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Fig. 14. Images from IGV showing phasing and three-allelic data from three-person mixture 
samples. (A) In the 1:1:1 mixture variants 146C, 150T, 152C, 195C and 217C are situated in the same 
read area. Variants 150T and 195C as well as 152C and 217C are in-phase. Variant 146C is not  
in-phase with the other 4 variants. These results indicate a minimum of 3 contributors.  
(B) The three-allelic position 16129 in the 1:1:1 mixture. (C) The three-allelic position 16129 in the 
5:1:1 mixture. Reference genome (rCRS+80) sequence is shown in the bottom panel. The allele count 
is shown in the white square. Allele count to np total read depth is shown in %. “+” and “-” as well 
as blue and pink lines indicate the number of forward and reverse strands.  
 
Number of contributors 
 
Single-source and mixture samples performance metrics (read depth, RLP, strand 
balance, noise) as well as variant counts were compared in order to find a potential 
indicator between the sample sequencing data and the number of contributors.  

Read depth as well as RLP for the mixture sample expressed high and low amplicon 
areas across the mtGenome in the similar manner as single-source samples. Strand 
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balance as well as detected noise of mixture samples were comparable to the stand 
balance of single-source samples. Therefore none of these mtDNA performance metrics 
analysed in the current study could be used to indicate the number of contributors in the 
sample.  

The number of two-allelic and three-allelic positions per sample was examined next 
(Fig. 15). In a single-source sample these positions would be indicative of a point 
heteroplasmy. As expected, a number of variants expressing a two- or three-allelic 
position was the highest in three-person mixtures. In the 5:1:1 mixture approximately 
half of the two-allelic positions were detected under but close to the established 
threshold of 10%. Therefore, lowering the threshold might be important for detecting 
minor alleles of low DNA amount contributors.  

Two-person mixture samples from district haplogroups with mixture ratios of 1:1, 1:5 
and 1:10 exhibited a higher amount of two-allelic positions compared to other  
two-person mixtures (from distinct and well as similar haplogroups). The major as well 
as the minor contributor’s mtDNA profiles were detected in the former mixtures, while 
only the major contributor’s profile was distinguished from the distinct haplogroup 
contributors’ mixture of 5:1, 10:1, 1:20 and 20:1. Therefore, the latter are expected to 
be similar to that of two-allelic position count to single-source samples. Two-person 
mixtures with contributors from similar haplogroups showed a higher two-allelic position 
count compared to single-source samples however lower compared to mixture samples 
with distinct haplogroups. This observation indicates that building a probabilistic model for 
contributor number estimation based on number of differences between populations, 
amount of multi-allelic positions and type of multi-allelic positions (e.g. two-allelic and 
three-allelic positions detected in the current study) might be possible. Population 
studies as well as mixture studies with high number of samples are needed.   
 

 

Fig. 15. Number of positions indicating a mixture. Sample compositions are shown on the x-axis, 
while the number of positions (per sample) indicating a mixture are shown on the y-axis. Number 
of positions indicating a mixture are shown in blue for single-source samples, dark grey for  
two-person mixtures from distinct haplogroups, light grey for two-person mixtures from similar 
haplogroups and purple for three-person mixtures. In the three-person mixtures dark purple 
indicates the positions from a mixture with the minor variant(s) over the 10% threshold. Light purple 
indicates the positions indicating a mixture with the minor variant(s) just below 10% threshold  
(6%-9%).  
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In publications I and II of the current study, heteroplasmy (with the threshold of 18%) 
was detected in 11.4% of the Estonian population sample (DNA extracted from buccal 
swabs) and in 26.5%, 23.9% and 21.8% of the Caucasian, Hispanic and African-American 
population samples (DNA extracted from whole blood), respectively (King, LaRue, et al., 
2014; Stoljarova et al., 2016). The number of heteroplasmic positions in samples ranged 
from one to four, with four positions detected in only one sample which is 1.2% from 
samples with heteroplasmy detected and 0.3% from the total number of 397 samples. 
However different tissue types express different amounts of PHP per person, with higher 
frequency of heteroplasmic variants in hair shaft compared to blood and buccal swab 
samples, as reported by Kim et al., (B. M. Kim, Hong, Chun, Kim, & Shin, 2019). This same 
study also reported the detection of 4 and 5 PHPs in hair shaft samples, however in the 
majority of the PHP positions expressed the minor allele in a proportion of < 10% (B. M. 
Kim et al., 2019). Therefore, when determining the possible amounts of contributors with 
the number of heteroplasmic positions the tissue type should be taken into account. 
Moreover, a heteroplasmy threshold should be established for each tissue type for the 
forensic investigators to follow. In has also been shown that different software might 
produce different results regarding detected positions and major-minor allele ratios and 
thus the software used can impact detection above and below thresholds (M. Y. Kim, 
Cho, Lee, Seo, & Lee, 2018). 

