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SUMMARY

Inherited mitochondrial DNA (mtDNA) mutations cause severe human disease. In most species,
mitochondria are inherited maternally through mechanisms that are poorly understood. Genes that
specifically control the inheritance of mitochondria in the germline are unknown. Here, we show
that the long isoform of the protein Oskar regulates the maternal inheritance of mitochondria in
Drosophila melanogaster. We show that during oogenesis mitochondria accumulate at the oocyte
posterior concurrent with the bulk streaming and churning of the oocyte cytoplasm. Long Oskar
traps and maintains mitochondria at the posterior at the site of primordial germ cell (PGC)
formation through an actin-dependent mechanism. Mutating /ong oskar strongly reduces the
number of mtDNA molecules inherited by PGCs. Therefore, Long Oskar ensures germline
transmission of mitochondria to the next generation. These results provide molecular insight into
how mitochondria are passed from mother to offspring, and also how they are positioned and
asymmetrically partitioned within polarized cells.

eTOC

Mitochondria are inherited maternally through poorly understood mechanisms. Hurd et al. show
that the long isoform of Oskar protein specifically controls mitochondrial germline inheritance in
Drosophila melanogaster. Through an actin-dependent mechanism, Long Oskar traps
mitochondria where the cells that give rise to the next generation form, ensuring efficient mtDNA
inheritance.
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INTRODUCTION

During cell division, it is essential that functional organelles are properly positioned such
that they are correctly and sufficiently apportioned to each daughter cell. Mutations that
disrupt the partitioning of functional mitochondria between mother and daughter cells cause
premature aging and can influence cell fate (Katajisto et al., 2015; Vevea et al., 2014).
Correct partitioning is particularly important for mitochondria because, unlike most other
organelles, they contain their own genomes, which cannot be made de novo and must
therefore be inherited. In flies and humans, mitochondrial genomes are exclusively inherited
through the female germline (Stewart and Chinnery, 2015). Inheritance of defective
mitochondrial DNA (mtDNA) is a major cause of human disease (Stewart and Chinnery,
2015). Recent studies have associated germline mtDNA mutations with aging and suggest
they may play a causal role in this process (Ross et al., 2013). Studies have also associated
commonly inherited mtDNA polymorphisms with several late-onset degenerative disorders
(Hudson et al., 2014). As disease severity often correlates with the levels of mtDNA
mutations inherited, understanding the mechanisms that underlie mtDNA inheritance is
crucial.

Despite its scientific and medical importance, mechanisms of germline mitochondrial
inheritance are not well understood on a molecular level. To gain a better understanding of
this essential process, we developed imaging approaches that permitted us to follow
mitochondria and count mtDNA molecules throughout the lifecycle of the D.melanogaster
germline. With these new approaches, we observed a striking accumulation of mitochondria
and mtDNA at the posterior of embryos. In D. melanogaster, primordial germ cells (PGCs)
form at the posterior pole of the embryo, incorporating germ plasm, a mixture of proteins
and RNAs that are deposited there during oogenesis (Eddy, 1975; Mahowald, 1962;
Mahowald, 2001). Localization of mitochondria to the posterior occurs independently of
germ plasm assembly during mid-oogenesis and is coincident with the microtubule-driven
streaming of the bulk oocyte cytoplasm. We found that retention of mitochondria at the
posterior depends upon the long isoform of the protein Oskar (Long Oskar), which alters the
actin cytoskeleton to trap mitochondria at the site of PGC formation. Without Long Oskar,
the number of mitochondrial genomes inherited into PGCs is significantly reduced. Long
Oskar thereby plays an essential role in the passage of mitochondria and mtDNA molecules
from mother to offspring.
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mtDNA copy number increases during oogenesis and drastically decreases upon PGC

formation

To understand how mtDNA is transmitted through the female Drosophila germline, we first
sought to quantify mtDNA number throughout the various stages of germline development.
In order to do this, we developed a quantitative fluorescence /n situ hybridization (FISH)
methodology. The benefit of this approach is that it allows for measurement of mtDNA
spatially and temporally without having to isolate germ cells and disrupt tissue integrity. A
mixture of 60 unique DNA probes each 5" labeled with CAL Fluor® 590 were hybridized
along mtDNA and samples were imaged using a confocal microscope. In all samples
imaged, distinct foci were observed (Figure 1A and S1A), which strongly associated with a
mitochondrial marker, ATP synthase a (Figure S1B), and were insensitive to RNAse A
treatment (Figure S1C and S1D), indicating our FISH method specifically recognizes
mtDNA molecules /n vivo. Using a spot-detection algorithm to quantify the number of
mtDNA foci in PGCs, we found that the average number of mtDNA foci per PGCs was 669
(Figure 1B) (Trcek et al., 2015). This finding correlated well with the number of mtDNA
molecules in isolated PGCs calculated using a traditional qPCR-based mtDNA assay (Figure
1B), and is in good agreement with estimates in mammalian cells of approximately one to
two mtDNA molecules per nucleoid or foci (Kukat et al., 2011). Thus, our mtDNA FISH
approach is able to specifically and accurately quantify mtDNA copy number whilst
maintaining spatial integrity of the tissue.

Having established a methodology to quantify mtDNA /n situ, we used it to assess mtDNA
copy number at various stages of germline development (Figure 1C-1G). In D.
melanogaster, germline development begins with the formation of PGCs at the posterior of
the embryo. PGCs then migrate to and eventually coalesce in the gonad. During the three
larval instars, the entire female gonad grows and the number of PGCs increases such that
each somatic niche can be occupied with newly specified germline stem cells (GSCs). At the
anterior tip of the adult ovaries, GSCs continuously asymmetrically divide to give rise to a
chain of differentiating egg chambers that become increasingly more mature as they move
posterior, eventually forming a mature egg (Figure 1C).

