
demographic factors such a bottleneck associ-

ated with human migration out of Africa 50,000

to 100,000 years ago.

Previous studies have shown that Micro-

cephalin is a specific regulator of brain size

(13, 14) and that this gene has evolved un-

der strong positive selection in the primate

lineage leading to Homo sapiens (7, 8). Here,

we present compelling evidence that Micro-

cephalin has continued its trend of adaptive

evolution beyond the emergence of anatom-

ically modern humans. The specific function

of Microcephalin in brain development makes

it likely that selection has operated on the

brain. Yet, it remains formally possible that

an unrecognized function of Microcephalin

outside of the brain is actually the substrate of

selection. If selection indeed acted on a brain-

related phenotype, there could be several

possibilities, including brain size, cognition,

personality, motor control, or susceptibility to

neurological and/or psychiatric diseases. We

hypothesize that D and non-D haplotypes

have different effects on the proliferation of

neural progenitor cells, which in turn leads

to different phenotypic outcomes of the brain

visible to selection.
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Ongoing Adaptive Evolution
of ASPM, a Brain Size Determinant

in Homo sapiens
Nitzan Mekel-Bobrov,1,2 Sandra L. Gilbert,1 Patrick D. Evans,1,2

Eric J. Vallender,1,2 Jeffrey R. Anderson,1 Richard R. Hudson,3

Sarah A. Tishkoff,4 Bruce T. Lahn1*

The gene ASPM (abnormal spindle-like microcephaly associated) is a specific
regulator of brain size, and its evolution in the lineage leading to Homo sapiens
was driven by strong positive selection. Here, we show that one genetic variant
of ASPM in humans arose merely about 5800 years ago and has since swept to
high frequency under strong positive selection. These findings, especially the
remarkably young age of the positively selected variant, suggest that the human
brain is still undergoing rapid adaptive evolution.

Homozygous null mutations of ASPM cause

primary microcephaly, a condition character-

ized by severely reduced brain size with oth-

erwise normal neuroarchitecture (1). Studies

have suggested that ASPM may regulate neural

stem cell proliferation and/or differentiation dur-

ing brain development, possibly by mediating

spindle assembly during cell division (1, 2).

Phylogenetic analysis of ASPM has revealed

strong positive selection in the primate line-

age leading to Homo sapiens (3–5), espe-

cially in the past 6 million years of hominid

evolution in which ASPM acquired about

one advantageous amino acid change every

350,000 years (4). These data argue that ASPM

may have contributed to human brain evolution

(3–6). Here, we investigate whether positive

selection has continued to operate on ASPM

since the emergence of anatomically modern

humans.

Human ASPM has 28 exons with a 10,434–

base pair open reading frame (1) (fig. S1). We

resequenced the entire 62.1-kb genomic region

of ASPM in samples from 90 ethnically diverse

individuals obtained through the Coriell Insti-

tute and from a common chimpanzee (7). This

revealed 166 polymorphic sites (table S1).

Using established methodology (7), we identi-

fied 106 haplotypes. One haplotype, numbered

63, had an unusually high frequency of 21%,

whereas the other haplotypes ranged from

0.56% to 3.3% (fig. S2). Moreover, this hap-

lotype differed consistently from the others

at multiple polymorphic sites (save for a few

rare haplotypes that are minor mutational or

recombinational variants of haplotype 63, as

discussed later) (table S2). Two of these poly-

morphic sites are nonsynonymous, both in

exon 18, and are denoted A44871G and

C45126A (numbers indicate genomic positions

from the start codon, and letters at the be-

ginning and end indicate ancestral and derived

alleles, respectively). These two sites reside in

a region of the open reading frame that was

shown previously to have experienced par-
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ticularly strong positive selection in the lineage

leading to humans (4) (fig. S1).

