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A cyclic nucleotide-gated channel is necessary for 
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Summary

• Arabidopsis cngc2 plants are hypersensitive to external calcium and exhibit reduced
plant size and fertility, especially when they are treated with elevated but physiolog-
ically relevant levels of calcium. This report focuses on the role of cyclic nucleotide-
gated channel 2 (CNGC2) in plant fertility.
• To determine the cause of the reduced fertility, we investigated the flower structure
and growth potential of both male and female reproductive organs in cngc2 plants
grown in high-calcium conditions.
• cngc2 mutants had short stamens that may limit pollen deposition and pistils that
were not conducive to pollen tube growth.
• Our data indicate that sporophytic, but not gametophytic, defects are the main cause
of the observed reduction in seed yield in cngc2 plants, and suggest that correct
cyclic nucleotide and calcium signaling are important for cell elongation and pollen
tube guidance.
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Introduction

Cyclic nucleotide-gated channels (CNGCs) are a family of cation
channels that are activated by cyclic nucleotide monopho-
sphates and typically permeable to Na+, K+ and Ca2+ to various
extents (Kaupp & Seifert, 2002; Kaplan et al., 2007). These
channels have important functions in sensory signal trans-
duction in animals (Kaupp & Seifert, 2002), but are less well
understood in plants. Recent evidence suggests that they
may be involved in a wide variety of plant physiological pro-
cesses, including phototransduction, biotic and abiotic stress
responses, growth and development, and ion homeostasis
(Kaplan et al., 2007). Additional data suggest that some CNGCs
contribute to the uptake of toxic metals, such as cesium and lead
(Sunkar et al., 2000; Hampton et al., 2005). They may also be
important for processes in which cyclic nucleotide and Ca2+

signaling pathways converge (for example, Talke et al., 2003;
Frietsch et al., 2007).

There are potentially 20 genes encoding CNGCs in Arabi-
dopsis thaliana (Kaplan et al., 2007). CNGC1 is thought to
play a role in Ca2+ uptake and primary root growth in seedlings
(Ma et al., 2006), as well as the uptake of K+ for nutritional
needs (Hampton et al., 2005). CNGC3 is likely to be involved
in ion homeostasis, ion transport from the xylem and, possibly,
salinity adaptation (Gobert et al., 2006). CNGC10 aids in

potassium uptake and is probably part of a light signal trans-
duction pathway (Borsics et al., 2007). Through transcriptome
analysis, CNGC7, CNGC8, CNGC16 and CNGC18 are
presumed to be expressed only or primarily during pollen devel-
opment (Kaplan et al., 2007), although Talke et al. (2003)
presented massively parallel signature sequencing and expressed
sequence tag data to suggest that CNGC8 and CNGC18 are
also expressed in some vegetative tissues. CNGC18 is also known
to be necessary for pollen tube growth (Frietsch et al., 2007).
CNGC2 (also known as DND1) and CNGC4 (also known as
HLM1) are both involved in a form of developmentally regu-
lated programmed cell death, called the hypersensitive response,
and pathogen defense (Clough et al., 2000; Balague et al.,
2003). Indeed, mutations in a CNGC4 ortholog in barley also
cause similar pathogen-related phenotypes (Rostoks et al., 2006).
Interestingly, among all the CNGCs studied to date, CNGC2
seems to uniquely play a role in adapting to growth in high-
calcium environments (Chan et al., 2003), although it is not
known to cause any significant change in Ca2+ accumulation
in planta (Chan et al., 2003; Hampton et al., 2005).

cngc2 mutant plants display broad-spectrum disease resist-
ance that is associated with a constitutively high level of sali-
cylic acid (SA; Clough et al., 2000). The basis for this elevation
is currently unclear. The lack of hypersensitive response, how-
ever, is most probably a result of a lack of CNGC2-dependent
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Ca2+ influx in the mutant. CNGC2 has been shown to mediate
cyclic nucleotide monophosphate-dependent Ca2+ influx in
both a heterologous expression system (Leng et al., 1999) and
in Arabidopsis guard cell protoplasts (Ali et al., 2007). Ca2+

influx, in turn, is necessary for the production of nitric oxide,
which subsequently leads to the initiation of the hypersensitive
response (Ali et al., 2007). The additional growth and devel-
opmental phenotypes of cngc2 are probably related to defects
in Ca2+ signaling. Mutant plants exhibit a reduction in size and
reproductive ability when grown in media with elevated but
physiologically relevant Ca2+ concentrations (Chan et al., 2003).
Transcriptional data suggest that this may be attributed to
improper regulation of Ca2+-dependent signal transduction
events (Chan et al., 2008). Therefore, we decided to further
explore the relationship between Ca2+ hypersensitivity and vari-
ous growth defects in cngc2 as a way to better understand the
role(s) played by CNGC2 in cyclic nucleotide signaling, Ca2+

signaling and downstream developmental pathways.
This report specifically focuses on our investigation of the

basis of low fertility in cngc2 plants. During normal fertilization,
after a pollen grain comes into contact with the stigma, a pollen
tube is formed that passes through the style and transmitting
tract. It eventually reaches an ovule where the male gametes are
released. Cues from various parts of the pistil are thought to
contribute significantly to pollen tube guidance (Cheung &
Wu, 2001; Palanivelu & Preuss, 2006). Both Ca2+ and cyclic
adenosine monophosphate are involved in pollen tube growth
and orientation (Moutinho et al., 2001; Rato et al., 2004; Fri-
etsch et al., 2007). In a series of experiments, we analyzed the
fertility, flower phenotypes and growth potential of male and
female reproductive tissues of mature cngc2 plants grown in
elevated Ca2+. Our results suggest that defects in both the male
and female sporophytic tissues are largely responsible for the
decrease in seed yield in the mutant.

