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A B S T R A C T

Microhaplotype loci (microhaps, MHs) are a novel type of molecular marker of less than 300 nucleotides, defined
by two or more closely linked SNPs associated in multiple allelic combinations. The value of these markers is
enhanced by massively parallel sequencing (MPS), which allows the sequencing of both parental haplotypes at
each of the many multiplexed loci. This review describes the features of these multi-SNP markers and documents
their value in forensic genetics, focusing on individualization, biogeographic ancestry inference, and mixture
deconvolution. Foreseeable applications also include missing person identification, relationship testing, and
medical diagnostic applications. The technique is not restricted to humans.

1. Introduction: historical background of haplotype discovery

1.1. Discovery of haplotype blocks in the human genome

The term ‘haplotype’ was first introduced by Ruggero Ceppellini in
the late 60 s to describe alleles within the human leucocyte antigen
(HLA) region that are inherited together as a block [1]. Twenty years
later the human genome project (HGP) launched an unprecedented
international collaboration [2] foundational to the study of human
genetics and biomedical research. The early work focused on mapping
of human and mouse genes and sequencing the genomes of significantly
smaller and easily studied organisms [3–6]. This was of paramount
importance for the understanding of the hereditary architecture of
diseases [7–9] and provides an essential scaffold for the assembly and
annotation of the human genome. The publication that proclaimed the
completion of the sequencing of the first draft of the human genome in
2001 [10,11], and completion of the full sequence in 2003 [12] allowed
the investigation of polymorphisms anywhere in the human genome. In
addition, the HGP contributed to the discovery that the human genome
is found to have block structures of closely associated loci of variable
length [13–15] and that there is a fine-scale structure of recombination
“hot-and-cold spots”, unevenly distributed across the highly organized
genome [16].

1.2. Large-scale international haplotype map project

With the goal of establishing a resource for the study of global
variation in the human genome, the HGDP-CEPH (Human Genome
Diversity Panel - Centre d’Etude du Polymorphisme Humain) was es-
tablished in 2002. At its core the HGDP-CEPH [17,18] is a collection of
1064 cultured lymphoblastoid cell lines from 52 populations of dif-
ferent parts of the world deposited at the Foundation Jean Dausset in
Paris.

Later studies, aimed at understanding human evolution and popu-
lation structure [19,20] focused on linkage disequilibrium (LD). Com-
prehensive large-scale LD studies identified distinct LD blocks, defined
as haplotype blocks or specific genomic regions with a restricted
number of haplotypes seemingly due to the limited number of ancestral
recombination events within these regions [21,22]. With these con-
siderations in mind, a large-scale Hap Map international project (i.e.,
HapMap) was launched in 2002 with the main goal of providing the
scientific community with a public resource for medical genetic re-
search [23]. The project covered different exploratory phases [24] and
was set to build a detailed haplotype map representative of the block-
like pattern of the human genome. The purpose of this effort was to
investigate the global distribution of LD blocks with regions of high and
low haplotype diversity across geographically diverse populations [25].
One finding was that haplotype block structure varied significantly
around the world [26]. Initial data generated from the HapMap project
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played a pivotal role in the establishment of pioneering methods for the
design and development of genome-wide association studies (GWASs)
that enabled the identification of novel loci implicated in numerous
complex diseases. The HapMap project contributed to a much deeper
understanding of the global distribution and cause of recombination
“hot spots” in human population groups specifically selected to reflect
worldwide human diversity patterns. This project also allowed re-
searchers to systematically catalog allele frequencies and association
patterns of adjacent genetic variations for several millions of single
nucleotide polymorphisms (SNPs) across different continental popula-
tions [27].

1.3. Methods for defining haplotype block-like structures

Different methods were proposed to define block-like structures in
the human genome [26,28]. Ge et al. [29] suggested identifying sets of
SNPs in almost-to-full-complete LD, which results in a rather low level
of heterozygosity among SNP combinations, making these haplotype
systems uninformative for applications such as relationship testing and
human identification. In contrast, Pakstis et al. [30] focused on hap-
lotypes with high heterozygosity with potential value for familial
identification. The main criterion was to find closely linked SNPs within
defined low recombination regions with multiple haplotypes. This latter
strategy for the discovery of haplotype systems was also used in other
non-forensic oriented studies, which led the identification of gene
segments possessing multiple allelic variations with either no history of
recombination or evidence of rare historic recombination events
[31–34].

1.4. 1000 Genomes project

A deep and systematic exploration of human variation demands
comprehensive knowledge of sequence variation across the full variety
of genetic variations and allele frequencies. Inspired by the success of
the HGP, different consortiums were established to catalog common
human genetic variations as a foundation for analyzing the association
between genotype and phenotype. Amongst them, the 1000 Genomes
Project was launched in 2008, comprising various exploratory and de-
velopmental phases aimed at establishing a public reference database
for DNA polymorphisms in different human population groups [35].
Multiple approaches were used in this project, including whole-genome
sequencing, deep targeted-exome sequencing, and dense microarray
genotyping, applied to a diverse set of individuals from multiple con-
tinental populations. This is a valuable resource specifically developed
to elucidate the properties and distribution of a broad spectrum of
common and rare sequence variants with allele frequencies> 1% in the
human genome. The 1000 Genomes Project identified different kinds of
genetic polymorphisms, including bi-allelic and multi-allelic SNPs,
short insertions/deletions (INDELs/DIPs), and structural variants (SVs)
[36,37].

1.5. Mini-haplotypes: multi-SNP haplotype systems

The first evidence of haplotype use was for decrypting the evolu-
tionary history of modern humans. Jin et al. [38] reported on a locus of
565-bp on chromosome 21 and near the MX1 gene, which could pro-
vide an explanation on the geographic distribution of modern haplo-
types, thus shedding light on the multiple prehistoric human migra-
tions. The concept of multi-SNP haplotype systems for forensics and
population studies was introduced by Pakstis et al. [30]. As originally
defined, a miniature haplotype locus is a short genomic region (span-
ning<10 kb) entailing three or more highly heterozygous SNPs. The
overall rate of recombination events among the multiple SNPs (i.e.,
within the extent of the haplotypes) distributed across< 10 kb re-
combination hot spot-free regions is predicted to be on the order of the
mutation rate of SNPs, but significantly lower than the mutation rate for

the conventional short tandem repeat polymorphisms (STRPs) used in
forensics. Throughout this paper the term STRs refers to polymorphic
short tandem repeats used in forensic. These haplotype systems (i.e.,
minihaplotyes or minihaps) were first used in anthropological studies
[39–41], but could likewise provide forensically relevant information
on human identity (HID) and ancestry prediction. The utility of mini-
haps in ancestry inference is well-exemplified by loci such as the 3-SNP
AAA haplotype at the AGT gene and 3-SNP GAA haplotype at the PAH
gene, which were found most frequently in Europeans and East Asians,
respectively [30]. Though a set of minihaps was originally character-
ized, the size of such segments represents a serious limitation for their
application to forensic samples. The need to statistically estimate the
actual haplotypes comprising the genotypes of the individuals adds an
element of uncertainty that can be a problem in forensic applications
such as familial/lineage identification and mixture detection/decon-
volution.

