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In flowering plants, the vegetative nucleus and the two sperm cells are proposed to form a functional assemblage, the male
germ unit (MGU). Here, we describe the developmental pathway of MGU assembly in Arabidopsis and report two classes
of mutations that affect the integrity and/or the positioning of the MGU in the mature pollen grain. In germ unit malformed
(gum) mutants, the vegetative nucleus is positioned adjacent to the pollen grain wall, separate from the two sperm cells,
whereas in MGU displaced (mud) mutants, the intact MGU is displaced to the pollen grain wall. mud and gum mutants
correspond to male-specific gametophytic mutations that also reduce pollen fitness. Genetic mapping showed that the gum1
and gum2 mutations are genetically linked, possibly allelic, whereas the mud1 and mud2 mutations correspond to two
unlinked loci mapping on different chromosomes. The hierarchical relationship between mud and gum mutations was
investigated by phenotypic analysis of double mutants. gum1 appeared to act earlier than mud1 and mud2, affecting initial
MGU assembly and its stability during pollen maturation. In contrast, mud1 and mud2 mutations appear to act only on MGU
positioning during final maturation. From in planta analyses of pollen germination in mud and gum mutants, we conclude
that the initial proximity and positioning of MGU components is not required for their entrance into the pollen tube, but the
efficiency of MGU translocation is reduced.

Flowering plants produce mature dehydrated pol-
len grains competent for rapid germination and pol-
len tube growth. In 70% of species, the mature pollen
grain contains a small generative cell that is com-
pletely enclosed within a large vegetative cell (bicel-
lular pollen species). After germination, the genera-
tive cell undergoes a mitotic division to form the two
sperm cells necessary for double fertilization. In tri-
cellular pollen species, the generative cell undergoes
the second mitotic division prior to anthesis. In the
majority of tricellular pollen species that have been
examined, the two compact, but elongated, sperm
cells are in direct physical association with and par-
tially surrounded by the vegetative cell nucleus (for
review, see Mogensen, 1992; Dumas et al., 1998). The
associated vegetative nucleus and sperm cells are
proposed to form a functional assemblage, termed
the male germ unit (MGU), with a potential role in
the controlled transport and delivery of the sperm
cells (Dumas et al., 1984a). Moreover, the sperm cell
dimorphism observed in several species suggests
that the MGU is a “polarized fertilization unit” in
which the sperm cells are predetermined to fuse with
the egg nucleus or the two polar nuclei. Preferential

fertilization has been observed in at least two species
(Roman, 1947, 1948; Russell, 1985).

Since its conception, the MGU aroused renewed
interest in pollen organization and fertilization, and
stimulated a number of descriptive studies leading to
the ultrastructural characterization and computer-
assisted reconstruction of the MGU (for review, see
Mogensen, 1992). In the MGU, one sperm cell is
connected to the vegetative nucleus via a “tail,” or
cell extension, containing forked arrays of microtu-
bules. This tail penetrates the highly convoluted veg-
etative nucleus (McConchie et al., 1985), whereas the
two sperm cells are enclosed within a vegetative cell
membrane-bound compartment, and are linked by a
transverse cell wall and evaginations of their plasma
membranes (Dumas et al., 1984a, 1984b; Charzinska
et al., 1989). In mature bicellular pollen systems, and
in tricellular pollen of monocotyledonous species
such as maize (Zea mays), the MGU is not observed in
mature pollen, but assembly occurs early during pol-
len tube growth (Hu and Yu, 1988; Rougier et al.,
1991). Despite these apparent differences in the tim-
ing of MGU assembly, the existence of MGUs in
angiosperm pollen and their presumptive impor-
tance in double fertilization are now largely accepted
(for review, see Dumas et al., 1998).

To date, MGU assembly has only been described
during pollen germination and tube growth in bicel-
lular pollen species (Hu and Yu, 1988; Rougier et al.,
1991). The ontogeny of MGU assembly in tricellular
pollen species remains largely unknown. In particu-
lar, it is not known whether associations between the
three components exist early during bicellular devel-
opment, from the time of sperm formation, or
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whether the associations are established later. More-
over, the molecular and genetic basis of MGU assem-
bly and positioning are still unknown.

Mutational analysis is proving to be an effective
approach for identifying gametophytic genes in-
volved in regulating cell division, polarity, and cell
fate during pollen development and function (Chen
and McCormick, 1996; Feldmann et al., 1997;
Hulskamp et al., 1997; Bonhomme et al., 1998; How-
den et al., 1998; Park et al., 1998; Grini et al., 1999;
Johnson and McCormick, 2001; Procissi et al., 2001).
Given the stereotypical organization and central lo-
cation of the MGU in mature Arabidopsis pollen
grains, we used the MGU as a structural marker in a
screen to identify genes controlling MGU assembly
and/or intracellular architecture. Here, we describe
the process of MGU assembly during pollen devel-
opment in Arabidopsis. We describe the identifica-
tion and characterization of two distinct classes of
pollen mutants, germ unit malformed (gum) and
MGU displaced (mud), that act gametophytically to
affect the assembly and positioning of the MGU,
respectively. We provide cytological and genetic ev-
idence that demonstrates genetic control of MGU
assembly and positioning, and we suggest that cor-
rect MGU organization is required for efficient trans-
mission of the male gametes through pollen.

