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Abstract Callose synthesis occurs at speciWc stages of
plant cell wall development in all cell types, and in response
to pathogen attack, wounding and physiological stresses.
We determined the expression pattern of “upstream regula-
tory sequence” of 12 Arabidopsis callose synthase genes
(CalS1–12) genes and demonstrated that diVerent callose
synthases are expressed speciWcally in diVerent tissues dur-
ing plant development. That multiple CalS genes are
expressed in the same cell type suggests the possibility that
CalS complex may be constituted by heteromeric subunits.
Five CalS genes were induced by pathogen (Hyaloperonos-
pora arabidopsis, previously known as Peronospora

parasitica, the causal agent of downy mildew) or salicylic
acid (SA), while the other seven CalS genes were not
aVected by these treatments. Among the genes that are
induced, CalS1 and CalS12 showed the highest responses.
In Arabidopsis npr1 mutant, impaired in response of patho-
genesis related (PR) genes to SA, the induction of CalS1
and CalS12 genes by the SA or pathogen treatments was
signiWcantly reduced. The patterns of expression of the
other three CalS genes were not changed signiWcantly in the
npr1 mutant. These results suggest that the high induction
observed of CalS1 and CalS12 is Npr1 dependent while the
weak induction of Wve CalS genes is Npr1 independent. In a
T-DNA knockout mutant of CalS12, callose encasement
around the haustoria on the infected leaves was reduced and
the mutant was found to be more resistant to downy mildew
as compared to the wild type plants.
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Abbreviations
as-1 Activating sequence 1
BTH Benzothiadiazole
CalS Callose synthase
Gsl Glucan synthase-like
GUS �-glucuronidase
JA Jasmonic acid
MeJA Methyl jasmonic acid
NahG Naphthalene (salicylate) hydroxylase G
Npr1 Nonexpresser of PR genes
pmr4 Powdery mildew resistant 4
SA Salicylic acid
SAR Systemic acquired resistance
TGA cis-acting element TGACG
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TGA-Bzip The basic leucine zipper transcription
factors that recognize cis-acting element
TGACG

W-box cis-acting element (TTGAC) that is rec-
ognized by WRKY proteins

WRKY proteins DNA-binding proteins containing a
highly conserved WRKY sequence

Introduction

During plant development, callose is found at many loca-
tions, e.g. the forming cell plate, pollen, pollen tube, seeds,
leaf and stem hairs, sieve plates, plasmodesmata, transient
walls of the microsporogenic and megasporogenic tissues,
secondary walls and at the developing xylem. Other biotic
(pathogen infection and wounding) and abiotic (desiccation,
treatment with heavy metals and environmental stresses)
factors also induce the synthesis of callose (Stone and
Clarke 1992; Verma and Hong 2001; Gregory et al. 2002).
The Arabidopsis genome contains 12 callose synthase
(CalS) genes (Verma and Hong 2001), also referred as glu-
can synthase-like (Gsl) genes (Richmond and Somerville
2001). CalS genes encode large trans-membrane proteins
(Hong et al. 2001a), contain 1–49 introns and located on
diVerent chromosomes indicating divergence of this gene
family (Hong et al. 2001b). Overexpression of Arabidopsis
CalS1 cDNA in tobacco BY-2 cells enhances callose syn-
thesis at the forming cell plate (Hong et al. 2001b), while
disruption of the CalS12 gene renderes callose-less encase-
ments of papillae in Arabidopsis upon pathogen infection
(Jacobs et al. 2003; Nishimura et al. 2003). A mutation in
CalS5 gene renders pollen sterile (Dong et al. 2005). Appar-
ently multiple CalS genes have evolved in plants to meet
the need of callose synthesis in diVerent locations and in
response to diVerent physiological and developmental sig-
nals (Verma and Hong 2001). Little is known about the reg-
ulation of expression of CalS genes either during
development or due to external signals. The composition of
the callose synthase complex is also not known (Verma and
Hong 2001) and it is possible that this complex is composed
of multiple homologous or heterologous CalS subunits. Cal-
lose synthase complex interacts with phragmoplastin, UDP-
glucose transferase (Ugt1), Rho1 like protein (Rop1) and
possibly annexin, depositing callose in diVerent locations in
response to speciWc developmental, biotic and abiotic sig-
nals. CalS9 and CalS10 genes (also referred to as Gsl10 and
Gsl8, respectively) are important for gametophyte develop-
ment in plants (Toller et al. 2008).

Callose production is associated with defenses against
fungal and oomycete pathogens, as well as the hypersensitive
response elicited by diverse pathogens on nonhost species
(Stone and Clarke 1992). Hyaloperonospora arabidopsis

(previously known as Peronospora parasitica) is a naturally
occurring oomycete parasite of Arabidopsis. It spreads via
the production of sexual oospores and vegetative conidiosp-
ores. Upon contact with young leaf surface, conidiospores
germinate within few hours, develop hyphal networks within
leaf tissues and produce haustoria that invade the host cells.
In response, the host cells synthesize and deposit callose
around the haustoria (Donofrio and Delaney 2001).

Plants have adopted a variety of induced defense sys-
tems for protection against the invading pathogens and
insects. These defense responses are regulated by cross
communicating signal transduction pathways in which sali-
cylic acid (SA), jasmonic acid (JA) and ethylene play key
roles (Thomma et al. 1998; van Wees et al. 2003). Upon
pathogen infection, plants increase SA level which induces
systemic acquired resistance (SAR). Treatment with the
synthetic compound benzothiadiazole (BTH) enhances the
expression of several resistance genes, as well as increases
callose deposition (Kohler et al. 2002).

Little is known about the signal transduction pathway
leading to callose synthesis during plant–pathogen interac-
tions. Npr1 gene functions in a signaling pathway leading
to the induction of pathogenesis related (PR) genes and the
onset of SAR (Ryals et al. 1996; Cao et al. 1997). Npr1
protein interacts with the transcription factors Tga2, Tga3,
Tga5, and Tga6 (Zhang et al. 1999; Després et al. 2000;
Zhou et al. 2000; Fan and Dong 2002), which bind to the
as-1 cis-element (TGACG motifs) in the cognate gene
(Lam et al. 1989). It has been demonstrated that NPR1
plays an important regulatory role in plant defense (Cao
et al. 1994, 1997; Zhang et al. 1999; Despres et al. 2000;
Zhou et al. 2000; Fan and Dong 2002; Pieterse and Van
Loon 2004). However, it is not known if Npr1 is required
for the induction of callose synthesis.

