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SUMMARY

Pollen development and male gametogenesis are critically
dependent upon cell polarization leading to a highly
asymmetric cell division termed pollen mitosis |. A
mutational approach was adopted inArabidopsis thaliana
to identify genes involved these processes. Four
independent gemini pollen mutants were isolated which
produce divided or twin-celled pollen. Thegemini pollenl
mutant was characterized in detail and shown to act
gametophytically resulting in reduced transmission
through both sexesgemini pollenlshowed an incompletely
penetrant phenotype resulting in equal, unequal and
partial divisions at pollen mitosis I. The division planes in

phenotypes consistent with spatial uncoupling of
karyokinesis and cytokinesis suggesting thalGEMINI
POLLEN1 may be required for the localization of
phragmoplast activity. Cell fate studies showed that in
both equal and unequal divisions a vegetative cell marker
gene was activated in both daughter cells. Daughter cells
with a range of intermediate or hybrid vegetative/
generative cell fates suggests that cell fate is quantitatively
related to cell size. The potential mode of action of
GEMINI POLLEN1 and its effects on cell fate are
discussed in relation to proposed models of microspore
polarity and cell fate determination.

gemini pollenlwere shown to be aligned with the polar axis
(as in wild type) and evidence was obtained for incomplete
nuclear migration, which could account for altered
division symmetry. gemini pollenlalso showed division

Key words:gemini pollenArabidopsis thalianacell polarity,
asymmetric cell division, cell fate, cytokined®st52, quartet, tetrad
analysis

INTRODUCTION controlling differential cell fate has long been recognised
(reviewed by La Cour, 1949). Early observations showed that
A key event in the differentiation of the angiosperm malehe differentiation of vegetative and generative cells was
gametophyte is the highly asymmetric division of the haploictlearly associated with a qualitative difference in the
microspore termed pollen mitosis | (PMI). This division cytoplasm surrounding the nuclei following asymmetric
produces two unequal daughter cells, the vegetative ardivision at PMI (La Cour, 1949). Observations of induced or
generative cells, that have dramatically different structures argpontaneously occurring aberrant divisions at PMI showed
developmental fates (reviewed by Tanaka, 1997 and Twell ¢hat altered division asymmetry could lead to incomplete
al., 1998). The large vegetative cell (VC) accumulates adifferentiation and altered cell fate (La Cour, 1949). Further
abundance of stored metabolites required for rapid pollen tutstudies of nuclear and cytoplasmic differentiation in aberrant
extension, while the diminutive generative cell (GC) isdivisions induced by colchicine or temperature stress,
enclosed by the VC cytoplasm and contains relatively feveonfirmed the importance of division asymmetry for GC
organelles and stored metabolites. This extreme dimorphisdifferentiation (reviewed by Tanaka 1997; Twell and
is also reflected in cell cycle progression and the expressidtiowden, 1998). More recently a molecular marker has been
of specific genes (reviewed by Twell, 1994). Theseused to monitor vegetative cell fate in colchicine-induced
characteristics provide differential cell fate markers since thaberrant divisions at PMI in tobacco. In induced symmetrical
VC exits the cell cycle and activates the pollen-spelEfle2  divisions the nuclear localized VC fate marker géaté2-
promoter, while the GC completes a further division to formgugnia was activated in both equal daughter cells (Eady et
the two sperm cells and fails to activda52 (Twell, 1992;  al., 1995). Furthermore, when division at PMI was blocked,
Eady et al., 1994, 1995). Although identified GC-specificuninucleate ‘pollen grains’ also expressed VC fate. These
proteins (Ueda and Tanaka, 1995) have not yet been develop@sults confirm that division asymmetry at PMI is essential
as cell fate markers, represskd52 expression, continued for GC differentiation, involving the repression of VC-
division and condensed nuclear chromatin provide markers gpecific genes and chromatin condensation, and further
GC fate. demonstrate that VC-specific gene activation can be
The importance of division asymmetry at PMI in uncoupled from cell division. These studies led to the
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proposal of a default gametophytic (vegetative) cell fateMATERIALS AND METHODS

controlled by gametophytic transcription factors that reach

threshold activity at PMI by a pathway independent ofMutant screen and growth conditions

cytokinesis (Eady et al., 1995). The polarized distribution anélants were grown in 3:1 compost:sand mix, under greenhouse
differential inheritance of such positive and/or negativeconditions with supplementary lighting (16 hours light, 22°C). The
factors could account for differential cell fate as a result oparental seed used for mutagenesis was a homozygous transgenic line

asymmetric division at PMI (Eady et al., 1995; Twell et al. harbouring théat52-gusgene fusion (Eady et al., 1994) in the Nossen
1998). (No-0) background. Seed was mutagenised with EMS by Lehle Seeds,

Given the critical role of asymmetric division in the control2nd pollen from approximately 10002Mhdividuals derived from

. each of ten M parental groups screened for visible phenotypes. A
of pollen cell fate, how does the microspore develop th§ingle open flower from each Aplant was immersed in DAPI

necessary polarity to achieve asymmetric divisiongining solution in a microtitre plate and examined on an Zeiss
Pharmacological and immunolocalization studies stronglyxiophot 135 microscope.

implicate the cytoskeleton in polar nuclear migration and

spindle axis determination (reviewed by Twell and Howderfytological and phenotypic analysis of pollen

1998). For example, a specialised generative pol®etailed phenotypic characterization was carried out on a Nikon
microtubule system appears at the future GC pole prior t@ptiphot microscope using light and epifluorescence microscopy.
nuclear migration in the orchi®halaenopsis(Brown and !mages were captured directly using a 3-CCD colour video camera
Lemmon, 1991, 1992). Both microtubules and actin(‘]VC' KY-F55B), linked to a Neotech IGPCI capture card and