RESULTS

Isolation of mud and gum Mutants

In mature Arabidopsis pollen grains, the vegetative
nucleus and associated sperm cell pair (MGU) oc-
cupy a central position in the vegetative cell cyto-
plasm (Owen and Makaroff, 1995). Therefore, muta-
tions affecting pollen intracellular architecture
should disrupt this stereotypical organization. Ma-
ture 4,6-diamidino-2-phenylindole (DAPI)-stained
pollen from approximately 10,000 M2 individuals
from an ethylmethane sulfonate (EMS)-mutagenized
Arabidopsis population were screened by epifluores-
cence microscopy. Two classes of mutants affecting
the MGU were identified, two individuals termed
gum and two individuals termed mud, all of which
arose in different M1 parental groups.

Mutants were backcrossed as female to the wild-
type (Nossen [No-O]) and the pollen phenotype of
progeny was scored. Approximately 50% of the back-
crossed progeny of each mutant showed a mutant
phenotype, indicating that M2 plants were heterozy-
gous, and that mutant phenotypes were expressed in
heterozygotes. Homozygous plants showing approx-
imately 100% mutant pollen were identified and ho-
mozygosity confirmed by analysis of self- and back-
cross progeny (data not shown). Mutant pollen was
similar in size and appearance to the wild type. Vital
staining for plasma membrane integrity using fluo-
rescein diacetate (Heslop-Harrison and Heslop-
Harrison, 1970) showed that more than 96% of ma-

ture pollen grains were viable in gum and mud
homozygotes (�400 spores scored for each mutants).
Furthermore, no obvious aberrant sporophytic phe-
notypes were observed in homozygous mutants, sug-
gesting that these mutations act specifically in the
male gametophyte to affect MGU organization.

MGU Organization in Wild-Type, gum, and mud Pollen

The mud1 and mud2 mutants showed a similar and
striking pollen phenotype in that the associated
sperm cells and vegetative nucleus were strongly
displaced to periphery of the pollen grain as a single
associated unit (Fig. 1, c, f, and i). The gum1 and gum2
mutants also showed a striking but distinct pollen
phenotype wherein the vegetative nucleus was posi-
tioned against the pollen grain wall and was clearly
separated from the sperm cell pair (Fig. 1, b and h).
Optical sectioning of DAPI-stained pollen of gum1/
gum1 plants by CLSM confirmed that the vegetative
nucleus was always strongly displaced, adjacent to
the pollen wall, whereas the sperm cells were located
centrally or in the cortical cytoplasm (Fig. 1h). De-
spite their separation, the vegetative nucleus and the
sperm cells were still sometimes observed to be phys-
ically associated via a long extension of the vegeta-
tive nucleus (Fig. 1e). CLSM analysis of homozygous
mud1/mud1 and mud2/mud2 pollen confirmed that the
intact MGU was always strongly displaced to the
pollen wall (Fig. 1i). The MGU in both mud mutants
characteristically showed a more compact structure
than the wild type, with the sperm cells tightly asso-
ciated with each other and with the vegetative
nucleus.

We investigated whether there was any preferen-
tial positioning of MGU components relative to the
polar axis of the pollen grain (Park et al., 1998).
Pollen grains were observed perpendicular to their
polar axes and were divided into three transverse
segments from the pole to the equator for scoring. No
preferential association of MGU components with
polar, intermediate, or equatorial segments was ob-
served in homozygous gum and mud mutants (ap-
proximately 400 spores scored for each mutant). gum
and mud plants were also crossed with the qrt1 mu-
tant in which pollen is released as a tetrad with a
fixed spatial orientation (Preuss et al., 1994). The
position of MGU components in tetrads of qrt/qrt;
gum/gum (Fig. 2c) and qrt/qrt; mud/mud (Fig. 2e) were
scored (n � 200) as specified above. In a similar
manner, the vegetative nucleus (in gum1 and gum2)
or the intact MGU (in mud1 and mud2) appeared
randomly distributed between segments along the
polar axis of the pollen grain.

gum and mud Are Male-Specific Gametophytic
Mutations That Reduce Pollen Transmission

Wild-type plants showed less than 1% aberrant
pollen with defects in the positioning or appearance
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of the MGU. In contrast, the proportion of aberrant
pollen in �/mud or in �/gum heterozygotes was
about 50%, and was greater than 90% in homozy-
gotes (Table I), suggesting that these mutations act
gametophytically and are highly penetrant. Confir-
mation of gametophytic expression was obtained by
tetrad analysis using the qrt mutant, which revealed
that two members of each tetrad showed a mutant

phenotype in heterozygous �/gum1 and �/mud1
plants (Fig. 2, b and d).

