
occur in conventional allosteric proteins in
which input and output activities are central-
ized in a single folded structure, and gating is
mediated by subtle conformational shifts.

Domain recombination space sampled
in these experiments proved functionally
rich: Although constructs showed a range
of different gating behaviors (negative-pos-
itive, integrating-nonintegrating, etc.),
nearly all of them show some form of
gating. Gating as an emergent property,
therefore, does not appear to be extremely
rare, as might be expected if only very
precise domain arrangements yielded regu-
lation. This modular framework, in addi-
tion to promoting switch protein evolution,
could be used to engineer proteins with
novel regulatory control and, in principle,
novel cellular circuits.
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An Age-Induced Switch to a
Hyper-Recombinational State

Michael A. McMurray and Daniel E. Gottschling*

There is a strong correlation between age and cancer, but the mechanism
by which this phenomenon occurs is unclear. We chose Saccharomyces
cerevisiae to examine one of the hallmarks of cancer—genomic instability—
as a function of cellular age. As diploid yeast mother cells aged, an �100-
fold increase in loss of heterozygosity (LOH) occurred. Extending life-span
altered neither the onset nor the frequency of age-induced LOH; the switch
to hyper-LOH appears to be on its own clock. In young cells, LOH occurs by
reciprocal recombination, whereas LOH in old cells was nonreciprocal, oc-
curring predominantly in the old mother’s progeny. Thus, nuclear genomes
may be inherently unstable with age.

Age may be the greatest carcinogen: Can-
cer incidence increases exponentially near
the end of human life (1). Chromosomal
abnormalities are a hallmark of most tu-
mors, and it is widely held that genomic
instability is a prerequisite for tumorigene-
sis (2). In older individuals, there is evi-
dence for increased genomic instability,
even in noncancerous cells (3). Although
numerous hypotheses exist to explain the
association between aging and genomic in-
stability (1), these have been difficult to
test. To develop a mechanistic understand-
ing of age-related genomic instability, we
asked whether such a phenomenon occurs
in a model biological system, the budding
yeast Saccharomyces cerevisiae.

Heterozygosity was created in a diploid
strain by the insertion of a marker gene in one

copy of a locus. Loss of heterozygosity (LOH)
at the locus was detected when a genetic alter-
ation occurred in which the marker was “lost.”
Although LOH in yeast can arise by multiple
mechanisms, spontaneous LOH in wild-type
cells occurs primarily through mitotic recombi-
nation (4). Recombination is presumed to be
initiated by DNA damage along the chromo-
some and is typically accompanied by LOH at
all centromere-distal loci (5, 6); accordingly,
distal markers were more likely to undergo
spontaneous LOH (table S1). Therefore, in
order to maximize the chance of observing
LOH events, we inserted markers distally on
the two longest chromosome arms: at the
SAM2 locus on the right arm of chromosome
IV and at the MET15 locus on the right arm
of XII, about 1 and 2 Mb, respectively, from
their centromeres (7). Marker genes affecting
colony color when lost were inserted at these
loci (8, 9).

The number of daughter cells produced
before death by a yeast (mother) cell de-
fines her life-span (10). In order to deter-
mine whether genomic instability, mani-
fested as LOH, was affected by a mother

cell’s increasing age, we isolated by micro-
manipulation every daughter cell produced
from a mother and allowed each daughter
to form a colony (11). When the life-spans
of the mother cells were complete, daughter
colonies were assayed for LOH by changes
in colony color. LOH was readily observed
in the progeny of aging mothers by the
appearance of uniformly colored colonies,
or colored sectors within colonies. LOH
events resulting in sectored daughter colo-
nies were scored as half-, quarter- or
eighth-sectors, which are consistent with
the daughter cell or its progeny experienc-
ing an LOH event one, two, or three gen-
erations after separation of the daughter
from the original mother cell (Fig. 1, A
and B).

