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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

The roles of cell polarity and the first asymmetric cell division during early embryogenesis in apical–basal cell fate 
determination remain unclear. Previously, a novel Brassica napus microspore embryogenesis system was estab-
lished, by which rape exine-dehisced microspores were induced by physical stress. Unlike traditional microspore 
culture, cell polarity and subsequent asymmetric division appeared in the exine-dehisced microspore, which finally 
developed into a typical embryo with a suspensor. Further studies indicated that polarity is critical for apical–basal cell 
fate determination and suspensor formation. However, the pattern of the first division was not only determined by cell 
polarity but was also regulated by the position of the ruptured exine. The first division could be equal or unequal, with 
its orientation essentially perpendicular to the polar axis. In both types of cell division, the two daughter cells could 
have different cell fates and give rise to an embryo with a suspensor, similar to zygotic apical–basal cell differentiation. 
The alignment of the two daughter cells is consistent with the orientation of the apical–basal axis of future embryonic 
development. Thus, the results revealed that exine dehiscing induces rape microspore polarization, and this polarity 
results in a different cell fate and fixes the apical–basal axis of embryogenesis, but is uncoupled from cell asymmetric 
division. The present study demonstrated the relationships among cell polarity, asymmetric cell division, and cell fate 
determination in early embryogenesis.

Key words:  Asymmetric cell division, Brassica napus, cell fate, cell polarity, embryogenesis, exine-dehisced microspore.

Introduction

During the course of zygotic embryogenesis, a single cell 
gives rise to a multicellular organism with a distinct body 
shape and a specific pattern of different cell types (Mansfield 
et al., 1991; Raghavan, 2003). Generally, the zygote divides 
asymmetrically into a two-celled proembryo consisting of an 
apical and a basal cell. The establishment of zygotic polarity 

and apical–basal cell fate determination are among the most 
critical events in early embryogenesis.

Cell polarity can usually be recognized by the differential 
distributions of cellular components, mRNA, and proteins, 
vesicle trafficking, and directional relocation of organelles, 
or different characters of cell morphology and distinct 
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developmental patterns (Pruyne and Bretscher, 2000; Jansen, 
2001; Fischer et al., 2004). The role of cell polarity in multicel-
lular system development and differentiation, especially dur-
ing embryo development, has attracted increasing attention 
(Jurgens et al., 1997; Kropf, 1999; Scheres and Benfey, 1999; 
Grebe et al., 2002; Ekici and Dane, 2004). Analyses in easily 
accessible model plants, such as mosses and algae, indicated 
that polarity could be influenced by environmental factors, 
such as light and gravity, and these studies suggested impor-
tant roles for ion fluxes, plasma membrane, and cytoskeleton 
in the establishment and maintenance of cell polarity (Schnepf, 
1986; Cove, 2000). To achieve polarity, the cell must integrate 
a series of extrinsic and intrinsic cues through a signalling cas-
cade leading to the specific intracellular localization of mac-
romolecular complexes along the axis (Xu and Scheres, 2005; 
Bothwell et al., 2008). The generation of such cellular asymme-
try not only affects the subsequent development of the cell but 
also potentially affects the fate of its daughter cells. Therefore, 
it is critical to cell differentiation and cell fate determination. 
However, our understanding of the mechanisms underlying 
such polarity induction is still limited.

Arabinogalactan proteins (AGPs) are extracellular gly-
coproteins that play important roles in the process of plant 
development (Knox, 1996; Nothnagel, 1997). JIM is an anti-
AGP monoclonal antibody that has been used to study the 
locations of AGPs (Knox, 1997). Pennell et al. (1991) found 
that JIM8 could only label the suspensor at the globular 
embryo stage. AGP can be a molecular maker for the cell fate 
variation in the embryo. In addition to cytological observa-
tions of asymmetric cleavage of plant zygotes, the mRNAs of 
two homeotic genes, WOX2 (WUSCHEL related homeobox2) 
and WOX8 (WUSCHEL related homeobox8), were detected 
in the egg cell and zygote before they became restricted to 
the apical (WOX2) and basal (WOX8) daughter cells by 
zygotic division (Haecker et  al., 2004), suggesting that the 
two daughter cells may possess different transcripts from the 
zygote. After zygote division, WOX8 is expressed in the basal 
cell lineage (Minako et  al., 2011), and WOX8 can be used 
as a marker for the basal cell lineage (Haecker et al., 2004). 
Furthermore, following asymmetric division of the zygote, 
PIN7, an auxin efflux carrier protein, is expressed specifically 
in the basal cell and its derivatives, whereas PIN1 is expressed 
in the apical cell and its derivatives (Friml et al., 2003). cDNA 
libraries of apical and basal cells have been constructed, and 
their transcript profiles have been compared. Generally, tran-
script profiles of the apical and basal cells were similar, but 
some embryogenesis-related genes were expressed differen-
tially between the two cells (Ma et  al., 2011). It has yet to 
be confirmed whether zygote asymmetric cell division appor-
tions different transcripts into the two daughter cells. The 
relationships between cell polarity or asymmetric cell division 
and cell fate remain to be elucidated.

Microspore culture is a convenient tool for studying embryo-
genesis. Microspores initially determined to form male gam-
etes can be reprogrammed to form embryos, and these develop 
similarly to their zygotic counterparts (Mordhorst et al., 1997; 
Maluszynski et al., 2003; Joosen et al., 2007; Supena et al., 2008; 
Wedzony et al., 2009; Dubas et al., 2011; Prem et al., 2012). In 

general, the replacement of the normal asymmetric cell divi-
sion with symmetric cell division appears to be a general phe-
nomenon in microspore embryogenesis (Zaki and Dickinson, 
1990, 1991; Indrianto, 2001; Seguí-Simarro et  al., 2003; 
Maraschin et al., 2005). The microspore is composed of three 
parts: the exine, intine, and protoplast. It was reported previ-
ously that the microspore exine could be completely removed 
by physical stress in Nicotiana (Xia et al., 1996) and in Brassica 
(Xu et al., 1997). Later, a similar technique was used to prepare 
exine-dehisced microspores (EDMs) in which the exine was 
broken but still partially covered the microspore. Such EDMs 
could develop into embryos with well-developed suspensors 
(Tian and Sun, 2003; Tang et al., 2006). Further studies indi-
cated that the first division of the EDMs, unlike that in intact 
microspores, could be asymmetric. It was also reported that 
after mild heat stress treatment, cultured microspores could 
develop into embryos with a suspensor after slightly asymmet-
rical mitotic division (Supena et al., 2008; Dubas et al., 2011). 
This may provide a unique opportunity to investigate the role 
of asymmetric cell division in cell fate determination and its 
relationship to cell polarity in early embryogenesis.

Based on previous work, an experimental system was 
established for this purpose using the microculture technique, 
and development was individually monitored to trace the cell 
division pattern of each EDM. Extensive studies indicated 
that exine dehiscing induced rape microspore polarity, and 
this polarity resulted in different cell fate, specifically, and 
the differentiation of an apical and a basal cell that devel-
oped into an embryo with a typical suspensor. This polar-
ity also fixed the apical–basal axis of early embryogenesis. 
Interestingly, the EDM first division plane was controlled by 
the dehisced exine. Both symmetric and asymmetric micro-
spore division resulted in an embryo with a suspensor as long 
as polarity was established, suggesting that asymmetric cell 
division is not a prerequisite for cell fate determination in 
EDM embryogenesis.