The reduced frequency of mutants in self-progeny
of gum and mud heterozygotes (Table II) suggested
that their male and/or female transmission might be
affected. The transmission of each mutation was de-
termined by performing reciprocal testcrosses of het-
erozygous mutants to wild type. The transmission

Figure 2. Tetrad analysis of gum and mud mu-
tations. Single mature tetrads of qrt/qrt; �/� (a),
qrt/qrt; �/gum1 (b), qrt/qrt; gum1/gum1 (c), qrt/
qrt; �/mud1 (d), and qrt/qrt; mud1/mud1 (e).

Figure 1. Pollen phenotype of wild type, gum1,
and mud1. Mature pollen of wild type (a and d),
gum1 (b and e), and mud1 (c and f) stained with
DAPI. Optical confocal laser scanning micros-
copy (CLSM) sections of mature pollen from
wild type (g), gum1 (h), and mud1 (i) stained
with ethidium bromide.

Male Germ Unit Mutants
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efficiency of the mutant allele describes the fraction
of mutant alleles that are transmitted to the progeny
(Howden et al., 1998). There was no reduction in
female transmission of gum and mud mutations,
whereas male transmission was reduced in all four
mutants (Table II). In gum1 and gum2 heterozygotes,
only approximately 63% of pollen carrying the mu-
tant allele succeeded in fertilization to produce viable
progeny. In a converse manner, approximately 37%
of gum pollen and from 49% to 71% of mud pollen
failed in some aspect of the progamic phase. As no
seed abortion was observed in self- or outcrosses
through the male, these mutations do not appear to
have any obvious postfertilization effects that could
account for their reduced male transmission.

mud1, mud2, gum1, and gum2 Define at Least Three
Independent Loci

The determination of allelism for gametophytic
mutants is laborious and involves the generation of
tetraploid trans-heterozygous mutants that produce
diploid gametophytes (Kamps et al., 1996; Gross-
niklaus et al., 1998). However, if the gametophytic
mutations are transmitted to some extent, diploid
trans-heterozygous mutants can be produced and
their analysis could provide an indication of how
closely linked two loci are. We crossed gum1/gum1
and gum2/gum2 homozygotes. If gum1 and gum2 de-
fine the same locus or are closely linked, F1 progeny
will have the genotype gum1/gum2, and the percent-
age of pollen grains expressing the gum phenotype
should be similar to that observed in gum1/gum1 and
gum2/gum2 homozygotes. However, if these muta-
tions define two unlinked genetic loci, F1 plants will
have the genotype �/gum1; �/gum2. These plants
will produce four different pollen genotypes: �;
gum1, �; gum2, gum1; gum2, and �; �. If double-
mutant (gum1; gum2) pollen are viable, the percent-

age of pollen expressing the gum phenotype will be
approximately 75%.

Approximately 90% of pollen grains of F1 progeny
showed a gum phenotype (n � 560) with no other
aberrant classes. The two gum mutations are geneti-
cally linked and may be allelic or located in two
genes mapping with 5 to 10 cM of each other. Similar
analysis was performed for F1 populations resulting
from the cross mud1/mud1 � mud2/mud2. In this case,
about 75% of pollen grains showed a mud phenotype
(n � 973), indicating that mud1 and mud2 define two
unlinked loci. No other aberrant or aborted pheno-
types were observed.

All four mud and gum mutations were indepen-
dently mapped. mud1 was mapped to chromosome
III, less than 2 cM north from AthGAPAb (43.6 cM).
mud2 was located on chromosome II, 2 cM north of
nga168 (73.7 cM), between the bacterial artificial
chromosome (BAC) clones F16 M14 and T19C21.
gum1 and gum2 were mapped on chromosome IV
between the markers M506-SSLP (21.9 cM) and nga8
(26.6 cM). These data confirm that mud1 and mud2
represent different genetic loci and that gum1 and
gum2 may be allelic or may represent closely linked
mutations in separate genes.

Genetic Interactions between gum and mud Mutations

To investigate the potential roles of GUM and
MUD genes in MGU organization, we investigated
genetic interactions between gum1, mud1, and mud2.
For example, the double heterozygote �/gum1;
�/mud1 should produce four pollen haplotypes:
wild-type (�; �), mud (�; mud2), gum (gum1; �), and
double mutant (gum1; mud1). If the expression of the
gum1 phenotype does not depend on mud1 expres-
sion, these phenotypes are expected to be additive,
and double-mutant pollen would show intermediate
or novel phenotype. However, if they act sequen-
tially during MGU assembly and positioning, the
double-mutant class should reflect the phenotype of
the earliest acting mutation.

