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Abstract
The daily biological clock regulates the timing of sleep and physiological processes that are of
fundamental importance to human health, performance, and well-being. Environmental parameters
of relevance to biological clocks include (i) daily fluctuations in light intensity and temperature, and
(ii) seasonal changes in photoperiod (daylength) and temperature; these parameters vary dramatically
as a function of latitude and locale. In wide-ranging species other than humans, natural selection has
genetically optimized adaptiveness along latitudinal clines. Is there evidence for selection of clock
gene alleles along latitudinal/photoperiod clines in humans? A number of polymorphisms in the
human clock genes Per2, Per3, Clock, and AANAT have been reported as alleles that could be subject
to selection. In addition, this investigation discovered several novel polymorphisms in the human
Arntl and Arntl2 genes that may have functional impact upon the expression of these clock
transcriptional factors. The frequency distribution of these clock gene polymorphisms is reported for
diverse populations of African Americans, European Americans, Ghanaians, Han Chinese and Papua
New Guineans (including five subpopulations within Papua New Guinea). There are significant
differences in the frequency distribution of clock gene alleles among these populations. Population
genetic analyses indicate that these differences are likely to arise from genetic drift rather than from
natural selection.
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Introduction
Eukaryotic and prokaryotic organisms manifest daily (circadian) rhythms controlled by
endogenous biochemical oscillators [Dunlap et al. 2004]. In mammals, this biological clock
regulates the timing of sleep and physiological processes–including feeding behavior, lipid and
carbohydrate metabolism, sleep, and blood pressure control–that are of fundamental
importance to human health, performance, and well-being [Dunlap et al. 2004]. These daily
oscillations are controlled by a circadian clock composed of autoregulatory transcription/
translation feedback loops of the expression of central clock genes, especially Clock, Bmal1/
Arntl, Bmal2/Arntl2, Per1, Per2, Per3, Cry1, and Cry2 [Dunlap et al., 2004; Lowrey &
Takahashi 2004]. The clock-controlled hormone melatonin also plays an important role in
circadian and sleep systems [Lewy et al., 2006]. Perturbation of the central clock genes by
mutation or knockout in mice elicits phenotypes ranging from arhythmicity [Bunger et al.
2000; van der Horst et al. 1999; Vitaterna et al. 1994] to metabolic syndrome/obesity [Staels
2006], altered insulin/glucose responsiveness [Rudic et al. 2004], and increased susceptibility
to cancer [Fu et al. 2005].

In humans, disorders of the biological clock have been strongly implicated in sleep disorders,
shiftwork, alertness/performance, cardiovascular disease, and mental health [Dunlap et al.
2004; Kryger et al. 2005]. For example, in depression, there is often a daily variation in mood
(depression worse in morning) with altered phasing of the cortisol secretion rhythm (and other
rhythms)[Dunlap et al. 2004; McClung 2007]. Recent studies have shown that clock gene
polymorphisms are associated with several syndromes, including sleep and mood disorders,
for example: (i) variants in Per2 and CKIδ with "Familial Advanced Sleep Phase
Syndrome" (FASPS, [Toh et al. 2001; Xu et al. 2005]), (ii) variants of Per3 with delayed sleep
phase syndrome [Ebisawa et al. 2001] and extreme diurnal preference [Archer et al. 2003], (iii)
a variable number of tandem repeats in exon 18 of Per3 (VNTR) with sleep structure and
dysfunction [Viola et al. 2007], (iv) a single nucleotide polymorphism (SNP) in the promoter
of the human arylalkylamine N-acetyl-transferase gene (AANAT) with short sleep duration
[Wang et al. 2004], and (v) a polymorphism in the 3’ UTR of Clock with diurnal preference
[Katzenberg et al. 1998], and sleep disorders [Serretti et al. 2005].

