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Associations have been reported of the seven-repeat (7R) allele of the
human dopamine receptor D4 (DRD4) gene with both attention-
deficit/hyperactivity disorder and the personality trait of novelty
seeking. This polymorphism occurs in a 48-bp tandem repeat in the
coding region of DRD4, with the most common allele containing four
repeats (4R) and rarer variants containing 2-11. Here we show by DNA
resequencing/haplotyping of 600 DRD4 alleles, representing a world-
wide population sample, that the origin of 2R-6R alleles can be
explained by simple one-step recombination/mutation events. In
contrast, the 7R allele is not simply related to the other common
alleles, differing by greater than six recombinations/mutations.
Strong linkage disequilibrium was found between the 7R allele and
surrounding DRD4 polymorphisms, suggesting that this allele is at
least 5-10-fold “‘younger”” than the common 4R allele. Based on an
observed bias toward nonsynonymous amino acid changes, the
unusual DNA sequence organization, and the strong linkage disequi-
librium surrounding the DRD4 7R allele, we propose that this allele
originated as a rare mutational event that nevertheless increased to
high frequency in human populations by positive selection.

he human dopamine receptor D4 (DRD4) gene (1), located

near the telomere of chromosome 11p, is one of the most
variable human genes known (2, 3). Most of this diversity is the
result of length and single-nucleotide polymorphism (SNP) varia-
tion in a 48-bp tandem repeat (VNTR) in exon 3, encoding the third
intracellular loop of this dopamine receptor (2, 3). Variant alleles
containing two (2R) to eleven (11R) repeats are found, with the
resulting proteins having 32-176 amino acids at this position.
Interestingly, the frequency of these alleles varies widely. The 7R
allele, for example, has an extremely low incidence in Asian
populations yet a high frequency in the Americas (3).

A number of investigations have found associations between
particular alleles of this highly variable gene and behavioral
phenotypes (4-8). Although initial studies suggested that the 7R
allele of the DRD4 gene might be associated with the personality
trait of novelty seeking (7, 8), the most reproduced association
is between the 7R allele and attention-deficit/hyperactivity
disorder (ADHD; refs. 4-6 and 9). ADHD is the most prevalent
disorder of early childhood, affecting an estimated 3% of
elementary school children. As defined by DSM-1V criteria (10),
ADHD consists of developmentally inappropriate inattention,
impulsivity, and hyperactivity with early onset (before the age of
7). Evidence of a strong genetic component of ADHD has come
from a variety of twin, adoption, and family studies (11, 12). The
efficacy of methylphenidate in the treatment of ADHD indicates
that genes in the dopamine pathway might play a role in the
syndrome’s etiology (9, 13). Initial association studies found
ADHD probands to exhibit an increased frequency of DRD4 7R
alleles in comparison to controls (4). Eight separate replications
of this initial observation have now been reported (9). As in all
association studies, however, one cannot assume that the pres-
ence of a DRD4 7R allele is either necessary or sufficient to
“cause” ADHD. Further work will be required to understand the
genetic/environmental factors underlying this behavior.
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Nevertheless, given the likely functional importance of this
change in the DRD4 protein, in a region that couples to G proteins
and mediates postsynaptic effects (14), these association studies
have generated considerable interest (9). In particular, this associ-
ation is consistent with the common variant/common disorder
hypothesis, which proposes that the high frequency of many com-
plex genetic diseases is related to common DNA variants (15, 16).
However, many questions remain as to the nature of the DRD4/
ADHD association. One would like to know (i) whether particular
7R allele variants are associated with ADHD, (i) the population
distribution of variant DRD4 alleles, and/or (iii) whether the
observed marker is in linkage disequilibrium (LD) with other
etiologically relevant polymorphisms. Given the known high level of
sequence polymorphism of this gene (2), PCR-based DNA rese-
quencing is the most efficient and accurate method to address these
questions. Here we use this approach to determine (i) the popu-
lation distribution of DRD4 exon 3 haplotypes and (i) their relative
association with adjacent polymorphisms. We present haplotype
data indicating that the DRD4 7R allele originated as a rare
mutational event (or events) that nevertheless increased to high
frequency in human populations by positive selection.

