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Abstract

Short tandem repeat polymorphisms (STRs) are the standard markers for forensic human identification. STRs are highly polymor-
phic loci analyzed using a direct PCR-to-CE (capillary electrophoresis) approach. However, STRs have limitations particularly when
dealing with complex mixtures. These include slippage of the polymerase during amplification causing stutter fragments that can be
indistinguishable from minor contributor alleles, preferential amplification of shorter alleles, and limited number of loci that can be
effectively co-amplified with CE. Massively parallel sequencing (MPS), by enabling a higher level of multiplexing and actual
sequencing of the DNA, provides forensic practitioners an increased power of discrimination offered by the sequence of STR alleles
and access to new sequence-based markers. Microhaplotypes (i.e., microhaps or MHs) are emerging multi-allelic loci of two or more
SNPs within < 300 bp that are highly polymorphic, have alleles all of the same length, and do not generate stutter fragments. The
growing number of loci described in the literature along with initial mixture investigations supports the potential for microhaps to aid
in mixture interpretation and the purpose of this study was to demonstrate that practically. A panel of 36 microhaplotypes, selected
from a set of over 130 loci, was tested with the Ion S5™ MPS platform (Thermo Fisher Scientific) on single-source samples,
synthetic two-to-six person mixtures at different concentrations/contributor ratios, and on crime scene-like samples. The panel was
tested both in multiplex with STRs and SNPs and individually. The analysis of single-source samples showed that the allele coverage
ratio across all loci was 0.88 + 0.08 which is in line with the peak height ratio of STR alleles in CE. In mixture studies, results showed
that the input DNA can be much higher than with conventional CE, without the risk of oversaturating the detection system, enabling
an increased sensitivity for the minor contributor in imbalanced mixtures with abundant amounts of DNA. Furthermore, the absence
of stutter fragments simplifies the interpretation. On casework-like samples, MPS of MHs enabled the detection of a higher number
of alleles from minor donors than MPS and CE of STRs. These results demonstrated that MPS of microhaplotypes can complement
STRs and enhance human identification practices when dealing with complex imbalanced mixtures.
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Short tandem repeat polymorphisms (a.k.a. STRs) are the
standard DNA markers used in human identification due to
their high heterozygosity and their ease of amplification and
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one or two repeat lengths smaller (or larger) that are artifact
peaks (stutter) indistinguishable in size from true alleles of the
same size [3]. Increased sensitivity of commercial STR PCR
Kits has led to an increased number of mixtures obtained from
crime scene evidence. Mixtures currently represent one of the
greatest challenges in forensic DNA analysis. Sample degra-
dation, allele sharing between contributors, allele drop-out,
preferential amplification of smaller alleles, and stutter all
contribute to the difficulties of correctly and consistently
interpreting complex (i.e., more than two-person) mixtures
using standard STR analysis [3]. Probabilistic genotyping
software [4, 5] allows the best use of the data and provides
consistency to the results although the inherent issues with CE
STR data remain. Massively parallel sequencing (MPS) can
enhance mixture deconvolution of STR loci by distinguishing
alleles that have the same length but different sequences, both
in the repeat sequences and in the flanking regions [6-9]. Yet,
experimental data have shown that interpretation of STR se-
quences from MPS platforms is not as straightforward as orig-
inally anticipated [10].

With the increased use of MPS, other markers have been
suggested that would provide additional information in human
identification. Individual SNPs, both autosomal and on the X
and Y chromosomes, have been tested for use in human iden-
tification [11, 12]. INDELS can also be used for identification
of compromised or degraded samples [13, 14]. All of these
markers tend to be di-allelic although tri- and tetra-allelic
SNPs have been identified and advocated because they pro-
vide more information [15, 16]. Microhaplotypes (microhaps
or MHs) provide another approach to more informative multi-
allelic markers [17]; these are loci composed of two or more
SNPs within a short distance from each other (generally < 300
nucleotides, i.e., “micro”) with three or more allelic combina-
tions (i.e., “haplotypes™) [18-21]. Conventional Sanger se-
quencing of PCR products does not allow the determination
of cis/trans relationships among alleles of the individual SNPs
(i.e., the phases of the two haplotypes) [22]. MPS methods,
instead, when SNPs are in the same amplified fragment
(amplicon), allow direct sequencing of individual DNA
strands (clonal/single molecule sequencing), thereby yielding
unambiguous phase of parental haplotypes of SNPs.