Materials and Methods

Plant material, growth conditions and growth parameters

The majority of experiments reported here utilized the previously
characterized Arabidopsis thaliana (L.) Heynh. cngc2-2 mutant
[Wassilewskija (WS) ecotype], which was isolated from the
Wisconsin T-DNA collection using standard methods (Krysan
et al., 1999; Chan et al., 2003). Some experiments also used
cngc2-1 [also known as dnd1-1; Columbia (Col ) ecotype], and
its isolation has also been published (Yu et al., 1998). The double
homozygous mutant cngc2-1/sid2 was a gift from Professor
Andrew Bent at the University of Wisconsin-Madison, Depart-
ment of Plant Pathology (SID2 is necessary for the synthesis
of SA; Wildermuth et al., 2001).

Seeds were germinated on 0.5 × Murashige and Skoog salt,
2.5 mM 2-(N-morpholino)ethanesulfonic acid and 0.8% (w/v)
washed agar, with the pH adjusted to 5.7 with KOH as necessary,
to minimize the potential effect of external calcium on germi-

nation. After 10 d, healthy seedlings were transferred to a soil
mixture [ Jiffy mix : medium-grade vermiculite, 2 : 1 (v/v)]. The
Jiffy mix used contains 48–52% sphagnum peat moss and 48–
52% vermiculite and lime. The acid-extractable Ca2+ of this
soil mix was estimated to be 0.5–1 mM via atomic absorption
spectroscopy (B. M. Asby & C. W. M. Chan, unpublished).
Plants were watered twice a week with 1 l of distilled water, or
the same volume of distilled water supplemented with CaCl2
or KCl in the concentrations specified to keep the soil surface
moist. Under our growth conditions, we did not observe any
measurable depletion in soil Ca2+ during the course of our
experiments (c. 3 wk growth in soil): the Ca2+ concentration
of the used soil remained at c. 0.5–1 mM when plants were
watered with distilled water, and approximated the concentra-
tion of Ca2+ in the watering solution in high-Ca2+-treated plants.
All plants were grown in standard laboratory conditions (con-
stant light at c. 40 µmol and 23°C), and were analyzed after
21 d of growth in soil.

The plant growth parameters measured were the height,
rosette leaf size (length of the largest three leaves from each plant
for a total of five plants per sample), dried shoot mass (above-
ground plant material was isolated from 15 individuals per
sample, and dried in a 70°C oven for 16 h before weighing)
and seed yield (at least 15 siliques per sample were analyzed).
Where indicated, siliques were dissected open with a sharp needle
and fixed in ethanol : acetic acid (3 : 1). All chemicals were from
Sigma-Aldrich (St Louis, MO, USA) unless otherwise stated.

Pollen tube growth assays

In vitro pollen germination was performed by isolating anthers
from flowers of the specified genotype that had just opened,
and placing them in an agar pollen growth medium containing
18% sucrose, 0.01% boric acid, 2 mM CaCl2, 2 mM Ca(NO3)2,
1 mM MgSO4 and 1% low-melting-point agar. To compare the
effect of wild-type and mutant pistil extracts on pollen tube
growth, 0.5 µl of specified pistil extract was also applied to each
anther. Pistil extracts were prepared from young (closed) flower
buds from cngc2-2 and WS, respectively. All tissues, except the
pistils, were removed, and 1 µl of a liquid pollen growth medium
(which has the same composition as the agar medium described
above, except for the exclusion of agar) was added for each pistil
used in the sample (usually 20 pistils were used). Pistils were
mechanically disrupted with a plastic pestle fitted to the bottom
of a 1.5 ml Eppendorf tube, and the resulting extract was applied
immediately to the anthers. Four anthers were isolated from
each WS flower, with two anthers exposed to the cngc2-2 pistil
extract and the other two to the WS extract. A total of 24 flowers
was tested for each kind of pistil extract. Images of pollen tubes
were taken with an Olympus BX60 microscope (Center Valley,
PA, USA) after 16 h of growth on the specified medium.

To check for semi in vivo and in vivo pollen tube growth,
developing flower buds of the same developmental stage (flowers
that had just opened unless otherwise specified) were dissected
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open, emasculated and deposited with fresh pollen. Semi in vivo
pollen tube growth was assayed essentially according to Palan-
ivelu & Preuss (2006). Briefly, pollen grains were allowed to
interact with stigmas for 3 h before unbound pollen was washed
off with liquid pollen growth medium (washed three times). Stig-
mas with attached styles were then removed (i.e. ovules were not
included) and placed on the agar pollen growth medium to allow
pollen tubes to grow for 16 h. Images of pollen tubes were taken
with an Olympus BX60 microscope as above, and the experi-
ment was performed on at least 15 pistils for each sample. For
in vivo growth assays, pollen tubes were allowed to grow on
pistils for 24 h before the pollinated flower buds were fixed in
ethanol : acetic acid (3 : 1) for 3 h and softened in 1 M NaOH
for 10 min. They were washed with distilled water and stained
with 0.1% aniline blue overnight. To observe pollen tubes, sam-
ples were washed with distilled water, compressed under glass
slides and observed with an Olympus BX60 epifluorescence
microscope. The epifluorescence images were captured digitally
using an Olympus DP70 device camera. Each pollination
attempt, using specified pollen and ovule donors, was performed
at least three times.

Environmental scanning electron microscopy (ESEM)

For ESEM, fresh plant tissue was placed on adhesive PELCO
Tabs (Ted Pella, Inc., Redding, CA, USA) and analyzed in a
Quanta 200 ESEM (FEI Company, Hillsboro, OR, USA).
Samples were scanned at 20 kV under 2–4 Torr pressure.

