
the extended conformation (12)], and the sheath
length of 5 of 7 structures matches the length of
a fired MAC (table S2).

We averaged 20 and 25 subtomograms of
MACs in the “extended” (Fig. 4P, movie S6) and
“contracted without tube” (Fig. 4Q, movie S7)
states, respectively. Averages of subtomograms
show the different sheath diameters, helical sur-
face ridges on contracted sheath (ridges indicated
in Fig. 4K), baseplate symmetry and tail fibers in
longitudinal (Fig. 4, J and O) and cross-sectional
views (Fig. 4, F to I and K to N). In both the
extended and contracted forms twelve fibers
emerge from the baseplate, cross paths, and sep-
arate to meet at the ring-shaped vertices of the
hexagonal net surrounding individual MACs
(Fig. 4R, movie S8). We speculate that six of
the tail fibers originate from a single MAC, with
the remaining six fibers stemming from neigh-
boring MACs to connect the array (Fig. 4, P to
S, orange). This six-tail fiber per MAC model
(Fig. 4S) is supported by the fact that the two
arms of a phage tail fiber have a length ratio of
1:1 (23) and that the length is similar to the tail
fiber connections in MACs (fig. S10). The model
also predicts the presence of an as-yet-unidentified
protein that forms the hexagonal net. A set of
six tail pins (Fig. 4P, red) face outwards. Be-
cause the tail pins are the most distal structure
in the arrays, they are likely the first structure to
engage and sense MAC targets.

We have shown that an ordered array of con-
tractile phage tail–like structures produced by
an environmentally occurring bacterium induces
metamorphosis of a marine invertebrate larva.
This discovery begins to explain how marine
biofilms can trigger metamorphosis of benthic
animals. Our data suggest that MAC arrays are
synthesized intracellularly by P. luteoviolacea,
released by cell lysis, and expand extracellularly
into an ordered multi-MAC array. How these ar-
rays engage with larvae of H. elegans is an open
question. In the arrays imaged, all contracted
MACs were clustered together, which suggests
that their linkages might support cooperative
firing. Array formation might also multiply the
total payload delivered per interaction or favor
specific engagement sites and/or geometries with
MAC targets. The evolutionary pressure to produce
MACs is probably strong, given that MAC pro-
duction leads to the lysis and death of a sub-
population of cells. Whether this represents an
instance of altruistic behavior that facilitates group
selection, or a neutral lytic event with a set fre-
quency remains to be determined. AlthoughMAC
production is beneficial for tubeworm larvae by
inducing metamorphosis, it is currently unclear
how larval settlement and metamorphosis might
benefit the bacterium. It is equally possible that
MACs evolved for a completely different pur-
pose. Note that P. luteoviolacea has been found
to induce the metamorphosis of coral and sea-
urchin larvae (24, 25). Other bacterial species
also induce metamorphosis of H. elegans lar-
vae (8, 26, 27), andmac-like gene clusters have

been identified in the genomes of other marine
bacteria (28). Future research into how MACs
interact with larvae might yield new insights
into the mechanisms underpinning marine ani-
mal development and ecology, with potentially
important practical applications for aquaculture
and biofouling.
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Reversal of Female Infertility by Chk2
Ablation Reveals the Oocyte DNA
Damage Checkpoint Pathway
Ewelina Bolcun-Filas,1 Vera D. Rinaldi,1 Michelle E. White,1 John C. Schimenti1*

Genetic errors in meiosis can lead to birth defects and spontaneous abortions. Checkpoint
mechanisms of hitherto unknown nature eliminate oocytes with unrepaired DNA damage, causing
recombination-defective mutant mice to be sterile. Here, we report that checkpoint kinase 2
(Chk2 or Chek2), is essential for culling mouse oocytes bearing unrepaired meiotic or induced DNA
double-strand breaks (DSBs). Female infertility caused by a meiotic recombination mutation or
irradiation was reversed by mutation of Chk2. Both meiotically programmed and induced DSBs
trigger CHK2-dependent activation of TRP53 (p53) and TRP63 (p63), effecting oocyte elimination.
These data establish CHK2 as essential for DNA damage surveillance in female meiosis and indicate
that the oocyte DSB damage response primarily involves a pathway hierarchy in which ataxia
telangiectasia and Rad3-related (ATR) signals to CHK2, which then activates p53 and p63.

