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ABSTRACT
We have previously published population genetics criteria for SNPs for individual
identification (IISNPs)--nearly maximum informativeness in populations from all parts of the
world--as well as a panel of 40 candidate SNPs meeting those criteria.* This panel gave 40SNP genotype probabilities of <10-16 in almost all populations. Some have suggested that
our criteria are too stringent in that we have included several small, isolated groups among
the populations used to screen SNPs. Therefore, we have re-evaluated our data, as well as
some comparable data we have generated for SNPs proposed by other groups, after
excluding the most isolated populations from consideration, reducing the screening panel
from 40 to 31 populations. This results in a much larger panel of candidate SNPs using an
even more stringent level of interpopulation variation in allele frequencies--an Fst < 0.05
instead of our initial criterion of an Fst <0.06--while maintaining heterozygosity >0.40. In
addition to the previously published 40 SNPs we are able to include 23 from among the 36
previously excluded as well as 5 from among the markers proposed by the SNPforID
consortium.** From our other studies using the same population samples we have identified
several additional SNPs that meet the original, more stringent criteria as well as the relaxed
criteria. Many of these candidate SNPs (now >80) are molecularly close and/or genetically
linked making them unsuitable for studies involving relationships. However, since the ability
of various SNPs to be robustly typed by various methodologies, ideally in multiplex
reactions, needs to be evaluated before deciding on a final panel, it is appropriate to keep all
these markers among the candidates until the laboratory aspects can be evaluated. We
think it likely that many genetically independent (unlinked) markers will be found suitable.
We still advocate screening more SNPs to assure identifying a sufficient number meeting
broad forensic criteria. We also believe that all of the near-final candidates should be
evaluated on multiple, additional populations so that reasonably small (e.g. <10-12) genotype
frequencies can be demonstrated to occur broadly.
*Kidd et al. 2006. Forensic Science International 164:20-32; Pakstis et al. 2007. Human
Genetics 121:304-317. PDF files of these papers can be downloaded at:
http://info.med.yale.edu/genetics/kkidd/pubs.html. (Publ. #449 & #461 respectively)
**Sanchez et al. 2006. Electrophoresis 27:1713-1724.
TYPES OF PANELS OF SNPs FOR FORENSIC APPLICATIONS
Individual Identification SNPs (IISNPs): SNPs that collectively give very low probabilities
of two individuals having the same multisite genotype.
Ancestry Informative SNPs (AISNPs): SNPs that collectively give a high probability of an
individual’s ancestry being from one part of the world or being derived from two or more
areas of the world.
Lineage Informative SNPs (LISNPs): Sets of tightly linked SNPs that function as
multiallelic markers that can serve to identify relatives with higher probabilities than simple
bi-allelic SNPs.
Phenotype Informative SNPs (PISNPs): SNPs that provide high probability that the
individual has particular phenotypes, such as a particular skin color, hair color, eye color, etc.
To date our studies have concentrated on the first two types of SNP panels with some
preliminary investigation into the third. Most of our results are for IISNPs and we present
here data on 108 SNPs that for a set of 31 populations (see Table 1) meet the criterion of
high average informativeness (measured as heterozygosity) and low allele frequency
variation among populations (measured as Fst). Also presented are examples of AISNPs
and LISNPs.

RELEVANCE OF A GENE TO MARKER SELECTION
What do “no medical or personal information” and “not in a gene” really mean as criteria
for forensic SNPs? One can understand public apprehension over having medical
information conveyed by the SNP alleles in a forensic database. That can easily be
generalized to other sensitive, “personal” information. Indeed, ethical concerns over
identifying high likelihood of an individual developing a cancer, Alzheimer disease, or
Huntington disease does preclude using SNPs that would convey such information.
However, from a scientific perspective that does not generalize to precluding all SNPs
from even those genes, much less any gene, if the SNPs meet the population genetics
criteria for a panel for individual identification. The scientific logic is outlined in the
following.

RESULTS AND DISCUSSION
We have identified 108 candidate SNPs for an IISNP panel with Fst <0.06 and average
heterozygosity >0.4. Their Fst values and heterozygosities are given in Figures 1 and 2.
Because our original set of 40 populations included several small isolated and/or inbred
groups, we have reduced our set of populations to the larger populations more likely to be
relevant in forensic settings, especially in the USA and Europe. Figure 1 shows the
comparison of Fst values in the reduced set of 31 populations compared to the original set of
40 populations. The dbSNP rs numbers are given in the figures.
Many of the SNPs are closely linked and we have not tested all pairwise combinations for
absence of LD in all populations since other considerations will need to be considered in
selecting among the molecularly and genetically close SNPs.
One such consideration will be whether or not multiplexing is an issue. It is our assumption
that the primary value of SNPs is the ability to quickly type large numbers on a chip. With
current techniques it is routine to be able to “multiplex” arbitrary sets of dozens to thousands
of SNPs with no problems. With very small amounts of DNA it should be possible to type
several dozen arbitrarily selected SNPs simultaneously without multiplexing problems. While
we do not consider multiplexing a relevant issue, we recognize others might. Another
consideration is uniqueness of the SNP and ease of typing using small amplicons. Since all
of these 108 have been typed with TaqMan and have given high quality typing results, these
criteria have been met for all.
The most controversial issue will be whether or not intronic SNPs must be excluded. In our
initial search for appropriate IISNPs we did not consider whether or not the SNP was in a
functional element or an intron, because of the logic described under “Relevance of a gene to
marker selection”. Many of these 108 SNPs are in introns and some are in intergenic regions
(by current knowledge) but in regions with high conservation in mammals. While we argue
that intronic SNPs are acceptable, we will also argue that intergenic SNPs in highly conserved
regions should be excluded. We are in the process of examining all 108 SNPs for these
characteristics and will make the data available when complete. Some examples are
presented in Table 2.

