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Abstract The endosporic male gametophyte of the water
fern, Marsilea vestita, provides a unique opportunity to
study the mechanisms that control cell fate determination
during a burst of rapid development. In this review, we
show how the spatial and temporal control of development
in this simple gametophyte involves several distinct modes
of RNA processing that allow the translation of specific
mRNAs at distinct stages during gametogenesis. During
the early part of development, nine successive cell
division cycles occur in precise planes within a closed
volume to produce seven sterile cells and 32 spermatids.
There is no cell movement in the gametophyte; so, cell
position and size within the spore wall define cell fate.
After the division cycles have been completed, the
spermatids become sites for the de novo formation of
basal bodies, for the assembly of a complex cytoskeleton,
for nuclear and cell elongation, and for ciliogenesis. In

contrast, the adjacent sterile cells exhibit none of these
changes. The spermatids differentiate into multiciliated,
corkscrew-shaped gametes that resemble no other cells
in the entire plant. Development is controlled post-tran
scriptionally. The transcripts stored in the microspore are
released (unmasked) in the gametophyte at different times
during development. At the start of these studies, we
identified several key mRNAs that undergo translation at
specific stages of gametophyte development. We devel-
oped RNA silencing protocols that enabled us to block the
translation of these proteins and thereby establish their
necessity and sufficiency for the completion of specific
stages of gametogenesis. In addition, RNAi enabled us to
identify additional proteins that are essential for other
phases of development. Since the distributions of mRNAs
and the proteins they encode are not identical in the
gametophyte, transcript processing is apparently important
in allowing translation to occur under strict temporal and
spatial control. Transcript polyadenylation occurs in the
spermatogenous cells in ways that match the translation of
specific mRNAs. We have found that the exon junction
complex plays key roles in transcript regulation and
modifications that underlie cell specification in the
gametophyte. We have recently become interested in the
mechanisms that control the unmasking of the stored
transcripts and have linked the synthesis and redistribution
of spermidine in the gametophyte to the control of mRNA
release from storage during early development and later to
basal body formation, cytoskeletal assembly, and nuclear
and cell elongation in the differentiating spermatids.
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Introduction—post-transcriptional control of rapid
development

Across the living realm, there are numerous examples of
organisms that exhibit rapid bursts of development. These
changes usually occur in cells that have special character-
istics and the shift to rapid developmental activity is usually
preceded by a period of quiescence (e.g., oocytes before
fertilization, seeds and spores after desiccation, certain
hibernating animals, etc.). Rapid development often
involves a change in physiology, proliferation or differen-
tiation without cell growth, and new proteins needed for the
development process are made from pre-existing mRNAs.
Thus, the regulation of the developmental burst is often
controlled post-transcriptionally. The triggers responsible
for entry into quiescence can involve changes in the
environment (e.g., desiccation, nutrition) or developmental
alterations that involve neighboring cells (e.g., oocyte
formation in a number of animals). The mechanisms
responsible for mRNA storage and ribosome accumulation
are not well defined, though they are apparently accompa-
nied or followed by shifts in cytoplasmic and nuclear
composition and organization that allow the cell to activate
a rapid developmental program when the appropriate
stimulus releases the cell from its quiescent state.

In this review, we focus on the rapid development of the
male gametophyte of the water fern, Marsilea vestita. This
organism produces spores that undergo desiccation as part
of a normal maturation process. During desiccation, the
spores accumulate and store transcripts that will be utilized
during a rapid burst of growth and development that is
initiated when the dry spores are placed into water. The
rapid burst of development of these gametophytes results in
the production of multiciliated spermatozoids, which look
nothing like the cells that gave rise to them. Development
in this gametophyte is controlled post-transctiptionally;
herein, we describe mechanisms that provide spatial and
temporal control during the rapid developmental process
that results in the formation and maturation of motile
spermatozoids.

Stored RNA and the regulation of its translation

Initial indications that some mRNA species undergo a
prolonged period of inactivity before translation associated
with rapid development came from studies of the unfertil-
ized sea urchin egg when non-nucleated fragments of the
eggs were parthenogenetically stimulated to undergo
cleavage and form blastulas (Harvey 1936, 1940). Latter
studies carried out in the presence of the transcriptional
inhibitor actinomycin D demonstrated that protein synthesis
is necessary for cell division (Gross and Cousineau 1963,

1964). These experiments provided some of the earliest
hints that the “masking” or storage of mRNA combines
with regulated translation to mediate the bursts of develop-
ment. Today, overwhelming evidence indicating that the
regulated translation of stored mRNA is an important
mechanism underlying the rapid development in a variety
of organisms and cell types exists.

Stored transcripts in angiosperm seeds were first
identified in 1965 and are now viewed as ubiquitous in
the seeds of all flowering plants. In Arabidopsis thalania
seeds, there can be as many as 10,000 different species of
stored mRNAs (Dure and Waters 1965; Nakabayashi et al.
2005). Stored mRNA is utilized during the early stages of
embryo development after the seed is hydrated during a
process known as imbibition. Hydration triggers the
activation of translation for these stored transcripts (Hughes
and Galau 1989, 1991; Comai et al. 1989). Kimura and
Nambara (2010) completed a microarray analysis of stored
mRNA from different Arabidopsis ecotypes. Their findings
suggest that the classes of mRNA stored in the seeds of
different Arabidopsis accessions are similar and that there is
an abundant accumulation of transcripts from the late
embryogenesis abundant, seed storage protein, stress
protein, lipid storage, and metabolism classes (Kimura and
Nambara 2010).

Arousal from hibernation has been used as a model
to study the maturation of stored pre-mRNA in a number
of different kinds of animals. In hibernating dormice
(Malatesta et al. 1994, 1999), pre-mRNAs are stored within
nuclei at different stages of maturation in a tissue-specific
manner. For example, in the liver of hibernating dormice,
pre-mRNA is accumulated predominantly at the splicing
stage, whereas in brown adipose tissue pre-mRNA is found
to be mostly stored in its cleavage stage of maturation.
Interestingly, the dramatic redistributions of pre-mRNA
maturation machinery are observed within these tissues
during hibernation, and the accumulation of this machinery
mirrors the pre-mRNA storage state. This pattern of
regulation assures that, upon arousal, dormouse tissues
high in pre-mRNA at the cleavage state also have abundant
stores of cleavage and polyadenylation machinery within
their subnuclear processing bodies. Similarly, tissues with
high levels of pre-mRNA stored at the splicing stage of
maturation have a large distribution of splicing machinery
localized to the subnuclear processing bodies. In this way,
stored pre-mRNAs are regulated such that, upon arousal,
certain tissues are metabolically activated in a prioritized
fashion, with brown adipose tissue (cleavage pre-mRNA)
activating first, followed by the liver (splicing pre-mRNA),
and then finally the de novo transcription in all tissues
(Malatesta et al. 1994, 1999).

