L T

/

1\

=y

CrossMark
& click for updates

Myosins XI modulate host cellular responses and
penetration resistance to fungal pathogens

Long Yang®P®, Li Qin® Guosheng Liu?, Valera V. Peremyslov®, Valerian V. Dolja%, and Yangdou Wei*"

2Department of Biology, University of Saskatchewan, Saskatoon, SK, Canada S7N 5E2; ®State Key Laboratory of Agricultural Microbiology, Key Laboratory
of Plant Pathology of Hubei Province, Huazhong Agricultural University, Wuhan 430070, China; and “Department of Botany and Plant Pathology and
Center for Genome Research and Biocomputing, Oregon State University, Corvallis, OR 97331

Edited by Paul Schulze-Lefert, Max Planck Institute for Plant Breeding Research, Cologne, Germany, and approved August 14, 2014 (received for review March

21, 2014)

The rapid reorganization and polarization of actin filaments (AFs)
toward the pathogen penetration site is one of the earliest cellular
responses, yet the regulatory mechanism of AF dynamics is poorly
understood. Using live-cell imaging in Arabidopsis, we show that
polarization coupled with AF bundling involves precise spatiotem-
poral control at the site of attempted penetration by the nonadap-
ted barley powdery mildew fungus, Blumeria graminis f. sp. hordei
(Bgh). We further show that the Bgh-triggered AF mobility and or-
ganelle aggregation are predominately driven by the myosin motor
proteins. Inactivation of myosins by pharmacological inhibitors pre-
vents bulk aggregation of organelles and blocks recruitment of
lignin-like compounds to the penetration site and deposition
of callose and defensive protein, PENETRATION 1 (PEN1) into the
apoplastic papillae, resulting in attenuation of penetration resistance.
Using gene knockout analysis, we demonstrate that highly expressed
myosins X, especially myosin XI-K, are the primary contributors to cell
wall-mediated penetration resistance. Moreover, the quadruple myo-
sin knockout mutant xi-1 xi-2 xi-i xi-k displays impaired trafficking
pathway responsible for the accumulation of PEN1 at the cell periph-
ery. Strikingly, this mutant shows not only increased penetration rate
but also enhanced overall disease susceptibility to both adapted and
nonadapted fungal pathogens. Our findings establish myosins Xl as
key regulators of plant antifungal immunity.

actin cytoskeleton | plant immunity | endocytosis | vesicle |
endocytic trafficking

In nature, plants are constantly exposed to a large number of
pathogens including fungi, bacteria, and viruses. In response,
plants have evolved multiple layers of defense mechanisms to
resist the pathogen attack (1). The first line of plant defense
against fungi is penetration resistance that is achieved by local-
ized cell wall appositions (CWAS), also called papillae, on an
inner surface of cell walls at the site of fungal penetration (2).
CWaAs consist primarily of callose (B-1,3-glucan), lignin, cell wall
proteins, and reactive oxygen species (2—4). The focal deposition
of these elements in papillae appears to be an early and essential
factor in plant penetration resistance (5).

Studies on the genetic basis of penetration resistance have
revealed that entry control of A. thaliana against nonadapted
powdery mildews largely depends on several PENETRATION
(PEN) genes (PENI1, PEN2, and PEN3). All three PEN proteins
are also recruited to attempted fungal penetration sites (6-11).
Intriguing findings show that the focal accumulation of PEN1
and PEN3 occurs outside the plasma membrane and within pa-
pillae or haustorial encasements (3, 11, 12). Disruption of actin
cytoskeleton by pharmacological inhibitors blocks PEN3-GFP
accumulation at most penetration sites, but has a lesser effect on
the recruitment of GFP-PENI to these sites (11), suggesting that
transport pathways mediating PEN1 and PEN3 recruitment and
export to the apoplastic papillae are distinct.

