
www.manaraa.com

Mouse oocytes within germ cell cysts and primordial
follicles contain a Balbiani body
Melissa E. Pepling*†, James E. Wilhelm‡, Ashley L. O’Hara*, Grant W. Gephardt*, and Allan C. Spradling†‡

*Department of Biology, Syracuse University, Syracuse, NY 13244; and ‡Department of Embryology/Howard Hughes Medical Institute, Carnegie Institution
of Washington, Baltimore, MD 21210

Contributed by Allan C. Spradling, November 8, 2006 (sent for review October 7, 2006)

The Balbiani body or mitochondrial cloud is a large distinctive
organelle aggregate found in developing oocytes of many species,
but its presence in the mouse has been controversial. Using
confocal and electron microscopy, we report that a Balbiani body
does arise in mouse neonatal germline cysts and oocytes of
primordial follicles but disperses as follicles begin to grow. The
mouse Balbiani body contains a core of Golgi elements surrounded
by mitochondria and associated endoplasmic reticulum. Because of
their stage specificity and perinuclear rather than spherical distri-
bution, these clustered Balbiani body mitochondria may have been
missed previously. The Balbiani body also contains Trailer hitch, a
widely conserved member of a protein complex that associates
with endoplasmic reticulum/Golgi-like vesicles and transports spe-
cific RNAs during Drosophila oogenesis. Our results provide evi-
dence that mouse oocytes develop using molecular and develop-
mental mechanisms widely conserved throughout the animal
kingdom.

germ plasm � gamete biology � oocyte development � ovary � oogenesis

Whether eggs and embryos of diverse species initiate de-
velopment by highly divergent or basically similar path-

ways remains a key unresolved issue. One of the strongest
arguments for divergent pathways has been the differing origins
of germ cells in organisms such as flies, nematodes, and frogs
that contain a definitive germ plasm and organisms such as mice
and newts that do not (1). In Xenopus and Drosophila, germinal
granule components are produced early in oogenesis, associate
with a distinctive structure known as the Balbiani body, and are
subsequently transported and localized within the egg (2).
Shortly after fertilization, germinal granules are taken up by
primordial germ cells where they persist (at least in part) as
electron-dense particles called nuage. In contrast, none of these
processes are thought to take place in mouse oocytes or germ
cells. However, several nuage-containing structures have been
described in male mouse germ cells, including the chromatoid
body, chromatoid satellites, RNF17 granules, sponge bodies, and
spherical particles (3–7). The function of these nuage-containing
structures in male germ cells is unclear, in part because of the
lack of cytological markers to distinguish one nuage body from
another.

Molecular studies of germinal granules strongly implicate
them in the transport, storage, localization, stability, and regu-
lated utilization of mRNA (8). The Vasa DEAD box RNA
helicase is found in germ cells and nuage of diverse organisms
(9). Drosophila nuage contains Vasa, as well as Maelstrom,
Aubergine, and SpindleE, proteins implicated in RNAi (10).
Recently, transport particles used to assemble germinal granule
components have been characterized in Drosophila and shown to
contain conserved protein components, including me31B/
Deadsouth (a DEAD box RNA helicase and translational re-
pressor), Cup/4E-Transporter (4E-T, an eIF4E-binding pro-
tein), and Trailer hitch (11–13). These components also
associate with the endoplasmic reticulum (ER) (14). Before
localization within the egg, germinal granules associate with
mitochondria in the Balbiani body (15, 16). The chromatoid body

arises in spermatocytes also in conjunction with mitochondria
(4) and Golgi (17). The mouse chromatoid body contains the
me31B homolog, Ddx25, which is essential for male fertility and
has been implicated in translational regulation (18). Other
components of the chromatoid body include Vasa and Tudor
proteins (19, 20)

The Balbiani body or mitochondrial cloud is a collection of
organelles asymmetrically located adjacent to the nucleus in very
young oocytes of diverse species (21–23). Balbiani bodies con-
tain mitochondria, ER, and granulofibrillar material (GFM)
organized in a characteristic manner. Although Balbiani body
mitochondria often aggregate in a cloud around the Golgi, in
some species, they extend throughout the perinuclear cytoplasm.
The Balbiani body GFM morphologically resembles germinal
granule precursors. A connection to germinal granules has been
proven in Xenopus, where GFM has been shown to contain
germinal granule proteins and RNAs that are incorporated into
germ cells (15, 16, 24, 25). Likewise in Drosophila, a key
component of the germinal granules, oskar RNA, associates with
the newly formed Balbiani body (26).

