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Summary

The HGDP-CEPH Human Genome Diversity Cell Line Panel is a widely-used resource for studies of human

genetic variation. Here, pairs of close relatives that have been included in the panel are identified. Together with

information on atypical and duplicated samples, the inferred relative pairs suggest standardized subsets of the panel

for use in future population-genetic studies.

Introduction

The HGDP-CEPH Human Genome Diversity Cell

Line Panel (henceforth the “diversity panel”) is a collec-

tion of 1064 DNA samples from individuals distributed

around the world (Cann et al. 2002). The DNA samples

in the diversity panel are publicly available for studies of

genetic variation, and they now form the basis for a size-

able body of human genetics research (Cavalli-Sforza,

2005).

Analyses of the diversity panel performed since the

initial article of Cann et al. (2002) have revealed much

information that is of use to investigators who are cur-

rently designing studies that utilize this valuable re-

source. Here descriptions are provided of atypical (and

potentially mislabelled) DNAs, duplicated DNAs, and

pairs of close relatives included in the diversity panel.

The likely mislabellings and duplicates have previously

been reported (Rosenberg et al. 2002; Mountain &

Ramakrishnan, 2005), and the full lists of relative pairs

are reported here for the first time.

Three standardized subsets of the original diver-

sity panel are recommended for future applications of

the panel in most types of population-genetic stud-

ies. For convenience these subsets are denoted H1048,

H971 and H952. H1048 contains no duplicates or in-

dividuals that are extremely atypical for their popu-

lations, H971 additionally contains no two individu-

als with a first-degree relationship (parent/offspring or

full siblings) and, with a few possible exceptions, H952

further contains no two individuals with a second-

degree relationship (half siblings, avuncular, or grand-

parent/grandchild).

To construct these the standardized data sets I began

with a set of 1066 samples – the 1064 in the diver-

sity panel, and two from outside the panel – each of

which has been genotyped for one or more genome-

wide sets of loci by the Mammalian Genotyping Service

at the Center for Medical Genetics, Marshfield Medi-

cal Research Foundation. Based on the collections of

samples that have been excluded from consideration in

various settings, the 1066 samples can be viewed as con-

sisting of nine disjoint subsets (Supplementary Tables 1

and 2).

Atypical and Duplicated Samples

Atypical Samples

Among 1056 samples that we analyzed previously

(Rosenberg et al. 2002) we identified two samples

with genotypes that were extremely atypical for their
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populations (Supplementary Table 1). For these two

samples it is likely that mislabelling or DNA contam-

ination occurred between the time of sample collection

and the time of assembly of the diversity panel. Similar

analysis of all 1066 samples did not suggest that mis-

labelling or contamination occurred in the remaining

samples not included in the Rosenberg et al. (2002)

study (results not shown).

Duplicated Samples

Duplicates among the samples were first noticed by

Joanna Mountain and James Weber, who independently

identified 13 pairs with a high degree of allele shar-

ing. These duplicates were initially reported by per-

sonal communications to Howard Cann and were later

published by Mountain & Ramakrishnan (2005). Sep-

arate analysis of the genotypes from Rosenberg et al.

(2002) using the proportion-of-shared-alleles (PSA) dis-

tance (Mountain & Cavalli-Sforza, 1997), revealed the

same duplicate pairs as those reported by Mountain and

Ramakrishnan (2005): the 13 pairs of individuals in Sup-

plementary Table 3 have PSA distance <0.02, whereas

no other pair, among 557,040 total pairs, has PSA dis-

tance <0.20. As with the likely mislabellings consider-

ation of all 1066 samples whose genotypes were avail-

able did not yield any additional duplicates (results not

shown). Note that although pairs with unusually low

PSA distance are described as duplicate samples, sam-

ple duplications are indistinguishable from monozygotic

twins. If genotypic differences between samples are to be

attributed specifically to genotyping error or to muta-

tion, it is important to know whether duplicates are sam-

ple duplications or twins. Laboratory duplication seems

a more likely explanation in view of the low prevalence

of monozygotic twinning worldwide, the care taken

in recruiting individuals by the diversity panel inves-

tigators, and the various opportunities for errors after

collection.

