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Despite the enormous theoretical attention given to the evolu-
tionary consequences of sexual reproduction, the validity of the
key assumptions on which the theory depends rarely has been
evaluated. It is often argued that a reduced ability to purge
deleterious mutations condemns asexual lineages to an early
extinction. However, most well characterized asexual lineages fail
to exhibit the high levels of neutral allelic divergence expected in
the absence of recombination. With purely descriptive data, it is
difficult to evaluate whether this pattern is a consequence of the
rapid demise of asexual lineages, an unusual degree of mutational
stability, or recombination. Here, we show in mutation-accumula-
tion lines of asexual Daphnia that the rate of loss of nucleotide
heterozygosity by ameiotic recombination is substantially greater
than the rate of introduction of new variation by mutation. This
suggests that the evolutionary potential of asexual diploid species
is not only a matter of mutation accumulation and reduced effi-
ciency of selection, but it underscores the limited utility of using
neutral allelic divergence as an indicator of ancient asexuality.

allelic divergence | loss of heterozygosity | mutation accumulation

I t has long been assumed that the absence of meiosis reduces
rates of homologous recombination to evolutionarily unim-
portant levels in asexual eukaryotes. The resultant reduction in
the efficiency of natural selection is expected to magnify the rate
of deleterious mutation accumulation and reduce the rate of
fixation of adaptive mutations, condemning asexual species to an
early extinction (1-4). Yet, despite this bleak theoretical fore-
cast, some lineages, including the bdelloid rotifers (5), oribatid
mites (6), and darwinulid ostracods (7, 8), dispensed with sexual
reproduction long ago, and the majority of animal phyla have
some obligately asexual species (9).

A substantial body of theory has been developed to account
for the evolutionary persistence of asexual species (or lack
thereof), but only a few large-scale empirical surveys have been
undertaken to characterize the molecular genetic consequences
of asexual reproduction (e.g., refs. 10 and 11). It has been
suggested that the absence of meiosis in asexual lineages causes
the two alleles at any given locus to become progressively more
divergent given that within-individual recombination (gene con-
version and/or crossing over) and chromosomal deletions occur
at negligible levels (5, 12, 13). However, with the exception of the
bdelloid rotifers, most closely studied asexual lineages fail to
exhibit high levels of neutral allelic divergence (e.g., refs. 5 and
14-16). These observations call attention to other processes that
might erode allelic divergence in real biological systems, such as
recombination, unusually effective DNA repair, automixis, or
clandestine sexual reproduction (e.g., refs. 12-16). Direct exper-
imental observations on the genomic stability of asexual lineages
are necessary to shed light on this issue.

Although mitotic recombination has been studied in many
organisms for decades (e.g., refs. 17-20), recombination in the
germ line of asexual species has rarely been directly evaluated.
Here, we define ameiotic recombination as either the reciprocal
(crossover) or nonreciprocal (gene conversion) exchange of
genetic information in apomictic germ-line cells, and we inves-
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tigate this process in 96 mutation-accumulation (MA) lines of
two microcrustaceans: Daphnia pulex and Daphnia obtusa. The
MA individuals derived from D. pulex were determined to be
obligately asexual, whereas D. obtusa is a cyclical parthenogen.
The MA lines were established from three separate isolates
(denoted D. pulex: LIN, OL3; D. obtusa: TRE), with replicate
sublines being propagated asexually by single-progeny descent in
a benign environment for an average of 83 generations. Genetic
changes in the MA lines were investigated by genotyping 126
microsatellite loci and sequencing 16 nuclear protein-coding
loci. Spontaneous loss of heterozygosity resulting from ameiotic
recombination was discovered at many loci.

Results

Of an initial microsatellite survey of 2,917 informative assays, we
detected 34 instances of a locus becoming homozygous, which we
refer to as loss of heterozygosity (LOH) incidents (Table 1 and
Table 2, which is published as supporting information on the
PNAS web site). Eighteen LOH incidents occurred in the LIN
lines, 16 in the TRE lines, and none in the OL3 lines. The allele
that was shorter in length was lost in 67% of the LOH incidents
for LIN and in 88% of the incidents for TRE. On average, 45%
of informative microsatellite loci in LIN and TRE experienced
LOH in at least one line. The number of LOH incidents per
individual line varied from zero to eight, although if loci that
experience LOH are linked physically, these events are not
necessarily independent of each other.

