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A B S T R A C T   

DNA-assisted identification of historical remains requires the genetic analysis of highly degraded DNA, along 
with a comparison to DNA from known relatives. This can be achieved by targeting single nucleotide poly-
morphisms (SNPs) using a hybridization capture and next-generation sequencing approach suitable for degraded 
skeletal samples. In the present study, two SNP capture panels were designed to target ~ 25,000 (25 K) and ~ 
95,000 (95 K) nuclear SNPs, respectively, to enable distant kinship estimation (up to 4th degree relatives). Low- 
coverage SNP data were successfully recovered from 14 skeletal elements 75 years postmortem using an Illumina 
MiSeq benchtop sequencer. All samples contained degraded DNA but were of varying quality with mean frag-
ment lengths ranging from 32 bp to 170 bp across the 14 samples. SNP comparison with DNA from known family 
references was performed in the Parabon Fx Forensic Analysis Platform, which utilizes a likelihood approach for 
kinship prediction that was optimized for low-coverage sequencing data with cytosine deamination. The 25 K 
panel produced 15,000 SNPs on average, which allowed for accurate kinship prediction with strong statistical 
support in 16 of the 21 pairwise comparisons. The 95 K panel increased the average SNPs to 42,000 and resulted 
in an additional accurate kinship prediction with strong statistical support (17 of 21 pairwise comparisons). This 
study demonstrates that SNP capture combined with massively parallel sequencing on a benchtop platform can 
yield sufficient SNP recovery from compromised samples, enabling accurate, extended kinship predictions.   

1. Introduction 

Forensic laboratories are beginning to explore the use of large-scale 
single nucleotide polymorphism (SNP) panels for human identification 
in routine casework. The interrogation of a single-base target increases 
the likelihood of successful genotyping for degraded DNA samples, 
which is particularly beneficial for cases involving missing persons and 
historical remains. SNPs are known to have a low mutation rate [1] with 
few possible alleles, and thus SNPs contain little information as indi-
vidual genetic markers. However, when targeted in large numbers, SNPs 
can be valuable for kinship comparisons amongst distant relatives. This 
is of particular importance in decades-old cases, where generational 
gaps caused by deficient pedigrees and the passage of time may prevent 
closely-related references from being obtained. 

Recent attention on SNPs in forensics has been primarily driven by 

the use of next-generation sequencing (NGS), which provides a means of 
simultaneously generating massive amounts of data for a large number 
of SNPs in a single analysis. Commercially available NGS forensic kits, 
such as the ForenSeq DNA Signature Prep Kit (Verogen, San Diego, CA) 
and the Applied BioSystems Precision ID panels (Thermo Fisher Scien-
tific, Waltham, MA), incorporate 100–200 SNPs for identity, phenotype 
and biogeographical ancestry inferences. Expanded PCR-based panels 
have been released for distant kinship estimation. These include Vero-
gen’s ForenSeq Kintelligence panel of ~ 10,000 markers as well as an 
identity panel of ~ 1200 tri-allelic SNPs utilized with the QIAseq 
method (QIAGEN, Hilden, Germany) [2,3]. High-density genotyping 
arrays targeting up to a million or more SNPs have been used recently in 
cold cases to obtain genome-wide data from unknown crime scene 
samples for investigative genetic genealogy (e.g., [4,5]). Upload of these 
forensic profiles to publicly available genealogy DNA databases, such as 
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GEDmatch [6] and FamilyTreeDNA [7], has facilitated new leads and 
identified suspects where other lines of investigation have been 
exhausted (e.g., [8–10]). SNP arrays have therefore provided the key to 
unlock genetic genealogy as a forensic investigative tool. However, 
while the SNP arrays utilized for genetic genealogy by 
direct-to-consumer (DTC) DNA testing companies have been used on a 
wide variety of forensic case samples, including bone [4], they require 
high quantities of intact human DNA (≥ 1 ng) and are hindered by se-
vere degradation and microbial contamination. Thus SNP arrays are not 
effective for highly degraded and/or environmentally challenged sam-
ples. For this reason, scientists are pursuing whole genome sequencing 
(WGS) as an alternative means to collect genome-wide SNP data from 
skeletal remains and other challenging samples. In one recently pub-
lished study, WGS was utilized to generate SNP genotypes from un-
identified human remains, providing information to help determine the 
identity of the unknown victim [5]. The drawback to WGS is that it is 
expensive, especially when sequencing samples with a high percentage 
of microbial DNA that is co-extracted from the human bone, such as in 
historical cases and other unidentified skeletal remains [11]. To maxi-
mize the usage of WGS data, scientists are now applying imputation 
methods [12–14] to produce complete genotypes from low coverage 
genomes in forensic cases [15]. 

Hybridization capture targeting the mitochondrial genome and small 
(~ 1200) SNP sets for identity testing have been successfully applied to 
forensic casework, including degraded and chemically treated samples 
[16–19]. Yet this method is not widely used in forensic casework, which 
can largely be solved using routine short tandem repeat (STR) typing for 
human identification/kinship analyses or SNP arrays for genetic gene-
alogy. Therefore, hybridization capture is, at the time of writing, most 
often reserved for the poorest quality samples or for those cases 
involving historical remains. Much broader use of hybridization capture 
is seen within the field of ancient DNA (aDNA). Such archaeogenomic 
research has shown the ability to obtain SNP genotypes from aDNA 
samples using hybridization capture and demonstrated that such data 
can be used to establish relationships between individuals and groups of 
individuals [20–22]. However, the methods involved in aDNA studies 
are not easily implemented within regulated forensic laboratories. For 
example, the SNP probes may be made in-house and are not commer-
cially available, the software used to perform data analysis is not 
available to external users, or the amount of sequencing required is too 

high for routine casework. Consequently, the gains made within the field 
of aDNA to advance SNP capture from skeletal remains are not directly 
transferrable to forensic practitioners. 

The goal of this study was to obtain thousands of nuclear SNPs from 
previously identified historical remains for kinship comparison to 
known references. Familial relationships ranging from parent/offspring 
to 4th degree relatives were represented in the 14 cases. The generation 
of SNP profiles used for this study was achieved via two levels of tar-
geted nuclear SNP capture (~ 25,000 SNPs and ~ 95,000 SNPs). Kinship 
analysis was completed using the Parabon Fx Forensic Analysis Platform 
(Parabon NanoLabs; Reston, Virginia) [23]. An evaluation of the efficacy 
of the SNP capture to achieve strong kinship support was performed, 
which would ultimately aid in the identification of unidentified human 
remains. 

2. Materials and methods 

2.1. Non-probative casework samples 

2.1.1. Sample selection 
Fourteen previously identified, non-probative skeletal samples from 

the Armed Forces Medical Examiner System’s Armed Forces DNA 
Identification Laboratory (AFMES-AFDIL) were selected for use in this 
study (Table 1). These specimens originated from a variety of case 
contexts, and all were approximately 75 years postmortem. Samples 
were selected based on the availability of family reference samples (FRS) 
for kinship comparison. 

2.1.2. DNA extraction and repair 
DNA was extracted from fragments of bone ranging from 0.2 to 1.0 g. 

Samples were first powdered and demineralized overnight at 56 ◦C in a 
buffer containing 0.5 M EDTA, 1% lauroylsarcosine and 100 µl of 20 mg/ 
ml proteinase K. DNA purification was achieved using either an organic 
protocol or the QIAquick PCR Purification Kit (QIAGEN) as described in 
[24]. One extraction control (reagent blank; RB) was included in each 
set (RB1 for set 1 and RB2 for set 2). In one instance (sample 7), pre-
viously generated DNA extracts were combined prior to DNA repair due 
to low volumes in order to maximize the DNA input for downstream 
processing. 