A previous paper reported that a biallelic tandem repeat polymorphism (VNTR) in the human
Per3 gene exhibited significantly different allelic frequencies between Papua New Guineans
(0.19) versus East Asians (0.80–0.89), whereas European/American/African populations had
intermediate frequencies (0.6~0.7) [Nadkarni et al. 2005]. We therefore tested whether these
geographical/ethnic differences in allelic frequency were common in other biological clock
genes or whether this phenomenon was specific to the VNTR polymorphism of Per3. This
study reports the frequency distribution of previously reported polymorphisms of potential
functional significance in PER2, PER3, CLOCK, and AANAT in African Americans, European
Americans, Han Chinese, Papua New Guineans, and Africans from Ghana. Because Papua
New Guinean samples may be genetically diverse, we also perform analyses on subpopulations
within Papua New Guinea. In addition, we performed systematic screening and
characterization of common exonic and promoter polymorphisms in the ARNTL (aka
hBmal1 or hMop3 [Hogenesch et al. 1998]) and ARNTL2 (aka hBmal2 or hMop9 [Hogenesch
et al. 2000]) genes by single-stranded conformation polymorphism (SSCP) analyses and
sequencing, and report the discovery of several novel polymorphisms. We use population
genetic analyses on these clock gene polymorphisms (i) to understand population stratification,
(ii) to assess selection/drift, and (iii) as a basis for future association analyses of clock gene
polymorphisms with phenotypes of behavioral and/or medical significance.
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Materials and Methods
Study subjects

DNA samples were collected from unrelated human subjects from various global populations,
including: African-American (n = 48 from the Coriell Cell Repository), European-American
(n = 422 collected at Vanderbilt), Han Chinese (n = 48 from the Coriell Cell Repository), New
Guinean (n = 66), and Ghanaian (n = 48, randomly selected from a cohort of unrelated
individuals of the Ga ethnic group that were collected as part of an ongoing study of the genetic
basis of hypertension and cardiovascular disease [Williams et al. 2000]). The PNG samples
are further subdivided into separate sub-populations as follows: Sepik (n = 18), Madang (n =
4), Gimi (n = 10), Goroka (n = 11), and Nasioi/Bougainville (n = 23). The study was approved
by all relevant institutional review boards and participating individuals.

DNA isolation and primer design
For the European-American (EA) samples collected at Vanderbilt, 5 cc whole blood was
collected from each subject and DNA was isolated from lymphocytes by the Vanderbilt DNA
core facility. For the Nasioi, Gimi, and Goroka PNG samples, DNA was isolated from
lymphoblast cell lines grown at Yale University. Previously reported primers were used for
the Per2, Per3 and Clock variants (Table S1A). For Arntl and Arntl2, forward and reverse
primers yielding ~200 bp amplicons were generated to cover the promoter regions, exons, and
intronic regions immediately flanking exons in a series of overlapping fragments (Table
S1A). These primers were designed with an annealing temperature of ~55°C.

SSCP screening and genotyping
Each amplicon was PCR amplified from the genomic DNA using one of two protocols:
Platinum PCR Supermix (Invitrogen, Carlsbad, CA, USA) was used for Per2, Per3 and
Clock. For Arntl and Arntl2, AmpliTaq Gold (Applied Biosystems, Foster City, CA, USA) was
used with the provided PCR Buffer II and MgCl2. Loading dye (4X = 40 mM EDTA, 0.1%
bromophenol blue, 0.1% xylene cyanol prepared in deionized formamide) was added to all
PCR products. These products were then denatured at 94°C for 3 min, rapidly cooled to 4°C,
and separated in MDE electrophoresis gels (Lonza, Basel, Switzerland) at 15 W in 0.6x TBE
running buffer at 4°C for 8–14 h. Gels were developed by silver staining to visualize bands
[Nataraj et al. 1999]. In the case of the Arntl and Arntl2 genes, we used SSCP to screen for
common polymorphisms in the EA population (defined as those polymorphisms present in 5%
or more of the population). As an initial screening cohort, we chose 20 random EA subjects (~
5% of the total population) to look for novel variants and to verify the existence of known
polymorphisms within each of the amplicons analyzed (80 amplicons for Arntl and 62
amplicons for Arntl2). The screening set was estimated to provide 98% power to detect a
polymorphism with a minor variant frequency of 0.10, and 87% power with a frequency of
0.05. Each amplicon was amplified by PCR and then run on an acrylamide gel for SSCP
analysis. Samples that represented the most common SSCP banding pattern and also any
samples that exhibited an uncommon band shift pattern were sequenced as described below to
confirm the common sequence and to identify polymorphisms (for the less common patterns).

