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Abstract. Every genetic locus mingles the information Introduction

about the evolutionary history of the human species with

the history of its own evolution. Therefore, to address theStudies of human DNA variation provide a remarkable
question of the origin of humans from a genetic point ofresource of data for dissecting the history of human evo-
view, evolutionary histories from many genetic loci have lution. They also open up new possibilities to identify
to be gathered and compared. We have studied two gen@gnetic variants associated to complex human traits.
residing on the X chromosome encoding monoamineEach genetic locus contains partial information about the
oxidases A and BJAOAandMAOB). Both genes have evolutionary history of the human species combined with
been suggested to play a role in psychiatric and/or beinformation about the evolution of the particular locus,
havioral traits. To search for DNA variants of tMAO  Which is affected by numerous recombination and seg-
genes, the sequences of exonic and flanking intronic reregation events. Therefore, different genetic loci might
gions of these two genes were determined in a group ofésult in different genealogies, making the inference
Swedish males. The sequence analysis revealed seve@ffout the origin of the human species complicated. Only
novel polymorphisms in théMAO genes. Haplotypes if the information from many genetic loci is combined
containing high-frequencMAOA polymorphisms were can the genuine scenario of the evolution of modern
constructed, and their frequencies were determined iflumans be unraveled (Paabo 1999).

additional samples from Caucasian, Asian, and African Genetic loci on the X chromosome of males have the
populations. We found two common haplotypes with @dvantage over autosomal loci in that the construction of
similar frequencies in Caucasian and Asian populationshaplotypes is straightforward because males have only
However, only one of them was also the most frequenne allele at each X-chromosomal locus.

haplotype in Africans, while the other haplotype was We have studied the genes encoding the MAOA and
present in only one Kenyan male. This profound changdAOB enzymes, which are associated with certain psy-
in hap|otype frequencies from Africans to non-Africans chiatric and behavioral traits (Shlh and Thompson 1999).

supports a possible bottleneck during the dispersion oMAOA and MAOB are nuclear-encoded mitochondrial
modern humans from Africa. isoenzymes responsible for the oxidative deamination of

biogenic and xenobiotic amines. They differ in their sub-
Key words: Monoamine oxidase — DNA po|ymor- strate Specificity and Sensitivity to inhibitors (Shlh et al.

phisms — Human evolution — Demographic bottleneck1999). The genes encoding MAOA and MAOB are ad-
— Genetic variation — Hap|0type distribution Jacent on the X-chromosome (Xp1123—114) in a tail-

to-tail orientation, and they are separated by 50 kb of
noncoding DNA.

The humanMAO genes are 70% homologous at the
Correspondence tcElena Jazing-mail: elena.jazin@genpat.uu.se amino acid level, and they are postulated to have origi-
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nated from a duplication of an ancestkéhO gene more it was in a region of high-quality sequence. The polymorphism searches
than 500 million years ago. BotMAO genes exhibit in silico exposed 28 candidate SNPs for tidOA gene and 30 SNPs

. . . o or the MAOB gene. As most of the clones were from EST databases,
identical structures (_)f exon—intron organization (Chen e{he majority of the candidate DNA variations were localized in exons
aI._1995). Multiple smgle_—nucl_eonde or length polymor- g in exon—intron boundaries.

phisms have been described in tM&OAgene (Black et

al. 1991, H|_nds et al. 1992; Hotamisligil and Breakefu_ald Sequencing

1991; Ozelius et al. 1988, 1989; Sabol et al. 1998; Tivol

et al. 1,996) and in theAOB gene (HO et al. 1995; The genomic sequence information for thiAOA and MAOB genes,
Konradi et al. 1992; Sobell et al. 1997). Most of them areayajiable in the GenBank database (http://www.ncbi.nim.nih.gov/

located in the noncoding regions of the gene or are silentenbank), was used to design PCR primers flanking the exons. For the
nucleotide substitutions. MAOB gene, the complete genomic sequence was represented in locus

Information on the frequency distribution of the HS27K14(accession number Z95125), while lodd§201D17(acces-