A DNA repair step was performed on all DNA extracts, including RBs, 

Table 1 
Sample information and laboratory processing procedures for 14 non-probative casework samples used in this study. Relationship information for 22 family reference 
samples (FRS) is also listed. Non-probative samples were divided into two sample sets for laboratory processing and sequencing (set 1 included samples 1 through 6, 
and set 2 included samples 7 through 14). An example pedigree demonstrating familial relationships is presented in Fig. S1.  

Sample Set Sample # Specimen Type DNA Extraction Method Associated FRS Relationship to Unknown Degree of Relatedness 

1  1 Long bone Organic 1-A First cousin once removed 4th degree 
1-B First cousin once removed 4th degree  

2 Right humerus Organic 2-A Grand-nephew 3rd degree 
2-B Grand-niece 3rd degree  

3 Right humerus Organic 3-A Niece 2nd degree 
3-B Niece 2nd degree 
3-C Nephew 2nd degree 
3-D Nephew 2nd degree  

4 Right tibia Organic 4-A Son Parent/offspring  
5 Right femur Organic 5-A Nephew 2nd degree 

5-B Niece 2nd degree  
6 Right tibia Organic 6-A Sister Full siblings 

6-B Niece 2nd degree 
2  7 Right femur Organic/non-organic combined 7-A First cousin once removed 4th degree  

8 Right femur Organic 8-A Grand-niece 3rd degree  
9 Left femur Organic 9-A Grand-niece 3rd degree  

10 Left femur Non-organic 10-A Grand-nephew 3rd degree  
11 Left femur Organic 11-A Sister Full siblings  
12 Femur Non-organic 12-A Sister Full siblings  
13 Tibia Organic 13-A Niece 2nd degree  
14 Tibia Organic 14-A Daughter Parent/offspring 

14-B Nephew 2nd degree  
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using the NEBNext FFPE DNA Repair Mix (New England BioLabs Inc, 
NEB; Ipswich MA). Purification of the repaired DNA extract was per-
formed using the QIAGEN MinElute PCR Purification Kit, followed by 
elution in sterile Tris-EDTA [10 mM Tris, (pH 7.5) 0.1 mM EDTA]. DNA 
was quantified with the dsDNA High Sensitivity (HS) Assay Kit on the 
Qubit 2.0 or Qubit 3.0 Fluorometer (Thermo Fisher Scientific) to 
determine input into NGS library preparation. 

2.1.3. Library preparation 
The KAPA Hyper Prep Kit (Roche Sequencing, Pleasanton, CA) was 

used for library preparation. To evaluate the success of the library and 
capture procedures, a positive control (PC) was initiated at the begin-
ning of library preparation for each sample set (PC1 for set 1 and PC2 for 
set 2). The PCs were fragmented DNA Control K562 (Promega Corpo-
ration, Madison, WI), which were prepared following [17] prior to the 
library preparation. Adapter ligation was completed using dual-indexed 
adapters (Integrated DNA Technologies, Coralville, IA) matching se-
quences used in the Illumina TruSeq HT kits at an adapter concentration 
of 15 μM. Ten cycles of PCR amplification were completed on a 
GeneAmp PCR System 9700 thermal cycler (Applied Biosystems, Foster 
City, CA) following the manufacturer’s recommendations. Samples were 
eluted in 25 µl of Tris-EDTA following bead-based cleanup. Libraries 
from all sample sets were quantified on the 2100 Bioanalyzer instrument 
with the Agilent DNA 7500 Kit (both Agilent Technologies, Santa Clara, 
CA). 

2.1.4. 25 K and 95 K SNP capture panel design 
Two myBaits Custom DNA-Seq kits (Arbor Biosciences, Ann Arbor, 

MI) were designed to allow overlap with the Infinium CytoSNP-850K 
v1.1 BeadChip (Illumina, San Diego, CA) for extended kinship com-
parisons. The presence of candidate SNPs in commercially available 
microarray kits ensured kinship comparison could be performed with 
samples genotyped using microarray platforms (i.e. high quality FRS). 
The first SNP capture panel contained 24,999 genomic SNPs (Table S1; 
referred to as the 25 K SNP panel), and the second panel included 94,752 
genomic SNPs (Table S2; referred to as the 95 K SNP panel). For the 25 K 
panel, autosomal SNPs on the CytoSNP-850K chip were first filtered to 
those present in all HapMap subjects [25], and AT/CG SNPs were 
removed. Next, GC content was calculated in the 300 bp surrounding 
each candidate SNP and those with GC content > 0.6 were removed. 
Each remaining SNP was then scored, prioritizing SNPs with high minor 
allele frequency (MAF) and low standard deviation of allele frequencies 
across HapMap populations. Also, attempts were made to minimize 
SNPs in high linkage disequilibrium (LD) with one another (r2 > 0.2, as 
calculated by PLINK [26]) from the list of the highest-scoring SNPs. 
However, LD was ultimately handled on a case-by-case basis after a 
sample’s draft SNP profile was created, by pruning one of two SNPs 
found to be in LD (as described below in Section 2.3.3). A final list of 60, 
000 candidate SNPs was sent to Arbor Biosciences, from which 25,000 
were selected based on suitability for probe design with four baits per 
SNP (~ 100,000 unique RNA baits). A similar process was followed 
when designing the 95 K kit, except additional SNPs for phenotype and 
ancestry prediction were included, and Arbor Biosciences selected from 
a list of ~ 150,000 candidate SNPs. The 95 K SNP panel was designed 
with two baits per SNP, as the maximum number of unique probes for a 
myBaits Custom DNA-Seq kit was 200,000 when the panel was devel-
oped. A majority of the SNPs chosen were bi-allelic, and while not 
specifically targeted for their polymorphic status, smaller proportions 
were tri- and tetra-allelic (Table S3). 

2.1.5. Hybridization capture of SNP panel targets 
Hybridization capture of the 25 K and 95 K SNP panels were per-

formed on separate portions of the same library. The hybridization 
conditions followed the manufacturer’s recommended protocol [27] 
with a 24 h hybridization at 65 ◦C using a Veriti thermal cycler (Thermo 
Fisher Scientific). An attempt was made to target the maximum 

recommended DNA input into capture (500 ng). For some samples, 
capture input was reduced for the 95 K panel due to lack of remaining 
library (Table S4). The captured product was split into two portions and 
both portions were amplified independently for 19 PCR cycles with 
KAPA HiFi HotStart ReadyMix (Roche Sequencing). The two amplified 
capture products for each sample were combined and purified with the 
MinElute PCR Purification Kit, eluting in 25 µl of Tris-EDTA. Purified 
capture product was quantified using the 2100 Bioanalyzer instrument 
with the Agilent DNA 7500 Kit. 

2.1.6. Library pooling and sequencing 
Samples were sequenced by pooling an equal volume of seven to nine 

captured libraries. The PCs were not sequenced, as previous studies have 
shown sequencing of PCs with low quality samples can cause instrument 
crosstalk and complicate data interpretation [17,28,29]. Pool molarity 
was determined using the Agilent DNA 7500 Kit on the 2100 Bioanalyzer 
instrument. Pools were loaded for sequencing at 10 pM and spiked with 
PhiX Sequencing Control v3 (Illumina) at a 2.5% concentration. 
Sequencing was performed on a MiSeq FGx Forensic Genomic System 
(Verogen) in Research Use Only mode. Paired-end sequencing was 
completed using 300-cycle MiSeq Reagent Kits v2 (Illumina; 2×150 
cycles). 

