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entirely blocked from recombining with the X chromosome along
almost its entire length. Patterns of molecular variation reveal that
early in the evolution of the mammalian Y, a series of overlapping
inversions progressively extended the size of the nonrecombining
portion of the Y [14].

Why should evolution do that? Many genes seem to be under
“sex-antagonistic selection,” meaning that alternative alleles are
favored in females and males. Theory shows that selection favors
decreased recombination between genes under sex-antagonistic
selection and the locus that determines sex [15,16]. It is not
difficult to see why: a male-determining chromosome that always
carries the allele that enhances male fitness has an advantage over
one that sometimes carries the alternative allele that is best in
females. Thus, an inversion that captures both the male-
determining factor and a male-beneficial allele at another locus
will spread. A series of inversions can capture additional loci,
binding them into an ever larger nonrecombining block, as
apparently happened to the mammalian Y. Once inversions have
genetically isolated the Y from the X, the Y evolves as an asexual
genetic unit. A series of evolutionary mechanisms then cause the Y
to degenerate—these include genetic drift (“Muller’s ratchet”) and
deleterious mutations that hitchhike to fixation by linkage to
advantageous mutations. In the case of groups like mammals and
flies, the final result is a Y that is a genetic desert, devoid of almost
all of its former genetic content [17].

Inversions may also be critical to the very origin of sex
chromosomes. Many (perhaps most) groups of animals and plants
that have sex chromosomes do not show the dramatic hetero-
morphism between X and Y that is familiar from mammals. In the
three-spined stickleback, for example, much of sex chromosome
recombines and acts otherwise like an autosome. In fact, it was an
autosome until recently: sex in its sister species is determined by an
entirely different pair of chromosomes [18]. Theory suggests how
this might happen: an inversion that captures both a sex-
determining mutation and a sex-antagonistic locus on an
autosome can form a neo-sex chromosome that can hijack sex
determination from the ancestral sex chromosomes [19]. Consis-
tent with this suggestion, the sex determining region of the new Y
chromosome in the three-spined stickleback is carried by an
inversion. Perhaps the rest of the Y has not yet had time to
accumulate inversions down the rest of its length, as happened in
mammals.

Speciation

Inversions are implicated in speciation in several ways. An
intriguing pattern is that rates of chromosome evolution and
speciation seem to be correlated [20], but that pattern alone does
not tell us which factor causes the other, or whether both are
driven by a third variable. Some workers, most famously M.J.D.
White [21], have argued that fixed inversion differences between
species are important for postzygotic isolation because of their
underdominant fitness effects. A difficulty with this idea is that drift
is unlikely to fix inversions that are strongly underdominant, while
those that are more likely to spread because they are only weakly
selected will produce little isolation [22]. With favorable
demographic conditions (e.g., frequent colonisations and extinc-
tion) and life histories (e.g., self-fertilization or close inbreeding),
however, models show that populations can fix underdominant
chromosomal rearrangements that contribute appreciably to
hybrid fitness loss [8].

No matter how fixed differences for inversions between
populations get established, we expect them to become hotspots
for accumulating positively selected differences and genes that
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cause incompatibility between species [23]. This is one explana-
tion for an intriguing pattern seen in sunflowers [24] and flies [25]:
loci involved in both pre- and postzygotic isolation map to
inversions that distinguish closely related species.

An alternative hypothesis is that the inversions in fact became
fixed because of adaptive differences that pre-existed at some of
those very loci. The idea depends on local adaptation, to which we
now turn.

Local Adaptation

A clear sign that inversions are involved in adaptation comes
from geographical variation in their frequency. A dramatic
example is the inversion 3RP in Drosophila melanogaster, which has
established parallel latitudinal clines on three continents [26].
Further, its frequency along the cline has shifted in a way
consistent with climatic change over a period of 20 years [27].
Further examples of inversion clines, also correlated with
environmental gradients, are seen in several species of Anopheles,
the mosquito vectors of malaria in Africa [28].

Local adaptation is the situation in which different genes are
favored in different environments. An inversion that captures two
or more alleles that are adapted to the local environmental
conditions has a selective advantage that can cause it to spread
[29]. This effect results from suppressed recombination: the new
mversion carries only the locally adapted alleles, while the
ancestral rearrangement carries mixtures of adapted and mal-
adapted alleles. No epistasis (gene interaction) is needed for the
inversion to gain an advantage, which means that this local
adaptation mechanism can operate even when the loci are
adapting to different environmental variables. This is one reason
why the local adaptation mechanism may work much more
frequently than other hypotheses that depend, for example, on a
delicate balance of genetic interaction to establish inversions.