Brine shrimp larvae undergo desiccation. Upon hydra-
tion, these organisms utilize and translate stored mRNAs
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(Muthukrishnan et al. 1975). The analyses of transcripts
isolated from imbibed larvae indicate that very few (if any)
mRNAs are associated with polysomes at the resumption of
development, but by 22 h a large portion of these
transcripts become associated with the translational com-
plexes (Amaldi et al. 1977; Grosfeld and Littauer 1975).
Additionally, a subset of messages has been identified as
being pre-loaded with the 40S subunit, a condition that
appears to destine transcripts for early translation.

The role of mRNA modification
in the post-transcriptional regulation of translation

RNAmodifications can underlie the regulation of translational
activation. Both splicing and cytoplasmic polyadenylation
have been shown to affect the translational activity of RNA in
a variety of organisms. The translation of a specific transcript
can be activated or repressed by the lengthening or shortening
of its poly(A) tail (Gorgoni and Gray 2004). This event is
mediated by specific sequences within the 3′ untranslated
region of mRNA, which is recognized by cytoplasmic
polyadenylation factors (Fox et al. 1989). The polyadenyla-
tion of transcripts begins in the nucleus, where adenines are
added to the 3′ end of pre-mRNA before getting exported to
the cytoplasm. Once exported from the nucleus, transcripts
with the correct cytoplasmic polyadenylation sequences may
be modified further. Lengthening or stabilizing a long poly
(A) tail, ~80–250 bases, has been shown to increase
transcript stability and translational activity. Shortening of
the tail to ~20–40 bases has been shown to promote the
storage and diminish the translational rates of mRNA (Paris
and Phillippe 1988; Rosenthal et al. 1983; Vassalli et al.
1989; Fox et al. 1989; McGrew et al. 1989). The extent of
polyadenylation apparently has a direct effect on the ability
of a transcript to form into complexes with translational
machinery in a competitive manner (Proweller and Butler
1994).

The splicing of transcripts has been shown to increase
translation significantly, a phenomenon that has been
attributed to the deposition of exon junction complex
(EJC) proteins on the spliced mRNA, which are believed
to mediate polysome association with the mRNA (Nott et
al. 2004). Splicing has also been shown to have an effect on
the rate or timing at which a particular mRNA is exported
from the nucleus to the cytoplasm or, in a few cases, to alter
the subcellular distribution of specific transcripts (Luo and
Reed 1999; Zhou et al. 2000; LeHir et al. 2001a; Ryu and
Mertz 1989; Rafiq et al. 1997). Unspliced transcripts with
premature stop codons are known to be targets of nonsense-
mediated decay (NMD) and therefore undergo accelerated
degradation. Splicing of premature stop codons allows for
the passage of a transcript through the NMD pathway,

allowing for a downstream translation of the message
(Maquat and Carmichael 2001; Wilusz et al. 2001;
Wilkinson and Shyu 2002).

M. vestita as a model system for studies on cell fate
determination during rapid development

In certain algae and in most of the nonflowering, vascular
plants (a group of basal plants including the bryophytes, the
pteridophytes, and some gynmosperms), spermatogenesis is
a complex process that results in the production of multi-
ciliated gametes that look nothing like the cells that gave
rise to them (Renzaglia and Garbary 2001). The process
involves the formation of basal bodies in a cytoplasmic
particle known as a blepharoplast (Webber 1897) and is a
de novo event since it occurs in the absence of any
preexisting centrioles in any cells in the organism. Basal
body assembly itself occurs only in the spermatids, where
as few as two basal bodies form in Charophycean algae
(Chapman and Henk 1983), bryophytes (Carothers and
Kreitner 1967; Carothers 1973; Kreitner and Carothers
1976; Renzaglia and Carothers 1986; Brown and Carothers
1986; Carothers and Rushing 1990), and lycopods (Carothers
et al. 1975; Robert 1977) to ~32–150 in ferns and fern allies
(Mizukami and Gall 1966; Duckett 1973; Hepler 1976;
Myles and Hepler 1977, 1982; Marc and Gunning 1986;
Hoffman and Vaughn 1995) or as many as several thousands
in the spermatids of Ginkgo (Webber 1897; Gifford and Lin
1975; Li et al. 1989; Vaughn and Renzaglia 2006) and the
cycads (Chamberlain 1909; Mizukami and Gall 1966;
Norstog 1974). Spermatid maturation also involves the
formation of a remarkably complicated cytoskeletal apparatus
known as the multilayered structure (MLS; Paolillo et al.
1968; Myles and Hepler 1977; Vaughn et al. 1993), the
extensive remodeling and reshaping of the gamete nucleus
(Kreitner 1977; Myles and Hepler 1977, 1982), and
ciliogenesis (Myles et al. 1978). These events combine to
produce a more or less spirally shaped gamete that is ciliated
on the dorsal face of the elongated and coiled cell body. The
gametes formed lack walls and they can swim for long
distances, changing their swimming patterns in response to
the chemical cues that they receive from the environment.
Thus, these gametes are chemotactic and the word chemo-
taxis was originally coined to describe the changes in the
swimming patterns as exhibited by the spermatozoids of
bracken fern (Pteridium aquilinum) by Pfeffer (1884).

Lester Sharp (1912, 1914) characterized the develop-
ment of male gametophytes of the water fern, M. vestita,
and the scouring rush, Equisetum arvense, and in these
studies provided a descriptive roadmap for multiciliate
spermatozoid formation within the antheridium. He showed
that M. vestita provides an unusually simple system for

Post-translational regulation during gametogenesis 459



studies on the mechanisms that underlie cell fate formation
in the endosporic gametophyte and morphogenesis of the
spermatids during its short developmental cycle. Develop-
ment leading to spermatozoid formation proceeds rapidly
following the hydration of dry microspores in water (Sharp
1914; Mizukami and Gall 1966; Hepler 1976; Myles and
Hepler 1977, 1982; Hyams et al. 1983; Pennell et al. 1986,
1988; Hart and Wolniak 1998, 1999; Wolniak et al. 2000;
Klink and Wolniak 2001, 2003; van der Weele et al. 2007).

The male gametophyte of M. vestita begins as a single
progenitor cell contained within the microspore wall. The
microspore is a meiotic product, and after desiccation
within a leaf-based structure known as a sporocarp, the
spore can remain quiescent for decades. Spore hydration
initiates a complex series of developmental events, starting
with cytoplasmic reorganization (Fig. 1a, b), followed by
nine rapid mitotic division cycles that produce a total of 39
cells; when the division cycles are complete, there are seven