: . . . . ; ageGrabber PCI 1.1 software on an Apple Macintosh computer.
mlcrofllarpgnts h?ve b??f? |mp||cated In thel maln_IEenaIrgce 4Iinage processing and analysis was performed with Adobe PhotoShop
e acentric position of the microspore nucleus (Tanaka angd £o; confocal laser scanning microscopy (CLSM) mature pollen was

Ito, 1981; Terasaka and Niitsu, 1990; Gervais et al., 1994)cpated in 1g/ml ethidium bromide (EtBr) and viewed using a
and single microtubules have been observed ‘tethering’ thesica TCS4D CLSM with an excitation wavelength of 568 nm and
nucleus to the plasma membrane (Hause et al., 1991; Browission filter at 630+30 nm.

and Lemmon, 1991, 1992). The development of the single o

large vacuole before division at pollen mitosis | has also bedAP! staining

suggested to play a role in the repositioning the microspor@ufficient mature pollen was obtained by placing 3-4 open flowers in
nucleus (Terasaka and Niitsu, 1990). However this possibility microfuge tube containing 300 pl of DAPI staining solution (0.1 M
can be excluded in orchids such Bbalaenopsiswhich ~ S0dium phosphate (pH 7), 1 mM EDTA, 0.1% Triton X-100 |@Anl

B . API; high grade, Sigma). After brief vortexing and centrifugation
Eggi‘;ss non-vacuolate microspores (Brown and Lemmo e pollen pellet was transferred to a microscope slide and viewed by

) . L . . light and by UV epi-illumination. For the analysis of spores at earlier
The efficacy of a genetic approach in dissecting polarity angiages; single anthers were dissected from isolated buds using a
asymmetric division in other organisms (Horvitz andgissecting microscope (Zeiss, Stemi SV8). Anthers were disrupted on
Herskowitz, 1992; Jan and Jan, 1998), suggests that this WiHlicroscope slides using dissecting needles and gently squashed in
also be a powerful approach for the dissection of microsporBAPI staining solution (}ig/ml) under a coverslip.
polarity and cell fate determination. In this regard it would b _ .
eparation of anther sections

expected that gametophytically expressed genes would play aff; ) _ _ _
Thick sections of fixed anthers were prepared essentially according to

important role. A significant number of gametophytic - ,
: : . : the method of Owen and Makaroff (1995). Thick sectionsifl were
mutations have been identified, which affect, for exampIeCut on a Reichert Jung Ultramicrotome using glass knives, mounted

pollen size, metabolic enzyme activity or pollen tube grOWtrbn lass slides and stained with 0.5% toluidine blue in 2% sodium
(reviewed by Twell, 1994; Sari-Gorla, 1996). Recently, througrborgte_ o ’

the application of mutagenesis and gene tagging strategies in _ _

Arabidopsis thalianaseveral distinct classes of gametophyticVegetative cell fate analysis

mutants have been isolated which affect the stereotypicé&br the analysis of cell fate using the nuclear-targeted vegetative cell-
pollen cell divisions. specific lat52-gus/niamarker (Twell, 1992), théat52-gus marker

limpet pollenprevents engulfment and inward migration of 9éne present in the parental genetic background (Twell et al., 1990)
the generative cell (Howden et al., 1998)decar pollen Was first segregated away frggamilby back crossing to No-@eml
(scp undergoes a premature syn{metric division of themutamt progeny which were GUS negative in pollen were crossed with

. . . transgenic line homozygous for #a¢52-gus/niatransgene in the
microspore with only one daughter cell able to polarize anﬁ,o_o background (Eady et al., 1994), progeny were identified

produce two sperm cells (Chen and McCormick, 1996). Ifyhich showed both nuclear-targeted GUS staining andgémel
solo pollenmutants, division at PMI is blocked resulting in phenotype. To visualize GUS staining, pollen was incubated overnight
uninucleate pollerduo pollenrmutants prevent division of the at 37°C in GUS buffer (0.1 M sodium phosphate (pH 7), 1 mM EDTA,
generative cell at PMIl andgemini pollen(gen) mutants  0.1% Triton X-100, 5 mM potassium ferricyanide) containing 1 mM
affect the symmetry of division at PMI (reviewed by Twell 5-bromo-4-chloro-3-indolyB-D-glucuronic acid (X-gluc; Biosynth).
and Howden, 1998). In this paper we describe the isolatiog

8;;;);c:rteiﬂg§gen?nengdeer?awut?rzglsu.dgli"]hegetrﬁ1 mutanlt was fGenetic transmission @emlthrough the male and female gametes

. o juding € analysis ol .s determined by carrying out reciprocal test crosses in which
gametophytic - transmission, . division axis at PMI andheterozygougemmutants were crossed to wild type (No-0) and the
daughter cell fate. The potential mode of actio®&Mland  qjien phenotype of the progeny scored. The transmission efficiency
its effect on cell fate are discussed in relation to current angg) of the mutant allele through each gamete describes the fraction
proposed models of microspore polarity and cell fatef mutant alleles that are successfully transmitted to the progeny
determination. (Howden et al., 1998). If the mutant allele is transmitted with 100%

enetic analysis and mapping
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efficiency, test cross progeny should segregate 1:1 for mutant:wild-Table 1. Frequency of phenotypic classes gemini pollen
type plants (assuming equal numbers of both alleles and random mutants