We report here that diVerent CalS genes are expressed in
a tissue-speciWc manner, and Wve CalS genes are induced
by the treatment with SA or H. arabidopsis. Furthermore,
expression analysis of the CalS “upstream regulatory
sequence” (henceforth, it is termed as promoter) in the WT
and npr1 backgrounds revealed an Npr1 dependent CalS1
and CalS12 induction and an Npr1 independent induction
of the three other CalS genes. These results suggest that
there are at least two SA signaling pathways involved in the
induction of diVerent CalS genes during pathogen infection.

Materials and methods

Promoter–reporter constructs and plant transformations

Promoter elements of the 12 CalS genes were ampliWed by
PCR using genomic DNA from Arabidopsis thaliana, eco-
type Columbia. The forward primers for each CalS gene
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(see Supplemental Table I) were designed to start from the
end of the immediate upstream gene, or 2 kb upstream from
the translational start codons, except for CalS1 promoter for
which about 2.5 kb upstream sequence was used. The
reverse primers were designed to amplify part of the coding
regions of each CalS gene (20 amino acid residues from the
N-termini for proper membrane localization of the reporter
protein). PCR-ampliWed fragments were cloned in pCR2.1
vector (Invitrogen, Carlsbad, CA), veriWed by DNA
sequencing, and subcloned into pBI101.2 vector (DB Bio-
sciences, Palo Alto, CA) as a translational fusion in frame
with the �-glucuronidase (GUS) coding region.

Oomycete infection

The oomycete H. arabidopsis isolate Emco5 was maintained
on Arabidopsis Ws-0 through weekly culture onto 2-week-
old plants (Donofrio and Delaney 2001). One-week-old
seedlings of wild type (Col-0), npr1-3, nahG, calS1, calS12
and transgenic plants containing CalS::GUS constructs were
spray-inoculated with a conidiospore suspension of approxi-
mately 5–8 £ 104 conidiospores per milliliter of water.
Plants were harvested 4 days post inoculation for GUS
activity assay, RNA extraction and microscope analysis.

Histochemical staining and GUS activity assay

Histochemical staining of GUS expression was performed
as described (JeVerson et al. 1987). After staining, chloro-
phyll was extracted from photosynthetic tissues with 70%
ethanol. For each of the CalS::GUS constructs, 15 trans-
genic lines were analyzed and one representative line was
selected for further experiments. For activity assay, 4-
week-old plants were sprayed with 2 mM SA, 50 �M MeJA
(in 0.1% ethanol), or 20 �M H2O2. Salicylic acid was dis-
solved in water as 2 mM solution and adjusted to pH 7.0
with KOH. Leaves were collected 24 h after the treatment
and homogenized in extraction buVer (50 mM NaH2PO4

pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 0.1% sarcosyl,
10 mM �-mercaptoethanol). The GUS activity in the super-
natant was measured (JeVerson et al. 1987) and expressed
as nanomoles of 4-methylumbelliferone produced per min-
ute per milligram total protein.

RNA extraction and RT-PCR

Rosette leaves were harvested 6 h after treatment with
2 mM SA or 4 days after conidiospore inoculation. Total
RNA was isolated using the Trizol kit (Invitrogen). Reverse
transcription of RNA (50 ng) was carried out using Super-
Script II (Invitrogen) and PCR was performed for 25 cycles
(94°C-1 min, 55°C-1 min, 72°C-1 min). Primers (see
Supplemental Table II) speciWc to each CalS gene were

designed to amplify PCR products of approximately 800–
1,000 bp. RT-PCR of actin-2 gene served as an internal
control.

Genomic DNA extraction and isolation of a T-DNA 
insertion line

Seedlings of T-DNA insertion lines Salk_142792 for cals1
and Salk_002911 for cals12 were grown. One fully
expanded leaf of a 4-week-old plant was used to extract
genomic DNA. Two CalS gene-speciWc primers (CS1-LP
5�-AGAAGATCGCAAAGGTCAAACCAAT-3� and CS1-
RP 5�-AGGAAAGTCAAAGCATTCTGTGTGG-3� for
CalS1 or CS12-LP 5�-CGCTTGACTTGACTGTACAAG
CTG-3� and CS12-RP 5�-AAGAAAGCAATCCGCCGT-C
TC-3� for CalS12) and one T-DNA primer (LBb1 5�-GC
GTGGACCGCTTGCTGCAACT-3�) were used in PCR
using genomic DNA as template (Siebert et al. 1995).
Genomic DNA from wild type plants produced a PCR
product of approximate 900 bp, whereas homozygous
plants produced a 650 bp PCR band for cals1 and 690 bp
for cals12. Both PCR bands were present using genomic
DNA from heterozygous plants. Seeds from a homozygous
mutant lines, designated as cals1 and cals12, were collected
and used for further experiments.

Callose staining

Rosette leaves from wild type, cals1, cals12, npr1 and nahG
plants were Wxed in ethanol/acetic acid (3:1, v/v) and stained
with 0.01% aniline-blue (Hong et al. 2001b). The tissue was
viewed in a Xuorescent microscope using a UV Wlter.

Results

Tissue-speciWc expression of CalS genes

To localize the expression of diVerent CalS genes at the cel-
lular level, we cloned promoters of all 12 CalS genes of
Arabidopsis and fused them with the UidA gene (GUS,
Fig. 1). Arabidopsis plants expressing diVerent CalS::GUS
constructs were produced and used for histochemical analy-
sis of GUS activity in various plant tissues. The expression
of CalS::GUS in diVerent tissues is summarized in Table I.
All CalS promoters, except CalS4, were found to be
expressed in the root (Table 1; Fig. 2c). CalS1, 2, 3, 5, 9, 10
and 11 were expressed in the cells of the entire root tip
including root meristematic zone and vasculature. In con-
trast, CalS6, 7 and 8 were expressed only in the vasculature
of the elongation zone. CalS12 was expressed strongly at
the root tip and weakly in the vasculature of elongation
zone. CalS1, 3 and 9 were also expressed in root hairs (see
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Table 1; Fig. 2c). Except CalS4, all other promoters seem
to be active in quiescent center and vasculature tissue of the
roots.