Materials and methods

Plant material
Plants of Brassica napus cv. Topas were grown in a greenhouse at the 
College of Life Sciences at Wuhan University. Conditions for cultiva-
tion were as described previously (Sun et al., 1999).

Microspore isolation and culture
Microspores were obtained from buds 2.8–3.2 mm in length. 
Developmental stages of microspores were determined with 4 µg ml–1 
4’,6-diamidino-2-phenylidole (DAPI). Culture was performed accord-
ing to Sun et al. (1999). Briefly, microspores were isolated in B5 medium 
(Gamborg et al., 1968) and cultured in NLN13 medium (Lichter, 1982) 
in the dark at 32.5 °C continuously.

Aliquots of 1 ml of the microspore suspension were plated in 3 cm 
Petri dishes for culture. The microspores were incubated at a density 
of 40 000 ml–1 in NLN13. Cultures were kept continuously in NLN-13.

EDM preparation and culture
EDMs were prepared as described by Tian et  al. (2003). Briefly, the 
microspores were cultured in the high osmotic medium (the basic 
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constituents of NLN medium with 0. 7 M sucrose and 0. 4 M mannitol) 
and kept at 32.5 °C for 4 d. The EDMs were then collected for further 
culture. A co-culture system was used in this experiment. A Millicell 
(Millipore PICM 01250) was placed in a Petri dish 3.5 cm in diameter. 
About 2–10 EDMs were selected and placed into the Millicell using 
a hand-made micropipette. The microspore embryos were cultured 
for 1 week and used as a feeder layer. The development of EDMs was 
photographed with an inverted microscope equipped with a cooled 
charge-coupled device (CCD) camera (Roper Scientific), at 1 d inter-
vals from day 1 to the day needed during culture. There were variations 
of the intervals according to different aspects of the culture. For each 
of the series, 3–20 images were collected for tracing the developmental 
process.

Cytological staining and morphological analyses
A stock solution of 0.25% (w/v) rhodamine 123 was prepared. Working 
solutions were made by dissolving 250  µl of the stock solution in 
10 ml of NLN13 medium. Microspores were stained for 30 min. Then, 
the stained microspores were washed with NLN13 medium. Samples 
were observed by confocal laser scanning microscopy (Leica TCS 
4D CLSM).

Organelle DNA in the microspores of Brassica was examined accord-
ing to Sodmergen et al. (1998). Briefly, microspores were placed on a 
glass slide and immersed in a drop of phosphate-buffered saline (PBS) 
supplemented with 1% glutaraldehyde and 1 µg ml–1 DAPI (Molecular 
Probes Co.) for ~10 min. The incubated cells were stained with 1 mg 
ml–1 Calcofluor White (CW) for 30 min at room temperature to detect 
the cell division plane. Samples were observed under an epifluorescence 
microscope (Leica).

Electron microscopy
The ultrastructural sectioning was performed according to Yan et  al. 
(1989), except that EDMs were immobilized in 1% (w/v) low melt-
ing temperature agarose before treatment of the sample (SeaPrep, 
Catalogue no. 50302, FMC). Ultrathin sections were cut on an ultrami-
crotome (Ultracut, Leica), stained for 15 min in 2% (w/v) uranyl acetate 
in 50% (v/v) ethanol and 10 min in 0.4% (w/v) lead citrate, and washed 
in deionized filtered water. Sections were observed using a Jeol 100 
CX electron microscope. Electron micrographs were taken at 80 kV on 
Kodak 5302 FGP-film.

Immunofluorescent labelling with monoclonal antibody JIM8, 
and PIN protein immunolocalization
AGP distribution was investigated using the rat monoclonal antibody 
JIM8 as described previously (Tang et al., 2006).

PIN immunolocalization was performed according to Supena et al. 
(2008). Controls were performed according to the same procedure but 
without the first antibody.

RNA extraction and real-time RT–PCR
A Dynabeads mRNA DIRECT Micro Kit (Dynal Biotech) was used for 
mRNA isolation. mRNA was isolated from 25 microspores, 30 sym-
metrically divided microspores, 30 EDMs; 20 small globular embryos 
with a suspensor, and 20 small globular embryos without a suspensor 
at similar stages (4–8  µm in semi-diameter, see Supplementary Fig. 
S1 available at JXB online); 10 large globular embryos with a sus-
pensor, and 10 large globular embryos without a suspensor at similar 
stages (12–24 µm in semi-diameter, see Supplementary Fig. S1). First-
strand cDNA was synthesized using oligo(dT)25 (Dynal Biotech) and 
Superscript III Reverse Transcriptase (Invitrogen). A Super SMART™ 
cDNA PCR Synthesis Kit (Clontech Laboratories) was used for cDNA 
amplification.

Gene-specific primers were designed with primer3. Real-time PCR 
was performed according to Ma et  al. (2011). For each gene exam-
ined, the expression levels were normalized relative to that of the 

reference gene glyceraldehyde phosphate dehydrogenase (GAPDH). 
The primers used were: Bnwox8-S, CCGGGTCAAAACAATGAGTT; 
Bnwox8-AS, CCAAAAACCAAACGCTGATT; GAPDH-S, GAAG 
GTGCTTCCACAGCTC; and GAPDH-AS, GTCGCAGCTTTCTCG 
AGTCT.

Results

Observation of different types of EDMs

After high temperature treatment, the exine of some micro-
spores was broken at the germinal furrow, where it is much 
thinner. The exine was broken at two or three germinal fur-
rows in some microspores, but most were broken at one ger-
minal furrow (Supplementary Fig. S2 at JXB online). The 
microspore exines dehisced at one germinal furrow showed 
two parts: the exine-covered part and the exine-removed part. 
The exposed intine and exine appeared distinct under light 
microscopy, and it was easy to differentiate the two parts 
of the EDM. To facilitate observation of the developmen-
tal course, the EDMs in which the exine was broken at only 
one germinal furrow were used. To evaluate fully the effects 
of the ruptured exine on microspore polarity induction and 
subsequent development, three types of EDMs were identi-
fied according to the proportion of exine coverage. In type 1, 
more than half  of the EDM volume was covered by the rup-
tured exine (Fig. 1A); in type 2, about half  of the microspore 
volume was covered by the ruptured exine (Fig. 1B); and in 
type 3, less than half  of the EDM volume was covered by the 
ruptured exine (Fig. 1C).

Both symmetric and asymmetric EDM division could 
result in embryos with a suspensor

The EDM could divide both symmetrically and asymmetri-
cally, leading to the formation of an embryo with a suspensor 
(Fig. 1D). The suspensor varied, appearing as a long filament 
(Fig. 1E) or redundant cells, visualized as an irregular pro-
tuberance at the radical pole of the embryos (Fig. 1F, G). In 
the majority of embryos, the suspensor structure consisted of 
3–9 cells (Fig. 1E). Suspensor cell division ceased when the 
embryo developed to the late globular stage; this is similar to 
the zygote embryo.