The local adaptation mechanism can also come into play when
two species hybridize: alleles within each species that are adapted
to that genetic background experience the same evolutionary
forces as genes within a species adapting to different ecological
pressures. This proposal can explain why species pairs of Drosophila
that are sympatric, and thus have the potential to hybridize, differ
for inversions more often than allopatric pairs [25]. The theory for
the evolution of sex chromosomes sketched above can also be seen
as an example of the local adaptation mechanism, with males and
females acting as two selective environments. In essence, these
hypotheses suggest that inversions spread because they prevent
recombination from breaking apart sets of alleles that work well in
an ecological or sexual setting. Since recombination continues
normally within the populations of inverted and uninverted
chromosomes, inversions may escape many of the deleterious
consequences suffered by other genetic mechanisms that shut
down recombination entirely [30].

Local Adaptation and Speciation in a
Monkeyflower

In this issue of PLoS Biology, Lowry and Willis [31] announce the
discovery of an inversion in the yellow monkeyflower AMumulus
guttatus that at once includes some of their most interesting
features. This species has a very broad geographical and ecological
range in western North America, and occurs in two distinct
ecotypes. One is an annual form adapted to the dry habitats
commonly found inland. The second is perennial, and is adapted
to moist and cool areas typical of the coast. These two forms differ
genetically in several ways. Key among the differences is flowering

September 2010 | Volume 8 | Issue 9 | e1000501



time: the annual form flowers early, before the hot and dry
summer, while the perennial form takes advantage of the longer
season by investing in more growth and then flowering later. This
adaptive difference produces premating isolation, since the two
forms are not available at the same time for pollination. It also
causes postzygotic isolation, since survival of hybrids is reduced in
moist coastal habitats.

Lowry and Willis discovered the inversion by noticing that
hybrids between the ecotypes showed no recombination between
molecular markers along part of one chromosome. Further, they
saw that much of the phenotypic variation that distinguishes the
two ecotypes cosegregates with the inversion. The traits involved
include three that contribute to reproductive isolation between the
forms, as well as other traits such as morphology. The inversion is
polymorphic over much of the species’ range, and acts as a
supergene that makes important contributions to both local
adaptation and reproductive isolation between the annual and
perennial forms.

This marvelous story seems like a poster child for the local
adaptation hypothesis for inversions. A plausible scenario is that an
ancestral monkeyflower was under disruptive selection, with the
annual form favored in some habitats and the perennial form in
others. One day, an inversion arose that captured a set of alleles
adapted to one or the other habitat, and it invaded. Currently,
other genes throughout the genome also contribute to the
differences between the ecotypes. That suggests the possibility
that another inversion elsewhere in the genome could appear and
mvade via the local adaptation mechanism. It is easy to imagine
that if this event is repeated one or a few times, what are now two
ecotypes within a species will become two distinct species,
genetically distinguished by several inversions. Perhaps the yellow
monkeyflower is showing us a snapshot of inversions in the process
of splitting one species into two.
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But this hypothesis has competitors. Perhaps, for example, the
breakpoint of the inversion itself has disrupted a gene that has
cascading effects on flowering time and growth. Then the
mversion evolved not because it prevents recombination between
a set of locally adapted genes, but rather as a mutation at a single
gene. A second issue is whether the genetic differences that now
distinguish the inverted and ancestral chromosomes were
responsible for the inversion to invade (as in the local adaptation
mechanism), or accumulated after it became established for some
other reason.

To test alternative hypotheses for how inversions evolve, we
would like to understand what genes or chromosome regions are
the targets of selection—are they at the breakpoints, for example,
or genes within the inversion? With model organisms, transfor-
mations of genes at candidate loci could give strong evidence. But
that approach is often not an option, both because the genetic
tools are not yet available in most species, and because the effects
of transformations generally cannot be tested in natural conditions.
An alternative way forward is to use patterns of neutral genetic
variation in the DNA inverted and uninverted chromosomes.
Under the right conditions, these could be used to find quantitative
trait loci (QTL) under divergent selection within the inversion. We
might then be able to date the ages of selected alleles relative to the
origin of the inversion, to see which came first. Further, different
hypotheses, for example selection on the breakpoints versus local
adaptation with suppressed recombination, should leave contrast-
ing signatures of neutral genetic variation. Tantalizing hints of
such patterns have been seen in in Drosophila [32] and Anopheles
[34]. So far, however, there has been no rigorous test of alternative
hypotheses using any approach. A synthesis of genomics and
ecological genetics in the style of Lowry and Willis holds the
promise of being able to do that before long, with luck before the
centenary of Sturtevant’s great discovery.
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