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Mitochondrial Genome Content Is Regulated
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subunits, is similar in size and gene content to its

Growth and development rely on the mitochondrial

respiratory chain (MRC) as the major source of ATP.
We measured the mitochondrial DNA (mtDNA) copy
number of each of the Caenorhabditis elegans devel-
opmental stages. Embryos, L1, L2, and L3 larvae all
have ;25,000 copies of maternally derived mtDNA.
The copy number increases fivefold in L4 larvae and a
further sixfold in adult hermaphrodites, but only two-
fold in adult males. The majority of mtDNA in adult
worms is germline associated, and germline-deficient
mutants show markedly reduced mtDNA contents.
With sperm-deficient or oocyte-deficient mutants, we
confirm that mtDNA amplification is primarily associ-
ated with oocyte production. When mtDNA replication
is inhibited, a quantitative and homogeneous arrest as
L3 larvae occurs. Thus, mtDNA amplification is a nec-
essary component of normal development and its reg-
ulation may involve an energy-sensing decision or
checkpoint that can be invoked when mitochondrial
energy generation is impaired. © 2002 Elsevier Science (USA)

Key Words: mitochondria; ethidium bromide; mito-
chondrial DNA; larval arrest; germline development;
glp-1; glp-4; fem-3; fem-1.

The mitochondrial respiratory chain (MRC) is the
major source of ATP for most cell types. It is composed
of five multisubunit protein complexes containing
subunits encoded by both the mitochondrial and the
nuclear genomes. The human mitochondrial DNA
(mtDNA), a small circular molecule that encodes 13
MRC subunits, is transcribed and translated indepen-
dently of the nuclear genome. It is present in 103 to 104

copies per cell (1) and is maternally inherited, being
transmitted through the egg cytoplasm (2). The Cae-
norhabditis elegans mtDNA, which encodes 12 MRC

Abbreviations used: MRC, mitochondrial respiratory chain;
mtDNA, mitochondrial DNA; EtBr, ethidium bromide; PCR, poly-
merase chain reaction.
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human counterpart (3).
The mtDNA encoded MRC subunits are essential for

the proper function of the MRC protein complexes.
Expression of those subunits requires that the mito-
chondrial genome be replicated, transcribed, and
translated (4). The newly synthesized subunits are
subsequently assembled with nuclear encoded sub-
units that have been imported from the cytoplasm.
Assembly of a functional MRC necessitates over 200
nuclear genes, making MRC biogenesis a complex
proposition that requires ;1% of the C. elegans gene
content (5).

The role of the mitochondrial genome in cellular
energy metabolism and in organismal development is
under active investigation (6–8). A large and hetero-
geneous group of disorders is associated with muta-
tions in the human mtDNA. Depletion of the mitochon-
drial genome produces an autosomal recessive disorder
resulting in myopathy or hepatopathy and early death
(9). Ethidium bromide (EtBr), a DNA-intercalating
dye, is a potent inhibitor of mtDNA transcription and
replication in mammalian, avian, and yeast cells (10–
12). The depletion (13) or elimination (11) of mtDNA
with EtBr have been used to investigate the genetic
function of the mitochondrial genome and to produce
cells that are defective for mitochondrial respiration
and ATP synthesis.

As a step toward a better understanding of the im-
portance of the MRC in organismal development, we
examined the genetic and developmental roles of
mtDNA in C. elegans. We report that the C. elegans
mtDNA copy numbers show two increases during nor-
mal hermaphrodite development: a fivefold copy num-
ber increase from the L3 to the L4 stage, and a further
sixfold increase from the L4 stage to the adult. Adult
males have fewer mitochondrial genomes, with approx-
imately one-third the number of an adult hermaphro-
dite. Thus, mtDNA copy number is coordinated with
the maturation steps of the life cycle. As revealed by
germline-deficient mutants, it is the germline that con-
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tains the majority of organellar genomes and only a
small component is linked to somatic development.
With sperm- (fem-3) or oocyte-deficient (fem-1) mu-
tants, we determined that oocytes contain substan-
tially more mtDNA molecules than sperm. The oocytes
have a copy number similar to that of embryos
and early larvae suggesting that maternally-derived
mtDNA transmitted to the oocyte is sufficient to sup-
port development through the early larval stages.
Taken together, we conclude that the glp-1, glp-4,
fem-3, and fem-1 genes, which control germline devel-
opment (14, 15) are upstream of the control of mtDNA
copy number.