Mouse oocytes have been thought to be exceptional in lacking
a Balbiani body (1, 2). Early researchers reported that fetal and
neonatal mouse oocytes contain a perinuclear Golgi body con-
sisting of small vesicles similar to a Balbiani body (27, 28).
However, subsequent studies failed to confirm these observa-
tions, and it is now widely accepted that mouse oocytes lack such
mitochondrial aggregates (1, 2). This situation is surprising,
because Balbiani bodies have been found in marsupials (29) and
many mammalian species including goat (21), rat (30, 31),
hamster (32), and humans (33–35), although the function of
mammalian Balbiani bodies is unknown.

The lack of a Balbiani body in mouse oocytes is also hard to
understand in light of similarities in the cellular events that
precede Balbiani body formation in Drosophila, Xenopus, and
mouse oogenesis. In both Xenopus and Drosophila, the Balbiani
body arises within interconnected germline cysts by the con-
trolled assembly of organelles and germinal granule components
at the time of follicle formation (26, 36). Female mouse germ
cells also generate cysts after reaching the genital ridge (37). As
the cysts break down around the time of birth, approximately
one-third become surrounded by somatic pregranulosa cells to
form primordial follicles (38). At this time, mitochondria orga-
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nize into aggregates that resemble the mitochondrial preclouds
that form the Xenopus Balbiani body (38).

Consequently, we have reinvestigated the question of whether
early mouse oocytes contain a Balbiani body by using cytological
and molecular tools. We now report that female mouse germ
cells do contain a Balbiani body similar to those in other
mammalian and nonmammalian species. It consists of mitochon-
dria and ER surrounding a distinctive Golgi aggregate. The
mouse Balbiani body forms from previously described mitochon-
drial aggregates just before primordial follicle formation and
persists briefly in young primordial follicles. In growing follicles,
mitochondria and ER disperse, and a well defined Balbiani body
is no longer found. We also present evidence that the molecular
composition of the mouse Balbiani body resembles that of other
species. In particular, it contains the mouse Trailer hitch protein,
a conserved component of the Balbiani body and oocyte trans-
port complexes in Drosophila and other organisms. Our studies
support the view that mouse oocytes are not exceptional and
develop using mechanisms that have been widely conserved in
invertebrates and other vertebrate groups.

Results
Identification of a Murine Balbiani Body. To look for a mouse
Balbiani body, we focused on cyst-stage germ cells and on newly

forming primordial follicles, the stages where Balbiani bodies
can first be observed in Drosophila and Xenopus ovaries (23).
Using electron microscopy, we observed that Golgi stacks are
arranged in a distinctive circular manner in young mouse oocytes
(Fig. 1 A–D). Masses of mitochondria and closely associated ER
either surround these Golgi stacks (Fig. 1 A) or extend from it
around the perinuclear region (Fig. 1B). Despite the limited
amount of cytoplasm present in these oocytes, mitochondrial
organization was nonrandom, with a strong preference for a
perinuclear vs. a periplasma membrane position. Moreover,
these mitochondria showed additional evidence of organization
as many associate distinctively with thin sheets of ER during this
time (38).

Thus, a Balbiani body similar in general structure to those
described in other species is present in young mouse oocytes.
Oocyte organelles first become organized into a discrete Balbi-
ani body on about postnatal day (PND)1, both in oocytes that
still remain in cysts and in oocytes that have already assembled
into primordial follicles (Fig. 1 B and C). Darkly staining
material is sometimes observed associated with mitochondria
and resembles descriptions of nuage (Fig. 1E, arrow). This classic
arrangement does not persist indefinitely, however. As follicles
begin to grow, the mitochondria and ER disperse and become
evenly distributed throughout the cytoplasm (Fig. 1F).