Examination of these pedigrees revealed
a marked change in LOH with the mother’s
age (Fig. 1C). Daughter colonies early in
the life-span had no LOH events, whereas
LOH was observed frequently in the colo-
nies produced by daughters of old mothers.
The first LOH events observed in the ped-
igrees of individual mothers did not occur
until the mothers had gone through 23 cell
divisions (median value); this late onset
was observed at both loci analyzed (Fig.
1D, open bars). However, once an LOH
event was observed in a lineage, subse-
quent LOH events were much more fre-
quent, occurring in every third to fourth
daughter colony (Fig. 1, B and D, solid
bars). The rate of LOH per cell division in
old cells was �40 to 200 times that of
young cells (Table 1). The frequency of
LOH remained constant as the mother cells
continued to age: After the first event, there
was no significant correlation between the
age of the mother and the frequency of
subsequent LOH events (MET15 P � 0.69
and SAM2 P � 0.39 for a nonparametric
Spearman correlation coefficient).
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LOH was observed in a majority of the
pedigrees: 25 of 40 mothers produced at least
one LOH event. Those that did not were
generally short-lived. Together, these results
demonstrate that there is an age-induced on-
set of genomic instability in S. cerevisiae.
Once an LOH event occurs in a pedigree,
additional LOH is observed at a higher fre-
quency for the duration of the mother’s life-
span. This suggests that as mother cells age,
there is a switch from a state with a low
spontaneous rate of LOH to a state of in-
creased genomic instability.

Extrachromosomal ribosomal DNA cir-
cles (ERCs) accumulate in aging mother cells
and have been proposed to cause replicative
senescence (12). To determine whether ERCs
were responsible for the observed age-
induced genomic instability, we genetically
altered the accumulation of ERCs in mother
cells and determined the effect on LOH.
Cells with a mutant FOB1 gene have re-

duced levels of recombination at the ribo-
somal DNA (rDNA) locus and thus accu-
mulate fewer ERCs, whereas mutants in
SIR2 have higher rates of rDNA recombi-
nation and rapidly accumulate ERCs (13–
15). Consistent with published results (13),
deletion of both copies of the FOB1 gene

nearly doubled the life-span (fig. S1A).
Nevertheless, the frequency and onset of
age-induced LOH were unaffected in these
cells. The median number of cell divisions
in FOB1-deleted (fob1�/fob1�) mother
cells before a first LOH event was detected
was the same as in wild-type mothers: 25

Fig. 1. Pedigree analysis reveals age-induced LOH. (A) Daughter colonies
were replica-plated to media that permit the detection of loss at MET15
(light gray) and loss at SAM2 (dark gray) (8). Top: Colonies produced by
the 12th to 41st (left to right, top to bottom) daughters of a single
representative mother cell. Bottom: A schematic representation of the
pedigree obtained from these colonies; circles represent colonies derived
from individual daughter cells. Colonies with eighth-, quarter-, or half-
sectors of colored cells are represented; two LOH events occurred in the
23rd daughter colony. Dashed circles represent daughter cells that

did not form a colony. (B) Pedigrees of 40 individual mother cells of
strain UCC809, distributed on the y axis with the same representation as
in (A); x-axis position indicates the time of separation of the daughter
cell from the mother. Double lines precede colonies from daughter cells
that could not be separated from the dead mother. (C) The fraction of
daughter colonies with LOH events (SAM2 or MET15) for a given
mother’s age. (D) The number of cell divisions before the first LOH event
occurs or between subsequent LOH events at the MET15 or SAM2 locus
is presented as a frequency distribution for 40 pedigrees.

Table 1. Age increases the rate of LOH. The rate of LOH at the MET15 and SAM2 loci was calculated for
young and old cells as described (11). The 95% confidence interval (CI) is based on the Poisson
distribution.

