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SUMMARY
Plants respond to bacterial infection acutely with actin remodeling during plant immune responses. The
mechanisms by which bacterial virulence factors (VFs) modulate plant actin polymerization remain enig-
matic. Here, we show that plant-type-I formin serves as themolecular sensor for actin remodeling in response
to two bacterial VFs: Xanthomonas campestris pv. campestris (Xcc) diffusible signal factor (DSF), and path-
ogen-associated molecular pattern (PAMP) flagellin in pattern-triggered immunity (PTI). Both VFs regulate
actin assembly by tuning the clustering and nucleation activity of formin on the plasma membrane (PM) at
the nano-sized scale. By being integrated within the cell-wall-PM-actin cytoskeleton (CW-PM-AC) contin-
uum, the dynamic behavior and function of formins are highly dependent on each scaffold layer’s composi-
tion within the CW-PM-AC continuum during both DSF and PTI signaling. Our results reveal a central mech-
anism for rapid actin remodeling during plant-bacteria interactions, in which bacterial signaling molecules
fine tune plant formin nanoclustering in a host mechanical-structure-dependent manner.
INTRODUCTION

The actin cytoskeleton (AC) is dynamically remodeled during

signal transduction to coordinate the changes of various cellular

processes for development and defense mechanisms (Basu

et al., 2008; Li and Staiger, 2018; Mostowy and Shenoy, 2015).

During host-pathogen interactions, plants perceive a diverse

array of microbial virulence factors (VFs), such as the path-

ogen-associated molecular patterns (PAMPs), pathogen-

secreted extracellular molecules, and type-III effectors (Dodds

and Rathjen, 2010). PAMPs trigger a series of plant pattern-trig-

gered immune responses upon binding, which activates pattern

recognition receptors (PRRs) on the cell surface. An increase in

actin assembly underneath the plasma membrane (PM) is one

of the hallmarks of pattern-triggered immunity (PTI) signaling

(Henty-Ridilla et al., 2013). Several actin-binding proteins

(ABPs) for different steps of actin tread milling are involved in

actin remodeling during PTI signaling. Negative actin regulatory

profilin, AtPRF3, which forms a hetero-oligomeric complex of

formins-AtPRF3-actin and inhibits both nucleation and elonga-

tion, was degraded upon stimulation by the PAMP flg22 (Sun

et al., 2018). Actin-depolymerizing factor (ADF) and capping pro-

tein (CP) also participate in PTI-mediated actin remodeling by
This is an open access article und
controlling severing and barbed-end capping of F-actin (Henty-

Ridilla et al., 2014; Li et al., 2015). PAMP-activated actin reorga-

nization also showed important roles in regulating PTI responses

by providing feedback. The deletion of either AtPRF3 or CP

dramatically perturbs the PAMP-stimulated reactive oxygen

species (ROS) production (Li et al., 2017; Sun et al., 2018). How-

ever, the molecular mechanisms by which a host initiates rapid

remodeling of the actin cytoskeleton during plant-bacteria inter-

actions remain poorly understood. Questions, such as how actin

nucleation is triggered or how the plant-defense scaffold—the

cell wall (CW)-PM continuum—regulates the sensing of bacterial

VFs by remodeling the cortical AC system, remain unaddressed.

Arabidopsis has two major types of actin nucleator com-

plexes—suppressor of cAMP receptor (SCAR)-Arp2/3 and for-

min-profilin complex—which regulate initial actin nucleation

and elongation (Frank et al., 2004; van Gisbergen and Bezanilla,

2013). Arabidopsis has more than 20 FH2 (formin homology 2)

domain-containing formin isoforms, which are classified into

two distinct phylogenetic clades: type-I and type-II formins

(Deeks et al., 2002). Ten of the 11 type-I Arabidopsis formins

contain a single transmembrane domain (TMD). The TMD is

located at the N terminus between the intracellular FH1 domain

and the extracellular extensin-like motif, which is linked up to the
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CW (Deeks et al., 2002). Through the FH2 domain, TMD and the

CW-binding motif type-I formins integrate into and span across

multiple layers of the CW-PM-AC continuum, which is the fron-

tier of plant-pathogen interactions. In plants, given the location

of type-I formin, the plant-actin nucleation factors might be stra-

tegically targeted by pathogenic VFs and host immune signaling.

Indeed, Arabidopsis type-I formins are known to respond to

pathogenic signals. For example, AtFH6 (At5g67470) is

transcriptionally upregulated in Arabidopsis during a root-knot

nematode infection (Favery et al., 2004). AtFH6 showed in vivo

activities in actin nucleation, which partially rescued lethal

yeast-formin mutants (bni1D bnr1D) (Favery et al., 2004).

AtFH6 was also found to be phosphorylated upon the PAMP-

elicitation using bacterial flagellum peptide (Benschop et al.,

2007). Recently, the type-I formins AtFH1, AtFH2, AtFH4,

AtFH6, AtFH8, and AtFH9 were all reported to be concentrated

at the sites of plasmodesmata (PD) (Diao et al., 2018), which

gates transport of cargoes, such as the plant viruses, between

cells (Huang et al., 2019; Lee and Lu, 2011). In addition, during

fungal infection, transcription of AtFH4 was upregulated, and

the AtFH4 protein accumulated at the invasion sites in an

actin-dependent manner (Sassmann et al., 2018). However, it

is mostly unknown whether and how type-I formins actively

participate in defense mechanisms in remodeling actin networks

during host-pathogen interactions.

Multivalency-mediated molecular oligomerization and

condensation have been found as emerging principles to modu-

late signal transductions (Choi et al., 2020; Shin and Brang-

wynne, 2017). Extracellular cues often trigger the clustering of

surface molecules at nanometer- to micrometer-scale on the

cell surface, such as receptors and TMD proteins, which activate

signal transduction (Jaillais and Ott, 2020; Nikolov et al., 2013;

Ojosnegros et al., 2017; Su et al., 2016; Taylor et al., 2017). Dur-

ing T cell signaling, the assembly of F-actin was activated by a

cascade of intermolecular interactions between actin nucleators

and the formation of condensed phases of the nucleation com-

plex (Case et al., 2019b; Su et al., 2016). The presence of nucle-

ation-promoting factor (NPF) N-WASP and the Arp2/3 complex

in the T-cell-receptor-triggered condensates increased their

dwell time on the membrane, changed component stoichiom-

etry, and thereby enhanced biochemical activities in F-actin as-

sembly (Case et al., 2019b). In addition, actin nucleators Ena/

VASP form tetramers and hetero-oligomers for driving the proc-

essive elongation for cell protrusion in vivo and in vitro by asso-

ciating with the cell leading edge (Castellano et al., 2001; Krause

et al., 2004), in which the tetramerization of Ena/VASP is essen-

tial to its activity in promoting actin polymerization (Br€uhmann

et al., 2017; Castellano et al., 2001; Harker et al., 2019; Riquelme

et al., 2015). However, the role of formin valency in cell signaling

has not been explored, although the interdimer interactions be-

tween formin proteins were demonstrated previously both

in vitro and in vivo. Formins usually form dimers in solution, which

are known as their minimum functional units to nucleate actin

filament. Yeast formin Bni1 FH2 domain was crystallized as a

tethered dimeric form (Moseley et al., 2004; Xu et al., 2004).

Compared with the membrane-localized actin nucleator N-

WASP in mammalian cells, plant type-I formin proteins have

unique regulatory mechanisms because of their physical integra-
2 Cell Reports 34, 108884, March 30, 2021
tion into the multilayer tensegrity structure CW-PM–AC contin-

uum, which could fine tune the surface motility and interactions

of type-I formins (Fujiwara et al., 2016; Martinière et al., 2012;

Sassmann et al., 2018).

Here, we studied actin remodeling during plant immune

signaling when exposed to two types of bacterial VFs: PAMP

flagellin and the quorum-sensing (QS) molecule of Xanthomonas

campestris pv. campestris (Xcc), diffusible signal factor (DSF)

(Brock et al., 2010; Chatterjee et al., 2008; Newman et al.,

2004; Yang et al., 2017). DSF showed multifaceted effects,

including regulation of bacterial invasion in plants by controlling

other VFs (Kalappurakkal et al., 2019; Ryan et al., 2015) and an

increase in phytosterol production of plant hosts (Tran et al.,

2020). Although flagelin and DSF were found to remodel Arabi-

dopsis AC differently, both of them used a convergent mecha-

nism for reorganizing AC, namely fine tuning of formin nanoclus-

tering on the PM.We demonstrated that AtFH6, a representative

of Arabidopsis type-I formin, formed heterogenous nanoclusters

on the cell surface via interactions between formin dimers.

Flagellin induces formin clustering and elevates F-actin produc-

tion, whereas DSF attenuates formin-formin interactions and

thereby decreases F-actin assembly. Furthermore, we also

found that PAMP flagellin and QS DSF-mediated changes in for-

min clustering and activities are functionally coupled with the

structural integrity of the mechanical scaffolds of the CW-PM-

AC continuum. Both CW associations and formin-formin interac-

tions are involved in formin nanoclustering under DSF and PTI

signaling, in which disruptions of either CW or formin-formin

interaction would significantly impair formin clustering and

thereby the remodeling of F-actin. The bacterial QS molecule

DSF, but not flagellin, directly induces Arabidopsis cellulose pro-

duction, which causes less restraints on lateral diffusion and

nano-clustering of CW-bound type-I formin, and thus further

leads to less actin polymerization. In contrast, both the

flagellin-enhanced formin clustering and actin polymerization

depend on actin-network integrity underneath the PM. Our

studies have revealed the mechanisms by which bacterial VFs

reorganize plant actin networks by modulating nanoscale orga-

nization of surface formin with coupled biomechanical regula-

tions from plant CW-PM-AC continuum.

RESULTS

Arabidopsis actin assembly is highly correlated with the
nanoclustering of AtFH6 in response to bacterial DSF
and PAMP signals
To study the actin remodeling during plant immune signaling, we

investigated Arabidopsis actin under the stimulations of two

different types of virulence molecules: the PAMP flagellin and

the Xcc quorum-sensing molecule DSF (diffusible signal factor,

cis-11-methyl-2-dodecenoic acid) (Kakkar et al., 2015; Ryan

et al., 2015). We first examined the effect of DSF in host actin

cytoskeleton in 5-day-old Arabidopsis species, which were

treated with increasing concentrations of DSF from 1 mM to

50 mM for 24 h, within the range of the physiological concentra-

tion (�40–100 mM) of the bacterial secreted DSF (Kakkar et al.,

2015). The actin cytoskeleton in the hypocotyl middle regions

was examined by imaging by Lifeact-Venus using 2D-SIM
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Figure 1. DSF and PAMP, distinctly, modulate host actin assembly, formin dynamics, and formin clustering

(A) The 2D-SIM images of F-actin in the epidermal cells of the middle hypocotyl of 5-day-old Arabidopsis expressing Lifeact-Venus. Seedlings were treated with

DMSO (control), 25 mM DSF for 24 h, and 10 mM flg22 for 3 h.

(B) Quantification of the F-actin occupancy in (A). n = 50, 53, and 53 cells, from left to right.

(C) VA-TIRFM images of PM-localized AtFH6-GFP in the epidermal cells of middle hypocotyls (upper panels), treated as in (A). The lower panels show the 43

enlarged trajectories (over a 1.5-s time course) of AtFH6-GFP particles in the red boxes.

(D and E) Quantification of AtFH6-GFP particle dynamics in (C). MSD (mean squared displacement) is plotted as a function of time for AtFH6-GFP particles (D).

Shaded area indicates standard errors averaged from >30 cropped movies. Each data point in (E) represents a mean diffusion coefficient (Deff) of AtFH6-GFP,

averaged from >40 trajectories in one movie. n = 32 movies for each treatment.

(F) The representative images of the intensity and steady-state emission anisotropy of AtFH6-GFP in epidermal cells of the middle hypocotyl treated as in (A). The

intensity images were generated by merging the parallel and perpendicular intensity images. The anisotropy values were indicated by pseudo-colors.