In the cases of the Per2, Per3, Clock, and AANAT genes, we used previously reported primers
or redesigned primers to produce ~200 bp amplicons that are roughly centered upon the site
of SNPs that have already been described (Table S1A). For the Per2 and Clock genes, we

AAdditional Data (as Tables S1–S10 and Figures S1–S2) are available from the following websites:
Vanderbilt's Center for Human Genetics Research website: http://chgr.mc.vanderbilt.edu/
Johnson Laboratory website: http://www.cas.vanderbilt.edu/johnsonlab/
McMahon Laboratory website: http://sitemason.vanderbilt.edu/mcmahonlab
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discovered novel SNPs that were located within the amplicons in addition to the targeted SNP.
Finally, SNP allele frequencies in all genes were determined on all the samples in the indicated
five populations using the SSCP patterns as confirmed by sequencing. Results from the
genotyping analyses using SSCP were concordant with the existing data in dbSNP for allele
frequencies in the different populations, indicating the fidelity of this method.

Sequence analysis
Amplicons with band-shifts were PCR amplified as stated above, cleaned with the QIAQuick
PCR Purification Kit (QIAGEN, Valencia, CA), and sequenced with an ABI 3730xl DNA
Analyzer (Applied Biosystems). Control and shifted sequences were aligned using Clustal W,
and variants were compared to dbSNP build 126 for Homo sapiens (NCBI, Bethesda, MD,
USA).

Statistical analyses
Allelic and genotypic distributions were compared between ethnic groups using Fisher’s exact
tests. Hardy-Weinberg Equilibria (HWE) were calculated for each marker using Fisher’s exact
tests. Haplotype frequencies were estimated using an expectation maximization (EM)
algorithm that reconstructs haplotypes and determines frequencies that maximize the
likelihood of the genotypic data [Excoffier & Slatkin 1995; Hawley & Kidd, 1995]. Differences
in haplotype distributions between populations were determined using a regression approach
[Zaykin et al. 2002]. Wright’s FST estimates were calculated between each population and
within the Papua New Guinea sub-populations using a method developed by Weir and
Cockerham (1984). Wright’s FST is a measure of population differentiation that ranges from
0 to 1 with 0 indicating no differentiation and 1 indicating highly differentiated populations.
The above analyses were performed with either Stata version 9, Powermarker [Liu & Muse
2005], or Tools for Population Genetic Analysis (TFPGA, version 1.3 available at
http://www.marksgeneticsoftware.net/); all gave virtually the same results.

Results
SSCP screening of polymorphisms in Arntl and Arntl2

Based on the previous study of the geographical frequency distributions of the Per3 VNTR,
we assessed the allele frequency of the clock gene SNPs in five populations: European
Americans (EA), African Americans (AA), Ghanaians (GA), Han Chinese (HC), and Papua
New Guineans (PNG)[Nadkarni et al. 2005]. Because PNG populations are known to be
genetically heterogeneous [Friedlaender et al. 2007], we assayed several subpopulations within
PNG to determine if the study of Nadkarni and coworkers [2005] provided data that reflected
PNG as a whole or only certain subpopulations within PNG.

