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Summary
A new set of models has resurrected a role for chromo-
somal inversions in the formation of new species.(1–3)

Traditional models, which are generally considered to be
unlikely in most cases, had imagined that inversions
might aid speciation by directly causing low hybrid
fitness. In contrast, the newer models focus on the effect
that inversions have on local recombination rates. A test
of thesemodels found a strikingly high rate of amino-acid
substitution within regions where humans and chimpan-
zees differ by inversions, suggesting perhaps that our
ancestral species underwent a divergence process in
which gene flow and inversions played a key role.(4)

However, it remains uncertain whether this interesting
finding is actually consistent with the proposedmodel.
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Introduction

The processes by which new species arise are the subject of

much evolutionary research, and it is one in which many

biologists hold an abiding interest. Indeed, there is one

particularly interesting case of speciation that is close to home

for all of us, and that is the split that occurred in the common

ancestral species of humans and chimpanzees. Molecular

evidence suggests that this event occurred sometimebetween

five and seven million years ago.(5,6) Hominin fossils from that

timeare knownonly fromAfrica and present-daychimpanzees

are known only from Africa (there are no fossils for chimpan-

zees, Ref. 7), so it seems pretty likely that Africa is where the

speciation occurred. However we know little else about how it

might have happened.

Recently some new population genetic theory and some

DNA sequence comparisons have been brought together in

support of a model of how our ancestral species initially

separated from each other. The findings are somewhat sur-

prising in that the theory relies upon chromosomal inversions

that distinguish the genomes of humans and chimpanzees.

Geneticists have long known that such inversions could in

principal be the basis for some cases of reproductive isolation

between newly arisen species.(8) However, the simplest

models, in which inversion heterozygotes have low fertility,

are not very plausible because such inversions are not ex-

pected to rise high in frequency except by chance in very small

populations. Indeed the new inversion-based theory, which

was first sketched out by Rieseberg,(1) does not rely upon the

fitness cost of inversion heterozygosity, but rather upon the

strong suppressing effect that inversions have on recombina-

tion within and near inverted regions in heterozygotes.

Inversion theory

The theory begins by considering two closely related popula-

tions that have some opportunity for gene exchange, such as

might happen if they share a common geographic or environ-

mental boundary (parapatry). Next, suppose that each popul-

ation has, at high frequency, alleles at one or more genes that

are ‘incompatible’ with genes in the other population. Such

incompatibilities might be manifested directly as inviable or

partly sterile hybrids; however, incompatibility might also be

mediated through the environment, if an allele from one

population is disadvantageous in the environment of the other

population. These incompatible alleles are not expected to

spread from one population to the other because of their

selective disadvantage. Thus hybrids between the populations

will usually be heterozygous for such incompatible alleles.

If the effects of incompatibility are so strong as to cause a

complete loss of hybrid fitness, then speciation is complete.

Suppose, however, that the populations are only slightly

divergent and that hybrid fitness is only reduced a small

amount. Then it will still be the case that the incompatible

alleles donotmovebetween thepopulations,evenwhile genes

that are not linked to the incompatible alleles may move

between the species. The presence of the incompatible alleles

creates what is called a ‘genetic barrier’ to gene exchange for

sites that are tightly linked to those alleles.(9) This distinction,

between the more restricted gene flow for genes linked to

incompatible alleles and the less restricted flow of unlinked

alleles, is fundamental to understanding the possible effects of

chromosomal inversions.

Now consider a chromosomal inversion that is common in

one population and rare in the other. If each form of the

chromosome, inverted and non-inverted, carries an incompa-

tible allele at one of the genes within the span of the inversion,

then the genetic barrier caused by these alleles extends to

include the entire region of tight linkage to the alleles, which is
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the region in which the inversion suppresses recombination in

heterozygotes. Furthermore, this genetic barrier to gene flow

is stable, since neither form of the chromosome can replace

the other because of the incompatible alleles. So long as the

inversion difference persists, that region of the genome can

be the site of accumulation of additional alleles that are

favorable in one population but not the other. This is essentially

the model of Noor et al., who realized that an inversion greatly

increases the chance that pairs of incompatible alleles, one in

each population,maybe caught in a stable configurationwhen

they are both spanned by an inversion.(2) The prediction of this

model is that species that arose in the presence of gene flow

should differ from their sister species by inversions, more so

than should species pairs that diverged without gene flow. Put

anotherway, themodel says that allopatric speciespairs donot

need inversions to diverge, and that sympatric or parapatric

populations without inversion differences will have been less

likely than those that do differ by inversions to actually diverge

into separate species. Indeed Drosophila species that are

sympatric with their sister species do differ from them by

inversions more so than do allopatric pairs of sister taxa.(2)

