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Abstract Single nucleotide polymorphisms (SNPs)
are likely in the near future to have a fundamental role
both in human identiWcation and description. How-
ever, because allele frequencies can vary greatly
among populations, a critical issue is the population
genetics underlying calculation of the probabilities of
unrelated individuals having identical multi-locus
genotypes. Here we report on progress in identifying
SNPs that show little allele frequency variation among
a worldwide sample of 40 populations, i.e., have a low
Fst, while remaining highly informative. Such markers
have match probabilities that are nearly uniform irre-
spective of population and become candidates for a
universally applicable individual identiWcation panel
applicable in forensics and paternity testing. They are
also immediately useful for eYcient sample identiWca-
tion/tagging in large biomedical, association, and epi-
demiologic studies. Using our previously described
strategy for both identifying and characterizing such
SNPs (Kidd et al. in Forensic Sci Int 164:20–32, 2006),
we have now screened a total of 432 SNPs likely
a priori to have high heterozygosity and low allele fre-
quency variation and from these have selected the
markers with the lowest Fst in our set of 40 populations
to produce a panel of 40 low Fst, high heterozygosity

SNPs. Collectively these SNPs give average match
probabilities of less than 10¡16 in most of the 40 popu-
lations and less than 10¡14 in all but one small isolated
population; the range is 2.02 £ 10¡17 to 1.29 £ 10¡13.
These 40 SNPs constitute excellent candidates for the
global forensic community to consider for a universally
applicable SNP panel for human identiWcation. The
relative ease with which these markers could be identi-
Wed also provides a cautionary lesson for investigations
of possible balancing selection.

Keywords Human identiWcation · SNPs · Forensics · 
Population genetics · Fst · Heterozygosity

Introduction

In a previous paper we discussed the value of SNPs in
forensics and presented our strategy for identifying a set
of SNPs that are highly informative around the world
(Kidd et al. 2006). While others have similarly discussed
the utility of autosomal SNPs in forensics and some
have presented preliminary panels (Syvanen et al. 1993;
Gill et al. 2004; Inagaki et al. 2004; Amorim and Pereira
2005; Vallone et al. 2005; Petkovski et al. 2005; Lee
et al. 2005; Dixon et al. 2005; Li et al. 2006; Sanchez
et al. 2006), as far as we know, no one previously has
thought to propose and seek especially optimal SNP
markers with globally low Fst and high heterozygosity to
complement the multi-allelic polymorphisms in the
CODIS set (Budowle et al. 1998). There are two com-
monly recognized problems with SNPs replacing STRPs
(short tandem repeat polymorphisms) in forensics. One
is the inability to reliably detect mixtures, which are a
signiWcant occurrence in case work. The other is the
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inertia created by the large existing databases of stan-
dard panels of STRP markers, such as CODIS in the
United States. A third problem, we consider even more
signiWcant than those two is the population genetics of
SNPs. As illustrated in our previous paper (Kidd et al.
2006) a major problem with SNPs is that the frequency
of an allele can range from zero to one among diVerent
populations, causing a very large dependence of the
match probability on the population frequencies used
for the calculation, a dependence potentially many fold
larger than for CODIS markers. With modern cosmo-
politan populations one must know the allele frequen-
cies for all forensically relevant populations to avoid
successful courtroom challenges. Thus, we strongly dis-
agree with authors, e.g., Li et al. (2006), who imply that
the population genetics of SNPs is not a problem. For a
diallelic SNP chosen at random the allele frequency in
one population in one region of the world does not pre-
dict the frequency in another region of the world with
suYcient accuracy and the level of predictability (e.g.,
correlation of allele frequency proWles between popula-
tions) declines fairly rapidly for populations in adjacent
geographical regions. Our focus is to identify SNPs for
which this problem does not exist.

A SNP with high heterozygosity and essentially iden-
tical allele frequencies in all populations would be ideal
for several purposes because the probability of unre-
lated individuals having the same genotype would be
nearly constant irrespective of population. In forensics a
panel of such markers would not only be easy to defend
in court but could constitute a universally applicable
forensic panel. While national pride may tend to favor a
country-speciWc forensic panel, a panel with near maxi-
mum heterozygosity of all markers in all parts of the
world is ideal in cosmopolitan regions and nearly ideal
for any one speciWc population. Moreover, from an eco-
nomic perspective a single “kit” that can be sold around
the world can be produced more cheaply than multiple
diVerent “kits” each with limited sales. Gill et al. (2005,
2006) have discussed the value of a common European
STRP panel; the same logic extends to a globally appli-
cable, i.e., “universal”, SNP panel. The same character-
istics also make such a panel useful in parentage testing.
Sample identiWcation and tracking in large biomedical
and epidemiologic studies of diverse ethnic origins
could also use these SNPs for an eYcient initial molecu-
lar labeling as the samples are being acquired.