Vohr et al., described the software tool mixemt for mtDNA mixture deconvolution 
based on phylogenetic assignment (Vohr et al., 2017). The tool uses BAM files as input 
and estimates the probability of the read originating from each candidate haplotype via 
PhyloTree (van Oven & Kayser, 2009). However, taking into account the large memory 
requirements for computation as well as analysis time, the tool was unwieldy. 
Additionally the manual analysis performed in the current study outperformed the 
aforementioned software tool with the same mixture samples.  

A number of other methods have been proposed for mtDNA mixture interpretation, 
e.g. haplotype-specific extraction, locked nucleic acid (LNA) mediated PCR clamping and 
single-cell sequencing (Asari et al., 2019; Louhelainen & Miller, 2020; Morris et al., 2017; 
Zander, Otremba, & Nagy, 2018). In two former methods specific probes are required to 
attach to the amplicon of interest and either separate it from the rest via beads or block 
its PCR amplification (Asari et al., 2019; Zander et al., 2018). Although promising results 
have been reported with these methods, these methods require high quality samples 
and in addition to sample sequencing, extra steps in the wet-lab sample preparation. 
Single-cell sequencing that allows for the analysis of DNA from a single cell or even a 
single mitochondrion has been demonstrated which could be another promising method 
for mixture interpretation (Louhelainen & Miller, 2020; Morris et al., 2017). However 
single-cell sequencing is laborious and currently not feasible to be used routinely on 
forensic samples. More studies with larger sample sets are required to determine the 
reliability of single-cell sequencing technology for forensic applications.  

With successful sequencing of 283 US and 114 Estonian population samples we have 
shown that high throughput makes MPS a viable alternative to routinely used STS. 
Moreover, generation of whole mtGenome data by MPS, which is impracticable with STS, 
have a significantly higher discrimination power compared to routinely analysed 
HVI/HVII region.  

Accordingly, compared to STS, MPS enables typing low frequency (under 15%) mtDNA 
heteroplasmic positions along the entire mtGenome and provides quantitative data  
(i.e. the ratio of an alternative allele to the total read depth). Both can be used for the 
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interpretation of one of the most challenging forensic samples – mixtures. In addition, 
bioinformatics tools used for MPS data analysis such as IGV (Thorvaldsdottir et al., 2013), 
visualize sequenced fragments (or clones) and gives phasing information (i.e. multiple 
variants residing in one read) regarding variants detected that can also be used for 
mixture deconvolution. Therefore, MPS highly outperforms STS in generation of data 
that can be used for mixture sample analysis.  

By using quantitative data, phasing information as well as phylogenetic assignment, 
we were able to determine the mtDNA profile of a major contributor in two-person 
distinct as well as similar haplogroup mixture samples with a ratio of 1:1, 5:1, 10:1 and 
20:1. Regarding minor contributor, the correct mtDNA profiles were determine in  
two-person distinct as well as haplogroup mixture samples with a ratio of 1:1, 5:1 and 
10:1. The correct mtDNA profile for the major contributor from a three-person distinct 
haplogroup mixture in a ratio of 5:1:1 was also achieved. Difficulties were encountered 
with personal point heteroplasmic positions as major contributor’s heteroplasmy 
positions were falling into the quantitative range of minor contributor’s variants and 
therefore could be falsely assigned as well as minor contributor’s heteroplasmic 
positions fell below used threshold and were not detected. In addition, quantitative 
analysis as well as phasing information did not provide enough data to parse 
contributors’ profiles in the three-person 1:1:1 mixture. Due to the amount of variants 
shared, the number of possible combinations of contributors’ mtDNA profiles would be 
too large to parse manually. Therefore more studies with larger sample sets are needed 
to address these issues.  

We also showed that the amount of heteroplasmic positions detected in the mixture 
sample could indicate the amount of contributors. Studies with higher mixture sample 
sets are needed to test the possibility of determining the number of contributors based 
on the mixture positions. MPS generated whole mtGenome population studies, as in case 
of 283 US and 114 Estonian population samples, provide data on the number of differences 
(pairwise comparison) between similar as well as distinct haplogroups. In addition, 
population studies can be used to determine the amount of heteroplasmy positions in 
single-source samples in different tissues as well as populations (B. M. Kim et al., 2019; 
King, LaRue, et al., 2014; Stoljarova et al., 2016). These data lay the foundation for building 
a probabilistic model for contributors’ determination based on number of variants 
detected.  