In addition to genotyping previously reported SNPs within the clock genes Clock, Per2,
Per3, and AANAT, we identified several novel SNPs in the promoter and exonic regions of the
key clock genes Arntl and Arntl2 using SSCP gel analyses [Nataraj et al. 1999]. Our criterion
for a "common" polymorphism was frequency greater than five percent in the initial screening
cohort. This screening strategy identified 11 SNPs in Arntl and Arntl2 that were chosen for
further characterization (Table S1A). Of these 11 SNPs, three were novel variants in Arntl and
three others were unreported variants in Arntl2 (Table 1). Not only did our SSCP method reveal
these six novel polymorphisms in the Arntl and Arntl2 genes, it also revealed one new SNP in
Clock and three new SNPs in Per2 in the amplicons designed to uncover the previously reported
SNPs (Table 1). Two previously reported SNPs in Per2 and Per3 for which rs# have not been
assigned are referred herein as c.1984A>G [Toh et al. 2001] and c.2460A>G [Ebisawa et al.
2001](see Table S1A for the location of all SNPs discussed in this paper along with the primer
pairs we used).
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Among the Arntl SNPs, ss95215855 was the only variant found exclusively in the EA
population (Table 2 and Figure S1A). The other two SNPs in Arntl were both intronic (Table
1) and occurred in non-EA populations at low frequency (Table 2 and Table S2A, Figure
S1A). We screened eight polymorphisms in the Arntl2 gene in the EA population (Table 1,
Table 2, Table S2A, Figure S1A), of which five were polymorphic in all populations (Table
2). The first (rs5797225) was a TTG repeat in the 5’ region that is likely to act as promoter of
Arntl2. This polymorphism consisted of either 7, 8, 9, or 10 TTG repeats, with the 8 or 9 repeat
structure being most common in all populations (Table 2, Figure S1A). The next two
polymorphisms (rs7137588 and rs11048972) were within 19 bp of each other in the Arntl2
promoter region and were variable in all populations (Table 2, Figure S1A). One other common
SNP occurs within the putative promoter of Arntl2 (rs10548381) and another SNP (rs4964059)
occurs in the intron between exons 2 and 3 (ss95215857, ss95215858, and ss95215859 do not
appear in Table 2 because they are very rare). One of the SNPs in Arntl2 departed from HWE
at the p < 0.05 level (rs4964059) and two SNPs departed from HWE at the p < 0.01 level
(rs10548381 and ss95215857, Table 2 and Table S2A). Each of these departures was limited
to a single population, and for two of these three the populations may represent either recent
admixture among distinct populations (rs10548381 in African Americans) or stratification
(rs4964059 in PNG).

Population analyses of Arntl, Arntl2, Clock, Per2, Per3, and AANAT genes
We also analyzed previously reported SNPs in the central clock genes Clock, Per2, and
Per3, and in the AANAT gene that encodes the rate-limiting enzyme of melatonin biosynthesis
(Table 1 and Table S1A). Our rationale for including these SNPs in the study was three-fold.
The first was to compare our systematic analyses with that of the only previous population
genetic study of a clock gene SNP, namely of the VNTR SNP in Per3 [Nadkarni et al. 2005].
The second reason for studying these previously reported SNPs is that many of them have been
reported to have functional significance. Finally, our third rationale was that many of them are
sufficiently common in human populations that they might have some value in explaining
common syndromes that might be associated with clock gene polymorphisms (in contrast,
while the SNPs in Per2 and CKIδ have potent effects upon the timing of sleep and activity
[Toh et al. 2001;Xu et al. 2005], they are so uncommon that they are unlikely to have any real
explanatory power for disorders in the general population). We again used the SSCP method
to assess the frequency of these SNPs by designing primers to amplify ~200 bp amplicons
around the reported SNPs. We then sequenced representatives of every different SSCP pattern
we observed for every amplicon. This method was successful in identifying the reported SNPs
and in addition, we discovered novel SNPs in Clock and Per2 within these amplicons (Table
1).

