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Abstract Pollination is essential for seed reproduction
and for exchanges of genetic information between individ-
ual plants. In angiosperms, mature pollen grains released
from dehisced anthers are transferred to the stigma where
they become hydrated and begin to germinate. Pollen grains
of wild-type Arabidopsis thaliana do not germinate inside
the anther under normal growth conditions. We report two
Arabidopsis lines that produced pollen grains able to in situ
precociously germinate inside the anther. One of them was
a callose synthase 9 (cs9) knockout mutant with a T-DNA
insertion in the Callose Synthase 9 gene (CalS9). Male
gametophytes carrying a cs9 mutant allele were defective
and no homozygous progeny could be produced. Heterozy-
gous mutant plants (cs9/+) produced approximately 50%
defective pollen grains with an altered male germ unit
(MGU) and aberrant callose deposition in bicellular pollen.
Bicellular pollen grains germinated precociously inside the
anther. Another line, a transgenic plant expressing callose
synthase 5 (CalS5) under the CaMV 35S promoter, also
contained abnormal callose deposition during microsporo-
genesis and displaced MGUs in pollen grains. We also
observed that precocious pollen germination could be
induced in wild-type plants by incubation with medium
containing sucrose and calcium ion and by wounding in the
anther. These results demonstrate that precocious pollen

germination in Arabidopsis could be triggered by a genetic
alteration and a physiological condition.
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GSL Glucan synthase-like
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RT-PCR Reverse transcription-polymerase chain reaction
DAPI 4�6-Diamidino-2-phenylindole

Introduction

Reproduction in angiosperms requires the delivery of
sperm cells from pollen to the ovary where they fuse with
the egg cell and central cell to give rise to the embryo and
endosperm, respectively. In most of Xowering plants,
pollen grains are released from dehisced anthers and trans-
ported by wind or animal pollinators to the stigma, where
they absorb water and initiate the germination pathway
(Taylor and Hepler 1997). The receptive stigmas can be
either wet or dry, depending upon plant species. While wet
stigmas are covered with a surface secretion containing
carbohydrates, lipids, proteins, phenolics and water, which
can hydrate pollen indiscriminately, dry stigmas have a
papillate surface that discriminately controls pollen adhe-
sion and hydration (Edlund et al. 2004; Hiscock and Allen
2008). Pollen germination leads to the outgrowth of pollen
tubes that penetrate the stigma and elongate towards the
ovary. The processes of pollen germination and pollen tube
guidance are controlled by sequential and complex pollen–
pistil interactions (McCormick 2004; Sanchez et al. 2004).
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Plants of cleistogamous species can produce closed
Xowers, in which self-pollination takes place, and open
Xowers which allow for outcross pollination. In a cleistoga-
mous Xower, pollen grains can precociously germinate
inside the anther, and pollen tubes grow through the closed
anther wall or exit from an open stomium to reach the
stigma (Lord 1979, 1981; Culley and Klooster 2007). The
molecular mechanism underlying the precocious pollen
germination inside the anther of cleistogamous Xowers is
unknown.

Pollination in Arabidopsis, a chasmogamous plant with
dry stigmas, is tightly controlled at the stages of pollen ger-
mination and pollen tube growth in the pistil. Although
wild-type Arabidopsis pollen grains can germinate and pro-
duce pollen tubes on the surfaces of various non-stigmatic
Xoral organs of immature buds (Kandasamy et al. 1994), on
the vegetative tissues and non-reproductive Xoral organs
of the Wddlehead (fdh) mutant (Lolle and Cheung 1993), or
on the in vitro germination medium (Fan et al. 2001), the
establishment of pollen–stigma connection is critical for the
initiation of the germination processes under natural condi-
tions. Mature pollen grains within a closed anther are indis-
tinguishable from those of dehisced anthers in their ability
to adhere, germinate and produce pollen tubes on pistil
(Kandasamy et al. 1994). However, pollen germination
inside the anther of wild-type Arabidopsis plants under nor-
mal growth conditions has, to our knowledge, not been
reported.

In the Arabidopsis raring-to-go (rtg) mutant, callose is
deposited on the pollen surface before anther dehiscence
and pollen grains can prematurely hydrate, germinate and
form pollen tubes within the anther, circumventing the
requirement for contact with the female stigma (Johnson
and McCormick 2001). The RTG gene has not been cloned
and it is not clear how this genetic alteration aVects callose
synthesis, deposition and dissolution. Overexpression of
plantacyanin driven by CaMV 35S promoter in wild-type
Arabidopsis plants also shows increased callose deposition
on the pollen wall and a small percentage of germinated
pollen grains in the closed anthers (Dong et al. 2005a).
These data suggest that genetic alterations in Arabidopsis
can cause pollen to precociously germinate inside the
anther. Our knowledge of how precocious pollen germina-
tion in the anther is triggered is still very limited.

Callose, a �-1,3-glucan, is an important cell wall compo-
nent that plays an essential role in plant development and
stress responses (Stone and Clarke 1992; Verma and Hong
2001). During microsporogenesis, callose is Wrst synthe-
sized by pollen mother cells (PMC) and accumulated as a
distinct layer between the primary cell wall and the plasma
membrane. This unique polysaccharide continues to be
massively deposited through meiosis, leading to the forma-
tion of a thick callose wall surrounding and separating the

four spores within a tetrad. During pollination, adhesion of
pollen to the stigma is followed by the massive deposition
of callose in the germination holes of pollen grains. As pol-
len tubes elongate rapidly towards the ovary, callose syn-
thesized by the male gamete is used to form the tube wall
and to construct the callose plugs that separate the vacuo-
lated basal portion of the extending pollen tube from the
metabolically very active pollen tube tip.

Callose synthase 5 (CalS5; or glucan synthase-like 2,
GSL2) has been identiWed as the key isoform of callose
synthases responsible for the formation of the callose wall
in pollen mother cells and microspore tetrads. CalS5 is also
essential for the accumulation of callose in the tube wall
and the callose plug in growing pollen tubes (Dong et al.
2005b; Nishikawa et al. 2005). Mutations in the CalS5 gene
result in the formation of sterile pollen grains with an aber-
rant pollen exine pattern, suggesting that callose wall may
provide a structural basis for exine formation. Although
pollen grains of cals5 mutants can germinate and produce
pollen tubes without callose plugs, their viability and com-
petence are greatly reduced (Dong et al. 2005b; Nishikawa
et al. 2005).