Construction of Recommended Subset H1048

Exclusion from the 1064 samples in the diversity panel

of the two atypical samples and of one member of each

duplicate pair – or both members for the one instance in

which the duplicates had different population labels –

yielded the subset H1048, consisting of 1048 samples

(Supplementary Table 4). This subset of the diversity

panel is the one considered by Rosenberg et al. (2005),

and with the exception that Ramachandran et al. (2005)

excluded the Surui, it is also the subset utilized by

Ramachandran et al. (2005).

Relative Pairs

The existence of pairs of relatives in the diversity panel

was noted by Cann et al. (2002) for four populations

(Karitiana, Maya, Pima, and Surui), with specific re-

ports about which individuals were related (Mountain

& Ramakrishnan, 2005; Howard Cann, pers. comm.).

The hierarchical population structure analysis of Ekins et

al. (2006) further suggested the presence in the diversity

panel of many additional groups of related individuals.

To search systematically for relative pairs, for each of

the 548,628 pairs of individuals in H1048, allele sharing

and RELPAIR 2.0.1 (Boehnke & Cox, 1997; Epstein

et al. 2000) were employed, together with the genome-

wide microsatellite genotypes studied by Rosenberg et

al. (2002), Ramachandran et al. (2005) and Rosenberg

et al. (2005). The formal RELPAIR analysis was used to

verify first-degree relationships obtained from the ex-

ploratory allele-sharing analysis, as well as to identify

higher-order relationships.

Allele-Sharing Analysis

For each pair of individuals the proportions of the loci

at which the individuals shared 0, 1, and 2 alleles iden-

tical in state (IIS) – denoted p0, p1, and p2, respectively

– were determined. Among the 783 loci considered by

Ramachandran et al. (2005) and Rosenberg et al. (2005)

only loci for which neither individual was missing geno-

types were included.

Low values of p0 indicate likely parent/offspring pairs,

because in parent/offspring pairs p0 can differ from 0

only as a result of genotyping errors or mutations. In

these data, as can be inferred from the level of allele shar-

ing among duplicate samples (Supplementary Table 3),

error and mutation had a combined rate of no more

than approximately 0.01. The 69 pairs with the small-

est values of p0 were hypothesized to be parent/offspring

pairs. Of these pairs the 64 with the smallest p0 appeared

to be clear parent/offspring pairs, with p 0 < 0.012.
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The next 5 pairs all involved African individuals, with

p 0 < 0.026 and p 1 > 0.73 for each pair. Given the high

heterozygosity in Africa in this data set (Rosenberg et

al. 2002; Ramachandran et al. 2005), it is unlikely for

a pair of African individuals to have such a large value

of p1 without being close relatives. The 70th pair had

p 0 = 0.035, an improbable value for a parent/offspring

pair given a combined genotyping error and mutation

rate below ∼0.01. This was a pair of Pima individuals

with (p 0, p 1, p 2) = (0.035, 0.457, 0.508). As 15 Pima

pairs were among the 69 pairs with smallest p0, and all of

these had p 0 < 0.007 and p 1 > 0.51, it was concluded

that the individuals in this 70th pair were not likely to

be parent and offspring, although they were likely to be

relatives. Indeed the high value of p2 suggested that this

pair of individuals, Pima 1048 and 1050, was a full sib

pair. Of the 69 hypothesized parent/offspring pairs in

the diversity panel 31 were in populations for which the

existence of pairs of close relatives had not previously

been known.

Large values of p2 indicate likely full sib pairs: be-

cause full sibs share both alleles at a locus identical by

descent (IBD) for 25% of loci on average, p2 is likely to

be at least 0.25 to 0.30 for full sibs – greater in popula-

tions with high homozygosity due to the increased like-

lihood for alleles to be shared IIS without being IBD.

Excluding the Native Americans, who are more ho-

mozygous (Rosenberg et al. 2002; Ramachandran et al.

2005), and the previously hypothesized parent/offspring

pairs, there were 18 pairs with p 2 > 0.34 and no other

pairs with p 2 > 0.26. These 18 pairs were hypothesized

to be full sib pairs.