(G) Quantification of AtFH6-GFP steady-state emission anisotropy. Each data point represents the mean anisotropy value of a 23 2-mm2 ROI. n = 131, 185, and

185 ROIs from left to right.

(legend continued on next page)
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(structured illumination microscopy). The actin cytoskeleton was

quantitatively analyzed bymeasuring the occupancy rate of Life-

act-Venus to indicate the total quantity of F-actin filaments and

the skewness of signal intensity of F-actin to indicate the

bundling level (Higaki et al., 2010; Lu and Day, 2017; Sun et al.,

2018). Significant reduction in both occupancy and skewness

values of F-actin were observed after DSF treatment, in a

dose-dependent manner starting from 25 mM (Figures 1A, 1B,

and S1A–S1C). To test whether DSF compromises F-actin sta-

bility, we treated the seedlings with actin depolymerizationmole-

cule latrunculin B (LatB) at a final concentration of 5 mM for 15 or

30 min. Faster actin depolymerization was observed in 25 mM of

DSF-pretreated Arabidopsis, suggesting a greater sensitivity to

the LatB after a DSF treatment (Figures S1D and S1E). Strikingly,

DSF effects in Arabidopsis actin assembly are opposite to those

reported in F-actin remodeling during PAMP-triggered immune

responses, in which flg22 elicitation increases the production

of actin filaments (Felix et al., 1999; Henty-Ridilla et al., 2013)

(Figures 1A and 1B).

Given the changes in the production of actin filaments, we

were next motivated to ask whether the plant actin-nucleation

factor formin is the underlying factor that mediates actin remod-

eling under DSF and flg22 signaling, in a way similar to the mod-

ulation of Arp2/3 during T cell immune signaling (Case et al.,

2019b; Jaillais and Ott, 2020; Su et al., 2016). We first examined

the dynamic behaviors of formin in vivo by imaging a C-termi-

nally, GFP-tagged formin. Formin is a large protein family with

22 homologs in Arabidopsis; in which, 11 homologs are type-I

formins that localize on the PM with a single transmembrane

domain (Deeks et al., 2002). A stable transgenic Arabidopsis

line expressing formin 6 (AtFH6) was mostly used in this study

as a representative type-I formin (Van Damme et al., 2004),

because of its excellent single-to-noise ratio to perform high-

quality single-particle imaging for robust quantifications. Under

variable-angle total internal reflection fluorescence microscopy

(VA-TIRFM), AtFH6-GFP in the middle hypocotyl epidermal cells

of 5-day-old Arabidopsis seedlings showed punctate pattern on

the PM; of which, the size is close to diffraction limits (Figure 1C).

The dynamic behaviors of AtFH6-GFP were further quantified by

mean-squared displacement (MSD) and the diffusion coefficient

(Deff) by the analysis of trajectories from single-particle time-

lapse imaging. By fitting theMSD curve with an anomalous diffu-

sion model, a random-like lateral diffusion of AtFH6-GFP (diffu-

sion exponent a = 0.8 ± 0.28) was observed on the PM (Figures

1C and S1F) (Metzler et al., 2014). Next, MSD and Deff of AtFH6-

GFP were analyzed in seedlings treated with 25 mMDSF for 24 h

and 10 mM flg22 for 3 h, respectively. Regardless of the type of

treatment, DSF and flg22 did not change the AtFH6-GFP puncta

density on PMs (Figure S1G). However, a positive correlation be-

tween high Deff of formin and low assembly in F-actin was

observed, and vice versa. By recording the trajectories of

AtFH6 in time-lapse images, DSF-treatment resulted in a faster
(H) AtFH6-GFP steady-state emission anisotropy value (G) distribution subjected

(I) SPR sensorgram revealing the binding between immobilized AtFH6-FH1COO

serially 23 diluted gradient concentrations from 20 mM to 0.039 mM.

Significant differences were determined using a one-way ANOVA test, multiple co

2 mm in (C) and (F).
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diffusion of AtFH6-GFP in Arabidopsis compared with the un-

treated seedlings (Figures 1C–1E), whereas flg22-elicitation of

Arabidopsis seedlings triggered a confined diffusion of AtFH6-

GFP with a value of a = 0.5 ± 0.23 (Figure S1F), suggesting a

more confined diffusion of AtFH6-GFP upon PAMP signaling.

Consistently, less dynamics were observed for AtFH6-GFP by

elicitation with another PAMP molecule elf26 (Figures S1H–

S1J), which has been known to stimulate plant actin assembly,

similar to that of flg22 (Clarke et al., 2013; Li et al., 2015). We

further examined another type-I formin AtFH2-eGFP (Diao

et al., 2018) in stable transgenic lines, to show that the changes

of molecular dynamics of AtFH6 in response to VFs apply to

other type-I formins too. We also studied the protein dynamics

of another PM integral membrane protein as a negative control

using a PM-localized aquaporin protein AtPIP1;4-YFP (Geldner

et al., 2009). We have found that although AtFH2-eGFP showed

confinement in response to flg22 elicitation and a higher Deff

upon DSF-treatment, AtPIP1;4-YFP did not exhibit an obvious

response to either VF (Figures S1K–S1M). To test whether

different expression levels of formin would affect formin nano-

clustering, we expressed AtFH6-GFP at both low and relatively

higher levels (Figures S2A–S2C) and examined the single-parti-

cle behaviors of AtFH6-GFP using a tobacco transient-expres-

sion system. The results show similar trends in the change ofmo-

lecular diffusions, regardless of the differences of formins

expression in both types of cells when exposed to DSF and

flg22 (Figures S2D and S2E).

It has been observed that protein-protein interactions may

alter diffusion behaviors of cell surface molecules, resulting in

restricted/slow or fast modes (Daumas et al., 2003). We next

sought to ask whether the AtFH6 dynamics on the cell surface

are relevant to forming potential lateral formin clusters at the

nanoscale. We measured the relative in vivo oligomeric states

of AtFH6 by quantifying the AtFH6-GFP intensity and counting

the discrete bleaching steps of each resolved foci of AtFH6-

GFP on the PM (Cui et al., 2018). We observed a heterogeneous

distribution of AtFH6 oligomerization states, ranging from 1 to 5

steps of bleaching (Figures S3A–S3E), which resembles the teth-

ered yeast formin Bni1 (Xu et al., 2004). We could not conclude

the oligomeric state of AtFH6 precisely at each surface puncta

in vivo because of the technical limitations of photobleaching-

based counting. An explicit determination of a bleaching step

greater than three could be less precise than the measures

between one and three because of the challenge of recognizing

unambiguous shifts of fluorescence traces for the high-order

oligomers. To identify the potential interactions between formin

molecules, we next examined the intermolecular interactions of

AtFH6 biochemically in vitro. We expressed and purified the

AtFH6 truncating variant AtFH6-FH1COOH (294-899aa), which

contains FH1 and FH2 domains without having the hydrophobic

transmembrane region. Purified AtFH6-FH1COOHwas eluted as

dimers primarily by size-exclusion chromatography (Figures S3F
to Gaussian distribution in GraphPad.

H dimers (ligand) and the free AtFH6-FH1COOH dimers that were injected at

mparisons (**p % 0.01, ***p % 0.001, ****p % 0.0001). Scale bars, 5 mm in (A),
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and S3G), indicating minimum stable assembly units as dimers.

Interestingly, we found evident dimer-dimer interaction of AtFH6

using surface plasmon resonance (SPR); in which, a serial

concentration of AtFH6-FH1COOH, from 39 nM to 20 mM, was

injected into a flow cell with immobilized AtFH6-FH1COOH (Fig-

ure 1I). The SPR sensorgram showed that AtFH6-FH1COOH di-

mers displayed fast self-disassociation (Figure 1I), reminiscent of

the interaction mode of monovalent ‘‘ligand’’ (solution formin

dimers) engagement with the immobilized bivalent ‘‘receptor’’

(formin on-chip), rather than a typical multivalent binding phe-

nomenon (Errington et al., 2019).

We next sought to measure the AtFH6 clustering in vivo quan-

titatively. We imaged AtFH6-GFP-expressing Arabidopsis by the

homo-FRET (Förster resonance energy transfer between like flu-

orophores) approach. A reduction of the steady-state fluores-

cence emission anisotropy provides evidence of protein-protein

interactions at the nanoscale and vice versa (Ghosh et al., 2012).

Upon 25 mM DSF treatment for 24 h, an increase in emission

anisotropy of AtFH6-GFP was observed in Arabidopsis seedling

(Figures 1F–1H), suggesting attenuated AtFH6 nanoclusters. In

contrast, the steady-state anisotropy of AtFH6-GFP was

reduced by PAMP elicitation, either by flg22 or elf26 treatment,

indicating the increased formation of nanoclusters of AtFH6 (Fig-

ures 1F–1H, S1N, and S1O). Consistent with homo-FRET results,

DSF or flg22-treatment also shifted the ranges of intensity and

photobleaching-step distribution of AtFH6-GFP, either to a lower

or higher value (Figures S3B–S3D). Taken together, these results

suggest that PM-localized AtFH6 tunes the clusters or their olig-

omerization states upon immune signaling. The tunable molecu-

lar dynamics and clustering of formin showed a high correlation

with the actin cytoskeleton assembly while encountering DSF

and PAMP elicitation.

Reconstitution of formin-clustering-mediated actin
nucleation in vitro

By having the above positive correlations between formin clus-

tering and actin polymerization in vivo, we next sought to recon-

stitute the formin clustering and examined its potential to

augment actin nucleation directly in vitro via biochemical assays.

Thus, we employed the protein engineering approach by ex-

pressing the AviTag-fused AtFH1 (430–1,051 aa), a well-vali-

dated, active, type-I formin (Qiao et al., 2019; Sun et al., 2018),

purified from the biotin-supplemented medium. The recombi-

nant formin variants are biotin-labeled (B-FH1C) and can be

multivalent linked via streptavidin (Figures 2A and 2B). By exam-

ining pyrene actin polymerization through titrating an increasing

amount of streptavidin on a fixed concentration of B-FH1C, we

observed apparent activation of formin-mediated actin polymer-

ization in a formin-valency-dependent manner (Figures 2C and

S3H). We next conducted a TIRFM actin polymerization assay

to monitor formin-mediated actin nucleation directly. We first

characterized the streptavidin-mediated B-FH1C oligomeriza-

tion by single-molecule imaging via TIRFM. A low dose of

streptavidin at a stoichiometry of 8:1 for B-FH1C:streptavidin

generated an apparent increase in formin clustering with a higher

signal intensity (Figure 2D). Subsequently, TIRFM actin polymer-

ization was performed, which showed a pronounced increase in

F-actin filaments generation by the multivalent formin, indicating
enhanced actin nucleation (Figures 2F and 2G). Together, via

directly demonstrating the quantitative biochemical activities,

our reconstitution of formin-clustering mimicked the in vivo

enhancement of actin polymerization by flg22-mediated formin

nanoclustering.

PAMP-stimulated formin nanoclustering is F-actin
integrity and formin-formin-interaction dependent
Given the integration of formin within the CW-PM-AC continuum,

we next asked about mechanical regulation in forminmotility and

surface clustering in vivo by surface scaffolding structures. We

first treated Arabidopsiswith formin inhibitor SMIFH2, which sur-

prisingly, increased AtFH6-GFP mobility significantly with higher

MSD and Deff, compared with untreated seedlings (Figures 3A–

3C). Higher fluorescence anisotropy value from homo-FRET

also indicated that SMIFH2 reduces the AtFH6 nanoclusters

(Figures 3D and 3E). SMIFH2 has been known to impair the as-

sociation between formin and the barbed-end of F-actin, as

well as the formin processivity, at a concentration of 25–50 mM

in vitro (Rizvi et al., 2009). Our in vivo homoFRET results moti-

vated us to test the potential effect of SMIFH2 in influencing for-

min-formin physical interactions. Wemixed SMIFH2 and dimeric

AtFH6-FH1COOH (Figures S3F and S3G) at a 1:1 molar ratio in

solution, then flowed the mixture into the SPR channel coated

with AtFH6-FH1COOH (Figure S2I). Surprisingly, a supplement

of SMIFH2 caused a noticeable reduction of response unit

(AU) at the plateau value, over a range of AtFH6-FH1COOH

concentrations from 39 nM to 20 mM, suggesting the inhibition

of formin-formin interactions in vitro (Figures 3F and S3I). The

SMIFH2-attenuated in vivo AtFH6 clustering was further sup-

ported by measuring the photobleaching steps and intensity of

AtFH6-GFP in living Arabidopsis, in which the distributions of

bleaching steps and intensity were shifted to a lower range for

formin nanoclusters after SMIFH2 treatment (Figures S3B–

S3D). Our results demonstrated an SMIFH2 function in disrupt-

ing formin-formin interaction in vitro and attenuating formin

clustering in vivo, in addition to its effects in disassociating for-

min from the F-actin barbed end (Rizvi et al., 2009).