In exine-intact unicellular microspores, a large vacu-
ole occupies most of  the cell, the nucleus is embedded in a 
thin layer of  cytoplasm close to the microspore wall, and 
the nucleus moves to the centre of  the cell during culture 
(Fig. 2A). The first division is typically symmetric (Fig. 2A; 
Zaki and Dickinson, 1990, 1991; Jong et al., 1993; Indrianto, 
2001; Seguí-Simarro et  al., 2003; Maraschin et  al., 2005). 
Later, a series of  irregular cell divisions soon resulted in 
an embryonic cell cluster, which was still confined by the 
exine of  the microspore (Fig. 2B), and then the embryonic 
cell cluster developed into a globular embryo (Fig. 2C). The 
embryo was released from the exine, followed by heart and 
cotyledon stage embryo formation. This is the traditional 
pathway of  microspore embryogenesis, leading to the forma-
tion of  the embryo without a suspensor (Telmer et al., 1995; 
Yeung et al., 1996).

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
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To monitor EDM development carefully in comparison 
with the wall-intact microspores, cultures of three types 
of EDM were observed under an inverted microscope and 
recorded using a cooled-CCD camera. The total number 
of EDMs was 1623; the numbers of each type of EDM are 
shown in Supplementary Table S1 at JXB online. All micro-
spores could be followed during development using this sys-
tem. For type 1 EDMs, 711 microspores were monitored, and 
34.6% underwent the first division. The first cell division was 
asymmetric, and 25.6% of these divided EDMs subsequently 
developed into mature embryos (n=246). About 52.0% of the 
total number of embryos had a suspensor, whereas 47.0% 
did not have typical suspensors (n=63). After the first divi-
sion, one of the daughter cell continued to divide transversely 
(Fig. 2E). Then, the other daughter cell swelled and divided 
vertically, resulting in the formation of a globular embryo 
with a suspensor (Fig. 2D–F). These observations were simi-
lar to those in B. napus embryogenesis described by Tykarska 
(1979). Additionally, one of the daughter cells ceased to 
divide or only divided once or twice, whereas the other cell 
continued to divide, resulting in the formation of an embryo 
without a typical suspensor (Supplementary Fig. S3A–C).

For type 2 EDMs, ~38.8% (n=480) of cells underwent the 
first division, which was a typical symmetric division. Of the 
divided microspores, 22.6% developed to mature embryos 
(n=186). About 64.1% of the embryos had a suspensor, 
whereas 35.8% showed no obvious suspensor (n=42). During 
the course of embryo development, one daughter cell first 

underwent several transverse divisions, and formed a fila-
ment suspensor. The distal exine-covered cell then began to 
divide longitudinally, resulting in formation of the embryo 
proper (Fig. 2G–I). Another developmental pattern was simi-
lar to that of the exine-intact microspores described above. 
Both daughter cells contributed to the formation of the 
embryo proper (Supplementary Fig. S3D–F at JXB online). 
Furthermore, a few type 2 EDMs (n=9) continued to develop 
as a single file of cell filaments consisting of at least 10 cells 
through multiple transverse divisions, whereas the putative 
apical cell seemed to cease dividing (Supplementary Fig. 
S3G–I).

The developmental pattern of type 3 EDMs was very simi-
lar to that of type 1. Among the EDMs, 29.2% could initi-
ate the first division (n=432), which was also asymmetric. 
Of the divided microspores, 26.2% developed into embryos 
(n=126); 45.4% of the mature embryos had a suspensor, 
whereas the others did not have typical suspensors (n=33). 
During the course of embryogenesis, the large naked daugh-
ter cell underwent several divisions, resulting in formation of 
a globular embryo, while the small exine-covered cell under-
went several transverse divisions, resulting in a suspensor 
(Fig. 2J–L). It was also observed that the large naked daugh-
ter cell showed random cell divisions and eventually formed 
the embryo proper, while the small exine-covered daugh-
ter cell divided transversely and formed a small suspensor 
(Supplementary Fig. S3J–L at JXB online). These observa-
tions indicated that exine dehiscing modified the microspore 

Fig. 1.  EDM embryogenesis. (A) Type 1 EDM. (B) Type 2 EDM. (C) Type 3 EDM. The arrows indicate the division planes. (D) Suspensor-
like structure. (E) Embryo with a suspensor. (F, G) Embryos with irregular suspensors. Bars=5 µm.
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division pattern, resulting in the formation of an embryo with 
a suspensor. There were a few exceptions to embryogenesis 
described above, and twin embryos were occasionally found 
(Supplementary Fig. S4).

The embryo propers derived from both daughter cells of an 
EDM could finally develop into mature embryos with similar 
morphology.

Early cell division pattern in EDM-derived embryos with 
a typical filament suspensor

To confirm further where and how the embryo suspensor was 
generated, the division plane of the EDMs was checked with 

CW during early embryogenesis. Two basic patterns were 
observed. In the first pattern, both daughter cells underwent 
transverse divisions after the first division of the EDM. Then, 
the apical cell of the structure underwent a longitudinal divi-
sion and finally developed into the embryo proper, while the 
other cell continued to undergo transverse divisions to form 
the suspensor (Fig.  3A–C1). In the other pattern, after the 
first division of the EDM, one daughter cell underwent a lon-
gitudinal division, while the other underwent transverse divi-
sion (Fig. 3D, D1). The transversely divided cell later formed 
the suspensor, whereas the longitudinally divided cell imme-
diately divided several times (Fig. 3E, E1) and eventually gave 
rise to the embryo proper. Both the exine-covered cell and 

Fig. 2.  The early embryogenesis course of intact-exine microspore and EDMs. (A–C) Intact-exine microspore embryogenesis. (A) 
Symmetric first cell division. The arrow indicates the division plane. (B) Four-celled embryo. (C) Globular embryo with no suspensor. The 
arrow indicates the exine. (D–F) Type 1 EDM embryogenesis. (D) Type 1 EDM. (E) The naked cell divided transversely, while the other 
divided vertically. (F) A globular embryo with a suspensor. (G–I) Type 2 EDM embryogenesis. (G) Type 2 EDM. (H) Transverse divisions of 
the naked daughter cell to form a suspensor. (I) Globular embryo with a suspensor. (J–L) Type 3 EDM embryogenesis. The larger naked 
cell divided both transversely and vertically, while the smaller exine-covered cell divided only vertically, resulting in the formation of a 
globular embryo with a suspensor. The images shown here were taken at day 1, 3, and 6 of culture. Bars=5 µm.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
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the exposed cell can develop into the embryo proper (Fig. 3F, 
F1). These observations further confirmed that the suspen-
sor is derived from one of the daughter cells of the EDM 
and basically follows the cell division pattern of the zygote 
embryo suspensor.

