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s Serviço de Genética e Biologia Forenses, Instituto Nacional de Medicina Legal e Ciências Forenses, I.P., Delegação do Centro, Largo da Sé Nova, Coimbra 3000-213, 
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A B S T R A C T

This EDNAP (European DNA Profiling Group) collaborative study evaluated the detection and reporting of 
mitochondrial DNA (mtDNA) point heteroplasmy (PHP) and length heteroplasmy (LHP) across forensic labo
ratories using Sanger, Ion Torrent, and Illumina sequencing platforms. Standardized DNA extracts were centrally 
prepared and distributed to participating laboratories to assess inter-laboratory concordance and platform- 
specific (platform = instrument + software) effects. Raw sequence data showed high overall consistency 
across platforms, and observed mitotype discrepancies were due to transcription errors. PHP detection was 
generally concordant across laboratories and technologies. MPS data provided relatively stable mixture ratios 
across platforms. Low-level PHPs were often not reported in this study when they fell below laboratory-specific 
minor allele frequency thresholds, although raw data review confirmed their presence. In contrast, LHP inter
pretation showed substantially greater variation. Sanger-derived LHP patterns could be harmonized through 
review under current ISFG guidelines, whereas MPS-based LHP results differed both between and within 
sequencing technologies. Standardization of the alignment workflow improved concordance to some extent, but 
important discrepancies remained, particularly in Ion Torrent HVS-I (Hypervariable Segment I) poly(C)-tract 
data. These differences were attributable to sequencing technology, analysis software, and human interpretation.

1. Introduction

Mitochondrial DNA (mtDNA) heteroplasmy was first described in 
humans in 1983, when intraspecific sequence and length variability was 
observed in the non-coding region [1]. Heteroplasmy refers to the 
coexistence of multiple mtDNA types within a single individual that 
differ either by sequence (point heteroplasmy, PHP) or by size (length 
heteroplasmy, LHP). The first forensic observations of PHP emerging in 
the mid-1990s were found during the identification of the Romanov 
family remains [2]. A mixture of cytosine (C) and thymine (T) that was 
observed at nucleotide position (ntp) 16169 in the putative remains of 
Tsar Nicholas II was confirmed through cloning, providing one of the 
first unambiguous examples of Control Region (CR) PHP. The 16169Y 
PHP was also observed in the remains of the Tsar’s brother, Grand Duke 
Georgij Romanov [3] and further confirmed by studies on the Tsar’s 
remains employing more advanced sequencing methods [4,5] demon
strating the stability of PHP detection across technologies.

One of the first U.S. cases in which mtDNA evidence was admitted in 
court was State of Tennessee v. Paul Ware (1996). In this case, mtDNA 
analysis of hair recovered from the victim’s throat and the crime scene 
revealed PHP in the CR [6]. The complexity of PHP transmission in 
living individuals was demonstrated by [7] and [8] through the analysis 
of members of a maternal pedigree. In the first study, blood and buccal 
swab samples from a mother and her two children exhibited varying 
levels of C and T at ntp 16355, while hair samples from the same in
dividuals showed either homoplasmy or different mixtures of C and T at 
that site, which highlighted the dynamic nature of mtDNA heteroplasmy 
across tissues (see also [9]). The second study [8] reported on the rate 
and pattern of intergenerational sequence substitutions, including ob
servations of heteroplasmy in 134 lineages across 327 generational 
events.

The European DNA Profiling (EDNAP) group conducted a collabo
rative multicenter study in the early 2000s to investigate mtDNA het
eroplasmy in hair shafts [10]. Using a single donor with PHP 16234Y in 

blood, 55 hair shafts were individually sequenced by ten laboratories. 
Results showed differential segregation of heteroplasmic variants: some 
hairs had only C, others only T, and some a mix at 16234, often at 
different ratios. These findings were confirmed by follow-up studies 
including one study that analyzed over 450 hair fragments from 21 
donors using Sanger sequencing [11], a massively parallel sequencing 
(MPS) study assessing drift of heteroplasmy at different levels of minor 
variant frequency [12], and another study using MPS to analyze 475 hair 
samples along with 26 buccal references [13]. The latter studies 
demonstrated that MPS could detect low-level heteroplasmic variants 
often missed by Sanger sequencing, thereby reducing apparent mis
matches between hair and buccal samples in some cases.

The largest Sanger-based systematic study on CR heteroplasmy 
analyzed 5000 high-quality CR sequences from global populations, 
based on multiple reads of forward and reverse strands, conducted 
independently in two laboratories, reported that PHP and LHP was 
found in blood and buccal samples in approximately 6% and 52% of the 
tested individuals, respectively [14]. The observed LHP patterns were 
strongly correlated with haplogroup backgrounds, particularly in the 
poly(C)-tracts within the hypervariable segments HVS-I (around ntp 
16193) and HVS-III (around ntp 573), while LHP in HVS-II (around ntp 
309) seemed largely independent of the phylogeny. PHPs were typically 
limited to single instances per individual, with only rare cases showing 
two or three heteroplasmic sites across the CR.

With the advent of MPS technologies, the Minor Allele Frequency 
(MAF) thresholds used to define PHP have decreased significantly, from 
the 10–20% range established for Sanger sequencing to values below 
10%, in some cases as low as 1–2% [15,16]. However, the authors 
cautioned against uncritical interpretation of low-level variants, as ar
tefacts such as post-mortem damage, nuclear mtDNA elements 
(NUMTs), and miscoding lesions can occur at similar frequencies, 
potentially leading to false-positive PHP calls. Consequently, as noted in 
[17], MPS-generated mtDNA data may not always be suitable for 
confidently calling very low-level PHP. More conservative and forensi
cally robust thresholds, in the order of approximately 10% MAF, are 
generally recommended, particularly for casework samples, which are 
more prone to background noise, damage patterns, degradation, 1 Prof. Peter M. Schneider deceased before publication
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contamination and NUMTs (e.g., [18]).
A study comparing Sanger- and MPS-based data (Illumina and Ion 

Torrent) revealed different LHP patterns in poly(C)-stretches of high- 
quality DNA reference samples [19]. The authors concluded that these 
discrepancies were not only due to the sequencing technologies them
selves but also to the alignment software used. Such differences in LHP 
detection between sequencing platforms could impact the interpretation 
of mtDNA in forensic cases. The results of this study prompted the 
EDNAP group to conduct a systematic multicenter study using defined 
control samples to evaluate the detection of PHP and LHP across various 
sequencing platforms, including both instrumentation and software. The 
collaborative study on mtDNA heteroplasmy compared how consistently 
participating laboratories detected PHP and LHP in standardized DNA 
extracts using their respective platforms.