1.6. Utility of bi-allelic SNPs in forensics

The recent advances in modern DNA technology have strengthened
the idea that SNPs can be valuable complementary markers to the gold
standard STRs. One example is the cheap and rapid DNA array tech-
nology that enables genotyping millions of SNPs at a time but cannot
genotype STRs for forensics. SNPs are characterized by a lower muta-
tion rate (10−8 - 10-9 per site per generation) [27,42] than STRs (10-3

per site per generation) and are particularly suitable for the analysis of
highly degraded DNA samples due to the overall small size of amplicons
[42]. In addition, large panels of carefully-selected bi-allelic SNPs can
provide as much uniqueness as standard CODIS STRs [43–47]. In
comparison to STRs [48], SNPs can also provide significant and detailed
information on ancestry as shown by the numerous AISNP (ancestry-
informative SNP) assays published in the last decade [49–61]. SNPs are
also efficient markers for prediction of human phenotypic features
(visible traits) such as eye, hair and skin colour [62–71]. While most
SNPs are not suitable markers for mixture detection and deconvolution
due to their bi-allelic nature, tri- and tetra-allelic SNPs [72,73] and
haplotypes of SNPs are more promising markers because they are
characterized by multiple alleles similar to the conventional highly
polymorphic STRs.

2. Microhaplotypes: multi- SNP markers

2.1. Microhaplotypes: a new type of genetic marker

Previous investigations have illustrated the utility of multiple clo-
sely linked SNP-based markers in anthropology for population re-
lationship and their capacity to provide a plausible explanation for the
pattern of recent human variation [39,74–78]. In addition, multi-allelic
SNPs have been promoted as suitable markers for addressing relevant
forensic questions such as family/clan, lineage inference, and in-
dividual identification [30,79,80]. Aiming to complement current DNA
typing tools for forensics and population genetics, the Kidd laboratory
proposed a novel type of genetic marker named microhaplotypes (i.e.,
microhaps or MHs) [80]. These are short segments of DNA (<300
nucleotides, thus “micro”), characterized by the presence of two or
more closely linked SNPs that present three or more allelic combina-
tions (i.e., “haplotypes”). The short distance between SNPs implies an
extremely low recombination rate among them. The level of hetero-
zygosity of the microhaps is dependent upon different factors, including
historical accumulation of allelic variants at different positions within
the targeted region, incidence of rare crossover events, occurrence of
random genetic drift, and/or selection [81]. Since microhaps are multi-
SNP haplotypes, they can provide, on a per locus basis, a larger as-
sembly of information than a stand-alone SNP marker.
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2.2. Transition from Sanger sequencing to massively parallel sequencing

Sanger sequencing represents the “gold” standard methodology for
DNA sequencing [42]. However, the main limitation of this technology
is the inability to determine the cis/trans relationships among the in-
dividual SNP alleles (i.e., the phase) from genomic DNA when two or
more sites are heterozygous [82]. High throughput DNA sequencing
technologies, referred to as massively parallel sequencing (MPS), es-
sentially obviate this obstacle by effectively cloning and sequencing
each strand’s allele combinations separately. MPS can quickly inter-
rogate a large battery of SNPs and several other markers in parallel,
with read lengths of up to 400 nucleotides. These features make MPS
useful for addressing relevant forensic DNA questions in a single la-
boratory analysis [83]. This sequencing approach has also changed how
forensic DNA analysis can be conceptualized. Hundreds of markers can
be co-amplified from a sample and individually sequenced in parallel,
whereas data generated using the Sanger approach is a representation
of a multitude of amplicons from two alleles, in a single source sample,
or from multiple alleles in a mixture of two or more contributors. Unlike
Sanger sequencing, MPS can distinguish each parental microhap allele
occurring at one specific locus by clonal sequencing of each individual
amplicon originating from each DNA strand present in the sample,
whether from a single source or mixture [84,85]. An example illus-
trating the haplotype organization of alleles within a microhap locus
with a four-SNP site analysed by Sanger sequencing and MPS is de-
picted in Fig. 1. Sixteen different haplotypes, which essentially equate
to alleles, are potentially observed, and a total of [N*(N+1)]/2=136
different genotypes (N indicates the number of haplotypes) can exist,
with eight of those also being heterozygous at all four sites.

2.3. Features of microhaplotype loci

Microhaplotypes for forensic applications are single-copy multi-SNP

loci distributed across the entire genome and display some advantages
over conventional STR markers. The absence of a short sequence tan-
demly repeated multiple times prevents the occurrence of polymerase
slippage, which causes artefact fragments (i.e., stutter peaks) that are
one repeat shorter (more rarely longer) than the original allele at a
lower copy number. Stutter fragments can complicate the analysis of
imbalanced mixed-source samples, especially when they are of com-
parable height to the allelic peaks of the minor contributor. In a single
source sample this does not represent an issue, as true alleles and stutter
can be easily distinguished. In mixtures however, where the amount of
DNA from the different contributors is very different, true alleles from
the minor contributor/s can be in the same range as peaks generated
from alleles of the major/s, increasing the complexity of the inter-
pretation. Microhaps do not generate stutter peaks. Another advantage
of microhaps over STRs is that all the alleles within a locus have the
same length. STR alleles within certain loci may vary in length up to
100 nucleotides. If the DNA is degraded or if the sample contains PCR
inhibitors, the shorter alleles may be preferentially amplified and
overrepresented compared to the longer alleles from the same con-
tributor, complicating allele source attribution in mixtures. Another
advantage of microhaps over STRs, particularly in relationship testing,
is their lower mutation rate, approximately five to six orders of mag-
nitude less [81]. A disadvantage of microhaps compared to STRs is that
they generally have fewer alleles, and consequently a larger panel of
markers is required to obtain a comparable power of discrimination. In
addition, allele frequencies vary significantly across populations; thus,
population-specific allele frequencies are necessary when calculating
the random match probability (RMP) or the likelihood ratio (LR) in
forensic cases as these values will consequently change across popula-
tions. One additional drawback relates to the laborious and time-con-
suming MPS workflow. Although relatively inexpensive when calcu-
lated per nucleotide, MPS is still expensive (compared to CE-based
methods) and requires complex pipelines for assembly and analysis.

