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Disrupted actin: a novel player in
pathogen attack sensing?

Summary

The actin cytoskeleton is widely involved in plant immune

responses. The majority of studies show that chemical disruption

of the actin cytoskeleton increases plant susceptibility to pathogen

infection. Similarly, several pathogens have adopted this as a

virulence strategy and produce effectors that affect cytoskeleton

integrity. Such effectors either exhibit actin-depolymerizing activity

themselves or prevent actin polymerization. Is it thus possible for

plants to recognize the actin’s status and launch a counterattack?

Recently we showed that chemical depolymerization of actin

filaments can trigger resistance to further infection via the specific

activation of salicylic acid (SA) signalling. This is accompanied by

several defence-related, but SA-independent, effects (e.g. callose

deposition, gene expression), relying on vesicular trafficking and

phospholipid metabolism. These data suggest that the role of actin

in plant–pathogen interactions is more complex than previously

believed. It raises the question of whether plants have evolved a

mechanism of sensing pathological actin disruption that eventually

triggers defence responses. If so, what is the molecular basis of it?

Otherwise, why does actin depolymerization specifically influence

SA content but not any other phytohormone? Here we propose an

updated model of actin’s role in plant–microbe interactions and

suggest some future directions of research to be conducted in this

area.

Actin’s involvement in plant immunity is being broadly studied (Li
& Day, 2019). Plant immunity consists of two layers, separated
temporally and spatially. The first one is associated with the plasma
membrane and is dependent on the recognition of conserved
molecules called microbe-associated molecular patterns (MAMPs)
or damage-associated molecular patterns (DAMPs) by pattern-
recognizing receptors (PRRs). This immune layer is entitled
pattern-triggered immunity (PTI). The second layer, effector
triggered immunity (ETI), is based on the intracellular recognition
of effectors, molecules secreted by pathogens inside cells to inhibit
immune responses (Jones & Dangl, 2006).

The actin cytoskeleton is a highly dynamic structure maintained
by a balance between monomeric G-actin and polymerized
filamentous F-actin. The filaments are constantly growing from
one barbed end and shortening from the other one (Porter &Day,
2016). The speed and direction of their growth are regulated by

numerous factors (e.g. actin depolymerizing factors (ADFs)). In
their resting state, actin filaments maintain cellular metabolism,
providing a ‘signalling friendly’ environment, that is, by the correct
recycling of the PRRs. Shortly after sensing a pathogen, actin is
reorganized and its density increases at the infection site (Porter &
Day, 2016). In this case, actin filaments serve as a delivery pathway
for compounds restricting microbial spread (e.g. callose) and
sending DAMPs (e.g. Pep1, oligogalacturonides) to the neigh-
bouring cells (Choi & Klessig, 2016) (Fig. 1a). Actin reorganiza-
tion can be triggered not only by living pathogens, but also by
treatment with MAMPs (e.g. flg22, elf18, chitin) or DAMPs. The
MAMP-induced remodelling requires reactive oxygen species
(ROS) generated by RBOHD, defence-associated NADPH
oxidase (Li et al., 2017). If such polymerization is prevented/
blocked in the presence of drugs (such as latrunculin B or
cytochalasin E) or by genetically affected ADFs, several down-
stream events fail, thus leading to a higher susceptibility to
pathogens (Henty-Ridilla et al., 2013; Badet et al., 2017; Li&Day,
2019). This brings the general conclusion that actin depolymer-
ization causes susceptibility (Fig. 1b).