2. Materials and methods

The study employed a cross-sectional observational design with 
descriptive analysis. A total of five DNA extracts were taken from two 
commercially available cell lines, 007 (CS− 1; lot 1707017; Applied 
Biosystems by Thermo Fisher Scientific (TFS), Waltham, Massachusetts, 
USA) and 9947 A (CS− 2; lot 18961603; Promega, Madison, Wisconsin, 
USA), two buccal swabs (CS− 3, CS− 5) from two volunteers under 
informed consent (Ethical Commission of the Medical University of 
Innsbruck; Nr. 1086/2017) and one blood sample (CS− 4) from a pre
vious study [20] by the organizing laboratory (Lab 0). DNA was 
extracted from the two buccal swab samples using the Chelex method, 
while DNA from blood sample was extracted using the Qiagen BioRobot 
M48 Robotic Workstation (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol. The commercially obtained cell line samples 
were already provided as DNA extracts. Batches of identical aliquots of 
these five samples were prepared in total volumes of 20 µL and DNA 
concentrations were set at 0.1 ng/µL based on SDquant results (for de
tails see [21]). In brief, two mtDNA-specific targets (69 and 143 bp) and 
a nuclear DNA-specific target (70 bp) were used to simultaneously 
quantify the DNA in a single multiplex PCR assay on an ABI Prism 7500 
instrument (TFS).

Samples were distributed to 25 forensic laboratories in sterile 1.5 mL 
microtubes (Sarstedt AG & Co. KG, Nümbrecht, Germany) and shipped 
at ambient temperature. Six laboratories quantified DNA of the shipped 
extracts upon arrival using SD quants ([21]; Lab 2), Quantifiler Trio 
(TFS; Lab 1), a published protocol according to [22] (Lab 11 and Lab 14) 
and a home-made, unpublished assay (Lab 16). Where feasible, degra
dation indexes were evaluated by dividing the quantification values of 
the smaller target by those of the larger target.

Participating laboratories were invited to sequence mtDNA from the 
five DNA extracts following their established methods and protocols and 
to provide the results according to their interpretation guidelines (see 
Supplementary Table S1a-c).

The reported mitotypes, as well as the sequence raw data, were sent 
back to Lab 0 for comparative analyses. Lab 0 collated the reported 
mitotypes and instances of heteroplasmy and, in an additional step, all 
submitted raw sequencing data were independently reviewed by two 
experienced analysts following the revised mtDNA guidelines of the 
International Society for Forensic Genetics (ISFG; [23]). The reviewers 
were not involved in the initial sequence interpretation and were blin
ded to the respective sequence variants prior to assessment. Final in
terpretations were based on consensus between both reviewers. This 
procedure was used to minimize potential ascertainment bias when 
evaluating whether reported or non-reported variants were supported 
by the underlying raw sequencing data. We note that the analysis by Lab 
0 was not considered “ground truth”, and the purpose of this analysis 
was not to classify individual laboratory results as correct or incorrect. 
Rather, the aim was to identify and describe discrepancies in variant 
reporting and interpretation between laboratories. Due to its 
semi-quantitative nature PHP was called for Sanger-data by visual 

inspection of the peaks relative to the background noise rather than 
actual peak height values. For MPS-derived data, binary alignment 
(BAM) files were scrutinized and also re-analyzed in Lab 0 using 
in-house software that follows the phylogenetic alignment principles for 
human mtDNA, published in [24]. Minimal sequence threshold was set 
at 20 reads and the following settings were applied: for Ion Torrent, total 
read depth per position ≥ 20, PHP call ≥ 5%, insertion call ≥ 20%, 
deletion call ≥ 30%, factor for forward/reverse counts ≥ 20%; for 
Illumina, total read depth per position ≥ 20, PHP call ≥ 5%, insertion 
call ≥ 5%, deletion call ≥ 5%, factor for forward/reverse counts ≥ 20%. 
Length heteroplasmic regions were inspected in the following sequence 
ranges: HVS-I (16179–16196), HVS-II (300− 316) and HVS-III 
(564− 577) and the dominant variant (most abundant molecule) was 
called with a MAF of 20 reads (strand bias disregarded). Thus, the 
mitotypes reported by the participating laboratories could be compared 
to those derived from the in-house software to account for possible 
variation due to different platforms used by the participants. Analysis 
and comparison of tabular data were performed in Microsoft Excel and 
graphical illustrations were generated in RStudio (RStudio 
2023.06.0 +421 "Mountain Hydrangea" Release).

3. Results

3.1. DNA quantification

The five DNA extracts produced in Lab 0 were diluted to a concen
tration of approx. 0.1 ng/µl nuclear DNA (nuDNA) and yielded 90 
(CS− 2) to 147 pg/µl (CS− 1) after quantifying the 70 bp target ([21]; 
Table 1a). Mitochondrial DNA quantification in Lab 0 using the same 
protocol yielded between 4298 (CS− 4) and 26,155 copies mtDNA/µl 
(CS− 1) with the 69 bp target and between 3402 (CS− 4) and 25,714 
copies (CS− 1) using the 143 bp. Six participating laboratories also 

Table 1a 
Tabular summary of nuDNA and mtDNA quantification results of the five DNA 
extracts shared for the collaborative exercise with participating laboratories. 
The amount of DNA in the set of samples was quantified in Lab 0 prior to the 
shipment to the participating laboratories (a) and upon receipt of a batch of 
samples that was shipped to one participant and sent back (b) to evaluate 
shipping conditions.

