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BcMF9, a novel polygalacturonase gene, is required for both Brassica campestris
intine and exine formation

Li Huang, Yiqun Ye, Yuchao Zhang, Aihong Zhang, Tingting Liu and Jiashu Cao*
Laboratory of Cell & Molecular Biology, Institute of Vegetable Science, Zhejiang University, Hangzhou 310029, China

Received: 17 May 2009 Returned for revision: 13 July 2009 Accepted: 5 August 2009 Published electronically: 8 October 2009

e Background and Aims The polygalacturonase (PG) gene family has been found to be enriched in pollen of
several species; however, little is currently known about the function of the PG gene in pollen development.
To investigate the exact role that the PG gene has played in pollen development and about this family in
general, one putative PG gene, Brassica campestris Male Fertility 9 (BcMF9), was isolated from Chinese
cabbage (Brassica campestris ssp. chinensis, syn. B. rapa ssp. chinensis) and characterized.

e Methods RT-PCR, northern blotting and in situ hybridization were used to analyse the expression pattern of
BcMF9, and antisense RNA technology was applied to study the function of this gene.

e Key Results BcMF9 is expressed in particular in the tapetum and microspore during the late stages of pollen
development. Antisense RNA transgenic plants that displayed decreased expression of BcMF9 showed pollen
morphological defects that resulted in reduced pollen germination efficiency. Transmission electron microscopy
revealed that the homogeneous pectic exintine layer of pollen facing the exterior was over-developed and predo-
minantly occupied the intine, reversing the normal proportional distribution of the internal endintine layer and the
external exintine in transgenic pollen. Inhibition of BcMF9 also resulted in break-up of the previously formed
tectum and baculae from the beginning of the binucleate stage, as a result of premature degradation of tapetum.
e Conclusions Several lines of evidence, including patterns of BcMF9 expression and phenotypic defects, suggest
a sporophytic role in exine patterning, and a gametophytic mode of action of BcMF9 in intine formation. BcMF9
might act as a co-ordinator in the late stages of tapetum degeneration, and subsequently in the regulation of wall
material secretion and, in turn, exine formation. BcMF9 might also play a role in intine formation, possibly via
regulation of the dynamic metabolism of pectin.
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INTRODUCTION

Studies of the Arabidopsis pollen transcriptome and pollen
gene expression in other organisms have concluded that the
reduced transcriptome of pollen accumulated a restricted and
unique set of genes, including the extensive representation of
gene families and genes related to specific pathways (Becker
et al., 2003; Lee and Lee, 2003; Honys and Twell, 2004;
Pina et al., 2005). For example, several members of the ‘clas-
sical’ arabinogalactan gene family were detected exclusively
in pollen, and have been indicated to play roles in pollen
tube nutrition, pollen tube guidance and other processes
(Cheung and Wu, 1999; Pereira et al., 2006). Similarly,
members of another large family, the polygalacturonase (PG)
gene family, were also found to be expressed in pollen and/
or anthers of several species, including maize, tobacco
(Nicotiana tabacum), cotton, Brassica napus and Arabidopsis
(Allen and Lonsdale, 1993; Robert et al., 1993; John and
Petersen, 1994; Tebbutt et al., 1994; Hadfield et al., 1998;
Honys and Twell, 2003).

PG is a hydrolase and loosening enzyme involved in the
degradation of pectin and disintegration of the cell wall.
During anther and pollen development, many tissue types,
including pollen mother cells, microspores, tapetum and
septum, undergo cell-wall modification (Neelam and Sexton,
1995; Owen and Makaroff, 1995). Thus, PG may play multiple
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roles in pollen and/or anther development. One of the pollen-
associated PG genes that has been well described is QRT3 in
Arabidopsis. QRT3 is specifically and transiently expressed
in the tapetum during the phase when microspores separate
from their meiotic siblings. Mutation of QRT3 results in
failed pollen mother cell-wall degradation and subsequent
tetrad separation. It is presumed that QRT3 protein plays a
direct and specific role in the degradation of the pectic poly-
saccharides of the pollen mother cell wall (Rhee et al.,
2003). Their study excluded, there is little available evidence
to support the importance and elaborate upon the actual roles
of PGs in pollen development. Most of current research on
pollen and/or anther PG or PG genes has focused on gene
cloning and expression pattern analysis. Other than QRT3,
most of the PG genes were found to be expressed during the
late stages of pollen development. These genes were con-
sidered to be necessary for pollen maturation and pollen tube
growth (Allen and Lonsdale, 1993; Robert et al., 1993; John
and Petersen, 1994; Tebbutt et al., 1994; Honys and Twell,
2003), but little direct evidence has been provided.

By performing genome-wide transcriptional profiling on the
flower buds of the male sterile mutant bcms (Brassica
campestris male sterile) and wild-type Chinese cabbage
(Brassica campestris ssp. chinensis, syn. B. rapa ssp. chinen-
sis) using cDNA-—amplified fragment length polymorphism
(cDNA-AFLP) technology, three transcript-derived fragments
(TDFs) which specifically accumulated in the wild-type
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flower buds showed high similarities to sequences of PG genes
(Wang et al., 2005; Huang et al., 2008). The corresponding
genes of two of the three TDFs, BcMF?2 (Brassica campestris
Male Fertility 2) and BcMF6, have been cloned and their
function analysed by antisense RNA technology. BcMF2 was
shown to be associated with intine development (Huang
et al., 2009), and BcMF6 might play a role in pollen matu-
ration and pollen tube growth (Zhang et al., 2008). To
expand our knowledge of the PG gene family in pollen and/
or anther, the full-length sequence of the third TDF, BcMF9,
was cloned and its function in pollen and anther development
was investigated. BcMF9 has its own nucleotide and
amino-acid sequence separate from BcMF2 and BcMF6. 1t is
expressed in particular in the tapetum and microspore during
the late stages of pollen development, and inhibition of its
expression resulted in abnormal exine and intine development,
which may suggest an important role for BcMF9 in pollen wall
formation. The results presented here provide additional exper-
imental evidence for the roles and pattern of action of PG
genes in pollen and/or anther.