Of the 16 protein-coding loci, 88% for LIN, 69% for OL3, and
31% for TRE were informative in that at least one heterozygous
site was observed in the assayed fragment. We detected 13 LOH
incidents for these loci: seven for LIN, six for TRE, and zero for
OL3 (Table 1). With only one exception, all LOH tracts encom-
passed the entire length (500-1,000 bp) of the sequenced
fragment (Table 2).

LOH incidents from the LIN lines were mapped in linkage
groups I, II, and III of the Daphnia pulex genetic map (ref. 21;
Fig. 1). If LOH is due to crossing over, it is expected that
homozygosity would exist for all markers distal to a crossover
event. Indeed, this phenomenon is observed in linkage group III,
where one mutation-accumulation line has lost heterozygosity
for 15 adjacent markers, spanning a distance of 115 centimor-
gans, and appearing to extend for an entire arm of a chromo-
some. All other LOH tracts observed in our data set were
restricted to the most terminal marker of the linkage group or
less than four centimorgans in length, so for these events, we

Author contributions: A.R.O., M.E.A.C., and M.L. designed research; A.R.O. and M.E.A.C.
performed research; J.L.D. contributed new reagents/analytic tools; A.R.O., M.E.A.C., and
M.L. analyzed data; and A.R.O. and M.L. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS direct submission.
Abbreviations: LOH, loss of heterozygosity; MA, mutation accumulation.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. EF077774-EF077819).

*To whom correspondence should be addressed. E-mail: aomilian@indiana.edu.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0606435103



Lo L

P

1\

BN AN PNASN D

Table 1. Summary of loss of heterozygosity information for each MA lineage

Measurement LIN oL3 TRE
Population

No. of lines 40 21 35

Avg no. of generations 75 58 107
Protein-coding loci

No. of informative loci 14 1 5

No. of LOH events observed 7 0 6

LOH rate, incidents per locus-generation—' 0.00017 (0.00006) 0 0.00032 (0.00013)

LOH rate, per nucleotide site-generation— 0.00018 (0.00003) 0 0.00045 (0.00008)
Microsatellite loci: Genomewide survey

No. of informative loci 36 32 23

No. of LOH events observed 18 0 16

LOH rate, incidents per locus-generation—' 0.00017 (0.00004) 0 0.00019 (0.00005)
Microsatellite loci: Linkage groups |, II, Il

Avg no. of generations 82 NA NA

No. of informative loci 46 NA NA

No. of LOH events observed 48 NA NA

LOH rate, incidents per locus-generation—! 0.00032 (0.00005) NA NA

Minimum no. of exchanges 46 NA NA

Recombination rate, per 0.00467 (0.00069) NA NA

chromosome-generation—!

Numbers in parentheses are standard errors.

cannot differentiate between gene conversion and a double
crossover. Two markers underwent LOH in at least eight indi-
viduals. For linkage group III, two individuals had experienced
three similar (but not the same) LOH events.

There are several ways to quantify the rate of LOH with these
data. For the protein-coding loci, the rate of incidents per locus
is almost identical to the rate of LOH on a per-nucleotide basis
because almost all exchanges encompass the entire locus. These
rates vary considerably among the sets of experimental lines and
have an overall average (including the OL3 lines that did not
exhibit LOH) of 0.00016 (0.00009) per locus and 0.00021
(0.00013) per nucleotide per generation (Table 1). Similar
estimates were obtained for the rate of LOH in the genomewide
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Fig. 1.

survey of microsatellite loci, with an average of 0.00012 (0.00006)
over all lines (Table 1). A somewhat higher microsatellite-based
estimate is obtained from the survey of mapped loci in the LIN
lines, 0.00032 (0.00005), and from these data, the minimum rate
of exchange events per chromosome per generation is estimated
to be 0.00467 (0.00069).