Previous papers on microhaplotypes have published the
allele frequencies for different sets of MHs in up to 96 differ-
ent population samples [21, 23]. These papers have demon-
strated three aspects of the potential uses of microhaps in
forensics: (1) theoretical ability to detect mixtures with very
high probability [24-26], (2) ability to assign a multi-locus
profile to one of several distinct biogeographic regions of
ancestry [27-29], and (3) generation of extremely small ran-
dom match probabilities (RMPs) with selected microhaps [17,
24]. Here we have undertaken to move from the theoretical
ability to detect mixtures to practical demonstration of mixture
detection by typing a panel of 36 microhaps on the Ion S5™
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MPS platform (Thermo Fisher Scientific, Waltham, MA,
USA). These markers were selected from a larger panel of
over 130 microhaps potentially useful for forensic applica-
tions [21, 23]. The 36-locus panel was tested on reference
samples, on synthetic mixtures, and on crime scene-like sam-
ples. As part of demonstrating mixture deconvolution with
microhaps, we evaluated the performance of the panel on
casework-like samples including a comparison of the
microhap results with results using the standard forensic
STRs.

Material and methods
Selection of DNA samples

DNA samples from anonymous European American and
African American individuals of self-identified ancestry were
randomly selected from a large set of samples collected and
extracted between 1993 and 2003. The use of these samples
was declared exempt from IRB approval by The George
Washington University’s Office of Human Research (OHR-
IRB # 090636) given their anonymous origin. From the same
sample collection, eight pristine DNA samples of different
biogeographic ancestry were selected and used as single-
source or for synthetic mixtures. Studies mimicking the anal-
ysis of crime scene samples (henceforth referred to as
“forensic samples”) included DNA extracts from eight spec-
imens: cigarette butts (n=3), water bottles (n=3), a piece of
chewing gum, and an aged bloodstain. Except for the blood-
stain, the number of contributors and their genetic profile(s)
were unknown before analysis as these samples were collect-
ed from the street and trash cans outside the department.
Synthetic mixtures were created by combining single-source
samples of known concentrations of DNA at the mixture ra-
tios described in the mixture studies section below.

Selection and genotyping of loci

The specific panels of STR, SNP, and MH loci analyzed in this
study are listed in Supplemental Tables 1, 2 and 3, respectively
[21, 30-36]. Two separate marker panels were tested: the first
one included primer pairs for 30 STRs plus Amelogenin, 45
SNPs (43 SNPs plus one indel) and 36 MHs, and the second
panel included only primer pairs for the 36 MHs. The study
was conducted using Thermo Fisher Scientific equipment and
kits. Library preparation with the first marker panel was per-
formed using an automated library preparation workflow,
which allowed processing eight samples at a time on the lon
Chef™ System. DNA samples were processed using the Ton
AmpliSeq™ Kit for Chef DL8 and barcoded with the
IonCode™ adaptor following manufacturer’s guidelines.
Libraries for the 36-MH panel were prepared manually using
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Ion Xpress™ for barcoding up to 40 samples at a time, as
previously described [37]. All the resulting libraries were
quantified using the Ion Library TagMan™ Quantitation Kit.
Emulsion PCR and chip templating were performed on the Ion
Chef™ System for both marker panels, and followed by se-
quencing using the Ion S5TM Precision ID Chef &
Sequencing Kit according to the manufacturer’s instructions,
as previously described [37]. Sequencing was performed on
either the Ton 521™ (subsequently replaced by 530 ™) or the
Ion 530™ chips and with a maximum of 40 samples loaded
per chip, as described below.

Experiments
Sample genotype study

The eight pristine DNA samples of different biogeographic
ancestry, selected for use as single-source and in synthetic
mixtures, were processed using the marker panel that also
includes both STRs and individual SNPs in addition to the
microhaps, and then sequenced on the Ion 521™ chip.