2.1.7. Microarray genotyping 
DNA extracts from two additional samples were sent to AKESOgen 

(Peachtree Corners, GA), a CLIA-certified sequencing laboratory, for 
microarray genotyping with the Illumina Infinium CytoSNP-850K v1.1 
BeadChip. Both unrepaired and repaired DNA extracts were tested using 
two genotyping protocols. Genotyping was halted after the first four 
samples failed to generate any usable data (genotyping call rate < 50%). 
A summary of these results is available in Table S5, but no further dis-
cussion will be provided below due to the extremely poor quality of the 
genotyping data. 

2.2. Family reference samples 

2.2.1. Sample selection and DNA extraction 
A total of 22 FRS were selected for use in this study based on known 

relationships to the previously identified case samples (Table 1). All FRS 
donors provided informed consent for samples to be used in research and 
quality improvement activities. The use of these samples was approved 
by the Defense Health Agency Office of Research Protections (Protocol # 
DHQ-20–2073). FRS were saliva samples deposited on either Bode 
buccal collectors or cotton buccal swabs. The QIAamp DNA Investigator 
Kit (QIAGEN) was employed for DNA extraction following one of two 
manufacturer protocols: isolation of total DNA from FTA and Guthrie 
cards using two punches from Bode buccal collectors, or isolation of 
total DNA from surface and buccal swabs using one buccal swab. The 
final elution volume for all samples was 100 µl of Tris-EDTA. DNA was 
quantified using both the Qubit dsDNA HS Assay Kit on the Qubit 3.0 
Fluorometer and the Plexor HY DNA Quantification Kit (Promega Cor-
poration, Madison, WI) prior to submission for microarray genotyping. 

2.2.2. Microarray genotyping 
FRS were genotyped at AKESOgen using the Infinium CytoSNP-850K 

v1.1 BeadChip. Genotypes were called using the GenomeStudio Soft-
ware (Illumina) and the data were reviewed prior to upload to the 
Parabon Fx Forensic Analysis Platform for analysis. 

2.3. Data analysis 

2.3.1. Non-probative case samples 
Demultiplexed FASTQ files were generated from the raw data by the 

MiSeq Reporter software (Illumina) and imported into the Parabon Fx 
Forensic Analysis Platform. Reads were aligned to the human reference 
genome (GRCh38) using BWA-MEM [30], and duplicate mapped reads 
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were removed. Alignment parameters included penalties for mismatches 
(4), open gaps (6), extension gaps (1) and unpaired reads (9). When 
creating the SNP profile, minimum map and base qualities were not 
required (i.e. set to 0) in order to allow for the maximum number of 
called SNPs, which are assessed using a probabilistic approach. The 
software implements a genotype likelihood approach for each locus 
under investigation, which facilitates the use of low coverage SNPs (≥
1X) and maximizes the use of available information [31]. In short, the 
likelihood of the data (D) under the hypothesis of each possible genotype 

(A1A2) at a given SNP is calculated as P(D=A1A2) =
∏n

i=1
(
P(ri )A1)

2
+

P(ri )A2)
2 ) where n is the number of reads covering the SNP and P(ri|A) is 

the probability of observing the base on read i assuming the true allele is 
A. If ri = A, then P(ri(A) = 1-εi; otherwise, P(ri(A) = εi

3 where εi, the 
probability that ri is a sequencing error, which is derived from the base 
quality score. This approach increases the probative power of the 
analysis and avoids potentially erroneous genotype calls generated using 
an absolute calling threshold. To account for the effects of DNA damage 
typical of ancient and historical remains, cytosine deamination was 
assessed at the time of alignment [32,33]. This assessment is performed 
utilizing a different mapping (than the original alignment described 
above) as the read pairs are merged and aligned to the GRCh38 as 
single-end reads. This allows for estimation of the mismatch rate at the 
ends of the fragments, specifically cytosine to thymine error on the 5′

end and guanine to adenine error on the 3′ end that are indicative of 
cytosine deamination [32,33]. Based upon this assessment (e.g., 
Fig. S2), the user has the option to correct for the observed damage. As 
described in [31], this is done by incorporating the probability of a 
deamination event (P(C→T) or P(G→A)) for each position along the 
sequencing read into the genotype likelihood calculation. For example, 
if ri =T, then P(ri = T(T)= (1-εi)* (1- P(C→T)l) where l is the position of 
ri on the sequencing read. Due to the age of the specimens tested, 
damage correction was applied to all bone sample profiles generated 
herein. SNP genotype likelihood profiles were generated for each 
captured SNP set using read depth thresholds of 1X, 5X and 10X. 

2.3.2. Family reference samples 
FRS SNP genotypes were evaluated for genotyping call rate (i.e. the 

proportion of SNPs with called genotypes), and those below 70% were 
excluded from further analysis. The remaining FRS SNP genotypes were 
loaded into the Parabon Fx software for analysis. 

2.3.3. Ancestry prediction and kinship analysis 
Ancestry inference was performed in Fx for both the unknown and 

reference samples using iAdmix [34], leveraging the SNPs targeted by 
each panel. Allele frequencies from five continental groups (African, 
European, Central/South Asian, East Asian, and Native American) rep-
resented in the 1000 Genomes Project [35] were used for the ancestry 
prediction of the unknown samples. Due to the large number of SNPs 
recovered in the FRS microarray data, ancestry prediction of the FRS 
samples was possible for seven continental groups (African, Middle 
Eastern, European, Central/South Asian, East Asian, Oceanian, and 
Native American) [36]. The samples were predicted to belong to the 
continental group with the highest admixture proportion. This ancestry 
prediction, along with self-reported race (for the FRS donors), was used 
to determine the appropriate population allele frequency file for kinship 
calculations. 

The Parabon Fx Forensic Analysis Platform estimates pairwise 
relatedness using the likelihood formulas derived in [37], adapted for 
the scenario of testing a specific set of kinship hypotheses by comparing 
genotype likelihoods to called genotypes from a reference sample. This 
approach takes into account all possible genotypes for the captured 
sample, as well as the genotype frequencies of the selected population. 
The set of targeted SNPs recovered from each sample was pruned of pairs 
with LD r2 > 0.2, retaining the SNP with higher coverage. Kinship 

predictions for each unknown sample were performed against the entire 
FRS dataset (Fig. S3). Likelihoods were calculated within the software 
for each degree of relatedness (DOR) up to 4th degree (from self/-
monozygotic twin, parent-offspring, full sibling, 2nd degree, 3rd degree, 
and 4th degree) as well as unrelated. Likelihood ratios (LRs) were 
generated within the software for the most likely DOR compared to the 
unrelated category. LRs greater than 10,000 were presented in scientific 
notation (e.g., LR of 300,000 was reported as 3.0E+5). Due to compu-
tational limitations, LRs greater than 1.78E+ 308 were expressed as 
1E+N where N is the integer (whole number with no decimal) of the 
log10 LR (e.g., a log10 LR of 708.15 was reported as 1E+708). To assess 
the strength of the kinship predictions, the posterior probability of each 
relationship was calculated assuming equal priors for all DORs tested. 
For comparisons involving LRs greater than 1E+ 308, posterior proba-
bilities were calculated based on normalized LRs due to computational 
limits. Relationship predictions with LRs ≥ 10,000, supported with 
posterior probabilities ≥ 95%, were considered to have strong statistical 
support [38]. 

In addition, RB data were compared to unknowns (using the capture- 
to-capture functionality within Parabon Fx) as well as the FRS genotypes 
in order to assess possible contamination. 