SNPs rs1801260 (in Clock) and rs4238989 (in AANAT) were polymorphic in all populations
we studied (Table 2 and Figure S2A). SNP ss95215860 in Clock, a previously unreported SNP
we identified in the PNG population was unique to PNG (Table S2A). The c.1984A>G SNP
in Per2 that is associated with FASPS [Toh et al. 2001] was not detected in any of our
populations (Table S2A). In the process of SSCP screening for c.1984A>G, however, we
identified other Per2 SNPs, including three novel SNPs, ss95215861, ss95215862, and
ss95215863 with extremely low frequencies (<0.01), and three SNPs that have been previously
identified (rs2304669, rs2304670, and rs2304671)(Table 2). For most of the SNPs in Per3,
there was a low but detectable frequency of polymorphisms in our populations (Table S2A).
The most polymorphic of the Per3 variants was the VNTR repeat (AB047536) that has been
associated with delayed sleep phase syndrome and sleep structure dysfunction [Ebisawa et al.
2001;Viola et al. 2007] and that has been reported to exhibit significantly different allelic
frequencies among populations [Nadkarni et al. 2005]. This polymorphism is a four or five
tandem repeat of a 54 bp sequence in exon 18 of Per3. We confirm that the 4-repeat allele is
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the most common in all populations except for the PNG population, where the 5-repeat is most
common (Table 2, Figure 1A). The 5-repeat is least common in the Han Chinese population
(19%), and is approximately the same (34–41%) in the EA, African-American, and Ghanaian
populations.

Deviation from Hardy/Weinberg Equilibrium (HWE) for all the SNPs of sufficient frequency
are indicated in Table 2 and Table S2A (four SNPs were present in such low frequency that
they were not studied further: ss95215861, ss95215863, rs35899625, and rs3760138).
Including the Arntl2 SNPs that were out of HWE as noted above, there were two loci that
deviated from HWE in the EA population, one of which had a nominal p-value < 0.01 (Table
2 and Table S2A). In the Han Chinese and Papua New Guinea populations there was one SNP
in each that deviated from HWE; however, only the SNP in the Han population deviated with
a nominal p < 0.01. In African-Americans there were three SNPs that deviated from HWE,
two of which had a nominal p-value <0.01. None of these appears significant in the context of
multiple tests. There were significant allele and genotype differences between many of the
populations we compared (Table S3A and Table S4A). The populations that differed the most
in both allelic and genotypic distributions were European Americans as compared with
Ghanaians. In comparisons of these two populations, the common variant was more frequent
in EA (except for the rs10462021 SNP in Per3). As expected, there were few allelic or
genotypic differences between Ghanaians and African-Americans (Table S3A & Table S4A).

Loci were excluded from haplotype and FST analyses if four or more populations had only one
of the two alleles. Haplotypes for Arntl2, Per2, and Per3 differ in frequency among the
populations (Table S5A and Table S6A). In particular, for Arntl2 the comparisons revealed
significant differences (p < 0.001) for all of the population comparisons except when comparing
Ghanaians to African-Americans. There were also significant differences in haplotype
comparisons when comparing PNG to the other populations (Table S5A & Table S6A). FST
averaged across all five populations was below 0.1 for all polymorphisms (Table S7A & Figure
2A, black trace), with the exception of Arntl2 (rs4964059) and Per3 (rs228697) (FST = 0.139
for both SNPs). Comparing the PNG subpopulations among each other shows two SNPs
(rs7137588 and rs4964059 in Arntl2) for which FST exceeds 0.1 and one that nearly exceeds
0.1 (ss95215860 in Clock), indicating greater genetic differentiation among PNG populations
than across the global samples (Figure 2A, gray trace).

