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(Background: Cardiolipin is required for maintaining optimal mitochondrial function.
Results: Cardiolipin depletion selectively obstructed proliferation, mitochondrial function, and morphology in germ cells.
Conclusion: The contribution of cardiolipin to mitochondrial function and morphology varies among the different cell

Significance: This provides a biological basis for understanding the different sensitivities of organelles to changes in the lipid
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Cardiolipin (CL) is a major membrane phospholipid specifi-
callylocalized in mitochondria. At the cellular level, CL has been
shown to have a role in mitochondrial energy production, mito-
chondrial membrane dynamics, and the triggering of apoptosis.
However, the in vivo role of CL in multicellular organisms is
largely unknown. In this study, by analyzing deletion mutants of
a CL synthase gene (cris-1) in Caenorhabditis elegans, we dem-
onstrated that CL depletion selectively caused abnormal mito-
chondrial function and morphology in germ cells but not in
somatic cell types such as muscle cells. crls-1 mutants reached
adulthood but were sterile with reduced germ cell proliferation
and impaired oogenesis. In the gonad of cris-1 mutants, mito-
chondrial membrane potential was significantly decreased, and
the structure of the mitochondrial cristae was disrupted. Con-
trary to the abnormalities in the gonad, somatic tissues in cris-1
mutants appeared normal with respect to cell proliferation,
mitochondrial function, and mitochondrial morphology.
Increased susceptibility to CL depletion in germ cells was also
observed in mutants of phosphatidylglycerophosphate syn-
thase, an enzyme responsible for producing phosphatidylglyc-
erol, a precursor phospholipid of CL. We propose that the con-
tribution of CL to mitochondrial function and morphology is
different among the cell types in C. elegans.

Cardiolipin (CL)? is an anionic phospholipid with a unique
diphosphatidylglycerol structure containing four acyl groups
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(1-3). In eukaryotic cells, CL localizes predominantly to the
mitochondrial inner membrane, where it serves specific roles in
mitochondrial structure and function. CL biosynthesis occurs
via three enzymatic reactions, all catalyzed by enzymes present
in the mitochondria (Fig. 1A4) (4). The first step, catalyzed by
phosphatidylglycerophosphate (PGP) synthase, is the synthesis
of PGP from cytidine diphosphate-diacylglycerol (CDP-DAG)
and glycerol 3-phosphate. PGP phosphatase dephosphorylates
PGP to phosphatidylglycerol (PG). In the final step, CL synthase
catalyzes the formation of CL from PG and CDP-DAG. These
enzymes are highly conserved in eukaryotes (Figs. 14, 2B, and
9B) (5).

So far, in vitro analysis has revealed that CL interacts with a
number of mitochondrial proteins and is required for the opti-
mal activity of several enzymes in the mitochondrial electron
transport chain, including NADH dehydrogenase (complex I)
(6), ubiquinol:cytochrome ¢ reductase (complex III) (7-10),
cytochrome c oxidase (complex IV) (11, 12), and ATP synthase
(complex V) (13). Consistent with these observations, yeast CL
synthase mutants (crdI mutants), in which CL is not detected,
show instability of electron transport chain supercomplexes,
perturbation of coupling, and reduced mitochondrial mem-
brane potential, leading to a decrease in the oxidative phospho-
rylation rate (14-19). crdl mutants are viable under normal
conditions; however, they show growth defects and mitochon-
drial DNA instability at high temperatures or under conditions
of osmotic stress (14, 16). In contrast, knockdown of CL syn-
thase in HeLa cells does not cause any defects in mitochondrial
membrane potential, oxidative phosphorylation rate, or cell
division under normal conditions (20, 21), although it is possi-
ble that residual CL may be sufficient to maintain normal mito-
chondrial function. In addition to the contribution of CL to
mitochondrial oxidative phosphorylation, CL has also been
shown to be involved in induction of apoptosis by interacting
with pro-apoptotic proteins such as cytochrome ¢ and tBid
(22-24). As described above, the CL function has been analyzed
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FIGURE 1. CRLS-1 is the functional homologue of CL synthase in C. elegans. A, schematic summary of phospholipid biosynthesis. Phospholipid biosynthesis
branches into two pathways utilizing phosphatidic acid (PA) as an intermediate molecule. One branch of the pathway converts phosphatidic acid to DAG,
which eventually produces phosphatidylcholine (PC) and phosphatidylethanolamine (PE). The other branch of the pathway converts phosphatidic acid to
CDP-DAG, which is catalyzed by CDP-DAG synthase. CL biosynthetic pathway is boxed with dashed lines. Gene names in parentheses represent putative
homologues in C. elegans. In this study, we used crls-1 gene deletion mutants to reduce the content of CL, and pgs-1 gene deletion mutants to reduce the
content of both CL and PG. Band C, CL content is decreased in crls-1(RNAi) worms. Alterations and the expression of crls-1 mRNA (B) and content of phospho-
lipids (C) were examined in worms subjected to crls-T or mock RNAI. The expression of the crls-1 gene was normalized to that of the eft-3 gene and is represented
as a fold change over the mock RNAi control. G-3-P, glycerol 3-phosphate; Pl, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin. The data

represent the mean = S.D. **, p < 0.01; *, p < 0.05.

at the cellular level using yeast and mammalian cells. However,
the in vivo role of CL in multicellular organisms is largely
unknown.