With furtherer development mixture interpretation via mtDNA can become routinely 
used by forensic case work institutions.  
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Conclusion 
The main conclusions are presented as follows: 
• The throughput of MPS enabled sequencing of the entire mtGenome of 283 US 

population samples. Moreover, due to the sequencing of individual molecules 
(or clones) point as well as length heteroplasmic positions were typed. Although 
low read depth and strand balance at a number of positions were observed, the 
results were not affected at these regions. MPS notably outperformed the 
routinely used STS.  

• In addition to 283 US population samples, mtGenomes were sequenced from 
114 Estonian population samples. To our knowledge, these are the first and the 
only Estonian entire mtGenome sequences published.  

• Over 70% of mtDNA variants reside outside of routinely analysed HVI/HVII 
regions. The discrimination power of mtGenome data is significantly higher 
compared to HVI/HVII data – p = 0.01659 and p = 0.01645 for RMP and GD, 
respectively.  

• The Estonian samples showed the largest increase in unique haplotypes from 
HVI/HVII region data going to mtGenome data – 27.1% increase for the Estonian 
population, 15.6% for the Hispanic population, 11.8% for the African American 
population and 7.8% for the Caucasian population. Based on the studied 
population, we observed that the addition of coding region data benefits 
differentiation of samples with haplogroups that have a low amount of variants 
within the HVI/HVII region, e.g. haplogroup H.  

• Phylogenetic assignment based on solely HVI/HVII data might lead to a falsely 
assigned haplogroup - five samples from 283 US population samples changed 
macrohaplogroups. One sample was changed from Asia-specific mtDNA 
haplogroup D4j1b2 assigned based on HVI/HVII data to Africa-specific L3b1a7a 
haplogroup.  

• Twelve major haplogroup clades were observed in the Estonian population 
sample based on entire mtGenome data. The major haplogroups were H (with 
the frequency of 47.4%), U (21.1%), T (9.6%) and J (6.1%). The rest of the 
haplogroup clades – D, I, K, M, N, R, W and X – included less than 5.0% of the 
samples. All major haplogroup clades observed in the current study were 
reported in the Estonian and/or geographically nearby populations by previous 
studies based on partial mtDNA sequences.  

• By using MPS generated quantitative, phasing and phylogenetic data the 
interpretation of one of the most challenging forensic samples – mixture 
samples – was achieved. The correct mtDNA profile for the major contributor 
was obtained from two-person distinct as well as similar haplogroup mixtures 
in a ratio of 1:1, 5:1, 10:1 and 20:1. The correct mtDNA profiles for the minor 
contributor were determined in the 1:1, 5:1 and 10:1 samples. Personal 
heteroplasmy positions were difficult to interpret.  

• The interpretation of three-person distinct haplogroup mixtures was more 
difficult compared to two-person mixtures. The correct mtDNA profile for the 
major contributor was determined from the 5:1:1 mixture but not the 1:1:1 
mixture. The use of phasing information in the case of the three-person mixtures 
was less helpful due to a high number of possible haplotype combinations.  
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More studies with a high number of contributors (with additional three person 
mixtures and over three person mixtures) are needed.  

• The number of variants detected in the mixture sample can be an indication  
for the number of contributors. The number of variants detected in the  
three-person mixture was higher compared to the number of variants detected 
in the two-person mixtures. As expected, two-person mixtures from distinct 
haplogroups had a higher amount of variants compared to two-person mixtures 
from similar haplogroups. Mixture studies with higher sample sets and different 
populations are needed to evaluate if establishment of a probabilistic model for 
mixture contributor number is feasible.  
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Abstract 
Massively parallel sequencing of human mitochondrial 
genome for forensic analysis  
Mitochondrial DNA (mtDNA) analysis is performed in forensic identification in case of 
kinship analysis as well as samples with low level of DNA. The gold standard for forensic 
mtDNA analysis is the Sanger-type sequencing (STS) of hypervariable region I and II (HVI 
and HVII, respectively). Sequencing beyond these regions is rarely attempted as the 
methodology is laborious, time consuming and expensive. However it has been shown 
that entire mitochondrial genome (mtGenome) has a higher discrimination power 
compared to HVI/HVII regions.  