Methods

Population Samples. Samples were obtained as reported (3, 17).
The origins of the 600 alleles reported in this study, based on
geographical/ethnic origin, are as follows: North and South
America, 12.7% (76 alleles); Europe, 36.7% (220 alleles); Asia,
27.3% (164 alleles); Africa, 20.3% (122 alleles); and Pacific,
3.0% (18 alleles). Lymphoblastoid cell lines have been estab-
lished for most of these population samples, and methods for
transformation, cell culture, and DNA purification have been
described (3, 17). For LD studies of the DRD4 4R-G-G SNP
association, an additional 288 alleles (approximately equally
derived from African, Asian, and European sources) were used.
All persons gave their informed consent before their inclusion in
this study, which was carried out under protocols approved by the
Human Subjects Committees at the participating institutions.

PCR Amplification and DNA Sequencing. PCR amplification of the
DRD4 promoter polymorphism was conducted as described (18,
19). The program OLIGO 6.0 was used to select primer pairs for the
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exon 1 polymorphism (5'-TGGGCCGCCGCATTCGT-3' and 5'-
GGTGGGTGTATCGCCGAGGGA-3'; 661-nt product; ref. 20)
and the exon 3 VNTR (5'-CGTACTGTGCGGCCTCAACGA-
3’and 5'-GACACAGCGCCTGCGTGATGT-3'; 705-nt product
for the 4R allele; ref. 2). For some amplifications of the VNTR,
primers described previously were used (2). The alternative primers
were chosen farther from the VNTR to minimize out-of-register
hybridization during amplification. PCRs were conducted in 25-ul
volumes containing 100 ng of genomic DNA, 200 uM dXTPs, 0.5
uM of each primer, 1X PCR buffer (Qiagen, Chatsworth, CA), 1X
Q solution (Qiagen), and 0.625 units of Tag DNA polymerase
(Qiagen). Amplification was performed by using Perkin-Elmer
9700 thermal cyclers. A 20-sec, 96°C hot start was used followed by
40 cycles of 95°C for 20 sec and 68°C for 1 min. After a 4-min chase
at 72°C, excess primers were eliminated with 0.5 units of shrimp
alkaline phosphatase (SAP, Amersham Pharmacia), 0.1 unit of
exonuclease I (Exo I, Amersham Pharmacia), and 1X SAP buffer
(Amersham Pharmacia). The SAP/Exo I reaction was carried out
at 37°C for 1 h followed by a 15-min heat inactivation at 72°C. The
DNA from the SAP/Exo I reaction was used directly for DNA
sequencing. For most individuals, the two allelic PCR products first
were separated on 1.2% agarose gels. DNA cycle sequencing was
conducted by standard techniques using ABI 377 and 3700 auto-
mated sequencers (21).

K./Ks and Allele Age Calculations. K, /K ratios were calculated by
standard methods (22, 23). Putative recombinant haplotypes
were not considered independent events. Allele age calcula-
tions were conducted by standard methods as described below
(24-27).

Calculated from population frequency. E(t) = [—2p/(1 — p)]
In(p), where E(t1) = expected age, time is measured in units of 2N
generations, and p = population frequency. For DRD4, p = 19.2%
for the 7R allele and 65.1% for the 4R allele. A generation time of
20-25years and N = 10,000 were assumed [regarded as a minimum
estimate of the effective population size of modern humans during
the period before recent growth (24, 26)].

Calculated from intraallelic variation. t = [1/In(1 — ¢)] In[(x(¢) —
¥)/(1 = y)], where ¢ = allele age, ¢ = recombination rate, x(t) =
frequency in generation ¢, and y = frequency on normal chro-
mosomes. Assuming the origin of the 7R allele was on an
LiL,(7R)A-C haplotype, for the (7R)A-C association ¢ =
0.0000136 (from the average recombination rate per megabase
times the VNTR-SNP distance), x(f) = 97% (the percentage of
A-C SNPs associated with DRD4 7R alleles), andy = 13.9% (the
percentage of A-C SNPs associated with African DRD4 4R
alleles, assumed to be the “normal” allele). For the promoter
polymorphism L;(7R) association, ¢ = 0.000165, x(¢) = 90.8%,
andy = 61.9%.

