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Plant immunity has long been divided into two ‘tiers’, involving cell-surface versus
intracellular immune receptors. Although both systems can induce similar diagnostic
responses, they have been considered independent pathways. Recent work challenges
this view, showing a striking requirement for both recognition layers to achieve maximum
immune output.

Plants recognize the presence and effects of pathogens. This can occur at the surface of plant
cells, where pattern recognition receptors (PRRsS) recognize conserved microbial signatures
(‘patterns’) and induce pattern-triggered immunity (PTI). To inhibit PTI, pathogens secrete effector
proteins into host cells, leading to effector-triggered susceptibility (ETS). Plants have evolved to
recognize these effectors, directly or indirectly, via intracellular nucleotide-binding leucine-rich
repeat receptors (NLRs) that activate a generally stronger effector-triggered immunity (ETI)
responsel. Although PTI and ETI share many components, these pathways are induced on
different time scales and at different quantitative levels, and PTI and ETI are frequently thought of
as being qualitatively different?. Complicating this picture, many molecules recognized by plants
blur the line between ETI and PTI, and proposals to reduce conceptual boundaries between these
pathways have been made®. Recent studies by Ngou et al.* and Yuan et al.®> use multiple elegant
approaches to recharacterize plant immunity, finding that PTI is required for full induction of ETI
and that ETI in turn induces and stabilizes key PTI signaling components.

Although PTI signaling can easily be studied in isolation by applying purified or synthetic
recognized patterns, ETI requires intracellular recognition of pathogen effectors. ETI has generally
been studied through infection with virulent pathogens or microbes engineered to deliver such
effectors. Since these microbes are themselves recognized at the cell surface by native PRRs,
most ETI studies to date have thus shown the effects of ETI in combination with PTI.

To circumvent this issue, some studies have expressed effector proteins in transgenic Arabidopsis
thaliana plants under the control of an inducible promoter®’. Ngou et al.# also used this approach,
expressing the bacterial effector AvrRps4 under the control of an estradiol-inducible promoter.
Surprisingly, estradiol treatment alone was not sufficient to trigger either rapid or long-term
production of reactive oxygen species (ROS) or full deposition of cell-wall-fortifying callose,
hallmark outputs of both PTI and ETI. These defense responses could be restored by applying
estradiol with a pathogen pattern to co-induce PTI and ETI. Yuan et al.® started with a different
approach, using Arabidopsis backgrounds mutated in either two major PRRs and a coreceptor, or
three major coreceptors of PRRs. They found that, in these PTI-compromised mutant plants, ETI-
mediated bacterial resistance and the hypersensitive response (HR), a form of programmed cell
death typical of ETI, were both severely impaired. Yuan et al.®> then also used inducible effector
expression, in this case dexamethasone-mediated induction of the bacterial effector AvrRpt2 —
and found similar results for ROS production as Ngou et al.*.



Yuan et al.> went on to explore the ROS phenotypes of ETI alone versus ETI and PTI. In PTl, it is
known that ROS is primarily produced by the NADPH oxidase RESPIRATORY BURST OXIDASE
HOMOLOG D (RBOHD), which is regulated by several mechanisms, most prominently via direct
phosphorylation by the cytoplasmic receptor-like kinase BOTRYTIS-INDUCED KINASE 1
(BIK1)®°. Yuan et al.® found that rbohd and bikl mutants, like major coreceptor mutants, were
compromised in ETI-mediated bacterial resistance. In keeping with a role for RBOHD in ETI,
dexamethasone-induced ETI caused low levels of phosphorylation of RBOHD at known BIK1
phosphosites, and this activation was greatly enhanced when PTI was triggered along with ETI.
These results are in good agreement with previous studies of RBOHD regulation during ETI’, and
together this suggests that a major part of the dependence of ETI on PTl is in fact attributable to
dependence on BIK1-regulated RBOHD-produced ROS. BIK1 has many other targets in PTI, and
accordingly Yuan et al.®> identified several defense genes for which ETI-triggered induction was
also BIK1-dependent.

Expanding upon the observation that PTl-associated genes are induced when ETI is triggered
alone, Yuan et al. performed RNA-seq of either wild-type plants or PTI coreceptor mutants, after
infection with either a bacterial strain engineered to produce no effectors or the same strain with
a single effector re-introduced (AU:OK?). Through this analysis, they identified a subset of genes
that were induced by PTI, and strongly induced by ETI regardless of PTI induction. These genes
were associated with immune function and specifically PTI signaling (AU:OK?). This agreed well
with the results of Ngou et al.* who conducted a similar experiment, investigating transcriptional
effects of ETI alone through their estradiol-inducible AvrRps4 expression.