Accumulation of dynamically moving cytoplasm near the patho-
gen penetration site is the most striking and microscopically visible
early response in epidermal cells (2). The secretory vesicles and
organelles, including peroxisomes, Golgi, mitochondria, and the
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nucleus, also move toward penetration sites (7, 13). In addition to
the deposition of cell wall reinforcements and focal accumulation of
penetration-related proteins such as PEN3, the accretion of cyto-
plasm and organelles at sites of attempted fungal penetration
involves reorganization of actin cytoskeleton, which forms a radial
array focused on penetration site (10, 11, 14-18). Consistent with
this finding, disruption of AFs hampers penetration resistance,
leading to increased penetration frequency by various fungal and
oomycete pathogens (15-17, 19). However, the mechanisms that
drive AF dynamics and active transport of cellular components
toward sites of attempted pathogen penetration remain elusive.
Myosins are molecular motors responsible for AF-based motility
(20). Recently, plant class XI myosins were implicated in the or-
ganization of actin cytoskeleton, organelle and vesicle transport, cell
expansion, and plant growth (21-27). Although none of the in-
dividual myosin gene knockouts produces plant growth defects (22),
progressive elimination of two to four highly expressed myosins
results in concomitant reduction in cell and plant size (23, 24).
However, relatively little is known about the functions of myosins in
plant—pathogen interactions (28, 29).

Using pharmacological and genetic approaches to disrupt
myosin function in Arabidopsis, we show that transient assembly
and polarization of actin filament (AF) bundles toward the fungal
penetration site are regulated by myosin motors. Furthermore, we
demonstrate that plant myosins contribute to focal aggregation of
a battery of cellular defense activities at the infection site and
papillary deposition of cell wall appositions of lignin-like com-
pounds, callose and PEN1, and are required for plant penetration
resistance.

Significance

Remodeling of actin cytoskeleton is thought to contribute to
the establishment of effective barriers at the periphery of plant
cells against fungal ingress. However, there is little information
on the molecular mechanisms that regulate actin remodeling
during interactions with invading pathogens. Here we show
that disruption of myosin motors in Arabidopsis prevents dy-
namic reorganizations of actin filaments, focal organelle accu-
mulation, and delivery of cell wall defense compounds toward
the pathogen penetration site. Furthermore, the quadruple
knockout mutant of class XI myosins exhibits impaired pene-
tration resistance at the cell wall and enhanced overall disease
susceptibility to both adapted and nonadapted fungal patho-
gens. This study provides insights into how myosins regulate
cellular responses that contribute to plant immunity.
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Results and Discussion

Dynamics and Polarity of AF Bundles at the Pathogen Penetration
Site. To gain insight into the AF dynamics in host cells in re-
sponse to pathogen attack, we used transgenic Arabidopsis plants
expressing ABD2-GFP, which permits acquisition of highly re-
solved F-actin images (30). Upon inoculation with conidiospores
of a nonadapted barley powdery mildew, Blumeria graminis
f. sp. hordei (Bgh), confocal microscopy revealed no difference in
global AF dynamics between the noninfected and Bgh-attacked
leaf epidermal cells at the early stages of appressorium-mediated
infection. Strikingly, at ~9 h postinoculation (hpi), whereas the
first microscopically detectable host cell response associated with
cytoplasmic accretion occurred in the epidermal cell contacting
attacking appressorium, AF polarization appeared toward the
appressorial penetration site. The actin polarity was always cou-
pled with AF bundle formation, with the long bundles radiating
across epidermal cells (Fig. 1 and Movie S1). At 13-14 hpi, po-
larity with AF bundles appeared at over 45% of Bgh-attempted
penetration sites and about 8% of those showed massive AF
bundles pointing toward the infection site (Fig. 1). The polarity
at various infection sites lasted for a period varying from 30 min
to 3 h, and then the bundles gradually disassembled and the po-
larity disappeared accordingly. Once past the transition of polari-
zation, free AFs reappeared and formed a dense, irregular patch of
AFs adjacent to the Bgh penetration site, indicating that this focal
adhesion region serves as binding sites for the AFs (Fig. 1).

To confirm that the ABD2-GFP marker faithfully reflects AF
dynamics, we analyzed six transgenic Arabidopsis lines expressing
GFP-tagged LIM proteins (GFP-WLIM1, GFP-WLIM2a, GFP-
WLIM2b, GFP-PLIM2a, GFP-PLIM2b, and GFP-PLIM2c). The
LIMs represent a distinct protein family with actin-binding do-
main unrelated to ABD2 (31). Although LIMs exhibited relatively
high levels of diffuse cytoplasmic fluorescence compared with that
of ABD2-GFP, cells expressing these GFP-LIMs showed AF
organization and dynamic patterns in response to Bgh penetration
similar to those in ABD2-GFP-expressing cells (Fig. S1). Because
two nonhomologous types of actin-binding proteins revealed
similar reorganization of AFs upon Bgh inoculation, we concluded
that this pattern represents a bona fide host response rather than
an artifact associated with the use of GFP-tagged reporters.