Using quantitative mtDNA FISH, we were able to detect mtDNA foci at all stages of
germline development (Figures 1D-F). Quantification of the number of mtDNA molecules
per cell (copy number) indicated that mtDNA copy number remained relatively stable in
embryonic PGCs, larval PGCs and adult GSCs (Figure 1G). However, upon differentiation
of GSCs into egg chambers, mtDNA copy number substantially increased to over 1000 fold
in a mature egg (Figure 1G). This increase in copy number coincides with an increase in
germ cell volume. Consequently, as PGCs formed at the posterior of the embryo, there was a
far greater than 1000 fold reduction in the mtDNA copy number concomitant with a large
reduction in cell volume associated with going from an egg to a PGC. Thus, less than 0.1%
of the total mitochondrial genomes produced during oogenesis are partitioned into PGCs and
thereby transmitted to the next generation.
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Mitochondria are enriched at the embryo posterior

Substantially more sub-sampling of mitochondria occurs during PGC formation than at any
other stage of germline development, which raises the question of how mitochondrial
genomes are selected for inclusion in PGCs and, thereby, for propagation into the next
generation. One strength of our FISH-based approach was the ability to detect differences in
the sub-cellular distribution of mtDNA. Interestingly, prior to the formation of PGCs we
observed an enrichment of mtDNA at the embryo posterior at the site of PGC formation and
we wondered whether this could provide such a mechanism (Figure 1A). It had previously
been reported that the mitochondrial large ribosomal RNA (mtirRNA), but not mitochondria,
accumulate at the embryo posterior (Akiyama and Okada, 1992; Amikura et al., 2001; lida
and Kobayashi, 1998; Kobayashi et al., 1993) (Figure 2A). To determine whether
mitochondria are in fact enriched at the posterior, we visualized mitochondria with a
mitochondrially-targeted EYFP (mito-EYFP). Analysis revealed, consistent with our
mtDNA observation, that mitochondria were enriched at the embryo posterior (Figure 2A).
The most parsimonious explanation for the very similar overlapping localization patterns of
mtDNA, mt/rRNA and mitochondria, is that mt/rRNA at the posterior is present within
mitochondria and not outside of them. To test this, we assayed the sub-cellular localization
of the mtIrRNA at the posterior using single molecule RNA FISH. Co-localization analysis
using the Costes Pearson Correlation Coefficient (PCC) approach (Costes et al., 2004; Trcek
et al., 2015) revealed near perfect overlap between the mtlrRNA and mito-EYFP (Figure
S2). Our analysis also revealed that mitochondria were positioned proximal to the germ
plasm component nos (Figure S2). These results indicate that the majority of mt/rRNA at the
embryo posterior is present within mitochondria, and that mitochondria are enriched at the
embryo posterior positioning them for entry into PGCs.

Mitochondria become posteriorly enriched during mid-oogenesis

Since mitochondria are already enriched at the posterior of 0 to 1hour old embryos, we next
wanted to determine when mitochondria first begin to localize there. To do this, we
developed a multi-photon live imaging assay to follow EYFP-tagged mitochondria during
germline development. Since most germ plasm components are synthesized and deposited at
the posterior during oogenesis (Eddy, 1975; Mahowald, 1962; Mahowald, 2001), we first
looked at mitochondria in the ovary. Consistent with previous reports, no cortical posterior
accumulation of mitochondria was observed during early oogenesis from oocyte
specification in the germarium through stage 9 egg chambers (Figure 2B, data not shown)
(Cox and Spradling, 2003). However, at stage 10, the posterior accumulation of
mitochondria became apparent (Figure 2B, see Movie S1). From stage 10 onward
mitochondria appeared to increase in number until stage 13, where enrichment persisted at
the posterior into embryogenesis (Figures 2B, 2C, and Movie S1).

Concomitant with the posterior enrichment of mitochondria at stage 10 of oogenesis, the
cytoplasm of the oocyte undergoes a microtubule-dependent, unidirectional churning known
as cytoplasmic streaming (Ganguly et al., 2012; Gutzeit and Koppa, 1982) (Figure 3A). The
appearance of mitochondria at the posterior concurrent with cytoplasmic streaming suggests
that this movement might provide the force driving mitochondrial localization. Consistent
with this hypothesis, mitochondria underwent unidirectional streaming (Figure 3B) and
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moved at a similar speed to other particles known to stream (Figure 3E) (Serbus et al.,
2005). To determine whether mitochondria require cytoplasmic streaming to localize, we
selectively inhibited streaming by culturing stage 10 egg chambers in the presence of the
microtubule inhibitor colcemid. Consistent with previous reports, colcemid inhibited
streaming, but not subsequent development, as egg chambers initiated nurse cell dumping
and progressed through oogenesis normally (Movie S2) (Forrest and Gavis, 2003; Gutzeit,
1986). Inhibition of cytoplasmic streaming strongly reduced the unidirectional movement
(Figure 3C), speed (Figure 3E) and accumulation of mitochondria at the posterior (Figures
3D, 3F and Movie S2). This suggests that streaming is necessary for efficient posterior
localization. As colcemid blocks all motor-based movements it remains possible that
microtubules also contribute more directly to the transport of mitochondria to the posterior.
Taken together, these results suggest that mitochondria require cytoplasmic streaming to
accumulate at the oocyte posterior, beginning at stage 10b of oogenesis.