Navarro and Barton generalize this model by considering

the dynamics that arise when two sorts of alleles arise within

two parapatric populations.(3) Alleles of one class are simply

advantageous throughout both populations whereas alleles of

a second class are favored only in one population (and are

incompatible and disfavored in the other population). When

the former pass between populations, they become fixed in

both and cause the populations to be more similar. However, if

such a favored mutation arises near the site where there is an

incompatible allele in the other population, the selective sweep

will be retarded because of the reduced gene flow in the

presence of the genetic barrier. Navarro and Barton ask us to

envision a race between mutations that sweep through both

populations and remove genetic barriers as they do, and a

different class of mutations that become fixed in just one

population and cause incompatibilities and genetic barriers to

gene exchange. Unless gene flow is very low, the latter type,

which cause incompatibilities, will lose this race and the

populations will tend to merge. But suppose that one or more

incompatible alleles occur in a region that is spanned by a

chromosomal inversion that distinguishes the twopopulations.

Now the genetic barrier caused by the incompatible alleles

includes many genes (i.e., all those in the region that experi-

enced reduced crossing over in inversion heterozygotes). Now

there is a much larger region with sharply reduced gene flow

and thus a much larger region in which new incompatible

alleles can arise and persist and not be removed by favorable

mutations that sweep through both populations.

Regardless of inversions, we expect that two populations

that have zero or extremely low gene flowwill diverge from one

another, both bygenetic drift andby theaction ofmutations that

are beneficial in only the population in which they occur. In

theory, theeffect of genetic barriers to geneexchange is to shift

the situation for populations that have too much gene flow to a

situation that is effectively one of much lower gene flow in

which additional incompatibilities can arise. If we imagine that

there is a level of gene flow belowwhich speciation occurs and

abovewhich populationsmerge, then the effect of inversions is

to shift the effective level of gene flow near genetic barriers to a

lower level and make speciation more likely (Fig. 1).

Testing the theory

Thismodel has the sameprediction as that of Noor et al.(2) that

sympatric sister species should tend to have more inversion

differences than allopatric sister species. But there is also

another interesting prediction which is that genes within

inversions should preferentially have been the site of popula-

tion-specific selective sweeps associated with selection of

alleles that caused incompatibilities and contributed to the

genetic barrier associated with the inversion. Thus, during the

period when populations were exchanging genes, genes near

the genetic barriers should be accumulating selective differ-

ences and diverging faster than genes away from the genetic

barriers. It is this prediction that inspired Navarro and Barton’s

second paper on the human/chimpanzee speciation event.(4)

Ten of our chromosomes differ from those of chimpanzees by

either an inversion or, in one case, a chromosomal fusion. Thus

the question was whether genes on these chromosomes that

might have been the site of genetic barriers to gene exchange

have experienced higher levels of divergence for selectively

favored substitutions than havegenes on other chromosomes.

Figure 1. Two populations with a common boundary are

shown, together with a diagram of a chromosome from each

population. The chromosomes differ by an inversion, and each

population is fixed for a favorableallele (*) that is incompatible in

the other population. Hybrids that form along the boundary are

heterozygous for the inverted region and for the incompatible

mutations. Gene flow can be high for regions not linked to

the inverted region (large black arrows) but will be markedly

reduced in regions linked to the inversion (faint black arrows).
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The authors used a conventional index of relative substitution

rates, KA/KS, where KA is an estimate of the rate at which

amino acid changes accumulate at positions where mutations

can cause an amino acid change, andKS is the corresponding

estimate for non-amino acid (i.e., synonymous) changes.