Myosin Inhibitors Compromise Penetration Resistance, AF Dynamics,
and Organelle Trafficking. Myosins are molecular motors that
upon interaction with AFs convert energy from ATP hydrolysis
to generate force and motion. Because the rapid dynamic rear-
rangements of AFs at the Bgh penetration sites suggest possible
involvement of myosins, we analyzed effects of myosin inhibitors
on plant penetration resistance. As expected for the mock-trea-
ted control, Bgh appressoria mostly failed to penetrate leaf epi-
dermal cells (Fig. 24, H,O control). Strikingly, penetration rates
of Bgh appressoria in leaves infiltrated with two distinct myosin
inhibitors, 2,3-butanedione monoxime (BDM) and N-ethyl-
maleimide (NEM), were increased dramatically, up to 10-fold,
compared with control leaves (Fig. 24). Because the increase in
penetration efficiency was dose dependent for two chemically
distinct myosin inhibitors, it can be assumed that myosins play an
important role in penetration resistance.

Imaging analysis of leaf epidermal cells treated with myosin
inhibitors showed that AFs appeared to be intact, but their

dynamic rearrangements were markedly reduced. As evident
from Fig. 2B, the focal polarization of AFs toward the Bgh
penetration site was reduced, and no AF bundle formation was
observed, indicating that myosin inhibition affected AF bundling
and dynamics in response to pathogen attack.

Previous studies described aggregation of organelles at the
pathogen penetration site (7, 10). Because organelle trafficking
in plant cells relies on actomyosin motility, we further investigated
the effects of myosin inhibitors on dynamic organelle behavior in
response to Bgh attack. We first examined mitochondrial dynamics
in leaf epidermal cells of Arabidopsis expressing mitochondrion-
GFP marker (32) at Bgh penetration sites during the infection
time course. Time-lapse confocal imaging revealed that mito-
chondrial aggregation toward the penetration sites was first ob-
served at 9-10 hpi. Large numbers of mitochondria moved in
several linear tracks and aggregated near the Bgh penetration site
(Fig. 2 C and D). At 13 hpi, rapid migration of mitochondria to-
ward penetration sites became most conspicuous with over 45% of
the Bgh-attacked epidermal cells displaying mitochondrial aggre-
gation. Thereafter, some mitochondria that had accumulated at
the infection sites remained localized, surrounding the infection
site. Examining Arabidopsis lines expressing markers of Golgi and
peroxisomes (32), we found that trafficking patterns of these
organelles were similar to that of mitochondria (Fig. S2A4).
Likewise, continuous streaming of the marker-tagged endoplas-
mic reticulum (ER) network and tonoplast resulted in increased
accumulation of the corresponding endomembranes in the area
adjacent to penetration site (Fig. S24). Upon treatment with
NEM, the rapid, long-distance, directional transport of organ-
elles toward the infection site was severely suppressed; instead,
saltatory movements over short distances occurred, which led to
random organelle distribution in NEM-treated cells and only
marginal accumulation at Bgh penetration sites (Fig. 2D, Fig.
S24, and Movies S2-S11). These results indicate that organelle
accretion near the pathogen penetration site depends on action
of myosin motors.

Recent studies suggested involvement of vesicle trafficking in
cell wall appositions at fungal attack sites, although the identity
and the cargo of these carrier vesicles remain unknown (9, 10, 33).
We further examined effects of NEM treatment on the vesicle
trafficking pathways, including transports of ARA6-GFP-tagged
vesicles to plasma membrane (34), GFP-ARA7-tagged vesicles to
multivesicular body (35), VHA-al-GFP-tagged vesicles to trans-
Golgi network (36), and GFP-VAMP727-tagged vesicles to vac-
uole (37). Each of these four vesicle classes aggregated toward the
fungal attack site, indicating that localized delivery of a broad
range of membrane-bound cargoes is triggered by penetration
attempts. Moreover, NEM treatment prevented rapid movement
and accumulation of these vesicles in a vicinity of attack sites,
suggesting that targeted vesicle transport requires myosin motors
(Fig. S2B and Movies S12-S19).

Collectively, these results indicate that the actomyosin motility
system provides both the main tracks and the molecular motors
for bulk aggregation of organelles and endomembrane vesicles
near the Bgh penetration sites.

