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Sinless Originals

Olivia P. Judson and Benjamin B. Normark

lions of years? That depends on what

you mean by “sex.” Certainly most or-
ganisms do fine without copulation. But if
by sex you mean swapping DNA between
genomes, then that is much harder to forgo.
Among eukaryotes, the cycle of meiosis (in
which the genome is split into random
halves) and syngamy (in which shuffled
half-genomes are fused into new wholes)
seems to be essential. Asexual organisms—
creatures in which this cycle has come to a
stop—are widely thought to be doomed to a
swift extinction (/). The apparent excep-
tions to this rule—those few ancient and di-
verse lineages of organisms in which sex is
unknown (2)—are regarded with suspicion.
Time and again, evidence of sex has been
found in supposedly ancient asexual lin-
eages (2), and many evolutionary biologists
do not believe that any of the apparent ex-
ceptions are real (3, 4).

Although evolutionary biologists agree
that sex is essential, they cannot agree
why. More than 20 hypotheses, ranging
from the sublime to the ridiculous, have
been advanced to explain why sex is cru-
cial for evolutionary success (5). Two fac-
tors have abetted this exuberant prolifera-
tion of ideas. First, an evolutionary expla-
nation for the success of sexual reproduc-
tion would bridge a huge hole in the theo-
retical basis of modern biology. Second,
the debate has taken place in the absence
of decisive data.

But help is on the way. On page 1211
of this issue, Mark Welch and Meselson
(6) present robust evidence that the most
celebrated of the apparent exceptions to
the rapid-extinction rule—the rotifers of
the Class Bdelloidea—are exactly what
they appear to be: a diverse and success-
ful group of invertebrates that thumb
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their noses at evolutionary theorists by
having lived entirely without sex for at
least 40 million years. At the same time,
their work lays the foundations, and pro-
vides the essential tools, for two new av-
enues of research.

As Meselson was the first to realize, an
organism that has truly been without sex
for millions of years should show a dis-
tinctive and peculiar genomic structure
and pattern of DNA-sequence relation-
ships. From the moment meiosis ceases,
the genome essentially freezes, with any
subsequent changes arising mostly as a re-
sult of mutation. Pairs of gene sequences
that were once alleles should start to accu-

A— Fungus
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Under attack. A bdelloid rotifer (Phylum Rotifera,
Class Bdelloidea) in the final stages of succumbing to
attack by one of its parasites, the fungus Harpospori-
um angularis. Parasites are thought to be one of the

forces maintaining sex in populations.

mulate mutations independently, and
hence to diverge from one another. A clade
that diversified after an ancient genome
freeze should therefore show unprecedent-
ed levels of heterozygosity. If you pick
two alleles at any locus within a single in-
dividual, the sequences should show con-
sistent and extreme divergence, because

they will have been diverging ever since
the genome froze. But, curiouser and curi-
ouser, the common ancestor of any two ex-
tant individuals will be more recent than
the genome freeze. Hence, if you compare
alleles between even very distantly related
individuals, you should find that they are
frequently less divergent from each other
than are the two alleles within the same
individual. This weird pattern of DNA-
sequence relationships is precisely what
Mark Welch and Meselson have found.

In some ways a genome freeze is analo-
gous to a genome duplication: Every copy
of every gene suddenly becomes an inde-
pendent locus in the sense that it evolves en-
tirely independently of its homolog and for-
mer meiotic partner. It is possible that the
results of Mark Welch and Meselson reflect
an ancient genome duplication rather than
an ancient loss of meiosis. But to explain
their results this way you must also invoke a
second hypothesis: that coincident with
genome duplication the bdelloids lost
virtually all heterozygosity by some
unknown mechanism. In principle,
complete homozygosity could be
maintained by automixis (meiosis and
fusion of cells from a single individu-
al), although there is no cytogenetic ev-
idence for that. It is even possible that
the bdelloids represent the haploid
phase of a life cycle whose diploid
phase remains to be discovered, al-
though such a life cycle would be
unique among animals. But these are
thin straws to clutch at: The striking
DNA sequence relationships that Mark
Welch and Meselson have discovered
are exactly those predicted for an an-
cient asexual clade and are consistent
with the often-stated a priori hypothe-
sis that the bdelloid rotifers abandoned
sex millions of years ago (7).

What now? The first, and most
pressing, program of research must fo-
cus on the bdelloids themselves. A
number of dramatic predictions that flow
from the hypothesis of ancient bdelloid
asexuality have yet to be confirmed: The
extreme heterozygosity reported for a few
loci by Mark Welch and Meselson should
apply to the entire genome, such that each
chromosome has a unique size and gene or-
der (as against being one of a pair of very

1185



1186

similar chromosomes); genes that control
characters such as spermatogenesis and
meiosis should be disabled, deleted, or co-
opted for other functions; and transposable
elements ought to be disabled or lost (8).
Finding such characteristics in the bdelloids
would dispel any lingering doubt over their
claim to be ancient asexuals. More signifi-
cantly, the different theories of sex make
different predictions about what to expect
of ancient asexuals. The models in which
harmful mutations inexorably exterminate
asexual lineages (9, 10) imply that bdelloids
might have some extraordinary way of
avoiding mutations, perhaps in the form of
an as yet undiscovered mechanism of DNA
repair (/7). In contrast, the models in which
parasites are the executioners (/2) would
look instead to mechanisms of disease re-
sistance—and the bdelloids have some
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nasty diseases to resist (see the figure) (13).
Perhaps the bdelloids have invented a kind
of local recombination between a few dis-
ease resistance loci. Understanding how the
bdelloids defeat these challenges will help
us—at last—to discriminate between com-
peting theories of sex.