mtDNA amplification is a necessary component of
the normal developmental program; when mtDNA rep-
lication is blocked, development is arrested. Embryos
exposed to EtBr develop through the L1 and the L2
larval stages and arrest as L3-like larvae. The arrested
animals are slightly smaller than normal L3 larvae
and their gonad development does not proceed beyond
the L2 stage. Surprisingly, the arrested animals have
longer life spans than untreated animals. The L3 ar-
rest phenotype is reversible upon drug removal. The
transition from L3 to L4, which entails an increase in
mtDNA copy number, is a particularly critical step in
development that may involve an energy-sensing deci-
sion or checkpoint. When mitochondrial function is
impaired, the checkpoint is invoked.

MATERIALS AND METHODS

Strains. Worms were cultured as described (16). The following
strains were used: N2, wild type (Bristol); CB1489, him-8(e1489);
SS104, glp-4(bn2); JK1107, glp-1(q224); JK509, glp-1(q231); JK816,
fem-3(q20); BA17, fem-1(hc17); and LB128, atp-2(ua2) unc-32(e189)/
qC1[dpy-19(e1259) glp-1(q339)]. The Dpy Glp progeny of LB128 were
used for the determination of the glp-1(q339) mtDNA copy number
(Table 1). SS104 (glp-4(bn2)), JK1107 (glp-1(q224)) and JK509 (glp-
1(q231)) are temperature-sensitive germline deficient strains. JK816
(fem-3(q20)) and BA17 (fem-1(hc17)) are temperature-sensitive
oocyte-deficient and sperm-deficient strains, respectively.

Determination of mtDNA copy number. A quantitative PCR as-
say was set up that relates the initial number of template copies to
the number of cycles at which exponential amplification of the PCR
products first occurs (17). The standard curve was obtained as fol-
lows. N2 worm lysates were prepared by incubating worms in lysis
buffer (50 mM KC1, 10 mM Tris–HCl, pH 8.3, 2.5 mM MgCl2, 0.45%
Nonidet P-40, 0.45% Tween 20, 0.01% gelatin, 100 mg/ml freshly
added proteinase K) for 1 h at 50°C. This was followed by 10 min

Life Span Is Extended by Ethidium Bromide

Strain
Life span

(days)
Std. Dev.

(days)
Number of

animals

N2 11.9 1.6 30
EtBr-N2 13.8* 2.0 26

* P , 0.01 based on a two-tailed Student’s t test to 1/1.
9

to amplify a 1064-bp region of the mitochondrial genome, using the
lysate as the source of template DNA and the mtDNA primers
mtDNA1, 59-CTTTTATTACTCTATATGAGCGTC-39 and mtDNA5,
59-GTAAATTCAACCATTCCACAAGG-39. The PCR product was pu-
rified with the QIAquick PCR purification kit (Qiagen Inc., Missis-
sauga, Ontario, Canada) and the concentration of the purified tem-
plate was determined with a Sequoia-Turner 450 fluorometer.
Increasing amounts of template (10–108 copies per reaction) were
amplified in a DeltaCycler II (Ericomp, San Diego, CA), using a 10 ml
reaction volume. PCR consisted of a single denaturation step (3 min
at 92°C) followed by cycles of 15 sec denaturation at 92°C, 30 s
annealing at 61°C, and 30 s elongation at 72°C. Depending on the
initial amount of template DNA, tubes were removed at cycle num-
bers from 5 to 34 cycles. The entire contents of each reaction was
subjected to 1% agarose gel electrophoresis, stained with EtBr, and
the 1064-bp product was quantified with a Gel Doc 1000 system
(Bio-Rad, Hercules, CA). Nonspecific products were not detected,
except primer-dimers that were present in some samples (these were
not quantified). The cycle number at which exponential amplification
of PCR products first occurred was determined by plotting the loga-
rithm of the fluorescence intensity versus the cycle number. The
standard curve was constructed by plotting the cycle number versus
the logarithm of the initial template copy number. The standard
curve is linear between initial template copy numbers of 102 and 108.
Quantitative PCR was performed for each initial template copy num-
ber at least 3 times and the results were reproducible. For sample
analysis, 20 synchronized animals or oocytes (30 ml total volume)
were lysed in a lysis buffer and the lysate was subjected to quanti-
tative PCR (1 ml lysate per 10 ml reaction). Embryos were treated
briefly with 20 mg/ml chitinase (Sigma-Aldrich, Oakville, Ontario,
Canada) before lysis. To confirm the reliability and reproducibility of
the PCR, we also established a standard curve for nuclear DNA copy
number. Quantitative PCR was performed on lysates containing
known numbers of worms from which the input nuclear DNA copy
numbers can be calculated. In all cases, the input nuclear DNA
copies and the measured copies agree closely, suggesting that nu-
clear DNA is quantitatively released during lysis.