Focal Accumulation and Papillary Deposition of Cell Wall Appositions
Are Affected by Myosin Inhibitor. To address a mechanistic basis of
the myosin contributions to penetration resistance, we investigated

Fig. 1. Time-series image sequences showing polarization and bundle formation of actin filaments (AFs) toward the fungal penetration site. Arabidopsis
leaves expressing 35S::GFP-ABD2-GFP were inoculated with Bgh conidiospores. Fungal conidium and appressorium were stained by propidium iodide (PI)
(red). Confocal micrographs were taken from 0 to 25 min, beginning at 16 hpi. (Scale bar: 10 um.)

Yang et al.

PNAS | September 23,2014 | vol. 111 | no.38 | 13997

PLANT BIOLOGY


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1405292111/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental/pnas.201405292SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental/pnas.201405292SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental/pnas.201405292SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental/pnas.201405292SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental/pnas.201405292SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental/pnas.201405292SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405292111/-/DCSupplemental

g

s >
3
8

IS @ ®
3 3 3

% penetration efficiency

N
S

o

% mitochondrial aggregation
©
s

9 1 13 15 17
Hr post inoculation

Fig. 2. Effects of myosin inhibitors on Bgh penetration, AF dynamics, and
organelle movement. (A) Penetration efficiency of Bgh. Leaves of Col-0 were
infiltrated with water, or myosin inhibitors, BDM (in millimoles) or NEM (in
millimoles), and incubated for 1 h before inoculation with Bgh conidiospores.
The frequency of fungal penetration was determined at 16 hpi by counting 150
interaction sites for each of a total of three leaves. Error bars represent SD (n = 3).
(B) Dynamic rearrangement of AFs at the attempted penetration sites. Leaves
expressing 355:GFP-ABD2-GFP were infiltrated with water (mock), BDM (200
mM), or NEM (1 mM), and incubated for 1 h before inoculation with Bgh. At 16
hpi, leaf tissues were stained with PI (red) and examined under a confocal mi-
croscope. Arrowheads indicate the appearance of corresponding AFs between
15-min intervals. app, appressorium. (Scale bars: 10 um.) (C) Time-course response
of mitochondrial aggregation at the Bgh penetration sites. Data were collected
by counting 150 Bgh attempted penetration sites for each of three independent
experiment replicates at single time point. Means expressed as percentage of
mitochondrial focal aggregation at various time points post Bgh inoculation. (D)
Dynamic movements of mitochondria toward the Bgh penetration site. Leaves
expressing mitochondrion-GFP were infiltrated with water or 1 mM NEM and
subsequently inoculated with Bgh. At 9, 13, and 18 hpi, the infected epidermal
cells indicated by dotted lines were examined by confocal microscopy. The
stacked time-lapse images were captured with Z projections of five images.
Asterisks indicate the Bgh penetration site in epidermal cells. (Scale bars: 10 pm.)

the effects of NEM treatment on integration of specific compo-
nents of extracellular defense into the papillae and haustorial
encasements (extracellular structures surrounding haustoria that
are formed by papilla extension).

Fig. 3. Myosin inhibitor prevents focal accumu-
lation and papillary deposition of cell wall mate-
rials. Leaves of Col-0 expressing PEN1::GFP-PEN1
infiltrated with water (mock) or 1 mM NEM were
inoculated with Bgh conidiospores. (A) Accumu-
lation and deposition of lignin-like compounds.
The autofluorescence in both nonpenetrated
(papillae) and penetrated (haustorial encasement)
sites of fresh Col-0 leaves at 36 hpi was directly
viewed by fluorescence microscopy. Insets depict
close views of haustorial structures under trans-
mitted light. (B) Accumulation and deposition
of callose. The callose fluorescence in both non-
penetrated and penetrated sites of fixed and
aniline blue-stained Col-0 leaves at 16 hpi was
viewed by fluorescence microscopy. (C) Accumu-
lation and deposition of GFP-PEN1. At 16 hpi,
leaves of GFP-PEN1 plants were examined under
a confocal microscope. Fungal conidia and ap-

In particular, we monitored signals of the autofluorescent
materials, indicative of accumulation of the phenolic, lignin-like
compounds at fungal penetration sites of epidermal cells. At 36
hpi with Bgh, strong autofluorescence appeared in the papilla and
surrounding halo area at an attempted penetration site, in the
haustorial encasement, and in adjacent cell walls in mock-treated
leaves (Fig. 34). Upon NEM treatment, autofluorescence signal
associated with these fungal attack sites was barely detectable.
Thus, the increased Bgh penetration frequency in response to
NEM treatment (Fig. 24) was accompanied by dramatic reduction
in the development of encasement surrounding the fungal haus-
torium (Fig. 34). These results suggest that myosin inactivation
prevents focal accumulation and deposition of autofluorescent
materials into the papillary matrix.