The unusually high frequency of haplotype

63 is strongly suggestive of positive selection

(8). We tested the statistical significance of

the possibility of positive selection using co-

alescent modeling (7). The frequency of hap-

lotype 63 is notably higher in Europeans and

Middle Easterners (including Iberians, Basques,

Russians, North Africans, Middle Easterners,

and South Asians), as compared with other

populations (table S1). We therefore focused

on this group to take advantage of its relatively

simple and homogeneous demographic struc-

ture (9). Because 7 of the 50 Europeans and

Middle Easterners were homozygous for hap-

lotype 63, we tested the probability of ob-

taining 7 or more homozygotes (among 50)

for a single haplotype across a 62.1-kb region

containing 122 segregating sites (the number

of polymorphic sites found in Europeans and

Middle Easterners). The recombination rate

and the gene conversion rate of the locus used

in the test were obtained from our polymor-

phism data (7). For demographic history, we

assumed a severe bottleneck followed by ex-

ponential growth (7) that is likely to be much

more stringent than the bottleneck associated

with the colonization of Eurasia (10). These

parameters produced a highly significant de-

parture from the neutral expectation (P G
0.00001). The simulation was repeated with a

wide range of demographic histories (7), all

of which produced highly significant results.

We repeated the above tests on the entire

Coriell panel, which also demonstrated strong

significance. Finally, we repeated these tests

using the inferred frequency of haplotype 63

(instead of the number of individuals who are

homozygous for this haplotype) and again ob-

tained significant statistical values. These data

indicate that haplotype 63 has spread to high

frequency under positive selection. The two

nonsynonymous polymorphisms previously

mentioned are either the target of selection

or closely linked to the target site.

We define haplogroup D (where D stands

for Bderived[) as the class of haplotypes with

the derived G allele at the A44871G non-

synonymous polymorphic site. The haplotypes

with the A allele are defined as non-D. This

classification is meant to capture the notable

structure in the 106 haplotypes. Haplogroup D

comprises two subgroups. One contains the

predominant haplotype 63 and its closely re-

lated mutational variants Eincluding haplotypes

64, 66, and 71 (table S2)^. The other contains

recombinant haplotypes between haplotype 63

(or its close mutational variants) and non-D

haplotypes (including haplotypes 62, 65, and

105). The frequency of haplogroup D chro-

mosomes is 28% in the entire Coriell panel

and 44% in Europeans and Middle Easterners.

Another prominent feature separating D and

non-D haplotypes is the fact that the two classes

have fixed differences relative to each other at

multiple sites, where D haplotypes have the

derived alleles (except for the rare recombi-

nants between D and non-D chromosomes).

This unusual haplotype structure is consistent

with the following evolutionary history: (i) a

rapid increase of haplotype 63 from a single

ancestral copy to high frequency, and (ii) the

introduction of minor variants of haplotype 63

by mutation and by recombination between D

Fig. 1. Worldwide frequencies of ASPM haplogroup D chromosomes (defined as having the derived G allele at the A44871G diagnostic polymorphism),
based on a panel of 1186 individuals.
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and non-D chromosomes (these variants make

up the other members of haplogroup D).

Another signature of positive selection is

extended linkage disequilibrium (LD) (8),

which is evident in the 62.1-kb region. Indeed,

the 50 haplogroup D chromosomes show near-

ly complete LD across the region, with only

three cases of LD breakdown Ehaplotypes 62,

65, and 105, present in one, two, and one

copy, respectively (table S2)^. In contrast, the

non-D chromosomes do not show any unusual

LD across the region. We investigated the

decay of LD beyond the 62.1-kb region by se-

quencing the Coriell panel for two flanking

intergenic segments of roughly 5 kb each,

positioned 25 kb upstream and downstream

of ASPM. There is notable LD breakdown in

these two segments, confirming that the site of

selection is most likely within ASPM.