. . . . sion number AL020990), containing tMAOAgene, lacked sequences
MAOA and MAOB allelic variants in different human for exons 1, 2, 4, and 5. Therefore, primers for exons 1 to 15 of the

populations is sparse. Some of the variants are preseffaos gene, and exons 3 and 6 to 15 for HHAOA gene, were used.
only in one specific human population. For example,PCR products varied in length from 290 to 670 bp. Information about
seven of the eight known single-nucleotide polymor-primer sequences and PCR conditions are available upon request. The
phisms (SNPS) in th&1AOB gene are restricted to Af- PCR products were sequenced on an ABI 377 automated sequencer (PE

. A . d/or Native-A . lati dBiosystems, Foster City, CA, USA) using the BigDye terminator cycle
rican-American and/or Native-American populations an sequencing kit (PE Biosystems). The PCR primers were also used as

are nonpolymorphic in Caucasians Q.nd A§ians (Sobell edequencing primers. DNA samples from gorilla and chimpanzee were

al. 1997). Three of the polymorphisms in théAOA  amplified and sequenced with the primers for the human sequences.

exons described (Tivol et al. 1996) have a frequency oﬂ'he_obtained sequences were analyzed and aligned using the Sequence

only 3 to 4% in the studied sample (TiVOI et al. 1996). Navigator software (PE Biosystems). The length of the sequenced

Therefore. the DNA variants of theIAO genes identi- MAOAgene was 4260 and 5860 bp for tdAOBgene. The sequenced

. ! e . 9 o . fragments were distributed over 50 and 77 kb of the genomic sequence

fied so far are not sufficient for allelic association studiesyf the MAOA and MAOB genes, respectively. The total length of the

trying to investigate the role of thBlIAO genes in psy- coding region sequenced was 1220 bp fori&OAgene and 1510 bp

chiatric and behavioral traits. for the MAOB gene, constituting 29 and 26% of the total genomic
In this study, we describe previously unidentified fre- Seauence analyzed for thAOA and MAOB genes, respectively.

guent polymorphisms in thé4AOA gene and low- _

frequency polymorphisms in tHdAOBgenes present in  Genotyping

a set of Swedish individuals. We also construct haplo-

types containing the novel high-frequen@yAOA poly- Five polymorphic loci found in thé/AOA gene and one polymorphic

morphisms in Caucasians, Africans, and Asians. Our reposition in theMAOB gene were selected for genotype determinations

| d hic bottl Kk duri h in larger sample sets. Their positions are indicated under Results and in
sults support a demographic bottlenec uring t eFig. 1. These polymorphisms were genotyped using the solid-phase

dispersion of modern humans from Africa. minisequencing primer extension method (Syvanen et al. 1993).
PCR primers for amplifying DNA regions spanning the six selected
polymorphic positions were designed (sequences available upon re-

Materials and Methods quest). One primer of each pair was biotinylated at fteeBd. The
minisequencing detection primers were located immediately adjacent
DNA Samples to the polymorphic sites on the DNA strand of opposite polarity to the

biotinylated PCR primer. After PCR, with Oj2mol of the biotinylated

o primer and lumol of the unbiotinylated primer, 104 aliquots of the
The MAOA and MAOB genes were initially sequenced from DNA biotinylated PCR products were captured on streptavidin-coated mi-

samples taken from 10 Swedish male blood donors. The identifiG(jt:rotiter plate wells (Combiplate 8; Labsystems, Helsinki, Finland). The

polym_orphisms_ were furthe_r investigated _in an additional set (_Jf 16Wells were washed, the captured PCR products were denatured, and the
Swedish, 37 British, 10 Mexican, 20 Ghanaian, 20 Kenyan, 13 Chinese,iisequencing reactions were performed with @rol of the detec-

and 20 Indian/Pakistani males. Informed consent was obtained from thﬁon primer, 0.1.Ci of one®H-dNTP, and 0.05 U of AmpliTag at 50°C
volunteers providing blood 5"’?”"0'6_5 _and éll the ;amples were analyzefl,. 14 min as described previously (Syvanen et al. 1993). The incor-
anonymously to ensure confidentiality. To obtain the orthologous Se'porated3H-dNTP was measured in a liquid scintillation counter (1450
quences in closely related primate species, DNA samples from ONQjicroBeta: Wallac Finland)

gorilla and one chimpanzee (both females) were sequenced.