Discussion

Could our observed instances of LOH be artifacts of processes
other than ameiotic recombination? PCR artifacts, such as the
preferential amplification of one allele, are unlikely to explain
our data. For each putative LOH incident in our protein-coding
data set, we performed an additional PCR, and many of these
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Map locations of LOH in linkage groups |, Il, and 1l for the LIN mutation-accumulation lines. The ancestral diploid state for each linkage group is shown

on the left, with heterozygous (informative) loci denoted by black type and uninformative loci in gray type. Numbers to the left denote map distances
(centimorgans), and numbers to the right indicate marker names. Loci revealing LOH are denoted with arrows, and numbers of individuals experiencing a
particular LOH profile are given below each profile. Arrows pointing right denote loss of the shorter allele, and those pointing left denote loss of the longer
allele.
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confirmatory PCRs were performed with a different type of Taq
polymerase and/or DNA extraction. Resequencing confirmed all
LOH incidents included in this analysis. The occurrence of null
alleles due to mutations in priming sites is a remote possibility.
However, point mutations in the animal nuclear genome have
been measured to occur at a frequency of ~107% to 1077 per
site-generation~! (22), and given an average primer length of 20
bp and the extremely conservative assumption that one mutation
within a priming site causes amplification failure, the chance of
a null allele at any given locus is not likely to exceed ~8 X 1076
per locus-generation™!. Because our observed rate for LOH is
~1074, it is unlikely that null alleles explain LOH in Daphnia.
Moreover, our mapped data provides spatial evidence against
null alleles. Most convincingly, in linkage group III, 15 inde-
pendently amplified adjacent markers experience LOH; when
linked loci show simultaneous transitions to homozygosity, amei-
otic recombination is clearly a better explanation.

A general loss of heterozygosity also could arise from mating
between male and female members of the same line. This is a
very remote possibility for the cyclically parthenogenetic TRE
lines because these lines are capable of sexual reproduction.
However, the 50% reduction in genome heterozygosity that is
expected after a bout of intraclonal mating was not observed in
any of our MA lines. Only 3 of 35 TRE lines exhibited LOH at
more than a single locus; the genomewide levels of LOH for
these three lines were just 7%, 14%, and 36%. The possibility of
intraclonal mating is even more improbable for the LIN lines
because they are derived from an obligately asexual clone. Assays
of 14 heterozygous microsatellite loci in 12 replicate hatchlings
obtained from LIN dormant eggs were 100% consistent with the
maternal genotype (probability = 2.7 X 107! under the as-
sumption of random selfing). Moreover, most LIN individuals
experiencing LOH did so for only one locus (Table 2 and Fig. 1).
Thus, the possibility of clandestine sexual reproduction in our
MA lines can be ruled out.

Nondisjunction or partial chromosome deletion can result in
LOH, although it should be emphasized that deletions can be
produced as a result of recombination (23), so their presence does
not necessarily preclude the occurrence of recombination. In any
event, several lines of evidence indicate that deletions are unlikely
to explain our data. First, every mapped tract of LOH was linked
physically with other markers that retained heterozygosity (Fig. 1),
demonstrating the presence of two distinct chromosomes. Second,
one mapped LOH event spanned nearly the entire mapped chro-
mosome length, covering a distance of at least 100 centimorgans.
Chromosomal deletions of this magnitude are unlikely to be
tolerated by most animals because of the exposure of deleterious
recessives or haploinsufficiency. Third, our observed instance of
partial LOH is evidence against hemizygosity, because the cloning
and subsequent sequencing of this locus revealed two distinct
alleles. Although we cannot entirely rule out partial chromosomal
deletions as a mechanism for LOH at some loci, very small deletions
would be expected to yield unexpectedly short PCR products, which
we never observed.