Several actin remodelling factors were also described in the
context of immunity. For example, ADF4 inArabidopsis thaliana is
connected with the R-protein RPS5 recognizing the Pseudomonas
syringae effector AvrPphB (Henty-Ridilla et al., 2013, 2014; Li
et al., 2017). In wheat, ADF3 negatively regulates resistance to
Puccinia striiformis f. sp. tritici in ROS-dependent manner (Tang
et al., 2015). Profilins form a complex with several other proteins to
facilitate actin assembly and also bindingmembrane phospholipids
(Pernier et al., 2016). The transcription level of AtPRF3 in
A. thalianadecreased uponflg22 treatment, but theA. thaliana prf3
mutant shows a stronger response to flg22 in actin density, ROS
burst and root growth assay. Interestingly, this is followed by
increased susceptibility to P. syringae (Sun et al., 2018). Formins,
particularly FORMIN4, contribute to local actin dynamics during
interaction between A. thaliana and the nonhost pathogen
Blumeria graminis, especially to the formation of cell wall
appositions, the first line of plant defence composed of callose,
proteins and phenolic compounds (Sassmann et al., 2018).
Capping protein (CP) is a major regulator of actin dynamics. For
actin polymerization to occur, its expression needs to be downreg-
ulated, while its constitutive deficiency in the A. thaliana cpb1
mutant results in a high density of filaments (Li et al., 2015).
However, the cpb1 mutant supported higher bacterial growth,
while CP-overexpressing plants were more resistant to P. syringae
infection compared with the wild-type (WT) (Li et al., 2017).
Interestingly, to induce actin polymerization, CP needs to be
downregulated after binding the phosphatidic acid (PA) that is
derived from the activity of phospholipase D (Pleskot et al., 2010;
Li et al., 2015). This launches a positive feedback loop, as F-actin
activates phospholipase D of Nicotiana tabacum, while G-actin
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inhibits it in vitro (Pleskot et al., 2010). This fits together with the
fact that a PA increase follows the recognition of MAMPs and
DAMPs, but also the application of salicylic acid (SA) (Kalachova
et al., 2013; Cacas et al., 2017;Gully et al., 2019). At the same time,
chemical disruption of actin also triggers SA accumulation and SA-
responsive genes (Matouskova et al., 2014; Kalachova et al., 2019;
Leontovycova et al., 2019). An activated SA pathway by actin
disruption could even lead to increased plant resistance to
pathogens (Leontovycova et al., 2019) (Fig. 1c). This places actin
remodelling at a crossroads of different signalling cascades. Another
important connection of actin filaments with immunity lies in
organelle movement coordination during pathogen attack. For
example, actin is required for the anchoring of stromules,
connecting the chloroplast and nucleus during infection (Kumar
et al., 2018). Chloroplasts are themajor site of SA biosynthesis, so it
is no surprise that pathogens may target chloroplasts to suppress
SA-dependent immunity. This was recently described for bacterial
and viral effectors (Medina-Puche et al., 2019) and suggests an
existing pathway, directly linking the plasma membrane to

chloroplasts and activating plant defence. We believe that the actin
network could be such a pathway.

Indeed, several pathogen effectors target the actin cytoskeleton’s
integrity to suppress plant immune responses. These effectors
exhibit either actin-depolymerizing activity themselves or prevent
actin polymerization. The P. syringae-secreted effector HopW1
disrupts the actin cytoskeleton and interacts with isoform 7 of
vegetative actin (ACT7) (Jelenska et al., 2014; Kang et al., 2014).
The Columbia ecotype of A. thaliana shows susceptibility when
infected with P. syringae possessing this effector. However, in the
Wassilewskija ecotype (Ws), HopW1 is recognized by WIN2 and
WIN3 proteins with the subsequent onset of defence pathways
triggering resistance against bacteria in Ws (Jelenska et al., 2014).
Another effector, HopG1, is responsible for the induction of
cytoskeletal reorganization and infection-associated chlorosis.
HopG1 interacts indirectly with actin filaments via forming a
complex with mitochondria-localized kinesin protein. Moreover,
the T3SS-deficient P. syringae strain DhrpH is both avirulent and
unable to trigger the second phase of actin remodelling during PTI

(a) (b)

(c)

Fig. 1 (a) Model of the role of actin dynamics
in plant–pathogen interactions showing the
stages fromnormal actin cytoskeleton through
reorganization after pathogen recognition to
effects of secreted actin-depolymerizing
effectors that lead to plant susceptibility.
(b, c) Two distinct scenarios upon actin
depolymerization after treatment with
latrunculin B: (b) latrunculin B treatment leads
to plant susceptibility; (c) latrunculin B
pretreatment leads to induced resistance.
MAMP, microbe-associated molecular
pattern; PRR, pattern-recognizing receptor;
SA, salicylic acid pathway. *, or no effect.
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in A. thaliana (Shimono et al., 2016). It is worth noting that
microtubules (MTs), the second component of the plant cytoskele-
ton, are also affected by secreted effectors, HopE1 (Cheong et al.,
2014) and XopL (Erickson et al., 2018). MT disruption causes an
increase in susceptibility to pathogens, as was shown for actin
disruption (Schmidt & Panstruga, 2007; Lee et al., 2012).
However, treatment of A. thaliana with oryzalin, an MT-depoly-
merizing drug, does not trigger a strong immune response
connected to SA (Matou�skov�a et al., 2014).