Mitochondrial localization requires Long Oskar, but not other germ plasm components

Having identified how mitochondria are transported to the posterior of the oocyte, we next
sought to identify genes that are required to retain mitochondria at the posterior once they
arrive. The germ plasm proteins Oskar, Vasa and Tudor are good candidates for this because
they accumulate just prior to the posterior localization of mitochondria (Bardsley et al.,
1993; Eddy, 1975; Kim-Ha et al., 1991; Lasko and Ashburner, 1990; Mahowald, 1962;
Mahowald, 2001). To determine whether the genes encoding these proteins were necessary
to trap mitochondria at the posterior, we removed each and assayed mitochondrial
distribution. As germ plasm components are not required for cytoplasmic streaming, we
assessed mitochondrial distribution in embryos. Interestingly, removal of oskar, but not vasa
or tudor, completely abolished the posterior accumulation of mitochondria (Figures 4A and
S3).

oskaris necessary and sufficient for specifying functional germ cells (Ephrussi and
Lehmann, 1992; Ewen-Campen et al., 2012; Smith et al., 1992). oskarencodes two protein
isoforms, termed Short and Long, which are generated by alternative start codon usage
(Markussen et al., 1995) (Figure 4B). Short Oskar is necessary for germ plasm assembly and
PGC formation (Markussen et al., 1995), while Long Oskar is largely dispensable for these
processes, and instead helps to anchor germ plasm to the posterior cortex (Vanzo et al.,
2007; Vanzo and Ephrussi, 2002). To determine which isoform of Oskar is necessary for
mitochondrial posterior accumulation, we assessed mitochondrial distribution in embryos
from oskarnull mutants transgenically expressing either the Long or the Short isoforms of
Oskar. This analysis revealed that Long, but not Short, Oskar is required for the posterior
mitochondrial accumulation (Figure 4B).

The only difference in primary amino acid sequence between the two isoforms of Oskar is
the presence of an N-terminal domain in Long Oskar (Figure 4C). That Long Oskar, but not
Short Oskar, is required to trap mitochondria at the posterior indicates that the N-terminal
domain is necessary for mitochondrial entrapment; however, whether it is also sufficient or if
other domains in Oskar are required remained unclear. To test this, we targeted the N-
terminal domain of Long Oskar to the anterior of the embryo by fusing its coding sequence
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to the bicoid (bed) 3" UTR. The bed'3’UTR contains an anterior localization signal which
restricts RNAs containing it and in some cases the proteins they encode to the anterior of
oocytes and embryos (Ephrussi and Lehmann, 1992; Gavis and Lehmann, 1992). In order to
visualize the N-terminal domain of Long Oskar we tagged it with mCherry, FLAG and HA.
If the N-terminal domain is sufficient to trap mitochondria, then mitochondria should
accumulate anteriorly as cytoplasmic streaming occurs throughout the oocyte such that
mitochondria swirl past the anterior as well as the posterior. Indeed, we found anterior
localization of the N-terminal domain was sufficient to ectopically trap mitochondria at the
anterior pole of the embryo (Figure 4C). Consistent with this result, versions of anteriorly
targeted Long Oskar lacking various domains outside the N-terminus also accumulated
mitochondria at the embryo anterior (Figures S3 and S4). Taken together, our findings show
that Long Oskar, through its N-terminal domain, is both necessary and sufficient to trap
mitochondria.

Long Oskar traps mitochondria through an actin-dependent mechanism

Long Oskar has not previously been implicated in the entrapment of mitochondria. Instead,
it is known to be present on endosomes where it is thought to stimulate endocytosis together
with Rab5 and Rbsn-5 (Tanaka and Nakamura, 2011). To determine how Long Oskar traps
mitochondria at the posterior, we conducted co-immunoprecipitation experiments to identify
Long Oskar interacting proteins by mass spectrometry. To uncover proteins that uniquely
and specifically interact with the N-terminus of Long Oskar, we transgenically expressed
mCherry-, FLAG- and HA-tagged Long Oskar, Short Oskar, and the N-terminal domain of
Long Oskar and immunoprecipitated them from 0 to 2 hour old embryos. For all three co-
immunoprecipitations, appreciable and similar amounts of bait were pulled down (Figure
5A, red boxes and Table S1, bait). As expected, several previously identified Short Oskar
interacting proteins, including Vasa and Tudor, were among the most abundant proteins
present in the Short, but not N-terminal, Oskar pull-downs (Table S1).

Mass spectrometry analysis revealed 44 unique proteins that interacted specifically with both
Long Oskar and its N-terminus but not Short Oskar (Figures 5A, 5B, and Table S2). Gene
ontology enrichment analysis of Long Oskar and N-terminal domain interacting proteins
revealed a significant enrichment in actin binding proteins (p = 1.33 x e7) (Figure 5C). In
fact, 22 of the most abundant and all of the top ten proteins co-immunoprecipitated were
either actin or actin-binding proteins (Figure 5B and Table S2). Most top Short, Long and N-
terminal Oskar-specific interactors were reproducibly immunopreciptated (Table S2).
Together these results demonstrate that Long Oskar physically interacts with the actin
cytoskeleton and/or actin binding proteins. To establish a functional link between Long
Oskar and the actin cytoskeleton, we expressed Long Oskar or Short Oskar in S2R* cells
and stained the actin cytoskeleton with phalloidin. Cortical F-actin was greatly reduced in
cells expressing high levels of Long Oskar demonstrating that Long Oskar can regulate actin
(Figure 5D-G). Together, this suggests that Oskar interacts with the actin cytoskeleton and
can influence its dynamics.

