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Abstract An efficient method to uniquely identify every

individual would have value in quality control and sample

tracking of large collections of cell lines or DNA as is now

often the case with whole genome association studies. Such

a method would also be useful in forensics. SNPs represent

the best markers for such purposes. We have developed a

globally applicable resource of 92 SNPs for individual

identification (IISNPs) with extremely low probabilities of

any two unrelated individuals from anywhere in the world

having identical genotypes. The SNPs were identified by

screening over 500 likely/candidate SNPs on samples of 44

populations representing the major regions of the world.

All 92 IISNPs have an average heterozygosity[0.4 and the

Fst values are all\0.06 on our 44 populations making these

a universally applicable panel irrespective of ethnicity or

ancestry. No significant linkage disequilibrium (LD) occurs

for all unique pairings of 86 of the 92 IISNPs (median

LD = 0.011) in all of the 44 populations. The remaining 6

IISNPs show strong LD in most of the 44 populations for a

small subset (7) of the unique pairings in which they occur

due to close linkage. 45 of the 86 SNPs are spread across

the 22 human autosomes and show very loose or no genetic

linkage with each other. These 45 IISNPs constitute an

excellent panel for individual identification including

paternity testing with associated probabilities of individual

genotypes less than 10-15, smaller than achieved with the

current panels of forensic markers. This panel also

improves on an interim panel of 40 IISNPs previously

identified using 40 population samples. The unlinked status

of the subset of 45 SNPs we have identified also makes

them useful for situations involving close biological rela-

tionships. Comparisons with random sets of SNPs illustrate

the greater discriminating power, efficiency, and more

universal applicability of this IISNP panel to populations

around the world. The full set of 86 IISNPs that do not

show LD can be used to provide even smaller genotype

match probabilities in the range of 10-31–10-35 based on

the 44 population samples studied.

Introduction

In previous papers (Kidd et al. 2006; Pakstis et al. 2007),

we described the rationale and our strategy for developing

a panel of SNPs for individual identification (IISNPs) and

presented some potentially useful IISNPs. Such a panel

would have use in sample tracking in large collections of

human DNA samples and in forensics and paternity

testing. Others have also addressed the value of such

panels in forensics (Inagaki et al. 2004; Lee et al. 2005;

Sanchez et al. 2006; Butler et al. 2008; Pakstis et al.

2008). One panel of 52 SNPs has been accepted for

forensic use in several European countries (Sanchez et al.

2006; Phillips et al. 2009). An IISNP panel would provide

a complementary tool for forensic applications in situa-

tions, such as highly degraded DNA (e.g., Fang et al.

2009), in which the standard STR markers of the widely

used COmbined DNA Index System (CODIS) panel do

not perform well. SNPs also offer a potentially cheaper,
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faster, and more automatable alternative to STRs in many

applications. While any sufficiently large set of SNPs will

guarantee uniqueness of every individual, there are clear

advantages to a set with extensive population genetic

support and standardization, if possible, to allow compa-

rability between groups and studies. In the interest of

efficiency, we have defined criteria for an IISNP panel:

the SNPs should have very little variation in frequency

across human populations and be highly informative

around the world as measured by Fst and expected het-

erozygosity, respectively (Kidd et al. 2006). We have

arbitrarily chosen a global Fst \ 0.06 and global average

heterozygosity [0.4. A sufficient number of SNPs is

needed so that the average match probabilities (the

probabilities of two unrelated individuals having the same

multi-locus genotype) of the final panel should at least

be comparable to the standard CODIS STR markers

(Budowle et al. 1998). An interim report (Pakstis et al.

2007) of our progress in developing an IISNP panel

documented 40 SNPs meeting these criteria based on 40

population samples representing the major continental

regions of the world. Short reports (Butler et al. 2008;

Pakstis et al. 2008) described aspects of the IISNP search

as well as discussions of the potential role of IISNPs in

forensic applications. We have since revised our criteria

to require that a final core panel of markers would be

unlinked in order to make them more generally useful,

especially in identification scenarios involving close bio-

logical relatives and in paternity testing.

