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SUMMARY

Maternally inherited mitochondria and other cytoplasmic ~ fusome and microtubule cytoskeleton as it is blocked by
organelles play essential roles supporting the development mutations in hu-li tai shag while egalitarian mutant
of early embryos and their germ cells. Using methods that follicles accumulate a large mitochondrial aggregate in all
resolve individual organelles, we studied the origin of 16 cyst cells. Initially, the Balbiani body supplies virtually
oocyte and germ plasm-associated mitochondria during all the mitochondria of the oocyte, including those used to
Drosophila oogenesis. Mitochondria partition equally on form germ plasm, because the oocyte ring canals
the spindle during germline stem cell and cystocyte specifically block inward mitochondrial transport until the
divisions. Subsequently, a fraction of cyst mitochondria time of nurse cell dumping. Our findings reveal new
and Golgi vesicles associates with the fusome, movessimilarities between oogenesis in Drosophila and
through the ring canals, and enters the oocyte in a large vertebrates, and support our hypothesis that developing
mass that resembles the Balbiani bodies oKenopus  oocytes contain specific mechanisms to ensure that germ
humans and diverse other species. Some mRNAs, including plasm is endowed with highly functional organelles.

oskar RNA, specifically associate with the oocyte fusome

and a region of the Balbiani body prior to becoming Key words: Mitochondria, Oogenesis, Fusome, Balbiani bodly,
localized. Balbiani body development requires an intact Patterning, Germ plasm

INTRODUCTION Drosophila oogenesis (reviewed by Spradling, 1993;
Johnstone and Lasko, 2001) (Fig. 1A) provides an attractive
Oocytes provide virtually all the mitochondria of the zygote asystem for studying the origin of oocyte organelles. At the
the time of fertilization. Embryonic viability and vitality anterior tip of each ovariole, germline stem cells divide
depend on the egg acquiring functional cellular components imasymmetrically to produce daughters known as cystoblasts.
appropriate numbers and locations. Studies of mitochondri@ystoblasts undergo four rapid, asymmetric divisions with
during oogenesis hint that processes other than simple growiticomplete cytokinesis to generate interconnected 16-cell
and duplication may exist to address these needs. In particulgroups known as germline cysts. During these cell divisions,
mitochondria, Golgi bodies, endoplasmic reticulum and othethe cysts elaborate a cytoskeletal polarity that ultimately causes
organelles form aggregates or ‘clouds’ in pre-follicular gernone cell to develop as an oocyte, while the others become nurse
cells and then congregate within a large structure known as tleells (reviewed by Reichmann and Ephrussi, 2001). Cyst
Balbiani body in the early oocyte cytoplasm of many speciepolarity originates within a special cytoplasmic organelle rich
(reviewed by Raven, 1961; Guraya, 1979; de Smedt et ain membrane skeleton proteins known as the fusome whose
2000). Mitochondrial clouds sometimes arise in interconnecteldranches grow thinner with each cystocyte division (Lin et al.,
germ clusters shortly before cyst breakdown (Al-Mukhtar and994; Lin and Spradling, 1997; de Cuevas and Spradling,
Webb, 1971) and the apoptotic death of many germ cell$998). As cysts move through germarium region 2, their
(Pepling and Spradling, 2001). Balbiani bodies may alsonicrotubule minus ends accumulate on the large fusome
contain RNAs and organelles destined for future germ cellsegment within one of the two pro-oocytes (Grieder et al.,
leading to the idea that they play a role in the development @&000; Huynh et al., 2001), resulting in the detection of a new
germ plasm (see Matova and Cooley, 2001). However, it hasicrotubule organizing center (Theurkauf et al., 1993). The
been difficult to test the function of mitochondrial clouds andmovement of cystocyte centrioles along the fusome toward the
Balbiani bodies genetically, in part because they have not beémure oocyte during this time may cause this microtubule
described in model organisms such Besophila or C.  reorganization (Mahowald and Strassheim, 1970; Grieder et
elegans al., 2000; Bolivar et al., 2001). The meiotic gradient within


Hejatko
Zvýraznění

Hejatko
Zvýraznění

Hejatko
Zvýraznění

Hejatko
Zvýraznění

Hejatko
Zvýraznění

Hejatko
Zvýraznění

Hejatko
Zvýraznění

Hejatko
Zvýraznění

Hejatko
Zvýraznění

Hejatko
Zvýraznění

Hejatko
Zvýraznění


1580 R.T. Cox and A. C. Spradling

developing cysts may also respond directly to fusome polaritflATERIALS AND METHODS

(Huynh et al., 2000). The cytoskeletal structures that have

developed in region 2b cysts causes specific proteins such @®sophila strains and culture

Bicaudal-D (Bic-D), Orb and Cup, and mRNAs frayekar, Fly stocks were cultured at 225 on standard food. Thg ry506

orb andBic-D to accumulate within an initial cell and stimulate strain (Karpen and Spradling, 1992), thtst mutation (Yue and

it to differentiate as the oocyte, while the other 15 cells becom@pradling, 1992) aneght5°(Schupbach and Wieschaus, 1991) have

nurse cells. been described. Other genes and balancer chromosomes are described
Maternal organelles may play developmental roles, rathep FlyBase.

than just accumulating passively in the oocyte. Mitochondria ) _ _

are enriched in the germ plasm, a special region found in mal‘@”w“c“o“ and integration of transgenes

eggs that specifies germ cells. Mitochondria in some vertebraf¥e constructed a mitochondrial marker transgene (‘mito-GFP’) by
sing the human COX VIII mitochrondrial targeting signal (Rizzuto

€99s a-SS(-)CIate Wlth germ plasm precursors known ._et al., 1995) to the N terminus of EGFP (Clontech). We synthesized
granulofibrillar material or nuage beginning very early in . ianal usi lapDi i CGG CTA GGG CTG
is (Al-Mukhtar and Webb, 1971: Heasman et al., 1084]C ‘2r9eting slgnaj using overapping oflgos (
oogenesis ( ' ! tal, C GTT TTT TGT GGT GTA CTC CGT GCC ATC ATG TCC
(reviewed by Saffman and Lasko, 1999). Specific RNASsTC cTG ACG CCG CTG CTG and CTT GGC GCG CGG CAC
destined for germ plasm also associate with the Balbiani bodycc GAG CCG CCG GGC CGA GCC TGT CAA GCC CCG CAG
and/or forming germ granules (Forristall et al., 1995; Kloc antAG CAG CGG CGT CAG GAC), and then added'a&Kpnl site
Etkin, 1995; Bradley et al., 2001). Ibrosophila eggs, (TAT GGT ACC GGC TAC GGC TGA CCG TTT) and aBanHl
mitochondria associate closely with germ plasm constituentsite (TAT GGA TCC CTT GGC GCG CGG CAC TGG). ABarHil
known as polar granules (Mahowald, 1968). Moreoversite (TAT GGA TCC AGT AAA GGA GAA GAA CTT) and'3Xba
exported mitochondrial ribosomes and/or their componeritite (TAT TCT AGA TTT GTA TAG TTC ATC CAT) were added to

rRNAs have been proposed to actively contriburtsophila EGFP. The EGFP fragment was subcloned downstream of the