Results and Discussion

Primer sets were chosen to amplify the four exons of the highly
GC-rich DRD4 gene (1) as well as the adjacent promoter region and
splice junctions (Fig. 1). Initial resequencing of the entire promoter
and coding region of the DRD4 gene from 20 ADHD probands
(data not shown) uncovered a number of polymorphisms reported
previously. These polymorphisms included two insertion/deletion
polymorphisms, one in the promoter region (4.3 kb upstream of the
VNTR; refs. 18 and 19) and one in exon 1 (2.7 kb upstream of the
VNTR; ref. 20; see Fig. 1). In addition, a number of new coding
SNPs were uncovered in the exon 3 VNTR (2) as well as two
previously unreported SNPs in intron 3, 20 nt apart and ~350 bp
downstream from the center of the VNTR (Fig. 1). Given the high
level of VNTR polymorphism identified in this initial sample, a
more extensive PCR resequencing of 600 exon 3 VNTR alleles,
obtained from a worldwide population sample (refs. 3 and 17; Table
1; Fig. 2), was conducted. This sample contained individuals
representing most major geographical origins (see Methods). The
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Fig. 1. Diagrammatic representation of the human DRD4 gene region. Exon
positions are indicated by blocks (yellow, noncoding; orange, coding). The
approximate positions of a 120-bp promoter region duplication (blue trian-
gle), an exon 1 12-bp duplication (blue triangle), an exon 3 VNTR (blue
triangle), and two intron 3 SNPs are indicated. 2R-11R variants of the VNTR are
indicated below exon 3 (blue) along with their worldwide population fre-
quencies determined by PCR analysis (3, 17).

majority of individuals were heterozygotes, and the two allelic PCR
products could be separated by gel electrophoresis before sequenc-
ing, providing unambiguous haplotypes. Altogether, we screened
over 450,000 bp of genomic DNA and 2,968 48-bp repeats.

In the 600 chromosomes sequenced, 56 different haplotypes
were found (Table 1). These haplotypes were composed of 35
distinct 48-bp variant motifs (Fig. 2), 19 of which were reported
previously (designated a—¢ in Fig. 2; ref. 2). We propose that
these DRD4 48-bp variant motifs are given numbers as shown
rather than the letters used previously (2), because there are not
enough characters in the Greek alphabet. We propose that
DRD4 exon 3 variants be designated in the format shown, i.e., the
most common 4R allele being designated 4R(1-2-3-4), etc.

We intentionally over-sampled non-4R alleles approximately
2-fold, because little sequence variation was uncovered in the
common 4R allele (Table 1) even though it represents 65% of the
world population frequency (3, 17). Most of the haplotypes in this
sample (85.7%) were found at frequencies less than 1% (Table 1).
Looking at nucleotide diversity among variants defined by their
VNTR number, the common 2R, 4R, and 7R alleles exhibit the
least diversity, with 78.2, 95.2, and 88.9% of the alleles respectively
represented by the most common 2R(1-4), 4R(1-2-3-4), and 7R(1-
2-6-5-2-5-4) haplotypes (Table 1). In contrast, although the 3R, 5R,
6R, and 8R alleles are rarer, they have proportionally more variants
(Table 1). This unusual pattern of allele diversity is clearly not a
simple length effect, i.e., longer alleles have greater diversity. Many
population-specific rare haplotypes were observed. Examples in-
clude the 2R(30-4) haplotype found only in the Surui (South
America) sample and the SR(1-3-2-3-4) haplotype found only in the
Han Chinese (Asian) sample (Table 1 and Fig. 2).