Mitochondria have been shown to interact with the actin cytoskeleton in neurons and yeast
(Sheng and Cai, 2012; Vevea et al., 2014). Thus, Long Oskar might directly alter the actin
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cytoskeleton, which in turn traps mitochondria at the posterior during cytoplasmic
streaming. To test this possibility, we treated stage 12 egg chambers in which mitochondria
had already become enriched at the posterior with the cell-permeable actin polymerization
inhibitor cytochalasin D, which has previously been used to disrupt the actin cytoskeleton at
this stage of oogenesis (Forrest and Gavis, 2003). Incubation with cytochalasin D caused
mitochondria to disassociate from the posterior of the embryo, suggesting that the actin
cytosketelon is indeed required to maintain mitochondria at the posterior (Figures 6A, 6C
and 6D). In contrast, once localized, mitochondria no longer required microtubules, as the
microtubule depolymerizing agent colcemid had no effect on mitochondrial localization
(Figures 6A, 6B and 6D). Together, these data demonstrate that the actin cytoskeleton is
required to retain mitochondria at the posterior.

To establish a further molecular link between Long Oskar and mitochondria, we sought to
identify Long and N-terminal Oskar interacting proteins required for the posterior
entrapment of mitochondria. The non-muscle tropomyosin, tropomyosin Il (Tmll) (also
known as Tm1), is known to accumulate at the posterior (Erdélyi et al., 1995) and was one
of the most enriched, abundant Long and N-terminal Oskar interacting proteins (Figure 5B
and Table S2). We could not assess mitochondrial localization at the posterior in 7m//
mutants because Tmll is required to localize Oskar RNA at an earlier stage of oogenesis
(Erdélyi et al., 1995). Instead, we ectopically expressed Oskar at the anterior in an 7m//
mutant background and assessed mitochondrial distribution in embryos. Mutation of 7m//
significantly diminished mitochondrial accumulation at the embryo anterior without
abolishing Oskar localization (Figures 6E and 6F). In contrast, perturbation of the Long
Oskar co-immunoprecipitants Myosin V (Didum) and Myosin VI (Jar) did not abolish
mitochondrial accumulation in ovaries and embryos, respectively (Figure S5). This
demonstrates that in addition to actin Long Oskar requires 7/m//to tether mitochondria to
the cortex.

Posterior mitochondrial enrichment ensures transmission of mtDNA to the next generation

Having identified the mechanism by which mitochondria localize to the posterior, we are
able to assess the consequences of compromised mitochondrial enrichment for the first time.
Long Oskar is dispensable for PGC formation, and therefore mitochondrial enrichment is
not strictly required for PGCs to form (Markussen et al., 1995;Vanzo et al., 2002). However,
the ultimate purpose of PGCs is to pass genetic material on to the next generation. As such,
we reasoned that the localization of mitochondria to the posterior is a mechanism to make
sure PGCs inherit mtDNA to be transmitted to subsequent generations. If this is correct, we
expect the following. First, posteriorly localized mitochondria will be taken into PGCs as
they form. To test, we generated a strain in which we targeted a photo-activatable GFP
(PAGFP) (Patterson and Lippincott-Schwartz, 2002) to mitochondria. We then photo-
activated posteriorly enriched mitochondria and followed them to see if they were taken up
by the PGCs. Indeed, mitochondria enriched at the posterior could be observed entering
PGCs as they formed (Figure 7A, 7B and Movie S3). Second, depletion of localized
mitochondria should decrease the number of mtDNA molecules within PGCs. To this end,
we visualized mtDNA using quantitative mtDNA FISH in control and CRISPR generated
long oskar null mutant embryos (Figure S6), and observed a significant reduction in the
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number of mitochondrial genomes in PGCs lacking Long Oskar (Figure 7C to 7E). To verify
this result, we measured the number of mtDNA molecules present in PGCs from oskarnull
maternal mutants transgenically expressing either the wild type or the Short isoform of
Oskar by gPCR, and consistently found a significant reduction in the number of mtDNA
genomes (Figure S7A and S7B). Furthermore, Long Oskar appeared to be specific for
mitochondria as we did not observe enrichment of the Golgi apparatus or the endoplasmic
reticulum to the embryo posterior relative to the anterior (Figure S7C and S7D). Taken
together, these results demonstrate that Long Oskar-mediated mitochondrial enrichment at
the embryo posterior is an active process that ensures incorporation of mitochondria into
PGCs and transmission of mtDNA to the next generation.

PGC number is reduced and oogenesis is impaired in long oskar mutants

To further explore the physiological consequences of reduced mitochondrial inheritance, we
counted the number of PGCs present in embryos from control and /ong oskar null mutants.
A significant reduction in the number of PGCs was observed in blastoderm stage (nuclear
cycle 14) embryos from /ong oskar mutants (Figure 7F). To verify this result, we measured
PGC number in embryos from oskarnull mutants transgenically expressing either the wild
type or the Short isoform of Oskar, and consistently found a significant reduction in PGC
number (Figure S7E). To further explore how this influences adult fertility, we analyzed
ovaries from the progeny of oskar null mutants transgenically expressing either wild type or
the Short isoform of Oskar. Rudimentary ovaries with no discernable late stage egg
chambers were observed at a significantly higher frequency in mutants lacking Long Oskar
when compared to controls (Figure S7F). Immunofluorescences analysis using an antibody
that detects the germline marker Vasa revealed that these ovaries were often completely
lacking germline (Figure S7G and S7H). In summary, these data demonstrate that Long
Oskar is required for normal PGC number and subsequent germline development in adults,
and suggest that Long Oskar-mediated mitochondrial inheritance may contribute to this.