. . . targeting sequence in the pUASp vector (Rerth, 1998) and
&irbrzygé?\?qggu;CR?nr;kuSrgogtlyal af;%rof)e rtilization (lida and transformed inty; wflies (Grieder et al., 2000). Males containing the

. . o gansgene were crossed wg NGT40; nosGAL4::VP16emales to
Recent studies of mitochondria in yeast and culturejye expression of the transgene. Flies bearing single integrated

animal cells document three important properties that argoppies displayed green ovaries, embryos and larvae, but the signal
relevant to understanding the behavior of mitochondrigevel in their germaria was variable. However, strong expression was
during oogenesis. First, mitochondria are highly plastic andbserved in the germaria of flies carrying multiple copies of the

can readily alter their shape from spheres to ellipsoids twansgene; hence, they were used in these experiments.

complex reticuli (Bereiter-Hahn and Voth, 1994). Specific

forms depend on the relative number of fusion and fissiofmmunostaining and fluorescence microscopy

events controlled by specific genes (Jensen et al., 2000). @ne-day-old females were fed wet yeast overnight prior to analysis.
candidateDrosophila mitofusin encoded by th#larf (also ~ Ovaries were dissected in room temperature Grace's media

Sigma) in Grace’s, then rinsed in PBTXPBS, 0.1% Triton-X100,

al., 2002). Second, mitochondria are frequently mobile withiréb , : .
. : -1 mg/ml BSA). To fix GFP-expressing ovaries, 3.2% EM grade
the cytoplasm, and can move actively along microtubules i rmaldehyde (Ted Pella) was used. Primary antibodies were

most .ammal cell types, or actin in plant and ye"’?St Ce”ﬁmubated overnight at°€. Primary antibodies were diluted at
(Bereiter-Hahn and Voth, 1994). Finally, studies oOftq)iows: rabbita-Drosophila ATP synthase@ subunit (1:350, gift
mitochondrial genomes document a high rate of somatigom Dr Rafael Garesse), mousehuman cytochrome icoxidase,
mutation (Denver et al., 2000, Nekhaeva et al., 2002), and $ubunit | (COX1, 1:500, Molecular Probes), ralsbitat mannosidase
has been suggested that maternal mitochondrial genomes pasg1:300, Dr Kelley Moremen), rabbit-Drosophila a-Spectrin
through a ‘mitochondrial bottleneck’ in order to maintain (1:300) (deCuevas et al., 1996), mows®rosophila1B1 (specific
their average fitness (Bergstrom and Pritchett, 1998). for Hts protein, 1:100) (Zacci and Lipshitz, 1996), rabbit andirat
TO begln to uncover the molecular mechanlsms that Suppdarosoph”a Vasa (12000 and 1200, I‘(lespectlve|y, g|ft of Dr Paul
the inheritance of mitochondria and other organelles, we ha@Sko). mouse a-Drosophila Orb (1:100, Dr Paul Sched,
visualized their number, shape and movement duringcvelopmental Studies Hybridoma Bank), mDrosophila Cup

. . . . ¥1:1000) (Keyes and Spradling, 1997), mouse and raiafitbulin
Drosophilaoogenesis. Our observations show that a fractio 1:350, Sigma: 1:20, ngord Biotechnology, respectively), mause

of the mitochondria, Golgi and other organelles within eactynosphotyrosine PY20 (1:1000 ICN Biomedicals), and mause
16-cell cyst are delivered into the cytoplasm of the singlgyosophilalamin ADL67 (1:4 Nico Stuurman). Ovaries were then
forming oocyte as a typical Balbiani body under the controlvashed in PBT three times for 20 minutes, then secondary antibody
of the fusome-dependent system of cyst polarity. Thevas added in PBT either overnight at 4°C, or for 4 hours at room
Balbiani-body-derived mitochondrial population of the oocytetemperature. The following secondary antibodies were usedngoat
remains largely separate from nurse cell mitochondria untiigbbit anda-mouse AlexaFluor488, AlexaFluor568, AIexaF_Iuor546

members of this population associate with the polar plasnﬁ‘Ouse andx-rat Cy3 and CyS (1:1000, Jackson ImmunoResearch)

. : - \fter secondary antibody incubation, ovaries were washed three times
leading us to propose that the genomes in Balbiani b0q¥or 10 minutes in PBT, then equilibrated overnight at 4°C in

assouat_ed mltO(_:h(_)ndrla will _be preferentlally_lnherlted IMyectaShield (Vector Laboratories) before mounting. Tubulin antibody
grandchildren. Similar mechanisms may act during 0ogenesigneling was carried out as described (Grieder et al., 2000).
in other species, and these events may underlie the frequemorescent in situ hybridization was performed according to Wilkie
presence of a Balbiani body and the origin of theet al. (Wilkie et al., 1999). Phalloidin staining was carried out
mitochondrial bottleneck. according to Frydman and Spradling (Frydman and Spradling, 2001)
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using both phalloidin AlexaFluor546 (1:200, Molecular Probes) anc
rhodamine phalloidin (1:200, Jackson ImmunoResearch). For DN/
labeling, ovaries were incubated in gg/ml RNAseA for 2 hours
during secondary antibody incubation and TOTO3 (1:1500, Molecula
Probes) was added for 20 minutes. Confocal analysis was carried ¢
using Leica TCS NT and Leica TCS SP2 confocal microscopes.

Live ovary imaging

For live ovary imaging, ovaries were dissected from flies expressin
mito-GFP, or wild-type ovaries were incubated with MitoTracker
GreenFM (1:1000, Molecular Probes) for 15 minutes, then briefl
rinsed in Grace’s. The ovaries were mounted on a petriPerm £
hydrophobic plate (Vivascience) in Grace’s and covered with an 1
mm? cover slip. Using the petriPerm plates allows the ovarioles tc
stay alive for 2-3 hours. Ovariole quality was assessed based
mitochondrial swelling; experiments terminated prior to its onset
Ooplasmic streaming was defined as vigorous directional moveme
of bulk cytoplasm; it contrasted sharply with the relatively slow,
random movement of mitochondria and yolk droplets normally seer
All live imaging and analysis was carried out using a spinning disl
confocal [Leica DM IRE2 inverted microscope, Ultraview confocal
system (Perkin Elmer) and MetaMorph work station (Universal

Imaging)].