Exine dehiscing induces polarity of the EDM

To understand further why exine dehiscing could result in dif-
ferent cell fates of the two daughter cells of the first divided 
EDMs, cytological features of EDMs were compared with 
those of exine-intact microspores. At the unicellular micro-
spore stage, the nucleus was near the pollen wall, and the 
organelle DNA was around the nucleus, representing a polar 
distribution (Fig.  4A, A1). After heat shock, organelles of 
the exine-intact microspores became evenly distributed, and 
the nucleus became centrally located (Fig. 4B, B1). However, 
in different types of EDMs, DAPI staining showed that 
the nucleus was always located near the plane indicated by 
the end of the broken exine between the exine-covered part 
and exine-detached part (Fig.  4C–E, C1–E1). Following 

movement of the nucleus, organelles were also unevenly dis-
tributed (Fig. 4C1–E1). Rhodamine 123 was used as a marker 
for mitochondria (Gambier and Mulcahy, 1994). The mito-
chondria showed a polar distribution in exine-intact micro-
spores (Fig. 4F, F1) and became evenly distributed after heat 
shock (Fig.  4G, G1). However, the mitochondria in EDM 
still showed a polar distribution (Fig. 4H–J1). Furthermore, 
electron microscopy indicated that the intine became much 
thicker on the exine-covered side of the EDMs (Fig.  4K). 
The organelles were highly concentrated around the nucleus 
(Fig.  4L), but one end of the EDMs was more vacuolated 
than the other (Fig. 4M). Obviously, the exine rupture results 
in the reorganization of the cytoplasm and induces morpho-
logical and structural polarity in EDMs.

The position of the first division plane is confined by 
the broken exine

EDMs were expanded, forming a long axis, designated as 
the ex-axis for convenience. The spatial plane indicated by 
the end of the broken exine between the exine-covered part 

Fig. 3.  Division pattern of the EDM-derived suspensors. (A–F) Bright field images. (A1–F1) Fluorescence microscopic images. Cells 
were stained with CW. (A–C1) Both daughter cells of the EDM underwent transverse divisions at first. The exine-covered cell underwent 
several divisions and developed into an embryo proper, while the naked cell kept transverse division and developed into a suspensor. 
(D–E1) The exine-covered cell underwent longitudinal cell division and later developed into an embryo proper. The naked cell kept 
transverse division and developed into a suspensor. (F, F1) The exine-covered cell divided transversely, giving rise to a suspensor. 
Bars=5 µm.
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Fig. 4.  Cytological characters of EDMs. (A–J) Light microscope images. (A1–J1) Fluorescence microscope images. (A, A1) An exine-
intact microspore, showing that the nucleus locates near the pollen wall. (B, B1) An exine-intact microspore after heat shock, showing 
that the nucleus is located centrically. (C–E1) The nucleus locates at the plane between the exine-covered part and the exine-detached 
part. Organelle DNA is usually distributed around the nucleus in all type 1 (D, D1), type 2 (E, E1), and type 3 EDMs. (F, F1) An exine-
intact microspore, showing that mitochondria distribute near the pollen wall. (G, G1) A exine-intact microspore after heat shock, 
showing that mitochondria are located centrically around the nucleus. (H–J1) Polar distribution of mitochondria in all type 1 (I, I1), type 
2 (J, J1), and types 3 EDMs. Bars=5 µm. (K–M) Ultrastructural observation of EDMs. (K) Low magnification micrograph showing the 
entire cytological features; the intine became much thicker on the exine-covered side of the EDM. (L) Amplifyication of the boxed part 
in K, showing more organelles, especially mitochondria, in the exine-covered part. (M) Amplification of the ellipsoid part in K, showing 
more vacuolation and more endoplasmic reticulum in the naked part. EX, exine; CW, cell wall; V, vacuole; G, Golgi body; N, nucleus. 
Bars=0.5 µm.
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and the exine-detached part is named the ru-plane (Fig. 5). 
A total of 1,623 EDMs were traced. The first-division plane 
in type 1 EDMs (Fig. 5A1) was perpendicular to the ex-axis 
in 73.2% of cases (Fig. 5A2–A4; n=711), oblique to the ex-
axis in 20.7%, and parallel to the ex-axis in 6.1% (Fig. 5A5). 
For type 2 EDMs (Fig.  5B1), 75.8% were perpendicular to 
the ex-axis (Fig. 5B2–B4; n=480), 19.4% were oblique to the 
ex-axis, and 4.8% were parallel to the ex-axis (Fig. 5B5). For 
type 3 EDMs (Fig.  5C1), 76.2% were perpendicular to the 
ex-axis (Fig. 5C2–C4; n=432), 19.0% were oblique to the ex-
axis (Fig. 5C5), and 4.8% were parallel to the ex-axis. These 
data indicated that the majority of the EDM division planes 
were perpendicular to the ex-axis and overlapped with the ru-
plane, suggesting that the position of the first division plane 
was dependent on the broken exine but uncoupled from 
EDM polarity.

Cytological characters of two EDM daughter cells with 
different cell fates

By tracing the early developmental process, it was found 
that after the first asymmetric division, in type 1 EDMs, 

65% of  embryos proper developed from the large cell, and 
5% from the smaller cell (n=63). In type 3 EDMs, 77.6% 
developed from the large cell, and 4.45% from the small 
cell (n=33). These observations suggest that the large cell is 
probably fated to develop into the embryo proper, whereas 
the small cell is probably fated to develop into the suspensor. 
In type 2 EDMs, 40.7% of  the embryos proper developed 
from the naked cell, and 6.78% developed from the exine-
covered cell (n=42). Although it is not yet clear how this is 
determined, it is clear that the two cells have distinct devel-
opmental cell fates. Therefore, a comparison between the 
two daughter cells was performed to investigate their pos-
sible different features. Electron microscopic observations 
showed that one of  the daughter cells was more vacuolated, 
whereas the other had more cell organelles (Fig.  6A–C). 
The vacuolated cell was fated to develop into the suspen-
sor, and the other would divide vertically and give rise to 
the embryo proper (Fig. 6D, D1, E). More organelle DNA 
was usually distributed in the large daughter cell than in the 
small cell (Fig. 6F; n=14).

The distribution of JIM8 labelling in the EDMs and the 
just-divided EDMs was tested. In 60.8% of sister cells derived 

Fig. 5.  The orientation of the first cell division in the three types of EDMs. The sketch indicates the ex-axis and ru-plane of EDMs. 
The expanded long axis of the EDM is named the ex-axis. The spatial plane at the border between the exine-covered part and exine-
detached part is named the ru-plane. (A1–A5) Asymmetric divisions of type 1 EDMs. Interference contrast, bright field (A2, A3) and 
fluorescent image (A4), showing the overlap between the first cell division plane and the ru-plane. (A5) The division plane is parallel to 
the ru-plane as an alternative. (B1–B5) Symmetric division of type 2 EDMs. The division plane is also overlapping the ru-plane. (B5) The 
division plane is vertical to the ru-plane as an exception. (C1–C5) Asymmetric divisions of type 3 EDMs, showing that the first division 
plane is overlapping the ru-plane. (C5) The division plane is oblique to the ru-plane as an alternative. (A4, B4, C4) CW staining. Arrows 
indicate the division plane. Bars=5 µm.
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Fig. 6.  Comparisons between two daughter cells of EDMs. (A–C) Ultrastructural observations of a divided EDM. (A) Low magnification 
micrograph shows the entire cytological features. (B) Amplification of the square area in (A); the larger cell has condensed cytoplasm and 
more mitochondria. (C) Amplification of the ellipsoid area in (A), showing that the small cell is more vacuolated. EX, exine; CW, cell wall; 
V, vacuole; M, mitochondria. Bars=0.5 µm. (D) Vacuoles were observed in the larger naked cell after asymmetric cell division; the arrows 
indicate vacuoles. (D1) CW staining of the cell in (D). The arrowhead indicates the division plane. (E) Thin section of a symmetrically 
divided EDM, showing that an exine-covered cell contains a large vacuole. (F) A symmetrically divided EDM (indertion), showing 
that organelle DNA differentially distributes in its two daughter cells. (G–I1) Immunolocalization of JIM8. (G, G1) Control, showing no 
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from type 1 EDMs, JIM8 labelling was preferentially local-
ized in the small cell (Fig. 6H, H1), with 39.2% in the large 
cell (Fig. 6I, I1; n=74). These observations suggested that the 
AGPs are distributed unevenly in the two sister cells after the 
first division of the EDM.