In our original study, we described a strategy based on

having data available a priori on only a very few popula-

tions. Recently high throughput SNP dataset resources

involving many different populations have become avail-

able for identification of appropriate candidate SNPs: 14

populations studied by Shriver et al. (2005) and studies of

the HGDP-CEPH panel of 52 populations (Li et al. 2008;

Conrad et al. 2006; Pemberton et al. 2008). The availability

of these resources has allowed a marked improvement in

the efficiency of our search for additional IISNPs. We

scanned those datasets targeting regions of the human

autosomal genome in which we had not previously found

useful markers in order to find additional unlinked SNPs

meeting our criteria. Therefore, our search uncovered a

large number of additional SNPs with the desired popula-

tion genetic properties and better molecular distributions.

We also were able to expand our set of test populations by

adding four groups from geographic regions poorly repre-

sented in the initial 40 populations.

Our final SNP panel for individual identification consists

of 86 IISNPs that meet our criteria based on samples of 44

populations representing the major human populations

around the world and includes a subset of 45 unlinked

SNPs that provide match probabilities in these 44

populations that are at least comparable to and sometimes

better than the standard CODIS STR markers.

Methods

Our previous publications (Kidd et al. 2006; Pakstis et al.

2007) described the strategy and goal for developing a

panel of IISNPs. Briefly, we have identified in publically

available population data SNPs that were likely to meet the

criteria and then screened them on our much larger set of

44 populations. The core criteria for accepting an IISNP

remain unchanged in that each SNP must have an average

heterozygosity C0.4 for all the populations studied and the

Fst value across those populations must be \0.06. All

candidate IISNPs, including the 40 previously published

(Pakstis et al. 2007) were typed and evaluated on all 44

population samples. The recent selection of candidates

preferentially targeted chromosomal regions that had not

yet produced IISNPs in order to maximize the number of

SNPs that would be essentially unlinked.

Table s1 of the supplemental material lists all 44 pop-

ulation samples studied along with their unique population

and sample identifiers (UIDs) in the ALlele FREquency

Database (ALFRED, http://alfred.med.yale.edu), where

details on each population and sample are described. The

four new population samples added to the set of 40

populations already described (Pakstis et al. 2007) are

Sandawe from Tanzania (40), Hungarians (92), Keralites

from Southern India (30), and Laotians (119).

All SNPs screened were typed by TaqMan� using

assays obtained from Applied Biosystems. All reactions

were done in 384-well plates in 3 ll reactions and then

read on an AB7900HT with interpretations by SDS soft-

ware (version 2.3) augmented by visual inspection of the

clustering to insure conservative interpretations.

The allele frequencies for each SNP were estimated by

gene counting within each group studied assuming each

marker is a two-allele co-dominant genetic system. The

polymorphisms were tested for agreement with Hardy–

Weinberg ratios in each population sample studied by

comparing the expected and observed number of individ-

uals occurring for each possible genotype in a simple

Chi-square test. In the few cases, in which a number for a

particular genotype was small the statistical significance

was evaluated by a Monte Carlo based permutation pro-

cedure employing 1,000 iterations (Cubells et al. 1997).

The chromosome nucleotide position shown in Table 1

for each SNP follows Genome Build 36.2. The genetic map

position in centi-Morgans (cM) was determined for each

SNP by computing a simple average of the interpolated

DeCode, Genethon, and Marshfield genetic map values

obtained for each polymorphism by entering the nucleotide
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Table 1 The final list of 92 IISNPs including the recommended subset of 45 unlinked SNPs

The 45 uninked

IISNPs

IISNP

rank

dbSNP rs# Avg.Het.

(44p)