DISCUSSION

Germ cells are the means by which sexually reproducing organisms transmit genetic
material to subsequent generations to ensure the continuance of the species. Consequently,
the formation and specification of germ cells is one of the most important events in
development. PGC formation can occur either through the cytoplasmic inheritance of
maternally deposited determinants, called germ plasm, or through inductive cell signaling
events (Evans et al., 2014; Extavour and Akam, 2003). In D. melanogaster, PGCs are formed
by the deposition of germ plasm at the posterior of the embryo (Eddy, 1975; Ephrussi and
Lehmann, 1992; Mahowald, 1962; Mahowald, 2001). The germ plasm has long been known
to be rich in mitochondria (Eddy, 1975; Kloc et al., 2004; Mahowald, 1962; Mahowald,
2001). In fact, in mammals one of the names for germline granules is the intermitochondrial
cement (Aravin and Chan, 2011). The reason for this curious association, however, has been
unclear until now.

Here, we have shown that mitochondria accumulate in the germ plasm to ensure the
transmission of their genomes to the next generation. In D. melanogaster, we find that most
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mitochondria are transported to the germ plasm during cytoplasmic streaming in developing
oocytes and maintained there by an actin-dependent mechanism. Long Oskar controls
mitochondrial anchoring at the posterior and is not only necessary but also sufficient to
tether mitochondria wherever it is expressed. Mutating /ong oskar decreases the number of
mitochondrial genomes transmitted to the next generation, demonstrating that Long Oskar is
important for mtDNA inheritance. Long Oskar mutants also have reduced numbers of PGCs
and frequently impaired oogenesis (Vanzo et al., 2002). Our data suggest that a potential
cause of this is a failure to enrich mitochondria at the posterior. However, it remains to be
determined whether the reduction in the number of mitochondria at the posterior and in
PGCs affects PGCs survival, formation or division. Long Oskar-mediated mitochondrial
enrichment could also play a role in the formation, biogenesis and/or anchoring of germ
plasm to the posterior prior to PGC formation (Ryu and Macdonald et al, 2015; Vanzo et al.,
2002). Alternatively, the defects in /ong oskar mutants could be due to some other function
of Long Oskar independent of its role in trapping mitochondria at the posterior.

Previous studies have analyzed mitochondrial distribution during earlier stages of
Drosophila oogenesis (Cox and Spradling, 2003; Hill et al., 2014). They show that
mitochondria initially enter the oocyte travelling on microtubules and once there coalesce
into a single mass resembling a structure called the Balbiani body (Cox and Spradling,
2003). Recent data suggest that selective replication of mtDNA may restrict the transmission
of deleterious mtDNA mutations at this time (Hill et al., 2014). Further experiments showed
that Balbiani body mitochondria associate with the posterior until stage 7, when the oocyte
repolarizes its microtubule network. In our study we analyzed mitochondrial distribution at
later stages of oogenesis. We show that the vast majority of mitochondria passed into PGCs
accumulate during and after stage 10b, and thus may be predominantly nurse cell derived
and Balbiani body-independent. In the absence of Long Oskar a small amount of
mitochondria do enter the PGCs however and it is possible that these could constitute a
different pool that entered the oocyte at an earlier stage. Direct visualization of
mitochondrial populations are needed to determine whether specific sources of mitochondria
reach the posterior pole or whether they are randomly selected from the oocyte pool.

Mitochondrial transport is often an active process in which motor proteins and their adapters
move mitochondria along the cytoskeleton (Sheng and Cai, 2012). Interestingly, this is not
likely the case in D. melanogaster stage 10 oocytes. Instead, we find that mitochondria move
apparently passively, caught in the bulk flow of the oocyte cytoplasm, in order to localize to
the oocyte posterior. This mode of localization is not unique to mitochondria; germ plasm
RNAS, such as nanos, also use it to localize to the embryo posterior (Forrest and Gavis,
2003; Sinsimer et al., 2011; 2013). Cytoplasmic streaming occurs in a wide variety of other
contexts, across a range of organisms and developmental stages (Ganguly et al., 2012).
Given our findings it will be interesting to investigate whether cytoplasmic streaming is used
in other contexts as a means of mitochondrial transport or asymmetric localization.

How Long Oskar uses the actin cytoskeleton to anchor mitochondria remains unclear. Oskar
is present in two forms, Short and Long (Markussen et al., 1995). Short Oskar is an integral
member of germ plasm and is both necessary and sufficient to form functional PGCs
(Ephrussi and Lehmann, 1992; Ewen-Campen et al., 2012; Smith et al., 1992). In stark
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contrast, Long Oskar is distinctly localized to endocytic membranes and is not required for
PGC formation per se (Tanaka and Nakamura, 2011; Vanzo et al., 2007). Long Oskar may
instead function to help anchor the germ plasm by promoting yolk endocytosis and
remodeling of the actin cytoskeleton (Tanaka and Nakamura, 2011; Vanzo et al., 2007).
Unexpectedly, we did not identify any endocytic proteins in our Long Oskar co-
immunoprecipitation experiments (Table S2). Instead, the most abundant Long Oskar
interacting proteins identified were actin and actin-binding proteins including surprisingly a
number of muscle-specific actinomyosin proteins. This leaves open the possibility that Long
Oskar, and more specifically its N-terminal domain, nucleates actin directly or regulates
proteins that modify actin. If so, Long Oskar would likely represent a new type of actin
modifying protein, as its N-terminal domain bears no sequence homology to any actin
modifying protein in Drosophila or elsewhere (Ahuja and Extavour, 2014). Overexpression
of Long Oskar in S2R* cells caused gross alteration to the F-actin cytoskeleton, which is
also consistent with Long Oskar binding the actin cytoskeleton and possibly competing with
other actin cytoskeletal binding proteins (Davidson and Wood, 2016). Further experiments
will be required to determine exactly how Long Oskar alters the actin cytoskeleton and
whether cytoskeletal-mediated mitochondrial localization requires endosomal components.