Electron microscopy

Whole ovaries were dissected in Grace’s media, then fixed for 1 ho
at £C in 1% gluteraldehyde, 1% Os$0.1 M cacodylate buffer, 2
mM Ca (pH 7.5). The ovaries were then washed three times for
minutes in cacodylate buffer and embedded in agaros€ @t Bhey
were then rinsed for 5 minutes in 0.05 M maleate (pH 6.5), an
incubated for 1.5 hours in 0.5% uranyl acetate, 0.05 M maleate. Afte
rinsing in BO, they were put through an ethanol dehydration serie
(35% twice for 5 minutes, 50% for 10 minutes, 75% for 10 minutes

95% for 10 minutes and 100% three times for 10 minutes) theEig 1. High resolution detection of mitochondria. (A) The

incubated twice for 10 minutes in propylene oxide and for 1 hour i R N I : :
. . - ermarium in cross-section; at the anterior tip (region 1, left) reside
. . . . 0,
1:1 propylene oxide:resin [Epon 812:Quetol 651 (2:1)], 1% silicon wo germline stem cells (blue) as well as cystoblasts and growing

200, 2% BDMA. After three changes of resin (1 hour each), theC : A .
. . ; . ysts (gray). Region 2a contains 16-cell germline cysts that enter
ovaries were polymerized at i) overnight then at 70 overnight. meiosis and begin centrosome migration, while in region 2b, more

Images were captured with a Phillips Tecnai 12 microscope ang i e cysts associate with follicle cells (green), and stretch to span
Riﬁ;?(r,dg?gpr\:vggm%agATAN multiscan CCD camera using Digital the. entirg width of thg germarium. Supsequently, in region 3, a new
: follicle with a well-defined oocyte (white) prepares to bud off. The
fusome (red) grows, branches and eventually breaks down, leaving a
remnant in the oocyte; it provides a distinctive marker for each stage.

RESULTS (B) A transmission electron micrograph showing the nucleus (nu)
and mitochondria (m) of a region 1 cystocyte. The inset shows a

Visualizing individual ~ Drosophila mitochondria cross-section of a ring canal containing a fusome plug surrounded by

using confocal microscopy mitochondria. (C) Another region 1 cystocyte sectioned facing a ring

anal (arrowhead): mitochondria (anti-ATP synthase) are green, the

Mitochondria in developing female germ cells have bee usome (1B1 antibody) is blue and ring canal actin (rhodamine

studied previously by electron microscopy (Mahowald and,., :qin) is red. (D,E) Mitochondria within living 16-cel

Strassheim, 1970; Carpenter, 1975) (Fig. 1B). To facilitat@ysiocytes (broken circles) are labeled with the mito-GFP fusion
more detailed studies, we developed methods to visualize thegghe (D) or using Mitotracker (E). Scale bars: in qifor B-E;

organelles in fixed or living tissues using confocal microscopyi00 nm in inset in B.

An antibody toDrosophilaATP synthasg-subunit was found

to label mitochondria in both germline and somatic cells (Fig.

1C), as the labeled organelles appear similar in size arwbuld study their dynamic behavior. Time-lapse confocal
number to those revealed by electron microscopy. In additiomovies of mitochondrial behavior could be obtained using a
a mitochondrial-GFP marker (‘mito-GFP’) constructed byspecial mounting technique and a spinning disc confocal
fusing the human COX VIII mitochrondrial targeting signal to microscope with a relatively low rate of sample bleaching (see
the N terminus of EGFP and expressing the construct from thdaterials and Methods).

UASp promoter (see Materials and Methods) produced an ) o

indistinguishable pattern of labeling. By visualizing Mitochondria change shape and distribute equally
mitochondria within living ovarian tissue from strains during asymmetric stem cell and cystocyte

expressing mito-GFP (Fig. 1D) or after incubation withdivisions.

fluorescent molecules such as ‘Mitotracker’ (Fig. 1E), weGermline stem cells (GSCs) and their progeny divide
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Fig. 2. Equal distribution of mitochondria during cyst formation.

(A) Asymmetric fusome behavior during stem cell and cystocyte
divisions. The fusome (red) remains in the stem cell (GSC) following
mitosis (green, mitotic spindle; blue, chromosomes), while a smaller
fusome grows in the cystoblast (CB) before cell separation is
complete. The fusome branches during subsequent divisions that
produce two-, four-, eight- and 16-cell cysts. The letters under each
diagram correspond to figure panels illustrating the indicated stage.
(B) A germline stem cell (broken circle) in G2 phase. Mitochondria
(green) vary in length but most associate with the fusome (blue).
Green, ATPsynthase; red, phalloidin; blue, 1B1. (C) Another GSC
(broken circle), revealing the clustering of microtubules (green)
around the fusome (red). Green, tubulin; red, 1B1; blue, DNA. (D) A
mitotic GSC (broken circle). Round mitochondria associate with the
outer region of the mitotic spindle (red) and segregate equally (see
Table 1). Green, ATP synthase; red, tubulin; blue, DNA. (E) A stem
cell (broken circle, left) and daughter cystoblast (broken circle, right)
in S phase after mitosis remain connected via a ring canal (red)
containing the fusome (blue). Mitochondria aggregate around the
stem cell fusome (upper left), but show little or no association with
the cystoblast fusome (lower right). Green, ATPsynthase; red,
phalloidin; blue, 1B1. (F) Spherical mitochondria (green) within an
eight-cell cyst (broken circle) do not associate with the fusome (blue).
Green, ATPsynthase; red, phalloidin; blue, 1B1. (G) The anterior
region of a living germarium labeled with Mitotracker to reveal the
position and movement of mitochondria. Mitochondria in region 1
cysts do not associate with the fusome (arrowhead) while
mitochondria in region 2 do (arrow). B-F are projections of multiple
confocalz-sections. Scale bars: in Fub for B-F; 10um for G.

those in the cystoblast remain more spherical and distribute
evenly throughout the cell cytoplasm (Fig. 2E, right cell).

During the remaining cystocyte divisions, the mitochondria
remain round and fusome-independent (Fig. 2F), but continue
to associate with the spindle during mitosis. Thus, despite
cytoplasmic asymmetries, mitochondria segregate equally into
each cell of the 16-cell cyst.