segregation of alleles at meiosis). Therefore among test cross progeny

the number of mutants/number of wild-type plaxnt$00 represents Phenotypic

Percentage of spores in each phenotypic class

the percentage of gametes carrying the mutant allele that successfudlgss WT gemt  gemlt gem2 gem3  gem4
transmit the mutation (transmission efficiency). Wit 98.7 80 61.8 87.8 86.3 87.6
Tetrad analysis was performed by isolating thgemizqrtl/qrtl solo - 6.8 14.2 3.7 15 1.4
double mutant. The homozygouptl mutant was crossed to a gemini - 8.3 16.3 11 1.7 1.7
heterozygous gemlmutant and Fplants screened to identify those duo 0.8 1.6 3.2 16 2.5 21
with the gemini phenotype @¢m1QRT1/qrtl) +/gemigrtl/grtl  trio - - - - 4.9 4.1
individuals in the Epopulation were identified by screening for plants a0orted 0.5 3.3 4.5 58 3.1 3.1

showing bothguartetandgeminiphenotypes. 2(aberrant) 1.3 20.0 38.2 12.2 37 124

The gem1 mutation was mapped using PCR based molecular Counts were made on known heterozygous individuals except where

markers. Plants heterozygous fmmilwere outcrossed to plants of jngicated: WT = No-0 parental ecotypegémiheterozygote: jem1l

wild-type Columbia (Col). Eplants heterozygous fgem1 identified  homozygote. Wt, wild type, trinucleate pollen; solo, uninucleate pollen;

by screening DAPI-stained pollen, were allowed to self-fertilize. DNAgemini = partially or completely divided pollen; duo, bicellular pollen; trio,

was isolated from leaves of tgem1x Col F; population according smaller trinucleate pollen; aborted = collapsed pollen with no visible nuclei;

to the method of Edwards et al. (1991) and used for PCR-basédaberrant), sum total of all aberrant classes. Data are derived from >1000

mapping using SSLP markers which show useful polymorphisngPores counted from four backcross progeny.

between No-0 and Col (Bell and Ecker, 1994). OnlyGEM1/GEM1

homozygote class was used /A3 mapping since recombinant

chromosomes carrying thgem1 mutation would show reduced which shed twin-celled pollen at anthesis. All fgemmutants

transmissiongemlwas demonstrated to map on the lower arm ofshowed several distinct aberrant phenotypes which were

chromosome 2, 14.9+4.45 cM and 10.1+1.54 cM south of SSLRIassified as solo pollen, duo pollen, trio pollen, gemini pollen

markers AthBIO2 and ngal168 respectively, through the analysis of Fand aborted pollen, at increased frequencies relative to the wild

data using the Kosambi mapping function (Koornneef and Stamype (Table 1). Whereas wild-type plants showed only 1-2%

1992). aberrant pollen, which was restricted to the aborted and duo
pollen classes, the proportion of aberrant pollen igery
heterozygotes varied from 12-20% (Table 1). Although the

RESULTS distribution of pollen among the phenotypic classes varied
_ o significantly between thgemmutants all four produced solo,
Isolation of gemini pollen mutants gemini, duo and aborted pollen. However smaller tricellular

Mutants that divide more symmetrically at PMI are expectedtrio) pollen was restricted to thgem3and gem4 mutants.

to result from lesions in components required for polaritySincegemlshowed the most severe division phenotygem1

determination or expression and could act sporophyticallwas selected for detailed genetic and phenotypic

and/or gametophytically. To identify such mutants,characterization.

approximately 10,000 B individuals from an EMS ) o o

mutagenised (ecotype No-0) population were screened tgeml disrupts cytokinesis and division asymmetry

examining DAPI-stained pollen by light and epifluorescencén developing pollen

microscopy. Four individuals termegemini pollen (gem Maturegemlpollen was stained with DAPI and examined by
N

Fig. 1. Morphology (light panels) and nuclear
constitution (dark panels) of phenotypic
classes in maturgemipollen. (A) Wild-type
pollen with diffusely DAPI staining
vegetative nucleus and two intensely staining
sperm cell nuclei. (B) Solo pollen with a
single nucleus staining more intensely than
the vegetative nucleus of wild-type pollen.
(C) Duo pollen with a vegetative and
intensely staining generative nucleus.

(D,E) Solo pollen with partial (D) or
complete (E) dividing wall. (F) Binucleate
cell with unequal but more dispersed
chromatin. (G) Same as F but partially
divided. (H) Same as F but divided with
enucleate partition. (1,J) Gemini pollen with
equally (1) or unequally (J) divided pollen
and equal or unequal staining nuclei.

(K) Adjacent wild-type (tricellular) and

larger solo pollen.

mutants arising in different Mparental groups were identified, light and epifluorescence microscopy to determine pollen
G~ : J,, y Ny s e

; .‘. solo
1 P
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Gemini phenotypes in mature A Transmission| ~ Cross |+/geml | ++ |%geml|TE (%)
gem1pollen Mae | ++x+gemi| 70 377 157 | 186
Femae +/geml x +/+| 33 112 228 295
254 10.4
F1 +/gem1
20.9 6.0 — T~
B Female gametes Male gametes
+ geml + geml
17.9 15 77.2% 22.8% 84.3% 15.7%
17.9 l l
F2 ++ +/geml geml/geml
65.1% 31.3% 3.6%
Fig. 2. Diagram illustrating the range and frequency of phenotypic
subclasses within the gemini class present in maemelpollen. c = -
The frequency of each phenotypic subclass was calculated as a +lgen " [+gem1. + gem1/ gemd ++
percentage of the total gemini c_Iass. The shading of pollen nuclel _ Predicied A9% 5.1%
represents the observed intensity of fluorescence after DAPI stainin
which reflects chromatin condensation and/or DNA content. Observed 103 (32.9%) 210 (67.1%)