If the inhibition of the actin assembly by SMIFH2 caused an in-

crease in formin dynamics, actin depolymerization should result

in similar motility changes of AtFH6 on the cell surface. To test

that hypothesis, Arabidopsis was incubated with a low concen-

tration of LatB at 1 mM for 3 h, which resulted in complete depo-

lymerization of the F-actin in hypocotyl (Figure S4A), without

applying bacterial signaling molecules. However, LatB treatment

did not result in noticeable changes in the mobility or nanoclus-

tering of AtFH6 (Figures 3A–3E). This result suggested that under

non-pathogenic conditions, AtFH6 motility and its nanocluster-

ing with low oligomeric state species (Figures S3A–S3D) is inde-

pendent of F-actin polymerization. Next, we asked whether,

during the PTI signaling, the AtFH6 clustering with increased

oligomeric state species requires the integrity of the actin cyto-

skeleton. Arabidopsis seedlings were co-incubated with 50 mM

SMIFH2 and 10 mM flg22 for 3 h. Surprisingly, the presence of

SMIFH2 completely blocked the stabilization and oligomeriza-

tion of AtFH6-GFP that were both previously triggered by

flg22. In SMIFH2-treated seedlings, MSD, Deff, and the steady-

state anisotropy of AtFH6-GFP were unchanged by flg22
Cell Reports 34, 108884, March 30, 2021 5
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Figure 2. Reconstitution of formin clustering via protein engineering for actin nucleation

(A) Schematic illustration of streptavidin (S)-mediated multivalent clustering of biotinylated-AtFH1-FH1COOH (B-FH1C).

(B) Purified recombinant B-FH1C protein stained by Coomassie blue SDS-PAGE.

(C) Relative actin polymerization rate quantified from pyrene-actin polymerization assay (see also Figure S3H), in the presence of 300 nM B-FH1C without or with

streptavidin, which was normalized by the spontaneous actin polymerization. n = 3 biological replicates, error bar = SD.

(D) TIRFM-based characterization of B-FH1C (10% Alexa-647-labeled B-FH1C) clustering on glass slides. 30 nM B-FH1C was mixed with or without 3.75 nM S

(8:1) for 30 min before imaging.

(E) Quantification of the total intensity of the B-FH1C (Alexa 647) particles in (D), n > 100 particles.

(F) Representative images of TIRFM actin polymerization assay using different combinations of 0.5 mMactin (10%Oregon green 488-actin and 0.5%biotin-actin),

30 nM B-FH1C, and 3.75 nM S. Representative time-series TIRFM images of actin filaments are shown.

(G) Quantification of actin seeds number at the 1-min time in (F). n = 10 ROIs (20 3 20 mm2).

Significant differences were determined using one-way ANOVA, multiple comparisons in (G) and Student’s t test assuming equal variances in (E) (**p% 0.01, ***p

% 0.001, ****p % 0.0001, ns = not significant). Scale bar, 5 mm.
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elicitation (Figures 3A–3E and S4A–S4C). Consistently, the

�35% increase in F-actin occupancy by flg22-stimulation was

no longer observed in the presence of SMIFH2 (Figures 3H and

3I). The inhibition of PTI-activated formin-clustering and actin as-

sembly by SMIFH2 is less likely from the perturbation of the F-

actin polymerization by SMIFH2 because SMIFH2 is not able

to diminish the in vivo assembled F-actin in Arabidopsis (Fig-

ure 3H) (Cao et al., 2016), which is different from SMIFH2 effects

in yeast and mammalian cells (Rizvi et al., 2009).
6 Cell Reports 34, 108884, March 30, 2021
We next depolymerized Arabidopsis F-actin by LatB before

flg22 elicitation. We found that formin also lost its response to

flg22 elicitation by having unchanged MSD, Deff, and anisotropy

of AtFH6-GFP (Figures 3A–3E and S4A–S4C), suggesting an

indispensable function of F-actin integrity for formin nanocluster-

ing induced by PTI. In contrast, LatB treatment does not impair

the DSF-triggered increase in AtFH6 mobility (Figures 3G and

S4D), suggesting distinct F-actin requirements for clustering

AtFH6 during between DSF and PTI signaling. Nevertheless,
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Figure 3. PAMP-induced formin nanoclustering and actin assembly depend on the F-actin integrity and formin-formin interaction
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(legend continued on next page)
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SMIFH2 co-incubation could still significantly attenuate the DSF-

triggered changes in themotility and confinement of AtFH6-GFP,

as well as actin filament occupancy (Figures 3G, S4D, and S4E).

Next, we examined the functional role of formin activities in plant

pathogenesis by performing a bacterial-infection assay using

Xcc flood-inoculation on Arabidopsis (Sun et al., 2018) in the

presence or absence of pre-incubation with 50 mM SMIFH2 for

24 h. Over the 3 days of post-bacterial inoculation, SMIFH2

pre-incubated Arabidopsis exhibited a significantly greater sus-

ceptibility to enhanced chlorosis and bacterial growth (Figures

3J and 3K). The above results suggest that SMIFH2 perturbs a

convergent mechanism by which a fine-tuning of formin clus-

tering remodels the actin cytoskeleton and modulates plant de-

fense mechanisms during immune responses.

Formin dynamics and nanoclustering under DSF
signaling is CW dependent
The independence of the F-actin network for formin dynamics

mediated by DSF-signaling motivated us to identify the

additional mechanism that regulates formin dynamics on the

cell surface. AtFH1 was reported to integrate into the CW-PM-

AC continuum within which the extracellular poly-proline

(polyP)-rich SPPPP motif associates with the CW matrix (Marti-

nière et al., 2011). To have an overall view of type-I formin, we

performed amino acid sequence alignment of the extracellular

domains of Arabidopsis type-I formins. We found that all type-I

formins have the signature polyP motifs although with varying

lengths of proline repeats (Figure S5A). We next asked whether

the CW-binding property of formins regulates its protein dy-

namics and functions underlying flg22 and DSF signaling. We

generated a stable transgenic Arabidopsis line, AtFH6DCW-

GFP, expressing the AtFH6 variant without the extracellular

polyP region from 24 aa to 106 aa (Figure 4A). Different from

AtFH6 at full length, AtFH6DCW-GFP showed a heterogeneous

population of PM clusters of varied sizes (Figures S5B and

S5C). By distribution analysis of the average signal intensity of

AtFH6DCW-GFP clusters, AtFH6DCW-GFP was found to have

two predominant populations, condensed large clusters and

nano-punctate (Figure S5D). Although the condensed clusters

were highly stable on the surface (Figures S5C and S5G), the

small punctate AtFH6DCW-GFP dots were mobile and moved
(B and C) Single-particle tracking analysis of the AtFH6-GFP in the seedlings trea

flg22, for 3 h as shown in (A). MSD (B) was plotted as a function of time with stand

point in (C) represents a mean Deff averaged from >40 trajectories in one movie.

(D and E) Representative images and analysis of steady-state emission anisot

generated by merging the parallel and perpendicular intensity images. Pseudo-co

(E) were quantified from 2 3 2-mm2 ROIs. From left to right, n = 146, 137, 138, 1

(F) Maximum response unit (RUmax) at the plateau of the SPR sensorgram of AtFH

FH1COOH or AtFH6-FH1COOH-SMIFH2 complex at a fixed 1:1 stoichiometry.

(G) Percentage change ratio (%) of mean AtFH6-GFP Deff in 25 mM DSF exposed

50 mM SMIFH2, or 250 nM LatB (n = 32, 30, and 31 from left to right).

(H) 2D-SIM images of F-actin in the middle hypocotyl of the 5-day-old seedlings t

(I) Percentage change ratio (%) of the F-actin occupancy in flg22 exposed to untre

SMIFH2. The dashed lines (100%) in (G) and (I) indicate no changes.

(J) Disease phenotype of WT Arabidopsis seedlings (2 weeks old) treated with or

forming units (CFU)/mL Xcc 8004. Representative images of post-inoculation (0

(K) Quantification of the bacterial population of Xcc 8004 in the seedlings of (J) a

The significant differences were determined using one-way ANOVA test, multiple

significant). Scale bar, 2 mm in (A) and (D), 5 mm in (H), and 0.5 cm in (J).
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even faster than full-length AtFH6-GFP (Figures S5C S5E, and

S5F). Without the CW association, neither nano-sized nor

condensed AtFH6DCW-GFP clusters showed visible changes

in Deff upon DSF or flg22 treatments (Figures 4B, 4C, and

S5G). These results suggested that a CW anchoring is critical

for lateral motility, confinement, and assembly states of formin

oligomers during DSF and PTI signaling.

Next, we examined the CW-mediated formin clustering and

actin assembly by imaging AtFH6-GFP and Lifeact-Venus in

mesophyll-cells- or T87-suspension-cell-prepared Arabidopsis

protoplasts, respectively (Figures S5H and S5I). To examine

the DSF function in actin assembly, we first repeated dose-

and time-dependent titration of DSF treatment in the suspension

cells. Comparedwith Arabidopsis seedlings, the suspension cul-

tures are more sensitive to DSF. Only 5 mM of DSF could effec-

tively impair the actin filament assembly within 3 h (Figures S5I

and S5J). Such high sensitivity to DSF in suspension cultures

might be due to the efficient access to DSF molecule without

the structural barriers of CWs, which are present between tight

cell-cell junctions in the multicellular seedlings. In T87 cells,

10 mM flg22 potently stimulated actin polymerization (Figures

S5I and S5J), which showed a slightly greater sensitivity by

elevating the actin occupancy from 35% in seedlings to 46%,

upon flg22 elicitation (Figures 3I, 4D, and 4E). However, in the

CW-removed protoplast, the sensitivity in F-actin regulation by

the same conditions of DSF and flg22 treatment was abolished

entirely (Figures 4D and 4E). Consistently, AtFH6-GFP re-

sponses under DSF and flg22 signaling also disappeared in pro-

toplasts (Figures 4B, 4C, and S5H). These results collectively

demonstrated that CW anchoring has a key role in regulating

the organization of surface formin and F-actin assembly during

DSF- and flg22-immune responses.

DSF elevates cellulose biosynthesis in the Arabidopsis

host
During DSF signaling, formin and actin responses were sensitive

to the perturbation of CW but not AC. We were motivated to ask

whether bacterial DSF influences host CW biosynthesis. We first

measured the crystalline cellulose content, the primary load-

bearing materials (Lerouxel et al., 2006), using the Updegraff

(1969) assay to investigate the cellulose (Ellis et al., 2002;
ted by DMSO (control), 50 mM SMIFH2, and 1 mM LatB, with or without 10 mM

ard error (shaded area) averaged from over 30 AtFH6-GFP movies. Each data

n = 30, 30, 35, 34, 30, and 30 movies, respectively, from left to right.

ropy of AtFH6-GFP in the seedlings as in (A). The intensity images (D) were

lors indicate the anisotropy values. The mean anisotropy values of AtFH6-GFP

30, 156, and 114 ROIs.

6-FH1COOH interactions by injection of an increasing concentration of AtFH6-

for 24 h to untreated seedlings, in the presence or absence of DMSO (control),

reated with 50 mM SMIFH2 for 3 h, in the presence or absence of 10 mM flg22.

ated seedlings, in the presence (n = 62 cells) or absence (n = 52 cells) of 50 mM

without 50 mM SMIFH2 for 24 h before flood inoculation with 1 3 107 colony-

dpi) and 3 dpi are shown.

t the indicated time points. n = 3 individual seedlings, error bar = SD.

comparisons (*p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001, ns = not
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Figure 4. Cell wall association of formin mediates its clustering and activities in actin assembly during DSF and PAMP signaling

(A) Schematic illustration of AtFH6 and AtFH6DCW constructs that contain signal peptides (SP), formin homology-1 (FH1), FH2 domains, or transmembrane

domain (TMD).