Fst (44p) Chr Nucleotide

Position Map

Build 36.2

Avg cM

position

H 1 rs10488710 0.442 0.0217 11 114,712,386 111.6

H 2 rs2920816 0.459 0.0232 12 39,149,319 57.9

H 3 rs6955448 0.421 0.0298 7 4,276,891 7.6

H 4 rs1058083 0.464 0.0300 13 98,836,234 84.6

H 5 rs221956 0.462 0.0310 21 42,480,066 54.6

H 6 rs13182883 0.472 0.0314 5 136,661,237 140.6

H 7 rs279844 0.484 0.0316 4 46,024,412 61.8

H 8 rs6811238 0.484 0.0319 4 169,900,190 166.9

H 9 rs430046 0.441 0.0321 16 76,574,552 94.1

H 10 rs576261 0.472 0.0352 19 44,251,647 63.6

11 rs2833736 0.460 0.0356 21 32,504,593 32.2

H 12 rs10092491 0.459 0.0364 8 28,466,991 52.5

H 13 rs560681 0.434 0.0364 1 159,053,294 167.3

14 rs590162 0.482 0.0366 11 121,701,199 124.6

H 15 rs2342747 0.423 0.0367 16 5,808,701 10.1

H 16 rs4364205 0.458 0.0372 3 32,392,648 56.3

H 17 rs445251 0.464 0.0386 20 15,072,933 36.8

H 18 rs7041158 0.439 0.0389 9 27,975,938 51.3

19 rs9546538 0.429 0.0395 13 83,354,736 69.6

H 20 rs1294331 0.457 0.0396 1 231,515,036 247.4

H 21 rs159606 0.442 0.0396 5 17,427,898 23.8

H 22 rs740598 0.462 0.0406 10 118,496,889 139.1

23 rs464663 0.462 0.0410 21 26,945,241 25.7

H 24 rs1821380 0.465 0.0413 15 37,100,694 38.2

H 25 rs1336071 0.472 0.0418 6 94,593,976 102.3

26 rs1019029 0.474 0.0419 7 13,860,801 23.0

H 27 rs9951171 0.475 0.0420 18 9,739,879 31.4

H 28 rs8078417 0.402 0.0426 17 78,055,224 130.0

29 rs1358856 0.474 0.0430 6 123,936,677 121.3

H 30 rs6444724 0.469 0.0435 3 194,690,074 217.4

H 31 rs13218440 0.458 0.0436 6 12,167,940 24.6

32 rs2270529 0.421 0.0443 9 14,737,133 28.9

H 33 rs1498553 0.477 0.0446 11 5,665,604 11.4

H 34 rs7520386 0.477 0.0447 1 14,027,989 29.7

H 35 rs1523537 0.472 0.0447 20 50,729,569 79.4

H 36 rs1736442 0.438 0.0450 18 53,376,775 79.4

37 rs1478829 0.474 0.0459 6 120,602,393 119.8

H 38 rs3780962 0.476 0.0462 10 17,233,352 42.7

39 rs7229946 0.464 0.0466 18 20,992,999 49.8

40 rs9866013 0.419 0.0468 3 59,463,380 77.4

41 rs2567608 0.473 0.0469 20 22,965,082 49.8

H 42 rs2399332 0.435 0.0472 3 111,783,816 124.5

H 43 rs987640 0.476 0.0476 22 31,889,508 34.9

44 rs4847034 0.445 0.0476 1 105,519,154 134.1

45 rs2073383 0.456 0.0479 22 22,132,171 15.8
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Table 1 continued

The 45 uninked

IISNPs

IISNP

rank

dbSNP rs# Avg.Het.

(44p)