Labs Quant. target CS¡1 CS¡2 CS¡3 CS¡4 CS¡5

Lab 0a mt− 69/143 
[copies/µl] 
Xavier 2019

26,155/ 
25,714

7093/ 
7832

8656/ 
6266

4298/ 
3402

8694/ 
6756

Lab 0a nu− 70 [pg/µl] 
Xavier 2019

125 90 115 147 108

Lab 
0b

mt− 69/143 
[copies/µl] 
Xavier 2019

18,506/ 
19,139

2345/ 
2471

3814/ 
3184

1002/ 
956

4014/ 
3292

Lab 
0b

nu− 70 [pg/µl] 
Xavier 2019

82 45 77 47 54

Lab 1 nu− 80/214 
[pg/µl] 
Quant Trio

34/30 29/23 29/23 25/22 -

Lab 2 mt− 69 [copies/ 
µl] 
Xavier 2019

63,341 17,768 21,842 6685 27,287

Lab 4 mtGE/µL gDNA 
(mito copies 
estimated based 
on 150 per cell)

11,957 1574 3865 1316 2455

Lab 
11

mt− 105 
[copies/µl] 
Kavlic 2011

21,477 2946 4050 1359 3903

Lab14 mt− 105 
[copies/µl] 
Kavlic 2011

65,736 9858 11,510 8562 10,889

Lab 
16

mt− 70/217 
[copies/µl] 
unpubl.

2750/ 
1918

1560/ 
1031

1052/ 
1144

864/ 
770

1175/ 
1248
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quantified nuDNA/mtDNA of the shipped extracts with target sizes be
tween 69 and 217 bp and yielded results that fell between approx. 10% 
(CS− 1; Lab 16) and approx. 314% (CS− 5; Lab 2) of the quantities 
observed in Lab 0 (Table 1a).

To assess the impact of shipment on DNA quantity and quality, one 
participating laboratory received two batches of samples, one of which 
was returned to Lab 0 within 4 days (Table 1a, b). The quantification 
analysis of the returned samples showed degradation indexes close to 1, 
indicating no detectable mtDNA degradation at fragment sizes of 69 bp 
and 143 bp. However, a notable loss of DNA quantity was observed for 
both targets in the returned samples, ranging from approx. 26% (CS− 1) 
to approx. 77% (CS− 4) of the original mtDNA amount (Table 1b).

3.2. Mitotypes of the selected samples

Before shipping the five DNA extracts to the participating labora
tories, their CRs were sequenced using the Sanger method according to 
[25], and their complete mitogenome sequences were established using 
the Precision ID mtDNA Whole Genome Panel (PID; TFS), following the 
protocol of [26] in Lab 0. The mitotypes showed instances of PHP at ntps 
2413 (CS− 1; PID), 7861 (CS− 2; PID), 12483 and 16093 (CS− 4; PID, 
Sanger and PID, respectively) and 234 (CS− 5; Sanger and PID; Table 2). 
Instances of LHP were observed in the HVS-I poly(C)-tract (16193.XC; 
CS− 3, CS− 5), in the HVS-II poly(C)-tract (309.XC; CS− 2, CS− 3) and in 
the HVS-III poly(C)-tract (573.XC; CS− 1, CS− 3, CS− 5, Table 2).

3.3. Comparison of reported mitotypes and evaluation of the raw data

A total of 24 laboratories returned results in this collaborative study. 
The final dataset comprised Sanger-based results from eight labora
tories, Ion Torrent-based sequences from 13 laboratories, and Illumina- 
based sequences from eight laboratories (Supplementary Tables S1a-c).

3.3.1. Sanger-based sequencing
Of the eight submitted Sanger-based sequencing data, five reported 

the entire CR and three analyzed the two hypervariable segments HVS-I 
and HVS-II only. Sequencing instruments included the 3130 (XL) and the 
3500 (XL) systems (both TFS) and a total of five different analysis 
software packages were used (Supplementary Table S1a). All reported 
haplotypes were concordant for non-heteroplasmic variants except for 
three differences to the rCRS that were omitted by one laboratory at ntps 
152, 207 (both CS− 1) and ntp 16234 (CS− 3) (data not shown). Their 
presence was however confirmed by inspecting the raw data in Lab 0.

3.3.2. Ion Torrent-based sequencing
Eleven of 13 laboratories reported entire mitogenome sequences and 

two laboratories typed the CR using Ion S5 instrumentation (12 labs) 
and the Personal Genome Machine (PGM; 1 lab). There was variability in 
sequence analysis and alignment software employed, including different 
versions of the Torrent Suite Software (TSS; Supplementary Table S1b). 
Single non-heteroplasmic discrepancies between laboratories were 
observed at ntps 250, 460 (both CS− 1), 16311, 16519, 73 (all three 
CS− 4) and 3010 (CS− 5; data not shown) across three participating 
laboratories; one of these laboratories was involved in multiple 

observations. The presence of variants at these positions was confirmed 
by further review of the sequencing raw data in Lab 0.

3.3.3. Illumina-based sequencing
Four of the eight laboratories using Illumina sequencing technology 

reported entire mitogenomes and four laboratories analyzed the CR 
using the MiSeq FGx (7 labs) or the MiSeq (1 lab) instrumentation. Also 
here, a variety of analysis and alignment software packages and versions 
was observed (Supplementary Table S1c). Single non-heteroplasmic 
discrepancies were reported at ntps 16223 (CS− 1), 16189 (CS− 3) and 
73, 263, 16519 (all three CS− 4; data not shown). These discrepancies 
involved four laboratories in total, including one laboratory that 
contributed to two observations. Again, raw data inspection confirmed 
their presence.

3.4. Evaluation of point heteroplasmy (PHP)

This evaluation focuses on five instances of PHP detected in the 
control samples: CS− 1 (2413Y), CS− 2 (7861Y), CS− 4 (12483Y, 
16093Y), and CS− 5 (234 R). Additional, systematic, and individual 
observations of PHP, mostly at low MAF, are summarized further below.

3.4.1. Sanger-based PHP detection
All Sanger-based sequencing data encompassed (the hypervariable 

regions of) the CR, thus no information was recorded for the coding 
region PHPs present in samples CS− 1, CS− 2 and CS− 4. All eight 
participating laboratories reported 234 R in CS− 5 and six laboratories 
reported 16093Y in CS− 4 (Supplementary Table S2a); the remaining 
two called the major molecule 16093 C, but the presence of 16093Y was 
confirmed in the sequence raw data in Lab 0.