Fig. 1 Normal development in the male gametophyte of M. vestita
involves nine successive mitotic division cycles, shown here in
sections of spores fixed at particular time intervals and stained with
toluidine blue-O. a At the time the dry spore is placed into water, the
gametophyte consists of a single cell with a large, centrally positioned
nucleus (n) and numerous starch-containing plastids. b Within a few
minutes after being placed into water, the nucleus becomes acentri-
cally positioned, and the starch-containing plastids (st) migrate to a
site opposite the nucleus. c The first mitotic division occurs at 90 min,
is asymmetric, and produces a small prothallial cell (p) and a large cell
that will continue to divide. d The second division occurs about
30 min, is symmetric, and produces two antheridial initials. e–g The
third, fourth, and fifth divisions are asymmetric and produce three
sterile jacket cells from each antheridial initial (spi). Each of the jacket
cells (jc) is significantly smaller than the spermatogenous cell that

gave rise to it. The jacket cells completely surround the larger,
centrally placed initial, and the jacket cells contain all of the large
plastids with the large starch grains. The jacket cell cytoplasm does
not exhibit the dark purple staining of the spermatogenous initial. The
jacket cells lose the capacity to proliferate further. h–j Each
spermatogenous initial undergoes four symmetric divisions, producing
a total of 16 spermatids. k, l After the divisions are completed, the
spermatids (sp) begin to differentiate; the cells become round, small
starch-bearing plastids appear in the cytoplasm, and each spermatid
assembles a ciliary apparatus. The processes of cytoskeletal develop-
ment and nuclear elongation are described in detail elsewhere (Myles
and Hepler 1977). The jacket cells become less conspicuous and the
large starch grains in the plastids become considerably smaller over
time. Brightfield images obtained with transmitted light. Bar=25 μm
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sterile cells and 32 spermatids (Sharp 1914). The positions,
sizes, and fates of the cells produced by these divisions are
constant among the gametophytes (Fig. 1c–k), making a
fate map simple to construct (Klink and Wolniak 2001).
The division cycles are synchronous in populations of
developing gametophytes, and all divisions occur in
predictable planes within the microspore wall (Fig. 1; Sharp
1914; Mizukami and Gall 1966; Hepler 1976; Pennell et al.
1986, 1988; Klink and Wolniak 2001). This spatial and
temporal precision among identically treated microspores
makes it easy to determine the extent of progress in a
population of gametophytes and straightforward to discern
anomalies in the spatial patterns of cell division and
differentiation (Klink and Wolniak 2001, 2003; Tsai and
Wolniak 2001; van der Weele et al. 2007; Deeb et al. 2010).

Once formed, the spermatids undergo drastic morphoge-
netic changes to become elongated, coiled, motile gametes
that, when released, are known as spermatozoids. Spermatid
differentiation involves the de novo synthesis of basal bodies
in a cytoplasmic precursor particle known as a blepharoplast
(Webber 1897; Chamberlain 1909; Sharp 1914; Mizukami
and Gall 1966; Hepler 1976). During its ontogeny, the
blepharoplast first serves as a functional centrosome
(Chamberlain 1898) for the last mitotic division and then
differentiates as a basal body factory (Hepler 1976; Wolniak
et al. 2000). This process is followed by the assembly of the
MLS by nuclear and cell reshaping (Myles and Hepler 1977,
1982) and then by ciliogenesis (Myles and Hepler 1977;
Myles et al. 1978). The spermatid undergoes these extensive
changes to become a spermatozoid in only 4–5 h. Each
spermatozoid is a freely swimming cell that possesses ~140
cilia (Sharp 1914; Myles and Hepler 1977; Myles et al. 1978).

In a series of early experiments aimed at understanding
the mechanisms that underlie rapid development in the
gametophyte, we analyzed protein abundance changes over
time (Hart and Wolniak 1998). Coomassie-stained electro-
phoretic gels revealed a few discernable differences in total
extractable protein in the gametophytes over time, while
autoradiograms of pulse-labeled spores at the time of
germination showed that certain groups of polypeptides
became intensely labeled as the gametophytes developed
(Hart and Wolniak 1998). The patterns of new translation
were identical in gametophytes treated with the transcrip-
tional inhibitor α-amanitin, but translation was abolished
by treatments with the translational inhibitor cycloheximide
(Hart and Wolniak 1998). Direct microscopic observations
of gametophytes showed that treatments with α-amanitin
(Fig. 2) allowed development to reach completion, while
treatments with cycloheximide arrested development prior
to the first mitotic division (Klink and Wolniak 2001).
These experiments provided the initial hints that the
development in the gametophyte is regulated at a post-
transcriptional level. In unpublished extensions of these

studies (Fig. 2), Vincent Klink showed that treatments of
gametophytes with the transcriptional activators trichostatin
A or 5-Azo-cytosine resulted in developmental arrest.
Collectively, these results suggested that gametophyte
growth and development are dependent on the translation
of existing mRNAs and not upon the transcription of new
mRNAs.

Formation of the blepharoplast and its role
in the de novo assembly of basal bodies

The blepharoplast in M. vestita is a discrete, spherical
particle that appears in the cytosol of the spermatid mother
cell or the spermatid itself. It cannot be found in any other
cells of the organism, so it represents a distinguishing
morphological feature of spermatid mother cells and
spermatids. When it appears in the spermatid mother cell,
approximately 4 h after the spores are hydrated, the
blepharoplast functions as a centrosome for the last mitotic
division cycle in the developmental program, which results
in the production of the spermatids. In this role, it splits in
half and resides at the poles of a biconical mitotic spindle
(Hepler 1976). After the division reaches completion, it
disappears from the cells. It then reappears in the cytosol of
each spermatid and begins its own maturation process,
which has been documented ultrastructurally. These studies
show that, initially, the centrosomal particle exhibits no
substructure beyond electron dense flocculence, but later it
forms electron-lucent channels that appear to be basal body
cores (Mizukami and Gall 1966; Hepler 1976). The de
novo formation of basal bodies first involves the expansion
of the blepharoplast particle and the rapid assembly of A-
subfibers around the core regions. This is followed by the
sequential addition of B- and then C-subfibers to the
nascent basal bodies. The basal bodies remain clustered
for a short period as the spermatid assembles its complex
cytoskeleton. Since de novo basal body formation occurs
only in the spermatids of the gametophyte, the presence of
basal bodies also serves as a diagnostic marker for
spermatid cell specification. It is reasonable to conclude
that processes responsible for blepharoplast formation are
linked tightly to the mechanism of cell fate determination in
the male gametophyte.

Using immunolabeling, we showed that the blepharo-
plast contains at least one centrin isoform (Klink and
Wolniak 2001), which we have named Mv-Cen1 (Hart and
Wolniak 1999). We next asked if Mv-Cen1 translation was
essential for blepharoplast (and basal body) formation. We
developed RNAi strategies (Fire et al. 1998), where the
direct addition of Mv-Cen1 dsRNA to the spores at the time
of hydration resulted in the inhibition of centrin translation
in the developing gametophytes (Klink and Wolniak 2001).
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We found that dsRNA was 50–200 times more effective in
silencing centrin than either sense- or anti-sense RNA
strands added independently to identical spores. Immuno-
labeling and immunoblotting experiments showed that
centrin protein was undetectable after treatments with
dsRNA derived from the centrin cDNA (Klink and Wolniak
2001) isolated from our M. vestita male gametophyte
library (Hart and Wolniak 1999). In the absence of centrin,
blepharoplasts failed to form. In the absence of blephar-
oplasts, basal bodies did not assemble, and further
development of the spermatids was arrested.