Figure 3 is an example of an AISNP. The global contour plot of the ADH1B*47His allele
frequency is based on data from 168 populations. While this SNP does not uniquely identify a
single geographic region it contributes significantly to defining ancestry geographically when
employed in combination with other SNPs showing a variety of geographic patterns of allele
frequencies. Taken from Li et al. “Geographically separate increases in the frequency of the
derived ADH1B*47His allele in East and West Asia.” Am. J. Hum. Gen. (2007) In Press.

Since one of the criteria for a “Universal” panel of IISNPs is that heterozygosity is high
around the world, the SNP itself is by definition normal genetic variation with nearly
equal allele frequencies in all populations and cannot be deterministic for a Mendelian
genetic disease. Similarly, it cannot have a significant impact on a common, complex
disorder. This logic applies even if the SNP is in the coding sequence of a gene known
to be involved in a Mendelian or complex genetic disorder, but obviously there is no point
in arguing for including such SNPs.
The more general question of linkage disequilibrium with a variant involved in a
Mendelian or complex disorder is important. Since the Mendelian disorders are rare, the
alleles of a SNP with high heterozygosity will not convey significant information about the
mutations for a Mendelian disorder even if there is complete linkage disequilibrium.
Consider this example. A SNP with alleles A(60%) and G(40%) has heterozygosity of
48%. Consider it is in complete LD with a mutation M(0.1%) and the normal allele
N(99.9%), such that chromosomes in the population are AN(60%), AM(0%), GM(0.1%),
GN(39.9%). If the marker result is AA, there is no risk of the mutation or the disorder. If
the marker result is AG, the risk of the mutation being present is 0.25%. If the marker
result is GG, the risk of the mutation being heterozygous is 0.5% and being homozygous
is 0.001%. Thus, while the SNP genotype does alter the risk of the mutation being
present, it is not a very meaningful alteration even in this extreme case of a relatively
common disease-causing mutation. Extrapolated to complex disorders with no
deterministic alleles and low risk conveyed by variants at any one locus, this logic
indicates that genotypes for SNPs with globally high heterozygosity, e.g., >0.4, do not
convey significant medical or other sensitive personal information.

Figure 4 provides an example of a “locus” for a LISNP panel. The three SNPs are in introns
of the GRAMD1C gene located in 3q13.3 and they define five haplotypes globally with at
least four being common in most populations. The molecular span (~6.1kb) is so short that
recombination among the SNPs will be so rare that the possibility can generally be ignored.
As a 4- to 5-allele system such a locus will be more informative in determining relationships
among individuals than a bi-alleleic polymorphism.

While one can accept excluding SNPs in coding regions of a gene as a conservative
measure, is there any reason to exclude SNPs from introns? We would argue that there
is no general scientific reason for excluding such SNPs, especially if the intron is large
and the SNP is far from an exon. There are two aspects to the argument. First, as
noted above, the SNPs are clearly normal genetic variation and highly heterozygous
around the world. Therefore, they cannot be medically important in themselves. Second,
to argue that such SNPs might be in LD with functional variation does not hold up as a
significant argument as also noted above and has serious implications for any SNP. The
implications are twofold. First, scientists are increasingly identifying new genes in
previously “empty” regions of the genome and identifying new functional elements that
are not traditional protein-coding genes. Thus, any region in the genome might turn out
to be of major functional importance at some time in the future. Second, an argument of
LD cannot be universally applied since LD varies around the genome and among
populations. Moreover, individual SNPs can show remote LD but not close LD. Thus,
an argument that no SNP can be in or in LD with a functional element will be impossible
to prove for all populations and runs the serious risk of requiring revision of SNP panels
as new information is learned about the genome.

GENERAL CRITERIA FOR USE OF A SNP IN FORENSICS
1. An easily typed unique locus.
2. Highly informative for the stated purpose.
3. Well documented relevant characteristics.
Each of the types of panels requires a different set of additional criteria. For IISNPs that will
be put into a database analogous to CODIS, these additional criteria include
a. No medical or sensitive personal information is conveyed by the individual or
combined data. Ideally the SNP is not in a “gene” (but what is a gene? See panel).
b. “Highly informative” is interpreted as high heterozygosity around the world and
low allele frequency variation (measured as low Fst) so that the panel is informative
irrespective of the ancestry of an individual. These criteria are important for use in modern
multiethnic societies such as the USA.
c. Each of the SNPs should be statistically independent at the population level
(no linkage disequilibrium with any other SNP in the panel) so that the product rule can be
applied.
d. If the panel is also to be used in paternity testing, the markers should be
unlinked as well.
e. Sufficient SNPs are needed to assure low probabilities of two randomly
selected individuals having the same multi-site typing results. For SNPs with
heterozygosities >0.4, a panel of 40 to 45 SNPs gives probabilities <10-15.
f. Documentation in the form of allele frequencies in a global set of populations
must be in the public domain. The allele frequencies should be based on samples of close to
50 individuals per population and/or close to 100 individuals from closely related populations
in a given region to allow moderate accuracy for each allele frequency estimate.
Using screening procedures described in our two publications (Kidd et al., 2006; Pakstis et
al., 2007) we have identified a large number of candidates for an IISNP panel. These
candidates meet criteria 1, 2, and 3 above and meet criteria b, c, e, and f. A large subset
also meets criterion d. Criterion a is a particularly ambiguous one if one concentrates on
“genes”, as explained in the discussion following.
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