Genotype

LOH rate per 10,000 cell divisions (95% CI)

Young Old

MET15 SAM2 MET15 SAM2

Wild type 7 (5–10) 1 (0.5–2.0) 300 (100–500) 200 (50–400)
fob1�/fob1� 7 (4–10) 1 (0.4–3.0) 150 (90–230) 80 (30–200)
sir2�/sir2� 160 (120–200) 1 (0.4–3.0) 200* (50–300) †

*The sir2�/sir2� rate of MET15 LOH in old cells was calculated by half-sector frequency. †No sir2�/sir2� mother
cell produced more than a single daughter colony with a SAM2 LOH event.
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divisions at MET15 and 24 divisions at
SAM2. Also unchanged was the increased
frequency with which subsequent LOH
events occurred (Table 1 and fig. S1C).
Overall, the absence of FOB1 affected only
the total number of LOH events observed;
the longer life-span translated into 38 of 40
mothers displaying age-induced LOH, and
nearly three times as many LOH events
were detected after the initial event in a
lineage. Thus, reducing the level of ERCs
prolonged life-span, but did not delay the
onset nor decrease the frequency of age-
induced genomic instability.

Deletion of both copies of the SIR2 gene
reduced the average life-span of the LOH-
detection strain by more than half (fig.
S1A), as expected (14 ). In contrast to wild-
type or fob1�/fob1� cells, MET15 LOH
occurred in sir2�/sir2� cells at a very high
frequency, regardless of age (Table 1 and
fig. S1C). There was little change in this
frequency once a first LOH event occurred
in a mother’s pedigree (Table 1 and fig.
S1C). At the SAM2 locus, however, only a
minority of mother cells produced even a
single LOH event (8 of 35); no subsequent
LOH event was observed in any lineage
(15). This discrepancy is readily explained
by a locus-specific recombination effect of

SIR2. In sir2�/sir2� cells, mitotic recom-
bination is greatly increased within the
rDNA (16 ). LOH at MET15, which is distal
to the rDNA array, increased as well (Table
1); this recombination increase was restrict-
ed to chromosome XII and did not affect
LOH at SAM2 (Table 1). As sir2�/sir2�
mother cells did not undergo a sufficient
number of cell divisions (median life-span
was 11 divisions) to achieve the age-in-
duced increase in LOH, virtually no LOH
was observed at SAM2. Overall, these data
suggest that the onset and subsequent in-
creased frequency of age-induced LOH oper-
ate on a different “clock” than does yeast
replicative life-span. The aging-associated
genetic instability represented by ERCs (17)
is thus distinct from the age-induced LOH we
observed, and ERCs are not responsible for
the age-induced LOH.

We characterized the mechanism of age-
induced LOH by examining whether the
age-induced LOH events were the result of
chromosome loss. In addition to heterozy-
gosity at the SAM2 locus on the right arm of
chromosome IV, the left arm was marked
by heterozygosity at the ho locus
(ho/ho�::TRP1). Both ho alleles were still
present in all SAM2 LOH clones. Similarly,
no chromosome loss was detected when

LOH occurred at MET15 [(15) and see
below]. Thus, age-induced LOH is likely
initiated by chromosomal damage and is
not the result of chromosome nondisjunc-
tion during mitosis.

We next determined whether LOH oc-
curred by reciprocal or nonreciprocal
events. Reciprocal recombination (cross-
ing-over) in heterozygous cells results in a
mother cell homozygous for one allele and
a daughter cell homozygous for the other
allele (Fig. 2A). In nonreciprocal events,
one of the pair (mother or daughter) loses
heterozygosity, while the other remains
heterozygous (Fig. 2A). Reciprocal and
nonreciprocal LOH events are readily dis-
tinguished by examination of half-sectored
colonies (18, 19). We found that in young
cells, spontaneous LOH at the MET15 locus
occurred primarily through crossing-over
(Fig. 2A). In contrast, the age-induced
LOH events occurred predominantly by a
nonreciprocal pathway (Fig. 2A). These re-
sults identify a mechanistic difference be-
tween the pathway of mitotic recombina-
tion normally responsible for LOH in
young cells and the pathway that results in
increased levels of LOH as cells age.