3. Results and discussion 

3.1. Non-probative casework sample assessment 

A total of 16 libraries were prepared and sequenced: 14 bone samples 
and two RBs. The two PCs were not sequenced in order to minimize 
crosstalk but they were assessed during several quantification steps for 
library product as a quality control assessment (Table S4). Metrics for 
each of the five MiSeq runs can be found in Table S6, and alignment and 
mapping metrics for all samples are presented in Table S7. Average DNA 
fragment length after capture was ~ 120 bp in the 25 K and 95 K data 
(Fig. 1). The fragment length distributions varied by sample, but each 
showed a peak between 20 and 25 bp (Fig. 2). These short reads break 
with the unimodal distribution of endogenous DNA fragments, and they 
are likely due to non-specific mapping of off-target capture product. 
Typically, reads < 30 bp are excluded from sequence alignments in 
aDNA research (e.g., [39]), which minimizes the proportion of off-target 
read mapping. Such short read filtering may also be required for forensic 
casework involving degraded DNA, and this parameter can be incor-
porated into future versions of the Parabon Fx software. The maximum 
DNA fragment length was variable, as sample 3 (Fig. 2a) had a maximum 
fragment length exceeding 400 bp, while sample 11 (Fig. 2c) contained 
endogenous human DNA that was altogether < 100 bp in length. 

Fig. 1. Distribution of the mean insert size (average DNA fragment length) in 
base pairs (bp) of reads mapped to the human genome (GRCh38) for the 25 K 
and 95 K SNP capture approaches. 
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Despite the skewed fragment length distribution due to the non-specific 
mapping of off-target short reads, these samples were shown to exhibit 
considerable DNA degradation consistent with expectations from his-
torical remains. 

The proportion of unique reads that mapped to GRCh38 averaged ~ 
45% for both 25 K and 95 K capture approaches (Table S7), ranging 
from ~ 30% to ~ 70% (Fig. 3). In other words, even after capture to 
enrich for human SNPs, many of the historical bone samples tested here 
contained considerable environmental DNA (and/or unaligned artefac-
tual molecules such as adapter dimer) in the sequenced libraries. To 
increase the endogenous human DNA proportion, a second round of 
capture could be performed. However, this adds time and expense to the 
procedure and should be considered on a case-by-case basis. The 
generally poor quality of the samples tested in this study is typical of 
specimens submitted to the AFMES-AFDIL for DNA testing [11,17,40], 

and likely explains the failed microarray testing discussed in 2.1.7. 
Though other, higher quality forensic casework samples may be 
amenable to microarray testing [4], severely compromised samples such 
as those from decades-old missing persons cases will likely necessitate 
alternative genotyping methods for SNP recovery such as hybridization 
capture. 

The capture data resulted in an average of over 15,000 and 42,000 
SNPs covered by at least one read in the 25 K and 95 K panels, respec-
tively (Table S7). Sample 11 consistently performed poorly after capture 
using both panels, generating 159 SNPs from the 25 K panel and 622 
SNPs from the 95 K panel using a 1X coverage threshold (Fig. 4a). 
Presumably, the relative failure of sample 11 is a consequence of the 
high degree of DNA degradation present as the mean insert size was only 
32 bp, the smallest of all the samples tested (Fig. 2c; Table S7). When 
comparing the performance of the 25 K and the 95 K panels, the raw 

Fig. 2. Fragment length (insert size) distribu-
tion for three exemplary samples using 25 K 
(dark blue) and 95 K (light blue) capture. 
Samples represent the range of quality observed 
in this study: a) sample 3, b) sample 1, and c) 
sample 11. Note the difference in scale between 
samples for both the x and y axes. Peaks at 
20–25 bp are likely due to non-specific map-
ping of off-target reads. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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number of SNPs recovered was greater using the 95 K panel in 13 of 14 
samples (92.9%). Moreover, ten of the 14 samples (71.4%) produced 
more than 25,000 SNPs with at least 1X coverage when the 95 K assay 
was used for capture (Fig. 4a), which exceeds the maximum number of 
SNPs targeted by the smaller 25 K panel. One sample (sample 4) pro-
duced fewer SNPs using the 95 K capture assay when compared to the 
25 K capture assay; however, this can be attributed to the reduced DNA 
input for the 95 K capture reaction due to insufficient remaining library 
volume (Table S4), rather than panel performance. It is expected that 
had the maximum library input into capture been attained, increased 
SNP recovery would have been observed. The 25 K proportional SNP 
recovery averaged 60.8% and was consistently higher than the 95 K 
metric, which averaged 44.6% (Fig. 4b). This could be due to the probe 
designs in which the 25 K SNPs were targeted with four probes each, 
whereas the 95 K SNPs were only targeted with one or two probes each. 
However, this may also be due to the increased number of targets in the 
95 K panel; thus the reads for each sample must be distributed across 
more targets In order to increase the proportional recovery of the 95 K 
panel, it may be beneficial to increase the number of reads per sample 

(although at increased sequencing cost). The lowest SNP recovery (both 
in terms of absolute numbers but also proportion) was observed in 
samples 1, 4, 7 and 11. Three of these four specimens (4, 7 and 11) were 
subjected to post-mortem chemical treatment (formalin preservation), 
as described in [17]; thus, the low SNP recovery from these three 
chemically treated samples was expected. 

When the coverage threshold was increased from 1X to 5X, the 
average number of SNPs decreased by more than 60% in the 25 K 
dataset and by 75% in the 95 K dataset (Fig. 5a and b). The usable data 
were further decreased by approximately 80–90% in both SNP panels at 
a 10X threshold. Ten of the 14 samples (71.4%) yielded fewer than 1000 
SNPs at 10X coverage in both the 25 K and 95 K panels (Table S7). 
Therefore, the proportion of targeted SNPs obtained for a majority of the 
samples was very small and insufficient for direct genotype calling using 
fixed coverage thresholds. Since the Parabon Fx software incorporates 
read depth into its probabilistic analytical approach, all ancestry and 
kinship predictions were performed using the 1X profiles. 

3.2. Microarray genotyping of family reference samples (FRS) 

DNA quantities for FRS extracts were comparable across quantifi-
cation methods (Table S8), averaging 1.80 ng/µl for Plexor HY and 
1.63 ng/µl for Qubit HS. Overall, 20 of 22 (90.9%) FRS tested were 
successfully genotyped with microarray testing, yielding SNP call rates 
> 96%. FRS 13-A demonstrated a moderate call rate (74%) but was still 
utilized in ancestry and kinship estimation. One FRS (6-A) yielded a call 
rate of < 70% and was not included in the ancestry or kinship analyses. 
These two reference samples with call rates < 96% yielded the lowest 
values using the Plexor HY DNA Quantification Kit (47 pg/µl for 6-A and 
210 pg/µl for 13-A), human DNA quantities below the recommended 
input for genotyping arrays. While not performed for this study, it is 
feasible that FRS could undergo SNP capture following DNA fragmen-
tation and library preparation in order to obtain reference data. This 
would allow laboratories to implement a single processing method for 
SNP genotyping (i.e. capture) for all sample types. Fx offers capture-to- 
capture kinship analysis in addition to the capture-to-microarray anal-
ysis utilized for the comparison of the RBs to the unknown samples in 
this study. 

Fig. 3. Distribution of the percent of unique reads mapped to the human 
genome (GRCh38) after 25 K SNP capture and 95 K SNP capture. 

Fig. 4. The (a) number and (b) proportion of 
single nucleotide polymorphisms (SNPs) 
recovered at ≥ 1X for 14 non-probative sample 
libraries after 25 K (blue) and 95 K (orange) 
SNP capture and MiSeq sequencing. Samples 
indicated with an asterisk (*) are chemically 
treated (formalin preserved) specimens. The 
cross (†) indicates lower DNA input into the 
95 K capture than the 25 K capture due to 
limited library volume. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the web version of this 
article.)   
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3.3. Parabon Fx ancestry prediction 

Even though the captured SNPs were selected based on their high 
MAF and low standard deviation across populations, the allele fre-
quencies may still vary between population groups. Therefore, the 
failure to account for population differences in allele frequencies could 
possibly impact the accuracy of kinship comparisons [41]. The 21 FRS 
with sufficient call rates were determined to have European ancestry 
(Fig. S4), consistent with the self-reported race provided. The ancestry of 
the known references was also used as a basis for the expected ancestry 
of the non-probative case samples. For all 25 K and 95 K capture sam-
ples, the ancestry predicted by Fx was European (Fig. S5), consistent 
with the expected ancestry. Expansion of the populations tested, to 
include individuals of mixed race/ancestry, is needed in future research 
and validation efforts. 