MATERIALS AND METHODS
Plant material

The bcms mutant of Chinese cabbage (B. campestris ssp.
chinensis Makino, syn. B. rapa ssp. chinensis) was found in
the field in the 1980s. It was maintained by crossing it with
its wild-type ancestor. The plants were then cultivated in the
experimental farm of Zhejiang University.

DNA, RNA extraction and cDNA synthesis

DNA was extracted from leaves according to the procedures
described by Cao et al. (1995). Total RNA was extracted from
different tissues using Trizol reagent (Gibco, Berlin,
Germany), while poly-(A)"RNA was isolated from total
RNA with an Oligotex mRNA Mini Kit (Qiagen, Hilden,
Germany). Single-strand cDNA and double-strand cDNA
were then synthesized using a SMART cDNA Library
Construction Kit (Clontech, Mountain View, CA, USA)
according to the manufacturer’s instructions.

Isolation and sequencing of fragments

The band of interest from the cDNA-AFLP was cut with a
surgical blade and incubated overnight at 37 °C in 100 pL of
TE (10 mm Tris, pH 7-5, and 1 mm EDTA, pH 8.0). The
AFLP fragment was recovered though PCR under the same
conditions used in preamplification. The reamplified cDNA
was subcloned using the pGEM-Teasy vector system
(Promega, Madison, WI, USA) and sequenced using an ABI
Prism 3730 sequencer by Invitrogen Biotech Co., Ltd
(Shanghai, China). The full-length cDNA was amplified by
rapid amplification of cDNA ends PCR (RACE-PCR), and
the genomic DNA sequence was amplified using the gene-
specific primer set designed based the full-length cDNA.
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RT-PCR analysis and in situ hybridization

Two rounds of reverse transcriptase—PCR (RT-PCR) were
conducted with two independently isolated total RNA
samples as templates to investigate the expression pattern of
BcMF9. RT-PCR was performed for 18, 23, 28, 33 and 38
cycles to determine the linearity of the PCR; 28 cycles was
ultimately determined to be optimal. A 350-bp Actin-1 frag-
ment was amplified under the same RT-PCR conditions
using the primer pair 5'-TCTCTATGCCAGTG GTCGTA-3'
and 5-CCTCAGGACAACGGAATC-3' as a positive control.
The gene specificity of the RT-PCR products was then con-
firmed by sequencing.

Flower buds at different developmental stages were used for
in situ hybridization. Samples were fixed in 4 % formaldehyde
PBS solution with 0-1 % Triton-X-100 and 0-1 % Tween-20,
serially dehydrated, cleared with dimethylbenzene and
embedded in paraffin. Sections (8 wm) of flower buds were
hybridized to specific digoxigenin-labelled RNA probes
(Roche, Branchburg, NJ, USA). Templates for the
BcMF9-specific probes were obtained from amplification
with specific primers. The sense and antisense probes were
synthesized using an SP6/T7 transcription kit (Roche).

Antisense RNA construction and plant transformation

The oligonucleotide primers 5'-ACAGGATCCGAGCTTT
TACCGTTTTTA-3’ (forward, with a BamHI restriction endo-
nuclease site) and 5-GCCTCTAGATGGCATCTATTG
AAGATA-3' (reverse, with an Xbal restriction endonuclease
site) were used to amplify the 462-bp partial cDNA sequence
of BcMF9. This sequence, which had maximal divergence
between the three PG genes isolated from Chinese cabbage,
was then cloned in the antisense orientation into the binary
vector pBI121 with constitutive promoter CaMV35S.
Restriction digestion, PCR and DNA sequencing confirmed
the correct orientation of the fragment. The positive antisense
BcMF9 RNA construct was then transferred into the fertile
Chinese cabbage mediated by Agrobacterium tumefaciens as
described by Yu et al. (2004).

Southern hybridization and northern blotting

Southern hybridization was performed according to
Sambrook et al. (1989) to confirm the integration of the anti-
sense RNA fragment of BcMF9 into the transgenic plant
genome. The DNA probes were prepared by labelling the
NPTII gene with «-*?P using a Random Primer DNA
Labeling Kit ver. 2 (Takara Bio Inc., Dalian, China) according
to the manufacturer’s instructions.

Northern blotting of total RNA from flower buds or flowers
was performed to detect expression of BcMF9 in the trans-
genic or control plants. Total RNA (20 pg) was separated by
electrophoresis on a 1-2 % formaldehyde agarose gel, followed
by blotting onto a nylon membrane (Hybond-N*, Amersham
Pharmacia Uppsala, Sweden), and probed via a->?P-labelling
as described above. Hybridization was performed as pre-
viously described (Cho and Kende, 1997). The Southern and
northern hybridized membranes were scanned via a Typhoon
9210 scanner (Amersham).
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Microscopy and pollen germination observation

For in vitro pollen germination, pollen grains were collected
and cultured in culture medium (15 % sucrose, w/v; 0-4 mmol
L! HBOj5; 0-4 mmol L! Ca(NO3),; 0-1 % agar, w/v). Pollen
grains spread on the agar plates were cultured immediately at
20-25°C and 100 % relative humidity for 4 h. Germinating
pollen grains were counted under a microscope. At least
three independent plants from each selected antisense
BcMF9 transgenic line and the wild-type control line were
examined and five flowers from each plant were tested. From
each culture, at least 300 pollen grains were examined to cal-
culate an average germination rate.

For scanning electron microscopy (SEM), individual pollen
grains from either control or antisense BcMF9 transgenic
plants were mounted on scanning electron microscopy
(Philips XL-40) stubs and coated with palladium—gold using
standard techniques and vacuum desiccation. Digital images
were then taken.

