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Abstract Forensic DNA analysis is currently performed
using highly discriminating short tandem repeat (STR)
markers. SNPs are being investigated as adjunct tools for
human identity testing because of their abundance in the
human genome, utility for genotyping degraded DNA
samples, and amenability to automation. While SNPs can
provide an alternative approach, on a per locus basis they
have a lower power of discrimination (PD) than STRs. With
the discovery of block structures in the human genome, a
novel set of SNP markers are available for further
exploration of forensic utility. Several neighboring, tightly
linked SNPs are inherited together and form a haplotype
block, which as a haploblock has a higher discrimination
power than the individual SNPs within the block. Candidate
haplotype blocks were selected from three major popula-
tions (Caucasian, East Asian, and African) using the
following parameters: maximum match probability reduc-
tion=0.85, linkage disequilibrium (LD) r2≥0.7, maximum
Fst=0.06, minimum number of SNPs=3, minimum hetero-

zygosity=0.2, and minimum number of haplotypes=3.
From the HapMap Phase II data, 253 haploblocks were
identified on the 22 autosomal chromosomes. After
removing haploblocks deviating from the Hardy–Weinberg
equilibrium (HWE) or in LD with other haploblocks, 24
haploblocks remained as candidates for forensic consider-
ation. The cumulative PD of these blocks can reach 10−12 in
the populations studied. The data support within and
between haplotype independence even when they are
syntenic. We propose guidelines for evidence interpretation
that address the application of haplotype blocks for transfer
evidence, mixture, and kinship analyses.
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Introduction

Sensitivity of detection and discriminatory power of short
tandem repeats (STRs) and single-nucleotide polymor-
phisms (SNPs) have made DNA typing a routine and
powerful tool in forensic investigations of both civil and
criminal cases. Currently, a set of highly informative STR
markers is used for forensic DNA typing [1, 2]. SNP panels
are being investigated to serve as adjunct tools to the STRs
because they are abundant in the human genome, may
provide additional genetic information in kinship analyses,
may be applicable to analysis of highly degraded specimens
where STRs do not provide results, and are amenable to
automation [1, 3–6]. Although SNPs can provide an
alternative approach, on a per locus basis they have a
lower power of discrimination (PD) compared with STRs
[3]. Therefore, larger SNP panels would be needed for
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forensic identification if the same level of discrimination is
desired [7–12].

Through the Human Genome Project (HGP), block
structures consisting of tightly linked loci were discovered
in the genome [13–16]. The human genome is highly
organized and recombination is not distributed evenly
across the genome [14]. There are recombination ‘hotspots’
and ‘coldspots’ resulting in ‘block-like’ patterns in the
genome. Patil et al. [17] defined haplotype blocks as a
region with a large proportion of inferred common
haplotypes. Gabriel et al. [15] described them based on
linkage disequilibrium (LD), that is large pairwise |D′|
values between those SNP pairs within one haploblock.
Wang et al. [18] further proposed explicit “no historical
recombination” as a definition for haplotype blocks, which
can be tested using a four-gamete test. Recombination
occurs at a reduced rate within these regions, resulting in
LD of SNPs within these haplotype blocks (or haploblocks)
[15]. These structures provide a novel class of SNP markers
to explore for forensic utility. A set of SNPs form a
haploblock with several haplotypes observed at the popu-
lation and as a result, the marker has a higher discriminat-
ing power than the individual SNPs comprising the block.
In theory, a single haploblock would be equivalent in PD to
that of an STR marker. The haplotypes observed would be
analogous to alleles at individual STR loci.

From HapMap Phase II data [16], suitable candidate
haploblocks can be identified for forensic applications. The
discriminating power of haploblocks was compared with
that of individual SNPs. Additionally, interpretation guide-
lines are proposed that are applicable to haploblock data for
forensic transfer evidence, mixtures, and pairwise kinship
analyses.

