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Mitochondrially encoded large and small ribosomal RNAs (mtlrRNA
and mtsrRNA) are transported out of mitochondria to polar gran-
ules, the distinctive organelles of germ plasm in Drosophila. Re-
duction of the extramitochondrial mtlrRNA amount leads to the
failure of embryos to form the germ-line progenitors, or pole cells,
suggesting that mtlrRNA, along with mtsrRNA, functions on the
polar granules to specify the germ line. In this study, we provide
several lines of evidence showing that there are mitochondria-type
ribosomes on the polar granules during a short period before pole
cell formation. Our ultrastructural analysis reveals that these
ribosomes include both mitochondrial rRNAs and at least two
mitochondrial ribosomal proteins (S12 and L7yL12). Furthermore,
these ribosomes are integrated into well developed polysomes on
the surface of polar granules. We propose that translation depen-
dent on mitochondria-type ribosomes is an important mechanism
underlying germ-line formation.

How the germ line segregates from the soma is a century-old
issue in cell and developmental biology. In many animal

species, the factor required for germ-line establishment has been
postulated to be localized in a histologically distinct region in egg
cytoplasm, or germ plasm (1, 2). Ultrastructural studies have
shown that the germ plasm is basically composed of germinal
granules and mitochondria (1, 2). The germinal granules are
electron-dense structures, which act as a repository for the
factors required for germ-line formation. Although the primary
roles of the mitochondria are oxidative phosphorylation and
biosynthesis of many metabolites, it has now become evident that
they are also involved in germ-line formation.

In Drosophila, formation of the germ-line progenitors, or pole
cells, requires the function of mitochondrial ribosomal RNA in
germ plasm (3, 4). We have previously reported that mitochon-
drial large rRNA (mtlrRNA) and small rRNA (mtsrRNA) are
both transported from mitochondria to the germinal granules,
referred to as polar granules (5–7). This transportation occurs
during early embryogenesis, when mitochondria are tightly
associated with polar granules in germ plasm (6, 7), and it
depends on the function of the maternally acting gene, tudor,
which is known to be required for pole cell formation (8, 9).
Mitochondrial rRNAs remain on the polar granules until pole
cell formation and are no longer discernible on the granules
within pole cells. Reduction of the extra-mitochondrial mtlr-
RNA amount results in the failure to form pole cells (4), and
injection of mtlrRNA is able to induce pole cells in embryos
whose ability to form these cells has been abolished by UV
irradiation (3). These observations clearly show that the extra-
mitochondrial mtlrRNA on polar granules has an essential role
in pole cell formation, presumably cooperating with mtsrRNA.

Because both mtlrRNA and mtsrRNA are major components
of ribosomes within mitochondria, we speculated that these
rRNAs function to form ribosomes on the polar granules. Here,
we report that mtlrRNA and mtsrRNA are both localized in the
polysomes formed on the surface of polar granules during a short
period (embryonic stage 2) before pole cell formation. Further-
more, mitochondrial ribosomal proteins (S12 and L7yL12) are

enriched in the polysomes on the polar granules as well as in
mitochondria. In the polysomes around polar granules are
smaller ribosomes, of which size is almost identical to that of
mitochondrial ribosomes but is smaller than that of cytosolic
ones. We conclude that mitochondrial rRNAs form a mitochon-
drial type of ribosomes on polar granules, cooperating with
mitochondrial ribosomal proteins.

