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A B S T R A C T

There is growing evidence that the histone–DNA complexes found in nucleosomes offer protection from

DNA degradation processes, including apoptotic events in addition to bacterial and environmental

degradation. We sought to locate human nucleosome regions and build a catalogue of SNPs sited near the

middle of these genomic segments that could be combined into a single PCR multiplex specifically for use

with extremely degraded human genomic DNA samples. Using recently optimized bio-informatics tools

for the reliable identification of nucleosome sites based on sequence motifs and their positions relative to

known promoters, 1395 candidate loci were collected to construct an 18-plex single base extension

assay. Genotyping performance of the nucleosome SNPs was tested using artificially degraded DNA and

24 casework samples where the likely state of degradation of DNA was established by comparison to

profile completeness in four other forensic assays: a standard 15-plex STR identification test, a

miniaturized STR multiplex and two autosomal SNP multiplexes. The nucleosome SNP assay gave

genotyping success rates 6% higher than the best existing forensic SNP assay: the SNPforID Auto-2 29-

plex and significantly higher than the mini-STR assay. The nucleosome SNPs we located and combined

therefore provide a new type of marker set that can be used to supplement existing approaches when the

analysed DNA is likely to be extremely degraded and may fail to give sufficient STR genotypes for a

reliable identification.

� 2011 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Highly degraded DNA presents a major challenge to the
standard identification markers available for forensic analyses;
though shortening the amplified fragments generated in PCR
markedly improves genotyping success. The rate of DNA degrada-
tion is accelerated by the effect of environmental factors including
temperature, humidity, ultraviolet radiation, pH, presence of
microorganisms and the localized geochemical properties of the
soil [1]. All these factors have a greater bearing on the condition of
DNA than the time since deposition or death [2,3]. Chemical
reactions affecting DNA stability and consequently PCR efficiency,
can be categorized into three groups: hydrolysis leading to base
loss [4], oxidation leading to base modification [5] and single/
double strand breakage [6]. Post mortem, a corpse is subject to the
action of a range of bacterial enzymes originating from the gastro-
intestinal tract and from the immediate environment. The
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principal catalytic activity of bacterial enzymes is to cleave DNA
to generate a pool of small oligonucleotides where average
fragment sizes and their range of �80–200 base pairs (bp) fall
within most forensic markers’ inter-primer lengths and therefore
compromise PCR amplification efficiency. Short Tandem Repeats
(STRs) represent the first-choice markers for forensic identification
due in large part to their high discrimination power [7,8]. However
STR analysis of highly degraded samples is often inadequate in
terms of profile completeness and this compromises the discrimi-
nation power that can be expected from genotyping of these
markers alone [9,10]. The need to decrease amplicon sizes to the
smallest possible amplifiable fragments has led to the develop-
ment of several alternative marker sets specifically aimed at
analyzing highly degraded DNA. These include: mini-STRs [11,12],
indels (insertion/deletion polymorphisms) [13] and single nucleo-
tide polymorphism (SNPs) [14–16]. SNPs offer ideal candidate loci
for typing degraded DNA due to their simplified binary polymor-
phisms that allow large-scale multiplexing as well as their obvious
potential for designing PCR amplicon sizes in a feasible range of
50–120 bp. SNPs have several additional advantageous character-
istics: they are highly abundant in all regions of the human genome

http://dx.doi.org/10.1016/j.fsigen.2011.07.010
mailto:c.phillips@mac.com
http://www.sciencedirect.com/science/journal/18724973
http://dx.doi.org/10.1016/j.fsigen.2011.07.010
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and well characterized [17,18] - making multiplex development
easier; their low mutation rate of 10�8 compared with 10�3 for
STRs makes them informative and reliable supplements in
relationship testing [19] and; they are adaptable to analysis using
high throughput technologies [20].