Golgi and Mitochondria Associate with the Balbiani Body. We used
antibodies specific for its component organelles to further
characterize the mouse Balbiani body. Because Golgi cisternae
lie near its center, we used an antibody against the Golgi
localized protein, GM130, to analyze the distribution of Golgi
both within the Balbiani body and throughout the oocyte
cytoplasm at the level of confocal microscopy. These experi-
ments strongly supported our conclusions based on electron
microscopy (Fig. 2). GM130 staining was largely confined to a
semicircular perinuclear structure in the oocytes of newly
formed follicles (Fig. 2 A) whose size, distinctive shape, and
intracellular location corresponded to the Golgi portion of the
Balbiani body (compare Fig. 2 C and D). Little or no GM130
reactivity was observed elsewhere in the cytoplasm at these
stages. Antibodies to the mouse Vasa protein (39) stained the

Fig. 1. Electron micrographs of oocytes in neonatal ovaries. (A) Micrograph
of an oocyte within a germline cyst from PND1 showing a well defined Balbiani
body (arrow) with Golgi surrounded by mitochondria. (B) Micrograph of two
oocytes from PND3 (top oocyte in a newly formed primordial follicle and
bottom oocyte still within a germline cyst) with Balbiani bodies (arrows). (C)
Micrograph of an oocyte within a primordial follicle at PND7 again showing
a Balbiani body (arrow). (D) Higher-power view of Golgi from oocyte in C
showing stacks of vesicles arranged in a circular structure. (E) Highly magnified
image of mitochondria and associated ER with darkly stained potential nuage.
(F) Oocyte with in primary follicle with mitochondria and ER evenly distributed
throughout the cytoplasm. BB, Balbiani body; M, mitochondria; n, nucleus;
Nu, nuage. (Scale bars: A–C, F, 5 �m; D, 1 �m; E, 0.5 �m.)

Fig. 2. Balbiani body-associated Golgi vesicles in neonatal ovaries. (A–C)
Confocal section of a PND1 oocyte labeled with a Golgi marker, GM130 (green)
(A); Vasa, an oocyte marker (red) (B); and overlay (C) showing ring arrange-
ment of Golgi (arrow). (D) Electron micrograph of Golgi at PND2 showing
similar ring arrangement of Golgi (arrow). (Scale bar: 5 �m.)
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Golgi region at slightly lower levels than throughout the remain-
der of the cytoplasm (Fig. 2B)

In electron micrographs, mitochondria lie at the periphery of
the Balbiani body, surrounding the Golgi core or extending from
it around the nucleus. To further study mitochondrial organi-
zation, we labeled neonatal mouse ovaries for the mitochondrial
protein cytochrome c and examined them using confocal mi-
croscopy. Labeled mitochondria were distributed in clusters in
the cytoplasm of oocytes still in cysts and in some newly formed
primordial follicles (Fig. 3 A–C). Usually, the Golgi stack would
lie at the center, with sheet-like aggregates of mitochondria
extending away from it within the perinuclear cytoplasm. Strik-
ingly, the mitochondria are excluded from the Golgi-rich region
of the Balbiani body, so this region appears as a gap in the
mitochondria aggregate. As expected from electron micro-
graphs, in growing follicles mitochondria are evenly distributed
throughout the cytoplasm (Fig. 3 D–F).

Identification of an Antibody That Recognizes Trailer Hitch. The
presence of a Balbiani body in diverse species of young oocytes
suggests that it is associated with a conserved function. The
strongest candidate for such a role is in the transport and
localization of organelles and RNAs within oocytes (23). Con-
sequently, we examined whether conserved proteins known to
function in these processes within oocytes of other species are
present in the mouse Balbiani body. Recently, specific ribonu-
cleoprotein (RNP) complexes have been characterized that are
required to transport and localize oskar RNA, the key germinal
granule component in Drosophila (11–13, 40). One component
of these complexes is Trailer hitch (11, 14, 40), which is thought
to directly interact with other components of the RNP complex,
including Me31B and Cup. The trailer hitch (tral) gene is highly
conserved in eukaryotes with the highest homology in two
regions, the Sm and FDF domains (Fig. 4A) (41, 42). Sm domains
are found in proteins involved in RNA metabolism such as
splicing (43). FDF domains are found in a family of proteins
involved in regulation of mRNA decay (42).