Estimating the number of contributors

An estimate of the minimum number of contributors can be
determined by the number of different alleles observed in an
individual. On the simple assumption that all distinct alleles in
a mixture can be detected, the presence of three alleles at a
locus indicates the contribution of at least two donors, the
presence of five alleles of at least three donors, and so forth.
To assess the potential of the 36-microhap set to estimate the
number of contributors in a forensic mixture, allelic diversity
across the 36 loci was evaluated by two simulation tests. In
particular, the simulations considered all combinations of -
person mixture scenarios (=1 to 6) using genotypes from a
set of 19 African American (AA) individuals (#1 simulation)
and 17 European American (EA) individuals (#2 simulation).
For each number of contributors, randomly chosen individuals
were mixed in silico and then the total number of distinct
alleles was counted.

Mixture studies

Two separate mixture studies (A and B) were designed. In
mixture study A, we used the first MPS marker assay includ-
ing primers for STRs, SNPs, and MHs described above. The
input amount of template DNA used for MPS analysis was
greater than what can be used in PCR for CE where the am-
plification of 5—7 ng of DNA would yield overloaded electro-
pherograms and likely not interpretable results. As a result, no
comparison was made with conventional CE-STR analysis for
these samples. Three separate mixtures of one female to mul-
tiple males were prepared using 4 ng of female DNA and a

total of 0.4 ng of two, three, and four male DNAs correspond-
ing to three, four, and five person mixtures, respectively. In
addition, a six-person mixture was simulated at a ratio of
1:1:1:1:1:1 and included one female and five males. The
three-person mixture was of a Hispanic (HS) female and two
males, one HS, and one African American (AA); the four-
person mixture was of a HS female and three males, one
HS, one AA, and one European American (EA). The five-
person mixture was of a HS female and four males, two
EAs, one HS, and one AA. Finally, the six-person mixture
was composed of one HS female, two HSs, two EAs, and
one AA male (Table 1).

The MPS assay used for mixture study B included only the
36 MHs. A total of two two-person mixtures (4:1 and 20:1)
and one three-person mixture (4:2:1) were amplified with 2 ng
and 0.25 ng of input DNA (Table 2). Sequencing of the mixed
samples from both mixture studies was performed on the
530™ chip. In mixture study A, 24 samples were individually
barcoded and loaded on one chip while in mixture study B, 40
samples were barcoded and loaded on another chip.

Forensic samples

Standard extraction of DNA for the eight crime scene-like
samples was performed using previously described methods
commonly used in forensic laboratories [38, 39]. DNA ex-
tracts were quantified using quantitative real-time PCR with
the Quantifiler® Trio DNA Quantification Kit on the Applied
Biosystems® 7500 Real-Time PCR Systems following the
manufacturer’s instructions. Samples were analyzed with the
automated library preparation process using the panel that
combines 30 STRs plus Amelogenin, 45 SNPs, and 36
MHs, and sequenced all on the same 521™ chip. To compare
the performance to conventional capillary electrophoresis,
AmpFISTR™ Globalfiler® was used on these samples.
PCR products were run on an ABI 3130 Genetic Analyzer
following manufacturer’s instructions.

MPS data analysis

Sequencing results of STR, SNP, and MH loci were analyzed
on the Ion Torrent suite server (version 5.0.2) using the HID
Genotyper plugin (2.0r11562) as well as the defined targets
Globalfiler Mixture ID NGS Panel targets v1.0.bed and
hotspot regions Globalfiler Mixture ID NGS_ Panel
hotspot_v1.0.bed. The plugin is designed to cover all marker
types in the assay, and the default settings were applied to the
analysis. Results were then uploaded to the Applied
Biosystems™ Converge™ Software version 2.0 beta
(Applied Biosystems, Carlsbad, CA) for visualization. The
allele coverage ratio (ACR) of sister alleles, corresponding
to the peak height ratio (PHR) with conventional CE methods,
was calculated by dividing the total number of reads of the
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Table 1 Summary of mixture

study A. F = female sample, M = Mixture Numb. Of Sex Ratio Ancestry Numb. alleles
male sample, in “Ratio” column study A contributors detected
10=4ngand 1=0.1 ng. HS =
Hispanic, AA = African Mix 1 3 F/M/M 10:1:1 HS/HS/AA 117
Amejcan, EA = European Mix 2 4 F/M/M/M/M 10:1:1:1 HS/HS/AA/EA 129
American Mix 3 5 FM/M/M/M 10:1:1:1:1  HS/HS/AA/EA/EA 138