Apoptosis or programmed cell death is a natural process
involving a form of cell death in an active and controlled manner
that deletes unwanted cells. Although the apoptotic process is
complex it has been extensively studied and described [21]. Cells
undergoing apoptosis show typical, well-defined morphological
and biochemical changes [22,23]. Recently, it has become
apparent that cellular necrosis is as equally controlled and
programmed as apoptosis. Necrotic cell death is not the result of
one signaling cascade but the consequence of extensive crosstalk
between several biochemical and molecular events at different
cellular levels [24]. The condensation of nuclei, in addition to the
cleavage of chromosomal DNA, is one of the major indicators of
apoptosis [25]. DNA in apoptotic cells is specifically targeted and
degraded, resulting in a ladder of multiple fragments in �200 bp
steps. This ladder is a consequence of the digestion of chromatin
by an endogenous endonuclease that targets the linker DNA
between portions of the nucleosome [26]. The nucleosome is the
basic structural unit of eukaryotic chromatin [27] comprising
a repeating unit of eight histone molecules and approximately
200 nucleotides [28]. Detailed X-ray crystallography has refined
this structural detail to further describe the nucleosome core
particle as 146 bp of DNA wrapped around a histone octamer
(two dimers H2A–H2B and a tetramer H3–H4) in 1.65 turns of a
flat, left-handed superhelix [29]. In apoptotic cells DNA
sequences interacting with histones escape enzymatic cleavage,
therefore it has been widely suggested that this interaction has
a protective effect localized at nucleosome positions and
described as the theory of nucleosome protection. It can also
be inferred that the same effect is likely to occur in cells
undergoing necrosis.

The protective effect of histone–DNA interactions sited in
nucleosomes provided the core basis for the study we report here,
which sought to locate, characterize and combine SNPs sited in
nucleosomic regions - identified as such with a high probability.
Identification and cataloguing of nucleosome sited SNPs then
enabled us to create a new multiplex of SNPs for forensic
identification that was likely to benefit from greater resistance
to degradation as well as from very short amplicons. The developed
multiplex comprises 18 autosomal SNPs from nucleosomic regions
genotyped in a single-tube assay followed by a mini-sequencing
reaction based on SNaPshotTM primer extension. A comparison of
performance typing highly degraded DNA was made between the
nucleosome–SNP multiplex and other core forensic marker sets
that included: AmpF‘STR IdentifilerTM, mini-STRs of AmpF‘STR1

MiniFilerTM and the autosomal identification SNP (ID-SNP) sets of
SNPforID [14] using both artificially degraded DNA and real
casework samples.

2. Material and methods

2.1. Samples, DNA extraction and quantification

A total of 27 artificially degraded exonuclease treated samples
were made comprising three donors incubated for nine time
intervals. Prior to enzymatic degradation the control samples were
typed with each multiplex. At each time point the exonuclease was
inactivated then DNA concentrations were determined using the
QuantifilerTM Human DNA Quantification Kit with the AB 7300
real-time PCR systems (Applied Biosystems: AB).

To assess the sensitivity of the nucleosome SNP multiplex, serial
dilutions were made of control DNA from a single donor individual
in duplicate in a dilution series to give: 10 ng/ml, 5, 2.5, 1.25 and
625 pg/ml, 312, 156, 78, 36 and 18.

Twenty-four casework samples were assessed across all
genotyping systems appropriate for challenging DNA typing. Cases
comprised: eight post-mortem muscle portions; nine telogen hairs,
mainly short fragments; DNA from four toothbrushes; one razor
blade; one cigarette butt and; one contact lens. Casework samples
were chosen initially on the basis of the observed Identifiler STR
profile quality. Some additional regard was made to the quantifica-
tions obtained and the normal expectations for certain samples such
as toothbrushes that usually can be expected to provide good results,
but in the chosen cases did not. Overall, a wide range of casework
material was originally examined before selecting appropriate test
samples. Degraded DNA controls were extracted with the QIAamp
DNA Micro Kit (Qiagen), and casework samples with the Qiagen EZ-1
robot and EZ-1 DNA Investigator kit, while 5 of 9 hairs were
extracted by standard Chelex bead protocols. In all cases negative
controls were extracted in parallel. Three separate amplifications
were made of each sample with each multiplex apart from the hairs
(single analyses due to shortage of target DNA) and typing with
Identifiler (single initial analysis). Genotyping performance was
assessed by recording locus dropout rates and allele dropout rates
(the latter by reference to the consensus genotypes from three runs).
At the time of the casework tests SNP set Auto-1 comprised 20 of 23
SNPs (markers rs1886510, rs722098 and rs2016276 gave inconsis-
tent results with a range of positive controls so were excluded) and
Auto-2 comprised 28/29 SNPs (SNP rs1024116 excluded). Analytical
thresholds for STRs were 50 RFU while no heterozygote peaks were
imbalanced beyond a 60% limit. For SNP typing standard blue:-
green:yellow/red peak height ratios of 4:2:1:1 were used to detect
and assign SNP alleles [14]. We recorded the locus and allele dropout
rates for each component marker and these were used to gauge
individual performance of markers then make a collective assess-
ment of each multiplex across 24 typical cases representative of
challenging DNA.