PIN7 was reported to be expressed in the basal cell in the 
two-celled proembryo, whereas PIN1 mRNA was mainly 
localized in the apical cell (Friml et al., 2003; Weijers et al., 
2006). It was also confirmed that PIN are also expressed in 
Brassica microspore embryos (Supena et al., 2008). Therefore, 
PIN distribution in the EDMs was investigated using anti-
bodies targeting Arabidopsis PIN1 and PIN7 proteins. After 
the first unequal division, PIN1 was peripherally localized in 
the large cell in 80% of two-celled proembryos derived from 
the EDMs (Fig. 6J, J1; n=25). After the second division, PIN1 
was mainly distributed in the two embryo-proper cells in 
76.4% of EDM-derived embryos (Fig. 6K, K1; n=17). PIN7, 
on the other hand was localized in the small cell in 77.8% 
two-celled proembryos (Fig. 6L, L1; n=27) and, after the sec-
ond division, it was mainly located in the initial suspensor 
cell in 66.7% of EDM-derived embryos (Fig. 7M, M1; n=18). 
Both PIN proteins were distributed in a non-polar manner in 
the cells, although PIN1 typically showed a polar localization 
in the cells of globular and heart stage microspore embryos 
(Supplementary Fig. S5 at JXB online).

It was also reported that WOX8 can be used as a marker 
for the basal cell lineage (Haecker et al., 2004). The sequence 
of  BnWOX8 was found in a genomic survey sequence (gss) 
that has the same homeodomain as AtWOX8 and shows 82% 
identity at the DNA sequence level with AtWOX8. Its pre-
dicted protein sequence has 93% identity with AtWOX8. Its 
expression level was examined in microspores and embryos 
of  different stages by quantitative real-time RT–PCR 
(RT-qPCR). BnWOX8 was not expressed in the unicellular 
microspores but was detected in the EDM after the first cell 
division. Its expression was also detected in small (~4  µm 
in diameter) and large (~12 µm in diameter) EDM-derived 
globular embryos with a suspensor (Fig.  6N), but not in 
similar exine-intact microspore-derived globular embryos or 
large globular embryos without a suspensor (Fig. 6N). These 
observations suggested that BnWOX8 can also be used as 
a marker of  the suspensor lineage in EDM-derived proem-
bryos, and BnWOX8 is already expressed as early as the first 
division of  EDMs. All of  these differences between the two 
cells of  EDM-derived two-celled proembryos suggest that 
cell differentiation occurs immediately after the first EDM 
division, leading the two cells to their distinct developmental 
cell fates.

Exine rupture determines the orientation of the 
developmental axis of the embryo

As described above, the microspores with an intact exine 
develop into non-polar globular embryos, and there is no vis-
ible axis before the embryo is released from the microspore 
exine. However, the EDM could develop into embryos with 
suspensors and thus with obvious polarity and apical–basal 
axes. It was found that in 84.1% of cases, the polar axis was 
consistent with the ex-axis formed by rupture of the exine in 
all types of EDMs (n=69; Fig. 7, types 1–3; Fig 2, 3). A few 
EDMs could divide parallel to the ex-axis; in this case, the 
two daughter cells could form the two embryos. However, 
the apical–basal axis of the two embryos was still parallel to 
the ex-axis (Fig.7, small part of EDMs; Supplementary Fig. 
S4 at JXB online). Clearly, the axis of embryos derived from 
EDMs is determined by the rupture of the microspore exine 
and probably by its induced cell polarity.

Discussion

EDM embryogenesis is a convenient and peculiar 
system for studying the early events of embryogenesis

Microspore embryogenesis is a convenient model system to 
understand the general principles of plant embryogenesis. It 
was widely accepted that microspore embryogenesis typically 
starts with symmetric cell division, which gives rise to two cells 
of equal size. Usually the embryos derived from these sym-
metrically divided microspores lack suspensors. Therefore, 
the early process of microspore embryogenesis is distinct 
from zygotic embryogenesis (Hause et al., 1994; Maraschin 
et al., 2005). Ten years ago, a procedure was established to 
prepare EDMs, and it was found that EDMs could develop 
into embryos with a suspensor (Tian and Sun, 2003; Tang 
et al., 2006). In fact, a rudimentary suspensor-like structure 
was occasionally observed (Hause et  al., 1994; Ilić-Grubor 
et al., 1998; Yeung, 2002; Supena et al., 2008) and, later, this 
structure could also be highly induced (Straatman et al., 2000; 
Dubas et al., 2011; Prem et al., 2012). However, the reason for 
the generation of the suspensor remains unknown.

In the present study, the full sequence of development 
events in early embryogenesis was elucidated from the dif-
ferent types of EDMs tracked using individual monitoring 
techniques. The results showed that during the first 4–6 d in 
culture, three types of EDMs could be identified morpho-
logically, all of which could give rise to embryos. It is easy 
to observe the relationships between asymmetric cell division 

fluorescence on the exine. (H, H1) JIM8 locates more on the small daughter cell. (I, I1) JIM8 locates more on the large daughter cell. 
(J, J1) PIN1 mainly localizes in the large daughter cell. (K, K1) The cell with PIN1 signal divided longitudinally and will probably develop 
into an embryo proper. (L, L1) PIN7 appears in the small daughter cell, which will probably develop into a suspensor. (M, M1) The cell 
without PIN7 signal divided vertically. (N) BnWOX8 expression level in different microspore embryos. (EDM-1) The first divided EDMs. 
(EDM-2) Small embryo with suspensor (4 µm in diameter). (EDM-3) Large embryo with suspensor (12 µm in diameter). EIM, exine-intact 
microspores. EIM1, the first divided EIM; EIM2, small globular embryos without a suspensor (4 µm in diameter); EIM3, large microspore 
embryos without a suspensor (12 µm in diameter). Data are the mean of three independent experiments. Bars indicate standard errors.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
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and cell developmental fate and to distinguish the orienta-
tion of the embryo body axis in relation to EDM polarity by 
this technique. This method provides a unique opportunity 
to investigate these important developmental events during 
early embryogenesis. Although zygote culture systems have 
been established previously for the same purpose (He et al., 
2007), the EDM system has a number of advantages as it is 
convenient to collect a number of cells for statistical analysis, 
and it is highly efficient for embryogenesis.