Materials and Methods
Tagging of Ribosomal Protein. We added the sequence encoding
enhanced green fluorescent protein (EGFP) to the C terminus
of S12 and L7yL12 as follows. S12 and L7yL12 cDNAs were
amplified from a cDNA library and an EST clone (GM03767),
respectively, by PCR by using pairs of primers 59-GGGGGTAC-
CCTCCGAGAGCATGAATTTTCTG-39 and 59-TGGCTCT-
TCTTGACGACGTGC-39 for S12 and 59-GGGGGTACCTAC-
CAATAAGATGCACATCACAC-39 (L7yL12 F) and 59-
TCGATCTCGATGATGGCGCC-39 for L7yL12. After
blunting and KpnI digestion, these cDNAs were cloned between
SmaI and KpnI sites in pBluescript, and the resulting DNAs were
digested again with KpnI and BamHI. A BamHI–NotI fragment
encoding EGFP was obtained from pEGFP-N1 (CLONTECH).
The KpnI–BamHI fragment encoding S12 or L7yL12 and the
BamHI–NotI fragment were cloned together between KpnI and
NotI sites in the upstream activation sequence (UASp) vector
(10) to generate the UASp-S12-EGFP or UASp-L7yL12-EGFP.
To add the hemagglutinin (HA) tag to the C terminus of
L7yL12, a cDNA was amplified by PCR using the L7yL12 F
primer and 59-CTAGGCGGCGGCGTAATCGGGCA-
CATCGTAGGGGTACTCGATCTCGATGATGGCGC-39
primer. This results in the addition of DNA encoding YPYD-
VPDYAAA amino acids (underlined) in frame to the DNA
encoding L7yL12 protein. After blunting and KpnI digestion,
these cDNAs were cloned between SmaI and KpnI sites in
pBluescript, and the resulting DNAs were digested again with
KpnI and BamHI. The KpnI–BamHI fragment encoding L7yL12
was cloned between KpnI and BamHI sites in UASp vector to
generate the UASp-L7yL12-HA.

Transformation. The UASp constructs were transformed into yw
f lies (11) and homozygous lines were established. Distribution of
the tagged proteins was examined in embryos and oocytes from
the females carrying the UASp construct and the nanos-
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Gal4:VP16 transgene, which can drive the expression of the
genes inserted downstream of the UASp in the female germ line
throughout oogenesis (10, 12). Control embryos were obtained
from the females carrying only UASp construct.

Antibody Against S12. A cDNA fragment encoding the full length
of S12 protein was amplified by PCR from a cDNA library using
59-GGGAATTCATGAATTTTCTGCGGCAATC C-39 and 59-
GGGAATTCCTATTGGCTCTTCTTGACGAC-39 as a pair of
primers and was subcloned into pMALc2 (New England Bio-
labs) and pProEX HTa (GIBCOyBRL). Recombinant MBP-S12
protein was purified on Amylose resin (New England Biolabs)
and was used as an antigen. Polyclonal rabbit antiserum was
generated by Takara Shuzo (Kyoto, Japan). Immune serum was
affinity purified using His-tagged S12 protein, which was purified
on Ni-NTA agarose (Qiagen). For immunohistochemical detec-
tion in embryos, affinity-purified anti-S12 antibody was diluted
1:300, and a biotinylated goat anti-rabbit IgG (1:400 dilution,
Vector Laboratories) was used as a second antibody. The signal
was enhanced by using the Vectastain Elite ABC-AP kit (Vector
Laboratories) and was then detected with 5-bromo-4-
chloroindolyl phosphateynitroblue tetrazolium substrates
(Boehringer Mannheim).

Immunohistochemistry at the Light Microscopic Level. Immunohis-
tochemical detection of the EGFP- and HA-tagged proteins in
embryos was carried out according to Kobayashi et al. (13). A
rabbit polyclonal anti-GFP antibody (CLONTECH) was diluted
1:300, and an Alexa 568-conjugated goat anti-rabbit IgG (1:1000
dilution, Molecular Probes) was used as a second antibody. A rat
monoclonal anti-HA antibody (3F10) (Boehringer Mannheim)
was diluted 1:300, and a biotinylated rabbit anti-Rat IgG (1:400
dilution, Vector Laboratories) was used as a second antibody.
The signal was enhanced by using the Vectastain Elite ABC kit
(Vector Laboratories) and was detected by using HistoMark
Orange (Kirkegaard & Perry Laboratories).

Electron Microscopy. Dechorionated wild-type (Oregon R) em-
bryos were fixed and embedded according to Amikura et al. (6).
The stages of the embryos were referred to according to
Campos-Ortega and Hartenstein (14), determined by the obser-
vation of the nuclei of embryos in thick sections stained by
toluidine blue. Ultrathin sections were stained by uranyl acetate
and lead citrate and observed under an electron microscope
(JEM-2000EXII, JEOL).