For transmission electron microscopy (TEM), anthers
were fixed with 2.5 % glutaraldehyde (containing 0-01 %
Tween-20) overnight, rinsed in 0-1 m phosphate buffer and
then transferred to 1 % osmic acid for 1 h. Specimens were
washed again in phosphate buffer as above, dehydrated
through a graded ethanol series (to 80 %). Samples were
then embedded in Spurr’s resin, and ultrathin sections were
stained with uranyl acetate and lead citrate before being
viewed in a JEM-1230 electron microscope operating at 80 kV.

RESULTS
BcMF9 possesses features of PG in its amino-acid sequence

The corresponding full-length cDNA of BcMF9 was obtained
by RACE-PCR and the DNA sequence was then amplified
with the gene-specific primers designed according to the full-
length cDNA sequence. The sequence was 1594 bp in length
and included two introns and three exons (GenBank accession
no. EF101564). The sequence for BcMF9 was different from
those of BcMF2 and BcMF6, the latter both having three
introns and four exons in their sequences (Wang et al., 2005;
Zhang et al, 2007). The cDNA of BcMF9 has a
1188-bp-long open reading frame encoding a 395-amino-acid
protein with a calculated molecular mass of 42-4 kDa and a
predicted plI of 7-97. A hydrophobic signal sequence is pre-
dicted at the N-terminus between amino-acid residue Met'
and Ala*. A homology search using the Sequence Retrieval
System against the Swiss-Prot/TrEMBL database revealed
that BcMF9 showed 86 % identity and 94 % similarity to the
putative pollen-expressed PGA3 from Arabidopsis on the
amino-acid level. Scanning of the deduced BcMF9 protein
against protein profile databases found one typical PG active
position and four highly conserved domains of the plant PGs
(Torki et al., 2000; Athanasiou et al., 2003), which was
similar to BcMF2 and BcMF6 (Fig. 1). However, no high
overall sequence identity was identified among the three pro-
teins. BcMF9 showed only 35 and 72-9 % identity to BcMF2
and BcMF6 respectively, and that between BcMF2 and
BcMF6 was even lower (33 %). These results suggest that
BcMF9 is a typical PG gene but different from BcMF2 and
BcMF6 already characterized in Chinese cabbage.
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The deduced amino-acid sequence of BcMF9 was compared
with other published plant PGs (Supplementary Data Table S1,
available online), and a phylogenetic tree based on these
sequences was reconstructed. The tree, which was similar to
ones previously reconstructed for plant PGs (Torki et al.,
2000; Athanasiou et al., 2003), has four main clades
(Fig. 2). BcMF9, together with BcMF2 and BcMF6, belonged
to a separate clade C, on which the corresponding genes of
PGs were all expected to be expressed in pollen (Torki
et al., 2000), such as the Arabidopsis pollen-specific exo-PG
gene Arathl.pp, Arabidopsis flower-expressed Arathl.epg
and Arath2.epg, Brassica napus pollen-specific Brana. pep
(Sta 44-4), and tobacco sperm cell-expressed Nicta. pp and
Nicta2. pp. Classification of BcMF9 to clade C suggests a
pollen-expressed pattern for this gene.

BcMRPY is expressed in developing tapetal cells and microspore

The expression pattern of BcMF9 in different tissues was
tested by RT-PCR and northern blotting. Flower buds of five
different sizes, open flowers, siliques, scape and leaves of
wild-type Chinese cabbage were selected. The developmental
stage of the different-sized flower buds was determined by
cytological observation (Huang et al., 2008). Flower buds
with a diameter equivalent to or less than 1-0 mm (stage I
flower buds) corresponded to the onset of microspore mother
cell formation or the period leading up it. Flower buds with
a diameter of about 1.6 mm (stage II) represented the
meiosis period. Flower buds with a diameter of about
2.2 mm (stage III) corresponded to the tetrad period. Flower
buds with a diameter of 2-8 mm (stage IV flower buds) rep-
resented the uninucleate pollen period. Finally, flower buds
with the largest diameter were opening flower buds (stage V).
At this point, opened anthers and a pollen-spreading appear-
ance could be observed.

RT-PCR results were consistent with those of northern blot-
ting analysis. Expression of BcMF9 was first detected in the
flower buds at stage III, which corresponds to the tetrad
period; a high level of expression was maintained throughout
stage IV and stage V flower buds, which contain uninucleate
pollen and mature pollen, respectively. This signal was also
detected in open flowers and siliques. Remarkably, transcript
of BcMF9 was not detected in scapes or leaves or stage II or
stage I flower buds prior to meiosis (Fig. 3).

To determine further the cellular location of BeMF9 mRNA
during pollen and anther development, in sifu hybridization
was performed on transverse sections of flower buds at differ-
ent developmental stages. Particular hybridization signals were
first detected in the tapetal cells and microspore tetrads of the
anther (Fig. 4C). The signals became stronger gradually from
the uninucleate pollen stage to pollen maturity until the
tapetum disappeared completely (Fig. 4D—F). No expression
signal was observed in the anthers prior to meiosis (Fig. 4A,
B), as well as in the sense controls (Fig. 4G—L).

Antisense transformed plants with inhibited BcMF9 expression
had lower rates of fruit set by self-pollination

To investigate the function of BcMF9 in the development of
pollen or anther, antisense RNA technology was used
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Fi1G. 1. The deduced amino-acid sequences of BcMF9 and comparison with those of BcMF2 and BcMF6 in Chinese cabbage. Underlined sequences indicate the

polygalacturonase active domain conserved in plant PGs.

specifically to inhibit BcMF9 expression in Chinese cabbage
with the constitutive promoter CaMV35S. Although the
activity of the CaMV35S promoter in pollen and anther was
controversial in some species such as tobacco and
Arabidopsis (Wilkinson et al., 1997), it could be expressed
normally in Brassica pollen (Robert and Hong, 1999; Cao
et al., 2006; Zhang et al., 2008; Huang et al., 2009). To
ensure exact gene silencing, the antisense RNA expression
vectors were constructed with partial cDNA sequences specific
to BcMF9 but having the lowest identities to those of BcMF?2
and BcMF6 formerly isolated from Chinese cabbage. The
agrobacterium-mediated method was used to introduce
expression vector to a normal fertile plant. After kanamycin
screening and Southern hybridization analysis, 11 transformed
lines were obtained (35S-bcmf9).