2.2. Location of potential nucleosomic regions in human promoter

sequences

From a set of 465 promoter regions that presented 3 or more
well positioned nucleosomes in at least four different cell types
[30], human promoter sequences were obtained by using the Homo

sapiens Promoter Database [31]. Potential nucleosomic regions
were recognized by using the bioinformatics software RECON [32–
34]: a program designed for constructing profiles of nucleosome
forming potential in the human genome by characterizing the
probability of nucleosome formation along the DNA sequence
analysed. From sequence searches spanning 1500 bp segments at
each promoter region locations corresponding to the three highest
nucleosome forming probabilities in any one region were selected
as potential nucleosomic sites.

2.3. SNP selection

The NCBI dbSNP database was used to locate and scrutinize SNPs
positioned within the selected nucleosomic regions [35]. Selection
criteria for ideal forensic candidate SNPs comprised: location inside
a potential nucleosomic region with preference given to closest
proximity to the middle of the nucleosome; a lower limit of
heterozygosity of 0.2 in at least two of the three major population
groups of Africa, Europe and East Asia; proper validation status and,
as a set, a broad genomic distribution that did not position
candidates too closely to previous identification SNP or STR
locations. With these criteria applied, twenty nucleosomic SNPs
were selected to create a working developmental multiplex to study
genotyping performance with highly degraded DNA.
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2.4. Development of PCR and extension primers

PCR and extension (SBE) primer design used Primer 3 software
[36] and NetPrimer [37] following the guidelines from Sanchez and
Endicott [38]. The amplicon lengths ranged between 56 and 118 bp
and the theoretical melting temperature (Tm) around 60 8C � 2 8C
(SNP rs6763138 was the only Tm outlier with a predicted melting
temperature of 62.7 8C). Primers were checked for primer–dimer
formation and hairpin structures using Autodimer [39]. Supplemen-
tary Table S1 shows the sequences and the ratio of concentrations of
the amplification primers in the final multiplex PCR. The lengths of
the SBE primers ranged between 17 and 76 nucleotides and specific
lengths were tailored using poly-CT tails. Supplementary Table S1
lists the sequences and the ratio of concentrations of the SBE primers
in the extension reaction.

2.5. PCR conditions and purification of PCR products

PCR optimization was carried out following the guidelines
proposed by Sanchez and Endicott [38] plus those of Henegariu et
al. [40]. PCR amplification conditions were: 2 ml of DNA (1–10 ng/
ml DNA) in a 9.8 ml reaction volume containing 1.25 ml of 10� PCR
buffer without MgCl2, 1.25 ml of 1.6 mg/ml bovine serum albumin,
3.25 ml 25 mM MgCl2, 0.875 ml of 10 mM dNTPs, 0.2 ml of 5 U
AmpliTaq Gold1 (all AB), and 3 ml of the PCR primer mix.
Amplification was performed in an AB GeneAmp1 9700 thermal
cycler with the following cycle program: denaturation at 95 8C for
10 min followed by 35 cycles of 95 8C for 30 s, 61 8C for 50 s, 65 8C
for 30 s, then a final extension at 65 8C for 6 min. Excess primers
and dNTPs were removed by adding 1 ml ExoSAP-IT (1 U/ml
Exonuclease I and Shrimp Alkaline Phosphatase, GE Healthcare) to
2.5 ml PCR product and incubation at 37 8C for 45 min and 85 8C for
15 min.

2.6. Single base extension and SNP allele detection

Single base extension reactions were performed in a final
volume of 6 ml containing 2.5 ml of SNaPshotTM reaction mix (AB),
1.5 ml of SBE primer mix and 2 ml of purified PCR product. The SBE
primer mix was diluted in 160 mM ammonium sulphate to avoid
non-specific hybridizations amongst the primers. The SBE reaction
was performed in an AB 9700 thermal cycler with the following
cycle program: 30 cycles of 96 8C for 10 s, 55 8C for 5 s and 60 8C for
30 s. Excess nucleotides were removed by addition of 1 ml SAP
(1 U/ml Shrimp Alkaline Phosphatase, GE Healthcare) to the total
volume of the extension products and incubation at 37 8C for
80 min and 85 8C for 15 min.

