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SUMMARY

Cell wall appositions (CWAs) are produced reactively
by the plant immune system to arrest microbial inva-
sion through the local inversion of plant cell growth.
This process requires the controlled invagination of
the plasma membrane (PM) in coordination with the
export of barrier material to the volume between the
plant PM and cell wall. Plant actin dynamics are essen-
tial to this response, but it remains unclear how exocy-
tosis and the cytoskeleton are linked in space and time
to form functional CWAs. Here, we show that actin-
dependent trafÞcking to immune response sites of
Arabidopsis thaliana delivers membrane-integrated
FORMIN4, which in turn contributes to local cytoskel-
etal dynamics. Total internal reßection ßuorescence
(TIRF) microscopy combined with controlled induc-
tion of FORMIN4-GFP expression reveals a dynamic
population of vesicular bodies that accumulate to
form clusters at the PM through an actin-dependent
process. Deactivation of FORMIN4 and its close ho-
mologs partially compromises subsequent defense
and alters Þlamentous actin (F-actin) distribution at
mature CWAs. The localization of FORMIN4 is stable
and segregated from the dynamic trafÞc of the
endosomal network. Moreover, the tessellation of
FORMIN4 at the PM with meso-domains of PEN3 re-
veals a Þne spatial segregation of destinations for
actin-dependent immunity cargo. Together, our data
suggest a model where FORMIN4 is a spatial feed-
back element in a multi-layered, temporally deÞned
sequence of cytoskeletal response. This positional
feedback makes a signiÞcant contribution to the distri-
bution of actin Þlaments at the dynamic CWA bound-
ary and to the outcomes of pre-invasion defense.

RESULTS AND DISCUSSION

The plant actin cytoskeleton is critical for immune responses to
fungi [1, 2] and bacteria [3] and is responsive to pathogenic oo-
Current Biology 28,
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mycetes [4, 5]. The impact of actin-mediated trafÞcking is
apparent during hyphal invasion, where the rapid successful
assembly of a focused cell wall apposition (CWA) beneath the
microbial appressorium and between the plant PM and cell
wall prevents hyphal invasion and biotrophic haustorium forma-
tion [6]. Molecular, genetic, or chemical interference of actin dy-
namics during this process lowers penetration defense [ 1, 2, 7].
To gain mechanistic insight into sustained actin-mediated traf-
Þcking in response to microbial interactions, we searched for
A. thaliana genes encoding known and predicted actin-binding
proteins (ABPs). We compared the frequency of transcriptional
upregulation (minimal log2 value of 1) across publicly available
transcriptomic experiments, measuring the impact of mi-
crobial infection. Of 93 candidates, the most frequently upregu-
lated gene responsive to prokaryote, oomycete, and fungal
stimuli (totaling 45 pathogen challenge experiments) encoded
FORMIN4 [8, 9]. We also found this gene was one of only three
ABP genes present within an established immunity expression
cluster [10] (Data S1). Formins are a diverse family of eukaryote
cytoskeletal-interacting proteins. Common to most character-
ized formins are the abilities to stimulate actin nucleation and
barbed-end capping through the combined activity of conserved
formin-homology 1 (FH1) and formin-homology 2 (FH2) domains
(recently reviewed by Shekhar et al. [11]). Many members of the
family have been found to have additional capabilities, including
actin Þlament side-binding activity [ 12], actin Þlament severing
activity [13], and afÞnity for microtubules [8]. A. thaliana
FORMIN4 is a member of a unique plant-speciÞc phylogenetic
sub-family (plant group 1) that combines an N-terminal secretion
signal peptide and transmembrane domain with FH1-FH2 do-
mains within the C terminus [14, 15]. This domain combination
has the potential to act as an intimate link between trafÞcking
activity and the cytoskeleton, leading us to consider FORMIN4
a strong candidate for further study.