Materials and methods

Haploblock selection

For purposes of this study, we define a haploblock as a
cluster of neighboring SNPs with tight LD for each pair of
included SNPs. The LD was measured with r2, which is
more commonly used and relatively stable with sample size
and allele frequencies as compared with D′ [19]. For
potential forensic utility, a minimum threshold value for
r2=0.7 was used to select for linked SNPs within the
haploblocks. Haploblocks should exist in all major pop-
ulations (Caucasian, East Asian, and African) that exhibit
low measures of population substructure (Fst<0.06) [7].
The heterozygosity of haploblocks is defined as 1−sum of
square of haplotype frequencies, and a threshold of 0.2 was
used in screening candidate haploblocks. This level is
equivalent to the heterozygosity of a single SNP locus with

a minor allele frequency 0.1 (i.e., a heterozygosity of 0.18).
By following these criteria and selecting haploblocks that
contain at least three SNPs, with a minimum of three
common haplotypes observed in each population (i.e.,
shared by all populations), a haploblock marker would
behave similar to that of a STR. After selecting potential
haploblocks based on these criteria, each haploblock was
tested for conformity to HWE expectations and haploblock
pairs were tested for potential LD [20]. In the tests, each
block was considered as a pseudo STR marker, in which
the haplotypes were similar to the “alleles” in a STR.
Threshold p values of both HWE and LD tests were set at
0.05. These criteria were combined as a parameter set (PS).
As a LD filter, a greedy algorithm was used when deciding
which haploblock should be removed from a pair of
haploblocks in LD; the haploblock which showed LD with
more haploblocks was removed. If two haploblocks had the
same number of detectable LDs with other haploblocks, the
one with larger heterozygosity was retained.

Match probability reduction (mpr) per block is an
important evaluation criterion in haploblock selection. This
measure assesses the match probabilities (MP) of haploblocks
compared to that of individual SNPs to obtain the degree of
reduced MP. The MP of a single haploblock is defined as the
sum of square of genotype frequencies (genotype is the
combination of the two homologous haplotypes). Cumulative
MP of multiple haploblocks, when shown to be independent
markers, is the product of the MP of each haploblock. A
lower mpr indicates better haploblock selection compared
with the individual SNPs in the same haploblock.

Using the initial filter criteria outlined in the parameter set
outlined above, Phase II data available from the HapMap
project [16] on chromosome 1, one of the largest chromo-
somes in human genome, were used to identify candidate
haploblocks for potential forensic applications. Table 1 lists
the number of haploblocks that meet the criteria for
candidate forensic haploblocks based on chromosome 1. It
also evaluates the effects of five parameters on haploblock
selection by calculating the cumulative MP of haploblocks
(b) and the cumulative MP of SNPs with minimum MP
within each block (s). mpr was calculated by

mpr ¼ b

s

� �1
n

ð1Þ

where n represents number of haploblocks selected by the
above criteria.

Generally, Fst and r2 can effectively impact the number
of candidate haploblocks selected, thus, relaxing the Fst and
r2 threshold criteria can increase the number of candidate
haploblocks. However, the mpr is relatively stable with Fst

and r2, although there is some variation due to a limited
number of haploblocks. Low values of minimum heterozy-
gosity (MinHet) do not significantly change the number of
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haploblocks that meet the criteria. Most haploblocks have a
heterozygosity that is less than 0.4. Minimum number of
haplotypes (MinHap) is a more significant parameter
affecting mpr, since high number of haplotypes decreases
match probability of a haploblock. This is correlated with
the number of SNPs within the haploblock. As an example,
haploblocks with five haplotypes in each population
generated a mpr less than 0.7. The average MP per block
(amp) is generally from 0.3 to 0.4, and can be less than 0.3
with a high MinHap.

