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ABSTRACT

Nearly all eukaryotes reproduce sexually, either constitutively or facultatively,
and nearly all that are thought to be asexual arose recently from sexuals,
suggesting that loss of sex leads to early extinction. In apparent exception, there
are several groups of ancient origin that have been thought to be entirely asexual.
Of these, the most extensively studied are the rotifers of Class Bdelloidea. Yet the
evidence for their asexuality is entirely negative -- the failure to establish the
existence of males or hermaphrodites. Nevertheless, there is a growing body of
evidence that bdelloids do reproduce sexually, albeit rarely, retaining meiosis-
associated genes and, in a limited study of allele sharing in the bdelloid
Macrotrachela quadricornifera, displaying a pattern of genetic exchange
indicating recent sexual reproduction. Here we present a much larger study of
allele sharing in the same system, clearly showing the occurrence of sexual
reproduction, thereby removing the principal challenge to the generalization that
sexual reproduction is essential for long-term evolutionary success in
eukaryotes. We also discuss the relation between bdelloid life history and
population structure and a possible benefit of outcrossing in restoring beneficial
genome-wide epistatic interactions disrupted by loss of heterozygosity.

STATEMENT OF SIGNIFICANCE: Many hypotheses have been advanced to
explain why, despite its substantial costs, sexual reproduction is nearly universal
in eukaryotes and why the loss of sex generally leads to early extinction--a major
problem in current evolution theory. Posing a challenge to all such hypotheses
are a few groups of ancient origin that have been thought to be entirely asexual.
Of these, the most extensively studied are the rotifers of Class Bdelloidea. Here
we show that a bdelloid species is facultatively sexual, removing what had been a
long-standing challenge to hypotheses for the benefit of sex. We also suggest
that genome-wide beneficial epistasis may contribute to the advantage of sex
over asex in diploids and to the predominance of diploidy over haploidy in

eukaryotes.
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MANY hypotheses have been advanced to explain why, despite its substantial costs,
sexual reproduction, meiotic segregation and outcrossing, is nearly universal in
eukaryotes and why its loss generally leads to early extinction--a major problem in
evolution theory (1-5). Posing a challenge to all such hypotheses are a few groups of
ancient origin that have been considered to be entirely asexual (6). Of these, the most
extensively studied are the rotifers of Class Bdelloidea (7) (Fig. 1). First described
nearly 350 years ago (8, 9), bdelloids are minute freshwater invertebrates commonly
found in lakes, ponds and streams, swimming free or attached to surfaces, and in
ephemerally aquatic habitats such as temporary pools and the water films on lichens
and mosses. Characterized by their ciliated head and bilateral ovaries, bdelloids are
classified in 4 families, 19 genera and some 500 morphospecies. The bdelloid radiation
began tens of millions of years ago, as shown by the synonymous site difference
between families and by the presence of bdelloid remains in ancient amber. Although
typically only several tenths of a millimeter in size and containing only ca. 1,000 nuclei,
mostly in syncytial tissues, they have ganglia, muscles, digestive, excretory,
reproductive and secretory systems; photosensitive and tactile sensory organs; and
structures for crawling, feeding and swimming. Bdelloids are degenerate tetraploids,
descended from an ancient tetraploid ancestor (10-13).

The only observed means of bdelloid reproduction is from eggs produced in well-
differentiated ovaries, with no reduction in chromosome number (14, 15). A few days
after deposition a young bdelloid emerges and a few days later commences egg-laying,
producing up to 32 eggs over a period of up to a few weeks during which there is little
death, after which the death rate increases more or less exponentially (16, 17).
Depending on species and conditions, the mean time from egg deposition to death is
about a month (17-19). Bdelloids are eutelic, with no cell division after eclosion except
in the germ line.

Bdelloids as a class are extremophiles, being able to survive prolonged
desiccation, some species more than others, as well as starvation and extremes of
temperature, and to resume reproduction upon restoration of favorable conditions,
highly unusual abilities probably apomorphic to the Class (20—22). Bdelloids have an
extremely effective system of anti-oxidant protection, as manifested by their extreme
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resistance to ionizing radiation and to IR-induced protein carbonylation (23, 24),
apparently an adaptation to avoid the oxidative damage caused by desiccation in other
systems (25, 26).