In addition to its role in oocytes, Trailer hitch is likely to be
involved in RNA localization in other cells types and for general
cellular functions such as ER exit-site formation, which is
postulated to involve RNA localization (14, 44, 45). The mouse
genome contains a single trailer hitch gene, but its function has
not yet been characterized (46). However, the human Trailer
hitch protein, RAP55, localizes to processing bodies (P bodies)

(47). P bodies are cytoplasmic structures involved in mRNA
degradation that have been described in both yeast and human
cells (48–50). siRNA knockdown of RAP55 results in the loss of
P bodies and suggests that RAP55 plays a role in mRNA
degradation by promoting assembly of P bodies or by delivering
mRNAs to P bodies (47). The mammalian homologue of cup,
4E-T, also localizes to P bodies and siRNA knockdown of 4E-T
results in loss of P bodies and decreases mRNA stability (51). In
addition, the mouse 4E-T, Clast4, is localized to the cytoplasm
of developing oocytes and may play a role in mRNA degradation
during female germ-cell development (52).

Drosophila and Mouse Tral proteins are 59% identical and
74% similar within in their N-terminal Sm-like domain (Fig. 4 A
and B). To develop a specific antibody that recognizes mouse
Trailer hitch, we investigated whether an antibody generated
against the Drosophila Tral Sm domain would recognize mouse
Tral (14). By Western blot, a band with a nominal molecular
weight of �60 kDa was detected in extracts prepared from
mouse ovaries and testes (Fig. 4C). This is slightly larger than the
predicted size of 50 kDa suggesting posttranslational modifica-
tion (46). We also tested an antibody generated against the
human Trailer hitch protein, RAP55 (47) and detected a band
of �60 kDa (Fig. 4D). We also expressed RAP55 in bacteria and
found that it was detected by using the Drosophila Tral antibody
(Fig. 4E). Thus, the Drosophila Tral antibody recognizes mam-
malian Tral protein.

Trailer Hitch Protein Is Associated with the Drosophila Balbiani Body.
We first examined whether Tral protein is enriched in the
Drosophila Balbiani body. Using immunofluorescence and con-

Fig. 3. Mitochondria in neonatal oocytes. (A–C) Confocal section of PND3
oocytes becoming assembled into primordial follicles labeled with an anti-
body against cytochrome c (green) to visualize mitochondria (A), Vasa (red) to
visualize oocytes (B), and overlay (C) showing Balbiani body-associated mito-
chondria (arrow). (D–F) Confocal section of a PND4 oocyte within a growing
primary follicle labeled with an antibody against cytochrome c (green) to
visualize mitochondria (D), Vasa (red) to visualize oocyte (E), and overlay (F)
showing mitochondria evenly distributed in the oocyte cytoplasm. (Scale bars:
A–C, 5 �m; D–F, 10 �m.)

Fig. 4. Conservation of the Balbiani body-associated protein, Tral. (A)
Schematic representation of Drosophila and mouse Trailer hitch proteins
showing the conserved Sm-like and FDF domains. (B) Comparison of amino
acid sequence of the Sm-like domain from Drosophila and mouse. (C) Western
blotting analysis using an antibody raised against Drosophila Trailer hitch.
Mouse tissue extracts from 13.5 dpc, PND1, PND4, and PND42 ovaries and
testes were probed with the Drosophila Tral antibody. An �60-kDa band was
detected in all samples. Blots were reprobed with GAPDH (38 kDa) as a loading
control. (D) Western blotting analysis of mouse tissue extracts from 9 dpc (F9),
PND1 (P1), PND4 (P4), and adult (A) animals using an antibody raised against
human RAP55. A band of �60 kDa was detected in all samples. Blots were
reprobed with GAPDH (38 kDa) as a loading control. (E) Western blotting
analysis of bacterially expressed RAP55. Extracts from bacteria with control
pGEX4 plasmid (vector) or a plasmid expressing RAP55 were probed with
Drosophila Trailer hitch antibody.

