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Abstract 

In most Eukaryotes, the mitochondrial DNA (mtDNA) is 

an essential cytoplasmic chromosome encoding several vital 

components of the electron transport chain and 

mitochondrial ATPase – enzymes required for the ATP-

generating process of aerobic respiration.  In humans, 

mtDNA mutations are associated with a number of maternally 

inherited metabolic diseases, yet we lack animal models to 

study these diseases and the basis for their inheritance.   

Previously, genetic analysis of mtDNA was confounded by its 

polyploidy and relaxed segregation during cell division.  

However, we developed an efficient selection for 

homoplasmic mtDNA mutant fly lines based on mitochondria-

targeted restriction enzymes.  We isolated a homoplasmic 

mtDNA mutant with age-onset phenotypes resembling human 

mtDNA disease, arguing that the delayed onset of human 

mtDNA diseases is not necessarily caused by the gradual 

accumulation of mutant genomes.  We also isolated a male 

sterile mtDNA mutant that we used to study how organisms 

cope with mtDNA mutations causing male-specific defects.  

Lastly, we isolated a mtDNA deletion that allowed us to 

discriminate different mtDNA genotypes in a mixed 

population, and follow the fate of paternal mtDNA in a 
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cross.  This work advances flies as an animal model for 

mtDNA disease.   

We additionally characterized the mechanisms that 

ensure maternal mtDNA inheritance.  We attempted to follow 

paternal mtDNA through a cross, but discovered that 

fertilized embryos lacked paternal mtDNA.  Furthermore, we 

determined that mature sperm also lacked mtDNA, despite 

containing giant mitochondria.  Next, we documented two 

distinct processes that eliminate mtDNA from developing 

sperm mitochondria.  A primary mechanism digests mtDNA 

during sperm elongation while a backup mechanism collects 

and discards residual mtDNA in conjunction with cytoplasmic 

trimming.  Using targeted genetic screens, we determined 

that two mitochondrial nucleases, EndoG and Tamas, are 

required to eliminate mtDNA during sperm elongation.  We 

propose that EndoG nicks mtDNA, allowing Tamas, an 

exonuclease, to initiate mtDNA digestion.  When we removed 

both EndoG and Tamas, we robustly inhibited mtDNA 

elimination.  However, these mt-DNA containing sperm were 

dysfunctional, suggesting that mtDNA elimination is vital 

to sperm function.   We argue that these early acting 

barriers to paternal mtDNA transmission may have evolved to 

restrict the spread of malicious mtDNA to progeny.  
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All living things eat, grow, adapt and reproduce.   

Organisms have diverse shapes, sizes, and handy appendages 

to allow them to thrive in harsh and changing environments.  

However, while they may look different, all organisms are 

composed of a common blend of molecules that are similarly 

organized and compartmentalized.  For this reason, life on 

earth probably shares a common ancestor.  Additionally, it 

shares a common purpose: to perpetuate a microscopic 

polymer of nucleic acids – a genome.   A genome ensures 

that it is protected, repaired, replicated, and thus 

immortalized by directing the assembly of a biological 

machine that is quadrillions of times larger than itself. 

Like members of a society, genes within a genome 

bolster their existence by collaborating to build an 

organism well suited for its environment.  Because they are 

small, each gene has a relatively simple function that 

usually bestows fitness to the organism.  However, the 

fundamental purpose of a gene is probably not to help build 

a fit organism: it is to perpetuate.  Therefore, some 

genes, like some members of a society, perpetuate without 

contributing something to the greater good.  These 

“selfish” genes can perpetuate in a number of ways, such as 

replicating themselves more often, preferentially migrating 

into germinal cells, or interfering with the inheritance of 
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competing alleles.  Because selfish genes often decrease 

the fitness of the organism, other genes evolve to 

counteract them (Austin et al., 2008).  For instance, to 

prevent selfish genes from asymmetrically segregating into 

the germline, a complex spindle apparatus evolved to 

equally partition replicated genes during cell division.  

The meiotic spindle is the molecular policeman of Mendel’s 

laws, and it promotes the equal inheritance of most nuclear 

genes.  However, a handful of our genes, collectively 

called our mitochondrial DNA (mtDNA), are only inherited 

from our mothers.  Like Mendelian inheritance, we believe 

“uniparental” mtDNA inheritance strategy evolved to limit 

the spread of selfish genes.   But why is mtDNA inherited 

differently from nuclear DNA?  

Phylogenetic analysis suggests that all mitochondria-

containing Eukaryotes shared a single common ancestor about 

1.8 billion years ago.  This ancestor consisted of a 

nucleated archea-like host cell containing a cytoplasmic 

eubacterial parasite – the mitochondrial ancestor (MA) 

(Hedges et al., 2001).  The sequences of large protist 

mtDNAs argue that the MA resembled present day alpha-

proteobacteria (Gray et al., 1998).  The closest relative 

of the MA, Rickettsia prowazekii, is an obligate 

intracellular parasite that invades, replicates, and lyses 
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human vascular endothelial cells to cause epidemic typhus 

(Andersson et al., 1998).  Like its Rickettsial relative, 

the MA was probably an intracellular parasite with selfish 

intentions.   

As an intracellular parasite, the MA likely contained 

a limited genome because it lost genes that could be 

complemented by host functions.  However, the MA also 

encoded many valuable genes that the host lacked – genes 

required for aerobic energy production through electron 

transport and oxidative phosphorylation (Andersson et al., 

1998).  Once the host evolved a way to harness the energy 

produced by the MA, it developed mechanisms to maintain the 

MA. 

The first eukaryotes probably maintained many 

mitochondria to maximize aerobic metabolism.  Modern 

Eukaryotic cells typically contain tens to thousands of 

mtDNAs - with larger and more actively respiring cells 

having more copies.  Because modern mitochondria frequently 

fuse and exchange components, different mtDNA mutations 

within fusing mitochondria can complement each other in a 

single cell.  Generally, a mitochondrial mutation does not 

cause a cellular defect until it surpasses a threshold 

frequency in the cell.  The accumulation of mtDNA mutations 

over time is hypothesized to contribute to chronological 
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aging and the age-onset component of mtDNA diseases 

(Wallace, 2005).  However, this idea is difficult to 

experimentally test because mtDNA is not easily genetically 

manipulated in many model organisms.  Because a cell 

contains many copies of mtDNA, classical genetic approaches 

cannot identically mutate all mtDNAs to study the cellular 

phenotype of an individual mtDNA mutation.  In Chapter 1, 

we describe a novel genetic approach to create an organism 

harboring only one type of mutant mitochondrial DNA.  This 

method allowed us to model mtDNA diseases and study mtDNA 

competition and inheritance.   

In addition to frustrating geneticists for many years, 

mtDNA polyploidy also creates a problem for the host cell.  

mtDNAs in the same host cell compete for propagation, which 

selects for mtDNA variants that replicate faster or 

transmit better than their mtDNA cellmates.  Several 

studies in S. cerevisiae and humans identified mtDNA 

deletions that caused mutant genomes to replicate faster 

than wild type.  In S. cerevisiae, these mutants were named 

“petites” because they formed small colonies due to 

impaired mitochondrial function (Ephrussi et al., 1955; 

Blanc and Dujon, 1980; de Zamaroczy et al., 1981).  Because 

mtDNAs in the Eukaryotic ancestor were probably much larger 

and contained more genes than present day mtDNAs, they had 
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a larger capacity to achieve a replicative or transmission 

advantage.  In fact, the selective pressure to replicate 

faster is one explanation for why present day mtDNA genomes 

contain so few genes (Gray et al., 1999).  Because selfish 

mtDNAs compromised host cell fitness, the host cell evolved 

mechanisms to counter them.   

To counter the fitness disadvantage of loosing a 

mtDNA-encoded gene, the host cell incorporated mtDNA genes 

into the nucleus where they could be reliably transmitted.  

An estimated 98% of all ancestral mtDNA genes now reside in 

the nucleus (Gray et al., 1999).  Additionally, by moving 

mtDNA genes to the nucleus, the host could use 

recombination to protect these genes from being eroded by 

mutation – a topic that will be revisited below. 

The host cell also evolved ways to limit the 

transmission of selfish mtDNAs to its progeny.  Unlike 

nuclear genes, which were present in one or two copies per 

cell, the mtDNA was needed in many copies, which likely 

made it difficult for the host cell to precisely control 

mtDNA replication and equal partitioning.  Instead, the 

host cell nucleus prevented one parent from transmitting 

mtDNA in a cross.  Why would uniparental inheritance be 

beneficial?  S. cerevisiae biparentally inherits mtDNA and 

is susceptible to a problem that uniparental inheritance 
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solves.  In S. cerevisiae, if a selfish petite mtDNA is 

present in either parent of a cross, it is inherited by 

nearly all of the progeny, where it then establishes itself 

as the prominent mtDNA genotype.  Therefore, when a nuclear 

genome encounters a selfish petite mtDNA, it will always be 

linked to it, and will only generate respiration deficient 

progeny in a cross (Ephrussi et al., 1955; Blanc and Dujon, 

1980; de Zamaroczy et al., 1981).  However, if the nuclear 

genome evolved a mechanism to restrict mtDNA transmission 

in one mating type, the nuclear genome could unlink itself 

from a selfish mtDNA once the nuclear genome passes through 

the restricted mating type.  Therefore, it can be 

advantageous for the nuclear genome to constrain 

replication of its complement of mitochondrial genomes.   

If the spread of petite mutants is a danger to S. 

cerevisiae, then why does S. cerevisiae allow biparental 

mtDNA inheritance?  In the wild, S. cerevisiae seldom 

crosses to unrelated strains: as a result of mating type 

switching, a single strain includes both sexes that cross 

together (homothallic mating).  Since both parents of a 

homothallic cross will transmit identical mtDNA to their 

offspring, there is no pressure to maintain uniparental 

inheritance. Instead, t he organism will likely avoid the 

uniparental inheritance strategy due to its drawbacks. 
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By inheriting mtDNA from only one parent, an organism 

forfeits the benefits of sexual reproduction in maintaining 

the fidelity of mtDNA-encoded functions.  One major benefit 

of sexual reproduction is the ability of functional alleles 

from one parent to complement hypomorphic mutations from 

the other.  Because our mtDNA is maternally inherited, if a 

mother transmits pathogenic mtDNA to her offspring, her 

offspring will be diseased regardless of their father’s 

genotype. 

A second benefit of sexual reproduction is the ability 

to recombine defective alleles so that they can be selected 

out of a population.  Because mtDNA is uniparentally 

inherited, all mtDNA in an organism is derived from a 

single source.  Thus, when all mtDNAs in that source 

acquire the same mutation, it cannot be removed (except 

with a rare reversion), causing the organism to be less fit 

than its predecessor.  This process is then repeated, 

theoretically causing the gradual erosion of the mtDNA.  

Because the nuclear genome inherits mutations from two 

different sources, recombination can create hybrid genomes 

that have more or less mutations than the parental types.  

Thus, harmful combinations of nuclear mutations are 

selected against while beneficial combinations persist 

(MULLER, 1964).  Currently, it is not clear how mtDNA 
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avoids the accumulation of harmful mutations in the absence 

of recombination. 

A final consequence of uniparental mtDNA inheritance 

is that only the transmitting sex can purge harmful mtDNAs 

from a population (Frank and Hurst, 1996).  For example, 

since animals and plants maternally inherit mtDNA, they can 

only select against mtDNA mutations that harm females.  

Mutations that selectively harm males are transmitted with 

normal frequencies.  Because gametogenesis is vastly 

different in the male and female sexes, there are many ways 

for mtDNA mutations to preferentially affect 

spermatogenesis and reduce male fertility.  Many mtDNA 

mutations cause male sterility in plants and a mtDNA mutant 

has been linked to human male infertility (Laser and 

Lersten, 1972; Ruiz-Pesini et al., 2000).  Interestingly, 

some mtDNA mutants cause hermaphroditic plants to produce 

less pollen, which indirectly stimulates the plant to 

produce more female parts.  Because the female parts 

transmit the mtDNA, these mutations gain a transmission 

advantage over wild type mtDNAs in the population (Lewis, 

2006).   

How do organisms combat the male specific defects that 

can result from maternal mtDNA inheritance?  Bivalves 

evolved a strategy called dual uniparental inheritance 
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(DUI), where females inherit mtDNA from their mothers and 

males inherit mtDNA from both parents.  In males, maternal 

mtDNA predominates in somatic tissues while paternal mtDNA 

predominates in the germline.  Therefore, DUI still 

maintains separate asexual mtDNA lineages, but mtDNA is 

selected to function in the germline of the sex it occupies 

(Zouros et al., 1994).  DUI evolved in bivalves, but how do 

other organisms prevent or cope with sex-specific mtDNA 

defects?  In Chapter 1, we created a mtDNA mutation that 

causes a male specific defect.  Hopefully, future studies 

with this mutation and others will reveal how sex-specific 

mtDNA defects are alleviated.  

As outlined, uniparental mtDNA inheritance can have 

both positive and negative consequences on organism 

fitness.  However, it is unclear if some or all of these 

effects exert a selective pressure to maintain or lose 

uniparental mtDNA inheritance in different Eukaryotic 

lineages.  Additionally, uniparental mtDNA inheritance may 

simply be an indirect consequence of another important 

biological process.  For instance, one proposal suggests 

that uniparental inheritance is indirectly caused by the 

fusion of asymmetrically sized (anisogamous) gametes 

(Birky, 1995).  However, several lines of evidence oppose 

this idea.  First, in bivalves, paternal mtDNA contributes 
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to the male germline despite being vastly outnumbered by 

maternal mtDNA in the egg (Zouros et al., 1994).  

Additionally, banana plants and redwood trees paternally 

inherit mtDNA, yet have much smaller male gametes than 

female gametes (Neale et al., 1989; Fauré et al., 1994).  

Finally, in most animal and plant species where mtDNA 

inheritance was closely examined, active mechanisms 

appeared to eliminate paternal mtDNA.  These mechanisms act 

either before or after fertilization (Birky, 2001).   

Mechanisms that act before fertilization eliminate 

mtDNA from male gametes.   For example, in many flowering 

plants, mtDNA is degraded during the formation of mature 

pollen grain (Miyamura et al., 1987).  In Arabidopsis, this 

degradation requires the mitochondria-targeted nuclease, 

Dpd1 (Matsushima et al., 2011).  In medaka fish, mtDNA 

gradually disappears during spermatogenesis before 

completely vanishing shortly after fertilization (Nishimura 

et al., 2006).  mtDNA elimination occurred within intact 

mitochondria - implying the action of an unidentified 

mitochondrial nuclease (Nishimura et al., 2006).  Similar 

reductions in mtDNA copy number were observed in developing 

mouse and human sperm (Hecht et al., 1984; 1984; Larsson et 

al., 1997).  Finally, when mature human sperm were 

carefully purified, most contained mitochondria, but not 
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mtDNA (May-Panloup et al., 2003).  All of these studies 

suggest that an unidentified mitochondrial nuclease 

promotes maternal inheritance by eliminating mtDNA during 

spermatogenesis. 

In unicellular algae and ameobic slime molds, mtDNA 

similarly vanishes within mitochondria.   However in these 

species, mtDNA elimination occurs after fertilization 

(Moriyama and Kawano, 2003; Aoyama et al., 2006).  

Additionally, studies in several animals proposed that 

post-fertilization mechanisms enforce maternal inheritance.  

For example, paternal mitochondria progressively disappear 

in young sea urchin and mammalian embryos (Anderson, 1968; 

Sutovsky et al., 1996).  In bovine embryos, mitochondria 

stain with ubiquitin before disappearing, leading the 

authors to propose that a ubiquitin conjugating mechanism 

enforces maternal inheritance (Sutovsky et al., 2000).   

However, these studies in sea urchins and mammals followed 

paternal mitochondria - not mtDNA.  It is possible that 

organelle elimination may be a secondary consequence of an 

earlier-acting mtDNA elimination mechanism.  Recently, an 

autophagy-like mechanism was shown to eliminate paternal 

mitochondria in C. elegans embryos.  When the authors 

mutated lgg-1 or other genes required for autophagy in 

mothers, paternal mitochondria and mtDNA persisted in the 
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progeny longer than they normally would.  However, paternal 

mtDNA still disappeared at a later developmental stage 

(Rawi et al., 2011; Sato and Sato, 2011; Zhou et al., 

2011).  These studies argue that maternally supplied egg 

proteins recognize and eliminate paternal mitochondria to 

enforce maternal inheritance.    