Recent studies on Arabidopsis mutants defective in two
other callose synthase isoforms, CalS9 (GSL10) and
CalS10 (GSL8), have revealed a previously unrecognized
role of callose in positioning the male sperm cell inside the
mature pollen grains. During microgametogenesis, the hap-
loid microspores undergo two rounds of mitosis, an asym-
metric cell division (pollen mitosis I) and a symmetric
mitosis. The asymmetric pollen mitosis I results in the for-
mation of two dimorphic cells, the vegetative cell and the
generative cell. The smaller generative cell undergoes a
round of symmetric pollen mitosis II, giving rise to two
sperm cells. The two sperm cells with their own plasma
membrane are closely associated with the vegetative
nucleus, forming a male germ unit (MGU), which is posi-
tioned in the center of mature pollen grains in Arabidopsis.
At cytokinesis of pollen mitosis I, callose is transiently
present between the vegetative cell nucleus and the genera-
tive cell nucleus (Park and Twell 2001). Mutations in either
the CalS9 or CalS10 gene in Arabidopsis disrupt pollen
mitosis, producing pollen with only one nucleus or two
nuclei. In bicellular pollen of the mutants, the generative
cell is degenerated, undiVerentiated or mislocalized (Töller
et al. 2008; Huang et al. 2009).

In this study, we observed precocious pollen germina-
tion in two diVerent Arabidopsis lines with genetic alterna-
tions in callose synthases. We also examined diVerent
growth and medium conditions that might induce preco-
cious pollen germination in wild-type Arabidopsis plants.
Our results demonstrate that precocious pollen germination
inside the anther in Arabidopsis can be triggered by both
genetic and physiological factors.
123



Planta (2010) 231:809–823 811
Materials and methods

Plant materials

Arabidopsis thaliana ecotype Columbia seeds were germi-
nated on the surface of vermiculite in small pots and the
plants were grown at 21–23°C in a growth chamber with
the normal relative humidity ranged between 50 and 70%.
Seeds of cs9-5 (Salk_060111) and cs9-6 (Salk_124294)
were obtained from the Arabidopsis Biological Resource
Center.

For the observation of early pollen germination inside
the anther under the high-humidity condition, 4- to 5-week-
old plants were grown for 3 days in a relative humidity
maintained at 85–95%. For induction of precocious pollen
germination, inXorescences were immersed for 2 days in an
in vitro germination buVer containing 18% sucrose,
1.5 mM boric acid, 10 mM CaCl2, 1 mM KCl and 1 mM
MgSO4, pH 7.0, or 18% sucrose, 10 mM CaCl2, 1 mM
KCl, or 1.5 mM boric acid alone. To remove a stigma or
pistil, unopened Xowers were hand-opened gently and the
stigma or pistil was removed using a small tweezers. For
wounding treatments, anthers were squeezed with small
tweezers tips, and leaves and stem below the Xower were
randomly punctured using a small tweezers. Two days
later, Xowers were Wxed and analyzed for pollen germina-
tion inside the anther. For temperature treatments, plants
were incubated at 4 or 37°C for 12 h. For treatments with
bacterial infection, Xowers were inoculated with Agrobac-
terium strains ABI resuspended in 0.05% Silwet L-77 water
solution (OD600 = 1.0) or Silwet L-77 alone for 2 days fol-
lowed by Wxation and analysis.

Construction of CalS5 expression vector 
and transformation

The coding region of CalS5 was ampliWed by RT-PCR with
RNA isolated from Arabidopsis inXorescences using prim-
ers 5�-GCA GTC GAC GAG ATG GCA CAG AGT AGT
ACA TCT C-3� and 5�-CGT GTC GAC TTC TTT CTG
CTT CTT ACC ACC GGC-3� (SalI sites underlined). The
ampliWed fragment (5.8 kb) was cloned into pCR2.1 (Invit-
rogen) and veriWed by DNA sequencing. The coding region
was subcloned into pXCS-HAStrep (Witte et al. 2004) at
the XhoI and SalI site, generating pStrep-CS5. Plasmid
pStrep-CS5 was introduced into Agrobacterium tumefac-
iens ABI strain for the transformation to Arabidopsis plants
and the transgenic plants were screened for BASTA resis-
tance (50 mg/l) by spraying 5 times at 2–3 weeks after ger-
mination. All transgenic lines were conWrmed by PCR
using genomic DNA.

Pollen staining

To assay pollen viability, anthers were squashed and
stained with Alexander’s solution (Alexander 1969). For
DNA and callose staining, Xowers were Wxed in 60% etha-
nol, 30% chloroform, 10% acetic acid for at least 2 h, and
treated with 2N NaOH for 5–10 min. After washing with
0.1M K2HPO4, pH 8.5, the specimens were incubated with
1 �g/ml DAPI (Sigma) for DNA or 0.05% aniline blue
(Sigma) for callose. The presence of nuclei (blue Xuores-
cence) or callose (blue-yellow Xuorescence) was detected
using a Xuorescence microscope with a UV Wlter, whereas
the autoXuorescence of cell background (red Xuorescence)
was imaged with a TRITC Wlter. Superimposed images of
the blue and red Xuorescence was created using Photoshop
software.

RNA extraction and RT-PCR

Total RNA was extracted from Arabidopsis tissues using
Trizol reagent (Invitrogen). cDNA was reverse-transcribed
from RNA using SuperScript First-Strand Synthesis Sys-
tem (Invitrogen). Relative expression levels of the CalS5
gene were assayed by PCR using primers CS5F2, 5�-AAG
ATT TGC AGA GGT CAC TGC AGC-3� and CS5R2,
5�-CTT CTC GTT CCT CAA CCT CAT C-3�. The expres-
sion levels of the CalS5-HA-Strep (S-CalS5) mRNA were
assayed using primer CS5F1, 5�-CTG GAA TTC CTT
GAC TGG TTA AGA GCT-3� corresponding to the CalS5
5�-coding region, or primer CS5F3, 5�-TGG CTA GAG
GGT ATG AG-3� corresponding to the CalS5 3�-coding
region, and the Strep-speciWc primer StpR 5�-AAA CAA
ATT GAG GAT GAG-3�. The primers used to amplify
other CalS mRNAs were described previously (Dong et al.
2008). PCR ampliWcation was carried out in conditions of
one initial cycle at 93°C for 3 min, 22 cycles at 93°C for
45 s, 57°C for 45 s, 72°C for 1.5 min, and a Wnal extension
at 72°C for 10 min. Actin-2 mRNA, which served as a con-
trol, was ampliWed using primers ActF, 5�-TGG TGT CAT
GGT TGG GAT G-3� and ActR, 5�-CAC CAC TGA GCA
CAA TGT TAC-3�.