Exposure to EtBr. EtBr was added at a final concentration of 125
mg/ml of agar to seeded NGM plates (16) and synchronized animals
were placed directly onto the plates. All experiments were performed
at room temperature (23°C) unless otherwise stated.

Measurement of life span. Gravid N2 hermaphrodites were al-
lowed to lay eggs for 6 h in the presence or absence of EtBr at 25°C.
Groups of five progeny animals were transferred to separate plates
after hatching. Animals were monitored daily and were scored as
dead when they no longer responded to light prodding on the head.
Animals not exposed to EtBr were transferred daily during egg
laying to keep them separate from their progeny.

Microscopy. Animals were mounted on 2% agarose pads and ob-
served under a Zeiss Axioskop-2 research microscope (Carl Zeiss
Canada Ltd., Calgary, Alberta) with a SPOT2 digital camera.

RESULTS

mtDNA Copy Number Varies with Developmental Stage

We determined the mtDNA copy number of each
developmental stage of the wild type hermaphrodites
using quantitative PCR. About 14 h after fertilization,
an egg hatches as a first stage larva or L1 (16). Over
the next 2 days, it will grow quickly through a series of
four molts to become an adult. There are ;25,000
copies of mtDNA per embryo and that number remains
essentially unchanged up to the L3 stage (Fig. 1). A



mitotic division (19). Loss of function glp-1 mutations
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roughly five-fold increase in copy number occurs with
the transition from L3 to L4 (from ;25,000 to 130,000)
and a further six-fold increase with the L4 larva to the
adult transition (from 130,000 to ;800,000). The in-
creases in mtDNA copy number per larva are not sim-
ply due to an increase in somatic cell number. For
example, the hermaphrodite L1 larva has 558 somatic
nuclei while the adult has 959 (18); this 1.7-fold change
in the number of somatic nuclei is associated with an
over 30-fold increase in mtDNA content. The replica-
tion of the organellar genome is not coupled to nuclear
DNA replication, which is an active process during
early development.

mtDNA Copy Number of Males

We measured the mtDNA copy numbers of males,
produced from a strain with the him-8 mutation. A
wild type strain generates males at a frequency of
0.1–0.2% due to rare but spontaneous meiotic non-
disjunction events; animals carrying a him-8 mutation
produce males at a high frequency (over 30%). The
him-8 mutation does not affect the mtDNA copy num-
ber; him-8 L4 or adult hermaphrodite copy numbers
are not significantly different from the wild type (Fig.
2). Interestingly, whereas him-8 males and hermaph-
rodites have similar mtDNA contents at the L4 stage,
adult males have about one-third the number of
mtDNA copies (260,000) compared to adult hermaph-
rodites (800,000) (Fig. 2).

mtDNA Copy Number Is Affected
in Germline-Deficient Strains

We postulated that the large increase in mtDNA
copy number measured after the L3 stage is linked to
reproduction. We measured the germline-related com-
ponent of the mtDNA copy number increases in several
germline proliferation deficient (glp) strains. The
GLP-1 protein is related to the Notch family of trans-
membrane receptor proteins and controls germ cell