Northern blotting was used to detect the expression of
BcMF9 in transgenic plants 355-bemf9. The results revealed
that BcMF9 expression in flower buds at stage III-V and
open flowers of transgenic plants was strongly inhibited.
Nine 35S-bcmf9 lines had no expression signals detected
both in the flower buds and in open flowers. The other two
lines had a very weak hybridization signal detected in the
two tissues, which was significantly lower than the expression

in normal plants. In contrast, high expression levels of BcMF9
were detected in the flower buds and open flowers of wild-type
plants. As expected, no hybridization signal was detected in
the flower buds and open flowers of the bcms mutant
(Fig. 5). These results verified that the antisense gene effec-
tively inhibited gene expression.

All the transgenic plants showed normal vegetative growth;
they flowered normally, and had normal sepal, petal, gynoe-
cium, anther and other floral organs. However, compared
with the wild-type plants, fewer pollen grains in the anthers
were found in nine transformed lines which lacked BcMF9
expression (as shown by northern blotting). This phenotype,
however, was not immediately obvious in the remaining trans-
genic lines that showed weak BcMF9 expression. Three
35S-becmf9 lines displaying this apparent phenotype were
chosen for further investigation. Through self-pollination
during the budding period, these transgenic plants were able
to bear fruit pods when pollinated with sufficient pollen
grains. However, transgenic self-pollinated fruit pods were
approx. 50 % smaller than those of the wild-type plants. The
fruit pods of wild-type plants were full and each pod was
able to produce about 15 seeds, whereas the fruit pods of trans-
genic plants were able to produce only 1-5 seeds. A test-cross
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Fic. 2. Maximum-parsimony molecular phylogenetic trees based on the
amino-acid sequence of plant PGs. Numbers at nodes represent bootstrap con-
fidence values based on 1000 replicates.

was therefore performed, pollinating transgenic plants with the
normal pollens of a wild-type plant. The resulting fruit pod
showed no difference in fruit size or seed number in
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BcMF9

Actin-1

B
BcMF9

EtBr

FiG. 3. Spatial and temporal expression pattern of BcMF9 in Chinese

cabbage based on RT-PCR and northern blotting analysis. (A) RT-PCR analy-

sis of the expression pattern of BcMF9; (B) Northern blotting analysis of the

expression pattern of BcMF9. B1 — BS5, flower buds of wild-type plants at

stage I — V respectively; F, Si, S and L indicate flowers, siliques, scape and

leaves, respectively. Transcripts for the ubiquitously expressed Actin-1 gene
were used as controls.

comparison with self-pollinated fruit pods of non-trangenic
plants. These facts suggest that female fertility and ovule
development of these transgenic plants were normal, such
that the decline in fertility should be attributed to the abnorm-
ality in male organs. This phenotype was very similar to that
found in the antisense BcMF2 transgenic plant which had
exhibited BcMF2 expression (Huang et al., 2009).

Germination in vitro forms burst pollen tubes in antisense
BcMFY transformed plants

To investigate the cause for the low rate of fruit-set by self-
pollination in transgenic plant 35S-bcmf9, an in vitro germina-
tion test was performed. It was found that 10 % of the trans-
genic pollen did not germinate at all after culture for 4 h,
and only about 8 % of the transgenic pollen germination was
normal, while the remaining 82 % was able to germinate but
burst in the tip when the pollen tube had just appeared from
the pollen surface. By contrast, the germination rate of the
wild-type plant pollen reached 90 % under the same con-
ditions. Burst pollen tubes were also found in the wild-type
plants, but at only about 2 % (Fig. 6A—C). For the bulk of
the vascular bundles in the large, thick pistils of Chinese
cabbage, which can also be stained with aniline blue, no
good results were obtained in the in vivo pollen tube growth
test. Nonetheless, the much lower fruit-set rate for transgenic
plants as compared with wild-type plants following self-
fertilization may provide indirect but persuasive evidence for
abnormality in the in vivo pollen tube elongation of these
transgenic plants. A likely scenario is that the seeds harvested
from transgenic plants were pollinated by pollen grains with
normal pollen tube growth. By contrast, burst pollen tubes
could not reach the ovules.

Deformity of antisense BcMF9 transformed plants in pollen
grains with abnormal pollen wall development

In order to explore the induction of abnormal pollen tube
growth as a result of the inhibition of BcMF9 expression in
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Fic. 4. Analysis of the expression pattern of BcMF9 in Chinese cabbage using in situ hybridization. (A — F) Sections of anthers at the pollen mother cell,

meiosis, tetrads, uninucleate, binucleate and mature pollen stage, respectively, hybridized with a BcMF9 antisense probe. (G — L) Section of anthers at the

pollen mother cell, meiosis, tetrads, uninucleate, binucleate and mature pollen stage, respectively, hybridized with a BcMF9 sense probe as a negative

control. Abbreviations: Bp, binucleate pollen; Mp, mature pollen; Ms, microspore; PME, pollen mother cell; Te, tetrad; T, tapetum; Up, uninucleate pollen.
Scale bars = 20 pwm.

the transgenic 35S-bcmf9 plants, aniline blue staining and
DAPI staining were used to check the structure of transgenic
pollen. However, no abnormality was detected; pollen struc-
ture such as callose and karyokinesis was normal (data not
shown). Pollen morphology of transgenic plants was also
investigated via SEM, which revealed that that nearly 100 %
of the 35S-bemf9 pollen had deformities. Compared with the
normal ovular shape of pollen grains, with three evenly distrib-
uted germinal furrows (Fig. 6F, G), the pollen grains of trans-
genic plants were irregular in shape with a disordered number
and location of germinal furrows (Fig. 6D, E).

