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Abstract 
Typing short tandem repeats (STRs) is the basis for human identification in current forensic testing. The standard method uses capillary electrophoresis (CE) to separate amplicons by length and fluorescent labeling. In recent years new methods, including massively parallel sequencing (MPS), have been developed which increased the discriminative power of STRs through sequencing. MPS also offers the opportunity to test more genetic markers in a run than is possible with standard CE technology. Verogen’s ForenSeq™ DNA Signature Prep kit includes over 150 genetic markers [STRs and single nucleotide polymorphisms (SNPs)]. Further, MPS separation depends on sequences rather than lengths; therefore, amplicons can be small or even of the same lengths. These improvements are advantageous when testing challenging forensic samples that could be severely degraded. 
This study tested the ForenSeq™ DNA Signature Prep kit in repeated experimental runs on series of degraded DNA samples, ranging from mild to severe degradation, as well as 24 mock case-type samples, derived from bones, blood cards, and teeth. Despite passing the quality metrics, positive controls (2800M) showed drop-outs at some loci, mostly SNPs. Sequencing DNA samples repeatedly in two experimental runs as well as sequencing one pooled library in triplicate led to the assumption that spurious alleles of the Y-STRs in this study were not a result of sequencing artifacts but could be due to sequence structures (e.g. duplications, palindromes) of the Y-chromosome and/or might be accumulated during library preparation.
Two sets of serially degraded DNA samples revealed that dropped-out loci were primarily loci with long amplicons as well as low read numbers (coverage), e.g. PentaE, DXS8378, and rs1736442. STRs started to drop out at degradation indices (DIs) >4. However, severely degraded DNA (DI: 44) still resulted in 90% of the 20 CODIS loci, while only 35% were obtained using Promega’s PowerPlex® Fusion kit, a current standard CE kit. Mock case-type samples confirmed these results. ForenSeq™ DNA Signature Prep kit demonstrated that it can be successfully used on degraded DNA samples. This study may be helpful for other laboratories assessing and validating MPS technologies. 
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Abbreviations: ACR: allele coverage ratio, ADI: allele drop-in, ADO: allele drop-out, aSTRs: autosomal STRs, CE: capillary electrophoresis, CODIS: Combined DNA Index System, DI: degradation index, iSNP: identity SNP, LDO: locus drop-out, MPS: massively parallel sequencing, NTC: no template control; PHR: peak-height ratio; SE: sequence error, SNP: single nucleotide polymorphism, STR: short tandem repeats, UAS: Universal Analysis Software. 
1. Introduction

The foundation of individual identification in modern forensic science is DNA typing by short tandem repeat (STR) analysis. This technique has brought a standardized, quantitative method with strong statistical underpinnings and increased power of discrimination into the criminal justice system [1]. While the fundamental principles behind STR typing have not changed, new instrumentation and informative biological markers developed over the past few years have the potential to address limitations of current techniques 


[2, 3] ADDIN EN.CITE . 

Current DNA analysis methods utilize capillary electrophoresis (CE)-based size separation of a selected group of amplicons, and consequently fail to detect informative, sequence specific information that could significantly improve individual identification and mixture deconvolution 


[3] ADDIN EN.CITE . Due to the inherent constraints of the CE method itself: i) the need for sufficient loci separation for adequate resolution 


[3] ADDIN EN.CITE  combined with ii) “limited band width” 


[4] ADDIN EN.CITE  (i.e. the limited number of amplicon lengths it is capable of separating), CE [including the 20 CODIS (Combined DNA Index System) core loci] is approaching a maximum number of STRs it can process 


[2, 3] ADDIN EN.CITE . Thus, despite expanding dye capabilities, new autosomal, Y-, and X-STRs, as well as other genetic markers such as SNPs, insertions and deletions (indels) that can improve individual identification and aid in mixture deconvolution will likely not be included in the near future. 

Massively parallel sequencing (MPS) improves the likelihood of detecting informative genetic markers in degraded samples through the use of multiple small (or equal sized) amplicons 


[4] ADDIN EN.CITE . Handling degraded DNA samples is one of the main challenges of forensic laboratories [5]. It is well documented that longer DNA fragments are more affected by degradation than shorter ones 


[6-8] ADDIN EN.CITE . This led to the design of STR analysis kits with shorter and fewer amplicons at the cost of being less discriminative [9]. MPS has the capacity to test more loci. ForenSeq™ DNA Signature Prep kit (Verogen, San Diego, CA) includes two Primer Mixes: Primer Mix A tests 27 autosomal STRs (aSTRs), 24 Y-STRs, 7 X-STRs, and 94 identity SNPs (iSNPs). Primer Mix B contains all markers of Mix A plus an additional 24 phenotypic SNPs and 56 ancestry SNPs, of which two overlap 


[10, 11] ADDIN EN.CITE . This kit was evaluated in several studies for its overall performance 


[11-17] ADDIN EN.CITE , concordance to standard CE methods 


[11, 12, 14-16, 18, 19] ADDIN EN.CITE , sensitivity 


[13, 16, 17, 19] ADDIN EN.CITE , and automation [20]. 

Studies have also been conducted using degraded DNA and challenging samples: Testing aged samples, bones and ancient DNA in a direct comparison between the ForenSeq™ DNA Signature Prep kit and standard CE technologies showed that the MPS method consistently detected as many or more STR alleles than standard CE methods 


[13, 17, 21] ADDIN EN.CITE . Two additional studies generated serially degraded samples by heating DNA producing many severely degraded samples 


[21, 22] ADDIN EN.CITE . DNA-quantification using real-time PCR methods showed that high degradation was accompanied with low DNA concentrations. These samples were then used for DNA input for the ForenSeq™ DNA Signature Prep kit 
 ADDIN EN.CITE 
[21, 22]
. 

For this study, pristine DNA samples were degraded gradually by aqueous hydrolysis to various degrees of degradation. However, the focus was on defining the extent of degradation when STRs are being affected by drop-outs and tested mild, moderate and severe degradation 
 ADDIN EN.CITE 
[23]
. DNA input followed the manufacturer’s recommendations for casework [10]. In order to compare the output from MPS and CE, the same set of gradually degraded DNA samples was also tested with PowerPlex® Fusion kit (Promega, Madison, WI). 

In contrast to experimentally degraded samples, those categorized as challenging due to environmental/chemical exposure as well as sample handling and storage conditions, may exhibit the following problems: degradation of DNA, modification of DNA, limited quantities of DNA, and contamination with non-human and/or other human DNA, leading to mixtures 
 ADDIN EN.CITE 
[24, 25]
. Twenty-four mock case-type DNA samples derived from bones, blood cards, and teeth were tested with MPS and five of those were selected for CE-testing based on their degree of degradation. Analysis also focused on quality assessment of the ForenSeq™ DNA Signature Prep kit, which included performance of the positive control, sequencing of the same library pool repeatedly, as well as on a detailed investigation of drop-outs due to DNA degradation and other challenges. This study has the potential to aid other laboratories in designing tests for validation of MPS technologies. 