Table 1b 
Tabular summary of mtDNA quantification results (copies mtDNA/µl) of the five DNA extracts as shipment controls. These samples were sent to a study participant 
(sent) and quantified on return (received, rec.). The loss of mtDNA quantity (%) is shown for both fragment sizes 69 and 143 bp. D.I. (degradation index) = small target 
quant/large target quant).

Samples mt69sent mt143sent D.I.sent mt69rec. mt143rec. D.I.rec lossmt69 lossmt143

CS− 1 26,155 25,714 1.02 18,506 19,139 0.97 29% 26%
CS− 2 7093 7832 0.91 2345 2471 0.95 67% 68%
CS− 3 8656 6266 1.38 3814 3184 1.20 56% 49%
CS− 4 4298 3402 1.26 1002 956 1.05 77% 72%
CS− 5 8694 6756 1.29 4014 3292 1.22 54% 51%

Table 2 
Full mitogenome sequences of five control samples, which are DNAs from two 
cell lines, 007 (= CS− 1) and 9947 A (= CS− 2), and DNA extracted from two 
buccal swabs (CS− 3, CS− 5) and one blood sample (CS− 4) provided by volun
teers. Instances of point and length heteroplasmy are highlighted in bold letters. 
Note, that point and length heteroplasmy are known to vary between different 
batches (lot numbers) of cell lines (CS− 1 and CS− 2; [27]).

Samples Mitotypes

CS− 1 16129 A 16223 T 16391 A 16519 C 73 G 152 C 199 C 204 C 207 A 250 C 
263 G 315.1 C 460 C 573.XC 750 G 1438 G 1719 A 2413Y 2706 G 4529 T 
4769 G 6293 C 7028 T 8251 A 8860 G 9438 A 10034 C 10238 C 10398 G 
11719 A 12501 A 12705 T 13780 G 14766 T 15043 A 15326 G 15758 G 
15924 G

CS− 2 16311 C 16519 C 93 G 195 C 214 G 263 G 309.XC 315.1 C 750 G 1438 G 
4135 C 4769 G 7645 C 7861Y 8448 C 8860 G 9315 C 13572 C 13759 A 
15326 G

CS− 3 16183 C 16189 C 16193.XC 16234 T 16324 C 16519 C 73 G 152 C 195 C 
263 G 309.XC 315.1 C 573.XC 750 G 1438 G 2706 G 3480 G 4769 G 
5165 T 7028 T 8860 G 9055 A 9698 C 11467 G 11719 A 12308 G 
12372 A 14053 G 14167 T 14766 T 15326 G 15924 G

CS− 4 16093Y 16311 C 16519 C 73 G 263 G 315.1 C 750 G 1438 G 4769 G 
8860 G 12483Y 15326 G

CS− 5 16189 C 16193.XC 16356 C 16362 C 16519 C 234 R 263 G 315.1 C 
523del 524del 573.XC 750 G 1438 G 3010 A 3796 G 4769 G 8860 G 
15326 G
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3.4.2. Ion Torrent-based PHP detection
All 13 Ion Torrent-based sequencing results reported PHP in CS− 4 

(16093Y: median allele frequency (medAF)C= 58%, mean absolute de
viation (MAD)= 1.3) and CS− 5 (234 R: medAFG=50.5%, MAD=1.3). 
PHP in CS− 4 (12483Y: medAFT=33.3%, MAD=4.9) was recorded by 
eleven laboratories (Table 3; Supplementary Table S2a). PHPs in CS− 1 
(2413Y) and CS− 2 (7861Y) were present at low minor allele frequencies 
of about or below 10%, which corresponded to the MAF settings of many 
participants, which is why only few laboratories reported PHP for CS− 1 
(2413Y: medAFT=9.8%, MAD=1.2) and CS− 2 (7861Y: medAFC=8.0%; 
single observation, Table 3). Review of PHP in all Ion Torrent data in Lab 
0 with MAF> 5% resulted in similar results for CS− 4 and CS− 5, namely 
16093Y: medAFC= 57.9%, MAD= 3.1; 234 R: medAFG= 50.9%, 
MAD= 1.8 and 12483Y: medAFT= 33.4%, MAD= 4.6, respectively. Due 
to using a lower threshold for re-analysis, more PHP calls were feasible 
in CS− 1 (2413Y: medAFT=8.1%, MAD=1.9) and CS− 2 (7861Y: med
AFC=8.2, MAD=1.2; (Table 4; Supplementary Table S2b)).

3.4.3. Illumina-based PHP detection
Six of the eight Illumina-based sequencing results reported PHP in 

CS− 4 (16093Y: medAFC=58.1%, MAD=1.6) and seven reported PHP in 
CS− 5 (234 R: medAFG=48.3%, MAD=3.4). PHP in CS− 4 (12483Y: 
medAFT=28.2%, MAD=0.7) was recorded by two laboratories (Table 3, 
Supplementary Table S2a). PHP in CS− 1 and CS− 2 was reported by two 
participants each with values of 2413Y: medAFT= 7.4%, MAD= 0.6 and 
7861Y: medAFC= 8.5%, MAD= 0.7. Review of PHP in the Illumina data 
in Lab 0 with MAF> 5% resulted in values for CS− 4 and CS− 5; 16093Y: 
medAFC= 57.0%, MAD= 1.2; 234 R: medAFG= 46.4%, MAD= 6.8 and 
12483Y: medAFT= 29.7%, MAD= 0.1, respectively (Table 4). We note 
that the re-analysis of 234 R in CS− 5 for the raw data of Labs 7 and 20 
yielded different PHP ratios, with MAF differences between reported 
and reviewed data of − 12.1% and − 18.8%, respectively (data not 
shown), as primers remained in the raw data covering ntp 234 and 
therefore contributing reads to the PHP in the re-analysis by Lab 0. Other 
labs removed the primer sequences from their raw data (e.g. Lab 16), 
which made the re-analysis possible. The PHP review in CS− 1 and CS− 2 
resulted in the following values: 2413Y: medAFT= 7.4%, MAD= 0.2 and 
7861Y: medAFC= 8.4%, MAD= 1.9 (Table 4; Supplementary Table S2b).