Fst (44p) Chr Nucleotide

Position Map

Build 36.2

Avg cM

position

46 rs3744163 0.430 0.0480 17 78,333,148 130.0

47 rs10500617 0.404 0.0481 11 5,055,969 9.0

H 48 rs993934 0.450 0.0482 2 123,825,683 134.2

49 rs2291395 0.473 0.0486 17 78,119,428 130.0

H 50 rs10773760 0.444 0.0487 12 129,327,649 165.1

51 rs12480506 0.403 0.0492 20 16,189,416 39.1

52 rs4789798 0.472 0.0494 17 78,124,932 130.0

H 53 rs4530059 0.406 0.0495 14 103,840,194 126.5

54 rs8070085 0.437 0.0498 17 38,595,510 66.4

H 55 rs12997453 0.440 0.0503 2 182,121,504 188.1

H 56 rs4606077 0.421 0.0503 8 144,727,897 164.2

57 rs689512 0.423 0.0507 17 78,308,991 130.0

H 58 rs214955 0.474 0.0511 6 152,739,399 155.7

59 rs2272998 0.467 0.0511 6 148,803,149 148.6

60 rs5746846 0.464 0.0515 22 18,300,646 9.0

61 rs4288409 0.415 0.0515 8 136,908,411 152.0

H 62 rs2269355 0.473 0.0521 12 6,816,175 17.0

63 rs1027895 0.433 0.0524 17 43,865,696 69.4

H 64 rs321198 0.459 0.0530 7 136,680,378 143.5

65 rs2175957 0.437 0.0530 17 38,540,348 66.3

66 rs2292972 0.422 0.0530 17 78,359,077 130.0

67 rs901398 0.441 0.0531 11 11,052,797 18.2

68 rs9606186 0.437 0.0531 22 18,300,359 9.0

H 69 rs338882 0.469 0.0532 5 178,623,331 195.8

H 70 rs10776839 0.463 0.0533 9 136,557,129 152.6

71 rs521861 0.473 0.0534 18 45,625,012 70.7

H 72 rs1109037 0.470 0.0534 2 10,003,173 21.5

73 rs4796362 0.471 0.0536 17 6,752,253 14.2

74 rs315791 0.472 0.0539 5 169,668,498 176.3

75 rs891700 0.471 0.0541 1 237,948,549 261.3

76 rs1004357 0.411 0.0541 17 39,047,052 67.1

77 rs7205345 0.469 0.0544 16 7,460,255 14.2

78 rs6591147 0.451 0.0545 11 105,418,194 106.3

79 rs2503107 0.458 0.0548 6 127,505,069 125.9

80 rs1410059 0.470 0.0551 10 97,162,585 117.6

81 rs1872575 0.472 0.0552 3 115,287,669 128.2

82 rs1554472 0.472 0.0552 4 157,709,356 155.7

83 rs2046361 0.462 0.0559 4 10,578,157 23.1

H 84 rs9905977 0.419 0.0561 17 2,866,143 7.9

85 rs7704770 0.449 0.0567 5 159,420,531 163.0

86 rs13134862 0.453 0.0571 4 76,644,920 84.2

87 rs2811231 0.458 0.0579 6 55,263,663 78.9

88 rs985492 0.469 0.0580 18 27,565,032 58.6

89 rs10768550 0.408 0.0580 11 5,055,290 9.0

90 rs1490413 0.469 0.0583 1 4,267,183 8.3
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position into the NCBI Map Viewer and recording the

values reported for each reference map. The starting or

zero map position is assumed to be near the pter end of

each chromosome. Each of these extensive genetic maps

does not necessarily have the same starting point on each

chromosome and the density of markers will vary in dif-

ferent chromosome regions. These nucleotide positions and

approximate genetic map distances were employed in the

process of selecting the subset of 45 unlinked IISNPs. A

reviewer of this manuscript brought to our attention the

existence of another valuable human genetic map based on

over 28,000 markers (SNPs and STRPs) available online—

the Rutgers Map—(Matise et al. 2007). We compared the

interpolated centi-Morgan map distances provided by the

Rutgers Map with the average genetic map values for each

SNP in Table 1 and found them to be very similar (mean

3 cM difference). Thus, they reinforce the decisions made

earlier based on the three maps available via the NCBI map

viewer.

In order to evaluate the statistical independence of the

SNPs, linkage disequilibrium values, r2 (Devlin and Risch

1995) were computed for all unique pairings of the 92 SNPs

in each population sample. The LD values were screened in

a variety of ways to determine whether there was any evi-

dence for meaningful associations among the markers.

Match probabilities and most common multi-locus

genotype frequencies were calculated as previously

described (Kidd et al. 2006). Hardy–Weinberg ratios and

the statistical independence of the loci were assumed.

Results

We screened over 500 SNPs that appeared to be likely

candidates meeting our criteria based on information such

as estimated allele frequencies from publically available

data. Table 1 presents the final list of 92 IISNPs that our

study identified as individually meeting our Fst and heter-

ozygosity criteria. The SNPs are ranked in ascending order

according to the Fst value for the 44 population samples

studied. In the case of SNPs with identical Fst values, the

SNP with the higher average heterozygosity was assigned

the lower/better rank. The 45 unlinked SNPs are also

indicated. A more detailed, annotated version of Table 1

can be found as a pdf file at (http://info.med.yale.edu/

genetics/kkidd/92snpJan2009.pdf). We have deposited in

ALFRED the allele frequencies and samples sizes for all

population samples and all SNPs screened in this project

including those that were not included among the final 92

IISNPs.