A combination of 3 ml of sample, 9.5 ml LIZ 120 size standard
plus HiDi formamide at a ratio of 1:33.3 (both AB) was analysed by
capillary electrophoresis using an AB 3130 Genetic Analyzer with
POP4 or POP6 polymer and analysed with GeneMapper v4.0. Pre-
defined size windows for each allele were determined from prior
analysis of a minimum of 20 samples for both polymers.

2.7. Preparation of artificially degraded DNA

The protocol of Timken et al. [41] was modified to create a
series of progressively increasing levels of degraded DNA in a set of
control samples. Firstly 200 ml of deionized sterile water was
added to 75 ml of whole blood samples from three individuals and
kept overnight at room temperature. Then 234 ml of the resulting
cell lysates were taken and combined with 26 ml of reaction buffer
(400 mM Tris–HCl pH 8, 100 mM MgSO4 and 10 mM CaCl2).
Aliquots of 30 ml were made and 5.6 ml of 0.1 U/ml micrococcal
nuclease (MNase, GE Healthcare) added. This enzyme specifically
targets regions of DNA linkers and is therefore able to cleave DNA
segments between nucleosomes. Samples were removed from
incubation at room temperature at intervals: 3 h, 10 h, 24 h, 3 days,
7 days, 2 weeks, 9 weeks, 4 months and 7 months. MNase activity
was quenched by adding 6 ml of 20 mM EDTA and heating at 85 8C
for 15 min. After quenching to inactivate the exonuclease, samples
were run on standard agarose check gels to confirm a smoothly
graded smear of multiple sized fragments had been achieved in
each case.

2.8. Autosomal STR and alternative ID-SNP genotyping

Standard protocols were followed to type the core STR sets of
AmpF‘STR1 IdentifilerTM and AmpF‘STR1 MiniFilerTM (AB). The 52
SNPforID autosomal ID-SNPs were typed following the protocols
for a combined 23 SNP set (herein Auto-1) and 29 SNP set (herein
Auto-2) amplified in a single initial 52-plex PCR followed by two
tandem extension reactions as outlined by Sanchez et al. [14].
Previously we did not record significant performance differences
between a single PCR compared to a split 23-plex and 29-plex PCR
[15,42]. Therefore we decided to amplify 52 SNPs in one PCR as this
most closely matches the approach dictated by scarcity of
casework material where input of a small extract volume to a
single amplification is better than dividing the extract across two
reactions.

2.9. Forensic statistical informativeness metrics

Cumulative random match probabilities and discrimination
indices were calculated using in-house calculators for each SNP
combination based on complete genotype profiles obtained from
1000 Genomes SNP data (Phase I interim data release, December
2010) of 90 Europeans (CEU), 78 Africans (YRI) and 68 East Asians
(CHB). Nucleosome SNP: rs2316213 does not have genotype data
in 1000 Genomes so HapMap data from the same populations was
used.

3. Results

3.1. Final selection of nucleosome SNPs and development of an

optimized multiplex

A total of 465 promoter regions each with 3 potential
nucleosomic sites were screened for SNP content. From the
resulting catalogue of 1395 candidate SNPs twenty loci matched
the strict criteria used for marker selection. All candidate loci were
successfully amplified in singleplex PCR to allow checks for single
product peaks corresponding to predicted sizes and to ensure an
absence of artefact peaks and self-extension prior to multiplex
optimization. Two candidate SNPs: rs2277121 and rs2071457
were removed from the multiplex reaction due to repeated failure
to amplify efficiently in combination with the others. Fig. 1 shows
an example of the resulting optimized 18-plex nucleosome SNP
typing assay.

Allele frequencies for the 18 nucleosome SNPs are shown in
Fig. 2 based on 1000 Genomes genotype data for African, European
and East Asian populations, with a single marker not characterized
in this database: rs2316213, based on HapMap data.

3.2. Sensitivity of nucleosome SNP multiplex

All samples in the dilution series down to an estimated DNA
concentration of 78 pg/ml gave full profiles for the nucleosome
assay while the lowest concentrations of 36 and 18 pg/ml showed
allele dropout (6/36 and 14/36 = 16.7% and 38.9% respectively) and
to a lesser extent, allele dropin (1/36 and 3/36 = 2.8% and 8.3%
respectively).