TEM was then used to observe anther development in trans-
genic plants. Prior to development of binucleate pollen, there
was no obvious difference detected between the transgenic
pollen (Fig. 8A) and wild-type control pollen (Fig. 7A).
Furthermore, the cell nuclei exhibited normal division and
differentiation, and the cell organelles formed normally
during the entire pollen development process; all of the distinct
developmental stages, including uninucleate, binucleate and
trinucleate, could be observed (Fig. 8B, C, E). However,
pollen grains cut in various directions revealed that shape
was somewhat different from that of normal control pollen,
and this difference could be detected at the early uninucleate

35S-bemf9
1

X &
S ¢ & ¢ B 1F 2B 2oF

BecMF9

EtBr

Fi1G. 5. Detection of the expression of BcMF9 in antisense gene transgenic
Chinese cabbage by northern blotting. Wild type-B, wild-type flower buds;
bems-B, bems mutant flower buds; Wild type-F, wild-type flowers; bems-F,
bems mutant flowers; 1B and 1F, flower buds and flowers, respectively, from
one transformed 35S-bemf9 line, which served as a example to show lack of
expression of BcMF9; 2B and 2F, flower buds and flowers, respectively,
from another transformed 35S-bcmf9 line, which served as a example to
show weak BcMF9 expression.

microspore stage. In normal control pollen, at the free micro-
spore stage, the exine began to take shape, exhibiting clear
tectum and baculae layers; however, within the regions of
the three prospective germinal furrows, exine deposition did
not occur (Fig. 7A). At the uninucleate stage, the exine under-
went further thickening, with the regions of the three germinal
furrows depressed towards the interior, leading to a cloverleaf-
like pattern of the microspore (Fig. 7B). The exine of the trans-
genic pollen showed a normal origin and thickening, the
germinal furrows were indicated by a regional lack of exine
(Fig. 8A, B), but the cloverleaf pattern was replaced by an irre-
gular shape caused by the disordered distribution of germinal
furrows. The most typical situation illustrating the abnormal
germinal furrow was in transverse sections cut perpendicular
to the germinal furrow (Fig. 8B). In wild-type control
pollen, the intine layers began to form at the late uninucleate
stage (data not shown), and underwent a subsequent thickening
during the binucleate stage (Fig. 7C, D), then completed its
formation at the trinucleate stage (Fig. 7E, F). This develop-
ment process was also displayed in the transgenic pollen.
However, the extent of intine thickening, especially within
the germinal furrow region, was much greater than that of
the normal control pollen (Fig. 8C, D). Moreover, coverage
of the germinal furrow region appeared to become wider,
resulting in the uneven distribution of the germinal furrows.
At the binucleate stage, this disordered distribution became
more evident, creating the appearance of only two germination
furrows in most of the transgenic pollen grains. The most
typical example was that the germinal furrow accounted for
almost half of the pollen circumference (Fig. 8C).
Furthermore, at the binucleate stage, the intine within the
germinal furrow region in the transgenic pollen appeared to
be smooth, homogeneous and granular (Fig. 8C, D). By con-
trast, the intine of the control pollen within the same region
was wavy in appearance, exhibiting a visible internal microfi-
brillar endintine and an external granular exintine (Fig. 7C, D).
Outside the germinal furrow region, the demarcation of endin-
tine and exintine layers was not obvious in transgenic and
wild-type pollen. However, the intine was more microfibrillar
in the control pollen (Fig. 7F) but more granular in the trans-
genic pollen (Fig. 8F). In other words, the homonymous gran-
ular exintine layer facing the exterior predominantly occupied
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F1G. 6. Invitro germination and scanning electron micrographs of pollen from antisense BcMF9 transgenic Chinese cabbage. (A, B) In vitro germination showed

the normal pollen tube growth of wild-type plants (WT) and the burst pollen tube of transgenic 35S-bemf9 plants after culture for 4 h. (C) Comparison of the

pollen germination percentage between wild-type and transgenic 35S-bcmf9 plants after culture for 4 h. (D, E) Deformities in pollen grains of 35S-bemf9. (F, G)
Normal pollen grains of wild-type plants (WT).

the intine of the transgenic pollen, and the microfibrillar end-
intine layer facing the interior predominantly occupied that of
the control pollen. This unusual intine shape and structure was
observed in about 50 % of pollen from the transgenic plants.
In addition to the abnormalities found in intine formation,
aberrations in exine patterning were also detected in the trans-
genic pollen. One such was the disappearance of the endex-
ine, the inner part of the exine, which becomes visible
between the foot layer and the exintine after the binucleate
pollen stage (Figs 7D, F and 8D, F). The second was the
break of the previously formed tectum and baculae from the
beginning of the binucleate stage (Fig. 8C, D). At the trinule-
ate stage, most of the tectum and baculae had fallen off,
leaving just the foot layer on the surface of the pollen
grain. The break in tectum and baculae subsequently resulted
in overflow of the latest-formed tryphine, which was derived
from the remnant of tapetum, filling the gaps within the exine
layer and coating the pollen grains (Fig. 8E, F). By contrast,
in the wild-type control pollen, gaps within the intact tectum
and baculae were filled with a white to grey matrix designated

tryphine (Fig. 7E, F). Unlike the intine development defect,
the aberration in exine was observed in all transgenic pollen
grains.

TEM was also used to observe tapetum development in the
transgenic 35S-bcmf9 plants. No obvious defect in mor-
phology or organellar distribution was detected, but the degra-
dation process of tapetum apperared to be accelerated, which
was similar to the situation observed in the antisense BcMF?2
transgenic plant (Huang et al., 2009). Prior to the uninucleate
pollen stage, tapetum development of the transgenic plants was
not significantly different from that of the wild-type plants
(Fig. 9A, B). However, at the early binucleate stage, the
boundaries between tapetal cells became unclear and a large
number of elaioplasts emerged in the tapetum of the transgenic
plants, which is an indicator of imminent tapetum degradation
(Fig. 9D). During the late binucleate and trinucleate pollen
stage, the tapetum underwent serious degradation and fell off
(Fig. 9F). The anther locule was full of shedding materials
such as elaioplasts and tapetosomes (Fig. 9H). However, in
the anthers of control plants, integral tapetal cells could be
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Fi1G. 7. Transmission electron micrographs of pollen development of the wild-type control Chinese cabbage. (A) Free microspores; (B) uninucleate microspore

showing cloverleaf pattern; (C) binucleate pollen showing integrated exine and wavy intine; (D) binucleate pollen showing visible internal microfibrillar endintine

and external granular exintine; (E) trinucleate pollen showing a white to grey matrix designated tryphine filling the gaps between the intact tectum and baculae;