Mechanisms of nonreciprocal LOH can
be distinguished by examination of multi-
ple heterozygous loci along a chromosome.
In general, gene conversion, small deletion,
and point mutation do not affect markers
that are more than 10 kb from the locus
where LOH is detected (20). Conversely,
break-induced replication (BIR) or chromo-
some truncation results in the loss of all
markers distal from a breakpoint. BIR
achieves homozygosity by copying from
the homologous chromosome, typically all
the way to the telomere (21), whereas a
chromosome truncation is manifested by
hemizygosity of distal markers. In order to
identify the mechanism of age-induced
nonreciprocal LOH, a diploid strain was
created with heterozygous markers at six
loci, including MET15, distributed along
�2200 kb of the right arm of chromosome
XII. Pedigree analysis of these mother cells
revealed that age-induced LOH at MET15
occurred with the same late onset, in-
creased frequency, and nonreciprocal char-
acter that we found earlier (15). Further-
more, in �99% of these LOH events, all
the markers distal to MET15 also under-
went LOH, including the most distal mark-
er more than 300 kb from MET15 (Fig. 2B)
(15). MET15 LOH events initiated at vari-
ous locations along the chromosome be-
tween MET15 and the centromere (Fig.
2B). Quantitative Southern analysis dem-
onstrated that in �95% of the events, the
loci experiencing LOH remained at two
copies per cell (15). Thus, BIR was the
predominant pathway of LOH, with �5%

Fig. 2. Age induces a
switch in the mecha-
nism of LOH. (A)
Schematic representa-
tion of reciprocal and
nonreciprocal events
leading to LOH. Open
or solid squares repre-
sent two different al-
leles at the same lo-
cus. Phenotypes of
half-sectored colonies
of strain UCC768, ob-
tained either by plat-
ing cells in culture
(young, n � 103) or
from daughter colo-
nies of old mothers
generated by pedigree
analysis (old, n � 74),
were used to deter-
mine the proportion
of reciprocal and non-
reciprocal LOH events.
(B) Strain UCC768
was subjected to ped-
igree analysis, and
LOH events were ana-
lyzed further to iden-
tify the mechanism of
MET15 LOH. The ge-
notype on the right
arm of chromosome
XII is diagrammed, with the distance in kilobases between marked loci indicated below the diagram.
Genotypes of LOH clones (n � 270) were determined by phenotype of the affected locus or by
polymerase chain reaction (12). Open and solid squares represent the corresponding alleles at each
locus. (C) The daughter bias of age-induced LOH is shown by the number of LOH events at the
indicated locus that created homozygous mothers or homozygous daughters, identified by pedigree
analysis. Data were pooled from pedigrees of five strains.
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of the events resulting from a chromosomal
truncation. This suggests that age-induced
LOH is the result of an age-dependent
increase in DNA double-strand breaks
and/or a decrease in the normal repair of
such damage.

Complete pedigree analysis also al-
lowed us to determine whether LOH events
occurred in mother or daughter cells. The
continuous appearance of colored daughter
colonies in a mother’s life-span demon-
strated that the mother cell had undergone
LOH (e.g., Fig. 1B, mother 39). A com-
pletely colored daughter colony followed
by daughter colonies with wild-type cells
indicated that LOH occurred in the daugh-
ter cell only, while the mother remained
heterozygous (e.g., Fig. 1B, mother 28).
We presumed that BIR events would occur
with equal likelihood in mother and daugh-
ter cells. In contrast to this expectation, we
found a strong daughter bias (nearly 20-
fold) for age-induced LOH at both the
MET15 and SAM2 loci (Fig. 2C). This
asymmetry presents an interesting biologi-
cal situation for the mother cell, which may
be viewed as a type of stem cell (22, 23).
When age-induced LOH occurs, the
genomic integrity of the mother appears to
be maintained relative to the daughter, pre-
serving the potential to produce subsequent
daughters with a wild-type genome.

