








Figure 2. Elevated callose deposition at early time points of infection prevents adapted powdery mildew penetration in 35S::
PMR4-GFP plants. Three-week-old 35S::PMR4-GFP, pmr4, and wild-type plants were inoculated with the adapted powdery
mildew Gc. All tests were conducted with rosette leaves. A and B, Micrographs showing callose deposition (blue fluorescence
by aniline blue staining) at sites of attempted Gc penetration at 6, 12, and 24 hpi with fungal conidia present (A) and with
conidia washed off to improve visualization of deposited callose (B). agt, Appressorial germ tube; c, conidium; cd, callose
deposit; ht, haustorium; pp, penetration peg; sh, secondary hyphae. Bars = 10 mm. C, Diameter of the first and second
pathogen-induced callose deposits in aniline blue-stained leaves. d, Diffuse deposit (determination of diameter not possible);
nd, not detectable; pp, penetration peg. *P , 0.05, ****P , 0.0001 by Tukey’s test. Error bars represent SE, and n = 100 of four
independent leaves. D, Relative fluorescence intensity emitted by aniline blue-stained single callose deposits, discriminating
between total and core area (only in 35S::PMR4-GFP) at 6 hpi. nd, Not detectable. ****P , 0.0001 by Tukey’s test. Error bars
represent SE, and n = 25 independent callose deposits. E, 3D surface plots of callose deposits at 6 hpi. F, Callose synthase
activity of membrane fractions at 6, 12, and 24 hpi. Unchallenged leaf membrane fractions served as controls. Activity was
determined in a fluorescence-based assay detecting produced callose via the emission of callose-bound aniline blue. Values of
35S::PMR4-GFP represent the means of lines 1 and 2 in biologically independent experiments. *P , 0.05, **P , 0.01, ****P ,
0.0001 by Tukey’s test. Error bars represent SE, and n = 5 of six independent leaves. G, Quantification of cell entry determined
by haustorium formation per conidium. nd, Not detectable. ***P , 0.001 by Tukey’s test. Error bars represent SE, and n = 50 of
four independent leaves. H, Quantification of secondary hyphae formation at germinated conidia 24 hpi. **P, 0.01 by Tukey’s
test. Error bars represent SE, and n = 50 of four independent leaves.
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In contrast to Gc infection, the penetration success of
Bgh was significantly higher in pmr4 than in wild-type
plants (20% and 8%, respectively) at 24 hpi (Fig. 3D).

Transcriptional Regulation and PMR4 Localization during
Powdery Mildew Infection

To analyze the regulation of pathogen-induced cal-
lose synthesis, we determined PMR4 expression in
wild-type and 35S::PMR4-GFP leaf tissue. The general
PMR4 expression level in unchallenged leaf tissue was
approximately 2.5 times higher in 35S::PMR4-GFP tissue
than in wild-type tissue (Supplemental Table S1). During
Gc infection, we determined only a slight increase in
PMR4 expression. PMR4 expression was 1.9-fold higher
in 35S::PMR4-GFP at 12 hpi and in wild-type tissues
at 24 hpi. During Bgh infection, the increase in PMR4

expression was even weaker and occurred later
(Supplemental Fig. S10).

The C-terminal fusion of GFP to the callose synthase
PMR4 facilitated the localization of the protein by
confocal laser-scanning microscopy. In unchallenged
35S::PMR4-GFP leaves, we detected PMR4-GFP at the
plant plasma membrane, which was labeled with the
membrane stain FM 4-64 in epidermal cells (Fig. 4A).
GFP-based fluorescence was not detected in wild-type
leaves (Fig. 4A). At 6 hpi with Gc, PMR4-GFP focally
accumulated in the plasma membrane underneath the
appressorial germ tube at sites of attempted fungal
penetration (Fig. 4, B and C). Here, PMR4-GFP coin-
cided with localized callose deposition (Fig. 4, C–E).
This area was surrounded by FM 4-64-labeled bodies
(Fig. 4, D and E), which were free from aniline blue
signals but may have contained PMR-GFP, as indi-
cated in colocalization studies (Supplemental Fig. S11).