In performing these RNAi experiments, we found that the
microspores are unusually amenable to the introduction of
normally impermeant molecules into the cytoplasmic space of
the single cell within the spore wall (Klink and Wolniak
2001). The dry spores allow the entry of double-stranded

RNA (dsRNA) and other molecules (e.g., drugs) at the time
of hydration. We have found that dsRNAs in excess of
500 bp readily enter the cells during the first few minutes
after the spores are placed into water. Small molecules (e.g.,
hydroxyurea) can be taken into the cytosol of gametophytes
up to ~3 h after the spores were hydrated (Tsai and Wolniak
2001). We treated populations of spores with dsRNA and
elicited an RNAi effect, namely, the production of a
phenocopy of a null mutation by destroying a specific
mRNA (Fire et al. 1998; Montgomery and Fire 1998; Ngo et
al. 1998; Fire 1999; Zamore et al. 2000; Boscher and
Labouesse 2000) simultaneously in thousands of synchro-
nously developing gametophytes. We found that the direct
addition of dsRNA to our gametophytes was far more potent
at silencing than either sense- or anti-sense RNA added
separately to identical populations of spores, consistent with

Fig. 2 Spermatogenesis in M. vestita occurs in the absence of new
transcription. Gametophytes were grown for 1, 2, 4, 8, and 11 h at 20°C
under various experimental conditions as indicated in the figure.
Untreated gametophytes develop fully, and by 11 h many have released
their mature spermatozoids, so the spore appears to be empty. α-Amanitin
treatments develop normally and almost completely. At 8 hours of

development in the presence of α-amanitin, the ciliary apparatus is being
assembled, but at 11 h the spermatozoids have not been released from the
antheridia. Gametophytes grown in the transcriptional activators, trichos-
tatin A (TSA), and 5-aza-cytidine (5-aza-c), fail to develop for the first
8 h, but by 11 h some abnormal divisions are apparent. Bar=25 mm
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observations from Fire et al. (1998) in their original character-
izations of RNAi mechanisms.

We recognize that the success of our RNAi experiments
was enhanced because there is little, if any, new transcrip-
tion required for spermiogenesis to reach completion in M.
vestita (Hart and Wolniak 1998, 1999; Wolniak et al. 2000;
Klink and Wolniak 2001). These early RNAi experiments
with centrin (Mv-Cen1) dsRNA revealed that centrin
translation does not occur and blepharoplasts failed to form
(Klink and Wolniak 2001), demonstrating an essential
function for this protein in blepharoplast formation and
basal body assembly, the first time anyone had shown an
essential function for centrin in any eukaryote. In game-
tophytes treated with Mv-Cen1 dsRNA, blepharoplasts
failed to form and the last mitotic division typically did
not occur. Under normal conditions of development, centrin
translation increases dramatically at 4 h of development
(Hart and Wolniak 1998) and is restricted to the sperma-
togenous cells. In later experiments, we found that centrin
translation can take place throughout the gametophyte after
4 h of development when the cell division cycles that
usually precede blepharoplast formation in the male
gametophyte are blocked (Tsai and Wolniak 2001) by
cyclin RNAi treatments or by treatments with olomoucine
(Glab et al. 1994; Meier 1996), an inhibitor of cyclin-
dependent kinase activity. Thus, although centrin transla-
tion is necessary for blepharoplast formation, it is not
sufficient for the de novo formation of basal bodies. We
suspect that there are additional factors or morphogenetic
determinants involved in centrin aggregation that are
affected by the division cycles that separate sterile and
spermatogenous cells.

Formation and function of the multilayered structure,
a cytoskeletal array unique to spermatozoids

The multilayered structure (MLS; Paolillo et al. 1968) is a
signature organelle in the motile spermatozoids produced
by certain algae, bryophytes, pteridophytes, and certain
gymnosperms (Paolillo 1965; Carothers and Kreitner 1967;
Duckett 1973; Carothers et al. 1975; Myles and Hepler
1977; Norstog 1974; Hoffman and Vaughn 1995). It is
found at the anterior end of the gamete (Fig. 3), and it
consists of a lamellar stack of fins and vanes that are
attached ventrally to an anterior mitochondrion (Carothers
1975; Myles and Hepler 1977; Vaughn et al. 1993;
Hoffman and Vaughn 1995). The uppermost portion of
the MLS is a planar ribbon of crosslinked microtubules
(Fig. 3) that extends in a posterior direction along the dorsal
face of the coiled cell body. The microtubule ribbon is
attached to the nuclear envelope. In M. vestita and most
other organisms studied, the MLS forms after the basal
bodies have been assembled. The clustered basal bodies
become situated on the dorsal face of the ribbon (Myles and
Hepler 1977; Marc and Gunning 1986; Hoffman and
Vaughn 1995), and they then become dispersed and
attached at regularly spaced intervals along the microtubule
ribbon (Myles et al. 1978).

The function of the MLS is not known, though it
clearly plays a role in guiding the pattern of cell and
nuclear elongation during spermatid maturation (Myles
and Hepler 1977, 1982; Hoffman and Vaughn 1995;
Lopez-Smith and Renzaglia 2008; Deeb et al. 2010). The
fins and vanes of the structure at its anterior end form an
obvious attachment site for a mitochondrion (Fig. 3), and

Fig. 3 Electron micrographs of spermatids of Riella americana, an
aquatic liverwort. Cells were fixed in glutaraldehyde and OsO4 using
standard procedures. a The anterior, apical portion of a spermatid,
showing the MLS, with the section plane essentially orthogonal to the
longitudinal axis of the microtubule ribbon (spline). The anterior
mitocondrion is clearly visible below the lower strata of the MLS. On
the dorsal side of the microtubules, portions of basal bodies are
visible. b An enlarged view of the micrograph in a showing the MLS.

The sections through the ciliary axonemes show no outer dynein arms;
they are lacking in these spermatozoids (Wolniak and Cande 1980). c
A section of a spermatid cut at about 90° relative to the cell depicted
in a and b. Here, the substrata of the MLS are clearly visible as a
series of fins and vanes. The dorsal face of the MLS shows parts of a
basal body and the ventral side of the MLS is attached to the anterior
mitochondrion. Bars=200 nm

Post-translational regulation during gametogenesis 463



the orientation of each stratum is precise, with regular
spacing between the repeating fins and vanes. At a
minimum, the MLS controls the placement of the basal
bodies and their ciliary axonemes along the length of the
coiled cell body of the gamete (Marc and Gunning 1986).
Since the basal bodies are attached along the dorsal face of
the microtubule ribbon (Carothers 1975; Myles and Hepler
1977; Myles et al. 1978; Vaughn et al. 1993), it is possible
that the ribbon plays a role in coordinating ciliary
metachrony in the swimming gamete (Wolniak and Cande
1980) and in cell body shape as the spermatozoid moves
down the archegonial tube just prior to fertilization
(Lopez-Smith and Renzaglia 2008). Algal flagellar rootlets
are involved in positioning axonemes and they probably
function in the coordination of flagellar or ciliary beat
(Hyams and Borisy 1978). It is reasonable to suspect that
the MLS serves a similar function. Is the MLS therefore
related to algal rootlets? Both contain centrin (Salisbury
1983; Melkonian et al. 1988; Vaughn et al. 1993; Vaughn
and Renzaglia 2006), but differences in rootlet striation
patterns and MLS vane organization hint that the two
arrays may have distinctly different compositions.