Mix 4 6 FM/MM/MM  1:1:1:1:1:1 HS/HS/HS/AA/EA/EA 148

lower allele read count by the higher allele read count to obtain
a maximum value of 1.0 for an equal number of reads.

Results
Single-source samples

To characterize the sequencing efficiency of the 36 MHs in the
panel including also the STR and SNP amplicons, an average
and standard deviation of the read depth for the single source
samples was calculated and is shown in Fig. 1 (brown line).
The read depth or allele coverage varied across loci with av-
erage allele coverage of 5717 reads +851. The allele coverage
ratio was then determined for sister alleles at each heterozy-
gote MH locus and is also depicted in Fig. 1 (blue line). The
overall average of ACR observed was 0.88 +0.08. The aver-
age read depth and ACRs showed no correlation between the
two metrics, understandably because the allele coverage is
proportional to the redundancy available on the chip and in-
versely proportional to the number of samples pooled in the
run while the ACR should remain unaltered.

Estimating the number of contributors to a mixture

A total of 44,436 mixtures were simulated in this study,
19,401 with EA samples, and 25,035 with the AA samples.
The total number of unique alleles across all markers in the
simulated two- to six-person mixtures was plotted separately

for the European American and African American data
(Fig. 2a, b, respectively). The distributions differ in that
African American individuals displayed, on average, a greater
number of alleles in mixtures with the same number of con-
tributors. For example, focusing on the x-axis one can observe
that each distribution is shifted to higher numbers for the mix-
tures of African American individuals (Fig. 2b) compared to
the mixtures of European American individuals (Fig. 2a). This
agrees with the general observation that African populations
have more genetic variation than non-African populations.

Mixture studies
Mixture study A

In the three-person mixture, 117 individual alleles were de-
tected across the 36 MHs, in the four-person mixture 129
alleles were detected, in the five-person mixture 138 were
detected, and in the six-person mixture 148 alleles were de-
tected (Table 1). The maximum number of alleles detected at a
single MH locus was five for the three-person mixture, six for
both four- and five-person mixtures, and seven for the six-
person mixture.

In the examination of the STR results for mixtures with a
10:1 ratio, it was difficult to distinguish the true alleles from
stutter fragments. If simply counting the number of fragments
identified and defining them as possible alleles, the locus with
the highest number of possible STR alleles in the three-person
mixture had nine (9) fragments detected. In the four- and five-

Table 2 Summary of the results

from mixture study B Mixture Expected total numb. of Total Numb. unique minor Numb. drop out
study B alleles/Minor contributor alleles cont. alleles detected alleles of minor
alleles detected cont.
4:12 ng 85/30 85 30 0
4:1 250 pg 85/30 75 20 10
20:12 ng 85/30 80 25 5
20:1 250 pg  85/30 74 19* 11
4:2:12 ng 108//18%** 108 18
4:2:1 250 pg  108/18%** 105 15 3

*Alleles detected in the noise range, profile likely not suitable for comparison for the minor contributor

**Unique alleles of second (lowest) minor contributor
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Locus Coverage vs. Allele Coverage Ratio
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Fig. 1 Average allele coverage (left axis) and average allele coverage ratio ACR (right axis) with standard deviations for 36 multi-allelic loci in eight

single-source samples

person mixtures, the numbers were 11 and 12, respectively. In
the six-person mixture (1:1:1:1:1:1), given that there is an
equal amount of genomic DNA for each contributor (1 ng)
and all true alleles should have similar peak heights for com-
parable genotypes, most stutter peaks are distinguishable from
true alleles and the greatest number of true alleles detected at a
locus was nine (9). Figure 3 shows an example of the STR
profile obtained at D12S391 where 11 potential alleles are
present in the four-person mixture where the maximum num-
ber of possible alleles is eight (8).