Figure 3. Elevated callose deposition at early time points of infection prevents nonadapted powdery mildew penetration in
35S::PMR4-GFP plants. Three-week-old 35S::PMR4-GFP, pmr4, and wild-type plants were inoculated with the nonadapted
powdery mildew Bgh. All tests were conducted with rosette leaves. A, Micrographs showing callose deposition (blue fluo-
rescence after aniline blue staining) at sites of attempted Bgh penetration at 6, 12, and 24 hpi. Conidia were washed off in the
wild-type, 24-hpi micrograph to improve visualization of the callose deposition and penetration peg. agt, Appressorial germ
tube; c, conidium; cd, callose deposit; pgt, primary germ tube; pp, penetration peg. Bars = 10 mm. B, Diameter of the first (at
primary germ tube) and second (at appressorial germ tube) callose deposits in aniline blue-stained leaves. nd, Not detectable; p,
patch-like callose deposition of a whole cell (determination of diameter not possible); pp, penetration peg. ****P , 0.0001 by
Tukey’s test. Error bars represent SE, and n = 100 of four independent leaves. C, Callose synthase activity of membrane fractions
at 6, 12, and 24 hpi. Unchallenged leaf membrane fractions served as controls. Activity was determined in a fluorescence-based
assay detecting produced callose via the emission of callose-bound aniline blue. Values of 35S::PMR4-GFP represent the means
of lines 1 and 2 in biologically independent experiments. ****P, 0.0001 by Tukey’s test. Error bars represent SE, and n = 5 of six
independent leaves. D, Quantification of nonhost cell entry determined by haustorium formation at germinated conidia. nd,
Not detectable. ****P , 0.0001 by Tukey’s test. Error bars represent SE, and n = 50 of four independent leaves.
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Regulation of the Defense-Related Secondary Metabolites
Salicylic Acid and Jasmonate

Because hyperactivation of the salicylic acid path-
way induces resistance in the pmr4 mutant (Nishimura
et al., 2003), we wanted to know whether this plant de-
fense response also contributes to the observed complete
powdery mildew resistance in 35S::PMR4-GFP plants.
We measured the gene expression of ISOCHORISMATE
SYNTHASE1 (ICS1) and ENHANCED DISEASE SUS-
CEPTIBILITY5 (EDS5), which are both genetic markers
of salicylic acid synthesis in Arabidopsis (Wildermuth
et al., 2001; Nawrath et al., 2002), via quantitative PCR
during Gc and Bgh infection. In accordance with the re-
sults from Nishimura et al. (2003), the absolute transcript
levels of ICS1 and EDS5 in control pmr4 leaves were
approximately twice as high as those in wild-type and

35S::PMR4-GFP leaves (Supplemental Table S1). During
Gc infection, ICS1 and EDS5 expression continuously
increased in pmr4 leaves (Fig. 5, A and B). In wild-type
leaves, ICS1 expression was significantly higher only at
12 hpi (Fig. 5A). EDS5 expression was significantly in-
duced at 12 hpi and remained at this level at 24 and
72 hpi (Fig. 5B). During Bgh infection of pmr4, ICS1
expression was similar to Gc-induced expression, as it
showed a continuous increase (Fig. 5A). EDS5 reached
its highest expression level at 12 hpi (Fig. 5B). In Bgh-
infected wild-type leaves, ICS1 but not EDS5 expres-
sion was significantly higher than in control tissue at
12 and 24 hpi (Fig. 5A). Subsequently, ICS1 and
EDS5 expression was significantly repressed at 72 hpi
(Fig. 5, A and B).