Genetic analysis

Heterozygous mutant cs9-5/+ plants were pollinated with
pollen from homozygous mutant qrt1/qrt1 plants (Preuss
et al. 1994; Johnson-Brousseau and McCormick 2004). F2
plants showing both qrt1 and cs9 mutant phenotypes were
isolated and their genotype (cs9/+; qrt1/qrt1) conWrmed by
genomic PCR. Tetrads were stained with Alexander’s dye
(Alexander 1969), aniline blue and DAPI solutions.
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Scanning electron microscopy

Arabidopsis pollen grains were coated with 9 nm of gold
particles using a Technics Hummer V sputter coater, and
observed with a Hitachi S-570 scanning electron micro-
scope at 15 kV.

Results

Gametophytic defects of Arabidopsis cs9 mutants

We have previously shown that the CalS9 gene is expressed
in several plant tissues, including pollen (Dong et al. 2008).
To study its biological function in plants, we characterized
two T-DNA insertion mutants, cs9-5 (Salk_060111) and
cs9-6 (Salk_124294) (Fig. 1a). Consistent with the recent
data obtained by other groups (Töller et al. 2008; Huang
et al. 2009), our analysis show that pollen grains carrying
cs9 were gametophytic lethal. No cs9 homozygotes could

be obtained from the self-pollination of cs9/+ heterozy-
gotes (Fig. 1b; Supplementary Fig. S1). Progenies of
self-pollinated cs9/+ plants segregated with a ratio of
approximately 1:1:0 for WT:cs9/+:cs9, as conWrmed by
genomic PCR. There was no observable diVerence in vege-
tative growth between the heterozygous mutant (cs9/+) and
the wild-type plant. The cs9/+ plants exhibited severe
defects in pollen viability. When analyzed by Alexander’s
staining, approximately half of pollen grains produced in
cs9/+ plants were not viable (Fig. 1c), suggesting that
CalS9 is required for male gametophyte development.

We used callose staining and a nucleus DNA binding
dye to examine how the pollen development in cs9/+ plants
was aVected by the mutation. The callose wall of pollen
mother cells and tetrads of cs9–5/+ and cs9–6/+ plants con-
tained a uniform layer of callose as in the wild-type control
(yellow arrows, Fig. 8a, b, d, e), indicating that CalS9 is not
responsible for callose wall biosynthesis, and is not
required for microsporogenesis. However, when stained
with DAPI, approximately half of the mature cs9/+ pollen

Fig. 1 T-DNA insertional mutants of cs9 gene. a Genomic DNA
structure of the CalS9 gene. Black boxes represent exons and lines
represent introns. Triangles indicate the T-DNA insertion sites.
ATG translation start site. TAA translation stop site. b Genomic PCR of
cs9-5 and cs9-6 mutant lines. Genomic DNA isolated from cs9-5 and
cs9-6 plants were used for PCR ampliWcation using three primers, LP
5�-ATA TAC CCT TGC ACC ACC ATG-3�, RP 5�-AAT ACT TAG
CAG TTA GCA GGC G-3� and LBb1 5�-GCG TGG ACC GCT TGC
TGC AAC T-3�. The ampliWcation products were a 1.05-kb genomic
fragment in wild type (WT), a 1.05-kb genomic fragment and two
T-DNA speciWc fragments (0.8 and 0.5 kb, arrowheads) in cs9-5/+,

and 1.05 kb genomic fragment, a 0.2 kb T-DNA speciWc fragment
(arrow) in cs9-6/+. A 0.45-kb nonspeciWc fragment was present in all
reactions. See supplemental Fig. S1 for Genomic PCR using two
primers. c Viability of pollen grains of wild-type control and cs9
mutants as stained with the Alexander solution (Alexander 1969).
Arrows indicate the defective mutant pollen grains. d Precocious
pollen germination inside the anther in cs9-5/+ and cs9-6/+ plants.
Fluorescence images taken using a UV Wlter for the presence of callose
(light blue) or a TRITC Wlter for autoXuorescence background (red)
were overlaid with Photoshop. Bars 10 �m in c, 40 �m in d
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grains were tricellular, containing one disperse vegetative
nucleus and two compact sperm cells associated closely in
the center of a pollen grain, as shown in the wild-type con-
trol (Fig. 4a). The remaining 50% pollen grains of cs9/+
plants were deformed or lacked one or both sperm cells.
Most bicellular pollen grains contained a vegetative
nucleus in the center of pollen grain and one sperm cell dis-
placed to a bulge formed by extrusion of the pollen wall.
(type III in Fig. 4a), forming a morphologically distinguish-
able from the normal round-shaped tricellular pollen. Con-
sistent with the data described in two recent reports (Töller
et al. 2008; Huang et al. 2009), our results demonstrating
that the CalS9 gene is required for pollen mitosis and plays
a pivotal role in positioning the MGU inside the pollen.

We also examined if there were any other alterations in
callose deposition and Xower development. To our surprise,
germinated pollen grains with growing pollen tubes were
found inside the anthers of cs9–5/+ and cs9–6/+ mutant
lines, but not in the control plants (Figs. 1d, 3). Further
characterization of the cs9/+ mutant was then focused on
this pollen germination phenotype.

Transgenic expression of 35S::S-CS5 in Arabidopsis

We also observed similar precocious pollen germination
phenotypes in transgenic Arabidopsis plants expressing
S-CalS5 under the CaMV 35S promoter (35S::S-CS5,
Fig. 2). Previous studies have indicated that CalS5 is the
main callose synthase responsible for the formation of the
callose wall during microsporogenesis, and the pollen tube
wall and callose plug during pollen germination (Dong
et al. 2005b; Nishikawa et al. 2005). Callose synthases are
believed to exist as enzyme complexes. To investigate how
elevated expression levels and ectopic expression of CalS5
might aVect callose synthesis during plant growth and
development, we generated transgenic plants expressing
35S::S-CS5 (for Strep-tagged CalS5) (Fig. 2a). Sixteen (16)
independent transgenic lines (T1) selected on Basta resis-
tance were maintained and veriWed by genomic PCR (data
not shown). T2 plants that showed no segregation for Basta
resistance in the T3 generation were identiWed as homozy-
gous transgenic lines. Growth and development phenotypes
of transgenic plants were observed in T3 and T4 homozy-
gous plants.