Under a classic neutral model in which synonymousmutations

are neutral and amino-acid changes are nearly all disadvanta-

geous, the ratio is expected to be considerably less than 1.

Values greater than 1 are traditionally taken as evidence that a

number of selectively favored amino acid substitutions have

elevated the KA above what one would expect, even if amino

acid changes were completely neutral.(10)

There were 115 genes in the study, and they were roughly

split between thoseon rearrangedchromosomesand thoseon

collinear chromosomes. The former showed a mean KA/KS

ratio of 0.84 whereas the latter had a mean ratio of 0.37. The

distributions of the ratios for the two groups of genes were

significantly different. Furthermore, those genes on rearrang-

ed chromosomes that actually lie within the span of the

rearrangement had higher KA/KS values (though not signifi-

cantly so) than those that flanked it, as expected if these

regions had lower net recombination in inversion heterozy-

gotes. Under the model, the elevated KA/KS value within

rearranged regions is not because these regions have more

selectively favored mutations, but rather because it is within

these regions that more of the favored mutations have been

restricted to one species or the other and it is these that show

up in an assessment of divergence and substitution rate.

This seems to be quite a remarkable observation, as it

implies a greatly elevated amino acid substitution rate for a

large fraction of the human genome. Navarro and Barton do

have an elegant model, but this particular test of it seems to

raise more questions than it answers. Perhaps the first

question concerns a simpler prediction than that associated

with the KA/KS ratio. Under the model, incompatible alleles

accumulate in the inverted regions (and not elsewhere prior

to complete speciation) because the diverging populations

are exchanging genes. Thus one seemingly straightforward

expectation under the model is that there should be greater

divergence between humans and chimpanzees in regions

where their chromosomes differ by inversions. Furthermore,

this difference in divergence levels should apply to all

sequences (genes and intergenic regions, amino acid sites

and silent sites, introns etc).WhenKSwas compared between

inverted and non-inverted regions, the latter actually had

slightly higher values. Though not statistically significant,

the observation is in the opposite direction of what is

expected under the model. However other data do support

the contention that rearranged regions have higher levels

of divergence between humans and chimps.(11,12) It is also

noteworthy that the prediction regarding divergence levels and

inversions has been partly confirmed in some other species

pairs.(13–15)

Additional questions arise when considering the original

articulation of the model, in which two kinds of mutations are

considered, those that are favored and sweep between

populations unless they are near a genetic barrier and those

that are arise near a genetic barrier and cause an incompat-

ibility.(3) Both kinds of mutations are advantageous, but the

incompatible ones are only advantageous in one population.

Following speciation, there is no gene flow and both kinds of

mutations would be expected to accumulate in all regions of

the genome. But prior to speciation, during a period of gene

flow, regions characterized by genetic barriers will also be

diverging by accumulating incompatible alleles. Thus, under

themodel, the elevation ofKA/KS values in rearranged regions

is caused by the accumulation of these incompatible alleles

during the period when the populations exchanged genes.

But why would the fixation of these incompatible alleles be

associated with a markedly different KA/KS ratio prior to

speciation than would the fixation of both types of mutations

following speciation? This question gets to the heart of the

prediction and test conducted by the authors.

A final question that arises even if the model is correct, and

about which the authors speculate, is how to get such a large

difference in KA/KS values. The observed difference implies

very high rates of amino acid substitutions over a large fraction

of the genome for a long period of time (i.e., millions of years,

Ref. 16). Yet under the model it is expected that once

incompatible alleles start to accumulate, a cascade develops

in which an increasingly large fraction of substitutions in one

species would be incompatible in the other species.(17) This

may lead fairly rapidly to the evolution of much stronger

isolationand finally, complete speciation. In otherwords, under

the model there should not be a very long time period in

which incompatible alleles accumulate preferentially in re-

gions linked to genetic barriers.

Conclusions

Navarro and Barton have developed a novel model that may

well come to play a significant role in future speciation studies.

They have also made a striking observation about relative

rates of amino acid and silent substitutions in the divergence of

humansand chimps. This observation, thoughcast asbefitting

the speciation model, actually raises more question than it

answers.
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