The transcriptional repression of salicylic acid-
related genes in wild-type leaves was negatively

Figure 4. Localization of the GFP-tagged
callose synthase PMR4 in epidermal leaf
cells. Three-week-old 35S::PMR4-GFP
lines were inoculated with the virulent
powdery mildew Gc (B–E), and unchal-
lenged wild-type and 35S::PMR4-GFP
plants served as controls (A). All tests
were conducted with rosette leaves. Mi-
crographs were taken by confocal laser-
scanning microscopy. Green color was
assigned to GFP-emitted fluorescence,
red color to FM 4-64 membrane stain,
and blue color to aniline blue-stained
callose. A, Localization of the GFP-
tagged callose synthase PMR4 at the FM
4-64-stained plasma membrane of un-
challenged epidermal leaf cells of 35S::
PMR4-GFP lines. No GFP-based fluores-
cence was seen in wild-type cells. Bars =
10 mm. B, Shadow 3D projection of
germinated Gc conidium on a 35S::
PMR4-GFP leaf surface at 6 hpi to visu-
alize the position of an attempted fungal
penetration site in subsequent micro-
scopic analysis (C–E). The blue frame in-
dicates the plane of the in silico cross
section in C. Bars = 5 mm. C, In silico
cross section at the site of attempted
fungal penetration indicating PMR4-GFP
accumulation in the plasma membrane
and callose deposition at this site. Bars =
5 mm. D, Maximum-intensity 3D recon-
struction at the site of attempted pene-
tration. Shown is the view from the
cytosol to the plasma membrane of the
epidermal cell. Bars = 5 mm. E, Surface
rendering at the site of attempted pene-
tration. Bars = 1 mm. apt, Appressorial
germ tube; c, conidium; pm, plant plasma
membrane.
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correlated to a strong increase in CORONATINE
INSENSITIVE1 (COI1) expression (Fig. 5C). The COI1
gene is responsive to jasmonate formation (Katsir et al.,
2008). Jasmonate is involved in plant defense responses
in incompatible plant-microbe interactions (Zimmerli
et al., 2004). In pmr4, COI1 expression decreased during
Bgh infection but was not altered during Gc infection
(Fig. 5C).

The expression of ICS1, EDS5, and COI1 did not
change during Gc or Bgh infection of 35S::PMR4-GFP
leaves (Fig. 5).

DISCUSSION

The role of callose, in the form of papillae, in plant
defenses during interactions with pathogens has been
controversial. In incompatible interactions, results
have generally indicated that callose is important for
penetration resistance. The susceptibility of Arabidopsis
to nonadapted fungal pathogens increased because of
the inhibition or absence of callose deposition (Bayles
et al., 1990; Zeyen et al., 2002; Jacobs et al., 2003). Hence,
we anticipated an improved resistance to the avirulent
powdery mildew Bgh in Arabidopsis lines showing
increased pathogen-induced callose deposition. The
complete penetration resistance of the generated 35S::
PMR4-GFP lines, which indeed showed elevated early
callose deposition after Bgh inoculation (Fig. 3), con-
firmed our assumption.

In compatible interactions, the role of callose in plant
defense seemed to be dependent on the infection strategy
of the pathogen. Whereas higher callose accumulation
contributes to resistance against nectrophic fungal patho-
gens, such as Alternaria brassicicola and Plectosphaerella
cucumerina (Ton and Mauch-Mani, 2004), recent results
have suggested that callose deposition is irrelevant for
plant resistance to adapted biotrophic powdery mildews
(Consonni et al., 2010). However, our results proved that
this assumption cannot be generalized. In 35S::PMR4-
GFP lines, elevated amounts of callose were deposited at
sites of attempted Gc penetration at early time points
in the infection process. The increased callose formation
provided complete resistance to the virulent, biotrophic
powdery mildew Gc (Fig. 2). This clearly indicates that
callose synthesis and deposition can play an active role
in plant resistance to adapted powdery mildews. Com-
plete penetration resistance to a virulent powdery mil-
dew in Arabidopsis has only been shown for the triple
knockout mutant mlo2/6/12 (Consonni et al., 2006). In
contrast to the mlo triple knockout mutant, unchallenged
35S::PMR4-GFP leaves did not show spontaneous callose
deposition (Fig. 1C). However, the 35S::PMR4-GFP lines
revealed rapid callose formation after the leaves were
sprayed with water (Supplemental Fig. S2), which re-
flects a previously undescribed high sensitivity to a rel-
atively weak, external stress signal. However, external
stresses, such as wounding (Supplemental Fig. S5) and
bacterial infection with P. syringae (Supplemental Fig.
S3), did not alter callose formation in 35S::PMR4-GFP
lines relative to the wild type. Based on these results, we

