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Summary

Background: Genetic tests for kinship testing routinely reach likelihoods that
provide virtual proof of the claimed relationship by typing microsatellites —
commonly consisting of 12-15 standard forensic short tandem repeats
(STRs). Single nucleotide polymorphisms (SNPs) have also been applied to
kinship testing but these binary markers are required in greater numbers
than multiple-allele STRs. However SNPs offer certain advantageous charac-
teristics not found in STRs, including, much higher mutational stability, good
performance typing highly degraded DNA, and the ability to be readily up-
scaled to very high marker numbers reaching over a million loci. This article
outlines kinship testing applications where SNPs markedly improve the ge-
netic data obtained. In particular we explore the minimum number of SNPs
that will be required to confirm pairwise relationship claims in deficient pedi-
grees that typify missing persons’ identification or war grave investigations
where commonly few surviving relatives are available for comparison and
the DNA is highly degraded. Methods: We describe the application of SNPs
alongside STRs when incomplete profiles or allelic instability in STRs create
ambiguous results, we review the use of high density SNP arrays when the
relationship claim is very distant, and we outline simulations of kinship anal-
yses with STRs supplemented with SNPs in order to estimate the practical
limit of pairwise relationships that can be differentiated from random unre-
lated pairs from the same population. Results: The minimum number of
SNPs for robust statistical inference of parent-offspring relationships through
to those of second cousins (S-3-3) is estimated for both simple, single multi-
plex SNP sets and for subsets of million-SNP arrays. Conclusions: There is
considerable scope for resolving ambiguous STR results and for improving
the statistical power of kinship analysis by adding small-scale SNP sets but
where the pedigree is deficient the pairwise relationships must be relatively
close. For more distant relationships it is possible to reduce chip-based SNP
arrays from the million+ markers down to ~7,000. However, such numbers
indicate that current genotyping approaches will not be able to deliver suffi-
cient data to resolve distant pairwise relationships from the limited DNA typi-
cal of the most challenging identification cases.

Schliisselworter

STR - SNP - Indel - Verwandtschaftsuntersuchung - Defizienzfall -
Hochauflésende SNP-Analysesysteme

Zusammenfassung

Hintergrund: Genetische Tests fiir Abstammungsgutachten erreichen norma-
lerweise das zum Nachweis einer Verwandtschaft erforderliche Wahrschein-
lichkeitsniveau durch die Typisierung von in der Forensik etablierten Mikro-
satelliten, welche haufig aus 12-15 kurzen, hintereinander auftretenden Se-
quenzwiederholungen (STRs, engl. short tandem repeats) bestehen. Einzel-
nukleotid-Polymorphismen (SNPs, engl. single nucleotide polymorphism)
werden ebenfalls in der Verwandtschaftsanalyse eingesetzt, wobei diese bi-
néaren Marker aber in einer groBeren Anzahl als STRs mit multiplen Allelen
erforderlich sind. Jedoch bieten SNPs einige vorteilhafte Eigenschaften die
STRs nicht aufweisen: groRRere Mutationsstabilitdt, gute Analysierbarkeit bei
der Typisierung von stark degradierter DNA und die Fahigkeit zu unkompli-
zierten Erweiterung des Marker-Sets bis zu einer Anzahl von Uber einer Mil-
lion. Dieser Artikel beschreibt Anwendungen von Abstammungsgutachten, in
denen SNPs deutlich die erhaltenen genetischen Daten verbessern. Insbe-
sondere untersuchen wir die minimale Anzahl von erforderlichen SNPs zur
Bestatigung paarweiser Verwandtschaft in Defizienzféllen, die oftmals bei der
Identifizierung vermisster Personen oder der Untersuchung von Kriegs-
grébern auftreten, bei denen meist nur wenige Angehdrige zu Vergleichs-
zwecken zur Verfligung stehen und zudem die DNA stark degradiert ist. Me-
thoden: Wir beschreiben die simultane Anwendung von SNPs und STRs,
wenn inkomplette Profile oder allelische Instabilitdt der STRs zu unklaren
Ergebnissen fiihren, erlautern den Gebrauch von hochauflésenden SNP-Ana-
lysesystemen, wenn das zu untersuchende Verwandtschaftsverhéltnis weit
auseinander liegt, und schildern die Simulation von paarweisen Verwandt-
schaftsuntersuchungen unter Anwendung von STRs und SNPs zur Abschét-
zung der Limitation bei der Differenzierung zwischen paarweisen Verwandt-
schaftsverhaltnissen von zufélligen, unverwandten Paaren aus derselben Po-
pulation. Ergebnisse: Die minimale Anzahl von SNPs fiir eine gesicherte Re-
konstruktion von Eltern-Kind-Beziehungen bis hin zu solchen fir Vettern
zweiten Grades wird flr einfache Multiplex-SNP-Sets und fiir Zusammenstel-
lungen von Millionen von SNPs abgeschatzt. Schlussfolgerung: Es gibt eine
groBe Bandbreite an Maglichkeiten, um durch die Hinzunahme einer be-
grenzten Anzahl von SNPs unklare STR-Ergebnisse zu 16sen oder die statisti-
sche Aussagekraft von Abstammungsbegutachtungen zu verbessern, wobei
jedoch die paarweise Beziehung relativ eng sein muss. Fiir weiter entfernte
paarweise Verwandtschaftsverhaltnisse konnen Chip-basierte SNP-Analyse-
systeme von Uber 1 Millionen Marker auf ~7,000 reduziert werden. Jedoch
zeigen diese Zahlen, dass die momentan zur Verfliigung stehenden Genotypi-
sierungssysteme aufgrund der normalerweise in komplizierten ldentifikati-
onsfallen limitierten DNA nicht in der Lage sind, genligend Daten zu liefern,
um entfernte paarweise Verwandtschaftsverhéltnisse aufzuklaren.
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Introduction