Because of their greater homozygosity, in Native

Americans p2 must be larger for inference of a full sib

relationship. In the Colombian population, among pairs

not hypothesized to have a parent/offspring relationship,

one had p 2 = 0.43 and no others had p 2 > 0.35; in

the Maya one such pair had p 2 = 0.42 and no others

had p 2 > 0.28; in the Pima six pairs had p 2 > 0.42 and

no others had p 2 > 0.33. These eight pairs were also

hypothesized to be full sib pairs.

In the Karitiana and Surui homozygosity is larger than

in the other Native American populations (Rosenberg

et al. 2002; Ramachandran et al. 2005). The overall level

of relationship is also thought to be greater (Kidd et al.

1993; Calafell et al. 1999) so that p2 must be larger than

in other Native Americans for inference of full sib rela-

tionships. In the Karitiana six pairs not hypothesized to

have a parent/offspring relationship had p 2 > 0.49 and

no others had p 2 > 0.43. In the Surui 14 such pairs had

p 2 > 0.48 and no others had p 2 > 0.44. These 20 pairs

were thus hypothesized to be full sib pairs.

In summary, the allele-sharing analysis suggested 69

parent/offspring and 46 full sib pairs. The 864 pairs with

the smallest values of p0 and the 669 pairs with the largest

values of p2 each involved a pair of individuals from

the same population, and no inter-population pair had

p 0 < 0.25 or p 2 > 0.24. It was therefore determined

to be improbable that any pair of close relatives had dif-

ferent population labels. Consequently, the RELPAIR

analysis proceeded by searching for relative pairs sepa-

rately within each of the predefined populations.

RELPAIR Analysis

Identification of relative pairs via the software package

RELPAIR uses a Markov chain on underlying states

of IBD status, proceeding sequentially along chromo-

somes to evaluate the probability of the set of genotypes

for a pair of individuals, conditional on their relation-

ship, known allele frequencies in their population, and

a known genotyping error rate (Boehnke & Cox, 1997;

Epstein et al. 2000). The error rate can be viewed as

subsuming mutations, although the effects of error and

mutation on the probability of a genotype configura-

tion for a given level of relationship are not strictly

equivalent. Eight different relationships are examined

by RELPAIR: monozygotic twins (MZ), full siblings

(FS), parent/offspring (PO), half siblings (HS), grand-

parent/grandchild (GG), avuncular (AV), first cousin

(CO), and “unrelated” (UN). If the likelihood of one

of these relationships exceeds the likelihood of each of

the others by a multiplicative factor greater than a pre-

defined critical value, the pair of individuals is inferred

to have that relationship.

In the RELPAIR analysis 772 autosomal microsatel-

lite genotypes were used, a subset of the 783 considered

in the allele-sharing analysis. RELPAIR makes use of

genetic map positions whereas allele sharing does not

require this information. Thus, each of the 11 loci ex-

cluded from the RELPAIR analysis was omitted as a

result of either an uncertainty in its map position, or of
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an error that led to a failure to record the map position

(Supplementary Table 5).

The putative relationship was set to “unrelated” for all

pairs of individuals. Pairs for which the inferred relation-

ship differed from “unrelated” were identified, as were

pairs for which it was not possible to confidently infer a

specific relationship because two or more distinct rela-

tionships (other than “unrelated”) had high likelihoods.

For each pair of individuals allele frequencies were set

to the count estimates in their predefined population.

The genotyping error rate was set to 0.008, as this was

close to the average PSA distance across the 13 duplicate

pairs for the 377 loci in the Rosenberg et al. (2002) data

(Supplementary Table 3). The critical value was set to

100.

The relationships inferred via RELPAIR for each of

the geographic regions in Rosenberg et al. (2002) are

summarized in Supplementary Tables 6–12, with sep-

arate tables for some Native American populations in

which large numbers of relative pairs were identified

(Supplementary Tables 13–15). Other than a few dis-

crepancies in Karitiana and Surui, the RELPAIR analy-

sis agreed precisely with the hypotheses based on allele-

sharing analysis for parent/offspring and full sib rela-

tionships (Supplementary Table 16). In the Karitiana

and Surui, when allele sharing and RELPAIR disagreed

on inferences of first-degree relationships, allele sharing

was taken to be more reliable. The RELPAIR algorithm

utilizes allele frequencies among unrelated individuals

in order to probabilistically attribute identity in state to

identity by descent. With a small number of relative pairs

present in a data set, the occurrence of a few sets of al-

leles that are identical by descent does not have a major

influence on the required estimates of allele frequencies.