FIG. 1. The mtDNA copy numbers of the C. elegans developmen-
tal stages. Values represent the mtDNA copy numbers per animal
averaged over 20 synchronized animals. At least three replicates
were performed for each developmental stage.
10
result in the production of 4–8 germline cells com-
pared to ;1,500 in wild type animals while the somatic
gonad is morphologically normal (15). Wild type L4
larvae have 130,000 copies of mtDNA (Fig. 1) compared
to the 67,000 copies in the glp-1(q339) mutant (Fig. 3).
That number remains relatively unchanged as the
glp-1 animals mature (Fig. 3). At the permissive tem-
perature of 15°C, the two temperature-sensitive glp-1
mutants, q224 and q231, have copy numbers similar to
the wild type L4 (Fig. 3). The glp-1 adult copy numbers
increase, although they do not reach the levels of the
wild type adult, suggesting that the temperature-
sensitive alleles are hypomorphs even at 15°C (Fig. 3).
At the restrictive temperature of 25°C, the mutants
have only 60,000–70,000 copies as L4 larvae (Fig. 3)
and even fewer copies as adults. The reason for the
drop in mtDNA content of the adults is not known,
but an active degradation of organellar genomes is
suggested.

We also examined the effects of another germline
proliferation deficient mutation, glp-4 on mtDNA lev-
els. The function of the glp-4 gene product is not known
at the molecular level. The glp-4(bn2) mutation limits
the production of germline cells to ;12, while the so-
matic gonad retains a wild type morphology (14). The
glp-4(bn2) mutant mtDNA copy number profile is sim-
ilar to the glp-1(q224) and glp-1(q231) profiles (Fig. 3).
The glp-1 and glp-4 results indicate that the increase
in mtDNA copy number from the wild type L3 to the
adult has two components. The first component is so-
matic (glp-1 and glp-4 independent) and occurs be-
tween the L3 and L4 stages. It accounts for a 3-fold
increase (from ;25,000 in the wild type L3 to ;70,000
in germline-deficient L4 larvae). The second compo-
nent is germline related, depends on glp-1 and glp-4
function, and occurs between the L3 and adult stages.
It accounts for an over 10-fold increase (from ;70,000

FIG. 2. The mtDNA copy numbers of a him-8 mutant. Values
represent the mtDNA copy numbers per animal averaged over 20
synchronized animals. At least three replicates were performed for
each developmental stage. (H) and (M) indicate hermaphrodite and
male, respectively.
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copies measured in germline-deficient L4 larvae to
;800,000 in wild type adults).

mtDNA Copy Numbers of Sperm- and
Oocyte-Deficient Strains

We also measured the mtDNA copy numbers of
temperature-sensitive oocyte-deficient (fem-3) and
sperm-deficient (fem-1) animals. The FEM proteins are
required for spermatogenesis in both males and her-
maphrodites (19). Loss of function fem-1 mutations
transform hermaphrodites into females with no sperm
production (20). In contrast, gain of function fem-3
mutations masculinize the hermaphrodite germ line,
resulting in a vast excess of sperm produced and no
oocytes (21). At the restrictive temperature of 25°C,
fem-3 animals only produce sperm, while fem-1 ani-
mals only produce oocytes. Both strains are essentially
wild type at the permissive temperature of 15°C and
not surprisingly, the L4 and the adult mtDNA copy
numbers of fem-3 and of fem-1 hermaphrodites at 15°C
are similar to those of wild type (Fig. 4). At 25°C, fem-3
and fem-1 L4 larvae have copy numbers comparable to
the wild type L4 (Fig. 4). However, we observed a large
difference in mtDNA copy numbers between adult

FIG. 3. The mtDNA copy numbers of glp-1 and glp-4 mutants. V
synchronized animals. At least three replicates were performed for e
sensitive.