We randomly selected Wve transgenic lines and analyzed
the expression levels of the native CalS5 gene and the
S-CS5 transgene in Xowers (Fig. 2b). To detect the expres-
sion of the S-CS5 transgene, RT-PCR was performed using
a pair of primers, one being Strep speciWc (StpR, Fig. 2a, b)
and the other corresponding either to the 5�-end or the
3�-sequence of the CalS5 coding region (CS5F1 and
CS5F3, Fig. 2a, b). Expression of the S-CS5 transgene was
readily detected in these lines. Using a diVerent pair of

primers corresponding to the middle CalS5 coding region,
which would amplify both the native CalS5 and the S-CS5
transgene, we could detect higher levels of the transcripts in
the transgenic lines than in the wild-type plants (Fig. 2b),
suggesting that the native CalS5 expression was not

Fig. 2 Transgenic Arabidopsis plants expressing S-CS5. a Plasmid
pStrep-CS5 expressing CalS5 tagged with hemagglutinin (HA) and
Strep (Stp) at the C-terminus was used to transform wild-type
Arabidopsis and cs5-1 mutant plants. PAT phosphinothricin acetyl
transferase used for selection of transgenic plants resistant to herbicide
Basta. RB and LB, right and left borders of the T-DNA. Primers CS5F2
and CS5R2 were used to detect the mRNA of the native CalS5 and the
S-CS5 transgene. The expression of the S-CS5 transgene was ampliWed
by a Strep-speciWc primer (StpR) and an oligonucleotide corresponding
to the 5�-end (CS5F1) or the 3�-sequence (CS5F2) of the CalS5 coding
region. b RT-PCR results showing the expression of the native CalS5
gene and the S-CS5 transgene in the Xowers of 5 randomly selected
transgenic plants. Actin2 mRNA was used as an internal control. Three
replications were conducted and one representative result is shown.
c Precocious pollen germination inside the anther in S-CS5/WT plant.
Only the representative lines, line 3, 5 and 11, were shown. Fluorescent
images taken using a UV Wlter for the presence of callose (light blue)
or a TRITC Wlter for autoXuorescent background (red) were overlaid
with Photoshop. Bar 20 �m
123



814 Planta (2010) 231:809–823
silenced by the S-CS5 transcripts. The vegetative parts of
homozygous S-CS5 transgenic plants were morphologically
indistinguishable from those of the wild-type control. How-
ever, the transgenic plants exhibited phenotypes in the
reproductive parts similar to those observed in cs5-1 mutant
plants. The defective phenotypes included shorter siliques,
aborted embryos, shrunken anthers and deformed pollen
grains with rougher exine structures (Supplementary
Figs. S2, S3). Compared with wild type and cs5-1 mutant,
S-CS5/WT plants developed an uneven peripheral callose
wall surrounding pollen mother cells and tetrads (red
arrowheads, Fig. 8), while maintained a regular interstitial
callose wall that separated the spores within a tetrad. Under
a Xuorescence microscope, the interstitial callose wall
appeared as bright lines after staining with aniline blue
(yellow arrows, Fig. 8h). The irregular callose patches
observed in the peripheral callose wall of the pollen mother
cells and the tetrads in transgenic S-CS5/WT plants (red
arrowheads, Fig. 8g, h) were persistent in the newly
released microspores (Fig. 8i). In contrast, callose was
degraded completely in the newly released microspores in
wild type, cs9/+ and cs5-1 plants (Fig. 8c, f, l). This abnor-
mal and uneven tetrad callose wall, and persistent callose
deposition on the microspore surface might have disrupted
exine formation, resulting in the development of deformed
and sterile pollen in S-CS5/WT transgenic plants. In this
work, we focused on the phenotypes of pollen germination
inside the anther (Figs. 2c, 3), which was not observed in
wild type, cs5-1 mutant (Figs. 2c, 3b, c, q, r) or transgenic
plants expressing the empty vector (pXCS-HAStrep; Witte
et al. 2004; data not shown).

Precocious pollen germination

As shown in Fig. 3 and Table 1, under normal growth con-
ditions, no callose could be detected on pollen grains of the
tested lines at the early tricellular stage (Fig. 3a, f, k, p).
However, signiWcant callose deposition was detected on
pollen grains of S-CS5/WT (18–35%) and cs9/+ lines (24–
28%) at the late tricelluar stage (Figs. 3g, l, 4b; Table 1). At
anther dehiscence, germinated pollen grains with growing
pollen tubes were observed inside the anthers of S-CS5/WT
(4–8%) and cs9/+ lines (about 8%) (Fig. 3h, m), but not in
those of wild-type control or cs5-1 mutant (Fig. 3c, r;
Table 1). The pollen tubes grew inside the anther or
extended from the open stomium, but did not penetrate the
anther cell wall. As the anthers would inevitably have some
physical contact with the stigma during Xower opening, we
asked whether the precocious pollen germination was
induced by a signal from the stigma. We removed the
stigma and whole pistil before Xower opening, and found
no signiWcant change in germination rates inside the anthers
in the two lines (data not shown), suggesting that preco-

cious pollen germination was not induced by a stigma sig-
nal, and was not aVected by wounding in the pistil.

As high humidity is known to promote early pollen ger-
mination in Arabidopsis rtg mutant plants (Johnson and
McCormick 2001), we tested how high humidity aVected
pollen germination in cs9/+ and S-CS5/WT plants. When
incubated in a high-humidity condition (>85%), the per-
centages of pollen grains with abnormal callose accumula-
tion and germinated pollen in the two lines increased
signiWcantly (14–19% in S-CS5/WT and 16% in cs9/+)
(Fig. 3; Table 1). The high-humidity condition also induced
accumulation of callose in pollen of the wild-type control
and in cs5-1 mutant plants (Fig. 3), suggesting that callose
deposition itself was not suYcient to cause early pollen ger-
mination inside the anther, and that this humidity-induced
callose was not synthesized by CalS5.

We also examined pollen germination on stigma. In cs9/+
plants, a 1:1 ratio of wild type:cs9 pollen grains were pro-
duced. Only pollen grains with the normal shape (wild type)
germinated on stigma and produced visible callose plugs,
whereas the deformed pollen grains that carried the mutated
cs9 gene did not germinate on stigma (Fig. 3j). Therefore, the
mutated cs9 gene could not be transmitted to the next genera-
tion, and no homozygote of cs9 plants could be obtained.
Pollen grains of S-CS5/WT plants germinated normally and
produced normal callose plugs (Fig. 3o) as observed in the
wild-type plants (Fig. 3e), while the pollen tubes of cs5-1
mutant plants contained nearly undetectable callose (Fig. 3t).