Pepling et al. PNAS � January 2, 2007 � vol. 104 � no. 1 � 189

D
EV

EL
O

PM
EN

TA
L

BI
O

LO
G

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
31

, 2
02

1 



www.manaraa.com

focal microscopy, we observed that the anti-Tral antibody labels
organelle clusters in late Drosophila cysts and the large anterior
Balbiani body that is present in newly forming follicles [support-
ing information (SI) Fig. 6 A–C]. Trailer hitch protein distribu-
tion becomes perinuclear and on the nuclear envelope in the
nurse cells throughout oogenesis and is localized within the
oocyte to the posterior pole (SI Fig. 6 D–F).

Trailer Hitch Protein Is Associated with the Mouse Balbiani Body but
Not the Chromatoid Body. The expression and localization of Tral
during the early stages of mouse oogenesis were very similar to
its expression in Drosophila ovaries. Using whole-mount immu-
nocytochemistry in developing embryonic and neonatal gonads,
Tral was not detected at 13.5 days postcoitum (dpc) (data not
shown). However, it is detected at 14.5 dpc in developing ovaries
(Fig. 5A). At this time, there is a low level of Tral in all cells of
ovaries, but expression appears stronger in the germ cells. Tral
becomes progressively stronger in the cytoplasm of oocytes over
the next several days, whereas expression in somatic cells be-
comes weaker (Fig. 5B). In addition, Tral is highly enriched in
a circular structure in the cytoplasm reminiscent of the Golgi. To
verify that Tral is localized in mouse oocytes within the Balbiani
body-associated Golgi, we double-labeled ovaries with antibod-
ies specific for GM130 and Tral. PND1 ovaries were exposed to
both GM130 and Tral antibodies, and GM130 and Tral were
detected in the same circular structure (Fig. 5C). To confirm that
the antibody generated against Drosophila Trailer hitch recog-
nized the mouse Tral protein, PND1 ovaries were labeled with
the Drosophila Trailer hitch antibody and an antibody generated
against the human Trailer hitch protein (RAP55). As shown in
Fig. 5D, these two antibodies colocalize to the Balbiani body.
Thus, the mouse Balbiani body contains Trailer hitch, a com-

ponent of a conserved complex that is involved in regulating
RNAs in multiple species.

We previously observed nuage-like structures within the Bal-
biani body of young mouse oocytes in electron micrographs.
Nuage has been best characterized during mouse development in
spermatocytes and developing spermatids, where it is found in
the chromatoid body (6). Consequently, we stained mouse
seminiferous tubules with anti-Tral antibodies and examined
them using confocal microscopy. Strong specific labeling of a
perinuclear body morphologically similar to the chromatoid
body was observed in pachytene spermatocytes and round
spermatids (Fig. 5E). This labeling appeared similar to labeling
with an antibody to Vasa and Tudor, mouse proteins previously
found to be localized to the mouse chromatoid body (19, 20).
However, double labeling of seminiferous tubules with antibod-
ies against these proteins showed they do not overlap (Fig. 5E).
Several other nuage-containing structures have been described
in male germ cells, but a cytological marker exists for only one
of these, the RNF17 granule (5). Therefore, we also tested for
localization of Tral to the nuage-containing RNF17 granule, but
Tral protein did not label this granule either (data not shown).
Thus, the mouse Tral protein is not a component of the
nuage-containing chromatoid body or the RNF17 granule. Tral
protein may be a component of another nuage-containing body
in male germ cells, but lack of cytological markers for these
structures makes addressing this difficult.