Although bdelloids have been systematically studied ever since adequate
microscopes became available (27, 28), there is no confirmed evidence of males or
hermaphrodites. It has been estimated that some 500,000 bdelloids from a variety of
habitats and from laboratory culture have been examined by contemporary rotifer
workers without ever having seen males or hermaphrodites (29). The only report to the
contrary, in a treatise otherwise devoted to observations of males and sexual periods of
the facultatively sexual rotifers of Class Monogononta, is a hesitant account of having
twice seen a single male among many bdelloids of species Rotaria rotatoria “present in
almost incredible numbers” under the ice of a frozen lake in Denmark during a
population bloom in November 1923, there being almost no bdelloids there the following
summer (30). Sampling conducted there in January 2019 found few bdelloids, no males
and no ice, the winter of that year having been among the warmest on record (Martin
Sorensen, personal communication).

Despite the failure to document the existence of males, it may be that bdelloids
reproduce sexually only rarely and under conditions not yet adequately investigated—a
possibility made less implausible by estimates that outcrossing of Saccharomyces
cerevisiae in the field may occur as seldom as once in 25-50,000 generations (31, 32),
owing to the repression of meiosis which, however, can be relieved in the laboratory by
growth in specific media.

In the following, we review findings once interpreted as evidence for bdelloid
asexuality but now known to have other explanations and summarize recent genomic
evidence strongly suggestive of bdelloid sex. We then present an extensive study of
allele sharing in the bdelloid Macrotrachella quadricornifera demonstrating the
occurrence of sexual reproduction. We also discuss a possible benefit of outcrossing in
restoring beneficial genome-wide epistatic interactions disrupted by loss of
heterozygosity, the relation between bdelloid life history and population structure, and
its implications for how bdelloid males and mating might be discovered.
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Findings formerly interpreted as evidence for ancient asexuality
Heterozygosity. In sexuals, heterozygosity caused by mutation is limited by gametic
drift. Supposing that, if anciently asexual, bdelloids might therefore exhibit high levels
heterozygosity, Mark Welch and Meselson compared the synonymous site difference
between copies of several genes in bdelloids and in facultatively sexual monogonont
rotifers. Finding the differences in bdelloids to be much higher than in monogononts and
finding the synonymous site mutation rate in bdelloids to be no higher than that in
monogononts and considering ancient polyploidy, unknown at the time in any sexually-
reproducing animal, to be unlikely, they interpreted their findings as evidence that
bdelloids had evolved asexually (33, 34). Continued investigation, however, showed
that bdelloids are degenerate tetraploids, and that the highly diverged gene copies are
homeologs, not homologs (10, 11). Bdelloid heterozygosity, the difference between
homologs, lies within the range known for sexuals, providing no evidence for asexuality.
Meanwhile, mutation accumulation studies with asexual Daphnia pulex and
Saccharomyces cerevisiae unexpectedly found that the frequency with which a
nucleotide site is covered by a tract of homozygosity, as may result from germline
mitotic crossing-over at the four-strand stage or by certain processes of DNA damage
repair, is much greater than the frequency of nucleotide substitution (35-38). In sexuals,
heterozygosity lost by such processes can be regained by outcrossing. But if bdelloids
are ancient asexuals and loss of heterozygosity is more frequent than substitution, the
lack of outcrossing should be manifested as unusually low heterozygosity, the opposite
of what had been thought (32, 39). The observation that bdelloid heterozygosity is within
the range known for sexual taxa therefore suggests that bdelloids may be sexual, with
lost heterozygosity regained by occasional outcrossing. The moderate levels of
heterozygosity seen in other putative ancient asexuals (6, 40) would then suggest that

they too engage in outcrossing.