Figure 5. Expression profile of plant defense-related genes during
powdery mildew infection of Arabidopsis. Three-week-old 35S::
PMR4-GFP, pmr4, and wild-type plants were inoculated with the vir-
ulent powdery mildew Gc and the nonadapted powdery mildew Bgh.
All tests were conducted with rosette leaves. Relative gene expression
was determined by quantitative PCR. RNA was isolated from infected
leaf tissue and used as template in complementary DNA generation.
Gene expression at 0 hpi was used as a reference, and Actin2 ex-
pression was used for normalization. Values of 35S::PMR4-GFP rep-
resent the means of lines 1 and 2 in biologically independent
experiments. *P , 0.05, **P , 0.01 by Tukey’s test. Error bars repre-
sent SE, and n = 6. A, Relative expression of the salicylic acid-related
gene ICS1. B, Relative expression of the salicylic acid-related gene
EDS5. C, Relative expression of the jasmonate-related gene COI1. [See
online article for color version of this figure.]
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conclude that only distinct pathways may be affected by
the changes in callose synthesis in 35S::PMR4-GFP lines,
which supports recent findings regarding the complexity
of the regulation of callose biosynthesis. Alterations in
callose deposition were shown for different pathogen-
associated molecular patterns and growth conditions
(Luna et al., 2011). In order to provide an overview of
the progression of callose formation in the resistant
transgenic lines and wild-type plants, we summarize
our results for the pathogen-induced early callose de-
position and powdery mildew penetration in a com-
parative model (Fig. 6).
Elevated early callose deposition is likely to support

penetration resistance by forming an effective physical
barrier, as shown by our observations of 35S::PMR4-
GFP lines. In contrast to the wild-type plant and the
pmr4 mutant, powdery mildew penetration was com-
pletely absent in resistant transgenic lines. We could
not detect differences between the wild-type plant and
the pmr4 mutant in the initial penetration success of
the virulent powdery mildew Gc (Fig. 2G), thereby
confirming data from Consonni et al. (2010). Hence,
callose deposition and the formation of a callose-
encased penetration peg are not required for initial
powdery mildew ingress and haustorium formation in
a compatible interaction, which confirms previous re-
ports regarding the development of fungal infection

structures in the absence of callose formation (Jacobs
et al., 2003).

Complete penetration resistance could also explain the
noninduction of salicylic acid- and jasmonate-related
pathways in 35S::PMR4-GFP leaves (Fig. 5). Because
fungal penetration was already prevented at a very early
time point of infection, an activation of subsequent de-
fense mechanisms was not required to induce additional
plant responses. Hence, hyperinduction of the salicylic
acid pathway, as in the pmr4 mutant (Nishimura et al.,
2003), did not contribute to powdery mildew resistance
in the resistant transgenic lines. Interestingly, salicylic
acid, but not jasmonate, was induced in the pmr4mutant
during infection with the nonadapted powdery mildew
Bgh. The expected induction of the salicylic acid pathway
in a compatible interaction and of the jasmonate path-
way in an incompatible interaction (Zimmerli et al., 2004)
was only confirmed for the wild-type plant. Deregula-
tion of the jasmonate pathway in the pmr4 mutant was
previously shown in the interaction with the necrotro-
phic pathogen A. brassicicola (Flors et al., 2008), which
indicates that the callose synthase PMR4 might have not
only an enzymatic function but also a regulatory role.
Indeed, our data for the noncellulosic monocarbohydrate
composition of the cell wall support the latter idea.
Whereas the noncellulosic monocarbohydrate compo-
sition of the wild-type cell wall confirmed the results of