Pollen populations of �/gum1; �/mud1 double het-
erozygotes were scored, and three phenotypic classes
of pollen grains were observed (Table III): wild-type
(22.4%), mud (25.4%), and gum (52.2%). Similar re-
sults were obtained in the analysis of �/gum1;
�/mud2 double mutants (Table IV). Therefore, the
combination of gum and mud mutations does not pro-
duce novel phenotypes, but results in the gum pheno-
type. We conclude that these mutations act sequen-
tially and that gum1 acts earlier than mud1 and mud2.

MGU Assembly in Arabidopsis

To understand the origins of the mud and gum
pollen phenotypes, we first determined the pattern of
MGU assembly in wild-type Arabidopsis by examin-
ing DAPI-stained pollen released from single anthers

Table I. Frequency of pollen phenotypic classes in gum1, gum2,
mud1, and mud2 mutants

The percentages of spores in each phenotypic classes are shown.
Counts were made on heterozygous and homozygous individuals.
�/�, No-O, parental ecotype; aborted, collapsed pollen with no
visible nuclei. Data are derived from �1,000 spores counted from
four backcross progeny.

WT gum mud Aborted

Genotype

�/� 98.2 0.4 0.8 0.6
gum1/� 50.6 47.5 1.7 0.2
gum1/gum1 4.8 93.8 1.2 0.2
gum2/� 49.5 48.2 0.5 0.5
gum2/gum2 5.8 92.2 1.6 0.4
mud1/� 50.1 3 45.7 1.2
mud1/mud1 7.6 1.5 89.5 1.4
mud2/� 51.8 1.6 44.1 2.5
mud2/mud2 6.6 1.5 90.1 1.8
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at different developmental stages. Immediately after
microspore division (pollen mitosis I [PMI]�), the
generative cell is located against the pollen grain wall
(Fig. 3a). In early bicellular pollen (Fig. 3b), the gen-
erative cell subsequently becomes detached, migrates
inward, and the generative cell and vegetative nu-
cleus are observed together. After vacuole fission
(late bicellular stage), the generative cell remains
close to the vegetative nucleus in 99% of pollen
grains (Fig. 3c). Immediately after PMII, the two
sperm cells were observed close to the vegetative
nucleus in approximately 95% of pollen grains (Fig.
3, d and e). In early tricellular pollen, three pheno-
typic classes were observed. The progressive changes
in the percentage of these phenotypic classes (Fig. 3g)
during pollen maturation allowed us to propose a
sequence of events.

Following PMII, one sperm cell remains close to the
cortical vegetative nucleus, whereas the second one
moves away. MGU components are subsequently ob-
served together in the center of the pollen grain but
show different levels of compaction. In mature pollen
immediately before dehydration (�1 stage), the
MGU appears relatively compact and centrally lo-
cated in the majority of pollen grains (71%), whereas
the MGU components appear more separated in 25%
of mature pollen grains. In the mature dehydrated
pollen (�1 stage), the MGU appears even more
compact.

In mature wild-type pollen stained with DAPI in
which the vegetative nucleus was sufficiently sepa-

rated from the sperm cells, we observed linkage be-
tween one sperm cell and the vegetative nucleus.
Only one of the sperm cell pair was linked to a
DAPI-staining extension of the vegetative nucleus. In
a similar manner, in mutant gum pollen where the
sperm cell pair was clearly separated from the vege-
tative nucleus, the vegetative nucleus occasionally
showed a long tail or extension in contact with one
sperm cell (Fig. 1e). These observations provide evi-
dence for a physical connection between the vegeta-
tive nucleus and one of the sperm cell pair in
Arabidopsis.

MGU Assembly in gum1 and mud1 Mutants

MGU assembly and positioning was observed in
developing pollen of homozygote gum and mud mu-
tants. No significant difference in the position of the
vegetative nucleus and generative cell could be ob-
served between wild-type and gum1 pollen prior to
PMII. However, at �2 stage (early tricellular), 24% of
pollen showed a clear gum1 phenotype with the
sperm cells separated from the vegetative nucleus
and the vegetative nucleus displaced to the pollen
wall (Fig. 4). The displacement of the vegetative nu-
cleus against the wall, which was not observed in
wild type, is a characteristic marker for the gum
phenotype. The percentage of pollen showing this
typical gum1 phenotype increased during pollen mat-
uration to 92% in mature pollen (�1 stage). Similar
results were obtained for the analysis of gum2 mutant

Table III. Distribution of pollen phenotypic classes in (�/gum1; �/mud1) double heterozygotes

Genotype (�/gum1; �/mud1)

Observed phenotype 22.4% Wild Type
(n � 125)

25.4% mud
(n � 142)

52.2% gum
(n � 292)

Corresponding haplotype (�; �) (�; mud1) (gum1; �) (gum1; mud1)

Pollen phenotypes Wild type mud gum

Table II. Genetic transmission analysis of gum and mud mutations

Nos. of progeny producing wild-type and mutant pollen are shown together with the calculated transmission efficiency (TE, no. of mutant/no.
of wild-type progeny � 100) through male (TEm) and female (TEf) gametes. Self and reciprocal crosses between heterozygous mutants and wild
type are depicted with the female partner shown first. s, TE values that differed significantly (P(x

2 � X) � 0.001) from the expected value of 100%.
ns, TE values that did not differ significantly (P(x

2 � x) � 0.001) from the expected value of 100%. WT, Wild type.