Paucity of retrotransposons. In a test for asexuality based on the expectation that an
asexual population would eventually either become devoid of pre-existing deleterious
vertically-transmitted transposable elements or be driven to extinction by their increase
(41, 42), Arkhipova and Meselson (43—45) surveyed the genomes of bdelloids and of
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monogononts and other sexually-reproducing species of diverse phyla for sequences
coding for reverse transcriptases of LINE-like retrotransposons. Such sequences were
found to be abundant in all the taxa known to reproduce sexually but were not detected
in any of the bdelloids, while DNA transposons, transmitted horizontally, were found to
be abundant. Nevertheless, although bdelloids are nearly devoid of LINE-like
retrotransposons, later work showed that they are not entirely absent (46, 47) and that
bdelloids have particularly effective retrotransposon silencing systems (48). Although
unusual, the paucity of LINE-like retrotransposons is therefore non-evidentiary as
regards bdelloid sexuality. Consistent with asexuality but also not decisive, is the
presence of odd chromosome numbers in some bdelloid species (14, 49).

Genome structure. Flot et al. (12) reported a draft genome sequence of the bdelloid
Adineta vaga having numerous breaks in the colinearity of homologous regions and
individual scaffolds containing genes in direct or palindromic repeats but no copy
elsewhere in the genome, a situation incompatible with the existence of homologous
chromosome pairs and in which segregation with independent assortment would
generally give rise to inviable zygotes. These features led the authors to conclude that
bdelloids had evolved ameiotically. But subsequent genomic sequencing of three other
bdelloid species, including Adineta ricciae, a close relative of A. vaga, found that the
unusual genomic features that had been interpreted as evidence for ameiotic evolution
are largely absent, suggesting that their apparent presence in A. vaga resulted from
mis-assembly (13) as later shown to be the case by the demonstration of homologous
chromosome pairs in this species (50).

Previous Evidence for Sexual Reproduction

Allele sharing. A finding of two individuals closely related with respect to a given
genomic region but more distantly related with respect to its homolog, a form of
phylogenetic noncongruence known as allele sharing, would mean that recently in their
ancestry the region had undergone some form of genetic exchange between
individuals, as by sexual reproduction, homologous horizontal transfer, or parasexuality.
Examining the sequences of both homologs in each of four genomic regions 2.4 to 9.7
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kb in length, Signorovitch et al. (51) found at each region a striking example of allele
sharing among three isolates of the bdelloid M. quadricornifera, designated MA, MM,
and CR, collected at widely separated sites but all belonging to the same mitochondrial
clade (S71 Appendix, Text 1 Methods). At each of the four regions, a homolog of MA
was found to be identical to a homolog of MM while the other homolog of MA was
identical to a homolog of CR in two regions and nearly so in the other two. All other
inter-homolog differences, within and between isolates, almost entirely single nucleotide
substitutions, were 1-3 percent, typical of large genetically diverse outbreeding
populations. These findings argued strongly for recent sexual exchange but suggested
that the four regions may not have recombined, as in certain plants in which entire
haplotypes remain intact through meiosis (52). At the time, the suggestion of no
recombination appeared to gain support from the earlier although subsequently
disproven report that A. vaga lacks homologous chromosome pairs and has additional
features incompatible with independent assortment and crossing-over (12). The
conclusion of Signorovitch et al. (51, 53) that the allele sharing they observed was
evidence for sexual reproduction was disputed by Debortoli et al. (54) who suggested
on the basis of their studies in A. vaga that it resulted instead from horizontal transfer.
Their evidence for horizontal transfer was challenged, however, by Wilson et al. (55)
who showed that it could be explained as the result of cross-contamination among

isolates.

Meiosis-related genes. Nowell et al. (13) sequenced the genomes of four bdelloid
species belonging to two bdelloid families and searched for the proteomes of 12 genes
considered to be meiosis-specific. Proteomes of all but one, red1, were found in all four
species but neither was red? found in Drosophila melanogaster, a sexual species
known to lack it. The presence of proteomes of these 11 meiosis-related genes in each
of the four bdelloid species suggests that they are under selection for the same
functions they serve in sexuals and therefore that bdelloids engage in meiosis.
Although Flot et al. (12) did not find five of these genes in their assembly of the A. vaga
genome, their detection in four other bdelloid species suggests that they are present in