We conÞrmed phytopathogen-responsive transcriptional
behavior of the FORMIN4 gene by linking its promoter to
the uidA reporter gene and infecting stable transformant
A. thaliana with the powdery mildew Blumeria graminis f. sp.
hordei (Bgh) (Figure 1A). Bgh is adapted to barley and provokes
a non-host response in A. thaliana that is commonly used to
identify genes contributing to penetration resistance and pre-
invasion defense [16, 17]. Next, we made a translational fusion
of the complete FORMIN4 gene, under the control of its own
1Ð9, July 9, 2018ª 2018 The Authors. Published by Elsevier Ltd. 1
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Figure 1. FORMIN4 Transcript Accumula-
tion Is Activated by Fungi and Localizes to
Sites of Fungal Contact
(A) Transcript accumulation of uidA-encoded beta-
glucuronidase under the control of the FORMIN4
promoter increases in leaf epidermal cells (as
shown by the production of blue precipitate) upon
contact with Blumeria graminis f. sp. hordei (Bgh)
germ tubes, 48 hr post-infection. Asterisk indicates
the Bgh spore (conidium), and the white arrow
indicates the site of the Bgh penetration peg
(appressorium). The scale bar represents 20 mm.
(B) A translational fusion of GFP to FORMIN4 lo-
calizes speciÞcally to the site of interaction. White
line shows the boundary of the epidermal cell
contacted by Bgh (48 hr post-infection), and red
line shows the radial distance from the fungus
containing 80% of the GFP signal (the site of fungal
contact at the center of the red zone was deter-
mined using a transmission image). The scale bar
represents 20 mm. See also Figure S1.
(C) Graph showing proportion of ßuorescence
versus radial distance (black line) and cell surface
area (blue line) from the point of hyphal contact for
the cell in (B).
(D) High-resolution imaging of the plant plasma
membrane at the contact site shows that GFP is
segregated into punctate domains of approximately
200 nm diameter. The red circle highlights an
example puncta. ÔÔCWAÕÕ indicates the location of the
cell wall apposition. The scale bar represents 5 mm.
(E) Three-dimensional projections show that the
punctate pattern is maintained at the plasma mem-
brane (example puncta indicated by red circle) sur-
rounding the CWA. See also Figure S1and Video S1.
(FÐH)Bgh appressorial germ tube contact sites
(indicated by black arrow; F) can be identiÞed with
the same punctate pattern (G and H) at 16 hr post-
infection, without penetration peg ingression. The
scale bar represents 1 mm.
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promoter, to GFP and imaged stable A. thaliana transformants
infected with Bgh. GFP ßuorescence was detected speciÞcally
in epidermal cells in contact with fungal structures ( Figure 1B),
further conÞrming the transcriptomic analysis and the reporter
gene experiments. Moreover, the fusion product was found
almost exclusively in the locality of CWAs formed in response
to the fungus (Figures 1B and 1C). Induced plasmolysis of in-
fected cells demonstrated that the GFP ßuorescence was
associated with the host cell plasma membrane (PM) rather
than the fungus or the plant cell wall (Figures S1A and S1B).
High-resolution imaging revealed that the ßuorescence was
compartmentalized into small puncta of 184 ± 24 nm in diam-
eter (measured using an Airyscan instrument; Figure 1D) that
were retained at the PM during plasmolysis induction ( Figures
S1A and S1B). This dense punctate pattern continues across
the periphery of the CWA as the PM wraps around the material
deposited below the plant cell wall ( Figure 1E; Video S1). Sam-
ples observed between 16 and 24 hr post-infection showed
examples of FORMIN4-GFP accumulation in response to Bgh
primary and appressorial germ tubes without differentiation or
ingression of a penetration peg (Figures 1FÐ1H). FORMIN4-
GFP accumulation can therefore occur without full CWA devel-
2 Current Biology 28, 1Ð9, July 9, 2018
opment (Figures 1F and 1G). This is a behavior shared by
other membrane-integrated proteins trafÞcked during immune
responses (such as PEN3) and suggests such trafÞcking can
be guided by molecules released at the site of pathogen
contact [18].

Recruitment of proteins to the local PM by pathogens can be
either part of a basal defense response or caused by the action of
a speciÞc fungal infection mechanism. To differentiate between
these two possible scenarios, we infected FORMIN4-GFP stable
transformants with Magnaporthe oryzae, as this fungal phyto-
pathogen has a distinct infection strategy [ 19, 20] and does not
exploit the same host mechanisms required for Bgh infection
[21]. FORMIN4-GFP was observed to localize to the PM below
differentiated M. oryzae appressoria (Figure S1C). These data
suggest that FORMIN4-GFP transport occurs as a broad-spec-
trum fungal-response mechanism.