Fig. 3. Genetic transmission gem1 (A) The number ofem1

. S&:/gemj and wild-type (+/+) plants among test cross progeny and
morphology and nuclear phenotype (Fig. 1). The MOSte percentage gfemimutant progeny (%em3. The transmission
frequent aberrant classes were solo and gemini pollen, whighficiency (TE) represents the percentaggeshimutant alleles
were present at a similar frequency (~14 and 16%uccessfully transmitted through male or female gametes. (B) The
respectively) in homozygotes, representing ~80% of theredicted frequency of mutagemland wild-typeGEM1(+) alleles
phenotypically aberrant pollen (Table 1). Solo pollen wagn male and female gamete populations igefflheterozygotes
larger in size than wild type and contained a single nucleugsed on the observed frequencgeiland wild-type progeny in
(Fig. 1B,K). Although solo pollen nuclei appeared dispersed\- The reduced frequency of tgem1lallele in male and female

and similar in size to the vegetative nucleus, nuclei Stainegfimete populations was used to predict the frequencies of genotypic

. . asses among self progenygefmlheterozygotes shown in B.
more intensely with DAPI. gé}C) The predicted and observed frequencgerhimutants in self

Pollen within the gemini class represented ~43% of th rogeny of +gem1heterozygotes.
e

phenotypically aberrant pollen (Table 1) and showed a ran
of division phenotypes which could be classified into seven
distinct types including binucleate, equal, unequal and partigdrogeny showed thgemini pollerphenotype. Therefore, all of
divisions (Fig. 1D-J). Binucleate cells with two differentially the gemmutations were originally isolated as heterozygotes
staining ‘vegetative-like’ nuclei (Fig. 1F), were present at aand were predicted to act gametophytically or result from
frequency of ~18% of the gemini class (Fig. 2). Nearly equallydominant sporophytic mutations. The proportion of mutants in
divided cells with two differentially staining ‘vegetative-like’ F2 (self) progeny ranged from 30 to 58% (data not shown), less
nuclei (Fig. 11) were observed at a frequency of ~6% withirthan the expected 75%, further suggesting reduced
the gemini class (Fig. 2), while clearly asymmetric divisionggametophytic transmission for each mutation. The
with differential nuclear staining (Fig. 1J) were observed at &ransmission efficiency (TE) of the mutaygmlallele through
frequency of ~18% (Fig. 2). Therefore both cytokinesis andhe male and female gametophytes was determined by carrying
division asymmetry are frequently affectedgeml out reciprocal test crosses and scoring progeny fogdnel
One of the most common phenotypes, representing ~31% phenotype (Fig. 3A). TE represents the fraction (%) of mutant
the gemini class, was that asymmetric divisions often resultealleles that successfully transmit the mutation. Only 18.6% of
in a smaller enucleate portion of the microspore cytoplasrmollen carrying geml (TE = 18.6%) and 29.5% of
being walled off from a larger cell containing either one (Figmegagametophytes carryiggm1(TE = 29.5%) successfully
1E) or two (Fig. 1H) nuclei with more dispersed chromatintransmitted the mutation, demonstrating thggml acts
(Fig. 2). A further ~27% showed incomplete divisions with onegametophytically in both sexes (Fig. 3A).
(Fig. 1D) or two (Fig. 1G) more diffusely staining nuclei Self progeny were screened to identify homozyggers1
present (Fig. 2). These mature pollen phenotypes show thadutants. One individual which gave rise to 10§8ém1mutant
gemlcan affect the positioning and efficiency of cell plateprogeny was identified by progeny testing ofge@nlmutant
synthesis and suggest th&EM21 is required for the siblings. Throughout vegetative and floral development

coordination of karyokinesis and cytokinesis. homozygousgemlmutant plants appeared indistinguishable
) o . from the wild type, but the frequency of aberrant pollen was
Genetic characterization of  gemini pollen mutants increased. Pollen was similarly distributed among the same

All four gemmutations were transmitted from the Mrough  phenotypic classes as ingemlheterozygotes, however, there
to the Ms generations and only a proportion of the test crossvas an approximate two-fold increase in the frequency of



gemini pollen mutants 3793

aberrant pollen in each class (Table 1), further supporting
gametophytic action ajem1.

The low frequency offemlhomozygotes observed amonc
+/gemlself progeny would be expected as a result of tl
strongly reduced transmission gém1 The structure of the
effective gamete populations ingeimlheterozygotes can be
predicted based on the observed frequenayeofilplants in
test cross progeny (Fig. 3A). Since only 15.7% of the poll¢
population and 22.8% of the available ovules successfu
transmitgem1(Fig. 3B), homozygotes would be expected t
occur at the reduced frequency of 3.6% (15.7% of the 22.¢
viable gem1 ovules). Furthermoregeml1 mutants would be
predicted to represent 34.9% ofemiself progeny (Fig. 3C)
which is similar to the frequency observed (32.9%; Fig. 3C

The gem1mutation was mapped using PCR-based SSI
markers in an #population following outcrossing with the
polymorphic Col wild type (see Materials and Methods fc
details). Thegeml mutation was mapped to a position or
chromosome 2, 10.1 cM south of SSLP marker ngal68.