Currently the great majority of relationship testing is accom-
plished by typing standard forensic microsatellites or short
tandem repeats (STRs). This approach provides the consider-
able advantages of using STRs: simple but very powerful sta-
tistics, straightforward kit-based chemistry; an extensive re-
pository of allele frequency data, and community-wide consen-
sus on dealing with interpretation issues such as inconsistent
genotypes, difficult pedigree structures, and linkage. STRs re-
solve nearly all kinship cases to extremely high likelihood lev-
els that support or exclude the claimed relationship, but their
statistical power as a set of markers can be reduced in certain
circumstances. Such situations include: partial profiles arising
from highly degraded DNA, unknowingly testing a first-de-
gree relative of the true father (such as a brother or father),
ambiguous genotype patterns created by the relatively high
mutational instability of STRs compared to other polymorphic
markers, and relationship analyses where most or all other
kinship members are unavailable for testing. Currently there
are two choices available to practitioners to help overcome the
above kinship testing challenges, adding supplementary STRs
or combining the core STRs used with short-amplicon binary
marker sets previously developed for forensic analysis of de-
graded DNA [1-4]. Two kinds of short-amplicon markers are
available: single nucleotide polymorphisms (SNPs) and inser-
tion/deletion polymorphisms (indels). Their characteristics are
well covered in companion papers in this issue. Herein, we use
the term ‘SNPs’ to describe both types of binary marker as
they have nearly identical qualities although indels enjoy the
additional benefit of a typing system that uses a system of PCR
amplification products put directly into capillary electrophore-
sis detection (PCR-to-CE), thus reducing tube transfers to
one, bringing the same ease-of-use as STR kits and restoring
the direct relationship between signal strength and input DNA
(forensic SNP typing with SNaPshot primer extension employs
two reactions, thus doubling the chance of stochastic effects).

In the first type of pedigree testing problems, where a close
relative of the true father is unknowingly tested or a partial
profile occurs due to highly degraded DNA, STR genotypes
can produce low likelihoods that do not provide sufficient sta-
tistical support for a reliable relationship inference. In these
cases SNPs offer supplementary data and better profile com-
pleteness from challenging DNA sources such as dentine or
bone extracts. We describe examples of each scenario and
show how SNPs can bring STR likelihoods up to levels of vir-
tual proof.