3.4. Parabon Fx kinship prediction 

On average, LD pruning of the SNPs recovered from the 1X profiles of 
the case samples resulted in ~ 82% of SNPs remaining for both the 25 K 
and 95 K capture data (Table 2). Kinship comparisons between the LD- 
pruned 1X non-probative case sample profiles and family reference 
profiles are presented in Table 3. The European allele frequency file was 

chosen for kinship estimation in all comparisons based on the European 
ancestry predictions obtained from both the FRS and the SNP capture 
data of the non-probative case samples. In the 25 K SNP panel data, 16 of 
the 21 (76%) family references were correctly predicted to be related to 
the corresponding case sample with LRs exceeding 10,000 with poste-
rior probabilities ≥ 95% (Table 3a). One sample (2) was predicted to be 
related to the correct family reference (2-B) but with an incorrect DOR 
that was one degree more distant (4th degree instead of 3rd degree); this 
relationship prediction was supported by a LR of 1.12E+ 28 and a 
posterior probability of 97.4%. The remaining four family reference 
samples (1-A, 1-B, 7-A, and 11-A) were predicted to be related to the 
corresponding case samples from the 25 K results, but these relation-
ships did not have strong statistical support (the LR was less than 10,000 
or the posterior probability was less than 95%). Moreover, two of the 
four weakly supported relationship predictions (7 to 7-A and 11 to 11-A) 
were incorrect with respect to DOR. In both cases, the DOR was pre-
dicted to be closer than expected (parent/offspring versus full sibling for 
11/11-A, and 3rd degree versus 4th degree relative for 7/7-A). The 
associated case sample profiles for these incorrect DOR predictions, from 
samples 7 and 11, yielded the lowest numbers of LD-pruned SNPs in the 
25 K data (2871 for sample 7 and 159 for sample 11). In fact, sample 7 
produced only 2 of 21 kinship predictions supported with ≥ 95% pos-
terior probability; and sample 11 failed to produce any pairwise kinship 
predictions with ≥ 95% posterior probability. The low SNP coverage 
from these two poor-performing, chemically treated case samples likely 
explains the incorrect DOR predictions. 

The 95 K data predicted 17 of 21 (81%) relationships with strong 
statistical support (LR ≥ 10,000 and posterior probability ≥ 95%) 
(Table 3b). Of note, the 95 K data improved the relationship prediction 
of sample 2 to family reference 2-B, which was inaccurately assigned as 
a 4th degree relationship in the 25 K data. The 95 K data now correctly 
predicts sample 2 to have the expected 3rd degree relationship with 
family reference 2-B. All relationship predictions with strong statistical 
support were accurate with respect to DOR in the 95 K data, whereas the 
25 K data produced one incorrect DOR with strong statistical support. 
The four kinship predictions that did not have strong statistical support 
in the 95 K data involved samples 1, 7, and 11. Sample 1, which was not 
chemically treated and produced 10,274 LD-pruned 1X SNPs in the 95 K 
data, resulted in correct kinship and DOR predictions with 1-A and 1-B 
but neither LR exceeded 10,000. The relatively low SNP recovery for the 
95 K panel capture of sample 1, coupled with 4th degree family refer-
ences, which was the furthest DOR tested, limited the strength of the 
kinship predictions for this sample. As explained above, samples 7 and 
11 were chemically treated, resulting in low SNP recovery overall (6157 
and 617 SNPs in the 95 K data for samples 7 and 11, respectively). These 

Fig. 5. Box and whisker plots depicting the number of single nucleotide polymorphisms (SNPs) recovered at coverage thresholds of 1X (blue), 5X (red) and 10X 
(green) for 14 skeletal samples using the (a) 25 K and (b) 95 K panels. Outliers are shown as individual data points and the average values are denoted as “X” in the 
plots. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Single nucleotide polymorphism (SNP) counts after pruning one of two recov-
ered SNPs for all SNP pairs with linkage disequilibrium (LD) r2 values exceeding 
0.2.  

Sample 25 K Panel SNPs 95 K Panel SNPs 

Total After LD 
Pruning 

Remaining Total After LD 
Pruning 

Remaining 

1 6985 6313 90.4% 11,091 10,274 92.6% 
2 24,792 18,576 74.9% 79,793 56,669 71.0% 
3 21,908 16,834 76.8% 66,008 48,657 73.7% 
4 10,693 9257 86.6% 10,134 9486 93.6% 
5 24,789 18,540 74.8% 53,696 41,531 77.3% 
6 19,781 15,474 78.2% 41,036 33,140 80.8% 
7 2992 2871 96.0% 6457 6157 95.4% 
8 11,895 10,148 85.3% 36,409 30,054 82.5% 
9 24,453 18,378 75.2% 81,679 57,688 70.6% 
10 19,647 15,376 78.3% 60,761 45,763 75.3% 
11 159 159 100.0% 622 617 99.2% 
12 18,435 14,669 79.6% 54,517 41,960 77.0% 
13 13,211 11,039 83.6% 43,626 34,869 79.9% 
14 13,117 10,937 83.4% 39,727 32,246 81.2% 
RB1 1608 1564 97.3% – – – 
RB2 36 36 100.0% 88 87 98.9%  
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Table 3 
Likelihood ratios (LRs) are presented for the degree of relatedness (DOR) with the maximum likelihood between each unknown and each of the 21 family reference 
samples (FRS), compared to the two samples being unrelated. Analysis was performed with data generated from SNP capture using 1X coverage data after linkage 
disequilibrium pruning from the (a) 25 K and (b) 95 K panel data. The 1st degree relatives are separated into parent/offspring (P/O) and full siblings (FS), as these 
precise relationships can often be resolved within the software. Samples are organized horizontally by DOR from closest to furthest (up to 4th degree) with the true 
relatives to each sample designated by a thick border. LRs supported with posterior probabilities ≥ 95% are shown, and posterior probabilities ≥ 99.99% are denoted 
with an asterisk (*). LRs that were not supported with ≥ 95% posterior probability were marked as inconclusive (INC). Color (described below) indicates the degree of 
relatedness with the highest likelihood, and LRs above the 10,000 threshold are bolded. Paler shading of each relatedness color indicates a predicted relationship with a 
LR of < 10,000. LRs of 1 indicate that the unknown and FRS are most likely to be unrelated rather than 1st to 4th degree relatives. Samples indicated with a cross (†) are 
chemically treated (formalin preserved) specimens. P/O = yellow; FS = orange; 2nd degree = green; 3rd degree = blue; 4th degree = pink; unrelated = white. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)  
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low SNP counts may explain the weak kinship predictions of samples 7 
and 11 in the 95 K data. The 4th degree relationship between sample 7 
and FRS 7-A was also likely a confounding factor in its weak kinship 
predictions. Again, sample 11 failed to produce any pairwise relation-
ship predictions supported with > 95% posterior probability, with 21 
predictions that were inconclusive. However, the 11 to FRS 11-A com-
parison using the 95 K data did produce LRs greater than 10,000 for both 
parent-offspring (9.49E+10) and full siblings (8.93E+10), resulting in a 
cumulative posterior probability for the two 1st degree relationships of 
99.95%. Therefore, 617 SNPs enabled the correct DOR prediction pre-
dicted (i.e. 1st degree) with strong statistical support for sample 11, even 
though the precise relationship could not be conclusively determined. 