Exine dehiscing induces microspore polarity, resulting 
in different daughter cell fate and fixing the orientation 
of the embryo body axis

In exine-intact microspore embryogenesis, both of the 
daughter cells after the first symmetric cell division take part 
in embryo formation. The first sign of the establishment of 
polarity appears at the stage of transition from a globular to a 
heart-shaped embryo after rupture of the pollen wall (Hause, 
1994; Indrianto et  al., 2001). In the present study, it was 
shown that in EDMs, the polarity appeared immediately after 
microspore exine rupture and preceded the first cell division 
(i.e. the organelles were unevenly distributed). Additionally, 
one end of the EDM was more vacuolated, and the intine 
became much thicker on one side of the EDM. These char-
acters indicated that cytological reorganization occurs after 
exine rupture and cell polarity is established. After the first 
cell division, the two daughter cells showed distinct charac-
ters—the small daughter cell was more vacuolated and was 
fated to develop into the suspensor, while the large daugh-
ter cell had more organelles and was fated to develop into 
the embryo proper. BnWOX8, which marks the suspensor 
cells, was expressed immediately after the first EDM division. 
This observation suggests the establishment of polarity in 
the EDMs due to exine dehiscing and daughter cell differen-
tiation, with different developmental fates at the two-celled 
proembryo stage.

Individual cell tracing indicated that the suspensor was 
generated from one of the daughter cells of the EDM, indi-
cating that exine dehiscing resulted in different cell fates at 
the two-cell stage, similar to the process of zygotic embryo-
genesis. Two different mechanisms have been proposed for 
cell fate diversity. In the first, intercellular communication 
provides information for position-dependent cell fate deter-
mination, whereas the second involves unequal cell division 
of a polarized cell, generating two daughter cells that assume 
different fates (St Johnston and Nusslein-Volhard, 1992; 
Jacobs and Shapiro, 1998; Laux, et al., 2004). In animals, it 
was reported that special molecules located in the maternal 
cytoplasm can be unequally divided into the two daughter 
cells, thus determining the different cell fates (Ephrussi and 
Lehmann, 1992; St Johnston and Nusslein-Volhard, 1992). 
Gallagher and Smith (2000) reported that the fate of sub-
sidiary cells was dependent on the polarity of subsidiary 
mother cells (SMCs) and inheritance of daughter cell nuclei 
in maize. However, whether this is the case in early embryo-
genesis remains unknown. In normal microspore embryogen-
esis there is no cell fate diversity at the early stage. However, 

Fig. 7.  Diagram of the embryogenesis in different types of EDMs. 
The polar axis was always consistent with the ex-axis. The small 
part of EDMs: the exine was not so tightly covered in some EDMs. 
In this case, some of them went through random divisions and grew 
into embryos without suspensors. Occasionally, the two daughter 
cells could develop into two embryos, respectively, but the apical–
basal axis of the two embryos is still parallel to the ex-axis. All 
embryo propers with and without a suspensor could develop into 
mature embryos. (This figure is available in colour at JXB online.)
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in EDM embryogenesis, the two daughter cells showed differ-
ent cell fates and produced embryos with a suspensor. These 
observations indicate that cell polarity plays a critical role in 
the determination of the fates of the daughter cells. Thus, the 
results here indicate a close link between EDM polarity and 
different fates of daughter cells in early embryogenesis, sug-
gesting that polarity is necessary for cell fate diversity during 
early embryogenesis.

EDM embryogenesis also showed that the apical–basal axis 
of the embryo body is in line with the orientation of EDM 
polarity. Following exine dehiscing, the microspores elongated 
and formed a long growth axis. After the first EDM division, 
one of the daughter cells developed into a suspensor, while 
the other developed into the embryo proper. Interestingly, 
when the first cell division of EDMs was vertical; that is, per-
pendicular to the ru-plane, each of the two cells could divide 
into the embryo, and the apical–basal axis of both embryos 
was still in line with the orientation of EDM polarity (Fig. 7). 
This suggests that the establishment of the apical–basal axis 
is probably dependent on EDM polarity. It was reported that 
the polar secretion of Golgi-derived vesicles is required for 
polarity fixation in the Fucus embryo (Kropf et  al., 1999; 
Belanger and Quatrano, 2000). The reasons why exine rup-
ture induces polarity and finally defines the apical–basal axis 
of embryo development remain unclear. It is possible that the 
ruptured exine directs cytoplasm reorganization and move-
ment of the nucleus to establish the polarity of EDMs, which 
pre-defines the apical–basal axis of the embryo.

The orientation and spatial location of the first cell 
division plane are modulated by the ruptured exine, but 
uncoupled from cell polarity

In the present study, it was shown that the first division plane 
of  EDMs, whether symmetric or asymmetric division, was 
in line with the ru-plane. It seems that positioning of  the cell 
division plane is not controlled by internal cell polarity, but 
is dependent on the external exine envelope. In fact, it has 
been reported that the cell division plane may be strongly 
guided by extrinsic clues (Lynch and Lintilhac, 1997; Scheres 
and Benfey, 1999; Smith, 2001). Force stress could induce 
alignment of  the cell division plane (Lintilhac and Vseckky, 
1984). It was also shown that a gentle touch is sufficient to 
provide a signal to the cells and cause the nucleus to move to 
the site of  stimulation (Qu et al., 2008). Yeoman (1971) pro-
posed that mechanical stress can result in the formation of  a 
protein complex that directs formation of  the phragmoplast 
in the corresponding position. The present data showed that 
the first division plane of  most EDMs was parallel to or in 
line with the ru-plane, showing a close correlation between 
the plane of  cell division and the position of  the dehisced 
exine. The EDM nucleus always moved to the border of  the 
broken exine, where cell division then occurred. It is likely 
that the dehisced exine could generate mechanical pressure, 
and the position of  the ru-plane is the site where the pres-
sure is most intense. Therefore, the first cell division plane 
may be adjusted by mechanical stress caused by the ruptured 
exine. Although the cell polarity may be correlated with the 

cell division plane, the present data support the suggestion 
that the division plane of  EDMs is mainly modulated by 
extrinsic cues.

In animal cells, a model has been defined to explain how 
extracellular mechanical signals are transmitted to the nucleus 
via conformational changes in the cytoskeleton (Wang et al., 
1993). This model suggests that cytoskeletal association 
with the nucleus may be capable of direct signalling of gene 
expression via mechanical signals, such as integrin-like pro-
teins, which are specialized transmembrane proteins with 
cytoskeleton associations. These proteins have been found 
in plants (Schindler et  al., 1989; Gens et  al., 1996). It was 
reported that there is abundant cytoskeleton in microspores, 
and the cytoskeleton changed after cell culture (Pierson and 
Cresti, 1992). This model may explain how the EDM per-
ceives mechanical signals of the exine and then translates 
them into oriented division.

Supplementary data

Supplementary data are available at JXB online.
Figure S1. The stages of the embryos used for RNA 

extraction.
Figure S2. The different aspects of microspore exine rupture.
Figure S3. Variations of developmental fate of EDM-

derived cells.
Figure S4. The specific EDM embryo development: the 

axis of the embryos.
Figure S5. PIN1 polar localization in the cells of the globu-

lar and heart stage embryo, which is similar to the Arabidopsis 
zygotic embryo at the globular and heart stage.

Figure S6. The negative control for the immunofluorescent 
labelling of PIN.

Table S1. The number of EDMs in tracing the develop-
ment of the three types of EDMs.