(B) VA-TIRFM images of heterogeneously distributed PM-localized AtFH6DCW-GFP foci captured from the middle hypocotyl epidermis of 5-day-old seedlings

treated byDMSO (control), 25 mMDSF for 24 h, and 10 mMflg22 for 3 h, respectively. The 43-enlarged trajectory (over a 1.5-s time)mapswere generated from red

boxes containing AtFH6DCW-GFP nano punctate clusters.
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(D) VA-TIRFM images of F-actin in T87 cells or protoplasts treated with DMSO (control), 5 mM DSF, or 10 mM flg22 for 3 h.

(E) Percentage change ratio (%) of F-actin occupancy in flg22/DSF-treated to untreated T87 cells (dark blue) or protoplasts (light blue), as in (D). n = 52, 51, 50, and
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Significant differences were determined using one-way ANOVA, multiple comparisons (**p% 0.01, ***p% 0.001, ****p% 0.0001, ns = not significant). Scale bars,
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Sánchez-Rodrı́guez et al., 2017). Surprisingly, we observed that

the Arabidopsis seedlings grown on the DSF-containing media

(25 mM) showed a significant increase in crystalline cellulose

content by �1.5- to 2.0-fold, whereas no noticeable change

was observed for the seedlings grown on flg22-containingmedia

at a concentration of 10 mM (Figure S6A). To further validate the
change in CW composition under DSF signaling, we performed

quantitative measurements of monosaccharide composition in

Arabidopsis via gas chromatography-mass spectrometry (GC-

MS) (Biswal et al., 2017; Pettolino et al., 2012). 4-day-old seed-

lings were grown on DSF-containing plates (25 mM) for an

additional 3 days, and alcohol-insoluble residues (AIRs) were
Cell Reports 34, 108884, March 30, 2021 9
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Figure 5. Elevated cellulose production by DSF regulates formin clustering and actin assembly

(A) The monosaccharides composition analysis from cell wall alcohol-insoluble residues. 4-day-old seedlings were grown in half-strength MS plates supple-

mented with 25 mM DSF for additional 3 days before measurement. n = 3 biological replications in each chart.

(B) Representative PM-localized CSCs (CESA complexes) images (top panels). Tomato(tdt)-CESA6 seeds were germinated on half-strength MS plate supple-

mented with DMSO (control) or 25 mM DSF for 4 days in the dark before imaging. Particle detections in yellow boxes are shown in bottom panels.

(C) The quantification of tdt-CESA6 density in (B). n > 30 ROIs.

(D) Percentage change ratio (%) of crystalline cellulose content in DSF-treated to untreated Arabidopsis. 4-day-old WT, treated without (control) or with 20 pM

isoxaben/1 nM 2,6-dichlorobenzonitrile), and je5, prc1-1 seedlings were transferred to half-strength MS plates, in the presence or absence of 25 mMDSF, for an

additional 3 days before measurement. n = 6 technical replicates.

(E) Representative Zmax-projection images (bottom panels) and kymographs (bottom panels) of tdt-CESA6 movies of (B) (84 frames, 5-s intervals).

(F) The distribution of tdt-CESA6 moving velocity as in (E) fitted by Gaussian distribution (solid lines). n > 3,000 particles for each treatment.

(legend continued on next page)
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prepared and subjected to the analysis of trimethylsilyl deriva-

tives of carbohydrates via GC-MS. Compared with the DMSO-

treatment control, the AIR of DSF-treated Arabidopsis CW

showed dramatic upregulation (�10-fold) in glucose, which is

the only monosaccharide species with a significant change (Fig-

ures 5A and S6B). Plant cellulose is the homo-polysaccharide

composed of repeating D-glucose, whereas hemicellulose and

pectin, the crosslinking polysaccharides, are hetero-polysac-

charides consisting of various uridine diphosphate (UDP) sugars

(Lampugnani et al., 2018). Here, the upregulation of glucose in

the polysaccharide fraction of DSF-treated Arabidopsis sug-

gested an elevation of cellulose production. To further validate

the DSF-induced increase in cellulose biosynthesis, we moni-

tored the dynamic movement of cellulose synthase (CESA) com-

plexes on the PM to measure cellulose production quantitatively

in living plants. The elongating cellulose fibers guide the lateral

movement of CESA complexes through physical associations

(Lloyd, 1984; Paredez et al., 2006). We imaged proCESA6::tdTo-

mato-CESA6 in the Arabidopsis etiolated hypocotyl (Sampath-

kumar et al., 2013) by VA-TIRFM, in the presence or absence

of DSF. The density of the PM tdTomato-CESA6 particle was un-

changed by DSF treatment (Figures 5B and 5C), indicating un-

perturbed assembly of the CESA complex. The moving velocity

of tdTomato-CESA6 (Li et al., 2016; McFarlane et al., 2014) was

significantly enhanced by DSF treatment, as shown in the kymo-

graph and velocity measurements (Figures 5E and 5F), support-

ing increased production of cellulose fibers.

In addition, DSF effects in plant CESA were further validated

using pharmacological and genetic approaches. We measured

the crystalline cellulose content in Arabidopsis wild-type (WT)

seedlings that were treated with the CESA inhibitors isoxaben

(ISX) (Heim et al., 1990) and 2,6-dichlorobenzonitrile (DCB) (De-

Bolt et al., 2007; Hogetsu et al., 1974) or in Arabidopsis cellulose

synthase mutants, the CESA3 mutants je5 (Desprez et al., 2007),

CESA6 mutant prc1-1 (Fagard et al., 2000), in the presence or

absence of DSF. The increase of crystalline cellulose by DSF

was abolished in all of the above Arabidopsis seedlings that

have compromised CESA activities (Figures 5D, S6C, and

S6D). We next imaged AtFH6-GFP and Lifeact-Venus in DSF-

treated Arabidopsis seedling under the cellulose-compromised

conditions in the presence of 20 pM ISX or 1 nMDCB. The co-in-

cubation with either DCB or ISX inhibited the increase in AtFH6

motility as well as the decrease in F-actin occupancy, both of

which were previously triggered by DSF treatment (Figures

5G–5J). To examine the formin-formin interactions, we addition-

ally performed stepwise photobleaching and intensity analysis of

AtFH6 particles. Although DSF caused a significant reduction in

the bleaching steps and intensity, indicating reduced oligomeri-

zation, co-incubation with DCB and ISX, respectively, abolished
(G) VA-TIRFM images of AtFH6-GFP foci in the seedlings treated with DMSO (con

bottom panels show 43-enlarged trajectories (over a 1.5-s time) of particles in t

(H) 2D-SIM images of F-actin in the seedling treated as in (G).

(I and J) Percentage change ratio (%) of AtFH6-GFP Deff (I) and F-actin occupancy

ISX or DCB as in (G). n = 32, 32, and 31 croppedmovies in (I), and 51, 52, and 54 R

(K) The relative frequency of AtFH6-GFP particle bleaching steps in (G) subjecte

n > 100 particles for each treatment. One-way ANOVA test was used (****p% 0.00

in (G), and 5 mm in (H) and the top panels of (B) and (E).
such a DSF effect in AtFH6 clustering (Figures 5K, S6E, and S6F).

The above results demonstrated that Xcc DSF directly manipu-

lates plant surface-tensegrity structure by producing cellulose

and thereby controls formin dynamics and activities for cortical

actin assembly.

DISCUSSION

Actin remodeling during plant immune-signaling
through nanoclustering of PM-integrated formin
Several actin-binding proteins were reported to be involved in

actin remodeling during plant immune signaling (Henty-Ridilla

et al., 2014; Li et al., 2015; Li and Staiger, 2018; Sun et al.,

2018; Yun et al., 2003). Here, we suggested that bacterial

signaling molecules begin to trigger actin remodeling, starting

with actin nucleation by tuning the oligomeric state of the actin

nucleator, type-I formin, on the plant PM. The stepwise photo-

bleaching of AtFH6-GFP inArabidopsis suggested a pre-existing

formin-formin interaction at a low oligomeric state in physiolog-

ical conditions. When the cell encounters bacterial PAMP and

DSF molecules, Arabidopsis surface formin seems to be modu-

lated into higher orders of hetero-oligomers and forms large

surface nanoclusters. Our in vitro SPR biochemistry assay

demonstrated weak and transient formin-formin interactions,

which might be one of the underlying factors that contribute to

formin nanoclustering under both physiological conditions and

PTI signaling. Althoughwe found a disruption in formin-formin in-

teractions by SMIFH2 in vitro, the drug could also abolish the

nanoclustering of formin observed during PTI immune responses

in vivo. However, SPR results of the formin-formin interaction did

not show evidence for higher-order formin structures (Errington

et al., 2019), even at a high formin concentration. Together, the

in vivo and in vitro results suggest that the higher-order clustering

of formin might not be derived from the direct multivalent formin-

formin interactions, and additional unknown factors might be

involved in recruiting and clustering formins to form nanoclusters

and large punctae in vivo. It is conceivable that formin-based

actin polymerization-driven nanoscale clustering, as observed

for CD44 (Sil et al., 2020), may serve as a model for how the

membrane-attached formin organizes itself into nanoclusters.

Nevertheless, such a 2D clustering of the surface actin nucle-

ator formin might be a universal regulatory mechanism for actin

remodeling during plant immune signaling. During fungal infec-

tion, plant formins were re-localized and formed condensed-for-

min patches at the wounding sites during haustorium formation

(Sassmann et al., 2018). Formin proteins were also found to be

confined at the site of plasmodesmata (PD) (Diao et al., 2018),

a structure in controlling virus permeability. In the mammalian

system, multivalent interaction-driven recruitment of the
trol), 25 mMDSF for 24 h, supplied with or without 20 pM ISX or 1 nM DCB. The

he red boxes.

(J) in 25 mMDSF-treated to untreated seedlings, in the presence or absence of

OIs (J) from left to right. The horizontal dashed lines (100%) indicate no change.

d to Gaussian distribution (see also Figure S6E).

01, ns = not significant). Scale bar, 1 mm in the bottom panels of (B) and (E), 2 mm
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Figure 6. Actin assembly and formin-clus-

tering during flagellin and DSF signaling

The plant formins are integrated within the CW-

PM-AC continuum. Arrows and blunt arrows

represent positive and negative regulations,

respectively. The dashed arrow indicates an un-

known mechanism.
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Wiskott-Aldrich syndrome protein (WASP) and Arp2/3 nucleator

complex have been reported as underpinning mechanisms in

regulating actin nucleation upon immune-cell activation, by tun-

ing the mobility, stoichiometry, and dwell times of the WASP-

Arp2/3 complex on the PM (Case et al., 2019b; Padrick et al.,

2011; Su et al., 2016). Recently, the nanoscale organization of

several important cell-surface biomolecules has been suggested

for tuning signal transductions, including the remorin clustering

for modulating PM compartmentalization (Gronnier et al., 2017;

Huang et al., 2019; Jaillais and Ott, 2020; Jarsch et al., 2014),

PRR clustering for PTI signaling (B€ucherl et al., 2017; Tran

et al., 2020), Rho of Plants6 (ROP6) nanoclustering for Rho

GTPase signaling (Platre et al., 2019). Because the resting state

of biomolecules might also influence the valency increase

caused by VF-triggered signaling activation, a fusion using

monomeric fluorescent protein would be best for concluding

the exact status of protein oligomerization, although the ten-

dency toward a multivalency increase could be similar.

Regulation of formin function by the structural
integration of scaffolding CW-PM-AC continuum
Thedriving forcesunderlying theproteincondensation intosurface

nanoclusters are diverse and complicated with crosstalks be-

tween different forces, such as the affinity among biomolecules,

molecular diffusion rate, membrane segregation, lipid composi-

tion, and molecular features, such as post-translational modifica-

tion, multivalency, and compositional stoichiometry (Alberti et al.,

2019; Case et al., 2019a; Choi et al., 2020; Goyette and Gaus,

2017;Miaoet al., 2018; Platre et al., 2019). Integration of type-I for-

min within the multilayer tensegrity structure, CW-PM-AC contin-

uum (Figure 6), controls the condensation and biochemical

activities of formin and the architecture of cortical actin networks.