Studies of somatic tissues often report that LOH is due to
mitotic recombination (e.g., refs. 24-27), and studies of mitotic
recombination describe features of this process that we observed
in our data. First, mitotic recombination has been reported to
show hot spots of activity (e.g., 20, 24, 28). Hotspots of ameiotic
recombination also may occur in Daphnia, because 21 of the 27
LIN chromosomes with mapped LOH events were associated
with just two of the 46 informative markers (Fig. 1). Most LOH
incidents were at the most terminal mapped marker for a given
chromosome, indicating that LOH may occur more readily at
distal chromosome regions in Daphnia. Alternatively, proximal
crossovers would cause more loci to become homozygous,
thereby increasing the likelihood of exposing lethal recessives,
leaving the false impression of a higher recombination rate in
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distal regions. In either event, one prediction that should be
addressed with future studies is that asexuals may be more
homozygous at distal chromosome regions than their sexual
counterparts, and ancient asexuals may have a greater percent-
age of homozygous chromosome tips than young asexuals.

Second, previous studies of mitotic recombination report
negative interference such that one recombination event in-
creases the chances that another event will occur on the same
chromosome (20, 29). In our data set, two individuals had LOH
profiles, suggesting that at least four exchange events resulted in
two LOH tracts at the tips and one in the interior of linkage
group IIT (Fig. 1). Excluding these two individuals from the
analysis yields an estimated rate of exchange events for linkage
group III of 0.00417, similar to the overall average noted above,
which implies an ~0.0005 probability of observing four or more
events on one chromosome after 83 generations in the LIN lines
under the assumption of no interference and an ~0.0002 prob-
ability of observing two of 40 lines with such an extreme
condition. Our data tentatively support the hypothesis of neg-
ative interference (reinforcement) between recombination
events.

Thus, our direct observations are fully consistent with the
frequent occurrence of recombination in asexual lineages of
Daphnia. In our experimental lines, ameiotic recombination
frequently causes LOH rates (1) >10"* per site-generation™!. In
contrast, for animal species, the rate of base-substitution muta-
tion (p) is ~1078 to 1077 per site-generation—! (22). This implies
that spontaneous LOH resulting from ameiotic recombination in
Daphnia occurs ~1,000X faster than the rate of production of
new nucleotide heterozygosity by mutational input. Although
this recombination is internal and does not allow genetic ex-
change across lineages as in outcrossing sex, our observation of
ameiotic recombination shows that one of the bedrock assump-
tions of “evolution-of-sex” theory, that asexual lineages acquire
variation through mutational input only, is substantially violated
in a real biological system.

These results challenge the view that the two alleles at any
given locus will indefinitely accumulate independent mutations
when sexual reproduction ceases within a diploid lineage, the
so-called “Meselson effect.” In the absence of any cross-talk
between alleles, the expected rate of gain of sequence heterozy-
gosity at neutral homozygous sites is 2u, and with simultaneous
occurrence of LOH, the expected equilibrium level of sequence
divergence at neutral sites is 2u/[(8/3) + A], or between 0.0002
and 0.0020 at the rates noted above. Because the average (and
SD) standing levels of silent-site heterozygosity in sexually
reproducing vertebrates and invertebrates are 0.0041 (0.0030)
and 0.0265 (0.0142), respectively (22), and similar values can be
expected for newly arisen parthenogens, our results provide a
simple explanation for the low levels of allelic divergence
frequently encountered in asexual lineages. With ameiotic re-
combination eliminating heterozygosity so much faster than
mutation replenishes it, clonal lineages are generally expected to
experience losses of allelic variation over time except when
initiated from unusually homozygous individuals, and even in the
latter case, the increase is unlikely go beyond what is typically
seen in outcrossing species.