Discussion
Oocytes from Diverse Species Contain a Balbiani Body. The Balbiani
body was first found in spider eggs by von Wittich in 1845 and
was subsequently studied in depth by Balbiani in spiders and
centipedes (53, 54). The Balbiani body has been described in
oocytes of many invertebrate and vertebrate species as a collec-
tion of organelles located near the nucleus in germ cells (22). In
Xenopus, a special region of the Balbiani body called the message
transport organizer (METRO) contains germinal plasm (55).
This METRO region functions as a vehicle for transport of
germinal plasm and RNAs to the vegetal pole of the oocyte (25).
Organelles such as mitochondria also move from the Balbiani
body to the vegetal pole, where some will enter germ cells.

Studies in Drosophila demonstrated a connection between
germ-line cysts and Balbiani body formation (26). The Balbiani
body forms at least in part by the concerted movement of
organelles into the oocyte from adjacent germ cells. Germ-line
cysts are conserved throughout the animal kingdom, and fre-
quently only a fraction of their germ cells become primordial
follicles (56). This might allow the oocyte to initiate oogenesis
with more or better-quality organelles. In mice, �33% of cyst
cells form follicles, with the remainder undergoing programmed
cell death at the time of primordial follicle formation (38). It has
been postulated that a major function of cysts could be to
separate mitochondria with functional and damaged genomes
into cells programmed to survive or die, respectively (38). All 16
cells within Xenopus female germ-line cysts are believed to form
follicles (23), but some may undergo atresia before maturation.

Young Mouse Oocytes Contain a Balbiani Body. Our experiments
show that young mouse oocytes contain a Balbiani body that is
generally similar in its morphology and molecular structure to
those of Drosophila, Xenopus, and many other species. As in
other organisms, the mouse Balbiani body arises in newly formed
primordial follicles but disperses in later oocytes. It temporarily
houses most oocyte organelles, with Golgi elements occupying a
central position, whereas ER and mitochondrial aggregates
reside in a more peripheral location. In Drosophila and Xenopus,
mitochondrial clouds that act as precursors to the Balbiani body
form earlier, when germ cells reside in cysts of cells intercon-
nected by ring canals. Mitochondrial aggregates were observed

Fig. 5. Expression of Tral protein in the Balbiani body of developing mouse
ovaries and in adult testes. Immunofluorescence of single confocal ovary
sections at 14.5 dpc (A) and at PND3 (B) labeled with an antibody against the
Drosophila Tral protein (green) and propidium iodide (red) to visualize nuclei.
(C) Immunofluorescence of a single confocal section showing coexpression of
Trailer hitch protein (red) and Golgi marker GM130 (green) in developing
ovaries at PND1. (D) Codetection of mouse Tral protein by antibodies gener-
ated against Drosophila Tral (red) and human RAP55 (green) in the mouse
ovary at PND1. (E) Single confocal section through an adult mouse seminif-
erous tubule labeled with an antibody against the Drosophila Tral protein
(green) and Vasa (red) showing that the Tral-rich body (arrows) is distinct from
the chromatoid body (arrowheads). (Scale bars: A–C, E, 5 �m; D, 10 �m.)
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in mouse germ-cell cysts before their breakdown (38). Our
studies suggest that these aggregates act as precursors to the
mouse Balbiani body, as they do in Xenopus. Thus, not only
Balbiani body structure, but also its process of formation is at
least generally similar in Drosophila, Xenopus, and mouse.

Differences in developmental timing, accessibility, persis-
tence, and relative size probably explain why some investigators
previously did not detect a Balbiani body in mouse oocytes. In
many species, including Drosophila, the aggregated mitochon-
dria that make up the most visible component of the Balbiani
body do not remain for long in a spherical mass but instead
spread around the perinuclear cytoplasm (26). Other species,
including humans, show similar behavior (35, 57). Once they
have spread in this manner, it is more difficult to see that they
are specifically clustered, because of the relatively small amount
of free cytoplasm in young oocytes. There is also considerable
variation in the amount of time that oocytes in different species
spend at the early stages when Balbiani bodies are present. They
spend less time in these stages in Drosophila and mice than in
Xenopus, where many studies of the Balbiani body have been
reported. Nonetheless, the presence of true mitochondrial ag-
gregates and their characteristic association with the central
Golgi region were clear in our electron and confocal analyses.