Zygotic mechanisms enforcing maternal inheritance 

require that sperm mitochondria are compatible with egg-

supplied degradation machinery.  Thus, one would expect 

paternal inheritance in the absence of this compatibility.  

Studies in mice and insects reported sporadic paternal 

mtDNA inheritance in interspecies crosses (Kondo et al., 

1990; Kaneda et al., 1995a; 1995b).  Additionally, paternal 

mitochondria are not ubiquitinated in several interspecies 

crosses in mammals (Sutovsky et al., 2000).   These studies 

argue that paternal mtDNA elimination requires a compatible 

interaction between the egg and sperm, which is lost when 

species diverge. 

mtDNA inheritance has been characterized using a 

variety of techniques in many different Eukaryotes.  These 

observations led to a number of different models to explain 

uniparental mtDNA inheritance.   While it is possible that 

different species restrict mtDNA inheritance with different 

mechanisms, it is also possible that some proposals are 
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founded on misleading data.  For example, May-Panloup et 

al. showed that previous estimations of human sperm mtDNA 

copy number were incorrect because sperm in previous 

studies were not adequately purified (May-Panloup et al., 

2003).  Furthermore, PCR detection of paternal mtDNA is 

easily contaminated by exogenous sources.  Therefore, mtDNA 

inheritance is best studied using multiple approaches.  

Here, we use molecular, cytological, and genetic approaches 

to characterize the mechanisms that restrict paternal 

inheritance.   

 The overarching goal of this thesis work was to 

determine why we maternally inherit mtDNA.  To pursue this 

goal, I characterized and then disrupted the molecular 

mechanisms that control maternal mtDNA inheritance in a 

model organism, D. melanogaster.  

Chapter 1 describes a method we developed to 

efficiently generate mtDNA mutant fly lines to facilitate 

the study of mtDNA genetics.   We targeted a restriction 

enzyme to mitochondria to clonally expand rare mtDNA 

mutants that lack the enzyme’s recognition site.  By 

generating and characterizing different mutant lines, we 

discovered that age-onset phenotypes of human mtDNA 

diseases are not necessarily caused by the gradual 

accumulation of mtDNA mutations.   Furthermore, we isolated 
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a male sterile mtDNA mutant that can be used to understand 

how organisms cope with mtDNA mutations that impose male-

specific defects.  Lastly, we isolated a mtDNA deletion 

that allowed us to discriminate different mtDNA genotypes 

in a mixed population, and follow the fate of paternal 

mtDNA in a cross.   

In chapter 2, we developed a sensitive assay to count 

paternal mtDNA copy number during different stages of a 

cross.   Using this technique, we discovered that mature 

sperm lack mtDNA.  We then cytologically characterized the 

timing of mtDNA elimination during spermatogenesis.  Using 

a genetic screen, we discovered that a mitochondrial 

nuclease, EndoG, is required to eliminate mtDNA within 

developing sperm mitochondria.  Lastly, we identified a 

backup mechanism that collects and translocates residual 

mtDNA out of EndoG mutant sperm.  In this chapter, we 

identified early acting mechanisms that enforce uniparental 

mtDNA inheritance in Drosophila. 

In the final chapter, we attempted to robustly disrupt 

the mechanisms that eliminate mtDNA from sperm in hopes of 

studying the effects of biparental mtDNA inheritance.  We 

determined that EndoG nicks mtDNA and plays a supporting 

role in mtDNA elimination.  Using a second genetic screen, 

we discovered that Tamas, a mitochondria 
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polymerase/exonuclease, is also required for mtDNA 

elimination during spermatogenesis.  When combined with 

endoG mutants, tamas knockdown robustly blocked mtDNA 

elimination and compromised sperm function.  Because mtDNA-

containing sperm were defective, we were unable to 

determine the consequence of allowing biparental mtDNA 

inheritance.  However, our results argue that mtDNA 

elimination may be essential for both sperm function and 

uniparental inheritance. 
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genase structures, evolved independently. Remark-
ably, hydrogenases are the only metalloenzymes
that use toxic CO and cyanide (or pyridinol) as
metal ligands. Thus, hydrogenases are an
impressive example of convergent evolutionary
development as a consequence of specific
biological and/or chemical restraints. However,
the intrinsic physicochemical properties of the
unique iron ligation pattern are not yet under-
stood, nor are their implications for the techno-
logically important H2 activation reaction.

Despite the related low-spin iron centers, the
enzymatic mechanism of [Fe]-hydrogenase differs
fundamentally from that of the other types because
of the different nature of the redox-active partner
and the accompanying electron delivery mode. In
[NiFe]- and [FeFe]-hydrogenases, the electrons of
H2 reduction flow one by one through the redox-
active metals and several iron-sulfur clusters over a
large distance to an electron acceptor. The active-site
structures essentially remain fixed during H2 cleav-
age, and H2 reaches the deeply buried active site
by a long diffusion channel. In [Fe]-hydrogenase,
however, the found ternary reactionmechanism and
the exchange betweenH2 and protons of water sole-
ly in the presence of methenyl-H4MPT+ (32) (see
partial structure in Fig. 2) suggests that methenyl-
H4MPT+ directly accepts the hydride fromH2. This
conclusion is supported by the x-ray structure, as the
cleft between the peripheral and central units can
accommodate the bulky methenyl-H4MPT+ mole-
cule and the C14a atom can be positioned
sufficiently close to the iron without causing severe
clasheswith thepolypeptide chain (fig. S3).Because
the intersubunit cleft in the holoenzyme is, in fact,
too large for an optimal methenyl-H4MPT+ adjust-
ment, we assume that its binding is accompanied by
an induced-fit movement constituting the catalysis-
competent active-site before each turnover. The
expected large-scale conformational changes are
reflected in the different positions of the peripheral
unit relative to the central unit found in the structures
of the holo- and apoenzymes (Fig. 3), mainly
induced by crystal forces. H2 can readily reach the
solvent-exposedFe center, which is probably encap-
sulated upon methenyl-H4MPT+ binding.

The most attractive hypothesis for the mecha-
nism of H2 cleavage in [Fe]-hydrogenases is based
on a concerted action of the strong hydride acceptor
methenyl-H4MPT+ and the Lewis acid Fe(II) that
lowers the pKa value of H2, preferably when bound
in a side-on conformation. The polarized H2 ligated
to the postulated binding site (Fig. 5) is attacked
from the adjacent carbocation C14a of methenyl-
H4MPT+ from the Re-face of the ring system (see
Fig. 2), generating methylene-H4MPT. Acceptors
for the released proton within 6.5 Å from the iron
include the Cys176 thiolate ligand, the pyridinol ni-
trogen, oxygen, and carboxyl oxygen as well as two
conserved histidines, His14 and His201 (for the
position of the two histidines relative to the iron,
see fig. S1B). A His14!Ala mutation drastically
reduces the hydrogenase activity of the enzyme,
whereas His201 ! Ala has only a minor effect
(table S2).

Although there are still many questions to be
answered, the crystal structure allows us to draw the
following conclusions: (i) The active-site iron is
definitely mononuclear, not dinuclear as in the
[FeFe]- and [NiFe]-hydrogenases. (ii) The presented
structural data, together with results of studies using
various spectroscopic methods [nuclear magnetic
resonance (NMR), mass, IR, Mössbauer, and
extended x-ray absorption fine structure (EXAFS)
(23–26)] and information from mutational analysis
(25), converge to a coherent result. (iii) The struc-
tures of the [Fe]-, [FeFe]-, and [NiFe]-hydrogenases
are completely different but share features in their
active site that can only have evolved convergently
(Fig. 1). (iv) The detailed three-dimensional struc-
ture will allow density functional theory (DFT)
calculations of energy profiles, which will help to
exclude some of the proposed mechanisms of H2

activation. (v)Model complexes can be constructed
on the basis of the iron center of [Fe]-hydrogenase,
and their analysis will provide further insight into
its essential but not yet understood function in H2

activation (3–7).
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Manipulating the Metazoan
Mitochondrial Genome
with Targeted Restriction Enzymes
Hong Xu, Steven Z. DeLuca, Patrick H. O’Farrell*
High copy number and random segregation confound genetic analysis of the mitochondrial
genome. We developed an efficient selection for heritable mitochondrial genome (mtDNA)
mutations in Drosophila, thereby enhancing a metazoan model for study of mitochondrial genetics
and mutations causing human mitochondrial disease. Targeting a restriction enzyme to
mitochondria in the germline compromised fertility, but escaper progeny carried homoplasmic
mtDNA mutations lacking the cleavage site. Among mutations eliminating a site in the cytochrome
c oxidase gene, mt:CoI A302T was healthy, mt:CoIR301L was male sterile but otherwise healthy,
and mt:CoIR301S exhibited a wide range of defects, including growth retardation,
neurodegeneration, muscular atrophy, male sterility, and reduced life span. Thus, germline
expression of mitochondrial restriction enzymes creates a powerful selection and has allowed
direct isolation of mitochondrial mutants in a metazoan.

Atypical animal cell contains hundreds
to thousands of copies of the mitochon-
drial genome (mtDNA), which encodes

13 essential subunits of the electron transport

chain complexes and RNAs (2 rRNAs and 22
tRNAs) required for mitochondrial translation
(1, 2). It is not clear how the genetic integrity
of this amitotically distributed genome is main-
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tained. Due to a high mutation rate, lack of re-
combination, and the presence of coresident ge-
nomes to protect mutant genomes from selection,
mtDNA mutations should readily accumulate in
cells (3). Indeed, a dramatic accumulation of
mitochondrial mutations in somatic tissues ap-
pears to contribute to age-related disorders in
humans (4), and numerous mutations on human
mtDNA have been linked to maternally inherited
diseases (1, 2). The mitochondrial genome has
not been very amenable to functional genetic stu-
dies in metazoans (5, 6). Successful generation of
trans-mitochondrial mice by hybridizing mtDNA-
depleted embryonic stem cells and enucleated
donor cells containing mtDNA mutations (6)
has been constrained by the limited collections
of donor cells carrying mtDNA mutations.

Targeting restriction enzymes to mitochon-
dria can selectively compromise propagation of
mtDNA that has a site targeted by the enzyme
(7). We reasoned that expression of a restriction
enzyme targeting wild-type mtDNAwould create
a selection allowing rare mutations lacking the
restriction site to take over (fig. S1). XhoI has
a single recognition site in the cytochrome c
oxidase subunit I locus (mt:CoI) in the Dro-
sophila melanogaster mitochondrial genome
(fig. S2). It overlaps codons specifying three
amino acid residues in a conserved region of
CoI (Fig. 1E and fig. S3). pMT-mitoXhoI, which
encodes XhoI fused to a mitochondrial targeting
leader at its N terminus and a Myc tag at its C
terminus (fig. S4), was used to establish S2 cell
lines. MitoXhoI protein was specifically local-
ized to mitochondria (fig. S4). Upon induction,
the majority of the mtDNA was cleaved at the
XhoI site (Fig. 1, A and B), demonstrating that
MitoXhoI can efficiently target the wild-type
mitochondrial genome.

To test the consequence of MitoXhoI ex-
pression in animals, we generated transgenic
flies expressing mitoXhoI under the UASp pro-
moter. Ubiquitous expression of UAS-mitoXhoI
activated by a tub-GAL4 driver blocked hatch-
ing of 95% of the embryos, and the remaining
5% died as first instar larvae. Selective expres-
sion of UAS-mitoXhoI in the eye primordium
using an eyeless-GAL4 driver ablated or greatly
reduced the eye (Fig. 1C).

To select for heritable mitochondrial mutants,
we used nanos-GAL4 to activate UAS-mitoXhoI
expression in germline cells, reasoning that
those cells carrying XhoI-resistant mtDNAwould
survive to produce progeny carrying the mutant
mtDNA (fig. S5). Most of the UAS-mitoXhoI/+;
nanos-Gal4/+ flies were sterile, but about 1% of
the females gave a few escaper progeny. Es-
capers all carried XhoI-resistant mtDNA (Fig.
1D), and no wild-type genomes were detected,

which suggests that each mutant was homo-
plasmic. Sequencing identified single base pair
mutations that eliminated the XhoI site (Fig. 1E).
Three different sequence variants were recov-
ered, mt:CoIA302T, mt:CoIR301L, and mt:CoIR301S,
all resulting in a single amino acid change (Fig.
1E). No secondary mutations were seen in these
mutants, and each mutant was maternally
inherited and conferred complete resistance to
MitoXhoI in the eye (Fig. 1C).

We investigated whether any of these mt:CoI
mutations were pathogenic. Only mt:CoIA302T

behaved as wild-type flies in the phenotypic
analyses we conducted (table S1). mt:CoIR301L

flies were healthy, except that the males were
sterile (table S1). Spermatogenesis appeared
normal, and sperm were motile but reduced in
number (movies S1 and S2). Sperm were trans-
ferred to the female during mating but were not
stored in the sperm storage organs. Despite
being sterile, male mt:CoIR301L flies had sim-
ilar cytochrome c oxidase activity and slightly
higher adenosine triphosphate (ATP) levels
than wild-type flies (fig. S6). It is not clear
how a mitochondrial mutation selectively com-
promises sperm function, but, because trans-
mission of mtDNA occurs through the female,
it has been argued that such mutations can be
sustained in a population (8) and could make
a substantial contribution to male sterility (9).
The mt:CoIR301S allele exhibited markedly more

severe phenotypes. The mutant had an extended
larval phase (about 10 days at 25°C), and the
mechanosensory bristles on the thorax were
missing or thinned and shortened (Fig. 2, A and
B). The males were sterile without any mature
sperm, which suggests a defect in spermato-
genesis. Female flies were fertile but produced
only 20% as many progeny as did wild-type
flies. The mt-CoIR301S flies had about half the
normal cytochrome c oxidase activity and sig-
nificantly reduced ATP levels (fig. S6).

Because most mtDNA diseases in humans
show neuropathy and myopathy, we examined
the morphology of retina and indirect flight mus-
cles to determine whether mt:CoIR301S flies had
similar defects. Young mt:CoIR301S flies had the
full complement of ommatidia components, al-
though some rhabdomeres had slight morpho-
genetic defects (Fig. 2, C and D). However, the
ommatidia of aged mt:CoIR301S, but not wild-type
flies, were disorganized and the rhabdomeres were
shrunken or completely lost (Fig. 2E), indicat-
ing age-dependent degeneration of photorecep-
tor neurons.

Transmission electron microscopy (TEM) of
flight muscle in wild-type and young mt:CoIR301S

flies revealed orderly muscle fibers and fused
mitochondria with long and tubular cristae (Fig. 2,
F and G). However, two weeks after adult eclosion,
the mt:CoIR301S mitochondria were small and frag-
mented, contained many vesicular structures, and

Fig. 1. Manipulation of
mtDNA with a mitochondrial-
ly targeted XhoI (MitoXhoI).
(A) Restriction map of a
mitochondrial genomic re-
gion spanning cytochrome
c oxidase subunit 1 (mt:CoI,
thick white arrow). The size
of each fragment is given in
kb. (B) Total DNA was ex-
tracted from control (Con.)
and mitoXhoI-expressing
(mitoXhoI) S2 cells, digested
with HindIII (H) or HindIII
and XhoI (HX), and hybrid-
ized with probe against
the mt:CoI gene. (C) UAS-
mitoXhoI, when expressed
under the control of eyeless-
Gal4 (ey>mitoXhoI), caused
eye ablation or small eye,
which was suppressed in flies
containing XhoI-resistant
mtDNA [ey>mitoXhoI(mt:
CoIR301L)]. (D) mtDNAs were
amplified using the pair of
primers denoted as arrow-
heads in (A). U, undi-
gested polymerase chain reaction (PCR) product; D, PCR product digested with XhoI. There are no
detectable wild-type bands in any of the mutants. (E) Recovered mutant mtDNAs with mutations in the
XhoI site (yellow). Mutated nucleotides and changed amino acid residues are highlighted in red. (F)
Recovered mutant mitochondrial genomes with mutations affecting the BglII site (yellow). Dashed line
represents a 9-nucleotide deletion. Bracket represents a 3-nucleotide insertion encoding an extra serine
residue (red).
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did not completely fill the intermyofibril space
(Fig. 2H). Similar mitochondrial morphological
defects were also reported in flies with amutation
in the mitochondrial ATP6 locus (10). Moreover,
when tested in a climbing assay,mt:CoIR30lS flies
showed mobility defects enhanced by age, con-
sistent with age-dependent neurodegeneration
and myopathy (Fig. 2I). Beyond these age-
dependent neurological and muscular dysfunc-
tions, mt:CoIR301S flies had substantially reduced
longevity (Fig. 2J).