Caenorhabditis elegans is a suitable model organism to inves-
tigate the effects of gene depletion on individual cells or tissues
because it is anatomically simple and has invariant lineage. In
this study, we analyzed C. elegans mutants lacking the CL syn-
thase gene (crls-1) and found that CL is required for germ cell
proliferation. The number of germ cells was reduced in cris-1
mutants due to a reduction in the mitotic proliferation of germ
cells. In the germ cells of crls-1 mutants, the mitochondrial
membrane potential was significantly decreased and the struc-
ture of the mitochondrial cristae was disrupted. However,
somatic cells in crls- 1 mutants appeared normal with respect to
cell proliferation, mitochondrial function, and mitochondrial
morphology. These findings were confirmed by analysis of C.
elegans mutants lacking a PGP synthase. This is the first study
to show varying susceptibilities among different cell types to CL
depletion in vivo.

EXPERIMENTAL PROCEDURES

General Methods and Strains—Maintenance and genetic
manipulation of C. elegans were carried out as described previ-
ously (25). The Bristol strain N2 was used as the standard wild
type strain. In addition, the following mutations, rearrange-
ment, and transgenes were used: pgs-1(tm2211)1, bli-3(e767)I,
rrf-3(pk1426)1I, crls-1(tm2542)111, cris-1(tm2575)111, qCI1 dpy-
19(e1259) glp-1(q339)[qls26]111, and wis51[scm::gfp]. All strains
were maintained at 20 °C. The deletion mutant strains crls-
1(tm2542), cris-1(tm2575), and pgs-1(tm2211) were isolated as
described previously (26). Each mutant was backcrossed
seven times and was balanced with gC1 dpy-19(e1259) glp-
1(g339)[qls26] or bli-3(e767) for cris-1(¢tm2542) or pgs-
1(tm2211), respectively.

Fluorescence and Nomarski Microscopy—Fluorescent images
were obtained with an Axiovert 200 microscope (Carl Zeiss
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Microlmaging, Tokyo, Japan) equipped with a cooled AxioCam
MRm CCD camera (Carl Zeiss Microlmaging) if not otherwise
specified. Nomarski images were obtained with an IX71 micro-
scope (Olympus, Tokyo, Japan) equipped with a cooled
DS-5Mc CCD camera (Nikon, Tokyo, Japan).

Fixation and DAPI Staining—For gonad staining, young
adult stage hermaphrodites were decapitated just below the
pharyngeal bulb, allowing extrusion and extension of the gonad
arms. The gonad was fixed with gonad fixative solution (3%
formaldehyde, 75% methanol, and 6.2 mm K,HPO, (pH 7.2))
for 10 min at room temperature. After washing twice with
phosphate-buffered saline/Tween 20 (PBS-T, containing 0.1%
Tween 20), the gonad was stained with 0.1 ug/ml DAPI in
PBS-T for 10 min at room temperature. After washing twice
with PBS-T, the gonad was mounted on a slide for observation.

Transgenic Rescue Analysis—DNA injection into the C.
elegans germ line was carried out as described previously (59). A
full-length cDNA of cris-1 was amplified by PCR with the fol-
lowing primers: 5'-GGA AGT GGT ACC ATG ATA GTA
ACA TCG ATG TT-3' and 5'-GCG AAA ACG AGC TCT
AAT TAA ATT TTT TTG ATG G-3' (the underlined
sequences are Kpnl and Sacl sites, respectively). The amplified
fragments were cloned into the pPD49.78 and pPD49.83 heat-
shock vectors (a gift from A. Fire) at the Kpnl/Sacl sites for
pST1and pST2, respectively. Two fragments containing a point
mutation to change Asp-116 to Ala were amplified by PCR with
the following primers: 5'-GGA AGT GGT ACC ATG ATA
GTA ACA TCG ATG TT-3' and 5'-GAG AAG TTT ATC
AGC GAC AGG AGC AAG CAC G-3'; 5'-AAA TCA CTG
CTT GGC TCC GTG CTT GCT CCT-3’ and 5'-GCG AAA
ACG AGC TCT AAT TAA ATT TTT TTG ATG G-3’ (itali-
cized nucleotides represent the Asp-to-Ala mutation). The two
overlapping fragments were fused by PCR with following prim-
ers: 5'-GGA AGT GGT ACCATG ATA GTA ACATCG ATG
TT-3"and 5'-GCGAAAACGAGCTCT AAT TAAATTTTT
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FIGURE 2. Phenotypes of crls-1 mutants. A, genomic structure of crls-1. Gray and white boxes indicate exons and 3’-untranslated regions, respectively. The
positions of the ATG start codon and TAA stop codon are shown. The black box indicates the DGXXARXXXXXXXXGXXXDXXXD sequence. T-bars below indicate
the extent of deletion in crls-1(tm2542) and crls-1(tm2575). The deletion in crls-1(tm2575) causes a frameshift resulting in a premature stop codon (asterisk). B,
multiple sequence alignment of the catalytic active motif of C. elegans CRLS-1 and homologous sequences in eukaryotes organized by ClustalW alignment.
Residues identical in all five sequences are shaded in black, and residues identical in three or four proteins are shaded in gray. The accession numbers for the
sequences used are as follows: (H.s) Homo sapiens, NP_061968; (M.s) Mus musculus, NP_001019556; (D.m) D. melanogaster, NP_733116; (C.e) C. elegans,
NP_001022546; (S.c) Saccharomyces cerevisiae, NP_010139. C, content of CL was examined in wild type and crls-1(tm2542). The data represent the mean = S.D.
*,p < 0.05. D, schematic diagram of an adult hermaphrodite gonad. E-G, Nomarski images of the adult hermaphrodite gonads of wild type (E), crls-1(tm2542)
(F), and crls-1(tm2575) (G) are shown. The gonads are outlined with the dashed lines. Asterisks indicate the germ nuclei at the diakinesis stage during oogenesis.