One component of our screening procedure for Wnd-
ing appropriate SNPs was quantifying allele frequency
variation among populations using Fst. While many
other measures exist, we chose to use Wright’s (1951)
Fst because of its population genetics signiWcance
including its relationship to the substructure correction

factor � used in forensics [NRC Committee on DNA
Technology in Forensic Science, 1996 (NRC Committee
1996)]. Very low Fst assures low allele frequency varia-
tion thereby minimizing diVerences in match probabili-
ties among populations. The 40-population samples we
have employed provide a sampling of human genetic
variation from all the major continental regions of the
world and this set intentionally includes some relatively
isolated, inbred samples that help to test the robustness
of the marker set since such groups, when included, will
tend to increase the magnitude of Fst values. The other
screening criterion, high heterozygosity, maximizes the
information at each SNP. Thus, the combination of high
heterozygosity and low Fst increases the eYciency of a
panel for forensic and sample tracking applications, that
is, it will take fewer SNPs to produce lower probabilities
of identity between two unrelated individuals than if
random SNPs are used. Here we report the updated
results of our eVorts: a panel of 40 SNPs that yields an
average match probability in most populations we have
studied of less than 10¡16. These become candidate
SNPs to be considered, among others, by the forensic
community for inclusion in a universal identiWcation
panel. The screening process has also been illuminating
from a population genetics perspective.

Methods

Strategy and criteria

Our screening strategy and criteria were described in
detail in our initial report (Kidd et al. 2006). BrieXy, we
selected markers from a list provided by Applied Bio-
systems (AB) of a subset of the TaqMan assays in the
Assays-on-Demand catalog. AB provided allele identi-
ties for those SNPs. We then selected SNPs that had
high heterozygosity and minimal allele frequency vari-
ation from among the 90,483 SNPs tested by AB in
four populations. Because allele frequencies of Japa-
nese and Chinese are very similar and generally diVer-
ent from allele frequencies of the other two
populations (European Americans and African Ameri-
cans), allele frequencies and heterozygosities of Japa-
nese and Chinese were averaged and these averages
were used along with those values for African Ameri-
cans and European Americans in screening the AB
database. The 436 SNPs we selected were typed in our
laboratory on a total of 371 individuals from seven
populations in order to independently sample genetic
variation from all major geographical regions [See Sup-
plemental Table 1; Table 1 in Kidd et al. (2006) for the
full list of populations and links to the descriptions of
123
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the populations and samples in ALFRED, the ALlele
FREquency Database (http://www//alfred.med.yale.
edu)]. All subjects gave informed consent for genetic
marker testing under a human subjects protocol at
Yale University as well as other protocols required in
various countries of origin. The markers from the
seven-population screen that had a Fst · 0.02 and aver-
age heterozygosity >0.4 were then tested on an addi-
tional 33 populations. Thus, markers making it through
the second screen will have been typed on »2,070 indi-
viduals from 40 populations. These 40-population sam-
ples represent one of the best available samples of
worldwide human genetic variation. By geographic
region the total numbers of individuals tested are:
Africa (including African Americans) (459), Southwest
Asia (211), Europe (558), Northwest Asia (90), East
Asia (345), Northeast Asia/Siberia (51), PaciWc Islands
(60), North America (105), and South America (191).
Our Wnal panel consists of markers with a 40-popula-
tion Fst below 0.06 and average heterozygosity >0.4.
Such markers correspond to the least varying 1.24% of
markers studied in our lab for other purposes (Kidd
et al. 2004; unpublished data).

Marker typing

Marker typing was done with TaqMan assays ordered
from the Assays-on-Demand catalog of AB. We chose
these assays so that we could evaluate individual SNPs
for appropriateness without having to develop assays.
The manufacturer’s protocol was followed using 3 �l
reactions in 384-well plates. PCR was done on either
an AB9600 or MJ Tetrad. Reactions were read in an
AB 7900HT and interpreted using sequence detection
system (SDS) 2.1 software. All scans were visually
checked for genotype clustering by the software.
Assays which failed to give distinct genotype clusters
or failed the Hardy–Weinberg test were discarded. All
individual DNA samples that failed to give a result,
that is, did not fall within an otherwise callable geno-
type cluster, were repeated once only to provide the
Wnal data set.

Analytic methods

Allele frequencies for each marker were estimated by
gene counting within each population sample assuming
each marker to be a two-allele, co-dominant system.
Agreement with Hardy–Weinberg ratios was tested for
each marker in each population using a simple Chi-
square test comparing the expected and observed num-
ber of individuals occurring for each possible genotype.
The statistical independence of the markers wasT
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assessed by calculating linkage disequilibrium (LD) as
r2 (Devlin and Risch 1995) for all of the 780 unique,
pairwise combinations of the Wnal 40 markers within
each of the 40 populations. The LD values were then
examined in various ways for evidence of meaningful
associations among the markers.