Figure 4 shows the profiles at three microhap loci co-
amplified and sequenced with the STRs for the same four-
person mixture described in Fig. 3. The first locus,
mh18KK-293 (using suggested nomenclature [40]), displays
only three alleles with an ACR consistent with at least two
contributors; mh13KK-213 shows five alleles consistent with
at least three individuals; mhO5KK-170 shows six alleles with
an ACR consistent with at least three individuals and probably
four assuming the major contributor was homozygous for al-
lele “CAGA”. Since alleles at these loci were detected in the
same mixture, we can conclude that at least three, and more
probably four individuals are included in the mixture.

Mixture study B

The panel used for mixture study B targeted only the 36 MH
loci, and the results are summarized in Table 2. In the two-
person mixtures, at the 4:1 ratio with 2 ng of input DNA all the
alleles of the minor contributor were detected while with
250 pg a total of 10 alleles of the minor were undetected. At
the 20:1 ratio, when the total amount of DNA was 2 ng, five

alleles of the minor dropped out. When the input was
lowered to 250 pg, 19 of the 30 unique alleles of the minor
were detected but with a level of coverage that was in the
noise range, thus likely not suitable for comparison if in-
terpretation thresholds were available. In the three-person
mixture (4:2:1), when the input was 2 ng, all the 108 pos-
sible alleles were detected while when the input was
lowered to 250 pg three alleles of the second (lowest) mi-
nor contributor were undetected.

Forensic samples

In this small sample set, overall MH MPS analysis shows a
greater sensitivity than that of both CE and MPS STRs. An
example of the added value offered by MHs in combina-
tion with STRs is illustrated by the results obtained from
one of the three cigarette butts tested in this study. The CE
STR profile obtained was consistent with a single-source
profile with the exception of a single locus displaying three
peaks where the lowest of the three peaks was in a stutter
position yet above the stutter threshold (Fig. 5). The profile
could be classified as a mixture of at least two individuals,
but the minor contributor would likely be considered un-
suitable for comparison. The MPS STR results of the same
sample, amplified with the same amount of extract, indi-
cated the presence of (at least) a second contributor at 10 of
the loci (Fig. 6a). A thorough validation study of MPS STR
data has not yet been performed, and stutter thresholds
have not been defined. Thus, only fragments that were
not in n-4 stutter position were considered suitable for
comparison relative to the minor contributor. If stutter
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a Simulated Microhap Mixture Profiles
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Fig. 2 Frequency of number of alleles counted in simulated n-person
mixtures (n=1 to 6) using profiles of (a) 17 European American (EA)
and (b) 19 African American (AA) individuals. The x-axis represents the
number of alleles identified in the various mixtures while the y-axis
shows the frequency of that number in the totality of the n-person mix-
tures. The total number of mixtures simulated with EA samples was
19,401 (17 N=1, 136 N=2, 680 N=3, 2380 N=4, 6188 N=5, and
10,000 N =6) while the total number of mixtures simulated with AA
samples was 25,035 (19 N=1, 171 N=2, 969 N=3, 3876 N=4,
10,000 N=5, and 10,000 N=6)

thresholds were available, fragments in stutter positions
could potentially be classified as alleles for at least three
loci. When analyzing the results from MPS of MHs, more
than two alleles were observed in 27 out of 36 loci. Only
21 out of the 27 loci were considered suitable for compar-
ison relative to the minor contributor. The remaining six
loci were considered inconclusive also due to the absence
of a comprehensive validation study, and derived ACR, to
enable the assignment of two alleles to the same contribu-
tor. Figure 6b shows six representative MHs with three or
four alleles. As a proof of concept, a random match prob-
ability (RMP) was calculated for the 21 MHs using
PHASE allele frequencies reported in [21, 23]. Again, no
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stochastic threshold exists because no thorough validation
study has yet been done. Consequently, when a single al-
lele from the minor contributor was present, the conserva-
tive “2p” rule approach [42] was used to calculate the
RMP. If both alleles of the minor contributor were detect-
ed, the 2pq rule was applied. The random match probabil-
ity calculated from the MPS STR profile resulted in a fre-
quency of the profile in the millionths range (10~7) while
that calculated from the MH data was in the quadrillionths
range (10 '®). Provided that absence of linkage disequilib-
rium between MH and STR loci is confirmed, the two
values can then be multiplied to increase even further the
power of discrimination.