Searches for DNA Polymorphisnis Silico Results

To search for polymorphisms in théAOAandMAOBgenesn silico, 1 h€ sequence analysis of theAOAgene in 10 Swedish
BLAST searches were performed for each exon in the NCBI databasetndividuals disclosed five polymorphisms: a T-to-G tran-
(h'ttp://WWW.n(':bi.nIm.nih.gOV/). The resulting multﬁple sequences Wer.E‘sition at position 96 of exon 8, a 5-bp (AACAT) deletion/
aligned and viewed by the BLIXEM software, which creates a graphl—insertion at the 3end of intron 8 (139 bp upstream of

cal representation of a BLAST output (Sonnhammer and Durbin 1994). . .
The criterion for considering a DNA variant as a candidate polymor- exon 9)’ a G-to-A transition at the &nd of intron 9 (46

phism was that it was different from the reference sequence and that P Upstream of exon 10), an A-to-G transition at the 5
was present in more than one clone or, if present in a single clone, thagnd of intron 12 to (69 bp downstream of exon 12), and
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MAOA pair for the MAOA gene and 0.007 substitution per in-
: 5 3 45 6 7.9 10 11- 15 tronic base pair for thelAOB gene. The diversity in
"y, H HH——H—  exonic sequences was similar for the two genes with
n T T T 0.003 substitution per exonic base pair and 0.004 substi-
10kb ) . tution per exonic base pair for tHdAOA and MAOB
123k genes, respectively.
To assess the population distribution of the five poly-
morphisms in theMAOA gene, we genotyped these po-
9-11 12 1315 sitions in an additional set of DNA samples from 63
H——  Caucasian, 33 Asian, and 40 African males. The eight
T T haplotypes observed in this analysis and their frequen-
J cies in the tested populations are summarized in Fig. 2.
The five polymorphic positions segregated as two hap-
Fig. 1. Schematic representation of thAOA and MAOB genes Iotypes, denoted B and E, with distributions of 62 and

indicating the positions of the identified polymorphisrigrtical black 38%. respectivelv. in 26 Swedish males. Further screen-
bars with numbers above them symbolize exohkrizontal arrows ’ P Y )

denote the promoterd/ertical arrows indicate the positions of the ing of the polymorphisms in 37 British and 10 Mexican
polymorphic sites identified in this study. The exact positions are in-males revealed two additional haplotypes (F and H in
dicated in the textAsterisksbelow the arrows denote previously known Fig. 2), which were seen in a single person each, but in
polym(_)rphism_s. Distancgs in kilobases be_twe_en the mostdistant_polygeneraL onIy the two main haplotypes B and E were
morphic positions found in each gene ar_e |nd|_cated below the horgon-observed in Caucasians. The set of 33 Asian samples
tal arrows. TheMAOA and MAOB genes lie adjacent to each other in . . .
a tail-to-tail orientation and the distance between them is approximatel}pontamed the same B and E haplotypes, while 40 African
80 kb. For simplicity, both genes are shown in the same orientationmales displayed seven haplotypes (A-E, G, and H in Fig.
The lengths of the introns are taken from the sequences of publishe®). Haplotype B, which was the most frequent in Cau-
clones. casians and Asians, was also the most frequent in Afri-
cans (Fig. 3A). On the other hand, haplotype E, which

a C-to-T transition at position 36 of exon 14 (Fig. 1). All was the second most frequent haplotype in Caucasians
five polymorphisms had a frequency of 50% among theand Asians, was found in only a single Kenyan male,
10 Swedish individuals sequenced. The polymorphismsndicating a profound change in haplotype frequencies
in exons 8 and 14 were also identified through ourfrom Africans to non-Africans (Fig. 3A).
searchesn silico and have been described previously  Figure 3B shows the proposed evolutionary relation-
(Cargill et al. 1999; Hotamisligil and Breakefield 1991), ship among the current African haplotypes. The haplo-
while the other three polymorphisms are not present irtypes of the monkeys are identical to the African haplo-
sequence databases or described in the literature. We digpe A, indicating that A is the ancestral haplotype.
not find any of the other known SNPs or the SNP can-
didates we found byn silico analysis in the 10 Swedish
individuals studied. Discussion