3.4.4. Comparing MPS-based PHP detection
Both MPS-based platforms yielded comparable ratios of the alter

native variant for both the reported (Fig. 1, Table 3, Supplementary 
Table S2c and S2d) and the reviewed raw data (Fig. 1, Table 4, 
Supplementary Table S2c and S2d), except for a few outliers (Ion 
Torrent: N = 7; Illumina: N = 3), defined as observations below Q1 −
1.5 × IQR or above Q3 + 1.5 × interquartile range (IQR).

The two PHPs 16093Y (CS− 4) and 234 R (CS− 5) were analyzed by 

the majority of Ion Torrent and Illumina laboratories, since they are 
located in the CR, thus allowing a more detailed comparison.

For Ion Torrent data, the relative contribution of 16093 C to the 
heteroplasmic mixture was reported between 49.0% and 61.7% 
(median=58.0%; interquartile range (IQR) = 1.8%; N = 13). The data 
review resulted in comparable ranges, 49.1% and 62.0% 
(median=57.9%; N = 12) and a slightly increased IQR (3.8%). The 
relative contribution of 16093 C reported for the Illumina PHP ranged 
between 48.3% and 59.5% (median=58.1%; IQR=1.8%; N = 6) and the 
reviewed values varied between 48.3% and 58.7% (median=57.0%; 
IQR=1.4%; N = 7). The IQR was smaller for the Illumina data for that 
PHP, albeit the number of datapoints was also smaller compared to Ion 
Torrent. However, we note that both MPS-based technologies arrived at 
similar median values for the contribution of 16093 C in that PHP, both 
for reported and reviewed data.

PHP 234 R was reported by Ion Torrent laboratories with a median of 
50.5% G contribution (min=48.0%; max=53.9%; IQR=1.6%; N = 13) 
and similar values for the reviewed data (median=50.9%; min=48.5%; 
max=53.5%; IQR=2.2%; N = 12). Reported values for the 234 G 
contribution for Illumina-based data were: median= 48.3%, 
min= 39.7%, max= 54.6%, and IQR= 5.1%. Data review resulted in 
median= 46.4%, min= 40.1%, max= 52.1%, and IQR= 7.7%.

The IQR was higher for Illumina than for Ion Torrent data, which 
may be related to the fact that one of the primers used by some labo
ratories covered position 234. Consequently, sequences generated with 
this primer may, if not completely removed during the analysis and 
alignment process, have contributed additional sequence information to 
the base call at position 234. Because the primer sequences of both 
commercial providers were confidential, the exact interpretation of the 
mixture observed at this position was limited. This phenomenon may 
also reflect primer-binding sites located within the concatemer of two 
adjacent amplicons when the single-amplification approach of the 
PowerSeq kit was used. During data review, clear outliers attributable to 
this issue were excluded; however, we cannot rule out whether, and to 
what extent, this primer-related effect also influenced the results pre
sented here.

3.4.5. Additional mixed positions
In addition to the PHP observations described above, the review of 

the MPS raw data brought additional instances of mixtures at low MAF 
level (>5%). Some of these might represent platform-specific artefacts, 
such as those located around the poly(C)-tracts (HVS-I for Ion Torrent 
data and HVS-II for Illumina data; Supplementary Table S3, 
Supplementary Figure S1). Ion Torrent sequencing technology is known 
to show greater variation in homopolymeric tracts, such as the one 
around ntp 16189 [19], which is known to also affect the preceding poly 

Table 3 
Summary of reported point heteroplasmies at ntps 2413 (CS− 1), 7861 (CS− 2), 
16093 and 12483 (CS− 4) and 234 (CS− 5) for Ion Torrent (Ion) and Illumina 
(ILMN) sequence data. Median allele frequency (medAF) and mean absolute 
deviation (MAD) values are compared. Number of observations are shown in 
brackets. Mean allele frequency (meanAF) values are provided for both MPS- 
based methods (sd=standard deviation).

Method CS¡1 
2413Y (% 
T)

CS¡2 
7861Y (% 
C)

CS¡4 
16093Y (% 
C)

CS¡4 
12483Y (% 
T)

CS¡5 
234 R (% 
G)

medAF 
(Ion)

9.8 
(n = 4)

8.0 
(n = 1)

58.0 
(n = 13)

33.3 
(n = 11)

50.5 
(n = 13)

MAD 1.2 - 1.3 4.9 1.3
medAF 

(ILMN)
7.4 
(n = 2)

8.5 
(n = 2)

58.1 
(n = 6)

28.2 
(n = 2)

48.3 
(n = 7)

MAD 0.6 0.7 1.6 0.7 3.4
meanAF 

(MPS)
8.6 
(n = 6)

8.3 
(n = 3)

56.8 (19) 33.3 
(n = 13)

49.6 
(n = 20)

sd 1.76 0.6 3.9 3.9 3.2

Table 4 
Summary of reviewed (re-analyzed) point heteroplasmies at ntps 2413 (CS− 1), 
7861 (CS− 2), 16093 (CS− 4), 12483 (CS− 4) and 234 (CS− 5) based on MPS raw 
data provided by the participating laboratories. For this purpose, the minor 
allele frequency threshold was set to 5% for all data. Median allele frequency 
(medAF) and mean absolute deviation (MAD) values are compared. Mean allele 
frequency (meanAF) values are provided for both MPS-based methods 
(sd=standard deviation).

Method CS¡1 
2413Y (% 
T)

CS¡2 
7861Y (% 
C)

CS¡4 
16093Y 
(%C)

CS¡4 
12483Y 
(%T)

CS¡5 
234 R (% 
G)

medAF 
(Ion)

8.1 (n = 9) 8.2 
(n = 11)

57.9 
(n = 12)

33.4 
(n = 11)

50.9 
(n = 12)

MAD 1.9 1.2 3.1 4.6 1.8
medAF 

(ILMN)
7.4 (n = 4) 8.4 (n = 4) 57.0 

(n = 7)
29.7 
(n = 3)

46.4 
(n = 5)

MAD 0.2 1.9 1.2 0.1 6.8
meanAF 

(MPS)
8.1 
(n = 13)

8.1 
(n = 15)

56.7 (19) 33.0 
(n = 14)

49.3 
(n = 17)

sd 1.4 1.2 3.9 4.2 3.6
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(A)-tract between ntps 16180–16183 [11,28]. Other mixtures seem to 
represent sample-specific artefacts or low-level background signal that is 
not uncommon for mtDNA sequence analysis.