The match probability that two unrelated individu-
als will have the same multi-locus genotype was calcu-
lated as described previously (Kidd et al. 2006). The
frequency of the most common 40-locus genotype was
calculated assuming Hardy–Weinberg ratios and the
independence of the loci.

Results

The yield from screening

We screened the 90,483 SNPs that have allele frequen-
cies for four populations (European American, Afri-
can American, Chinese, and Japanese) and identiWed
436 markers that we have typed on the seven-popula-
tion screen. Four failed to show acceptable clusters or
failed Hardy–Weinberg ratios in multiple populations
and were discarded as unacceptable/unreliable. 73
SNPs or 17% of the remaining 432 had an Fst of 0.02 or
less on the seven populations and we typed these on all
40 populations.

The Fst distribution on the seven-population screen
is shown in Fig. 1. This is a very “wide” distribution
considering that all of these markers had a three-popu-
lation Fst of 0.01 or less. However, the majority of these
Fst values (median = 0.054) are below the mean and
median of a distribution of markers unselected for Fst.
Our published Fst distribution of 369 similarly unse-
lected SNPs on 38 populations had a mean Fst of 0.138

and a standard deviation of 0.068 (Kidd et al. 2004); a
recent update (unpublished) of this distribution has
813 SNPs on 40 populations with a mean of 0.139 and a
standard deviation of 0.070.

Figure 2 compares the Fst values for these 73 mark-
ers on 7 and 40 populations. Due to the contraction in
the range of values studied at this low end of the glo-
bal, multi-population Fst distribution no signiWcant cor-
relation exists. Having started our screening process
with SNPs giving essentially identical allele frequencies
in populations representing three regions of the world,
we end with a relatively small fraction (»10%) of SNPs
still showing little allele frequency variation when
tested on a broader sample of populations from around
the world. However, over 50% of those 73 SNPs with
low Fst and high heterozygosity on our seven-popula-
tion screen still met our 40-population criteria.

The heterozygosities calculated for the initial three
populations (>0.45) remain high for the 40 populations
(>0.43 for 40 best SNPs and >0.37 for 73 SNPs). The 40
SNPs that met the criterion of an Fst of 0.06 or less for
all 40 populations (Fig. 2) are listed in Table 1.

Missing typings were not concentrated in any popu-
lation sample or SNP. For the seven-population
screening (371 individuals) of 432 SNPs, 95.9% of the
160,272 typings succeeded and 4.1% failed. For the
individual populations, missing/failed typings ranged
from 1.6% in the Cambodians to 5.8% in the Maya.
For 2,053 individuals in 40-population samples, 98.8%
of the 82,120 possible typings for the 40 best SNPs suc-
ceeded and 1.2% failed. An average of 39.51 SNPs
were typed per individual; 97.86% of the individuals
had typings completed for 36–40 of the SNPs. For indi-
vidual populations the rate of missing typings ranged
from 0.3 (Chagga, Komi Zyrian) to 2.6% (Ethiopians,
Nasioi) and had a simple average of 1.2% (1.1%

Fig. 1 The Fst distribution for 
the 432 SNPs successfully fol-
lowed up on 7 population 
samples. The seven popula-
tions are those Xagged with an 
asterisk in Fig. 3 
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median). For the 40 SNPs individually the rate of miss-
ing typings ranged from about 0.1 to 3.9%. So far as we
can tell, it was the random occurrences of these few
missing typings that resulted in the relatively low
(»76%) frequency of individuals with complete typing
results for all 40 SNPs (Table 3).

Independence of the 40 best SNPs

As shown in Table 1, because the ascertainment did
not consider chromosomes per se, the 40 best SNPs are
distributed across only16 diVerent autosomes with 11
chromosomes having more than 1 SNP. In order to
assess the population independence of variation for the
40 markers, all pairwise LD values (r2) were computed
in each of the 40-population samples. The pattern of
results across the 780 £ 40 = 31,200 LD values clearly
supports the conclusion that each SNP contributes
essentially independent variation for each of the 40-
population samples tested. The vast majority of the r2

values are close to zero (e.g., the median is 0.010 and
the average is 0.029) and these are not statistically
diVerent from equilibrium given our sample sizes and
the numbers of tests done. The distribution of nominal
signiWcance levels is approximately what can be
expected by chance with an average across populations
of 11.1% of the 780 comparisons in a population nomi-
nally signiWcant at the 0.01 level, 3.7% nominally sig-
niWcant at the 0.001 level, and 1.3% nominally
signiWcant at the 0.0001 level. An ultraconservative
Bonferroni correction assigns the equivalent 1% sig-
niWcance level to 0.0000128 (=0.01/780). In all of these
comparisons two populations are noticeable outliers:
the Karitiana and Ticuna. Both are known to contain

signiWcant numbers of close relatives. While the exact
relationships among these samples are not known, the
entire Karitiana population is equivalent to a single
extended family so a sample of unrelated individuals is
an impossibility (Kidd et al. 1993). Inclusion of biologi-
cal relatives in a sample does not bias gene frequency
estimates (Cotterman 1954) but does bias LD mea-
sures upward. Not surprisingly, other small populations
such as the Rondonian Surui and Samaritans also consis-
tently have among the highest percentages of nominally
signiWcant comparisons at all levels of signiWcance.