Expression of all CalS promoters, except CalS4 and 12
were detected in the cotyledons and primary leaves of the

seedling (Fig. 2a, b). The expression of CalS12 promoter
was undetectable in uninfected leaves, but became inten-
sive around the infection sites when the leaves were chal-
lenged with the pathogen H. arabidopsis (Fig. 2b, CS12),
indicating that the expression of this gene is induced by
pathogen infection. The expression of CalS4 promoter was
conWned speciWcally within the axillary meristem (Fig. 2a),
whereas CalS 1, 2, 3, 5, and 9 were expressed in the entire
shoot meristem region.

In Xowers, the expression of CalS1 and 4 was undetect-
able, while CalS2, 3, 6, 7, 8 and 11 were found to be co-
expressed in anthers and Wlaments, the connective tissue
(Fig. 3a). Co-expression of multiple CalS genes in the same
tissue suggests that these genes may be functionally redun-
dant or their gene products may form a heteromeric com-
plex. Similarly, CalS5, 9, 10, and 12 promoters were co-
expressed in the pollen grains and embryos (Table 1). The
expression of CalS2, 3, 9 and 10 was found in both carpels
and embryos, whereas CalS1 and CalS11 were expressed
only weakly in the carpels but not in embryos. CalS6, 7 and
8 were expressed in the funicular and vascular tissue of the
carpel, while weak expression of the CalS6 promoter was
observed in these tissues. No activity of CalS4::GUS was
detected in the pollen grains, carpel and embryo, and this
gene was used as a negative control (Fig. 3b–d).

Induction of CalS genes by SA

To understand the signal transduction pathway leading to
the induction of CalS genes in response to pathogen attacks
and physical wounding, 4-week-old transgenic plants con-
taining diVerent CalS::GUS constructs were treated with
various chemicals (SA, JA or H2O2) and GUS activities of
the leaf extracts were measured after 24 h of treatment. As
shown in Fig. 4, Wve CalS promoters (CalS1, 5, 9, 10, 12)
were found to be induced by the SA treatment as compared
to the mock (water) control. The most profound induction
was observed for CalS1 and CalS12 genes, with a more
than two-fold increase over the control (Student’s t test,
P < 0.05). A moderate induction (ranging from 50 to 200%
increase) was observed for CalS5, 9 and 10. SA treatment
did not have any apparent eVect on the rest of the CalS
genes (CalS2, 3, 4, 6, 7, 8 and 11). Treatment with methyl-
jasmonic acid (MeJA), a JA derivative, did not show any
signiWcant eVect on the expression of any of the CalS pro-
moters. SA- and JA dependent defense pathways have been
shown to cross-communicate, providing the plant with a
regulatory potential to Wne tune the defense reaction
depending on the type of infection or physical wound (Pie-
terse and van Loon 1999; Felton and Korth 2000; Feys and
Parker 2000; Pieterse and Dicke 2007).

The results obtained using GUS induction was veriWed
independently by RT-PCR. Total RNA isolated from 4-

Fig. 1 CalS::GUS constructs and the presence of cis-elements in var-
ious CalS promoters. CalS promoters ampliWed from Arabidopsis
genomic DNA were ligated in frame with the UidA gene (GUS coding
region) and used for plant transformation. For the CalS3, 4 and 6 genes,
the promoters were deWned to start from the end of the immediate up-
stream gene. For the rest of the genes, a 2 kb fragment was used, except
for the CalS1 promoter (2.5 kb). The presence of TGACG motif and
Wbox are marked by solid triangle and star, respectively. Alternative
names of each CalS gene are included in parenthesis

Table 1 Expression of CalS:GUS in diVerent tissues of transgenic
plants

Transgenic plants expressing CalS:GUS were incubated in GUS stain-
ing solution overnight and GUS expression was scored as detected (+)
and not detected (¡)

Tissue CalS genes expression

1 2 3 4 5 6 7 8 9 10 11 12

Root tip + + + ¡ + ¡ ¡ ¡ + + + +

Root hair + ¡ + ¡ ¡ ¡ ¡ ¡ + ¡ ¡ ¡
Root elongation + + + ¡ + + + + + + + +

Stem + + + ¡ + + + + + + + +

Cotyledon + + + ¡ + + + + + + + ¡
Leaf + + + ¡ + + + + + + + ¡
Vascular + + + ¡ + + + + + + + ¡
SAM + + + ¡ + ¡ ¡ ¡ + ¡ ¡ ¡
Pollen ¡ ¡ ¡ ¡ + ¡ ¡ ¡ + + + +

Embryo ¡ + + ¡ + ¡ ¡ ¡ + + ¡ +

Silique + + + ¡ + + + + + + + ¡
Petal ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ + ¡
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week-old wild type plants treated with water (mock con-
trol) or SA for 6 h was used in RT-PCR with CalS speciWc
primers (Supplemental Table II). CalS1 and CalS12 tran-
scripts were up-regulated 6 h after SA treatment (Fig. 5a
left panel). These transcripts continued to increase till 24 h
after the treatment (data not shown). No signiWcant induc-
tion upon SA treatment was detected by RT-PCR for the
rest of the CalS genes, including CalS5, 9 and 10, which
showed 50 to 200% increases in the GUS activity. This
may be due to stability of GUS protein or actual promoter
sequence in plants may be diVerent as compared to the
5�upstream regulatory sequences we have cloned and used
as putative promoters. The RT-PCR results on the induc-
tion of CalS1 and CalS12 by SA treatment are consistent
with those observed using the GUS activity assay (Fig. 4).

Npr1 requirement for the induction of CalS genes 
by SA treatment

We searched the CalS promoters for the presence of the
TGACG motif and W-box (TTGAC), the two most impor-

tant regulatory motifs implicated in pathogen-induced gene
expression in plants (Zhang et al. 1999; Després et al. 2000;
Zhou et al. 2000). One or more copies of TGACG motif
and W-box were found in all CalS promoters, except
CalS12 which contains two W-boxes but no TGACG motif
(Fig. 1). The TGACG motif of the Arabidopsis PR-1 gene
has been shown to serve as a binding site for TGA-bZIP
transcription factor, which interacts with the NPR1 protein
and mediates PR-1 gene expression upon SA treatment
(Zhang et al. 1999; Després et al. 2000; Zhou et al. 2000;
Fan and Dong 2002). Because the TGACG motif is absent
in the CalS12 promoter, we investigated if the induction of
CalS genes by SA treatment is dependent on the Npr1-path-
way.