Early
microspore

microspore

geml1 is incompletely penetrant in pollen

In a heterozygous plant harbouring a fully penetrant me
gametophytic lethal mutation a maximum of 50% of th
pollen population should show the phenotype. Howeve
heterozygousgeml1 mutants showed only ~20% aberran
pollen. Therefore the remaining 30% that caggmilshow
an apparently wild-type phenotype. This reduced penetrar
was confirmed igemlhomozygotes which produced ~40%
phenotypically aberrant pollen (Table 1). Based on tt g
reduced transmission ofeml through the male (TE =
18.6%), in +geml heterozygotes the fraction of pollen
carrying thegem1allele which failed to successfully fertilize
an ovule and set viable seed was calculated to be ~80% (|
3). If all failed pollen showed a visible phenotype, i
homozygotes one would expect 80% aberrant and 20% wildFig. 4. Light micrographs of anther sections at different

type pollen. In fact only 40% appeared aberrant (Table 1}levelopmental stages in wild type (A,C,E,G) ged1(B,D,F,H).
Therefore in thgemlhomozygote 60% of the pollen carry Early microspore with central nucleus (A,B); late microspore with

the gem1 mutation but appear wild type and of these twopolarized (acentric) nucleus (C,D); early bicellular (E,F) with
thirds fail to transmigem1 vegetative nucleus (vn) and generative cell (gc); late tricellular

(G,H). Di_vided cells are not present at Ia_lte microspore_stawiﬂ
Tetrad analvsis of gem1 (D). Partial and complete dividing walls g@em1lat early bicellular

y g . . . ... (F) and late tricellular stages (H) are indicted by arrowheads. In
The quartet(grt) mutants, in which pollen grains remain in gem1(H) well developed and curved internal wall profiles linked to

permanent tetrads, enables tetrad analysisAriabidopsis  the outer (pollen) wall are evident. Magnification is the same in all
(Preuss et al., 1994). Plants heterozygous for a gametophyfiicrographs; scale bar (A) 10n.

mutation in thegrt/qrt background will show the phenotype in

a maximum of two members of the tetrad. Analyses of tetrad

phenotypes in plants with the +&ttl/qrtl and  geml phenotypes result from aberrant cell divisions
+/gem1qrt1/qrtl genotypes are presented in Table 2. Whereagt PMI

>99% of tetrads from homozygougstl plants appeared wild To analyze the earliest appearance and development of aberrant
type, in +gemiqrtl/qrtl approximately 80% of tetrads divisions ingemipollen, spores at the tetrad through to mature
contained aberrant pollen, with 30% showing two aberranpollen stages were analyzed by examining thick anther sections
spores, 50% one aberrant spore. These data and the absendgigf. 4). No evidence for premature partial or complete internal
tetrads with more than two aberrant spores further confirms thvealls was observed in microspores at tetrad, early (Fig. 4A,B),
incompletely penetrant gametophytic rolegafml Although  mid or late (Fig. 4C,D) microspore stages before PMI. The
the overall frequency of solo, duo and gemini pollen inearliest appearance of aberrant divisions was observed in
+/gem1qrtl/grtl mutants (hybrid No-O/Ler background) was anthers at PMI or early bicellular stages (Fig. 4E,F). Both
similar to that observed in thegeml QRT1/QRTL(No-O complete and partial dividing walls were observed which
background), the frequency of aborted pollen increased fromersisted throughout pollen maturation (Fig. 4F,H). During
3.3% (Table 1) to 15.8% (Table 2). Therefgemlappears to later stages of pollen maturation these internal walls were more
show increased penetrance in the No-O/Ler backgroundearly defined indicating further elaboration during pollen
expressed as an increase in aborted pollen. maturation (Fig. 4G,H).

Early
bicellular

Lat
tricellular
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Table 2. Tetrad analysis of +/+grtl/qrtland +/gem1i; comprised ~90% of the aberrant pollen compared with ~25%
grtl/grtl mutants at the mature stage. The percentage of aberrant pollen with a
Genotype single nucleus remained low (~6-8%) in the bicellular and
T atUql Hgemigratl % te?r‘;g“g‘lgges - tricellular stages, but showed a marked increase to
) ( . . .
Phenotype No. of tetrads (%) No. of tetrads (%) gefiiqrtl/qrtl appr_oxmately 63% In matgre p(_)llen (Fig. 6F-H). These data
ot vt f ot 200 (99) 53 (20) Tt = 20% confirm that aberrant divisions gemZloccur as a result of
W T failed or aberrant cytokinesis at PMI, and strongly suggest
W:;"VMW:;SO'O } > (ig) st that the frequent solo (Fig. 1B) and uninucleate divided (Fig.
xt,xt,m,gﬁ? 2 (1) 6((2)) 1 aberrant = 51% ©C) phenotypes in mature pollen result from nuclear fusion
wt / wt / wt / abt - 69 (26) very late during pollen maturation or upon rehydration.
wt / wt / abt / solo - 13 (5) S . . -
wt / wt / solo/ solo _ 402) Aberrant divisions are aligned with the polar axis in
wt / wt/ abt / gem - 19 (7) 2wt geml
wt /wt/ solo / gem - 6(2) 2 aberrant=29%  The plane of division in pollen ofemlwas determined
wt / wt / abt / duo - 3(1) ; ; : : ;
wt/wt/ gem / duo B 1(<1) relative to the polar axis. The polar axis of the microspore is
wt/wt/ abt / abt - 31(12) defined by the proximal-distal axis _of thg microspc_)re in the
Total 211 (100) 265 (100) tetrad (Erdtman, 1952). In species in which the microspores