In Situ Hybridization at the Electron Microscopic Level. We per-
formed in situ hybridization at electron microscopic level ac-
cording to Kobayashi et al. (13).

Immunohistochemistry at the Electron Microscopic Level. Immuno-
histochemical detection at electron microscopic level was per-
formed as described (13). As the primary antibodies, we used a
rabbit polyclonal anti-GFP antibody (1:30 dilution) for S12-
EGFP and L7yL12-EGFP, a rat monoclonal anti-HA antibody
(1:20 dilution) for L7yL12-HA, and the rabbit polyclonal anti-
S12 antibody (1:150 dilution) for S12. Gold-conjugated antibod-
ies (15 nm, 1:50 dilution; British BioCel, Cardiff, U.K.) were
used as secondary antibodies.

Freeze Substitution. The samples for electron microscopy were
made by a freeze substitution method. Dechorionated embryos
were dipped in n-octane for 2 min. Then, the embryos were
dipped in 15% butanediol in PBT (phosphate-buffered saliney
0.1% Tween 20) for 10 min at 4°C for cryoprotection (15). The
embryos collected on a copper grid were rapidly frozen in liquid
propane at 2190°C. The embryos were stored in liquid nitrogen
until use. After freeze substitution (16), the embryos were

processed for electron microscopy according to Amikura et al.
(6). Diameters of ribosomes in areas within 200 nm from polar
granules, within mitochondria, in the anterior pole region and on
rough endoplasmic reticulum were measured in electron micro-
graphs at the magnification of 3288,000. The diameter of each
ribosome was calculated by averaging the size of the longer and
shorter axes.

Results and Discussion
Because both mtlrRNA and mtsrRNA are major components of
ribosomes within mitochondria, we speculated that these rRNAs
function to form ribosomes on the polar granules. This idea is
compatible with an early model that mRNAs encoding proteins
for pole cell formation are stored in polar granules and are
translated on the polysomes developed on the surface of these
granules (17–19). At stage 1 of embryogenesis, immediately after
oviposition, polysomes are rarely detectable on the polar gran-
ules, but their number gradually increases as the embryos
proceed to stage 2 (Fig. 1A) (17, 18). After pole cell formation
at stage 3, well developed polysomes are no longer discernible
(17, 18). Here, we present several lines of evidence showing that
polar-granule polysomes are composed of mitochondrial rRNAs
and mitochondrial ribosomal proteins.

To address the question whether mtlrRNA and mtsrRNA are
both components of the polar-granule polysomes, we examined
the distribution of these rRNAs in polar plasm of embryos in
stage 2 at the ultrastructural level by in situ hybridization. At
stage 2, signals of mtlrRNA and mtsrRNA were arranged
linearly on the polar-granule polysomes (Fig. 1 B and C); 86%
of mtlrRNA and 81% of mtsrRNA signals on polar granules
showed this type of distribution (total number of mtlrRNA and
mtsrRNA signals counted in a 40-mm2 area were 350 and 313,
respectively). In contrast, at stage 1, almost all signals of both
rRNAs did not show the linear arrangements from the surface
of the granules but localized at the boundaries between the
granules and mitochondria (6, 7). These ultrastructural data
show that mtlrRNA and mtsrRNA are both components of the
polar-granule polysomes at stage 2.

As the next step, we examined the distribution of S12 and
L7yL12, which are components of small and large subunits of
mitochondrial ribosomes, respectively (20, 21). These ribosomal
proteins were tagged by inserting sequences encoding an EGFP
and an immunologically detectable HA tag into the 59 end of
their ORFs. The fusion genes were transformed into Drosophila
and were expressed by using the Gal4yUASp system during
oogenesis. The tagged ribosomal proteins were deposited into
oocytes and then into embryos (data not shown).