There are two potential concerns with the generality of this
conclusion. First, one set of lines in our study (OL3) yielded no
evidence of ameiotic recombination. Using the average rates for
the LIN and TRE lines (Table 1), the probabilities of observing
no LOH incidents at protein-coding and microsatellite loci in the
OL3 lines by chance are 0.0394 and 0.0009, respectively. Al-
though we cannot rule out the possibility that the OL3 lineage
has a substantially reduced recombination rate, as drastic rate
differences have been reported in other systems (30), an alter-
native possibility is that the ancestral OL3 genotype harbors a
substantial load of recessive deleterious mutations. Exposure of
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inviability or sterility mutations by LOH events would prevent
the propagation of lines that experienced ameiotic recombina-
tion, leading to the false impression of reduced recombinational
activity. The OL3 lines were notably less hardy than either the
LIN or TRE lines: We resorted to backup stocks twice as often
in the propagation of OL3 lines (doubling the opportunity for
selection), the number of lines surviving to the time of assay was
reduced by ~50%, and the average number of generations was
reduced by ~36% (Table 1). Sexual clones within the D. pulex
complex often exhibit substantial inbreeding depression (31),
and for this reason, even our estimated rates of recombination
in the LIN and TRE lines may be downwardly biased.

A second issue of relevance is the impact of chromosomal
location on the sensitivity of a locus to LOH. Although we are
unable to formally distinguish between large tracts of gene
conversion and crossover events for most chromosomal alter-
ations, some regions appear to be much more vulnerable to
ameiotic recombination than others (e.g., the tips of linkage-
group IIT; Fig. 1). With a mutation rate of u = 1077, a 100-fold
reduction of A to 107 would lead to an expected silent-site
heterozygosity of 0.158 under mutation-recombination balance.
Because this level of divergence will act as a strong deterrent to
homologous recombination (32, 33), regions with low A can be
expected to enter the domain of the Meselson effect, i.e.,
indefinite neutral allelic divergence. Thus, to a degree that
depends on the regional constraints on recombination and the
stochastic nature of the process, asexual genomes may progres-
sively develop mosaic patterns of allelic divergence, as may be
the case in bdelloid rotifers (5).

Nevertheless, our results are consistent with many other
studies that have failed to find high levels of allelic divergence in
asexual organisms. Recombination often has been suggested as
one of several possible reasons for this observation (12-15,
34-37). However, previous studies have been unable to convinc-
ingly rule out other possible explanations for this phenomenon,
such as a more recent transition to asexuality than expected (14),
low mutation rate (15, 35), or sexual reproduction (14). Even
studies that infer recombination based on phylogenetic or other
statistical approaches suffer from the uncertainty that the de-
tected recombination events occurred before the lineage tran-
sitioned to asexuality (37). By allowing the direct tracking of
chromosomal alterations while also ensuring that sexual repro-
duction is not occurring, our Daphnia MA lines provide a
convincing demonstration of substantial heritable recombina-
tion in the absence of meiosis.

Although a substantial body of theory has addressed the
evolutionary advantages of sexual vs. asexual reproduction,
nearly all such theory assumes that the loss of sexual reproduc-
tion is accompanied by the complete loss of recombination.
Thus, our observations have three major implications for our
understanding of the consequences of transitions to asexuality.
First, the occurrence of ameiotic recombination helps explain
the dearth of allelic divergence observed in many putatively
ancient asexual lineages, underscoring the risks associated with
the use of neutral allelic divergence to estimate the age of diploid
asexuals and demonstrating that ancient asexuals are likely to be
more widespread than previously thought.

Second, ameiotic recombination provides some evolutionary
flexibility in asexual lineages. Depending on the location of
recombination breakpoints and the manner in which heterodu-
plex DNA is resolved, asexually produced progeny may inherit
alleles that are mosaics of the parental alleles, a substantial
contrast to conventional wisdom that acknowledges mutational
input as the only source of new variation.