(F) magnified image of the pollen wall of trinucleate pollen. Abbreviations: Ba, baculae; Bp, binucleate pollen; End, endintine; Ex, exintine; Gf, germinal furrow;
Fm, free microspore; In, intine; Ee, endexine; Ne, nexine; Np, uninucleate pollen; Tc, tectum; Tp, trinucleate pollen; Tr, tryphine.

observed at the early binucleate stage (Fig. 9C). A large
amount of elaioplasts began to appear at the late binucleate
stage (Fig. 9E), and the tapetum at the trinucleate stage was
still relatively complete (Fig. 9G). This premature degradation
of tapetum was observed in all transgenic pollen grains.
Pollen and tapetum development of the F, progeny of a
wild-type and transgenic cross was also observed. Pollen

from these F, plants exhibited an unusual intine and
normal intine in a 3:1 ratio (P > 0-05), and abnormal
exine and wild-type exine in an approximately 1:1 ratio
(P > 0-05). It was also found that half of the anther
from these F, plants showed premature tapetum degra-
dation (data not shown). These results indicate that the
antisense BcMF9 phenotype is stable and heritable in

Fic. 8. Transmission electron micrographs of pollen development of the antisense BcMF9 transgenic Chinese cabbage 35S-bemf9. (A) Free microspores; (B)

loss of the cloverleaf pattern of the uninucleate microspore; (C) intine, especially within the germinal furrow region, in binucleate pollen is thickened greatly with

smooth and granular composition; (D) no multilamellar layer is seen in the binucleate pollen; (E) tectum and baculae of the trinucleate pollen are broken, result-

ing in overflowing tryphine; (F) magnified image showing the pollen wall of the trinucleate pollen. Abbreviations: Ba, baculae; Bp, binucleate pollen; Gf, germ-
inal furrow; Fm, free microspore; In, intine; Ne, nexine; Tc, tectum; Tp, trinucleate pollen; Tr, tryphine; Np, uninucleate pollen.
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F1G6. 9. Transmission electron micrographs of tepetum development of anti-
sense BcMF9 transgenic Chinese cabbage 35S-bemf9. (A) Tapetum of wild-
type plants at uninucleate stage; (B) tapetum of 35S5-bcmf9 at uninucleate
stage showing no difference to that of wild-type plants; (C) tapetum of wild-
type plants at the early binucleate stage showing integral cells with a compara-
tively dense cytoplasm; (D) numerous elaioplasts appear in the 35S-bcmf9
tapetum at the early binucleate stage; (E) elaioplasts begin to appear in the
wild-type tapetum at the late binucleate stage; (F) tapetum of 35S-bemf9
largely degenerates at the late binucleate stage; (G) tapetum of wild-type
plants at the trinucleate stage is still relatively complete; (H) anther locule
of 35S8-bemf9 full of shedding materials at the late binucleate stage.
Abbreviations: E-bp, early binucleate pollen; Ep, elaioplast; L-bp, late binucle-
ate pollen; Np, uninucleate pollen; Nu, nuclei; Tp, trinucleate pollen; Ts, tape-
tosome; Ve, vacuole.

the transgenic line, and the segregation patterns also
demonstrate that the antisense BcMF9 is active in the het-
erozygous condition.
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DISCUSSION

BcMP9 is a new putative PG gene preferentially expressed
in tapetum and pollen in Chinese cabbage

The BcMF9 gene isolated from the flower buds of Chinese
cabbage has a typical PG structure character in its deduced
amino-acid sequence, similar to the PG genes BcMF2 and
BcMF6. However, overall sequence similarities between
BcMF9 and the other two PG genes were not high, and there-
fore it could be considered a new putative PG gene expressed
in Chinese cabbage. The high sequence similarity between
BcMF9 and the Arabidopsis pollen-specific PG gene PGA3
suggest that BcMF9 may be a homologue of PGA3.
Expression pattern analysis showed that BeMF9 was expressed
preferentially in the developing tapetum and pollen from the
tetrad stage onward. Most pollen PG genes have been found
to be expressed at the late stage of pollen development
(Robert et al., 1993; John and Petersen, 1994; Tebbutt et al.,
1994; Honys and Twell, 2003). Thus, pollen PG genes are con-
sidered to be necessary for the maturation of pollen or pollen
tube growth (Allen and Lonsdale, 1993; Honys and Twell,
2003). The expression of BcMF9 in late developmental
pollen suggest its similar role to other pollen PG genes.
However, its non-pollen-specific features also indicates its
possible association with tapetum development.

BcMF9 may be a new gene taking part in pollen wall development

Antisense RNA technology was used to study the function
of BcMF9. Transformed lines with small amounts of pollen
grains but normal vegetative growth and normal floral organ
morphology were chosen for further investigation. The first
aberration detected in the transgenic plants due to the inhi-
bition of BcMF9 was pollen tube burst in the tip and sub-
sequent decreased fertility. Pollen tube bursting in the tip
has previously been reported in several studies. For example,
functional interruption of VANGUARDI (VGDI), a gene
encoding a pectin methylesterase protein in Arabidopsis,
resulted in the frequent bursting of pollen tubes and retarded
growth of the pollen tube in the style and transmitting tract.
It was speculated that VGDI was required for growth of the
pollen tube, possibly via modifying the cell wall and enhan-
cing the interaction of the pollen tube with the female style
and transmitting tract tissues (Jiang et al., 2005). Silencing
of the tapetum-specific zinc finger gene TAZI by
co-suppression in petunia (Petunia hybrida) also resulted in
burst tips of the surviving pollen grains when germinated
under partial in vivo conditions. TAZI, which belongs to
the 5-enolpyruvylshikimate-3-phosphate synthase promoter
binding factor family of TFIIIA-type zinc finger transcription
factors, may take a role in flavonol accumulation and pollen
wall formation (Kapoor et al., 2002). Thus, the silencing or
suppression of different genes could lead to burst pollen
tubes. Interestingly, however, most of these genes share a
common feature that is then acting in pollen wall development.
It appears that pollen tube bursting is one of the consequences
of the defects in pollen wall development.