2. Material and methods 

2.1 Sample collection, DNA extraction and quantification

The study was approved by the New York City Department of Health and Mental Hygiene’s Institutional Review Board (IRB# 15-125). For this study, buccal swabs were obtained from volunteers with informed consent and subsequently anonymized. DNA was extracted from buccal swabs (Citimed Corporation, Citronelle, AL) using the M48 BioRobot® (Qiagen, Valencia, CA) utilizing the MagAttract® extraction kit (Qiagen) following manufacturer’s instructions as recently described [12]. With each extraction batch, a negative control was included and if tested positive for DNA, the accompanying samples were discarded. In addition, DNA from 24 mock case-type samples was used, which included ten from bones, eight from blood cards, and six from teeth. Extracted DNA was quantified using the Quantifiler® Trio Quantification Kit (Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s instructions [26]. The Quantifiler® Trio kit was also used to assess the quality of the DNA by amplifying a large (214 bp) and a small (80 bp) autosomal target. Concentrations of these targets were used to calculate the concentration ratio, also called the Degradation Index (DI). DIs around 1 and smaller indicate good DNA quality, while higher DIs designate more degradation of the DNA 
 ADDIN EN.CITE 
[27]
. 

2.2 DNA degradation 

DNA samples of 28 ng/µl (Expt. 1) and 20 ng/µl (Expt. 2) were degraded by incubation at 95ºC for specific time periods (Expt. 1: 0 min, 5 min, 10 min, 15 min, 20 min, and 30 min;  and additional time points in Expt. 2: 40 min, 50 min, and 60 min) using a GeneAmp PCR System 9700 thermocycler (Thermo Fisher Scientific). To visualize the degree of DNA degradation, 20 µl aliquots of each concentration and from each time point were separated in an 0.7% agarose gel for 40 min at 110 V. U:Genius (Syngene, Frederick, MD) was used for gel documentation. For Expt. 1 six 20 µl aliquots of DNA were used, requiring a total of >3360 ng, and for Expt. 2 nine aliquots were used (total of >3600 ng). The same DNA was also used for library preparation and amplification. To accommodate this high DNA input of good quality, as well as to test different profiles, DNA from two volunteers was used. After degradation, samples were re-quantified and tested for their DI using the Quantifiler® Trio kit. 

2.3 CE data: PowerPlex® Fusion

Samples processed for DNA degradation were tested by a capillary electrophoresis (CE)-based method. Amplification of template DNA was performed using the PowerPlex® Fusion kit (Promega). This kit tests for Amelogenin, 22 aSTRs, and one Y-STR (Suppl. Table 1). Developmental validation studies have been previously conducted and full, concordant profiles with minimal variability were obtained from 25 µl, 12.5 µl and 6.25 µl reaction volumes [28]. The protocol for this study followed the manufacturer’s instructions but used 12.5 µl volume per reaction. This was composed of 7.5 µl of master mix and 5 µl of 500 pg template DNA (input), as the PowerPlex® Fusion System was optimized and balanced for 0.25–0.5 ng of DNA template [29]. The PCR products (1 µl) were separated on the 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA) with parameters for injection of 3 kV for 5 s and for separation of 13 kV for 2,000 s. Data was analyzed using GeneMarker® (SoftGenetics, State College, PA) applying a 3% Global Filter. Local Southern was chosen for sizing. The analytical threshold was set to 50 RFUs. 

2.4 ForenSeq™ DNA Signature Prep library preparation and experimental overview 

Primer Mix A was used for all experimental runs that included the following targets: Amelogenin, 27 aSTRs, 24 Y-STRs, 7 X-STRs, and 94 iSNPs (Suppl. Table 1). Library preparation was performed using the ForenSeq™ DNA Signature Prep kit (Verogen) following the manufacturer’s instructions [10]. Each experimental run contained 30 samples, with 1 ng DNA input per sample, one positive (Verogen, 2800M) and one negative (water) control, as recommended for casework samples [10]. One sample of the 24 mock case-type samples (DNA from teeth: M9) showed a DNA concentration of 121 pg/µl and was used as is, resulting in a DNA input of approximately 600 pg. Experimental runs were performed on the Illumina MiSeq™ FGx system in the Forensic mode (Verogen) using the MiSeq™ FGx Reagent Kits. Four experimental runs were performed (Table 1): Expt. 1 included six samples degraded by heating at 95oC and 24 mock case-type samples. As the highest DI was 4.8 of the heated DNA, three additional time points were taken in Expt. 2. To maintain 32 samples per run, all mock case-type samples from Expt. 1 were tested, except for three with DIs ≤1.0, which were derived from bones (D4b, D5b, and D9b). The pooled library of Expt. 2 was stored at minus 20ºC and was used 13 and 19 days after Expt. 2 to generate Expt. 3 and 4, respectively, the technical repeats. 

2.5 Data analysis 

Primary data analysis was performed using the default settings of the ForenSeqTM Universal Analysis Software (UAS, Verogen; [30]). UAS genotype reports for STRs provided information for each locus which included: allele name, information regarding whether the allele was typed (called) or not, genotype sequences, flags, and read coverage. For each iSNP, the UAS genotype report contained whether the allele was typed or not, genotype sequence, flags, and read coverage information. The UAS flags included “ma” many allele counts; “i” imbalance; “s” stutter; “it” interpretation threshold; “lc” low coverage; and “INC” inconclusive. For this study, an analytical threshold of 10 was applied, meaning all reads below 10 were disregarded. Typed reads above 10 were considered. Alleles at loci flagged with QC indicators “ma,” “i," “it,” “lc” or any combination thereof were analyzed for the presence of untyped alleles or typed artifacts. To classify a typed allele as stutter, a direct comparison between true allele and artifact sequences was made to confirm stutter results (n-repeat units shorter or longer than the true allele). Read numbers of the typed stutter were compared to the true allele, and stutter percentages and were exceeding the stutter filter set by the ForenSeq™ UAS Guide [30] for the locus of interest. Possible sequence errors (SE) were categorized when sequence differences of one or more nucleotides compared to the true allele were detected and showed low read numbers of ≈ 5% to the true allele. Allele drop-ins (ADI) were artifacts that were neither stutter nor SE with low read counts. Untyped artifacts were disregarded. Locus drop-outs (LDO) were identified by no reads for a locus of interest. Allele drop-outs (ADO) were identified by comparing genotypes repeated samples. 
For the samples degraded by heating, several DNA extracts were tested with the PowerPlex® Fusion kit. The resulting profiles served as baseline to determine drop-outs obtained by the ForenSeq™ DNA Signature Prep kit. Comparisons were done for the non-overlapping loci between degraded and non-degraded samples to determine drop-outs. For the mock case-type samples, results from repeated runs were compared. 

Microsoft Excel was used for further analysis. 

3. Results and Discussion 

3.1 Quality assessment and technical repeats
All experimental runs passed the quality metrics (cluster density, cluster passing filter, phasing, pre-phasing) as well as read and index quality. However, the positive controls (2800M) showed drop-outs as listed in Table 1. The loci that dropped out were predominantly iSNPs with low read numbers [15].  Drop-outs of the positive control were noted before 
 ADDIN EN.CITE 
[12, 15, 31]
. Samples other than the positive control may, in these occasions, be used to check whether all loci were accurately working in a run. In casework, this would require that one case be used to control for another in order to report that all primers were working, which may be of questionable validity. 