FIG. 4. The mtDNA copy numbers of fem-3 and fem-1 mutants.
20 synchronized animals. At least three replicates were performed f
11
fem-3 and fem-1 hermaphrodites at 25°C. fem-3
mtDNA copy numbers do not increase much between
the L4 and adult stages (from 170,000 to 190,000; Fig.
4). With fem-1 animals, the copy number increases
approximately sixfold as it does in the wild type (from
140,000 to 800,000; Fig. 4). These results suggest that
oocyte rather than sperm production accounts for the
majority of the mtDNA copy number increase from L4
to adult. To confirm this, we measured the mtDNA
copy number of fem-1 oocytes from hermaphrodites
raised at 25°C and found it to be roughly 18,000 copies
per oocyte (Fig. 4).

mtDNA Expression Is Necessary
for Larval Development

We examined the effects of preventing the amplifi-
cation of mtDNA by inhibiting transcription and rep-
lication with EtBr. Single gravid N2 hermaphrodites
were transferred onto plates containing increasing con-
centrations of EtBr and the development of their prog-
eny was examined after 2–3 days. As the inhibitor
concentration increases, the fraction of the brood that
fails to develop to adulthood increases (Fig. 5). Above
83 mg/ml EtBr, all embryos hatched, developed through

es represent the mtDNA copy numbers per animal averaged over 20
developmental stage. The glp-1(q339) mutation is not temperature-

lues represent the mtDNA copy numbers per animal averaged over
each developmental stage.
alu
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Va
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time, EtBr-treated animals develop an L3-sized body,
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two larval stages, and arrested as L3 larvae. Below 8
mg/ml, EtBr has no apparent effect on development.
More importantly, at 125 mg/ml EtBr, .99% of the L3
progeny remain arrested throughout their entire lives.
Similar results were obtained with him-8 animals,
which produce a high proportion of male offspring,
indicating that the developmental arrest is not sex
specific (not shown). It is important to note that the
developmental arrest induced upon exposure to EtBr is
reversible when the drug is removed, although the
fraction of animals that recover decreases with the
length of exposure (not shown). We also noted that
animals arrested for shorter periods of time recovered
more quickly than those arrested for longer periods.
The reversibility of the L3 arrest phenotype indicates
that EtBr is not acting by causing mutations in either
the mitochondrial or the nuclear genomes since these
would be expected to be heritable and irreversible.
Furthermore, exposure to EtBr quantitatively produces
L3 arrest; mutations by definition are rare events.

The mean life span of 26 EtBr-treated L3-arrested
animals is 13.8 days, which is significantly longer (P ,
0.01) than that of control animals not exposed to EtBr
(Table 1). The control animals mature to adults and
produce progeny, whereas the EtBr-treated animals
remain as L3 larvae.

We monitored animal development in the presence
and absence of EtBr by differential interference con-
trast microscopy. Gonad development is most severely
impaired by EtBr. Up to 24 h after egg laying, EtBr-
treated animals are not readily distinguishable from
control animals; both have typical L2-sized gonads
(Figs. 6A and 6B). Six hours later, untreated animals
have developed into L3 larvae and their gonads show
substantial anterior and posterior elongation with a
large increase in the number of germ cell nuclei (Fig.
6D). In contrast, EtBr-treated animals are slightly
smaller in size than control animals and their gonads
remain unchanged from the 24-h point (Fig. 6C). With

FIG. 5. Exposure of wild type hermaphrodites to EtBr. Gravid
hermaphrodites were transferred to plates with increasing concen-
trations of EtBr. The ratio of L3 arrested progeny over the total
number of progeny scored (.80) is expressed as a percentage.
12
although their gonads remain arrested at an L2-like
stage. Thus, the effects of EtBr on development are
tissue-specific and may reflect high energy require-
ments in the gonad or a higher sensitivity of this tissue
to EtBr. The sensitivity of the gonad may be related to
its high content of mtDNA at later developmental
stages.

Exposure to EtBr at Different Stages of Development

Normal worm development is characterized by two
increases in mtDNA copy number (Fig. 1). We exposed
worms at different stages of development to EtBr to see
whether the time of exposure might specifically block
one or both of the increases in mtDNA copy number.
When gravid hermaphrodites, embryos, or early L1
larvae are exposed to EtBr, the embryos hatch and the
larvae develop to and arrest at the L3 stage. When late
L1 or L2 larvae are exposed to EtBr, some animals
arrest as L4 larvae while others continue development
into adults (not shown). In contrast to the L3 arrested
animals, the L4 arrested worms are not anatomically
homogeneous, having heterogeneous gonad morpholo-
gies. Animals exposed to EtBr as L3 or older larvae
also develop into adults (not shown). Adults developed
in the presence of EtBr from the L2 stage or older
exhibit one or more of the following defects: slow de-
velopment, reduced body size, abnormal somatic go-
nad, abnormal or dead embryos, and reduced brood
size (not shown). Their progeny arrest as embryos or as
L3 larvae (not shown). Thus, later exposure to EtBr
(late L1 and on) does not induce L3 arrest but rather
results in a variety of developmental and reproductive
consequences.