No meaningful deviations from Hardy–Weinberg ratios

occur for any of the 92 IISNPs in the 44 population sam-

ples. For the 92 9 44 = 4,048 tests the proportion of

probabilities obtained falling below the 5, 1, and 0.1%

significance level thresholds (1.88, 0.27, and 0.05%

respectively) were generally somewhat smaller than the

values expected by chance due in part to the extensive

selection procedure that included discarding candidate

SNPs with strong Hardy–Weinberg deviations. Moreover,

the population samples had previously been tested for large

numbers of SNPs as part of other studies and were

expected to show no systematic deviations from Hardy–

Weinberg ratios.

Pairwise LD calculations for all 92 IISNPs show that

removal of 6 IISNPs with very close linkage (those with

ranks 52, 57, 65, 66, 68, and 89 in Table 1) leaves 86

IISNPs with no significant pairwise LD across the popu-

lations. Among the 160,820 tests of LD for all possible

pairings of 86 SNPs, there remain 7 nominally significant

LD values ranging from 0.40 to 0.69 that display no

obvious pattern and are likely due to chance: 6 of these 7

outliers involve pairings of SNPs on different chromo-

somes, each involving a different pair of SNPs in a dif-

ferent population. The seventh pair involves SNPs more

than 161 MB apart on the same chromosome. Additional

details are presented in the Supplemental Material.

Among the 86 IISNPs, we identified a set of 34 markers

that have essentially zero linkage because they are either

Table 1 continued

The 45 uninked

IISNPs

IISNP

rank

dbSNP rs# Avg.Het.

(44p)

Fst (44p) Chr Nucleotide

Position Map

Build 36.2

Avg cM

position

91 rs2255301 0.463 0.0587 12 6,779,703 16.9

H 92 rs722290 0.468 0.0596 14 52,286,473 47.6

IISNP ranks are based on Fst(44p) primarily; SNPs with the same Fst value are ordered so that the marker with the better (higher) average

heterozygosity for the 44 population samples gets the better (lower) rank

SNPs showing some LD due to close physical linkage have ranks 52, 57, 65, 66, 68, and 89

The apparent ‘‘excess’’ of SNPs on certain chromosomes (e.g., 17) is due, as indicated in this and earlier publications, to the fact that this project

opportunistically screened many different published SNP sources as well as resources accumulated by other projects in our research group

including one that tested a high density of SNPs on 17q
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on separate chromosomes or are separated by distances

greater than 95 cM (roughly the centiMorgan distance that

with a Kosambi correction would give 50% recombinant

gametes). An additional 11 IISNPs are separated from any

of the other IISNPs that are syntenic by map distances of

41–94 cM indicating loose to almost no linkage. We con-

sider this subset of 45 IISNPs to constitute an unlinked

panel for practical purposes. There are multiple additional

SNPs among the remaining 47 IISNPs in Table 1 that could

be substituted for some of the 45 without greatly altering

the essential absence of linkage.

This recommended subset of 45 unlinked IISNPs has

exceptional information content (median heterozygos-

ity = 0.478 and 93.2% of the 1,980 individual heterozy-

gosity values C0.4). When pairwise LD does not exist, as

among these 45 unlinked IISNPs as well as among the

remainder of the 86 SNPs, the SNPs are statistically

independent at the population level and the ‘‘product rule’’

can be used to calculate match probabilities. Figure 1

displays match probabilities and the most common geno-

type frequencies for each population for our recommended

set of 45 unlinked IISNPs using the actual allele frequency

estimates for each population. Most of the populations have

match probabilities \10-17 and many are \10-18; the

smaller, more isolated populations still have match prob-

abilities \10-15. Thus, this set of 45 unlinked SNPs is an

excellent panel for individual identification with match

probabilities comparable to the CODIS STR panel.

Another desirable characteristic is that the probabilities are

essentially independent of ethnicity since allele frequency

differences between populations are so small. Conse-

quently, it is conservative to say with considerable scien-

tific justification that a maximum match probability of

\10-15 can be used for the probability that any two indi-

viduals from anywhere in the world will have identical

genotypes. The unlinked status of these 45 SNPs also

makes them useful for situations involving close biological

relationships. In paternity testing, the much lower proba-

bility of mutations occurring at SNPs relative to STRPs

makes SNPs useful in general and these IISNPs are espe-

cially informative. If biological relationships are not

involved, more of the 86 IISNPs can be added to the set to

make the match probabilities even smaller. Computing

match probabilities based on all 86 IISNPs that show no

pairwise LD gives values in the range of 10-31–10-35 for

the 44 populations.