A. vaga as well.
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Homologous chromosome pairs and Hardy-Weinberg Equilibrium

Recently, phased sequencing of A. vaga and hybridization in situ revealed that its
12 chromosomes constitute 6 homologous pairs, a finding interpreted by the authors as
evidence of automixis (50). Other recent sequencing found Hardy-Weinberg equilibrium
and a fall-off of linkage with distance within a group of 11 isolates of A. vaga,
suggested by the authors to be a result of horizontal gene transfer (56). Nevertheless,
all these findings may be more conventionally explained as evidence for sexual
reproduction with outcrossing and, taken together with the earlier finding of allele
sharing in M. quadricornifera suggest that bdelloids are facultatively sexual with

outcrossing, as clearly shown by the much larger study of allele-sharing reported here.

Results and Discussion

Alignments. As described more fully in Methods (S/ Appendix, S1), we obtained
phased sequences of a large number of genomic regions of M. quadricornifera isolates
MA, MM and CR by aligning individual Nanopore reads of MA against the combined
megabubbles of the three isolates obtained by 10x sequencing and assembly with
Supernova 2.1.1. From the resulting alignments, we selected those that were co-linear
with the Nanopore read and which included a pair of homologs from at least two of the
three isolates. The megabubble sequences were then realigned among themselves and
trimmed with Gblocks to remove indels, repeats and overhangs, neither adding to nor
rearranging sequences. We then rejected the shorter alignments when two or more
overlapped and the five alignments in which both homologs of MM or CR differed by
more than 10% from both homologs of MA. This may occur when, owing to a deletion in
MM or CR occurring since their divergence from MA, there is no MM or CR sequence
homologous to the Nanopore read, leaving only the homeologous sequence to align
with it. This left for analysis 1,177 non-overlapping alignments representing as many
separate genomic regions, 331 with all three isolates, 291 with MA and MM, 110 with
MA and CR and 445 with MM and CR, having a mean length of 12,490 bp (range 2,051
- 32,937 bp), altogether covering 14.7 Mb, approximately 4% of the ca. 360 Mb M.
quadricornifera genome (SI Appendix, Table S2). Matrices giving pair-wise differences

between homologous sequences, phylograms and “tic” plots of the spatial distribution of
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differences between homologs are given in Table 1 for four representative regions and
for all 1,177 regions in Supplemental Information (S/ Appendix, Tables S1-3).

Frequency of identical sharing. Half of the MA-MM and MA-MM-CR alignments, 315
of 622, comprise a discrete class in which a homolog of MA is identical to a homolog of
MM (Fig. 2B). The frequencies of identical MA-MM sharing in the MA-MM and MA-MM-
CR alignments considered separately are 0.519 and 0.495, respectively or 0.506 overall
(S.E. =0.02) (Table 2). MA and MM also share identical homologs with CR, but in a
much smaller proportion of the alignments (Table 2; Fig. 2A, C). CR shares identical
homologs with MA in 12 of 441 alignments, and with MM in 18 of 776 alignments, or
2.7% and 2.3% respectively. In alignments without identical sharing the differences
between the homolog of MA most similar to a homolog of MM form a broad distribution
with a mean of 0.96 SNPs per 100 bp (S.E. = 0.61), Fig. 2B.

Most or all of the regions identically shared between MA and MM must be
considerably longer than the alignments in which we find them, as shown in a plot of the
frequency of identical MA-MM sharing against alignment length in consecutive intervals
each comprising 76-79 alignments (Fig. 4). The frequency of identical sharing is not
significantly different from 50 percent in even the longest alignments.

Genealogy. MA and MM share a homolog in a discrete class amounting to half of the
MA-MM and MA-MM-CR alignments while their other homologs, within and between MA
and MM, are substantially diverged, as expected for diploids related as grandchild and
grandparent, half siblings, aunt and uncle or nephew and niece in a large genetically
diverse panmictic population. The near equality of MA-CR and MM-CR sharing
frequencies indicates that CR is equidistant from MA and MM and therefore that MA
and MM are not grandparent and grandchild or aunt/uncle-nephew/niece but rather half
siblings or double first cousins.