In trinucleate pollen species, although there is species-
specific variation, the pollen wall is generally composed of
the outer exine and inner intine. The exine, facing the exterior,
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comprises two layers: the innermost featureless nexine (con-
sisting of endexine and foot layer) and the outer sculpted
sexine (including baculae and tectum layer; Shukla et al.,
1998). The intine is the innermost layer located adjacent to
the pollen plasma membrane, which is a highly ordered
complex of polysaccharides and structural proteins similar to
other of plant cell walls (Owen and Makaroff, 1995). The
intine also consists of two layers: a granular exintine with
pectin and protein inclusions towards the exterior, and a micro-
fibrillar cellulosic endintine towards the interior. Both of the
layers of the pollen wall are important to pollen hydration,
activation, germination and pollen tube growth (Blackmore
and Barnes, 1990; Owen and Makaroff, 1995).

The most dramatic aberrations in transgenic 35S-bcmf9
plants (detected by SEM) were pollen deformities character-
ized by the disordered location of germinal furrows. TEM
revealed that pollen grains underwent an abnormal thickening
in the intine region. The external exintine layer occupied most
of the intine, thus reversing the typical proportions of internal
endintine and external exintine layers. Furthermore, inhibition
of BcMF9 also resulted in aberrations in exine formation,
including endexine hypoplasia and breakage of the previously
formed tectum and baculae at late developmental stages.

Aberrations in exine formation have been found in several
Arabidopsis mutants, for example ms2 (Aarts et al., 1997),
dex] (Paxson-Sowders et al., 1997, 2001), nefl (Ariizumi
et al., 2004), tdel (Ariizumi et al., 2008), kaonashi (Suzuki
et al., 2008) and rpgl (Guan et al., 2008). Some of the
exine mutants such as calS5 (Dong et al., 2005; Nishikawa
et al., 2005) affect callose accumulation, and one of them,
fipl, is defective in wax biosynthesis. fl[p/ shows an excess
of tryphine covering the exine baculae. Although baculae are
formed and sporopollenin polymerizes in this mutant, sculp-
turing of the exine is irregular with patchy architecture, and
some parts of the exine are broken apart (Ariizumi et al.,
2003). The phenotypic character observed in transgenic
35S-bcmf9 plants shows similarities to those of fipl.
However, the FLPI gene was demonstrated to be involved in
the synthesis of tryphine and sporopollenin; the sequence of
this gene is very different from that of BcMF9. Therefore,
BcMF9 is neither an identical replica to FLPI nor its homol-
ogue in Arabidopsis.

Two mutants, ms33 (Fei and Sawhney, 2001) and ms/
(Ariizumi et al., 2005; Vizcay-Barrena and Wilson, 2006),
defective both in exine and in intine have also been character-
ized in Arabidopsis. In ms33 pollen, the intine is precociously
formed, and the tryphine lacks electron-lucent globuli. The
defects in exine and intine development subsequently affect
pollen grain desiccation and therefore pollen viability (Fei
and Sawhney, 2001). Otherwise, ms/ has only a preliminary
intine structure, and exine formation is abnormal, with initial
deposition of primary exine occurring but with only limited
sporopollenin  deposition  (Ariizumi et al, 2005;
Vizcay-Barrena and Wilson, 2006).

In transgenic 35S-bcmf9 plants, primary exine deposition
was normal, as the early developmental stages prior to binucle-
ate pollen showed no difference with those of control plants.
The formation of tectum and baculae as well as deposition
of tryphine occurred. However, during the tryphine deposition
process, the previously formed tectum and baculae began to
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break apart and ultimately resulted in the overflow of tryphine.
From these observations, although 35S-bcmf9 plants possess
similarities with former mutants with defective pollen wall,
they also have their own distinctness. The BcMF9 gene can
therefore be considered as a new gene playing roles in
pollen wall formation.

Possible model for BEMF9 in pollen wall formation

It is known that the exine is sporophytic in origin (Owen and
Makaroff, 1995), and exine defects are mainly caused by
impaired development and/or function of tapetal cells (Aarts
et al., 1997; Paxson-Sowders et al., 2001; Ariizumi et al.,
2003, 2004, 2008; Dong et al., 2005; Nishikawa et al., 2005;
Guan et al., 2008). For example, the exine structure defect in
the ms/ mutant resulted from the failure of the normal
passage of pollen wall materials in vesicles through the
tapetum for secretion into the locule (Yang et al., 2007). In
the present study, an exine patterning defect in antisense
BcMF9 transgenic plants was also shown to be under sporo-
phytic control, as indicated by the presence of defective
exine in all pollen grains from transgenic plants and half of
normal pollen from the F, progeny of a test cross.
Meanwhile, the expression characteristics of BcMF9 and the
phenotype caused by its inhibition indicated that, like other
cases, BcMF9 might originally affect tapetum development
and consequently influence exine formation. BeMF9 was first
expressed in tapetal cells at the tetrads stage, during which
the tapetum has begun to release the material required for
pollen wall formation into the anther locule. In the transgenic
plants with inhibited BcMF9 expression, anther tapetum devel-
opment occurred normally before the uninucleate stage; prior
to this stage, the secretion from tapetum had been deposited
on the pollen surface and formed the exine frame, and
normal tectum and baculae developed. However, just after
the uninucleate stage, tapetum degeneration accelerated, ulti-
mately leading to abnormal exine formation. The ultimate con-
tribution of tapetum to the formation of the pollen wall is
release of cell remnants, which are essential for completion
of the extracellular sculpting of the pollen grains into the
anther locule (Papini er al., 1999). The breakdown of normal
tapetum development in the anther of transgenic plants may
alter the wall material secretion process. The resulting metab-
olism products may decompose the pollenkitt, and in turn,
destroy the previously formed exine framework, resulting in
the fall off of tectum and baculae. As a consequence, pollen
grains deform as the exine collapses as a result of the tectum
failing and therefore the tryphine layer does not remain
intact. It seems likely that inhibition of BcMF9 expression
might facilitate the degeneration of tapetum and ultimately
affect exine formation. A possible role for BcMF9 could be
as a co-ordinator in the events of latest tapetum degeneration
and secretion.