3.5. Evaluation of length heteroplasmy (LHP)

For the evaluation of LHP, the ISFG guidelines [23] recommend 
reporting the dominant variant (DV), i.e., the most abundant length 
variant in a mixture. For example, if the predominant molecule in the 
poly(C)-tract spanning ntps 302–310 contains eight cytosines, the cor
responding DV call would be 309.1 C, given that the rCRS contains seven 
cytosines in this region. Some software tools alternatively denote this as 

309.1c to indicate the presence of LHP. While we present the observa
tions from participating laboratories in their original form, we applied 
ISFG nomenclature when reviewing and interpreting the results.

The LHP results reported by the participating laboratories and the 
analysis of the accompanying raw data is presented per region in detail 
below.

3.5.1. LHP in HVS-I (around ntp 16193)
Five of eight Sanger data reported LHP in HVS-I of CS− 3, four pre

sented 16193.1 C and one 16193.2 C. The remaining data that did not 
report LHP in this region correspond to the rCRS (Supplementary 
Table S4e, Fig. 2a). The review of the raw data following ISFG 

Fig. 1. Distribution of variant allele frequencies at point heteroplasmy positions 2413Y (CS− 1), 7861Y (CS− 2), 16093Y (CS− 4), 12483Y (CS− 4) and 234 R (CS− 5). 
Reported and reviewed variation is contrasted in neighboring plots: 1a) Ion Torrent data, 1b) Illumina data. Each boxplot represents the median (solid line), mean 
(dotted line) and interquartile range (IQR; box edges). Whiskers extend to 1.5 x IQR from the quartiles. Individual data points are plotted, with the dataset size 
indicated along the x-axis for each boxplot (N = X).
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guidelines [23] in Lab 0 resulted in concordant LHP calls in all instances 
(16193.1 C). Ion Torrent data identified no insertions at 16193 (=rCRS 
variant) in eleven of thirteen data, two reported 16193.1 C. Illumina 
labs reported no insertions in five of seven cases and 16193.1 C and 
16193.2c in two instances. The review of Ion Torrent raw data (N = 12) 
yielded five deletions at 16193, four times the rCRS variant and three 
times a single C insertion (16193.1 C, Supplementary Table S4f, Fig. 2b). 

The review of the Illumina data (N = 7) resulted in the rCRS variant in 
six cases and in a single C-insertion (16193.1 C) once.

The other sample that displayed LHP in HVS-I, CS− 5, yielded similar 
variation (Supplementary Table S4i, Fig. 2a). Four Sanger data reported 
two insertions (16193.2 C) and three identified no insertions; however, 
data review in Lab 0 resulted in 16193.2 C in all cases. Ion Torrent data 
were described with seven rCRS variants, five times single C-insertions 

Fig. 2. Summary of a) reported and b) reviewed length heteroplasmy in the HVS-I poly(C)-tract of CS− 3 and CS− 5.
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and one time two C-insertions at 16193, respectively. Two Illumina- 
based datasets reported no insertions, two called single C-insertions, 
one called 16193.2 C and another one reported 16193.2c. The review of 
Ion Torrent data resulted six times in no indels, five times in single C- 
insertions and one time in two C-insertions (16193.2 C). The review of 
Illumina data resulted in five single C-insertions at 16193 and the 

16193.2 C variant in two instances (Supplementary Table S4j, Fig. 2b).
LHP in the HVS-I poly(C)-tract is often associated with variation in 

the poly(A)-tract preceding the C-tract, i.e., ntps 16182 and 16183. Due 
to the complexity of the data in this region, the observed variation was 
not further described in detail.

The remaining samples did not show LHP in the HVS-I poly(C)-tract. 

Fig. 3. Summary of a) reported and b) reviewed length heteroplasmy in the HVS-II poly(C)-tract of CS− 2 and CS− 3.
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They were all reported accordingly and brought the same results also 
after data review (Supplementary Table S4a, b, c, d, g, h).

3.5.2. LHP in HVS-II (around ntp 309)
LHP in the poly(C)-tract of HVS-II was reported in sample CS− 2 with 

two insertions (309.2 C) in all eight reported Sanger data 
(Supplementary Table S4c, Fig. 3a), which was confirmed by indepen
dent data review. Seven Ion Torrent-based laboratories reported a single 
insertion (309.1 C) and six described two C-insertions (309.2 C). The 
review of the Ion Torrent data brought seven instances of 309.1 C and 
five times two C-insertions (Supplementary Table S4d, Fig. 3b). Six 
Illumina-based laboratories reported 309.2 C and one reported no in
sertions. The review of the Illumina data yielded 309.2 C in all instances.

The other sample with LHP in the HVS-II poly(C)-tract was CS− 3. Six 
of eight Sanger data reported 309.1 C and two gave 309.2 C 
(Supplementary Table S4e, Fig. 3a). Data review by Lab 0 resulted in 
309.1 C. All 13 Ion Torrent results reported 309.1 C and so did six of 
seven Illumina data; one Illumina-based laboratory reported no inser
tion. The review of the Ion Torrent data gave 309.1 C in all 12 results. 
The review of the Illumina data brought also eight times 309.1 C 
(Supplementary Table S4f, Fig. 3b).

The remaining samples did not show LHP in the HVS-II C-tract in 
Sanger and Illumina reported and reviewed data. However, Ion Torrent 
data reported four times 309del and eight times 309c in samples CS− 1, 
CS− 4, and CS− 5, respectively. Data review resulted in 309del in the 
three samples in total (Supplementary Table S4a, b, g, h, i, j).

3.5.3. LHP in HVS-III (around ntp 573)
LHP in the poly(C)-tract of HVS-III around position 573 was observed 

in samples CS− 1, CS− 3 and CS− 5. For CS− 1 Sanger reports varied 
between zero and seven C-insertions, Ion Torrent data between zero and 
four C-insertions and Illumina data between zero and five C-insertions 
(Supplementary Table S4a, Fig. 4a). The review of the Sanger raw data 
following ISFG guidelines resulted in concordant LHP calls in all in
stances, indicating four insertions at 573. Ion Torrent data review 
resulted in nine instances of four C-insertions and one instance of five C- 
insertions, while the review of the Illumina data brought six times four 
C-insertions (Supplementary Table S4b, Fig. 4b).