Results

CNGC2 is required for optimal growth in elevated 
concentrations of Ca2+

We first compared the growth responses of the wild-type with
cngc2-1 (Col ecotype) and cngc2-2 (WS ecotype), both RNA-
null mutants (Clough et al., 2000; Chan et al., 2003, 2008),
to varying concentrations of Ca2+ in the medium. Plants were
grown in a soil mix, and watered with one of the following solu-
tions: distilled water, distilled water supplemented with 20 mM
CaCl2, and distilled water supplemented with 40 mM CaCl2.
When watered with distilled water, cngc2 plants of both ecotypes
were slightly shorter than the wild-type (Fig. S1a,b, see Sup-
porting Information). Distilled water supplemented with either
20 mM or 40 mM CaCl2 had no effect on the height of wild-
type plants (Fig. S1c–f), but substantially affected both cngc2
mutants. As shown in Fig. S1c–f, cngc2 mutants were much
shorter than wild-type plants in distilled water supplemented
with 20 mM CaCl2, and were extremely short in distilled water
supplemented with 40 mM CaCl2. Data on rosette leaf size
and shoot mass also mirrored the height data presented above.
Just as cngc2-2 were shorter than WS plants in progressively
higher Ca2+ growth conditions, they also had smaller rosette
leaves and lower shoot mass (Fig. S1g,h).

The effect of Ca2+ on the fertility of cngc2 mirrored that
observed for the overall size of the plants. In distilled water, cngc2-
2 produced slightly shorter siliques that contained a reduced
number of seeds compared with the wild-type (Fig. 1a,g; see the
next section for the quantification of seed number). Distilled
water supplemented with 20 mM and 40 mM CaCl2 did not
affect the silique length (or seed number) of wild-type plants
(Fig. 1c,e). However, in distilled water supplemented with
20 mM CaCl2, cngc2-2 plants produced very short siliques
(Fig. 1i). In distilled water supplemented with 40 mM CaCl2,
cngc2-2 plants did not flower at all, and hence produced no
siliques or seeds. Qualitatively similar results were observed for
cngc2-1 (data not shown). All the above phenotypes can be
complemented by introducing a 35S CaMV:CNGC2 construct
into cngc2-2 plants via Agrobacterium-mediated transformation
(Clough & Bent, 1998). cngc2-2 plants carrying an ectopic copy
of 35S CaMV:CNGC2 had the same overall size and silique
length (and seed content) as wild-type plants, regardless of Ca2+

supplementation (Fig. S1a,c,e,and Fig.1k,m,o). These results
show that CNGC2 is required for optimal vegetative growth
(mature plant height, leaf size and shoot mass) and reproductive
potential (seed development) in elevated levels of external
Ca2+. These results confirm previous reports that mutations in
CNGC2 cause plants to be diminutive and to have low fertility
(for example, Clough et al., 2000).

The cngc2-2 mutant is sensitive to Ca2+, but not to various
other ions in normal growth medium. For instance, growth of
the mutant (in plant height, rosette leaf size and shoot mass)
in response to treatment with distilled water, or distilled water
supplemented with 40 mM or 80 mM KCl, is not significantly
different from the wild-type (Fig. S1g,h and data not shown,
P > 0.01), implying that cngc2-2 is not hypersensitive to K+ or
Cl–. This is consistent with previous observations that both
cngc2-1 and cngc2-2 mutants respond similarly to the wild-type
to a range of concentrations of MgCl2, KCl and NaCl (Chan
et al., 2003).

cngc2-2 plants are impaired in seed development

We then focused on the reduced fertility of cngc2-2 and examined
its impairment in seed development in detail. In distilled water,
cngc2-2 had shorter siliques than the wild-type, as described in
the previous section. Dissected siliques showed gaps between
normally developing seeds, as indicated by the asterisks in Fig. 1h
(siliques from the wild-type plants had no gaps; see Fig. 1b).
The gaps represent ovules that failed to develop into seeds.
However, healthy seeds were interspersed throughout the length
of the siliques (Fig. 1q), suggesting that at least some pollen
tubes can extend to the end of the pistil and fertilize ovules there.
When cngc2-2 was treated with distilled water supplemented
with 20 mM CaCl2, very few or no healthy seeds were observed
(Fig. 1j). This impairment in seed development in cngc2-2 was
completely reversed in plants that carried an ectopic copy
of CNGC2 (note that the seed sets in the wild-type over a
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range of Ca2+ concentrations, illustrated by Fig. 1b,d,f, and the
corresponding seed sets in the complemented cngc2-2, illustrated
by Fig. 1l,n,p, are indistinguishable). Figure 1r shows the
quantification of the significantly lower seed yield in cngc2-
2 compared with the wild-type, especially in high-calcium

growth conditions. Whereas WS plants contained an average
of c. 34 seeds per silique under all experimental conditions
tested, siliques from cngc2-2 contained c. 21–26 seeds on average
when plants were watered with distilled water or distilled water
supplemented with KCl (40 or 80 mM). The seed yield of