There is also a positive bias in LD estimates that
increases as sample size decreases (Teare et al. 2002).
This bias is demonstrated in our results by our examina-
tion of the largest LD values ranging from 0.25 to 0.54
to see if they might contain evidence of weak levels of
association. There are only 99 LD values in this range,
the most extreme one-third of 1% of the 31,200 calcu-
lated. Of these 99 largest LD values 88 involve SNPs
paired across diVerent chromosomes. There are several
reasons for believing these represent chance. We noted
above that 780 comparisons were done for each popula-
tion so that these large LD values that involve diVerent
chromosomes likely represent the chance occurrences
that can arise when carrying out a large number of com-
parisons. This seems especially so in conjunction with
the bias in LD values for small samples since most of
the 99 most extreme LD values involve samples of less
than 40 individuals (Fig. 3 ). Because there is no plausi-
ble biological explanation for expecting SNP alleles on
diVerent chromosomes or those far apart on the same
chromosome to be associated only in a few small sam-
ples but not in the majority of samples except by
chance, we provisionally conclude that all of these large

Fig. 2 Scatterplot of the 73 
markers tested on all 40 popu-
lations by the Fst values for the 
seven populations in the ini-
tial screen and for all 40 popu-
lations (All 40 populations are 
listed in Fig. 3 and those in the 
seven-population screen are 
Xagged with an asterisk). The 
40 SNPs included in the panel 
are plotted as diamonds, the 
33 SNPs with Wnal Fst above 
0.06 are plotted as triangles. 
The Pearson correlation 
coeYcient is 0.02, P = 0.44, 
NS. Note that nine SNPs have 
Fst (based on 40 populations) 
values between 0.06 and 0.07 
and that another three SNPs 
have Fst values of 0.070
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LD values are chance deviations. Larger samples from
these populations will be necessary to conWrm this but
they are not currently available.

The 11 of the largest 99 LD values that involve
markers located on the same chromosome are also
likely due to chance. Table 2 summarizes the LD
results for these SNP pairs on the same chromosome
that have LD values >0.25. All of the marker pairs in
Table 2 have median LD values of 0.03 or less and
mean values of 0.06 or less across the 40 populations.
Most of these LD values for these pairs of markers are
not signiWcantly diVerent from zero in the majority of
population samples. These 11 SNP pairs involve dis-
tances of at least 2.8 Mb, most from 22 to 108 Mb. All
of these distances are at least 10 times larger than the
200 or so kilobases that is the maximum extent of LD
usually seen (Peltonen et al. 1999; Varilo and peltonen
2004). As is evident from these very low mean and

median values, these maximum LD values are likely
global outliers and probably represent chance in light
of the many comparisons. Moreover, most of the popu-
lations involved are those with the smaller sample sizes
and hence the values are biased upward. We expect
that independent re-samplings of these populations
would not show these associations and provisionally
conclude that these 11 SNP pairs in Table 2 are statisti-
cally independent. In addition, small inbred popula-
tions necessarily contain related individuals and can be
expected to show extended LD—the R. Surui (Calafell
et al. 1999) and Karitiana (Kidd et al. 1993) account for
three of the four smallest intervals in Table 2. The two
instances where the number of populations total 39
arise because the Nasioi sample is Wxed for an allele at
site RSPO3 (row 35 in Table 1). Out of 31,200 LD cal-
culations, only 39 could not be computed due to Wxa-
tion of an allele for RSPO3 in the Nasioi.

Fig. 3 The distribution of r2 
values above 0.25 by popula-
tion. The 40 populations are 
sorted by sample size (number 
of individuals in parentheses 
next to population name) to 
show clearly that most of 
these large values occur in the 
smallest samples as expected 
from the known bias due to 
small sample size. The seven 
populations used in the initial 
screen are indicated with an 
asterisk

Table 2 Statistical summary of pairwise LD (r2) values across all populations and SNP pairs involving LD values >0.25 and that are
located on the same chromosome plus the physical distance separating those SNPs

‡ Under SNP pair column, the number in front of each marker symbol corresponds to the row in Table 1

Chromosome SNP pair ‡ Separation 
(M bp)