Stratification within the PNG sub-populations
Nadkarni and coworkers [2005] reported that the VNTR polymorphism of Per3 (AB047536)
exhibited significantly different allelic frequencies in PNG (0.19), as compared to East Asians
(0.80–0.89) and European/American/African populations (intermediate frequencies of
0.6~0.7). However, PNG populations can be very diverse genetically [Friedlaender et al. 2007],
and the previous study did not give the origin(s) of its PNG study population. We therefore
performed our analyses using 3 populations within Papua New Guinea (Sepik/Madang, Gimi,
and Goroka) and one population from the nearby island of Bougainville (Nasioi). We found
that there is very significant variation of clock gene polymorphisms among the PNG sub-
populations. For example, the 4-repeat variant of VNTR ranged in allele frequency from 25%
(Gimi) to 54% (Nasioi)(Figure 1B). This result implies that Nadkarni and coworkers [2005]
might have studied a distinct sub-population within PNG and that their results might not be
reflective of PNG populations in general. The VNTR was not the only polymorphism that
showed significant variation among PNG subpopulations, as implied by the allele frequencies
and FST values for PNG (Figure 2A and Table 3, Table S7A, and Table S8A) and as is more
explicity shown by the FST comparisons among the PNG sub-populations (Figure 2B and Table
S9A, including pairwise comparisons between the PNG population and the other populations,
Table S10A). There are numerous FST values greater than 0.10 when the PNG subpopulations
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are compared, e.g., in the rs5797225, rs7137588, rs4964059, rs2304669, and VNTR
polymorphisms. In fact, the FST values for most of those SNPs exceed that of the VNTR
polymorphism when compared among the PNG sub-populations (FST is only greater than 0.1
for the VNTR polymorphism when the Eastern Highlands sub-population is compared with
the Nasioi sub-population, Table S9A). These data support the idea that genetic differentiation
among the PNG populations is greater than that across much of the rest of the world.

Discussion
The function of biological clocks is to provide temporal information to the organism so that
physiological and/or behavioral responses can be coordinated during the daily cycle to
maximize adaptiveness. Environmental parameters of relevance to biological clocks include
daily fluctuations in light intensity and temperature and seasonal changes in daylength and
temperature [Dunlap et al. 2004]. These parameters vary dramatically as a function of latitude
and locale. Therefore, biological clocks within wide-ranging species may be genetically
“tuned” by natural selection to optimize adaptiveness along latitudinal clines or other location-
dependent factors. Indeed, Drosophila melanogaster exhibits such genetic polymorphisms in
circadian clock genes along latitudinal clines [Sawyer et al. 2006; Tauber et al. 2007]. Homo
sapiens is a species that is distributed to practically every terrestrial niche on earth. Therefore
it is of interest to study levels and patterns of variation in human circadian clock genes to assess
the evolutionary mechanism that may have shaped these patterns.

Our study is the first systematic report of the frequency distribution of polymorphisms in
multiple clock genes. We chose two groups of polymorphisms to study: (i) previously reported
polymorphisms of potential functional significance in Per2, Per3, Clock, and AANAT, and (ii)
polymorphisms in Arntl and Arntl2 identified by a systematic SSCP screen of promoter and
exonic regions. This screen revealed several novel polymorphisms in Arntl and Arntl2. We
studied five diverse populations (including subpopulations within Papua New Guinea) from
very different latitudes and environments. Significant differences between the populations
were found for allelic and genotypic frequencies. For the reported clock gene polymorphisms
that also appear in HapMap, our allele frequencies are nearly identical to the HapMap data for
most of the assays (Table 2 and Table S2A), confirming the accuracy of the SSCP method.
There were 7 out of 145 SNP/population combinations that were out of Hardy Weinberg
Equilibrium (HWE)–well within the range expected for a Type 1 error at the p < 0.05 level
(7/145 = 4.8%). Moreover, none of the SNPs show more than one population deviating from
HWE (Table 2 and Table S2A). Of note, one of these is in the combined PNG population that
is probably not a single panmictic population (Friedlaender et al., 2008), as shown by the large
FST values among the discrete populations.

On the basis of the SNPs for which allelic and genotypic frequency differences could be
calculated for all five populations, EA and Ghanaians differed the most. In contrast, there were
very few allelic or genotypic differences between the Ghanaian and African-American
samples. As expected, haplotype comparisons revealed similar patterns (Table S5A and Table
S6A). It is interesting that the most common haplotype for all populations was the same for
Per2 and Arntl, but that this was not the case for Arntl2 and Per3. For Arntl2, the most common
haplotype in the Han population was exceedingly rare in all other populations except PNG,
where it was the second most common haplotype. In Per3, the most common haplotype in
PNG was second most common in all of the other populations (Table S5A).