Fig. 1 cngc2 plants have shorter siliques and lower seed yield. Arabidopsis plants were grown in a soil mix and watered with distilled water, or 
distilled water supplemented with CaCl2 or KCl in the concentrations specified. Representative siliques from the primary stems of wild-type (a–
f), cngc2-2 (g–j) and cngc2-2 plants carrying an ectopic copy of CNGC2 (k–p) are presented. All images of whole siliques were taken under the 
same magnification, and some siliques were dissected open to show the seeds therein (bars, 0.25 mm). Asterisks in (h) indicate empty spaces 
inside mutant siliques. Under our experimental conditions, only cngc2-2 showed a reduction in silique length and the number of seeds within 
when the external Ca2+ concentration was increased. In (q), a representative silique from cngc2-2 plants watered with distilled water was 
dissected open and fixed. It showed that healthy seeds were distributed along the whole length of the silique (note healthy seeds, highlighted 
by the arrow, towards the bottom of the silique; bar, 2 mm). (r) Average number of seeds per silique from wild-type and cngc2-2 plants grown 
under various conditions as indicated. As shown, mutant plants had significantly lower seed yield than wild-type plants under all growth 
conditions tested [P < 0.005, Student’s t-test; error bars represent ± standard error (SE)], and this defect was completely reversed by ectopically 
expressing wild-type CNGC2 in the cngc2-2 mutant (P > 0.01). There was also no significant difference in seed number between cngc2-2 plants 
grown under control (watered with distilled water) and high-KCl conditions (P > 0.01), showing that the mutant is specifically sensitive to Ca2+ 
and not to K+ or Cl–. (s) Average number of seeds per silique from wild-type and two CNGC2/cngc2-2 plants watered with 20 mM CaCl2, 
showing that the seed yield from these plants was indistinguishable (error bars are ± SE).
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cngc2-2 plants dropped even more drastically when they were
treated with distilled water supplemented with 20 mM CaCl2
(c. one seed per silique on average), and they produced no seeds
at all when the CaCl2 concentration was increased to 40 mM.

To determine whether the failure in seed development in
cngc2 grown in high-Ca2+ conditions was the result of a defect
in embryogenesis (i.e. whether embryos homozygous for the
cngc2 mutation are lethal or substantially less viable), we exam-
ined the seed yield of two self-fertilized CNGC2/cngc2-2 plants
watered with distilled water supplemented with 20 mM CaCl2.
We observed that siliques derived from CNGC2/cngc2-2 were
full of healthy seeds and, indeed, bore the same number of seeds
as siliques from wild-type plants grown in parallel (Fig. 1s). This
suggests that no significant defect in embryogenesis is associated
with the cngc2-2 mutation.

To evaluate possible male and female gametophytic defects
in cngc2-2, we examined the transmission efficiency of the
mutant allele when parental plants were treated with elevated
levels of Ca2+. CNGC2/cngc2-2 plants were watered with distilled
water supplemented with 20 mM CaCl2, and their progenies
from self-fertilization were genotyped by PCR using standard
methods (Chan et al., 2003). An expected ratio of 1 : 2 : 1
between the three possible genotypes (CNGC2/CNGC2,
CNGC2/cngc2-2 and cngc2-2/cngc2-2) was obtained (Table 1a).
This result was also confirmed by phenotypic segregation ana-
lysis of the progenies from self-fertilized CNGC2/cngc2-2 plants
that were watered with distilled water supplemented with

20 mM CaCl2. These progenies were also grown under the same
high-Ca2+ condition. Tall plants with normal siliques were
classified as the wild-type phenotype, and small plants with very
short, empty siliques were classified as the mutant phenotype.
A ratio of wild-type to mutant phenotypes of 3 : 1 was observed
(Table 1b). Treating parental CNGC2/cngc2-2 plants with
distilled water yielded essentially the same result (data not
shown). Our data indicate normal Mendelian segregation of the
cngc2-2 allele, regardless of the external Ca2+ concentration.
Therefore, the undeveloped ovules in cngc2-2 plants are not
likely to be the result of a severe defect in male or female game-
tophyte development.

To evaluate a potentially more subtle gametophytic defect(s)
in cngc2-2, reciprocal crosses between cngc2-2 and wild-type
plants were performed (Fig. 2a). The pollen and ovule donors
were treated with distilled water or distilled water plus 20 mM
CaCl2. Success of the crosses was confirmed by PCR genotyping
of the progenies and, as expected, all were heterozygous for cngc2-
2 (data not shown). When pollen from cngc2-2 was deposited
onto wild-type stigma, regardless of whether the cngc2-2 plants
were treated with distilled water or distilled water supplemented
with 20 mM CaCl2, full siliques of normal length were formed
(Fig. 2a, bottom left panels in each quadrant; Fig. 2b, left
panels). The resulting siliques were indistinguishable from
those obtained from parallel crosses using wild-type pollen and
stigmas (Fig. 2a, bottom right panels in each quadrant). This
suggests that cngc2-2 pollen is normal and fertile. To confirm
this result, we examined pollen tube growth in vitro. Pollen from
both wild-type and cngc2-2 anthers, taken from plants treated
with distilled water or distilled water plus 20 mM CaCl2, resulted
in normal pollen tube growth in all cases (Fig. S2a–d, see Sup-
porting Information). We also checked cngc2-2 pollen with
Alexander staining (Alexander, 1969), and the results showed
that mutant pollen was viable (data not shown). Therefore,
cngc2-2 pollen is viable and capable of forming pollen tubes
in vitro as well as in vivo, and is unlikely to be a major contri-
butor to the observed decrease in fertility in the mutant.

Results were very different when cngc2-2 was used as the
ovule donor. When cngc2-2 plants were treated with distilled
water and the resulting stigmas were deposited with wild-type
pollen, shorter siliques containing gaps between developing seeds
were formed, similar to those obtained from parallel crosses using
cngc2-2 pollen and pistils (Fig. 2a, top panels in left quadrant;
Fig. 2b, top right panel). Using stigmas derived from cngc2-2
plants that were treated with distilled water supplemented with
20 mM CaCl2 resulted in the formation of very short and
empty siliques, regardless of the source of pollen (Fig. 2a, top
panels in right quadrant; Fig. 2b, bottom right panel). Results
of this series of crosses suggest a possible defect(s) in the cngc2-
2 pistil. However, our current data indicate that the cngc2-2
female gamete is viable (Table 1a,b). Therefore, we focused our
investigation on other possible defects in the female reproduc-
tive organ that could result in reduced fertility of cngc2-2 in
the presence of elevated Ca2+.

