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MOLECULAR EVOLUTION

Sex accelerates adaptation

An analysis confirms the long-standing theory that sex increases the rate of adaptive evolution by accelerating the speed at
which beneficial mutations sweep through sexual, as opposed to asexual, populations. SEE LETTER P.233

MATTHEW R. GODDARD

hen compared with the asexual
alternative of simple cloning, sex
seems like a complicated way of

reproducing. The need for fast and efficient
reproduction lies at the heart of Darwinian
natural selection, so why sex exists is a conun-
drum that has fascinated biologists for more
than 100 years". In this issue, McDonald et al.”
(page 233) directly confirm the long-held
theory that the advantage of sex lies in its
ability to expose individual mutations to the
actions of natural selection.

Sex involves the shuffling (recombination)
of chromosomes from parents, followed by the
separation of these newly assorted chromo-
somes into reproductive cells called gametes,
which then fuse through mating. As well as
being more complicated than asexual repro-
duction, this mechanism risks breaking apart
collections of genes that have proved to be
useful. In animals, only females can give birth,
and mate finding and courtship impose further
challenges. Given these disadvantages, it is not
immediately clear why sexual reproduction
has persisted.

Some of the mutations that accrue in
genomes over time affect an organism’s ability
to reproduce and compete for resources (fit-
ness). The net fitness of an individual is the
sum of these accrued mutations. Conventional
theories™ suggest that selection in asexually
reproducing populations is affected only by
this net genomic fitness.
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In this scenario, when a positive mutation
arises in a genome that already harbours
negative mutations, the negative mutations
might overwhelm the positive one, leading
to the removal of the whole genome from the
population by natural selection and the loss
of the positive mutation. However, if a posi-
tive mutation confers a strong-enough fitness
benefit to outweigh the combined value of
the negative mutations, then the genome is
likely to become more common over genera-
tions — possibly becoming a permanent part
of (fixed in) the population owing to positive
selection. Negative mutations become com-
mon by hitch-hiking with positive ones, and
thus restrict population fitness. In summary,
individual mutations in asexual populations
may be masked from the actions of selection,
because they are entangled in genomes.

Sexual populations theoretically do not
have this problem®*. Recombination and the
random partitioning of chromosomes allow
positive mutations to become dissociated
from negative ones. By analogy, sex allows
selection to pluck rubies from rubbish®. Fur-
thermore, it enables positive mutations that
arise in different genomes to be recombined
into the same genome, rather than competing
with one another as they would in an asexual
population®. In sexual populations, many posi-
tive mutations, mostly free from hitch-hiking
mutational rubbish, can become common
simultaneously. This is predicted to increase
the rate and extent of adaptive evolution'.

A series of experimental-evolution studies
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Figure 1 | Picking rubies from the rubbish. Over time, genomes accrue
mutations that have either a positive (green) or a negative (red) effect on an
individual’ fitness (in this simple schematic, the relative benefit or cost

of each mutation is indicated by size). McDonald et al.” compared how
selection acts on mutations in asexual and sexual populations. a, During
asexual reproduction, selection occurs on the basis of overall genome

by selection.
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supports the idea that sex speeds up adaptive
evolution®®. However, much less work has
focused on the molecular mechanisms that
underpin this advantage. One study’ inferred
that sex accelerates adaptation by separating
positive mutations from negative ones, but did
not directly identify the mutations that arose.

McDonald et al., however, have done just
that. First, they caused sexual and asexual
populations of yeast (Saccharomyces cerevisiae)
to evolve for approximately 1,000 generations
in a simple laboratory environment, to which
the sexual populations adapted more rapidly.
Then, building on previous studies, the authors
used DNA-sequencing approaches to dissect
and track the various single DNA-base muta-
tions that arose, evaluating populations at
regular time points during evolution.

A similar range of mutations initially arose
in all populations, some of which affected pro-
tein function, with others having no effect. The
authors reasonably assumed that only those
that altered protein function would affect fit-
ness. In asexual populations, the different types
of mutation all had roughly the same chance
of eventually becoming fixed, indicating that
selection could not discriminate between indi-
vidual mutations. Fewer mutations became
fixed in sexual populations. Those that did
tended to alter protein function, and thus also,
presumably, fitness. This observation suggests
that sex improved the efficiency with which
selection acted on individual mutations.