Third, recombination will alter the expected extinction dy-
namics of an asexual population. Because 25% of the progeny
experiencing an ameiotic recombination event will be homozy-
gous for each parental chromosomal region within the tract,
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some offspring clones (those with a net exposure of deleterious
recessive alleles) will be worse off than the parent clone, whereas
a subset might experience improved fitness relative to the
heterozygous parental state. Whether the latter condition will
occur at an appreciable frequency will depend on the net
distribution of heterozygous and homozygous fitness effects of
mutations within a typical recombination tract. Deleterious
mutations with the maximum effect on the viability of clonal
populations are those with effects in the neighborhood of 1/N¢,
where N, is the effective population size, because these muta-
tions are quite vulnerable to fixation by random genetic drift
while still having an appreciable effect on fitness (38). Because
ameiotic recombination effectively reduces the rate of long-term
inheritance of mutations by 50% while at least doubling their
effects (depending on the degree of dominance) (39), the degree
to which ameiotic recombination influences the viability of
asexual lineages will depend critically on the extent to which the
distributions of deleterious fitness effects of heterozygous vs.
homozygous mutations reside within the vicinity of 1/N,. Be-
cause the details of these parameters remain to be determined,
it is premature to say whether our results mean that the
evolutionary prospects of asexuals are better or worse than
previously believed, but the fact that LOH is occurring at a much
higher rate than mutation indicates that conventional theoretical
models for the evolutionary dynamics of asexual populations
should be reevaluated.

Materials and Methods

Daphnia Mutation-Accumulation Line Maintenance. Single female
individuals of Daphnia pulex (designated LIN and OL3) and D.
obtusa (TRE) were isolated from three temporary ponds (lo-
cated in Linwood, ON, Canada; Barry County, MI; and Trelease
Woods, IL, respectively). Most Daphnia are cyclical partheno-
gens, capable of both sexual and apomictic reproduction. How-
ever, obligately asexual lineages do exist (40—42), and asexual
reproduction in several species of Daphnia has been shown to be
ameiotic (e.g., refs. 43 and 44). LIN and OL3 were determined
to be obligately ameiotic parthenogens, whereas TRE was
determined to be a cyclical parthenogen by following established
methods in ref. 45.

Daphnia were maintained under standard conditions at 20°C
and fed ad libitum with a suspension of vitamin-fortified
Scenedesmus obliquus. MA lines were initiated from 48 to 50
single progeny derived from a single stem mother and, subse-
quently, maintained by following described methods in refs. 46
and 47. Our protocol for propagating lines was as follows: 10-12
(LIN), 12-14 (OL3), or 8-10 (TRE) days after the previous
transfer, a single randomly chosen daughter was transferred to
a new beaker, and two of her sisters were transferred into
separate vessels to serve as back-ups, in case the focal individual
died without producing female offspring. Backups were used in
15-20% of the transfers, usually because the focal individual
produced only dormant eggs (OL3 and LIN) or male (TRE)
offspring. The use of backups potentially leads to a downward
bias in our LOH rate estimates, because LOH that is lethal or
substantially retards the production of immediately developing
female offspring will be underrepresented.

Microsatellite Loci. Protocols for microsatellite DNA amplifica-
tion, genotyping, and primer design are described in Table 3,
which is published as supporting information on the PNAS web
site, and ref. 21. Initially, 59 microsatellite loci were genotyped
in 96 individual lines (40 LIN, 21 OL3, and 35 TRE) for a total
of 5,664 loci. Forty-three percent of these loci, previously
mapped in D. pulex (21), revealed linkage groups in which LOH
had occurred. An additional 67 markers were then analyzed on
three of the longest linkage groups (I, II, and III) spanning a total
genetic distance of 500 centimorgans and an average distance
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between adjacent markers of ~7.5 centimorgans. This linkage-
group analysis only included the LIN lines (40 individuals),
because the OL3 lines did not exhibit LOH, and the TRE lines
are derived from an unmapped species.

Microsatellite loci were analyzed with GeneMapper Software
v3.0 (Applied Biosystems). Individuals that showed evidence of
LOH were reanalyzed with a different dye and an excess of Taq
polymerase as a precautionary measure to avoid the differential
amplification of one allele (48). Loci that could not be scored
unambiguously or manifested a signature of differential ampli-
fication of one allele (i.e., pronounced difference in peak height
between the two alleles) were excluded from the analysis.