Callose deposition and male germ unit (MGU) position 
in mature pollen grains

As described above, an abnormal callose deposition in pol-
len grains of cs9-5/+ plants was detected during the late tri-
cellular stage (Fig. 3g). We stained the mature pollen grains
of cs9-5/+ plants before anther dehiscence with aniline blue
and DAPI (Fig. 4b; Table 2). We also examined callose
deposition and MGU position in wild-type pollen grains.
Mature wild-type pollen grains contained two sperm cells
in the center of the grain in close vicinity of the vegetative
nucleus and had no detectable callose (Fig. 4aI). During
germination on stigma, more than 50% of wild-type pollen
grains produced callose in and around the germination pore
and the MGU migrated from the pollen center to a diVusion
pattern. Incubation of Xowers with water could also induce
callose accumulation in the pollen wall and initiate MGU
migration from the center of pollen to a cortical position,
although no pollen germination could be detected under
this condition (Fig. 4b; Table 2).

In cs9/+ plants, almost all of the callose-containing
pollen grains were bicellular, having only one sperm cell
mislocated to vicinity of the pollen wall, and callose was
deposited speciWcally on the pollen wall just around the
123
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Fig. 3 Precocious pollen germination inside the anther and pollen
germination on the stigma. Anthers at the early tricellular (a, f, k, p),
late tricellular (b, g, l, q) and dehiscence stages (c, h, m, r), or treated
with high humidity (d, i, n, s) and non-treated stigmas in open Xowers
(e, j, o, t) were Wxed and stained with aniline blue. Fluorescent images
taken using a UV Wlter for the presence of callose (light blue) or a
TRITC Wlter for autoXuorescent background (red) were overlaid with

Photoshop. Callose accumulation was observed in cs9-5/+ mutant and
S-CS5/WT transgenic plants (line 3) at the late tricellular stage. Treat-
ment with the high-humidity condition (85–95% relative humidity)
induced callose deposition in all genotypes tested, while pollen
germination in the anther was observed only cs9-5/+ mutant and
S-CS5/WT transgenic plants. Pollen tubes of cs5-1 mutant (t) contained
little callose (Dong et al. 2005b; Nishikawa et al. 2005). Bar 20 �m
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sperm cell (Fig. 4a, type III; Fig. 4b; Table 2). As described
below, these bicellular pollen grains were the ones that ger-
minated precociously inside the anther. It seemed that the
abnormal callose deposition and MGU mislocalization in
cs9/+ pollen grains were directly related to the precocious
pollen germination.

At the late tricellular stage, most pollen grains of S-CS5/
WT plants contained one vegetative cell and two sperm
cells (Fig. 4a; Table 2). However, the sperm cells of 20–27%
of S-CS5/WT pollen grains were placed closely to the
pollen wall. Irregular callose patches were found on the sur-
face of many S-CS5/WT pollen grains (Figs. 3, 4; Table 2).

Table 1 Precocious pollen germination inside the anther

* SigniWcant diVerence from the values in the normal humidity (t test, P · 0.05)
a Data are the means § standard deviations from three independent replicate assays. 80–120 newly dehisced anthers were analyzed in each assay
b Data are the means § standard deviations obtained from 10 diVerent anthers

Plant lines Humidity (%) Anther with 
germinated 
pollena (%)

Pollen with 
callose 
depositionb (%)

Pollen germinated 
inside the antherb (%)

WT 50–70 0 0.3 § 0.3 0

WT 85–95 0 16.2 § 2.1* 0

S-CS5-3/WT 50–70 37.9 § 5.3 24.3 § 4.6 6.5 § 1.7

S-CS5-3/WT 85–95 51.0 § 5.5* 40.1 § 9.8* 18.6 § 2.0*

S-CS5-5/WT 50–70 27.4 § 4.8 35.3 § 3.5 7.9 § 0.4

S-CS5-5/WT 85–95 41.8 § 3.3* 52.0 § 4.6* 15.7 § 1.5*

S-CS5-11/WT 50–70 26.0 § 3.6 18.5 § 2.5 4.0 § 0.5

S-CS5-11/WT 85–95 34.7 § 3.1* 33.7 § 3.8* 14.3 § 1.5*

cs9-5/+ 50–70 63.7 § 4.9 28.2 § 4.2 8.3 § 1.3

cs9-5/+ 85–95 61.9 § 5.6 30.9 § 2.3* 16.7 § 1.5*

cs9-6/+ 50–70 63.0 § 8.6 24.5 § 0.8 7.9 § 1.4

cs9-6/+ 85–95 59.4 § 5.5 40.1 § 5.5* 16.3 § 2.5*

cs5-1 50–70 0 1.3 § 1.8 0

cs5-1 85–95 0 12.4 § 6.8* 0

Fig. 4 Male germ unit (MGU) positions and callose deposition in
pollen grains. a DAPI-stained cs9 pollen. Yellow arrows indicate the
vegetative nucleus (VN) and sperm cells (SC). MGU position I normal
position with one vegetative nucleus and two sperm cells associated
closely in the center of pollen grain, II abnormal position with the veg-
etative nucleus and two sperm cells mislocalized closely to the pollen
wall, III bicellular pollen with the vegetative nucleus in the pollen cen-
ter and one sperm cell mislocalized to a bulge formed by the pollen

wall, IV pollen with two nucleus in the grain, V mononuclear pollen,
VI collapsed pollen with no detectable nucleus. b Localization of cal-
lose (red arrowheads) and mislocalized MGU. Pollen grains stained
with aniline blue and DAPI were photographed with a Xuorescence
microscope using a UV Wlter. WT on stigma means the hand-pollinated
wild-type pollens on the stigma after 30 min. Arrows indicate the
vegetative nucleus and sperm cells of cs9 pollen. Bar 5 �m in a and b
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Consistently, S-CS5/WT also produced about 7–10% of
pollen grains contained both irregular callose patches on
the wall and mislocalized sperm cells (Fig. 4b; Table 2).

Migration of MGU in precociously germinated pollen tubes

Similar to the wild-type pollen tubes germinated in vitro or in
vivo, precociously germinated S-CS5/WT pollen tubes con-
tained two sperm cells and one vegetative nucleus, migrating
from the grain towards the growing tip (Fig. 5a–e, l, m). In
contrast, precociously germinated pollen tubes in cs9/+
plants only contained one vegetative nucleus and one sperm
cell, indicating that they were developed from the defective
bicellular pollen grains carrying the cs9 gene. In addition, the
vegetative nucleus and sperm cell could not migrate towards
the growing tip (Fig. 5f–i). Pollen tubes of cs9 could emerge
from either the bulgy site containing the sperm cell or a pore
in other site (Fig. 5h–k). It is important to note that while het-
erozygous cs9/+ plants produced an equal amount of WT
and cs9 pollen grains, precocious germination was found
only in the irregularly developed cs9 mutant pollen grains,
but not in the normal WT pollen. This indicated that preco-
cious pollen germination in cs9/+ plants was a gametophytic
defect that resulted from the lack of the CalS9 gene.