Discussion

The purpose of this study was to demonstrate practically what
was previously only postulated, i.e., that massively parallel
sequencing of microhaplotypes can aid human identification
practices when dealing with mixtures. The efficacy of MH
sequencing in a multiplex panel also containing STRs (and
SNPs) was also evaluated. Variation in coverage was observed
across loci, but the average ACR between sister alleles within a
locus was relatively unaffected by the overall locus coverage.
The ACR parameter is equivalent to the peak height ratio of
conventional CE STR analysis and is important in mixture
deconvolution to determine whether two alleles could have
originated from the same contributor. The average ACR across
all loci was 0.88 £0.08, with all but one of the heterozygous
loci ranging between 0.64 and 0.9874. More data are needed to
globally evaluate the performance of MHs within and across
populations, and, as for STR analysis, it is likely that SNPs
located in primer binding sites will cause allele drop-out or
preferential amplification of certain alleles in some individuals.

One of the advantages of MPS is the ability to load in the
PCR reaction a higher input amount of DNA than with the
conventional direct fluorescent PCR-to-CE detection approach.
Increasing the input DNA allows higher MPS coverage of all
alleles in a mixture potentially raising the read depth of the
minor contributions to values exceeding any stochastic thresh-
old. The loading of 5.6 ng of genomic DNA at a 10:1:1:1:1
mixture ratio in a fluorescent PCR reaction coupled with CE
detection would overload the system and generate a very noisy
and challenging electropherogram to interpret. Conversely,
loading a total of 1 ng of the same mixture would mean adding
approximately 70 pg of each minor contributor, which could
result in allele(s)/loci dropout for minor contributors.

An advantage of MHs, compared to STRs, is the absence of
polymerase slippage during the amplification of tandem re-
peats that causes the generation of stutter peaks. The latter
adds an undesirable level of complexity to the interpretation
of imbalanced mixtures for both the determination of the
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Fig. 3 Output table (above) from

Allele Status Coverage  Sequence
the software Converge for locus
D12S391 of the four-person 14 STUTTER 560 [AGAT]7 [AGAC]6 [AGAT]1
mixture (1.()f L1 1.)' Fragments in 23 [ EEE [AGAT]14 [AGAC]S [AGAT]1
stutter position with coverage
below the default stutter threshold 15 [ EeE [AGAT]8 [AGAC]6 [AGAT]1
are classified as stutter (light

I 17 R 2 [AGAT]10 [AGAC]6 [AGAT]1

green) although a validation study
to define the correct threshold has 18 STUTTER 1236 [AGAT]10 [AGAC]7 [AGAT]1
yet to be conducted. The output
plot below shows a different way 14 STUTTER 208 [AGAT]8 [AGAC]S [AGAT]1
in which Converge can display 19 R ot [AGAT]11 [AGAC]7 [AGAT]1
the data. The plot mimics a
conventional STR 21 [ W [AGAT]13 [AGAC]8
electropherogram with the 21 [ MRS [AGAT]13 [AGAC]7 [AGAT]1
coverage (like RFU) on the y-axis
and the allele call on the x-axis 21 . 72 [AGAT]14 [AGACI6 [AGATIN
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number of contributors and deconvolution of a mixture. As
microhaps are single base pair sequence variations in single-
copy sequences lacking tandem repeat motifs, the molecular
basis of stutter is absent, thus making stutter irrelevant.
Moreover, all the alleles of a locus have the same amplicon
length, which eliminates the issue of preferential amplifi-
cation of smaller alleles within a locus, as commonly oc-
curs with STRs. This is particularly critical in imbalanced
mixtures where stutter fragments cannot be distinguished
from true alleles of the minor contributor. Additionally,
these new markers have a mutation rate that is several
orders of magnitude lower than that of STRs making them
also more effective for relationship testing in civil, crimi-
nal, and missing person cases [17].