Cystocytes fail to double in size prior to mitosis during their
rapid, synchronous cell cycles. Consequently, the overall size
of a newly completed cyst is only about fourfold larger than a
stem cell, despite containing 16 times as many cells (King,
1970). To determine if mitochondria follow a similar pattern,
we measured their number and shape within growing cysts.
Mitochondrial number increases about eightfold and
unequally during cyst production (Fig. 2A) (de Cuevas andnitochondrial volume rises 14- to 20-fold during cyst
Spradling, 1998). To learn if mitochondria were distributedformation, compared with only a 3.6-fold gain in total
unequally in forming cysts, we followed the behavior ofcytoplasm (Table 1). Hence mitochondrial capacity
mitochondria, fusomes and actin using specific antibodiespproximately doubles prior to each mitosis, despite the
GSCs in G2 (Fig. 2B) contain between 100-200 unbranched|eavage-like cystocyte cell cycle. Mitochondrial growth must
non-reticulate mitochondria that are about Qu85in diameter  be regulated differently than total cytoplasmic volume.
and range in length up top8n. Most stem cell mitochondria )
are preferentially located near the stem cell fusome (Fig. 2BVlitochondria move along the fusome toward the
blue sphere) in the same position as most cellular microtubul@§cyte in developing 16-cell cysts
(Fig. 2C). Were they to remain near the fusome during mitosi§ompleted cysts continue to undergo programmed changes in
mitochondria would be distributed very unevenly between théheir fusome and microtubule cytoskeletons that are central to
daughter cells, and there would be a strong bias for cystoblagiscyte development during the 2-4 days they spend traversing
to acquire the mitochondria not bound to the fusome. Howevegermarium region 2 (see Fig. 1A). To determine whether
we found that in stem cells, mitochondria fragment andnitochondria are affected by these cytoskeletal changes, we
associate with the outer edge of the mitotic spindle just prionext studied the subcellular location and movement of
to mitosis (Fig. 2D). Equal-sized daughter cells are producechitochondria within region 2 cysts (Fig. 3). These
that contain approximately the same number of mitochondriexperiments revealed that many mitochondria in developing
(Table 1). Mitochondria in the daughter stem cell elongate anti6-cell cysts associate with the fusome, like centrioles. These
re-associate with the fusome (Fig. 2E, left cell). By contrastnitochondria begin to localize along the branched arms of the
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Table 1. Mitochondrial numbers and concentrations in germline cysts

Mitochondrial

diameter (nm)* Number of Number of _ ~ Volume/  Mitochondrial
mitochondria/  mitochondria/ Cyst cytoplasmic Cell cytoplasmic mitochondrion vdlaeie
Stage (number of cells) Major axis ~ Minor axis dyst cell volume im3)  volume (umd) (umd) (um3)
Germline stem cell (10) n.d. n.d. 140432 140 1600 1600+520 0.20 28+12
Cystoblast (10) n.d. n.d. 150+23 150 1600 1600+630 0.27 40£17
Two-cell cyst (16) n.d. n.d. 280+46 140 2600 1300+110 0.096 2717
Four-cell cyst (24) 430443 340+36 410£72 100 3800 950+130 0.26 26
Eight-cell cyst (25) 460+30 380+29 810+31 100 4500 560+110 0.30 29
16-cell cyst (25) 550+36 460+34 1100443 69 5800 360+99 0.53 36

*Mitochondrial diameters were measured by applying NIH image software to confocal images of individual mitochondria froim sfarmet with ATP
synthase.

TMitochondrial number was determined using ATP synthase staining and confocal microscopy.

*Cell cytoplasmic volume was determined by measuring major and minor axes, as outlined by phalloidin staining, and thieg tubtmactear volume, as
determined by either the region without Vasa staining or enclosed by Lamin staining. Calculations assumed the structlipssideré@ee cell radii were
very similar to those we measured in our transmission electron micrographs. Cyst cytoplasmic volume was determined lipreftmapojaunmeasured cells.

SMitochondrial volume was measured for germline stem cells, cystoblasts and two-cell cysts using confocal microscopy otgaretawith ATP synthase
and using NIH Image software. Total pixel volume was determined at the highest setting where labeling remained confinechidriaitéor four-, eight- and
16-cell cysts, which contain ellipsoidal mitochondria, volume was calculated from the mitochondrial diameters.

Values without standard errors are calculated from the other data.

fusome in region 2a cysts (Fig. 3A). As cyst developmentlescribed in the early oocytes of other species (Raven, 1961;
proceeds, they move towards the center of the fusome whifeuraya, 1979). Moreover, as in many other species, we found
remaining tightly associated (Fig. 3B,C). In so doing, theythat theDrosophilaBalbiani body persists in the oocyte near
follow the developmental behavior of microtubule minus endshe germinal vesicle during early follicle development (see
and migrating centrioles (Grieder et al., 2000; Bolivar et al.pelow).
2001). However, the mitochondria are less centrally An asymmetric fusome is essential for oocyte determination
concentrated on the fusome in region 2b than microtubuland for all known aspects of cyst and follicle polarity. To ask
minus ends, possibly because there is insufficient space tehether the fusome is functionally required for Balbiani body
further concentrate such a large number of organelles. A smddirmation, we studied the behavior of mitochondriauti-tai-
percentage of other mitochondria, indistinguishable in sizehao (hts) mutant flies. hts encodes homologs of the
and shape from those undergoing translocation, remain free mammalian spectrin-binding protein Adducin, and is required
all the cystocytes. to maintain the structural integrity of the fusome (Lin et al.,
Directed mitochondrial migration toward the center of thel994) and to organize microtubules in region 2 cysts (Grieder
fusome was associated with significant reductions in randoet al., 2000). We found that in contrast to wild tyfpsmutant
intracellular movementDrosophila germaria were labeled cysts contain mitochondria that are broadly distributed (Fig.
using the fluorescent dye ‘Mitotracker’ (Fig. 2G) and movies3F,G). Mitochondrial clumps remain around presumptive
that spanned up to 3 hours of developmental time wereentrosomes in stem cells (Fig. 3F, arrowheads), but this is
recorded with a confocal microscope (see Materials andxpected becaudds flies retain functional centrosomes and
Methods). At all stages of germ cell developmentmicrotubules. Thus, the organized movement of mitochondria
mitochondria unassociated with the fusome are mobile, andto the oocyte and their association into a Balbiani body
sometimes undergo bursts of directed motion within a cell (Figequires an intact fusome.
2G, arrowhead). By contrast, mitochondria associated with the To investigate the relationship between Balbiani body
fusome in stem cells or developing cysts show little neformation and oocyte determination, we analyzed
movement within the cytoplasm (Fig. 2G, arrow). They remaimmitochondria inegalitarian (egl) mutant femalesegl mutants
on the fusome but their translocation toward its center occuisitially specify all 16 cyst cells as oocytes, but fail to maintain
too slowly to be clearly visualized in these experiments. the oocyte fate, so that all the cells eventually differentiate as
nurse cells (Schupbach and Wieschaus, 1991). Mitochondria
Mitochondria are delivered along the fusome into behave norma”y in d|v|d|n£pg| cysts (data not ShOWﬂ).
the oocyte to form a Balbiani body However, in 16-cell cysts, they do not localize into a single
The translocating centrioles and microtubule minus ends ent8albiani body, even though centrosomes migrate along the
the anterior of the oocyte at about the time the 16-cell cystisome and end up in one cell (Bolivar et al., 2001). Instead,
reaches region 3 of the germarium and prepares to bud. Weost of the mitochondria in each cystocyte aggregate on the
observed that the translocating mitochondria in cysts just pridusome remnants at the ring canals (Fig. 3H). These
to region 3 form aggregates or ‘clouds’ at the ring canals thahitochondrial aggregates are retained and grow in size during
connect the last four nurse cells to the oocyte (Fig. 3Gsubsequent follicle development (not shown).
arrowhead). Shortly thereafter, these mitochondrial clusters
enter the oocyte, where they coalesce into a single maB&lbiani bodies contain Golgi vesicles
anchored at the large segment of fusome in the anterior of tlBalbiani bodies in other organisms contain additional
cell (Fig. 3D, arrow). We term this mitochondrial mass aorganelles and vesicles besides mitochondria (see Raven,
Balbiani body because it appears very similar in the light and961). Electron micrographs BfrosophilaBalbiani bodies in
electron microscope (Fig. 3E, arrow) to the Balbiani bodiegarly region 3 oocytes revealed the presence of Golgi (Fig. 4A),
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ER-like vesicles in the residual fusome (Fig. 4A,B) andCOXI reactive particles represent a subset of germ cell
centriole clusters (Fig. 4B,C). Using aatimannosidase 2 mitochondria because they co-localize with ATP-synthase
antibody as a marker, we confirmed that Golgi are present Isfaining (Fig. 4F) but are distinct from Golgi (Fig. 4G). However,
confocal microscopy (Fig. 4D). Furthermore, we found thait was not clear what property might set these mitochondria apart
Golgi elements arrive by much the same pathway afom others. Very few mitochondria in region 1 or in somatic cells
mitochondria. Golgi vesicles begin to associate with thevere labeled by the anti-COXI antisera, and it was difficult to
fusome in region 2 (arrowhead), become enriched near iexplain the pattern of labeling based on signal strength or
center, and move into the oocyte in stage 1 (arrow).drFhe accessibility to staining (somatic cells should be more
mannosidase 2-positive vesicles remain near the fusome aadcessible). Moreover, two other antisera, anti-human COXIl and
Balbiani body within the oocyte anterior early in region 3, butanti-yeast porin, produced a similar pattern. These results suggest
soon disperse throughout the oocyte cytoplasm. Some of tligat some of the mitochondria entering the oocyte in the Balbiani
Golgi vesicles located in region 2 cysts never associate withody have distinctive properties.