Arrowheads indicate the distal end of each gonad. Scale bars, 50 mm.

TABLE 1

Viability and fertility of crls-7 mutants

Adult hermaphrodites of the cris-1 heterozygote were allowed to lay eggs for over-
night at 20 °C, and the F1 progeny were scored for embryonic lethality and brood
size. The brood sizes were determined by placing individual worms on seeded plates
and allowing self-fertilization at the indicated temperature. The PO worms were
then transferred to a fresh plate at 24-h intervals for the next 4 days. The total F1
progenies on the plates were counted. Genotype of the animals were examined by
genomic PCR. The data represent the mean + S.D.

Genotype Embryonic lethal n Brood size n

%
Wild type 0 >500  320.94 =39.39 63
cris-1(tm2542) 0 450 6.12 £2.71 24
crls-1(tm2575) 0 435 3.76 £2.43 21

TTGATG G-3'. The amplified fragments, forming a full-length
crls-1°11%* ¢cDNA, were cloned into pPD49.78 and pPD49.83 at
the Kpnl/Sacl sites for pST3 and pST4, respectively. The array
Ex[hsp::cris-1] contained the plasmids pST1 (hsp16-41::cris-1),
pST2 (hsp16-2:cris-1), and pRF4[rol-6(sul006)]. The array
Ex[hsp:crls-17"7%4] contained the plasmids pST3 (hspl6-
41:crls-1711%%), pST4 (hsp16-2:cris-17'1%%), and pRF4. For the
experiments of transgenic rescue of crls-1 mutants, L1-staged her-
maphrodites crls-1(tm2542), cris-1(tm2542);Ex[hsp:cris-1], and
crls-1(tm2542); Ex[hsp:cris-171%*] were subjected to heat shock
at 37 °C for 45 min. The heat-shocked hermaphrodites were trans-
ferred to new nematode growth medium plates individually and
were incubated at 20 °C until they finished egg laying.
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Analysis of Germ Cell Proliferation—The frequency of germ
cell division was scored in the DAPI-stained extruded gonad
(27). The boundary between the mitotic and transition zones
was determined by the presence of the characteristic crescent-
shaped germ nuclei, and the number of germ cells in the mitotic
zone was counted. To calculate the frequency of germ cell divi-
sions, the number of germ cells in the mitotic phase showing
condensed chromatin or dividing nuclei was counted and then
divided by the total number of germ cells in the mitotic zone.

Visualization of Seam Cell Nuclei—Seam cell nuclei were
visualized using the wis51 transgene. wis51[scm::gfp] expresses
green fluorescent protein under a control of seam cell-specific
promoters. Heterozygous cris-1(+/tm2542) or pgs-1(+/
tm2211) worms, which carry a background transgenic insertion
of wis51, were generated. Gravid hermaphrodites were placed
on nematode growth medium plates and incubated for 2 h to lay
eggs. After removal of the parent hermaphrodites, the F1 prog-
eny were incubated for 48 h. Young adult F1 hermaphrodites
were mounted on a 4% agar pad and immobilized in 50 mm
sodium azide. The number of seam cells on one lateral side was
counted.

Determination of Mitochondrial Membrane Potential by
DiSC;—L4-staged hermaphrodites were placed on nematode
growth medium plates containing 0.075, 0.15, or 0.3 um of
DiSC, (Sigma) and incubated for 24 h at 20 °C in the dark.
Gonad arms were extruded and extended on a slide by decapi-
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FIGURE 3. crls-1 is required for germ line development. A-C, DAPI-stained images of adult hermaphrodite gonads of wild type (A), crls-1(tm2542) (B), and crls-
1(tm2575) (C) are shown. The fluorescence signal from the sperm nuclei overlaps other portions of the specimen in B and C. Asterisks indicate the germ nuclei at the
diakinesis stage during oogenesis. Arrowheads indicate the distal end of each gonad. Scale bars, 50 mm. D, DAPI-stained images of germ cell nuclei in adult hermaph-
rodite of the transition zone, pachytene stage, and diakinesis stage are shown. Asterisks indicate the typical crescent-shaped nuclei in the transition zone of germ cells.
Scale bars, 5 mm. E, transgenic worms expressing the CRLS-1 or CRLS-1°""%" protein under the control of a heat shock promoter were produced as described under
“Experimental Procedures.” The brood sizes of wild type, crls-1(tm2542), and crls-1(tm2542) expressing exogenous CRLS-1 or CRLS-1°""%A were examined. Wild type
and crls-1(tm2542) were derived from the same crls-1(+/tm2542) heterozygous mother. The data represent the mean = S.D.*, p < 0.05; n.s., not significant.
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FIGURE 4. crls-1 is required for mitotic proliferation of germ cells. A and B, DAPI-stained images of the mitotic zone in the adult hermaphrodite gonads of
wild type (A) and crls-1(tm2542) (B) are shown. Arrows indicate nuclei in mitotic phase (M phase), showing condensed chromatin or dividing nuclei. Arrowheads
indicate the distal end of each gonad. Dashed lines indicate the boundary between the mitotic and transition zones. Scale bars, 10 mm. C-E, quantitative
analysis of germ cell mitosis in wild type and crls-1(tm2542). The data represent the mean = S.D. ***, p < 0.001.