We further investigated deposition of callose, an additional
well-known constituent of the papillae and haustorial encase-
ments (3, 9). At 16 hpi, epifluorescence imaging analysis revealed
very bright and dense callose cores associated with the papilla
matrix and haustorial encasement in mock-treated leaves (Fig.
3B). In leaves treated with NEM, only a relatively weak aniline
blue fluorescence appeared in the peripheral zone surrounding
the Bgh attempted penetration site and discrete callose dots ag-
gregated toward the Bgh penetrated site (Fig. 3B). This experi-
mental outcome suggested the involvement of myosin-dependent
mechanism regulating callose depositions to the site of powdery
mildew attack.

Next, we examined the PENT1 localization in transgenic Ara-
bidopsis lines expressing GFP-PENI1 (38). Similar to lignin-like
compounds and callose, intense GFP-PEN1 signals were detected
within the interior of papillae and haustorial encasements in mock-
treated epidermal cells, whereas the NEM-treatment rendered
GFP-PENT signals into discrete dots around the Bgh penetration
site, and blocked its accumulation in apoplastic papilla and around
haustoria (Fig. 3C and Fig. S3 4 and B).

Myosins XI Are Critical Components of Plant Antifungal Defense. The
Arabidopsis genome encodes 4 myosins VIII and 13 myosins XI
(39). To identify myosins responsible for penetration resistance
in Arabidopsis, we first investigated the expression profiles of
myosin genes in Arabidopsis leaves in response to the Bgh chal-
lenge (Fig. S4). The RT-PCR analyses revealed no significant
induction for any of the 17 myosin genes in response to infection,
suggesting that expression of myosin genes is constitutive (Fig. S4
and Table S1). Eight myosin genes are highly expressed in leaf
tissue, including 5 myosin XI genes (XI-1, XI-2, XI-H, XI-I, and
XI-K) and 3 myosin VIII genes (VIII-1, VIII-2, and VIII-A) (40).
To determine specific contributions of the highly expressed
myosins XI to penetration resistance, we screened a series of single

GFP-PEN1/PI

Bright field GFP-PEN1

B
H
H

w

pressoria were staining with Pl (red). The same inoculation sites were viewed on the peripheral surface or into cells of the leaf epidermis. app, ap-
pressorium; en, haustorial encasement; ha, haustorium; pap, papilla. (Scale bars: 10 um.)
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Fig. 4. Compromised penetration resistance of Arabidopsis myosin mutants
against nonadapted fungal pathogens. (A) Quantitative analysis of pene-
tration rates of nonadapted Bgh at 16 hpi on leaves of Col-0 and myosin
single, triple, and quadruple mutants. At least 300 attempted penetration
sites were scored for each genotype. (B) Bgh development on Col-0 and 4KO
leaves. Inoculated leaves at 2 dpi were stained with aniline blue and ex-
amined. (Scale bars: 50 um.) (C) Symptom development at 5 dpi after non-
adapted C. destructivum (Cd) attack. Insets show symptom development on
single leaves (indicated by arrows). (D) Microscopic symptom development
after Cd attack. Leaves of Col-0 and 4KO were stained with Trypan blue after
4 or 5 dpi with Cd. Enlarged view shows the transition (arrowheads) from the
biotrophic hyphae to the necrotrophic hyphae. Inset depicts surface view of
the infection site. Arrows indicate primary hyphae. (Scale bars: 20 pm.)

and multiple gene knockout mutants for potential penetration
alterations upon Bgh attack, including seven single mutants xi-1-1,
Xi-2-1, xi-2-2, xi-i-1, xi-i-2, xi-k-1, and xi-k-2, one triple mutant (3KO,
xi-1-1 xi-2-1 xi-k-2), and one quadruple mutant (4KO, xi-1-1 xi-2-1 xi-
i-1 xi-k-2) (Fig. S5 A and B). In each of the xi-1, xi-2, xi-i, and xi-k
single knockout mutants, penetration rates at 2 dpi were from 2.2-
to 5.9-fold higher than that in the Col-0 (Fig. 44). The penetration
rates for 3KO and 4KO were 40% and 46%, respectively, that is ~6
to sevenfold increase relative to 6.5% penetration rate for Col-
0 (Fig. 44). These results indicated that each of the four tested
myosin genes provides functionally redundant contributions to
penetration resistance with myosin XI-K playing a pre-
dominant role. Interestingly, myosin XI-K also plays leading
roles in transport of various organelles and in cell growth,
whereas other highly expressed myosins XI provide redundant
contributions to these processes (24, 25).