The pattern of nucleotide variation observed in the VNTR
haplotypes is not random (Fig. 2). Most DNA sequence variants
change the amino acid sequence, sometimes quite dramatically (i.e.,
Gln to Pro; Fig. 2). Although many of these variants are related
mutational events (below), one can account for these relationships
in calculating K,/Ks (the ratio of the number of amino acid
replacements per site divided by the estimate of the number of
synonymous changes). Values of K,/K; greater than 1 are taken
usually to be a stringent indicator of positive selection at the
observed DNA segment (22, 23). For a tandem repeat sequence,
many assumed relationships can be inferred, and hence different
K, /K ratios can be calculated. For all assumed relationships of the
DRD4 variants, however, K, /K > 1. For example, assuming that the
most abundant 1-6-variant motifs (Fig. 2) all have a common origin
and that diversity was generated by both mutation and recombi-
nation (below), a K,/K; value of 3 is obtained. Expanding this
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Table 1. Haplotypes of 600 DRD4 exon 3 alleles

Allele F N Haplotype Allele F N Haplotype
2R 0.088 55 6R 0.022 24
43 1-4 16 1-2-3-2-3-4
12 30-4* 2 1-2-6-5-2-20
3R 0.024 36 2 1-2-6-5-2-4
16 1-7-4 1 1-2-14-17-2-4
9 1-2-4 1 1-6-5-2-5-4
4 1-11-33* 1 1-2-13-2-5-19
3 1-9-4 1 24-6-5-2-5-4
1 1-2-22 7R 0.192 199
1 1-2-21 177 1-2-6-5-2-5-4
1 1-2-31 5 1-2-6-5-2-5-19*
1 1-2-32 3 1-2-6-5-2-3-4
4R 0.651 250 3 1-2-6-5-13-5-4*
238 1-2-3-4 2 1-8-25-5-2-5-4
3 1-2-14-4 2 1-2-3-5-2-5-4
2 1-2-13-4 1 1-2-6-5-2-13-4
2 1-2-12-4 1 1-2-29-17-2-5-4
1 1-17-3-4 1 1-2-6-2-2-5-4
1 1-9-12-4 1 1-8-25-5-2-3-4
1 1-8-3-4 1 1-2-6-16-2-3-4
1 1-10-3-4 1 1-2-6-5-2-14-4
1 1-9-3-4 1 1-2-3-17-2-5-4
5R 0.016 27 8R 0.006 6
12 1-3-2-3-4* 2 1-2-6-5-17-2-13-35*
4 1-2-13-34-4* 1 1-2-6-5-2-2-5-4
3 1-2-2-3-4 1 1-2-6-26-5-26-3-35
2 1-2-6-5-4 1 1-2-6-26-5-26-3-4
2 1-11-2-3-4 1 1-2-6-18-5-18-3-4
1 1-3-2-14-4
1 1-2-6-23-4 9R <0.001 1-8-25-5-2-5-2-23-4
1 1-2-3-9-4 10R <0.001 1 1-2-15-6-2-6-5-2-5-4
1 1-2-3-27-4 11R <0.001 1 1-2-3-27-5-23-25-5-2-5-28

F, observed allele frequency in 2,836 chromosomes from 37 worldwide human populations (3,17); N, allele number identified by sequence analysis in this study
(non-4R alleles were oversampled by 2-3-fold); haplotype, haplotypes are indicated using the repeat motif nomenclature proposed (Fig. 2). Alleles with adjacent
asterisks indicate common variants found only in a single population sample (2R 30-4, Surui; 3R 1-11-33, Nasioi; 5R 1-3-2-3-4, Chinese; 5R 1-2-13-34-4, Biaka; 7R
1-2-6-5-2-5-19, Surui; 7R 1-2-6-5-13-5-4, Nasioi; 8R 1-2-6-5-17-2-13-35, Biaka). Alleles with a single representation by definition were found in only one population.

analysis to include between-species divergence (a powerful method
to improve these calculations) is not possible because of the
rapid de novo generation of variation in this VNTR in primate
lineages (28).