Under light microscopy, the distribution of the EGFP-tagged
S12 protein (S12-EGFP) in the oocytes and embryos was de-
tected by EGFP fluorescence. In mature oocytes, S12-EGFP was
distributed evenly all over the oocytes in a punctate pattern (Fig.
2A). This distribution pattern represents S12-EGFP within mi-
tochondria (see Fig. 1D). Once these oocytes were fertilized and
oviposited, S12-EGFP began to be concentrated in polar plasm
(Fig. 2B). Posterior enrichment reached a maximum at stage 2
(Fig. 2 C and I) and became undetectable after pole cell
formation (Fig. 2D). We also examined the distribution of
endogenous S12 in oocytes and embryos by using an antibody
against S12. The distribution of endogenous S12 protein was
identical to that of S12-EGFP (Fig. 2L), indicating that addition
of the EGFP tag did not interfere with the distribution of
mitochondrial ribosomal proteins. We further examined the
distribution of EGFP- and HA-tagged L7yL12 protein (L7yL12-
EGFP and L7yL12-HA) in oocytes and embryos by using EGFP
fluorescence and antibodies against GFP and HA. The distri-
bution pattern of the tagged L7yL12 protein was indistinguish-
able from those of S12-EGFP and endogenous S12 (compare
Fig. 2 E–H, J, and K with Fig. 2 A–D, I, and L). Control
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experiments show that signals were never observed without
induction of S12-EGFP, L7yL12-EGFP, and L7yL12-HA by
Gal4 (Fig. 2 M–O).

The above observations show that at least two ribosomal
proteins, S12 and L7yL12, are enriched in polar plasm during a
short period from stage 1 to 2. Given that mitochondrial rRNAs
show an essentially identical distribution pattern to these mito-
chondrial ribosomal proteins under light microscopy, we spec-
ulated that these proteins are also components of the polysomes
on the surface of polar granules. To address this issue, we
examined the distribution of the tagged ribosomal proteins in
polar plasm of embryos in stage 2 at an ultrastructural level. Fig.
1 (D–F) clearly demonstrates that signals for proteins S12-
EGFP, L7yL12-EGFP, and L7yL12-HA were at the periphery of
polar granules, as well as within mitochondria. On the granules,
signals were arranged linearly from the surface of the granules
to cytosol (Fig. 1 D–F), as was the case for mitochondrial rRNAs
(Fig. 1 B and C). Endogenous S12 protein detected by the
anti-S12 antibody shows the identical distribution pattern to
these tagged ribosomal proteins (Fig. 1G). When we examined
the distribution of S12, S12-EGFP, L7yL12-EGFP, and L7yL12-
HA, 57–77% of total signals in a 40-mm2 area were arranged
linearly from polar granules (39–184 signals were counted).
Without inducing these tagged proteins, signals on polar gran-
ules and within mitochondria were not detected (Fig. 1H). Taken
together, our ultrastructural observations reveal that mitochon-
drial ribosomal protein, S12 and L7yL12, like mitochondrial
rRNAs, are components of the polysomes on the surface of polar
granules.

The above observations led to the idea that mitochondrial
ribosomal RNAs and proteins form mitochondria-type ribo-
somes on polar granules. To test this idea, we measured diam-
eters of ribosomes integrated into the polar-granule polysomes
in stage-2 embryos because mitochondrial ribosomes are smaller
than cytosolic ribosomes (23). Fig. 3 (C and G) demonstrates that
the polar-granule polysomes contained two types of ribosomes;
one was ca. 15 nm and the other was ca. 18 nm in diameter. The
larger size corresponds to that of ribosomes on rough endoplas-
mic reticulum and of polysomes in the anterior pole region of
embryos (Fig. 3E). In contrast, the smaller diameter was iden-
tical to that of ribosomes within mitochondria (Fig. 3 E and F).
These ultrastructural data demonstrate that the mitochondria-
type ribosomes are integrated into polar-granule polysomes in
stage-2 embryos.