The negative controls showed no reads, except in one experimental run (Expt. 2), in which one spurious allele 17 was found at D2S1338 with 12 reads (Table 1). The two technical repeats (Expt. 3 and 4), generated from the same library, showed no reads in their negative controls and were consequently marked as INC indicated as “not detected” for all loci [30]. 

The total coverage of Expt. 1 (8,453,809) was substantially greater than in Expt. 2 (5,504,637). This was also observed in coverage per sample (Suppl. Fig. 1) and might reflect the variation between experimental runs. For most samples in the first technical repeat (Expt. 3), there was a minor loss of coverage compared to Expt. 2, which increased with the duration of storage of the pooled library at -20ºC and is apparent in the second technical repeat (Expt. 4; Suppl. Fig. 1B). However, autosomal- and X-STRs showed no difference between the technical repeats. Regarding the Y-STRs, the second technical repeat (Expt. 4) showed the most drop-outs (23 vs. 15 and 14; Suppl. Table 2 and 3), while the first repeat (Expt. 2) showed most drop-outs for the iSNPs (48 vs. 32 and 22). It is unclear whether these minor differences between the technical repeats occurred due to utilizing expired cartridges, storage time, or other reasons. Nevertheless, the results confirmed that a prepared library can be stored for a short time by maintaining a certain degree of quality. According to the manufacturer, the library can be used up to 30 days at -15ºC to -25ºC [10]. This experimental confirmation is important, as a sequencing run could fail and needs to be repeated after maintenance or repair of the MiSeq™ instrument. 

3.2 Allele drop-ins and drop-outs

Allele drop-ins (ADIs) were noted in four of the 24 mock case-type samples tested in this study, that were derived from bone, blood cards, and teeth at Y-STRs (Table 2). The sample Blood BL-20 (male) showed three alleles, 39, 39, and 40 at DYF387S1 in Expt. 1 with similar read numbers that scattered around 900 (Table 2). Therefore, it was not possible to distinguish between true allele and artifact. The two 39-alleles differed in their sequence and wouldn’t have been distinguished using CE for separation. Repetition of this test in Expt. 2, resulted in similar outcomes, as well as sequencing the library prep twice. Additionally, in Expt. 4, allele 38 was called, which could be assigned to a typed stutter (22%) of allele 39 (335 reads) based on sequence analysis (Suppl. Fig. 2). At the STR-Base, maintained by the National Institute of Standards and Technology (NIST), tri-allelic variants were described for DYF387S1 (https://strbase.nist.gov/var_DYF387S1.htm). Thus, the third allele could be due to DNA duplication of parts of the Y-chromosome [32] rather than contamination.

However, the other Y-STR loci that showed ADI varied for the same DNA samples tested in Expt. 1 and 2: In Expt. 1 sample D2b had 16 reads at DYS385a-b, while in Expt. 2, D2b had 31 reads at DYS505. In Expt. 1, sample I4 did not show any Y-STR ADI, but in Expt. 2, this sample had 12 reads at DYS612. Perhaps most interestingly, sample B5 had 174 reads at DYS438 in Expt. 1, however, in Expt. 2 the same DNA sample (B5) had 15 reads at DYS391. The technical repeats of Expt. 2 (i.e. Expt. 3 and 4) showed most of these drop-ins were at the same locations for the female samples of interest (Table 2): e.g. D2b had 28 and 34 reads at DYS505 in Expt. 3 and 4, respectively. Similarly, sample B5 had 11 and 18 reads at DYS391 in the first and second technical repeats, respectively. For sample I4, however, no Y-STRs were detected in the first technical repeat (Expt. 3), but 19 reads were detected at DYS612 in the second technical repeat (Expt. 4). 

Drop-ins with similar read numbers at Y-STRs were described earlier 


[15, 16] ADDIN EN.CITE . It should be noted that library preparations were performed by a female technician. The variations in ADIs between Expt. 1 and 2 for samples that have originated from the same DNA, indicated that the source of the additional alleles was likely not the original DNA input; rather, the ADIs could have resulted from library preparation. Overall, high structural variation is known to be present in the Y-STRs 
 ADDIN EN.CITE 
[32-34]
. Additional sources of female-derived Y-STRs could be attributed to unknown interchromosomal rearrangements that may result in segments of the Y-STR being inserted into female DNA due to non-allelic homologous recombination 
 ADDIN EN.CITE 
[33, 34]
. ADI sequences found in sample B5 for DYS391 and for DYS438 were used to conduct a BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and resulted in high percentages of sequence identity (>90%) with various autosomal chromosomes as well as the X-chromosome. 

As reported earlier, biallelic SNPs may also show ADIs 
 ADDIN EN.CITE 
[15, 31, 35]
. Two SNPs, rs1382387 (BL-2 in Expt. 1) and rs2040411 (BL-9 in Expt. 2) exhibited an additional allele (Suppl. Tables 2 and 3) that was not typed and was below 1.5% to the true alleles. 

3.3 Testing various degrees of DNA degradation 

DNA of good quality was degraded by heating for several time points, followed by quantification and quality-assessment using Quantifiler® Trio. The DI increased from 1 for the untreated sample to 4.8 for the most degraded sample. Even though the six DNA aliquots had initially the same concentration, after incubation at 95ºC, DNA concentrations decreased. The more degraded the DNA, the lower the concentration (Figure 1A). Based on the quantification after aqueous hydrolysis, 1 ng of DNA was used as input for each sample. Data analysis revealed full profiles, 59 STRs and 94 iSNPs, for all samples that were boiled up to 15 min (DI: 1.8). Locus drop-out (LDO) was first noted after heating for 20 min (DI: 2.5) at rs1736442, and after 30 min (DI: 4.8) at rs1736442 and PentaE. Allele drop-out (ADO) could only be detected by comparing samples. ADO was already detected at a DI of 1.8 (after 15 min) at rs1736442 and at a DI of 4.8 (after 30 min) at rs13182883 and rs826472 (Table 3A). 

As this series led only to mild DNA degradation 
 ADDIN EN.CITE 
[23]
, a second series was performed, in order to test severely degraded DNA samples, with DI >10 
 ADDIN EN.CITE 
[23]
. Boiling at 95ºC was extended to 60 min. DIs were similar for the two series. However, in the second set, the most degraded DNA aliquot showed an elevated DI of 44.6 (60 min at 95ºC; Fig. 1B). Having so many datapoints of mildly (DI: <5) and moderately (DI: 5-10) degraded samples, can show the range for successful usage of the ForenSeq™ DNA Signature Prep kit without being affected by degradation. The decreasing DNA concentrations for longer boiling times can be explained by the qPCR assay that amplified the regions of 214bp and 80bp lengths, which showed more degradation and therefore cannot be amplified at the same rate. This was also observed by Zhang et al. [21] and by comparing UV quantification (NanoDrop, Thermo Fisher Scientific Inc., MA) with Quantifiler® Trio 
 ADDIN EN.CITE 
[22]
. Again, 1 ng DNA was used as input for each sample for library preparation, measured after aqueous hydrolyzation in order to follow the workflow of a forensic laboratory. The total coverage per sample started to decrease in samples heated for longer than 20 min (DI: ≥2.5; Suppl Fig 1). Drop-outs are shown in Table 3B. At DIs: ≥2.5, the total number of drop-outs increased. The amplicon length seems to be one of the reasons that loci dropped out such as PentaE (≥362 bp) and DXS8378 (≥430 bp). Drop-outs were also observed at loci that showed on average low read numbers (coverage) such as DXS10103 (n=68), D12S391 (n=696), and rs1736442 (n=34) - taken from a study that tested over 300 samples in 9 experimental runs, as well as at loci that showed low allele coverage ratio (ACR) such as D22S1045 (ACR: 0.58) and rs338882 (ACR: 0.55) 
 ADDIN EN.CITE 
[15, 35, 36]
. 