Table 1 Segregation of the cngc2-2 mutant allele

(a) Genotypic analysis

Wild-type cngc2-2 heterozygote cngc2-2 homozygote

40 (39.25) 85 (78.5) 32 (39.25)

(b) Phenotypic analysis

Wild-type Mutant

101 (100.5) 33 (33.5)

We analyzed the genotypes of progenies from self-pollinated 
CNGC2/cngc2-2 plants that were watered with distilled water 
supplemented with 20 mM CaCl2. Progenies were also treated with 
distilled water plus 20 mM CaCl2. The genotypes of the progenies 
were determined by PCR. The number of plants of each of the three 
possible genotypes is given in (a), and the expected number 
according to normal Mendelian segregation is given in parentheses. 
Our results indicated normal segregation of the cngc2 allele (chi-
squared test, P > 0.05). We further confirmed this result through 
phenotypic analysis of progenies of such self-pollinated CNGC2/
cngc2-2 plants. The number of plants belonging to each of the two 
possible phenotypes (wild-type, tall plants with normal siliques; 
mutant, small plants with very short, empty siliques) is given in (b), 
and this result agrees with normal Mendelian segregation (chi-
squared test, P > 0.05; the expected number of plants in each 
category is given in parentheses). Therefore, the result of our 
phenotypic analysis matches that from our genotypic analysis, 
indicating that transmission of the mutant allele is normal.
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Elevated Ca2+ results in suboptimal pollen deposition 
and pollen tube growth on cngc2-2 pistils

To further analyze the fertility defect in cngc2-2, we examined
pollen tube growth on pistils in vivo. Plants were treated with
distilled water or distilled water supplemented with 20 mM
CaCl2, and developing siliques were collected 1 d after the
flowers opened. They were then fixed and stained with aniline
blue to observe the presence of pollen tubes. Wild-type and
cngc2-2 plants in distilled water, and wild-type plants in distilled
water plus 20 mM CaCl2, all developed long pollen tubes that
reached ovules (Fig. 3a–c). However, cngc2-2 plants in distilled
water with 20 mM CaCl2 did not exhibit any substantial pollen
tube growth (Fig. 3d). The degree of pollen tube extension
correlated with the amount of pollen grains interacting with
stigmas in the mutant. When grown under the control condition
(watered with distilled water), cngc2-2 stigmas displayed pollen
grain adhesion, as shown by both light microscopy and ESEM
(Fig. 3e,f ). When grown under an elevated Ca2+ condition
(distilled water with 20 mM CaCl2), very few, if any, pollen
grains were deposited on cngc2-2 stigmas (Fig. 3g,h). Therefore,

under high-Ca2+ conditions, the mutant displayed two different
defects: suboptimal pollen deposition and a decrease in pollen
tube growth after successful pollen adhesion.

We then asked whether possible alterations in the timing of
pistil maturation in cngc2-2 could contribute to a failure in
pollen deposition and subsequent growth. As cngc2 mutants
show changes in the regulation of programmed cell death (Yu
et al., 1998; Clough et al., 2000, Chan et al., 2003), we postu-
lated that mutant flowers might exhibit early programmed cell
death in their pistils that leads to an inhibition of pollen inter-
action and growth. If our hypothesis is true, younger flowers
may be expected to be more receptive than older flowers in
supporting pollen adhesion and pollen tube growth. To test
this hypothesis, we crossed wild-type pollen with wild-type and
cngc2-2 emasculated flowers at different stages: the youngest
open flower and two stages of progressively more immature
flowers. We avoided using older flowers for this experiment,
especially those from wild-type plants, as pollen deposition from
mature stamens of the same flower may already have occurred
and could confound our experimental results. All plants used
were treated with distilled water supplemented with 20 mM

Fig. 2 cngc2 pistils do not support cross-
fertilization. Arabidopsis wild-type and cngc2-
2 plants watered with distilled water or 
distilled water supplemented with 20 mM 
CaCl2 were used as pollen and ovule donors in 
self- and reciprocal crosses. Representative 
siliques are shown in (a). Opened siliques 
from reciprocal crosses as described above are 
shown in (b) (bar, 2 mm). When the ovule 
donor was from cngc2-2 plants treated with 
distilled water, the resulting silique contained 
missing seeds (denoted by asterisks). When 
the mutant was treated with high Ca2+ and 
used as the ovule donor, the resulting cross 
always failed and did not yield any viable 
seeds.
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CaCl2 throughout the course of the experiment. Twenty-four
hours after pollen was deposited, pistils were stained with aniline
blue to visualize pollen tubes. We observed that, in crosses
between wild-type pollen and pistils, proper pollen tubes were
formed that extended into the ovules, regardless of the stage at
which pistils were pollinated (Fig. 4a–c). In crosses using wild-
type pollen and cngc2-2 pistils of various stages, pollen depo-
sition and growth of pollen tubes were observed. However,
none of the pollen tubes grew sufficiently to reach the ovules
(Fig. 4d–i). This was true even when pistils from more mature
mutant flowers were used with wild-type pollen (data not
shown). These results suggest that wild-type pollen can success-
fully interact with mutant stigmas and initiate growth, but later
stages of pollen tube extension are severely curtailed. This is
not likely to be a result of early initiation of programmed cell
death or changes in developmental timing of cngc2-2 pistils.
Instead, conditions in the cngc2-2 pistils seem to be unfavorable
for pollen tube growth.