Figure 6. Schematic overview of callose-based resistance in compatible and incompatible Arabidopsis-powdery mildew in-
teraction. The progress of pathogen-induced callose deposition in 35S::PMR4-GFP, pmr4, and wild-type epidermal leaf cells is
shown. Circles represent the shape and size of callose deposits at the indicated time points post inoculation in the compatible
interaction of Arabidopsis with the powdery mildew Gc (A) and in the incompatible interaction with the powdery mildew Bgh
(B). The grayscale indicates the density of deposited callose. Double-headed arrows suggest possible plant-pathogen interac-
tions responsible for successful pathogen propagation. The coloring of double-headed arrows represents the putative level of
interaction: gray, wild-type level (host); white, reduced level (resistant host). agt, Appressorial germ tube; cd, callose deposit; co,
core of the callose deposit; d, diffuse callose deposit; f, field of callose; ht, haustorium; p, patch-like callose deposition; pgt,
primary germ tube; pp, penetration peg; sh, secondary hyphae.

Plant Physiol. Vol. 161, 2013 1441

Early Callose Confers Complete Mildew Resistance

 www.plantphysiol.orgon October 26, 2020 - Published by Downloaded from 
Copyright © 2013 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


previous leaf cell wall analyses, in which the same
methods of extraction and determination were used
(Jensen et al., 2008), 35S::PMR4-GFP leaf tissue showed
alterations in the composition of cell wall-associated Fuc
and Gal but, particularly, Glc. In contrast to its over-
expression, the absence of the callose synthase PMR4 in
the pmr4 mutant did not lead to alterations in cell wall
composition (Supplemental Fig. S6). Because the total
amount of callose was not increased in 35S::PMR4-GFP
leaf tissue relative to wild-type tissue, additional (1,3)-
b-glucan cannot be the origin of the increased amount
of Glc. A glycan linkage analysis of hemicellulosic
polymers may identify differences between 35S::PMR4-
GFP and wild-type tissue and reveal a possible source
of the increased relative Glc amount. By using this
method, putative cell wall-related pathways that are
regulated by PMR4 may be identified.

Regarding the enzymatic function of callose synthases,
previous studies have proposed that callose synthase
activity is not regulated by gene expression but rather by
subcellular control of preexisting enzymes (Jacobs et al.,
2003). Our data strongly support this idea for the stress-
induced callose synthase PMR4, which is apparently
regulated by posttranslational mechanisms. On the one
hand, we did not detect a strong increase in pathogen-
induced PMR4 transcription (Supplemental Fig. S11),
thereby confirming previous reports (Jacobs et al., 2003).
On the other hand, we observed GFP-tagged PMR4 at
the plasma membrane of unchallenged 35S::PMR4-GFP
epidermal leaf cells (Fig. 4A). In this stress-free situation,
PMR4 is most likely not enzymatically active, as we did
not observe additional or aberrant callose formation
(Figs. 1C and 4A; Supplemental Fig. S2). After powdery
mildew infection, PMR4 was translocated to the site of
attempted fungal penetration, where it focally accumu-
lated in the plasma membrane underneath the appres-
sorial germ tube (Fig. 4, C–E). The colocalization of the
GFP-tagged PMR4 with an aniline blue signal, which in-
dicates deposited callose at the same site, suggests PMR4
activation at the site of attempted fungal penetration. We
did not find any indication of the transportation of callose
in multivesicular bodies to sites of papillae formation,
as has been proposed for barley (Böhlenius et al., 2010).
The FM 4-64-labeled body-like structures surrounding
the forming callose deposit also did not show a signal for
callose (Fig. 4, D and E). However, because these bodies
showed a GFP signal, we concluded that they may be
involved in the transport of PMR4 to the penetration site,
where callose synthesis is required for structural rein-
forcement of the cell wall.