To directly test the effects of specific
mutations on fitness, McDonald et al.
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fitness. Positive mutations may be removed from the population, and
negative mutations can hitch-hike along with a positive one of greater value.
b, During sexual reproduction, chromosomes are shuffled by recombination,
changing the mutations that are grouped together in offspring. This process
enables individual mutations to be independently retained or removed



conducted mini-evolution experiments and
tracked the change in frequency of individual
mutations in the population. This key step
revealed that groups of positive and nega-
tive mutations remained together in asexual
populations. These groups competed with
one another — some became common over
generations, meaning that negative mutations
persisted by hitch-hiking. By contrast, recom-
bination meant that no groups of mutations
persisted in sexual populations, and negative
mutations did not become common.

These comprehensive experiments provide
the long-awaited confirmation that sex accel-
erates adaptation by sorting the beneficial
from the deleterious. Sex shuffles mutations
between genomes, enabling natural selection
to act on individual mutations more efficiently
(Fig. 1). Selection is comparatively blind in
asexual populations, because the effects of
individual mutations are consistently hidden
in genomes.

But McDonald and colleagues’ study leaves
several aspects of sexual reproduction still
to be clarified. First, the authors primarily
examined changes of single DNA bases.
However, mutations that duplicate, remove
or rearrange whole segments of DNA are
also important for adaptation. As the authors
acknowledge, the effect of sex on these
mutations remains to be evaluated.

Second, the study used yeast that has one
copy of each chromosome, whereas most sex-
ual species have two copies, and natural selec-
tion works slightly differently when there are
two chromosomes. Third, most species inhabit
complex environments, which have a variety of
selection pressures whose strength varies over
space and time. Although the current study
elegantly shows how sex provides advantages
during adaptation to simple environments, it is
not clear how this translates to more-complex
ones. Some work suggests that sex can also
accelerate adaptation to complex environ-
ments'’; however, the underlying molecular
mechanisms are not known.

Finally, we do not yet know why sex arose
in the first place. One theory suggests that
parasitic genetic elements, which persist in
genomes despite conferring no fitness benefit,
might promote cell fusion and recombina-
tion''. Few experiments have tested this theory,
however"?. It might well be that the evolution of
sex was driven by completely different forces
from those — neatly defined by McDonald
et al. — that we now know maintain it. m
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Exponential boost for
quantum information

Quantum computers will one day wildly outperform conventional machines. An
experimental feat reveals a fundamental property of exotic superconductors that
brings this quantum technology a step closer. SEE LETTER P.206

JASON ALICEA

uantum computers promise a technolo-

gical revolution that will easily surmount

otherwise impenetrable problems in
cryptography, quantum simulation, drug design
and more. Building the hardware has been chal-
lenging, however, because unavoidable random
noise from the environment readily corrupts
quantum bits (qubits). On page 206 of this issue,
Albrecht ef al." pursue an elegant strategy for
sidestepping this obstruction. They discover
a key property of ‘Majorana modes’ in super-
conducting wires that can be used to engineer
qubits that are immune to noise by default.

A simple analogy conveys the basic notion
of Majorana modes. Imagine a line of school-
children, each holding hands with their neigh-
bours, leaving an uncoupled free hand at either
end of the chain (Fig. 1a). The electrons in
certain exotic superconducting wires, which
physicists are becoming highly adept at build-
ing, entangle in an analogous pattern*: half
of each electron couples with its rightward
neighbour and the other half couples with
its leftward neighbour. Majorana modes are
the leftover ‘free hands), or unpaired electron
halves, at the superconductor’s ends. Roughly
speaking, an electron has been cut in two, and
the fragments are separated across the wire.

Together, the two Majorana modes form
a single quantum level that can be empty or
filled by an electron (Fig. 1b). Theory pre-
dicts” that the energy required to populate that
state decreases exponentially as the distance
between Majorana modes increases. At the
extreme limit, at which the energy is exactly
zero, it becomes impossible to detect this level’s
occupation by performing a local measure-
ment at the wire’s ends — or elsewhere, for that
matter. The individual Majorana modes carry
neither energy nor any other locally detectable

property that could unveil the precise quantum
state formed with its distant partner. Instead,
that information spreads out globally across
the system, securely hidden from ordinarily
problematic noise sources.
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Figure 1 | Majorana modes in superconducting
wires. a, The linked hands in a chain of children
mimic the entanglement of electrons in specially
constructed superconducting wires half of each
electron couples to its rightward neighbour, with
the other half coupling to its leftward neighbour
(purple dots indicate additional electrons that

are similarly entangled). The free hands at the
ends are analogous to Majorana modes (unpaired
electron halves, separated by distance L) in the
superconductor. b, These two Majorana modes
form a single quantum level that can be either
empty or filled by an electron. The equation
represents the predicted relationship between the
energy, E, needed to fill that level and L; £ is an
exponential decay constant. Albrecht et al." have
confirmed the exponential suppression of E as the
wire length increases.
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