TABLE 2 on a BZ-8000 fluorescence microscope (Keyence, Tokyo,
Average number of vulval cells and seam cells in crls-1 and pgs-1 Japan) using a fixed exposure time and was quantified using

mutants ; . .
Image] (National Institutes of Health, Bethesda). To determine
Genotype No. of vulval cells n No. of seam cells n
the mean fluorescence values, the sum of the fluorescence val-
Wild type 22 +0 16 16.03 +0.44 90 . .
crls-1(tm2542)° 22 +0 8 1609 +0.67 40 ues of the area corresponding to gonad or muscles was divided
pgs-1(tm2211)" 220 15 1602 =0.12 51 by the number of pixels.
“ crls-1(tm2542) homozygous mutants were derived from cris-1(¢m2542)/qC1 . L. .
mother. Electron Microscopy—Transmission electron microscopy
? pgs-1(tm2211) homozygous mutants were derived from pgs-1(tm2211)/bli- was performed by the Hanaichi Ultrastructure Research Insti-

3(e767) mother. The data represent the mean * S.D. i .
tute Co. (Okazaki, Japan). Young adult hermaphrodites were

tation just below the pharyngeal bulb. To avoid rupture of the  fixed with 4% paraformaldehyde and 1% glutaraldehyde in 100
extruded gonad, the samples were sealed with a piece of PCR- mwm PBS for 1 h at 20 °C, followed by further fixation with 2%
slide seal. The intensity of DiSC, fluorescence was monitored paraformaldehyde and 2% glutaraldehyde in 100 mm PBS for
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FIGURE 5. Vulval cell divisions are normalin cris-1 and pgs-1 mutants. A, schematic diagram of vulval cell positions in mid-L4 larva. Circles, thin lines, and thick
horizontal lines indicate nuclei, cell boundaries, and the ventral cuticle, respectively. Anterior is left and dorsal is top. The letters A, B1, and B2, for example,
correspond to the names of the vulval cells vulA, vulB1, and vulB2. Band C, positions of the vulval cells and the morphology of the mature vulva were observed
by Nomarski microscopy (B) and DAPI staining (C). The top, middle, and bottom panels show wild type, crls-1(tm2542), and pgs-1(tm2211), respectively.
Schematics corresponding to each focal plane are shown below the images. Arrows indicate the nuclei of each vulval cell lineage. Scale bars, 10 mm.

more than 24 h at 4 °C. The samples were post-fixed with 2%
osmium tetroxide in 100 mm phosphate buffer for 4 h at 4 °C,
followed by dehydration in an ethanol series, substitution with
propylene oxide, and infiltration with Q651 resin (Mitsui
Chemicals, Tokyo, Japan). Transverse sections were post-
stained with uranyl acetate and lead citrate. The specimens
were observed with a JEM-200EX electron microscope (JEOL,
Tokyo, Japan).

Rhythmic Behavioral Analysis—Young adult hermaphro-
dites were placed in drops of PBS, and simple rhythmic thrash-
ing swimming was measured. Swimming was scored as the
number of seconds taken for 30 thrashes and calculated back-
ward to the swimming rate. Each worm was scored twice.

RNAi—RNAI against the crls-1 gene was performed by the
feeding of double-stranded RNA as described previously (28).
Escherichia coli strain HT115 (DE3) was transformed with the
pPD129.36 L4440 DoubleT-7scriptll vector (a gift from A. Fire,
Stanford University School of Medicine, Stanford, CA) con-
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taining the full-length ¢cDNA region of cris-1. An empty
pPD129.36 plasmid was used for a mock RNAIi control. Single
colonies of transformed E. coli were cultured in LB medium
containing 100 ug/ml ampicillin overnight at 37 °C. The pre-
cultured E. coli was diluted 1:100 and incubated for 6 h at 37 °C.
After that, E. coli was seeded on nematode growth medium
plates containing 1 mwm isopropyl B-b-thiogalactopyranoside
and further incubated overnight at room temperature to induce
the expression of double-stranded RNA. Late L4-staged her-
maphrodites of rrf-3 mutants were placed on the feeding RNAi
plates and incubated overnight at 20 °C to lay eggs (29). The F1
progeny that were laid during this period were incubated for
48 h at 25 °C. Young adult F1 hermaphrodites were collected
and used for biochemical analyses.

Total RNA Isolation and Quantitative Real Time PCR—To-
tal RNA was extracted from young adult worms with Isogen
(Nippongene, Toyama, Japan). cDNA was synthesized from the
RNA using Moloney murine leukemia virus reverse transcrip-
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FIGURE 6. Seam cell divisions are not affected in crls-1 and pgs-1 mutants.
A, schematic diagram of seam cells on each side in an early L4 larva. B, post-
embryonicdivision pattern of V seam cells. The expression pattern of scm::gfp,
which is specifically expressed in the nuclei of seam cells, is indicated by black
lines. The dashed box marks the lineages observed in C-E. Gray circles repre-
sent anterior daughters that fuse with the epithelial syncytium, hyp7, and
black squares denote seam cells. C-E, fluorescence images of scm:gfp just
after the divisions at the L4 stage in wild type (C), crls-1(tm2542) (D), and
pgs-1(tm2211) (E) are shown. The shapes of the worms are outlined with
dashed lines. Three pairs of daughter cells are shown with brackets. Scale bars,
20 mm.