Whereas the exine is sporophytic, the intine is secreted by
the microspore (gametophytic origin) around the ring-
vacuolated microspore (late uninucleate) stage (Owen and
Makaroff, 1995). In the present study, an intine defect was
observed in about half of the pollen isolated from transgenic
plants and in only one-quarter from the F, progeny of a test
cross, thus appearing to be under gametophytic control.
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A similar mode of both sporophytic and gametophytic control
can be found in the recently described AthZIP34, a transcrip-
tion factor that was also expressed in gametophytic and sur-
rounding sporophytic tissues during flower development. The
AtbZIP34 expression pattern together with the phenotypic
defects observed suggest a sporophytic role in exine pattern-
ing, and a sporophytic and/or gametophytic mode of action
of AtbZIP34 in several metabolic pathways (Gibalova et al.,
2009).

The intine of transgenic 35S-bcmf9 plants underwent abnor-
mal thickening and homogenization after the late uninucleate
stage. The homologous granular intine in 35S-bcmf9 pollen
may be mainly occupied by the exintine layer which is
composed of pectin and various proteins and appeared to be
granular. The microfibrillar endintine, which consisted of cel-
lulose, accounts for a large proportion of the intine in control
pollen. It is noticeable that BcMF9 encodes a typical PG
protein, which is a hydrolase enzyme in the degradation of
pectin. Inhibition of BcMF9 may result in the decline of PG
activity and subsequent abnormal metabolism of pectin
during intine formation. Thus, abnormal thickening of the
exintine filled with pectin occurred in the transgenic pollen.
However, further experiments, such as determination of the
activity of PG enzyme, are required to address this hypothesis.

Members of pollen or anther PG gene family may be involved
in pollen wall formation but may behave differently

Three putative pollen development-associated PG genes
(BcMF2, BcMF6 and BcMF9) have been isolated from
Chinese cabbage, implying that there is not just one polygalac-
turonase gene expressed in Chinese cabbage pollen or anther.
These results are in accordance with data previously published
for Arabidopsis, maize and tobacco, in which several members
of the polygalacturonase gene family were detected exclu-
sively in pollen (Allen and Lonsdale, 1993; Honys and
Twell, 2003).

The function of BcMF2 and BcMF6 in pollen development
of Chinese cabbage has previously been investigated. BcMF2'’
expression was found to be specific in tapetum and pollen after
the tetrad stage of anther development, which was very similar
to that of BcMF9. Functional analysis revealed that there were
deformities in the antisense BcMF2 transgenic mature pollen
grains, such as abnormal location of germinal furrows. In
addition, the same situation of abnormal intine formation
due to the over-development of the granular exintine has
also been observed in transgenic plants with BcMF2 inhi-
bition. However, instead of the pollen tube burst observed in
antisense BcMF9 transgenic pollen, inhibition of BcMF2
resulted in a halted growth and formation of a balloon-like
swelling structure in the pollen tube tip. Although premature
degradation of tapetum was also found, exine formation was
normal (Huang et al., 2009). From these results, BcMF2 and
BcMF9 may play a similar role in intine formation. It is
known that pollen grain aperture, exintine in particular, is
rich in pectins (Geitmann et al., 1995; Aouali et al., 2001;
Suarez-Cervera et al., 2002; Parre and Geitmann, 2005).
Inhibition of BcMF2 or BcMF9 may result in a decline of
PG activity and subsequent abnormal dynamic metabolism
of pectin during intine formation. Pectin was also the major
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component at the growing apex of the pollen tube (Parre and
Geitmann, 2005). As the cell wall of the primary pollen tube
is a continuation of the intine layer (Stone et al., 2004), we
conclude that either pollen tube burst or pollen tube swelling
is a consequence of the variation in intine development.
Burst or swelling may differ regarding the degree of influence
resulting from a change in the metabolism of pectin. A large
influence led to bursting of the pollen tube as soon as it
emerged, while a lesser degree of influence initiated growth
of the pollen tube but stopped it with a swelling at the tip.
By contrast, BcMF9 was also involved in exine formation,
but BcMF2 was not. Thus, the available results suggest a
more diverse role for BcMF9 than for BcMF2 in pollen wall
formation.

Regarding BcMF6, we found that antisense transgenic
plants developed a smaller floral organ with a thin anther
and less pollen; about 50 % of the transgenic pollen had
deformities and could not germinate normally, and the
process of microsporogenesis was held up with disrupted
microspores maturation and failed separation of pollen grains
(Zhang et al., 2008). These findings suggested a similar role
of BcMF6 in pollen tube growth and pollen wall formation,
but also suggested a unique role for it in pollen maturation.

Inhibition of expression of any of three PG genes by an anti-
sense vector resulted in premature degeneration of tapetum
(Huang et al., 2009; Zhang et al., 2008). These results
implied that the BcMF2, BcMF6 and BcMF9 protein might
be secreted from tapetum and released to the developing
microspores to play a role in pollen development and matu-
ration. However, the different genes may behave differently.

These results, together with sequence conservation in the
different pollen PG genes, suggest that the three genes are
all derived from a single primordial gene that has been repeat-
edly modified during evolution to perform various functions.
Further investigation on these putative PG genes in Chinese
cabbage pollen is in progress. We look forward to a better
understanding of these pollen and/or anther PG genes.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of Table S1, listing the published
plant PGs used in reconstructing the phylogenetic tree.
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