Number of 
populations

Median Average Minimum Maximum Maximum 
LD population

4 2 GABRA2 28 RCHY1 30.612 40 0.01 0.03 0.00 0.30 Masai
5 5 SPOCK 37 TTC1 22.759 40 0.01 0.02 0.00 0.35 R. Surui
6 10 TRDN 17 intergenic 29.342 40 0.02 0.04 0.00 0.36 Masai
6 10 TRDN 22 intergenic 3.334 40 0.01 0.04 0.00 0.48 Quechua
6 10 TRDN 35 RSPO3 3.568 39 0.02 0.04 0.00 0.28 R. Surui
6 17 intergenic 27 SYNE1 58.195 40 0.01 0.03 0.00 0.31 Samaritans
6 21 HIVEP1 22 intergenic 108.434 40 0.01 0.04 0.00 0.29 Nasioi
6 22 intergenic 35 RSPO3 6.902 39 0.01 0.03 0.00 0.26 Karitiana
6 23 SASH1 36 EPM2A 2.892 40 0.03 0.06 0.00 0.53 R. Surui

20 9 C20orf133 14 SSTR4 7.891 40 0.02 0.05 0.00 0.44 Nasioi
20 12 intergenic 14 SSTR4 27.764 40 0.01 0.04 0.00 0.39 Nasioi
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Statistics for the 40-SNP panel

The frequencies of the most probable 40-locus geno-
type (assuming Hardy–Weinberg ratios) for each pop-
ulation are given in Fig. 4 (by the line connecting the
diamond shaped points). Most values are less than
10¡12 and the largest value is less than 10¡9. The larger
values in the small isolated populations are relevant in
that they should provide a reasonable upper bound to
the match probability in any population.

Figure 4 also presents the average match probability
by population as shown by the values represented by
Wlled circles. This value is the weighted average of the
match probabilities of the 340 possible genotypes,
assuming exact H–W ratios within each population.
Most populations have values less than 10¡16 but the
values range across approximately four orders of mag-
nitude, from less than 10¡12 to less than 10¡16. We note
only Wve populations have values about or larger than
10¡15 and in none of those populations are there more
than 104 individuals. The probability of discrimination,
i.e., the probability that two individuals are diVerent,
for each population is one minus the values shown in
this Wgure. Thus, in all populations, the probability of
discrimination is greater than 0.999999999999.

Discussion

In terms of the diversity of the populations on which
data have been collected this study represents the larg-
est single study to date to Wnd SNPs with globally low
Fst and high heterozygosity. The Wnal panel of 40 SNPs
has a narrow range for the average match probability
across almost all populations. This validates the low Fst,
high heterozygosity strategy for identifying SNPs that
are appropriate for use in human identiWcation. While

Fst depends on the speciWc set of populations studied, it
is clear that a global set of DNA samples can be used to
screen for markers with globally low Fst values. A max-
imum global Fst of 0.06 functions well as a criterion
even when small isolated populations are included.
Similarly, because we also selected for high heterozy-
gosity, the globally low Fst reXects not just similar allele
frequency but also uniformly high heterozygosity. The
actual cause of the low Fst in the SNPs we screen is
most likely that they are drawn from the lower tail of
the distribution of Fst for random neutral SNPs. The
fact that 39 of the 40 best SNPs are located in intronic,
intergenic, or untranslated regions reinforces this idea;
one SNP is located in an exon of the SSTR4 gene and
the polymorphism produces a nonsynonomous, mis-
sense change. We are not aware of any phenotypic con-
sequences either of this polymorphism or of any
polymorphism in linkage disequilibrium with any of
the 40 SNPs. However, the possibility of such cannot
be excluded.

The data from our step-wise screening also demon-
strate an important fact relevant to extrapolating to a
global level the allele frequency variation found in a
smaller set of population samples. The Fst range for the
90,483 AB markers screened in the three populations
we used for our original selection of candidate markers
was 5.6 £ 10¡8 to 0.93, with mean = 0.087 and
median = 0.063. Only 14,638 SNPs in this large pool
had heterozygosities >0.45 in all three populations and
this marker subset had Fst values ranging from
5.6 £ 10¡8 to 0.1. We selected 436 SNPs to follow-up
because they all had an Fst · 0.01 on the initial three
populations and the highest heterozygosities out of
2,723 SNPs with Fst · 0.01. Nonetheless, on our seven-
population screen we obtained a wide range of Fst val-
ues for the successful 432 SNPs extending from 0.003 to
0.232 (mean = 0.054, median = 0.046) (Fig. 1). On the