CalS::GUS constructs were used to transform Arabidop-
sis npr1 mutant plants. GUS activity measured in transgenic
npr1 plants expressing CalS1, 5, 9, 10 and 12 were found to
be increased (less than two-fold; Fig. 5b) by the SA treat-
ment as compared to that in plants treated with water (Stu-
dent’s t test, P < 0.05), suggesting that the weak induction
of these genes by SA is Npr1 independent. Interestingly, the

Fig. 2 CalS::GUS expression 
in vegetative tissues of trans-
genic plants. a Seedlings. Ar-
rows indicate shoot apical 
meristems. CalS4::GUS (CS4) 
expression was observed only at 
the lateral bud (LB) but not in the 
stem (ST) or other parts of the 
plant. CS, CalS::GUS. Bar 
2 mm except in CS4 where bar 
0.03 mm. b Leaves. 
CalS12::GUS (CS12) was not 
expressed in the leaf, but its 
expression was induced by path-
ogen infection (arrows indicate 
infection sites). Bar 1 mm. c 
Roots. Bar 0.1 mm. CalS = CS
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high induction of CalS1 and CalS12 promoter by the SA
treatment was not observed in the npr1 mutant background
(Fig. 5b), suggesting that the SA signaling pathway leading
to the high induction of the CalS1 and CalS12 genes is Npr1
dependent. We also veriWed these results using RT-PCR
approach. The RT-PCR signals for CalS1 and CalS12 were
increased after SA treatment as compared to the mock con-
trol (Fig. 5a right panel). No signiWcant diVerences in the
amount of RT-PCR products before and after SA treatment
were found for the rest of the CalS genes. Taken together,
these data indicate that the high induction of CalS1 and
CalS12 requires Npr1, whereas the weak induction of other
CalS genes (CalS1, 5, 9, 10 and 12) is Npr1 independent in
the SAR signaling pathway.

Induction of CalS genes by pathogen infection

The Emco5 isolate of H. arabidopsis is capable to infect
Arabidopsis, Col-0 ecotype (Holub and Beynon 1997;
McDowell et al. 1998). One-week-old Col-0 seedlings

expressing CalS::GUS constructs were challenged with H.
arabidopsis isolate Emco5. GUS activity was measured
4 days after inoculation. Five CalS promoters, CalS1, 5, 9,
10, and 12 were found to be induced by this pathogen treat-
ment (Fig. 6a). These are the promoters of the same Wve
genes that were induced by the SA treatment (Student’s t
test, P < 0.05, Fig. 4). The most signiWcant induction was
observed in CalS1 and 12, which is consistent with our
results obtained with the SA treatment (Fig. 4). We also
used the RT-PCR approach to verify whether the CalS1 and
12 transcripts were increased in wild type plants after path-
ogen infection. Primers speciWc to each of the 12 CalS
genes were used to amplify PCR products using RNA sam-
ples isolated before or after pathogen infection. As shown
in Fig. 6b, CalS1, and 12 transcripts were up-regulated sig-
niWcantly 4 days after H. arabidopsis inoculation. No sig-
niWcant diVerences were detected by RT-PCR for the
mRNA levels of the rest of the CalS genes, which is consis-
tent with results obtained after SA treatment (Fig. 5a, left
panel).

Fig. 3 CalS::GUS expression 
in diVerent reproductive tissues 
of transgenic plants. a Flowers. 
Bar 0.2 mm. b Pollen grains. 
Bar 0.05 mm. c Siliques. Bar 
0.2 mm. d Developing seeds. 
Bar 0.03 mm
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To test if NPR1 plays a role in pathogen signaling lead-
ing to the CalS gene expression, H. arabidopsis was inocu-
lated onto npr1 plants containing CalS1::GUS and

CalS12::GUS transgenes. As shown in Fig. 6c, the increase
in GUS activity in npr1 expressing CalS1::GUS and
CalS12::GUS was low after pathogen infection, suggesting
that Npr1 is required for the high level induction of CalS1
and CalS12 genes by pathogen infection. This data is con-
sistent with that obtained for the SA treatment (Fig. 5b).

Haustorial callose deposition following infection of downy 
mildew in cals1 and cals12 mutants

One of the signiWcant host responses to a pathogen (H. ara-
bidopsis) invasion is the production of callose around the
haustoria invaginating the host plasma membrane. To
investigate possible roles of pathogen-induced SA signal-
ing and the expression of CalS1 and CalS12 genes in the
formation of callose encasements around the haustoria, we
identiWed cals1 and cals12 T-DNA knockout mutant lines
from the Salk Arabidopsis T-DNA lines collection. Using
genomic DNA from Salk_142792 for cals1 and
Salk_002911 for cals12 genes and speciWc primers (Fig. 7a,
d), PCR fragments of 937 and 908 bp for cals1 and cals12
respectively, were obtained (Fig. 7b, e) while the genomic
DNA from homozygous T-DNA mutant plants generated
fragments of about 650 bp for cals1 and 690 bp for cals12
(Fig. 7c, f). Homozygous T-DNA lines for cals1 and cals12
were veriWed for the absence of CalS1 or CalS12 transcripts
using RT-PCR. RNA from wild type plants produced a
band of 900 bp, whereas the same from the T-DNA lines
failed to produce that (Fig. 7c, f). cals1 and cals12 mutant
lines showed no observable phenotype.

The callose encasements and number of conidiophores
in cals1 and cals12 mutant lines were compared with that
formed in the wild type, npr1 and nahG (transgenic salicy-
late hydroxylase over-expressing) plants. The npr1 mutant
is known to be defective in the response to SA treatment
(Cao et al. 1994; Dong 1998), whereas nahG plants are
unable to accumulate SA (Ryals et al. 1996). Conidio-

Fig. 5 Induction of CalS genes in npr1 mutant by SA treatment. a RT-
PCR of CalS genes in wild type (WT) and npr1 plants treated with wa-
ter (¡) or 2 mM SA (+) for 6 h. RNA transcript levels of CalS genes
were measured by RT-PCR using total RNA from leaves. Actin tran-
script was used as an internal control. b GUS activity in npr1 plants
expressing CalS::GUS constructs (CS1, 5, 9, 10, 12). GUS activity was
measured in protein extracts prepared from leaves 24 h after treatment
with 2 mM SA or water (control). Each value represents the mean of
four replicates. The error bars correspond to the SD of four replicate
measurements for each line

Fig. 4 Induction of CalS genes 
by SA and MeJA. GUS activity 
in plants expressing CalS::GUS 
constructs in response to treat-
ments with 2 mM SA or 50 �M 
MeJA for 24 h. Mock treatment 
with water served as controls. 
Each value represents the mean 
of four replicates. The error bars 
correspond to the SD of four rep-
licates
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phores were produced 6 days after infection. The number of
conidiophores per leaf in cals12 plants was lower than in
wild type plants (Student’s t test, P < 0.05, Fig. 8a). There
was no signiWcant diVerence in the number of conidio-
phores formed per leaf between the cals1 mutant and the
wild type plants (Student’s t test, P < 0.05, Fig. 8a). The
npr1 and nahG plants, which are compromised in SA sig-
naling or SA accumulation, were more proliWc in conidio-
phores production per leaf (having 51 § 7.4 and 81 § 6.5
conidiophores, respectively; Fig. 8a).