Due to high sequencing throughput massively parallel sequencing (MPS) is considered 
an alternative to STS. The ability to sequence entire mtGenome, detect heteroplasmic 
positions as well as give additional data such as quantitative and phasing information, 
MPS can be used for interpretation of mixture samples, that are one of the most 
challenging samples in forensic investigation to analyse.  

Therefore the aim of this study was firstly, to evaluate the feasibility of generating 
forensic quality mtGenome data with MPS technology. Secondly, to compare the 
discrimination power of full mtGenome to HVI/HVII data in different population samples. 
Thirdly, to analyse mixture samples using MPS generated quantitative data, phasing 
information and phylogenetic assignment.  

The throughput of MPS enabled to sequence entire mtGenome of 283 US population 
samples as well as 114 Estonian population samples. Point and length heteroplasmy 
positions were typed. Over 70% of mtDNA variants were observed outside of routinely 
analysed HVI/HVII regions. The discrimination power of full mtGenome data was 
significantly higher compared to HVI/HVII data – 27.1% increase for the Estonian 
population, 15.6% for the US Hispanic population, 11.8% for the US African American 
population and 7.8% for the US Caucasian population sample. A higher increase in unique 
haplotypes when mtGenome data was compared to HVI/HVII was observed in samples 
belonging to haplogroups that have low amount of variants in HVI/HVII regions (e.g. 
haplogroup H). It was shown that phylogenetic assignment based solely on HVI/HVII data 
might lead to a falsely assigned haplogroup. 

To our knowledge, the 114 Estonian full mtGenomes generated in the current work 
are the first and the only Estonian entire mtGenomes published. Twelve major 
haplogroup clades were observed in the Estonian population mtGenome data. The most 
frequency haplogroups were H (with the frequency of 47.4%), U (21.1%), T (9.6%) and J 
(6.1%). Other haplogroups observed, haplogroups D, I, K, M, N, R, W and X, included less 
than 5.0% of the samples. All major haplogroup clades observed in the current study 
were reported in the Estonian and/or geographically nearby populations by previous 
studies based on partial mtDNA sequences.   

The interpretation of two- and three-person mixture samples from distinct (HV and 
F1a1a) as well as similar (U2e1a1 and U2e2a1a) haplogroups by using MPS generated 
quantitative data, phasing information and phylogenetic assignment was performed.  
The DNA profile of a major contributor was successfully typed in the mixture samples 
with the ratio of 1:1, 5:1, 10:1 and 20:1, while the DNA profile of a minor contributor  
was successfully typed in the mixture samples with the ratio of 1:1, 5:1 and 10:1.  
The interpretation of three-person mixture was more complicated compared to  
two-person mixture analysis, as phasing information gave less value as it resulted in a 
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high number of possible DNA profile combinations. Nevertheless the correct mtDNA 
profile for the major contributor was generated from the 5:1:1 mixture. In addition,  
it was shown that the number of variants detected in the mixture sample could indicate 
the number of contributors.  

These results show that MPS outperformed STS in generating data that can be used 
for mtDNA mixture sample interpretation.  
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Lühikokkuvõte 
Inimese mitokondriaalse genoomi massiivselt paralleelne 
sekveneerimine forensiliseks analüüsiks 
DNA analüüs on lahutamatu osa tänapäevasest kohtuekspertiisist ehk isikute 
tuvastamisest. Tavapäraselt kasutatakse selleks lühikesi kordusjärjestusi (STR, short 
tandem repeat) eelkõige tingituna nende lühikesest pikkusest, mis suurendab geneetilise 
analüüsi tulemuslikkust ja proovide eristusjõudu. Lisaks on muuhulgas loodud STR 
markerite-põhised andmebaasid riikidevaheliseks andmevahetuseks kuritegude 
lahendamiseks. Euroopas on kokku lepitud 12 STR lookusel põhineva ESS (European 
Standard Set) süsteemi rakendamine ja Ameerika Ühendriikides 20 STR lookusel põhinev 
CODIS (Combined DNA Index System) süsteem.   