Refining haploblock selection with mpr

To further refine the candidate list, the mpr was incorpo-
rated in to the parameter set as a primary parameter for

haploblock selection criteria and several alternate param-
eter sets were evaluated to determine optimal selection
and retention criteria. To reach a high discrimination
power, approximately ten haploblocks selected based on
the above criteria and the lowest maximum mpr (mmpr)
were needed before applying the LD filter for chromo-
some 1. Assuming these same criteria, about 100∼200
haploblocks across the 22 autosomal chromosomes would
be expected. Additionally, a relatively high r2 with a low
Fst is desirable for forensic applications. Table 2 lists 24
parameter sets for an optimal parameter set searching. By
selecting low MinHet, MinHap, and MinSNP values (e.g.,
MinHet=0.2; MinHap=3; MinSNP=3), a low r2 (e.g.,
0.6) may provide a reasonable number of haploblocks
even with low Fst (e.g., 0.01 or 0.03). With a high r2=0.8,

Table 1 Number of Haploblocks on chromosome 1 meeting the selection criteria and effects of parameters on haploblock selection: (a) maximum
Fst; (b) minimum r2; (c) minimum heterozygosity (MinHet); (d) minimum number of haplotypes in each population (MinHap); (e) minimum
number of SNPs (MinSNP). PS represents the predefined parameter set

Parameter set (PS) Num.
blocks
with PS

Num. blocks
with PS &
HWE filter

Num. blocks
with PS &
HWE & LD
filters (n)

Avg. Cum.
MP of
Blocks (b)

Avg. MP
perblock
(amp)

Cum. Min.
MP of
SNPs (s)

MP
reduction
per block
(mpr)

(a)

Fst=0.01; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=4 5 1 1 0.3908 0.3908 0.4456 0.8770

Fst=0.03; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=4 14 4 3 3.839E−2 0.3373 6.913E−2 0.8220

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=4 25 9 5 3.599E−3 0.3245 1.214E−2 0.7841

Fst=0.1; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=4 33 13 8 2.734E−4 0.3586 1.317E−3 0.8216

(b)

Fst=0.06; r
2=0.5; MinHet=0.2; MinHap=4; MinSNP=4 53 25 11 2.7585E−6 0.3123 4.075E−5 0.7829

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=4 25 9 5 3.699E−3 0.3245 1.214E−2 0.7841

Fst=0.06; r
2=0.7; MinHet=0.2; MinHap=4; MinSNP=4 14 3 3 3.950E−2 0.3406 6.372E−2 0.8526

Fst=0.06; r
2=0.8; MinHet=0.2; MinHap=4; MinSNP=4 6 0 0

(c)

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=4 25 9 5 3.599E−3 0.3245 1.214E−2 0.7841

Fst=0.06; r
2=0.6; MinHet=0.3; MinHap=4; MinSNP=4 21 9 5 3.599E−3 0.3245 1.214E−2 0.7841

Fst=0.06; r
2=0.6; MinHet=0.4; MinHap=4; MinSNP=4 20 7 4 9.162E−3 0.3094 2.753E−3 0.7595

Fst=0.06; r
2=0.6; MinHet=0.5; MinHap=4; MinSNP=4 7 2 1 0.2808 0.2808 0.3748 0.7491

(d)

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=3; MinSNP=4 155 97 21 4.722E−10 0.3597 6.067E−9 0.8855

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=4 25 9 5 3.599E−3 0.3245 1.214E−2 0.7841

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=5; MinSNP=4 6 1 1 0.2728 0.2728 0.4332 0.6297

(e)

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=3 41 19 9 9.533E−5 0.3575 4.346E−4 0.8449

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=4 25 9 5 3.598E−3 0.3245 1.214E−2 0.7841

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=5 11 4 4 1.062E−2 0.3210 2.765E−2 0.7871

Fst=0.06; r
2=0.6; MinHet=0.2; MinHap=4; MinSNP=6 6 3 3 2.714E−2 0.3005 6.240E−2 0.7576

Cum. cumulative, avg average, Cum. MP is the average of cumulative match probability over three populations, Cum. Min. MP of SNPs is the
average of cumulative match probabilities of SNPs with minimum MP in each block. b and s were calculated based on haploblock selection after
both HWE and LD filters. MP reduction per block (mpr) was calculated in terms of Eq. 1
a HapMap Phase II data