the fusome or move to the oocyte, but remain scattered

throughout the 15 nurse cells. Balbiani bodies are associated with localized RNAs

and proteins
A subset of mitochondria may be enriched in the In Xenopusthe ‘METRO’ region of the Balbiani body
Balbiani body associates with RNAs that will later become localized in germ

To investigate whether more than one population of mitochondriplasm at the vegetal pole (Forristall et al., 1995; Kloc and
might be present in pre-follicular cysts, we examined the stainingtkin, 1995), and similar links between Balbiani bodies and
of a variety of other antibodies to mitochondrial proteins. Wegerm plasm constituents have been noted in diverse species
observed that crossreacting antibodies against human cytochro(k®bayashi and Iwamatsu, 2000; Tsunekawa et al., 2000;
c1 oxidase subunit | (COXI) label round cytoplasmic structureBradley et al., 2001). Consequently, we investigated whether
that associate with the fusome in region 2 and move into thBrosophila mMRNAs that are known to localize to the early
oocyte in stage 1, much like mitochondria and Golgi vesiclesocyte and participate in germ plasm formation (reviewed by
(Fig. 4E). Double-labeling experiments showed that the sma$affmann and Lasko, 1999) associate with Bvesophila

»ati t 5 —

Fig. 3. Fusome-dependent formation of a Balbiani body. (A-D) Green, mitochondria (ATPsynthase); red, fusome (1B1). (A) Mitocteondria in
16-cell cyst (broken outline) midway in region 2a begin to associate with the fusome (red); in an older adjacent cyst€dpttbeit move

toward the center of the fusome (yellow). (B) Mitochondrial movement along the fusome has progressed further in these abaystgo
(broken outline). (C) In cysts just entering region 3, clouds of mitochondria (arrowhead) accumulate near the ring camalechtd the

oocyte (small broken circle). (D) In region 3 follicles and young budded egg chambers, a Balbiani body containing margdaggregat
mitochondria (arrow) is visible in the anterior of the oocyte (small broken circle). (E) Electron micrograph of a regicie 8dode outline)
reveals mitochondria entering the oocyte (small outline) via a ring canal (arrowheads) to form the Balbiani body (arr@elb{&Ghodies

fail to form in cysts fromhtsmutant females that lack fusomes. Arrowheads show mitochondrial clusters around presumptive centrosomes in
the stem cells. Green, mitochondria (ATPsynthase); red, germ cells (Vasa); blue, DNA. (G) Argtarystl(broken outline) showing the
absence of a Balbiani body or mitochondrial clusters near presumptive ring canals. (H) Cysts mutant for eggljitanata{n a normal

fusome (red) but mitochondrial aggregates (green) of reduced size arise in all 16 cells at stage 1. Green, mitochondhag&); Psgin

fusome (1B1). Scale bars: in H, fih for A-D,F-H; in E, 2um for E.
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Balbiani body using antibody/in situ hybridization double Balbiani body using specific antibodies (Fig. 5E-1). Cup
labeling experiments. We found thadk mRNA is associated protein (Fig. 5E, red) is located on and adjacent to the central
with the center of the fusome as soon as it can be detectedfusome (Fig. 5E, blue) within the pro-oocyte in late region 2b
region 2a cysts (Fig. 5A). This is before centrosomes andysts, near the clustered mitochondria (Fig. 5E, green). As the
microtubules begin to move to the centmkmRNA remains  mitochondria enter the ooctye early in region 3 to form a
on the fusome of the pro-oocyte where it associates with thgalbiani body, Cup associates briefly along the posterior edge
newly formed Balbiani body (Fig. 5B). In oocytes at this stagé€Fig. 5H) but soon moves towards the oocyte posterior (Fig.
(Fig. 5B and 5B, the fusome (blue, arrowhead) is the most5F). The behavior of Orb protein is very similar at these stages
anterior structure, followed by the mitochondria (red, arrow)(Fig. 5G,l), but Orb is always slightly more diffuse. These
and finally the RNA (green). Thesk RNA (Fig. 5B, green) proteins may be associated with some of the localized mRNAs
lies partially within the Balbiani body (Fig. 5B, yellow line) that follow a similar path. Our experiments show that at least
and partially outside its posterior side. However, this state ior a brief period thérosophilaBalbiani body is regionally
transient, as the RNA moves to the oocyte posterior by the emdganized, with fusome material located at the anterior and
of stage 1 (Fig. 5A, rightmost cystitb RNA also localizes on  specific RNAs and proteins located toward the posterior.

the central fusome and associates with the Balbiani body in . ) ] .

early stage 1 cysts in a similar manner (Fig. 5¢-8lthough ~ Balbiani body-derived mitochondria preferentially

it may associate with a slightly larger region of the fusomeassociate with the germ plasm

While it was known previously th#itsis required to localize The previous experiments indicate thBtrosophila eggs

orb and osk RNAs to a single cystocyte in
region 2 (de Cuevas et al., 1996; Deng
Lin, 1997), these are the first indications
localized RNAs directly associate with -
fusome.