Inspection of tic plots for the triple alignments reveals a minority with long interior
regions of MA-MM identity covering most but not all of the alignment (S/ Appendix,
Table S5). In these regions there is substantial divergence from CR, showing that such
identity is not the result of extreme conservation but instead is likely to reflect more
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remote relationships between MA and MM in addition to their relation as half siblings or
double first cousins. Similarly, alignments in which CR is identical to MA or MM over
much but not all the alignment are likely to reflect remote relationships between CR and
MA and between CR and MM. In general, more distant relations will be manifested as
shorter regions of identity by descent, owing to the recombination that occurs at each
meiosis. For individuals related as half-sibs or double first cousins the regions of identity
by descent from their common grandparents, assuming one cross-over per meiosis in
each arm of the 10 chromosomes of M. quadricornifera, will average several Mbp in
length, far longer than our longest alignments, consistent with the observation that the
frequency of identically shared regions we see does not fall off with their length (Fig. 4).

Homozygosity. In each of the three isolates there are a few regions that are entirely
homozygous (Table 2). No more frequent in the shorter half of the alignments than in
the longer half, they must generally be longer than the alignments in which they occur.
These regions may be identical by descent or may have arisen by conversion or by
germ-line mitotic crossing-over. The few alignments in which these processes may have
erased evidence of sharing are not included in the totals given above or in Table 2.

Recombination. The pattern of sharing in each of the four regions examined by
Signorovitch et al. (51), in which MA shares homologs with both MM and CR, suggested
to them that entire haplotypes may have passed through meiosis without recombination.
In contrast, we find this pattern only 4 of our 331 much longer MM-MA-CR alignments. It
may be that the pattern encountered in the earlier study resulted from identity by
descent from remote ancestors, in which case such regions would generally be shorter
than our alignments and therefore not counted as allele sharers. That recombination
definitely occurs is seen in the observation that MA and MM do not share entire
haplotypes but only a quarter of their genomes and share even less with CR and as is

also evident in the many alignments in which there are segments of identical sharing.
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Horizontal transfer, Contamination and Parasexuality

That 315 of the 622 regions we examined in MA and MM share an identical allele
cannot be explained as the result of horizontal transfer, parasexuality or any sort of
contamination. For this to have occurred by HGT would require massive transfer of long
DNA segments coincidentally at just half the regions and somehow prevented from ever
transferring both homologs, the configuration a/b a/b being absent from the alignments
that include MA and MM. The absence of such double sharing and, independently, the
remapping of the lllumina reads on the 1,177 haplotypes (SI Appendix Text S1,
Methods), show that there was no contamination in the input DNA, the sequencing or
anywhere in the workflow leading to our 1,177 alignments.

Neither can the observed allele sharing be explained as the result of
parasexuality. In the parasexual cycle, known only in certain fungi and protozoans,
nuclei from two individuals fuse, forming nuclei of doubled ploidy that during subsequent
generations undergo occasional mis-division, only rarely yielding viable diploids. In
bdelloids, this would require nuclei from different individuals, sequestered in ovaries
within the body of the animal, somehow to undergo fusion, followed by a series of

random chromosome losses to give viable segregants, all having ten chromosomes.

Number of generations since the homologs shared by MA and MA separated. The
number of generations since the MA-MM sharing event may be estimated from the
frequency of substitution differences between shared homologs; from the number of
generations that would cause mutational reduction of the frequency of identical sharers
to fall significantly below the observed value of 0.5; from the frequency of homozygosity;
and from the mitochondrial difference between MA and MM.

MA and MM differ by a single substitution in 2 of the 291 MA-MM alignments and
in 4 of the 622 MA-MM-CR alignments. For a mean alignment length of 15 kb this is a
frequency of 0.44X10 per bp. Substitution rates measured in accumulation
experiments with Caenorhabditis elegans, asexual D. pulex, and D. melanogaster range
from 2.3 to 5.5X10° per generation (37). Taking a substitution rate of 4X10-° and
assuming a Poisson distribution of the small differences between shared homologs, as
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expected for mutation, this suggests that the shared homologs may be separated by
100-200 generations.