The low penetration rates of the nonadapted Bgh in Col-0
were accompanied by abortive infection with development of
unilateral haustoria that were completely encased by extended
papilla. The epiphytic elongation hyphae on the leaf surface were
barely detectable (Fig. 4B), and Bgh infection did not progress
beyond this stage. However, in the myosin 4KO mutant, Bgh
infection resulted in the formation of a typical bilateral hausto-
rium possessing numerous projections in penetrated epidermal
cells, and the infected sites permitted sustained epiphytic hypha
growth with the formation of microcolony of two to three elon-
gating hyphae (Fig. 4B and Fig. S6). The progress of colonization
usually ceased at this stage, indicating that impairment of the
postinvasion resistance in myosin 4KO mutant was partial rather
than complete.

We used another nonadapted fungal pathogen Colletotrichum
destructivum (Cd) to further evaluate disease resistance of the
myosin 4KO mutant. For this fungus, abundant conidial germi-
nation and appressorial formation were observed on leaf surface,
but no visible symptom development and no invasive hyphae
were detected in leaf epidermal cells of Col-0 plants (Fig. 4C),
consistent with a previous report (41). In contrast, the 4KO
mutant was fully susceptible to the Cd infection and displayed
necrotic water soaking lesions on inoculated leaves at 5 dpi (Fig.

Yang et al.

4C). Microscopic analysis revealed that abundant invasive pri-
mary hyphae appeared underneath the appressoria-mediated
penetration sites, and switching of larger primary hyphae to thin
necrotrophic secondary hyphae was associated with necrotic le-
sion development at 5 dpi (Fig. 4D). Taken together, the data on
Bgh and Cd demonstrated that the highly expressed myosins XI
function in both preinvasion and postinvasion resistance to two
distinct nonadapted pathogenic fungi.

To determine the roles of myosins in the infection by Arabi-
dopsis-adapted pathogenic fungi, we used Erysiphe cichoracearum
(Ec) and Colletotrichum higginsianum (Ch). Compared with Col-0
plants, the myosin 4KO mutant inoculated with Ec displayed
more fungal growth and hyphal branches at 2 dpi and more con-
idiophores at 7 dpi (Fig. S7 A-C). Likewise, inoculation with the
hemibiotrophic Ch resulted in enhanced disease susceptibility in
3KO and 4KO mutants during the entire course of infection (Fig.
S7D). Thus, myosins XI are critical components of plant defense
against a wide spectrum of fungal pathogens.

Myosins XI Modulate Pathogen-Triggered Cell Wall Depositions. Be-
cause the myosin inhibitor treatments significantly impaired
focal accumulation and deposition of callose and autofluorescent
material at Bgh penetration sites, we sought to determine if the
resistance-compromised myosin 4KO mutant also showed al-
tered depositions of callose and autofluorescent material. A
time-course study revealed that this mutant had a ~1-h delay in
the appearance of callose at the attempted Bgh penetration sites
(Fig. 5 A and B). Similar delays in callose deposition were de-
scribed for peni-1 and gnom®* mutants (9, 12). In the penetrated
epidermal cells of 4KO mutant at 48 hpi, callose depositions
surrounded the collar regions of bilateral haustoria, whereas
unilateral haustoria in penetrated epidermal cells of Col-0 were
always trapped in callose encasements (Fig. S6). Furthermore,
4KO mutant showed significant reduction in recruitment of
autofluorescent material to Bgh penetration sites relative to Col-0
(Fig. 5C). In the penetrated cells of Col-0, strong autofluorescent
material depositions were detected in haustorial encasements,
surrounding halo and adjacent cell walls. However, residual
autofluorescent material depositions appeared only at the adjacent
cell walls and collar regions of the multiprojected haustoria in
absence of haustorial encasements. Thus, phenotypic analysis of
the 4KO myosin mutant validated the data obtained using chem-
ical inhibitors and established a role of specific myosins XI in
pathogen-induced depositions of cell wall components.