Several proteins, including Orb and C
also localize within the future oocyte
developing region 2-3 cysts. We examinec
relationship between these proteins and

Fig. 4. Multiple organelles associate with the
Balbiani body. (A) An electron micrograph of the
Balbiani body in the anterior region of a young
oocyte. The residual fusome (white arrow), still
rich in ER-like vesicles, lies at the anterior near
the ring canals (white arrowheads) it formerly
occupied. Numerous mitochondria are located
adjacent to the fusome, while scattered Golgi
stacks lie further below (asterisks). (B,C) Electron §
micrographs showing nearby sections of a single
ring canal (white arrowhead) connecting a nurse
cell (NC) and a young ooctye (O). Five centrioles
or centriole pairs (numbered) lie within the
material moving in to form the Balbiani body.

(D) The anterior portion of an ovariole stained
with anti-a-mannosidase 2 to reveal Golgi
vesicles (green) and with 1B1 to show the fusome
(red). The Golgi elements associate with the
fusome beginning in region 2b (yellow,
arrowhead), move into the oocyte with the
Balbiani body (arrow), but in a slightly older
oocyte (broken line) spread throughout the
ooplasm. (E) COXIl-reactive vesicles (green)
associate with the fusome (red) in region 2b
(yellow, arrowhead) and move into the oocyte as
part of the Balbiani body (arrow). (F) COXI-
positive particles (green) appear to be
mitochondria because they are co-labeled with the
mitochondrial ATP synthase marker (red). Broken
circle, oocyte. (G) COXI-positive particles (green)
are not co-labeled with a Golgi marker (rad,
mannosidase 2). Broken circle, oocyte. Scale bars
in E, 10um for D,E; in A, 1um for A; in C, 1um
for B,C; in G, 1um for F,G.
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Fig. 5.Localized RNAs and
proteins associate with the
fusome and Balbiani body. (A) |
situ hybridization reveals thask
RNA (green) associates with thi
central fusome (red) within the
future oocyte beginning in regio
2 (arrowhead). The RNA moves
to the posterior of the oocyte
during stage 1 (rightmost
follicle). (B) An early region 3
oocyte (broken line) shown at
higher magnification, reveals th
0skRNA (green) partially
overlaps (yellow) the Balbiani
body on the posterior side of th
mitochondrial mass (red, anti-
ATP synthase). The arrowhead
indicates the fusome (blue, 1B1
B’ is the same image as B withc
the green channel, in order to
better show the Balbiani body
(arrow). (C)orb RNA (green),
like 0skRNA, associates with th
center of the fusome (red)
beginning early in region 2
(arrowheads), and then moves
the oocyte posterior in stage 1
(rightmost follicle). (D) Likeosk
RNA, orb RNA (green) also overlaps with the Balbiani body (red)isDhe same as D without the green channel, in order to better show the
Balbiani body (arrow). (E,F,H) Cup protein (red) associates with the center of the fusome (blue) and with mitochondria (ggézmp

cysts. (G,l) Orb protein (red) localizes to a similar position as Cup (green, mitochondria). (H,I) Both Cup (red, H) et Qtrigfly
associate with the edge of the Balbiani body mitochondria (green) in early region 3 oocytes and then move to the oocoy{@qiostenwn).
Scale bars: in G, 10m for A,C,E-G; in D1 um for B,B,D,D'; in I, 1 um for H,I.

acquire mitochondria from two sources. Oocytes receive alabeling experiments using germ plasm markers. In early
initial consignment of these organelles from the Balbiani bodyollicles, the Balbiani body mitochondria remain clustered
at the time of follicle formation. However, a large number ofaround the germinal vesicle, often at its posterior (Fig. 6A).
mitochondria are also transported into the oocyte from théfter the microtubules re-organize at stage 7, Balbiani body
nurse cells much later in oogenesis, during nurse cell dumpingitochondria disperse throughout the cytoplasm (Fig. 6B). By
in stage 11. These dual sources raise the question of whistage 9, they begin to contact the forming germ plasm at the
mitochondrial subpopulation furnishes the organelles thagbosterior pole (Fig. 6C). Later, in stage 10A, many more
associate with the germ plasm and whose genomes found the

mitochondrial DNA of subsequent generations. To investigate
whether Balbiani body mitochondria are used preferentially in
constructing germ plasm, we studied the behavior of both

Table 2. Nurse cell mitochondria do not enter the oocyte
until stage 11

mitochondrial populations during follicle development using Rate of ring Ooplasmic
mito-GFP. canal transit* streamirig
These studies revealed that Balbiani body-derived Stage 8 0.1/minute 0/10
mitochondria preferentially associate with forming germ Stage 9 1.5/minute orr
I We could be sure of this because we found that the Stage 10A/8 3.6/minute 1/
plasm. Stage 11 >60/minute 414

nurse cell mitochondria are blocked from moving through ring

canals into the oocyte before nurse cell dumping, well after *Mitochondrial movement through the ring canals was measured by

germ plasm has formed. This conclusion is based on studies 8RS8 T8 B2 e o e e period. No movement was.
the movement of nurse cell r.mtOChc.md”a Into .the oocyte usin en prior to stage 8, and the measured rates prior to stage 11 probably
movies of mito-GFP expressing follicles of various ages (Tablgyerestimate true nurse cellioocyte transfer because some organelles only

2). Before stage 11 nurse cell mitochondria build up in largeppeared to cross the boundary because of the twisting of the egg chamber in
masses just outside the oocyte ring canals instead of movi observation chamber, rather than because of true translocation.

into the oocyte (Fig. 6B, arrowheads). Only at the time of nursﬁeThe number of egg chambers with ooplasmic streaming (see Materials and

Il d . d Il-derived itochondri h thods)/the total number of egg chambers analyzed at the indicated stage.
ce umping do nurse cell-derived mitochondria enter the *The measured rate during stage 11 (dumping) strongly underestimates the

oocyte. true value of mitochondrial translocation because individual frames required
To examine when Balbiani body-derived mitochondria begire-3 seconds of exposure, during which time most mitochondria became
to associate with the germ plasm, we carried out doubl@urred and could not be followed.




mitochondria associate with the expanded re
containing germ plasm (Fig. 6D,Darrowheads
Although these studies show a gradual associ
of Balbiani body mitochondria with the formi
germ plasm beginning in stage 9 and 10A,
cannot rule out that a small subpopulation of t
mitochondria, such as those labeled by C
antisera, associate with germ plasm precursors
earlier time. At stage 11, most of the oo«
cytoplasm begins to undergo vigorous cytopla:
streaming, mixing the two mitochondi
populations (Table 2). However, streaming doe:
dislodge the germ plasm, so the Balbiani b
derived mitochondria in this location are likely
remain associated at the oocyte posterior
eventually be inherited by forming germ cells.