The general transport of PMR4 in membrane-
containing bodies is also supported by a recent study
from Drakakaki et al. (2012) that showed the presence of
PMR4 in the SYP61 trans-Golgi network compartment
via biochemical analysis. In our microscopic analysis, we
only detected the PMR4-GFP signal at the plasma mem-
brane in unchallenged leaves, underneath the appressorial
germ tube, and in FM 4-64-labeled bodies at the plasma
membrane. This may not exclude the involvement of the
trans-Golgi network in PMR4 translocation and transport

but rather supports the model of the transport of defense-
related plasma membrane proteins, such as PMR4, pro-
posed by Meyer et al. (2009). They suggested that plasma
membrane proteins, which are involved in the synthesis
of a structural component, including callose, the synthesis
of haustorial encasements, and the synthesis of pathogen-
induced papillae, are transported via multivesicular bod-
ies and exosomes. The treatment of Arabidopsis leaves
with brefeldin A, which inhibits vesicle trafficking, prior
to powdery mildew infection blocked the deposition of
callose at sites of fungal penetration (Nielsen et al., 2012).
This indicates the involvement of multivesicular bodies
in the transport of components for callose synthesis to
the penetration site. In our study, we found PMR4-
GFP-containing bodies around the sites of attempted
penetration, which could be explained by exosome-based
transport of the enzyme. At the site of attempted fungal
penetration, callose synthase could then be released from
putative exosomes and incorporated into the plasma
membrane at the forming papillae to initiate callose syn-
thesis. Transport via exosomes could also explain why we
did not detect PMR4-GFP in bodies or vesicle-like struc-
tures in the cytosol around the site of attempted fungal
penetration. These are indications of the involvement
of vesicles, most likely exosomes, in PMR4 translocation
to fungal penetration sites in order to form callose-
containing papillae. Further microscopic analysis at early
infection time points would help to further classify the
already observed PMR4-GFP-containing bodies.

MATERIALS AND METHODS

Growth Conditions, Inoculations, and Cytology

Arabidopsis (Arabidopsis thaliana) wild type (Columbia), pmr4 (allele 1;
Nishimura et al., 2003), and 35S::PMR4-GFP transgenic lines (this study) as well as
the powdery mildews Golovinomyces cichoracearum (strain UCSC1) and Blumeria
graminis f. sp. hordei (strain CR3) were cultivated as described by Stein et al. (2006).
Arabidopsis inoculations (3-week-old plants were used in all experiments) and
aniline blue and trypan blue staining for cytological analyses followed the pro-
tocol of Stein et al. (2006). For the bacterial infection assays, strain DC3000 of
Pseudomonas syringae pv tomato (Whalen et al., 1991) was used. Cultivation and
leaf infiltration followed the description by Whalen et al. (1991). A 10 mM MgCl2
solution served as a mock control in the bacterial infiltration assay. To monitor
callose deposition in epidermal cells in response to a pathogen-associated mo-
lecular pattern, a 1 mM flg22 (MoBiTec) solution was sprayed on the leaf surface.
Wounding experiments were performed with a needle.

Cloning and Plant Transformation

To create a PMR4 fusion to GFP under the control of the 35S promoter, 59
(nucleotides 1–1,869 of the unspliced transcript), mid (2,030–4,049), and 39
fragments without a stop codon (4,230–5,680) of PMR4 (At4g03550) were
amplified from Arabidopsis Columbia genomic DNA; the 35S promoter was
amplified from the pCAMBIA3300 vector (Cambia), and GFP was amplified
from the pIGPAPA vector (Horwitz et al., 1999). All fragments contained a
20-nucleotide overhang to the adjacent fragment for sequential fusion PCR. The
resulting fusion construct, 35S::PMR4-GFP (6,628 nucleotides), was cloned into
pCAMBIA3300 via blunt-end ligation at the SmaI restriction site. Primer se-
quences are provided in Supplemental Table S2. The vector was transformed
into Agrobacterium tumefaciens (strain GV3101). For Arabidopsis transforma-
tion, flowering Columbia plants were dipped into A. tumefaciens-containing
infiltration medium (Cutler et al., 2000). Transformed plants were selected by
application of the herbicide Basta (Bayer), to which the bar gene (phosphino-
thricin acetyltransferase) of the pCAMBIA vector conferred resistance.
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Expression Analysis and Callose Synthase Activity