Acknowledgments

This research work was supported by 973 Program 
(2013CB126900) and the National Natural Science 
Foundation of China (30970279, 31170297). We thank Dr J.P. 
Knox (Centre for Plant Science, University of Leeds, Leeds, 
UK) for the gifts of JIM8 antibody, and Professor Jiri Friml 
(Vlaams Instituut voor Biotechnologie) for his kind offer of 
PIN antibodies.

References

Belanger KD, Quatrano RS. 2000. Polarity: the role of localized 
secretion.sueCurrent Opinion in Plant Biology 3, 67–72.

Bothwell JH, Kisielewska J, Genner MJ, McAinsh MR, Brownlee 
C. 2008. Ca2+ signals coordinate zygotic polarization and cell cycle 
progression in the brown alga Fucus serratus. Development 135, 
2173–2181.

Cove DJ. 2000. The generation and modification of cell polarity. 
Journal of Experimental Botany 51, 831–838.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers327/-/DC1


Microspore exine dehiscing results in suspensor formation  |  227

Dubas E, Custers J, Kieft H, Wedzony M, Van Lammeren AA. 
2011. Microtubule configurations and nuclear DNA synthesis during 
initiation of suspensor-bearing embryos from Brassica napus cv. 
Topas microspores. Plant Cell Reports 30, 2105–2116.

Ekici N, Dane F. 2004. Polarity during sporogenesis and 
gametogenesis in plants. Biologia (Bratislava) 59, 687–696.

Ephrussi A, Lehmann R. 1992. Induction of germ cell formation by 
oskar.sueNature 358, 387–392.

Fischer U, Men S, Grebe M. 2004. Lipid function in plant cell 
polarity. Current Opinion in Plant Biology 7, 670–676.

Friml J, Vieten A, Sauer M, Weijers D, Schwarz H, Hamann T, 
Offringa R, Jurgens G. 2003. Efflux-dependent auxin gradients 
establish the apical–basal axis of Arabidopsis. Nature 426, 147–153.

Gambier RM, Mulcahy DL. 1994. Confocal laser scanning 
microscopy of mitochondria within microspore tetrads of plants 
using rhodamine 123 as a fluorescent vital stain. Biotechnic and 
Histochemistry 69, 311–316.

Gamborg OL, Miller RA, Ojima L. 1968. Requirements of 
suspension cultures of soybean rootcells. Experimental Cell Research 
50, 151–158.

Gallagher K, Smith LG. 2000. Roles for polarity and nuclear 
determinants in specifying daughter cell fates after an asymmetric cell 
division in the maize leaf.sueCurrent Biology 10, 1229–1232.

Gens JS, Reuzeau C, Doolittle KW, Mc Nally JG, Pickard BG. 
1996. Covisualization by computational optical-sectioning microscopy 
of integrin and associated proteins at the cell membrane of living onion 
protoplasts.sueProtoplasma 194, 215–230.

Grebe M, Friml J, Swarup R, Ljung K, Sandberg G, Terlou M, 
Palme K, Bennett MJ, Scheres B. 2002. Cell polarity signaling in 
Arabidopsis involves a BFA-sensitive auxin influx pathway. Current 
Biology 12, 329–334.

Haecker A, Gross-Hardt R, Geiges B, Sarkar A, Breuninger 
H, Herrmann M, Laux T. 2004. Expression dynamics of WOX 
genes mark cell fate decisions during early embryonic patterning in 
Arabidopsis thaliana.sueDevelopment 131, 657–668.

Hause B, van Veenendaal WL, Hause G, van Lammeren AA. 
1994. Expression of polarity during early development of microspore-
derived and zygotic embryos of Brassica napus L. cv. Topas. Botanica 
Acta 107, 407–415.

He YC, He YQ, Qu LH, Sun MX, Yang HY. 2007. Tobacco zygotic 
embryogenesis in vitro: the original cell wall of the zygote is essential 
for maintenance of cell polarity, the apical–basal axis and typical 
suspensor formation. The Plant Journal 49, 515–527.

Ilić-Grubor K, Attree SM, Fowke LC. 1998. Comparative 
morphological study of zygotic and microspore-derived embryos 
of Brassica napus L. as revealed by scanning electron microscopy. 
Annals of Botany 82, 157–165.

Indrianto A, Barinova I, Touraev A, Heberle BE. 2001. Tracking 
individual wheat microspores in vitro: identification of embryogenic 
microspores and body axis formation in the embryo. Planta 212, 
163–174.

Jacobs C, Shapiro L. 1998. Microbial asymmetric cell division: 
localization of cell fate determinants. Current Opinion in Genetics and 
Development 8, 386–391.

Jansen RP. 2001. mRNA localization: message on the move. Nature 
Review. Molecular Cell Biology 2, 247–256.

Jong AJ, Schmidt EDL, Vries SC. 1993. Early events in higher-plant 
embryogenesis. Plant Molecular Biology 22, 367–377.

Joosen R, Cordewener J, Supena EDJ, et al. 2007. Combined 
transcriptome and proteome analysis identifies pathways and markers 
associated with the establishment of rapeseed microspore-derived 
embryo development. Plant Physiology 144, 155–172.

Jurgens G, Grebe M, Steinmann T. 1997. Establishment of cell 
polarity during early plant development. Current Opinion in Plant 
Biology 9, 849–852.

Knox JP. 1996. Arabinogalactan proteins: developmentally regulated 
proteoglycans on the plant cell surface. In: Smallwood M, Knox JP, 
Bowles DJ, eds. Membranes: specialized functions in plants. Oxford: 
BIOS Scientific Publishers, 93–102.

Knox JP. 1997. The use of antibodies to study the architecture and 
developmental regulation of plant cell walls.sueInternational Review of 
Cytology 171, 79–120.

Kropf DL, Bisgrove SR, Hable WE. 1999. Establishing a growth 
axis in fucoid algae. Trends in Plant Science 4, 490–494.

Laux T, Wurschum T, Breuninger H. 2004. Genetic regulation of 
embryonic pattern formation. The Plant Cell 16, 190–202.

Lichter R. 1982. Induction of haploid plants from isolated pollen of 
Brassica napus. Zeitschrift für Pflanzenphysiologie 105, 427–433.

Lintilhac PM, Vesecky TB. 1984. Stress-induced alignment of 
division plane in plant tissues grown in vitro.sueNature 307, 363–364.

Lynch TM, Lintilhac PM. 1997. Mechanical signals in plant 
development: a new method for single cell studies.sueDevelopmental 
Biology 181, 246–256.

Ma LG, Xin HP, Qu LH, Zhao J, Yang LB, Zhao P, Sun MX. 2011. 
Transcription profile analysis reveals that zygotic division results in 
uneven distribution of specific transcripts in apical/basal cells of 
tobacco. PLoS One 6, e15971.

Maluszynski M, Kasha KJ, Forster BP, Szarejko I. 2003. 
Doubled haploid production in crop plants. A manual. Dordrecht, The 
Netherlands: Kluwer Academic Publishers.

Mansfield SG, Briarty LG. 1991. Early embryogenesis in 
Arabidopsis thaliana. II. The developing embryo.sueCanadian Journal 
of Botany 69, 461–476.