Following established methodology (7),

we estimated the coalescence age (i.e., time

to the most recent common ancestor) of haplo-

group D at 5800 years, with a 95% confidence

interval between 500 and 14,100 years. In

comparison, the coalescence age of all the

chromosomes (both D and non-D) is È800,000

years. Thus, the age of haplogroup D sub-

stantially postdates the emergence of anatomi-

cally modern humans, estimated at È200,000

years ago (11). A rough calculation showed

that the fitness advantage of haplogroup D is

in the range of a few percent over non-D

haplotypes.

By genotyping the A44871G diagnostic

polymorphism described earlier, we obtained

the global frequency distribution of haplo-

group D chromosomes from a separate panel

of 1186 individuals (7). Consistent with the

Coriell panel, we observed much higher fre-

quency of haplogroup D chromosomes in

Europeans and Middle Easterners than in

other populations (Fig. 1). The correspond-

ing estimate of F
ST

, a statistic of genetic

differentiation, is 0.29 between Europeans/

Middle Easterners and other populations and

0.31 between Europeans/Middle Easterners and

sub-Saharan Africans. These values indicate

considerable genetic differentiation at this locus

(12). Several scenarios may account for such

notable differentiation. One is that haplo-

group D first arose somewhere in Eurasia and

is still in the process of spreading to other

regions. The other is that it arose in sub-

Saharan Africa, but reached higher frequency

outside of Africa partly because of the bot-

tleneck during human migration out of Africa.

Finally, it is possible that differential selective

pressure in different geographic regions is part-

ly responsible.

Collectively, our data offer strong evidence

that haplogroup D emerged very recently and

subsequently rose to high frequency under

strong positive selection. The recent selective

history of ASPM in humans thus continues

the trend of positive selection that has operated

at this locus for millions of years in the

hominid lineage (3–5). Although the age of

haplogroup D and its geographic distribu-

tion across Eurasia roughly coincide with

two important events in the cultural evolu-

tion of Eurasia—namely, the emergence

and spread of domestication from the Middle

East È10,000 years ago (13) and the rapid

increase in population associated with the

development of cities and written language

5000 to 6000 years ago around the Middle

East (14)—the significance of this correla-

tion is not yet clear.
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Neutral Ecological Theory Reveals
Isolation and Rapid Speciation in a

Biodiversity Hot Spot
Andrew M. Latimer,1* John A. Silander Jr.,1 Richard M. Cowling2

South Africa’s Mediterranean-climate fynbos shrubland is a hot spot of species
diversity, but its diversity patterns contrast strongly with other high-diversity
areas, including the Amazon rain forest. With its extremely high levels of en-
demism and species turnover, fynbos is made up of dissimilar local communities
that are species-rich but relatively poor in rare species. Using neutral ecological
theory, we show that the relative species-abundance distributions in fynbos can
be explained by migration rates that are two orders of magnitude lower than
they are in tropical rain forests. Speciation rates, which are indexed by the
‘‘biodiversity parameter’’ Q, are estimated to be higher than they are in any
previously examined plant system.

Regions with many endemic resident species

are typically grouped together as biodiversity

Bhot spots,[ but this label obscures fundamen-

tal differences among high-diversity systems

in species-diversity patterns and in the pro-

cesses that generate them. The fynbos shrub-

land of South Africa_s Cape Floristic Region

(CFR) presents a particularly strong contrast

with other diverse systems such as the Ama-

zon rain forest. Amazon rain forest tree com-

munities are dominated by species with large

ranges, most of which are locally rare (1, 2),

whereas most fynbos shrub species are narrow

endemics, and many can be locally abundant

(1, 3). Neutral ecological theory (4) enables

the quantification of diversity in these con-

trasting systems in terms of the mechanisms

that generate and partition it: rates of specia-

tion and rates of migration.

The CFR contains over 8,000 plant spe-

cies, of which a majority (69%) are endemic

to the region (2). Mediterranean-climate re-

gions are among the most diverse systems

outside the tropics, and among these, the CFR

has the most species in the smallest area (5).

Molecular phylogenetic studies have estimated

that speciation rates in some lineages in the
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