Ngou et al.# extended this result to a time-course study of transcript and protein levels of several
PTl-associated genes after induction of ETI alone. They found multiple characteristic profiles for
each, including stable induction of both transcript and protein levels, unaffected transcript and
protein levels, and, interestingly, a transient increase in transcript levels associated with stable
increase in protein levels. These findings implicate both transcriptional and post-translational
mechanisms in increasing PTI signaling competency during ETI activation, with ETI potentiating
PTI. Yuan et al.® similarly found that ETI upregulated both transcript and protein levels of key PTI
signaling components. This mechanism is thus proposed to alleviate ETS imposed during infection
by virulent pathogens (Figure 1).

These two studies raise several questions. For example, although the studies of Ngou et al.# and
Yuan et al.® reported largely similar results, Ngou et al. found that, with ETI induced by AvrRps4,
no ROS were produced at all, whereas both studies reported that, with ETI induced by AvrRpt2,
some ROS were produced and some HR could be observed in the absence of PTI signaling.
AvrRps4 and AvrRpt2 have broadly different strengths of response in Arabidopsis and are also
recognized by different classes of NLRs that involve different modes of activation. Dependence
on PTI may thus be a new axis on which to dissect and understand mechanisms of ETI activation.

Another question raised by these studies is the mechanism by which PTI enables ‘ETI'-like
responses, and particularly HR. While PTI does not necessarily lead to HR, several patterns
induce HR in Arabidopsis and other plant species, and this feature is most prominent with patterns
recognized by receptor-like proteins as the PRRs. Important roles of NLRs downstream of these
particular PRRs as well as biochemical associations between cell-surface receptors and NLRs
were previously reported'®?®. Furthermore, recent studies reported that key ETI signaling
components associate with PRR complexes to activate PTI'®1’. Together, these studies provide
potential mechanistic links between PTI signaling and the activation of ETI — a point not explicitly
addressed in the Ngou et al.* and Yuan et al.® studies.



Finally, the molecular mechanisms that link NLR activation to PTI potentiation, as well as to HR,
are also still unclear. Indeed, several recent studies have proposed that ‘sensor’ or ‘helper’ NLRs
can form pores or channels — potentially within the plasma membrane — leading to calcium influx
within the cytosol as a main driver of HR*1°, As such, it is tempting to speculate that the increase
in intracellular calcium concentration during ETI mediates the observed effect on PTI components,
consistent at least with the previously reported calcium-dependent transcriptional regulation of
immune genes during ETI?. In this context, it will be important to clarify the role played by RBOHD-
dependent ROS in HR**— for example, by regulating NLR-mediated calcium channel activity or
other as yet uncharacterized processes (Figure 1).

Beyond improving our understanding of plant immune signaling, the model proposed by these
studies further suggests that ectopic overexpression, perhaps of only a few key PTI components,
could lead to ETI-like immune activation after pattern perception alone, an intriguing prospect for
crop biotechnology. In a similar scenario, if ETI triggered by different effectors quantitatively
enhances PTI signaling, then simultaneous transformation of recognition proteins for multiple
effectors into crops (AU: OK?) may not only make the evolution of pathogen resistance more
difficult, but also quantitatively increase plant defense responses when more than one effector is
recognized.

Together, these two papers elegantly redefine the nature of two intertwined pathways in plant
immunity, with implications and opportunities from the study of signaling mechanisms to crop
protection.
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Figure 1. Molecular logic of an integrated plant immune system.

Depending on the host and microbe considered, at least three potential interactions exist. (A) For
a non-adapted microbe, plant recognition of conserved microbial molecules at the cell surface
induces pattern-triggered immunity (PTI), leading to hallmark immune outputs including production
of reactive oxygen species (ROS) and activation of MAP kinase (MPK) signaling cascades. (B)
Compatible pathogens secrete effectors, suppressing PTIl and leading to effector-triggered
susceptibility (ETS). (C) In an incompatible host—pathogen interaction, plant recognition of
effectors induces effector-triggered immunity (ETI), strongly enhancing PTI via increasing
transcription, translation and stability of PTI signaling components and immunity including the
hypersensitive response (HR) potentially via ROS. This bolstering of PTI may be partially achieved
via feedback signaling mediated by Ca?*. (AU: this description of panel C is somewhat brief
for what is shown — could you expand a little please to include a mention of all of the items

present?)