Täiendavalt STR markerite analüüsile viiakse läbi mitokondriaalse DNA (mtDNA) 
analüüsid, kui on vaja määrata sugulust ja/või uurida madala DNA sisalduse või 
degradeerunud proove, nagu juuresibulata karvad ja vanad säilmed. Rekombinatsiooni 
puudumine ja pärandumine rangelt emaliini pidi teevad mtDNA sobilikuks suguluse 
määramise markeriks. Madala DNA sisalduse ja/või kvaliteediga proovide puhul 
kasutatakse mtDNA analüüsi eelkõige selle tõttu, et mtDNA koopiaarv rakus on 
keskmiselt 500, võrreldes kahe tuumse DNA koopiaga. Vastavalt sellele on mtDNA 
analüüs nende proovide korral  tulemuslikum võrreldes tuumsete STR markeritega. 

Mitokondriaalse DNA analüüsi alusel jagatakse indiviidid ühe nukleotiidi 
polümorfismide (SNP, single nucleotide polymorphism) alusel genealoogilisteks 
gruppideks (haplogruppideks), kellel on ühine esivanem. Populatsiooniuuringute põhjal 
on toodud välja geograafilistele piirkondadele omased konkreetsed haplogrupid – nt 
Euroopa kõige sagedasem haplogrupp on H, samas kui aafriklasi iseloomustab 
haplogrupp L. mtDNA populatsiooniuuringud on olulised andmebaaside loomisel ja 
haplotüüpide (mtDNA profiilide) sageduse määramisel.   

Segaproovid, kus bioloogiline materjal pärineb rohkem kui ühelt isikult (doonorilt), on 
ühed raskemini interpreteeritavad proovid. Segaproovide analüüsimine kasutades STR 
markereid on problemaatiline eelkõige alleelide kattuvuse ning tingituna PCR protsessile 
omasest produktide lisandumisest (drop-in)  ja väljalangevusest (drop-out), mis 
raskendab doonorite arvu ja profiilide omistamist konkreetsele doonorile. Segaproovide 
mtDNA järjestuste määramist on pakutud üheks alternatiiviks STR analüüsile.   

Tüüpiliselt määratakse kohtugeneetikas mtDNA profiilid kahe hüpervarieeruva 
piirkonna (vastavalt HVI ja HVII) Sanger-tüüpi sekveneerimisega (STS). HVI/HVII piirkondi, 
mis moodustavad ligikaudu 3.7% mitokondriaalsest genoomist (mtGenoomist), 
kasutatakse nendesse koondunud suure arvu SNP positsioonide tõttu. mtGenoomi 
täissekveneerimist teostatakse harva, kuna see on töömahukas ja kulukas. Sellegipoolest 
on publitseeritud andmeid, mis näitavad, et mtDNA täisgenoomi analüüsil on HVI/HVII 
piirkondadega võrreldes suurem eristusjõud.  

Massiivselt paralleelne sekveneerimine (MPS) on alternatiiv STS meetodile, 
võimaldades analüüsida suuremahuliselt samaaegselt hulgaliselt DNA proove. Lisaks 
võimaldab MPS tehnoloogia tuvastada mtDNA järjestuse kui ka pikkuse polümorfisme. 
Seega, sekveneerides proovi mtGenoomi MPS tehnoloogiaga võib segaproovide analüüsi 
tõhusust tõsta.  

Töö peamisteks eesmärkideks oli hinnata MPS rakendatavust forensiliste proovide 
mtGenoomide sekveneerimiseks. Teiseks, võrrelda erinevate populatsioonide täielike 
mtGenoomide ja HVI/HVII piirkondade eristusjõudu. Kolmandaks, analüüsida kahe ja 



 

70 

kolme isiku kunstlikult tekitatud segaproove, lähtudes MPS kvantitatiivsetest andmetest, 
faasiandmetest ja fülogeneetilisest hindamisest.  

Töö käigus sekveneeriti MPS tehnoloogiat kasutades 283 proovi kolmest Ameerika 
Ühendriikide populatsiooni valimist ning 114 proovi Eesti populatsiooni valimist. Näidati, 
et üle 70% varieeruvatest positsioonidest asuvad väljaspool HVI/HVII piirkondi ning 
mtGenoomi eristusjõud on statistiliselt oluliselt kõrgem HVI/HVII piirkondade omast – 
juhusliku kokkulangevuse tõenäosuse (RMP, random match probability) ja geneetiline 
mitmekesisuse (GD, genetic diversity) paarikaupa Studenti t-testi p-väärtused on 
vastavalt p = 0,01659 ja p = 0,01645.  