By connecting with the PM by pinning sites, type-I formin might

serve as mobile poles in a picket-fence actin meshwork, similar
12 Cell Reports 34, 108884, March 30, 2021
to the model that was proposed in the

mammalian system (Figure 6) (Gowrishan-

kar et al., 2012; Saha et al., 2015; Sil et al.,

2020). Inter-linked cellular skeleton struc-

tures influence lateral mobility on the PM

in mammalian cells. For example, the in-

tegrin nanoclustering is critical for its func-

tion in cell adhesion, which requires the

mechanical properties of the extracellular

matrix (ECM), glycosylphosphatidylinosi-

tol-anchored proteins (GPI-APs) at the

extracellular leaflet of PM, and actin cyto-

skeleton coupling to inner-leaflet lipids

(Kalappurakkal et al., 2019; Paszek et al.,

2009). Plant type-I formin has similar
features of mammalian integrins or transmembrane adhesion re-

ceptors (Kalappurakkal et al., 2019; Sil et al., 2020) regarding its

physical connections toward the extracellular polysaccharide

structure and intracellular actin activation. However, by having

high motility and nucleation activities, the uniformly distributed

type-I formins possess unique associations with the assembled

CW/ECM-PM-AC continuum, which influence the dynamics of

PM-bound proteins, including type-I formins (Lampugnani et al.,

2018; Martinière et al., 2012). Here, we uncovered that CW load-

bearing structures, cellulose fibers, are modulated during plant-

bacteria communication and strongly influence CW regulation in

formindynamicsand therebyactin remodeling.BacterialQSmole-

cule DSF elevatesArabidopsis cellulose production drastically, as

evident by a�10-fold increase of glucose and�2-fold increase of

crystalline cellulose, which is a primary component in maintaining

CW integrity (CWI) and mechanical scaffolding (Engelsdorf et al.,

2018; N€uhse, 2012) (Figures 5 and 6). We could not exclude a

potential possibility of an increase in amorphous cellulose, consid-

ering the discrepancy in fold increases between themonosaccha-

ride glucose and crystalline cellulose. Nevertheless, in vivo CESA

analysis demonstrated the DSF-induced cellulose production suf-

ficient to drive the movement of CW-bound formin and thereby

restrain the formin-formin interaction for the formation of PM

nanoclusters.

Recently, increasing evidence showed that bacterial QS mol-

ecules, which were usually only considered as signals for bac-

teria communication, actively hijack or trigger host immunity.

The underlying mechanisms are diverse, depending on the

different chemical-physical properties of the QS molecule and

plant pathways in the perceiving QS signals (Kutschera et al.,

2019; Pundir et al., 2019; Song et al., 2019). Xcc DSF was

recently found to induce Arabidopsis phytosterol production,

whereas an additional stimulation in plant cellulose biosyn-

thesis was also revealed here. Different from the effect of
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DSF on the host CW, PAMP flg22 did not change crystalline

cellulose directly (Figure S6A), although the uptake of mono-

saccharide and the level of apoplastic glucose were reported

previously to be enhanced by flg22 elicitation (Yamada et al.,

2016). During flg22-triggered PTI signaling, the assembly of

the actin cytoskeleton is required to coordinate dynamic formin

clustering (Figure 6). The crosstalk between biosynthesis path-

ways of phytosterol and cellulose under DSF signaling remains

unknown. Based on previous studies, several mechanisms are

possible and worth further study. DSF-stimulated cellulose pro-

duction might be enhanced by an increase in sitosterol-gluco-

side, which has been proposed as a primer for cellulose

biosynthesis (Peng et al., 2002) or via the enhanced activities

of CESA complex by increasing its surface participation into

sterol-enriched nanodomains. Consistent with the second

speculated scenario, multiple sterol mutants have previously

exhibited striking deficiencies in cellulose production (Schrick

et al., 2004) and DSF consequences (Tran et al., 2020). Several

outstanding questions for actin assembly in plant innate immu-

nity remain to be addressed in future studies, such as how

distinct host responses on the CW-PM-AC continuum crosstalk

with each other, synergistically or antagonistically, for actin re-

modeling during plant immune responses.
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Bacterial and virus strains

Agrobacterium tumefaciens N/A GV3101

Agrobacterium tumefaciens N/A C58C1

Escherichia coli N/A DH5a

Escherichia coli N/A BL21(DE3) Rosetta T1R

Chemicals, peptides, and recombinant proteins

Flg22 (QRLSTGSRINSAKDDAAGLQIA) GL Biochem China N/A

Elf26

(SKEKFERTKPHVNVGTITHVDHGKTT)

GL Biochem China N/A

DSF(cis-11-Methyl-2-dodecenoic acid) Sigma-Aldrich Cat#677354-23-3

SMIFH2 Sigma-Aldrich Cat#340316-62-3

Latrunculin B Santa Cruz Cat#sc-203318

Murashige & Skoog Basal salt mixture Phytotech lab Cat#M524

MES hydrate Sigma-Aldrich Cat#1266615-59-1

Cellulase R-10 Yakult N/A

Macerozyme R-10 Yakult N/A

Bovine serum albumin Sigma-Aldrich Cat#9048-46-8

Agar Sigma-Aldrich Cat#9002-18-0

Isoxaben Sigma-Aldrich Cat#36138

2,6-Dichlorobenzonitrile Sigma-Aldrich Cat#D57558

Silwet L-77 BioPLUS Cat#30630216-1

Kanamycin sulfate GIBCO Cat#11815-032

NAA (1-Naphthaleneacetic acid) Sigma-Aldrich Cat#86-87-3

Carbenicillin GIBCO Cat#C-103-25

a-amylase Sigma-Aldrich Cat# A3176

Anthrone Sigma-Aldrich Cat# 319899

Sulfuric acid Sigma-Aldrich Cat#258105

Methanol, 99.8% or more, AR Fisher Cat# ZZLFK/M/4000/17

Acetic Acid (Glacial) 100% anhydrous, GR Merck Cat#1.00063.2500

Nitric acid Sigma-Aldrich Cat# 438073

Acetone, > 99.8% GR Grade Fisher UK Cat#ZZLFK/A/0600/17

Chloroform, > 99.8% Fisher Cat#ZZLFK/C/4960/17

Sodium hydroxide MP Biomedicals SKU 02153495-CF

AtFH6 (6xHis-Tev-AtFH6-FH1COOH) N/A N/A

AtFH1 (GST-Avitag-AtFH1-FH1COOH-

6xHis)

N/A N/A

IPTG Sigma-Aldrich Cat#I6758-5G

Protease Inhibitor Cocktail Set III, EDTA free Calbiochem Cat#539134

Imidazole MP Biomedicals Cat#SKU 0210203301

Benzonase� Nuclease Sigma-Aldrich Cat#E1014-5KU

Tris(2-carboxyethyl)phosphine

hydrochloride

Sigma-Aldrich Cat#C4706

N-(3-Dimethylaminopropyl)-N0-
ethylcarbodiimide hydrochloride

Sigma-Aldrich Cat#E6383-1G

N-hydroxysuccinimide Sigma-Aldrich Cat#130672

Streptavidin from Streptomyces avidinii Sigma-Aldrich Cat#9013-20-1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: organisms/strains

Arabidopsis thaliana Col-0, wild-type ABRC N/A

Arabidopsis thaliana Col-0, 35S::Lifeact-

Venus

Era et al., 2009 N/A

Arabidopsis thaliana Col-0, 35S::AtFH6-

GFP

Van Damme et al., 2004 N/A

Arabidopsis thaliana Col-0,

35S::AtFH6DCW-GFP

This study N/A

Arabidopsis thalianaCol-0, AtFH2p::AtFH2-

eGFP

Diao et al., 2018 N/A

Arabidopsis thaliana Col-0,

pUBQ10::PIP1;4-YFP

Geldner et al., 2009 N/A

Arabidopsis thaliana Col-0, je5 Desprez et al., 2007 N/A

Arabidopsis thaliana Col-0, prc1-1 Fagard et al., 2000 N/A

Arabidopsis thaliana Col-0, prc1-1,

pCESA::tdtomato-CESA6

Sampathkumar et al., 2013 N/A

T87 suspension cell line: wild-type This study N/A

T87 suspension cell line: 35S::Lifeact-

Venus

This study N/A

Recombinant DNA

pK7WGF2 35S::AtFH6-GFP Van Damme et al., 2004 N/A

pGWB2 35S::Lifeact-Venus Era et al., 2009 N/A

pK7WGF2 35S::AtFH6DCW-GFP This study N/A

pGEX-4T1 (GST-Avitag-AtFH1-FH1COOH-

6xHis)

This study N/A

pNIC28-Bsa4 (6xHis-Tev-AtFH6-

FH1COOH)

This study N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/index.html

Prism 6.0 GraphPad https://www.graphpad.com/

scientific-software/prism/

ZEN 2011 Zeiss https://www.zeiss.com/corporate/int/

home.html

Huygens Essential SVI https://svi.nl/Huygens-Essential

MATLAB Mathworks https://www.mathworks.com

‘Skewness’ algorithm Higaki et al., 2010 N/A

‘Density’ algorithm Higaki et al., 2010 N/A

Trackmate Tinevez et al., 2017 https://imagej.net/TrackMate

SpatTrack Lund et al., 2014 https://www.sdu.dk/bmb/spattrack

Other

Sensor Chip CM5 GE Healthcare 29149604

HisTrapTM High Performance GE Healthcare 17524802

HiLoad 16/600 Superdex 200 pg GE Healthcare 28989335

6-well chamber slices Ibidi 80608

Gel Filtration Markers Kit for Protein

Molecular Weight 29,000-700,000 Da

Sigma-Aldrich MWGF1000-1KT
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yansong

MIAO (yansongm@ntu.edu.sg).

Materials availability
Transgenic lines and constructs generated in this study are available upon request.

Data and code availability
This study did not generate a new databset or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All the Arabidopsis seedlings used in this study are in Columbia ecotype (Col-0) background: WT, Lifeacrt-Venus (Era et al., 2009),

AtFH6-GFP (Van Damme et al., 2004), AtFH6DCW-GFP, pCESA6:tdTomato:CESA6 (Sassmann et al., 2018) stable transgenic lines

and je5 (Desprez et al., 2007), prc1-1 (Fagard et al., 2000) were used for cell biology imaging or growth assays. Unless special

statements in method details, all the Arabidopsis seeds were surface-sterilized in 15% bleach (v/v) for 3 minutes and washed with

sterilized distilled water for 3 times, then the seeds were stratified at 4�C in the dark for a minimum of 2 days and further spread

on 1/2 MS (Murashige and Skoog) medium solidified by 0.8% agar, pH 5.8. The seedlings were grown in growth chambers (Pana-

sonic MLR-352H-PE) under long-day conditions (16h light:8h dark) at 22�C. 5d (5 days’ old) seedlings were used for treatments and

imaging, and 4weeks old seedlings were used for transformation. T87 suspension cells, WT and Lifeact-Venus transgenic lines, were

grown in JPL (Jouanneau and Peaud-Lenöel) medium (Axelos et al., 1992) (https://epd.brc.riken.jp/en/). The cell culture was main-

tained under continuous light, 22�C, on a rotary shaker at 120 rpm and sub-cultured every two weeks.

METHODS DETAILS

Generation of Arabidopsis transgenic line
The transgenic Arabidopsis seedling expressing 35S::AtFH6-GFP was generated in the previous publication (Van Damme et al.,

2004). The binary vector carrying 35S::AtFH6-GFP was modified by removing the N-terminal 73-318 bp fragment of AtFH6 to create

a binary vector carrying 35S::AtFH6DCW-GFP, which was further integrated into Arabidopsis Col-0 using Agrobacterium tumefa-

ciens GV3101-mediated transformation and floral-dip method. Transgenic seeds selection was performed in 1/2 MS medium con-

taining 50 mg/L Kanamycin.