Rosette leaves were collected from uninfected and Gc- or Bgh-infected wild-
type, pmr4, and 35S::PMR4-GFP plants at 6, 12, 24, and 72 hpi. Each sample
represented a pool of rosette leaves from four plants. The same ground tissue
was used for RNA isolation and membrane preparation. All subsequent ex-
perimental procedures required for final expression analysis and the determi-
nation of callose synthase activity followed the description of Voigt et al. (2006).
Quantification of gene expression was conducted using the StepOnePlus Real-
Time PCR Systems (Applied Biosystems). Primer sequences used in expression
analysis are summarized in Supplemental Table S3. Callose determination in the
activity assay was conducted using the Safire microplate reader (Tecan).

Confocal Microscopy and Image Analysis

Leaf samples were mounted between a microscope slide and coverslip in
water. Z series were captured using the LSM 780 confocal laser-scanning
microscope (Zeiss) with a Zeiss C-Apochromat 633 water-immersion objec-
tive. Callose was stained with aniline blue and membranes with FM 4-64. In
the first track, aniline blue was excited at 405 nm by using a diode laser, and
FM 4-64 was excited at 561 nm by using a diode-pumped solid-state laser.
Emission filtering was achieved using a 472- to 490-nm bandpass filter for
aniline blue and a 679- to 755-nm bandpass filter for FM 4-64. In the second
track, GFP was excited at 488 nm by using an argon laser, and emission fil-
tering was achieved using a 499- to 551-nm bandpass filter. Aniline blue and
GFP signals were gathered by a highly sensitive gallium-arsenite-phosphate
nondescanned photodetector (Zeiss); FM 4-64 signals were gathered by con-
ventional photomultiplier tube detectors. Image processing, including shadow
3D projection, in silico cross section, maximum intensity 3D reconstruction,
and surface rendering, was performed using integral functions of the ZEN
2010 (Zeiss) operating software.

For calculation of the aniline blue-emitted fluorescence of callose deposits,
the following ImageJ tools (W.S. Rasband, National Institutes of Health;
http://imagej.nih.gov/ij/) were used: “elliptical selection” to define the area
of a callose deposit, “histogram list” as the reference for calculating emitted
fluorescence, and “interactive 3D surface plot” to visualize the special distri-
bution of fluorescence intensity within a callose deposit.

Statistical Analysis

Descriptive statistics including the mean and SE along with the Tukey range
test for multiple comparison procedures in conjunction with an ANOVA were
used to determine significant differences. P , 0.05 was considered significant.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Verification of the specificity of callose staining
with aniline blue by comparative immunohistochemical analysis.

Supplemental Figure S2. Callose concentration in unchallenged Arabidop-
sis leaves.

Supplemental Figure S3. Callose deposition in Arabidopsis leaves after
infiltration of the bacterial pathogen P. syringae.

Supplemental Figure S4. Callose deposition in Arabidopsis leaves after
spraying the epitope flg22 of bacterial flagellin.

Supplemental Figure S5. Callose deposition in Arabidopsis leaves after
wounding.

Supplemental Figure S6. Relative noncellulosic monocarbohydrate com-
position of unchallenged Arabidopsis leaves.

Supplemental Figure S7. Germination rates of powdery mildew conidia
on Arabidopsis leaves.

Supplemental Figure S8. Statistical analysis of callose deposits in Arabi-
dopsis leaves after Gc infection.

Supplemental Figure S9. Statistical analysis of callose deposits in Arabi-
dopsis leaves after B. graminis infection.

Supplemental Figure S10. Transcriptional regulation of PMR4 during
early stages of powdery mildew infection.

Supplemental Figure S11. Colocalization studies of the callose synthase
35S::PMR4-GFP and FM 4-64-labeled bodies at the site of attempted
powdery mildew penetration.

Supplemental Table S1. Expression of defense-related genes in unchal-
lenged leaves of Arabidopsis 35S::PMR4-GFP and pmr4 mutant in rela-
tion to the wild type.

Supplemental Table S2. Sequences of primers used in cloning.

Supplemental Table S3. Sequences of primers used in expression analysis.
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