Elevated Ca2+ causes abnormal flower structures in 
cngc2-2

To ascertain whether other factors contributed to the decreased
fertility in cngc2-2, we examined the structure of mutant flowers
grown under control and elevated Ca2+ conditions. In normal
flower development in Arabidopsis, an opened flower contains
stamens that are generally slightly longer than the pistil. This
allows the anther to release pollen onto the stigma, resulting
in optimal pollination efficiency (Edlund et al., 2004). When
treated with distilled water, cngc2-2 plants displayed relatively
normal petals, pistils and stamens when compared with the
wild-type (Fig. 5a,b; left panels). However, in distilled water
supplemented with 20 mM CaCl2, cngc2-2 petals were shorter,
causing the pistil to protrude out of a closed flower (Fig. 5a,
bottom right panel). No such effects were observed in wild-type
flowers grown in parallel (Fig. 5a, top right panel). Images
obtained from ESEM showed that cells in cngc2-2 petals were
shorter than those in the wild-type (data not shown). However,
cngc2-2 pistils and the cells therein in both mature (open) and
young (closed) flowers, regardless of external Ca2+ concentra-
tions, were comparable in length with those from the wild-type
(Fig. 5c, top panels in each quadrant and data not shown).

We next examined the length of stamens. When treated with
distilled water, mature cngc2-2 flowers contained stamens that
were about as long or slightly longer than the pistils (Fig. 5b,
bottom left panel), and the length of stamens was very similar
to that of the wild-type (Fig. 5b, left panels; Fig. 5c, bottom
panels in upper quadrant). However, in distilled water supple-
mented with 20 mM CaCl2, cngc2-2 flowers had stamens that
were distinctly shorter than the pistils. This was particularly
evident when we compared mature cngc2-2 flowers with those
from the wild-type (Fig. 5b, right panels; Fig. 5c, bottom panels
in lower quadrant). ESEM images showed that the epidermal
cells that make up the filaments in cngc2-2 stamens were shorter

Fig. 3 cngc2 plants show little pollen deposition and growth. 
Growth of pollen tubes in Arabidopsis wild-type (a, b) and cngc2-2 
(c, d) plants is shown. Pistils were obtained from plants watered with 
either distilled water (a, c) or distilled water supplemented with 
20 mM CaCl2 (b, d) (bars, 100 µm). One day after the flowers 
opened, the pistils were collected and stained with aniline blue. In 
these fluorescence micrographs, aniline blue-stained tissues, mainly 
pollen tubes, emitted strong fluorescence signals (bright green). 
Background signals were a result of autofluorescence (dull-red) 
from other tissues. These results indicated that cngc2 plants grown 
in a high-Ca2+ environment sustained very little pollen tube growth. 
We also examined the stigmas of cngc2-2 plants for pollen adhesion 
with light microscopy (e, g) and environmental scanning electron 
microscopy (ESEM; f, h) (bar, 100 µm). Pollen grains stained with 
aniline blue appeared blue in light micrographs (indicated by the 
arrow in e) and as small spheres on the stigmatic surface in ESEM 
images. Both techniques indicated that there was very little pollen 
deposition on stigmas when mutant plants were treated with 
elevated levels of Ca2+.
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than those from the wild-type (Fig. 5d). A careful examination
of mutant and wild-type flowers from plants exposed to high
external Ca2+ revealed that a significant proportion (57%) of
mature cngc2-2 flowers contained short stamens, whereas no
wild-type flowers exhibited this phenotype (Fig. 5e). As short
stamens limit the amount of pollen that can interact with stig-
mas, this probably contributes to the reduction in seed yield
in cngc2-2.

Discussion

CNGC2 is required for optimal plant growth at physiologically
relevant levels of Ca2+, ranging from low millimolar values to
low tens of millimolar values. The growth phenotype of the
cngc2 mutant (reduction in plant size, silique length and seed
yield) is seen in as low as ∼1 mM external Ca2+ (concentration
in our soil mix), and its severity increases as the Ca2+ concen-
tration is progressively elevated to 40 mM. Although most soil
solutions contain less than 2.5 mM Ca2+, some reach much
higher levels (< 0.4% has soil Ca2+ higher than 25 mM according
to the work by Epstein, 1972). Importantly, cngc2 mutants are
specifically hypersensitive to environmental Ca2+, but not other
commonly encountered ions, such as K+, Na+, Mg2+ or Cl–

(Chan et al., 2003). In this report, we also showed that cngc2-
2 plants did not display any hypersensitivity towards KCl up

to 80 mM (Figs 1r, S1g,h), although this level of Cl– may be
toxic for some plant species (White & Broadley, 2001). Our
working model is that CNGC2 is required for one or more
Ca2+-dependent signaling pathways that contribute to normal
growth in high-Ca2+ environments (Chan et al., 2003, 2008).
This report extends our previous work and focuses on exploring
the underlying reason(s) for the defect in fertility in cngc2.

Our data suggest that sporophytic, but not gametophytic,
factors contribute to the reduction in seed yield in cngc2-2.
The main defects are short stamens and a suboptimal pistil
environment, which become progressively more severe as the
concentration of Ca2+ in the medium increases. When cngc2-
2 plants were treated with distilled water only, we observed a
small but noticeable decrease in stamen length and in the
number of long pollen tubes in their pistils. These factors
probably contribute to reduced seed yield in the mutant
under control (i.e. low-Ca2+) growth conditions. However,
because of technical constraints, we did not quantify this obser-
vation. When cngc2-2 plants were exposed to high-Ca2+ con-
ditions, the reduction in stamen length (which most probably
led to a reduction in the amount of pollen deposited) and the
decrease in the number of long pollen tubes were very apparent
(Figs 3–5).