The actin cytoskeleton is necessary for mitochondrial retention at the posterior pole of the
embryo. Defects in mitochondrial interactions with the cytoskeleton are associated with
many neurodegenerative diseases (Sheng, 2014). Interestingly, disruption of F-actin with
actin depolymerizing drugs affects mitochondrial retention, but not transport, in Drosophila
neurons (Chada and Hollenbeck, 2004). Furthermore, in vertebrate axonal neurons
mitochondria have been shown to interact with actin microfilaments (Morris and
Hollenbeck, 1995). As both Oskar and Tml| are reported to be expressed in Drosophila
neurons, it would be interesting to determine whether these two proteins similarly anchor
mitochondria in this cell type (Li and Gao, 2003; Xu et al., 2013). Further high-resolution
imaging is also required to determine the regulation and dynamics of this potentially general
mechanism of mitochondrial retention (Sinsimer et al., 2013).

Long Oskar acts as the main mechanism of mitochondrial inheritance in PGCs. Whether
mitochondria that localize to the posterior and represent the majority of those inherited, are
chosen at random or are selected based on fitness, health or some other attribute remains to
be determined. In yeast, such a ‘fitness’ based mechanism of inheritance has been observed
(Vevea et al., 2014). There, bundles of F-actin extend from the bud tip to the mother cell and
serve as tracks for mitochondrial movement (Vevea et al., 2014). Far from static, these actin
cables are continuously moving away from the bud (Vevea et al., 2014). Therefore, in order
for mitochondria to be inherited into daughter cells they must “crawl upstream” against the
opposing movement of the actin cables, creating a fitness test such that only the healthiest
mitochondria make it and are inherited (Vevea et al., 2014). It is possible that a similar
situation also occurs at the posterior of Drosophila oocytes. Though mitochondria appear to
be statically anchored at the posterior in the embryo, our analysis does not exclude the
possibility that they are undergoing short-range movements on actin filaments. Indeed,
purifying selection against deleterious mtDNA mutations have been observed in the
Drosophila germline (Hill et al., 2014; Ma et al., 2014). It will be interesting to explore
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whether the accumulation and inheritance of mitochondria serves as a mechanism to test
fitness and/or select against those that carry harmful mutations.

Most organisms inherit mitochondria uniparentally. Why exactly this is remains unclear.
Recent evidence suggests that inheritance of paternal mtDNA can be harmful (Zhou et al.,
2016). Consistent with this multiple pathways have been described in Drosophila preventing
the transmission of paternal mtDNA (DeLuca and O’Farrell, 2012; Politi et al., 2014).
Clearly, understanding mechanistically how mitochondria are transmitted and the genes that
regulate this process is a key step in ultimately determining why this unusual mode of
inheritance is so prevalent in nature.

EXPERIMENTAL PROCEDURES

D. melanogaster strains

D. melanogaster were maintained on cornmeal molasses yeast medium at 25°C using
standard procedures. All D. melanogaster strains generated and used in this study are listed
in the Supplemental Experimental Procedures. DNA constructs were generated by standard
molecular biological methods and injected into D. melanogaster by BestGene Inc.

Embryo, ovary and S2R+ cell immunofluorescence

Immunofluorescence was performed on fixed embryos, ovaries and S2R+ cells using
ATP5A, GFP, 1B1, Vasa, Tudor and Oskar antisera following standard procedures. Imaging
was conducted using Zeiss 510Meta and LSM780 confocal microscopes. Further detail and
antibody information is provided in the Supplemental Experimental Procedures.

Fluorescence in situ hybridization (FISH)

mtlrRNA, single molecule RNA and mtDNA FISH was performed on fixed embryos, larval
gonads and ovaries. mt/rRNA FISH was conducted on 0 to 1 hour embryos as previously
described (Lécuyer et al., 2008). Single molecule RNA FISH (smFISH) was performed as
previously described (Trcek et al., 2015) using Custom Stellaris® RNA smFISH Probes
labed with Quasar® 670 and designed against the mt/rRNA, ND1 RNA and a germ plasm
RNA nanos. Quantitative mtDNA FISH was adapted from previously described methods
(McKim et al., 2009; Trcek et al., 2015) using a mixture of 60 5 labeled CAL Fluor® 590
DNA oligonucleotides. Mixtures of labeled probes hybridizing along transcripts strongly
amplifies the signal-to-noise ratio and therefore enhances detection sensitivity. For
quantification of mtDNA, foci were counted in the 3D image stack using a spot detection
algorithm (Airlocalize) as previously described (Lionnet et al., 2011; Trcek et al., 2015).
Imaging was conducted using a Widefield Epifluorescence microscope for smFISH and
Zeiss 510Meta and LSM780 confocal microscopes for mt/rRNA and mtDNA FISH. Further
details, and Stellaris® probe and primer sequences used to generate FISH probes are listed
in the Supplemental Experimental Procedures.