The PNG population was less different from the EA, African-American, and Ghanaian
populations than the EA-Ghanaian difference when the PNG samples were pooled, in contrast
to expectations based on the previous report [Nadkarni et al. 2005]. As might be expected in
terms of geographic distance, the PNG population as a whole was most similar to the Han
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Chinese in terms of individual SNP allele frequencies (Table S3A), but this difference was not
as clear from the haplotype analyses. This might indicate a very different history of the PNG
founding chromosomes. Upon examining sub-populations within PNG, it became clear that
even the VNTR SNP–studied by Nadkarni & coworkers [2005] and used to argue that PNG is
a genetic outlier–has very different allele frequencies among sub-populations. For example, in
the Nasioi sub-population, the VNTR allele frequency is close to that in the non-PNG
populations (EA/GA/AA). Therefore, the very low VNTR frequency (19% for the 4-repeat
allele) reported by Nadkarni & coworkers [2005] does not reflect PNG as a whole. Moreover,
the FST analyses that compare the three PNG sub-groups indicate much larger FST values
among the PNG subgroups (Figure 2B and Table S9A) than among any of the five global
populations (Figure 2A and Table S7A). Because it is difficult to imagine that the environment
within the PNG region is more heterogeneous than the environments inhabited by EA vs. Han
Chinese vs. African-Americans vs. Ghana Africans vs. Papua New Guineans, it is unlikely that
the differences in allele frequency we observe are due to natural selection acting in response
to environmental pressures. Genetic similarities based on large numbers of autosomal markers
place the Nasioi subpopulation sample close to the East Asian populations and far from the
European and African populations [Tishkoff & Kidd, 2004]. Some, but not all, of the markers
we examined follow this pattern.

Therefore, it seems likely that the differences in the clock gene allele distributions that we have
observed are due to genetic drift (e.g., possibly a founders’ effect). Most of the genetic
heterogeneity among Papua New Guineans has likewise been attributed to genetic drift
[Friedlaender et al. 2007]. In particular, our data do not support selection of clock gene alleles
on the basis of latitude/photoperiod, which might be predicted to affect the evolution of
circadian clock genes (as in Drosophila [Sawyer et al. 2006; Tauber et al. 2007]). Our Ghana
and PNG samples are the best defined in terms of latitude and both are close to the equator
where the annual photoperiod will be nearly constant at 12 h light/12 h dark (LD 12:12).
Nevertheless, the allele frequencies are very different between the Ghana and PNG populations.
Our other populations (EA, AA, and HC) are less well defined geographically and have been
subject to admixture. Nevertheless, these populations come from latitudes ranging between
22–70°N. At 22°N, the annual photoperiod ranges between LD 13.2:10.8 (summer) and LD
10.4:13.6 (winter), whereas around 60°N photoperiods range between LD 18.4:5.6 (summer)
and LD 5.4:18.6 (winter). (At 70°N there is no night in mid-summer and no day in mid-winter.)
Therefore, EA and HC populations will experience a broad range of annual photoperiodic
changes and there is no evidence from an EA/HC comparison to GA/PNG to suggest a selective
pressure for annual photoperiod. Our analysis is of central clock genes (and of a melatonin
synthesis gene); perhaps the central clock mechanism has been mechanistically constrained in
humans and has therefore not been subject to natural selection along latitudinal clines (in
contrast to the situation in Drosophila [Sawyer et al. 2006; Tauber et al. 2007]). However,
because the most important input signal for the entrainment of circadian pacemakers is light,
it is very possible that the light input pathway has been optimized by natural selection for
specific latitudes/photoperiods. Therefore, while we have not found evidence for natural
selection acting on central clock genes, our data do not exclude the possibility that genes
encoding input pathway components (e.g., melanopsin) will show genetic evidence for natural
selection.