Fig. 1. Sanger sequencing vs. massively parallel sequencing: an example of haplotype organization of alleles within a microhaplotype locus on a chromosome.
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This may reduce the rapid implementation of microhaps within the
global forensic DNA community.

2.4. ALFRED: a repository of global allele frequency data

The scientific community must not only know that genetic variants
exist, but also their frequencies among populations. Establishing a da-
tabase of population variation, gene or allele frequencies for geo-
graphically well-defined populations is needed. Small or large genetic-
oriented and specialized databases, such as dbSNP (SNPs) [86] and
STRbase (forensic STRs) [87] were developed to addressing specific
needs. Amongst others, ALFRED (ALlele FREquency Database) re-
presents an extensively used domain designed for both research and
education in different areas of human genetic diversity and molecular
anthropology [88–90]. Launched in early 2000 and continuously sup-
ported over the years, initially by the U.S. National Science Foundation
and recently by the NIJ, it is a valuable resource that meticulously
catalogs data of gene frequency on human populations. ALFRED is a
curated publicly accessible compilation of allele frequencies from a
large variety of human nuclear DNA polymorphisms collected on a
global scale of anthropologically defined populations. It is web-acces-
sible through Kidd laboratory (https://medicine.yale.edu/lab/kidd/
research/alfred/) or at https://alfred.med.yale.edu [91]. Each sample
is identified using a unique identifier (UID) and related description. All
data on SNP/marker panels are accessible through an additional open
access teaching and web application resource named FROG-kb (For-
ensic Research/Reference on Genetics-knowledge base) that enables
viewing, recovery and statistical calculations of SNPs of forensic in-
terest [92,93]. To date allele frequency data on all relevant panels of
SNPs/INDELs developed for different forensic purposes are available on
ALFRED. These include numerous identification-informative SNPs/IN-
DELs (IISNPs/IIINDELs), ancestry-informative SNPs/INDELs (AISNPs/
AIINDELs) and phenotype-informative SNPs (PISNPs). Allele frequency
data on 191 already characterized microhaplotypes are also accessible
to the broad research community. The number of records in ALFRED is
constantly growing as allele frequencies of newly genotyped markers
and populations are added.

2.5. PHASE-based allele inference

Different SNP typing methods have been used for genotyping in-
dividuals and populations. Contrary to the MPS technology, most other
methods (i.e., TaqMan®, Sanger sequencing, micro-arrays, etc.) do not
provide haplotype information (phase-known SNP data), which is es-
sential to determine the microhap allele present in the sample.
Accordingly, to be able to use SNP allele frequency databases developed
with such genotyping methods (e.g., ALFRED) as a source of microhap
allele frequencies, statistical-based haplotype reconstruction must be
performed. PHASE is a statistical tool that applies concepts from po-
pulation genetics and coalescent theory to infer the likely patterns of
haplotypes observed in natural populations. Notably, it utilizes a
Bayesian-based approach that enables the application of a priori ex-
pectations to presumably reconstruct human haplotype patterns cor-
rectly using population genotype data [94–96]. PHASE also provides
estimates of the uncertainty for each phase calling with the missing
typing(s), included as unknown, and a highly accurate estimate of full
haplotypes. This software also enables a sufficiently accurate re-
construction of haplotypes without the need of additional genotypes
(i.e., family members), though there is concern that phase calls may
sometimes be incorrect. The specific sequence of each haplotype can be
retrieved unequivocally when all SNPs of interest are homozygous; also
when no more than one site is heterozygous it is possible to define both
alleles irrespective of the allele frequencies. Since multi-SNPs of a mi-
crohap are within a short distance and usually in at least modest LD,
most haplotypes at loci with two or more heterozygous SNPs can be
accurately estimated. In contrast, MPS represents a valuable high-

throughput alternative for reliable SNP typing [82], because it provides
an accurate answer to the question related to the exact phasing of
parental haplotypes of SNPs by enabling the direct clonal sequencing of
single-DNA strand reads across the entire locus [84,85].

2.6. Microhaplotype nomenclature

It can be helpful to have a common general nomenclature for mi-
crohaplotypes that references that small segment of DNA, especially
now that multiple laboratories are investigating microhaps [97–100]. It
is common early in papers to define a short symbol or acronym that can
be used throughout the remainder of the paper. Some of those, such as
SNP, become generally accepted. In the case of microhaplotypes,
having a common format for such symbols allows a general cataloging
that, for example, distinguishes the names for such segments from gene
names. A microhap is defined by the SNPs in the region using the rs
numbers that are defined and cataloged in dbSNP but repetitive use of a
string of rs numbers becomes tedious. Yet, the rs numbers are preferable
to simply giving genomic coordinates because those coordinates change
with each new genome build; the genomic coordinates of the SNPs are
updated in dbSNP, so build changes need not be a concern. Based on
guidelines of the HUGO Gene Nomenclature Committee [101] a mi-
crohaplotype nomenclature was proposed by Kidd [102]. The nomen-
clature was designed to allow each lab to choose the name for a new
microhap but following a format that would allow easy reference by
others and cataloging in databases. A nomenclature model is the early
cataloging of DNA polymorphisms which used “D” (for DNA) followed
by the chromosome number, a delimiter “S” (for site or sequence) and a
consecutive catalog number assigned by the Human Gene Mapping
DNA Committee to yield names such as D21S11 [103]. The proposed
microhap nomenclature [102] starts with “mh” (for microhaplotype)
followed by the chromosome number. That prefix is followed by a two
or three letter abbreviation for the laboratory and a number that is
unique in that lab for that microhap. As various labs are beginning to
use this format, the microhaps are being cataloged in ALFRED (https://
alfred.med.yale.edu) with the SNPs involved and haplotype frequencies
available. For example, both mh05KK-022 and mh05CP-010 were in-
dependently named with evident locations on chromosome 5; the
starting positions can be retrieved through ALFRED: 9,619,905 and
17,903,274 in build 37 (build 38 positions, 9,619,793 and 17,903,165,
are in dbSNP).