We observed some GFM-like structures in electron micro-
graphs of mouse Balbiani bodies, but they were not highly
abundant. Because mouse oocytes lack detectable germinal
granules (1), our studies show there is not a simple correspon-
dence between the presence of Balbiani bodies in an organism’s
young oocytes and the localized germinal granules in mature
eggs. This is not surprising in light of the fact that oocytes from
many other mammals have been shown previously to form
Balbiani bodies. Rather, it points to a general and possibly
universal role for Balbiani bodies in the young oocyte.

Balbiani Bodies Are Associated with Trailer Hitch, a Protein Involved
in RNA Metabolism. Our identification of Trailer hitch as a
Balbiani body constituent strongly supports the view that this
structure is related to universal molecular mechanisms of RNA
metabolism that may be present in most or all cells. The yeast
homologue of mTral, Scd6, was identified as a high-copy sup-
pressor of a deletion of the clathrin heavy-chain locus, suggesting
it may play a role in the secretory pathway (58). RNAi of the
Caenorhabditis elegans Trailer hitch homologue, CAR-1, results
in increased germ cell death in hermaphrodites as well as
cytokinesis defects and lethality of embryos (41). In Drosophila,
P element insertions in tral result in female sterility (14). These
mutants are defective in the secretion of Gurken, which is
required for proper dorsal ventral patterning of the embryo. Null
alleles of tral have not yet been described in Drosophila.

Previously, the Drosophila Tral protein was shown to be part
of an RNP complex involved in mRNA localization and trans-
lational regulation in Drosophila oogenesis (40). This complex
consists of at least six other proteins, including Me31B (DEAD
box helicase), Orb [Cytoplasmic Polyadenylation Element Bind-
ing Protein (CPEB)], Yps (Y-box), eIF4E, cup (eIF4E binding),
and Exuperentia (11, 40). Complexes containing at least a subset
of these proteins exist in C. elegans (41) and Xenopus (59). In C.
elegans, CAR-1 localizes to the P granules along with CHG-1, the
Me31B homologue (41).

P bodies are cytoplasmic structures involved in mRNA degra-
dation that have been described in both yeast and human cells
(48–50). In human cells, these P bodies, also called dcp1 bodies,
contain dcp1 and dcp2, proteins involved in decapping RNAs as
well as Sm domain-containing proteins (48). The P bodies also have
several components in common with the Drosophila RNP complex,
including Rck (Me31B homologue), CPEB, 4E-T (Cup homo-
logue), and RAP55 (Trailer hitch homologue) (47, 48, 50, 51).
Knockdown of 4E-T or RAP55 causes loss of P bodies, suggesting

a role for these proteins in P body assembly and in regulating
mRNA decay. In the Drosophila ovary, cup mutants also affect
RNP particle assembly of the mRNA localization complex (12).
The similarity of components in P bodies and the Drosophila
mRNA localization complex suggests these are related structures.
The human Trailer hitch protein, RAP55, is localized to P bodies
(47). In addition, chromatoid bodies and P bodies also exhibit
similarity in their molecular nature (51, 52, 60).

Balbiani Bodies, Oocyte Polarity, and Differences in Early Develop-
mental Regulation Between Invertebrate and Mammalian Embryos.
Drosophila and Xenopus oocytes are highly polar and contain
localized RNAs and other components that mediate the pat-
terning of the early embryo (61–63). Mammalian oocytes, in
contrast, are often viewed as completely symmetrical and non-
polar. Embryonic polarity is not thought to be established until
implantation (64), although this view has been challenged (65,
66). Our experiments show there is not a simple relationship
between the presence of a Balbiani body and egg polarity. As
proposed above, all oocytes that grow to a larger size than
normal cells may require large amounts of the machinery used
normally to move and store cytoplasmic constituents. Whether
this activity actually leads to the localization of patterning RNAs
or germ-cell determinants late in oogenesis may be determined
simply later and may vary from species to species. Thus, both
patterned and unpatterned eggs may be built using largely
conserved processes of organelle and RNA metabolism.