Secondly, we give examples of the problem of interpreting
inconsistent STR genotype patterns that give ambiguous re-
sults such that an exclusion of a first degree relative of the
true father or one- or two-step repeat addition/diminution
mutations are equally likely explanations of the data.

Lastly, we outline the problem of analyzing the most distant
pairwise relationships, notably when the individuals tested
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come from a deficient pedigree, i.e. lacking any other immedi-
ate kinship members to help identify shared alleles. For suffi-
cient statistical power, in these situations pairwise comparisons
are dependent on the pair being reasonably closely related
within the pedigree. When the examined relationship is dis-
tanced by several degrees of separation across multiple gener-
ations and pedigree branches much more genetic information
must be obtained from the tested individuals. We outline com-
puter simulations that seek to find the limits of pairwise relat-
edness beyond which STRs supplemented by an equal number
of supplementary STRs and/or twice as many SNPs will not
resolve the claim satisfactorily in a significant proportion of
cases. From the data presented we suggest that pairwise com-
parisons of second cousins (described as an S-3-3 relationship
as the subjects are separated by three generations on two pedi-
gree branches, or, more specifically, siblings with a distance
three generations from the root) will not be resolved in the
majority of cases by use of small-scale marker sets alone. In
fact, large-scale SNP genotyping arrays comprising over 1 mil-
lion loci are the necessary step for such distant paired relation-
ships, utilizing allele-sharing metrics compared to those of un-
related controls from the same population [5]. However, we
also indicate that significantly reduced subsets of less than
10,000 markers can be sufficient to resolve S-3-3 pairs. We de-
scribe the analysis of a second cousin claim resolved using SNP
array data and show that it is possible to reduce SNP data over
60-fold (<1.8% of data density) and properly differentiate the
S-3-3 pair from random pairs of the same population.

Material and Methods

Small-Scale Genotyping: Single Multiplexes of STRs and SNPs

All STR genotyping followed manufacturer’s recommended guidelines.
We used Applied Biosystems (AB) AmpFI/STR Identifiler (Carlsbad,
CA, USA) and Promega ESX-17 multiplex kits (Madison, WI, USA) pro-
viding 22 unique autosomal STRs of which 9 loci overlap between kits but
have different primer sets allowing extended analysis of kit discordancies
(see: www.cstlnist.gov/strbase/NullAlleles.htm). We also use AB Amp-
FISTR NGM+ multiplex STR kits instead of Identifiler. SNP typing uses
the SNPforID Auto-1 and Auto-2 52-plex PCR and tandem 23-plex and
29-plex primer extension reactions, following previously described proto-
cols throughout [6, 7]. Population frequencies for STRs and SNPs were
obtained from pop.STR [8] and the SNPforID frequency browser of SPS-
mart [9].

The alternative approach of adding extra STRs to the first-strike STR
sets has become more straightforward recently by the addition of two
commercial kits of supplementary STRs designed for this purpose: typing
five novel markers in the 7-plex Promega CS7 and nine novel markers in
the 12-plex of Qiagen Investigator HD-plex (Hilden, Germany) (details
of the novel STRs of both kits are listed in table 1 of [10]). For simulation
studies comparing SNP and STR supplementary sets we also examined
the power of adding an inhouse 12-plex of novel STRs that have equiva-
lent power to the components of Identifiler and ESX-17. These loci have
not yet been published but we have observed that they are generally more
informative than most of the composite loci of Promega CS-7 and broadly
equivalent to those of Qiagen HD-plex. Therefore it is likely that addi-
tion of the 12-plex plus the nine novel Qiagen HD-plex markers repre-
sents the limit of STR data that can realistically be added to a first strike
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STR set of 15-22 markers. Simulations examined the power to infer a
range of pairwise relationships [11] as summarized by the example pedi-
grees shown in figure 1, applying a core STR set of up to 21 loci, this core
set plus 21 additional STRs (HD-plex + 12-plex), and then these two op-
tions plus 52 SNPs.