2.7. Criteria for selecting microhaplotype loci

Different web-sources are available for screening candidate loci.
These include, but are not limited to, HapMap and HGDP data, pub-
lications in the literature, and also 1000 Genomes data [104–106]. To
address forensic and population genetic questions, different criteria can
be applied to select microhaps optimal for different purposes. One
criterion relates to the detection of at least three SNPs within a 200 bp
single sequence that is currently a routine read length for MPS plat-
forms [84]. The read length can be expanded to approximately 300 bp
for certain loci to include more SNPs within the amplicon that increase
the number of potential alleles. Though recombination “hot spots”
within a 200 bp region can be practically ruled out, sporadic historical
(ancient) recombination events will likely not affect the assumption of
identity by descent (IBD) within a family. If an overall 1% re-
combination rate per Mb per locus and recombination hot spot-free loci
are assumed, then a region< 200 bp significantly reduces the prob-
ability of recombination [81]. For selection of optimal microhap loci,
two main desirable statistics are considered: effective number of alleles
(Ae) and informativeness (In) [84]. The first metric that differentiates
microhaps from “haploblocks”, as defined by Ge et al. [29], is described
as the corresponding number of evenly frequent neutral alleles, based
on population dynamics, that would produce the same heterozygosity
as the locus with several alleles at different frequencies. This parameter
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relates to the level of variation within a specific population and is as-
sociated with the marker's ability to distinguish individuals (i.e., the
random match probability or RMP). Therefore, larger Ae values corre-
late with higher capacity of a microhap locus to detect mixed-source
DNA samples, deconvolute mixtures, and determine the number of
contributors. Conversely, the second metric, also referred to as Rosen-
berg’s measure of informativeness [107], provides a gauge of the var-
iation of allele (haplotype) frequencies observed among the different
populations tested. As a result, higher In values indicate that a microhap
locus has alleles that are frequent in certain populations and rare in
others. Microhaps with high In can help distinguish among (at least)
some of the selected populations and predict the related biogeographic
ancestry of a sample. The ideal locus will have both high Ae and In,
meaning each population presents plenty of alleles and some/most/all
of them vary in frequency among populations. An example of a highly
polymorphic microhap locus is shown in Fig. 2

Current genome assemblies are based on short MPS reads, ranging
between 50 and 150 bp, which are then reassembled bioinformatically.
One of the major challenges associated with this process is the identi-
fication of short segments of DNA that occur two or more times in the
genome. A potential pitfall of in-vitro forensic microhap selection is that
multi-copy regions may be misclassified as single copy and selected as
potentially effective forensic loci, which will then have to be discarded
once in-vivo testing reveals their multi-copy nature [108–110].

3. Applications of microhaplotypes in forensic genetics

Microhaplotypes are a new promising and versatile tool that can be
used to simultaneously extract many types of relevant forensic in-
formation from one or more individuals contributing to a DNA sample.
The multi-faceted nature of microhaps makes them an appealing for-
ensic marker for both DNA profiling and investigative genetics. Indeed,
the advent of MPS has enhanced the value of microhaps beyond the

original aim of identifying lineage-clan-family relationships by
widening the spectrum of potential forensic applications [111]. This
includes, but is not limited to, ancestry inference, mixture deconvolu-
tion (also through probabilistic genotyping (PG) software analysis),
human, missing person, and relationship identification, non-human and
clinical DNA analysis (Fig. 3). In the following sections we provide a
comprehensive description of the current research on microhaps and an
overview of additional foreseeable applications in forensic genetics.

3.1. Microhaplotype exploratory and discovery phases

The characterization and selection of first candidate SNPs for mi-
crohaplotypes were made possible by preexisting SNP genotype data on
different densely packed genomic regions from over 2500 individuals
from>50 globally diverse populations collected over the last decades
by the Kidd laboratory [81]. For optimal marker search, an average
heterozygosity threshold of> 0.4 was arbitrarily chosen when
screening the many different populations accessible on the worldwide
web including the extensive Human Genome Diversity Project [112]
and HapMap integrated three-phase datasets [24]. All Kidd multi-SNP
loci developed thus far have been genotyped using the individual SNP
typing TaqMan® assay and genotype data statistically phased into the
corresponding haplotypes.

The first Kidd pilot study on microhaps included 31 loci [81]. This
set has valuable features and includes 27 2-SNP and four 3-SNP loci for
a total number of 66 SNPs distributed across 17 human chromosomes.
The size range of this set was between 18 and 201 bp and the median
heterozygosity level was between 0.40 and 0.63 for the 54 populations
studied. These loci were selected for the high average level of hetero-
zygosity required for kinship/lineage prediction, but not for high Fst
among different populations needed for ancestry inference. The ma-
jority of loci are located on different autosomes or at least 95 Mb apart,
thus making linkage disequilibrium between “adjacent” loci very

Fig. 2. Example of highly polymorphic MH locus on chromosome 13 showing multiple alleles per population (high Ae) and alleles that are very frequent in some
populations and very rare in others (high In). For instance, allele CTTT accounts for an average of 30% of diversity in African populations while on average less than
5% in the rest of the world.
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unlikely and independent segregation very likely. However, because 11
inter-microhap distances are shorter than 67 Mb, absence of in-
dependent segregation of these loci in families cannot be excluded.
Overall this proof-of-concept set can be considered independent at the
population level because negligible pairwise linkage disequilibrium
values were observed for the 11 inter-microhap couplings of SNPs lo-
cated on the same chromosome. To expand the number of microhaps
useful to address forensic questions such as ancestry prediction, mixture
deconvolution, and human and family-clan relationship identification,
a larger panel of 130 microhap loci was further developed [82]. The
microhaps in this panel are distributed across all 22 human autosomes
with sizes ranging from 12 bp to 291 bp and include a total of 359 SNPs.
This panel was evaluated on a set of 83 populations around the world.
An additional Kidd subset of 65 loci selected from the panel of 130 loci
and which includes eight new microhaps was developed [111]. This
covers a total of 198 SNPs that increase the global characterization of
microhaps for ancestry prediction. The 65-SNPs set was genotyped on a
total of 96 populations (13 additional populations) and the allele’s
phase inferred to provide a broader picture of the global variation of
allele frequency.

In addition to the pioneer Kidd panels, new sets of microhap loci
have also been recently published by other research groups. Pu et al.
developed a preliminary set of 50 loci identified from 1000 Genomes
Phase 3 phased data for personal identification and ancestry inference
[100]. This set shows between 3 and 10 SNPs per locus and between 4
and 47 theoretical alleles with an average heterozygosity of 0.67 over a

total of 568 individuals from six global populations.
Of note, van der Gaag et al. [106] designed a multiplex set of 16

microhaplotype loci and implemented the assay on the Miseq® Se-
quencer® (Illumina). All candidate loci were searched in 1000 Genomes
and Dutch Database (GoNL project samples) and only fragments span-
ning<100 bp with six SNPs and MAF≥ 0.1 in the relevant population
were retained for testing and further development. The number of un-
ique haplotypes observed was between 4 and 26.