DISCUSSION

Tools for a genetic analysis of
mitochondrial inheritance

Our experiments revealed that mitochondria be
in a distinctive but previously unknown man
during Drosophilaoogenesis. They associate v
the spindle to facilitate equal inheritance, fragr
into small spheres and associate with the fus
damping their normal intracellular movement. (
major subpopulation moves along the fusom
form an oocyte Balbiani body, while another gr
is blocked from entering the oocyte by ring car
Each of these biological events can now
visualized and analyzed dynamically using
spinning disk confocal microscope, which \
make it possible to screen for genes
developmentally control these behaviors.

Drosophila oocytes contain a Balbiani
body

Drosophilaoocytes were found to contain a typ
Balbiani body at the time follicles form in regiol
of the germarium. In a wide range of ani
species, includingtenopugHeasman et al., 198
chick (Ukeshima and Fujimoto, 1991), mo
(Pepling and Spradling, 2001) and human (H:
and Adams, 1967), young oocytes at a sir
developmental stage display these distin
aggregates of mitochondria and other organ
near their germinal vesicles (see Raven, 1961)
typical Balbiani body, centrioles and associi
cytoplasm are surrounded by a ring of Golgi bo
and encased in a large mass of mitochondria. £
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Balbiani mitochondria

®
@ MNC mitochondria
WaAA

mRBNAs
ﬁ Golgi

Fig. 6.Balbiani body-derived mitochondria associate with the germ plasm prior
to nurse cell dumping. (A) Mitochondria labeled with anti-ATP synthase (green)
congregate on the posterior side of the GV (arrowhead) in stage 6-7 egg
chambers. Green, ATP synthase; red, germ cells (Vasa); blue, ring canals (anti-
Phosphotyrosine). (B) By contrast, mitochondria (green) in the nurse cells
adjacent to the oocyte accumulate (arrowheads) at the ring canals (blue), but fall
to enter the oocyte until nurse cell dumping (see Table 2). Green, ATPsynthase;
red, Vasa; blue, phosphotyrosine. (C) At stage 9, a few mitochondria (green)
associate with the germ plasm, which has begun to coalesce at the oocyte
posterior as revealed by Vasa staining (red). Green, ATPsynthase; blue,
Phosphotyrosine. (D, By stage 10A, mito-GFP-labeled mitochondria (green)
are abundant in the germ plasm (arrowheads)inlD shows a higher
magnification. Green, mito-GFP; red, Vasa,; blue, actin-rich membranes
(phalloidin). (E) A summary of the structure and assembly obtlsophila

Balbiani body. Green arrows indicate direction of movement along the fusome
(red) towards the oocyte. Scale bars: in Cpd0for A-D; in D, 5um for D'.

oocyte grows, the mitochondria first spread around the nucleanigmatic structures, which have been postulated to play an
periphery and later disperse throughout the oocyte cytoplasraarly role in RNA transport and in patterning the mammalian
Drosophila Balbiani bodies, like those described in otheregg (de Smedt et al., 2000).

species, were shown to contain clustered mitochondria, Golgi o .

vesicles and centrioles. Moreover, as young follicles develophe Balbiani body is assembled by regulated

from stage 1-6, the mitochondria move around the germindanovement of organelles along the fusome