However with many relative pairs, such as in the Kari-

tiana and Surui (Kidd et al. 1993; Calafell et al. 1999),

the estimates of allele frequencies among “unrelateds”

are poor, and probabilistic attribution of identity in state

to identity by descent cannot be performed accurately.

Inferred relative pairs for different levels of relation-

ship are listed in Supplementary Tables 17–19, and a

list of parent/parent/offspring trios is given in Supple-

mentary Table 20. The close agreement of RELPAIR

and allele sharing in estimating parent/offspring and full

sib relationships (Supplementary Tables 16–18) suggests

that in all populations, with the possible exceptions of

Karitiana and Surui, the pairs in Supplementary Ta-

bles 17 and 18 constitute all first-degree relative pairs

in the diversity panel. Greater uncertainty exists in the

inference of second-degree relationships, but it is likely

that Supplementary Table 19 contains all or nearly all

second-degree relative pairs outside of the Karitiana and

Surui, with the possible inclusion of a few distantly re-

lated pairs erroneously inferred to be second-degree rel-

atives.

Conditional on the relationships in Supplementary

Tables 17–19, Figure 1 displays the levels of allele shar-

ing for pairs of individuals from different regions, pairs

from different populations in the same region, and for

various levels of relationship for pairs of individuals from

the same population. Because of the higher homozygos-

ity of Native Americans Figure 1 restricts attention to

pairs in which neither individual is a Native Ameri-

can, and each of Supplementary Figures 2–6 considers

pairs in which one or both individuals is a member of

a specific Native American population. In each figure

distinct clusters of points are present, corresponding to

pairs with different levels of relationship (incorporat-

ing the pairs involving Native Americans into Figure 1

would cause these clusters to be obscured). Additionally,

the figures clearly illustrate that the diversity panel con-

tains no close relative pairs from different populations.

The plot of allele sharing in Figure 1, a variant of a

graphical display method commonly used for verifying

putative relationships (Abecasis et al. 2001), provides an

illustration of a well-known property of human pop-

ulations: from Figure 1, it can be observed that pairs

of individuals from the same population tend to share

only a slightly greater proportion of their alleles than

do pairs from different populations in the same region,

who in turn tend to share only a slightly greater pro-

portion of their alleles than do pairs from different re-

gions. Averaging across all pairs in H1048, except pairs

involving the Karitiana or Surui and pairs with rela-

tionship closer than CO, the levels of allele sharing

(p 2 + p 1/2, or [1 + p 2 − p 0]/2) for two in-

dividuals from the same population, two individu-

als from different populations in the same region,

and two individuals from different regions, are

0.387, 0.377, and 0.343, respectively. If the aver-

age pairwise genetic difference for two individuals

from different regions is partitioned into components
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Figure 1 Allele sharing for pairs of

individuals from H1048 in which

neither member of the pair is a Native

American. The plot contains 25

parent/offspring pairs, 18 full sib pairs,

and 22 pairs with second-degree

relationships. The five pairs with CO or

a more distant relationship with the

smallest values of p0 were inferred to be

first cousin pairs, and may indeed have

CO relationships: Melanesian 491 and

663 plotted at (0.150, 0.258),

Melanesian 823 and 825 at (0.169,

0.242), Naxi 1339 and 1342 at (0.187,

0.210), Kalash 274 and 313 at (0.213,

0.174), and Druze 562 and 594 at

(0.213, 0.168).

for the average difference for two individuals

from the same population, the average difference

for two individuals from different populations in the

same region beyond that of two individuals from

the same population, and the average difference for

two individuals from different regions beyond that

of two individuals from different populations in the

same region, these components equal (1 − 0.387)/

(1 − 0.343) = 0.933, (0.387 − 0.377)/(1 − 0.343) =
0.016, and (0.377 − 0.343)/(1 − 0.343) = 0.051, re-

spectively. With the subset of the data considered here

corresponding to the data of Rosenberg et al. (2002),

partitions of genetic variation into similar components

via alternative methods previously yielded similar values

(Rosenberg et al. 2002, 2003; Excoffier & Hamilton,

2003).