What defect causes age-induced LOH?
Our mechanistic characterization allows us
to eliminate several possibilities. Nondis-
junction, leading to chromosome loss, is
not responsible. Telomere length is not af-
fected by replicative age in S. cerevisiae
(24 ), precluding telomere loss as the cause
of chromosomal instability. An increase in
interchromosomal fusions, resulting in
dicentric chromosomes, could produce
substrates for BIR, but such events do
not explain the daughter bias of age-
induced LOH.

Rather, we postulate that aging mother
cells accumulate damaged proteins over
time (25), which effectively eliminates the
normal function of a gene product required
for genome integrity. This defect appears to
thwart normal DNA damage detection, be-
cause, unlike young cells repairing an in-
duced double-strand break (26 ), mother
cell divisions producing a daughter with
LOH lacked noticeable cell cycle delays or
arrests (Fig. 1B).

The daughter bias of age-induced LOH may
be the result of broken chromosomes that persist
immediately after cell division. If the centro-
mere-containing and acentric fragments are par-
titioned into separate nuclei, with the acentric
fragment tending to remain in the mother cell
(27), repair from the homolog by BIR (accom-
panied by LOH) will become the primary DNA
repair option in the daughter cell.

Our results provide predictions about
the mechanisms that underlie age-related
genomic instability in eukaryotic cells, as
well as a model system in which to test
them. Ultimately, deeper understanding of
this phenomenon in yeast may help to solve
the link between oncogenesis and age
in humans.
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Essential Roles for Ecdysone
Signaling During Drosophila
Mid-Embryonic Development

Tatiana Kozlova*† and Carl S. Thummel

Although functions for the steroid hormone ecdysone during Drosophilameta-
morphosis have been well established, roles for the embryonic ecdysone pulse
remain poorly understood.We show that the EcR-USP ecdysone receptor is first
activated in the extraembryonic amnioserosa, implicating this tissue as a source
of active ecdysteroids in the early embryo. Ecdysone signaling is required for
germ band retraction and head involution, morphogenetic movements that
shape the first instar larva. This mechanism for coordinating morphogenesis
during Drosophila embryonic development parallels the role of ecdysone during
metamorphosis. It also provides an intriguing parallel with the role of mam-
malian extraembryonic tissues as a critical source of steroid hormones during
embryonic development.

Ecdysone triggers the programmed cell death of
obsolete larval tissues and signals cell shape
changes in the imaginal discs during Drosoph-
ila metamorphosis, transforming the body plan
of the insect from a crawling larva into an adult
fly. (“Ecdysone” in this paper refers to physio-
logically active ecdysteroids.) Ecdysone signal-

ing is mediated by a heterodimer of two nuclear
receptors, EcR (NR1H1) and the Drosophila
RXR ortholog USP (Ultraspiracle, NR2B4) (1).
Characterization of EcR and usp mutants at the
onset of metamorphosis has revealed similar
lethal phenotypes, indicating that these factors
act together to transduce the hormone signal
(1). A high titer ecdysone pulse also occurs
midway through embryonic development,
peaking during germ band retraction (GBR) (2).
GBR, dorsal closure (DC), and head involution
(HI) compose the major morphogenetic move-
ments that form the body plan of the first instar
larva. Ecdysone is required for cuticle deposi-
tion during late embryogenesis (3, 4), but func-
tions for ecdysone at earlier stages of embryo-
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recession of the Moon at 38 mm/year (4).
Another 0.5 TW or so comes from tides
driven by the Sun. Second, and this is more
revolutionary, the tidal maps have shown
that, while most of the energy is indeed lost
in shallow seas, close to 1 TW is lost in the
deep ocean over rough topography (9).

The simple picture of ocean circulation
presented above has also been challenged
(10), with much greater roles given to
wind-driven ocean circulation, air-sea in-
teraction, and 100-km-scale eddies. In this
scenario, only about 0.6 TW of mixing en-
ergy is required to reproduce the observed
ocean structure. The true energy require-
ment may lie between the two estimates of
0.6 and 2 TW, but internal waves generated
by the tides do seem to be more important
than those generated by the wind. The lat-
ter are estimated to carry about 0.5 TW in-
to the deep ocean (11), and a small contri-
bution may also come from internal waves

generated as low-frequency, nontidal, cur-
rents flow over rough seafloor topography. 