We stained leaves of wild type, cals1, cals12, npr1 and
nahG plants with aniline blue for detecting the presence of
callose in infected tissue 6 days post-infection. Three pat-
terns of callose distribution around the haustoria were
observed, (a) full encasement by callose; (b) callose depos-
ited in a collar-like form around the base or neck of the
haustorium; (c) minimal callose deposition (see also Don-
ofrio and Delaney 2001). All three types of callose distribu-
tion were detected in the leaves of the Wve genotypes
studied, but the percentage of each type diVered among the
genotypes. The frequency of collar-like callose distribution
around the haustoria in cals1 and cals12 mutants (25%)
was not diVerent from that in wild type (25%), but was
much lower than that in npr1 mutant (30%) or nahG plants
(50%). Callose deposition was reduced signiWcantly around
the haustoria in cals12, as compared with that in wild type,

cals1, npr1 and nahG plants. Typical distribution of callose
around the haustoria in these genotypes is shown in Fig. 8.
It is possible that this diVerent distribution patterns is due to
the expression of diVerent CalS isoforms.

Discussion

Expression of diVerent CalS genes is regulated 
in a tissue-speciWc manner

There are 12 CalS genes in Arabidopsis distributed over its
Wve chromosomes (Hong et al. 2001a). These CalS genes
fall into two groups, one (CalS11 and CalS12) containing
2–3 exons and the other (CalS1–10) having up to 50 exons.
It has been suggested that multiple CalS genes may have
evolved in higher plants for the synthesis of callose in
diVerent locations and in response to diVerent physiological
and developmental signals (Verma and Hong 2001).

Our data on CalS::GUS transgene analyses have indi-
cated that all CalS genes (except CalS4) are expressed in
the growing root. This may be a combination of several
phenomena such as cell division, cell elongation, root hair
emergence, vascularization, or constitutive expression to
encounter soil pathogens. CalS4 expression is conWned to
the primordia of branching axial buds (Fig. 2a). CalS1, 2, 3,

Fig. 6 Induction of CalS genes 
by Hyaloperonospora arabidop-
sis infection. a GUS activity in 
transgenic plants expressing 
CalS::GUS constructs (CalS1–
CalS12) 4 days post inoculation 
with water (control) or H. ara-
bidopsis (pathogen). Each value 
represents the mean of four rep-
licates. The error bars corre-
spond to the SD of four replicate 
measurements for each line. b 
Expression levels of CalS tran-
scripts measured by RT-PCR us-
ing total RNA from leaves 
4 days post inoculation with wa-
ter (¡) or H. arabidopsis (patho-
gen +). Actin transcript was used 
as an internal control. c GUS 
activity in npr1 plants express-
ing CalS::GUS (CalS1 and 
CalS12) 4 days post inoculation 
with water (control) or H. ara-
bidopsis (pathogen). Each value 
represents the mean of four rep-
licates. The error bars corre-
spond to the SD of four replicate 
measurements for each line
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5, 6, 7, 8, 9, 10, and 11 were expressed in leaves. Interest-
ingly, CalS1, 3 and 9 were also found to be expressed in
root hairs. These data show that multiple CalS genes are
expressed in the same cell-type. CalS5, 9, 10 and 12 exhib-
ited a very similar pattern of expression in pollen grains and
developing embryos. These four genes may be responsible
for the deposition of callose during reproductive events in
Arabidopsis. Callose accumulation is important during
megasporogenesis, microsporogenesis and pollen tube
growth (Tucker et al. 2001; Worrall et al. 1992). CalS2, 3,
6, 7 and 8 were expressed at the junction of Wlaments and
anthers. Four CalS genes are expressed in pollen at a low
level while CalS5 is expressed at a very high level. Muta-
tion in this gene causes partial male sterility (Dong et al.
2005). These results indicate that several CalS isoforms
may be required for callose production in a speciWc tissue.
It remains to be tested if diVerent CalS isoforms interact

with each other to form heteromeric complexes (Verma and
Hong 2001), or they form homomeric complexes that are
co-localized. Such an analysis will await dissection of the
CalS complexe(s).

We have compared the expression proWle of all CalS
genes in diVerent tissues with some of the gene expression
databases like Genvestigator (https://www.genevestigator.
ethz.ch/gv/index.jsp) and AtGenExpress (http://www.
arabidopsis.org/info/expression/ATGenExpress.jsp). There
are some similarities as well as diVerences among our
observed expression proWle of CalS promoters that we used
and the native gene expression proWles. The diVerences
between our observed expression proWles of GUS, driven
by promoters of corresponding CalS genes and those
reported in microarray/gene chip experiments may arise
due to several reasons. First the “upstream regulatory ele-
ments”, we used, may not be the complete promoter

Fig. 7 Characterization of T-DNA lines for cals1 and cals12. a, d
CalS1 and CalS12 genes (thin line) contains 42 and 5 exons (thick
lines), respectively. Salk_142792 and Salk_002911 lines have a T-
DNA inserted in the CalS1 and CalS12 genes. Primers used to identify
the homozygous line were marked by arrows. PCR products (937 and
650 bp for CalS1, and 908 and 690 bp for CalS12) of genomic DNA
from wild type (WT) and homozygous T-DNA lines, respectively, were
indicated. b, e PCR products of genomic DNA from WT and homozy-
gous T-DNA lines. c, f RT-PCR of total RNA from WT and T-DNA
lines prepared 6 h after treatment with water (¡) or 2 mM SA (SA+).
No RT-PCR products were detected in the T-DNA lines