Large-Scale Genotyping: High Density SNP Arrays

We routinely use the Affymetrix 6.0 genome-wide SNP array (Santa
Clara, CA, USA) for association studies in the same laboratory as rela-
tionship testing and applied this technology to resolve a second cousin
claim with a data-parsing regime that reduced data density into a viable
format for allele-sharing calculations by removing non-informative, non-
autosomal, and redundant genetic variability.

The 6.0 array comprises 1.8 million markers (946,000 copy number
variants or CNVs (mostly short indels) plus 906,600 single nucleotide poly-
morphisms). DNA samples were processed following the Affymetrix Nsp/
Sty assay protocol. An additional ten control samples from the same popu-
lation (Northwest Spain) were typed to provide allele-sharing reference
data representative of unrelated individuals with the same allele frequen-
cies as the tested pair. Redundant and non-informative SNPs, sites on both
X- and Y-chromosomes, plus mitochondrial DNA data were removed,
and remaining SNP genotypes were parsed with centiMorgan (cM) chro-
mosomal location and minor allele frequency (MAF) data obtained from
HapMap Europeans (CEU: http://hapmap.ncbi.nlm.nih.gov/). The re-
duced SNP data was then thinned by applying 0.1 cM and 0.1 MAF filters
to create a dataset of 30,564 loci. We used three other cM filters to explore
effects of SNP density on informativeness of the data, these comprised
0.001 cM (318,977 SNPs), 0.01 cM (156,201 SNPs), and 0.5 cM (6,908
SNPs). The FEST R library was used to estimate allele-sharing pro-
portions (alternatively termed proportion of identity-by-descent alleles or
IBD) and convert these into relationship index (RI) likelihoods [12-14].
The Rl is a simple likelihood ratio based on a posterior probability for a
hypothesis test where H1 is unrelated (calculated from the control IBD
values) and H2 the claimed relationship prescribed a priori from the claim
(plus H3 if there is a competing claim). The use of a priori information to
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arrange hypotheses is important — even very high-density SNP data will
not guarantee to differentiate the alternative relationships of a pairwise
comparison in a complex pedigree. For example, uncle-nephew and grand-
parent-grandson show identical allele-sharing distributions (median of 1 in
4) and are clearly indistinguishable as hypotheses, but a small proportion
of IBD values at the lowest end of the distribution will overlap with those
of, say, great grandparent-great grandson relationships (median of 1 in 8).

Simulation Frameworks
Additional 12-plex STR data for a series of small-scale relationship test-
ing simulations was based on inhouse data for European samples of the
CEPH (Centre d’Etude du Polymorphisme Humain) human genome di-
versity panel. Additional frequency data for the large-scale relationship
testing simulations of SNP arrays was obtained from the HapMap data-
base accessed using the SPSmart frequency browser [15] or are available
from Affymetrix for the Indel loci of the 6.0 array. No significant differ-
ences were found in the allele frequency distributions of HapMap CEU
versus those of Northwest Spain obtained from the control samples.
Simulations for simple pairwise relationship inferences with various
small-scale marker set combinations were made by modeling 100,000 re-
lationships and random pairs in each relationship scenario using Euro-
pean allele frequencies. The simulations established density distributions
of RIs obtained for six degrees of relatedness: grandfather-grandson (PC-
2); uncle-nephew (S-1-2); great grandfather-great grandson (PC-3), first
cousins (S-2-2); first cousins, once removed (S-3-2, i.e. the relationship
between an individual and their cousin’s offspring); and second cousins
(S-3-3). Bracketed codes refer to the suggested shorthand descriptions of
various relationships outlined by Skare et al., [12]. The RI values were
classified into three possible categories based on the following probability
threshold ranges: i) no relationship: RI = 0-10, ii) doubtful: RI = 10-1,000,
iii) proven relationship: RI > 1,000. As a crosscheck of the simulation ac-
curacy, two pedigree relationships with identical allele sharing to PC-2
and S-2-2 were run in tandem: uncle-nephew and great grandfather-great
grandson, i.e. with 1 in 4 and 1 in 8 shared variation matching PC-2 and
S-2-2 respectively (fig. 1).
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Simulations for the second cousin analysis consisted of modeling 600
unrelated pairs and 600 S-3-3 relatives from CEU frequencies for the
30,564 SNP data set. Onto these distributions the actual IBD values could
be overlaid and compared. Identical simulations were made for the other
three SNP subsets of 0.001 cM, 0.01 cM, and 0.5 cM in order to gauge to
what extent recorded IBD values matched simulated IBD distributions at
different marker densities. It should be noted that the effect of linkage
between markers in the lower cM value subsets was considered too diffi-
cult to model accurately, and this will skew the simulated IBDs obtained
towards smaller values than those found in real related pairs.