vesicle and disperse after microtubules re-organize in stage The studies reported here provide new insight into the origin
The fact that Balbiani bodies occur in a genetically tractablef Balbiani bodiesDrosophilaBalbiani bodies do not arise de
system will now make it easier to decipher the function of theseovo within oocytes, but are built by the transport of organelles
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from neighboring cells within interconnected germline cystsproperties that might play an analogous role. In most other
Our experiments make clear that many components of oocysystems whose Balbiani bodies share the same basic structure
cytoplasm arise in this manner. Centrioles were the firgh young oocytes, very little is known about their origin during
cytoplasmic organelle whose movement through ring canalsarlier stages of germ cell development.
into the oocyte in 16-cell germarial cysts was described o - o
(Mahowald and Strassheim, 1970). Studies of serial sectiondde Balbiani body may facilitate RNA localization
germaria in the electron microscope also suggested thahe Balbiani bodies in many species contain structures
mitochondria move between cystocytes and toward the oocytesembling germinal granules. Xenopusthese granules are
in region 2b cysts (Mahowald and Strassheim, 1970; Carpentdound in a region containing specific RNAs that are also
1975; Carpenter, 1994). However, despite a description of thgestined to be localized in the egg and incorporated in germ
mitochondrial cluster in the region 3 oocyte (Mahowald ancells. Consequently, the Balbiani body has been proposed to
Strassheim, 1970) and the proposal that it arose from transpdrinction as a messenger transport organizer (METRO) that
these movements were not commonly viewed as a speciatganizes and mediates the delivery of RNAs and germinal
process. Rather, they were seen as just the start of an extendeahules to the vegetal pole of the egg (Forristall et al., 1995;
process of generalized ‘cytoplasmic flow’ from nurse cell taKloc and Etkin, 1995; Kloc et al., 1998). Specific elements
oocyte that formed an ongoing ‘nutrient stream’ responsibl@éave been mapped in thelBTR of theXcat2mRNA that are
for the growth of the oocyte relative to the nurse cellssufficient for localization to the Balbiani body (Zhao and King,
throughout oogenesis. (Little such growth takes place in th€996) or to the germinal granules themselves (Kloc et al.,
germarium.) Nonetheless, these studies described the onse2600).
mitochondrial movement, their transient association with Our studies revealed that tBeosophilaBalbiani body may
downstream ring canals, and the fact that mitochondria appeplay a related roleaskarRNA, a key component that is capable
to be constricted in diameter as they pass through ring canats. inducing germ plasm formation, was associated with the
Our experiments document that virtually all of the newlyposterior segment of the Balbiani body in early stage 1 oocytes,
formed mitochondria in oocytes are derived from the Balbianinuch asXcat2is localized in theXenopusBalbiani body. A
body. The great majority are transported from other cystocytdew hours later, towards the end of stageskRNA moves to
along the fusome but 1/16th or more might simply originate ithe oocyte posterior along with the other Balbiani-associated
the oocyte. Like oocyte determination itself, Balbiani bodyRNAs and proteins we studied, presumably in response to the
formation was shown to depend on the fundamental cyshift in microtubule polarity that occurs at this time. Thus, at
polarity manifested in the fusome. Arising in embryonic germeast some molecules that participate in germ plasm assembly
cells (Lin and Spradling, 1997), the fusome builds up associate with the Balbiani body in earkenopusand
framework of cyst polarity during the cystocyte divisions (Lin Drosophilaoocytes.
and Spradling, 1995; de Cuevas and Spradling, 1998). FusomeWe found thatDrosophila RNAs that become associated
polarity probably acts directly to control centriole migrationwith the Balbiani body, like organelles, first interact with the
(Grieder et al., 2000; Bolivar et al., 2001) and the meiotidusome during early stages of cyst development. However,
gradient (Huynh and St. Johnston, 2000), and acts indirectly there were significant differences in these fusome interactions
differentiate and maintain the oocyte by regulating thehat probably reflect different molecular mechanisms of
microtubule cytoskeleton (Grieder et al., 2000; Huynh et al.delivery to the Balbiani body. Organelles associate next to the
2001). Deciphering the molecular mechanisms that definisome along much of its length and subsequently move
fusome polarity and allow the fusome to control microtubulgoward the center, in concert with microtubule minus ends. By
organization remains a central issue for understanding Balbiaoontrast, the RNAs associate with one or a few cells at the
body formation and oocyte development. center of the fusome from the earliest stages they could be
Oocytes develop from germline cysts or syncytia in diverseletected, and are located within it, as well as nearby. These
species (reviewed by Pepling et al., 1999) so Balbiani bodiesbservations suggest that localized RNAs may read the fusome
may arise through intercellular transport in a wide range gbolarity directly, and need not rely on changes in microtubule
organisms besidd3rosophila In both XenopugAl-Mukhtar ~ organizing activity to get to the oocyte or be stabilized within
and Webb, 1971; Kloc and Etkin, 1995) and the mousé.
(Pepling and Spradling, 2001), mitochondrial clouds present Potentially significant differences exist in the role of RNA
within interconnected germ cells are thought to be precursotgansport played by th®rosophila and XenopusBalbiani
to the Balbiani bodies that arise shortly after the cysts bredbodies. TheDrosophila Balbiani body associates with germ
down and form primordial follicles. IDrosophila the large plasm RNAs for only 5-10 hours during early stage 1. By
chunk of fusome at the anterior of the early stage 1 oocyteontrast,XenopusBalbiani bodies associate throughout stage
contains clustered centrioles and is likely to act as @& of oogenesis, a process requiring many days, with at least 11
microtubule-organizing center (Grieder et al., 2000). It mayRNAs. When the RNAs leave thHarosophila Balbiani body,
attract and retain mitochondria, Golgi and localizedmitochondria mostly remain behind, only to follow much later
macromolecules as they enter the oocyte, thereby creating time oogenesis. By contrast, iKenopus both mRNAs and
Balbiani bodyXenopusalbiani bodies may arise in a similar mitochondria are reported to proceed together to the vegetal
fashion as they have a similar organization consisting of pole (Kloc and Etkin, 1995). These differences may simply
spectrin-rich zone, mitochondria, Golgi and the Metro regioneflect differences in the timing of cytoskeletal remodeling that
containing RNAs in transit. However, there has beercontrol these events. Moreover, our observation that a small
insufficient study of theXenopuslarval ovary to identify a subset of mitochondria recognized by COXI antisera do
fusome or some other material with microtubule organizindgranslocate with the RNAs in stage 1 indicates that certain
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Drosophilamitochondria may follow &enopudike pattern.  accumulate mutations that have frequently been postulated to
However, it remains possible that RNAs in transit to the oocytaffect the aging of cells and tissues (Chinnery and Turnbull,
posterior may simply pass through the Balbiani body withouR001) (reviewed by Partridge and Gems, 2002). If only
begin affected in any way. mitochondria with functional genomes were able to associate
Previously, Wilsch-Brauninger et al. (Wilsch-Brauninger etwith the fusome and move into the oocyte, damaged genomes
al., 1997) described sponge-like structures in the cytoplasm afight be weeded out when they still represent a small fraction
stage 4-10 nurse cells that were associated with Exu proteiof, the total. Such a system would be far more efficient than
RNA, and (frequently) mitochondria and nuage. Theyeliminating defective genomes by inducing the apoptosis of
proposed that these structures were analogous to classieatire germ cells. A purifying mechanism based on organelle
Balbiani bodies and that they mediate transport of localizedelection might be particularly important in organisms that
transcripts such asicoid RNA. Our results suggest that the need to produce eggs with a high average viability, or that must
ooctye contains a true Balbiani body much earlier — in stage support long intergenerational life spans.
follicles. The sponge bodies described by Wilsch-Brauninger Several other observations may also be explained by the
et al. (Wilsch-Brauninger et al., 1997) more likely represenheed to eliminate defective mitochondrial genomes. The
transport complexes organized at the surface of nurse ca&kclusion of nurse cell mitochondria from passing through
nuclei that subsequently move through the follicle and into théhe oocyte ring canals prior to dumping would ensure that only
ooctye. However, there may be structural and moleculahe ‘selected’ mitochondria in the Balbiani body populated the
similarities between nurse cell transport complexes and thoggerm plasm. Mitochondria may break up into small, nearly

mediating transport out of the Balbiani body. round, organelles during this period so that each will contain

) ) a single genome whose fitness can be tested. The cytoplasmic
Ring canal behavior and fusome breakdown streaming of the ooctye may serve to mix the two populations
controls mitochondrial movement of organelles so each somatic cell type inherits at least some

Our studies provide further evidence that the ring canals thaf the selected mitochondrial population. Finally, a
join the cystocytes play an important role in regulatingrequirement for translation on mitochondrial ribosomes in the
Balbiani body formation. Mitochondria appear to first enterearly embryonic germ plasm might serve as a concluding
the oocyte when fusome segments within the adjoining ringelective step to ensure that viable germ cells are well supplied
canals break apart, unplugging the channels. Subsequentlywéh intact mitochondrial genomes. If female germ cells do
novel mechanism blocks further mitochondrial passag@ossess mechanisms to remove defective mitochondria, they
through these canals, because we observed large backupsmoiuld probably have contributed to the evolutionary
mitochondria outside each oocyte ring canal in young oocytesnservation of germ line cysts and Balbiani bodies.

and documented a lack of mitochondrial movement into the

oocyte in movies. Mitochondria did not accumulate in the We thank Dr Raphael Garesse for providing the ATP synthase
same manner around the ring canals that join nurse cells, Ktibody Qnd Mike Sepanski for assistance with the transmls_smn
were spread throughout the cell and in the nuclear peripher§/ectron microscopy. R.T.C. was supported by the Helen Hay Whitney
This behavior has the effect of limiting the mitochondrial”oundation and the Howard Hughes Medical Institute.

genotypes within the oocyte to those found in Balbiani body

mitochondria until well after mitochondria have begun to
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