In some algae, bryophytes, and lycopods, the sperma-
tozoids possess a pair of basal bodies, with their attached
ciliary axonemes (Carothers 1975). Since the beat pattern
is three-dimensional with a power stroke propagated along
the entire length of the axoneme (Wolniak and Cande
1980), we refer to these structures in all of these
spermatozoids as cilia. In the ferns and fern allies (e.g.,
Equisetum), the cell body is coiled and each gamete
possesses ~30–150 cilia (Duckett 1973). The basal bodies
in these gametes are arranged in single or double rows
(Myles et al. 1978), and in some organisms there may be a
staggered arrangement of basal bodies (Marc and Gunning
1986). In the spermatozoid-producing gymnosperms
(Ginkgo and the cycads: Norstog 1974; Gifford and Lin
1975; Vaughn and Renzaglia 2006), the gametes are large
and spherical, and the top layer of the MLS consists of a
helical band of microtubules with over 1,000 basal bodies
attached distally. The width and the length of the
microtubule ribbon vary among organisms (Carothers
1975). For male gametophytes of this plant group, there
is a loose, inverse relationship between the numbers of
gametes produced and the numbers of cilia present on each
spermatozoid. There is also an ironic inverse relationship
between ciliary number and distance traveled by the
spermatozoids: the gymnosperms, with their thousands of
cilia, may have to swim only a few millimeters as they
travel from the pollen tube tip to the archegonium of the
female gametophyte. In contrast, fern spermatozoids, with
(only) dozens of cilia, may swim several to many meters
in thin films of water before reaching the archegonium of a
suitable female gametophyte.

As a component in the blepharoplast, in basal bodies,
and in the MLS, centrin serves as a specific marker
for spermatogenous cells

Centrin is a calcium-binding protein (Salisbury 1995, 2007)
that was originally described as a component in contractile
flagellar rootlet complexes found in algal cells (Salisbury
1983; Melkonian et al. 1988). The protein is now known to
be associated with centrosomes (Middendorp et al. 2000),
centrioles (Paoletti et al. 1996; Geimer and Melkonian 2005),
and basal bodies (Baron et al. 1992; Taillon et al.et al. 1992;
Weich et al.et al. 1996; Levy et al. 1996, 1998; Geimer and
Melkonian 2005) in a wide variety of organisms. Of
particular importance for the development of plant sperma-
tids is the presence of centrin in the blepharoplast (Klink and
Wolniak 2001), in basal bodies (van der Weele et al. 2007),
and in the MLS (Vaughn et al. 1993; Vaughn and Renzaglia
2006), where it apparently plays essential roles in the
formation and function of these macromolecular arrays.

In the course of asking which mRNAs were essential for
development of the gametophyte, we found that centrin
protein demonstrated a pronounced increase in abundance
in the spermatogenous cells approximately 4 h after the
spores were hydrated (Hart and Wolniak 1998; Klink and
Wolniak 2001). By contrast, centrin protein was undetect-
able in the jacket cells, which surround the spermatogenous
cells of the gametophyte (Klink and Wolniak 2001; Tsai et
al. 2004). The levels of β- and γ-tubulins were abundant in
the newly hydrated spore and present at high levels
throughout development (Klink and Wolniak 2003; Tsai et
al. 2004), though these proteins were also predominantly
localized in the spermatogenous cells of the gametophyte
(Klink and Wolniak 2003; Tsai et al. 2004). The appearance
and abundance of centrin protein was unaffected by
α-amanitin, though in marked contrast centrin protein was
undetectable in gametophytes treated with cycloheximide
(Hart and Wolniak 1998). The translation of new centrin
protein was dependent on transcripts that were pre-existing
in the microspore before desiccation (Hart and Wolniak
1999). Thus, key features in this rapid developmental
process rest in how the transcripts are stored in the spore,
how they are distributed among the cells of the gameto-
phyte, and how (and where) they are translated at the
appropriate stage of development.

The rise in centrin protein abundance occurs at 4 h of
development whether or not the division cycles have been
suppressed (Tsai and Wolniak 2001), and obviously, under
conditions of mitotic inhibition, centrin translation occurs
in all cells present inside the spore wall. In spite of the fact
that centrin is translated exclusively in spermatogenous
cells of normal gametophytes, centrin mRNAs are equally
abundant in spermatogenous and sterile cells in the
gametophyte (Tsai et al. 2004).
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Centrin interactions that may regulate patterns
of spermatid development

As they function in association with centrioles or basal
bodies (Marshall and Rosenbaum 2000), centrins have been
found to interact with a variety of other proteins (Baron et
al. 1992; Klotz et al. 1997), such as pericentrin (Doxsey et
al. 1994), γ-tubulin, and cytoplasmic dynein (Young et al.
2000). We have not yet found bone fide cytoplasmic dynein
or pericentrin cDNAs in our library, but we possess one
cDNA that encodes γ-tubulin. On first principles, it made
sense for us to look at γ-tubulin, a protein that resides at the
minus ends of microtubules and participates in microtubule
nucleation and/or assembly (Hoffman et al. 1994; Zheng et
al. 1995; Erickson 2000; Murata et al. 2005). γ-Tubulin
also associates with centrioles and basal bodies (Dibbayawan
et al. 1995) and plays an important role in basal body
duplication (Ruiz et al. 1999). However, an inherent problem
with our gene silencing approach and γ-tubulin in the
gametophyte is that the existing protein in the cell may
obscure the effects of silencing, so it was essential for us to
focus RNAi treatments on proteins that are either absent or
limiting in a cell for a specific process. γ-Tubulin protein
does not appear to be limiting in the gametophyte (Hart and
Wolniak 1998; Klink and Wolniak 2003). In contrast, centrin
is limiting for blepharoplast and basal body formation, while
α-tubulin is limiting for basal body assembly, and the later
formation of the MLS (van der Weele and Wolniak,
unpublished observations).

Beyond γ-tubulin itself, the γ-tubulin nucleation com-
plex is composed of several proteins, which include
Xgrip109 (Martin et al. 1998), RanBPM, and other minor
components (Schumacher et al. 1998a, b). Xgrip109 and
RanBPM interact with γ-tubulin to form a ring complex
(γTuRC) (Martin et al. 1998; Moritz et al. 2000; Wiese and
Zheng 2000) that functions in a variety of cells to facilitate
an orderly microtubule assembly. The γTuRC resides at the
basal (minus) end of a microtubule and forms a cap-like
structure. Dutcher and Trabuco (1998) found δ-tubulin as a
minor, but significant, component of the basal body that is
essential for triplet formation and stability. Recently,
additional components (ZYG-1, O'Connell et al. 2001;
SAS-4, SAS-5, SAS6, Dammermann et al. 2004; Leidel et
al. 2005; NEDD1/GCP-WD, Luders et al. 2006) have been
found in and around centrioles and basal bodies, and their
orthologs could play similar assembly and stability roles in
M. vestita. Some of these proteins have been identified in
immunoblots of gametophyte isolates from specific stages
of development (Klink and Wolniak 2003) and represent
likely components under strict regulation during gameto-
genesis. As one might expect from a complex develop-
mental program that follows a precise time table, the
appearance of these proteins is under strict temporal

control, and they are translated almost exclusively in the
spermatogenous cells of the gametophyte (Klink and
Wolniak 2003).