Fig. 1. Typical SNaPshotTM electropherogram of the nucleosome SNP multiplex typing 1 ng of DNA. Missing peak positions are marked as coloured size panels with vertical rs-

number SNP identifiers superimposed.
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3.3. Typing performance of artificially degraded DNA amongst marker

sets

Artificially degraded microccocal nuclease treated samples
from three individuals were amplified with standard marker
choices for degraded DNA: IdentifilerTM; MiniFilerTM; and;
SNPforID Auto1/2, and compared to the nucleosome SNP multi-
plex. Since these represent a range of marker numbers, from 8 to
52, it was important to arrange a suitable framework for
comparing performance that took account of overall success per
Fig. 2. Allele frequency distributions in three population groups, collected from combined

Ibadan, Nigeria; Europeans: Finnish in Finland, British in England and Scotland, CEPH U

Chinese in Beijing, Han from Southern China and Japanese in Tokyo. The pie-charts of rs

1000 genomes data, taken from HapMap equivalent populations.
multiplex as well as differences that could occur between the three
DNA samples used for assessment of sensitivity to degradation. We
decided to create heatmap plots based on the proportion of locus
dropout observed in each case. This same method of assessment
could then be extended to measuring performance with casework
material, since a common problem in such comparative frame-
works is to properly gauge the actual degree of degradation of the
target DNA obtained from a casework sample of uncertain history.
If the summary dropout rate is measured – i.e. across all genotype
assays used – the casework DNA quality can then be ranked in the
 population data of 1000 Genomes, Africans: Luhya in Webuye, Kenya and Yoruba in

tah residents with N & W European ancestry and Toscans in Italy; East Asians: Han

2316213 marked with a grey box represent data collected for a single SNP without



Fig. 3. Heatmap representations of genotyping success using five multiplexes. (A) MNase degraded controls arranged by donor and in decreasing incubation time left to right.

52-plex describes the normal SNP numbers of the combined Auto1/2 PCR and does not equate to the 20 + 28 SNP data shown. (B) 24 casework samples arranged in descending

order of likely state of degradation in the extracted DNA from worst: least successful genotyping, most degraded DNA on the left, and best: most successful, least degraded on

the right. Locus dropout rates compared in the top chart, allele and locus dropout rates combined in the bottom chart.
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same way, in an order that properly reflects likely DNA quality:
from most severely degraded to least degraded. For simplicity, the
amelogenin component of IdentifilerTM and MiniFilerTM was not
included in success counts. Once a suitable ranked order for the
degree of degradation is established, comparisons between
alternative genotyping approaches are both more accurate and
better reflect the final genotype information that could be
obtained. However typing performance measured in this way still
only represents total loci successfully typed, not information per
locus. This latter characteristic is a common problem when
comparing the total number of binary SNPs successfully typed with
the total multi-locus STRs typed. Therefore for assessment of
casework DNA we applied a simple guideline of information
content for ‘SNPs per STR’ in forensic identification use suggested
by Charles Brenner [43]. For identification (not paternity)
applications this equates to a SNP to STR ratio of approximately
2.5 to 1, assuming perfect 0.5:0.5 allele frequency SNPs, therefore a
partial profile of five SNPs would be roughly twice as informative
as a partial profile of one STR.
Fig. 3A shows the heatmap genotyping summary indicating the
enzymatic effect of microccocal nuclease, ordered by time of
degradation. Each column represents a time period of nuclease
incubation, arranged in three samples sets. The colours are skewed
into cold blue-green for high dropout and hot orange-red for low or
zero locus dropout. Rows have been arranged in descending order
of multiplex performance such that a trend of blue lower left to red
upper right is discernable. The order of marker sets being:
nucleosome SNP multiplex, 29-plex Auto-2, 23-plex Auto-1,
MiniFilerTM and IdentifilerTM. Better performance is observed for
the nucleosome SNP multiplex while the first markers to fail are
STRs. The performance of Auto-1 and Auto-2 SNPs can be
interpreted as comparable, though previous experience suggests
that Auto-2 performs slightly better when typing degraded DNA
than Auto-1, so this same order of multiplex sets was kept for
arranging casework genotyping success. Some difference is also
discernable between DNA donors: sample 1 is more affected by
enzymatic cleavage while sample 3 is more resistant. This could be
interpreted as indicating some variation in resistance to DNA
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degradation exists between individuals, although qualitative
differences between the three blood samples cannot be ruled out.