Fig. 4 The frequencies of the 
most frequent genotype for 40 
SNPs in each population are 
represented by the diamond 
shaped points. The average 
match probability for the best 
40 markers for each of 40 pop-
ulation samples is represented 
by the Wlled-circles. Popula-
tions are ordered by geo-
graphic region roughly by 
increasing distance from Afri-
ca. The Wve outliers are high-
lighted by the population 
names. These are all small 
populations that are relatively 
isolated reproductively
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813 essentially random markers we have tested on
these seven populations the Fst range is even larger
(range 0.020 to 0.534, mean = 0.139, SD = 0.070), but
Fst for these potentially low Fst markers spans half of
that range. The same imprecision in extrapolation
occurs with our selection of markers with a seven-pop-
ulation Fst · 0.02 for typing on all 40 populations, as
can be seen in Fig. 2. There is no correlation between
the variation of Fst among SNPs in 40 populations and
that in seven populations for this lower tail of the
seven-population distribution. When markers are
selected in a nearly random manner, there is a high
correlation between the Fst seen on these seven popu-
lations and on all 40 populations (Kidd et al. 2006), but
the present results show the impossibility of accurately
predicting or extrapolating to the relative Fst of a larger
set of populations from values on a subset, even if that
subset includes a set of populations from the four
major continents.

We conclude that the 40 SNPs in our “Wnal” panel
are statistically independent at the population level.
The median (0.01) and mean (0.03) LD values are close
to zero and the computed LD values that are nominally
signiWcantly diVerent from zero are approximately
what would be expected by chance and primarily
involve markers on diVerent chromosomes and/or the
smallest populations. About 99.68% of all LD values
are ·0.25. The relatively small number of LD values
greater than 0.25 (i.e., 99 values or <0.3%) occurred
almost entirely between unlinked markers (88 involve
SNPs paired from diVerent chromosomes and 2 are
>50MB apart on the same chromosome) and predomi-
nantly involved diVerent SNP pairs (89 of 99 SNP
pairs).

General implications

Two especially interesting aspects of our screening
results are (1) the large variation among SNPs in Fst
value when additional populations were tested (Figs. 1,
2), (2) yet the relatively high yield of markers having
both low Fst values and high heterozygosity when a
large number of population samples was studied. The
Wrst has implications for the search for balancing selec-
tion based solely on data for a small number of popula-
tions, such as is true for the HapMap data (The
International HapMap Consortium 2003, 2005). The
HapMap data are a very valuable resource but cannot
be considered to represent the extent of global allele
frequency variation very accurately. The second Wnd-
ing also has implications for the search for balancing
selection in that there must be a very large number of
such SNPs with low Fst and high heterozygosity. It is

improbable that most would be maintained by balanc-
ing selection. In our screening study of 90,483 AB
SNPs we found that 0.0442% or about 4.4 per 10,000
SNPs screened met our criteria for the combination of
low Fst and high heterozygosity. Among our other
research projects (enriched for SNPs and InDels vary-
ing around the world) 11 out of 887 markers screened
(1.24%) could be identifed that met the same criteria
for low Fst and high heterozygosity. Thus, it may be
challenging to unequivocally demonstrate balancing
selection in humans against a background of such
SNPs.

Discrimination among individuals

Our panel of 40 SNPs resulted in unique genotypes for
every one of the individuals with complete typings for
all 40 SNPs. The distribution (Table 3) of the number
of SNP genotypes matching for the more than 1.22 mil-
lion pairwise comparisons of 1,568 individuals shows
that no individuals match at all the markers. We
obtained the nearly symmetric distribution around 15
(out of 40) matches expected by chance and no com-
parisons with more than 34 matches out of the 40.
Thus, even with an occasional typing error generating
an incorrect genotype and hence a false match or mis-
match, the panel is robust. The expected number of
real mismatches between unrelated samples is large
enough to be certain of non-identity. A single mis-
match between two 40-SNP proWles has a high proba-
bility of being an error and should be replicated. One
would suspect biological relatedness or errors masking
true identity if only a few mismatches occur. This also
makes the marker set appropriate for tagging and
tracking DNA samples in large biomedical, associa-
tion, and epidemiological studies.

Toward a universal panel

This preliminary panel of 40 SNPs has excellent char-
acteristics for individual identiWcation, already yielding
match probabilities that come close to the theoretical
average match probability of just under 10¡17 for 40
“perfect” SNPs, i.e., all with heterozygosity equal to
0.5. The yield of 40 acceptable SNPs from an initial set
of 436 selected SNPs is encouraging. 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 populations,
some of these 40 SNPs may have much less uniformly
high heterozygosities. Certainly, their rank order may
change and some of the SNPs with Fst just larger than
123