EtBr Affects mtDNA Copy Number

To verify that EtBr was indeed inhibiting mtDNA
replication, we determined the mtDNA copy numbers
of exposed animals. Exposure of embryos to EtBr re-
sults in arrest as L3 larvae, and prolonged exposure
results in a continuous drop in mtDNA content (Fig. 7).
As described above, a fraction of L2 worms exposed to
EtBr arrest as L4 larvae. The mtDNA copy number of
these L4 arrested animals remains at ;25,000 copies
per animal (Fig. 7) and does not undergo the fivefold
increase observed in untreated animals (Fig. 1). Thus,
development from L3 to L4 can occur in the absence of
the somatic mtDNA increase. L3 animals exposed to
EtBr develop into adults despite reduced mtDNA copy
numbers. Their mtDNA copy number remains un-
changed as the animals develop from L3 to L4, in-
creases approximately five-fold from L4 to adult, but
returns to ;25,000 copies after the broods are laid (Fig.
7). The progeny have significantly reduced mtDNA
complements and develop to and arrest as L3 larvae
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(Fig. 7). In untreated controls, the copy number exhib-
its a sixfold increase from L4 to adult and remains high
in older adults after they have laid their broods (Fig. 1).

DISCUSSION

In this work, we focus on C. elegans development and
its link to the control of mtDNA copy number. The
mtDNA copy numbers of oocytes, embryos and of the
first 3 larval stages (L1–L3) are similar. Since mtDNA
is maternally inherited in C. elegans (Tsang and
Lemire, submitted), these data suggest that mtDNA
inherited through the oocyte is sufficient to support
development through embryogenesis and the early lar-
val stages. They also indicate that mtDNA synthesis is
not a highly active process during early development
and that it is not coupled to nuclear DNA replication.
mtDNA synthesis appears to be similarly absent dur-
ing the early development of Xenopus laevis, sea ur-
chins, and Drosophila (13, 22, 23). When maternal
mtDNA replication is inhibited, mtDNA-depleted lar-
vae are produced; EtBr-treated hermaphrodites (ex-

FIG. 6. Nomarski photographs of control and EtBr-treated N2
control, at 33 h; bar, 3 mm. Worms were cultured at 25°C.
13
posed from the L3 stage of development) produce prog-
eny with only one quarter the normal mtDNA
complement (Fig. 7).

The maturation of the reproductive organs in L4 and
adult hermaphrodites involves mtDNA amplification
to supply the mtDNA needed for development and vi-
ability of the progeny. The mtDNA copy number in-
creases about five-fold with the developmental transi-
tion from L3 to L4 and about sixfold from L4 to adult.
The L4 stage is marked by a substantial increase in the
body size of the worm, the end of somatic cell lineages,
and a rapid proliferation of the germ cells. Thus, in-
creases in mtDNA contents from L3 to L4 should sup-
port both somatic and germline development. Indeed,
wild type L3 larvae that develop into adults in the
presence of EtBr exhibit a wide variety of somatic
(reduced body size, abnormal gonad development) and
germline (abnormal embryos, reduced brood size) de-
fects. In contrast, the increase in mtDNA from L4 to
adults appears to be solely linked to germline develop-
ment, being glp-1 and glp-4 dependent. The glp-1 and
glp-4 mutants show the threefold somatic copy number

mals. (A) EtBr, at 27 h; (B) control, at 27 h; (C) EtBr, at 33 h; (D)
ani



100-fold mtDNA amplification occurs during oogenesis
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increase from L3 to L4, but no further increase (or even
a decrease) from L4 to adult.