3.4. Typing of degraded DNA in casework samples

Genotyping success from the analysis of the 24 degraded
casework samples are summarized in Fig. 3B using the same blue
to red heat-map approach outlined in Section 3.3 to denote a
ranked order of overall success, with the underlying data
summarized in the top half of Table 1. All amplifications apart
from those made from hair samples were triplicated, so as well as
locus dropouts, allele dropouts could be detected by comparison to
reference and consensus genotypes. We recorded overall allele and
locus dropout rates per case and per multiplex and used these
values to establish an order of likely state of degradation in the
casework DNA comparable to the trends shown in Fig. 3A.
Therefore both Fig. 3A and B show a more strongly differentiated
overall success rate discernable in the nucleosome SNPs and Auto-
2 – particularly in the most degraded casework DNA analyses on
the left of Fig. 3B. All SNP multiplexes demonstrate greater success
than use of MiniFilerTM while this shortened-amplicon STR set
offers better chances of success than the comparable conventional
STR multiplex of IdentifilerTM. This applies across a broad range of
likely states of degradation, as summarized by the average
percentage of markers successfully typed in each multiplex,
shown on the right of Table 1, in descending order: nucleosome
SNPs 87%; Auto-2 81.4%; Auto-1 73.8%; MiniFilerTM 63.3%.

In order to gauge individual component SNP performance each
marker was assessed for total number of allele and locus dropouts
across the 24 casework analyses. The ranked locus dropout rates
for each short amplicon marker set are shown in Fig. 4 with allele
dropout rates (for the same order of component loci) in the
inverted plot below. The underlying data for the plots of Fig. 4 is
given in Supplementary Data Table S2. Fig. 4 indicates that locus
dropout rates vary much more than allele dropout rates and are
almost one order of magnitude higher for the worse performing
loci. There were also differences in performance amongst the SNP
sets. Nucleosome SNPs have an average dropout rate of 7%: half the
14% of Auto-2 and a third of the 18.7% of Auto-1. Outlier SNPs with
higher than average dropout rates are evident in all SNP sets on the
left-most side of the ranked SNP lists underneath the plot. These
indicate rs2665846 and rs11623866 of nucleosomes; rs1357617,
rs719366 and rs917118 of Auto 1 and; rs914165 of Auto 2 fail most
readily when typing very degraded DNA. Since these values are
averaged across 24 challenging casework samples they provide
indications of the component markers most likely to fail when
typing highly degraded DNA.

One important qualification that should be made here is that,
since this study was made, STR kit formulations have changed to
incorporate miniaturized amplicon primer sets and anti-inhibition
components. This will improve the performance of standard
forensic identification loci in such cases. However SNP analysis is
likely to remain a realistic option for cases with extremely
degraded DNA where all genotypes obtained provide valuable data
to help achieve an unequivocal identification of the contributor.

As well as demonstrating a trend in overall success between
marker sets we summarized the forensic identification informa-
tion content that can be expected from each multiplex using the
2.5 SNPs-per-STR ratio. The information provided by any one result
as ‘STR equivalents’ is shown in the lower half of Table 1. The
average ‘STR equivalent’ values across all casework results are also
shown and despite the range of DNA quality amongst cases, these
average values best summarize the final discrimination power
from an average case profile that could be expected when opting
for a particular multiplex strategy. Here the 29 loci of Auto-2
provides the obvious best combination of information and success,



Fig. 4. Locus and allele dropout rates from 24 casework analyses showing individual performance of component markers of the four short amplicon sets. Markers are listed

below both charts ordered by locus dropout. For reference the amplified fragment sizes of the SNP components are charted above the dropout plots indicating there is no

correlation between amplicon size and dropout rates in the three SNP multiplexes.

Table 2
Summary forensic informativeness parameters for three SNP sets and two multiplex combinations (plus Identifiler STRs) in ascending order of total marker numbers and

discrimination power using allele frequency data from three 1000 Genomes population groups. Dp, discrimination index; RMP, random match probability.