When compared to the 25 K data, the number of predictions sup-
ported with 99.99% posterior probability increased by nearly 20% with 
the 95 K results (Table 3). Across the 25 K and 95 K datasets, the 
strength of statistical support was correlated with the SNP counts of the 
case samples (after LD pruning). As shown in Fig. 6, there were zero 
correctly predicted relationships with strong statistical support when 
LD-pruned 1X SNP counts numbered fewer than 617 per case sample. 
SNP counts from ~ 5000 to ~ 15,000 SNPs per case sample after LD 
pruning yielded strong statistical support for most relationship pre-
dictions. When SNP counts exceeded ~ 25,000, nearly all pairwise re-
lationships predicted were correct and were supported with > 95% 
posterior probability. The relationships predicted from > 25,000 SNPs 
correspondingly produced very high LRs (≥ 2.00E+54). It is important 
to note, however, that none of the case samples with 4th degree relatives 
produced > 25,000 SNPs. Therefore it may be the case that more than 
25000 SNPs are required for sufficient resolution of 4th degree re-
lationships. It is also important to note that none of the 25 K or 95 K 
capture data produced false positive relationships between a case sam-
ple and an unrelated reference with LRs ≥ 10,000 and posterior prob-
abilities ≥ 95%. 

Improved read depth through even higher throughput sequencing of 
the sample libraries may increase 1X SNP recovery that would benefit 
the strength and accuracy of relationship predictions. However, 
increased read counts would require production scale sequencing 
instrumentation (e.g., an Illumina NextSeq or NovaSeq) that may not be 
available in routine forensic laboratories. Hence, SNP capture as shown 
here in this study, may enable laboratories to perform distant kinship 
estimations from degraded bone samples using small benchtop 
sequencers. 

3.5. Analysis of control blanks 

RBs were sequenced with the non-probative samples and analyzed to 
measure levels of background noise as well as check for possible 
contamination. Three of the four RB libraries were determined to be 
clean, with fewer than 100 SNPs covered at the 1X threshold (Table S7) 
and no SNPs were recovered from any of the RBs at the 5X or 10X 
thresholds. The 25 K captured product of RB1 generated 1608 SNPs at 
1X and required additional investigation. No SNPs were attributed to 
RB1 in the 95 K data, indicating a lack of human DNA present and 
suggesting that the library was not contaminated. In fact, examination of 
the Bioanalyzer trace for RB1 showed a high adapter peak with no 
distinguishable capture product (Fig. S6), providing additional support 
to the conclusion that RB1 was not contaminated during laboratory 
processing. Based on these findings, sequencing crosstalk is the most 
probable explanation for the reads attributed to RB1 in the 25 K data 
[17,28,29]. 

To further investigate the likelihood of crosstalk, a capture-to- 
capture kinship comparison was performed between the RBs and the 
non-probative case samples (Table S9). RB1–25 K was predicted to be a 
1st degree relative of sample 5 with LRs of 3.48E+33 for parent- 
offspring and 3.58E+34 for full siblings. The 1st degree relationship 
(parent-offspring or full sibling) of RB-1 and sample 5 was supported by 
a combined posterior probability > 99.99%. Thus, the sequencing 
crosstalk likely came from sample 5 since it was sequenced with RB1 in 
the same 25 K MiSeq run. Crosstalk may have been caused by the high 
cluster density of this MiSeq run (Table S6) coupled with the sequence 
similarity between the indexes used for RB1 and sample 5 during library 
preparation (Table S10). A contaminated RB from suspected crosstalk 
could be resequenced with alternate samples to demonstrate the lack of 
contamination in the library. However, in routine practice imple-
mentation of an analytical threshold would assist in the classification of 
control cleanliness and/or sample data acceptance. In this particular 
instance of likely crosstalk, the proportional SNP recovery for RB1 was 
6.4% (1608 out of 24,999). Only one case sample (sample 11) dropped 
below this 1X proportional SNP recovery metric with < 0.7% of SNPs 
covered in both the 25 K data and 95 K data (Table S7). Additional 
samples with low proportional SNP recoveries (<25%) correspondingly 
failed to produce accurate kinship results with strong statistical support 
using either capture panel (Fig. 6). Therefore, it may be worthwhile to 
evaluate proportional SNP recovery as an analytical threshold of low 
coverage data. For example, if greater than 10% of the SNPs targeted 
were required for data analysis to be performed, sample 11 would be 
considered a failure and the data could not be utilized for kinship 
comparisons. Furthermore, RB1–25 K data would not exceed this 10% 
proportional SNP recovery threshold and thus would be considered 
clean, effectively eliminating issues with low coverage background data 
introduced as a result of minimally multiplexed sequencing of captured 
samples and associated controls (e.g., RBs). Despite the SNPs recovered 
in RB1 for the 25 K sample set, none of the RB / FRS comparisons pro-
duced LRs above 10,000 under any of the conditions analyzed 
(Table S9). 

4. Conclusions 

This study demonstrates that adequate SNP data can be reliably 
obtained from aged skeletal samples by employing hybridization cap-
ture followed by NGS on a benchtop sequencer. The SNP recovery in 
combination with the Parabon Fx Forensic Analysis Platform were suf-
ficient to permit accurate distant kinship predictions between severely 
degraded bone samples and known relatives up to 3rd degree. Though 
microarray testing will be successful for many forensic-type samples, 
DNA degradation and damage combined with low endogenous DNA 
content render aged skeletal remains recalcitrant to this traditional 
genotyping method. Also, as demonstrated in this study, reference 
samples may fail to generate reliable microarray data and thus require 

Fig. 6. The percentage of 21 pairwise kinship predictions per case sample with 
high posterior probabilities (≥ 95% and ≥ 99.99%) relative to the number of 
case sample SNPs used in each kinship prediction. The x-axis shows the number 
of SNPs at 1X coverage after pruning for linkage disequilibrium (LD) for all 
samples and both datasets (25 K and 95 K). The y-axis shows the proportion of 
correctly predicted pairwise relationships exceeding 95% (blue) or 99.99% 
(green) posterior probability thresholds. Incorrect kinship predictions were 
excluded. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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alternative genotyping methods due to lower DNA quality/quantity. 
Hybridization capture can be combined with a fragmenting library 
preparation method for high-quality samples, which would allow a 
single SNP genotyping method to be implemented for all sample types – 
lessening the validation burden and/or need for outsourcing of micro-
array testing for the laboratory. 

The overall results of the SNP capture show that ~ 25,000 SNPs with 
1X coverage after LD pruning are needed from degraded case samples in 
order to completely resolve close kinship predictions and distinguish 
unrelated individuals (beyond 4th degree relatives) with strong statis-
tical support. This was demonstrated by the 95 K panel data, which 
produced zero inaccurate kinship predictions with strong statistical 
support, exceeding both an LR threshold of 10,000 and a posterior 
probability over 95%. However, the 25 K panel predicted one correct 
relative but at an incorrect DOR, and this incorrect prediction had strong 
statistical support. Thus, it benefits the kinship analysis to probe for the 
maximum number of SNPs possible. Here, captured DNA libraries were 
shown to be successful in a majority of the 25 K and 95 K panel results. 
Yet not all samples resulted in successful kinship predictions. In these 
cases, re-sequencing and merging the reads from an additional MiSeq 
run, or sequencing on a higher-throughput platform such as an Illumina 
NextSeq or NovaSeq, may produce sufficient SNP recovery for extended 
kinship analysis. Due to the range of sample quality, as observed in the 
present study, it may be possible that WGS could produce genotypes 
sufficient for accurate kinship prediction in “better” quality degraded 
samples. This is an area of future research that will be assessed through 
validation efforts. 