The iSNPs were most sensitive to degradation (Table 3A and B), despite their amplicon length ranging from 63 to 231 bp [10]. This was also found by another study that used the primer mix B [21]. However, drop-outs were already seen in DNA with good quality as recently reported due to low coverage 
 ADDIN EN.CITE 
[15, 35]
. The median coverage of these iSNPs was approximately 6x lower compared to the STRs [35]. Overall, it appears that the iSNPs are of limited use for forensic samples. 

In addition, drop-outs were also observed in good quality DNA at D22S1045 (Table 3B). This locus is known for strong imbalance 
 ADDIN EN.CITE 
[11-16, 35]
, with recently reported ACRs ranging from 0.3 to 0.58 


[13, 15, 16] ADDIN EN.CITE . The ACRs of this study ranged from 0 (ADO) to approximately 0.8, with several samples showing an ACR: < 0.2 (Suppl. Fig 3). Further, D22S1045 was purposely excluded by Jaeger et al. from their developmental validation study of the MiSeq FGx System 


[11] ADDIN EN.CITE . Therefore, the drop-outs of D22S1045 at lower DIs might not be considered due to degradation but rather due to poor performance. While at higher DIs, D22S1045 might be affected by degradation as it is derived from one of the longer amplicons (193-229 bp; Suppl. Fig. 4). Considering current and previous results, D22S1045 should be interpreted with caution. 

The same aliquots of the second series were also used with PowerPlex® Fusion and concordance was verified for the overlapping loci. The results of PowerPlex® Fusion showed no drop-outs for the aliquots that were heated up to 10 min. Starting with 15 min at 95ºC (DI: 1.7), the longest amplicons, such as D22S1045 (≥420 bp) and PentaD (≥370 bp), showed drop-outs. More loci were affected with increasing DIs (longer heating time points) suggesting that PowerPlex® Fusion is considerably more sensitive to degraded DNA than ForenSeq™ DNA Signature Prep kit (Table 3). In order to compare these kits directly, only the 20 CODIS loci were considered, as these are used for casework and database searches. Their amplicon lengths range from 85 - 306 bp for the ForenSeq™ DNA Signature Prep kit and from 72 - 464 bp for the PowerPlex® Fusion (Suppl. Fig. 4). Figure 2 shows the percentages of the 20 CODIS loci from the serially degraded samples that could be reported for ForenSeq™ DNA Signature Prep kit and for PowerPlex® Fusion. For severely degraded DNA (DI: >40), the profile based on MPS data was considered usable, (90%), while with CE it was substantially lower (35%). 

In contrast to other studies 
 ADDIN EN.CITE 
[21, 22]
, this approach, tested the effects of incremental increases of degradation on the ForenSeq™ DNA Signature Prep kit. Mildly degraded samples with DI: <5 were able to provide full CODIS profiles. This was shown repeatedly by testing DNA from different volunteers. Samples with moderate degradation, i.e. DI ranging from 5 to approximately 10, can still lead to full CODIS profiles. This was shown once here (DI: 8.3; Fig. 2) and by one sample in a previous study (DI: 6.5; [21]). Severe degradation with DIs: >15 may show some drop-outs of the CODIS loci, but the resulting partial profile may still be of use, as shown in this study for a sample with DI: 44 that resulted in 90% of the CODIS loci. Another study obtained approximately 80% of the STR loci with two severely degraded samples (DIs: 22 and 72) [21]. This is not surprising, as 14 of the 20 CODIS loci (70%) have an amplicon length between 72 to 192 bp (Suppl. Fig. 4). And it was shown that further degradation (DI: >100) still resulted in >50% of the STR loci [21]. Even when the DI could not be determined due to the profound degree of degradation, a few alleles were obtained 
 ADDIN EN.CITE 
[22]
.  

3.4 Challenging forensic samples: DNA from bones, blood cards, and teeth 

Twenty-four mock case-type samples were tested (Expt. 1), and 21 of them, with DIs >2, were tested twice (Expt. 2), as shown in Table 1. Figure 3 shows the quality of these DNA samples in agarose gel pictures with their corresponding DI values. DI values ranged from 0.6 to 6.1 and were lower than those obtained by boiling pristine DNA for 40 min (see Fig. 1). The outcomes of these samples using the ForenSeq™ DNA Signature Prep kit Primer Mix A are shown in Table 4. LDOs were easily determined, however, ADOs could only be determined by comparing samples of repeated runs. By this means, there is always an underlying possibility that some ADOs may be unseen such as in cases where the repeated run and the first run would have the ADO at the same locus. The outcomes of Expt. 1 and 2 were similar however, Expt. 2 showed slightly more drop-outs than Expt. 1. This correlated with their cluster densities (Table 1; [31]) and the lower total coverage (read number) per sample in Expt. 2 compared to Expt. 1 (Suppl. Fig. 1). 

Of the 24 mock case-type samples, only two showed drop-outs at aSTRs (Table 4): (i) For BL-2 (DI: 1.9, 2.6), derived from blood, one ADO was detected at PentaE. (ii) For M9 (DI: 2.5), derived from a tooth, tested with lower than recommended DNA input, four LDOs were detected at PentaE, PentaD, D22S1045, and D12S391. Interestingly, samples with higher DIs, such as B5 (tooth; DI: ≥4.2) and M2 (blood card; DI: ≥5.3), showed no drop-outs at their STRs, but a few at their iSNPs (Table 4). Based on the results of the purposefully degraded DNA samples, all mock case-type samples resulted in 100% CODIS loci (mild and moderately degraded, DI: <10), except M9. M9 was a mildly degraded sample (DI: 2.5) and used with approximately 600 pg DNA input. This sample had the lowest total coverage of all the samples (Suppl. Fig. 1). M9 total coverage was approximately 3x lower than that of the most degraded sample by heating in Expt. 1 (DI: 4.8), and 2x lower than that (DI: 44.6) in Expt. 2. It seems that the limited input enhanced the effect of degradation.
Zhang et al. also found that increasing DIs resulted in more drop-outs [21]. Moderately degraded samples (DIs: 3.4 - 11.5), obtained from human remains, revealed 80-100% of the aSTRs, severely degraded samples (DIs: 41 - 63) showed 60-80%, and further degradation (DI: 194) still led to 59% [21].  