To verify the 1:1 segregation ratio of cs9:WT spores in a
tetrad produced in the cs9/+ plants, we crossed cs9-5/+
plants with quartet1 (qrt1) mutant, which keeps all four
microspores of a tetrad attached together during pollen
development and allows for tetrad analysis of microspore
segregation (Preuss et al. 1994; Johnson-Brousseau and
McCormick 2004). Plants from the F2 generation with the
genotype of cs9-5/+; qrt1/qrt1 were selected for tetrad anal-
ysis. Stained with Alexander’s dye (Alexander 1969), the
tetrad of qrt1 mutant plants (+/+; qrt1/qrt1) contained all

four purple-stained viable pollen grains (Fig. 6a, left panel).
In contrast, the tetrad of cs9 qrt1 double-mutant plant (cs9-
5/+; qrt1/qrt1) contained exactly two purple-stained viable
pollen grains and two green-stained mutant grains (Fig. 6a,
right panel). When stained with aniline blue and DAPI,
about 95% of the tetrads produced in the qrt1 mutant plants
(+/+; qrt1/qrt1) contained all four normal pollen grains,
having the centralized MGU with no detectable callose
patches (Fig. 6bI). In cs9 qrt1 double-mutant plants (cs9-5/
+; qrt1/qrt1), however, no tetrads with all four normal pol-
len grains were detected. Instead, most tetrads contained
two irregular pollen grains and two normal pollen grains.
These defective pollen grains contained only one or two
nuclei, as opposed to the three nuclei in WT pollen grains.
The defective bicellular pollen grains of the cs9 qrt1 dou-
ble-mutant plants had the characteristic callose patches on
the pollen wall surrounding the mislocalized sperm cell,
which was also detected in the cs9/+ single mutant plants
(Fig. 6b, c). As expected, precocious pollen germination
was detected in the tetrads in cs9 qrt1 double-mutant plants
(about 20%), and only the defective bicellular pollen grains
could germinate precociously in the anther. As in the cs9/+
single mutant, the MGU of the cs9 qrt1 double mutant did
not migrate to the pollen tube during pollen tube growth
(Fig. 6b). Therefore, these tetrad analysis results conWrmed
that precocious pollen germination in cs9/+ plants was
resulted from the gametophytic defect.

Induction of precocious pollen germination 
in WT Arabidopsis anthers

Under normal growth conditions, wild-type Arabidopsis
pollen does not germinate in the anther. We asked whether
there existed external and internal cues that might trigger

Table 2 Callose deposition and male germ unit (MGU) position in pollens

Data are the means § standard deviations from three independent replicate assays. Approximately 100 pollen grains at the late tricellular stage
before anther dehiscence were analyzed in each assay
a See Fig. 4a for deWnition of MGU positions I, II, III, IV, V and VI

Plant lines 
and treatment

Pollen with 
callose (%)

MGU positiona (%) Pollen with 
callose and 
dislocated 
MGU (%)

I II III IV V VI

WT 0 96.8 § 4.0 0.6 § 1.1 0 0 0 2.7 § 4.0 0

WT pollen on 
stigma, 30 min

62.1 § 15.2 36.2 § 10.9 63.8 § 11.0 0 0 0 0 50.4 § 5.7

WT pollen in water 38.8 § 4.2 59.5 § 4.6 40.5 § 4.6 0 0 0 0 33.3 § 4.7

S-CS5-3/WT 35.7 § 9.7 61.8 § 5.1 24.7 § 2.3 0 0 0 13.5 § 4.8 8.5 § 2.8

S-CS5-5/WT 39.3 § 1.5 54.9 § 2.2 27.3 § 4.2 0 0 0 17.8 § 1.9 10.2 § 2.5

S-CS5-11/WT 27.9 § 1.9 68.2 § 3.4 20.3 § 4.9 0 0 0 11.5 § 3.3 7.1 § 1.6

cs9-5/+ 27.2 § 2.4 52.2 § 2.2 0.75 § 1.1 17.3 § 4.2 3.0 § 0.6 9.3 § 2.2 17.5 § 2.4 17.0 § 1.7

cs9-6/+ 28.2 § 1.6 48.6 § 7.2 0 25.5 § 9.9 2.1 § 2.6 5.1 § 5.8 19.4 § 11.7 25.3 § 1.8
123



818 Planta (2010) 231:809–823
pollen to germinate in the anther of wild-type plants. We
treated Arabidopsis Xowers with diVerent ions, wounding,
temperature stress and bacterial infection. As shown in
Fig. 7 and Table 3, precocious pollen germination could be
easily observed by treating Xowers with in vitro germina-
tion buVer or sucrose alone. Ca2+ (10 mM) or K+ (1.5 mM)
alone had a weak eVect in inducing precocious germination,

despite their importance in pollen germination and pollen
tube growth. Pollen germination in the anther was not
detected in treatments with water or 1.5 mM boric acid,
suggesting that humidity and ions were not suYcient to
induce precocious germination, although callose accumula-
tion in the pollen wall and MGU migration could be induced
(Fig. 4b). Sucrose (18%) alone or in vitro germination buVer,

Fig. 5 Migration of the MGU during pollen tube growth. The MGU
consisting of the vegetative nucleus (yellow arrows) and the sperm
cells (red arrowheads) migrated from the pollen grain to the growing
pollen tube (stars) in wild type and S-CS5/WT plants. a–c Transmis-
sion image (a) and Xuorescent image (b) of a DAPI-stained wild-type
pollen grain germinated in vitro. Close-up view of the MGU in b is
shown in c. d–e Transmission image (d) and Xuorescent image (e) of

precociously germinated wild-type pollen induced by sucrose. f–k
Transmission images (f, h, j) and Xuorescent images (g, i, k) of preco-
ciously germinated pollen of cs9-5/+ plants. Note that the MGU
remained in the pollen grain. l–m Transmission image (l) and Xuores-
cent image (m) of precociously germinated pollen of S-CS5/WT
plants. Bars 80 �m in a, b; 5 �m in c; 10 �m in d–m
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which also contained sucrose together with Ca2+ and K+

ions, might act both as a carbon source and as a germina-
tion signal, and was suYcient to trigger precocious pollen
germination and sustain pollen tube growth in the anther.