Fig. 8 Conidiophore production and callose deposition in cals1 and
cals12 plants. a Number of conidiophores per leaf in WT plants, cals1
(cs1), cals12 (cs12) and plants of two other genotypes defective in SA
response (npr1) or SA accumulation (nahG). The value represents the
mean of conidiophores counted on Wve leaves, each from an individual
plant of the same genotype. The error bars correspond to the SD of Wve
replicate measurements for each line. b Leaf phenotypes and (cd) haus-
toria developed on leaves of WT, cals1, cals12, npr1, and nahG plants
6 days post inoculation with H. arabidopsis. Leaves were stained with
aniline blue and photographs were taken in bright Weld (c) or with UV
light (d). Bar 1 mm in b and 0.025 mm in c, d
123
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sequence for the cognate CalS gene. Second, post-tran-
scriptional regulations of CalS transcripts might inXuence
its translation, which is not present for GUS expression.
Moreover, GUS protein is very stable and the product of X-
Gluc can diVuse in the tissues. These data provide a relative
picture of CalS gene expression during development as
well as during external biotic and abiotic stimuli (Verma
and Hong 2001).

Multiple roles of callose in plant development 
and in response to pathogen attack

Callose encasements have been implicated in the host
defense against pathogens by providing a physical barrier
that impedes nutrient transfer from the host to the pathogen
or possibly delay of pathogen growth long enough for the
other host defenses to become active (Allen and Friend
1983). It has also been suggested that callose may reinforce
the plant cell wall against pathogen penetration/infection or
may provide a mechanical block against toxic compounds or
toxins secreted by the pathogen (Kovats et al. 1991; Skou
et al. 1984; Stone and Clarke 1992). However, Arabidopsis
Pmr4 and Gsl5 (CalS12) mutant, failed to produce patho-
gen-induced callose (Jacobs et al. 2003; Nishimura et al.
2003), but was surprisingly more resistant to powdery mil-
dew and downy mildew, rather than being more susceptible
as observed by Vogel and Somerville (2000) using Erysiphe
cichoracearum. It indicates that factor(s) other than callose
deposition might also be involved in this phenomenon.

In this study, we identiWed a T-DNA insertional mutant
of cals12 (Fig. 7) and demonstrated that callose deposition
around haustoria was reduced and the plants were more
resistant to H. arabidopsis (Fig. 8). This result is consistent
with the two other recent reports (Jacobs et al. 2003;
Nishimura et al. 2003) and suggests a negative role of cal-
lose in plant defense against pathogen infection. Callose in
papillae may in fact act as a protection layer for the fungus
during pathogenesis, and lack of callose may expose the
pathogen to the defense machinery of the host plant (Jacobs
et al. 2003). It is also possible that pathogen-induced callose
may negatively regulate the SA signaling pathway of the
plant, and lack of callose in cals12 mutant may thus enhance
the SA signaling leading to the increased resistance to patho-
gen infection (Nishimura et al. 2003). Therefore, callose
may play multiple roles in the interaction between a patho-
gen and host. SA treatment does not signiWcantly increase
expression of any of the CalS genes, as per Genvestigator
and AtGenExpress databases. All these gene-chip experi-
ments used 10 �M concentration of SA while we used 2 mM
in our experiments. Besides the diVerence in SA concentra-
tion, several other reasons, as stated above, might have
caused the diVerences between our GUS expression obser-
vations and the data reported in those transcript proWles.

Requirement of NPR1 in the induction of CalS1 and 
CalS12 by SA and pathogens

We demonstrated that Wve CalS genes could be induced by
either SA or pathogen treatments of Arabidopsis. Among
them, CalS1 and 12 were increased up to Wvefold by these
treatments. Weak induction of CalS5, 9 and 10 by SA and
pathogen treatments was detected in transgenic plants
expressing CalS::GUS constructs. Ostergaard et al. also
provided the evidence that CalS12 (Gsl5) is under the con-
trol of the SA pathway using northern blot analysis (Osterg-
aard et al. 2002). Our results suggest that the high induction
of CalS1 and CalS12 is Npr1 dependent whereas the weak
induction of CalS1, 5, 9, 10 and 12 genes is Npr1indepen-
dent. The Arabidopsis NPR1 plays an important role in
inducible plant disease resistance (Johnson et al. 2003;
Kinkema et al. 2000; Li et al. 1999; Ryals et al. 1996). The
expression of Npr1 is also induced by SA and pathogen
(Cao et al. 1997). CalS1 promoter contains seven TGACG
motif and eight W-box cis-elements, and CalS12 promoter
has only two W-box elements (Fig. 1). The TGACG motif
is recognized by TGA-bZIP transcription factors, and the
Arabidopsis genome contains 10 TGA-bZIP genes. W-box
elements are recognized by WRKY transcription factors
and the Arabidopsis genome has 74 WRKY genes. A group
of WRKY genes is known to be induced by SA and patho-
gen in a Npr1 dependent manner (Yu et al. 2001; Kalde
et al. 2003). Therefore, it is likely that Npr1 and distinct
members of the TGA-bZIP and WRKY transcription factor
families may function together to mediate the induction of
CalS1 and CalS12 genes (Fig. 9). A WRKY binding site in
the PR-1 promoter has been shown to be a negative regula-
tory element in response to SA (Eulgem et al. 2000),

Fig. 9 A model for the regulation of CalS1 and CalS12 gene expres-
sion. The high induction of CalS1 and CalS12 genes is regulated in an
Npr1-dependent manner, whereas the weak induction of CalS1, 5, 9,
10 and 12 genes may involve unidentiWed factors and is independent
of Npr1
123



Planta (2008) 229:87–98 97
whereas the parsley WRKY1 acts as a positive regulator of
defense gene expression (Rushton et al. 1996).

The weak induction of CalS genes by pathogen infection 
is Npr1 independent

Because a subset of WRKY genes are known to be induced
by pathogen infection independently of the Npr1 gene func-
tion (Yu et al. 2001; Dong et al. 2003; Kalde et al. 2003),
the weak induction of CalS genes (CALS1, 5, 9, 10 and 12)
by SA/pathogen may be mediated via the interaction with
TGA-bZIP and WRKY transcription factors (Fig. 9).
Although a direct interaction between NPR1 and members
of the TGA-bZIP family is required for the SA-mediated
activation of PR genes (Zhang et al. 1999; Després et al.
2000; Subramaniam et al. 2001; Fan and Dong 2002), such
an interaction may not be needed for the weak induction of
the Wve CalS genes observed here. It is interesting to note
that the expression of Npr1 is induced by SA and pathogen,
but such an induction is not abolished in the npr1 mutant
(Cao et al. 1997). This suggests that the induction of Npr1
itself is Npr1 independent and a separate pathway other
than the Npr1 dependent, must be involved in this process.
It is possible that the pathway that controls Npr1 induction
is also involved in the weak induction of the CalS genes.
Other promoter elements besides TGACG motif and W-
box, and other transcription factors besides TGA-bZIP and
WRKY may also be required to achieve precise regulation
of diVerent CalS genes expressed during SAR.