Table 1 Number of Haploblocks on chromosome 1 meeting the
selection criteria and effects of parameters on haploblock selection: (a)
maximum Fst; (b) minimum r2; (c) minimum heterozygosity (MinHet);

(d) minimum number of haplotypes in each population (MinHap); (e)
minimum number of SNPs (MinSNP). PS represents the predefined
parameter set
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no candidate haploblocks were discovered, unless the
mmpr was relaxed to 0.9. Reducing r2 to 0.7, with Fst=
0.06 and mmpr=0.85, nine haploblocks were found after
HWE filtering, suggesting that this appears to be a
reasonable parameter set. Increasing the MinHet from
0.2 to 0.4 did not significantly change the haploblock
selection, which is consistent with the results in Table 1.
Since a high r2 is crucial in haploblock definition, and
mmpr and Fst are secondary criteria, we chose parameter
set No. 13 (mmpr=0.85; Fst=0.06; r

2=0.7; MinHet=0.2;
MinHap=3; MinSNP=3) in Table 2 as the optimal
parameter set for further interrogation of the HapMap
Phase II data.

The numbers of haploblocks returned from the HapMap
Phase II data with optimal PS were detailed in Table 3. A
total of 253 haploblocks across the 22 autosomal chromo-
somes met the selection criteria. Only 170 haploblocks
remained after the dataset was filtered for HWE, and after
the LD filter was applied, only 24 haploblocks containing
138 SNPs were retained. The largest haploblock contains
27 SNPs resulting in 13 haplotypes across the set of all
populations. The average heterozygosity of the haploblocks

was 0.5293, and average Fst was 0.024. The average match
probability of the haploblocks was 0.3178, and the cumulative
power of discrimination of these 24 haploblocks was
approximately 10−12, which is lower than that of SNPs with
minimal match probability in each haploblock and close to the
MP of about 10 STR loci [3]. The rs# of the SNPs are listed
in the Supplementary materials.

The observed and expected distributions (under the
assumption of independence of haplotypes within and
across loci) of haplotypes (i.e., pseudo alleles in haplo-
blocks) and genotype sharing within each population
were compared by the computational methods described
by Chakraborty and Jin [21] (Table 4 and Fig. 1). The
means and standard deviations of the distributions were
not significantly different (p>0.05). These results are
similar to that reported in STRs [1] and indicate that the
haplotypes within or across haploblocks are independent
in the populations examined. In addition, Yorubans have
relatively lower average genotype and haplotype sharing
compared with the other populations, which is consistent
with the higher diversities observed within African
populations [22].

Chromosome Num.
blocks
with PS

Num. blocks
with PS &
HWE filter

Num. blocks
with PS &
HWE & LD
filters (n)

Avg. Cum.
MP of
blocks (b)

Cum. Min.
MP of
SNPs (s)

MP reduction
per block
(mpr)

Num.
Of SNPs

1 9 9 0

2 23 14 1 0.3287 0.4050 0.8117 6

3 12 10 2 0.1144 0.1617 0.8412 9

4 21 15 1 0.2926 0.3765 0.7773 6

5 16 12 3 0.02633 0.05480 0.7833 25

6 15 10 0

7 16 9 2 0.1035 0.1465 0.8403 30

8 18 12 2 0.1025 0.1518 0.8215 7

9 8 6 0

10 15 8 1 0.3527 0.4169 0.8460 4

11 14 12 3 0.03872 0.06700 0.8209 13

12 12 5 1 0.3036 0.3890 0.7806 5

13 17 14 3 0.0344 0.06409 0.8123 14

14 10 6 3 0.02339 0.04789 0.7876 11

15 9 4 0

16 7 4 1 0.3310 0.4053 0.8167 3

17 5 4 0

18 8 7 1 0.3123 0.3689 0.8465 5

19 5 4 0

20 6 1 0

21 6 3 0

22 1 1 0

Total 253 170 24 1.059E−12 1.566E−10 0.8121 138

Table 3 Number of
haploblocks with optimal
parameter set (e.g., mmpr=0.85;
Fst=0.06; r