are held together in permanent tetrads it has been possible to
The phenotypes of pollen grains present within mature tetrads were determine the polarity of nuclear migration. The direction of
analyzed by light and epifluorescent microscopy after DAPI staining. Data nuclear migration can be either along the polar axis towards
was pooled from determinations on three individuals with the same genotyphe inner (proximal) or outer (distal) walls of the tetrad, or
abt, aborted polien. perpendicular to the polar axis, towards a radial wall,
depending upon the species (Geitler, 1935; Maheshwari,
1950). InArabidopsismicrospores, the polar axis is aligned
To provide a more detailed analysis of the ontogeny of theith the long axis of the three germination pores in the radial
division phenotypes irgeml spores released from DAPI- walls (Fig. 7A,H). When viewed through the polar axis the
stained anthers at six distinct developmental stages wetBree apertures are apparent as regions of local exine thinning
analyzed. At tetrad and early microspore stages the singégjually spaced around the pollen wall (Fig. 7A-D). However,
nucleus was always centrally located in wild type (Fig. 5Awhen viewed through a radial wall at the equator the apertures
andgeml(not shown). At the late microspore stage after celare not visible (Fig. 71-K).
expansion the wild type showed uniform microspore The polarity of nuclear migration and division plane has not
populations in which the nucleus was always clearly acentripreviously been defined ifsrabidopsis Therefore, the site of
and associated with the wall (Fig. 5B). Howevegém1lat the  division was determined in the wild type by examining spores
equivalent stage 5-1096%239) of the microspore population released from anthers at PMI when the GC was still attached
were consistently observed with the nucleus in a central do the pollen wall. At this stage the GC is surrounded by a
intermediate position not closely associated with the wall (Figorominent domed wall visible by light microscopy (Fig. 7E-
5G,H). These apparently unpolarized microspores, which ha@d). In approximately 90% of spores viewed through a radial
expanded relative to the earlv
microspore stage, suggest that abe

divisions in geml1l may result fron Wild type

incomplete  nuclear  migration A B C .. -

fixation. P ,.,:"'" ' ’ 2 yo— ,\
Detailed spore counts were cart i ¥ :{ ,, ‘

out on anthers at three distinct stage e e g

development after PMI, bicellular (F

5D), tricellular (Fig. 5E) and matu
pollen (Fig. 5F). Spore phenotyf
were scored from individual anthe
since synchronicity was found to
very high within anthers, but n

necessarily between anthers of the \ / gem1

type. The most striking difference i

development between wild type ¢ (/“ \ 2 Fig. 5. Morphology of isolated microspores and
gemiwas first apparent at the bicellu b . ¥ pollen during development in wild type (A-F)
stagegemishowed a similar frequen \\_/) S andgem1(G,H). The light panels show the

morphology and dark panels nuclear constitution
(DAPI stained) of wild-type spores at early
microspore (A), late microspore (B), early
bicellular (C), mid bicellular (D), tricellular (E)
and mature (F) stages. (G,H) Expanded but
unpolarisedgemlmicrospores at late microspore
stage with more centrally located nuclei.

of aberrant pollen (~35%) at bicellul
tricellular and mature stages distribu
among the same phenotypic clas
(Fig. 6). However at the bicellular a
tricellular stages, binucleate ¢
divided bicellular pollen (Fig. 6A-E




gemini pollen mutants 3795

Phenotypes Developmental stage Wild type
Bicell. Tricell. Mat. A B
329 313 8.3
E ..ﬂ_r.- D
306 341 48 polar axis iy
o

13.8 125 0.7

10.1 9.3 8.2

25 32 28

Two 899 904 248
nuclei

w
N

3.2 41.0

32 97
Fig. 7. Division axis at PMI in wild type (A-O) angem1(P-S). The
proximal-distal axis of spores in the tetrad defines the polar axis,
which inArabidopsidis parallel to the long axis of the three apertures
00 117 in the radial walls. The potential division sites in spores viewed
through the proximal/distal pole (A-D) or through a radial wall (H-
K) are shown. The frequency (%) of wild-type spores with the GC at
7.6 6.4 624 different positions when observed in polar or radial view are shown
nucleus (polar view E-G; radial view L-O). L and O are surface views of
spores M and N showing aperture orientation (black arrowheads).
(P,Q) Optical CLSM sections of twgem1pollen grains with the
25 32 128 division plane parallel to the polar axis. (R,S) Two serial optical
sections through a dividegem1pollen grain showing a shift in wall
position between sections. White and yellow arrowheads indicate the
Fig. 6. Frequency of aberrant phenotypes during pollen developmensites of apertures and the division plane respectively.
in gem1 (A-1) Light and DAPI fluorescence micrographs of aberrant
pollen classes at the late tricellular stage, except (H), which is from
the mature stage. The frequencies of each phenotypic class, frequently positioned the GC between two apertures (Fig.
calculated as a percentage of the total aberrant pollen, at bicellular 7C,F).
(bicell.), tricellular (tricell.) and mature (mat.) pollen stages are In gem1pollen images of a randomly selected population of
shown. The sums of spore classes with one or two nuclei are shownyyin-celled pollen in mature anthers, irrespective of nuclear
More than 400 spores were counted at each stage. condition, were captured and their division planes scored
relative to the polar axis using aperture positions as markers.
In completely divided cells three apertures were nearly always
wall the GC appeared to be attached at radial wall at th®5%; n=36) visible strongly suggesting that the plane of
equator (Fig. 7L, M) and in ~10% of spores at a position alondivision was aligned with or tangential relative to the polar axis
a radial wall intermediate between the equator and a pole (Fig=ig. 7P,Q). Dividing walls, which were only rarely observed
7N,0). The GC was never observed in a polar position (Fign spores viewed through a radial wall at the equator, were also
7K). Therefore the plane of division at PMIAmabidopsisis  roughly aligned with the polar axis (not shown). Incomplete
normally parallel and sometimes oblique to the polar axiswalls frequently changed position upon refocussing suggesting
However, there was no clear relationship between the divisioturved and irregular profiles, which was confirmed by optical
site and the apertures. The GC was most often associated wétctioning using confocal laser scanning microscopy (CLSM,;
or overlying the apertures (Fig. 7B,D,E,G), but divisions alsd-ig. 7R,S).
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Fig. 8. Pollen phenotypes in mature tetrads of
+/+;qrtl/grtl (A) and +gem1; qrtl/qrtl(B-F)
plants. Corresponding DAPI-stained tetrads are
shown below light micrographs A-C. (A) All
four tetrad members show two bright sperm
nuclei and a diffuse vegetative nucleus.