tase (Invitrogen). Quantitative real time PCR was performed
using a CFX96 real time detection system with SsoFast
EvaGreen Supermix (Bio-Rad). The sequences of the oligonu-
cleotide primers used were as follows: 5'-CTC GGC TGT ATC
ACA GGATTCACCA-3"and 5'-ACG AGG AGG ATC ACA
GTC TAG CGA-3' for crls-1; 5'-GGC CGT CCC AGG AGA
CAA CG-3"and 5'-GACCTG GGC GTG GAA GGT GC-3' for
eft-3. eft-3 was amplified as an internal control, and crls-1 gene
expression was normalized against eft-3 expression.

Lipid Analysis—Approximately 10,000 young adult worms
were collected, and the total phospholipids were extracted
using the method of Bligh and Dyer (30). Phospholipids were
separated by one-dimensional thin layer chromatography on
Silica Gel 60 TLC plates (Merck) in chloroform/methanol/ace-
tic acid (65:25:13, v/v/v). Phospholipids were identified by
comigration with known standards. The position of each spot
was visualized by staining with 0.001% primuline in acetone/
H,O (4:1, v/v) under ultraviolet light. The area of silica gel cor-
responding to each phospholipid was scraped off and subjected
to phosphorus quantification (31).

RESULTS

Identification of C. elegans CL Synthase crls-1—CL synthase
catalyzes the formation of CL using PG and CDP-DAG as sub-
strates (Fig. 14) (1). A data base search of the complete C.
elegans genome sequence revealed the presence of a single CL
synthase homologue, F23H11.9, which we named crls-1 (cardi-
olipin synthase homologue-1). The cris-1 gene product,
CRLS-1, consists of 246 amino acid residues and shows 45%

SN
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type and crls-1(tm2542). The data represent the mean = S.D. ***, p < 0.001; **,
p <0.01.

identity with the human CL synthase. CRLS-1 has a CDP-alco-
hol phosphatidyltransferase motif that is highly conserved in
the CRLS family proteins (32). In particular, the “DGXX-
ARXXXXXXXXGXXXDXXXD” sequence, which is essential
for the enzyme activity of CL synthase, is completely conserved
within the phosphatidyltransferase motif of C. elegans CRLS-1
(Fig. 2B). To confirm that CRLS-1 contributes to CL synthesis
in C. elegans, we determined the CL content in worms subjected
to cris-1 RNAi (Fig. 1, B and C). In cris-1 RNAi worms, the
expression of crls-1 mRNA and the CL content were decreased
to 18 and 39%, respectively, of those in mock RNAi worms (CL
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Germ cells Muscle cells content: 1.94 nmol/mg protein in mock RNAi worms versus
g : C e 0.76 nmol/mg protein in cris-1 RNAi worms). Concurrently,
the content of PG, which is the precursor of CL, increased
8-fold in cris-1 RNAi worms compared with mock RNAi worms
(0.64 nmol/mg protein in mock RNAi worms versus 5.26
nmol/mg protein in crls-1 RNAi worms). However, the amount
of other phospholipids was not substantially affected in cris-1
RNAi worms. These data indicate that CRLS-1 is a functional
homologue of CL synthase in C. elegans.
crls-1Is Required for Germ Cell Proliferation—To investigate
the physiological role of CL in vivo, we examined the pheno-
types of two different deletion alleles of cris-I; tm2542 and
tm2575 (Fig. 2A). Both alleles lack the DGXXARXXX-
XXXXXGXXXDXXXD sequence that is essential for the
enzyme activity of CL synthase, suggesting that the products
are functionless (Fig. 24) (33). Consistent with the cris-1 RNAi
: A it L worms, the CL content was significantly decreased in cris-
FIGURE 8. Mitochondrial cristae structures are disrupted in crls-1 germ 1(tm2542) (Fig. 2C). Both the crils-1(tm2542) and cris-
cells. Transmigsiorj electron micrographs of germ cells (A and B).and musgle 1(tm2575) mutants were viable and reached adulthood; how-
cells (Cand D) in wild type and crls-1(tm2542) are shown. In the mitochondrial . .
matrix of crls-1 germ cells, elongated inner membranes were located along ~ €V€L they showed extremely reduced brood size compared with
the edge of the mitochondria, instead of the obvious cristae structures (aster-  the wild type (Table 1). In C. elegans, the gonadal arm of an
:;I;I:Zai ?heepéﬁﬁgéa:t';’fcmf::Q?Zgri,f,f;ezggcﬁ,ed by brackets. Arrowheads 4] hermaphrodite is U-shaped, with a distal arm containing
a syncytium of germ line nuclei and a proximal arm containing
oocytes and fertilized eggs (Fig. 2, D and E). Germ cells at the