Construction of Recommended Subsets

H971 and H952

The recommended subsets H971 and H952 were con-

structed from H1048 by avoiding inclusion of first-

degree relative pairs and of both first- and second-degree

relative pairs, respectively. The following principles were

used in deciding which individuals to exclude from

H1048 in developing the data sets H971 and H952:

1. CO relationships inferred by RELPAIR were not

considered close enough to require exclusion of any

individuals from the data set. Because CO relation-

ships are the most distant relationship investigated

by RELPAIR, other than “unrelated,” many rela-

tionships such as great-aunt/great-nephew, second

cousins and so forth may lead to high likelihoods

for CO.

2. If RELPAIR found that the most likely relationship

for a pair of individuals was CO, but that the like-

lihood ratio for CO and the relationship with the

second-highest likelihood did not exceed the criti-

cal value, the relationship was not considered close

enough to require exclusion of any individuals from

the data set.

3. If two or more relationships inferred by RELPAIR

were incompatible when considering several pairs

of individuals (for example, if two individuals were

inferred to be full sibs, and a third individual was

inferred to be the half sib of one of them but not

of the other), first-degree relationships were treated

as accurate and second-degree relationships as less

certain. In all cases in which three or more indi-

viduals were linked in the same pedigree – with

a few exceptions in the Karitiana and Surui – no

incompatibilities were observed between different

inferences about first-degree relationships. In other

words, with some exceptions in the Karitiana and

Surui, the pedigrees constructed by assembly of

PO and FS pairs were always consistent both with

the inferred set of first-degree pairs and with its
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complement. As distinguishing between higher-

order relationships is often difficult, pedigrees were

generally consistent with at least some inferred AV,

HS, GG, and CO relationships, but sometimes con-

flicted with others.

4. In populations for which the number of relation-

ships was particularly large in comparison with sam-

ple size – Karitiana and Surui – RELPAIR in-

ference was particularly difficult, and the allele-

sharing analysis was used to assist in decisions about

which individuals to exclude. In these populations,

as noted above, when a discrepancy was observed

between allele sharing and RELPAIR in inferences

of PO or FS relationships, the estimate based on

the allele-sharing analysis was used (Supplementary

Tables 17 and 18).

5. Individuals were excluded so as to minimize the

number of exclusions required. Given equal lev-

els of inferred relationship the individual with the

higher sample identification number was excluded.

An exception to this rule was made for Druze 570.

Although this sample had the lower identification

number in a relative pair it was excluded due to its

large amount of missing data in a study currently in

progress (data not shown).

In the Karitiana and Surui it is difficult to be certain

that, after the exclusions in Supplementary Tables 13 and

15 are made, no relative pairs closer than first cousins

are present. Thus, even with the recommended subsets

H971 and H952 particular caution should be exercised

in interpretation of patterns of genetic variation in these

two populations.

Conclusions

This article has described three subsets of the HGDP-

CEPH Human Genome Diversity Panel that are recom-

mended for future use (Supplementary Tables 21–24).

Data set H1048 consists of the original HGDP-CEPH

panel excluding one member of each duplicate pair

(both members in one case) and two extremely atyp-

ical individuals. Data set H971 excludes 77 individuals

from H1048 in order to avoid including first-degree rel-

ative pairs, and data set H952 excludes an additional 19

individuals from H971 to avoid second-degree relatives.

It is believed that H952 contains no pairs of relatives

closer than first cousins, with possible exceptions in the

Karitiana and Surui.

Note that samples not in the recommended subsets

might also be useful in specialized contexts. For exam-

ple, the duplicates might be of use in genotyping as-

says that frequently have sample failures, or in the mea-

surement of genotyping error rates; the parent/offspring

pairs might assist in resolving unknown haplotype phase

or in estimating mutation rates. More generally, the rel-

ative pairs might be useful in identifying relatives among

other individuals genotyped for the same markers as

those typed in the diversity panel.
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