The smaller ribosomes were undetectable around polar gran-
ules in polar plasm of mature oocytes (Fig. 3A). After fertiliza-
tion, they became detectable on the granules at stage 1 (Fig. 3B).
As the embryos proceeded to stage 2, the smaller ribosomes were
frequently observed in the polar-granule polysomes (Fig. 3C).
Once pole cell formation was completed, the smaller ribosomes
were no longer discernible on the granules in pole cells (Fig. 3D).
These observations are consistent with our ultrastructural data
that mitochondrial ribosomal RNAs and proteins are present on
polar granules during stages 1 and 2, but not before and after
these stages (Fig. 1 B–G) (6, 7).

Our results help to clarify the role of mitochondrial rRNAs in
pole cell formation. Several lines of evidence from our analyses
definitively support our conclusion that mitochondrial rRNAs
form mitochondria-type ribosomes on polar granules during a

Fig. 1. Presence of mitochondrial rRNAs and ribosomal proteins in the polar granule polysomes at stage 2. (A) An electron micrograph showing well developed
polysomes (arrow) on the surface of polar granules. (B and C) Electron micrographs of sections hybridized with probes for mtlrRNA (B) and mtsrRNA (C). Signals
were arranged linearly from the surface of polar granules (arrowheads). (Scale bar in C 5 0.25 mm.) (D–G) Distribution of S12-EGFP (D), L7yL12-EGFP (E), L7yL12-HA
(F), and endogenous S12 (G). Signals were detected at the periphery of polar granules (arrows), as well as within mitochondria (arrowheads). (I) Distribution of
endogenous S12 in polar plasm of early stage-1 embryo. S12 was detected within mitochondria (arrow) but not on polar granules. This distribution pattern was
essentially identical to the patterns of the tagged ribosomal proteins (data not shown). Without induction of the tagged proteins, we could not detect signals
for L7yL12-EGFP (H) and S12 EGFP and L7yL12-HA (data not shown). mt, mitochondria; pg, polar granules. (Scale bar in I 5 0.2 mm.)
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short period before pole cell formation. First, mtlrRNA and
mtsrRNA are localized on the polar-granule polysomes at stage
2. Second, mitochondrial ribosomal proteins, at least S12 and
L7yL12, show the identical distribution pattern to those of
mitochondrial rRNAs. Third, on polar granules there are small
ribosomes, whose size is identical to that of ribosomes within
mitochondria. Finally, the small ribosomes are seen on polar
granules only when the mitochondrial ribosomal RNAs and
proteins are present on the granules. This report demonstrates
that mitochondria-type ribosomes are present outside mitochon-
dria in eukaryotic cells.

We have previously reported that the transport of mitochon-
drial rRNAs from mitochondria to polar granules occurs in early
stage-1 embryos (5–7). At this stage, both rRNAs are localized
at the boundaries between mitochondria and polar granules
(5–7, 9). In contrast, the localization, if any, of mitochondrial
ribosomal protein S12 and L7yL12 at the boundaries between
these organelles is yet to be observed (Fig. 1I). Furthermore,

small ribosomes, or mitochondria-type ribosomes, are never seen
at the boundaries (Fig. 3F). These observations lead to the idea
that mitochondrial rRNAs and proteins are transported to the
polar granules using two distinct mechanisms and are later
assembled as ribosomes on the surface of the granules. Thus, we
propose that polar granules are the site for assembly of mito-
chondria-type ribosomes.

The question of how the mitochondrial ribosomal proteins,
S12 and L7yL12, are transported to polar granules is yet to be
addressed. These proteins are encoded by the nuclear genome,
and their mRNAs are translated in the cytosol (20, 21). The
ribosomal proteins contain sequences at their N-terminal re-
gions that target these proteins to mitochondria, which are
cleaved during import (21). We show that S12, S12-EGFP,
L7y12-EGFP, and L7yL12-HA are all incorporated within
mitochondria (Fig. 1 D–G). It is likely that the ribosomal proteins
within mitochondria are transported to polar granules. Alterna-
tively, it is also possible that some of the proteins produced in the