Protein-Coding Loci. Sixteen protein-coding loci were sequenced
for individuals from 96 MA lines (40 LIN, 21 OL3, and 35 TRE)
for a total of 1,536 loci. Primers were designed from conserved
regions in genes present in both D. pulex and D. magna cDNA
libraries (Table 4, which is published as supporting information
on the PNAS web site). Details about DNA extraction, PCR
amplification, and sequencing of Daphnia nuclear loci are de-
scribed in ref. 49, and we used similar protocols with the
following major exceptions. One unit of Tag polymerase (Ep-
pendorf, Hamburg, Germany) was used for each PCR, and PCR
products were purified with solid-phase reversible immobiliza-
tion (50). LOH incidents were identified as MA-line electro-
pherograms that were devoid of polymorphisms at ancestrally
heterozygous nucleotide sites. LOH tracts extended the length of
the analyzed fragments except for one locus. This locus was
cloned with an Invitrogen (Carlsbad, CA) TOPO TA Kkit, a
QIAprep Spin miniprep kit (Qiagen, Valencia, CA) was used for
plasmid purification, and a T7 primer was used to sequence the
cloned inserts.

DNA sequence electropherograms were analyzed with
CodonCode Aligner software v1.4.3. To rule out PCR and
sequencing errors, LOH was confirmed by reamplification with
a different Taqg polymerase (Clontech, Palo Alto, CA) and
resequencing. Only LOH events supported by data from two
independent PCRs were used for our analysis. For the confir-
matory PCRs, fresh DNA extractions were often used (50% of
the time), and because these extractions were performed at a
later date, the extracted individual was advanced in the number
of generations of mutation accumulation. For all confirmatory
PCRs (including microsatellite loci) that used individuals that
were advanced in their number of generations of mutation
accumulation, LOH events persisted across generations of asex-
ual reproduction; this indicates that LOH occurs in the germ line
and is heritable.

A BLAST search for each protein-coding locus recovered the
following highly significant hits: ATP synthase epsilon chain,
B-tubulin, calcium binding protein, cell division cycle protein,
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Cambridge, UK).
3. Lynch M, Biirger R, Butcher D, Gabriel W (1993) J Hered 84:339-344.
4. Hurst LD, Peck JR (1996) Trends Ecol Evol 11:46-52.
5. Mark Welch D, Meselson M (2000) Science 288:1211-1215.
6. Palmer SC, Norton RA (1992) Biochem System Ecol 20:219-231.
7. Butlin RK, Griffiths HI (1993) Nature 364:680.
8. Martens K, Rossetti G, Horne DJ (2003) Proc R Soc London Ser B 270:723-729.
9. Bell G (1982) The Masterpiece of Nature: The Evolution and Genetics of Sexuality
(Univ Calif Press, Berkeley, CA).
10. Arkhipova I, Meselson M (2000) Proc Natl Acad Sci USA 97:14473-14477.
11. Arkhipova IR, Morrison HG (2001) Proc Natl Acad Sci USA 98:14497-14502.
12. Normark BB, Judson OP, Moran NA (2003) Biol J Linn Soc Lond 79:69—-84.
13. Birky CW (1996) Genetics 144:427-437.
14. Normark BB (1999) Evolution (Lawrence, Kans) 53:1458-1469.
15. Schon I, Martens K (2003) Proc R Soc London Ser B 270:827-833.
16. Schaefer I, Domes K, Heethoff M, Schneider K, Schon I, Norton RA, Scheu
S, Maraun M (2006) J Evol Biol 19:184-193.

18642 | www.pnas.org/cgi/doi/10.1073/pnas.0606435103

cleavage stimulation factor, engrailed, glyceraldehyde-3-
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be part of the same recombination event.

We thank M. Zolan, D. Denver, D. Scofield, T. Crease, D. Taylor, and
two anonymous referees for helpful advice; J. Colbourne (Indiana
University Center for Genomics and Bioinformatics, Bloomington, IN)
provided the Daphnia cDNA libraries for primer design; and C. Puzio,
A. Danielson, V. Cloud, Y. Radivojac, and B. Molter provided technical
assistance. This work was supported by a National Science Foundation
IGERT fellowship (to A.R.O.), a Natural Sciences and Engineering
Research Council fellowship (to M.E.A.C.), a National Institutes of
Health Kirchstein fellowship (to J.L.D.), and National Science Founda-
tion and National Institutes of Health grants (to M.L.).