Results and Discussion

Using SNPs to Improve the Relationship Likelihood Values
Obtained from STRs

We describe two identical deficient kinship analyses with dif-
ferent outcomes obtained from the initial analysis of STRs
and the subsequent addition of 52 SNPs. Both pedigrees in-
volved a paternity claim made against the brother of the origi-
nally supposed father. In both cases the brother was tested
along with the daughter, but with both the mother and sup-
posed father deceased, without interred remains available for
testing, and with Y chromosome marker typing not being pos-
sible. Figure 2 gives the alternative pedigrees and their
hypotheses of H1 (the man and offspring were uncle and
niece) or H2 (paternity of the tested man).

In case 1, a single second-order exclusion of incompatible
genotypes, SE33 18-18 (man) and 15-20, was obtained from
typing 21 STRs. SE33 has the highest mutation rate of any
STR but is a common additional system used for analyzing
deficient pedigrees or indeed is frequently added when a sin-
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gle second-order exclusion such as that described above is
found with first-strike STRs. SE33 has a 5-fold higher muta-
tion rate of 0.0065 compared to an STR-wide average of
0.0013, while this is more than four orders of magnitude
higher than the ~2.5 x 107 average mutation rate of SNPs.
Therefore, this represents an ambiguous result; it is not possi-
ble to say whether the man is the father and a two repeat-ad-
dition mutation has occurred or if he is the brother of the true
father and the ability to detect exclusions is compromised by
his close relationship to the father plus the deficient pedigree.
This is reflected in the likelihood ratios obtained strongly fa-
voring H2 against a random man when the SE33 mutation
rates are factored into the equation, but not strongly favoring
either H1 or H2. SNP testing produces two additional exclu-
sions and even when allowing for three independent muta-
tions favors H2 very strongly and resolves the case.

In contrast, case 2 did not detect exclusions between tested
individuals and gave a reasonable likelihood of paternity for
the tested man. However, the court requested higher statisti-
cal support for H1 against H2 — so SNPs were added to in-
crease the likelihood value 35-fold.

Figure 3 shows examples of pedigree analyses based on
challenging DNA extracted from three femurs in progres-
sively worse states of degradation: 1 year internment, 19 years
internment, and 10 years post-mortem followed by further de-
struction of the remains by a forest fire [16]. Across this se-
ries, the STR profiles decreased in completeness from full to
53% to zero results. All SNP profiles were complete, and the
relationship likelihoods they produced in the three cases,
though less than those that can be expected from full STR

Transfus Med Hemother 2012;39:202-210 205
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of exclusions in SNPs added to a likelihood . 202,789* H, LR: 18,930,934,556 H,
ratio that included the STR mutation rates that '
led to virtual proof of paternity. i 99.9995% P: 99.999999995%

profiles, strongly endorse the use of SNPs or indels as supple-
mentary marker sets when the DNA is likely to be highly
degraded.

Resolving Ambiguous Results from Inconsistent STR
Genotypes between Pedigree Members

The case described in figure 4 is a simple trio that gave two
independent incompatible genotypes between father and
child from STR analysis. Even with the comparatively high
mutation rates found with STRs the probability of two sepa-
rate mutation rates is low. However the genotypes shown in
the figure reveal that a single-step mutation in the father and
in the mother can explain the detected incompatibilities.
When 50 SNPs are added (2 of 52 SNPs were inconclusive),
the final likelihood ratio strongly favors paternity, and the oc-
currence of two independent mutations becomes much more
likely than non-paternity. This case is typical of the type of
kinship analyses where a simple additional marker set of
SNPs avoids the trap of including extra STRs and expanding
the probability of finding more incompatible results which can
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create a scenario where the real source of the incompatibili-
ties, mutations or exclusions (i.e. unknowingly testing a close
relative of the true father), cannot be differentiated.