Short stamens, relative to the length of the pistil, limit the
amount of pollen that can be deposited onto the stigma of the

Fig. 4 cngc2 pistils do not support pollen tube 
growth. We examined the growth of 
Arabidopsis wild-type pollen on wild-type 
and cngc2-2 pistils. Pistils were from plants 
watered with distilled water supplemented 
with 20 mM CaCl2. Wild-type pollen grains 
were transferred onto stigmas of different 
developmental stages: (1) flowers that had 
just opened (a, d, g); (2) flowers slightly 
younger than (1) (b, e, h); and (3) flowers 
substantially younger than (1) (c, f, i). 
Twenty-four hours after pollen transfer, 
flowers were fixed and stained with aniline 
blue. Fluorescence images showed that wild-
type pollen tubes grew well on wild-type 
pistils of all stages examined (a–c, strong 
fluorescence signals came from pollen tubes; 
background signals were from 
autofluorescence of other plant tissues). By 
contrast, wild-type pollen tubes grew poorly 
on cngc2-2 pistils and did not reach the ovules 
(d–f). Merged light and fluorescence 
microscopy images (g–i) showed that at least 
some wild-type pollen (highlighted by 
arrows) was capable of interacting with 
stigmas from cngc2-2, and limited pollen tube 
growth occurred. Bar, 200 µm. These results 
indicate that, even when cngc2-2 stigmas 
received pollen grains, pollen tube growth 
was stymied and pollen tubes did not extend 
sufficiently to reach ovules to enable 
fertilization.

http://www.newphytologist.org


New Phytologist (2009) 183: 76–87 © The Authors (2009)
www.newphytologist.org Journal compilation © New Phytologist (2009)

Research84

Fig. 5 cngc2 plants have shorter petals and stamens in high external Ca2+. Arabidopsis plants were treated with distilled water or distilled water 
supplemented with 20 mM CaCl2, and various flower organs were examined. In (a), developmental series of flower buds, each taken from a 
single and comparable flower shoot of mutant and wild-type plants, are presented. It should be noted that pistils from cngc2-2 plants treated 
with distilled water plus 20 mM CaCl2 protruded out of closed flowers. Some sepals and petals were removed to reveal the height of stamens 
(white bar) relative to pistils (tip highlighted by arrow) in (b). In (c), we carefully compared the stamen and pistil length from wild-type and cngc2-
2 flowers of the same stage (bars, 0.25 mm). Our result clearly showed that, although the length of mutant pistils was relatively normal 
regardless of the growth condition, mutant stamens were substantially shorter when plants were exposed to high external Ca2+. In (d), ESEM 
images of epidermal cells from the filaments of stamens isolated from plants treated with high Ca2+ are presented. For ease of comparison, 
representative cells from the wild-type and cngc2-2 filament are outlined (bar, 50 µm). Our result suggests that mutant stamens are shorter 
because of the smaller cell size. A careful comparison between the stamen lengths of wild-type and cngc2-2 plants treated with elevated levels 
of Ca2+ in (e) indicated that 57% of mutant flowers possessed short stamens, whereas no wild-type flowers exhibited this phenotype.
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same flower, thereby reducing fertility in a self-fertilizing plant.
cngc2-2 plants grown in high-Ca2+ conditions have shorter cells
in various tissues, including stamens, petals, leaf and stem epider-
mal cells (this report; A. Trow et al., University of Wisconsin-
Whitewater, Whitewater, WI, USA, unpublished), suggesting
a defect in cell elongation in the mutant. Microarray data indi-
cate that CNGC2 mRNA is present at moderate to moderately
high levels in the aforementioned tissues (Arabidopsis eFP
browser, Winter et al., 2007. This database only contains infor-
mation on mature stamens but not their elongating cells, but
it is possible that CNGC2 is localized there as well.). This
raises the intriguing possibility that, in tissues in which CNGC2
expression is relatively high, one of its functions may be to regu-
late cell elongation. Correct Ca2+ signaling is known to be
necessary for cell elongation. For example, cell elongation
requires re-structuring of the actin-based cytoskeleton, and this
process is regulated by the Ca2+-dependent phosphorylation
of actin-depolymerization factor protein (Allwood et al., 2001).
Perhaps in the aforementioned Arabidopsis tissues, Ca2+ influx
through CNGC2, either directly or indirectly, helps to estab-
lish the prerequisite signal for cell elongation.

The reduction in fertility of cngc2-2 is also a result of a sub-
optimal pistil environment for pollen tube growth. Independent
of the source of pollen, using cngc2-2 pistils in in vivo pollen
growth assays, especially when plants were grown in high-Ca2+

environments, resulted in short pollen tubes. It should be noted
that cngc2-2 pollen is fundamentally normal, as indicated by
results from in vitro pollen tube growth assays (Fig. S2) and
genetic crosses with WS pistils (Fig. 2). One possibility is that
mutant pistils lack (or are low in) growth-promoting factors
for optimal pollen tube extension. Results from an initial semi
in vivo pollen tube growth assay (Palanivelu & Preuss, 2006),
where WS pollen was deposited on stigmas from WS or cncg2-2
plants treated with 20 mM CaCl2 before the stigmas were
dissected off and placed in an agar pollen growth medium,
showed that long pollen tubes were able to form on both WS
and cncg2-2 stigmas (Fig. S3a, see Supporting Information). This
result suggests that cngc2-2 pistils may indeed be deficient in
pollen tube growth-promoting factor(s).

The exact identity of the pollen tube growth-promoting
factor(s) suggested above is not known, but one possible can-
didate is sucrose, which is present in a high concentration in the
pollen growth medium and can serve as an energy source for
rapid pollen tube growth. The medium also contains a substan-
tial amount of Ca2+, which has been implicated as a chemo-
tropic factor for pollen tubes. For example, successful pollination
and pollen tube elongation have been associated with increases
in cytoplasmic Ca2+ concentrations in the papilla cells at the site
of pollen tube penetration in Arabidopsis (Iwano et al., 2004),
and Ca2+ in the pistil may be important in guiding and sup-
porting pollen tube growth in various plant species (Lord, 2003).
Although there is no evidence to show whether or how the loss
of CNGC2 affects the level of sugar, Ca2+ or other pollen tube
growth factors in pistils, microarray data support the expression

of CNGC2 in mature pistils and early silique development
(Arabidopsis eFP browser, Winter et al., 2007).