Wild type

crls-1(tm2542)
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FIGURE 9. pgs-1 is required for the mitotic proliferation of germ cells. A, genomic structure of pgs-1. Gray and white boxes indicate exons and 3’-untranslated
regions, respectively. The positions of the ATG start codon and TGA stop codon are shown. T-bars below indicate the extent of deletion in pgs-1(tm2211). B,
multiple sequence alignment of the catalytic active motif of C. elegans PGS-1 and homologous sequences in eukaryotes organized by ClustalW alignment.
Residues identical in all five sequences are shaded in black, and residues identical in three or four proteins are shaded in gray. Asterisks indicate the HXKXXXX-
DXXXXXXG motif that is highly conserved in several hydrolases and phosphodiesterases. The accession numbers for the sequences used are as follows: (H.s) H.
sapiens, NP_077733; (M.s) M. musculus, NP_598518; (D.m) D. melanogaster, NP_650751; (C.e) C. elegans, NP_490666; (S.c) S. cerevisiae, NP_009923. C and D,
DAPI-stained images of adult hermaphrodite gonads of wild type (C) and pgs-1(tm2211) (D) are shown. The fluorescence signal from the sperm nuclei overlaps
other portions of the specimen in C. Asterisks indicate the germ nuclei at the diakinesis stage during oogenesis. Arrowheads indicate the distal end of each
gonad. Scale bars, 50 mm. E and F, DAPI-stained images of the mitotic zone in the adult hermaphrodite gonads of wild type (E) and pgs-1(tm2211) (F) are shown.
Arrows indicate nuclei in M phase. Arrowheads indicate the distal end of each gonad. Dashed lines indicate the boundary between the mitotic and transition
zones. Scale bars, 10 mm. G-I, quantitative analysis of germ cell mitosis in wild type and pgs-1(tm2211). The data represent the mean = S.D. ***, p < 0.001; **,
p <0.01.
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FIGURE 10. pgs-1 is required for the maintenance of mitochondrial mor-
phology and function in germ cells. A, mitochondrial cristae structures are
disrupted in pgs-1 germ cells. Transmission electron micrographs of germ
cells (panels a and b) and muscle cells (panels c and d) in wild type and pgs-
1(tm2211) are shown. In pgs-1 germ cells, the mitochondria contained several
elongated cristae structures in the mitochondrial matrix (asterisk in panel c).
Representative mitochondria are enclosed by brackets. Arrowheads indicate
the cristae structures. Scale bars, 200 nm. B-D, mitochondrial membrane
potential is decreased in pgs-1 germ cells. Representative fluorescence
images of adult hermaphrodite germ cells in wild type (B) and pgs-1(tm2211)
(C) stained with 0.15 um DiSC; are shown. The gonads are outlined with the
dashed lines. Arrowheads indicate the distal end of each gonad. Scale bars, 50
mm. D, quantification of the fluorescence intensity of DiSC; in germ cells of
wild type and pgs-1(tm2211). The data represent the mean = S.D. ***, p <
0.001.
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distal end of the gonad proliferate by mitosis, and as they
migrate proximally, they initiate meiosis at the transition zone
(34). In cris-1 mutants, the distal gonadal arm was reduced in
size, and the number of oocytes was decreased (Fig. 2, Fand G).
DAPI staining revealed that the number of germ cells in the
distal arm was reduced in crls-1 mutants (Fig. 3, A-C). The
reduced germ cell number was not due to enhanced apoptosis
of germ cells because a mutation in ced-3, an essential gene for
apoptotic cell death, did not restore normal germ cell number
in crls-1 mutants (data not shown). Although the number of
germ cells was decreased, meiosis appeared to occur normally
in crls-1 mutants, i.e. crls-1 mutant gonads contained crescent-
shaped nuclei (leptotene/zygotene stage) in the transition zone,
thread-like chromosomes (pachytene stage) in the meiotic
zone, and highly condensed chromosomes (diakinesis stage) in
the oocytes in a manner similar to those in wild type gonads
(Fig. 3D). The reduced brood size of crls-1 mutants was rescued
by expression of cris-1 under the control of a heat shock pro-
moter, whereas expression of a catalytically inactive mutant
cris-1 (cris-1P11%4) failed to rescue the defect in cris-1 mutants
(Fig. 3E) (20, 32). Thus, cris-1 is required for reproductive func-
tion through its enzymatic activity.

We further examined the mitotic capacity of germ cells by
measuring the frequency of germ cell divisions, because divi-
sion frequency often correlates with germ cell number (Fig. 4)
(35, 36). In wild type gonads, more than 200 germ cells were
present at the distal mitotic zone, and 2% of these germ cells had
dividing nuclei as reported previously (Fig. 4, A and C-E) (27,
37). In contrast, the mitotic zone of the crls-1 mutant gonads
contained fewer germ cells, and dividing germ cells were found
at lower frequency (Fig. 4, B-E). These data indicate that cris-1
is required for the mitotic proliferation of germ cells in C.
elegans.

Somatic Cell Proliferation Occurs Normally in crls-1
Mutants—Next, we examined somatic cell proliferation in
crls-1 mutants. In C. elegans, 556 somatic cells are generated
from one fertilized egg during embryogenesis (38). A time-
sequential observation revealed that somatic cells, such as
intestinal cells and epithelial cells, proliferated and differen-
tiated normally through somatic cell divisions in cris-1
mutant embryos (data not shown). Consistent with this
observation, crils-1 mutants did not show any embryonic
lethality (Table 1).