Additionally, Chen et al. recently presented a new panel of 26 mi-
crohaplotypes [104]. The candidate loci were selected from 1000
Genomes Phase 3 (global population data from 832 individuals) based
on different criteria that included short size (< 50 bp) and Ae>3
among China (CHB) and Southern Han Chinese (CHS) population. 23
out of 26 loci included 3 SNPs and the observed allele number per locus
was between 4 and 12. Sixty unrelated Chinese Han individuals were
genotyped using the MH assay. The average Ae ranged from 2.54 to
3.98 and the heterozygosity from 0.38 to 0.81 among 9 populations of
26 microhaps. The length of sequences per locus ranged from 17 to 50
bp with a median value of 34 bp. Moreover, power of discrimination
(PD) and power of exclusion (PE) values ranged from 0.76 to 0.87 and
0.10 to 0.63, respectively while the total probability of discrimination
power (TDP) and cumulative probability of exclusion (CPE) was
0.999999999997 and 0.9997, respectively. Chen et al. also developed a
set of 10MH loci including eight 3-SNPs and two 4-SNPs for a total of
32 SNPs [105]. All selected loci containing at least four alleles (hap-
lotypes) with frequency>0.1 were tested on 2504 individuals from 26

Fig. 3. An overview of current and potential applications of AIMs (ancestry informative markers), MIMs (mixture informative markers), IIMs (identification in-
formative markers) and LIMs (lineage informative markers) in forensic genetics.
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global populations from 1000 Genomes Phase 3. The marker size
ranged between 5 and 48 bp with an average of 31.4 bp and therefore
these loci are potentially suitable for the analysis of degraded DNA
samples. The heterozygosity value of the 10 loci ranged from 0.2235 to
0.8958 with an average of 0.6593 while the PD from 0.3786 to 0.9242
with an average of 0.7944; the cumulative discrimination power (CDP)
was between 0.99999976 and 0.999999998.

3.2. Microhaplotypes for mixture detection and deconvolution

MPS of STR alleles has been proposed as an option to address some
of the issues with mixture deconvolution: (1) sequencing STR alleles
enables individualization of iso-alleles (alleles that have the same
length but different sequence and are indistinguishable via conven-
tional CE); (2) it allows for all of the PCR primers in a multiplex to be
designed to bind as closely as possible to the repeat region reducing loss
of data when the DNA sample is degraded; (3) should the stutter of a
major contributor have a different sequence than an overlapping true
allele of a minor contributor they can be distinguished by sequencing
but not by CE; (4) SNPs in the flanking sequence of the repeat region
can further distinguish alleles that have the same number of repeats; (5)
multiplex allows the simultaneous co-amplification of hundreds of
markers, increasing the information that can be obtained from a sample
[83,113–116]. Yet experimental data has shown the occurring of “poly-
stuttering” of complex STR alleles, a single STR allele generating mul-
tiple types of stutter fragments [117], which can complicate inter-
pretation. While stutter is more likely to happen in the longest unin-
terrupted sequence, it may occur from any part of the repeat pattern.
Thus, a single allele from complex repeat structures such as D21S11 or
D12S391, which tend to be the most polymorphic, can generate mul-
tiple stutter peaks. In presence of an imbalanced mixture where the
minor contributor/s is/are in the stutter range of the major contributor,
the sensitivity of MPS together with this ‘poly-stuttering’ of complex
STR alleles may increase the complexity of mixture deconvolution.

Microhap amplification does not generate stutter peaks; as a

consequence the presence of three or more different sequences (hap-
lotypes) at sufficient read ratio becomes unambiguous evidence of DNA
from more than one individual contributing to the mixed-source
sample, and the number of haplotypes detected informs on the
minimum number of contributors present in the mixture [81,111].

To evaluate the potential utility of microhaps in mixture resolution,
theoretical analyses were performed using a finite number of alleles and
the multinomial expansion formula for calculating the likelihood of a
mixture from two random and unrelated individuals with at least three
distinct alleles as a function of the related allele frequencies. The
highest probability of alleles being present occurs when alleles within a
locus are evenly frequent [84]. Therefore, unequally frequent alleles at
a locus are converted into a value that corresponds to an integer of
evenly frequent allelic variants. As a result, the potential of qualita-
tively identifying mixtures is translated into different integer Ae values
with the cumulative probabilities of detecting mixtures reaching values
higher than 95% with only five loci with average Ae values of 3. As a
general rule, the criterion of minimum Ae value of> 3 often met by 3-
SNP and 4-SNP loci is essential for determining the usefulness of mi-
crohaps in forensic practice. Since each locus is converted into the same
“standard” form, higher Ae values [118] can better identify mixtures.
Thus far, the utility in mixture deconvolution of microhaps typed by
TaqMan® assay has only been evaluated theoretically. An initial eva-
luation was performed on the Kidd proof-of-concept set of 31 loci [81],
which showed an overall average Ae range of 1.9-2.8. When considering
the Kidd panel of 130 microhaps, 21 loci showed Ae values between 3.0
and 3.9, five loci between 4.0 and 4.9, and only two loci Ae> 5.0 [82]
and probability of identifying a mixture at 99.99956%, 99.52% and
94.62%, respectively. Provided that 28 out of 130 loci, tested on 83
populations, with global average Ae> 3.0 are used, the theoretical
probability of resolving a DNA mixture of two individuals is estimated
at 99.99999857%. Based on the global average Ae values, 94 out of 130
microhaps have Ae values of 2.0 showing a higher level of hetero-
zygosity than bi-allelic SNP loci. Albeit 38 microhaps have Ae

value< 2.0 they show Ae values> 2.0 in several populations. Lastly,

Fig. 4. An example of STRUCTURE analysis plot at K=6 of>5000 individuals across 83 global populations of 130 microhap loci (taken from [82]).
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the Kidd subset of 65 microhaps, not developed for mixture identifi-
cation, include 22 promising loci with Ae> 3.0 while only fewer out of
65 loci display values for Ae< 2.0 with various allelic variants dis-
playing low frequencies [111].

3.3. Microhaplotypes for biogeographic ancestry inference

Frequently used methods of analysis of population relationships
include STRUCTURE [119–121] and principal component analysis
(PCA) [122,123]. These are helpful tools for predicting the

biogeographic ancestry of an unknown sample based on testing many
SNPs. An example of STRUCTURE plot analysis across 83 global po-
pulations analyzed using 130 microhap loci is illustrated in Fig. 4
(taken from [82]) and an example of a three-dimensional PCA plot (PC1
x PC2 and PC1 x PC3) is shown in Fig. 5 (based on the combined data
from [124]) where individuals across different population clusters are
shown in different colours and shapes. SNPs are ideal markers for
predicting the biogeographic ancestry of individuals, as exemplified by
the numerous AISNP panels developed so far [49–61]. As micro-
haplotypes are composed of combinations of SNPs, they can likewise