Mutation

�/gum � �/gum
(Self)

�/gum � �/�
(Female Transmission)

�/� � �/gum
(Male Transmission)

gum WT Percentage of gum gum WT TEf gum WT TEm

gum1 288 132 68.6 214 223 95.9ns 163 259 62.9s

gum2 381 196 66 189 205 92.2ns 204 304 67.1s

�/mud � �/mud �/mud � �/� �/� � �/mud

mud WT Percentage of mud mud WT TEf mud WT TEm

mud1 425 237 64.2 288 299 96.3ns 170 338 50.3s

mud2 379 275 58 264 284 92.9ns 123 425 28.9s

Male Germ Unit Mutants
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(data not shown). We conclude that both gum muta-
tions disturb the efficiency of initial MGU assembly
and subsequently appear to reduce its stability dur-
ing maturation.

In contrast, mud1 did not show any obvious differ-
ence in vegetative nucleus or sperm cell positioning
immediately after PMII. At �2 stage, 53% of mud1
pollen grains showed a compact and central MGU
similar to wild type (Fig. 4). The mud1 phenotype was
first observed at late tricellular (�1 stage), where 14%
of pollen grains showed the distinctive mud pheno-

type. This percentage increased to 90% in mature
pollen (�1 stage). Similar results were obtained for
the analysis of mud2 mutant (data not shown). We
conclude that mud1 and mud2 do not affect MGU
assembly, but act on its positioning during pollen
maturation. Furthermore, mutant phenotypes of mud1
and mud2 were observed later during pollen develop-
ment than in the gum1 and gum2 mutants, suggesting
that GUM1 acts earlier than MUD1 and MUD2.

MGU Stability during Pollen Development

As the mud1 and gum1 mutations appear to act on
the integrity and cytoplasmic stability of the MGU,
we attempted to physically induce mud and gum
phenotypes in wild-type pollen at different develop-
mental stages by centrifugation. Centrifugation has
previously been used to alter nuclear positioning in
developing microspores to investigate division polar-
ity (Terasaka and Niitsu, 1990). Following centrifu-
gation of �4 stage buds, the vegetative nucleus and
generative cell were strongly displaced together in
88% of pollen grains (n � 400). After PMII and dur-
ing pollen maturation, centrifugation produced a
gum-like phenotype (86%, n � 900) with a cortical
vegetative nucleus and more centrally located sperm
cells. In mature pollen, the vegetative nucleus and
sperm cells were displaced together, producing a
mud-like phenotype in 30% of pollen grains (n �
900). It is surprising that MGU position was not
affected in 70% of mature pollen grains. These results
suggest that sperm cell position may be stabilized
earlier during pollen maturation, whereas the stabi-
lization of vegetative nucleus position, and of the
assembled MGU, may occur only during final matu-
ration, perhaps during dehydration.

MGU Movement during in Vivo Germination

To determine if the entrance of the three MGU
components into the pollen tube occurs randomly or
follows a well-defined scheme, we performed in vivo
pollinations and monitored MGU entrance into the
pollen tube. The first pollen tubes were observed
within 15 min of pollination. At this time, the MGU
was still located inside the pollen grain, but was
displaced toward the wall opposite the site of germi-

Table IV. Distribution of pollen phenotypic classes in (�/gum1; �/mud2) double heterozygotes

Genotype (�/gum1; �/mud2)

Observed phenotype 24.9% Wild Type
(n � 185)

21.5% mud
(n � 160)

53.6% gum
(n � 399)

Corresponding haplotype (�; �) (�; mud2) (gum1; �) (gum1; mud2)

Pollen phenotypes Wild type mud gum

Figure 3. Developmental analysis of MGU assembly and positioning
in wild-type pollen. a, Polarized microspore; b, early bicellular
pollen; c, late bicellular stage; d and e, early tricellular pollen; f,
mature pollen. g, Graph showing the frequency of typical wild-type
phenotypes (illustrated) at the early tricellular (�2), late tricellular
(�1), and mature pollen (�1) stages. More than 400 spores were
counted at each stage.
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nation (Fig. 5a). The first MGUs were observed to
move into the pollen tube 48 to 53 min after pollina-
tion. We observed more than 50 entrances of the
MGU into the pollen tube, and in all cases, the elon-
gated vegetative nucleus preceded the sperm cells
(Fig. 5d). We conclude that the exit and translocation
of the MGU during in vivo pollen germination fol-
lows a regular order in Arabidopsis.