Sequencing of thdAOB gene revealed three poly-
morphic positions: a T-to-G transition at thé énd of
intron 3 (253 bp downstream of the exon 3), an A-to-GWe have constructed haplotypes with novel polymor-
transition at the 5end of intron 10 (140 bp downstream phisms found in theMAOA gene. As expected, there
of exon 10), and an A-to-G transition at thé &1d of  were low recombination rates for the haplotypes since
intron 13 (36 bp upstream of exon 14) (Fig. 1). Thethe MAO genes are located in a region close to the cen-
substitutions in introns 3 and 10 were identified in atromere. Surprisingly, one of ttdAOA haplotypes had
single person each (10% frequency), while the change im much higher frequency in non-Africans compared to
intron 13, which has been described previously (Ho et alAfricans. In addition, Caucasians and Asians displayed
1995), was found in 4 of the 10 individuals (40% fre- only two main haplotypes with similar frequencies. The
quency). simplest explanation for this phenomenon is that a de-

Nucleotide diversity, compared to the deduced ancesmographic bottleneck (Slatkin and Muirhead 1999) oc-
tral sequence common for the three species sequencedrred during the migration of modern humans from Af-
(human, gorilla, and chimpanzee), was greater for theica and before their expansion to the rest of the world.
MAOB than for theMAOA gene (not shown). The aver- An alternative explanation is that one of the haplotypes
age nucleotide diversity of thRIAOA gene for all three  or some other locus linked to the haplotype has conferred
species was 0.004 substitution per base pair, while it waa selective advantage to the individuals that migrated
0.006 substitution per base pair for thiAOBgene. The from Africa. We regard this as less likely and it would
greater average nucleotide diversity for MM&OB gene  require additional investigations.
was due to a higher number of nucleotide substitutions in  The MAO polymorphisms were originally identified
intronic sequences: 0.005 substitution per intronic basén a sample of Swedes, therefore introducing an ascer-

MAOB

- O)
-y
- 0

*

~70.5 kb
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All Africans N=40 | All Asians N=33 All Caucasians N=73

=
z & = 5 ()] g = 3 = = f—_- — :
SSIEQELEESE L8255 E S
52|52 2 gl ESE S 2 EHS L EIE 22§ Fig.2. Population frequencies of
M 5719 g° = © g = S "1 © &| the identified haplotypes. The
= haplotypes are shown in the
S horizontal barson the left.
Al Tms BERe C—l 0.0510.025 Haplotype A,shaded with a gray
B| T ins G G C l 0.60 | 0.70 [0.650| 0.69 | 0.45 |0.545| 0.62 | 0.70 | 0.50 [0.644| backgroundjs identical to the
] T : ] haplotype found in gorilla and
C{T ins G A T |[]0.20]0.25](0.225 chimpanzee and most likely
DIT ins A A T]|o005 0.025 represents the ancestral haplotype.
The nucleotides that are different
E[G dl A A T]||005 0.025[ 031 | 0.55 |0.455] 0.38 | 0.27 | 0.40 [0.329] from the ancestral ones are shown
F[ G del A A C | 0.03 0.014 with a white backgroundN,
— number of individuals tested.
G[ T ins A G.C l 0.05 0.025 *Mexican genes are mainly of
H[ T ins G G T I 0.05 0.025 0.10 |0.014 Cz?lu_casign and Native American
- : - : : origin (Lisker et al. 1986).
Fig. 3. A Pie charts of the
frequency distributions of the
MAOA gene haplotypes found in
Africans Asians Caucasians Africans, Asians, and Caucasians.
EGHA FH The lettersrefer to the same
2 haplotypes shown in Fig. B
c e . Proposed evolutionary relationship

among the current African
haplotypes. Tharrow indicates the
B B B probable ancestral haplotype. The
area of the circles is proportional to
the haplotype frequencies in
Africans. Dashed circlesenclose
most likely recombinant haplotypes:
haplotype G is a recombinant
between the B and the D
haplotypes, while haplotype H is a
recombinant between the B and
either the C, the D, or the E
haplotype. The length of the lines
connecting the haplotypes is not
proportional to the time of
divergence between them.