The pathologies associated with human mito-
chondrial DNA diseases often develop with age
(1), much like the degenerative changes that we
find for the mt:CoIR301S allele. Because the muta-
tions responsible for human mitochondrial disease
usually affect only a fraction of the mitochondrial
genomes (heteroplasmy), the progressive increase
in the severity of the phenotype might be attri-
buted to an increase in the load ofmutant genomes
in the affected tissues or to an inherent feature of
the mitochondrial defect. Because the mutations
we have selected are homoplasmic, the age-
dependent degenerative phenotype must be
inherent to the mutation.

There are 31 single-cutting restriction enzymes
sites in Drosophila mtDNA, distributed within
eight protein-encoding genes, two rRNAs and three
tRNAs (table S2). To test the generality of our
approach, we produced a UASp-regulatedmitoBglII
transgene that targets a single BglII site in the

mt:ND2 locus. After germline expression, we re-
covered two lines carrying mutations in mt:ND2.
In contrast to the single base changes recovered
in mt:CoI, one mt:ND2 mutation is an in-frame
deletion and the other is a three-nucleotide in-
sertion (Fig. 1F). Use of the full panel of available
enzymes will target the majority of the protein
coding genes in Drosophila mtDNA and allow
generation of multiple alleles, although we ex-
pect that alleles that completely eliminate res-
piratory activity will not be recovered as a result
of lethality.

In the described selection for resistance to
germline expression of mitochondrial restriction
enzymes, roughly one out of several thousand
germline precursor cells (PGCs) survived to
produce progeny. Mice have about 50 PGCs,
and this population is greatly expanded before
definitive germ cell differentiation (11). Further-
more, one could employ the previously developed
“mtDNA mutator mouse” carrying an error-prone
mitochondrial DNA polymerase (12) to increase
the frequency of enzyme-resistant mitochondrial
genomes. If the frequency of mtDNA mutations
in mice is similar to that in flies, generation of
novel homoplasmic mitochondrial mutant mice
by the described approach should be practical.
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Fig. 2. Characterization of mt:CoIR301S flies. (A and B) Wild-type (A) and
mt:CoIR301S (B) fly thoraxes showing the short and thin (arrow) or missing
bristles (arrowhead) in mt:CoIR301S flies. Scale bars, 250 mm. (C to E) Retinal
morphology of 2-week old w1118 (C), 1-day old mt:CoIR301S (D), and 2-week
old mt:CoIR301S (E). R, rhabdomere; CB, cell body. Scale bars, 2 mm. (F to H)
Cross-section of indirect flight muscle of 2-week-old w1118 (F), 1-day-old
mt:CoIR301S (G) and 2-week-old mt:CoIR301S (H). Inserts show high-magnification
images of inner mitochondrial membrane structure. MF, myofibrils; M,
mitochondria. Scale bars, 1 mm in large view and 50 nm in inserts. (I)
Climbing abilities of wild-type and mt:CoIR301S flies at different ages were
assayed by measuring the time required (seconds) to climb 10 cm. The 2- to
3-day-old mt:CoIR301S flies have weaker climbing ability (14.0 ± 3.8 s) than
wild-type flies of the same age (7.3 ± 1.2 s). The defects were exacerbated in
2-week-old flies (26.7 ± 5.3 s). Results are means ± SD (n = 3 for each data
point). (J) Life span of wild-type (w1118) and mitochondrial DNA mutant flies.

mt:CoIR301S flies showed greatly reduced longevity, with a median life span of 17 days. The median life span of wild-type flies is 41 days. Neither mt:CoIA302T

nor mt:CoIR301L flies displayed any significant alterations in life span compared with wild-type flies.
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Reports: “Manipulating the metazoan mitochondrial genome with targeted restriction
enzymes” by H. Xu et al. (25 July, p. 575). The caa codon in the mt:CoIR301L mutant in
Fig. 1E should encode a glutamine (Q) rather than the indicated leucine (L).
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Materials and Methods 

 
Molecular biology. The XhoI cDNA was amplified by PCR (5’oligo: 
cgggattcatggcattggatctagccgaa, 3’oligo: gcctcgagtaacgcggatgcgactct), 
fused downstream and in frame with a DNA fragment encoding the N-terminal 40 amino acid 
residues of Drosophila citrate synthase (CG3861) and subcloned into the pENTR3C vector. The 
pMT-mitoXhoImyc and pUASp-mitoXhoImyc expression constructs were generated by Gateway 
Cloning system (Invitrogen), using destination vectors from Drosophila Gateway collection (T. 
Murphy lab, Carnegie institute of Washington, Baltimore, MD). The BglII cDNA was amplified 
(5’oligo: cgggatccatgaagattgatataacgga, 3’oligo: 
gcctcgagtaatatgtcacgattgttc) by PCR and pUASp-mitoBglII was constructed using 
the scheme described for mitoXhoI.  
 
Stable S2 cell lines expressing pMT-mitoXhoImyc were induced with 100 PM CuSO4 for 24 hrs. 
The total DNA was extracted using Qiamp DNA mini kit (Qiagen #51304) and digested with 
HindIII alone, or HindIII and XhoI together, fractioned on 1% agrose and transferred onto 
GeneScreen plus membrane (PerkinElmer #988001). The radioactive probe was made with 
Prime-It II random primer labeling Kit (Stratagene #300385) using mt:CoI cDNA as template. 
Southern blotting was performed according to the standard protocol (Molecular Cloning, online 
edition). To genotype mitochondrial DNA, a 4.0 kb DNA fragment flanking the XhoI site 
(corresponding to mtDNA: 759-4769. 5’oligos:tggagctattggaggactaaatca, 
3’oligo:gctcctgttaatggtcatggact) was amplified by PCR, digested with XhoI, or 
sequenced (sequencing oligo: gaattgctcatggtggagcttca). The majority of mtDNA of 
each mutant was also amplified by PCR and sequenced. We could not sequence the AT rich 
region and the 12S rRNA, due to technical difficulty amplifying this part of the genome. 
 
Immunostaining.  The S2 cells carrying pMT-mitoXhoImyc were induced with 100 PM CuSO4 
for 24 hrs, and loaded with 100 nM Mitotracker green (Molecular Probe # M7511) for 30 min. 
The Cells were fixed with 4% formaldehyde in PBS for 5 min and permeabilized with PBS 
containing 0.1% Triton X-100. An anti-myc antibody (1:400, Santa Cruz, Sc-789) was used. The 
images were acquired using a deconvolution microscope (Delta-vision RT; Applied Precision).   
 
Fly genetics. All the flies were maintained on cornmeal-agar-molasses medium at 25 °C under 
ambient light condition. The transgenic flies expressing MitoXhoI were generated through 
standard germline transformation procedures. To select for mitochondrial mutations, UASp-
mitoXhoImyc (abbreviatedUASp-mitoXhoI below and in the main text) flies were crossed to 
nanos-GAL4 flies (Bloomington #, 4937). The resulting F1 females (UASp-mitoXhoI/+; nanos-
GAL4/+) were crossed to w1118 males. The escaper F2 females were picked and mated with w1118 
males to establish stocks. mtDNA genotypes were determined by restriction enzyme digestion 
and sequencing. In all of the experiments, w1118 flies were used as a wild type control. 
 
Climbing test. Climbing tests were carried out as previously described 1. For each test, ten 2-3 
day old flies or ten 2-week old flies were transferred to a glass test tube (15 cm long, 1.5 cm 
diameter) with a mark 10 cm from bottom and parafilm covering the opening. After 2 hr for 
acclimation, the flies were knocked down to the bottom by gently tapping the tubes. The tubes 
were held upright under a fiber optic light. The time required for 50% of the flies to climb to the 
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10 cm line was recorded. Three trials were conducted for each group, and three groups were used 
for each genotype.  
 
ATP determination. ATP levels were determined as previously described2. Five 2-3 day-old 
male flies of each genotype were homogenized in guanidine extracting buffer (6M Guanidine-
HCl, 100mM Tris-HCl, pH7.3). The supernatants were collected after centrifugation.  1/500 
dilution was used to determine the ATP level using an ATP determination Kit (Molecular Probes 
#A22066). The absolute ATP levels were normalized with protein concentration determined by 
Bradford assay. The average of 3 sets of wild type controls was used as standard for 
normalization. Each data point is the average of 3 independent experiments. 
 
Cytochrome c oxidase (COX) activity. COX activity was measured as previously described 3 
with minor modification.  Before being used as a substrate in the assay, commercially purchased 
cytochrome c (10 mg/ml, equine heart, EMD Biosciences #250600) was reduced with 10 mg/ml 
ascorbate in sodium phosphate buffer (0.1M sodium phosphate, pH 7.2). The ascorbate was 
dialyzed out overnight at 4ºC in sodium phosphate buffer using Slide-A-Lyzer Dialysis Cassettes 
(3500 kDa MW cut-off, Pierce #66330). Reduced cytochrome c was diluted to 25 mM using the 
extinction coefficient at 550 nm of 29.5 mM-1 cm-1.  For each experiment, six 2-3 day old male 
flies were homogenized in 100 µl sodium phosphate buffer containing 0.05% Tween 80, and 
further diluted by adding 1 mL buffer. Insoluble material was removed by centrifugation at 
4000g for 1 minute. A 200 µl aliquot of supernatant was mixed with 750 µl of 25 µM reduced 
cytochrome c in a plastic cuvette, and the optical density at 550 nm was recorded every 2 sec for 
5 min using SWIFT II Wavescan software (version 2.02, Biochrom Ltd). Maximum velocities 
were calculated by the software and were used to represent relative COX activity. Each bar on 
the graph is the average of at least 3 independent experiments.  
 
Electron microscopy. To examine retinal morphology, flies were raised under a 12 h light/dark 
cycle at 25 qC. The hemisected fly heads were fixed in 4% paraformdehyde plus 1% 
glutaraldehyde in PBS overnight, and post-fixed with 1% Os2O4. After dehydration with ethanol 
series, the samples were embedded in LR white. The 8 nm thin sections were stained with uranyl 
acetate and lead citrate and viewed on a transmission electron microscopy. The same protocol 
was also used for TEM analysis of indirect flight muscle, except that the dissected muscle 
bundles were embedded in 1% low melting agarose after fixation to preserve the tissue integrity. 
For scanning EM analysis, the flies were dehydrated through ethanol series, sputter-coated and 
imaged using Hitachi TM-1000 scanning electron microscope.    
 
Sperm motility test. One-week-old male flies were hold away from female flies for 5 days and 
seminal vesicles were dissected out and gently broken with forceps in Ringer’s solution. The 
bulk of sperm burst out from the seminal vesicles and started to wiggle around. The movement 
of sperm was videotaped for 15 sec. 
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Fig. S1.  Hypothesis of mitochondrially targeted restriction enzyme-based selection for 

mtDNA mutations. (a) Linearization of mtDNA by a restriction enzyme (red arrowhead) will 

block mtDNA replication, and thereby cause mtDNA loss. (b) In the presence of a 

mitochondrially-targeted restriction enzyme that can digest wild type mtDNA (green circle), the 

cells that do not contain any enzyme-resistant mitochondrial genome will lose all of their 

mtDNA and be eliminated. Those cells harboring enzyme resistant mtDNAs (red circle) will 

survive the selection by repopulating their mitochondria with these mutant mtDNAs.  
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Fig. S2.  The mitochondrial genome of 

Drosophila melanogaster. The restriction 

enzymes used in this study and their relative 

positions are labeled.  

 

 

 

 

 

 

 
 

Fig. S3. (A) Alignment of partial amino acid 

sequences of CoI proteins of Drosophila 

(Dm), human (Hs), mouse (Mm) and S. 

cerevisiae (Sc). Conserved amino acid 

residues are shaded in black.  Asterisks label 

3 amino acids that may be affected by 

mutations on XhoI site in mt:CoI gene. 

 

 

 

 

 

 

 

 

 
 

Fig. S4. Targeting restrction enzyme into 

mitochondria.  (A) Schematic view of 

mitoXhoI fusion gene. (B) S2 cells 

expressing mitoXhoI under the control of a 

metallothionein promoter were induced with 

100 µM CuSO4, labeled with MitoTracker 

(green) and stained with anti-myc antibody 

(red). Scale bar, 10 µm. 

 

 

 

 

 

 

 

 
 

Fig. S5. Cross scheme for selecting 

Drosophila lines carrying XhoI-resistant 

mitochondrial genomes. 
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Fig. S6.  Biochemical deficiencies of wild 

type and mtDNA mutants.  mt:CoI
R301S

 

flies showed dramatically reduced COX 

activity (0.48±0.04 of wild type) and ATP 

levels (0.67±0.02 of wild type). There were 

no significant changes in mt:CoI
A302T

 and 

mt:CoI
R301L flies compared to wild type.   
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Table S1. Phenotypic comparison of mt:CoI mutants in this study with other mutants in electron transport chain complexes in 
Drosophila (A) 
 physiological defects biochemical deficiency 

 viability morphology fecundity motility neuropathy myopathy longevity COX 
activity 

ATP 
level 

mt:CoIA302T viable normal normal normal no no normal no significant 
change 

no significant 
change 

mt:CoIR301L viable normal male sterile normal no no normal no significant 
change 

no significant 
change 

mt:CoIR301S (B) viable short, thin or 
missing bristles 

male sterile, 
reduced fertility 
in female 

slow climbing 
ability 

retinal degeneration age-dependent 
muscle 

disorganization 
 

reduced reduced reduced 

mt-ATP64 viable normal NA “bang”- 
sensitive 

no muscle 
degeneration 

reduced normal (C) 
 

reduced 

Levy5 viable 
ts- paralysis 

NA NA NA CNS degeneration NA reduced reduced reduced 

cyclope (D)6 lethal deformed eye, 
splitting thorax, 
smaller bristles 

NA NA NA NA NA NA NA 

Surf1 (E)7 lethal NA NA NA no CNS-degeneration, 
defective 

neurotransmission 

abnormal 
mitochondrial 
morphology in 
larval muscle  

NA NA NA 

               NA, Not addressed or mentioned in associated studies. 
A. The mutants recovered from genetic screening for defective G1-S transitions are not included in this table8,9,10, as these studies mainly focused on 

mitochondrial involvement in cell cycle progression, rather than those physiological aspects related to human mitochondrial diseases.  
B. mt:CoIR301S showed growth retardation, which was absent in the other two CoI alleles and not addressed in the studies regarding other mutants in this 

table. 
C. COX activity was not directly determined in the associated study. Normal COX activity is predicted from the result that mutant flies have a normal 

respiration rate.  
D. cyclope flies are lethal. The phenotypic characterizations are either based on heterozygote flies or mitotic clones.  
E. There is no classical mutant available for Surf1 gene. The study was conducted using RNAi knockdown. Ubiquitous knockdown of Surf1 results in 

lethality. Some phenotypic assessments were based on tissue specific RNAi.  
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Table S2. The restriction enzymes with one site in the Drosophila mitochondrial genome 
 