Standard approaches to defining evolutionary relationships be-
tween these haplotypes are not applicable because of the repetitive
nature of the DNA sequence (23). Based on the observed DNA
sequences and their nucleotide variations, however, it is straight-
forward to propose a simple origin for the majority of these
haplotypes (Fig. 3; Table 1). One-step recombination/mutation
events between the most common alleles can account for nearly all
the observed variation of the 2R-6R alleles. Fig. 3 is a simplified
diagram of the most common recombination events proposed.
Although the inferred nucleotide sequence of an ancestral DRD4
cannot be determined, all alleles in a particular primate species
seem to be derived from a relatively recent common ancestor (28).
The most prevalent 4R allele is proposed as the human progenitor
allele, based on (i) limited sequence data reported for primate
DRD4 4R alleles (28), (i) the lower level of LD for polymorphisms
surrounding this allele (as discussed below), and (iii) the sequence
motif arrangements of the non-4R alleles. Unequal recombination
between two 4R(1-2-3-4) alleles would produce the observed
common 2R-6R alleles (Fig. 3). The position of crossover deter-
mines the resulting sequence. For example, the most common
3R(1-7-4) and 3R(1-2-4) alleles differ only in the position of
crossover either within or after the second repeat (Fig. 3; Table 1).
Thus, the known high frequency of unequal recombination between
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tandem repeats (29) can account for most of the observed diversity
of the DRD4 gene.

In addition to unequal crossovers, single point mutations are
evident in this population sample (Table 1 and Fig. 2). For
example, with one exception all 2R alleles worldwide have the
sequence 2R(1-4) (Table 1). All 12 2R alleles resequenced from
Surui (South American) DNA were found to contain a single
point mutation, the 2R(30-4) allele (Table 1 and Fig. 2). This
mutation, a C to T change in the first repeat, does not alter the
amino acid sequence and likely has a recent (less than 10,000—
20,000-year) origin (24).

In contrast, the formation of the observed 7R and higher alleles
cannot be explained by simple one-step recombination/mutation
events from the 4R(1-2-3-4) haplotype (Fig. 3). The generation of
a 7R allele from the most prevalent 4R allele would require at least
one recombination and six mutations to arise. Even allowing for
more complicated gene-conversion events, multiple low probability
steps are needed to convert a 4R allele into a 7R allele (Fig. 3). For
example, the central five-variant motif found in the common
7R(1-2-6-5-2-5-4) haplotype could be produced by a recombination
between two 4R alleles. Recombination between the terminal
four-variant motif of one 4R allele and the initial one-variant motif
of the second 4R allele would yield a 7R(1-2-3-5-2-3-4) haplotype
(Fig. 2). Three additional mutations of each of the two three-variant
motifs in this putative 7R haplotype then are required to produce
the current 7R(1-2-6-5-2-5-4) haplotype. Four of these six nucleo-
tide changes are nonsynonymous, altering the amino acid sequence
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Fig.2. Nucleotide and amino acid sequences of VNTR motifs. The nucleotide
and corresponding amino acid (red) sequences of 35 DRD4 exon 3 48-bp
repeat motifs are shown. Prior nomenclature (2) for 19 of these motifs is
indicated (a-§). The putative single-step origin of most of these motifs is
indicated either as a recombination (R) or mutation (M) event. For example,
the 7 motif is hypothesized to be a recombination between a 2 motif and a 3
motif (R2/3), and the 8 motif is hypothesized to be a single point mutation of
a 2 motif (M2). Motifs 1-6, which account for the vast majority of observed
haplotype variants (Table 1), are considered the progenitors. Motifs with
no putative origin noted (for example, motif 15), have multiple possible
progenitors.

(Ser to Gly, Gln to Pro, Ala to Pro, and Ser to Gly; Fig. 2). Although
gene conversion rather than mutation could be proposed as the
mechanism to “insert” these nucleotide changes in a hypothetical
7R(1-2-3-5-2-3-4) allele, two unlikely events, one involving 7R-7R
allele gene conversion, would be necessary (Figs. 2 and 3).