Other treatments, including temperatures, wounding and
bacterial infection could only induce callose accumulation
in pollen grains, except that very low percentages of pollen
germination were detected by wounding in the anthers and
stigmas, being 0.7 and 1.1%, respectively (Table 3; Fig. 7).
It was not clear if this was caused by the nutrition of wound
exudates or an unidentiWed wound signal(s). All these
results clearly indicated that certain environmental factors
could mimic the function of stigma signals or genetic alter-
ations such as cs9 and rtg mutations in promoting early pol-
len germination inside the anther.

We also used RT-PCR to examine the transcription lev-
els of the 12 CalS genes in the Xower tissue treated with
diVerent germination conditions. As shown in Fig. 7f, the
mRNA level of CalS12, a CalS isoform involved in Xower
development and wounding- or pathogen responses (Jacobs
et al. 2003; Nishimura et al. 2003; Enns et al. 2005), was
increased by the treatments. The expression of CalS1, 5, 9
and 11 was up-regulated by the 37°C treatment, whereas
CalS2, 8, 10 were down-regulated by the wounding treat-
ment. Treatment with sucrose repressed the expression of
CalS9, suggesting that a reduced level of CalS9 may be
important in inducing precocious pollen germination. This
data is consistent with the conclusion drawn from the
observation in the cs9/+ mutant plants. Expression of
CalS2, 8, 10 and 11 were also down-regulated by sucrose.
However, CalS5 expression was not changed signiWcantly
under the same condition.

Discussion

Pollen germination and pollen tube growth are strictly con-
trolled in Xowering plants. In Arabidopsis, pollen germina-
tion is triggered by a complex interaction with the stigma
under natural conditions. In this report, we described two
novel Arabidopsis lines that exhibited precocious pollen
germination inside the anther. One of these lines was a
T-DNA insertional mutant at CalS9, a gene essential for
microgametogenesis. The mutant could be maintained as a
heterozygote (cs9–5/+ and cs9–6/+). The other line exhib-
iting precocious pollen germination was a transgenic plant
expressing a callose synthase 5 isoform under the CaMV
35S promoter (S-CS5/WT). These two lines, cs9/+ and
S-CS5/WT, are a new addition to the genetic resources use-
ful for the study of pollen germination and reproduction in
plants. Previously, the Arabidopsis rtg mutant (Johnson and
McCormick 2001) and the transgenic plant with increased
plantacyanin accumulation (Dong et al. 2005a) have been
described to exhibit precocious pollen germination. Flow-
ers formed in these precocious pollen germination lines of
Arabidopsis resemble a cleistogamy with the respect that
the pollen can germinate before leaving the anther. We also

Fig. 6 Tetrad analysis of cs9-5/+ pollen grains. a Alexander solution
stained tetrads of the qrt1 control (+/+; qrt1/qrt1) and cs9 qrt1 double
mutant (cs9-5/+; qrt1/qrt1) plants. b Aniline blue and DAPI-stained
tetrads. Tetrad type I a tetrad consisting of four normal pollen grains,
each containing one vegetative nucleus and two sperm cells associated
closely in the center of pollen grain, and undetectable callose deposits
on pollen surface; II a tetrad consisting of two normal pollen grains, a
mononuclear pollen grain, and a MGU-mislocalized bicellular pollen
grain with visible callose deposition (indicated by red arrowhead); III
a tetrad consisting of two normal pollen grains, a defective pollen grain
with no visible nucleus, and a MGU-mislocalized bicellular pollen
with callose deposition on the germinating pollen tube (indicated by *);
IV a tetrad consisting of two normal pollen grains, a defective pollen
grain with no visible nucleus, and a mononuclear pollen grain; V a tet-
rad consisting of two normal pollen grains, and two defective pollen
grains with no nucleus. Yellow arrows in II and III indicate the vegeta-
tive nucleus and sperm cells in bicellular pollen grains. c QuantiWca-
tion of tetrad analysis using aniline blue and DAPI staining. The MGU
types were indicated in b. Columns were the means § standard devia-
tions from three replicate assays. At least 50 tetrads in newly dehisced
anthers were analyzed in each assay. Bars 10 �m in a, b
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presented evidence for the induction of precocious pollen
germination in the wild-type Arabidopsis plants by treat-
ments with sugar solutions and wounding. Taken together,
these Wndings demonstrate that precocious pollen germina-
tion in Arabidopsis could be triggered by genetic alterna-
tions and nutrition/wounding treatments.

The two Arabidopsis lines, cs9/+ and S-CS5/WT, were
related to each other with respect to the genetic alterations
of callose synthases, suggesting that callose synthesis and

deposition are important for pollen development and germi-
nation. Our results and the recent data obtained by other
groups (Töller et al. 2008; Huang et al. 2009) have indi-
cated a critical role of CalS9 in regulating the progression
of pollen mitosis I and II. Two other callose synthases,
CalS1 and CalS10, have been identiWed as the main iso-
forms involved in cell-plate formation in the meristems and
during pollen development (Hong et al. 2001; Thiele et al.
2008; Chen et al. 2009). Whether CalS9 is targeted to the
cell plate during pollen mitosis remains to be determined.
The molecular mechanism underlying the regulation of
MGU position inside the pollen by CalS9 also warrants fur-
ther examination. The data described in this work have sug-
gested a new function of CalS9 in temporal control of
pollen germination. In cs9/+ plants, only the irregularly
bicellular pollen grains with a mislocalized MGU position
would germinate in the anther (Figs. 4, 5, 6), whereas the
remaining wild-type pollen grains remained intact, suggest-
ing that the environment of the anther locule, a sporophytic
tissue, was not the factor that induced early pollen germina-
tion. It is also interesting to note that in precociously germi-
nated cs9 mutant pollen, the MGU consisting of one
vegetative nucleus and one sperm cell could not migrate
from the pollen grain to the extending tube. These Wndings
suggested a new role of CalS9 in regulating MGU move-
ment during pollen tube extension.