Fig. 5. Illustration of a two-dimensional PCA scatter plot (PC1 x PC2) across various global populations and the third dimension added by PC1 x PC3. The data are
population allele frequencies at the 78 microhaplotyes analyzed in [124].
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provide detailed ancestry information along with other useful forensic
information from the same sample. As previously mentioned, the main
metric used for selecting microhaplotype loci useful for ancestry is the
informativeness metric: In. This measures the variation in allele (hap-
lotype) frequencies among populations and therefore loci with high In
values display greater differentiation among populations, thus making
up a potentially useful marker panel for ancestry prediction. Since
haplotype frequencies differ among populations in diverse regions of
the world, In values will vary accordingly when different populations
are considered distinctly. The ability of microhaps to infer the biogeo-
graphic ancestry was initially tested on the pilot set of 31 unlinked
microhaps, albeit not specifically developed for such a purpose [81].
Among the selected loci tested on 2500 individuals, a microhap at the
EDAR locus with the highest Fst value shows good ancestry dis-
crimination but provides little use for individual and lineage identifi-
cation outside of Africa. A microhap within the RXRA locus has a low
Fst value because most populations have similar frequencies of the
three haplotypes but provides good individual- and lineage- identifi-
cation capabilities. Though STRUCTURE and PCA analyses of this 31
locus set [81] was less efficient in distinguishing more than five po-
pulation clusters than various panels of AISNPs [57], it is still of for-
ensic utility for ancestry inference. The different loci had different allele
frequency patterns among the tested populations such that individuals
from five major population clusters (k= 5), namely Africa, Europe and
Southwest Asia, East Asia, the Americas and the Pacific Islands, could
be clearly distinguished. The different pattern of allele frequencies and
heterozygosity observed among all loci and populations is reflected in
the RMP value (< 10−15), which globally diverge more significantly
among different regions than the 45 IISNPs panel [81].

For the Kidd panel of 130 microhaps, most loci show In values
higher than 0.185 while microhaps with median In values< 0.185 do
not offer strong ancestry prediction value, though they may potentially
be improved by the inclusion of one or two additional SNPs within the
locus [82]. The overall correlation between the In and Ae metrics is 0.53
for all loci, suggesting the potential of using this large panel of micro-
haps for simultaneous ancestry inference and mixture deconvolution.
STRUCTURE analysis performed on a total of 5115 individuals had the
highest likelihood at k=6 while the results at higher k values showed
the same pattern apart from the European populations that displayed
partial ancestries. A particular cline in those specific contributors from
Southwest Asia to Northern Europe is in line with what is also observed
when typing the single SNP panels [55,125]. In addition, similar STR-
UCTURE results at k= 6 could be obtained using a subset of 50 top-
ranked loci for In (> 0.215). Though this large panel enables the dis-
tinction of up to six different population clusters amongst 83 popula-
tions, several existing AISNP panels [52,55,57,61] can provide a better
and finer ancestry inference at the biogeographical level. Nonetheless,
this panel can produce greater population differentiation than current
markers typed by CE when analysed by STRUCTURE.

When considering the panel of 65 loci, all of them showed greater
levels of allele frequency variation among different population groups,
except fewer loci that display In values< 0.1. When tested on 5667
individuals, the panel provided well-defined separation of the major
continental population groups including Africa, Europe, South West -
South Central and East Asia, America and Pacific, and a clear distinc-
tion of Native American from East Asian populations. The majority of
Africans, East Asians, and Native Americans are assigned to a single
cluster; however, some American populations were found highly ad-
mixed. Overall this panel provides a good separation of six global
geographic regions and also offers the possibility of differentiation of up
to ten population clusters. In particular, it allows further subdivision of
distinct populations, including the farthest North in East Asia from East
Asians as well as Sub-Saharan African populations from West Africa in
comparison to East and Central Africans. Furthermore, the loose cluster
of Eastern and Northern of the Eurasian populations was clearly sepa-
rated from the European population, which appears to be very close and

hence supporting the hypothesis that European populations occupy a
geographically small area.

The preliminary investigation of the set of 50 microhaps with In
values ranging from 0.03 to 0.29 evaluated by Pu et al [100] high-
lighted the ability to distinguish among three global population clusters
by STRUCTURE analysis. Similarly, the 10 microhap loci developed by
Chen et al. [105] were selected with levels of In values> 0.15 among
24 populations, and population stratification was evaluated by STRU-
CTURE. The small set of loci was found to be informative for differ-
entiating African, European, East Asian and South Asian populations.
However, the further development of a larger panel of shorter MH loci
with AIM properties is required to provide more refined ancestry in-
formation at the regional/population level.

3.4. Development of early MPS microhaplotype panels for forensic purposes

A proof-of-concept set of 36 microhaps [126] selected from the Kidd
panel of 130 loci [82] has recently been evaluated on the Ion Chef ™ and
Ion S5™ (Thermo Fisher Scientific). A beta version of the MPS Am-
pliSeq™ kit (Thermo Fisher Scientific) was evaluated for mixture de-
convolution and its efficiency compared to CE analysis. Overall this
initial set enabled the detection of different contributors in two, three,
and four-person mixtures at 20:1, 10:1:1, and 10:1:1:1 ratios respec-
tively, using a few hundred picograms of input DNA. In addition, a
newly extended MPS Kidd panel of 74 loci implemented on the same
Ion S5™ platform has recently been proposed to address questions on
ancestry inference and mixture deconvolution [127]. Preliminary re-
sults confirmed the possibility to identify and deconvolute two-person
DNA mixtures in presence of imbalanced allele reads within a hetero-
zygous locus using 1–10 ng of input DNA, as similarly supported by
additional preliminary investigations [98]. Results on the 74MHplex
MPS assay also indicated the potential to enable successful ancestry
inference of unknown testing-samples using phased inferred allele fre-
quencies (from ALFRED) and those generated from four in-house po-
pulation groups (Oldoni et al. unpublished data). The same study also
showed the potential of using the 74MHplex MPS assay to simulta-
neously target the minor donor and predict the corresponding biogeo-
graphic ancestry (Oldoni et al. unpublished data) of the individual, as
depicted in Fig. 6. This MPS investigation indicated that 74MHplex MPS
assay is an effective tool to enhance biogeographic ancestry prediction,
mixture deconvolution, and individual identification. Furthermore, an
initial investigation was performed using a custom version of the semi-
continuous probabilistic genotyping LRmixstudio (v2.1.4) software
adapted to specifically accommodate microhap data. The analysis of a
series of artificially made two- to four-person mixtures at different ra-
tios and different DNA inputs, genotyped using the 74plex microhap
assay, yielded probative likelihood ratio (LR) values for the correct
minor contributor where the conventional autosomal STR analysis did
not (data not shown).

Another study, using a panel of 89 loci selected from ALFRED tested
on a population sample of 73 Italians using the Ion PGM instrument
(Thermo Fisher Scientific), highlighted the potential of implementing
microhaps for forensic investigations [97].