tainment bias toward the polymorphisms present in Euhominoids split from chimpanzees to relatively recent
rope. In spite of this bias, subsequent genotyping of theimes when subpopulations of modern humans left Af-
polymorphisms revealed that Africans display greaterica and occupied the rest of the world. In general, mod-
haplotypic variation. Therefore, our conclusions are un-ern humans exhibit considerably lower genetic variation
likely to be affected by the bias that reduces Africancompared to other primate species (Crouau-Roy et al.
diversity. 1996). This would be anticipated if the modern human
Data on genetic variation give information about the population had experienced a recent major bottleneck in
history of human evolution. However, since the genealpopulation size or the human species persisted as a small
ogy of sequences at different locations in the genomepopulation for a long time (Jorde et al. 1998). Several
differs (Paabo 1999), it is important to study whether thestudies exploring the variability of mitochondrial (Gag-
same or similar patterns can be inferred from many dif-neux et al. 1999) and nuclear genomes (Harpending et al.
ferent genes or segments of the genome. 1998; Kimmel et al. 1998; Reich and Goldstein 1998;
Some previous studies have argued for populatiorZietkiewicz et al. 1998) indicate that a bottleneck fol-
bottlenecks during the history of human evolution (Am- lowed by a later expansion might have occurred in the
brose 1998; Kimmel et al. 1998; Reich and Goldsteinancestral population for modern humans. However, stud-
1998), although the time points at which the bottleneckies examining genetic variation in other nuclear genes,
might have occurred vary, ranging from the time whensuch as the pyruvate dehydrogenasecEdubunit (Hey
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1997), the apoliprotein C-1l gene (Xiong et al. 1991), andbottleneck during modern human migration. In fact, it is
MHC loci (Ayala 1995) as well as th@-globin locus  possible that the migrating groups had frequencies simi-
(Harding et al. 1997) have argued against an ancestrddr to those of the rest of the population at these particular
bottleneck. Still, a moderate reduction in population sizeloci. Moreover, it has been shown that the dystrophin
(up to 10,000 breeding individuals) for a long period gene has a very high mutation rate, and any deleterious
would be consistent with their data (Rogers and Jordenutation together with linked neutral variants is strongly
1995). subjected to natural selection (Prior et al. 1995). There-
Studies of genome variation have also been helpful irfore, it is likely that the diversity pattern of the dystro-
attempts to decipher the dispersion of modern humanghin locus is very different from those of other neutrally
Though it is clear that the genuddomo originated in  evolving loci. In general, it is possible that different stud-
Africa, the disagreement concerns the subsequent evolies have looked at different windows of human evolu-
tion of modern humans (Templeton 1997). The fact thation, depending on the age of the polymorphisms present
we have found similar haplotype frequencies of thein each locus.
MAOA gene in modern Asians and Caucasians would Our data on the haplotype distribution of MAOA out-
favor the out-of-Africa replacement hypothesis, as it isside of Africa revealed the prevalence of two haplotypes.
unlikely that independently evolving modern humans inIn fact, the presence of two main clades of haplotypes
different parts of the world would result in similar fre- has been reported previously for other loci: lipoprotein
quencies of the same haplotypes. lipase and angiotensin-1 converting enzyme (Clark et al.
Data on microsatellite variation in autosomes (Bow-1998; Keavney et al. 1998). However, the time for the
cock et al. 1994; Shriver et al. 1997) and the Y chromo-origin of the two clades is different for the lipoprotein
some (Seielstad et al. 1999), Alu insertion polymor-lipase and monoamine oxidase data. We found only two
phisms (Stoneking et al. 1997), and mitochondrial DNAmain haplotypes present in Eurasians and several haplo-
variation (Watson et al. 1997) showed a higher nucleotypes present in Africans. However, the two main clades
tide diversity in Africans compared to non-Africans, and observed for the lipoprotein lipase locus were also pres-
the root of an evolutionary tree for all the variants wasent in populations with African genetic components (i.e.,
placed in Africa. This indicates that non-African popu- in African-Americans). It was then suggested that these
lations might have an African origin and have gonetwo clades are very old and originated just after the hu-
through a bottleneck after the dispersion from Africa. Onman—chimpanzee split. Thereafter, the two lineages
the contrary, other studies investigating population di-could have been sustained after a moderate bottleneck
versity of restriction fragment length polymorphisms in following the human/chimpanzee split (Harpending et al.
nuclear genomes found greater nucleotide variation inl998) or by natural selection (Clark et al. 1998; Rieder et
non-Africans than in Africans (Bowcock et al. 1991). al. 1999).
However, the data could be misleading because they ana- Although large efforts are being carried out to create
lyzed polymorphisms ascertained in European populaa collection of human variable sites in coding regions
tions, and such polymorphisms might not be present i(Halushka et al. 1999), our study shows that it is also
Africans (Jorde et al. 1998). important to obtain information from intronic segments,
A more informative picture of the history of human to allow the construction of informative human haplo-
evolution can be obtained from studies comparing theypes. The novel haplotypes described here could be used
distributions of haplotypes instead of single polymor-for association studies of the different genetic subtypes
phisms. Although these studies are yet scarce, someith extreme values of monoamine oxidase activity lev-
common patterns of haplotype distributions are emergingls in humans. It has been observed that there are up to
for different loci. In accordance with our results as well 30-fold differences in the stable activity levels of platelet
as with the nucleotide diversity data mentioned aboveMAOB among healthy individuals (Murphy et al. 1976)
several studies have shown that African populations disand up to 100-fold interindividual differences in MAOA
played a higher haplotype diversity compared to otheractivity measured in skin fibroblasts (Castro Costa et al.
populations. Moreover, Eurasian haplotypes constituted980). The variation in the activity of the enzymes is
a subset of African haplotypes (Hammer 1995; Kaessdetermined substantially by genetic components (Hot-
mann et al. 1999; Tishkoff et al. 1996; Watson et al.amisligil and Breakefield 1991; Pedersen et al. 1993),
1997). These findings strengthen the evidence for an Afand the absence of MAOA has been clearly associated
rican origin as well as for a bottleneck in the ancestralwith abnormal human behavior (Brunner et al. 1993).
Eurasian population. On the contrary, haplotype diver-Therefore, several studies attempting to find an associa-
sity studies of theg3-globin locus (Harding et al. 1997) tion between DNA polymorphisms in theIAO genes
and the dystrophin gene (Zietkiewicz et al. 1998) haveand human traits have been performed but have obtained
found similar frequencies of the old polymorphisms be-inconclusive or controversial results. For example, asso-
tween Africans and non-Africans. However, these obsereiation of susceptibility to Parkinson disease with the A
vations do not necessarily contradict the occurrence of allele at the polymorphic site in intron 13 of th¢AOB
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gene was suggested in a study on Caucasians (Kurth eyalg FJ (1995) The myth of Eve: molecular biology and human ori-
al. 1993) but was not replicated in a Japanese population 9ins [see comments]. Science 270:1930-1936