Fig. 2. Distribution of mitochondrial ribosomal proteins in oocytes and early embryos. (A–H) Developmental changes in the distribution of S12-EGFP (A–D) and
L7yL12-EGFP (E–H) detected by EGFP fluorescence. (A and E) Mature oocytes, (B and F) stage-1 embryos, (C and G) stage-2 embryos, and (D and H) stage-3 embryos.
(I–L) Immunohistochemical detection of the Gal4-induced S12-EGFP (I) and L7yL12-EGFP (J) by an anti-GFP antibody and L7yL12-HA by an anti-HA antibody (K).
Without induction by Gal4, no staining for S12-EGFP (M), L7yL12-EGFP (N), or L7yL12-HA (O) was observed. (L) A wild-type embryo stained with anti-S12 antibody.
(I–O) Stage-2 embryos. The stages of the embryos were determined by the number and the location of nuclei stained by propidium iodide (22) referred to by
Campos-Ortega and Hartenstein (13). (Scale bar 5 50 mm.)
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cytosol are directly transferred to the granules. Experiments to
test whether the ribosomal proteins on the granules retain the
targeting sequences at their N-terminal region are required to
address this issue.

We found that mitochondria-type ribosomes were arranged
linearly on the polar-granule polysomes (Fig. 3G). Considering
that polysomes are sites of active translation (24) and mtlrRNA
is essential to form pole cells (4), we propose that the mitochon-

dria-type ribosomes on polar granules are specifically required to
produce proteins for pole cell formation, although more rigorous
biochemical evidences are required. The number of ribosomes
that appear to be aligned on single polysomes varies from 2 to
8. They are less than the predicted number ('20) of total
ribosomes on an mRNA (18), suggesting that the mitochondria-
type ribosomes are restricted to only a part of single polysomes.
Unfortunately, we could not directly test this idea because we

Fig. 3. Two types of ribosomes in the polar-granule polysomes. (A–D) The average number of ribosomes in a unit area (0.3 mm2) is plotted against its diameter.
Diameters of the ribosomes around polar granules were measured in stage-14 oocytes (A), stage-1 embryos (B), stage-2 embryos (C), and in pole cells of stage-4
embryos (D). In A–D, total area examined (A) and total number of the ribosomes counted (N) are shown. (E) The number of ribosomes within mitochondria, in
the anterior region and on the surface of rough endoplasmic reticulum, are plotted against their diameters. (F and G) Electron micrographs of sections through
polar granules. (F) In stage-1 embryos, polar granules are intimately associated with mitochondria, and no ribosomes were found at the boundary between these
organelles. Arrows point to ribosomes within a mitochondrion. (G) In stage-2 embryos, the smaller ribosomes (arrows) are integrated into the polar
granule-polysomes. Arrowheads (F and G) point to the larger ribosomes. pg, polar granules; mt, mitochondria. (Scale bar 5 0.1 mm.)
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could not observe single strands of mRNA under the conditions
we used and because the large size of polysomes usually caused
them to extend out of the plane of ultrathin sections. To know
the role of mitochondria-type ribosomes in the polar-granule
polysomes, we need further biochemical investigations to test
whether the factors for translational initiation and polypeptide
elongation within mitochondria also participate in this transla-
tion system and whether the typical mitochondrial genetic code
is used for the polypeptide elongation by these ribosomes.

In Xenopus, mtlrRNA and mtsrRNA are also present on the
distinctive organelles of germ plasm, called germinal granules,
which are very similar to polar granules of Drosophila (25, 26).
We have in fact observed small ribosomes on the surface of
germinal granules as well (26). These ribosomes are only seen
during a short period from 4-cell to blastula stages, when the
mitochondrial rRNAs are present on the granules (25, 26). In
addition, mitochondrial rRNAs are present outside mitochon-

dria in a discrete region of egg cytoplasm in ascidian, sea urchin,
and planarian embryos (27–29). Although the function of the
rRNAs in these animals remains elusive, we propose that
mitochondria-type ribosomes have a widespread role to produce
proteins required for germ-line development. In this context, it
would be of great interest to identify the mRNA(s) that is
translated by these mitochondria-type ribosomes.
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