None of these putative “intermediate” 7R haplotypes were
observed in this worldwide population sample. Our sample
included 47 7R alleles sequenced from individuals of African
origin thought to contain populations with the greatest genetic
diversity and age (24). It is unlikely, then, that intermediate 7R
haplotypes exist at high frequency. It is not our intention,
however, to propose a specific origin of the DRD4 7R allele.
Rather, we wish to emphasize that based on DNA sequence
analysis, the DRD4 7R allele seems quite distinct from the
common 2R-6R alleles. It is impossible to determine whether
the origin of the DRD4 7R allele was a single, highly unlikely
event or a series of unlikely events (Fig. 3).

Regardless of the mechanism of origin of the DRD4 7R allele, it
clearly is capable of participating in recombination events with the
other alleles. Most of the rare 7R haplotypes observed appear to be
recombination events, mostly with the common 4R(1-2-3-4) allele
(Table 1). For example, the 7R(1-2-6-5-2-3-4) haplotype appears to
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be a recombination between a 4R(1-2-3-4) allele and a 7R(1-2-6-
5-2-5-4) allele (Table 1 and Fig. 2). This origin was confirmed by
analyzing SNPs outside the recombination region (see below).
Further, the origin of some of the rare SR and 6R alleles and all the
8R and higher alleles can be explained by recombinations involving
a 7R allele, because they contain the six-variant motif unique to the
7R allele (Fig. 2 and Table 1). Many of these 8R and higher alleles,
however, seem to have more complicated origins based on DNA
sequence analysis (Table 1 and Fig. 2).

This model (Fig. 3) explains the apparent anomaly in the
observed haplotype diversity noted above (Table 1), where the most
abundant (and ancient, see below) 4R allele has the lowest nucle-
otide diversity. If recombination is the predominant generator of
diversity, then the majority of 4R-4R recombination events are
predicted to have an unchanged nucleotide sequence. Such events
can be inferred only by recombination of outside markers. Only
when out-of-register recombination occurs will new nucleotide
sequence (and length) variants be generated (Fig. 3). The observed
pattern of haplotype diversity is consistent with a predominantly
“2-allele” system (4R and 7R), with most of the rarer variants
generated by recombination from these two haplotypes (Fig. 3).

The unusual nature of the sequence organization of the DRD4
7R allele, suggesting it arose as a rare mutational event, led us to
determine whether differences in LD exist between the 4R and 7R
alleles. The haplotype of two adjacent intronic SNPs (G/A-G/C;
Fig. 1) could be determined directly, because they were present on
the same PCR product used to amplify the 48-bpVNTR. Strong LD
was found between the A-C SNP pair and the 7R allele (Fig. 3).
Ninety-seven percent of 7R alleles were associated with the A-C
SNP pair (66 of 68 examined). The two 7R alleles associated with
G-G SNPs were 7R-4R recombinant haplotypes as determined
originally from DNA sequence analysis (above). In contrast, both
the G-G and A-C SNP pairs are associated with DRD4 4R alleles
(487 examined alleles). However, the G-G pair is most frequent,
representing 86.1% of the African sample but up to 98.6% of our
Asian sample.

All African 7R alleles were associated with the A-C haplotypes,
whereas only 13.9% of African 4R alleles were associated with the
A-C haplotype. DNA sequence analysis of several chimp and
bonobo samples (data not shown) indicates that the G-G SNP pair
is likely the ancestral sequence (Fig. 3). Thus, it seems that the
original DRD4 7R allele arose on this rarer A-C SNP background.
A sample of 73 2R, 3R, 5R, and 6R alleles showed approximately
equal association with the G-G and A-C SNPs, which is consistent
with their proposed recombinational origin from both the 4R and
7R alleles (Fig. 3). Interestingly, all 26 Asian 2R allele samples
examined showed association with the A-C SNPs, suggesting their
origin from recombinations involving 7R alleles (Fig. 3).