. . . Black GC, Chen ZY, Craig IW, Powell JF (1991) Dinucleotide repeat
(Morimoto et al. 1995) or in an Australian cohort (Mel polymorphism at the MAOA locus. Nucleic Acids Res 19:689

lick et al. 1999), and more surprisingly, the other allele atgoycock AM, Hebert IM, Mountain JL, Ridd JR, Rogers J, Kidd KK,
the polymorphic site in intron 13 was related to Parkin-  cavalli-Sforza LL (1991) Study of additional 58 DNA markers in
son’s disease in another sample of Caucasians (Costa et five human populations from four continents. Gene Geogr 5:151—
al. 1997). Confusing results were also obtained in allelic 173

. . . . Bowcock AM, Ruiz-Linares A, Tomfohrde J, Minch E, Kidd JR, Cav-
association studies analyzmg the involvement of MAO alli-Sforza LL (1994) High resolution of human evolutionary trees

in bipolar disorders (Furlong et al. 1999; Kunugi et al.  ith polymorphic microsatellites. Nature 368:455-457

1999) as well as in alcoholism (Parsian 1999; SamosBrunner HG, Nelen M, Breakefield XO, Ropers HH, van Oost BA
chowiec et al. 1999). A more extensive panel of DNA  (1993) Abnormal behavior associated with a point mutation in the
variants and haplotypes could help to find segments of structural gene for monoamine oxidase A. Science 262:578-580