The Parabon Fx software facilitates a maximal SNP capture approach 
by implementing a probabilistic SNP profiling algorithm for low 
coverage sequence data that is tailored for degraded DNA samples with 
cytosine deamination. However, the maximum SNP probe capacity may 
be determined by factors such as the number of probes that can be 
effectively put in the capture assay, which must be balanced with cost 
and sequencing throughput. Although the cost of a custom capture panel 
is related to the bait design and number of reactions purchased, in the 
present study an order for 96 capture reactions would cost $17,760 for 
the 25 K panel (four baits per SNP) versus $26,400 for the 95 K panel 
(one to two baits per SNP). Laboratories pursuing hybridization capture 
should weigh the benefits of maximum SNP recovery with other factors 
including expected DOR, sample type, sequencing throughput, and 
budget. 

This approach of combining large-scale SNP capture with the Para-
bon Fx software tailored for degraded DNA analysis provided promising 
results for forensic genetics in this study, particularly for historical re-
mains cases. SNP capture from aged, degraded skeletal samples may be 
especially impactful in cases where DNA degradation has prevented 
successful STR amplification and/or where there is a lack of paternal or 
maternal relatives necessary for the use of lineage markers. The ability 
to capture requisite SNP data overcomes STR limitations, expands the 
pool of eligible DNA sample donors suitable for kinship comparisons by 
enabling distant kinship predictions from living relatives, and minimizes 
the reliance on lineage markers (mitochondrial DNA sequencing or Y- 
chromosomal STRs). Although further testing and validation studies are 
still required before implementation in a forensic laboratory, this study 
demonstrates the successful application of SNP capture combined with 
the Parabon Fx software to facilitate distant kinship estimation in 
decades-old unidentified remains cases. 

Disclaimer 

The assertions herein are those of the authors and do not necessarily 
represent the official position of the United States Department of De-
fense, the Defense Health Agency, or its entities including the Armed 
Forces Medical Examiner System. Any mention of commercial products 
was done for scientific transparency and should not be viewed as an 
endorsement of the product or manufacturer. 

Funding 

This study was funded in part by the Defense Forensics and Bio-
metrics Agency, the Department of Defense Office of the Deputy Assis-
tant Secretary of Defense for Emerging Capabilities and Prototyping, US 
Army Research Office and the Washington Headquarters Services 
Acquisition Directorate (W911NF-13-R-0006, W911NF-16-C-0085 and 
modifications). 

Acknowledgements 

The authors would like to thank two anonymous reviewers for their 
helpful comments on this paper; Jennifer Daniels-Higginbotham (SNA 
International, AFMES-AFDIL) for laboratory analysis and assistance; 
Timmathy Cambridge (AFMES) for technical assistance; Amanda Sozer, 
(SNA International), Michael Fasano, Shairose Lalani, Lt Col Briones and 
COL Louis Finelli (AFMES) for administrative and logistical support. 

Appendix A. Supplementary material 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.fsigen.2021.102636. 

References 

[1] A. Amorim, L. Pereira, Pros and cons in the use of SNPs in forensic kinship 
investigation: a comparative analysis with STRs, Forensic Sci. Int. 150 (2005) 
17–21. 

[2] T.J. Parsons, R.M.L. Huel, Z. Bajunovic, A. Rizvic, Large scale DNA identification: 
the ICMP experience, Forensic Sci. Int. Genet. 38 (2019) 236–244. 

[3] C. Phillips, J. Amigo, A.O. Tillmar, M.A. Peck, M. de la Puente, J. Ruiz-Ramirez, et 
al., A compilation of tri-allelic SNPs from 1000 Genomes and use of the most 
polymorphic loci for a large-scale human identification panel, Forensic Sci. Int. 
Genet. 46 (2020), 102232. 

[4] E.M. Greytak, C. Moore, S.L. Armentrout, Genetic genealogy for cold case and 
active investigations, Forensic Sci. Int. 299 (2019) 103–113. 

[5] A. Tillmar, P. Sjolund, B. Lundqvist, T. Klippmark, C. Algenas, H. Green, Whole- 
genome sequencing of human remains to enable genealogy DNA database searches 
– a case report, Forensic Sci. Int. Genet. 46 (2020), 102233. 

[6] Verogen Inc, GEDmatch: Tools for DNA and Genealogy Research. 〈www.gedmatch. 
com〉. 

[7] Family Tree DNA. 〈www.familytreedna.com〉. 
[8] C. Phillips, The Golden State Killer investigation and the nascent field of forensic 

genealogy, Forensic Sci. Int. Genet. 36 (2018) 186–188. 
[9] M. Flynn, A Genealogy Website Helps Crack Another Cold Case, Police Say, This 

One A 1987 Double Homicide, The Washington Post. Morning Mix (21 May 2018). 
[10] G.T. Lotan, Orlando Police Solve 2001 Cold Case Murder Using DNA, Genealogy 

Database, Orlando Sentinal. Crime News (5 November 2018). 
[11] O. Loreille, H. Koshinsky, V.Y. Fofanov, J.A. Irwin, Application of next generation 

sequencing technologies to the identification of highly degraded unknown soldiers’ 
remains, Forensic Sci. Int. Genet. Suppl. Ser. 3 (2011) e540–e541. 

[12] B. Servin, M. Stephens, Imputation-based analysis of association studies: candidate 
regions and quantitative traits, PLoS Genet. 3 (2007), e114. 

[13] J. Marchini, B. Howie, S. Myers, G. McVean, P. Donnelly, A new multipoint method 
for genome-wide association studies by imputation of genotypes, Nat. Genet. 39 
(2007) 906–913. 

[14] B.N. Howie, P. Donnelly, J. Marchini, A flexible and accurate genotype imputation 
method for the next generation of genome-wide association studies, PLoS Genet. 5 
(2009), e1000529. 

[15] H. Murphy, Why This Scientist Keeps Receiving Package of Serial Killers’ Hair, The 
New York Times. Science (16 September 2019). 

[16] J.E. Templeton, P.M. Brotherton, B. Llamas, J. Soubrier, W. Haak, A. Cooper, et al., 
DNA capture and next-generation sequencing can recover whole mitochondrial 
genomes from highly degraded samples for human identification, Investig. Genet. 4 
(2013), 26-2223-4-26. 

[17] C.K. Marshall, K. Sturk-Andreaggi, J. Daniels-Higginbotham, R.S. Oliver, S. Barritt- 
Ross, T.P. McMahon, Performance evaluation of a mitogenome capture and 
Illumina sequencing protocol using non-probative, case-type skeletal samples: 
implications for the use of a positive control in a next-generation sequencing 
procedure, Forensic Sci. Int. Genet. 31 (2017) 198–206. 

[18] N. Bose, K. Carlberg, G. Sensabaugh, H. Erlich, C. Calloway, Target capture 
enrichment of nuclear SNP markers for massively parallel sequencing of degraded 
and mixed samples, Forensic Sci. Int. Genet. 34 (2018) 186–196. 

[19] S.Y. Shih, N. Bose, A.B.R. Goncalves, H.A. Erlich, C.D. Calloway, Applications of 
probe capture enrichment next generation sequencing for whole mitochondrial 
genome and 426 nuclear SNPs for forensically challenging samples, Genes 9 
(2018), https://doi.org/10.3390/genes9010049 (Basel). 