Enzyme  Position Sequence Locus   (location) 
BmrI 193 ACTGGG mt:tRNA:F  (171-239) 
BsmFI * 288 GGGACnnnnnnnnnnnnnn mt:ND2  (240-1265) 
BsrBI 599 CCGCTC mt:ND2 
BglII 801 AGATCT mt:ND2 
EcoRV 1360 GATATC mt:tRNA:C  (1322-1383) 
NruI 1474 TCGCGA mt:CoI  (1470-3009) 
BsgI 1627 GTGCAGnnnnnnnnnnnnnnnn mt:CoI 
BstZ17I 2006 GTATAC mt:CoI 
Tsp45I * 2183 GTsAC mt:CoI 
XhoI 2369 CTCGAG mt:CoI 
BbvCI 2384 CCTCAGC mt:CoI 
EciI 2950 GGCGGAnnnnnnnnnnn mt:CoI 
NsiI 3159 ATGCAT mt:CoII  (3083-3767) 
SapI 3311 GCTCTTCnnnn mt:CoII 
NciI 3647 CCsGG mt:CoII 
DrdI 4246 GACnnnnnnGTC mt:ATP6  (4062-4736) 
BssSI 4923 CACGAG mt:CoIII  (4736-5524) 
StyI 4939 CCwwGG mt:CoIII 
PleI 5301 GAGTCnnnnn mt:CoIII 
AhdI 5463 GACnnnnnGTC mt:CoIII 
HpaI 6752 GTTAAC mt:ND5  (6401-8124) 
AflII 7418 CTTAAG mt:ND5 
PstI 7515 CTGCAG mt:ND5 
Bsu361 9614 CCTnAGG mt:ND4L  (9544-9834) 
BsaBI * 10672 GATnnnnATC mt:CytB  (10498-11634) 
BsmBI * 10707 CGTCTCnnnnn mt:CytB 
BciVI 10882 GTATCCnnnnnn mt:CytB 
NdeI 11657 CATATG mt:tRNA:S  (11637-11702) 
BbsI 13155 GAAGACnnnnnn mt:lRNA  (12734-14058) 
BsrGI 14208 TGTACA mt:sRNA  (14131-14916) 
BanI 14742 GGyrCC mt:sRNA 
n = A or C or G or T       r = A or G       s = C or G       w = A or T        y = C or T 
 
There total 31 single enzyme sites excluding the isochizomers. The Drosophila melanogaster 
full mitochondrial DNA sequence (# U37541) was used to determine the restriction sites.  
*These four enzymes require high temperature (50qC-65qC) for optimal activity.
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SUMMARY

Across the eukaryotic phylogeny, offspring usually
inherit their mitochondrial genome from only one
of two parents: in animals, the female. Although
mechanisms that eliminate paternally derived mito-
chondria from the zygote have been sought, the
developmental stage at which paternal transmission
of mitochondrial DNA is restricted is unknown in
most animals. Here, we show that the mitochondria
of mature Drosophila sperm lack DNA, and we un-
cover two processes that eliminate mitochondrial
DNA during spermatogenesis. Visualization of mito-
chondrial DNA nucleoids revealed their abrupt dis-
appearance fromdeveloping spermatids in a process
requiring the mitochondrial nuclease, Endonuclease
G. In Endonuclease G mutants, persisting nucleoids
are swept out of spermatids by a cellular remodeling
process that trims and shapes spermatid tails. Our
results show that mitochondrial DNA is eliminated
during spermatogenesis, thereby removing the
capacity of sperm to transmit the mitochondrial
genome to the next generation.

INTRODUCTION

Nearly all eukaryotes examined to date inherit mitochondrial
DNA (mtDNA) from only one parent (Birky, 1995). This unipa-
rental inheritance, which has intrigued geneticists since the
1950s, is a keystone principle used in tracing evolutionary line-
ages and population migrations, and is a fundamental attribute
of numerous heritable diseases. Although the purpose of this
restricted inheritance pattern is difficult to probe, one proposal
suggests that uniparental inheritance exists to foil competition
between mtDNAs, which can have outcomes that compromise
the fitness of the organism (Hoekstra, 2000; Eberhard, 1981).
For example, in Saccharomyces cerevisiae, in which either
mating type can transmit mtDNA, several mtDNA mutations
that confer a replicative advantage spread to all progeny in a
cross, despite also impairing aerobic respiration in the progeny
(Ephrussi et al., 1955; Blanc and Dujon, 1980; de Zamaroczy
et al., 1981). Several models have been proposed to explain
the molecular basis of uniparental inheritance (Birky, 1995). In
one simple model, fusion of asymmetrically sized gametes
creates a zygote harboring mostly the mtDNA genotype of the

larger gamete. However, uniparental inheritance occurs in the
unicellular alga, Chlamydomonas reinhardtii, despite symmetri-
cally sized gametes. Additionally, paternal mtDNA is reliably
transmitted in blue mussels of the genus Mytilus, despite the
relatively small size of the male gamete (Boynton et al., 1987;
Zouros et al., 1994). Furthermore, activemechanisms preventing
paternal transmission would eliminate competition more effec-
tively than dilution effects. Inmetazoans, wheremtDNA is usually
maternally inherited, several active barriers have been proposed
to limit paternal inheritance. In the Japanese medaka fish,
Oryzias latipes, paternal mtDNA vanishes within sperm mito-
chondria after fertilization, and in bovine embryos, paternal mito-
chondria are eliminated during the first two zygotic cell divisions
(Nishimura et al., 2006; Sutovsky et al., 1996). During the review
of this manuscript, two studies in the nematode, Caenorhabditis
elegans, identified a mechanism that eliminates the paternal
mitochondria after fertilization (Rawi et al., 2011; Sato and
Sato, 2011). To further define the molecular barriers to paternal
inheritance in animals, we followed the fate of paternal mtDNA
in Drosophila melanogaster, an experimentally tractable model
organism in which mtDNA is maternally inherited (Reilly and
Thomas, 1980). Here, we identify and characterize two develop-
mental barriers to paternal mtDNA transmission that act prior to
fertilization. In contrast to previously proposed barriers, these
mechanisms, which remove mtDNA from sperm mitochondria
during spermatogenesis, suggest that the father primarily
enforces maternal-only mtDNA inheritance in D. melanogaster.

RESULTS

Paternal mtDNA Is Excluded from Mature Sperm
and Fertilized Embryos
To initially characterize mtDNA inheritance in D. melanogaster,
we used PCR to follow paternal mtDNA. Previously, we isolated
a healthy fly line homoplasmic for a 9 base pair deletion that
eliminated a BglII site in the mt:ND2 gene of the mtDNA
(mt:ND2del1) (Xu et al., 2008). PCR primers ending within the
mt:ND2del1 deletion (Figure 1A) amplified wild-type (mt:ND2)
but not mt:ND2del1 mtDNA (Figure 1C). To quantify paternal
mtDNA transferred to the egg, we crossed wild-type males to
mt:ND2del1 females and used quantitative PCR (qPCR) to
measure wild-type mtDNA in 0- to 2-hr-old embryos (Figure 1B).
However, even though the large sperm mitochondria are trans-
ferred to the egg (Perotti, 1973), we did not detect paternal
mtDNA above background (signal obtained from embryos in
which both parents were mt:ND2del1), and we demonstrated
that there is less than one paternal mitochondrial genome per

660 Developmental Cell 22, 660–668, March 13, 2012 ª2012 Elsevier Inc.
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egg (Figure 1D; Figure S1A available online). From this result, we
conclude that little or no mtDNA is transferred to the egg, or that
it is quickly eliminated after fertilization.
If mtDNA were quickly eliminated in the egg, then it would be

still present in mature sperm. Mated females retain hundreds of
mature sperm in sperm storage organs. In mt:ND2del1 sperm-
storage-organ extracts, we counted the number of sperm with
Y chromosome-specific primers and the number of paternal
mtDNAs with mt:ND2-specific primers. Our experiments
showed far less than one mitochondrial genome per sperm (Fig-
ure 1E; Figures S1B–S1D). Therefore, themitochondrial genome,
and hence the capacity of D. melanogaster sperm to contribute
to mtDNA inheritance, is eliminated prior to fertilization.

mtDNA Nucleoids Disappear in Late Elongating
Spermatids
To follow the fate of mtDNA during spermatogenesis (Figure 2A),
we stained testes with PicoGreen (Ashley et al., 2005) (Figure 2)
and other fluorescent DNA binding dyes (Figure S2). mtDNA
appeared as bright puncta, nucleoids. Four mitotic and two
meiotic cycles with incomplete cytokinesis produce a cyst of
64 spermatids that undergo extraordinary physical transforma-
tions in tight synchrony as they mature (Fuller, 1993). In onion
stage spermatids, PicoGreen staining was restricted to the
nucleus and the nebenkern, a specialized spherical aggregation

of mitochondria (Figure 2B). An average of 261 nucleoids were
counted in each nebenkern (Figure 2G).
As spermatids begin to develop tails, the onion-shaped

nebenkern of each spermatid resolves into two mitochondria
that elongate next to the extending microtubular axoneme
(Tokuyasu, 1975). The 64 axonemes and their associated mito-
chondria (128 total) elongate in parallel as a bundle. The tails
grow enormously long, over 1,800 mm, and the twomitochondria
of each spermatid extend the full length of each tail. The bundles
elongate at a rate of 0.7 mm/min (Noguchi et al., 2011), and their
length provides a measure of developmental progress. As elon-
gation progressed, the nucleoids (average of 332 per spermatid:
Figure 2G) spread along extending mitochondria (Figure 2C),
becoming roughly uniform as tails approached their full length
(Figure 2F). However, bundles extending between 1,700 mm
and 1,800 mm showed evidence of nucleoid disappearance.
These bundles had few or no nucleoids in the basal (nuclear)
end, fewer and fainter nucleoids midway along the tails, and
unchanged nucleoid abundance at the apical end (Figures 2D
and 2F). More dramatically, some bundles longer than
1,750 mm (Figure 2E), and all bundles longer than 1,800 mm (Fig-
ure 2G) lacked nucleoids along their entire length. We interpret
this as a wave of mtDNA destruction that begins basally and
progresses apically to completion during the final 100 mm of
spermatid elongation: a period of about 70 min. The time of
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Figure 1. Paternal mtDNA Is Excluded from
Mature Sperm and Fertilized Embryos
(A) Sequence of nucleotides deleted inmt:ND2del1

(yellow highlight), and the BglII restriction site (red

font) that was targeted in the generation of

mt:ND2del1. Arrows show the 30 portion of PCR

primers that anneal to wild-type (mt:ND2), but not

mutant (mt:ND2del1) mtDNA.

(B) Cross scheme and experimental design.

(C) PCR genotyping of parental lines that were

crossed to follow wild-type paternal mtDNA in (D)

and (E).

(D) qPCR measuring paternal mtDNA (mt:ND2)

transferred to deletion mutant eggs (mt:ND2del1).

The mean paternal mtDNA copy number (red dot)

in relation to a standard curve (blue dots) is

graphed on a ‘‘per embryo’’ basis. Error bar

represents standard deviation in three embryo

extracts.

(E) qPCR measuring the amount of mtDNA

(mt:ND2) in sperm stored by mt:ND2del1 females.

Y chromosome (red triangle) and sperm mtDNA

(red circle) copy number in a representative sperm

storage organ extract in relation to standard

curves (blue) are graphed on a ‘‘per female’’ basis.

In (D) and (E), standard curves were generated by

adding 100–12,500 copies of mt:ND2 (blue

circles) or Y chromosomal DNA (blue triangles) to

control extracts, and graphed on a ‘‘per embryo’’

or ‘‘per female’’ basis. The number of copies of

mtDNA per sperm would be given by the number

of apparent copies ofmt:ND2 (!30) divided by the

number of sperm, which is given by two times the

number of copies of the Y chromosome sequence

(350 3 2) since only half the sperm have a Y

chromosome.

See also Figure S1.
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nucleoid elimination was marked by the recruitment of actin into
perinuclear investment cones (Figures 2D and 2E) that contribute
to the subsequent individualization stage (Tokuyasu et al.,
1972a). We conclude that mitochondrial nucleoids are elimi-
nated in coordination with sperm elongation in D. melanogaster.

mtDNA Nucleoid Elimination during Spermatid
Elongation Requires EndoG
We next characterized the mechanism that removes mtDNA
during spermatogenesis. Since mitochondria are retained
throughout spermatogenesis (Tokuyasu, 1974; Perotti, 1973),
nucleoids are eliminated from within sperm mitochondria. We
hypothesized that a nuclease would be involved, and we sought

to identify it genetically. An informatics screen for candidate
nucleases identified five homologous genes, including the
mitochondrial nuclease, Endonuclease G, that have predicted
mitochondrial-targeting signals. Four of the EndoG homologs
were previously uncharacterized, and we name them Testis
EndoG-Like (Tengl) 1-4 due to their testis-specific expression
pattern (Figure S3A). We made mutations that deleted the four
Tengl genes (Figures S3B–S3D), but even the quadruple mutant
still eliminated nucleoids from the elongating spermatids on
schedule (Figures S3E–S3I). However, a mutation in the ubiqui-
tously expressed archetype of this group, EndoG (Temme
et al., 2009), prevented scheduled nucleoid elimination.
EndoGMB07150 is a mutant allele of EndoG created by a minos
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Figure 2. mtDNA Nucleoids Disappear during Spermatogenesis
(A) Schematic summary of postmeiotic sperm development depicting nuclei (green), mitochondria (red), and investment cones (purple).

(B) Onion stage spermatids stained for DNA (PicoGreen: green), andmitochondria (mito-YFP: red). Each nucleus (n) is paired with a large mitochondrial structure,

the nebenkern (mt). (C-E) Elongating spermatid bundles stained for DNA (PicoGreen: green) and actin (phalloidin: purple).

(C) Elongation stage bundle, 560 mm long. A cluster of normal spermatid nuclei (n), apically discarded spermatid nuclei (n0), and a somatic cell nucleus belonging

to a cyst cell (n00) form large staining foci. mtDNA nucleoids (magnified in inset) form much smaller foci throughout the tail bundle.

(D and E) Two late elongation stage bundles, 1,729 mm (D) and 1,747 mm (E) long. Numbers indicate distance (mm) of image from basal tip of bundle. Scale bars are

10 mm.

(F) Nucleoid density (number of nucleoids/mm) along the lengths of four representative spermatid bundles (each bundle is a different colored line) of the indicated

length (mm).

(G) Average number of nucleoids per onion stage spermatid (O), elongating spermatid <1,700 mm (E1), elongating spermatid 1,700–1,800 mm (E2), and elongating

spermatid >1,800 mm (E3). Error bars indicate standard deviation in a least three cysts.

See also Figure S2.
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transposon insertion into protein coding sequences of EndoG
(Figure 3A). EndoGMB07150 was viable and fertile as a homozy-
gote, or when transheterozygous with a large deletion that
removes EndoG (EndoGMB07150/Df). RT-PCR showed that the
transposon insertion eliminates full-length EndoG transcripts,
but some 50 sequences persist (Figure 3B). In EndoG mutant

spermatid bundles, nucleoids failed to be eliminated from the
apical portion of sperm tail bundles during spermatid elongation
(Figure 3C) and persisted throughout spermatid individualization
(Figure 3D), a 10 hr process (Noguchi and Miller, 2003) following
sperm elongation. As a control to verify that the EndoGMB07150

transposon insertion caused nucleoids to persist, we precisely
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Figure 3. mtDNA Nucleoid Elimination during Spermatid Elongation Requires EndoG
(A) Schematic showing the approximate location of the MB07150 minos transposon insertion (red triangle) in relation to the catalytic residues of EndoG

(yellow oval).

(B) Quantitative RT-PCR measuring EndoG mRNA abundance in adult male flies. The approximate positions of the three primer sets used to measure the

abundance of different regions of EndoG mRNA are diagramed in (A). Error bars represent standard deviation in three extracts.

(C–E) Spermatid bundles stained for DNA (green), and actin (purple). (C) Late elongation stage EndoGMB07150 mutant bundle, 1,830 mm long. Numbers indicate

distance (mm) of image from basal tip of bundle. (D) Cystic bulge of spermatid bundles of the indicated genotype during spermatid individualization. Numbers

indicate percentage of the length of the bundle that the cystic bulge has traveled. Rare spermatid nuclei (n) culled during the individualization process. (E)

Elongation stage EndoGI mutant bundle, 1,280 mm long. Numbers indicate distance (mm) of image from basal tip of bundle. Scale bars are 10 mm.