The result of the semi in vivo pollen growth experiment can
also be explained by an alternative but nonmutually exclusive
interpretation: cngc2-2 pistils may contain an inhibitory factor
that suppresses pollen tube extension. Instead of supplying a
missing pollen tube growth-promoting factor(s), the synthetic
medium may serve to remove or greatly dilute the putative
inhibitory factor from the dissected stigma, and hence pollen
tube growth is normal. Results from a preliminary experiment
suggest that extract from cngc2-2 pistils can indeed inhibit the
growth of wild-type pollen (Fig. S3b), and lend support to the
above hypothesis.

Apart from Ca2+, cyclic adenosine monophosphate-dependent
signaling has been shown to be important in pollen tube growth
and reorientation (Moutinho et al., 2001; Rato et al., 2004).
Several CNGCs also have exclusive or preferential expression
in pollen (Bock et al., 2006). Among them is CNGC18, a
Ca2+-permeable channel which is essential for polarized pollen
tube growth (Frietsch et al., 2007). By contrast, CNGC2 does
not show high expression levels in pollen, a result supported
by our reverse transcription PCR experiments (data not shown)
and microarray data (Honys & Twell, 2004; Bock et al., 2006),
and cngc2 mutant pollen is largely normal. Interestingly, if we
examine the transcriptional profile of cngc2-2 plants (Chan
et al., 2008), the expression of selected proteins specific or pref-
erential to pollen is clearly impacted (PR1, Honys & Twell,
2003; WRKY46, Honys & Twell, 2004; ACA13, Bock et al.,
2006). The precise roles of these proteins in pollen tube growth
are not clear, and we do not know whether their altered expres-
sion contributes to the observed defect in pollen tube growth
in cngc2-2.

The cngc2 mutant has constitutively high levels of SA that
may explain some of its growth phenotypes. Previous work
has shown that dwarfism of the mutant is partially, but not
completely, a result of high concentrations of SA (Clough et al.,
2000). We observed that the defect in seed production was
independent of SA. Experiments on transgenic lines (cngc2-1
homozygotes/nahG+; Clough et al., 2000) and genetic mutants
(cngc2-1/sid2 double homozygotes; see Materials and Methods)
indicated that, despite manipulations that effectively reduced
SA in the mutant to near-normal or low levels, the reduction in
seed yield under high-Ca2+ growth conditions persisted (Fig. S4,
see Supporting Information). Therefore, functional CNGC2,
but not SA level, is correlated with optimum seed development
in calcified environments.

In this report, we focused our discussion on the relationship
between CNGC2, Ca2+ signaling and effects on Arabidopsis fer-
tility. However, CNGC2 can also mediate K+ influx in several
heterologous systems (Leng et al., 1999, 2002). We cannot
completely exclude the possibility that the reduction in seed
production in cngc2 is a result of defects in K+ uptake that are
induced/exacerbated by high external Ca2+. However, current
data strongly support a link between Ca2+ flux, CNGC2 function
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and various physiological processes (see Introduction).
Furthermore, there is no evidence for K+ deficiency in cngc2 in
any published work (Hampton et al., 2005; see also Discussion
in Chan et al., 2008). Consistent with previous transcriptional
data on cngc2-2 (Chan et al., 2008), which suggest changes in
the expression of various signal transduction genes in the mutant,
our current working model is that alterations in a CNGC2-
dependent signaling pathway(s), either directly or indirectly, lead
to the fertility defects reported here.

In summary, the function of CNGC2 is required for opti-
mum seed yield, especially in high-Ca2+ growth environments.
Our results suggest the potential convergence and interplay
between cyclic nucleotide and Ca2+ signaling through a Ca2+-
permeable CNGC, and their importance in regulating plant
growth and reproduction. Future studies clarifying the local-
ization of CNGC2 by an in situ hybridization technique, and
characterizing potential alterations in internal Ca2+ concentra-
tions of the cngc2 mutant using fluorescent calcium reporters
targeted to different intracellular compartments and tissues
(Palmer & Tsien, 2006), may help to elucidate how CNGC2
affects plant development and fertility.
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Supporting Information

Additional supporting information may be found in the
online version of this article.

Fig. S1 cngc2 plants are smaller than the wild-type when
grown in high-Ca2+ conditions.

Fig. S2 Pollen from cngc2 plants displays normal germina-
tion and growth in vitro.

Fig. S3 cngc2 pistils are suboptimal for pollen tube growth.

Fig. S4 cngc2 plants with normal/low salicylic acid (SA) con-
centrations still have poor seed yield.

Please note: Wiley-Blackwell are not responsible for the con-
tent or functionality of any supporting information supplied
by the authors. Any queries (other than missing material)
should be directed to the New Phytologist Central Office.

About New Phytologist

• New Phytologist is owned by a non-profit-making charitable trust dedicated to the promotion of plant science, facilitating projects
from symposia to open access for our Tansley reviews. Complete information is available at www.newphytologist.org.

• Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged.
We are committed to rapid processing, from online submission through to publication ‘as-ready’ via Early View – our average
submission to decision time is just 29 days. Online-only colour is free, and essential print colour costs will be met if necessary.
We also provide 25 offprints as well as a PDF for each article.

• For online summaries and ToC alerts, go to the website and click on ‘Journal online’. You can take out a personal subscription to
the journal for a fraction of the institutional price. Rates start at £139 in Europe/$259 in the USA & Canada for the online edition
(click on ‘Subscribe’ at the website).

• If you have any questions, do get in touch with Central Office (newphytol@lancaster.ac.uk; tel +44 1524 594691) or, for a local
contact in North America, the US Office (newphytol@ornl.gov; tel +1 865 576 5261).

http://www.newphytologist.org
mailto:newphytol@lancaster.ac.uk
mailto:newphytol@ornl.gov
http://www.newphytologist.org


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