Cell fate determination in the male gametophyte
of M. vestita

Histological staining with toluidine blue-O (Fig. 1) or
immunolabeling of gametophytes fixed at different stages
of development with anti-centrin (Fig. 4) and anti-β-tubulin
antibodies reveals that the spermatogenous cells are quite
different from the sterile jacket cells, not only in size but
also in composition (Klink and Wolniak 2003). The
spermatogenous cells are the only cells in the gametophyte
that label with anti-β-tubulin antibody, and they appear to
be the only sites where centrin is translated (Klink and
Wolniak 2001). This nonrandom distribution of centrin and
β-tubulin antibody labeling suggests that protein and
perhaps mRNA segregation occurs within the gametophyte
prior to its partitioning by cytokinesis (Tsai and Wolniak
2001). Since the mechanisms that underlie the composi-
tional asymmetries between adjacent cells remain obscure,

Fig. 4 A male gametophyte late in development, fixed 8 h after spores
were placed into water. The fixed gametophytes were fixed in parafor-
maldehyde and embedded in methacylate as described elsewhere (van der
Weele et al. 2007). After sectioning, the plastic was dissolved in acetone.
After rehydration, the sections were stained with DAPI and then labeled
with anti-centrin antibody (a kind gift of J. Salisbury, Rochester, MN,
USA); after buffer rinsing, these were labeled with an Alexa 595-
conjugated secondary antibody. This image is a set of merged phase
contrast (gray) and fluorescence images. The spermatids show elongated
nuclei (blue) and basal bodies stained red with anti-centrin antibody. The
basal bodies are regularly spaced along the (invisible) microtubule ribbon
of the MLS. The spermatid contains small plastids that are clustered in
the ventral part of the cell. The jacket cells are mostly inconspicuous at
this stage of development. The exine and the intine of the microspore
wall often exhibit autofluorescence; note that the colors of the
autofluorescence do not match those of the DAPI and Alexa fluorescence
emissions (see Deeb et al. 2010). Bar=25 μm
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we began a series of localization studies as a means to
document the distribution of specific mRNAs and proteins
over time in the developing gametophytes (Klink and
Wolniak 2003; Tsai et al. 2004).

We extended our analyses of new translation beyond
centrin and tubulin (Hart and Wolniak 1998, 1999; Klink
and Wolniak 2001) by assaying for the abundance of
proteins likely to be present in ciliated cells during
gametophyte development. We tested 87 antibodies that
were directed against cytoskeletal, centrosomal, and axo-
nemal antigens for binding to gametophyte protein isolates.
The antibodies were kindly provided to us by members of
the research community, and among the antibodies provid-
ed nearly 20 provided single-band binding on western blots
at the appropriate, apparent molecular weights. Our aim
was to identify the conserved components of the cytoskel-
eton and ciliary apparatus that could serve as limiting
factors for later phases of development, when the spermatid
was engaged in forming its massive cytoskeleton or its
ciliary array. We found varying patterns of protein
abundance during development. Proteins like the tubulins
were abundant at the onset of spore hydration and remained
among the dominant proteins in the cells during develop-
ment (Klink and Wolniak 2003). γ-Tubulin amounts
appeared not to change throughout the process of develop-
ment, while gradual increases in α-tubulin during late
development have recently become evident. Other proteins
increased dramatically in abundance at specific points
during development in a fashion similar to centrin. We
saw no consistent or striking declines in immunoblot
binding during development with these antibodies, though
conceivably there could be declines in the abundance of
some proteins during spermatozoid maturation.

In parallel with protein abundance assays, we (Klink and
Wolniak 2003) performed a series of RNAi silencing
treatments to determine whether the silencing of different
transcripts affected development at specific stages or,
alternatively, that silencing of any single transcript shut
down the entire developmental program in a general
fashion. We found that, of the 39 cDNAs used to make
dsRNA in this study (one third known to encode existing
proteins, one third hypothetically linked to known proteins
by sequence similarities, and the last third encoding nothing
characterized in the databases), the vast majority of these
dsRNAs arrested development of the gametophyte at
specific time points during gametogenesis. A few of these
dsRNAs either allowed spermiogenesis to reach completion
or they exerted arrest late enough to make it difficult to
discern the timing of their effects. The fact that silencing
with these dsRNAs was so effective indicates that (a) there
are many new proteins that must be synthesized for
gametophyte development to reach completion and (b) the
absence of any of a number of proteins creates a situation

where development cannot continue; so, each of these proteins
can effectively act as a limiting factor to the completion of
gamete formation. Thus, even though there is a large pool of
stored protein present in the microspore when it is newly
hydrated (Hart and Wolniak 1998), this pool does not
represent a complete complement of proteins necessary to
make spermatozoids.

As mentioned above, the disruption or arrest of division
cycles in the gametophyte, either through chemical inhibi-
tion or RNAi-induced gene silencing (Tsai and Wolniak
2001), resulted in changes in the distributions of proteins
normally made only in spermatogenous cells. These
products of translation were present in the cytoplasm of
all cells of the gametophyte. Thus, the mediators of
translational control may be restricting protein synthesis
largely or entirely to the spermatogenous cells. Since the
spermatogenous and jacket cells all originate from the same
progenitor cell and since the spatial pattern of division
planes is highly predictable for the formation of sperma-
togenous and sterile cells in the gametophyte, the process of
defining cell fate may be regulated by positioning particular
components in subcellular domains that would later become
spermatogenous or jacket cells after the division cycles
took place.

Translational capacity in spermatogenous and sterile
cells of the male gametophyte of M. vestita

We found that a relatively large number of transcripts can
be detected in all cells of the gametophyte during the first
4 h of its development (Tsai et al. 2004). It was surprising
to find mRNAs encoding cyclins in the jacket cells since
the jacket cells no longer divide once they are formed. It
was equally surprising to find centrin transcripts to be
present in jacket cells where centrin protein is not normally
made. Thus, a critical factor in jacket cell and spermatog-
enous cell specification is not in the complement of
transcripts present in each type of cell but rather on whether
the cell can translate the transcripts that are present in its
cytoplasm. This surprising discrepancy led us to surmise
that the spermatogenous cells exhibit the capacity to
translate mRNAs while the sterile jacket cells lack this
ability. Could the transcripts present in spermatogenous
cells undergo modifications that were not occurring in the
adjacent sterile cells? We used in situ hybridization assays
to assess the levels of transcript polyadenylation during
development, reasoning that polyadenylation of the tran-
scripts could underlie the differences in translation ob-
served in sterile and spermatogenous cells of the
gametophyte. Cyclin translation patterns have been found
to correlate closely with polyadenylation (De Moor and
Richter 1999). Moreover, differences in polyadenylation of
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related transcripts have been attributed to sequence varia-
tions in 3′-UTRs (Tremblay et al. 2005; Slevin et al. 2007).
We found that the spermatogenous cells contained large
numbers of polyadenylated transcripts, while they were
largely absent from the adjacent jacket cells. We have not
yet found 3′-UTR variants among cyclin mRNAs or other
transcripts in our gametophytes, but we raised the obvious
question of how differences in polyadenylation could arise
in adjacent cells. We used an immunological assay to detect
cytoplasmic polyA polymerase (PAP) and found that the
spermatogenous cells exhibited intense labeling while the
jacket cells were almost devoid of antibody binding (Tsai et
al. 2004). We found it intriguing that the anti-PAP antibody
also heavily labeled the cytoplasmic vesicle of the mature
spermatozoids, perhaps indicating that this enzyme is
carried by the male gamete to the egg, where it could
polyadenylate maternal mRNAs during the early division
cycles in the embryo. In M. vestita embryos, new
transcription does not commence until the eight cell
division cycle, and polyadenylated transcripts can be
detected in the nuclei only after the 16-cell stage
(Kuligowski et al. 1991).