Fertility, offspring health, and species suc-
cess depend on production of gametes with
intact genomes. Particularly crucial is the

proper synapsis and segregation of homologous
chromosomes at the first meiotic division, pro-
cesses requiring homologous recombination (HR),
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a high-fidelity DNA double-strand break (DSB) re-
pair process. Meiocytes initiate HR by producing
proteins (namely SPO11) that create DSBs. In mice,
~10% of the >200 induced DSBs are repaired as
crossovers (COs), and the rest by non-crossover
(NCO) recombination (1).

Aberrant homolog synapsis or DSB repair
trigger checkpoints that eliminate defective meio-
cytes (2–4). Either defect causes apoptotic elimi-
nation of mouse spermatocytes at mid-pachynema
of meiotic prophase I (5, 6). In contrast, loss of
oocytes defective for both DSB repair and synap-
sis occurs earlier (within a few days postpartum)
than those defective for synapsis alone (~2 months
postpartum), suggesting that mammalian oocytes
have distinct DNA damage and synapsis check-
points (2, 7) (fig. S1). Mutations preventing DSB
formation (Spo11 and Mei1) are epistatic to those
affectingDSB repair (2). TheDNAdamage check-
point acts around the time oocytes enter meiotic
arrest (dictyate, or resting stage) and presumably
persists, because resting primordial follicles are
highly sensitive to ionizing radiation (IR) (8).

We focused on checkpoint kinase 2 (CHK2)
as a candidate component of the meiotic DNA
damage checkpoint. It is a downstream effector
of the ataxia telangiectasia mutated (ATM) ki-
nase that responds primarily to DSBs and can
also be activated by the ataxia telangiectasia and
Rad3-related (ATR) protein kinase that responds
primarily to single-stranded DNA (ssDNA) (9, 10).
Unlike Atm and Atr, Chk2 is dispensable for fer-
tility and viability. To determine whether Chk2 is
required for the meiotic DNA damage check-
point, we bred mice doubly deficient for Chk2
and Dmc1, a RecA homolog required for inter-
homolog repair of meiotic DSBs (11). Dmc1
deficiency also prevents synapsis, which is HR-
dependent.Whereas 3-week-postnatal wild-type or
Chk2−/− ovaries contain primordial through antral
follicles (Fig. 1, A and B, and fig. S2), Dmc1−/−

ovaries are devoid of follicles (Fig. 1D). Deletion
of Chk2 enabled survival of developing oocytes
in DMC1-deficient 3-week-old ovaries (Fig. 1, E
and F). However, primordial follicles were ab-
sent, leading to a nearly complete oocyte deple-
tion by 2 months postpartum (figs. S2 and S3).
This pattern of oocyte loss resembles that of
Spo11 or Spo11−/−Dmc1−/−mice (fig. S1) (2), sug-
gesting thatChk2 ablation compromises the DSB
repair but not synapsis checkpoint.

To test this, we exploited an allele of Trip13
(Trip13Gt) that causes male and female meiotic
failure.Trip13Gt/Gt chromosomes undergo synapsis
and CO formation but fail to complete NCODSB
repair (12), causing elimination of the entire
primordial follicle pool and nearly all developing
oocytes by 3 weeks postpartum (Fig. 1G), coin-
ciding with the oocyte DNA damage checkpoint
(fig. S1) (12, 13). Chk2−/− Trip13Gt/Gt ovaries had
a large oocyte pool at 3 weeks postpartum (Fig. 1,

H and I, and fig. S2), and they retained high
numbers of all follicle types after 2 months (fig.
S3), indicating that the rescue of surviving oocytes
from checkpoint elimination was permanent or
nearly so (see below). The rescue was not attrib-
utable to activation of an alternative DSB repair
pathway during pachynema, a consideration because
theChk2 yeast orthologMEK1 influences pathway
choice (14); all dictyateChk2−/− Trip13Gt/Gt oocytes
(n = 54), like Trip13Gt/Gt oocytes, exhibited abun-
dant histone gH2AX staining, indicative of per-
sistent unrepaired DSBs (versus 7% of Chk2−/−

dictyate oocytes; n = 45) (Fig. 2, A and B).
Despite bearing DSBs into late meiotic pro-

phase I, the rescued oocytes proved to be func-
tional. All tested Chk2−/− Trip13Gt/Gt females
produced multiple litters (Fig. 2C). Litter sizes
were smaller than those of controls (Fig. 2D), at-
tributable to fewer ovulated oocytes and implanted
embryos (fig. S4). Chk2−/− Trip13Gt/Gt females
sustained fertility for many months, yielding four
to seven litters each (Fig. 2C) and over 160 pups
collectively. Progeny showed no visible abnormal-
ities up to 1 year of age (n = 28). The results sug-
gested that all or most DSBs persisting into late
meiosis were eventually repaired. Indeed, there
was no evidence of persistent DNA damage (as in-
dicated by gH2AX) in 2-month-old primordial,
growing, or germinal vesicle stage preovulatory
Chk2−/−Trip13Gt/Gt oocytes (fig. S5). Thus, repair of
DSBs occurred after birth by unknownmechanisms.