To image the Lifeact-venus labeled-F-actin in the mesophyll cells-prepared protoplast, we tried to use a higher incidence angle

(�65�) to distinguish fluorescent marker signals from high background chlorophyll fluorescence. However, such a high incidence

angle constrained the size for the field-of-view and thereby not practical for quantitative F-actin analysis that needs a much larger

field-of-view. Therefore, to avoid the issue of chlorophyll fluorescence for imaging F-actin, we generated transgenic Arabidopsis

T87 suspension cell line stably expressing Lifeact-venus, in which F-actin could be imaged with a lower incidence angle (�56�)
on VA-TRFM. The transformation of Arabidopsis suspension culture T87 cells with Lifeact-venus was carried out as previously

described (Ogawa et al., 2008). Briefly, 5mL of 2-weeks-old T87 cells were collected and transferred to 100mL freshmJPL3medium.

After 2-days of growth, an aliquot of 10 mL cell culture was transferred to a 50 mL flask and mixed with 10 mL Agrobacterium tume-

faciens C58C1 (OD600 < 1) culture carrying Lifeact-venus-expressing vector. After 2-days of co-cultivation, the cells were collected

in a 50mL tube by centrifugation at 2003 g for 1min. Subsequently, the cells were washedwith 10mLmJPL3medium three times by

gentle shaking (60 rpm) for 30 s and finally resuspended in 3 mL mJPL3 medium. To select positive transformants, the resuspended

cells were spread on mJPL3 medium solidified by 3 g/L Phytagel containing 50 mg/L hygromycin and 250 mg/mL carbenicillin. After

2-weeks of growth, the living cells were transferred to the fresh JPLmedium for subculture, and the Lifeact-venus signals were exam-

ined under the fluorescence microscope.

Protoplast isolation
The protoplasts were isolated by following the Tape-Arabidopsis Sandwich assay (Wu et al., 2009). The upper epidermis of 4-weeks-

old Arabidopsis leaf was stuck onto tapes, and the low epidermis was peeled off using 3M tapes. Then themesophyll cells stuck with

upper epidermis were digested in the enzyme solution containing 20 mM MES, pH5.7, 20 mM KCl, 400 mM D-Mannitol, 10 mM

CaCl2, 0.4% (w/v)macerozymeR10, 1.5% (w/v) cellulase R10, and 0.1% (w/v) BSA. To isolate protoplasts from T87 suspension cells,

the cells were filtered using an autoclaved filter bag to remove themedium and thenwere digested in the same enzyme solution. After

1 h-gentle shaking (55 rpm), the released protoplasts were collected by centrifugation at 1003 g for 2 min and resuspended in MMG

solution (4 mM MES, pH5.7, 400 mM D-mannitol, and 15 mM MgCl2) for further treatment and imaging.
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Chemical treatments
DSF (cis-11-methyl-2-dodecenoic acid), SMIFH2, LatB (LatrunculinB), ISX (Isoxaben) and DCB (2, 6-dichlorobenzonitrile) were dis-

solved in DMSO to 10 mM, 25 mM, 1 mM, 10 mM, 10 mM stocks, respectively. Polypeptides flg22, elf26, flgII28 were dissolved in

distilled water and filter-sterilized to 5 mM stocks. To image the actin cytoskeleton and AtFH6-GFP in vivo, chemical treatments

were carried out in 24-wells plates by immersing 5d-old seedlings into 1/2MSmedium containing indicated concentrations of chem-

icals. Treatments for protoplasts were conducted by directly adding the DSF or flg22 into theMMG solution containing protoplasts to

indicated final concentrations. For GC-MS basedmonosaccharide measurement and crystalline cellulose measurement assays, 4d-

old WT seedlings were transferred to another 1/2 MS plate containing with or without 25 mM DSF, supplemented with 20 pM ISX or

1 mMDCB for additional 3 days-growth in long-day condition. To image the tdTomato-CESA6 signal, the seeds were directly germi-

nated in 1/2MSplate containing with or without 25 mMDSF and grown vertically in the dark, 22�C. The hypocotyls of 4d-old seedlings

were used for imaging. Treatments with the same amount of solvents were used as controls.

Image acquisition
To observe the actin cytoskeleton morphologies in 5d-old Arabidopsis seedlings, 2D-SIM (Structured Illumination Microscopy) was

used to image the Lifeact-Venus labeled actin arrays in the hypocotyl middle regions (the 7th-15th cells from the base). The images

were acquired by using a Zeiss Elyra PS.1 super-resolution systemwith the Zeiss Alpha Plan Apochromat 100x, NA 1.46 oil objective.

The Lifeact-Venus signal was excited by 488nm laser with 10% laser power, and the emission was captured at 495-575 nm by an

sCMOS camera (PCO) sensor, 6.5 mm 3 6.5 mm. SIM images were acquired by five rotation and five phases of the grating pattern

(42 mm) with 50 ms exposure time. Images were reconstructed on ZEN 2011 (Zeiss) with 1.5 in SR frequency weighting and �6 in

noise filter.

Lifeact-Venus in T87 cells, AtFH6–GFP, AtFH6 DCW-GFP, and tdTomato-CESA6 in Arabidopsis hypocotyl middle regions were

imaged using VA-TIRFM (Variable Angle Total Internal Reflection Fluorescence Microscope) on Zeiss Elyra PS.1. For Lifeact-venus

labeled actin arrays, the TIRF angle of �56� was used to achieve the best SNR (Signal to Noise Ratio). Single-frame images were

captured with 1 s exposure. Streaming movies of AtFH6-GFP and AtFH6 DCW-GFP were captured by the sCMOS camera with

100 ms exposure time. tdTomato-CESA6 were recorded by VA-TIRFM using 561 nm for excitation and 570-650 nm for emission

with 1 s exposure and 5 s interval. Imaging of Lifeact-venus and AtFH6–GFP in protoplast were conducted using the same settings

described above, except for a 65� TIRF angle in imaging AtFH6–GFP to avoid background interference from chlorophyll fluores-

cence. For AtFH6-GFP particle bleaching step measurement, 5d seedlings were fixed by 4% paraformaldehyde in PBS for 1h before

VA-TIRFM imaging by a high laser power (�50%). Time-series movie was recorded by streaming acquisition with 50 ms exposure.

Steady-state anisotropy measurement of AtFH6-GFP was conducted as described previously (Ghosh et al., 2012). The images were

carried out on the NikonTE2000 TIRF microscope equipped 100x, NA 1.49 objective and variable angle adjustment. The GFP signal

was excited by the plane-polarized 488 nm excitation laser, and the TIRF angle was adjusted until getting the best SNR. Then the

emission was split into parallel (Ipa) and perpendicular (Ipe) directions using a polarizing beam splitter, and further were collected

simultaneously by two Evolve 512 EMCCD cameras with 16 mm 3 16 mm pixel size chip. The exposure time was set as 300 ms.

To calibrate the instrument, the same setting parameters were used to image the free FITC solution.

The in vitro actin assembly assaywas conducted on Biotin-PEG coated glass slices (LaysanBio Inc) in 6-well chamber slices (Ibidi).

The chamber was first blocked by 30 mL HBSA buffer (20 mMHEPES pH7.4, 1 mM EDTA, 50 mM KCl, 1% (m/v) BSA) and incubated

for 30 s. The glass surface was then conjugated with streptavidin by adding 30 mL HEKG10 buffer (20 mMHEPES pH7.4, mM EDTA,

50 mM KCl, 10% (v/v) glycerol, plus 0.1 mg/ml streptavidin) and incubating for 1 min. Afterward, free streptavidin was washed away

using 1 3 TIRF buffer (10 mM imidazole pH 7.4, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 50 mM DTT 0.3 mM ATP, 20 nM CaCl2,

15 mM glucose, 100 mg/ml glucose oxidase, 15 mg/ml catalase, 0.25% methylcellulose). Next, 30 mL actin mix containing 1.5 mM

actin (89.5% purified globular rabbit actin, 10% Oregon Green 488-actin, 0.5% Biotin-actin), 200 mM EGTA, 110 mM MgCl2 with

or without B-FH1C was mixed with 30 mL 2 3 TIRF buffer and added into the chamber to final volume as 90 mL to initiate the actin

polymerization. The Oregon green-actin signal was detected on the Nikon ECLIPSE Ti-S inverted microscope system equipped with

iLas 2 (Gataca Systems) and Apochromat 100 x NA 1.49 objective. The images were captured by Evolve 512 EMCCD camerawith 5 s

intervals for more than 10min. To quantify the actin seeds number, 203 20 mm2 ROIs were chosen from 1min point images, in which

the short actin filaments in each ROI was manually counted.

Pyrene actin assembly assay
10 mMMg2+-ATP-actin mix was first prepared bymixing 9.7 mMglobular rabbit actin, 0.3 mMpyrene-labeled actin (Cytoskeleton Inc),

200 mM EGTA, 110 mM MgCl2 in G-buffer (2 mM Tris-HCl pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, 0.5 mM DTT). Then the actin poly-

merization was induced by adding 12 mL 10 3 KME (500 mM KCl, 10 mM MgCl2, and 10 mM EGTA) into 83 mL G-buffer plus 25 mL

Mg2+-ATP-actin mix supplied with B-FH1C or streptavidin to final volume as 120 mL. The pyrene fluorescence signal was monitored

at 25� with 15 s interval at excitation 365 nm and emission 407 nm using BioTek Cytation 5 cell imaging multimode reader. The actin

polymerization rate was quantified by comparing the linear increase rates using fluorescence values in between 0 s to 100-500 s after

actin polymerization that has the R2 value greater than 0.95. The slope was recorded as the polymerization rate for each reaction.
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Bacteria flood-inoculation assay
Twoweeks-oldArabidopsisCol-0 seedlings were grown in 1/2MSmedium plates first. Seedlings were then first immersed in liquid 1/

2 MS medium containing 50 mM SMIFH2 or the same volume of DMSO control for 10 min, followed by seedling growth (16h light:8h

dark) for 24 h before conducting bacteria flood-inoculation. The Xanthomonas campestris pv.Campestris strain 8004 (Xcc 8004) was

cultured in NYGmedium over-night at 30�C. Afterward, the bacteria were harvested and resuspended in 10mMMgCl2, supplied with

0.02%Silwet L-77, to final concentration at 13 107 colony-forming unit (CFU)/mL. The bacterial suspension was then dispensed into

1/2MSmedium plates containing SMIFH2- or DMSO-treated seedlings and incubated for 1min, followed by disease symptommoni-

toring over the next three days. To quantify the internal bacterial population, 3 to 4 individual seedlings, with or without SMIFH2 pre-

treatment, were collected at the same time points and weighted for each seedling. The seedlings were sterilized by 70% ethanol for

10 s and further washed in autoclaved water for 20 s. Each seedling was then homogenized in 200 uL of 10 mMMgCl2 using Power-

Lyzer 24 (QIAGEN). The homogenized suspension was then serial diluted and plated on NYG plate for culturing in 30�C for 2 d. The

bacterial CFU was further counted and normalized by the weight of each seedling.

AIR sample extraction
To extract cell-wall material, seedlings were first frozen in liquid nitrogen and homogenized to a fine powder using metal balls with

PowerLyzer 24 Homogenizer (QIAGEN). The cell-wall powder was sequentially washed with 70%, 80%, and pure ethanol for 1 min

and centrifuged at 16,0003 g for 10 min. Subsequently, the pellet was resuspended in a 1:1 methanol:chloroform mixture for 1-2 h

and centrifuged again at 16,0003 g for 10 min. Then, the pellet was resuspended in pure acetone and centrifuged again at 16,0003

g for 10 min. After air-dried in a fume hood overnight, the pellet was de-starched with a-amylase. Afterward, the pellet was rinsed

twice by PBS and collected after centrifugation and left for evaporation at room temperature.

Cellulose measurement
To determine the quantity of crystalline cellulose, the Updegraff (1969) method was used. Briefly, 1 mL of acetic nitric reagent was

added to the AIR sample for incubation of 0.5 h at 121�C. Afterward, the 0.5-1mg pellets were collected and supplemented with 1mL

acetone. After centrifugation at 16,0003 g for 10 min, 200 uL 72% sulfuric acid was added to the AIR sample and incubated for 1 hr.

Then 800 mL pure water was mixed well with it, and 500 ul reaction was taken out and mixed with 1 mL 0.2% anthrone solution (pre-

chilled on ice). Themixture was incubated for 10mins at 98�C, and the OD620 wasmeasured after cooling down at room temperature.