SNP No. Multiplex Dp Dp expressed as ‘1 in value’ RMP

AFRICAN allele frequencies

18 Nucleosome SNPs 5.E+05 490,983 2.0367E�06

23 Auto-1 1.E+07 14,180,796 7.0517E�08

29 Auto-2 4.E+08 400,412,938 2.4974E�09

40 Auto-2 + NUC 3.E+12 2,674,293,233,100 3.7393E�13

52 52plex 6.E+15 5,678,174,350,263,740 1.7611E�16

69 All SNPs 1.E+21 1,070,821,611,188,000,000,000 9.3386E�22

Identifiler 2.E+17 216,991,347,078,572,000 4.6084E�18

EUROPEAN allele frequencies

18 Nucleosome SNPs 3.E+06 2,552,449 3.9178E�07

23 Auto-1 7.E+08 666,346,741 1.5007E�09

29 Auto-2 3.E+11 264,735,495,225 3.7773E�12

40 Auto-2 + NUC 7.E+14 684,558,302,797,446 1.4608E�15

52 52plex 2.E+20 176,405,634,544,315,000,000 5.6687E�21

69 All SNPs 2.E+26 181,226,881,301,332,000,000,000,000 5.5179E�27

Identifiler 9.E+16 94,564,025,650,079,600 1.0574E�17

EAST ASIAN allele frequencies

18 Nucleosome SNPs 2.E+06 1,836,771 5.4443E�07

23 Auto-1 4.E+07 37,173,219 2.6901E�08

29 Auto-2 3.E+10 34,099,499,653 2.9325E�11

40 Auto-2 + NUC 3.E+13 25,643,968,133,970 1.4645E�14

52 52plex 1.E+18 1,267,588,185,243,330,000 7.889E�19

69 All SNPs 9.E+23 874,446,482,480,001,000,000,000 1.1435E�24

Identifiler 6.E+16 61,663,500,000,000,000 1.6217E�17
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with the smallest SNP multiplex of nucleosomes matching the
information value of Auto-1 with an average six STR equivalents,
both one and a half times as informative as MiniFilerTM.

The above results obtained from the range of challenging DNA
typed to assess nucleosome SNPs and alternatives, show that in
cases involving degraded DNA miniaturized amplicon approaches
will be between two to four times more informative than using
conventional STRs. Our suggested approach for an optimum
balance between expected genotyping success and information
content from use of SNP multiplexes, either alongside MiniFilerTM

or as a first strike strategy, would be to combine Auto-2 and
nucleosome SNP multiplexes as this can be expected to provide
�80% genotyping success and approaches the same discrimination
power of full IdentifilerTM profiles: an average 37 SNPs typed per
case (or 14.7 ‘STR equivalents’).

3.5. Forensic statistics

Table 2 lists the discrimination index and random match
probability estimates using the data of Fig. 2 for expanding sets of
SNPs going from just using Auto-1 to the 52-plex plus nucleosome
SNPs. Equivalent IdentifilerTM values are also listed as a reference
point. Combining nucleosomic SNPs with Auto-2, our suggested
optimum approach for extremely degraded material, gives random
match probabilities of 1E�13 in Africans, 6E�16 in Europeans and
1E�14 in East Asians, comparable values between each group that
exceed any single SNP multiplex. Values for the other SNP
combinations in Table 2 show that choosing the Auto-2/nucleo-
some multiplex combination provides levels of discriminatory
power falling between Auto-1 alone and the 52-plex (Auto-1 and 2
together). Therefore, although combining nucleosome SNPs with
Auto-2, rather than Auto-1, is potentially less informative, the
expected increase in genotyping success would compensate for the
reduction in power. Furthermore, although use of these nucleo-
some and Auto-2 SNPs corresponds to a reduction in discrimina-
tion power of between five (African) and one order of magnitude
compared to a full IdentifilerTM profile, all SNP multiplex
combinations exceed the minimum value required to describe
the profile obtained as globally unique (greater than a random
match probability of 1E�10, discrimination index of 7E+9). Lastly
use of all three SNP sets will always exceed the power from a single
STR multiplex and this represents a realistic strategy for extremely
degraded DNA where quantities are not limited, even when a
proportion of SNPs may fail.

4. Discussion

In the study reported here we aimed to test the theory of
nucleosome protection by selecting SNPs with a high probability to
be within nucleosome forming regions and a potential benefit of
resistance to several common degradation processes provided by
the persistence of histone–DNA complexes. The initial idea was
based on known properties of the apoptotic process where the
specific DNA degradation pathway maintains intact, uncleaved
nucleosomic regions with an inferred protective effect from
histone binding within the nucleosome structure as previously
suggested by Foran [44] and more recently by Thanakiatkrai et al.
in a study specifically focused on potential protection of forensic
STRs [45].