Myosins Xl Are Required for Maintaining Steady-State Level of PEN1.
To evaluate the effect of myosins XI on PEN1 dynamics, we
generated a 4KO Arabidopsis line stably expressing GFP-PEN1
(38). Confocal imaging revealed that the GFP-PENT1 signal in-
tensity at cell periphery in this line was reduced to 19% of that in
Col-0 (Fig. 6 A and B). After plasmolysis, the GFP-PEN1 fluo-
rescence in Col-0 cells remained associated with the protoplast
plasma membrane (PM) and was also visible in the PM extensions
(Hechtian strands) connecting PM to the cell wall of plasmolyzed
cells as reported previously (38). In contrast, only weak fluores-
cence appeared in the protoplasm, and the PM extensions labeled
by FM4-64 and GFP-PEN1 were largely diminished in myosin
4KO (Fig. S8), suggesting that disruption of the PM-cell wall
adhesion occurred in myosin 4KO.

We further examined the levels of transcript and protein ac-
cumulation in the leaves of Col-0 and 4KO lines expressing GFP-
PENI. It was found that the GFP-PENI transcript levels were
similar for the Col-0 and 4KO lines (Fig. 6C). However, significant
reduction of the GFP-PEN1 protein accumulation was observed
in 4KO mutant compared with Col-0 (Fig. 6D), suggesting that
myosins XI are required to maintain normal level of PEN1 pro-
teins in Arabidopsis.

In general, the steady-state levels of PM-resident proteins are
regulated through the biosynthetic secretory and endocytic
pathways (42) either of which could be affected in the 4KO
mutant resulting in a substantial reduction of the steady-state
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Fig. 5. Compromised deposition of callose and lignin-
like compounds in myosin 4KO mutant in response
to nonadapted Bgh attack. (A) Callose deposition at
the Bgh-attempted penetration site of Col-0 and
4KO at 12 hpi. Leaves were stained with aniline blue
and visualized by fluorescence microscopy. (Scale
bars: 50 pm.) (B) Frequency of callose deposition at
Bgh attack sites in a time course of 10-16 hpi. At
least 150 germinated spores were scored for each
sample. Error bars represent SD (n = 3). *P < 0.01. (C)
Deposition of autofluorescent material at 36 hpi.
The autofluorescence in both nonpenetrated (pa-
pilla, Left two panels) and penetrated (haustorial

o9)
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encasement, Right two panels) sites of Col-0 and 4KO was viewed by fluorescence microscopy. Insets depict close views of haustorial structures. app, ap-
pressorium; ¢, conidium; ha, haustorium; eh, elongation hypha; en, haustorial encasement; pap, papilla. (Scale bars: 10 pm.)

level of this protein. However, it is important to note that Ara-
bidopsis PEN1 is associated with the pathogen-induced PM
microdomains and exhibits constitutive cycling between the PM
and endosomes (6, 9, 43). This striking dynamic behavior may
facilitate rapid retargeting of PEN1 to the pathogen infection
site. To investigate possible involvement of endocytic pathway in
regulation of the GFP-PENI levels, we used the endocytic
tracer FM4-64. Imaging analysis revealed extensive over-
lapping pattern for the FM4-64-labeled internalized mem-
branes (endosome-like intermediate compartment) and the strong
GFP-PENI signal at the periphery of Col-0 leaf epidermal cells
(Fig. 6E). In contrast, only a small fraction of the FM4-64 signal
overlapping with reduced GFP-PENT1 signal occurred in 4KO cells,
suggesting that the endocytic transport of PEN1 was largely com-
promised in this myosin mutant (Fig. 6F).