All the cellulose measurements were conducted with at least two biological replications, each of which contains six technical

replications.

Monosaccharide measurement
The monosaccharide analysis was done based on Glycosyl composition by GC-MS of TMS derivatives of methyl glycosides. Briefly,

the AIR samples were made following the method above. Further processing and analysis were done by the Complex Carbohydrate

Research Center (CCRC, USA). Glycosyl composition analysis was performed by using gas chromatography/ mass spectroscopy of

the per-O-trimethylsilyl (TMS) derivatives of the monosaccharide methyl glycosides. The TMS derivatives were produced from the

sample by acidic methanolysis described before (Santander et al., 2013).). Briefly, inositol was added to the sample, which was

then freeze-dried. The dried samples were heated in 3 M methanolic HCl for 18 h at 80�C. After cooling and drying under nitrogen,

the sample was treated withMeOH and dried several more times, each after addition of about 500 mL freshMeOH. The samples were

thenmixed withMeOH, pyridine, and acetic anhydride and left to stand for 30 minutes. These solvents were dried down fully, and the

sample was derivatized with Tri-Sil (Pierce) at 80�C for 30 min. After barely drying the samples, hexane was added, and the samples

were centrifuged, and the supernatant was dried down for analysis. GC/MS analysis of the resulting TMS methyl glycosides was

performed on an Agilent 7890A GC interfaced to a 5975C MSD, using a Supelco Equity-1 fused silica capillary column (30 m x

0.25 mm ID).

Protein purification
AtFH6-FH1COOH (294-899) was fusedwith anN-terminal 6xHis tag in a pNIC-Bsa4 protein expression vector. Avi-AtFH1-FH1COOH

(430-1051aa) was generated by integrating the Avi tag to the previous published GST-AtFH1-FH1COOH recombinant vector (Mi-

chelot et al., 2006) and transformed to E.coli BL21 Rosetta line containing IPTG-inducible BirA. 50 mM D-Biotin was added during

cell culture to express the Biotinylated-AtFH1-FH1COOH. Successful transformants were grown in Terrific Broth (TB) with 8 g/L glyc-

erol (supplemented with appropriate antibiotics). The cultures were incubated at 37�C, 200 rpm overnight. When the OD600 reached

�2, the temperature was reduced to 18�C, and the expression was induced with 0.5 mM IPTG for 16 h. Cells were harvested and

resuspended in lysis buffer (20 mM HEPES pH 7.4, 300 mM NaCl, 20 mM Imidazole, Protease Inhibitor Cocktail Set III, EDTA free

(1000x dilution in lysis buffer) from Calbiochem. The resuspended cell pellet suspensions were sonicated (Sonics Vibra-cell) at

70% amplitude, 3 s on/off for 3min, on ice. The lysate was clarified by centrifugation at 47000 g, 4�C for 25 min. The supernatants

were filtered through 1.2 mm syringe filters and loaded onto the AKTA Xpress system (GE Healthcare). The lysates were loaded on

HisTrapTM HP columns. The columns were then washed with binding buffer (20 mMHEPES pH 7.4, 300mMNaCl, 20mM Imidazole).

Gradient elution was performed using elution buffer (20 mM HEPES pH 7.4, 500 mM NaCl, 500 mM Imidazole). The eluted proteins

were collected and stored in sample loops on the system and then injected into Gel Filtration (GF) HiLoad 16/600 Superdex 200 pg
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columns using GF buffer (20 mM HEPES pH 7.4, 300mM NaCl, 10% (v/v) glycerol, 1 mM DTT). Elution peaks were collected in 2 mL

fractions and analyzed on SDS-PAGE gels. The protein sample was concentrated in Vivaspin 20 filter concentrators (VivaScience) at

15�C to approximately 10 mg/mL. The final protein concentration was assessed by measuring absorbance at 280 nm on Nanodrop

ND-1000 (Nano-Drop Technologies). The final protein purity was assessed on an SDS-PAGE gel. The final protein batch was then

aliquoted into smaller fractions, frozen in liquid nitrogen and stored at�80�C. Analytical gel filtration analysis of proteins was carried

out using a Superdex 200 Increase 10/300 column in 20 mM Tris pH 7.4, 150 mM NaCl.

Surface plasmon resonance (SPR)
Surface plasmon resonance (SPR) experiment was performed by the Biacore T200 instrument (GE Healthcare) at room temperature

in buffer containing 20 mM HEPES pH 7.4, 150 mM NaCl. Ligand-protein AtFH6-FH1COOH was immobilized on the CM5 chip (GE

Healthcare) by amine coupling. The carboxyl group on the dextran surface of the chipwas converted amine-reactive ester by reacting

with 0.2 M 1-ethyl-3-(3-dimethylpropyl)-carbodiimide and 0.1 M N-hydroxysuccinimide. The ligand to be immobilized was then in-

jected to the surface at a flow rate of 10 mL/min at pH 4.5, while the reference channel was left blank without injected protein. To

test the self-interaction of AtFH6-FH1COOH dimers in present or absent of SMIFH2, Serial diluted AtFH6-FH1COOH with/without

SMIFH2, which is supplemented at a 1:1 stoichiometry to AtFH6-FH1COOH, was flown over surface of reference and AtFH6-

FH1COOH-immobilized channels for 60 s and dissociated with buffer (20 mM HEPES, 150 mM NaCl, pH 7.4) for 150 s at a rate of

30 mL/min. The concentration of AtFH6-FH1FH2COOH ranged from 20 mM to 0.039 mM. The chip surface with left-over protein

captured on was regenerated by treating with 50 mM NaOH for 3 s at 100 mL/ min after each cycle. The kinetics of binding was

analyzed by Biacore T200 Evaluation software (GE Healthcare). The sensorgrams for the binding experiment were normalized

with the reference cell.

QUANTIFICATION AND STATISTICAL ANALYSIS

Actin array architecture analysis
To quantify the actin arrays, images were cropped in ImageJ (NIH) based on the principle that each ROI (region of interest) contains

the largest in-focus area of one cell. The cropped images were converted to 8-bit grayscale images, subtracted the background, and

then subjected to bundling and occupancy analysis through the well-established methods (Henty-Ridilla et al., 2014; Lu and Day,

2017). Briefly, to quantify actin occupancy, the actin filaments in each ROI were first selected by using the ImageJ ‘Threshold’ func-

tion. The identical threshold rangewas applied to each ROI. The actin occupancy was then calculated as the actin filaments occupied

pixel numbers divided by the size of the ROI (%). To analyze actin bundling, we calculated the skewness of the fluorescence intensity

distribution of actin filaments, which is higher when the filaments are more bundled as the intensity distribution becomes more

skewed. For each treatment, more than 40 cropped ROIs from at least 2 biological replications were quantified to analyze the actin

array architecture.

Single-particle dynamic analysis
To quantify the AtFH6-GFP and AtFH6DCW-GFP particle dynamics, the time-lapse images were first cropped into 5 mmx 5 mmsized

ROIs that were evenly illuminated. Then the cropped images were further subjected to particle tracking in SpatTrack (Lund et al.,

2014). Based on manually preliminary particle analysis in ImageJ, the estimated particle diameter was set to 0.35 mm (�9 pixels)

for the de-noise and particle detection process. The particle detection threshold for each image was determined by using the

‘find threshold’ function in SpatTrack until the entire particle can be selected. For trajectory tracking over time, the maximum

displacement in each frame was set as 0.5 mm (�13 pixels), and minimum tracking frames was set as 15, which means only those

trajectories with more than 15 frames would be subjected to the following analysis. The final particle trajectories were double

confirmed bymanually checking. Then the particle trajectories were further analyzed in SpatTrack to quantify theMSD (Mean Square

Displacement) according to the equation:

MSDðDtÞ = 1

N� n

XN�n

i = 1

:
�ðxði + nÞ � xðiÞÞ2 + ðyði + nÞ � yðiÞÞ2�

Where x and y indicate the particle position, the N is the total frame number of the trajectory, n is the frame number corresponding to

Dt. Subsequently, given that the AtFH6-GFP diffusion is non-random and non-linear after flg22 elicitation, we choose anomalous

diffusion analytical model to determine the a value, which allows us to define the diffusion modes: MSDðDtÞ = 4D$Dta, in which D

is the Deff (Diffusion Coefficient), and a indicates the diffusion exponent (Metzler et al., 2014). The mean MSD and Deff values for

all the trajectories in each ROI were finally plotted. For each treatment, more than 30 cropped ROIs (total more than 1000 trajectories)

from at least two biological replications were quantified to analyze the particle dynamics.

To count the AtFH6-GFP Particle bleaching step, the time-lapse images were subjected to Trackmate (Tinevez et al., 2017) in Im-

ageJ. Based on manually preliminary particle analysis, the estimated particle diameter was set to 0.4 mm for particle detection, and

the auto quality filter was selected for optimizing particle detection. To track particle trajectories, the linking max distance, gap-clos-

ing max distance, and gap-closing max frame gap were set to 0.2 mm, 0.2 mm, and 2, respectively. Trajectories with more than 30
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frames were subjected to a particle moving velocity quantification by using the tracking displacement divided by the duration time.

The dTomato-CESA6 particle density was analyzed through the same plugin by particle detection only in the first frame of the de-

convoluted images. The plasma membrane-localized dTomato-CESA6 single frame images were chosen as the ROIs to avoid the

intracellular Golgi-localized CESA6 signals. dTomato-CESA6 particles were then selected by setting the estimated particle diameter

as 0.4 mm and the particle signal to noise ratio as > 1.2 for density analysis.

Steady-state anisotropy quantification
The steady-state anisotropy measurement of Arabidopsis surface fluorescent molecules by VA-TIRFM has been stated in the pre-

vious study (Tran et al., 2020). Briefly, to quantify the steady-state anisotropy of AtFH6-GFP, the instrument G-Factor was first deter-

mined by calculating the ratio of Ipa and Ipe emission intensities of free FITC solution, which was imaged using the same microscope

setting as for AtFH6-GFP. Then the anisotropy of AtFH6-GFP particles was calculated by following the equation: r (anisotropy) = (Ipa-

Ipe)/(Ipa+2Ipe), in which the Ipe was corrected by instrument G-factor (Ghosh et al., 2012). The equations for G-factor and anisotropy

calculations were done using the algorithmwritten in MATLAB (MathWorks). The final AtFH6-GFP anisotropy data were generated as

mean values of 20x20 pixel (�2x2 um2) ROIs selected in MATLAB. To enhance the contrast, all the anisotropy values, > 0.25 or < 0.1,

have been shown as 0.25 and 0.1, respectively. More than 100 ROIs from at least two replications were quantified for each treatment.

Anisotropy measured at HILO (1910, 1950 angles) were previously examined in Arabidopsis that showed the same results as defin-

itive TIRF (Tran et al., 2020).

Statistical analysis
For all the cell biology imaging, at least 2 biological replications were conducted, and more than 3 seedlings were imaged in each

replication. The final data combines the data from at least 2 replications. Statistical analyses were performed in Prism 6.0 (Graphpad).

Comparisons between 2 groups were conducted using two-tailed Student’s t test assuming equal variances, while themultiple com-

parisons between more than three groups were carried out using one-way ANOVA. *p % 0.05; **p % 0.01; ***p % 0.001; ****p %

0.0001, ns = not significant. The percentage change ratios (%) of particle Deff or anisotropy were analyzed by comparing the Deff

or anisotropy values of treated to the mean values of untreated samples. The data was plotted as bar graphs with error bar = SD

or boxplots unless specified, in which the square boxes indicate the 25% and 75% quartiles with median inside, and ‘+’ indicates

the mean value.
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Figure S1. Arabidopsis Actin Polymerization and Formin Clustering in DSF- and PAMP-
Signalings. Related to Figure 1. 

(A) 2D-SIM images of Lifeact-venus in the epidermal cells of the middle hypocotyl of 5d Arabidopsis 

seedlings treated with the indicated conditions for 24 h before imaging. (B, C) Quantification of the F-

actin skewness (B) and occupancy (C). Error bar=SD. n=53, 57, 42, 52, 55, 55 cells from left to right. 