To determine if a different pattern or efficiency of
MGU translocation could partially explain the ob-
served reduced transmission efficiency, MGU en-
trances into the pollen tube were scored for gum and
mud homozygotes. In gum, the first pollen tubes were
observed within 15 min of pollination as in wild type.
However, only the vegetative nucleus was observed
displaced toward the wall opposite the site of germi-
nation (Fig. 5b). Although the initial cell reorganiza-
tion was different between gum and wild type, this
did not affect the order of translocation of MGU
components: As in wild type, the elongated vegeta-
tive nucleus preceded the sperm cells (n � 40). How-
ever, after 2 h of germination, 49% and 46% of pollen
grains (n � 200) still contained a MGU in gum1 and
gum2, respectively. In contrast, only 21% (n � 200) of
wild-type pollen still contained a MGU 2 h after
germination; therefore, both gum mutations appear
to reduce the efficiency of MGU translocation.

In mud, the first pollen tubes were observed within
15 min of pollination. As in wild type, the MGU was
displaced toward the wall opposite the site of germi-
nation (Fig. 5a). We observed more than 40 entrances
of the MGU into the pollen tube, and in all cases, the
elongated vegetative nucleus preceded the sperm
cells as in wild type (Fig. 5f). However, after 2 h of
germination, 49.1% and 53% of pollen grains (n �
200) still contained a MGU in mud1 and mud2, respec-
tively. We conclude that both mud mutations do not
affect the pattern of MGU movement, but do reduce
the efficiency of translocation.

DISCUSSION

Isolation of Four Male-Specific Gametophytic
Mutations That Disrupt MGU Organization

Morphological screening of physically and chemi-
cally mutagenized populations has proven effective
in identifying gametophytic mutants affecting pollen
cell division, polarity, and cell fate (Chen and Mc-
Cormick, 1996; Park et al., 1998; Johnson and McCor-
mick, 2001; Twell et al., 1998; Twell, 2002). We have
used this strategy to identify two novel classes of
gametophytic mutations that affect the structural in-
tegrity and/or positioning of the MGU. To avoid
mutant phenotypes resulting from weak alleles or the
combination of several mutations, we focused our
work on highly penetrant mutations and selected four
independent mutants, gum1, gum2, mud1, and mud2.

Alternative strategies for identifying gametophytic
mutations affecting pollen development have been
based upon marker segregation ratio distortion in
populations mutagenized by T-DNA insertion (Feld-
mann et al., 1997; Moore et al., 1997; Bonhomme et
al., 1998; Howden et al., 1998), or EMS (Grini et al.,
1999). Although these screens have also been success-
ful, mutations without severe effects on male trans-
mission, such as gum and mud, would not be selected.

MGU Assembly and Positioning in Arabidopsis

Our observations provide evidence for an initial
assembly of the Arabidopsis MGU at or soon after
PMII and that is completed only at the end of pollen
maturation. The observed asymmetric association of
sperm cells with the vegetative nucleus, shortly after
PMII in Arabidopsis, suggests that only one sperm
cell is directly associated with the vegetative nucleus.
This pattern conforms to descriptions of the spatial
association of MGU components proposed for Chi-
nese cabbage (Brassica campestris) and cauliflower (B.
oleracea; Dumas et al., 1985; McConchie et al., 1987).
Furthermore, the observation of a long extension of
the vegetative nucleus connecting only one sperm
cell in some mutant gum pollen grains provides ad-
ditional evidence for the regular organization of the
MGU in Arabidopsis.

Figure 4. Frequency of wild-type and mutant phenotypes during
pollen development in gum1 and mud1. The frequencies of wild-
type and mutant phenotypes at the bicellular (�4), bicellular/PMII
(�3), early tricellular (�2), late tricellular (�1), and mature pollen
(�1) stages are presented for gum1 and mud1. More than 400 spores
were counted at each stage.
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The effect of centrifugation on positioning of MGU
components during development suggests that
sperm cell position may be stabilized in the cyto-
plasm early during pollen maturation, whereas the
stabilization of the vegetative nucleus and the com-
plete MGU occur only during final maturation. In
this regard, cytoskeleton reorganizations are associ-
ated with the morphological changes that occur dur-
ing pollen maturation (Van Lammeren et al., 1985;
Hause et al., 1992; Gervais et al., 1994). The localiza-
tion of F-actin at the periphery of the generative cell,
but not initially around the vegetative nucleus
(Hause et al., 1992; Gervais et al., 1994), provides a
potential structural mechanism to initially anchor the
sperm cells independent of the vegetative nucleus.
Independent stabilization is consistent with the
greater sensitivity of the vegetative nucleus to cen-
trifugal displacement in early tricellular pollen. In
mature pollen, the vegetative nucleus is surrounded
by microfilaments, whereas the sperm cells remain
unlabeled (Hause et al., 1992; Gervais et al., 1994).
gum mutations could disturb the progressive anchor-
ing of the vegetative nucleus, whereas mud mutations,
expressed later, could act on the cytoskeletal compo-
nents anchoring the mature vegetative nucleus.