Discussion

We have identified an improved panel of 86 SNPs that

individually have high heterozygosity combined with very

low Fst for the worldwide sampling of populations studied.

This set of IISNPs has no significant linkage disequilibrium

between any pair in any of the populations so that each

SNP could be considered to be statistically independent at

the population level. Even though a few large LD values

occur, as noted in Results, they are not meaningful.

Moreover, the outlier LD values above any arbitrary

threshold, such as 0.2 and 0.3, typically involve popula-

tions with relatively small sample sizes. The bias toward

larger LD values that occurs when sample sizes are small is

a known phenomenon and was discussed in our previous

report (Pakstis et al. 2007). The correlation coefficient

between sample size (2n) and LD values for the whole

dataset equals -0.23. A subset of 45 SNPs also shows no

close linkage between any pair of SNPs so that they are

also statistically independent in situations involving bio-

logical relationships. The enlarged set of 44 representative

world populations (supplemental Table s1) has increased

the stringency of the inclusion criteria over the preliminary

panel reported previously (Pakstis et al. 2007). Because

many of those previous 40 IISNPs showed significant

linkage, only 23 of them are among the present set of 45

unlinked IISNPs.

Additional optimization of population characteristics

and spacing of markers is possible. However, we have

settled on the current panel of 45 ‘‘unlinked’’ IISNPs. Even

though 11 of the SNPs show very loose linkage to any of

the others, the statistical consequences are minimal. In

individual family situations, the statistics assuming no

linkage will be minimally different from those using esti-

mates from the linkage map. Moreover, a linkage param-

eter becomes relevant only when dealing with double

heterozygotes; they occur at only a maximum of 25% of

the time for any specific pair of loci. We believe that

additional effort at optimization is not warranted by the

slight improvement that would presumably be possible.

The average probabilities of two individuals from any-

where in the world having identical genotypes for the 45

IISNPs in Fig. 1 are all below 10-15 compared to 10-13 for

the 40 best SNPs in Pakstis et al. (2007) and 38 of the 44

populations have such match probabilities less than 10-17

in a range typical of the best that can be achieved with

CODIS markers in populations with higher heterozygosity.

That this is an efficient set of IISNPs is illustrated in Fig. 2

by comparisons with two ‘‘random’’ sets of SNPs. The two

sets of 45 non-overlapping random SNPs are distributed

across most of the autosomes and derive from a collection

of more than 4,000 SNPs unselected for forensic purposes

and typed on the 44 population samples. The *4,000 SNPs

were mostly selected for variability in most of the world’s

major geographical regions but they were selected neither

for high heterozygosity nor for low Fst.

These comparisons empirically demonstrate the value of

the screening process we have followed in developing the
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IISNP panel. We recognize that any sufficiently large set of

random SNPs could achieve the same low match proba-

bilities, but argue that a single efficient set has value,

especially for tracking samples shared between laborato-

ries. Because the raw data have been public at our website

since January 2009, we know that Applied Biosystems has

already begun developing multiplex reactions now in beta

test. Other companies may also be pursuing such kits. This

could allow samples in many different labs to be uniquely

identified by a common ‘‘bar code’’ system.

While the screening process identifying the 92 IISNPs

has resulted in a set of SNPs each of which has very similar

frequencies across the 44 population samples studied, small

differences in gene frequencies arising from some combi-

nation of real and sampling noise variation are still

observed across the ethnic groups studied. To assess how

Fig. 2 Comparison of match

probabilities for the 45 unlinked

IISNPs with two different, non-

overlapping random samplings

of 45 SNPs in the 44 population

samples. The match

probabilities for the 45 IISNPs

are substantially better

(smaller), on average many

orders of magnitude better, than

those provided by the random

SNP sets. There is also greatly

reduced variability in average

match probabilities across the

44 populations for the 45

unlinked IISNPs compared to

either of the random SNP sets,

especially outside of Europe

Fig. 1 Match probabilities and

the most common genotype

frequencies for each of the 44

population samples based on the

45 unlinked SNPs. Populations

are ordered from African on the

left, through the Middle Eastern,

European, Central Asian,

Siberian, Pacific Islanders, and

East Asian, to Native American

on the right
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much predictability for ethnicity might exist in the set of

IISNPs, we have carried out a series of analyses with the

STRUCTURE program version 2.3.1 (Pritchard et al.