But, of course, the Class Bdelloidea is
just one lineage. Studying bdelloids by
themselves, we may never be sure which
of their idiosyncrasies are causes of their
successful asexuality, which are conse-
quences, and which are merely incidental.
Hence the need for a second new line of
research, that is, the application of tech-
niques and insights developed in bdelloids
(starting with the methods used by Mark
Welch and Meselson) to other asexual lin-
eages, both ancient and recent. When we
understand the full range of consequences

of the loss of sex—the rapid extinction of
the many and the enduring survival of the
few—we will finally understand why most
of us can’t do without it.

References
1. C.D. Darlington, Evolution of Genetic Systems (Cam-
bridge University Press, Cambridge, 1939).
2. O.P. Judson and B. B. Normark, Trends Ecol. Evol. 11,
41(1996).
3. L. D. Hurst, W. D. Hamilton, R. ). Ladle, Trends Ecol.
Evol. 7,144 (1992).
4. T. ). Little and P. D. N. Hebert, Trends Ecol. Evol. 11,
296 (1996).
5. A.S.Kondrashov, /. Hered. 84, 372 (1993).
6. D. Mark Welch and M. Meselson, Science 288, 1211
(2000).
7. ). Maynard Smith, The Evolution of Sex (Cambridge
Univ. Press, Cambridge, 1978).
8. D.A. Hickey, Genetics 101,519 (1982).
9. H.). Muller, Mutat. Res.1, 2 (1964).
10. A. S. Kondrashov, Nature 336, 435 (1988).
11. 1. Schén and K. Martens, /. Nat. Hist. 32, 943 (1998).
12. ). Jaenike, Evol. Theory 3, 191 (1978).
13. G. L. Barron, Can. /. Bot. 63, 211 (1985).

When Being Hyper
Keeps You Fit

Paul B. Rainey and E. Richard Moxon

environment is critical to the evolu-
tionary success of all organisms. The
key lies in variations in biological character-
istics (phenotypic variation) that are deter-
mined by regulation of gene expression or
mutations in genes. In the case of
pathogenic bacteria, the host environment is
a particularly stringent test of adaptive po-
tential because the bacteria must cope with
precipitous and dynamic changes. On page
1251 of this issue, Oliver et al. (1) describe
their investigations of Pseudomonas aerugi-
nosa, a bacterium that in the last 50 years
has emerged as one of the most important
causes of opportunistic infections in hu-
mans. Their crucial finding is that in long-
term infections, some strains of P aerugi-
nosa, the mutators, evolve significantly
higher rates of mutation. From this they
suggest that rapid adaptation of bacterial
populations is required to ensure their sur-
vival within hosts. If this is correct, then the
data of Oliver and colleagues provide com-
pelling evidence for the power of host selec-
tion, not merely on the antigens expressed
by bacteria, but on the genetic machinery
responsible for generating variation.
P aeruginosa is a ubiquitous and re-
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markably versatile bacterium capable of
persisting in soil, water, and in the tissues of
plants, humans, and even nematodes. This
versatility is consistent with its large
genome size and a plethora of regulatory
mechanisms that enable the bacterium to
co-ordinate metabolic pathways and opti-
mize nutritional and reproductive potential.
A prime example of its pathogenic capabili-
ty in humans is the devastating lung infec-
tion that it causes in individuals with the in-
herited disease cystic fibrosis (CF). Colo-
nization of the human respiratory tract, even
when microbial clearance mechanisms dre
severely compromised as in CF, is a
formidable challenge in adaptation for bac-
terial invaders (see the figure). Frequent
fluctuations in the physical structure and
physiology of the respiratory tract (caused
by inflammation and damage wrought by
both innate and acquired immune respons-
es) generate a spatially and temporally com-
plex environment. An additional layer of
heterogeneity comes from the imposition of
treatment regimes by energetic and deter-
mined physicians, who employ a range of
measures including the aggressive and mul-
tiple administration of potent antibiotics.
The Oliver et al. study strengthens the
idea that there is more to P aeruginosa
variation than the versatility provided
through gene regulation. Indeed, it has
been recognized for some time that a
spectrum of naturally occurring mutations
results in overproduction of a protective

alginate polymer on the bacterial cell sur-
face, which in turn facilitates adaptation
of P aeruginosa to the respiratory tract
(2). Furthermore, Baquero and others have
found that, in the laboratory, P aeruginosa
isolates obtained from any individual CF
patient show substantial variation in
colony phenotype over time, despite pos-
sessing the same genetic composition
(genotype) (3). The possibility that the
different variants are adaptive mutants,
favored by selection because of their abil-
ity to colonize specific niches (4) within
the respiratory tract, prompts the view
that diversification through mutation is a
major factor contributing to the fitness of
P, aeruginosa in the CF lung.

To examine this idea more rigorously,
Oliver et al. obtained P aeruginosa iso-
lates from the sputum of chronically in-
fected CF patients and also from non-CF
patients with acute infections. Remark-
ably, about 20% of the isolates from CF
patients had a mutator phenotype (that is,
they had remarkably high mutation rates),
whereas, in stark contrast, no such strains
were found in isolates from non-CF pa-
tients with acute short-term infections.
These so-called mutator strains typically
have mutations in genes that control DNA
metabolism, for example, genes that en-
code DNA repair enzymes (5). To prove
that the high mutation rates were the result
of mutations in mismatch repair genes,
Oliver et al. used genetic techniques to re-
place these defective genes with function-
al (wild-type) versions. When they did
this, the mutation rates reverted back to
normal levels.

The scenario emerging from the studies
of Oliver and co-workers is that of an arms
race between microbe and host, a concept in
keeping with the theoretical prediction that
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