gum and mud Act Sequentially on MGU
Assembly and Positioning

Because the association of MGU components in
wild-type pollen is clearly observed first at the early
tricellular stage, two main questions concerning
MGU assembly in gum and mud pollen were formu-
lated. First, do MGUs form and dissociate, or does
initial MGU assembly fail completely in gum pollen?
And second, when is the MGU displaced to the pe-
riphery in mud pollen? A typical gum phenotype was
first observed only after PMII in gum homozygotes.
At this stage, 28% of pollen grains possessed a cen-
trally located MGU, therefore gum mutations reduce,
but do not completely block, initial MGU assembly.
During maturation, gum also appears to act on the
stability of MGUs that are initially assembled, be-
cause less than 6% of mature gum pollen possess an
assembled MGU. Developmental analysis of mud1
and mud2 suggest that both mud mutations act later
to destabilize components required for MGU posi-
tioning at late tricellular to mature (dehydrated)
stages. Moreover, it is likely that the dramatic dehy-
dration of pollen during final maturation to a water
content of 10% to 15% (w/v) demands stabilization
of cytoplasmic components including the MGU.

Figure 5. MGU translocation during in vivo pollen germination in wild type, gum1, and mud1. Wild-type (a), gum1 (b), and
mud1 (c) pollen 20 min after pollination. Typical appearance of the MGU during entrance into the pollen tube 50 min after
germination in wild type (d), gum1 (e), and mud1 (f).
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Therefore, MUD gene products could play a role in
maintaining cytoplasmic organization during pollen
dehydration.

gum and mud Mutations Reduce MGU
Translocation Efficiency

Our observations show that gum and mud pollen
germinate on the stigma with a similar efficiency to
wild type, but both classes of mutations reduce male
transmission. This could suggest that MGU position-
ing or organization in mature pollen may influence
the efficiency of delivery of the male gametes. In
planta analyses showed that the efficiency of MGU
translocation into the pollen tube was reduced in gum
and mud mutants, which could account for their re-
duced transmission. In gum mutants, the initial sep-
aration of the vegetative nucleus and sperm cell pair
may account for the delayed entrance of the MGU
into the pollen tube. However, it remains possible for
both mutants that subsequent steps in MGU trans-
port and delivery are also affected.

The MGU is proposed to have a potential role in
the controlled transport and delivery of the sperm
cells (Dumas et al., 1984a). The translocation of MGU
components into the pollen tube follows a regular
order, with the vegetative nucleus leading in the
majority of species that have been examined (Russell
and Cas, 1981; Heslop-Harrison et al., 1986; Rougier
et al., 1991; Heslop-Harrison and Heslop-Harrison,
1996). However, in Secale cereale (Heslop-Harrison
and Heslop-Harrison, 1987) and Alopecurus pratensis
(Heslop-Harrison and Heslop-Harrison, 1988), no
specific order is observed, suggesting species differ-
ences in the mechanism of MGU translocation. Our
observations in Arabidopsis show that in planta, the
vegetative nucleus precedes the sperm cells during
entrance into the pollen tube.

Despite their initial separation, translocation of the
vegetative nucleus and sperm cell pair still occur in
gum, and they enter the pollen tube in the correct
order. Therefore, initial movement of MGU compo-
nents appears to occur independently in gum without
affecting the order. In this regard, there is evidence to
support the independent movement of myosin-
coated sperm cells along cortical F-actin bundles
(Heslop-Harrison and Heslop-Harrison, 1989; Zhang
and Russell, 1999). Moreover, MGU transport is also
known to be dependent upon a microtubule network
(Åström et al., 1995) that can determine the order of
translocation in some species (Heslop-Harrison and
Heslop-Harrison, 1996). The strict order of MGU en-
trance in gum suggests that such a system still oper-
ates, wherein movement of the sperm cells is depen-
dent upon the prior translocation of the vegetative
nucleus. In any case, a deeper understanding of how
these mutations affect MGU organization and move-
ment may be achieved through the localization of
cytoskeletal components during pollen maturation

and tube growth. This should be facilitated by the
use of transgenic lines expressing green fluorescent
protein fusion proteins that decorate F-actin and mi-
crotubule arrays (Kost et al., 1998; Marc et al., 1998;
Hasezawa et al., 2000).

GUM and MUD genes could potentially encode
proteins linking MGU components to each other
and/or to cortical locations respectively. The distinc-
tive phenotypes of mud and gum mutations, together
with their strong penetrance, will facilitate cloning of
their respective genes to uncover their roles in the
organization of this unique reproductive assemblage.