When evaluating the results from the simulation study
aimed at predicting the number of contributors, based on the
total number of individual alleles detected in the sample, the
differences obtained in the allele distribution from EA vs. AA
are not surprising. In fact, African populations (hence, African
Americans) have higher levels of polymorphism than non-
African populations, as documented in multiple studies [43,
44]. In fact, the total number of individual allele counts in each
mixture aligns better with the mixture simulation plots gener-
ated from AA allele frequencies, (Fig. 2b), than those gener-
ated from EA allele frequencies (Fig. 2a). For example, the
four-person mixture composed of two HIS individuals, one

AA and one EA, yielded 129 individual allele counts. The
distribution of individual allele counts in the simulation plots
for four-person mixtures ranged from 110 to 135 in the EA
population and from 115 to 144 in the AA population.
Although this is just one example, the 129 individual allele
counts fit better with the latter distribution. These data suggest
that counts of total unique alleles seen in a mixture can be a
helpful approach to predict the number of contributors in a
mixture. However, the prediction model depends on the bio-
geographic ancestry of contributors because the diversity of
alleles seen in the populations of the contributors will be pos-
itively correlated with the number of unique alleles seen in a
mixture. Another important parameter to consider is the qual-
ity of the sample being tested and whether or not allele drop-
out is expected due to low template of one or more contribu-
tors and/or degradation/inhibition issues.

The data generated in this study for the synthetic mixtures
and forensic samples support the assumption that
microhaplotype profiling can aid mixture deconvolution. For
example, in the same four-person mixture (10:1:1:1) men-
tioned above, the maximum number of alleles per locus de-
tected in MHs was six with an ACR consistent with at least
four contributors. In the forensic sample, CE of STRs resulted
in a mixture in which the results for the minor contributor
would have been considered not suitable for comparison.
For the same mixture, MHs showed three or more alleles at
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Fig. 4 Converge output plot for
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Fig. 5 CE-STR profile of extract from cigarette amplified with AmpFISTR™ Globalfiler® Kit [41]. The profile is classified as a DNA mixture solely
due to locus vVWA where allele 17 in stutter position of allele 18 displays a RFU value above the stutter threshold
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27 loci. The RMP of the inferred minor contributor was cal-
culated using data from 21 out of the 27 loci, those with one or
two alleles unambiguously originating from the minor con-
tributor. Results indicated that the probability of randomly
selecting an individual with the same MH profile in the
European American population is lower than one in over three
quintillions. Such value is in line with a full STR profile ob-
tained with conventional commercial kits and would allow for
unambiguous source attribution.

When directly comparing CE of STR and MPS of MH
markers, MPS analysis, both with STRs and MHs, yielded a
greater number of alleles per locus suggesting an increased
sensitivity for detecting minor contributors in mixtures. This
increased sensitivity could allow interpretable profiles to be
obtained from previously tested evidence samples that had
yielded mixed profiles interpretable for the minor contributor.

Since a large number of loci can be co-amplified in a single
MPS analysis, manual mixture interpretation becomes im-
practical. As a result, probabilistic genotyping is a valuable
bio-statistical approach for minimizing the subjectivity in the
interpretative analysis and will likely play a critical role for
casework implementation of this new forensic DNA marker.

Results of this study demonstrate that MHs have the poten-
tial to be an effective tool to enhance current DNA-based
methods for human identification. As more studies provide
even more documentation on MHs and their value in foren-
sics, we expect that their implementation in casework will
follow.

Future studies

Within this study, we have demonstrated that simple inspection
of MPS results of microhaplotypes can provide useful infor-
mation on the different components of a DNA mixture. This
supports empirically the original argument [19] that multi-
allelic microhaplotypes would be effective in mixture detection
and deconvolution. What is now needed is a more rigorous
statistical framework for evaluating the likelihood of the
multi-locus genotypes disentangled from a mixture. The prob-
abilistic genotyping methods being used for STRs [5] can be
adapted for the analysis of microhaplotype data, and the ab-
sence of stutter peaks may enable straightforward calculations
that yield a meaningfully better interpretation of mixtures.
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