(D, E) Representative 2D-SIM images of F-actin in LatB treated (for 15 or 30min) seedlings, which were 

pre-treated by DMSO (D) or 25 µM DSF (E) for 24 h. (F) The diffusion exponent α value distribution by 

fitting the AtFH6-GFP particle MSD curve in Figure 1D with anomalous diffusion analytical model (see 

also methods). (G) Quantification of the AtFH6-GFP particle density in Figure 1C. n=32 ROIs for each 

treatment. (H) Representative VA-TIRFM images of PM-localized AtFH6-GFP in middle hypocotyl 

epidermal cells, treated with or without 10 µM elf26 for 3 h. The lower panels show 4x enlarged 

trajectories of AtFH6-GFP particles of the red boxes. Representative trajectories (~20 in each box) over 

1.5 s time course (0.1 s/frame) were shown. (I, J) MSD (Mean Square Displacement) and Deff (Diffusion 

Coefficient) of AtFH6-GFP particles in (H). MSD with standard errors (shaded area) were averaged 

from more than 30 AtFH6-GFP cropped movies, which were further subjected to Deff analysis. n=32 and 

36 cropped movies from left to right. (K) VA-TIRFM recorded plasma membrane aquaporin, PIP1:4-

YFP, and another type-I formin, AtFH2-eGFP, in 5 d seedlings treated with DMSO (Control), 25 µM 

DSF, or 10 µM flg22 for 3 h, respectively. The particle trajectories in red boxes were shown in the same 

way as in (H). (L, M) Quantification of the Diffusion Coefficient of the PIP1:4-YFP or AtFH2-eGFP 

particles in (K). n=30 cropped movies in each condition. (N) Steady-state emission anisotropy 

measurement of AtFH6-GFP in middle hypocotyl epidermal cells treated as (H). The intensity images 

(upper panels), generated by merging the parallel and perpendicular intensity images, and the related 

steady-state anisotropy map (lower panels) are shown. The anisotropy values are indicated by pseudo-

colors, in which all the anisotropy values > 0.25 or < 0.1 have been shown as 0.25 and 0.1, respectively. 

(O) Quantification of AtFH6-GFP steady-state emission anisotropy in (N). Each data point represents 

the mean anisotropy value of a 2 x 2 μm2 ROI. n=172, 189 ROIs from left to right. Significant differences 

were determined using one-way ANOVA test, multiple comparisons in (B), (C), (F), (G), (L), (M) and 

student’s t test, assuming equal variation in (J) and (O) (****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 

0.05, ns = not significant). Scale bar, 5 µm in (A), (D) and (E), 2 µm in (H), (K) and (N). 

 

 

 

 

 

 

 



 

Figure S2. DSF and flg22 Modulate Formin Dynamics on the Plasma Membrane are Formin 
Concentration Independent. Related to Figure 1.  

(A) A. tumefaciens-mediated transient expression of AtFH6-GFP in N. benthamiana leaf epidermal cells. 

The AtFH6-GFP-containing A. tumefaciens was resuspended to the concentrations of OD600 0.1 and 

0.4 before injected into N. benthamiana leaves, which were grown for 2-days before imaged by confocal 

laser scanning microscope. Red arrows indicate the plasmodesmata (PD) localization of AtFH6-GFP, 

a green arrow indicates the non-PD plasma membrane region localization of AtFH6-GFP, which can 

represent the VA-TIRFM recorded surface AtFH6-GFP population. (B, C) Quantification of the AtFH6-

GFP signal intensity in non-PD (B) and PD region (C) of (A). (D) VA-TIRFM recorded AtFH6-GFP 

punctate signal at the surface of N. benthamiana leaf in (A), which were further treated by DMSO 

(Control), 25 µM DSF (24 h) or 10 µM flg22 (3 h), respectively. The trajectory images show the 4x 

enlarged trajectories of AtFH6-GFP particles in the red boxes over a 1.5 s time course (0.1 s/frame). 

(E) Quantification of the Diffusion Coefficient of AtFH6-GFP foci in (D). The percentages indicate the 

DSF- or flg22-triggered ratio changes of AtFH6-GFP Diffusion Coefficient. The significant differences 

were determined using a one-way ANOVA test, multiple comparisons in (E) , and student’s t-test, 

assuming equal variation in (B) and (C) (****p≤0.0001, **p≤0.01, ns=not significant). Scale bars, 20 µm 

in (A), 2 µm in (D). 



 

 

 

 

 



Figure S3. In vivo and in vitro Characterization of Formin-Formin Interactions. Related  Figure 
1-3   

(A) VA-TIRFM recorded AtFH6-GFP foci before and after photobleaching. 5d seedlings with indicated 

treatments were fixed by 4% formaldehyde for 2 h before imaging with high frequency (50ms interval) 

until all the AtFH6-GFP foci were bleached. (B) Quantification of  AtFH6-GFP particle photobleaching 

steps in the seedlings treated by DMSO (control), 25 µM DSF (24 h), 50 µM SMIFH2 (3 h), or 10 µM 

flg22 (3 h). n>100 particles. (C) The distribution of AtFH6-GFP particle photobleaching steps in (B). The 

curves show the Gaussian distribution fitting of the relative frequency. (D) Quantification of the AtFH6-

GFP particle total intensity in the fixed seedlings used for bleaching step measurement in (A). (E) 

Typical particle intensity vs. time course plots showing photobleaching of AtFH6-GFP in a range from 

1-5 steps. (F) Purified AtFH6-FH1COOH proteins were analyzed by SDS-PAGE and stained by 

Coomassie brilliant blue. (G) Size exclusion chromatography (SEC) profile of AtFH6-FH1COOH using 

SuperdexTM 200 Increase 10/300 GL column. The blue curve is the calibration standard protein mix 

containing Thyroglobulin (Mr 699,000), Ferritin (Mr 440,000), Aldolase (Mr 158,000), Conalbumin (Mr 

75,000) and Ovalbumin (Mr 44,000). Red curve represents purified AtFH6-FH1COOH (Mr 70,004) 

protein, which is in dimeric form. (H) Pyrene-actin polymerization assay in the presence of 600 nM 

Streptavidin (S) or 300 nM B-FH1C mixed without or with Streptavidin (S) with indicated ratios. The 

same assay was repeated for more than 3 times, and the slopes of the curves at the time range of 0 s 

to 200-500 s were used to measure the actin polymerization rates in Figure 2C. (I) The SPR kinetic 

analysis by injecting the free dimeric AtFH6-FH1COOH (F, G), to immobilized dimeric AtFH6-

FH1COOH (ligand). Injected AtFH6-FH1COOH was mixed with the same molar of SMIFH2, and serial 

2x diluted from 20 µM to 0.039 µM. Significant differences were determined using a one-way ANOVA 

test, multiple comparisons (****p≤0.0001, **p≤0.01, *p≤0.5). Scale bar, 2 µm in (A) 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. SMIFH2-Dependent DSF Regulation in Actin Assembly. Related to Figure 3. 

(A) 2D-SIM images of Lifeact-Venus in the middle hypocotyl epidermal cells of 5d seedlings treated 

with 1 µM LatB for 3 h, in the presence or absence of 10 µM flg22. (B, C) Percentage change ratio (%) 

of AtFH6-GFP Deff (B) and anisotropy (C) in flg22-stimulated to untreated seedlings, in the presence or 

absence of DMSO (control), 50 µM SMIFH2, or 1 µM LatB as in Figure 2D and Figure 2E, respectively. 

From left to right chart, n=31, 34, and 30 cropped movies in (B), and n=137, 130, and 114 ROIs in (C), 

respectively. The horizontal dash line (100%) indicates no change on the AtFH6-GFP Deff or anisotropy 

after flg22 treatment. (D) 2D-SIM images of Lifeact-Venus in the seedlings treated with 250 nM LatB or 

50 µM SMIFH2 for 24 h, in the presence or absence of 25 µM DSF. (E) Percentage change ratio (%) of 

actin filament occupancy in DSF-treated to untreated samples as in (D), n=53 and 64 cells from left to 

right. Significant differences were determined using the one-way ANOVA test, multiple comparisons in 

(B) and (C), and student’s t test, assuming equal variation in (E) (****p ≤ 0.0001, ***p ≤ 0.001). Scale 

bar, 2 µm in all panels.    

 

 

 

 



 



Figure S5. Cell Wall Scaffolding Constrains Plasma Membrane Formin Dynamics. Related Figure 
4. 

(A) Schematic illustration of Arabidopsis class I formin. The signal peptides (SP), transmembrane 

domain (TMD), FH1 and formin conserved FH2 domains were indicated. The amino acid sequences of 

the extracellular domains between SP and TMD of all Arabidopsis class I formins were aligned by 

Clustal W. AtFH7 is excluded due to a lack of TMD. The enriched prolines were highlighted in yellow. 

(B) Scanning confocal microscopic images of plasma membrane-localized AtFH6-GFP and 

AtFH6∆CW-GFP. (C) Representative VA-TIRFM image of PM AtFH6ΔCW-GFP foci in the middle 

hypocotyl epidermal cells of 5d-seedlings. The right two panels show the 4x enlarged trajectories (>1.5s 

time course) of the nano punctate- (yellow) and condensed- (red) AtFH6 ΔCW-GFP clusters from the 

left panel during time-lapse imaging. (D) The intensity distribution of AtFH6ΔCW-GFP particles. Two 

populations of AtFH6ΔCW-GFP foci were identified by the segmented particle intensity distribution 

graph. (E, F) Quantification of the Deff (D) and MSD (E) of AtFH6-GFP particles (dark blue) and 

AtFH6ΔCW–GFP nano-clusters (light blue).  MSD with standard error (shaded area) was averaged from 

30 cropped movies at 0.1 s time resolution. Particle Deff in the same movies was analyzed. (G) Deff of 

AtFH6ΔCW–GFP condensed-clusters in the seedlings treated with DMSO (control), 25 µM DSF for 24h 

or 10 µM flg22 for 3h (n=30 cropped movies each treatment). (H) VA-TIRFM images of AtFH6-GFP in 

mesophyll cell protoplasts, which were extracted from seedlings treated with DMSO (control), 25 µM 

DSF for 24 h, and 10 µM flg22 for 3 h, respectively. The lower panels show the trajectories (>1.5s time 

course) of the particles in the red boxes with 4x enlargement. (I) VA-TIRFM images of actin filaments 

in Lifeact-Venus-expressing T87 cells treated with indicated conditions. (J) Quantification of actin 

filament occupancy in (H). Error bar=SD. n=50, 49, 50, 50, 52, 52, 52 cells from left to right. Significant 

differences were determined using one-way ANOVA test, multiple comparisons in (G) and (J), or 

student’s t-test, assuming equal variation in (E) (****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, ns = not 

significant). Scale bar, 10 µm in (B), 2 µm in (C), (H) and (I).  

 

 

 

 

 

 

 

 

 

 

 



 

Figure S6. DSF but not flg22 Alters the Crystalline Cellulose Content in the Cell Wall. Related 
Figure 5. 

 (A) The crystalline cellulose content measurement in WT seedlings, which were grown for 4 days on 

½ MS plates and transferred to ½ MS plates supplemented with DMSO (control), 25 µM DSF, or 10 µM 

flg22 for additional 3d growth. (B) Representative peak profile of GC-MS measurement from cell wall 

monosaccharides composition in the samples treated with DMSO (control) and DSF as in Figure 5A. 

(C, D) Crystalline cellulose measurement in seedlings treated with serial concentrations of DCB (1 nM, 

5 nM) or ISX (Isoxaben) (20 pM, 100 pM, 200 pM, 500 pM), in the presence or absence of 25 µM DSF. 

Error bar=SD. (E) The original AtFH6-GFP particle bleaching step data in the seedlings treated by 

DMSO (Control), 20 pM ISX and 1nM DCB by co-incubating with or without 25 µM DSF for 24 h. n>100 

particles in each chart. (F) Quantification of the AtFH6-GFP particle total intensity in the fixed seedlings 

used for bleaching step measurement in (E). n>100 particles in each chart. Significant differences were 



determined using one-way ANOVA test, multiple comparisons (****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, 

*p ≤ 0.05, ns = not significant). 
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