Canonically, CHK2 signals to p53 in mitotic
cells. InDrosophilamelanogaster,CHK2-dependent
p53 activation occurs in response to SPO11-
induced breaks (3). We therefore tested whether
p53 deficiency could rescue Trip13Gt/Gt oocytes.
Three-week-old p53−/− Trip13Gt/Gt ovaries had sig-
nificantly more oocytes than Trip13Gt/Gt single
mutants (Fig. 3, B and C, and fig. S2); however,
they contained far fewer primordial follicles than
Chk2−/−Trip13Gt/Gt ovaries at 3weeks postpartum,
and almost no oocytes remained after 2 months
(fig. S3). Therefore, CHK2-mediated elimination
of Trip13Gt/Gt oocytes does not occur exclusively

via signaling to p53, indicating the existence of
another downstream effector(s) that acts peri-
natally in primordial follicles.

One candidate is p63, a p53 paralog. A pre-
dominant isoform called TAp63 (TA, transacti-
vation) appears perinatally in late pachytene and
diplotene oocytes, approximately coincidingwith
DNA damage checkpoint activation. Because
TAp63 was implicated in the elimination of
dictyate oocytes subjected postnatally to DSB-
causing IR (15, 16) and it contains a CHK2 con-
sensus substrate motif LxRxxS (L, Leu; R, Arg;
S, Ser; x, any amino acid) (17), we speculated
that CHK2 might activate TAp63 in response to
DSBs. Indeed, whereas IR induces phospho-
rylation in wild-type ovaries (15, 16), TAp63 re-
mained unphosphorylated in CHK2-deficient
ovaries (Fig. 3D). Moreover, mutating serine to
alanine in the CHK2 phosphorylation motif in
p63 also prevented IR-induced TAp63 phospho-
rylation in cultured cells (Fig. 3E). We next tested
whether CHK2 is required for the elimination of
DSB-bearing dictyate oocytes, presumably via
TAp63 activation. Whereas the entire primordial
follicle pool was eradicated 1 week after IR treat-
ment of wild-type ovaries, CHK2 deficiency pre-
vented oocyte elimination despite the presence of
p63 protein (Fig. 3F). Furthermore, irradiated
Chk2−/− females remained fertile, with an average
litter size (6.3 T 1.8, n = 7) similar to that of
unirradiated controls (6 T 2.3, n = 3). If this
rescue of fertility was due entirely to abolition of
TAp63 activation, then deletion of TAp63 should
also restore fertility to irradiated females. Previous
studies (15, 16) found that p63−/− and TAp63−/−

oocytes survived 5 days after 0.45 to 5 gray (Gy)
of IR, but longer-term survival was not evaluated.
We found that 0.45 Gy IR completely eradicated
primordial oocytes after 7 days in females homo-
zygous for a viable, TA domain–specific deletion
allele of p63 (TAp63–) (18, 19), identical to wild
type (Fig. 4, A and B).

These results suggested IR-induced DSBs
(and perhaps meiotic DSBs) stimulate CHK2 sig-

1Department of Biomedical Sciences, Cornell University,
Ithaca, NY 14850, USA.

*Corresponding author. E-mail: jcs92@cornell.edu

Fig. 1. Evidence of a spe-
cific DNA damage check-
point in mouse oocytes.
(A, B, D, E, G, H) Histol-
ogy of 3-week postpartum
ovaries. Follicle-devoid ova-
ries are denoted by dotted
outline. Arrowheads in (A),
(B), and (H) indicate primor-
dial follicles. Scale bars
indicate 200 mm; wt, wild
type. (C, F, I) Oocyte quan-
tification in mutants. Box
plots show 25th and 75th
percentiles (box), median
(the line in the center of the
box), and minimum and
maximumvalues (whiskers).
P values are as follows: ns,
not significant; ***, 0.0004;
****, < 0.0001.
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naling to a protein(s) in addition to TAp63. Sus-
pecting p53, we found that, whereas irradiated
p53−/− ovaries were essentially devoid of oocytes
(Fig. 4C) (15, 16), p53−/− TAp63−/− oocytes (in-
cluding those in primordial follicles) were rescued
(Fig. 4D) to a degree similar to Chk2 mutants
(Fig. 3F). Irradiated p53+/− TAp63−/− (Fig. 4E) but
not p53−/− TAp63+/− oocytes were partially res-
cued, indicating that CHK2 signals to both p53
and p63 and that they act in a partially redundant
fashion to eliminate DSB-bearing resting oocytes.
The marked effects of p53 haploinsufficiency, and

the possible inconsistencies with earlier reports
showing that deletion of p63 alone could rescue
primordial follicles from IR over the short term,
indicate that checkpoint responses may be sen-
sitive to quantitative variation.