See also Figure S3.
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excised the transposon and observed that nucleoids disap-
peared as in wild-type (Figure 3D). In an additional control, we
suppressed the EndoGMB07150 mutant phenotype by expressing
an EndoG transgene in the germline of the EndoG mutant
(Figure 3D).

Because EndoG-dependent mtDNA elimination occurs at a
precise time in sperm development, we hypothesized that
EndoG activation might time mtDNA elimination. One way in
which EndoGmight be activated is by the removal of an inhibitor.
D. melanogaster encodes an EndoG inhibitor (EndoGI), and a
loss of function mutant in EndoGI has been characterized
(Temme et al., 2009). However, we did not observe premature
nucleoid elimination in elongating EndoGIe00915 mutant sperma-
tids (Figure 3E), suggesting that EndoGI does not regulate the
timing of mtDNA elimination. Thus, the regulation of the develop-
mentally timed EndoG-dependent nucleoid elimination process
remains enigmatic.

A Backup Mode of mtDNA Elimination Associated
with Spermatid Individualization
If mtDNA destruction during sperm elongation is the only barrier
to paternal transmission, then mutation of EndoG might allow
paternal transmission. However, qPCR failed to detect paternal
mtDNA in eggs fertilized by EndoG mutant fathers or mtDNA in
EndoG mutant mature sperm (Figure S1). We conclude that
elimination of mtDNA, while delayed, still occurs during EndoG
mutant sperm development.

We next followedmtDNA nucleoids in EndoGmutant sperm to
identify a backup mechanism responsible for their elimination. In
contrast to wild-type spermatids, nucleoids in EndoG mutants
persisted beyond spermatid elongation to the individualization
stage. During spermatid individualization, actin-containing
investment cones, which initially form around each of the 64
spermatid nuclei, move apically in concert. As they travel along
the axoneme, the cones invest spermatid tails in membrane,
thereby ‘‘individualizing’’ the spermatids, while sweeping the
tails clean of extraneous cytoplasm. The cones eliminate
structures as small as ribosomes, and trim the mitochondrial
mass, producing spherical mitochondrial structures as waste
(Figure 4D) (Tokuyasu et al., 1972a, 1972b). The investment
cones, together with the waste they accumulate, traverse the
length of the sperm tail in a structure termed the cystic bulge
(CB), ultimately producing a waste bag (WB) that is extruded
from the apical end of the tails. In the EndoG mutant, we
observedmtDNA nucleoids ahead of (Figure 4B00), but not behind
(Figure 4B) the CB. Furthermore, mtDNA nucleoids accumulated
in the CB (Figure 4B0) as the CB traversed regions of the tail with
residual mtDNA (Figure 4C). Given the established capacities of
the individualization process, and our observations, we propose
a second mechanism for eliminating mtDNA from sperm mito-
chondria in which the passing individualization complex sweeps
up remaining nucleoids and discards them in the waste bag. This
second mode of mtDNA nucleoid elimination only became
apparent once the early, EndoG-dependent mode of elimination
was compromised in the EndoG mutant (Figure 4E).

EndoG Mutant Sperm Have Residual Nuclease Activity
As we followed the fate of the mtDNA nucleoids in the EndoG
mutant, we realized that the nucleoids are not fully stable. In

addition to the disappearance of nucleoids from the basal
(nuclear) region of the tail prior to individualization, the number
of nucleoids collected by the CB never approached the total
number of nucleoids per bundle, even though none were left
behind (Figure 4C). The residual elimination of nucleoids in the
EndoG mutant might be due to other nucleases, and/or to
residual activity of the EndoGMB07150 protein. To determine
whether the four Tengl proteins might provide an alternative
activity contributing to mtDNA elimination, we made flies mutant
for all five EndoG orthologs and examined the disappearance of
mtDNA nucleoids. Quantification of nucleoids showed that
multiply mutated males behaved much like the EndoGMB07150

mutant (Figure 4C). We conclude that the four Tengl proteins,
at most, make a minor contribution to residual elimination of
mtDNA in the EndoG mutant.
To test whether EndoGMB07150 has residual activity, we

compared the severity of the phenotype of flies homozygous
for EndoGMB07150 (two copies of EndoGMB07150) to the pheno-
type of flies transheterozygous for EndoGMB07150 and a defi-
ciency for the locus (one copy of EndoGMB07150). The deficiency
transheterozygote showed a small increase in the number of
nucleoids accumulated in the CB (Figure 4C). This argues that
EndoGMB07150 has residual activity, a portion of which is lost
when one copy of the locus is removed. We conclude that
residual EndoG activity is responsible for at least part of the
residual destruction of mtDNA in our mutant. At present, it is
not clear how much of the residual elimination of mtDNA is due
to remaining activity of EndoGMB07150 and how much might be
due to the action of additional, unidentified nucleases. Nonethe-
less, EndoG clearly contributes to the normally rapid and com-
plete disappearance of mtDNA nucleoids.

DISCUSSION

Our results demonstrate that in D. melanogaster, the paternal
inheritance of mtDNA is restricted by mechanisms that remove
mtDNA from developing sperm. In addition to our findings,
mtDNA appears to be removed from developing sperm in other
species. For example, mtDNA copy number declines during
human spermatogenesis (Larsson et al., 1997), and the
extremely low abundance of mtDNA (average of 1.4 copies per
sperm) in highly purified sperm led to the suggestion that most
human sperm lacked mtDNA (May-Panloup et al., 2003). The
sperm of mice and the medaka fish, Oryzias latipes, also have
reduced mtDNA levels (Nishimura et al., 2006; Shitara et al.,
2000; Hecht et al., 1984). While it is unclear if mtDNA is elimi-
nated from all animal sperm as efficiently as it is eliminated in
D. melanogaster, it appears that other organisms also exhibit
a developmental decline in mtDNA in spermatogenesis.
The molecular mechanisms that remove mtDNA from human,

mouse, and medaka fish sperm are currently unknown. In
C. reinhardtii, a nuclease has been proposed to digest mtDNA
to enforce uniparental mtDNA inheritance, but it has yet to be
identified (Aoyama et al., 2006). In Arabidopsis thaliana (which
lacks an EndoG homolog), a nuclease conserved in angiosperms
eliminates mtDNA within mitochondria during pollen develop-
ment (Matsushima et al., 2011).
Our work implicates the known mitochondrial nuclease, En-

doG, in the early elimination of mtDNA during D. melanogaster
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spermatogenesis. Previous work in C. elegans showed that En-
doG contributed to destruction of DNA in apoptotic corpses, and
the enzyme was thought to be stockpiled with other proapopto-
tic proteins in the mitochondrial intermembrane space (Li et al.,
2001). However, more recent studies questioned the role of En-
doG in apoptosis, and argued that EndoG resides in the mito-
chondrial matrix, where it is proposed to participate in mtDNA
replication, mtRNA processing, and mitochondrial biogenesis
(David et al., 2006; Côté and Ruiz-Carrillo, 1993; McDermott-
Roe et al., 2011). Our findings suggest a function for EndoG in
removing mtDNA from within mitochondria, though future work
will be necessary to fully understand the generality and regula-
tion of this function.

In addition to EndoG-dependent mtDNA elimination, we found
that a cellular remodeling process that trims and shapes the
D. melanogaster sperm can remove residual mtDNA. In other
species, the cytoplasm is similarly trimmed from developing
spermatids. In mammals, this trimming discards at least some
mitochondria from each spermatid into a residual body
(Breucker et al., 1985; Hecht et al., 1984), suggesting that cellular
remodeling contributes to lowmtDNA levels in the sperm of other
animals.
Most barriers to paternal mtDNA transmission have previously

been proposed to act at, or following zygote formation. For
example, simple dilution of the small allotment of sperm mtDNA
by the large egg contribution is hypothesized to passively limit
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Figure 4. Residual mtDNA Nucleoids Are Removed from EndoG Mutant Sperm during Spermatid Individualization
(A–A00, B–B00) Two individualizing sperm-tail bundles stained for DNA (green) and actin (purple). EndoG MB07150/+ (A–A00) and EndoG MB07150/Df (B–B00) bundles
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nucleoids. Scale bars are 10 mm.

(C) Number of nucleoids in cystic bulges at different stages of individualization in bundles from control and EndoG mutants.

(D) Focal section through a wild-type cystic bulge stained for mitochondria (DJ-GFP: red) and actin (purple).

(E) Schematic showing early mtDNA elimination in wild-type and late mtDNA elimination in EndoG mutant spermatids; DNA (green), mitochondria (red), and

investment cones (purple).
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paternal mtDNA inheritance (Alberts et al., 1994). Furthermore,
selective destruction of paternal mitochondria occurs in the early
zygotes of several animals (Sutovsky et al., 1999; Sato and Sato,
2011; Rawi et al., 2011). Additionally, unusual cases of paternal
mtDNA transmission in interspecies crosses suggest postfertili-
zation restriction of paternal mtDNA inheritance (Kaneda et al.,
1995; Kondo et al., 1990). However, effective mtDNA elimination
during D. melanogaster spermatogenesis prevented us from
evaluating the contribution of later zygotic processes to paternal
mtDNA elimination. Additionally, we could not bypass the prezy-
gotic mechanisms since the individualization process, which
removes mtDNA, is also required for sperm production. Impor-
tantly, whether or not other barriers to paternal transmission of
mtDNA exist, the elimination of mtDNA from developing sperm
removes the potential for paternal contribution to mitochondrial
inheritance.

In concluding, we would like to consider why mechanisms
might have evolved to eliminate mtDNA from sperm. Since
biparental inheritance of mtDNA is rare, it presumably carries
a disadvantage. Consequently, a sperm that transmits itsmtDNA
would put the resulting zygote at a disadvantage, while a sperm
that eliminated its mtDNA would produce a more successful
zygote. The advantage conferred to spermwithout mtDNAmight
provide an evolutionary drive that would act widely to promote
the evolution of mechanisms acting in spermatogenesis to limit
paternal contributions of mtDNA to progeny.

EXPERIMENTAL PROCEDURES

Assaying Paternal mtDNA in Embryos
To detect paternal mtDNA in the zygote with high sensitivity, we needed many

recently fertilized eggs. We collected 300–3,000 young embryos per experi-

ment, but counting them was prohibitively slow. We used total (maternal)

mtDNA copy number in the final DNA preparation to back calculate the

number of input embryos. Note that mtDNA copy number remains constant

over early embryonic development (Rubenstein et al., 1977; our unpublished

data).

To establish a standard for mtDNA copy number per embryo, 100

mt:ND2del1 embryos were counted and mechanically homogenized with

a plastic pestle in 100 ml homogenization buffer (HB) 100 mM Tris HCl

[pH 8.8], 0.5 mM EDTA, 1% SDS. The homogenate was incubated at 65!C

for 30 min, treated with 5 mg/ml RNase A for 30 min at 37!C, and with

0.4 mg/ml Proteinase K for 30 min at 55!C. Proteinase K was inactivated by

incubation at 95!C for 2 min. Addition of potassium acetate (to 1 M) and

incubation on ice (30 min) precipitated protein and SDS. DNA was recovered

from the supernatant (20,000 3 g, 15 min at 4!C) by isopropanol precipitation

(0.5 volumes) followed by a wash with 70% ethanol and resuspension in 100 ml

water. DNA recovery estimated for an added standard, pUC19, approached

100%.We used different amounts of extract in qPCR experiments to generate

a standard curve for qPCR signal/mtDNA copy number versus embryo

number.

mt:ND2del1 females were crossed to either wild-type (mt:ND2), EndoG

(mt:ND2), or control mt:ND2del1 males. Embryos were collected for 2 hr on

standard grape juice agar plates and dechorionated with 50% bleach for

2 min. DNA was prepared as above from 300–3,000 embryos, except that

for this larger scale, we extracted residual protein using phenol:choloroform:

isoamyl alcohol extraction followed by two chloroform washes before precip-

itation of DNA. The DNA was precipitated by adding 2 volumes of ethanol on

ice and washed with 70% ethanol before resuspension in water. The number

of embryos in each sample was determined by qPCR of total mtDNA, and then

each sample was diluted to 30 embryo equivalents per microliter.

The amount of nucleic acid obtained from 300 embryos binds enough SYBR

Green dye to interfere with qPCR quantification. To circumvent this, we used

a preliminary PCR without dye. Three hundred embryo equivalents were

added to a 50 ml PCR: 400 nM primers, 95! 2 min, 20 cycles of 95!C 30 s,

48!C 60 s. The product was then diluted 1:10,000 into a qPCR containing

SYBR Green detailed below.

DNA Preparation from Female Reproductive Tracts to Measure
mtDNA Copy Number in Mature Sperm
For each cross, 25 2-day-old virgin females were mated to 25 2-day-old virgin

males for 15 hr at 25!C. A portion of the female reproductive tract containing

the sperm storage organs was dissected in PBS, with care to exclude the

ovaries and any embryos in the uterus (which may be fertilized). Pools of

20 female reproductive tracts were then mechanically homogenized in HB,

and DNA was prepared as described above.

qPCR Parameters
For all qPCR assays, SYBR Green PCR Master Mix (Applied Biosystems) was

used in 50 ml reactions with 400 nM of each primer.

To measure the concentration of the DNA standards used to assemble the

standard curves, 2-fold serial dilutions of the purified PCR product used to

construct each standard curve were run next to 2-fold serial dilutions of a

DNA standard of known concentration (100 bp DNA ladder, NEB #N3231S)

on an ethidium bromide-contatining agarose gel and the intensities of similarly

sized bands were compared.

To measure paternal mtDNA in fertilized embryos or mated females, qPCR

ofmt:ND2 was performed with the following reaction conditions: 95!C 10 min,

50 cycles of 95!C 30 s, 48!C 60 s. Standard curves were constructed by add-

ing 100–12,500 molecules of DNA standards to the appropriate mt:ND2del1

control extract (either mt:ND2del1 embryos fertilized by mt:ND2del1 males or

reproductive tracts from virgin mt:ND2del1 females).

To measure the amount of total mtDNA and pUC19 DNA in embryo extracts,

or the number of Y chromosomes in mated female extracts, qPCR was

performed with the following reaction conditions: 95!C 10 min, 40 cycles of

95!C 30 s, 55!C 30 s, 68!C 60 s. Standard curves were constructed by

adding 100–12,500 molecules of DNA standards or pUC19 plasmid in the

appropriate mt:ND2del1 control extract (either mt:ND2del1 embryos fertilized

by mt:ND2del1 males or reproductive tracts from virgin mt:ND2del1 females).

qRT-PCR
Five adult male flies per genotype were homogenized in 500 ml Trizol and total

RNA was prepared according to the manufacturer’s instructions. cDNA was

synthesized from one fly equivalent of total RNA using a poly-T primer and

Superscript II reverse transcriptase. Thirty microliter qPCRs were performed

with 0.002 fly equivalents of cDNA, 400 nM of each primer, and SYBR Green

PCR Master Mix. Reaction conditions for all primer pairs were 95!C 10 min,

45 cycles of 95!C 30 s, 55!C 1 min. A standard curve of varying inputs was

created for each primer set using 0.02–0.00002 wild-type fly equivalents of

cDNA. The relative abundance of EndoG RNA in each sample was normalized

to the abundance of control RpA1 RNA in each sample.

Fixed Staining of Spermatid Cysts
Spermatid staining was performed similarly to (Arama et al., 2003). Testes

were dissected from 1- to 2-day-old adult males in ice-cold TB (10 mM

Tris [pH 6.8], 183 mM KCl, 47 mM NaCl, 1m M EDTA) and transferred to

a drop of TB on a siliconized coverslip. The base of the testis was severed

with a tungsten needle and the contents extruded using a hand-pulled glass

capillary tube as a squeegee. The sample was then sandwiched between

a poly-L-lysine treated slide and a coverslip and frozen in liquid nitrogen.