MATERIALS AND METHODS

Mutant Screen and Growth Conditions

Seeds were sown in 3:1 compost:sand mix. Plants were
grown under greenhouse conditions with supplementary
lighting (16 h of light at 22°C). An EMS-mutagenized No-O
population was generated and screened using a DAPI
staining solution (0.1 m sodium phosphate, pH 7, 1 mm
EDTA, 0.1% [w/v] Triton X-100, and 0.4 mg mL�1 DAPI;
high grade, Sigma, St. Louis) as described in Park et al.
(1998). Pollen from approximately 10,000 M2 individuals
derived from each of 10 M1 parental groups screened for
aberrant organization or positioning of the MGU. Selected
EMS mutants were backcrossed twice before detailed mor-
phological analysis.

Cytological and Phenotypic Analysis of Pollen

The relationship between pollen and flower develop-
mental stages was determined as follows: �1 stage, first
open flower (mature tricellular pollen); �1 and �2 stages,
first and second unopened flower buds (immature tricel-
lular pollen); �3 stage, third unopened bud (pollen mitosis
II and bicellular pollen); �4 stage, fourth unopened buds
(bicellular pollen). Mature pollen or spores from earlier
stages were incubated in DAPI staining solution and were
observed using light and epifluorescence microscopy as
described in Park et al. (1998). To analyze the entrance of
the vegetative nucleus and sperm cells in vivo, pollinations
of wild-type No-O pistils were performed using wild-type
pollen or pollen from mud and gum homozygotes. At dif-
ferent times after pollination, pistils were transferred onto
a microscope slide, quickly fixed with two drops of eth-
anol:acetic acid (3:1, v/v), treated with DAPI staining so-
lution, and directly analyzed under a coverslip. For CLSM,
mature pollen was incubated in a ethidium bromide solu-
tion (0.1 m sodium phosphate, pH 7, 1 mm EDTA, 0.1%
[w/v] Triton X-100, and 0.5 �g mL�1 ethidium bromide)
and viewed using a CLS microscope (TCS4D; Leica, Wetz-
lar, Germany) with an excitation wavelength of 568 nm and
emission filter at 630 nm.

Centrifugation Experiments

Single open flower buds were placed in a 1.5-mL mi-
crofuge tube containing 500 �L of 15% (w/v) Suc solution
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prepared using distilled water and were centrifuged at
13,000g for 10 min. After centrifugation, the pollen pellet
was transferred to a microscope slide, immediately perme-
abilized by fixation in a drop of ethanol:acetic acid (3:1,
v/v), and stained in DAPI solution. Closed flower buds
were centrifuged as above and the anthers were dissected
out and permeabilized by quick fixation in ethanol:acetic
acid (3:1, v/v). Fixed anthers were disrupted on micro-
scope slides by gentle squashing in DAPI solution under a
coverslip.

Genetic Analysis and Mapping

Genetic transmission of mutations through the male and
female gametes was determined by carrying out reciprocal
test crosses in which heterozygous mutants were crossed to
wild type (No-O). For tetrad analysis, homozygous qrt1/
qrt1 mutants (Preuss et al., 1994) in Columbia (Col-O)
ecotype were first backcrossed three times to No-O wild
type and then crossed to heterozygous �/mud1 or �/gum1
mutants. Heterozygous �/qrt1 F1 plants showing mud or
gum phenotype were selected. qrt1/qrt1::�/mud1 and
qrt1/qrt1::�/gum1 individuals and qrt1/qrt1::mud1/mud1 and
qrt1/qrt1::gum1/gum1 double homozygotes were identified
in the F2 population by screening for plants showing quar-
tet and mud or gum phenotypes.

All four mud and gum mutations were independently
mapped using PCR-based molecular markers in F2 popu-
lations following outcrossing with the polymorphic Col-O
ecotype. Wild-type, heterozygous, and homozygous F2

plants were identified by screening DAPI-stained pollen.
DNA preparation and PCR-based mapping were per-
formed as described in Park et al. (1998). Three additional
simple-sequence length polymorphism (SSLP) markers
polymorphic for No-O and Col-O were generated: 1)
CRTW1, chromosome II, BAC F16 M14 (5�-CAGCGGCCA-
CGGTATG-3�, 5�-CACCTTC CAAATCTCCCC-3�; Co-O,
205 bp; No-O, 280 bp; 2) T19C21–19, chromosome II, BAC
T19C21 (5�-CCTATATCTAGCTAAGCCTAGAAC-3�, 5�-
CTGACGAACCAACTTTGGAGTTGC-3�; Co-O, 495 bp;
No-O, 505 bp; and 3) M506-SSLP, chromosome IV, BAC
F4H6 (5�-GGTGATGAAACCCCATGGTTTGG-3�; 5�-GGT-
TCAACTATAAATTAAGTGCGG-3�; Co-O, 141 bp, No-O,
155 bp.
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