Moreover, the global variation of the 16-locus set [106] was eval-
uated on 276 population samples that included a total of 99 samples
from the Netherlands, 87 from Asia, 90 from Africa and 97 CEPH-HGDP
family samples used to confirm the inheritance of the haplotypes.
STRUCTURE analysis was performed to evaluate the effectiveness of the
16-MH MPS assay for separation of populations of different ancestry,
and results indicated almost complete differentiation of all three tested
populations at K= 3, while a reduced separation of African and Eur-
opean populations was shown at higher K values. The RMP calculated
for the 16 loci was higher than conventional non-STR loci kits with
values of 4.4E-10−11, 1.0E- 10-9, 9.2E-10-13 reported for Dutch, Asian
and African populations, respectively (Table 1).

Chen et al. genotyped and multiplexed 14 out of 26 loci in a single
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Fig. 6. An example of mixture study data on minor contributor LR-ancestry and 1/RMP. Data on two-person DNA mixtures simulated at different ratios and input
amount of DNA and number of alleles/loci of the minor donor are shown. 1/RMP of European American donor and related LR-ancestry of European American (EA)
individual vs. African American (AA), South West Hispanic (HIS) and East Asian American (EAA) are also reported (Oldoni et al. unpublished data).

Table 1
An overview of RMP values for different forensically relevant marker panels (table adapted from van der Gaag et al. [106]).

Panel Number of loci Type of loci Random Match Probability Population tested Reference

SGM Plus kit 10 STRs 7.9E10-14 US African Thermo Fisher Scientific
3.0E10-13 US Caucasian

NGM 15 STRs 1.6E10-19 US Hispanic Thermo Fisher Scientific
4.6E10-20 US African
2.2E10-19 US Caucasian

NGM 9 STRs 3.1E10-12 US Hispanic Thermo Fisher Scientific
8.8E10-13 US African
2.6E10-12 US Caucasian

Powerplex Fusion 24 STRs 1.6E10-28 US African Promega
2.4E10-27 US Caucasian
2.1E10-27 US Hispanic
1.4E10-25 US Asian

SNPforID 52 SNPs 5.0E10-21 Euroepan Sanchez et al [47]
1.1E10-19 Somali
5.0E10-19 Asian

IISNPs 45 SNPs 1.0E10-15 - 1.0E10-19 Global populations Kidd et al [44]
tri-allelic SNPs 13 SNPs (tri-allelic) 3.2E10-6 Dutch Westen et al [72]

4.4E10-7 Dutch Antilles
tetra-allelic SNPs 24 SNPs (tetra-allelic) 1.5E10-12 European Phillips et al [73]

5.2E10-10 East Asian
2.0E10-15 African

Microhaplotypes 31 Micro haplotypes 1.0E10-13 - 4.0E10-21 Global populations Kidd et al [81]
Microhaplotypes top 50 Micro haplotypes 1.0E10-19 - 1.0E10-42 (top In) Global populations Kidd et al [124]

1.0E10-27 - 1.0E10-50 (top Ae)
Short hypervariable microhaplotypes 16 Micro haplotypes 4.4E10-11 Netherlands van der Gaag et al [106]

1.0E10-9 China/Japan
9.2E10-13 Kenya/Nigeria

Microhaplotypes 74 Micro haplotypes 1.9E10-68 US African (80 samples) Oldoni et al (unpublished)
3.2E10-64 US Caucasian (110 samples)
4.9E10-67 US Hispanic (100 samples)
3.0E10-62 US East Asian (37 samples)
4.1E10-61 East Asian (62 samples)
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MPS assay on the Hiseq X® Sequencer® (Illumina) platform. The small
14-MH MPS assay [104] was tested for mixture analysis on two artifi-
cially prepared two-person mixed source samples at 1:1 ratio and
600 ng input of DNA. Preliminary results indicated that approximately
one third of the tested markers showed three or more haplotypes in the
simulated mixtures, thus suggesting their potential utility for mixture
detection and deconvolution.

Finally, Voskoboinik et al. proposed the use of highly polymorphic
haplotypes (Ae> 15) for mixture deconvolution [128]. They selected a
set of 10 loci containing> 10 SNPs for simulation analysis with se-
quence reads from mixed-source samples simulated to reflect the ex-
pected reads from the emerging nanopore-based MinION instrument-
sequencing platform (Oxford Nanopore). Mixed-source samples were
simulated by combining a fixed number of donors and contribution
ratios with each donor consisting of randomly sampled haplotypes from
European haplotype frequencies from 1000 Genomes at each locus. To
simulate the average substitution rates commonly observed for the
MinION platform, sequencing errors were randomly introduced into the
DNA strands. This simulation study highlighted the utility of these
hypervariable loci to include one donor to a four or five-person mixture;
however, these markers require thorough wet-laboratory development
and validation.

3.5. Microhaplotypes for individual and missing person identification

SNPs are ideal markers for improving the statistics of individual
identification of STR markers when they are either detected as nu-
cleotide variants within a STR locus or used as a distinct panel of loci.
Since microhaps are characterized by combinations of SNPs, they
likewise display promising and valued features for human identity si-
milarly to SNP-based genotyping assays [43–47,129]. Heterozygosity
reaches its highest value when all alleles are evenly frequent. Initial
evaluation of the heterozygosity of microhaps was performed on the
Kidd pilot set of 31 loci albeit not specifically selected for human
identifications [81]. Overall, the 31-microhap set showed either match
probabilities comparable to or lower than the those obtained for 45 out
of 86 mutually unlinked IISNPs (i.e., RMP: 10−13-10-18) studied on 44
populations [44], the 52plex SNP assay (i.e., RMP: 10-19-10-21) and
conventional CODIS STRs (Table 1). Overall, the set of 31 unlinked
microhaps exhibited random match probabilities< 10-15 (up to 10-20)
while only four relatively small/inbred populations showed match
probabilities in the range of 10−13-10-15 [81]. Additional panels of 65
and 130 loci include microhaps that could be much more informative
due to the presence of loci with three or four highly heterozygous SNPs
[82]. When extending the number of microhaps for analysis, it is
plausible to assume a significant increase in the value of match prob-
abilities beyond the range of 10-31-10-35 calculated for 86 IISNPs spe-
cifically selected for human identity [44]. When considering the
74MHplex MPS assay the RMP value varied from 10-61-10-68 (un-
published data). Refer to Table 1 for a comparison of RMP for different
panels of forensic loci.

An alternative approach was recently presented by Bose et al. in a
study investigating the potential of using a novel MPS target capture
enrichment approach of nuclear SNP loci for specifically typing de-
graded and mixed samples [130]. A set of 411 polymorphic loci, that
included 375 SNPs and 76 additional SNPs from 36 microhaps [130]
was selected to address individual identification, lineage/kinship and
mixture analysis. Overall the custom SNP probe capture assay was
found efficient in typing mock degraded samples fragmented from 200
bp to 75 bp with>90% reportable SNPs across different input amounts
of DNA. Additionally, it successfully detected minor contributor alleles
in artificially generated two-person male-male mixtures at multiple
contributor ratios (5–20% minor) with 10 ng input DNA.