Transgenic plants expressing inducible CalS promoters
may be used for the dissection of the signal transduction path-
ways leading to the induction of CalS gene expression in
response to pathogen attacks, especially the Npr1 independent
pathway in the SA signaling. It could become a unique model
system to study plant–pathogen interaction, since extrahausto-
rial callose could be visualized under UV after aniline staining
which should facilitate screening of the mutants defective in
the induction/activation of callose synthases following fungal
infection. This system would also allow the identiWcation of
other cis-regulatory element(s) that are present in the CalS12
gene that makes it Npr1 independent.

Acknowledgments We thank Drs. J. McDowell (Virginia Technol-
ogy Institute) for providing H. arabidopsis isolate Emco5; D. Bisaro
(Ohio State University) for comments on this manuscript, and ABRC
(Ohio State University) for seeds of Arabidopsis npr1-3, nahG, and T-
DNA insertional lines. This work was supported by NSF grant IBN-
0095112.

References

Allen F, Friend J (1983) Resistance of potato tubers to infection by
Phytophthora infestans: a structural study of haustorial develop-
ment. Physiol Plant Pathol 22:285–292

Bechtold N, Ellis J, Pelletier G (1993) In planta Agrobacterium medi-
ated gene transfer by inWltration of adult Arabidopsis thaliana
plants. CR Acad Sci Ser III Sci Vie 316:1194–1199

Cao H, Bowling SA, Gordon AS, Dong X (1994) Characterization of
an Arabidopsis mutant that is nonresponsive to inducers of sys-
temic acquired resistance. Plant Cell 6:1583–1592

Cao H, Glazebrook J, Clarke JD, Volko S, Dong X (1997) The Arabid-
opsis NPR1 gene that controls systemic acquired resistance en-
codes a novel protein containing ankyrin repeats. Cell 88:57–63

Després C, DeLong C, Glaze S, Liu E, Fobert PR (2000) The Arabid-
opsis NPR1/NIM1 protein enhances the DNA binding activity of
a subgroup of the TGA family of bZIP transcription factors. Plant
Cell 12:279–290

Dong X (1998) SA, JA, ethylene, and disease resistance in plants. Curr
Opin Plant Biol 1:316–323

Dong J, Chen C, Chen Z (2003) Expression proWles of the Arabidopsis
WRKY gene superfamily during plant defense response. Plant Mol
Biol 5:21–37

Dong X, Hong Z, Sivaramakrishnan M, Mahfouz M, Verma DP (2005)
Callose synthase (CalS5) is required for exine formation during
microgametogenesis and for pollen viability in Arabidopsis. Plant
J 42:315–328

Donofrio NM, Delaney TP (2001) Abnormal callose response pheno-
type and hypersusceptibility to Peronospora parasitica in defense-
compromised Arabidopsis nim1-1 and salicylate hydroxylase-
expressing plants. Mol Plant Microbe Interact 14:439–450

Eulgem T, Rushton PJ, Robatzek S, Somssich IE (2000) The WRKY
superfamily of plant transcription factors. Trends Plant Sci
5:199–206

Fan W, Dong X (2002) In vivo interaction between NPR1 and tran-
scription factor TGA2 leads to salicylic acid-mediated gene acti-
vation in Arabidopsis. Plant Cell 14:1377–1389

Felton GW, Korth KL (2000) Trade-oVs between pathogen and herbi-
vore resistance. Curr Opin Plant Biol 3:309–314

Feys BJ, Parker JE (2000) Interplay of signaling pathways in plant dis-
ease resistance. Trends Genet 16:449–455

Gregory A, Smith C, Kerry M, Wheatley E, Bolwell G (2002) Compar-
ative subcellular immunolocation of polypeptides associated with
xylan and callose synthases in French bean (Phaseolus vulgaris)
during secondary wall formation. Phytochem 59:249–259

Holub EB, Beynon JL (1997) Symbiology of mouse-ear cress (Arabid-
opsis thaliana) and oomycetes. Adv Bot Res 24:227–273

Hong Z, Zhang Z, Olson JM, Verma DPS (2001a) A novel UDP-glu-
cose transferase is part of the callose synthase complex and inter-
acts with phragmoplastin at the forming cell plate. Plant Cell
13:769–779

Hong Z, Delauney AJ, Verma DPS (2001b) A cell-plate speciWc cal-
lose synthase and its interaction with phragmoplastin. Plant Cell
13:755–768

Jacobs A, Lipka V, Burton R, Panstruga R, Strazhov N, Schulze-Lefert
P, Fincher G (2003) An Arabidopsis callose synthase, GSL5, is
required for wound and papillary callose formation. Plant Cell
15:2503–2513

JeVerson RA, Kavanagh TA, Bevan MW (1987) GUS fusions: �-glu-
curonidase as a sensitive and versatile gene fusion marker in high-
er plants. EMBO J 6:3901–3907

Johnson C, Boden E, Arias J (2003) Salicylic acid and NPR1 induce
the recruitment of trans-activating TGA factors to a defense gene
promoter in Arabidopsis. Plant Cell 15:1846–1858

Kalde M, Barth M, Somssich IE, Lippok B (2003) Members of the
Arabidopsis WRKY group III transcription factors are part of
diVerent plant defense signaling pathways. Mol Plant Microbe
Interact 16:295–305

Kinkema M, Fan W, Dong X (2000) Nuclear localization of NPR1 is
required for activation of PR gene expression. Plant Cell
12:2339–2350
123



98 Planta (2008) 229:87–98
Kohler A, Schwindling S, Conrath U (2002) Benzothiadiazole-induced
priming for potentiated responses to pathogen infection, wound-
ing, and inWltration of water into leaves requires the NPR1/NIM1
gene in Arabidopsis. Plant Physiol 114:1255–1265

Kovats K, Binder A, Hohl HR (1991) Cytology of induced systemic
resistance of cucumber to Colletotrichum lagenarium. Planta
183:484–490