Simulations of Pairwise Relationship Testing in Deficient
Pedigrees: STRs Supplemented with STRs and SNPs

It is important to know the limitations of core and supplemen-
tary markers when analyzing distant relationships in deficient
pedigrees, which are known to be the most challenging sce-
nario for routine kinship analysis [17]. Therefore, we exam-
ined the effect of adding extra STRs and SNPs to 21 core STR
markers. Since all indications show that 21 STRs do not pro-
vide sufficient statistical power for pairwise relationships be-
yond grandfather-grandson, we only made simulations for
three stages: 21 STRs plus 12 inhouse STRs; these 33 plus
9 Qiagen HD-plex STRs, and these 42 STRs plus 52 SNPs.
There are two sources of erroneous inference in pairwise kin-
ship analysis: commonly that the RI value is so low that ‘no
relationship’ is concluded, and much more rarely that unre-
lated pairs by chance share sufficient alleles to show an RI

Phillips/Garcia-Magarifios/Salas/Carracedo/
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Table 1. Percentage proportions of relation-
ship inferences made for simulated true related
pairs and unrelated random pairs (same allele
frequencies) for four degrees of relatedness:
1/4-1/32*
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value suggesting a proven relationship. In table 1 we show the
RI values obtained from the simulations put into three cate-
gories: no relationship; doubtful and proven, for four increas-
ingly distant relative pairs compared to random pairs for three
marker sets: 33 STRs, 42 STRs, and 42 STRs plus 52 SNPs.
The full 94 marker set data of table 1 includes parallel analy-
ses of equivalent 1/4 and 1/8 relationships comprising uncle-
nephew and great grandfather-great grandson, respectively.
These show consistent results compared to grandfather-
grandson and cousins, based on independent simulations in
each case. The distribution of log RI values obtained from the
full 94 markers is also shown in figure 5 relative to the doubt-
ful and proven log RI limits of 9 and 999. The choice of the
12-plex as the first supplementary set to apply was based on
assessments of these STRs in comparison with core STR sets
of Identifiler and NGM, in which simulated pairwise analyses
indicated near identical power to differentiate each relation-
ship. This suggests the 12 additional STRs of our inhouse set
to be equivalent to those of the routine marker sets used for
most relationship testing. We include these comparative simu-
lation results in the supplementary data figure S1 (available
online at http://content.karger.com/ProdukteD B/produkte.
asp?doi = 338857).

Both table 1 and figure 5 suggest that when testing close
pairwise relationships (such as grandfather-grandson) the ad-
dition of extra STRs and SNPs brings down the risk of assign-
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ing a no-relationship inference from 16% of cases to ~5%.
The probability of failing to infer no relationship in unrelated
pairs drops marginally from about 1% of cases to one in 250
cases. However much more distant pairwise relationships do
not improve sufficiently well with extra markers — indicated
by increasing overlap between unrelated and related pairs,
reaching near-complete overlap of log RI distributions for
simulated second cousins and unrelated pairs.

These simulations led us to recommend that analysis be-
yond cousin pairs in a deficient pedigree would not be suffi-
ciently resolved by any of the small-scale marker sets availa-
ble to our laboratory. However, simulations also became im-
portant in deciding to assign an RI value in the form of an
IBD metric compared to random pairs after exploring data
generated from the much more extensive sets of SNP markers
from arrays.

High-Density SNP Array Data: A Second Cousin Claim
Resolved and Exploration of the Minimum SNP Numbers
Required to Differentiate Distant Relatives from Random Pairs
High-density SNP arrays require a slightly different approach
to normal relationship testing dictated by the volume of data
and the fact that the more distant the related pairs in question
the more they will resemble random pairs from the same pop-
ulation. Therefore, both reduction of the data density and
exploration of the base level of relatedness amongst random
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pairs in the population were important steps towards data
management for analysis of a second cousin claim we were
asked to accomplish.