To determine if the endocytic pathway for GFP-PEN1 recy-
cling to the PM is indeed affected in myosin 4KO cells, brefeldin
A (BFA) was used to disrupt the ARF-GEF GNOM activity and
to retarget the endocytosed GFP-PEN1 to a BFA-induced com-
partment (BFA bodies) (9). Within 2 h upon BFA treatment,
a substantial fraction of the GFP-PENT1 fluorescence colocaliz-
ing with FM4-64 signals appeared in large motile BFA bodies in
almost Col-0 epidermal cells (Fig. 6F, arrowheads, Upper Right).
In contrast, BFA-treated myosin 4KO epidermal cells retained
most of GFP-PENT1 at the PM with the small, BFA-induced GFP-
PENI1 aggregates firmly attached to PM (Fig. 6F and Movies S20
and S21). Upon simultaneous treatment of Col-0 leaves with BFA
and protein synthesis inhibitor cycloheximide (Fig. S9), GFP-
PENI1 colocalized with FM4-64 in BFA bodies similar to those
shown in Fig. 6F. This result suggests that the GFP-PEN1 accu-
mulating in these BFA bodies is not de novo synthesized, but
rather derived from continuous recycling from the PM.
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The defective GFP-PEN1 endocytic recycling in 4KO mutant
could be due to impairment of either a general endocytosis or
a specific GFP-PENI1 endocytic pathway. To distinguish between
these possibilities, we quantified the FM4-64 internalized com-
partments in Col-0 and 4KO mutant with or without BFA
treatment. Large numbers of endosome-like compartments (over
70 per cell) were observed in the leaf epidermal cells of Col-0,
whereas only a few appeared in 4KO cells (Fig. S10 A and B).
Consistent with a reduced general endocytosis rate, 4KO mutant
also exhibited a dramatic reduction in the number and size of
BFA bodies in leaf epidermal and root cells (Fig. S10 C-E).
Collectively, these findings suggest that myosins XI are involved
in a general endocytic pathway that modulates PENT1 levels at
the PM. Potential role of myosins XI in the biosynthetic secre-
tory pathway that might also contribute to the observed defects
in GFP-PEN1 accumulation and distribution in 4KO mutant is
a matter of future investigation.

It was also found that, upon inoculation with Bgh, inactivation
of four myosins XI in 4KO mutant resulted in severe attenuation
of GFP-PENI localization to the attempted penetration sites
compared with that in Col-0 (Fig. S11 A-C). A similar effect of
myosin inactivation was observed on the cell surface adjacent
to the penetrated site where almost no signal was detected sur-
rounding the haustorium in the absence of haustorial encase-
ment in 4KO mutant (Fig. S11D). Taken together, these data
indicate that the recruitment of PEN1 to the pathogen infection
site and its steady-state level at the cell periphery are both con-
trolled by activity of myosins XI.

Conclusions

In this report, we show that polarization of AF bundles toward the
fungal penetration site in leaf epidermal cells involves precise
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Fig. 6. Myosins Xl regulate steady levels of PEN1. Four-week-old leaves of Col-0 and 4KO plants expressing PEN1::GFP-PEN1 were subjected to all analyses.
(A) GFP-PEN1 signals captured with the same acquisition settings by focusing at anticlinal cell walls of leaf epidermal cells. (Scale bars: 50 pm.) (B) GFP-PEN1
fluorescence quantification at the cell periphery. Quantification was performed over three plants per each genotype. Error bars represent SD (n = 45). *P <
0.01. (C) Semiquantitative RT-PCR of GFP-PEN1 construct. PCR products from two different cycles are shown for the GFP-PEN1 construct. The level of elF4A1
was used as an internal control to normalize amount of cDNA template. (D) Western blots of GFP-PEN1 proteins. Protein extracts fractioned by differential
centrifugation to enrich for membrane (600 x g) and soluble (15,000 x g) proteins were probed with anti-GFP. -Tubulin (8-TUB) was used for normalization.
(E) GFP-PEN1 fluorescence and FM4-64 staining (red) signals on the periphery surface of leaf epidermal cells 1 h after loading FM4-64. (Scale bars: 20 pm.) (F)
GFP-PEN1 signals in epidermal cells of leaf segments 2 h after 50 pM BFA treatment and FM4-64 staining. Arrowheads mark the BFA bodies with GFP-PEN1
and FM4-64 colocalizations. (Scale bars: 20 pm.)
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spatiotemporal regulation. The resulting polarized AF arrays
further mediate trafficking of organelles and carrier vesicles to
the penetration site. Disruption of myosin activity by pharma-
ceutical inhibitors prevents pathogen-triggered AF reorganization
and organelle movement leading to impaired papillary accumu-
lation of cell wall components (callose, lignin-like compounds, and
PEN1) and reduced penetration resistance. We also provide ge-
netic evidence that the class XI myosins specifically contribute to
cell wall-mediated penetration resistance presumably by driving
the transport along the endocytic pathway.
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pathogens on Arabidopsis were used in pathogenicity studies (41, 44).
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endocytosis and protein synthesis. Plant and fungal tissues were examined
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cluded in S/ Materials and Methods.
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