During the post-embryonic development of C. elegans, cer-
tain types of somatic cells, such as vulval cells and seam cells,
proliferate to form somatic organs (the egg-laying apparatus
and lateral epithelia, respectively) (38). During vulval develop-
ment, three vulval precursor cells divide to produce 22 somatic
vulval cells, forming the vulva at the adult stage (Table 2; Fig.
5A). In cris-1 mutants, 22 vulval cells were presented in the
normal configuration, and the morphology of the mature vulva
was indistinguishable from that of the wild type, indicating that
vulval cell divisions are not affected in cris-1 mutants (Fig. 5, B
and C). In addition to the vulval cells, seam cell divisions also
occurred normally in crls-1 mutants, i.e. all seam cells divided
along the anterior-posterior axis to produce two daughter cells
in a manner similar to that in the wild type (Fig. 6). Consistent
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TABLE 3
Germ cell-enriched genes encoding putative mitochondrial proteins

Sequence name Gene name Predicted protein localization™” Brief description Ref.
F28F8.2 acs-2 Mito, Ex Long chain fatty acid acyl-CoA ligase 60
TO5F1.2 Mito, Ex Unnamed protein

T22F3.4 rpl-11.1 Mito, Ex Large ribosomal subunit L11 protein

RO9E10.6 Mito, Cyto Unnamed protein

F26H9.4 Mito, Cyto Nicotinamide mononucleotide adenylyltransferase

WO01A11.7 Mito, Nuc Unnamed protein

F10D11.1 sod-2 Mito, Cyto Manganese superoxide dismutase 61
T24D1.3 Mito, Nuc Unnamed protein

KO08F4.11 gst-3 Mito, Cyto, Nuc Glutathione S-transferase

F35G12.10 asb-1 Mito, Pero, Ex Mitochondrial F,F-ATP synthase b subunit 52
T24C4.1 ucr-2.3 Mito, Nuc, Ex Ubiquinol cytochrome ¢ reductase complex core protein 2
T16H12.5 bath-43 Mito, Cyto, Nuc Speckle-type POZ protein SPOP and related proteins

F45E4.9 hmg-5 Mito, Cyto, Nuc HMG box-containing protein 62
C49C3.7 Mito, Cyto, Nuc Unnamed protein

T26A5.2 Mito, Nuc, Cyto, Ex Unnamed protein

Ko04C2.3 Mito, Cyto, Nuc, Ex Unnamed protein

“ Protein localization was examined by WoLF PSORT, a computer program for the prediction of subcellular localization sites of proteins based on their amino acid

sequences.

? The abbreviations used are as follows: Mito, mitochondria; Nuc, nucleus; Cyto, cytosol; Ex, extracellular.

with this, the seam cell number at the adult stage was the same
as in the wild type (Table 2). Taken together, these data indicate
that the somatic cell proliferation occurs normally throughout
development in cris-1 mutants.

crls-1 Is Required for the Maintenance of Mitochondrial
Function and Morphology in Germ Cells but Not in Muscle
Cells—Previous studies using yeast CL synthase mutants
showed that a lack of CL causes a reduction in mitochondrial
membrane potential (1416, 18, 19, 39). Thus, we first stained
cris-1 mutants with DiSC;, a membrane potentially sensitive
mitochondrial dye (40), to evaluate the function of the mito-
chondria. The level of DiSC, fluorescence intensity indicated a
significant reduction in mitochondrial membrane potential in
cris-1 germ cells (Fig. 7, A and B). However, DiSC, staining was
not significantly affected in crls-1 muscle cells (Fig. 7, A and C).
Consistent with this observation, muscle function appeared
normal in crls-1 mutants as judged by the thrashing body move-
ment in water (123.17 cycles/min in wild type versus 113.09
cycles/min in crls-1 mutants).

We next examined the ultrastructural morphology of mito-
chondria in crls-1 mutants by transmission electron micros-
copy (Fig. 8). In wild type germ cells, the mitochondria dis-
played many typical cristae that randomly crossed the
mitochondrial matrix (arrowheads in Fig. 8A). However, in
crls-1 germ cells, cristae were not observed in the mitochon-
drial matrix, and elongated inner membranes were located
along the edge of the mitochondria (asterisk in Fig. 8B). In con-
trast to the germ cells, mitochondrial morphology appeared
normal in muscle cells in ¢rls-1 mutants (arrowheads in Fig. 8, C
and D). These data indicate that C. elegans cris-1 is required for
the maintenance of mitochondrial function and morphology in
germ cells but not in muscle cells.

Accumulation of PG Content Is Not Responsible for the Germ
Cells Defects in crls-1 Mutants—To rule out the possibility that
accumulation of PG causes the germ cell defects in cris-1
mutants, we examined the phenotypes of pgs-1(¢m2211), a dele-
tion mutant lacking the phosphatidylglycerophosphate syn-
thase gene (Fig. 9A4). PGP synthase catalyzes the formation of
PGP, a precursor of PG and CL, using CDP-DAG and glycerol
3-phosphate as substrates (Figs. 14 and 9B) (41, 42). Thus, lack
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of PGP synthase results in depletion of both PG and CL. In pgs-1
mutants, germ cell divisions occurred infrequently, and the
number of germ cells was decreased (Fig. 9, C-I) in a manner
similar to crls-1 mutants. In addition, deficiency of pgs-1 caused
the appearance of several elongated cristae structures in the
mitochondrial matrix (Fig. 10A, panels a and b), and reduced
mitochondrial membrane potential in germ cells (Fig. 10, B-D).
In contrast, pgs-1 mutants did not show obvious defects in
somatic tissues, as judged by the divisions of vulval cells and
seam cells (Table 2; Figs. 5 and 6), and mitochondrial morphol-
ogy in muscle cells (Fig. 104, panels ¢ and d). These data indi-
cate that loss of CL, but not accumulation of PG, causes the
germ cell defects in crls-1 mutants.