Regulatory factors that mediate fate determination
and morphogenesis in the gametophyte

In an effort to understand the mechanism of cell fate
determination during the formation of spermatogenous
initials, we focused on proteins and genes that are linked
to the control of cell fate in other organisms. In a screen of
our male gametophyte cDNA library, we isolated a cDNA
that encodes a protein with a high level of homology to a
polarity regulator from Drosophila melanogaster, which is
known as mago nashi (van der Weele et al. 2007). Mago
nashi was originally found as a maternal effect mutation in
D. melanogaster that disrupts the anterior–posterior axis
and embryonic germ cell formation (Boswell et al. 1991).
Mago nashi was later characterized as a posterior group
gene that functions in the localization of oskar mRNA
(Mohr et al. 2001) and Staufen protein. It is involved in the
polarization of the microtubule cytoskeleton and in nuclear
migration (Newmark and Boswell 1994; Newmark et al.
1997; Micklem et al. 1997). Our Mv-mago RNAi experi-
ments (van der Weele et al. 2007) demonstrate that
Mv-mago protein performs multiple roles in the male
gametophyte. Mv-mago protein is required for the proper
control of the plane of cell division, especially during the
normally asymmetric divisions that give rise to the sterile
jacket cells. It also appears to be involved in the movement
of some mRNAs. Surprisingly, most of the 30 stored
mRNAs that we surveyed (e.g., Mv-cen-1, Mv-mago, cyclin
A, cyclin B, β-tubulin, etc.) by in situ hybridization were

equally abundant in sterile and spermatogenous cells of the
gametophyte, though the proteins that they encode were
predominantly (or exclusively) made in spermatogenous
cells (Klink and Wolniak 2001; Tsai and Wolniak 2001;
Tsai et al. 2004). A few mRNAs, such as the one encoding
PRP19, a spliceosome factor (Cheng et al. 1993), exhibit a
different distribution pattern and are localized in the
spermatogenous cells during normal development (Tsai et
al. 2004). After the treatment of spores with Mv-mago
dsRNA, Mv-PRP19 mRNAs became dispersed throughout
the gametophyte. These findings led to the hypothesis that
the Mv-mago protein regulates the translation of specific
mRNAs in particular cytoplasmic domains in the gameto-
phyte and this activity underlies a central aspect of cell
specification since these domains presage the formation of
sterile and spermatogenous cells early in gametophyte
development.

Mago nashi is part of the exon junction complex, which
is deposited onto pre-mRNA during splicing, 20–24
nucleotides upstream of exon–exon junctions, in a
sequence-independent fashion (LeHir et al. 2000, 2001a,
b; Kataoka et al. 2001; Kim et al. 2001; Shibuya et al.
2004; Tange et al. 2004). The EJC is attached to the mRNA
by an RNA helicase, eIF4AIII (Andersen et al. 2006).
Mago nashi, with its binding partner Y14 (Lau et al. 2003),
inhibits the ATPase activity of eIF4AIII, which keeps it
locked onto the mRNA (Ballut et al. 2005). Mago nashi,
Y14, and eIF4AIII are three proteins of the heterotetramer
that make up the EJC core while the other components of
the EJC are transiently associated with it (Palacios et al.
2004; Shibuya et al. 2004; Bono et al. 2004; Tange et al.
2005). We have isolated cDNAs that encode Mv-Y14 and
Mv-eIF4AIII from our cDNA library, and we have found
that they play important roles in basal body formation and
nuclear remodeling in M. vestita spermatids.

As part of the EJC, mago nashi protein is found in the
nucleus (Micklem et al. 1997; Newmark et al. 1997), where
it can be localized in nuclear speckles (Degot et al. 2004),
which are interchromatin regions enriched in pre-mRNA
and splicing proteins (Lamond and Spector 2003; Spector
and Lamond 2011). Depending on the proteins that
associate with the core complex, the EJC can play a role
in nuclear mRNA export (Luo and Reed 1999; Zhou et al.
2000; LeHir et al. 2001b), transcript quality control via the
nonsense-mediated degradation pathway (Gehring et al.
2003; Tange et al. 2004), and translational enhancement
(Wiegand et al. 2003; Nott et al. 2004). The axis formation
and patterned movements of transcripts and proteins have
been linked to mago function, but the precise signals that
trigger the movement of mRNA or RNA binding proteins
are unknown. Mago nashi mutant oocytes in Drosophila
develop a symmetric microtubule cytoskeleton (Micklem et
al. 1997), and it is likely that interactions between mago
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protein and cytoskeletal elements underlie many spatial
determination events linked to mago function (Palacios and
St. Johnston 2002).

We have found that the RNAi-induced silencing of
Mv-mago affects the division patterns in the developing
gametophyte and subsequently allows centrin translation in
both sterile and spermatogenous cells of the gametophyte.
Remarkably, the newly translated centrin protein aggregat-
ed into blepharoplast-like particles in both spermatogenous
and jacket cells (van der Weele et al.et al. 2007). In these
gametophytes, the normally asymmetric divisions that
produce sterile jacket cells in the gametophyte became
more symmetric, and the specification of segregated sterile
and spermatogenous cells was lost. Since similar shifts of
division planes are observed and similar patterns of centrin
translation occurred with the silencing of the other core
components of the EJC, Y14, or EiF4AIII, it seems clear
that the EJC plays a key regulatory role in cell fate
determination in the gametophyte.

Immunolabeling showed the distribution of Mv-Mago
protein as punctae in the cytoplasm of spermatogenous and
sterile cells of the developing gametophytes (van der Weele
et al. 2007). We called these cytoplasmic punctae
“mago-dots” to distinguish them from nuclear speckles.
The silencing of Mago nashi, Y14, or Eif4AIII all resulted
in the disappearance of mago dots, thereby suggesting that
these dots are sites of EJC activity or are affected by EJC
activity. In the absence of Mv-mago, cell specification fails
to occur in the gametophyte, which led us to conclude that
it may possibly act as a negative regulator for blepharoplast
formation or, alternatively, that it affects other components
that are essential for the aggregation of centrin protein into
the blepharoplast particle. We do not know yet if Mv-mago
and the other EJC components are functioning in the
cytoplasmic splicing of transcripts.