In general, drop-outs were found at higher frequencies at the iSNPs compared to the STRs, as observed in the two series of the purposefully degraded DNA samples. These results indicate that the function of the ForenSeq™ iSNPs is limited. 
Five of the 24 case-type samples were also tested using PowerPlex® Fusion, utilizing CE for separation. The samples were selected based on their DI (>2.0), as lower DIs may have a minimal effect on the outcome (Figure 3). Where data was available, concordance with the ForenSeq™ DNA Signature Prep kit was verified. More drop-outs were observed for the same samples when tested with PowerPlex® Fusion (Table 4). This was expected, as already seven of the 20 CODIS loci exceed 269 bp (Suppl. Fig. 4). Figure 4 shows the percentages of reportable CODIS loci for these four samples tested with MPS and CE. The better performance of MPS is consistent with studies that tested aged swabs, bones, blood, human remains, and ancient DNA samples 
 ADDIN EN.CITE 
[13, 17, 21, 36]
. 

Data analysis showed that two samples were mixtures: B4 (tooth) and B1 (blood). Sample B4 had relatively low DIs (1.6 and 1.5; Fig. 3) and analysis of Expt. 1 and 2 led to the conclusion that a male and a female contributed to the mixture with a ratio of approximately 1:1. Nine aSTR loci showed four alleles, an additional 15 showed three alleles, three X-STR loci showed three alleles, 22 Y-STRs showed one allele, while 2 Y-STRs (DYF387S1 and DYS385a-b) due to duplication showed two alleles. The comparison of the two data sets (Expt. 1 and 2) revealed one ADO in Expt. 2 at PentaE and one ADO in both, Expt. 1 and 2 at rs1736442. 

The analysis of the other sample, B1, which had higher DIs (5.2 and 4.5; Fig. 3) was more complex due to the presence of some artifacts. The data from Expts. 1 and 2 suggested a mixture of two males with approximately equal contributions. A few LDOs were found at the Y-STRs (Expt. 1: DYS389II, DYS392, DYS460, and DYS481; Expt. 2: DYS448) and comparison of the two experimental runs (Expt. 1 and 2) revealed additional ADOs at aSTRs (Expt. 1: TH01, D2S441, and D12S391; Expt. 2: D5S818, D4S2408, D9S1122, D10S1248, D12S391, and PentaE). Typed artifacts, such as high stutter and sequence errors (see in [15]) led to more called alleles than would be expected for a two-person mixture. This made analysis more difficult as shown in specific examples (Suppl. Fig. 5): (i) At D7S820, six alleles were called of which two were ADIs based on an additional T at the end of the sequence 


[12, 15] ADDIN EN.CITE . Disregarding these, led to four called alleles: 8 with 613 reads, 9 with 680 reads, 11 with 281 reads, and 12 with 35 reads. Allele 12 could be a very high (+1 repeat unit) stutter (12.4% of the true allele), a true allele showing extreme imbalance (ACR: 0.12), or even indicating a third contributor. (ii) At CSF1PO, five alleles were typed: 7 with 464 reads, 10 with 1035 reads, 11 with 1802 reads, 12 with 32 reads, and 13 with 59 reads. Allele 12 and/or 13 could be a high (+1 and +2) stutter (1.8% and 3.3%, respectively). (iii) Some X-STRs also showed very high (+1) and (-2) stutter (up to 12%), as well as typed sequence errors (up to 28%) which made it difficult to distinguish artifacts from true alleles. 

On the other hand, when B1 was tested using PowerPlex® Fusion, less information was obtained. Data also pointed to a two-person mixture, however, based on AMEL (PHR: 0.93) and LDO at DYS391, it was not clear whether these were two males or one male and one female. In comparison, the MPS data revealed additional ADOs and alleles that were shared by the contributors but could only be distinguished by sequence variants at D5S818, D2S1338, D10S1248, and D12S391 
 ADDIN EN.CITE 
[12, 37]
. 

Conclusion:

For the samples tested in this study, the ForenSeq™ DNA Signature Prep kit outperformed PowerPlex® Fusion. This was expected, due to the use of smaller amplicons in the MPS technique.  

Mildly and moderately degraded samples (DIs up to ≈10) may lead to full CODIS profiles using the ForenSeq™ DNA Signature Prep kit; although some markers dropped out from good quality samples, including from positive controls. 

Based on amplicon size, SNP collections or other non-traditional markers, such as insertions and deletions, may be even better than testing STRs on severely degraded samples [38], but currently, SNPs cannot be used for database searches. In addition, as shown for the ForenSeq™ DNA Signature Prep kit, the iSNPs dropped out first. Therefore, their exclusion from this kit may be beneficial for forensic samples by offering more space on the flow cell for the STRs. Another option could be, the improvement of these iSNP-reactions, in order to benefit from their amplicon sizes. 
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Figure 1: Samples degraded by aqueous hydrolysis 
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Agarose gel pictures of aqueous hydrolyzed samples. Time at 95ºC, DI and concentration are shown for each sample. A) Female sample at t=0 min, 28 ng/µl; B) Different female sample at t=0 min, 20 ng/µl. 
Figure 2: Reportable CODIS loci of degraded samples 
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Percentage of 20 reportable CODIS loci after aqueous hydrolysis at 95ºC. White circles: Expt. 1 using ForenSeq™ DNA Signature Prep kit (MPS); gray circles: Expt. 2 using ForenSeq™ DNA Signature Prep kit (MPS); black triangles: PowerPlex® Fusion (CE). X-axis: Degradation index is plotted on a log10 scale. 
Figure 3: Challenging samples 
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Blood  Samples:
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Teeth Samples:
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Agarose pictures from challenging samples derived from bones, teeth, and blood cards. Concentration and DI was determined prior to library preparation for Expt. 1 and 2. ND: not determined. The bone samples D4b, D5b, and D9b were not tested in Expt. 2. 
Figure 4: Reportable CODIS loci of challenging samples 
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Percentage of 20 reportable CODIS loci of challenging samples, derived from blood cards: BL-9, M2, and teeth: M9, B5. MPS: ForenSeq™ DNA Signature Prep kit; CE: PowerPlex® Fusion kit. 
Tables

Table 1: Overview of experiments

Four experimental runs were performed using the ForenSeq™ DNA Signature Prep kit Primer Mix A. 