Our data suggest the majority of the mtDNA copy
number increase from L3 to adult is linked to repro-
ductive function. The results with the him-8, fem-3,
and fem-1 mutants support this conclusion. him-8 L4
animals carry 140,000 copies of mtDNA regardless of
their sexes; this number increases substantially in
adult hermaphrodites (800,000) but to a smaller extent
in adult males (260,000). An adult fem-1 hermaphro-
dite, which only makes oocytes at 25°C, has 800,000
copies of mtDNA. In contrast, an adult fem-3 hermaph-
rodite, which only produces sperm at 25°C, has 190,000
copies of mtDNA, a value which is not much higher
than that of the fem-3 L4 larva (170,000 copies). Thus,
oocyte production accounts for the majority of the
mtDNA amplification measured in hermaphrodites.
When we measured the mtDNA copy number of fem-1
oocytes, it was found to be 18,000 copies per oocyte,
confirming that oocytes have many copies of the mito-
chondrial genome. A him-8 male undergoes an increase
of ;120,000 copies of mtDNA during development from
L4 to adult. If all of that increase is found in the
;3,000–4,000 sperm produced, this corresponds to
30–40 copies of mtDNA per sperm. The mammalian
situation is similar; sperm have ;1,000-fold fewer cop-
ies of mtDNA than oocytes (24, 25). We estimate below
that a germline nucleus is associated with an average
of ;250 copies of mtDNA. This implies that an almost

FIG. 7. The mtDNA copy numbers of EtBr-treated wild type
animals. The mtDNA copy numbers per worm are averaged over 20
animals. The symbols used are: squares, L3 arrested animals devel-
oped from embryos; triangles, L3 arrested progeny of hermaphro-
dites exposed to EtBr from the L3 stage (32–36 h of age); diamonds,
L4 arrested animals developed from L2 stage (26–30 h of age) ani-
mals exposed to EtBr; circles, adult hermaphrodites developed from
L3 stage (32–36 h of age) animals exposed to EtBr. At least two
replicates were performed for each time point.
14
and that a reduction of mtDNA copy number occurs
during spermatogenesis.

In C. elegans, a wild type L4 has ;250 germline
nuclei (14). The difference of ;60,000 germline associ-
ated copies of mtDNA seen between a wild type L4
(130,000 copies; Fig. 1) and a glp-1 or glp-4 L4 at 25°C
(;70,000 copies of mtDNA; Fig. 3) corresponds to an
average of ;250 copies of mtDNA per germline nu-
cleus. For comparison, somatic cells have a much lower
complement of mtDNA. The L1 larva has ;560 somatic
cell nuclei and ;25,000 copies of mtDNA for an aver-
age of ;45 mtDNA per cell. Similarly, the L4 larva has
;1,000 somatic cell nuclei and ;70,000 soma-asso-
ciated copies of mtDNA (measured in germline defi-
cient mutants) for an average of 70 mtDNA per cell.
Both the somatic and the germline mtDNA copy num-
ber values are considerably lower than the 103 to 104

copies estimated to be present in most eukaryotic cells
(26).

Prolonged exposure to EtBr can deplete mtDNA by
inhibiting mtDNA replication. L3 arrested larvae con-
tain only ;1,000 copies of mtDNA (down from an ini-
tial ;25,000 copies as embryos) after 10 days exposure
(Fig. 7). This corresponds to 1–2 copies of mtDNA per
somatic cell. Therefore, very few mitochondrial ge-
nomes are sufficient to support life, but more genomes
are required for energy intensive processes such as
development and reproduction.

Surprisingly, the L3 arrested animals generated
with EtBr have extended life spans. The life-span ex-
tension may arise because of caloric restriction due to
improper feeding behavior or impaired pharyngeal
pumping (27). Mutations in two nuclear encoded MRC
subunits significantly impair pharyngeal pumping
rates and similarly extend life span (28).