17. Stern C (1936) Genetics 21:625-730.

18. Panthier JJ, Guenet JL, Condamine H, Jacob F (1990) Genetics 125:175-182.

19. Osman F, Subramani S (1998) Prog Nucleic Acid Res Mol Biol 58:263-299.

20. Hagstrom SA, Dryja TP (1999) Proc Natl Acad Sci USA 96:2952-2957.

21. Cristescu MEA, Colbourne JK, Radivojac Y, Lynch M (2006) Genomics
88:415-430.

22. Lynch M (2006) Mol Biol Evol 23:450-468.

23. Aguilera A, Chavez S, Malagon F (2000) Yeast 16:731-754.

24. Shao C, Deng L, Henegariu O, Liang L, Raikwar N, Sahota A, Stambrook PJ,
Tischfield JA (1999) Proc Natl Acad Sci USA 96:9230-9235.

25. Tsang PWK, Cao B, Siu PYL, Wang J (1999) Microbiology 145:1623-1629.

26. Luo G, Santoro IM, McDaniel LD, Nishijima I, Mills M, Youssoufian H, Vogel
H, Schultz RA, Bradley A (2000) Nat Genet 26:424—429.

27. Blackburn AC, McLary SC, Naeem R, Luszcz J, Stockton DW, Donehower LA,
Mohammed M, Mailhes JB, Soferr T, Naber SP, et al. (2004) Cancer Res
64:5140-5147.

28. Wijnhoven SWP, Sonneveld E, Kool HIM, van Teijlingen CMM, Vrieling H
(2003) Carcinogenesis 24:139-144.

29. Garcia-Bellido A (1972) Mol Gen Genet 115:54-72.

Omilian et al.



SINPAS

. Chamnanpunt J, Shan W-x, Tyler BM (2001) Proc Natl Acad Sci USA

98:14530-14535.

. Deng HW, Lynch M (1997) Genetics 147:147-155.

. Inbar O, Kupiec M (1999) Mol Cell Biol 19:4134—-4142.

. Opperman R, Emmanuel E, Levy AA (2004) Genetics 168:2207-2215.

. Butlin RK, Schon I, Martens K (1998) Heredity 81:473—480.

. Schon I, Butlin RK, Griffiths HI, Martens K (1998) Proc R Soc Lond Ser B

265:235-242.

. Butlin RK (2000) Trends Ecol Evol 15:389-390.

. Gandolfi A, Sanders IR, Rossi V, Menozzi P (2003) Mol Biol Evol 20:754-761.
. Gabriel W, Lynch M, Biirger R (1994) Evolution (Lawrence, Kans) 47:1744-1757.
. Lynch M, Conery J, Biirger R (1995) Evolution (Lawrence, Kans) 49:1067-

1080.

Omilian et al.

. Banta AM (1925) Z Indukt Abstamm Vererbungsl 40:28-41.

. Hebert PDN, Crease TJ (1980) Science 207:1363-1365.

. Innes DJ, Hebert PDN (1988) Evolution (Lawrence, Kans) 42:1024-1035.

. Schrader R (1925) Z Indukt Abstamm Vererbungs! 40:1-36.

. Zaffagnini F, Sabelli B (1972) Chromosoma 36:193-203.

. Innes DJ, Schwartz SS, Hebert PDN (1986) Heredity 57:345-355.

. Lynch M, Latta L, Hicks J, Giorgianni M (1998) Evolution (Lawrence, Kans)

52:727-733.

. Lynch M (1985) Evolution (Lawrence, Kans) 39:804-818.

. Walsh PS, Erlich HA, Higuchi R (1992) PCR Methods Appl 1:241-250.

. Omilian AR, Taylor DJ (2001) Mol Biol Evol 18:2201-2212.

. Elkin CJ, Richardson PM, Fourcade HM, Hammon NM, Pollard MJ, Predki

PF, Glavina T, Hawkins TL (2001) Genome Res 11:1269-1274.

PNAS | December5,2006 | vol. 103 | no.49 | 18643

EVOLUTION