Finally, we discovered several new SNPs, including some relatively common polymorphisms
in Arntl and Arntl2. These polymorphisms may affect the expression of these two critical clock
genes. For example, because 5’UTR regions are often involved in translational control, the
novel ss95215855 SNP of Arntl could affect the translational efficiency of Arntl mRNA. In
addition, common SNPs in the Arntl2 gene affect regulatory regions such as the promoter
(rs5797225, rs7137588, rs11048972, ss95215857, and rs10548381) and intronic regions
(rs4964059 and ss95215858). For example, the rs7137588 SNP is in the recognition motif for
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the EBP-80 transcriptional factor, and therefore this SNP could affect transcriptional regulation
of Arntl2. In addition to being key components of the central circadian clockwork, the ARNTL/
BMAL1 and ARNTL2/BMAL2 transcriptional factors also mediate a large number of output
pathways controlled by the clock via E-box containing promoters. Therefore, polymorphisms
in the regulatory regions of the Arntl and Arntl2 genes have the potential to affect many clock-
regulated output processes.

Our study unveiled significant differentiation among populations for clock gene allele,
genotype and haplotype frequencies that can serve as a basis for future association analyses of
clock gene polymorphisms with phenotypes of behavioral and/or medical significance.
Although it is impossible based on the present data to determine the motivating factors in the
patterns of differentiation, it appears unlikely that these differences are due to consistent
patterns of natural selection but rather are more likely to be caused by random processes. This
conclusion is based on the large scale differences among the Ghana and PNG populations that
should have similar photoperiod and temperature regimes as compared to the other populations
studied.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Proportions of the VNTR SNP of hPer3 (AB047536)
A. Proportions of the VNTR SNP in all five populations (AA = African American, EA =
European Americans, HC = Han Chinese, GA = Ghana Africans, and PNG = Papua New
Guineans).
B. Proportions of the VNTR SNP in PNG sub-populations.
In both panels, gray is the 4-repeat and black is the five-repeat.
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Figure 2. FST values for SNPs (theta P)
Two comparisons are shown—the five populations together (panel A) and the PNG
subpopulations (panel B). In panel A, the black line is an average FST across all populations
with all PNG sub-populations combined into one; the gray line is the FST across all PNG sub
populations compared simultaneously. Panel B is the pairwise comparison of PNG sub-
populations. Black solid traces are EH vs. NA, dashed traces are EH vs. Coastal, gray solid
traces are NA vs. Coastal. EH = Eastern Highlands population (Gimi & Goroka pooled), NA
= Nasioi (Bougainville), and Coastal = Sepik & Madang pooled.
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Table 3
Allele frequencies for selected polymorphisms in the Papua New Guinea (PNG) subpopulations with deviations from
Hardy/Weinberg Equilibrium (HWE).

Gene Allele Eastern Highlands Nasioi Coastal

Arntl
ss95215856 G 0.93 0.98 0.98

Arntl2
rs5797225 GTT (7) - - -

GTT (8) 0.83 0.74 0.57+
GTT (9) 0.17 0.24 0.43
GTT (10) - 0.02 -

rs7137588 G 0.57 0.89 0.78
rs4964059 C 0.57 0.35 0.80

Clock
rs1801260 T 0.88 0.85 0.77

ss95215860 A 1.00 1.00 0.89

Per2
rs2304669 A 0.95 1.00 0.86

Per3
rs228697 C 0.76 0.89 0.84+

AB047536 5-repeat 0.74 0.46 0.57
rs10462021 A 1.00 0.93 1.00

AANAT
rs4238989 G 0.55 0.48 0.50

*
indicates deviation from HWE at p < 0.05

+
indicates deviation from HWE at p < 0.01

Eastern Highlands = Gimi and Goroka

Nasioi = Bouganville

Coastal = Sepik and Madang
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