Lastly, current microhap panels with an overall amplicon size ran-
ging from a few tens to a few hundred bp could be suitable for the
analysis of degraded DNA samples commonly encountered in forensic

practice and accordingly, potentially useful to complement conven-
tional analysis methods for missing person and disaster victim identi-
fication.

3.6. Microhaplotypes for family and lineage relationships

The initial and leading motivation for the identification of multi-
allelic SNP loci was to assist in the identification of clan-and-extended
family relationships [30], commonly performed using mtDNA, Y
chromosome and autosomal STRs [42]. Theoretically, many alleles
observed in a specific population and multiple combinations of them
reduce the likelihood that two unrelated individuals share the same
allele combination by chance. Therefore, the more heterozygous a locus
is, the higher the likelihood that the relevant alleles are not common in
the population of interest; however, they are more likely to be observed
amongst close relatives than amongst random or distantly related in-
dividuals. One important parameter useful for lineage/family re-
lationship (but also for ancestry inference) is the identity by descent
(IBD) concept. For more reliable prediction of the degree of relatedness
between two individuals, a panel of a few hundred (bi-allelic) SNP
markers may prove sufficient, as reported by Weir et al. [131]. More-
over, a high level of global heterozygosity and Fst value either globally
or among specific geographical regions of the world are also key me-
trics required to provide useful information on family-clan relationship
and human identification [82,100]. Due to the low mutation rate of
SNPs, different microhaps developed thus far can complement standard
STRs in deficient family pedigrees. For the panel of 130 microhaps, only
28 loci show Ae>3.0 and can therefore be of great value for lineage
identification [82]. When considering the panel of 65 markers, 22 out
of 65 loci with Ae> 3.0 show potential for identifying relatives and
reduce significantly the probability that two unrelated individuals share
the same microhap genotype [111]. Future studies will focus on the fine
exploration of microhaps for family-clan relationship and on testing
real forensic casework samples.

3.7. Non-forensic uses of microhaplotypes

A non-forensic application for which microhaplotypes have been
proposed is in the field of hematopoietic stem cell transplantation. Prior
to undergoing transplantation patients are subjected to myeloablative
conditioning, which consist in destroying/reducing the patient’s he-
matopoietic stem cells. The purpose of this step is (1) to suppress the
immune system by preventing rejection of the new bone marrow, (2)
make room in the bone marrow for the donor’s stem cells to grow and,
in cancer patients, (3) to kill cancer cells. After transplantation patients
essentially become chimeras of themselves and the donor. In order to
determine the effectiveness of the transplant and evaluate potential
graft rejection, chimerism testing is performed using conventional STR
testing from the blood’s recipient [132,133]. The ratio between donor
alleles vs. patient alleles is evaluated over time at set intervals and is
used to formulate a prognosis and develop a treatment plan in case
rejection occurs. Early detection of graft rejection improves prognosis,
allowing intervention while the malignant clone is at a lower titre and
the limit of detection has been shown to be in the 5% ratio range [134]
with conventional STR testing. In 2014 Debaljak et al. [135] proposed
the use of MPS for the analysis of contiguous SNPs (aka micro-
haplotypes) and developed an assay targeting a short 300 bp fragment
in the HLA-A region. The assay yielded a limit of detection in the 0.01%
range for the minor contributor and while conventional forensic STR
with the AmpFlSTR® Profiler® and AmpFlSTR® Identifiler® kits the limit
of detection was approximately 3%. In a following study Debaljak et al.
developed a 5-plex amplification targeting fragments in the FARP1,
HLA-A, HLA-B, MT4, and TMPRSS15 regions which allowed the de-
tection of relapse patients on average 124 days earlier than with STRs
[136]. In a similar fashion, non-forensic applications of MHs have been
suggested for non-invasive parental testing of fetal cells (and cell-free
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DNA) circulating in maternal blood [137].
An additional promising application of microhaps is to non-human

DNA, as recently shown by Baetscher [138]. The authors reported the
use of a large panel of microhaps to solve difficult pedigree inference
problems on the kelp rockfish, Sebastes atrovirens (Actinopterygii; Se-
bastidae), and an ecological and culturally important nearshore Pacific
fish species. The identified panel of multi-allelic microhaplotype loci
showed a remarkably higher heterozygosity than the equivalent
number of individual SNPs. As a whole, microhaps provided higher
power for identification of single parent-offspring and full-sibling pairs.
Another example is in the study of landlocked alewife populations from
coastal New England lakes where a MH panel was specifically devel-
oped to identify anadromous, landlocked, and hybrid juvenile fish
[139]. The use of MHs could be broadened to other species and plants
overall improving conservation efforts.

3.8. Selection of microhaplotypes optimized for different purposes

The Kidd laboratory has identified and fully characterized a total of
182 microhaps in many diverse populations, and many more are under
development, also by other laboratories. With this consideration in
mind, different fine-tuned sets of microhaps that outperform the ex-
isting SNP assays might be optimized to provide untapped advantages
for forensic purposes. The selection and ranking of optimal microhap
loci based on both Rosenberg’s measure of informativeness (In) and the
effective number of allele (Ae) will be the objective of future studies
aimed to address most relevant forensic DNA questions. Top-ranked
microhaps for In would make a useful panel for ancestry prediction
while loci with high Ae would make a suitable panel for mixture de-
tection and deconvolution and also for relationship identification
[124].

As microhaps are composed of combinations of SNPs, they may be
found in regions associated with human phenotypic traits. As recently
reported by Bulbul et al. [111], three of the new microhaps included in
the panel of 65 loci, namely mk05KK-122 (rs1010872-rs28777),
mk05KK-123 (rs28117-rs1423676), mk05KK-124 (rs35414-
rs3756464), are reported in the region of the SLC45A2 gene, which is
associated with eye, hair and skin color [63]. Typing these loci can
provide pigmentation prediction information based on individual SNPs,
and associations between certain phenotypes and specific MH alleles
will probably be discovered in the future.

4. Concluding remarks

The very rapid transition from minihaplotype to microhaplotype
markers is analogous to the early forensic shift from minisatellite to
microsatellite DNA polymorphisms in the late nineties. Microhaps are a
powerful and comprehensive molecular tool that provides a great
wealth of information relevant to addressing different forensic and
human genetic diversity questions. At least for the foreseeable future,
microhaps have the potential to enhance ancestry prediction and mix-
ture deconvolution (also by means of probabilistic genotyping software
analysis), improve human and missing person identification together
with relationship testing. Finally, these new markers can be effective in
clinical and non-human DNA applications.
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