2=0.7; MinHet=0.2;
MinHap=3; MinSNP=3)

b, s and mpr were calculated by
the same method as Table 1.
LDs were tested across all
candidate haploblocks
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Evidence interpretation based on haploblocks

Traditionally, forensic DNA evidence has been tested using
sets of individual with independent SNPs or STR loci. To
date, little effort has focused on the application of haplo-
blocks on the autosomal chromosomes. Haploblocks offer
the possibility to extend the features of lineage-based
markers, such as mitochondrial DNA and Y chromosome
markers, to markers residing on the autosomal chromo-
somes. But there are some considerations regarding haplo-
block SNPs that must be addressed to optimize their
implementation. In most samples, the specific haplotypes
that comprise a heterozygous individual may not be
unambiguously determined. Multiple haplotype combina-
tions are possible; but because of strong LD, some
haplotypes will be more frequent than others in a given
reference population. To address this phenomenon, we
suggest some notations for interpretation.

Notations and definitions

Suppose there are n haplotypes in a haploblock, let H1, H2,… ,
Hn be the haplotypes with frequencies p1, p2, …, pn,
respectively. A genotype (G) is comprised of a set of
haplotypes if this set of haplotypes can compose the exact G
for a diploid individual. For example, a genotype with two
heterozygous loci (A/T; A/T) can be comprised of the two
haplotypes AT and TA, or alternatively by the haplotypes AA
and TT.

Transfer evidence

Transfer evidence analysis can involve the comparison of
a single-source DNA profile from crime scene evidence
with a DNA profile derived from a known sample (e.g.
suspect or other potential contributor). This type of
analysis is straightforward and similar to that routinely
performed for STRs [23]. An exclusion or inclusion can

be determined by simply comparing the genotypes of
haploblocks. If the comparison results in an inclusion,
then the random match probability can be calculated as the
sum of the frequencies of all possible pairwise haplotype
combinations Eq. 2.

PrðGÞ ¼
X

Haplotype combination

ðHi; HjÞcomposes G

pipj ð2Þ

For example, consider a two-locus haploblock with four
haplotypes TT, TA, AA, and AT and frequencies 0.4, 0.3,
0.2, and 0.1, respectively. Both the known sample and
evidentiary sample have genotype (AT) at both loci. Then,
the random match probability is 0.11, which is sum of two
possible haplotype combinations (i.e., haplotypes TT and
AA with frequency 0.4×0.2=0.08; haplotypes TA and AT
with frequency 0.3×0.1=0.03).

However, there may be some situations where an
apparent single-source sample may be a mixed sample
(e.g., a heterozygote may not be distinguishable from two
homozygotes mixed together or two heterozygotes sharing
the same alleles are mixed together). These scenarios are
more likely if SNP alleles are common, if the contributors
of the mixture are in relatively equal proportions, and if
the assay is not quantitative. Evaluating all the haplo-
blocks by the mixture detection method described below
for assuming a single-source sample is strongly recom-
mended.

Mixture evaluation

Since the haplotypes of a haploblock cannot be directly
observed, all possible haplotype combinations that com-
prise a mixture need to be inferred and frequencies of these
haplotypes are based on the observed genotype and
haplotype distributions in a reference population(s). The
probability of the genotypes of potential contributors can be
calculated by summing the genotype frequencies of all

Table 4 Mean and standard deviations of expected and observed haplotype and genotype sharing of 24 haploblocks with optimal parameter set
(e.g., mmpr=0.85; Fst=0.06; r

2=0.7; MinHet=0.2; MinHap=3; MinSNP=3)

Population Genotype sharing Haplotype sharing

Expected Observed Expected Observed

Mean SD Mean SD Mean SD Mean SD

CEU 7.68 2.28 7.39 2.14 28.34 3.18 27.71 3.14

JPT+CHB 8.21 2.32 8.13 2.28 29.11 3.19 29.06 3.20

YRI 6.63 2.18 6.62 2.13 26.71 3.18 26.60 3.07

CEU Caucasian, Utah USA; JPT Japanese, Tokyo; CHB Han Chinese, Beijing; YRI Yoruba, Nigeria
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possible even numbers (e.g., 2, 4, 6, … , etc.) of haplotype
combinations Eq. 3.