Live imaging

Live imaging was performed on a Zeiss LSM780 confocal microscope and a Prairie Ultima
multiphoton microscope equipped with a pulsed 4W Ti:sapphire Chameleon laser. Dissected

Dev Cell. Author manuscript; available in PMC 2017 December 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hurd et al. Page 12

egg chambers were incubated with 50 pg/ml colcemid or 20 pug/ml cytochalasin D in
Schneider’s medium in Lab-Tek Il coverslip dishes. Embryos were dechorionated and
transferred to a heptane glue coated coverslip before covering with Halocarbon Oil. Further
details are provided in the Supplemental Experimental Procedures.

Co-immunoprecipitation and mass spectrometry

Co-immunoprecipitations were performed on 0 to 2 hour old embryos lysed with NP-40
lysis buffer using anti-FLAG® M2 affinity gel. Proteins were digested with trypsin and
analyzed using a LC-MS/MS Orbitrap. Further details are provided in the Supplemental
Experimental Procedures.

Protein gel electrophoresis and silver staining

Co-immunoprecipitants were electrophoresed through a NUPAGE® 4-12% Bis-Tris Gel
before being stained using SilverQuest™ staining kit according to the maunfacturer’s
directions. Further details are provided in the Supplemental Experimental Procedures.

gPCR mtDNA copy humber measurements

mtDNA copy number was measured by qPCR as using a LightCycler® 480 instrument as
described previously (Hunter et al., 2010). PGCs were isolated by FACS (Figure 1) or
manually (Figure S7B). Further details and primer sequences are listed in the Supplemental
Experimental Procedures.

S2R* transfection

DNA was transfected into S2R* cells using Qiagen’s Effectene reagent according to the
manufacturer’s directions. Further details are provided in the Supplemental Experimental
Procedures.

Statistical and image analysis

Data are expressed as the mean +/— SEM. Significance was assessed using an independent
two-tailed Student’s t-test. Images were analyzed using ImageJ (Fiji).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH HIGHLIGHTS

< 0.1% of oocyte mtDNA partitions into primordial germ cells in
Drosophila

Mitochondria localize to the posterior of the egg independently of germ
plasm

- Binding of the long isform of Oskar to the actin cytoskeleton entraps
mitochondria

Without Long Oskar, mtDNA is drastically reduced in primordial germ
cells
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Figure 1. mtDNA copy number increases during oogenesis and drastically decreases upon PGC
formation in wild type controls

(A) Distinct mtDNA FISH foci are observed in 0 to 1 hour old syncytial embryos. (B)
Quantitative mtDNA FISH can accurately determine the mtDNA copy number in embryonic
PGCs /n situ. mtDNA was measured in PGCs from 1 to 3 hour old control embryos by
mtDNA FISH. mtDNA copy number was determined in FACS-sorted PGCs from 0 to 11
hour old embryos by qPCR. Data are the mean +/— SEM.

(C) Cartoon of D. melanogaster germline development.

(D, E and F) mtDNA in a 2 to 3 hour old embryo (D), a L3 larval gonad (E) and an adult
ovariole (F) as visualized using mtDNA FISH. Samples were immunostained with a-Vasa
that detects the germline-specific protein Vasa.

(G) mtDNA copy number throughout germline development. mtDNA copy number was
determined in PGCs, GSCs, egg chambers and eggs using mtDNA FISH. mtDNA copy
number in PGCs from 2 to 4 and 9 to 11 hour old embryos was determined by FACS-sorting
and gPCR. Data are the means at least three independent replicates +/— SEM.

See also Figure S1.
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Figure 2. Mitochondria are enriched at the embryo posterior and accumulate there during stage
10 of oogenesis. Arrows indicate posteriorly enriched mitochondria

(A) mtlrRNA and mitochondria were visualized using FISH and mito-EYFP to detect the
mtlrRNA and mitochondria, respectively. See also Figure S2.

(B) Mitochondria accumulate posteriorly starting at stage 10 of oogenesis and persist there
until embryogenesis. mito-EYFP labeled mitochondria were visualized live using a multi-
photon microscope. Mitochondrial accumulation (EYFP fluorescence) is shown using an
ICA lookup table which ranges from blue (background) to yellow and white (high
accumulation). See also Movie S1.

(C) Percentage of stage 9 to 14 egg chambers and eggs with posteriorly enriched
mitochondria.
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Figure 3. Cytoplasmic streaming is required to localize mitochondria to the oocyte posterior

(A) Cartoon of cytoplasmic streaming.

(B and C) mito-EYFP tagged mitochondria undergo cytoplasmic streaming in stage 10/11
egg chambers but not in those treated with colcemid. Each panel represents time projections
acquired over 0, 40 or 80 seconds (s). EYFP, white.
(D) mito-EYFP tagged mitochondria do not accumulate at the posterior of stage 10 egg
chambers treated with colcemid (0 min) and aged 100 minutes. See also Movie S2.

(E) The speed of mito-EYFP tagged mitochondria in stage 10/11 egg chambers treated with
and without colcemid. Data are the mean +/— SEM.
(F) Percentage of egg chambers treated with or without colcemid at stage 10 and aged 100
minutes that had posteriorly enriched mitochondria.
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Figure 4. Long Oskar and its N-terminal domain are both necessary and sufficient to trap and
retain mitochondria at the cortex. Arrows indicate mitochondrial accumulation

(A) Loss of oskar, but not fudornor vasa, prevents posterior mitochondrial accumulation. 0
to 1 hour old embryos from wild-type, oskar null mutant (osk*8”/Df(3R)p-XT103), tudor
null mutant (tudor®™#6/Df(tudor)), or Vasa knockdown (nosgal4::VP16, mito-EYFP/uas-
vasa RNAI) mothers were immunostained with a-ATP synthase a.. See also Figure S3.