Lam E, Benfey PN, Gilmartin PM, Fang RX, Chua NH (1989) Site-
speciWc mutations alter in vitro factor binding and change pro-
moter expression pattern in transgenic plants. Proc Natl Acad Sci
USA 86:7890–7894

Li X, Zhang Y, Clarke JD, Li Y, Dong X (1999) IdentiWcation and clon-
ing of a negative regulator of systemic acquired resistance, SNI1,
through a screen for suppressors of npr1-1. Cell 98:329–339

McDowell JM, Dhandaydham M, Long TA, Aarts MG, GoV S, Holub
EB, Dangl JL (1998) Intragenic recombination and diversifying
selection contribute to the evolution of downy mildew resistance
at the RPP8 locus of Arabidopsis. Plant Cell 10:1861–1874

Nishimura MT, Stein M, Hou BH, Vogel JP, Edwards H, Somerville
SC (2003) Loss of a callose synthase results in salicylic acid-
dependent disease resistance. Science 301:969–972

Ostergaard L, Petersen M, Mattsson O, Mundy J (2002) An Arabidop-
sis callose synthase. Plant Mol Biol 49:559–566

Pieterse CM, Dicke M (2007) Plant interactions with microbes and in-
sects: from molecular mechanisms to ecology. Trends Plant Sci
12:564–569

Pieterse CM, Van Loon LC (1999) Salicylic acid-independent plant
defence pathways. Trends Plant Sci 4:52–58

Pieterse CM, Van Loon LC (2004) NPR1: the spider in the web of in-
duced resistance signaling pathways. Curr Opin Plant Biol 7:456–
464

Richmond TA, Somerville CR (2001) Integrative approaches to deter-
mining Csl function. Plant Mol Biol 47:131–134

Rushton PJ, Torres JT, Parniske M, Wernert P, Hahlbrock K, Somssich
IE (1996) Interaction of elicitor-induced DNA-binding proteins
with elicitor response elements in the promoters of parsley PR1
genes. EMBO J 15:5690–5700

Ryals JA, Neuenschwander UH, Willits MG, Molina A, Steiner HY,
Hunt MD (1996) Systemic acquired resistance. Plant Cell
8:1809–1819

Siebert PD, Chenchik A, Kellogg DE, Kukyanova KA, Lukyano SA
(1995) An improved PCR method for walking in uncloned geno-
mic DNA. Nucleic Acids Res 23:1087–1088

Skou J, Jorgensen JH, Lilhot U (1984) Comparative studies on callose
formation in powdery mildew compatible and incompatible bar-
ley Hordeum vulgare. Phytopathol Z 109:147–168

Stone BA, Clarke AE (1992) Chemistry and physiology of higher plant
1, 3-�-glucans (callose). In: Stone BA, Clarke AE (eds) Chemis-
try and biology of (1, 3)-�-glucans. La Trobe University Press,
Bundoora, pp 365–429

Subramaniam R, Desveaux D, Spickler C, Michnick SW, Brisson N
(2001) Direct visualization of protein interactions in plant cells.
Nat Biotechnol 19:769–772

Thomma B, Eggermont K, Penninckx I, Mauch-Mani B, Vogelsang R,
Cammue B, Broekaert W (1998) Separate jasmonate-dependent
and salicylate-dependent defense-response pathways in Arabid-
opsis are essential for resistance to distinct microbial pathogens.
Proc Natl Acad Sci USA 95:15107–15111

Toller A, BrownWeld L, Neu C, Twell D, Schulze-Lefert P (2008) Dual
function of Arabidopsis glucan synthase-like genes GSL8 and
GSL10 in male gametophyte development and plant growth. Plant
J 54:911–923

Tucker MR, Paech NA, Willemse MT, Koltunow AM (2001) Dynam-
ics of callose deposition and �-1, 3-glucanase expression during
reproductive events in sexual and apomictic Hieracium. Planta
212:487–498

van Wees SC, Glazebrook J (2003) Loss of non-host resistance of Ara-
bidopsis nahG to Pseudomonas syringae pv phaseolicola is due to
degradation products of salicylic acid. Plant J 33:733–742

Verma DPS, Hong Z (2001) Plant callose synthase complexes. Plant
Mol Biol 47:693–701

Vogel J, Somerville S (2000) Isolation and characterization of pow-
dery mildew-resistant Arabidopsis mutants. Proc Natl Acad Sci
USA 97:1897–1902

Worrall D, Hird DL, Hodge R, Paul W, Draper J, Scott R (1992) Pre-
mature dissolution of the microsporocyte callose wall causes male
sterility in transgenic tobacco. Plant Cell 4:759–771

Yu D, Chen C, Chen Z (2001) Evidence for an important role of
WRKY DNA binding proteins in the regulation of NPR1 gene
expression. Plant Cell 13:1527–1540

Zhang YL, Fan WH, Kinkema M, Li X, Dong X (1999) Interaction of
NPR1 with basic leucine zipper protein transcription factors that
bind sequences required for salicylic acid induction of the PR-1
gene. Proc Natl Acad Sci USA 96:6523–6528

Zhou JM, Trifa Y, Silva H, Pontier D, Lam E, Shah J, Klessig DF
(2000) NPR1 diVerentially interacts with members of the TGA/
OBF family of transcription factors that bind an element of the
PR-1 gene required for induction by salicylic acid. Mol Plant Mi-
crobe Interact 13:191–202
123


	Expression of callose synthase genes and its connection with Npr1 signaling pathway during pathogen infection
	Abstract
	Introduction
	Materials and methods
	Promoter-reporter constructs and plant transformations
	Oomycete infection
	Histochemical staining and GUS activity assay
	RNA extraction and RT-PCR
	Genomic DNA extraction and isolation of a T-DNA insertion line
	Callose staining

	Results
	Tissue-speciWc expression of CalS genes
	Induction of CalS genes by SA
	Npr1 requirement for the induction of CalS genes by SA treatment
	Induction of CalS genes by pathogen infection
	Haustorial callose deposition following infection of downy mildew in cals1 and cals12 mutants

	Discussion
	Expression of diVerent CalS genes is regulated in a tissue-speciWc manner
	Multiple roles of callose in plant development and in response to pathogen attack
	Requirement of NPR1 in the induction of CalS1 and CalS12 by SA and pathogens
	The weak induction of CalS genes by pathogen infection is Npr1 independent

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