PrðGÞ ¼
X

Haplotype combination

Hkð1Þ;:::;Hk 2nð Þð Þcomposes G

Yk 2nð Þ

i¼kð1Þ
pi ð3Þ

This essentially is the same as the probability of
inclusion used in forensic DNA mixture calculations or
the random man not excluded calculation used in paternity
testing [23].

To estimate the most likely number of contributors (N) in
a mixture, the likelihood of a mixed profile can be
computed given a different numbers of contributors.

Fig. 1 Distributions of
observed and expected (under
the assumption of haplotype
independence within and across
loci) number of haplotypes and
genotypes shared in 24
haploblocks of pairs of individ-
uals within three main
populations. Histograms
represent the observed
distributions and the line
diagrams correspond to the
expected distributions (see [21]
for computational methods)
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Equation 4 calculates the probability of a profile given 1, 2,
and 3 unrelated contributors, and a greater number of
contributors can be calculated in a similar fashion. The
number of contributors is estimated by maximizing the
likelihoods of haplotypes. Assuming independence between
haploblocks, the likelihood of multiple haploblocks is the
product of the likelihood of each haploblock.

Pr GjN ¼ 1ð Þ ¼ P
Haplotype combination

Hi;Hjð Þcomposes G

pipj

Pr GjN ¼ 2ð Þ ¼ P
Haplotype combination

Hi;Hj;Hk;Hlð Þcomposes G

pipjpkpl

Pr GjN ¼ 3ð Þ ¼ P
Haplotype combination

Hi;Hj;Hk;Hl;Hm;Hnð Þcomposes G

pipjpkplpmpn

ð4Þ
Two approaches have been used to convey the weight of

the evidence: The probability of exclusion (PE) and the
likelihood ratio (LR). The PE is the sum of the probabilities
of all possible haplotypes that cannot be part contributors of
the mixture evidence and does not require an assessment of
the number of contributors comprising the mixture. How-
ever, if the number of contributors can be estimated with
high confidence, a LR can be calculated by comparing two
probabilities of observing the DNA mixture evidence given
the alternative hypotheses. For instance, in a simple mixture
with two contributors (S is suspect; V is victim; UN is a
possible unknown contributor), one possible LR is

LR ¼ Pr V þ Sð Þ
Pr V þ UNð Þ ð5Þ

Pairwise kinship estimation

Barring mutation, let Xi=(Hi1, Hi2) be one haplotype
combination comprising genotype (G), and there are total
K combinations which can comprise G. The likelihood of
Xi, P(Xi), equals to (pi1×pi2). We define wi as the weight of
Xi. The sum of all wi is 1.

wi ¼ P Xið Þ=
XK
i¼1

P Xið Þ ð6Þ

Suppose genotypes of two individuals can be comprised of
two sets of haplotype combinations, Xi1 (i=1, …, k1) and Xj2

(j=1, …, k2), with weight wi1 and wj2, respectively, k1 and k2
are the number of possible haplotype combinations for the
two individuals. The likelihood of these two individuals
given relationship (R) is the summation of (k1×k2) pairs of
likelihoods with specific haplotype combinations Eq. 7.
Thompson [24] described the details for calculating the
likelihood of two genotypes for a given relationship. Other

statistics or scores for a single locus (e.g., IBS scores) can be
calculated in a similar manner. The time complexity of the
calculation is quadratic, depending on k1 and k2.