(B) Loss of long, but not short, oskar prevents posterior mitochondrial accumulation. 0 to 1
hour old embryos from wild-type mothers, oskar null mutant mothers (0sk*7/Df(3R)p-
XT103), or oskar null mutant mothers transgenically expressing either Long Oskar (sfort
o0sk™I=; 0skM139L (g0 M2-12)/+, 0sk87/DF(3R)p-XT103) or Short Oskar (/ong

osk™~ ;0skMIL (go M1-7)/+:0skA57/DF(3R)p-X T103) were immunostained with a.-ATP
synthase a and a-Oskar.

(C) The N-terminal domain is sufficient to trap mitochondria at the anterior when it is
expressed there. Left, 0 to 1 hour old embryos from wild-type mothers were immunostained
with a-ATP synthase a and a-Oskar. Right, 0 to 1 hour old embryos from mothers
expressing the N-terminus of Long Oskar fused to mCherry, FLAG, and HA at the anterior
using the bcd 3’UTR (N-term osk-bed 3°UTR: uas-osk N-term..mCherry::3xFLAGHA/+,
nosgal4.:\/P16, mito-EYFP/+) were imaged with EYFP (mitochondria) and mCherry (N-
term. Oskar). See also Figure S4.
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Figure 5. Long Oskar interacts with the actin cytoskeleton
(A) Silver stained polyacrylamide gel of proteins co-immunoprecipitated with Long Oskar,

Short Oskar or the N-terminal domain of Long Oskar (N-term). Proteins were co-
immunoprecipitated from 0 to 2 hour old embryos from mothers expressing Long Oskar
(;uas-long oskar::mCherry::3xFLAG HA/+,; nosgald.:\/P16, mito-EYFP/+), Short Oskar
(;uas-short oskar::mCherry::3xFLAG HA/+; nosgal4..:\/P16, mito-EYFP/+) or N-term (,uas-
osk N-term::mCherry.::3xFLAG HA/+; nosgal4.:\/P16, mito-EYFF/+). Baits are indicated
by red boxes as determined by apparent molecular weight (MW).

(B) Ten most abundant proteins enriched in Long and N-term Oskar, but not Short Oskar,
co-immunoprecipitations. Protein abundance (Abd.) was normalized to bait abundance.
Long/Short and N-term/Short, were calculated by dividing normalized protein abundances.
See also Tables S1 and S2.

(C) Gene ontology enrichment analysis of proteins that co-immunoprecipitated with Long
Oskar and its N-terminal domain, but not Short Oskar.

(D-G) F-actin in fixed S2R* cells expressing either Long Oskar (act-gal4 uas-long
oskar::mCherry.:.3xFLAG HA) (D to F) or Short Oskar (act-gal4 uas-short oskar::mCherry::
3XFLAG HA) (G). Images are of single sections (D, F and G) or maximum intensity
projections (E). F-actin was visualized with Alexa Fluor® 488 phalloidin (red), Oskar with
mCherry (green) and DNA with DAPI (blue). The white dashed circles indicate the Oskar
expressing cells.
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Figure 6. Posterior trapped mitochondria require the actin cytoskeleton
(A to C) Treatment of stage 12 egg chambers with the actin polymerization inhibitor

cytochalsin D (cyto. D) (C), but not the microtubule depolymerizing agent colcemid (colc.)
(B) or vehicle control (A), caused mito-EYFP mitochondria to detach from the posterior.
Images were taken 0, 1 and 2 hours after the addition of drug. White arrows and dashed
shapes indicate posteriorly enriched mitochondria.

(D) Percentage of stage 12 colc., cyto. D, or vehicle only (control) treated egg chambers that
had discernable posteriorly enriched mitochondria.

(E) In the absence of Tmll, anteriorly expressed Oskar is not able to retain mitochondria at
the embryo anterior. 0 to 1 hour old embryos from mothers transgenically expressing Oskar
at the anterior in the presence (P{ry+, osk-bcd}*2/+:Tmif951/+) or absence (P{ry+, osk-
bed}#2/+: Tmi9L/ Tmif9%) of Tmil were immunostained with a-ATP synthase a and a-
Oskar. Arrows indicate anteriorly accumulated mitochondria.

(F) Percentage of 0 to 1 hours old embryos with posteriorly and/or anteriorly enriched
mitochondria.

See also Fiugre S5.
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Figure 7. Most mitochondria require Long Oskar to enter PGCs
(A) Cartoon of PGC formation.

(B) Mitochondrial targeted PAGFP (mito-PAGFP) just prior to photoactivation (left),
immediately after photoactivation (middle) and during PGC formation (right). Dashed red
box indicates the area of photoactivation. See also Movie S3.

(C and D) mtDNA FISH of embryos just after PGC formation from control (C) and /ong
oskar mutant (D) mothers. PGCs were stained with a-Vasa and are delineated by the white
dashed shape. See also Figure S6.

(E) The number of mtDNA copies per PGC as determined by quantitative mtDNA FISH.
Data are the mean +/- SEM. For Jong 0sk™’*, 99 PGCs from 5 embryos were counted. For
long osk™~, 70 PGCs from 4 embryos were counted. ** p < 0.01 (independent two-tailed
Student’s t-test). See also Figure S7.

(F) The number of PGCs in cycle 14 embryos from control and /ong oskar null mutant
mothers. Data are the mean +/- SEM. 20 embyros were counted for each genotype. ** p <
0.001 (independent two-tailed Student’s t-test).
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