In CS− 3, Sanger data reported between two and five C-insertions, Ion 
Torrent data between zero and three C-insertions, while all six Illumina 
data were reported with three C-insertions (Supplementary Table S4e, 
Fig. 4a). Sanger data review resulted three times in 573.3 C and one time 
gave identical peak heights at 573.2 C and 573.3 C. Ion Torrent data 
review resulted in five times two and seven times three C-insertions, and 
Illumina data review resulted with six times three C-insertions and in a 
single instance in four C-insertions (Supplementary Table S4f, Fig. 4b).

For CS− 5, Sanger data reported between zero and two C-insertions, 
Ion Torrent between zero and three C-insertions and Illumina data 
resulted in two reported C-insertions for all labs (Supplementary 
Table S4i, Fig. 4a). Sanger data review resulted in 573.2 C in all in
stances. Ion Torrent raw data review gave 11 instances of 573.2 C and 
one 573.3 C, whereas Illumina data review resulted in seven times 
573.2 C (Supplementary Table S4j, Fig. 4b).

The remaining samples CS− 2 and CS− 4 were not reported with LHP 
in the HVS-III poly(C)-tract, which was confirmed by the review of the 
raw data (Supplementary Table S4c, d, g, h).

The observed discrepancies between reported and reviewed LHP 
results are summarized in Supplementary Table S5.

4. Discussion

This collaborative study on mtDNA heteroplasmy was carried out by 
the EDNAP group to compare the detection of PHP and LHP in stan
dardized DNA extracts using the various platforms (combinations of 
instrument and software) in the participating laboratories. The most 
recent ISFG guidelines on mtDNA typing date back to the year 2014 

[23], when Sanger represented the main sequencing method used in 
forensic laboratories. The guidelines recommend that “… laboratories 
must establish their own interpretation and reporting guidelines for 
observed length and point heteroplasmy” based on their internal vali
dation results. Meanwhile, MPS-based technologies have been imple
mented in many forensic laboratories and industry is providing assays to 
generate mtDNA sequences for the CR and the entire mitogenome using 
various library generation methods. Earlier comparisons between some 
of these methods and sequencing technologies provided evidence for 
discrepant LHP data [19] and have alerted the field to exercise caution 
when reporting LHP in the forensic context. The EDNAP group thus set 
out to systematically evaluate the established platforms with respect to 
heteroplasmy detection.

DNA extracts were centrally prepared at the organizing laboratory, 
aliquoted, and shipped to the participating laboratories. One partici
pating partner received two batches of samples and returned one set 
immediately upon receipt to the organizing laboratory to assess the 
impact of transport conditions on the quantity and quality of mtDNA and 
nDNA in the extracts. Degradation-sensitive mtDNA quantification 
revealed substantial loss of detectable mtDNA upon return of the DNA 
extracts; however, no further degradation patterns were observed when 
compared to the DNA extracts sent out initially.

Six of the 24 participating laboratories performed DNA quantifica
tion experiments on the extracts, two of which quantified nDNA and four 
determined mtDNA quantities (one laboratory determined nuDNA and 
estimated the mtDNA copy number based on a value of 150 copies 
mtDNA/cell). A previous study [29] systematically investigated 
nDNA-to-mtDNA ratios across various tissues and found that nDNA 
quantification may be a poor surrogate for mtDNA copy-number esti
mation. For this reason, we advocate the use of mtDNA-specific quan
tification assays. Nevertheless, some of the reported mtDNA 
quantification values differed substantially from the others. The reasons 
for this variability are likely multifactorial and may include shipment 
conditions, calibration of quantification methods, pipetting accuracy 
and other technical factors. Since this study did not focus on mtDNA 
quantification, no further investigations into the possible causes of the 
observed variation were conducted. However, these observations 
demonstrate that shipping DNA extracts under ambient temperature 
condition has a substantial effect on the measurable DNA quantity, but 
apparently not on the degradation state of the DNA, and should be 
considered in future collaborative exercises. Moreover, as the extracts 
were not shipped in low-bind tubes, DNA adsorption to the tube surface 
cannot be excluded as an additional factor contributing to the observed 
loss in measurable DNA quantity.

We observed some variation in the reported mitotypes caused by 
transcription errors, which constitute the most common form of errors in 
this context [30]. In total, 14 transcription errors were identified 
(Sanger: N = 3; Ion Torrent: N = 6; Illumina: N = 5) considering 
non-heteroplasmic variants. Regarding the submitted sequence raw 
data, we note a high consistency produced in this collaborative study 
across the different platforms. Aside from differences observed in the 
display of heteroplasmy, the raw data offered by the participating lab
oratories yielded matching mitotypes in the overlapping regions.

4.1. Reporting and review of point heteroplasmy

Point heteroplasmy is described as mixture of mostly two nucleotides 
at a given mtDNA position [3] that is present above the analytical 
threshold and has been excluded from representing other possible 
sources of mixtures, e.g., mtDNA mixtures from two or more individuals, 
NUMTs, damage patterns, elevated background or other artefacts (see 
[31] for a detailed review).

This study focused on PHP present at expected nucleotide positions 
based on the selected samples, i.e., 2413Y (CS− 1), 7861Y (CS− 2), 
12483Y, 16093Y (CS− 4) and 234 R (CS− 5). Other instances of PHP, 
reported by some laboratories (typically at very low MAF) were 
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Fig. 4. Summary of a) reported and b) reviewed length heteroplasmy in the HVS-III poly(C)-tract of CS− 1, CS− 3 and CS− 5.
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documented here as well. However, they were not further investigated 
in detail. Some of these additional variants seemed to be related to the 
platforms used, whereas others represented isolated observations 
without a recurring pattern across laboratories. Depending on the 
available raw data support, these observations may reflect true low-level 
signals, sample-specific artefacts, or background noise, all of which can 
contribute to variation in mtDNA sequence interpretation.