Maraschin SF, Vennik M, Lamers GEM, Spaink HP, Wang M. 
2005. Time-lapse tracking of barley androgenesis reveals position-
determined cell death within pro-embryos. Planta 220, 531–540.

Minako U, Zhang ZJ, Thomas L. 2011. Transcriptional activation 
of Arabidopsis axis patterning genes WOX8/9 links zygote polarity to 
embryo development. Developmental Cell 20, 264–270.

Mordhorst AP, Toonen MAJ, De Vries SC. 1997. Plant 
embryogenesis. Critical Reviews in Plant Sciences 16, 535–576.

Nothnagel EA. 1997. Proteoglycans and related components in plant 
cells. International Review of Cytology 174, 195–291.

Pennell RI, Janniche L, Kjellbom P, Scofield GN, Peart JM, 
Roberts K. 1991. Developmental regulation of a plasma membrane 
arabinogalactan protein epitope in oilseed rape flowers.sueThe Plant 
Cell 3, 1317–1326.



228  |  Tang et al.

Pierson ES, Cresti M. 1992. Cytoskeleton and cytoplasmic 
organization of pollen and pollen tubes. International Review of 
Cytology 140, 73–125.

Prem D, Solís MT, Bárány I, Sanz HR, Risueño MC, Testillano 
PS. 2012. A new microspore embryogenesis system under low 
temperature which mimics zygotic embryogenesis initials, expresses 
auxin and efficiently regenerates doubled-haploid plants in Brassica 
napus. BMC Plant Biology 12, 127.

Pruyne D, Bretscher A. 2000. Polarization of cell growth in yeast. 
I. Establishment and maintenance of polarity states.sueJournal of Cell 
Science 113, 365–375.

Qu LH, Sun MX. 2008. The nucleus as a chief cellular organizer and 
active defender in response to mechanical stimulation. Plant Signaling 
and Behavior 3, 678–680.

Raghavan V. 2003. Some reflections on double fertilization, from its 
discovery to the present. New Phytologist 159, 565–583.

Scheres B, Benfey PN. 1999. Asymmetric cell division in plants. 
Annual Review of Plant Physiology and Plant Molecular Biology 50, 
505–537.

Schindler M, Meiners S, Cheresh DA. 1989. RGD-dependent 
linkage between plant cell wall and plasma membrane: consequences 
for growth. Journal of Cell Biology 108, 1955–1965.

Schnepf E. 1986. Cellular polarity. Annual Review of Plant Physiology 
37, 23–47.

Seguí-Simarro JM, Testillano PS, Risueno MC. 2003. Hsp70 
and Hsp90 change their expression and subcellular localization after 
microspore embryogenesis induction in Brassica napus L. Journal of 
Structural Biology 142, 379–391.

Smith LG. 2001. Plant cell division: building walls in the right places. 
Nature Reviews Molecular Cell Biology 2, 33–39.

Sodmergen, Bai HH, He JX, Kuroiwa H, Kawano S, Kuroiwa T. 
1998. Potential for biparental cytoplasmic inheritance in Jasminum 
officinale and Jasminum nudiflorum.sueSexual Plant Reproduction 11, 
107–112.

St. Johnston D, Nusslein-Volhard C. 1992. The origin of pattern 
and polarity in the Drosophila embryo. Cell 68, 201–219.

Straatman KR, Nijsse J, Kieft H, van Aelst AC, Schel JHN. 2000. 
Nuclear pore dynamics during pollen development and androgenesis 
in Brassica napus. Sexual Plant Reproduction 13, 43–51.

Sun MX, Kieft H, Zhou C, Lammeren A. 1999. A co-culture 
system leads to the formation of microcalli derived from microspore 
protoplasts of Brassica napus L. cv. Topas. Protoplasma 208, 
256–274.

Supena EDJ, Winarto B, Riksen T, Dubas E, van Lammeren A, 
Offringa R, Boutilier, K, Custers J. 2008. Regeneration of zygotic-
like microspore-derived embryos suggests an important role for the 
suspensor in early embryo patterning. Journal of Experimental Botany 
59, 803–814.

Tang XC, He YQ, Wang Y, Sun MX. 2006. The role of 
arabinogalactan proteins binding to Yariv reagents in the initiation, cell 

developmental fate, and maintenance of microspore embryogenesis 
in Brassica napus L. cv. Topas. Journal of Experimental Botany 57, 
2639–2650.

Telmer CA, Newcomb W, Simmonds DH. 1995. Cellular changes 
during heat shock induction and embryo development of cultured 
microspores of Brassica napus cv. Topas. Protoplasma 185, 106–112.

Tian H, Sun MX. 2003. Embryoid formation and plantlet regeneration 
from exine-dehisced microspores in Brassica L. cv. Topas. Acta 
Agronomica Sinca 29, 49–53.

Tykarska T. 1979. Rape embryogenesis. II. Development of embryo 
proper. Acta Societatis Botanicourm Poloniae 48, 391–421.

Wang N, Butler JP, Ingber DE. 1993. Mechanotransduction 
across the cell surface and through the cytoskeleton. Science 260, 
1124–1127.

Wedzony M, Forster BP, Zur I, Golemiec E, Szechynska-Hebda 
M, Dubas E, Gotebiowska G. 2009. Progress in doubled haploid 
technology in higher plants. In: Touraev A, Forster BP, Jain SM, eds. 
Advances in haploid production in higher plants. Springer Science 
Business Media, 1–34.

Weijers D, Schlereth A, Ehrismann JS, Schwank G, Kientz M, 
Jurgens G. 2006. Auxin triggers transient local signaling for cell 
specification in Arabidopsis embryogenesis. Developmental Cell 10, 
265–270.

Xia HJ, Zhou C, Yang HY. 1996. Preparation of exine-detached 
pollen in Nicotiana tabacum. Wuhan University Jounal of Natural 
Sciences 1, 116–118.

Xu B, Liang S, Zhou C, Yang HY. 1997. Brassica de-exined pollen 
as a new experimental system for studying pollen germination. Acta 
Botanica Sinica 39, 489–493.

Xu J, Scheres B. 2005. Cell polarity: ROPing the ends 
together.sueCurrent Opinion in Plant Biology 8, 613–618.

Yan H, Yang HY, Jensen WA. 1989. An electron microscope study 
on in vitro parthenogenesis in sunflower. Sexual Plant Reproduction 2, 
155–164.

Yeoman MM, Brown R. 1971. Effects of mechanical stress on the 
plane of cell division in developing callus cultures. Annals of Botany 
35, 1102–1112.

Yeung EC, Rahman MH, Thorpe TA. 1996. Comparative 
development of zygotic and microspore-derived embryos in Brassica 
napus L. cv. Topas. I. Histodifferentiation. International Journal of Plant 
Sciences 157, 27–39.

Yeung EC. 2002. The canola microspore-derived embryo as a model 
system to study developmental processes in plants.sueJournal of 
Plant Biology 45, 119–133.

Zaki MAM, Dickinson HG. 1990. Structural changes during the first 
divisions of embryos resulting from anther and free microspore culture 
in Brassica napus. Protoplasma 156, 149–162.

Zaki MAM, Dickinson HG. 1991. Microspore-derived embryos in 
Brassica: the significance of division symmetry in pollen mitosis I to 
embryogenic development. Sexual Plant Reprodution 4, 48–55.