Similar results were obtained for more distant promoter and exon
1 insertion/deletion polymorphisms (Fig. 1). In this case association
was inferred indirectly from data obtained for our prior population
studies (3, 17) and PCR analysis of a subset of the individuals used
in this study. For 40 samples where parental DNA was also available
and could be genotyped for these markers, phase could be inferred
directly. A strong association was observed between the long
(duplicated) L; promoter polymorphism (Fig. 1) and the 7R allele
(Fig. 3), with 90.8% of 7R alleles associated with L; (607 alleles
analyzed). In contrast, the L; polymorphism is coupled with only
61.9% of 4R alleles (2,102 alleles analyzed). Although population-
specific variation was observed (for example, more L;-4R coupling
in Chinese than African populations), little overall L;-4R linkage
was detected (Fig. 3). The closer L, polymorphism in exon 1 (Fig.
1) was associated with 93.4% of 7R alleles and 86.4% of 4R alleles,
a relative difference similar to that observed for the L;-7R and
L;-4R association. The L,/S, polymorphism is in a coding region,
however, and selective constraints may be influencing allele fre-
quency as well (30).
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Standard methods of estimating coalescence time for these alleles
are not applicable, given the repetitive nature of the region and high
recombination frequency. However, calculations of allele age based
on the relatively high worldwide population frequency of the DRD4
4R and 7R alleles suggest that these alleles are ancient (>300,000
years old; refs. 25 and 26; see Methods). On the other hand,
calculations of allele age based on the observed intraallelic vari-
ability (refs. 26 and 27; see Methods) suggest that the 7R allele is
5-10-fold “younger” (30,000-50,000 years old). Such large discrep-
ancies between allele ages calculated by these two methods usually
are taken as evidence that selection has increased the frequency of
the allele to higher levels than expected by random genetic drift
(26). The absolute values of these estimates are greatly affected by
the assumptions used in their computations, for example the
assumed recombination frequency (26). We have used conservative
estimates of recombination frequency based on the average ob-
served for the terminal 20 megabases of 11p (31). Given the
observed high recombination at this locus (Table 1 and Fig. 3), it
is likely that the actual age of the 7R allele is even younger, and
further LD analysis will refine these estimates. The important
conclusion, however, is that regardless of the parameters assumed,
the relative age differences for the 4R and 7R alleles calculated
from intraallelic variability remains large, whereas their population
frequency suggests they are both ancient.

The simplest hypothesis to account for (i) the observed bias in
nucleotide changes (K,/K), (if) the unusual sequence organization
of the DRD4 7R allele, and (iii) the strong LD surrounding this
allele is that the 7R allele arose as a rare mutational event (or
events) that nevertheless increased to high frequency by positive
selection. Advantageous alleles usually take a long time to reach a
frequency of 0.1, then increase rapidly to high frequencies (>0.9).
Although it is possible we are observing the recent expansion of a
highly advantageous 7R allele, we suggest that it is more likely that
this two-allele DRD4 system (Fig. 3) is an example of balanced
selection. Such selection may be more pervasive in the human
genome than generally thought (24). A balanced selection model
proposes that both the 4R and 7R alleles are maintained at high
frequencies in human populations. A variety of mechanisms could
be proposed for such balanced selection, ranging from heterozygote
advantage to frequency-dependent selection (24). According to
evolutionary game theory (32), the evolutionary payoff for a
particular kind of personality will depend on the existing distribu-
tion of personality types. For example, high aggression may lead to
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high fitness if almost everyone is meek but might result in low fitness
when very common, because aggressive individuals would suffer the
penalties of frequent conflict. This type of frequency-dependent
selection might be expected to apply to many types of psychological
variation, including those associated with this particular neurotrans-
mitter receptor (4-9).