(B) +/gem1; grtl/grtltetrad showing two wild-
type spores and two aborted spores with no
nuclei. (C) +gem1; qrtl/qrtitetrad showing

one unequally divided spore with more intense
DAPI staining in the nucleus of the smaller cell.
(D,E) Further examples of divided spores with
the plane of division orientated along the polar
axis. (F) Left to right: four serial optical
sections through a gém1,; qrtl/qgrtltetrad
stained with EtBr showing one divided member.
The uppermost member of the tetrad (left) is
viewed through the polar axis with positions of
the apertures indicated by white arrowheads.
The two lower sections (right) show one
divided member in which the position of the
division (yellow arrowheads) shifts between
sections.

The division axis ingeml was further analyzed in which also showed more condensed nuclear chromatin (Fig.
+/gem1;qrtl/grtldouble mutants. The meiotically determined 9C). Therefore in unequal divisions that were less asymmetric
tetrahedral arrangement of microspores is maintainepitin  than wild type the smaller daughter cell always possessed an
with their polar axes passing through the centre of the tetradtermediate or mixed cell fate. However, even in binucleate
(Fig. 8A; Preuss et al., 1994). Therefore the longitudinal axisells in which both nuclei were generally dispersed, some
of the apertures was used to determine the division plane degree of chromatin heteronomy was maintained within the
divided pollen within tetrads. In all tetrads examinad64)  common cytoplasm (Fig. 6A-C).
dividing walls were either aligned with (Fig. 8C,D) or
tangential (Fig. 8E) to the polar axis. Confirmation of the
division plane roughly parallel to the polar axis was obtaine®ISCUSSION
by optically sectioning divided pollen within tetrads by CLSM

(Fig. 8F). Direct phenotypic screening of an EMS mutagenized
o Arabidopsispopulation led to the isolation of four independent
Cell fate analysis in  gem1 pollen mutants producing mature pollen in a divided or twin-celled

In completely divided, twin-celled pollen, division asymmetry condition. Thegeml1mutant, which showed the most severe

was observed across the entire range from hinhlv

asymmetric to nearly equal divisions. This range

exploited to investigate the relationship betw A — \‘:. B s, C O PN E),.G.Yu\
i

division symmetry and cell fate using conder Y Py
ey

8 oy
I"'l.'L\l.“”

nuclear chromatin as a GC fate marker, and expre 'Y \‘ i_ P :;
of the VC-specific transgenéat52-gus/nia (Twell, e v 4

>
1992) and dispersed chromatin as VC fate mar
The VC fate marker was introduced ing@m1 by
outcrossing with a transgenic plant homozygous
lat52-gus/nia(for details see Materials and Methau
Solo pollen stained positive with X-gluc and sho
a dispersed DAPI-stained nucleus, both charactel
of VC fate (Fig. 9B). Similarly, in symmetrical
divided cells, both expressed GUS activity and shc
dispersed nuclear chromatin (Fig. 9E). Howeve
novel finding was that in asymmetrically divided ¢
the smaller daughter cell showed characteristics of
vegetative and generative cell fate. The sm
daughter cell always stained less intensely with X-

Lt

P

| 'y | )

Fig. 9. Cell fate analysis in wild type (A) and a rangagyefnlspores with

. . . . different division phenotypes (B-E). (B) Solo pollen. (C) Highly unequal
than its larger sister cell while the reverse relatior gjyisjon, (D) unequal division, (E) equal division. Top row, spores expressing
was observed for the intensity of DAPI staining ( thelat52-gus/niavegetative cell fate marker after incubation with X-gluc.

9C, D). Even in highly asymmetric divisiolsg52was  Middle and bottom rows, light and corresponding DAPI fluorescence images
still expressed at low levels in the smaller daughte of spores with similar phenotypes to those shown in the top row.
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phenotype, was analyzed in detail as a type member of thisgemlshows that although karyokinesis and cytokinesis are

mutant class. normally closely coupled at PMI these processes can operate
. ) ) independently. This concept has been elegantly demonstrated

geml is an incompletely penetrant gametophytic in experiments in which chromosomes were physically

mutation removed from the mitotic spindle in insect cells.

Genetic transmission and tetrad analysis defiemlas an Chromosomeless cells still executed normal cytokinesis to
incompletely penetrant gametophytic mutation with only 40%produce enucleate daughters (Zhang and Nicklas, 1996).
of the pollen population showing an aberrant phenotype iGEM1 could therefore play a role in the spatial coordination
homozygotes. Therefore 60% of pollen carrying gemml of karyokinesis and cytokinesis and may be of particular value
mutant allele have a wild-type appearance and would b@ understanding how these processes are normally controlled
expected to successfully fertilize an ovule. In fact only 18.6%luring asymmetric cell division.