The coverslip was popped off with a razor blade and the slide (containing

the sample) plunged into ice-cold ethanol. The sample was fixed with 3.7%

formaldehyde in PBS for 20 min, washed (PBS, 5 min for all washes), permea-

bilized in PBS + 0.1% Triton X-100 for 30 min, washed, treated with 5 mg/ml

RNase A in PBS + 0.1% Tween 20 for 2 hr at 37!C, washed, and stained

with PicoGreen (1:200) and Rhodamine-Phalloidin (1:200) in PBS for 30 min.

Samples were washed twice before mounting in Vectashield medium. For

antibody staining of mito-YFP flies, rabbit anti-GFP (1:500) (Invitrogen,

A11122) was added coincidently with RNaseA, and Alexa546 goat anti-rabbit

secondary antibody (1:1,000) (Invitrogen, A11010) was added coincidently

with PicoGreen.
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Image Acquisition and Processing
Images were acquired on a spinning disc confocal microscope, processed

with Volocity 5 software, and presented as a collapsed z-stack. Quantification

of mtDNA nucleoid number and spermatid cyst length were performed with

Volocity 5 Measurements module. To determine the number of nucleoids in

an elongating spermatid bundle, nucleoid density was measured at various

points along the length of the bundle and plotted as in Figure 2F. Then, the

area under the curve (which represents nucleoid number per 64 cell bundle)

was calculated using Adobe Photoshop.
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Supplemental Figures: 
 
 

 
 
 
Figure S1.  Whether Males Are Wild-Type or EndoG Mutant, Paternal mtDNA is Excluded from Fertilized Embryos and Mature 
Sperm (Related to Fig. 1). (A-C) qPCR was used to detect paternal mtDNA in 300 embryos (A) or in the sperm stored in 5 mated 
females (B), or to detect the number of Y chromosomes in the sperm stored in 0.4 mated females (C).  In (A-C) the blue line is a 
standard curve generated by addition of a known number of copies of the target sequence to extracts lacking the target (embryos from 
mt:ND2del1 parents for (A) and reproductive tracts of mt:ND2del1 virgin females in (B,C)).  Extrapolation of the standard curves was 
assumed in positioning the points derived from experimental data, but the sensitivity of the assay is given as the lowest value 
documented by the standard curve, with one exception (*).  Error bars represent standard deviation in 3 independent extracts.  (D) 
Summary of qPCR results to count the number of mtDNA per sperm, assuming one-half of all sperm carry a Y-chromosome. 
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Figure S2.  Different DNA 
Dyes Show the Same Pattern 
of mtDNA Nucleoid 
Disappearance as PicoGreen 
(related to Fig. 2). (A-G’’) Wild-
type onion stage through late-
elongation stage spermatids 
stained with phalloidin (purple) 
and Oligreen (green) (A-C’’) or 
YOYO-1 iodide (yellow) (D-G’’).  
(A,D)  Onion-stage staining 
labels the mitochondria (mt) and 
nucleus (n). (B,E)  Early 
elongation stage bundles.  
Arrows indicate regions 
magnified in (B’,E’).  (C-C’’,  F-
G’’) 3 late elongation stage 
bundles, 1760 µm (C-C’’), 1797 
µm (F-F’’), and 1781 µm (G-G’’) 
long. Numbers indicate distance 
(μm)  of  image  from  basal  tip  of 
bundle. (H,I) Wild-type cystic 
bulges stained with actin 
(purple) and Oligreen (green) 
(H) or YOYO-1 iodide (yellow) 
(I). Numbers indicate % of the 
length of the bundle that the 
cystic bulge has traveled. As 
controls for staining efficiency, 
note the presence of nucleoids 
in adjacent spermatid bundles in 
(C’,  G’’,  H,  I).  (J-J’’) Four 
spermatid bundles stained with 
DAPI, blue, (J) and Don Juan-
GFP, red, (J’), a protein 
expressed in late-elongation 
stage spermatids.  (J’’) Merged 
image of (J) and (J’).  Note the 
absence of nucleoids in Don 
Juan-GFP-expressing bundles.  
Scale bars are 10 µm.   
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Figure S3. Characterization of Tengl Mutants (Related to Fig. 3) (A) Plot highlighting testis-specific expression of Drosophila genes.  
Each dot represents the relative abundance of the mRNA encoded by a single gene.  Data obtained from FlyAtlas (Chintapalli et al., 
2007). EndoG orthologues are highlighted in red. Dots to the right and below the purple line likely represent testis-specific genes. (B,C) 
Genomic location of the transposable elements (black triangles) containing FRT sites (red triangles) used to produce deficiencies (red 
rectangles) encompassing Tengl genes.  The two overlapping deficiencies indicated in (B) gave viable flies deleted for Tengl4, and the 
deficiency indicated in (C) gave viable flies simultaneously deleted for Tengl1, Tengl2, and Tengl3. Tengl genes are labeled above 
corresponding blue arrow boxes. (D) PCR genotyping of mutants with primers used to amplify the gene listed to the left of each gel. 
Lane (1) wild-type, (2) EndoGMB07150, (3) EndoGMB07150/Df, (4) Df(2L)Tengl1-3; Df(3R)Tengl41/2, (5) EndoGMB07150 Df(2L)Tengl1-3; 
Df(3R)Tengl41/2.  (E-H) Df(2L)Tengl1-3; Df(3R)Tengl41/2 (Tengl1-4) spermatid bundles stained with PicoGreen (green) and phalloidin 
(purple).  (E,F) 2 elongating spermatid bundles, 1158 µm (E) and 1794 µm (F) long. Numbers indicate distance (μm)  of  image  from  
basal tip of bundle. (G,H) Individualizing spermatid bundles. Numbers indicate % of the length of the bundle that the cystic bulge has 
traveled.  Scale bars are 10 µm.  (I) Nucleoid number in cystic bulges at different stages of individualization in Tengl1-4 and control 
bundles.  
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Supplemental Experimental Procedures 
 
PCR primers used in this study (target length in base pairs): 
Purpose Forward  Primer  (5’-3’) Reverse  Primer  (5’-3’) 
qPCR of total mtDNA (410) TCTATCGCCTAAACTTCAGCCACT CAGTTCATCCTGTTCCAGCTCCAT 
mt:ND2 qPCR standards (223) TCAATTAATCATTTAGGATGAATATT ATGGAGGTAATCCTCCTAATGAT 
qPCR of mt:ND2 mtDNA (51) TCAATTAATCATTTAGGATGAATATT TGATTCTCTAATTATTAAAGATCTT 
qPCR of pUC19 (108) CAGGAAACAGCTATGACCATGAT ACGTTGTAAAACGACGGCCAGT 
Y chromosome standards and 
qPCR of Y chromosome (498) 

CTTCAAGGACTAAATGCGCAACT AAGGCTCCAACCTATTCGTATGT 

EndoG genotyping (491) ACTACCGACGATCGGGCTATGAT CTTGCCATTGATGGTGGTTAGCT 
CG4683 genotyping (319) AATGGAAGCAGACATGAGAATA TCAGCGCATCGCATTTGTAGTT 
CG31679 genotyping (225) AACGGCGTCAGATGGATTTGTG CCCAGTGTAGGCGTACACTGAG 
CG31682 genotyping (272) CTGTCCAATCGCGTCGTCTACGG GTTCTCTCCTCCGACTGGAACT 
CG32463 genotyping (222) GAATCGAGGCAGACGTGGTCGC TTGTTCCACGCGCTTCGGTTGA 
EndoG qRT-PCR  5’  (218) ACTACCGACGATCGGGCTATGAT TAGGTACAGTGGACCCGTACAGA 
EndoG qRT-PCR  “Span”  (169) TCTGTACGGGTCCACTGTACCTA TTGGGCATCACGTACGACTCCAT 
EndoG qRT-PCR  3’  (150) ATGGAGTCGTACGTGATGCCCAA CTTGCCATTGATGGTGGTTAGCT 
RpA1 qRT-PCR (168) GCGGTTGAATGTGGCGAATATA GGTTTATATAAAGTGCAAACACTGCTGA 
UASP-EndoGmyc cloning (1080) TGCTTTAAATGAGTGCTCCTCGAGTGGGTGG CGTCTAGAGCGACTTTCTTGCCATTGATGGTGG 
 
Fly Husbandry and Stock Construction 

Drosophila melanogaster were raised at 25ºC on standard cornmeal molasses agar media. Care was taken to make sure flies 
were devoid of Wolbachia infection.  If Wolbachia were detected, they were eliminated by growing flies for 3 generations on media 
containing 250 µg/ml tetracycline. Oregon R was used as wild-type, although W1118 gave identical results in all assays tested.  A 
FLP/FRT-based method as described in (Golic and Golic, 1996) was used to construct chromosomal deletions encompassing Tengl1-4.  
The FRT-containing transposons used to create each deletion are diagramed in Fig S3B,C.   To attribute the EndoG mutant 
phenotypes we observed to the Minos transposon insertion in EndoGMB07150, we precisely excised the Minos transposon as described in 
(Metaxakis et al., 2005) to create 6 independently isolated precise excision chromosomes.  We found all homozygous precise excision 
chromosomes to be phenotypically wild-type.  We additionally rescued the EndoGMB07150 mutant with a UASP-EndoG-myc transgene 
under Nanos-Gal4 control.  To construct the UASP-EndoG-myc fly, the coding sequence of EndoG was amplified from Oregon R DNA 
and cloned into pENTR3c using DraI and XbaI.  This plasmid was then recombined into pPWM with Gateway LR-Clonase (Invitrogen 
#11791019) using the manufacturers recommendation and injected as a P-element into W1118 by Rainbow Transgenic Flies, Inc. 
 
Fly Stocks Used in This Study 
Flies obtained from Bloomington Stock Center: 

EndoGMB07150, BL26072 
EndoGDf (Df(2R)BSC699, P+PBac{XP3.RB5}BSC699/SM6a, BL26551) 
PBac{w[+mC]=WH}CG31679[f06847], BL19019 
P{hsFLP}22, w[*], BL8862 
P{sqh-EYFP-Mito}3, BL7194 
P{dj-GFP.S}AS1/CyO, BL5417 
snaSco/SM6a, P{hsILMiT}2.4, BL24613 
Nanos-Gal4, BL4937 

Flies obtained from Exelixis at Harvard Medical School: 
P{XP}CG4674d00504 
PBac{WH}f07198 
PBac{WH}f03102 
P{XP}d02058 
P{XP}d03282 
PBac{RB}EndoGIe00915 

Flies created in this study: 
 UASP-EndoG-myc 
 Df(2L)Tengl1-3 
 Df(3R)Tengl41 
 Df(3R)Tengl42 
 
Detailed Description of Image Acquisition and Processing 
Slides were imaged on an inverted microscope (DM 1RB; Leica) equipped with a spinning-disk confocal unit (CSU10; Yokagowa), 100x 
Plan Fluotar 1.3 NA, 40x Plan Fluotar 0.7 NA, and 20X Plan Fluotar 0.5 NA objectives (Lecia), a camera (Orca AG; Hamamatsu 
Photonics), and Volocity 5 acquisition software (PerkinElmer). Image stacks were collected using 0.3 µm steps using a controlled stage 
(MS-2000; Applied Scientific Instrumentation). All images and videos were processed in Volocity 5 software and presented as extended 
focused images.  Quantification of mtDNA nucleoid number and spermatid cyst length were performed with Volocity 5 Measurements 
module.  To count total nucleoid number in elongating spermatid bundles, 100x images were taken along the length of each bundle, the 
number of nucleoids in a 50 µm section of the image were counted using Volocity 5, and the results of nucleoid density versus position 
were plotted as in Fig. 2F.  Then, the area under the curve (which represents nucleoid number per 64 cell bundle) was calculated using 
Adobe Photoshop. 
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Chapter 3:  The mitochondrial DNA polymerase, Tamas, is 

required for mtDNA elimination in developing sperm. 
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Introduction 

 In addition to the nuclear genome, most Eukaryotic 

cells also have a second genome within cytoplasmic 

mitochondria.  In most species, the mitochondrial genome is 

essential for viability because it encodes several vital 

components of the electron transport chain and 

mitochondrial ATPase – enzymes required for the ATP-

generating process of aerobic respiration (Wallace, 2005).  

In sexually reproducing Eukaryotes, the nuclear genome is 

inherited from both parents while the mitochondrial genome 

is usually inherited from only one.  Uniparental 

mitochondrial DNA (mtDNA) inheritance has been observed in 

organisms from every Eukaryotic kingdom, suggesting that it 

is both an ancient and important genetic strategy.  

However, the purpose of uniparental mtDNA inheritance is up 

for debate (Birky, 1995).  DNA sequence analysis suggests 

that present-day mitochondria evolved from a parasitic 

alpha-proteobacterial microbe living within an archean-like 

host (Yang et al., 1985).  One proposal suggests that 

uniparental mtDNA inheritance evolved within the host 

genome to prevent the spread of virulent mitochondrial 

mutants to the host’s progeny (Eberhard, 1981; Hoekstra, 

2000).  An example of this problem arises in S. cerevisiae, 
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where the offspring from a cross can inherit mtDNA from 

both parents.   

In S. cerevisiae, a class of mtDNA mutants called 

“suppressive petites” simultaneously impair aerobic 

respiration and posses a replicative advantage over wild 

type mtDNA.  If the suppressive petite mutant is present in 

either parent of a cross, it is inherited by nearly all of 

the progeny, where it then establishes itself as the 

prominent mtDNA genotype and renders the progeny 

respiration-deficient.  When a nuclear genome encounters a 

suppressive petite mtDNA background, it cannot escape, and 

will almost always generate respiration deficient progeny 

(Ephrussi et al., 1955; Blanc and Dujon, 1980; de Zamaroczy 

et al., 1981).  However, if the nuclear genome evolved a 

mechanism that could prevent one of the parents from 

transmitting mtDNA, then the nuclear genome could escape an 

unfavorable mtDNA background.   

Although the example in S. cerevisiae illustrates how 

uniparental inheritance strategies could exist to limit the 

spread of virulent mtDNA, it is unclear if virulent mtDNA 

is a frequently arising problem for most Eukaryotes (Birky, 

1995).  One way to study the selective forces that maintain 

uniparental mtDNA inheritance is to study the consequences 

of mutations that disrupt uniparental inheritance.  The 
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fate of paternal mtDNA has been preliminarily characterized 

in a variety of Eukaryotes, and different mechanisms 

restricting paternal inheritance have been proposed in 

different species.  In the unicellular algae, C. 

reinhardtii, and the slime mold P. polycepharum, mtDNA from 

one parent is eliminated within mitochondria after mating 

(Moriyama and Kawano, 2003; Aoyama et al., 2006).  In the 

medaka fish, O. latipes, mtDNA copy number slowly declines 

during spermatogenesis, and any remaining mtDNA disappears 

within the sperm mitochondria after fertilization 

(Nishimura et al., 2006).   In C. elegans, an autophagy-

like mechanism eliminates paternal mitochondria in early 

embryos (Rawi et al., 2011; Sato and Sato, 2011; Zhou et 

al., 2011). Finally, in Arabidopsis, Drosophila, and 

humans, most male gametes lack mtDNA altogether, meaning 

that paternal mtDNA is not transferred to the egg (May-

Panloup et al., 2003; Matsushima et al., 2011; DeLuca and 

O'Farrell, 2012).   

Additionally, several mutants have been reported to 

delay the elimination of paternal mtDNA.  In C. elegans, 

knockdown of lgg-1, or other genes involved in organelle 

autophagy, prevent the degradation of paternal mitochondria 

during early embryogenesis.  However, in lgg-1 knockdown 

animals, paternal mtDNA only persists until the end of 
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embryonic development (Rawi et al., 2011; Sato and Sato, 

2011; Zhou et al., 2011).  In A. thaliana, mutation of dpd-

1, a mitochondrial exonuclease, blocks mtDNA elimination 

during pollen development, but does not result in paternal 

mtDNA leakage to offspring (Matsushima et al., 2011).  

Finally, in D. melanogaster, we showed that mutation of 

endoG, a mitochondrial nuclease, inhibits normal mtDNA 

elimination during spermatogenesis.  However, a backup 

mechanism removes residual mtDNA at a later stage of sperm 

development (DeLuca and O'Farrell, 2012).  These studies 

similarly show that multiple mechanisms restrict the 

inheritance of paternal mtDNA.  Therefore, removing all of 

the mechanisms that restrict paternal inheritance may be 

daunting task for the geneticist.   