The detection of PHP in Sanger-based data was reduced to the CR, 
and consistent results were reported for both PHPs 16093Y and 234 R, 
with two exceptions, where the laboratories reported the dominant type. 
However, the presence of the PHPs in these data was also confirmed by 
raw data review. All Sanger data were based on BigDye Terminator 
fluorescence technology that provides only semi-quantitative data, i.e. 
peak heights vary across the electropherogram depending on the 
sequence neighborhood, the nature of the incorporated ddNTPs and on 
the primers used. Therefore, PHP ratios typically cannot be reliably 
estimated from the peak height ratios of the related positions. In the two 
instances described above, the MAF were well above background and 
conventional interpretation guidelines (e.g., 20%) and therefore were 
reproducibly detected across all laboratories.

The same two PHPs were also consistently reported or detected by 
the laboratories that used Ion Torrent or Illumina technology. MPS- 
based sequencing is generally considered more quantitative in nature 
than Sanger-based sequencing, which was reflected by relatively 
consistent mixture ratios and small MAD values between laboratories 
and technologies.

During data review, we observed discrepant mixture ratios at posi
tion 234 R in the Illumina data compared with the reported results. This 
discrepancy appears to be attributable to one of the amplification/ 
sequencing primers used by some laboratories, which covers ntp 234 
and may therefore contribute primer-derived reads to the final align
ment if primer sequences or concatemers were not completely removed 
during data processing. Because the exact primer sequence was not 
available to us, these reads could not be specifically accounted for 
during our review. This phenomenon should be considered when 
analyzing PCR-generated sequence data with independent software that 
does not incorporate assay-specific features such as primer sequences.

Two of the three coding region PHPs at 2413 and 7861 had low MAFs 
(below 10%). The majority of participants did not report the low PHPs as 
they fell under their defined MAF threshold, but the raw data review at 
Lab 0 brought consistent detection of these low-level PHPs. PHP at ntp 
12483 yielded larger differences in medAF between Ion Torrent (~33%) 
and Illumina (~29%) data (Table 3, Table 4, Supplementary Table S2c- 
d). However, the latter was represented by a smaller sample size of only 
two and three contributing laboratories, respectively.

Overall, reported MPS-based PHP detection revealed similar mixture 
ratios across all positions and technologies, which has promising im
plications for practical application in forensic routine. The results indi
cate that PHP, including those with low MAF, were generally supported 
by the raw sequencing data across the different platforms used. This 
implies that PHP can be detected consistently in forensic mtDNA anal
ysis when evaluated according to standardized interpretation criteria. It 
should be kept in mind that PHP-like mixtures can also arise due to 
artefacts caused by the sequencing platform used or the sample 
analyzed; but these typically occur at low signal level.

4.2. Reporting and review of length heteroplasmy

Length heteroplasmy is most commonly observed in the hypervari
able poly(C)-tracts of the CR around ntps 16193 (HVS-I), 309 (HVS-II), 
and 573 (HVS-III). Four of the DNA samples evaluated in this study 
exhibited LHP in at least one of these regions. Sanger-based results 
yielded some variation in the reported LHP patterns; however, inde
pendent raw data reviews conducted according to standardized ISFG 
guidelines and based on consensus interpretation resulted in concordant 
pattern interpretations. The ISFG guidelines recommend reporting the 

DV, i.e., the most abundant length variant present in the mixture 
determined by the peak height of a unique marker, e.g. G16196, T310 
and G577. Strictly applying this method to the Sanger raw data provided 
by the participating laboratories resulted in the same DVs across 
laboratories.

This was different for MPS-based data. We observed differences be
tween the reported and reviewed LHP patterns between both MPS and 
Sanger data, as well as between the two MPS technologies. Furthermore, 
and adding another layer of complexity, we detected variation in LHP 
patterns within the Ion Torrent and within the Illumina datasets. This 
highlights that the observed variation was not driven solely by human 
factors, such as individual analysis practices seen in the Sanger data, but 
also by differences in MPS workflows, including PCR-based versus 
capture-based enrichment and library preparation strategies, 
sequencing technologies themselves and the alignment software 
employed.

To investigate the impact of software, we standardized the analysis 
workflow for Ion Torrent and Illumina data by adapting the EMPOP- 
specific phylogenetic alignment software SAM2 [24] to enable the 
processing of BAM files. In its original version, SAM2 converts 
rCRS-coded mitotypes into unaligned nucleotide strings and aligns them 
according to phylogenetic principles. The adapted version uses BAM 
files as input and performs the alignment on the basis of the same 
phylogenetic framework. This software standardization improved 
concordance between resulting DVs to some extent, particularly in 
HVS-II and HVS-III poly(C)-tracts. However, some variation remained 
within and between MPS technologies, particularly in Ion Torrent HVS-I 
poly(C)-data, which has been described before [19]. As a general trend, 
laboratories tend to conservatively exclude LHP by reporting the rCRS 
rather than the observable LHP variants, resulting in an rCRS alignment 
bias whereby weak signals are preferentially assigned to rCRS. These 
findings suggest that the LHP differences observed between laboratories 
can be attributed to three independent sources: the library preparation 
and sequencing technologies itself, the analysis software, and human 
factors, such as data interpretation. In MPS data, the region chosen for 
LHP interpretation affects total read depth and thus the dominant 
variant. This highlights the need to update current mtDNA interpreta
tion guidelines in the light of MPS-based data and their heterogeneity.

5. Conclusions and outlook

This EDNAP collaborative study demonstrates that mtDNA point 
heteroplasmy can be detected and reported with high concordance 
across current forensic sequencing platforms, including Sanger, Ion 
Torrent, and Illumina. In contrast, length heteroplasmy remains 
considerably more variable and is influenced by sequencing technology, 
analysis software, and user interpretation. While standardized review 
improved agreement for some MPS datasets, important discrepancies 
persisted in some poly(C)-tract regions. The findings show that current 
mtDNA interpretation approaches, largely developed for Sanger 
sequencing, are no longer sufficient for routine MPS-based heteroplasmy 
analysis. Updated forensic guidelines are therefore needed, especially 
for the interpretation and reporting of length heteroplasmy, with greater 
emphasis on assay-specific validation, standardized bioinformatic 
workflows, and harmonized reporting criteria.
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