of pollen carryinggemlwas successful in the heterozygote, Other Arabidopsis mutants which alter the position and
suggesting thageml1can reduce pollen fertility independently synthesis of the cell plate but act sporophytically in the early
of any visible defect. Therefore, in addition to the role ofembryo and developing seedling include gm®mandknolle
GEML1 in asymmetric divisionGEM1 is likely to have an mutants (Mayer et al., 1993; Lukowitz et al., 199@jollein
important role in later events during maturation or theparticular shows cells with partial walls and multi-nucleate
progamic phase. The low female transmission (TE = 29.5%gells which appear to result from incomplete cytokinesis. The
further shows thaGEM1 action is not restricted to the male GNOM protein shows sequence similarity to the yeast Sec7
gametophyte and may act during megagametophytdomain which is involved in protein transport through the golgi
development and/or function. It will be interesting to determingShevell et al., 1994), while KNOLLE is similar to T-SNARE
whether the characteristic nuclear migration and/oproteins (syntaxins) which are involved in vesicle docking
cellularization are also affected during megagametophyté ukowitz et al., 1996). KNOLLE was localized to the
development ingeml In this regard several female- developing phragmoplast and is therefore a cytokinesis-
gametophyte-specific mutants have been identified igpecific syntaxin, but was absent from the specialized
Arabidopsis(Drews et al., 1998) including tHeadadmutant, = phragmoplasts formed during telophase Il of male meiosis

which affects nuclear migration (Moore et al., 1997). (Lauber et al., 1997). If similar proteins function in the
o o asymmetric positioning and synthesis of the cell plate at PMI
gem1 affects cytokinesis but not karyokinesis at PMI it is possible thatGEM1 encodes a related gametophyte-

The major visible and earliest phenotypes resulting from thepecific protein.
gemlmutation were first apparent at PMI with aberrant, partial
or failed cytokinesis. The frequent occurrence of binucleatdhe role of microspore polarity in  Arabidopsis
spores immediately after PMI shows thgem1 does not In species that shed pollen in permanent tetrads it has been
prevent entry into mitosis and completion of karyokinesispossible to determine the polarity of nuclear migration.
Developmental analysis showed that binucleate undividedlthough the position of the GC at PMI in relation to the
spores persisted until the late tricellular stages but wererganization of the tetrad differs between species, nuclear
replaced by uninucleate solo pollen in shed pollen, stronglgnigration is regular within species and appears to be
suggesting nuclear fusion at the final stages of maturation predetermined towards a fixed location (Geitler, 1935). Here
during pollen dehydration/rehydration. Furthermore, thewve showed that irabidopsismicrospore nuclear migration
increased nuclear DAPI staining in solo pollen is consisteris towards a radial wall of the spore, but never at the poles.
with increased DNA content as a result of nuclear fusion. Th&his is consistent with either an asymmetric gradient of a
presence of two active nuclei before fusion could bepolarity determinant between the radial walls, or a radiating
responsible for the increased size of solo pollen, since diploigradient which does not operate at the poles (Twell et al.,
pollen of tetraploid parents is larger than haploid pollen1998). We propose that the role of the microspore polarity
presumably as a result of the activity of two haploid genomesystem in Arabidopsisis twofold; first, to ensure nuclear
(Altman et al., 1994). Nuclear fusion has been reported imigration to an equatorial wall and second, to ensure that the
tetranucleate spores of theabidopsis tetrasporenutant, but  correct spindle axis is established to achieve asymmetric
here fusion events appear to occur before PMI and duringdivision. In gemlonly the first component appears to be
pollen maturation (Spielman et al., 1997). affected since the division plane was predominantly aligned
The complex division phenotypes suggest tB&M1 is  with the polar axis as in the wild type.
required for the coordination of karyokinesis and cytokinesis ) ) .
at PMI. Commorgemiphenotypes showed spatial uncouplinggem1 disturbs microspore polarity
of karyokinesis and cytokinesis resulting in binucleate cell§he symmetric and asymmetric division phenotypegeml
with enucleate cytoplasmic partitions. It is unlikely thatshow that the expression of polarity is disturbed. Aberrant
cytokinesis fails irgemisimply because the wall synthesizing divisions occurred at the correct time, therefajeml
enzymes are defective singemlpollen is frequently able to microspores do not appear to enter a heterochronic or
synthesize well developed internal walls. However it ispremature division. In contrast, in teepmutant, microspores
possible that the intracellular targeting machinery required foundergo a premature equal division and only one daughter cell
cell plate synthesis is defective gem1 For example ectopic retains the ability to divide asymmetricallgcp supports
phragmoplast activity igemZloutside the mitotic spindle could models of polarity determination by asymmetrically localized
lead to partial walls and frequent uncoupling of nucleafactors (Chen and McCormick, 1996; Twell et al., 1998).
division and cytokinesis. According to one such model the premature symmetric
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division in scpwould lead to the differential inheritance of a migration this could provide a link between polarity and cell
localized polarity determinant (Chen and McCormick, 1996)fate determination. The mutant phenotypes observed are
In gem1,neither daughter cell retains the ability to expressonsistent with this hypothesis since both are disturbed in
polarity and achieve asymmetric division. In contrassdp ~ geml

which may act as a repressor of cell division (Chen and In summary, GEM1 defines a unique gametophytically
McCormick, 1996), thgemlphenotype is consistent with the expressed factor required for correct nuclear migration and the
loss of a polarity determinant gremlor of factors required spatial coordination of karyokinesis and cytokinesis at PMI.

for polarity expression. GEMI therefore represents a component of the pathway which
o o signals and executes microspore polarity and asymmetric

Cell fate determination is quantitatively dependent division. Further detailed phenotypic analysis and the cloning

on division asymmetry of GEM1is now underway to elucidate the precise function of

Two general models, the active and passive repression modefs=M1in this pathway.

have been proposed to account for how VC-specific genes are
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