We next developed an assay to observe FORMIN4-GFP dy-
namics at early stages post-stimulation using total internal
reßection ßuorescence (TIRF) microscopy. This would enable
probing of the mechanism of FORMIN4 delivery, as mature
CWAs imaged using confocal microscopy did not show quantiÞ-
able delivery dynamics (Figures S1DÐS1F). Contacts between



Figure 2. FORMIN4 Transport and Delivery Require Actin, but Not Its Endogenous FH1-FH2 Domain
(A) Mosaics consisting of multiple confocal laser scanning microscope images combined to show wide areas of dark grown FORMIN4-GFP transformant
hypocotyls. Left: the corresponding transmission image to the mock-treated sample. Right: FORMIN4-GFP signal after 4 hr elicitation. Cells expres sing FORMIN4-
GFP after elicitation showed an average number of 1.98 (±1.16) FORMIN4-GFP regions per GFP-positive cell (n = 64). The scale bars represent 100mm.
(B) Aniline blue (magenta) staining shows that the majority of FORMIN4-GFP regions are associated with centralized callose regions (88.9% ± 8.6%). The scale
bar represents 10 mm.
(C) Typical TIRF microscopy image of regional FORMIN4-GFP accumulation after 4 hr of elicitation. The scale bar represents 10 mm.
(D) FORMIN4-GFP expression is induced and delivery achieved four hours after immune system stimulation. Kymographs (taken along the lengths of indi cated
red boxes) show that FORMIN4-GFP-labeled vesicular bodies can be detected in the cytoplasmic stream. Latrunculin A and B treatment disrupts streami ng, but
plasma membrane-associated FORMIN4-GFP remains in a stable pattern. Red boxes are 25 mm in length. See also Figure S2.
(E) Fluorescence recovery after photobleaching (FRAP) experiments performed using total internal reßection ßuorescence (TIRF) microscopy demonstrate that
the site-speciÞc delivery process is active four hours after stimulation. See also Figure S2. The scale bar represents 10 mm.
(F) The delivery process is interrupted by latrunculin B treatment as measured using pixel ßuorescence recovery and recovery of object number. Aster isk indicates
a signiÞcant difference of p < 0.05. Error bars indicate the SE. See also Figure S2.
(G) Removal of the FORMIN4 cytosolic domain (that includes the FH1-FH2 domain) does not prevent FORMIN4 localization to the infection site either in w ild-type
plants or in plants where all group 1e formins have been genetically disrupted. The scale bar represents 5 mm.
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hyphae and plant cells are asynchronous, and appressoria
obstruct PM imaging. To overcome these technical challenges,
we used an elicitor to approximate the molecular patterns of
fungal assault. This consisted of a dilute plant cell wall hydrolyz-
ing enzyme mix supplemented with chitin and endochitinase
to generate chitin oligomers. Increased GFP ßuorescence was
observed after A. thaliana tissue was incubated for a minimal
period of four hours in the elicitation mix ( Figure 2A). This further
conÞrms the FORMIN4 response is not species speciÞc to Bgh
and can be induced in the absence of speciÞc fungalÐdisease
promoting effectors. FORMIN4-GFP was concentrated at the
PM in bright, dense regions of varying diameter (9.5 ± 2.6 mm)
with multiple regions often found in a single cell (on average
2.0 ± 1.2 per cell). Transmission images of these regions
frequently suggested the presence of local cell wall aberrations.
We stained FORMIN4-GFP hypocotyl cells with aniline blue to
highlight deposits of callose, an injury and immune-responsive
cell wall polymer and a major component of CWAs. We found
that 88.9% (±8.6%) of FORMIN4-GFP regions coincided with
small callose deposits (Figure 2B). The localized regions of
FORMIN4-GFP are therefore associated with sites of cell wall
reinforcement.
Current Biology 28, 1Ð9, July 9, 2018 3
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At higher magniÞcation and resolution, the FORMIN4-GFP dis-
tribution resembled the punctate pattern observed at the PM
surrounding CWAs in Bgh-infected tissue (Figure 2C). A popula-
tion of rapidly moving vesicular bodies could be detected in
areas of the cytoplasmic stream close to the PM with vesicular
structures visibly exchanged at stream-PM contact sites ( Fig-
ure 2D). This movement is sensitive to chemical disruption of
the actin cytoskeleton (Figure 2D), but not the microtubule cyto-
skeleton (Figure S2A). Neither class of treatment caused disas-
sociation of FORMIN4-GFP puncta from the PM.