If there were as many as 2,000 generations separating the shared homologs of
MA and MM and again assuming a substitution rate of 4X10-° per generation, the
expected number of substitutions in regions 18-33 kb in length, the longest interval in
Figure 4, would be 0.14 — 0.26, reducing the proportion of identical sharers to 0.43 —
0.39, substantially less than what we observe, suggesting that the number of
generations between the shared homologs is no more than about 1,000.

As tracts of homozygosity arising in a large genetically diverse, essentially
panmictic population are generally made heterozygous by outcrossing, the frequency of
substitutions in such tracts will increase with the number of generations since the last
outcross. Assuming the likelihood of a site being covered by a tract of homozygosity to
be 4X10° per generation (35-38) and considering that the total length of MA regions is
13.4 Mbp of which perfectly homozygous regions comprise some 151 kbp, or about
1.1%, it would appear that there have been some 340-500 generations from when the
shared homologs separated to MA and 550-800 generations to MM.

A fourth estimate of the number of generations since homologs of MA and MM
separated may be obtained by assuming that their mitochondria descended from a
shared mother or maternal grandmother. Taking the difference of 5 substitutions or 2.5
X 10~ between their 14 kb mitochondria (57) and a mitochondrial mutation rate of 1.5 X
107 (37, 58), would suggest that the shared homologs separated some 170 generations
ago. Altogether, these various estimates suggest that the shared homologs are
separated by no more than about a thousand generations.

Abundance of close relatives in the sampled population. Isolates MA, MM and CR
were collected at widely separated sites as part of a collection of 29 individuals having
the morphology of Family Philodinidae (51) (S/ Appendix,S1 Methods). What aspects of
bdelloid life history could make finding relatives as close as MA and MM in so small and
widely dispersed a sample of what must be an enormous population? It must be that the
sampled population is largely made up of relatively few, very large, widely dispersed
clones descended from recent crossing.
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Such an unusual population structure might result if sexual periods occur only
rarely, during a population bloom, with multiple rounds of random mating among two or
more founding types and their progeny, producing large numbers of closely related
individuals. This, followed by wide dispersion and extensive clonal reproduction would
give rise to very large, widely dispersed clones of the products of recent crosses.
Meanwhile, lines that fail to outcross would suffer loss of heterozygosity and rapid clonal
erosion, as seen in asexual Daphnia pulex (59), driving them to extinction unless
revived by timely outcrossing, leaving only widely dispersed descendants from recent
crossing in a limited number of blooms.

It may be that males are produced and mating occurs only when particular
mating types are present together, each producing a signal that causes the other to
produce haploid eggs and haploid males, possibly via mictic females as with
monogonont rotifers. At some stage, from fertilization to zygote development, selfing
may be prevented and heterozygosity thereby maintained. On this picture, field
observations intended to detect males and mating should be made during population
blooms, as may require specific external stimuli, and in sizeable bodies of water should
it be that different but compatible types must be present in order to initiate mixis.
Further, by analogy with monogononts, the appearance of bdelloid males may be
confined to only a short interval during a population bloom, therefor requiring frequent

sampling for their detection (30).

Bdelloid life history and the benefit of sex. It may be asked if there is a relation
between the infrequency of bdelloid outcrossing and bdelloid life history. A distinctive
feature of the latter is the ability of bdelloids to withstand desiccation and resume
reproduction upon rehydration, an ability not present in most of the fungi and other
organisms that infect, parasitize, prey on or compete with bdelloids. In habitats that
undergo desiccation and rehydration the population of desiccation-intolerant antagonists
will be greatly reduced at each episode of desiccation while bdelloids will resume
reproduction upon rehydration. Bdelloids gain additional freedom from having to co-
evolve with biological antagonists by their ability to survive prolonged starvation,
extremes of temperature and exposure to toxic conditions lethal to other taxa (60, 61).
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Further, owing to their small mass when desiccated, about 10ug, once airborne, even if
associated with a small amount of adhering material, bdelloids may be transported by
wind or vectors over considerable distances (62), transferring to an environment where
antagonists may be less abundant or less antagonistic. The combination of
anhydrobiosis and resistance to conditions inimical to other taxa and dispersibility by
wind, birds or other vectors therefore affords substantial protection from what would
otherwise be co-evolving biotic antagonists (62—64), reducing the need for frequent
recombination by largely eluding the “Red Queen” (65-68).