We have proposed that an energy-related develop-
mental checkpoint may control the L3 to L4 transition
(28). This checkpoint appears to be related to energy
status rather than directly to mtDNA copy number for
the following reasons. First, although the transition
from L3 to L4 coincides with a five-fold mtDNA copy
number increase, this increase is not essential. L2 lar-
vae exposed to EtBr develop to L4 larvae without an
accompanying copy number increase; as L4, they still
have ;25,000 copies of mtDNA (Fig. 7). Similarly, L3
animals exposed to EtBr develop into adults without
the five-fold increase from L3 to L4. Their copy number
increases from L4 to adult, but drops back down to
;25,000 copies after the broods are laid. Second, EtBr
can quantitatively arrest development as L3 larvae.
These larvae are anatomically homogeneous, suggest-
ing they are all affected at a common developmental
step or checkpoint. Third, doxycycline and chloram-
phenicol (two inhibitors of mitochondrial translation)
can also cause L3 arrest, apparently at the same de-
velopmental step (28). Fourth, mutations affecting nu-
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quantitatively result in L3 arrested larvae (28). That
EtBr, chloramphenicol and doxycycline, and nuclear
MRC mutations all produce a common phenotype
strongly supports an energy-related rather than a
mtDNA copy number-related developmental check-
point. These inhibitors and mutations affect different
mitochondrial processes but all directly or indirectly
impair energy generation by the MRC. By extension,
other conditions that sufficiently impair MRC function
will invoke the checkpoint-induced L3 arrest. As an
example, the inhibition of genes of energy metabolism
by systematic RNA interference frequently results in a
larval arrest phenotype (29).

In conclusion, this study demonstrates a linkage be-
tween mtDNA copy number and development in three
ways. First, mtDNA copy numbers increase only at
specific stages of development. Second, a large portion
of the mtDNA copy number increase during develop-
ment is glp-1, glp-4, fem-3, and fem-1-dependent and
appears to be specifically linked to germline develop-
ment and maturation. Thus, these genes, which regu-
late germline development, are upstream of the control
of mtDNA copy number. Third, when mtDNA replica-
tion is blocked, development is also blocked. These
observations imply that mtDNA replication is regu-
lated, apparently in response to the cellular or organ-
ismal energy status. We propose that an energy sensor
is needed at the L3 to L4 transition for this function.
We anticipate that mitochondrial dysfunction arising
from any of several possible routes including mtDNA
mutations will invoke the checkpoint and lead to L3
developmental arrest. Further efforts will be needed to
understand the molecular mechanisms linking mtDNA
copy number, MRC-mediated energy production, and
glp-1, glp-4, fem-1, and fem-3-dependent development.
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13. Pikó, L., and Chase, D. G. (1973) Role of the mitochondrial
genome during early development in mice. Effects of ethidium
bromide and chloramphenicol. J. Cell Biol. 58, 357–378.

14. Beanan, M. J., and Strome, S. (1992) Characterization of a
germ-line proliferation mutation in C. elegans. Development 116,
755–766.

15. Austin, J., and Kimble, J. (1987) glp-1 is required in the germ
line for regulation of the decision between mitosis and meiosis in
C. elegans. Cell 51, 589–599.

16. Lewis, J. A., and Fleming, J. T. (1995) Basic culture methods.
Methods Cell Biol. 48, 3–29.

17. Koekemoer, T. C., Downing, T. G., and Oelofsen, W. (1998) An
alternative PCR assay for quantifying mitochondrial DNA in
crude preparations. Nucleic Acids Res. 26, 2829–2830.

18. Wood, W. B. (1988) in The Nematode Caenorhabditis elegans
(Wood, W. B., Ed.), pp. 1–16, Cold Spring Harbor Laboratory
Press, New York.

19. Schedl, T. (1997) in C. elegans II (Riddle, D. L., Blumenthal, T.,
Meyer, B. J., and Priess, J., Eds.), pp. 241–269, Cold Spring
Harbor Laboratory Press, New York.

20. Nelson, G. A., Lew, K. K., and Ward, S. (1978) Intersex, a
temperature-sensitive mutant of the nematode Caenorhabditis
elegans. Dev. Biol. 66, 386–409.

21. Barton, M. K., Schedl, T. B., and Kimble, J. (1987) Gain-of-
function mutations of fem-3, a sex-determination gene in Caeno-
rhabditis elegans. Genetics 115, 107–119.

22. Chase, J. W., and Dawid, I. B. (1972) Biogenesis of mitochondria
during Xenopus laevis development. Dev. Biol. 27, 504–518.

23. Rubenstein, J. L., Brutlag, D., and Clayton, D. A. (1977) The
mitochondrial DNA of Drosophila melanogaster exists in two
distinct and stable superhelical forms. Cell 12, 471–482.
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