LBlock ¼
Xk1
i¼1

Xk2
j¼1

wi1wj2L Xi1;Xj2jR
� � ð7Þ

Discussion

This is the first report attempting to select haploblock
structures for identity testing and forensic purposes. Haplo-
block selection criteria were established to identify candidate
haploblocks for forensic individualization purposes. These
include strong LD, a minimum number of SNPs to define a
haploblock, a high heterozygosity, low Fst (i.e., low popula-
tion heterogeneity), and meeting HWE. Under these criteria
fewer haploblocks will be needed to reach high levels of PD
and fewer reference population data sets will be required for
statistical assessments for forensic casework.

With the best parameter set, 253 haploblocks were
found. After HWE and LD filtering, 24 haploblocks
remained as good candidates for forensic utility. The
cumulative match probability of these haploblocks is
approximately 10−12 for the populations studied. If criteria
are further relaxed, more candidate haploblocks can be
identified. For most haploblocks, the match probability
only slightly decreased (<10%) compared with the SNPs
with minimum MP within haploblocks. This is due to the
fact that most of the haploblocks have two major
haplotypes and the sum of frequencies of all minor
haplotypes is relatively small [25]. The overall PD can be
increased by selecting haploblocks with a greater number of
haplotypes in each population. This may be a challenge
requiring haploblocks with more SNPs and possibly relaxing
the r2 criterion. The greedy algorithm may not yield the
optimal set of candidate haploblocks. The greedy algorithm
can bring instability in haploblock selection; one haplo-
block selected by one parameter set may be filtered out for
another parameter set. However, considering the computa-
tion complexity with a large number of haploblocks, a
greedy algorithm is a practical solution. Therefore, the LD
filter was invoked as the last step for haploblock selection.

Another consideration for forensic utility is the differ-
ences in haplotype frequencies among reference popula-
tions. Most haploblocks have an Fst greater than 0.06,
which is relatively higher than that for STR markers [26].
Low Fst haploblocks may provide more consistent haplo-
type frequencies across populations and are better candi-
dates for identity testing. Alternatively, high Fst haploblocks
can be used for assessing ethnic origin and admixture, but
require more population data to be generated.
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The mixture interpretation of haploblock profiles is more
complicated than that for STRs, because of ambiguous
haplotype composition of haploblock genotypes. However, it
is relatively easier than individual SNPs because of the
number of haplotypes (i.e., alleles) and their structure.
Moreover, the number or the range of number of contributors
of a mixed profile can be more readily estimated with
haploblocks than with unlinked individual SNP panels.
Because the mutation rate of a SNP is very low (∼10−8) [27]
and the haploblocks by definition have strong LD, mutation
events within haploblocks generally will not impact kinship
investigations. Recombination within haploblocks can also
be ignored because of the limited number of generations in
kinship analysis. Although the haploblocks only have a small
decrease in MP than a SNP with 50% heterozygosity for
single-source identity testing, they can be used for IBD
analyses where their power is much higher than individual
SNPs. Currently, haploblock interpretation is based on
genotype since there may exist multiple haplotype combina-
tions which can be combined and present as the same
genotype. Genotype-based interpretation somewhat decreases
the PD of the haploblock. Hence, those haploblocks in which
the haplotypes can be unambiguously determined in each
population or in the total population are preferred.

Human genome block structures can differ among
populations [13–15]. Our results have shown that Africans
have significantly less haploblocks than Caucasians and East
Asians. There were 11,741, 12,456, and 12,237 haploblocks
given r2=0.7 and MinSNP=3 on chromosome 1 for
Caucasian, Chinese, and Japanese, respectively. However,
only 7,318 haploblocks were found in Yoruba with the same
parameters. It confirms that there are different haploblock
structures among Africans, Caucasian, and Asians [13–15].
To increase the PD when using haploblocks, population-
specific haploblocks instead of across populations, may
provide more candidate haploblocks.

Lastly, an assay will need to be developed to type the
haploblocks selected. There may be specific molecular
constraints on some SNPs that may make themmore difficult
to analyze than others; thus reducing some of candidate
haploblocks. As always, proper validation is required.
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