Measurements of current over mid-ocean
ridges confirm the importance of internal
tides (12), and the surface signature of their
propagation away from ridges is also evident
from satellite altimetry (13). At smaller
scales, deep-ocean observations of turbu-
lence and mixing show a variation over the
spring-neap cycle (between large tides near
full and new moon and smaller tides near the
Moon’s quarters) as the main tidal currents
over rough topography wax and wane (2).
Moreover, a revival of theoretical models de-
veloped in the 1970s (14), as well as new
computer models (15), support the idea that
a considerable amount of energy is convert-
ed into internal tides in the deep sea, eventu-
ally leading to turbulence and mixing. 

A comprehensive recent observational
program (3) has shown that at the Hawaiian
Ridge, local internal tides can lead to a

peak-to-trough range in the depth of densi-
ty surfaces of as much as 300 m, with in-
tense local mixing. As expected from the-
ory, however, most of the energy generated
radiates away. This is also thought to be
true of internal tides generated over the
less dramatic but more extensive areas of
fracture zone topography (14). 

It remains unclear, both theoretically and
observationally, whether this radiated ener-
gy feeds internal waves and turbulence
throughout the ocean or is lost in further en-
counters with the seafloor. Thus, a clear pic-
ture and understanding of the vertical and
horizontal patterns of ocean mixing is still
lacking. But it is clear that ocean tides do
much more than cause the rise and fall of
sea level. The effects of internal tides must
be represented correctly in computer mod-
els of ocean circulation and climate. They
may also help us to understand the history of
the Earth and Moon. The study of ocean
tides, with its long and fascinating history
(5), is again at the center of attention.
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T(z)

Tides in the ocean. (Left) The to and fro of tidal currents generates internal waves at the edge of

the continental shelf and over topographic features in the deep ocean. These internal waves can lead

to turbulence and mixing. (Right) This mixing plays a role in maintaining a gradual transition be-

tween the sun-warmed surface layer of the ocean and the upwelling cold, dense water formed at

high latitudes. T(z) denotes the temperature profile as a function of depth z.

I
f there’s one thing we’ve learned from
the last 50 years of research on bakers’
yeast, it is not to underestimate how

much this tiny fungus can tell us. We now
know that yeast provide key insights into
such complex human disorders as variant
Creutzfeld-Jacob disease, Parkinson’s dis-
ease, and cancer. Even so, it is not hard to
imagine the skepticism facing Mortimer
and Johnston in the 1950s as they tried to

convince the scientific community that this
unicellular organism might be useful for
understanding human aging (1). Less skep-
ticism should greet the report by McMurray
and Gottschling (2) on page 1908 of this is-
sue. These investigators show that yeast
cell aging is accompanied by increased ge-
netic instability, a hallmark of cancer. This
finding might help researchers to under-
stand the link between cancer and old age
in humans.

In the final decades of life, one’s chance
of developing cancer rises exponentially
(3). In fact, at age 70 the risk of developing

cancer is more than 10 times the risk three
decades earlier. It is tempting to think that
cancer occurs later in life because of a
steady accumulation of mutations.
Certainly, cells isolated from the elderly
have more chromosomal abnormalities
than cells from the young. But the story is
not so simple because rates of spontaneous
mutation are too low to account for the ex-
tensive genome rearrangements found in
tumors (3). Experiments in mice have con-
firmed the suspicion that mutation rates in-
crease with age (4). 

The molecular basis of this increase in
mutation rate is still under debate. The
most popular explanation is the “mutator
phenotype,” which is thought to arise
when genes required for preventing or re-
pairing DNA damage are mutated, leading
to runaway DNA instability (5). Although
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