Location of nucleosomes to build a candidate SNP list was based
on a double hit approach we developed to exploit growing
knowledge of the position of nucleosome sites combined with
the location of diagnostic sequence motifs recognized in the
histone binding nucleotide segments found in nearly all human
nucleosomes to date. Eukaryotic gene promoter chromatin
generally presents a recognizable architecture characterized by
a nucleosome-free region (NFR) flanked by at least one H2A.Z
variant nucleosome [46]. In humans there appear to be multiple
H2A.Z nucleosomes found both upstream and downstream of
NFRs. NFR-adjacent nucleosomes are the most precisely positioned
in the genome, with neighbouring nucleosomes becoming less
precise in their locations as distance from NFRs increases. By acting
as anchor points, the tight positioning of NFR-flanking nucleo-
somes may be the dominant pattern of nucleosome positioning
genome-wide [46] and gave us the highest certainty of position.
We therefore targeted these particular promoter sequences to
analyze segments showing characteristic dinucleotide periodicity
patterns and/or other sequence patterns using the RECON program
to recognize these diagnostic motifs. This helped to ensure
identified sites and their SNPs were highly likely to be positioned
within the nucleosome structure but ultimately restricted the total
number of SNPs available to select loci that satisfied the strict
criteria required for forensic use.

Once we had collected sufficient numbers of candidates with
high probability to be sited in the middle of nucleosomes we
went on to audit the SNPforID 52-plex SNPs to analyze their
positions relative to likely nucleosome regions. In fact this audit
confirmed all 52 SNPs chosen for identification applications are
located randomly in non-coding positions across the human
genome with no indications of nucleosome region character-
istics. This is not unexpected, and follows from the original
selection criteria of a minimum 100 kilobase distance from
genes, considered sufficient separation to ensure all component
SNPs were neutral and more likely to be in Hardy–Weinberg
equilibrium compared to candidate pools that did not exclude
coding region SNPs. The opposite applies to the nucleosome
region SNPs that were collected in this study specifically
focusing on loci within, or close to, promoters. Therefore the
possibility of association between nucleosome component
markers and the coding regions they are close to cannot be
completely discounted. However we agree with the assessment
of the ability to infer gene variation from closely sited single
SNPs made by Budowle and van Daal [47], i.e. high heterozy-
gosity SNPs by themselves effectively have zero predictive value
for gene variation in close linkage.

When the nucleosome SNP multiplex was developed and tested
against the performance of established forensic multiplexes the
possible effect of nucleosome protection could be properly
assessed. Our results show this potential protective effect is
evident in the success rates observed, but an improvement in
success from 81.4% to 87% is relatively small in scale. This suggests
SNPs already enjoy a greater benefit from very short amplicon sizes
and well-optimized PCR multiplexes so any additional protective
effect from the nucleosome structures is marginal. In fact it can be
argued that Auto-2 is only slightly less successful at typing highly
degraded DNA than nucleosome SNPs and it remains the best
performing multiplex in terms of total informative genotypes
delivered amplifying challenging DNA. Therefore we believe the
addition of nucleosome SNPs creates an improved system for
analyzing challenging DNA compared to use of Auto-1 and Auto-2
alone. In comparison it is noteworthy that STR performance has
been enhanced in the last two years by a concerted effort by the
manufacturers to develop miniaturized primer sets enabling all
STRs except SE33 and the longer FGA alleles to achieve amplicon
sizes below 200 bp: significantly lower in most cases to the
equivalent sizes of previous SGMTM, Profiler PlusTM and Power-
plexTM assays. Furthermore the reported performance of SE33 and
FGA compared to shorter component STRs analyzing challenging
DNA suggests new buffer formulations, increasingly used in
revamped forensic kits, also contribute to improvements in
performance. However it is also the case that MiniFilerTM was
the first kit to incorporate these new buffer formulations [11]
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and this STR multiplex is still noticeably less successful than SNP
analysis in our casework analyses.

In many cases very degraded DNA sources are not particularly
limited in the quantity of material available for amplification.
Therefore based on our observations of consistently robust SNP
performance across a range of real casework samples it is
appropriate to recommend the use of the nucleosome multiplex
we have developed alongside Auto-1 and Auto-2. Short amplicon
SNP multiplexes with or without protection from DNA–histone
complexes continue to provide informative and reliable supple-
mentary genotype data when a strategy of STR typing alone may
fail to give sufficiently useful profiles for the investigation.
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