314 Hum Genet (2007) 121:305–317
0.06 may end up better than those with Fst just smaller
than 0.06. Therefore, in order to obtain a universally
applicable panel of SNPs it will be necessary to have an
even larger panel of candidates from which to eventu-
ally select a Wnal panel. That panel of candidates must
also be suYciently large that allowance is made for the
inability of some markers to be included in multiplexed
reactions. Other sources of potentially acceptable
SNPs exist. Thousands of additional candidates for
screening are available from the HapMap. Other
researchers have identiWed SNPs with high heterozy-
gosity in several diverse populations (e.g., Shriver et al.
2005; Sanchez et al. 2006) corresponding roughly to
our seven-population screen. Our 40-population data
from other projects can also yield suitable candidates.
Thus, the forensic community should have no problem
extending the panel of candidates to >>45 SNPs and
even reducing the variation among populations pro-
vided many candidate markers can be tested on suY-
ciently large and diverse sets of populations. At the
levels of heterozygosity we are achieving, a panel of 45
SNPs would give match probabilities less than 10¡18 for
most populations, easily in the range achieved with the
CODIS markers. Were we to incorporate markers with
0.06 < Fst < 0.07 into the preliminary panel, the varia-
tion in average match probability among populations
we have studied would increase somewhat, but match
probabilities would decrease for all populations.

Our panel should be considered in conjunction with
markers in other panels to attempt to reach a consen-
sus among the global research and forensic communi-
ties. Among SNP panels that have been proposed for
use in individual identiWcation (e.g., Inagaki et al. 2004;
Lee et al. 2005; Sanchez et al. 2006), ours is the Wrst to
screen simultaneously for high heterozygosity and low
Fst in a large global sample of populations. Others have
tested only one or a few populations and/or have not
imposed a speciWc criterion of low Fst to evaluate the
uniformity of the high heterozygosity. (Note, uniformly
high heterozygosity means that the Fst will be low but a
low Fst does not mean a high heterozygosity, just a rela-
tively uniform heterozygosity). When allele frequen-
cies have been available for multiple populations, most
previously published markers fail our criteria. The
SNPforID study (Sanchez et al. 2006) has the next larg-
est set of populations and loci but all but 13 of their 52
markers have either an Fst > 0.06 on their panel of
eleven populations (calculations not shown; data from
SNPforID web site, http://www.snpforid.org) or an
average heterozygosity lower than our criterion of 0.4.
(Among those 13 markers, only 5 are unlinked to each
other and are unlinked to any of our best SNPs). Their
panel of population samples is less diverse geographi-
cally than ours, but these 13 SNPs provide another
source of markers potentially meeting our criteria
when tested on more populations.

Independence in populations versus unlinked 
in families

Other groups (e.g., Sanchez et al. 2006; Lee et al. 2005)
have screened for unlinked SNPs so that the panel
would also be appropriate for paternity testing and for
forensic work that involved relatives. While all 40
SNPs in our panel are statistically independent at the
population level (the objective of our study), several of
them are close enough molecularly to show linkage in
families. If a universally applicable panel of SNPs is
ever adopted by the international forensic community,
it would be ideal for all markers in the panel to be both
independent at the population level and unlinked.

The syntenic SNPs among the best 40 in our study
were examined to determine which would likely show
genetic linkage among close biological relatives. The
25 syntenic SNP pairs are separated on average by
37.5 MB but cluster into two very distinct groups—six
pairs that are 75 to 172 MB apart and 19 pairs that are
all <34 MB apart (median separation »15 MB). The six
pairs >75 MB apart should be essentially unlinked. An
estimate of the genetic map distance between each of
the 19 SNP pairs that are <34 MB was obtained via the

Table 3 All unique pairwise comparisons of individuals for 40
best SNPs. Overall results for 1,568 individuals with complete ty-
pings in 40 population samples

Number of 
genotypes 
matching

Within 
groups

Across 
groups

Combined 
comparisons

0 0 0 0
1 or 2 0 2 2
3 or 4 4 125 129
5 or 6 42 1992 2034
7 or 8 321 16101 16422
9 or 10 1527 67567 69094
11 or 12 4009 173446 177455
13 or 14 7178 279932 287110
15 or 16 8744 297429 306173
17 or 18 7090 211505 218595
19 or 20 4025 102294 106319
21 or 22 1613 33844 35457
23 or 24 515 7698 8213
25 or 26 174 1116 1290
27 or 28 70 127 197
29 or 30 21 8 29
31 or 32 7 1 8
33 or 34 1 0 1
35 or 36 0 0 0
37 or 38 0 0 0
39 or 40 0 0 0
Totals 35341 1193187 1228528
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NCBI MapViewer (http://www.ncbi.nlm.nih.gov/map-
view). The nucleotide positions for each pair were
entered and the map distance was gauged by averaging
the Genethon, deCode, and MarshWeld estimates of
map distance. A scatterplot (data not shown) of physi-
cal distance in MB by map distance in centi-Morgans
(cM) for the 19 closest SNP pairs displays a relation-
ship not too diVerent from the genome-wide expecta-
tion of roughly one cM per MB although most of the 19
points are above the >1 cM/MB line, such that the
median ratio is 1.28 cM/MB and the range is 0.8–
2.7 cM/MB. If we eliminate 15 SNPs because of link-
age, retaining only the SNP with the best combination
of low Fst and high heterozygosity from each set of
linked SNPs, the 25 remaining SNPs are both unlinked
and independent (Table 1, column 3). However, it is
premature to discard any of these syntenic candidate
SNPs for at least two reasons. The rank order of the 40
SNPs will likely change as additional populations is
tested for these markers. Also, additional appropriate
markers identiWed in the future may be unlinked to
some of these syntenic loci but not others.