The ability of bdelloids to survive conditions lethal to co-evolving biotic
antagonists and, by becoming dormant, to survive transiently inhospitable
environmental conditions without having to produce recombinant progeny in order to
maintain the species, raises the question of why bdelloids nevertheless reproduce
sexually and what might cause rapid clonal erosion in the absence of sex. In addition to
the well-known benefits of outcrossing in covering deleterious recessive mutations,
restoring overdominance, and, together with recombination, in purging deleterious
mutations and assembling favorable linkage combinations (1-5), an important further
benefit of outcrossing may be the restoration of information lost by conversion, mitotic
crossing-over or deletion and the consequent disruption of favorable genome-wide
epistatic interactions (69-71). Although difficult to study, such genome-wide epistasis is
to be expected, maximizing the opportunity for favorable structural interactions between
diverse gene products, the so-called “interactome”. Such epistasis may also include
spatial interactions between chromosome domains, influencing the regulation of gene
expression (72). The enhanced opportunity for genome-wide favorable epistasis made
possible by diploidy may also contribute to its prevalence over haploidy in eukaryotes
generally and to the stability of bdelloid tetraploidy.

Summary

Our principal finding is that bdelloids are not entirely asexual, removing what has long
been a challenge to hypotheses for the evolutionary benefit of sex. Contrary to their
reputation as ancient asexuals, bdelloids of the population represented by the isolates
of M. quadricornifera we have studied and presumably bdelloids as a Class definitely
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engage in occasional sexual reproduction. It is suggested that the infrequency of
bdelloid sexual reproduction is an adaptation to the distinctive bdelloid life history. Being
able to survive desiccation and other conditions lethal to their biological antagonists,
bdelloids are largely relieved of the need to co-evolve with them, therefore requiring
only infrequent recombination to maintain fitness. Nevertheless, occasional outcrossing
is required in order to allow generation of favorable recombinants and to recover genetic
information lost by conversion, mitotic crossing-over or deletion and to cover
accumulated deleterious recessive mutations and restore overdominance and beneficial
genome-wide epistatic relations. The present evidence for sexual reproduction and
outcrossing in a species of bdelloid rotifers, the group once considered the best
example of ancient asexuality, makes it likely that there are no ancient asexuals and
that sexual reproduction with outcrossing is universally essential for long-term

evolutionary success in eukaryotes.
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Figure Legends
Fig. 1. The bdelloid M. quadricornifera, an unhatched egg shown at the same scale and
a metaphase nucleus showing the 10 chromosomes characteristic of the species. The
animal has attached itself to the glass slide by an adhesive secreted by its pedal gland,

somewhat obscuring the tail.

Fig. 2. Histograms showing the distribution of divergence between the most similar
homologs in each of the three pairs of isolates. (A) MA-CR, (B) MA-MM, (C) MM-CR.
Alignments with identical or very nearly identical MA-MM sharing form a discrete class
constituting half of the regions. Bin size = 0.05 percent difference for the first bar in
panel B. Otherwise 0.1 percent. Of the 333 alignments represented in the first bar of
panel B, there are 315 in which MA and MM share identical homologs and 18 in which
MM and MA share homologs that differ by no more than 15 substitutions or 0.09

percent.

Fig. 3. Histograms showing the distribution of heterozygosity in each of the three
isolates. (A) CR, (B) MA. (C) MM. Bin size = 0.1 percent difference.

Fig. 4. The mean frequency of identical MM-MA sharing in each of 8 bins of increasing

length, each containing 76-79 intervals. Error bars represent standard errors.
Table legends
Table 1. Representative difference matrices, phylograms and tic plots for four

alignments. Allele numbers in each alignment are arbitrary.

Table 2. Summary statistics.
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