	Experiment Number
	Number 

of 

Samples
	Description
	Quality Parameters1

A: Cluster density (k/mm2)
B: Cluster passing filter (%)

C: Phasing (%)

D: Pre-Phasing (%)
	Typed Loci

E: aSTRs and Amelogenin

F: Y-STRs

G: X-STRS

H: iSNPs

	
	
	
	
	Positive Control
	Negative Control

	1
	32
	Degraded samples by boiling (95°C): 6 

Mock case type samples: 24

Controls: 2
	A: 1227
	E: 28/28
	E: 0/28

	
	
	
	B: 86.96
	F: 24/24
	F: 0/24

	
	
	
	C: 0.161
	G: 7/7
	G: 0/7

	
	
	
	D: 0.114
	H: 93/94
	H: 0/94

	2
	32
	Degraded samples by boiling (95°C): 9 

Mock case type samples: 212 

Controls: 2 
	A: 839
	E: 28/28
	E: 1/28

	
	
	
	B: 93.49
	F: 23/24
	F: 0/24

	
	
	
	C: 0.156
	G: 7/7
	G: 0/7

	
	
	
	D: 0.105
	H: 92/94
	H: 0/94

	3
	32
	Repeat of Expt. 2 (expired cartridge, same pool, 13 days old)
	A: 812
	E: 28/28
	E: 0/28

	
	
	
	B: 93.73
	F: 23/24
	F: 0/24

	
	
	
	C: 0.182
	G: 7/7
	G: 0/7

	
	
	
	D: 0.138
	H: 92/94
	H: 0/94

	4
	32
	Repeat of Expt. 2 (expired cartridge, same pool, 19 days old)
	A: 846
	E: 28/28
	E: 0/28

	
	
	
	B: 91.75
	F: 23/24
	F: 0/24

	
	
	
	C: 0.200
	G: 7/7
	G: 0/7

	
	
	
	D: 0.136
	H: 92/94
	H: 0/94


1 Acceptable range for quality parameters - A: Cluster density: 400-1650 k/mm2; B: Cluster passing filter:  ≥ 80%; C: Phasing:  ≤0.25%; D: Pre-Phasing:  ≤0.15%.

2 Expt. 2 included all mock case-type samples from Expt. 1 except D4b, D5b, D9b (n=21). 3 additional time points (40, 50, 60 mins) were added to test degradation by boiling (n=9).

Table 2: Contamination/Spurious alleles in Y-STRs 

	
	Library prep repeat
	Library prep from Expt. 2 run twice

	DNA Sample
	Expt. 1
	Expt. 2
	Expt. 3
	Expt. 4

	Blood BL20

male

DI: 1.2, 1.6
	DYF387S1

Allele: 39, 39, 40

Read #: 846, 1093, 765
	DYF387S1

Allele: 39, 39, 40

Read #: 901, 826, 795
	DYF387S1

Allele: 39, 39, 40

Read #:878, 851, 795
	DYF387S1

Allele: 38, 39, 39, 40

Read #: 75, 335,
313, 306

	Bone D2b

female

DI: 1.5, 1.4
	DYS385 a/b

Allele: 16

Read #: 16
	DYS505

Allele: 13

Read #: 31
	DYS505

Allele: 13

Read #: 28
	DYS505

Allele: 13

Read #: 34

	Teeth I4

female

DI: 1.1, 1.1
	-
	DYS612

Allele: 31

Read #: 12
	-
	DYS612

Allele: 31

Read #: 19

	Teeth B5

female

DI: 4.9, 4.2
	DYS438

Allele: 11

Read #: 174
	DYS391

Allele: 10

Read #: 15
	DYS391

Allele: 10

Read #: 11
	DYS391

Allele: 10

Read #: 18


Table 3: Drop-outs of loci in degraded DNA
A. Expt. 1: ForenSeq™ DNA Signature Prep kit

	Time at 95 ̊C [mins]
	DI
	Locus drop-outs
	Allele drop-outs1

	0
	1.0
	- 
	-

	5
	1.0
	-
	-

	10
	1.4
	-
	-

	15
	1.8
	-
	rs1736442

	20
	2.5
	rs1736442
	-

	30
	4.8
	PentaE, rs1736442
	rs13182883, rs826472


B. Expt. 2: ForenSeq™ DNA Signature Prep kit

	Time at 95 ̊C [mins]
	DI
	Locus drop-outs
	Allele drop-outs1

	0
	1.0
	D22S1045, rs1736442
	rs826472

	5
	1.0
	-
	D22S1045, rs1736442

	10
	1.3
	-
	D22S1045, rs1736442

	15
	1.7
	rs1736442
	D22S1045

	20
	2.5
	rs1736442
	rs826472 

	30
	4.5
	PentaE, DXS8378, rs1736442, rs826472
	D22S1045

	40
	8.3
	DXS8378, rs1736442, rs826472
	D22S1045, PentaE, DXS10103

	50
	17.0
	D22S1045, PentaE, DXS8378, rs1736442
	rs826472, rs13218440, rs4606077, rs2920816, rs1005533

	60
	44.6
	D22S1045, PentaE, D12S391, DXS8378, DXS10103, rs1736442, rs826472, rs13218440, rs735155
	rs4606077, rs1005533, rs2920816, rs719366, rs338882


C. Expt. 2: PowerPlex® Fusion 

	Time at 95 ̊C [mins]
	DI
	Locus drop-outs
	Allele drop-outs1

	0
	1.0
	-
	-

	5
	1.0
	-
	-

	10
	1.3
	-
	-

	15
	1.7
	D22S1045
	PentaD 

	20
	2.5
	TPOX, D13S317, D22S1045, PentaE
	D5S818, PentaD

	30
	4.5
	TPOX, D5S818, D22S1045, PentaD, PentaE
	CSF1PO, D7S820, D13S317

	40
	8.3
	TPOX, CSF1PO, FGA, D5S818, D13S317, D2S1338, D22S1045, Penta D, PentaE
	D7S820

	50
	17.0
	TPOX, CSF1PO, FGA, D5S818, D7S820, D13S317, D2S1338, D22S1045, PentaD, PentaE, D10S1248, D2S441
	D19S433

	60
	44.6
	TPOX, CSF1PO, FGA, D5S818, D7S820, D13S317, D19S433, D2S1338, D22S1045, PentaD, PentaE, D10S1248, D2S441
	D21S11, D1S1656


1Allele drop-out detected by comparison of degraded with pristine samples; Color code: red: amplicon longer than 300bp; green: low read number [15]; blue: low allele coverage ratio (ACR) [15]. 
Table 4: Number of loci affected in challenging single-source samples 
	Challenging samples
	ForenSeq™ DNA Signature Prep Kit Primer Mix A
	PowerPlex Fusion (23 STRs and AMEL)