Some forensic considerations

The values in Figs. 4 and 5 are calculated for ideal pop-
ulations with no allowance for substructure. As noted
by the NRC Committee (1996), the correction factor �
is equivalent to Fst for markers having Hardy–Wein-
berg ratios, as is the case for all our markers within
each population. We assume that any correction factor
for substructure within a large ethnically more homo-
geneous population will be small and not greatly alter
the match probabilities for the large populations in
Fig. 4 (Wlled-circles). We note that the relationships of
measures of within population substructure to the glo-
bal Fst are not simple (Balding 2003). However, the
similarity of allele frequencies globally greatly reduces
the likelihood of substantial allele frequency diVer-
ences among subgroups within an ethnically heteroge-
neous population. Moreover, by selecting for a globally
low Fst we should also be reducing the likelihood of rel-
evant substructure within each population. For these
40 loci the average “global” (40-population) Fst is
0.047. In an actual forensic application ignoring ethnic-
ity one could use the global average allele frequencies
(appropriately weighted from population-speciWc data
available for these 40 SNPs in ALFRED) and the aver-
age global Fst as the value of � used in standard forensic
calculations (NRC Committee 1996) to account for
global substructure.

Candidate SNPs being considered for forensic appli-
cations need to be tested by several laboratories before

being introduced into actual casework, both to demon-
strate robustness of the methodology and to provide
additional population data. Especially, for a potentially
universally applicable panel many additional popula-
tions will need to be tested and independent samples of
those we have studied should be tested. Except for
very small endogamous (tribal) populations it seems
unlikely that very diVerent allele frequencies will result
for the 40 SNPs we have identiWed since we know from
many years of data being accumulated on populations
that allele frequencies tend to be similar in geographi-
cally close populations (Cavalli-Sforza et al. 1994;
Rosenberg et al. 2002; TishkoV and Kidd 2004). The 40
populations studied here cover most major regions of
the world; the regions not covered are Xanked by those
that have been studied. However, as additional data
accumulate on these markers and similar data become
available for other markers, the rank order of markers
for a universal panel may well change. Also, we would
expect the Fst values to increase as more small, isolated
populations are studied for these markers. Even so, the
frequencies of the most common genotype and the
average probabilities of identity are not likely to
greatly exceed the ranges seen for the 40 populations
that we have studied since we have deliberately
included some isolated populations from various parts
of the world as test of the robustness/generality of the
results. Also important would be independent samples
to show that the few large associations among markers
are indeed the chance events they seem to be. That
may be impossible for the very isolated populations
such as the Nasioi because of the cost of a speciWc
expedition as well as the problems of obtaining cooper-
ation of a new group of individuals.

We used TaqMan for the screening procedures
because we were screening markers individually and
did not have to develop or optimize the assays. While
TaqMan low density arrays allow samples to be co-
loaded, TaqMan is not capable of being multiplexed
for the entire analysis through to the reading of the
plate. It is not our intention to advocate any typing
protocol nor, at this stage, to invest eVort in developing
multiplexing for these markers. Because dozens of
SNPs can be routinely multiplexed, that is not an issue
with modern “chip” methods such as those of Illumina
or AVymetrix. Some typing methods might require a
diVerent multiplexing procedure and one would need
to be developed. One important caveat is that any new
typing method must be evaluated to demonstrate that
there are not common nearby variants that would
interfere with typing the target SNP (e.g., Osier et al.
2002). However, the SNPs we are identifying are in
the public domain and any individual or corporation
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wishing to can work on developing methods for imple-
menting this panel in a forensic or research setting. We
do not advocate such eVort for a forensic application of
this panel. For a research application these SNPs are
an eYcient small panel but we do note that large num-
bers of “random” SNPs should also provide uniqueness
irrespective of ethnicity. For a forensic application
many more candidate SNPs need to be developed and
all such need to be tested on more populations. In
identifying those candidate SNPs we recommend
researchers use screening criteria similar to those we
have used because, though arbitrary, they have been
demonstrated to yield SNPs with the desirable popula-
tion genetic characteristics. When larger numbers of
appropriate SNPs are available, the best set can be
selected both in terms of their population genetics and
the ability to develop an appropriate assay for forensic
applications.
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