DISCUSSION

Previous studies using yeast showed that inhibition of CL
synthase results in the instability of electron transport chain
supercomplexes, a reduction in mitochondrial membrane
potential, and a decrease in the oxidative phosphorylation rate
(14, 16, 18, 19, 39, 43). In this study, by analyzing deletion
mutants of the CL synthase gene (crls-1) in the simple multicel-
lular organism C. elegans, we demonstrated that CL depletion
selectively affects mitochondrial function and morphology in
germ cells (Figs. 7 and 8). Furthermore, we found that CL is
required for mitotic proliferation of germ cells but not that of
somatic cells (Table 2; Figs. 4—6).

It is interesting that germ cells are more susceptible to CL
depletion than somatic cells. Previous studies have indicated
the mitochondrial heterogeneity in cell types with respect to
morphological diversity (44, 45), steroidogenic capacity (46),
protein profiles (47, 48), and lipid profiles (49, 50). Based on the
existence of such mitochondrial heterogeneity, we propose two
models that could explain the hypersensitivity of the germ cells
to CL depletion. One possibility is that in vivo, CL is selectively
required for germ cell-specific mitochondrial proteins. Using
the genome-wide microarray data base generated by Reinke et
al. (51), we found several germ cell-enriched genes encoding
putative mitochondrial proteins, such as asb-1, ucr-2.3, bath-
43, and hmg-5 (Table 3). At this time, in vivo functions of most
of these genes are largely unknown; however, asb-1, which
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encodes a germ cell-specific isoform of mitochondrial ATP
synthase b subunit, has been reported to be required for germ
line development in C. elegans (52). CL may be needed to main-
tain the function and/or stability of such a germ cell-specific
mitochondrial protein. The other possibility is that physical
properties of the CL-depleted membrane vary between germ
cells and somatic cells because of the difference in the mito-
chondrial lipid composition between these cell types (49, 50). In
somatic cells such as muscle cells, mitochondrial lipids may
compensate for a CL-depleted membrane environment by cre-
ating suitable microdomains for mitochondrial proteins, and
thus, mitochondrial function and morphology are maintained
in somatic cells. Recently, Drosophila mutants of a CL synthase
gene were reported to exhibit abnormal mitochondrial mor-
phology and function in muscle cells (53). The difference in the
mitochondrial phenotype of muscle cells between C. elegans
and Drosophila melanogaster may also be caused by the differ-
ence in the mitochondrial lipid composition between these spe-
cies. For example, D. melanogaster lacks long chain polyunsat-
urated fatty acids that confer membrane fluidity (54).

In eukaryotes, cell division is regulated by cyclin and cyclin-
dependent kinase. Inhibition of these general cell cycle regula-
tors, such as C. elegans cyclin E (cye-1) and cyclin-dependent
kinase-1 (cdk-1), reduces cell division of both germ cells and
somatic cells, including the vulval cells and seam cells (55, 56),
and thus, it causes lethality at a high frequency. In contrast,
crls-1 mutants grow to adulthood and exhibit defects in cell
division specifically in germ cells (Table 1; Fig. 4). We found no
defects in the cell division of somatic cells (Table 2; Figs. 5 and
6). These observations indicate that CL is not involved in the
general cell division machinery. In C. elegans, germ cells are
significantly more proliferative than somatic cells (34), which
make the germ line a highly energy-consuming organ. It would
appear that in crls-1 mutants, the decrease in mitochondrial
membrane potential in germ cells causes reduced energy pro-
duction, which leads to inhibition of germ cell division. In the
germ line of C. elegans hermaphrodite, sperm are produced
during the late larval stage, and thereafter, oocytes are pro-
duced at the adult stage. Because the sperm and oocytes are
produced from a common pool of progenitor germ cells, we
assume that the reduced germ cell division of crls-1 mutants
affects not only oocyte production but also sperm production.
This would lead to the striking reduction of brood size in cris-1
mutants, the reduction occurring to a greater extent than would
be expected from the reduction in germ cell division (Table 1;
Fig. 4). To support this idea, crosses of crls-1 mutant males to
wild type hermaphrodites resulted in smaller brood sizes than
those using wild type males and hermaphrodites (474.00 broods
by wild type male versus 159.75 broods by crls-1 mutant male).

This study demonstrates for the first time that the contribu-
tion of CL to mitochondrial function and morphology varies
among the different cell types in vivo, raising the question of its
generality. As mentioned above, Drosophila mutants of a CL
synthase gene show abnormal mitochondrial morphology and
function in muscle cells (53). In addition, disturbance of the CL
remodeling causes abnormal mitochondrial morphology and
function in muscle cells, such as the human Barth syndrome
and the calcium-independent phospholipase A,y knock-out
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mice (57, 58). To address this question, generation of CL syn-
thase knock-out mice and subsequent analysis of their suscep-
tibility to CL depletion in various tissues need to be carried out.
In addition, crls-1 mutants still contained residual CL, although
cris-1is the single homologue of CL synthase in C. elegans (Fig.
2C). These data suggest that C. elegans has a bypass mechanism
to produce CL except for the de novo synthetic pathway. None-
theless, our study suggests the existence of a complementary
system of the biomembrane in some cell types, at least in C.
elegans. Further genetic analysis using crls-1 mutants may
reveal the molecular mechanisms underlying the different sen-
sitivities of organelles to the changes in the lipid environment.
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