	
	26 aSTRs and AMEL 
	 24 Y-STRs
	 7 X-STRs
	94 iSNPs
	

	Experiment  
	1
	2
	1
	2
	1
	2
	1
	2
	

	Bone D1b: Male 
	01
	0
	0
	0
	0
	0
	0
	1LDO 1ADO2
	ND3

	Bone D2b: Female 
	0
	0
	1ADI4
	1ADI
	0
	0
	1ADO
	1ADO
	ND

	Bone D3b: Male 
	0
	0
	0
	0
	0
	0
	0
	1LDO
	ND

	Bone D4b: Male 
	0
	ND
	0
	ND
	0
	ND
	0
	ND
	ND

	Bone D5b: Male 
	0
	ND
	0
	ND
	0
	ND
	0
	ND
	ND

	Bone D6b: Male 
	0
	0
	0
	0
	0
	0
	0
	1LDO
	ND

	Bone D7b: Male 
	0
	0
	0
	0
	0
	0
	0
	1ADO
	ND

	Bone D8b: Male 
	0
	0
	0
	0
	0
	0
	0
	2ADO
	ND

	Bone D9b: Male 
	0
	ND
	0
	ND
	0
	ND
	0
	ND
	ND

	Bone D10b: Female 
	0
	0
	INC5
	INC
	0
	0
	0
	0
	ND

	Blood BL-2: Male 
	0
	1ADO
	0
	1LDO
	0
	0
	1ADO 1ADI 1LDO
	1ADO 2LDO
	ND

	Blood BL-9: Male 
	0
	0
	0
	0
	0
	0
	1ADO
	1ADO 1ADI
	2LDO 3ADO

	Blood BL-14: Male 
	0
	0
	0
	0
	0
	0
	2ADO
	1ADO
	ND

	Blood BL-18: Male 
	0
	0
	0
	0
	0
	0
	2ADO
	1LDO 1ADO
	ND

	Blood BL-19: Male 
	0
	0
	1LDO
	1LDO
	0
	0
	1ADO
	2ADO
	ND

	Blood BL-20: Male 
	0
	0
	1ADI
	1ADI
	0
	0
	0
	0
	ND

	Blood M2: Male 
	0
	0
	0
	0
	0
	0
	3ADO
	4ADO
	4ADO

	Blood B1: Male 
	mix6
	mix

	Teeth I4: Female 
	0
	0
	INC
	1ADI
	0
	0
	0
	1LDO 1ADO
	ND

	Teeth M7: Male 
	0
	0
	0
	0
	0
	0
	1ADO
	1ADO
	ND

	Teeth M9: Male (c=121pg/µl, 605pg DNA input)
	4LDO 1ADO
	4LDO
	10LDO
	13LDO
	3LDO
	3LDO
	9LDO 4ADO
	15LDO 6ADO
	10LDO

	Teeth B4: Male 
	mix
	ND

	Teeth B5: Female 
	0
	0
	1ADI
	1ADI
	0
	0
	0
	2LDO 1ADO
	1LDO 1ADO

	Teeth B6: Female 
	0
	0
	INC
	INC
	0
	0
	0
	0
	ND


10: no drop-outs detected

2ADO: ADO (allele drop-out) could only be detected by comparison of repeated experiments 
3ND: Not Determined 
4ADI in was also noted in other studies [12, 15, 16, 25]
5INC: Inconclusive. INC was the output for female samples for Y-STRs. 
6mix: mixed DNA sample
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Suppl. Table 1: Loci of ForenSeq™ DNA Signature Prep kit and PowerPlex® Fusion kit
	
	PowerPlex® Fusion kit only
	Common loci
	ForenSeq™ DNA Signature Prep kit only

	aSTRs
	-
	AMEL, TPOX, D3S1358, FGA, D5S818, CSF1PO, D7S820, D8S1179, TH01, vWA, D13S317, D16S539, D18S51, D21S11, D1S1656, D2S441, D2S1338, D10S1248, D12S391, PentaE, D19S433, PentaD, D22S1045
	D4S2408, D6S1043, D9S1122, D17S1301, D20S482

	Y-STRs
	-
	DYS391
	DYF387S1, DYS19, DYS385a-b, DYS389I, DYS389II, DYS390, DYS392, DYS437, DYS438, DYS439, DYS448, DYS460, DYS481, DYS505, DYS522, DYS533, DYS549, DYS570, DYS576, DYS612, DYS635, DYS643, Y-GATA-H4

	X-STRs
	-
	-
	DXS10074, DXS10103, DXS10135, DXS7132, DXS7423, DXS8378, HPRTB

	iSNPs
	-
	-
	rs1490413, rs560681, rs1294331, rs10495407, rs891700, rs1413212, rs876724, rs1109037, rs993934, rs12997453, rs907100, rs1357617, rs4364205, rs2399332, rs1355366, rs6444724, rs2046361, rs279844, rs6811238, rs1979255, rs717302, rs159606, rs13182883, rs251934, rs338882, rs13218440, rs1336071, rs214955, rs727811, rs6955448, rs917118, rs321198, rs737681, rs763869, rs10092491, rs2056277, rs4606077, rs1015250, rs7041158, rs1463729, rs1360288, rs10776839, rs826472, rs735155, rs3780962, rs740598, rs964681, rs1498553, rs901398, rs10488710, rs2076848, rs2107612, rs2269355, rs2920816, rs2111980, rs10773760, rs1335873, rs1886510, rs1058083, rs354439, rs1454361, rs722290, rs873196, rs4530059, rs1821380, rs8037429, rs1528460, rs729172, rs2342747, rs430046, rs1382387, rs9905977, rs740910, rs938283, rs8078417, rs1493232, rs9951171, rs1736442, rs1024116, rs719366, rs576261, rs1031825, rs445251, rs1005533, rs1523537, rs722098, rs2830795, rs2831700, rs914165, rs221956, rs733164, rs987640, rs2040411, rs1028528


Suppl. Table 2: Number of loci affected in challenging single-source samples 

	Challenging samples
	ForenSeq™ DNA Signature Prep Kit Primer Mix A

	
	26 aSTRs and AMEL 
	 24 Y-STRs
	 7 X-STRs
	94 iSNPs

	Experiment  
	2
	3
	4
	2
	3
	4
	2
	3
	4
	2
	3
	4

	Bone D1b: Male 
	01
	0
	0
	0
	0
	0
	0
	0
	0
	1LDO 1ADO2
	0
	0

	Bone D2b: Female 
	0
	0
	0
	1ADI3
	1ADI
	0
	0
	0
	0
	1ADO
	0
	0

	Bone D3b: Male 
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1LDO
	0
	1LDO

	Bone D6b: Male 
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1LDO
	1LDO
	1LDO

	Bone D7b: Male 
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1ADO
	0
	0

	Bone D8b: Male 
	0
	0
	0
	0
	0
	0
	0
	0
	0
	2ADO
	2LDO
	1LDO

	Bone D10b: Female 
	0
	0
	0
	INC4
	INC
	INC
	0
	0
	0
	0
	0
	0

	Blood BL-2: Male 
	1ADO
	1ADO
	1ADO
	1LDO
	0
	2LDO
	0
	0
	0
	1ADO 2LDO
	1ADO
	2ADO 1LDO

	Blood BL-9: Male 
	0
	0
	0
	0
	1LDO
	1LDO
	0
	0
	0
	1ADO 1ADI
	1ADO
	0

	Blood BL-14: Male 
	0
	0
	0
	0
	0
	1LDO
	0
	0
	0
	1ADO
	1ADO
	0

	Blood BL-18: Male 
	0
	0
	0
	0
	0
	1LDO
	0
	0
	0
	1LDO 1ADO
	0
	0

	Blood BL-19: Male 
	0
	0
	0
	1LDO
	1LDO
	2LDO
	0
	0
	0
	2ADO
	0
	0

	Blood BL-20: Male 
	0
	0
	0
	1ADI
	1ADI
	1ADI 1LDO
	0
	0
	0
	0
	0
	0

	Blood M2: Male 
	0
	0
	0
	0
	0
	2LDO
	0
	0
	0
	4ADO
	3LDO
	0

	Blood B1: Male 
	mix5
	
	
	