In spite of this challenge, we attempted to further 

dissect the mechanisms that eliminate mtDNA from Drosophila 

sperm in hopes of understanding the consequences of 

allowing paternal mtDNA inheritance.  In the current study, 

we propose a new model for how EndoG promotes mtDNA 

elimination, and identify a second protein, Tam, that is 

additionally required to eliminate mtDNA.  Additionally, we 

removed the mechanisms that eliminate mtDNA from developing 

sperm and show that mtDNA-containing sperm are sterile. 
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Results 

In hopes of ultimately blocking mtDNA elimination from 

developing sperm, we attempted to further understand the 

mechanisms that regulate mtDNA elimination during 

spermatogenesis.  In Drosophila, sperm differentiate as an 

interconnected cyst of 64 spermatids (Fig. 1A).  During 

sperm differentiation, spermatid nuclei are clustered at 

the basal end of each cyst and spermatid tails are bundled 

together as they grow to over 1.8 mm in length.  

Additionally, each spermatid contains two giant tubular 

mitochondria that span the full length of the tail (Bate, 

2009).  In our previous work, we imaged mtDNA foci called 

nucleoids within these mitochondria, and found that 

nucleoids, but not mitochondria, abruptly disappeared at 

the end of spermatid elongation (DeLuca and O'Farrell, 

2012).   

Because we discovered that a mitochondrial nuclease, 

EndoG, is required for nucleoid elimination, we 

hypothesized that EndoG activity might be regulated to time 

nucleoid elimination.  We tested whether the removal of 

EndoGI, a known EndoG inhibitor, triggers nucleoid 

elimination.  However, spermatids lacking EndoGI did not 

prematurely eliminate nucleoids, indicating that EndoGI 
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does not regulate nucleoid elimination (DeLuca and 

O'Farrell, 2012). 

We next hypothesized that EndoG expression might time 

mtDNA elimination.  To test this idea, we ectopically 

expressed EndoG early in spermatogenesis and assayed 

whether nucleoids were prematurely eliminated.  When we 

used Nanos-Gal4 to express a UAS-EndoG transgene in endoG 

mutant primordial germ cells and germ line stem cells, 

nucleoids were still eliminated at the normal time – during 

sperm elongation (Fig. 1C).  The only EndoG protein in 

these spermatids was produced hours before nucleoids were 

eliminated, and this EndoG did not induce early nucleoid 

destruction (Fig.1B).  Therefore EndoG expression does not 

regulate mtDNA elimination.  

We also assayed whether EndoG expression in other 

tissues induced mtDNA destruction.  We used Eyeless-gal4 to 

express UAS-EndoG in the primordial eye disc and Tubulin-

Gal4 to express UAS-EndoG ubiquitously throughout 

development.  In both cases, ectopic EndoG expression did 

not cause any apparent defects.  Conversely, when we used 

Eyeless-Gal4 and Tubulin-Gal4 to express UAS-mtXhoI, a 

mitochondria-targeted restriction endonuclease that 

recognizes a single site in the mtDNA (Xu et al., 2008), 

eye growth and organism viability was diminished, 
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respectively (Fig. 1D,E).  These results further 

demonstrate that EndoG expression does not induce mtDNA 

destruction. 

 Following its expression, EndoG might not induce 

mtDNA destruction because it is enzymatically inactive.  In 

vitro, purified Drosophila EndoG reaches maximum activity 

between pH 6 and 7 (Loll et al., 2009).  The mitochondrial 

matrix, which houses the mtDNA, is estimated to be between 

pH 7.7 and 8.2 in actively respiring cells (Matsuyama et 

al., 2000).  Therefore, we hypothesized that a moderate 

drop in mitochondrial matrix pH could elevate EndoG 

activity and induce mtDNA destruction.  To test this 

possibility, we used a mitochondria matrix-targeted, pH-

sensitive yellow fluorescent protein reporter (mt-pH-YFP), 

whose fluorescence decreases as the mitochondrial matrix pH 

drops (Matsuyama et al., 2000; 2000).  To determine if 

mitochondrial matrix pH decreases concurrently with 

nucleoid destruction, we simultaneously imaged mt-pH-YFP 

and mtSSB-RFP, a component of nucleoids, in live spermatid 

bundles.  Unexpectedly, bundles with more nucleoids (having 

more mtSSB-RFP puncta) had less mt-pH-YFP fluorescence than 

bundles with fewer nucleoids, and bundles that lacked 

nucleoids had the greatest mt-pH-YFP fluorescence (Fig 1F).  

These results indicate that the mitochondrial matrix pH 



! 62!

increases while nucleoids are destroyed.  Therefore, a drop 

in mitochondrial matrix pH does not time mtDNA elimination.   

Although EndoG is not regulated through the mechanisms 

that we tested, it could be regulated in other unknown 

ways.  Alternatively, EndoG might not be regulated at all.  

For example, EndoG might modify the mtDNA to allow the 

loading of other factors that induce mtDNA elimination.  In 

support of this idea, we noticed that mtDNA purified from 

control and endoG mutant embryos migrated differently on 

ethidium-stained agarose gels.  Most of the mtDNA from 

control embryos migrated slower than the 20 kilobase (kb) 

linear DNA standard, while the majority the mtDNA from 

endoG mutant embryos migrated faster than the 10 kb 

standard (Fig. 1G).  Because Drosophila mtDNA is a 19.5 kb 

circular molecule, we interpret the slower migrating form 

as a nicked, relaxed circle and the faster migrating form 

as an intact, supercoiled circle.  We conclude that EndoG 

nicks mtDNA because in the absence of EndoG, fewer mtDNA 

molecules are nicked. 

Because our current study is directed at understanding 

how mtDNA is eliminated during spermatogenesis, we 

developed a model for how EndoG-induced nicks could be 

required for mtDNA degradation.  We hypothesized that nicks 

render the circular mtDNA susceptible to exonucleases - 
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which require DNA ends to initiate degradation (Fig. 1H).  

To support this model, we attempted to identify an 

exonuclease required for mtDNA destruction during 

spermatogenesis.    

Previously, we used a candidate approach to identify 

genes required for mtDNA elimination during 

spermatogenesis.  In the current study, we modified and 

expanded our original genetic screen.  In the current 

study, we used Bam-Gal4 instead of Nanos-Gal4 to express 

UAS-RNAi directed against candidate genes in 

differentiating spermatids.  Because Bam-Gal4 is expressed 

later than Nanos-Gal4 in sperm development (Fig. 1A), Bam-

driven RNAi allowed us to assay later phenotypes of genes 

required for early germ line development.  In our second 

screen, we also expanded our candidate list to include most 

proteins with known or predicted exonuclease domains. 

Our screen identified one gene, Tamas (Tam), as being 

required for mtDNA elimination during spermatogenesis.  Tam 

encodes the catalytic subunit of the mitochondrial DNA 

polymerase, pol gamma (Iyengar et al., 1999).  Tam protein 

consists of two main domains, the c-terminal polymerase 

domain, which catalyzes DNA replication, and the n-terminal 

exonuclease domain, which is thought to be important for 

replication-coupled proofreading (Fig. 2A) (Foury and 
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Vanderstraeten, 1992).  When we expressed a transgenic RNAi 

hairpin targeting tam mRNA under Bam-Gal4 control 

(Bam>tamRNAi), we observed many nucleoids in individualizing 

spermatids (Fig. 2D).  Because nucleoids are normally 

eliminated before spermatid individualization begins, the 

presence of nucleoids in individualizing tamRNAi spermatids 

suggests that tamRNAi blocks normal nucleoid elimination.  We 

observed this defect using 3 non-overlapping UAS-tamRNAi 

constructs that target different regions of the Tam 

transcript, arguing that the phenotype is specific to tam 

knockdown (Fig. 2A, D). We also verified that Bam>tamRNAi 

significantly reduced Tam mRNA in whole testis (Fig. 2B).  

Finally, when expressed ubiquitously with Tubulin-Gal4, 

each UAS-tamRNAi caused pupal stage lethality, like 

previously characterized tamas loss of function alleles 

(Fig. 2C).  We conclude that tamRNAi effectively and 

specifically reduces Tam activity, and that Tam activity is 

required to eliminate mtDNA before sperm individualization.    

Next, we wanted to address whether Tam is playing a 

direct or indirect role in eliminating mtDNA at the end of 

sperm elongation.  We looked for general defects in 

spermatogenesis in tamRNAi spermatids, which might indicate 

that tam knockdown has indirect effects.  However, aside 

from the defect in eliminating nucleoids, tamRNAi spermatids 
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were phenotypically normal.  During sperm elongation, the 

density and size of nucleoids in tamRNAi bundles were 

comparable to Bam-Gal4 controls (Fig. 3A).  Many mutants in 

cellular housekeeping functions and an estimated half of 

all male sterile mutants have defects in spermatid 

individualization, arguing that the individualization stage 

is sensitive to general cellular defects (Bate, 2009).  

tamRNAi spermatids initiated and completed spermatid 

individualization normally and gave rise to functional 

sperm (Fig. 3B-D).  Because tamRNAi caused a defect in mtDNA 

elimination without disrupting other aspects of sperm 

development, we suggest that Tam plays a direct role in 

eliminating mtDNA.  

One way that Tam could directly eliminate mtDNA is 

through the action of its N-terminal exonuclease domain.  

To this hypothesis, one could replace the endogenous Tam 

gene with a point mutant that specifically abolishes the 

catalytic function of the exonuclease domain while 

retaining an intact and functional polymerase domain.  

Similar mutants have been introduced into yeast and mice 

and give rise to viable organisms with an elevated mtDNA 

mutation rate (Foury and Vanderstraeten, 1992; Trifunovic 

et al., 2004).  If flies carrying a point mutation in the 

Tam exonuclease domain are able to replicate mtDNA during 
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development, but are unable to eliminate mtDNA during 

spermatogenesis, then the Tam exonuclease domain is likely 

directly involved in mtDNA elimination.   

Because it is difficult to replace genes in 

Drosophila, we used an alternative approach to address 

whether the Tam exonuclease domain directly contributes to 

mtDNA elimination. Tam over-expression was previously shown 

to induce mtDNA depletion (Lefai et al., 2000; Martínez-

Azorín et al., 2008)  We reasoned that if over-expression 

of wild type Tam, but not an exonuclease-deficient tam 

mutant is sufficient to induce mtDNA elimination, then the 

Tam exonuclease domain is capable of eliminating mtDNA.  We 

generated flies that over-express either wild type Tam, or 

tamD263A, which lacks a critical aspartate residue for 

exonuclease function.  To facilitate equivalent expression 

of both Tam transgenes, we integrated them into the same 

genomic location using the phiC31 site-directed recombinase 

system (Groth et al., 2004).  We plan to express each Tam 

allele early in spermatogenesis using either the Bam-Gal4 

driver or a heat shock-inducible promoter, and then assay 

whether mtDNA nucleoids disappear after Tam expression.  We 

also plan to ubiquitously express each allele to test 

whether wild type, but not mutant tam over-expression 

induces mtDNA elimination throughout the organism.   
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If Tam over-expression is sufficient to degrade mtDNA, 

then is tam expressed at high levels at the end of sperm 

elongation, right before mtDNA is eliminated? We plan to 

measure Tam protein levels throughout sperm development 

using polyclonal antibodies that we are currently 

developing.  If Tam is highly expressed at the end of sperm 

elongation, and tam expression is sufficient to induce 

mtDNA elimination, then Tam expression likely regulates the 

timing of mtDNA elimination during spermatogenesis. 

 We strove to understand how mtDNA elimination is 

regulated during spermatogenesis so that we could test the 

consequence of allowing paternal mtDNA inheritance.  

However, we were previously unable to generate mature sperm 

lacking mtDNA because a second mechanism physically removed 

mtDNA that escaped endoG-mediated digestion (DeLuca and 

O'Farrell, 2012).  During sperm individualization, a 

mobile, actin-containing structure called the cystic bulge 

(CB) moves apically down spermatid bundles, collecting 

residual cytoplasm and organelles (Tokuyasu et al., 1972).  

When the CB reaches the apical end of the tails, the 

collected cytoplasm is jettisoned from the sperm into a 

structure called the waste bag.   Previously, we found that 

the CB also collected and jettisoned residual nucleoids 

from endoG mutant spermatids, which promoted the formation 
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of mature sperm lacking mtDNA.  In endoG mutant spermatids, 

we did not observe any nucleoids behind the CB despite 

moderate numbers of nucleoids within and in front of it 

(Fig. 3). As the CB progressed along an endoG mutant 

spermatid, it accumulated more nucleoids than the tail 

region immediately in front of it (DeLuca and O'Farrell, 

2012).   In tamRNAi spermatids, we observed a higher density 

of nucleoids within the CB than in regions immediately in 

front of, or behind it, indicating that the CB retains some 

capacity to collect nucleoids (Fig. 4A).  However, we also 

observed many nucleoids behind the CB, indicating that the 

CB does not completely eliminate nucleoids from tamRNAi 

spermatids (Fig.3D, Fig. 4).    

  We next wanted to determine why the CB does not 

effectively eliminate nucleoids from tamRNAi spermatids.  

Because nucleoids in endoG mutant spermatids are 

effectively collected, we hypothesized that EndoG might 

normally detach nucleoids from mitochondrial membranes that 

are collected by the CB.  Alternatively, Tam might normally 

anchor nucleoids to these mitochondrial membranes.  To 

discriminate between these possibilities, we tested whether 

the CB could eliminate nucleoids from spermatids lacking 

both tam and endoG.  In the double deficient spermatids, we 

observed many nucleoids behind the CB (Fig. 4B).  
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Therefore, Tam is required to collect nucleoids in the 

presence or absence of EndoG.  This result suggests that 

Tam facilitates nucleoid collection by the CB.  

 Because many nucleoids remained behind the CB in tamRNAi 

spermatids, we next wanted to know if this mtDNA persisted 

into mature sperm.  We used quantitative PCR (qPCR) to 

measure the amount of mtDNA in control and tamRNAi mature 

sperm that we collected from mated female sperm storage 

organs.  In this experiment, we mated males having wild 

type mtDNA to females having a 9 base pair mtDNA deletion, 

mt:ND2del1, that is not amplified by wild type-specific PCR 

primers.  Therefore, we only measured male-derived, sperm 

mtDNA within female sperm storage organs.  Although we did 

not detect sperm mtDNA in storage organs containing control 

sperm, we detected high levels of sperm mtDNA in storage 

organs containing tamRNAi sperm (Fig. 3C).  Therefore, we 

conclude that many tamRNAi mature contain mtDNA.  However, 

when we measured paternal mtDNA in 0-3 hour old embryos 

fertilized by tamRNAi sperm, we detected less than 0.3 copies 

per early embryo.  This result suggests that early embryos 

may have mechanisms to quickly eliminate paternal mtDNA.  

However, another possibility is that not all tamas 

knockdown sperm retain mtDNA, and that only sperm lacking 

mtDNA are capable of fertilizing eggs.  To discriminate 
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between these possibilities, we attempted to completely 

block mtDNA elimination during spermatogenesis so that all 

mature sperm have mtDNA. 

Because our genetic perturbations are not null 

mutations, we believe that residual EndoG or Tamas activity 

promotes the slow elimination of mtDNA in each single 

deficiency.  However, by combining endoG mutants with 

tamRNAi, we hoped to significantly reduce the rate of mtDNA 

elimination and allow more mtDNA to persist in double 

deficient sperm.  Indeed, we noticed that double deficient 

spermatids contained larger and more numerous nucleoids 

than single deficient spermatids during sperm 

individualization (Fig. 4A,B).  Unfortunately, when we 

attempted to measure mtDNA copy number in double deficient 

mature sperm, we noticed that double deficient males were 

sterile.  However, doubly deficient spermatids completed 

individualization without any obvious defects (Fig. 3B-D).  