We used a ßuorescence recovery after photobleaching (FRAP)
approach combined with TIRF microscopy to test the hypothesis
that actin-mediated motility plays a role in the arrival of FORMIN4
content. 25 mm2 areas of concentrated FORMIN4-GFP puncta
were bleached and ßuorescence recovery monitored over the
subsequent 10 min, during which time the puncta content
increased (at a relative recovery rate of 14.4% ± 4.9% per min-
ute; Figures 2E, 2F, and S2B). FRAP experiments were also
performed after acute exposure to latrunculin B and mock treat-
ments. The mock treatment did not affect the rate of FORMIN4-
GFP content increase whereas latrunculin B signiÞcantly
reduced the rate to 34% of control levels ( Figure 2F). This sug-
gested that the actin cytoskeleton is critical for the delivery pro-
cess. To validate these data in vivo, we pre-treated Bgh-infected
A. thaliana leaves stably transformed with FORMIN4-GFP with
cytochalasin E, a fungus-derived secondary metabolite that
compromises the plant actin cytoskeleton but does not affect
Bgh development [2]. FORMIN4-GFP distribution was severely
reduced and poorly targeted ( Figures S2C and S2D). Together,
these data show that FORMIN4-GFP delivery to immune
response sites requires a functioning actin cytoskeleton.

The dependence of FORMIN4-GFP vesicle transport on the
actin cytoskeleton raises the hypothesis that the FH1-FH2
domains of FORMIN4 are signiÞcantly contributing to vesicle-
Þlament interactions and acting in a cis fashion to drive the dis-
tribution of vesicles with FORMIN4 surface content. To address
this question, we generated a deletion construct that contained
only the secretion signal peptide, transmembrane domain, and
intervening sequence fused to GFP. This deletion mutant
(FORMIN4(DFH1-FH2)-GFP) did not contain the FH1 and FH2
domains (Figure 2G). When transformed into wild-type plants,
this minimal fragment was delivered to Bgh sites (Figure 2G).
We generated a triple T-DNA insertion mutant with a disrupted
allele of FORMIN4 and the two closest homologs of FORMIN4
(FORMIN7 and FORMIN8; constituting the complete phyloge-
netic group 1e; Figure S3A). Both FORMIN4-GFP (Figure S2E)
and FORMIN4(DFH1-FH2)-GFP (Figure 2D) fusion proteins
were delivered to Bgh sites in this genetic background. The
actin-interacting potential of FORMIN4 is therefore unlikely
to have an essential function in a cis capacity during vesicle
delivery.

The generation of the formin4/7/8 mutant provided an oppor-
tunity to screen for phytopathogen defense phenotypes and to
test the functionality of the FORMIN4-GFP construct. We scored
the frequency of different outcomes from Bgh-A. thaliana
interactions in wild-type, formin4/7/8 , and formin4/7/8 plants
complemented with FORMIN4-GFP. At forty-eight hours post-
infection, individual outcomes of appressorial attack were
classiÞed as intact CWAs associated with living cells (Figure 3A),
4 Current Biology 28, 1Ð9, July 9, 2018
intact CWAs combined with cell death ( Figure 3B), and breached
CWAs with fungal haustorium development (Figure 3C). The
formin4/7/8 plants showed a signiÞcant increase in both the fre-
quency of cell death and a small but signiÞcant increase in the
frequency of haustoria development (Figure 3D). Expression of
FORMIN4-GFP reduced the presence of haustoria and almost
completely restored the normal frequency of cell death in the
absence of haustoria, reducing the frequency from 48.4%
(±6.8%) to 36.0% (±5.0%), close to the wild-type frequency of
29.5% (±6.1%). This demonstrates that FORMIN4-GFP retains
sufÞcient biological activity to complement the function of group
1e formins and that FORMIN4 contributes signiÞcantly to a de-
fense response against a fungus. No complementation of the
Bgh-response phenotype was detected in cells expressing
FORMIN4(DFH1-FH2)-GFP (Figure S3E).