Because Chk2 but not p53 deficiency re-
versed Trip13Gt/Gt female infertility, an outcome
similar to the results with postnatal ovary irradia-
tion, we hypothesized that the same DNA dam-
age checkpoint was operative in both pachytene/
diplotene and dictyate oocytes. To test this, we
first examined patterns of p53 and TAp63 acti-

vation in different genotypes of ovaries, with or
without IR exposure. As expected for wild type,
TAp63 phosphorylation and p53 stabilization
and/or expression occurred only after exposure
to IR (Fig. 4F). Importantly, we observed p53
protein in unirradiated Trip13Gt/Gt neonatal ova-
ries but not in wild type (Fig. 4F), implying a role
for p53 in the elimination of mutant oocytes with
unrepaired meiotic DSBs (and consistent with par-
tial rescue of Trip13Gt/Gt p53−/− oocytes; Fig. 3C).
Stabilization of p53 in response to unrepaired
meiotic DSBs is CHK2-dependent, because
we did not detect p53 inChk2−/− Trip13Gt/Gt ova-
ries (Fig. 4F). TAp63 was absent from neonatal
Trip13Gt/Gt ovaries bearing residual oocytes (Fig.
4F). Normally, TAp63 appears in late meiotic pro-
phase I, when meiotic DSBs have been repaired,
and is robustly activated in resting oocytes in
response to exogenous DNA damage (15, 16).
Nevertheless, the absence of TAp63 in Trip13Gt/Gt

oocytes predicts that it is not responsible for their
death. Indeed, no oocyte rescue was observed in
wean-age TAp63−/− Trip13Gt/Gt ovaries (Fig. 4I). A
potential explanation for TAp63 repression in
Trip13Gt/Gt oocytes was suggested by our obser-
vation (Fig. 4F) that unphosphorylated TAp63
was present inChk2−/− Trip13Gt/Gt ovaries lacking
detectable p53. These results suggest a regulatory
relationship between p53 and TAp63 in the mei-
otic DNA damage response.

The mutual exclusivity of TAp63 and p53 in
Trip13Gt/Gt oocytes gives insight into the failure
of either single mutant to rescue fertility. We
hypothesized that unrepaired DSBs that persist
into late pachynema trigger CHK2-dependent
p53 activation and oocyte elimination indepen-
dent of TAp63 but that, in the absence of p53,
TAp63 can be expressed and activated by CHK2
to drive oocyte elimination. This predicts that
removal of both proteins would abolish the
CHK2-dependent checkpoint. Indeed, we found
that p53 heterozygosity could rescue TAp63−/−

Trip13Gt/Gt oocytes (Fig. 4J). This rescue included
primordial follicles (Fig. 4J, inset; nullizygosity
for all three genes is embryonically semilethal).
These and previous results with single mutants
indicate that the DNA damage checkpoint path-
way that monitors repair of SPO11-induced DSBs
involves CHK2 signaling to both p53 and TAp63
and that this pathway also operates in postnatal
resting oocytes (fig. S6).

A remaining question concerns the upstream
activator(s) of CHK2. Canonically, ATM phos-
phorylates CHK2 in response to DSBs, whereas
ATR responds to ssDNA by activating CHK1
(20, 21). However, ATR and ATM have other ac-
tivities in mouse meiosis. ATM negatively reg-
ulates SPO11, causing Atm−/− oocytes to sustain
extensive DSBs and triggering elimination by
the meiotic DNA damage checkpoint (fig. S1)
(2, 22). Therefore, CHK2 is likely activated by a
different kinase. Indeed, Chk2 deficiency rescued
Atm−/− oocyte depletion (fig. S7) to a degree sim-
ilar to the rescue of DMC1-deficient ovaries. The
facts that (i) CHK2 can trigger apoptosis in the

Fig. 2.DSBsinTrip13Gt/GtChk2−/−

newbornoocytes are eventually
repaired and yield offspring.
(A) Co-immunolabeling of neo-
natal oocytes. (B) Trip13Gt/Gt Chk2−/−

oocytes progress to dictyate (“D”)
with DSBs. P, pachytene. SYCP3
labels SC axial element. (Right)
Boxed nuclei magnified. Female re-
productive (C) longevity and (D) fe-
cundity. P values are as follows:
***, 0.0002; ****, <0.0001.