2000) using the standard admixture model to compare the

92 IISNPs with a set of 200 random SNPs on the 44

population samples. No noticeable predictability of eth-

nicity (population structure) can be achieved with the 92

IISNPs for a series of analyses specifying 2 through 10

clusters (K values). In strong contrast, 200 random SNPs

can be useful in predicting the continental membership of

an individual (see Supplemental Material).

Principal components analysis (PCA) provides another

way of visualizing the structure present. Figure 3 presents

scatter plots of PCA analyses on the 44 population samples

for two sets of SNPs—the 92 IISNPs (Fig. 3a) and 200

random SNPs (Fig. 3b). The input files for the PCA anal-

yses consisted of the tau genetic distance matrices com-

puted from the SNP allele frequencies. The results of the

first two principal components of their respective analyses

are plotted in each figure. Figure 3a based on the IISNPs

accounts for 41% of the variation and most of the popu-

lations can be seen to cluster closely together in the center

Fig. 3 Scatter plots

summarizing principal

components analyses (PCA) on

44 population samples for 2

different sets of SNPs—92

IISNPs (a) and 200 random

SNPs (b). The input files for the

PCA analyses consisted of the

tau genetic distance matrices

computed from the SNP allele

frequencies
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of the figure with the primary differentiation visible arising

from the samples of relatively small, inbred populations

that define the distal points of the plotted axes. In strong

contrast, Figure 3b based on the random SNPs accounts for

about 72% of the variation and the population samples can

be seen to group into very clear geographical clusters

corresponding to the major continents. While Fig. 3a does

still display some residual indications of geographical

clustering when examined closely, they are very weak

compared to the strong, distinct clustering based on the

random SNPs.

The 92 IISNPs in Table 1 also meet another important

criterion beyond the purely population genetic ones. No

medical or sensitive personal information is conveyed by

the individual or combined data. To our knowledge, these

SNPs are not in any ‘‘gene’’ or other type of functional

element other than protein coding sequences. That does not

eliminate the possibility that a functional difference will be

identified for alleles at one or more of the IISNPs. How-

ever, since these SNPs approach the ideal of 50% hetero-

zygosity, an average of about 37.5% of the global human

population will share any randomly chosen genotype at any

one of the loci. That minimizes the level of concern should

some functional effect of one of these SNPs be determined

in the future since all genotypes must be considered

normal.

Our final set of 86 IISNPs that have no significant LD

has excellent characteristics that qualify it for being

accepted as a universal panel for individual identifica-

tion. The 45 unlinked IISNPs already yield match

probabilities that come close to the theoretical average

match probability of just under 10-19 for 45 ‘‘perfect’’

IISNPs, i.e., all with heterozygosity equal to 0.5. While

our use of Fst \ 0.06 is arbitrary, it has proven to be

very good at identifying markers with very similar allele

frequencies in most populations. As more populations are

typed, especially smaller and/or more isolated popula-

tions, some of these 45 SNPs may have less uniformly

high heterozygosities. Certainly, their rank order is

expected to change when any additional populations are

considered. However, it is extremely unlikely that match

probabilities for the 45 unlinked SNPs will exceed

10-12, still a very meaningfully low value. In addition,

with 86 SNPs independent at the population level, some

of which could be substituted for some of the 45

unlinked SNPs should technical (e.g., multiplexing)

problems arise; we think that pursuit of additional II-

SNPs will not be necessary.

For actual applications that employ either the 45

unlinked IISNPs or the full 86 IISNP panel, we have

assumed that users will include various additional markers

for such purposes as quality control (such as duplicating

some SNPs) and identification of gender (for example, the

amelogenin gene, AMELX, marker already in standard use

in forensic studies). There should be ample room in stan-

dard 96-well formats to accommodate such additional

markers.
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