Materials and Methods
Mice. Ovaries from embryos and neonates and testes from adults
were obtained from wild-type CD-1 mice (Charles River Breed-
ing Laboratories, Wilmington, MA). The presence of a vaginal
plug the morning after mating was designated 0.5 dpc. Birth
occurred at 19.5 dpc and was designated PND1. All animal
experimentation was reviewed and approved by the Syracuse
University Institutional Animal Care and Use Committee.

Antibodies. To detect Vasa, an antibody raised against the mouse
Vasa protein was used at 1:500 (20) or an antibody raised against
the human Vasa protein was used at 1:100 (R&D Systems,
Minneapolis, MN). The Drosophila Trailer hitch antibody was
used at a dilution of 1:500 for whole-mount immunocytochem-
istry or 1:1,000 for Western blotting (14). GM130 antibody (BD
Biosciences, Franklin Lakes, NJ) was used to label Golgi at a
dilution of 1:100. Cytochrome c antibody (BD Biosciences) was
used to label mitochondria at a dilution of 1:250. GAPDH
antibody (EnCor Biotechnology, Gainesville, FL) was used at
1:2,000. The RAP55 antibody was used at 1:500 for whole-mount
immunocytochemistry or 1:1,000 for Western blotting and was a
gift of Donald Bloch (Massachusetts General Hospital, Boston,
MA) (47).

Immunohistochemistry. Whole ovaries from embryos and pups
and testes from adults of the wild-type CD-1 strain were
harvested, fixed, and stained as described (37, 67), except that
neonatal and adult ovaries were fixed overnight at 4°C. After
adult testes were fixed, they were sliced into small pieces before
incubation with antibody. Propidium iodide or Toto-3 (Molec-
ular Probes, Eugene, OR) was used to label nuclei. Drosophila
ovaries were dissected and stained as described (14). Samples
were imaged on a Zeiss (Oberkochen, Germany) Pascal Con-
focal microscope.

Western Blot Hybridization. Mouse gonads were homogenized in
Sample Buffer (2% SDS/10% glycerol/25 mM Tris, pH 6.8/
0.00005% bromophenol blue/0.025% mercaptoethanol) plus mini
complete protease inhibitor (Sigma, St. Louis, MO). PND1 and -4
ovaries were homogenized in 10 �l of sample buffer per ovary and
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PND1 and four testes in 20 �l per testis. Adult ovaries were
homogenized in 200 �l per ovary and adult testes in 800 �l per testis.
For each sample, 20 �l of solubilized protein extract was mixed with
1/10 vol of mercaptoethanol, heated to 95°C for 3 min, separated on
10% SDS–polyacrylamide gels, and electroblotted onto Immobilon
P membranes (Millipore, Billerica, MA). The blots were incubated
with a blocking solution containing 5% nonfat milk powder in
PBST (PBS/0.05% Tween 20) overnight at 4°C and incubated with
primary antibody in blocking solution for 1 h at room temperature.
After three washes in blocking solution, membranes were incubated
with horseradish peroxidase-conjugated secondary IgG (1:10,000)
in blocking solution at room temperature for 1 h, washed in PBST
three times, and signal-visualized by using the Supersignal kit
(Pierce, Rockford, IL) on films. Blots were reprobed for GAPDH
as a loading control.

A pGEX plasmid (Amersham Pharmacia, Uppsala, Sweden)
encoding amino acids 1–266 of RAP55 protein was obtained

(47), and RAP55 protein was produced in bacteria as a GST-
tagged fusion. Fusion proteins were prepared under denaturing
conditions according to the manufacturer’s instructions.

Electron Microscopy. Appropriately aged ovaries were dissected
and processed for transmission electron microscopy as described
(68). The samples were analyzed by using a Phillips (Eindhoven,
The Netherlands) Tecnai 12 microscope, and images were
recorded with a GATAN (Pleasanton, CA) multiscan CCD
camera in the digital micrograph program.
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