To better classify the phenotype, we compared the formin tri-
ple mutant to a characterized resistance mutant, pen3-1. PEN3
is a membrane-integrated ABC transporter protein with a critical
role in defense that is enriched at the PM surrounding CWAs in a
process dependent upon the actin cytoskeleton [ 22, 23]. The
pen3-1 mutant allele affects the proÞle of secondary metabolites
transported by PEN3 [24] and compromises defense responses
to a broad range of pathogens, including Bgh [16]. The pen3-1
mutant plants showed an elevated level of haustoria formation
beyond that of the formin triple mutant; however, the formin triple
mutant showed a greater proportion of cells entering cell death
after CWA formation (Figure S3E). We therefore conclude that
the formin triple mutant causes a subtly different Bgh pre-inva-
sion response phenotype to the pen3-1 exemplar of a penetra-
tion mutant.

The actin cytoskeleton is known to support CWA function
[1, 2, 25] (e.g., Figure S2C), and formins are known to modify
local actin dynamics. We imaged infected formin4/7/8 plants ex-
pressing GFP-Lifeact [26] to test the hypothesis that the actin
cytoskeleton had been compromised. This revealed an intact
actin cable network broadly comparable to wild-type plants ( Fig-
ures 3E and 3F). In both genotypes, actin cables exhibited tran-
sient interactions with the periphery of the CWA that maintained
a local cytoplasmic stream. No equivalent enrichment of micro-
tubules was observed in either wild-type or mutant plants ex-
pressing an mCherry fusion to tubulin (mCherry-TUA5; Figures
S3F and S3G), an observation that contrasts the cereal interac-
tions with powdery mildew [ 27] but is in agreement with previ-
ously reported non-host responses to Bgh in A. thaliana [28].
Surprisingly, actin cable interactions with CWAs in the mutant
background appeared to be more direct with reduced peri-
CWA regions containing Þner dispersed F-actin structures
(Figures 3G and 3H). In wild-type leaves, 80.4% (±17.4%) of
uncompromised CWAs in living cells were associated with a
radially symmetrical fringe network of F-actin whereas 16.8%
(±7.3%) of mutant CWAs retained similar networks. This pheno-
typic behavior suggests a contribution of FORMIN4 to the
cortical interactions and network properties of PM-associated
actin Þlaments, a role consistent with the biochemical behavior
of FORMIN4 [8, 9] and phenotypes of group 1 family members
[29, 30]. Together, these data suggest an actin-dependent traf-
Þcking-driven mechanism for reinforcing cytoskeletal behavior.

We next asked whether the FORMIN4 transport route and
localization pattern was shared with PEN3. The key defense