	
	
	
	
	
	
	
	

	Teeth I4: Female 
	0
	0
	0
	1ADI
	INC
	1ADI
	0
	0
	0
	1LDO 1ADO
	1ADO
	0

	Teeth M7: Male 
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1ADO
	1ADO
	1LDO

	Teeth M9: Male (c=121pg/µl, 605 pg DNA input)
	4LDO
	4LDO
	4LDO
	13LDO
	12LDO
	13LDO
	3LDO
	3LDO
	3LDO
	15LDO 6ADO
	13LDO  6ADO
	14LDO

	Teeth B4: Male 
	mix
	
	
	
	
	
	
	
	
	
	
	

	Teeth B5: Female 
	0
	0
	0
	1ADI
	1ADI
	1ADI
	0
	0
	0
	2LDO 1ADO
	1LDO  1ADO
	1LDO

	Teeth B6: Female 
	0
	0
	0
	INC
	INC
	INC
	0
	0
	0
	0
	0
	0


10: no drop-outs detected

2ADO (allele drop-out) could only be detected by comparison of repeated experiments 

3ADI (allele drop-in) in samples marked in red (see main text)

4INC: Inconclusive. INC was the output for female samples for Y-STRs. 

5mix: mixed DNA sample 

Suppl. Table 3: Drop-outs and -ins of technical repeats
	
	aSTRs
	Y-STRs
	X-STRs
	iSNPs

	Expt.
	2
	3
	4
	2
	3
	4
	2
	3
	4
	2
	3
	4

	ADI
	-
	-
	-
	4
	3
	3
	-
	-
	-
	1
	-
	-

	LDO
	4
	4
	4
	15
	14
	23
	3
	3
	3
	24
	20
	20

	ADO
	1
	1
	1
	-
	-
	-
	-
	-
	-
	24
	12
	2


ADI: Allele drop-in, LDO: Locus drop-out, ADO: Allele drop-out

Suppl. Figure 1: Total coverage per sample
A
B

A: Total coverage per sample (read depth) in Expt. 1 B: Total coverage per sample in Expt. 2, and technical repeats (Expts. 3, 4). Both series of purposefully degraded samples show increasing loss of coverage with greater degradation starting at 20 min and continuing up to 30 min in Expt. 1 and until 60 min in Expts. 2, 3, and 4. Sample M9 (DI: 2.5) showed the lowest total coverage. X-Axis: samples; Y-Axis: coverage in number of reads; red line indicates coverage of positive control (2800M). 

Suppl. Figure 2: Tri-allelic genotypes from sample Blood BL-20 at DYF387S1
[image: image25.emf]                                                          Expt.1                           Expt.2  


[image: image26.emf]                                                          Expt.3                                                                              Expt.4  


Figures were taken from the MiSeq instrument upon completion of runs. Blue: called alleles. Brown: alleles not called, these represent stutter and sequence error type artifacts. Different stutter products with different read intensities are visible at allele 38 and 39 in all experiments (1-4). Lines: used to distinguish between multiple products by sequence e.g. artifacts and/or true alleles. Arrows: indicate the location where 2 true alleles can be distinguished by sequence (isoalleles). In Expt. 4 allele 38 represents a typed stutter shown in blue (i.e. the artifact exceeded UAS stutter filter settings and was analyzed manually and edited accordingly).

Suppl. Figure 3: Allele Coverage Ratio (ACR) of locus D22S1045
A
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A: ACR is shown for each sample in Expt. 1 B: ACR of each sample in Expt. 2 and technical repeats (Expts. 3, 4). Samples that showed homozygosity are not shown. Sample M9 showed LDO. X-Axis: samples; Y-Axis: ACR values 

Suppl. Figure 4: Drop-outs of the 20 CODIS loci in Expt. 2

The number of 20 CODIS loci drop-outs is higher when using the PowerPlex® Fusion kit compared to the ForenSeq™ DNA Signature Prep kit. The PowerPlex® Fusion kit showed drop-outs when DNA input had a DI ≈ 2.5. The ForenSeq™ DNA Signature Prep kit showed drop-outs when DNA input DI ≈ 5. Longer amplicons (>250 bp) showed a higher overall number of drop-outs in both kits. All loci have a size range (e.g. FGA ranges from 150-300 bp). The longest amplicon size for each locus was used for sorting. Amplicon length is color coded (green: 76-192 bp; yellow: 134-296 bp; blue: 150-369 bp; red: 265-464 bp). 
Suppl. Figure 5: Blood B1 mixture: examples of complex STR loci 

A                                                                       B
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Figures were taken from the MiSeqTM instrument upon completion of runs. Blue: called alleles. Brown: alleles not typed, representing artifacts. Blood B1 (DI: 5.2 and 4.5), mixture of one male and one female (ratio ≈ 1:1, based on occurrence of four alleles at D2S1338, D3S1358, FGA, D13S317 and D16S539). A: D7S820: allele 12 is unclear (see main text), B: CSF1PO: major and minor contributors are unclear due to imbalance (see main text), C: DXS7132: major and minor contributors are unclear due to strong imbalance. Scenario 1: allele 13 and 15 could be the true allele of the female contributor, whereas allele 16 could belong to the male contributor, showing strong imbalance. Scenario 2: allele 13 and 15 could be the true alleles of the female contributor and allele 13 could be shared by the male contributor, then allele 16 would be a 10% +1 stutter of allele 15. This scenario reflects a ratio ≈ 1:1. Scenario 3: allele 13 could be the true allele of the male contributor whereas, alleles 15 and 16 would be the genotype of the female contributor, showing strong imbalance. D: DXS10135: major and minor contributors are unclear. Senario 1: allele 21 and 27 could be the true alleles of the female contributor whereas, allele 25 could belong to the male contributor, then allele 26 would be a 25% typed -1 stutter of allele 27. Scenario 2: alleles 21 and 25 could be the gentoype of the female contributor with strong imbalance and allele 27 could be the true allele of the male contributor. Allele 26 would be a 25% typed -1 stutter of allele 27. Scenario 3: allele 21 or 27 could be the homozygous gentoypes of male or female, allele 26 would be a 25% typed -1 stutter of allele 27, allele 25 could be either a 13% ADI of allele 21 or a 14.4% ADI of allele 27. Note: Not all senarios listed. 
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 M     D1b      D2b      D3b     D4b      D5b     D6b    D7b     D8b     D9b     D10b





     DI:   1.9      1.5       1.7      1.0        0.8       1.0      1.5      1.2        1.0      1.1     


     DI:   1.9 	1.4	 1.8	ND	 ND	 0.7	1.5       1.2	 ND      1.1





D10b





  M    BL-2  BL-9  BL-14  BL-18  BL-19   BL-20    M2    B1   





     DI:   1.9    3.1      1.7      0.6       1.5      1.2       6.1    5.2


     DI:   1.9    2.5      2.0      0.7       1.6      1.6       5.3    4.5





D10b





M      I4    M7    M9     B4     B5       B6         





 DI:  1.1    1.4    2.5     1.6     4.9     1.5


 DI:  1.1    1.5    2.4     1.5     4.2     1.4
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