Alternative explanations to the proposed positive selection such
as recent random bottlenecks, population expansion, and/or pop-
ulation admixture (24) are less likely to account for the observed
results. Bottlenecks certainly have occurred during human migra-
tion and evolution (33-35) and undoubtedly have influenced the
current worldwide DRD4 allele frequency. Numerous population
studies on other genes (24, 33, 35) have shown that an “out-of-
Africa” constriction of allele diversity (and an increase in LD) likely
occurred. In the present study, a greater diversity (and lower LD)
was found for African DRD4 4R alleles in comparison to the
remainder of our population sample, which is consistent with the
out-of-Africa hypothesis (24). Although one could argue that
the 7R allele frequency was increased by chance during the
out-of-Africa expansion, this theory does not explain the unusual
lack of diversity in African 7R alleles. The most common L;L,-
7R(1-2-6-5-2-5-4)-A-C haplotype (Fig. 3) is found at frequencies
comparable to those found worldwide (>85%). It is difficult to
imagine what type of bottleneck could produce such results, i.e.,
strong worldwide LD for a single allele (DRD4 7R), yet little LD for
the remaining alleles. A model that is consistent with the observed
results is the “weak Garden of Eden” hypothesis (24), in which the
DRD4 4R allele would be hypothesized to be ancient and present
in indigenous populations, whereas the 7R allele was spread by the
expansion out of (and into) Africa. In such a weak Garden of Eden
hypothesis, positive selection for the DRD4 7R allele still must be
proposed.

Although we suggest that a recent mutational origin and positive
selection best account for the DRD4 7R allele data, another
possibility cannot be ruled out. Given the highly unlikely recom-
bination/mutation events required to generate the 7R allele from
the 4R allele, a possibility worth considering is the importation of
this allele from a closely related hominid lineage. What lineage that
might be can only be speculated, but Neanderthal populations were
present at the approximate time the 7R allele originated. Under this
model, the coalescence time for the 4R and 7R alleles then would
be ancient, with the importation occurring only recently, as mea-
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sured by LD. Obviously, additional experimental work may clarify
these speculations.

For the DRD4 locus, it is unlikely that selection for an adjacent
gene can account for the proposed selection, given the distinct and
unusual DNA sequence of the DRD4 7R allele itself. If the DRD4
7R allele originated ~40,000 years ago, one might ask what was
occurring at that time in human history? It is tempting to speculate
that the major expansion of humans that occurred at that time, the
appearance of radical new technology (the upper Paleolithic)
and/or the development of agriculture (24), could be related to the
increase in DRD4 7R allele frequency. Perhaps individuals with
personality traits such as novelty seeking, perseverance, etc. drove
the expansion (and partial replacement). The speculation that
migration could account for the current 7R allele distribution has
been proposed (34). In addition to such phenotypic selection, sexual
selection could be operating as well. As defined originally by
Darwin (36), “any advantage which certain individuals have over
others of the same sex and species solely in respect of reproduction”
will lead to increased offspring. If individuals with a DRD4 7R allele
have personality/cognitive traits that give them an advantage
(multiple sexual partners, higher probability for mate selection,
etc.) then the frequency of this allele will expand rapidly depending
on the cultural milieu. Perhaps cultural differences can account for
some of the observed differences in DRD4 7R allele frequency (3).
Obviously, determining the exact nature of the DRD4 selection and
its biochemical and behavioral basis awaits further experimenta-
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tion. Recent experiments indicating that individuals with ADHD
and possessing this unusual DRD4 7R allele perform normally on
critical neuropsychological tests of attention in comparison to other
ADHD probands (6) point to but one of many areas of future
investigation.

One may ask why an allele that seems to have undergone strong
positive selection in human populations nevertheless is now dis-
proportionately represented in individuals diagnosed with ADHD.
The common variant/common disorder hypothesis (16) proposes
that common genetic variation is related to common disease either
because the disease is a product of a new environment (such that
genotypes associated with the disorder were not eliminated in the
past) or the disorder has small effects on fitness (because it is late
onset). For early onset disorders (such as autism, ADHD, etc.) we
suggest entertaining the possibility that predisposing alleles in fact
are under positive selection and only result in deleterious effects
when combined with other environmental/genetic factors. In this
context, it is possible that prior selective constraints are no longer
operating on this gene. It is possible also to speculate, however, that
the very traits that may be selected for in individuals possessing a
DRD4 7R allele may predispose behaviors that are deemed inap-
propriate in the typical classroom setting and hence diagnosed as
ADHD.
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