Figure 3. FORMIN4 Contributes to Defense
and Actin Organization at the Site of
Immunity
(A) At 48 hr after infection, most wild-type
A. thaliana epidermal cells responding to Bgh
appressoria have formed a CWA (indicated by
arrowhead).
(B) A proportion of cells enter programmed
cell death, identiÞed by absence of cytoplasmic
streaming, aggregation of the cytoplasm, and
pigmentation of the cell.
(C) A small minority of cells contain fungal haus-
toria. Asterisk in (A)Ð(C) indicates conidia.
(D) Comparison of the frequency of responses in
different genotypes. Compared to wild-type
(Col-0), formin4/7/8 plants show increased rates
of cell death and haustoria formation upon Bgh
challenge. Expression of FORMIN4-GFP in the
formin4/7/8 genetic background fully rescues
mutant susceptibility to haustoria formation and
reduces cell death rates near to wild-type levels.
Single asterisks indicate p values less than 0.05;
double asterisks indicate p values less than 0.01
(evaluated by pairwise comparison applying
StudentÕs t test). Error bars show SD of at least
three biological repeats (minimum of 22 leaves per
genotype). See also Figure S3.
(E) Wild-type cells expressing actin-binding GFP-
Lifeact show a cable network that interacts with
the region containing the CWA (labeled using a
white arrowhead; white lines mark the boundary of
the affected epidermal cell).
(F) The CWA (position indicated by white arrow-
head) maintains interactions with the actin cable
network in mutant formin4/7/8 plants expressing
GFP-Lifeact.
(G) GFP-Lifeact-labeled Þlaments (green) sur-
rounding wild-type CWAs (red autoßuorescence
and white arrowhead). Black arrowhead indicates
coronal (peri-CWA) actin network.
(H) GFP-Lifeact labeling Þlamentous actin in the
area surrounding a mutant CWA.
The scale bars represent 10 mm.
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protein PEN3 also accumulates at CWAs and smaller deposi-
tions of callose (Figure S4A) in an actin-dependent process.
To approach the trafÞcking question, we used the uptake of
the ßuorescent lipophilic dye FM4-64 to label the endosomal
network (EN) and quantify co-localization with FORMIN4-GFP
and PEN3-GFP. PEN3 is found in early endosomal compart-
ments [31] that are mobile on actin Þlaments, and the EN is
engaged in the trafÞcking of PM-derived multi-vesicular bodies
to the CWA interior [32, 33]. A ninety-minute incubation of in-
fected tissue with FM4-64 did not label the vacuole membrane
or endoplasmic reticulum but did high-
light mobile compartments that showed
pausing behavior in the region of
CWAs (Figure S4B). We used an ob-
ject-recognition and centroid-distance-
based approach (Figures 4AÐ4D) to
quantify the co-localization of these EN
compartments with GFP fusion proteins.
26.6% (±9.5%) of FM4-64-labeled com-
partments co-localized with PEN3-GFP objects whereas only
5.6% (±3.9%) of these compartments had locations within
200 nm of FORMIN4-GFP objects. Furthermore, the distribution
of paired distances supports the existence of a PEN3-GFP
peak sub-population co-localizing with FM4-64 but no equiva-
lent FORMIN4-GFP population (Figures 4BÐ4D). To address the
question of co-localization, we used a FORMIN4-tdTomato
fusion protein co-expressed with PEN3-GFP to test whether
the two proteins occupy the same zone of PM. Both
FORMIN4-tdTomato and PEN3-GFP were enriched at the
Current Biology 28, 1Ð9, July 9, 2018 5



Figure 4. FORMIN4 Transport and Meso-localization Are Distinct from PEN3
(A) Bright Þeld image ofBgh appressorial germ tube contact site with CWA (indicated by asterisk) and endosomal network (EN) compartments (indicated by white
arrowhead) visualized by FM4-64 uptake (magenta). The scale bars represent 2 mm. See also Figure S4.
(B) Laplacian of Gaussian (LoG) Þltered images of simultaneous detection of FM4-64-labeled EN compartments (magenta) and GFP expression (green) inwild-
type (Col-0), PEN3-GFP, FORMIN4-GFP, and mock-treated PEN3-GFP cells. Mock treatment of PEN3-GFP resulted in no visible EN vesicles in the FM4-64
detection wavelength, and FM4-64-treated wild-type samples showed no signal above background within the GFP excitation/emission channel. The sca le bars
represent 2 mm.
(C) Distance-based quantiÞcation of co-localization between FM4-64-labeled compartments and GFP-labeled objects shows that a peak sub-populati on of
PEN3-GFP objects, but not FORMIN4-GFP objects, coincide at distances less than the diffraction limit of the microscope. Histogram represents centr oid
distance of PEN3-GFP compartments to EN compartments (white bars and blue Gaussian kernel regression) and FORMIN4-GFP to EN compartments (black
bars and red Gaussian kernel regression). Grey areas show histogram overlap.
(D) PEN3-GFP co-labels 26.6% (±9.5%) of the EN objects, whereas only 5.6% (±3.9%) of the EN is within equivalent distances to FORMIN4-GFP objects. Ast erisk
indicates a p value evaluated by pairwise comparison with StudentÕs t test of <0.001. Error bars show SD.
(E) Co-expressed FORMIN4-tdTomato (red) and PEN3-GFP (green) at the plasma membrane in the region of a CWA. See alsoFigure S4. The scale bar
represents 2 mm.
(F) Bandpass phase-frequency Þltering highlights the local enrichment of FORMIN4-tdTomato and PEN3-GFP plasma membrane domains (area enlarged from
white box in D) showing tessellation of FORMIN4 and PEN3 enrichments. The scale bar represents 2 mm.