E.M. Gorden et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.fsigen.2021.102636
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref1
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref1
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref1
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref2
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref2
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref3
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref3
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref3
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref3
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref4
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref4
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref5
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref5
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref5
http://www.gedmatch.com
http://www.gedmatch.com
http://www.familytreedna.com
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref6
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref6
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref7
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref7
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref7
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref8
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref8
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref9
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref9
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref9
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref10
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref10
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref10
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref11
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref11
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref11
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref11
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref12
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref12
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref12
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref12
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref12
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref13
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref13
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref13
https://doi.org/10.3390/genes9010049


Forensic Science International: Genetics 57 (2022) 102636

11

[20] D.J. Kennett, S. Plog, R.J. George, B.J. Culleton, A.S. Watson, P. Skoglund, et al., 
Archaeogenomic evidence reveals prehistoric matrilineal dynasty, Nat. Commun. 8 
(2017) 14115. 

[21] J.M. Monroy Kuhn, M. Jakobsson, T. Gunther, Estimating genetic kin relationships 
in prehistoric populations, PLoS One 13 (2018), e0195491. 

[22] J.L. Wright, S. Wasef, T.H. Heupink, M.C. Westaway, S. Rasmussen, C. Pardoe, et 
al., Ancient nuclear genomes enable repatriation of Indigenous human remains, 
Sci. Adv. 4 (2018) eaau5064. 

[23] Parabon NanoLabs, Parabon Fx: Next-Gen Forensic Analysis Platform Unveiled at 
the International Symposium on Human Identification (ISHI), 2017. 〈https://para 
bon-nanolabs.com/news-events/2017/10/parabon-fx-next-gen-forensic-anal 
ysis-platform.html〉. 

[24] S.M. Edson, Extraction of DNA from skeletonized postcranial remains: a discussion 
of protocols and testing modalities, J. Forensic Sci. 64 (2019) 1312–1323. 

[25] International HapMap Consortium, A haplotype map of the human genome, Nature 
437 (2005) 1299–1320. 

[26] S. Purcell, B. Neale, K. Todd-Brown, L. Thomas, M.A. Ferreira, D. Bender, et al., 
PLINK: a tool set for whole-genome association and population-based linkage 
analyses, Am. J. Hum. Genet. 81 (2007) 559–575. 

[27] Arbor Biosciences, myBaits Hybridization Capture for Targeted NGS Manual, 4.01, 
2018. 

[28] L.E. MacConaill, R.T. Burns, A. Nag, H.A. Coleman, M.K. Slevin, K. Giorda, et al., 
Unique, dual-indexed sequencing adapters with UMIs effectively eliminate index 
cross-talk and significantly improve sensitivity of massively parallel sequencing, 
BMC Genom. 19 (2018), 30-017-4428-5. 

[29] E.S. Wright, K.H. Vetsigian, Quality filtering of Illumina index reads mitigates 
sample cross-talk, BMC Genom. 17 (2016), 876-016-3217-x. 

[30] H. Li, Aligning Sequence Reads, Clone Sequences and Assembly Contigs with BWA- 
MEM, arXiv e-prints, 2013, arXiv:1303.3997. 

[31] Z. Hofmanova, S. Kreutzer, G. Hellenthal, C. Sell, Y. Diekmann, D. Diez-Del- 
Molino, et al., Early farmers from across Europe directly descended from Neolithic 
Aegeans, Proc. Natl. Acad. Sci. USA 113 (2016) 6886–6891. 

[32] A. Ginolhac, M. Rasmussen, M.T.P. Gilbert, E. Willerslev, L. Orlando, mapDamage: 
testing for damage patterns in ancient DNA sequences, Bioinformatics 27 (2011) 
2153–2155. 

[33] H. Jónsson, A. Ginolhac, M. Schubert, P.L. Johnson, L. Orlando, mapDamage2. 0: 
fast approximate Bayesian estimates of ancient DNA damage parameters, 
Bioinformatics 29 (2013) 1682–1684. 

[34] V. Bansal, O. Libiger, Fast individual ancestry inference from DNA sequence data 
leveraging allele frequencies for multiple populations, BMC Bioinform. 16 (2015), 
4-014-0418-7. 

[35] 1000 Genomes Project Consortium, A. Auton, L.D. Brooks, R.M. Durbin, E. 
P. Garrison, H.M. Kang, et al., A global reference for human genetic variation, 
Nature 526 (2015) 68–74. 

[36] J.Z. Li, D.M. Absher, H. Tang, A.M. Southwick, A.M. Casto, S. Ramachandran, et 
al., Worldwide human relationships inferred from genome-wide patterns of 
variation, Science 319 (2008) 1100–1104. 

[37] T.S. Korneliussen, I. Moltke, NgsRelate: a software tool for estimating pairwise 
relatedness from next-generation sequencing data, Bioinformatics 31 (2015) 
4009–4011. 

[38] Scientific Working Group on DNA Analysis Methods (SWGDAM), 
Recommendations of the SWGDAM Ad Hoc Working Group on Genotyping Results 
Reported as Likelihood Ratios, 2018, pp. 1–6. 

[39] M. Meyer, Q. Fu, A. Aximu-Petri, I. Glocke, B. Nickel, J.L. Arsuaga, et al., 
A mitochondrial genome sequence of a hominin from Sima de los Huesos, Nature 
505 (2014) 403–406. 

[40] S.M. Edson, The effect of chemical compromise on the recovery of DNA from 
skeletonized human remains: a study of three World War II era incidents recovered 
from tropical locations, Forensic Sci. Med. Pathol. (2019). 

[41] D. Kling, A. Tillmar, Forensic genealogy-a comparison of methods to infer distant 
relationships based on dense SNP data, Forensic Sci. Int. Genet. 42 (2019) 
113–124. 

E.M. Gorden et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref15
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref15
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref15
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref16
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref16
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref17
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref17
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref17
https://parabon-nanolabs.com/news-events/2017/10/parabon-fx-next-gen-forensic-analysis-platform.html
https://parabon-nanolabs.com/news-events/2017/10/parabon-fx-next-gen-forensic-analysis-platform.html
https://parabon-nanolabs.com/news-events/2017/10/parabon-fx-next-gen-forensic-analysis-platform.html
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref18
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref18
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref19
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref19
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref20
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref20
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref20
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref21
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref21
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref21
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref21
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref22
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref22
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref23
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref23
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref23
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref24
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref24
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref24
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref25
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref25
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref25
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref26
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref26
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref26
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref27
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref27
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref27
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref28
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref28
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref28
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref29
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref29
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref29
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref30
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref30
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref30
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref31
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref31
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref31
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref32
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref32
http://refhub.elsevier.com/S1872-4973(21)00172-1/sbref32

	Extended kinship analysis of historical remains using SNP capture
	1 Introduction
	2 Materials and methods
	2.1 Non-probative casework samples
	2.1.1 Sample selection
	2.1.2 DNA extraction and repair
	2.1.3 Library preparation
	2.1.4 25 K and 95 K SNP capture panel design
	2.1.5 Hybridization capture of SNP panel targets
	2.1.6 Library pooling and sequencing
	2.1.7 Microarray genotyping

	2.2 Family reference samples
	2.2.1 Sample selection and DNA extraction
	2.2.2 Microarray genotyping

	2.3 Data analysis
	2.3.1 Non-probative case samples
	2.3.2 Family reference samples
	2.3.3 Ancestry prediction and kinship analysis


	3 Results and discussion
	3.1 Non-probative casework sample assessment
	3.2 Microarray genotyping of family reference samples (FRS)
	3.3 Parabon Fx ancestry prediction
	3.4 Parabon Fx kinship prediction
	3.5 Analysis of control blanks

	4 Conclusions
	Disclaimer
	Funding
	Acknowledgements
	Appendix A Supplementary material
	References


