases, such as the KINASE ASSOCIATED
PROTEIN PHOSPHATASE (KAPP), which
was shown to interact with the RLK CLAV-
ATA1 that, together with its coreceptors
CLAVATA2 (CLV2) and CORYNE, regu-
lates the balance between cell proliferation

and differentiation in the shoot meristem
[3]. The phosphatases POLTERGEIST
(POL) and POLTERGEIST-LIKE1 (PLL1)
were identified in a clv phenotype sup-
pressor screen and shown to be required
for stem cell maintenance in both shoot
and root meristems [4]. POL, PLL1, and
KAPP belong to the protein phosphatase
type 2C (PP2C) subfamily, which together
with the PP2A group has been extensively
studied [5]. PP2As are heterotrimeric hol-
oenzymes that are composed of a scaf-
folding (PP2A-A), a regulatory (PP2A-B),
and a catalytic (PP2A-C) subunit. The
brassinosteroid (BR) receptor BR INSEN-
SITIVE 1 (BRI1) was shown to interact
with PP2A B-type subunits, and the ensu-
ing receptor dephosphorylation stimu-
lates its turnover [6]. Polar trafficking of
the auxin efflux carrier PINFORMED is
mediated by their phosphorylation status,
which is controlled by the antagonistic
function of the PINOID kinase and
PP2A [7].

A recent report by Yue et al. now uncovers
a new role for PP2As in an important
RLK-mediated signalling pathway by
showing interaction between ARABIDOP-
SIS CRINKLY4 (ACR4) and PROTEIN
PHOSPHATASE2A-3 (PP2A-3) [8]. The
plasma membrane RLK ACR4 plays mul-
tiple roles during plant development by
controlling formative divisions in the distal
root meristem and when lateral roots are
initiated, and it also affects epidermal cell
identity [1]. Intriguingly, ACR4 preferen-
tially localises to plasmodesmata, and
can form active signalling complexes with
the stem cell receptor CLV1 that serve to
restrict the number of stem cell layers in
the root meristem [9]. However, the target
proteins regulated by ACR4 signalling, or
the substrates directly phosphorylated by
this RLK remained so far elusive. PP2A-3
was now identified in a tour-de-force,
combining different proteomic methods
to detect potential ACR4-interacting pro-
teins. The extensive overlap in the expres-
sion patterns of PP2A-3 and ACR4, in
distal root meristem and lateral root pri-
mordia, suggest that they can indeed
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