Data reduction achieved through applying minimum allele
frequency and cM spacing filters preserved the maximum in-
formation content but significantly reduced the complexity of
simulated pairwise comparisons required to gauge random
pair relatedness as well as that of the claimants. So we were
able to run simulations and IBD calculations on a subset of
30,564 SNPs — a 60-fold reduction that we expected to be
powerful enough to differentiate related and random pairs.
The first set of simulations using 30,564 SNPs provided distri-
butions of allele sharing amongst random pairs and second
cousins that had almost no overlap — these distributions are
shown in the supplementary data figure S2 (available online
at http://content.karger.com/ProdukteD B/produkte.asp?doi =
338857). The distributions centered on 42,418 or 42,850
shared alleles. These median values for each distribution
might appear to be very similar but when we overlaid three
population control pairs and the tested pair these showed
greater separation with the tested pair having 43,101 shared
alleles compared to 42,300-42,600 in the control pairs. In fact
only 0.68% of the simulated second cousins had greater allele
sharing than the tested pair which we interpreted to indicate
that the effects of linkage between component markers
(which cannot be properly simulated) suggests that the actual
separation of IBD comparing second cousins to random pairs
will be greater. Therefore, we concluded that the tested pair
were second cousins as claimed. To begin exploring the lower
limits of power of more reduced subsets, we performed iden-
tical simulations comprising 6,908 SNPs (0.5 ¢cM), and to con-
firm our findings with the computationally efficient set of
30,564 SNPs, we altered the cM filter to analyze 0.01 cM
(156,201) and 0.001 cM (318,977) intervals. We modeled 600
random and second cousin pairs and used the kinship co-effi-
cient metric better suited to intensive simulations. Figure 5
shows the distributions obtained and positions of the tested
pair. In each case the random pairs center on zero and the
second cousin pairs center on 0.015626 — the expected kinship
co-efficient for this relationship. Again in each case the ac-
tual values obtained from the tested pair are well above the
simulation distributions, and we interpret this to indicate the
effect of linkage when comparing real allele distributions
amongst related individuals with modeled distributions
where linkage cannot be factored adequately. Finally when
using 6,908 SNPs, the very small amount of kinship coeffi-
cient overlap between second cousins and random pairs and

SNPs as Supplements in Simple Kinship
Analysis or as Core Markers in Distant
Pairwise Relationship Tests

well separated distributions confirms that much smaller sub-
sets of markers well below 10,000 are a realistic option for
analyzing this degree of relatedness. This finding has
prompted us to begin exploring the effect of further reduc-
tions in marker density down to levels that might provide re-
alistic approaches for genotyping highly degraded DNA typi-
cal of missing person identification.

Concluding Remarks

In the current period of DNA analysis, the choice of markers
available for relationship testing has expanded markedly,
namely by short binary polymorphisms such as SNPs and in-
dels being applied and by new STR sets becoming commer-
cially available specifically for the purpose of supplemented
kinship analyses. Therefore, it is more important than ever to
properly gauge the limitations of pairwise relationship analy-
sis in deficient pedigrees that can help define the likelihoods
that can be expected from analyzing varying degrees of relat-
edness and marker densities. It is clear that pairwise relation-
ships in deficient pedigrees cannot be adequately differenti-
ated from random unrelated pairs with small-scale multi-
plexes when the relationships go beyond 1in 4 to 1 in 8 shared
variation. However, it is equally evident that the 1.8 million
markers typical of high-density SNP arrays are far more than
is necessary to differentiate second cousins from unrelated
pairs, in fact numbers as low as 7,000 SNPs are able to make
this differentiation with little overlap of likelihoods. This sug-
gests that it will be possible to develop dedicated marker sets
with medium-scale multiplexing (256-1,000) that could pro-
vide suitable tools for challenging kinship analyses applied to
degraded DNA typical of missing persons investigations.
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