Fig.3.Genetic andmolec-
ular analysis of the oocyte
DNA damage checkpoint.
(A to C) Trip13Gt/Gt oocyte
depletion is partially rescued
by p53 deficiency. Scale bars,
200 mm. (D) DNA damage–
induced TAp63 phosphoryl-
ation in newborn ovaries is
CHK2-dependent. Neonatal
ovaries (four) received 3 Gy
IR before protein extraction
2 hours later. Increased p63
in Chk2−/− is likely due to in-
creased oocytes in this geno-
type. (E) p63 contains a CHK2
phosphorylation site. HeLa
cells bearing FLAG-tagged
TAp63 with wild-type (WT)
(LxRxxS) or mutant (LxRxxA;
A, Ala) CHK2motifs. Shifted
CHK2 (arrowhead) is phos-
phorylated. IR dose = 3 Gy. (F) Depletion of p63-positive primordial follicles by IR is CHK2-dependent.
Ovaries were cultured 7 days after irradiation. Scale bars, 100 mm. MVH marks oocytes. (Insets) Ovary
cortical regions containing primordial follicles.
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absence of ATM in somatic cells (9), (ii) CHK2
can be activated in an ATR-dependent manner
(10), and (iii) ATR localizes to sites of meiotic
DSBs in mice (23) prompt us to propose that the
DNA damage checkpoint pathway in mouse
oocytes involves signaling of ATR toCHK2, which
in turn signals to p53 and TAp63 (fig. S6). Addi-
tionally, spermatocytes may have a distinct DNA
damage response pathway; we did not observe
histological evidence for rescue of DSB repair-
defective but synapsis-proficient spermatocytes
by deletion of Chk2 or p53 (fig. S8).

Our results are of biomedical interest with
respect to the primordial follicle pool depletion
and premature ovarian failure that can occur af-
ter cancer radiotherapy or chemotherapy. CHK2
is an attractive target because chemical inhibitors
are available, and Chk2 insufficiency is of minor
phenotypic consequence in mice (24).
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Mating Induces Shrinking and Death
in Caenorhabditis Mothers
Cheng Shi and Coleen T. Murphy*

Interactions between the germ line and the soma help optimize reproductive success. We discovered
a phenomenon linking reproductive status to longevity: In both hermaphroditic and gonochoristic
Caenorhabditis, mating leads to female shrinking and death, compressing postreproductive life span.
Male sperm induces germline- and DAF-9/DAF-12–dependent shrinking, osmotic stress susceptibility, and
subsequent life-span decrease, whereas seminal fluid induces DAF-16–dependent life-span decrease
and fat loss. Our study provides insight into the communication between males and the female germ line
and soma to regulate reproduction and longevity, revealing a high-reproduction, low–life-span state
induced bymating. Postmating somatic collapse may be an example of the sexually antagonistic influence
that males in many species exert on female behavior to maximize their own reproductive success.

Mating is an elaborately regulated process
with critical individual and population
consequences (1, 2). The development

of sexualmating resulted in a now ancient conflict:
Although the mother’s genome is always prop-
agated, the father is driven to maximize his ge-
nomic contribution to the exclusion of other

males, often effected through manipulation of
the mother’s behavior or physiology. This ten-
sion leads to a war between the sexes that plays
out in different ways in different species; for ex-
ample, many insects display sexual antagonism, in
which males receive benefits of mating (increased
offspring, decreased chance of female remating)
by inflicting damage on the female (3).

Reproduction and longevity are intimately
linked, with signals between the germ line and
soma coordinating the rate of aging of both tis-
sues (4–8). Reproductive aging is regulated by

Fig. 4. CHK2 signals to both p63 and p53 in oocytes. (A to E) Depletion
of primordial follicles by IR requires p53 and TAp63. Week-old ovaries were
irradiated, cultured 7 days, then immunostained. p63 and MVH are oocyte-
specific. (F) Dynamic signaling to p53 and p63 in response to meiotic and
induced DSBs. Shown are Western blots of neonatal ovarian protein. The
irradiated sample was collected 2 hours post-IR (3 Gy). Arrowhead, phosphoryl-
ated p63 (15, 16). Trip13mutants are undergoing oocyte elimination (reflected

by MVH), hence use of more ovaries. (G to J) p53 and TAp63 are required for complete elimination of DSB repair–defective oocytes. Ovaries are 3 weeks
postpartum. (J Inset) Primordial follicles. Scale bars, 200 mm.
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