Spermidine and cell fate determination
in the gametophyte

It next became obvious to focus on how the transcripts are
stored in the spore and then on how they are released from
storage so that they can be translated. Earlier, we found that
transcripts encoding PRP-19 and eIF4AIII appeared in in
situ hybridization assays as intense granules of labeling in
the cytoplasm of spermatogenous cells of the gametophyte,
as the last of the division cycles was completed (Tsai et al.
2004). In seemingly unrelated experiments, a random
screen of our cDNA library revealed the presence of a
cDNA encoding spermidine synthase (SPDS), a key
enzyme involved in the production of the polyamine
spermidine. We suspected that spermidine might play an
important role in mediating the developmental progression

in the gametophyte since its activating properties are so
widespread throughout the living realm (Tabor and Tabor
1984; Yatin 2002; Kaur-Sawhney et al. 2003); so, we
assessed the distribution patterns of SPDS and spermidine
in the gametophyte (Deeb et al. 2010). In situ hybridizations
revealed that transcripts encoding SPDS became distributed
in the peripheral cytoplasm of the spore shortly after
hydration and that the abundance of spermidine in the jacket
cells rose dramatically as the spermatogenous cells continued
to undergo their last four division cycles. In situ hybrid-
izations revealed the sudden appearance of SPDS transcripts
in the spermatids after about 4.5 h of development, which
also became detectable even if the cells had been treated with
α-amanitin. Thus, the SPDS transcripts were already present
in the cells, and when they were not detectable by in situ
hybridization they were most likely sequestered as masked
mRNAs. The appearance of SPDS transcripts was strikingly
similar to the appearance of mRNAs encoding PRP-19 and
eIF4AIII. Following the rise in transcript abundance in the
spermatids, we saw an increase in spermidine levels in these
newly formed spermatids.

Changes in the abundance and distribution of spermidine
appear to be linked to the temporal and spatial patterns of
translation of centrin, α-tubulin, and other components
necessary for basal body formation and cytoskeletal
assembly (Deeb et al. 2010). Spermidine is also clearly
involved in nuclear remodeling later in gametogenesis
(Bode et al. 1977; Shin et al. 2007). Soon after we can
detect SPDS mRNA in sites where jacket cells will form,
we can detect spermidine in the newly formed jacket cells;
so, the enzyme is active. At this point in development, we
can detect no spermidine in the spermatogenous cells.
When the division cycles are completed and the spermatids
have formed, immunolocalizations reveal that spermidine
begins to accumulate in the spermatids, and it is apparently
transported there from the jacket cells. We then see the
emergence of a strong in situ hybridization signal for SPDS
mRNA in the spermatids. SPDS is translated in the
spermatids later than centrin and its increase in abundance
is followed by a substantial increase in spermidine in the
developing spermatids. If SPDS is silenced, basal body
assembly is anomalous and the MLS fails to form properly.
The inhibition of SPDS activity by treatment of game-
tophytes with cyclohexylamine results in a block to nuclear
elongation and nuclei remain ovoid. Neither blepharoplasts
nor basal bodies form in the gametophyte. Clearly,
spermidine plays several important roles in gametogenesis
in M. vestita and some of these roles involve the assembly
of macromolecular complexes.

We think that it is important that the early production of
spermidine occurs in the sterile jacket cells, about the time
they are separated from the spermatogenous cells. This
creates two distinctly different environments: one relatively

468 S.M. Wolniak et al.



rich in spermidine and one poor in spermidine. Normally,
centrin translation occurs only in a spermidine-poor
environment. We observe centrin translation in all cells if
we block cell divisions or if we disrupt the cytoskeleton.
Under these conditions, centrin does not aggregate into
blepharoplasts. Is centrin aggregation into the blepharoplast
controlled by spermidine? Spermidine enters the spermatids
as the blepharoplast forms and spermidine levels continue
to rise as the basal bodies are assembled and as they
separate from each other. Does spermidine induce blepha-
roplast maturation and basal body assembly? We know that
spermidine is essential for chromatin condensation and
remodeling in the elongating spermatid nucleus (Deeb et al.
2010). Does spermidine affect MLS assembly and the
elongation of the microtubule ribbon, which in turn affects
nuclear elongation?

The EJC controls the patterns of centrin translation: in
normal gametophytes, centrin is made in the spermatoge-
nous cells, but not in the jacket cells. The silencing of
Mv-mago results in centrin translation in all cells, with
aggregation of centrin into blepharoplast-like particles.
Under normal growth conditions, does spermidine inhibit
centrin translation in the jacket cells of normal gameto-
phytes by affecting the EJC? Later in development, the
presence of spermidine in the spermatids is followed by the
rapid appearance of SPDS mRNAs, which were already
present in the cells but apparently packaged in a complex
inaccessible to our in situ probes or to the translational
machinery. What is the relationship between spermidine
and the formation of mago-dots?

Is spermidine essential for the unpacking of stored
transcripts in spermatids or is the action of the polyamine
restricted to the unmasking of SPDS mRNAs? We tested
this idea experimentally by adding spermidine and other
polyamines to populations of spores, and we found that a
variety of masked transcripts rapidly become detectable by
in situ hybridization (Deeb et al. 2010). We think that it is
important to point out that, under conditions of polyamine
addition where these transcripts become (precociously)
detectable, development is arrested. This is exactly what
would be expected in a complex developmental program
where there is precise temporal and spatial control over the
release of masked mRNAs, and their availability for
processing and subsequent translation controls the rates of
cellular morphogenesis.

Conclusions and future perspectives

The endosporic gametophyte of the water fern, M. vestita,
provides a unique opportunity to study the mechanisms that
control cell fate determination in a rapidly developing
system. This gametophyte utilizes nine successive cell

division cycles in precise planes within a closed volume
to produce seven sterile cells and 32 spermatids. There is no
cell movement in the gametophyte, so cell position, cell
size, and cell composition act collectively within the spore
wall to define cell fate. After the division cycles are
completed, the spermatids are sites for the de novo
formation of basal bodies, for the assembly of a complex
cytoskeleton, for nuclear and cell elongation, and for
ciliogenesis. The spermatids differentiate into multiciliated,
corkscrew-shaped gametes that resemble no other cells in
the entire plant. The process reaches completion in less than
11 h and is controlled post-transcriptionally; the stored
transcripts are released in the cytoplasm and become
detectable at different times by in situ hybridization
analysis. The silencing of specific mRNAs in the gameto-
phyte blocks development at specific stages, revealing that
the translation of these proteins at particular times is
essential for development to proceed. Since the distribu-
tions of mRNAs and the proteins they encode are not
identical in the gametophyte, it is clear that transcript
processing is important in allowing translation to occur
under strict temporal and spatial control. At least some of
the transcripts appear to be modified before they are
translated. Transcript polyadenylation occurs in the sper-
matogenous cells, and it appears to be under the control of a
cytoplasmic PAP. It is clear that the EJC plays key roles in
transcript processing, which is essential for the translation
of proteins necessary for spermatozoid maturation, and it
may be involved in the regulation of splicing of these
masked mRNAs. The rapid burst of development in the
endosporic gametophyte of M. vestita is controlled post-
transcriptionally, but even under conditions where there is
no cell movement the mechanisms that mediate develop-
mental progression are multifaceted and functioning under
strict spatial and temporal controls.
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