As actin polymerization occurs during PTI, and pathogens try to
overcome it by secreting effectors leading to actin depolymeriza-
tion, is it possible that plants have evolved another mechanism to
sense a ‘disrupted actin state’ and relaunch immunity? If so, what
mechanism lies beyond, and what molecule(s) is perceived? Is it
based on a receptor-like signalling (e.g. free G-actin, short F-actin
or ADFs interact with a receptor and this launches plant immunity)
or is it an indirect connection (e.g. through the disturbed vesicular
trafficking or phytohormones)? For example, actin was already
shown to be a DAMP for mammalian (Srinivasan et al., 2016) and
insect (Ahrens et al., 2012) cells.

We believe that future research can benefit hugely from natural
variation studies. Indeed, a genome-wide associated study (GWAS)
based on the screening of susceptibility to Sclerotinia sclerotiorum
has already highlighted ARPC4, a new player involved in
quantitative disease resistance and an actin organization regulator,
both in the resting state and in response to infection (Badet et al.,
2019). Forward genetics can also be fruitful. In this case, itmight be
of interest to perform the ethyl methanesulfonate mutagenesis of
plants with labelled actin filaments or with proteins responding to
actin disruption (e.g.PR2).PR2 expression could be a goodmarker,
as it is induced after the chemical disruption of actin independently
of SA (Kalachova et al., 2019), so an impaired SA pathway in
mutants will not influence the result. Reverse genetics is useful to
understand signalling, but it needs to be carefully applied while
workingwith immunity-relatedmutants. Indeed,many plantswith
altered immune pathways exhibit strong pleiotropic phenotypes,
including growth retardation (Rate et al., 1999; Yi & Richards,
2008). The behaviour of those plants is thus significantly affected
byhormonalmisregulation, especially SA increase (Pluharova et al.,
2019). The crossing of those mutants will bring new biases that
need to be carefully interpreted. All this significantly limits actin-
remodelling research, as we cannot fully exclude the pleiotropic
effects of actin disruption caused by a pharmacological approach,
while null mutants make time-shift studies impossible. The
creation of transgenic plants with inducible actin depolymerization
would therefore be very useful. One such line was recently prepared
for animal studies (Harterink et al., 2017) and has already been
applied in plants as part of research into actin remodelling in lateral
root formation (Vilches Barro et al., 2019).

The specificity of triggering an SA pathway by actin disruption
encourages us to believe that there is a unique signalling pathway
involved. This pathway will probably overlap with other cell
responses that coincide with cytoskeleton degradation (such as
autophagy, senescence of induced cell death), but will include strict
feedback regulation to prevent irreversible effects. Much still
remains to be described. What is responsible for triggering the SA

pathway? We can hypothesize about the earlier-mentioned recep-
tor-like recognition, but it could also be that some SA-binding
proteins exhibit actin-binding properties. In such a case, this double
binding (or its interruption) could lead to further induction of an
SA pathway. In human cells, actin ACTN1 and actin-binding
filamin B (FLNB), the proteins directly involved in cytoskeletal
rearrangements, were found to be SA-binding proteins (Choi et al.,
2019). In plants, the SA-binding proteins are mostly associated
with respiration, photosynthesis, or signalling; no direct interac-
tions with the cytoskeleton have yet been reported (Manohar et al.,
2014; Pokotylo et al., 2019).

Is the triggering of plant immunity (the SA pathway, in
particular) caused by the disruption of actin filaments conserved
during the evolutionary process? The SA pathway is conserved in
land plants (Wang et al., 2015). Two actin genes have already been
seen in algae, while A. thaliana plants possess 12 isoforms of actin
genes, expressed specifically in different tissue types and specific
developmental stages (Slajcherova et al., 2012). Similarly, CP-
regulating actin polymerization has conserved sequencing found
among all eucaryots (Cooper & Sept, 2008). This suggests that the
mechanism of actin disruption sensing will be conserved across all
land plants too. This may be investigated in parallel in diverse
model systems.

Recent studies have found some answers, but they have also
addedmore complexity to the current model of the role of the actin
cytoskeleton in plant–microbe interactions (Fig. 2). Here we
propose that a disrupted actin state be considered a plant cell
component, which is sensed by a specific mechanism and thus
triggers immune-like responses.

Acknowledgements

We would like to thank Jessica Kendall Hankiewicz for editing the
English. This work was mainly supported by Czech Science
Foundation grant no. 17-05151S. The work was also supported by

Fig. 2 How does actin depolymerization activate a salicylic acid (SA)
pathway? In plants there is a receptor for depolymerized actin filaments
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organelle movements that subsequently activate an SA pathway (indirect
effect) (b). Increased SA concentration is mediated through the effects of
actin on SA-binding proteins.
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