Therefore, we believe that a later stage of spermatogenesis 

or fertilization is defective.  We are currently 

investigating these possibilities.  However, we conclude 

that genes required to remove mtDNA from developing sperm 

are also essential for the production of functional sperm.     
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Discussion 

 Our results suggest that at least two mitochondrial 

nucleases promote mtDNA elimination within developing sperm 

mitochondria.  Previously, we showed that EndoG, a 

mitochondrial endonuclease, is required for complete 

nucleoid elimination (DeLuca and O'Farrell, 2012).  Here, 

we show that EndoG nicks mtDNA, and we propose that this 

nicking activity primes mtDNA for elimination by an 

exonuclease: Tam.  We favor this model because EndoG is not 

sufficient to induce mtDNA elimination or required to 

eliminate all mtDNA from elongating spermatids.  We suspect 

that many nucleoids are eliminated from endoG mutant 

spermatids because they are nicked by other factors.  In 

support of this assumption, nearly half of embryonic mtDNA 

is still nicked in the absence of endoG.  An ideal test of 

this model would be to experimentally increase the 

proportion of nicked mtDNA in endoG mutants and then ask 

whether having more nicked genomes causes more nucleoids to 

be eliminated in the absence of endoG.   

 In this study, we also discovered that Tam, the 

mitochondrial DNA polymerase, is required for mtDNA 

elimination during spermatogenesis.  Tam knockdown 

prevented the elimination of many more nucleoids than endoG 

mutation, suggesting that Tam may play a larger role than 
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EndoG in digesting mtDNA.  We propose that the Tam 

exonuclease domain initiates digestion at nicks in the 

mtDNA that are created by EndoG and other factors.  We 

believe that Tam directly eliminates mtDNA because we did 

not observe additional defects caused by Bam>tamRNAi during 

sperm development.  However, we cannot rule out the 

possibility that Tam indirectly promotes mtDNA elimination.  

By further understanding the regulation of both Tam and 

mtDNA elimination, we hope to discriminate between these 

possibilities.   

How might Tam activity be regulated?  in vitro, 

purified Tam is capable of catalyzing both 5’ to 3’ DNA 

replication and 3’ to 5’ destruction (Wernette et al., 

1988; Olson and Kaguni, 1992), although one or both 

activities may be significantly enhanced by accessory 

factors in vivo.  In Drosophila, tam mutants are defective 

in replicating mtDNA, and like other mutants in mtDNA 

replication factors, cause pupal stage lethality (Iyengar 

et al., 2002).  Ubiquitous tamRNAi expression also caused 

pupal lethality, consistent with its predicted ability to 

knock down Tam expression (Lefai et al., 2000).  

Surprisingly, Bam>TamRNAi did not prevent mtDNA replication 

during spermatogenesis, because we observed a full 

complement of nucleoids in elongating Bam>tamRNAi spermatid 
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bundles.  These bundles contain about 1000 times more 

nucleoids than the single Bam>tamRNAi-expressing cystoblast 

that they originated from.  Because we observed 

quantitative differences in the ability of 3 different 

Bam>tamRNAi constructs to knock down tam mRNA in the testis, 

we believe that Bam>tamRNAi does not completely eliminate Tam, 

and that this residual Tam is sufficient to replicate 

mtDNA.   

If Bam>tamRNAi does not remove enough Tam to block mtDNA 

replication, then why does it prevent mtDNA elimination?  

We hypothesize that mtDNA replication requires low levels 

of Tam while mtDNA elimination requires high levels.  

Because the Tam exonuclease domain may inefficiently 

degrade DNA, many Tam molecules may be required to rapidly 

eliminate a single mtDNA.  Lefai et al. proposed that at 

low abundance, most Tam protein may be associated with 

other low abundance accessory proteins that promote Tam 

polymerase activity.  However, at high abundance, most Tam 

protein may be unassociated, causing it to have low 

polymerase activity (Lefai et al., 2000).  We additionally 

propose that this “free” Tam may retain normal exonuclease 

activity, causing it to primarily degrade mtDNA instead of 

replicate it.   
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If the replication accessory factors are present 

during spermatid elongation, our model predicts that 

knocking down Tam levels at the end of spermatid elongation 

might induce mtDNA replication instead of elimination.  In 

Bam>tamRNAi endoG doubly deficient spermatids, we noticed 

that nucleoids appeared larger at the end of spermatid 

elongation than in earlier stages, suggesting that mtDNA 

may be replicating.  However, this phenotype was less 

apparent in Bam>tamRNAi singly deficient spermatids.  We will 

attempt to address whether Bam>tamRNAi truly converts mtDNA 

elimination to replication at the end of spermatid 

elongation using future nucleotide labeling experiments.  

While dissecting the mechanism that eliminates mtDNA 

from elongating spermatids, we generated mature sperm that 

retained mtDNA.  Previously, we proposed that the CB 

efficiently collects any nucleoids present during sperm 

individualization, because we did not observe any nucleoids 

behind the CB in endoG mutants (DeLuca and O'Farrell, 

2012).  However, when we expressed tamRNAi, we observed many 

nucleoids behind the CB, indicating that the CB does not 

strictly collect all remaining nucleoids.  The ability of 

the CB to collect nucleoids is not enhanced by endoG 

mutation, because we observed many nucleoids behind tamRNAi 

endoG double deficient CBs.  Instead, an alternative 
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possibility is that Tam links nucleoids to the CB, and 

without Tam, the CB cannot collect nucleoids.   A final 

possibility is that the CB has a limited capacity to 

collect nucleoids: it is capable of collecting the small 

number of nucleoids in endoG mutants but not the large 

number of nucleoids in Bam>tamRNAi. 

Although we do not know why the CB does not remove all 

nucleoids from Bam>tamRNAi spermatids, this defect allowed us 

to investigate the consequence of producing mtDNA-

containing sperm.  Despite detecting an abundance of mtDNA 

in Bam>tamRNAi sperm collected from female sperm storage 

organs, we did not detect paternal mtDNA in eggs fertilized 

by these sperm.  Therefore, it is possible that paternal 

mtDNA is eliminated by additional embryonic mechanisms.  

However, we favor the model that some Bam>tamRNAi sperm lack 

mtDNA, and that these sperm outcompete Bam>tamRNAi sperm 

having mtDNA to fertilize eggs.  We favor this 

interpretation because spermatids doubly deficient for tam 

and endoG have more nucleoids than singly deficient 

spermatids - and are sterile.  Currently, we cannot explain 

why doubly deficient sperm are sterile, or prove that 

defective mtDNA elimination causes this sterility.   

 In conclusion, this work expands our understanding of 

the molecular processes that eliminate mtDNA from 
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developing sperm.  Furthermore, by identifying and removing 

the genes required for mtDNA elimination, we produced 

mtDNA-containing sperm.  Because these sperm were sterile, 

we suspect that mtDNA destruction is an important feature 

of sperm biology.  Therefore, we will direct future work at 

discerning why mtDNA-containing sperm are defective. 
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!
Figure'1.''Probing'the'role'of'EndoG'in'mtDNA'elimination.' '
(A)!Schematic!of!spermatogenesis!highlighting!the!timing!of!Nanos!(Nos)!and!Bag!of!Marbles!(Bam)!in!relation!to!mtDNA!
elimination.!!(B,!C)!Images!taken!along!the!lengths!of!4!endoG!mutant!spermatid!bundles!with!or!without!Nos>EndoG.!!MidL
elongating!(B)!and!lateLelongating!(C)!bundles!were!stained!for!DNA!(PicoGreen:green)!and!actin!(phallodin:purple).!!
Numbers!indicate!the!distance!of!each!image!(µm)!from!the!basal!tip!of!the!spermatid.!!(D)!Adult!eyes!produced!after!ectopic!
expression!of!EndoG!or!mtXhoI!in!relation!to!a!control.!!(E)!Flies!heterozygous!for!Tub>Gal4!were!crossed!to!w1118!controls!or!
flies!homozygous!for!UAS;EndoG!or!UAS;mtXhoI.!!The!percent!of!adult!progeny!from!this!cross!that!express!tubLGal4!(and!thus!
the!UAS;transgene)!is!plotted.!!(F)!Five!live!spermatid!bundles!of!different!stages!express!mtLpHLYFP!to!image!relative!
mitochondrial!pH!(purple:!increasing!pH)!and!mtSSBLRFP!to!image!the!presence!of!nucleoids!(green!puncta).!!Arrows!indicate!
younger!bundles!where!nucleoids!are!“A”!abundant,!or!“S”!sparse.!!Arrowheads!indicate!older!bundles!where!nucleoids!were!
eliminated.!!(G)!EthidiumLstained!agarose!gel!highlighting!the!ratio!of!fastL!“OC”!to!slowL“SC”!migrating!mtDNA!from!control!or!
endoG!mutant!embryos!next!to!a!ladder!of!standards!of!the!indicated!sizes.!!(H)!Hypothesis!for!the!role!of!EndoG!in!digesting!
mtDNA!during!spermatogenesis.!
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!
Figure'2.''tamas'is'required'for'nucleoid'elimination'during'late>elongation'stage'
(A)!Schematic!of!tamas!gene!showing!regions!encoding!the!exonuclease!and!polymerase!domains!and!regions!targeted!by!3!
nonLoverlapping!RNAi!hairpins!used!in!this!study.!!(B)!Summary!of!a!qRTLPCR!experiment!measuring!the!abundance!of!Tam!
mRNA!from!tamRNAiLexpressing!testis!relative!to!a!control.!!Error!bars!represent!the!standard!deviation!in!3!independent!testes!
extracts.!!(C)!Flies!heterozygous!for!Tub>Gal4!were!crossed!to!control!flies!or!flies!homozygous!for!the!indicated!UAS;tamRNAi@
transgene.!!Gal4Lexpressing!progeny!were!scored!as!either!dark!pupae!(dead)!or!surviving!adults,!and!plotted!as!a!%!of!the!
total!progeny.!!(D)!Individualizing!spermatid!bundles!expressing!the!indicated!Bam>tamRNAi!transgene!stained!for!DNA!
(PicoGreen:!green)!and!actin!(phalloidin:!purple).!!!
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!

!
!
Figure'3.''Characterization'and'epistasis'of'endoG'and'tamas'knockdown'spermatids'during'late>elongation'and'
individualization'stage.'
(ALD)!!Spermatid!bundles!of!the!indicated!stage!and!genotype!stained!for!DNA!(PicoGreen:!Green)!and!actin!(phalloidin:!
purple).!!Numbers!indicate!the!distance!of!each!image!(in!microns)!from!the!basal!tip!of!the!spermatid.!
!
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!
Figure'4.''tamas'knockdown'prevents'mtDNA'elimination'from'sperm'
(A,!B)!Individualizing!tamasRNAi@spermatid!bundles!with!or!without!EndoG!stained!for!DNA!(PicoGreen:!green)!and!actin!
(phalloidin:!purple).!!ZoomedLin!images!highlighting!nucleoid!size!and!density!are!shown!above!each!arrowhead.!!(C)!Wild!
type!mt:ND2!males!expressing!Bam>Gal4!with!or!without!the!indicated!UAS;tamasRNAi!transgene!were!mated!to!mtND2del1!
females.!!qPCR!with!mt:ND2!specific!primers!measured!the!amount!of!maleLderived!(sperm)!mtDNA!in!mated!female!sperm!
storage!organs,!which!can!store!up!to!1000!sperm.!!The!number!of!sperm!mtDNAs!per!female!storage!organ!is!plotted.!!(D)!!
Summary!of!a!qPCR!experiment!attempting!to!detect!paternal!mtDNA!in!embryos!fertilized!by!tamas!knockdown!sperm.!!
mt:ND2del1!females!were!mated!to!either!control!mt:ND2del1!males!(green!and!red!circles),!or!mt:ND2!+!bam>tamasRNAi!males!
(blue!circle).!!mt:ND2!copy!number!in!300!embryos!was!measured!with!qPCR!and!plotted!on!a!per!embryo!basis!against!a!
standard!curve!created!by!adding!known!amounts!of!purified!mt:ND2!to!control!extract.!!
'
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Materials and Methods 

Fluorescence Microscopy 

PicoGreen/Phalloidin staining and imaging of fixed 

spermatid cysts was performed as previously described 

(DeLuca and O'Farrell, 2012).   

qPCR measurement of mtDNA copy number in sperm and paternal 

mtDNA copy number in embryos. 

mt:ND2del1 females were mated to mt:ND2, Bam-Gal4 (control) 

or mt:ND2, Bam-Gal4/UAS-tamRNAi males.  mt:ND2 (male-derived) 

copy number in mt:ND2del1 female sperm storage organs or 0-3 

hour-old embryos was measured as previously described 

(DeLuca and O'Farrell, 2012).   

Measurement of Tam mRNA in whole testis 

For each experimental replicate, 10 testis were dissected 

and pooled in PBS.  PBS was replaced with 200 µl Trizol and 

testis were homogenized with a pestle.  mRNA and cDNA were 

prepared as previously described (DeLuca and O'Farrell, 

2012).  30µl qPCR reactions were performed with 5 testis 

equivalents of cDNA, 400 nM of each primer pair (Tam or 

RpA1) and SYBR Green PCR Master Mix.   

Tam(5’-3’):CACTACGCCAGCAGTAGCGTGAA; ATTCCGCGAGATCATCTGCACCT 

RpA1(5’-3’):GCGGTTGAATGTGGCGAATATA; 

GGTTTATATAAAGTGCAAACACTGCTGA 
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Reaction conditions for both primer pairs were 95ºC 10 min, 

45 cycles of 95ºC 30 sec, 55ºC 1 min. A standard curve of 

varying inputs was created for each primer set using 5 to 

0.2 Bam-Gal4 testis equivalents of cDNA. The relative 

abundance of Tam RNA in each sample was normalized to the 

abundance of control RpA1 RNA in each sample. 

Visualization of mitochondrial matrix pH 

Testis from Nanos-Gal4, UAS-mt-pH-YFP, pUbi-mtSSB-RFP were 

dissected and imaged in a drop of Shields and Sang Insect 

Medium + 1% Bovine Serum Albumen on a chambered cover 

glass. 

Purification of mtDNA from embryos 

0-3 hour old embryos were collected on standard grape juice 

agar plates and dechorionated in 50% bleach for 2 minutes.  

Embryos were homogenized on ice in HB (250 mM sucrose, 10 

mM Sodium Phosphate pH 7.4, 1 mM EDTA) using 3 strokes of a 

dounce homogenizer with loose fitting pestle.  Nuclei were 

removed by pelleting with 3, 10 minute centrifugations at 

1000 x g.    Mitochondria in the supernatant were then 

pelleted by centrifugation 16000 x g, 10 minutes, washed in 

HB, and then pelleted again.  Mitochondria then lysed in 

100 mM Tris HCl pH 8.8, 0.5 mM EDTA, 1% SDS, 5 µg/ml RNAse A 

for 10 min at 37ºC, and then 0.4 mg/ml Proteinase K was 

added for 10 min at 55ºC.  Addition of potassium acetate 
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(to 1M) and incubation on ice (30 min) precipitated protein 

and SDS.  DNA was recovered from the supernatant (20,000 x 

g, 15 min at 4ºC) by isopropanol precipitation (0.5 

volumes) followed by a wash with 70% ethanol and 

resuspension in water. 

Fly Stocks used in this study: 

To construct the pUbi-mtSSB-RFP fly, the coding 

sequence of mtSSB was amplified from w1118 cDNA and cloned 

into pENTR3c.  This plasmid was then recombined into pUWR 

with Gateway LR-Clonase (Invitrogen #11791019) using the 

manufacturers recommendation and injected as a P-element 

into W1118 by Rainbow Transgenic Flies, Inc. 

Flies obtained from Bloomington Stock Center: 

EndoGMB07150, BL26072 

Nanos-Gal4, BL4937 

;;UAS-tamRNAi:TRiP1, BL31098 

;;UAS-tamRNAi:TRiP2, BL31081 

Flies obtained from other sources: 

;;Bam-Gal4, UAS-Dicer2  (Chen and McKearin, 2003) 

::UAS-mt-pH-YFP  (generous gift from Hong Xu) 

;UAS-tamRNAi:VDRC;  (VDRC#10655) 
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