In addition to stress conditions, abnormal development
of plant tissues can also induce ectopic callose accumula-
tion. Defects in cell elongation and shape, alterations in
pollen cell fate, or severe morphological deformation in
mutant pollen often couple with ectopic callose deposition
in cell walls (Park and Twell 2001; Ko et al. 2006; Van
Damme et al. 2006). The abnormal pollen division and
shape in cs9 mutant pollen and the deformed pollen shape
and surface patterning in S-CS5 transgenic plants might
contribute to the ectopic callose accumulation in the two
Arabidopsis lines described in this report. However, in spite
of the diVerent genetic backgrounds, callose deposition and
MGU mislocalization could be observed in the pollen
grains of cs9/+ and S-CS5/WT plants. These events,

Fig. 7 Induction of precocious pollen germination inside the anther in
wild-type plants. Flowers treated with water (a), sucrose solution (b),
wounding (c), temperature stress (d) and bacterial infection (e) were
stained with aniline blue. Deposition of callose in pollen grains was
induced by the treatments. However, precocious pollen germination
(arrowheads) was induced only treatments with sucrose (18%; b),
in vitro germination medium and wounding (c). Images were taken
with a Xuorescence microscope using a UV Wlter to detect callose (light
blue) and a TRITC Wlter to record the autoXuorescent background.
Images were overlaid using Photoshop software. Bar 20 �m. f RT-PCR
analysis of CalS gene expression in wild-type Arabidopsis Xowers
treated with diVerent germination conditions. RT-PCR products of
Actin2 mRNA were used as an internal control. Three replications were
conducted and one representative result is shown

�
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occurring while pollen grains were inside the anther with
no contact with stigma, might play a role in the observed
precocious germination. The high callose deposition might
increase the water-withholding ability (Vithanage et al.
1980) and allow absorption of nutrition from the anther loc-
ule. The displaced MGU might be helpful in initiating pol-
len tube growth and pollen cell wall remodeling. However,
callose deposition and MGU mislocalization were not suY-
cient to promote the entire pollen germination processes,
because in wild-type plants, water treatment could also
induce these events but failed to trigger pollen tube growth.
Thus, it is possible that other genes involved in pollen
germination might be up- or down-regulated in cs9/+ and
S-CS5/WT plants. This hypothesis is consistent with a
recent report on the phenotype of a knockout mutant of the
CalS12 gene (GSL5), in which a group of host defense
genes are up-regulated (Nishimura et al. 2003).

Previous studies have suggested that CaMV 35S pro-
moter is constitutive in most plant tissues, but not uniform
and may be variable in the Xower (Wilkinson et al. 1997;
Jenik and Irish 2000). Although the activity of CaMV 35S
promoter has long been thought to be very low in Arabid-
opsis pollen grains, transgenic plants expressing genes
under this promoter have also been shown to induce pheno-
types in pollen, such as male sterility (Eyüboglu et al.
2007), pollen tube growth retardation (Singh et al. 2002)
and precocious pollen germination (Dong et al. 2005a). In
this study, precocious pollen germination in S-CS5/WT
plants could be just one of the pleiotropic eVects brought
about by the ectopic expression of CalS5 under the CaMV
35S promoter, which also resulted in synthesis of a defec-
tive callose wall during microsporogenesis, formation of
rough exine structures, production of shrunken anthers and

partial male sterility. These results also highlight the
requirement of a normal expression level and pattern of
CalS5 for reproduction in Arabidopsis.

As described before, pollen exine pattern formation is
closely associated with callose deposition and dissolution
in microspore development (Paxson-Sowders et al. 1997).
In cs5 mutant, the callose wall is defective and the microsp-
ores are enclosed in a thinner cell wall that is depleted of
callose. Primexine is not formed on microspores, leading to
the failure of establishing the bacula and tectum structure
(Dong et al. 2005b). Pollen exine pattern is also alternated
in other plants with abnormal callose deposition during
microgametogenesis. Transgenic tobacco plants expressing
a �-1,3-glucanase that removes the callose wall prema-
turely (Worrall et al. 1992), and the Arabidopsis mutants
with reduced expression levels of �-1,3-glucanases and
delayed callose dissolution (Zhang et al. 2007; Zhu et al.
2008), produce defective pollen grains with irregular pollen
surface patterns. The irregular exine pattern of S-CS5 pol-
len grains could be resulted from the abnormal callose
deposition during pollen development, including the dis-
rupted peripheral callose wall of tetrads and the elevated
callose deposition in the late pollen development stages
(Fig. 8). The exact reason for the disruption of the periphe-
ral callose wall by the expression of the S-CS5 transgene
remains to be determined.

Precocious pollen germination inside the anther is rare
in Arabidopsis plants under normal growth conditions,
despite that the mature pollen grains, before anther dehis-
cence, already have the ability to adhere, germinate and
produce pollen tubes on pistil (Kandasamy et al. 1994).
Certain repression mechanism might exist in the anther,
which prevents premature germination of pollen grains

Table 3 Induction of preco-
cious pollen germination in the 
anther in the wild-type plant

Treatment Anther with 
germinated 
pollena (%)

Pollen 
with calloseb (%)

Pollen germinated 
in the antherb (%)

No treatment 0 0 0

H2O 0 38.8 § 4.2 0

10 mM CaCl2 1.8 § 0.7 40.1 § 7.0 0.3 § 0.6

1 mM KCl 0 37.0 § 3.7 0

1.5 mM boric acid 0 35.6 § 3.8 0

18% sucrose 31.4 § 2.3 41.3 § 5.2 10.6 § 1.8

In vitro germination medium 55.9 § 5.2 40.8 § 4.7 12.7 § 2.5

Remove of stigma 1.8 § 0.5 1.9 § 1.8 0.7 § 1.2

Wound in anther 3.5 § 2.8 2.2 § 1.5 1.1 § 0.5

Wound in leaf and stem 0 0 0

4°C 0 8.9 § 2.0 0

37°C 0 25.5 § 2.3 0

Agrobacterium in 0.05% Silwet L-77 0 10.0 § 2.5 0

0.05% Silwet L-77 0 1.6 § 1.4 0

a Data are the means § standard 
deviations from three 
independent replicate assays. 
80–120 anthers were analyzed in 
each assay
b Data are the means § standard 
deviations obtained from 10 
diVerent anthers
123



822 Planta (2010) 231:809–823
before they leave the anther. To search for a clue of such a
repression mechanism, we treated anthers with diVerent
nutrition solutions and physiological factors (Table 3). In
vitro germination medium and sucrose solution could
strongly induce callose deposition on the pollen grains
and pollen germination inside the anther. Wounding and
Ca2+ in the anther and stigma had a tiny eVect on the pre-
cocious pollen germination (Table 3). These data suggest
that sugar nutrition and other signals may circumvent the
inhibitory mechanism in the anther locule and promote
pollen germination and pollen tube growth. How mature
pollen grains are kept ungerminated in anthers of chasm-
ogamous plants is a poorly understood topic in reproduc-
tion biology. Development of genetic resources and
application of biochemical and molecular approaches to

this Weld of research would be very important for the
advancement of our understanding on pollen viability and
fertility.
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