(legend continued on next page)
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PM, with FORMIN4-tdTomato showing the same extreme CWA
spatial restriction as FORMIN4-GFP (Figure S4C). Higher mag-
niÞcations suggested that both proteins were enriched in a
punctate pattern at the PM ( Figure 4E). Phase-frequency
Þltering of these data enhances the contrast between the two
patterns (Figure 4F), and an arc transect shows that peaks
and troughs of the two proteins do not coincide ( Figure 4G).
We therefore conclude that, although PEN3 and FORMIN4 traf-
Þcking are both actin dependent, they show little co-compart-
mentalization in either the EN or the PM at the meso-scale.
Actin-mediated immune-responsive trafÞcking can therefore
be sub-divided into different routes and subtly different desti-
nations. FORMIN4, and any potentially associated PM content,
is largely segregated from the endosomal transport network.
This could explain its long-term persistence at the PM and
the absence of a large mobile ßuorescence fraction at fully
developed CWAs (Figures S1DÐS1F).

Here, we have shown that plant cells respond to the chal-
lenge of pathogenic microbes by placing a stable molecular
ßag at the destination of their secretion pathway. We propose
a model (Figure 4H) where pathogen contact stimulates tar-
geted exocytosis of marker cargo, including FORMIN4. This
initial activation is likely to occur through the detection of mi-
crobial and damage-associated molecular patterns (MAMPs
and DAMPs). This is supported by studies of targeted PEN3
transportation [18] and the activation of FORMIN4 delivery
through molecular patterns (Figure 2). Actin dynamics can be
stimulated by MAMP application [ 3], with compelling evidence
suggesting that this occurs, at least in part, through the actions
of ADF and capping protein [3, 34]. To date, the spatial speci-
Þcity of these mechanisms has not been studied, but targeted
FORMIN4 delivery is actin dependent and it seems plausible
that transient modiÞcation of cytoskeletal dynamics local to
the microbial contact site supports any initial burst of traf-
Þcking. Logically, alternative systems must be upstream in tem-
poral sequence from actin binding proteins, such as FORMIN4,
that are under tight expression control and embedded in
the cargo membrane. Long-term accumulation of FORMIN4
(and potentially other factors resistant to uptake into the EN)
further reinforces the local actin-Þlament distribution network.
Group 1 formins show little lateral diffusion within the PM (so
long as the PM remains in contact with the cell wall) [ 35, 36]
and are therefore highly adapted to the purpose of acting as
persistent markers of PM identity with a capability to support
local transport networks. The extended ÔÔnewÕÕ surface of t
CWA supports stable cytoskeletal interactions ( Figures S3FÐ
S3I; Video S2). The peri-CWA actin and microtubule networks
can facilitate a variety of activities, including local organelle
positioning, vesicular trafÞcking to and from the plasma
membrane, and greater perception of the microbial stimulus.
(G) Amplitude of transect taken from the dashed line in (E). Peaks of FORMIN4-t
(H) Model proposing a sequence of events leading to positional feedback during an
(green patches) and sub-cortical PEN3-containing EN compartments (green spher
brown rods). Arrowheads indicate the unidirectional ßow of the local cytoplasmic s
to initiate. By four hours (ii) post-perception, FORMIN4-containing vesicles (magen
the nascent response zone of the PM in an actin-dependent process. By forty-eight
has accumulated distinct PM content, including stable FORMIN4. The cytoskeleto
the earlier actin-dependent deposition of PM proteins.
A. thaliana retains eleven genes encoding group 1 formin pro-
teins as well as numerous group 2 formins and the Arp2/3
complex. This provides considerable opportunity for functional
redundancy with parallel actin-nucleation pathways and is likely
to prevent catastrophic collapse of actin Þlament turnover.
Drug-induced actin disruption in A. thaliana allows B. graminis
haustorium formation, but full disease progression is prevented
by programmed cell death pathways [ 25]. The formin4/7/8
mutant therefore accelerates this defense outcome associated
with actin Þlament deÞciency without providing opportunity for
haustorium establishment. This could reßect direct monitoring
of peri-CWA actin dynamics by the plant immune system or a
ÔÔtipping of the balanceÕÕ toward programmed cell death in t
face of mildly inefÞcient CWA formation. Our observation of
PEN3/FORMIN4 meso-domain tessellation at this interface pro-
vides a potential strategy for achieving FORMIN4 stability while
simultaneously providing a site for high-volume delivery to the
apoplast. Understanding the molecular basis for these multiple
scales of organization will likely reveal new aspects of disease
virulence and promises the means to deliver bespoke anti-mi-
crobial cargoes with high precision.
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