LT . A . Cargill M, Altshuler D, Ireland J, Sklar P, Ardlie K, Patil N, Lane CR,
the gene that are in linkage disequilibrium with the func-=" = EP. Kalayanaraman N, Nemesh J, Ziaugra L, Friedland L,

tional polym_orphis_ms resp(_)n_Sib_le for the different_levels Rolfe A, Warrington J, Lipshutz R, Daley GQ, Lander ES (1999)

of monoamine oxidase activity in human populations. Characterization of single-nucleotide polymorphisms in coding re-
Single nucleotide polymorphisms are a good choice gions of human genes. Nature Genet 22:231-238

for association studies because they have a low mutatiofastro Costa MR, Edelstein SB, Castiglione CM, Chao H, Breakefield

. XO (1980) Properties of monoamine oxidase in control and Lesch-
rate and are amenable to automation (Halushka et al. Myhan fibroblasts, Biochem Genet 18:577—590

:!-999)- On th? OIher_ hand, the power of linkage disequUithen zv, Denney RM, Breakefield XO (1995) Norrie disease and
librium mapping using SNPs as markers for unknown MAO genes: Nearest neighbors. Hum Mol Genet 4:1729-1737

causative polymorphisms depends on several paramete@ark AG, Weiss KM, Nickerson DA, Taylor SL, Buchanan A, Sten-
including the density and number of tested SNPs at a gard J, Salomaa V, Vartiainen E, Perola M, Boerwinkle E, Sing CF

given locus. the frequencies of the SNPs in the popula- (1998) Haplotype structure and population genetic inferences from
! nucleotide-sequence variation in human lipoprotein lipase. Am J

tion, the age of the mutations, the proportion of the vari-  ,m Genet 63:595-612

ance of a given phenotype attributable to a causativ&osta P, Checkoway H, Levy D, Smith-Weller T, Franklin GM, Swan-
polymorphism within the tested locus, and the evolution- son PD, Costa LG (1997) Association of a polymorphism in intron
ary history of a studied population (Kruglyak 1999). The 13 of the monoamine oxidase B gene with Parkinson disease [in

. : : process citation]. Am J Med Genet 74:154-156
use Of h.apIOIyp?S mstegd of smgle _polymor.phlsms .forCrouau-Roy B, Service S, Slatkin M, Freimer N (1996) A fine-scale
association studies can increase the information obtained ., mnarison of the human and chimpanzee genomes: Linkage, link-
by an association analysis and will require the develop- age disequilibrium and sequence analysis. Hum Mol Genet 5:1131—
ment of special statistical analysis (Terwilliger and 1137
Weiss 1998). Furlong RA, Ho L, Rubinsztein JS, Walsh C, Paykel ES, Rubinsztein

In conclusion, haplotype variation reflects demo- DC (1999) Analysis of the monoamine oxidase A (MAOA) gene in

hi t d di fi f Iuti f bipolar affective disorder by association studies, meta-analyses, and
graphic events an Iverse action or evolutionary rorces sequencing of the promoter [in process citation]. Am J Med Genet

that have been taking place during the history of modern gg:398-406

humans (Przeworski et al. 2000). Consequently, the patsagneux P, Wills C, Gerloff U, Tautz D, Morin PA, Boesch C, Fruth
tern and degree of linkage disequilibrium differ among B, Hohmann G, Ryder OA, Woodruff DS (1999) Mitochondrial
different populations and different genetic loci. There- Seauences show diverse evolutionary histories of African homi-

fore, a detailed picture of haplotype variation at different noids. Proc Natl Acad Sci USA 96:5077-5082
! p plotyp Halushka MK, Fan JB, Bentley K, Hsie L, Shen N, Weder A, Cooper

loci O_f the human genome is essential not only to reveal R Lipshutz R, Chakravarti A (1999) Patterns of single-nucleotide
the history of modern humans, but also for the successful polymorphisms in candidate genes for blood-pressure homeostasis.
design of genetic association studies to identify genes Nature Genet 22:239-247

involved in the etiology of complex human traits Hammer MF (1995) A recent common ancestry for human Y chromo-
somes. Nature 378:376-378
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