Eesti populatsiooni valimis avaldus kõige suurem tõus unikaalsete haplotüüpide arvus 
mtGenoomi andmete võrdlemisel HVI/HVII andmetega - 27,1% tõus Eesti populatsiooni 
valimis, 15,6% tõus Ameerika Ühendriikide hispaaniakeelses (Hispanic) populatsioonis, 
11,8% afroameeriklaste hulgas ja 7,8% tõus valgete inimeste (Caucasian) populatsiooni 
valimis. Selle alusel leiti, et mtDNA kodeeriva regiooni uurimine suurendab eelkõige 
vähese HVI/HVII varieeruvusega indiviidide, nagu isikud, kes kuuluvad H haplogruppi, 
eristamist. Lisaks näidati, et fülogeneetiline omistamine võib ainult HVI/HVII piirkondade 
andmete kasutamisel osutuda puudulikuks. Viie proovi korral 283 Ameerika Ühendriikide 
populatsioonide proovidest vahetus makro- ehk ülemhaplogrupp  HVI/HVII andmete 
võrdlemisel mtGenoomi andmetega. Ühe proovi puhul vahetus HVI/HVII põhjal 
määratud Aasia-omane D4j1b2 haplogrupp Aafrika-omaseks L3b1a7a haplogrupiks.  

Töö tulemusena publitseeriti esmakordselt eestlaste mtDNA täisgenoomid, mis 
jagunesid 12 ülemhaplogruppi, kusjuures kõrgema sagedusega kuulusid isikud 
haplogruppidesse H (sagedusega 47,4%), U (21,1%), T (9,6%) ja J (6,1%). Ülejäänud 8 
ülemhaplogruppi (D, I, K, M, N, R, W ja X) tuvastati alla 5,0% proovidest. 

Kasutades MPS tehnoloogia kaudu genereeritud kvantitatiivseid andmeid (ehk 
alternatiivsete alleelide ja positsiooni kõikide alleelide suhet), faasiandmeid (ehk SNP 
positsioonide paiknemist samal lugemil)  ja fülogeneetilist teavet, hinnati kahe ja kolme 
isiku DNA segaproove. Õiged mtDNA profiilid omistati doonorile, kelle DNA kogus oli 
segaproovis suurem, segaproovides suhtega 1:1, 5:1, 10:1 ja 20:1. Õiged mtDNA profiilid 
omistati doonorile, kelle DNA kogus oli proovis väiksem, segaproovides suhtega 1:1, 5:1 
ja 10:1. Kunstlikud segaproovid koosnesid kaugete (HV ja F1a1a) ja lähedaste (U2e1a1 ja 
U2e2a1a) haplogruppidega indiviidide proovidest.  

Eeldatavalt osutus kolme indiviidi segaproovide tulemuste interpreteerimine, kahe 
indiviidi segaprooviga võrreldes, keerulisemaks. Indiviidide, kelle DNA kogus oli 
segaproovis suurim, õnnestus õige mtDNA profiil määrata segaproovis suhtel 5:1:1, ent 
suhtel 1:1:1 oli usaldusväärne eristamine problemaatiline.  

Lisaks näidati, et segaproovis tuvastatud variatsioonide arv võimaldab hinnata 
segaproovi doonorite arvu.  
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&'(()*'+,-	./+0.)112 345()678951:7+5;7<3&5(79.7(�-=)(>23?+/0'?/@5A1'2BCDEFEGHEIJKKLMNOMPQRSKTUVFFEWXEIJYZE[POMPQRSKTU\O[]Ĝ_EÌN]GNEJRRZE[POMPQRSKTabWPGNcEPdeEP]Mcfg[hfEPgMNQiWMPX̀jbWPGNcEPkMXOPERSKTlmnopqrostuvwxyzty{|}w~��u{yvut~�~{�v�u}y�zt~}~zxu}w�xwz�xt~x�}y�w|u��u���w{�y}v~xwy{xy�y}u{�wzw{�u�xw�~xwy{���~��w�u���~}~��u��u��u{zw{������xuzt{y�y�wu�y��u}wv�}y�uvu{x�xyxtu��~{xwx~xw�u~{~���w�y�xtuvwxyzty{|}w~��u{yvu���uzw�w�z~���xtuw{xu}�}ux~xwy{y�vw�u|vwxyzty{|}w~��~v��u��s�y��u}�y{vw�x�}u��wxt{�z�u~}���}~xwy�y��������������~{|����y�w{|w�w|�~���}yv|w��u}u{x~{|�wvw�~}�t��y�u{uxwz�~z��}y�{|�~{|xt}uu��u}�y{vw�x�}u��wxt{�z�u~}���}~xwy�y������~{|������u}u�}u�~}u|��w{�xtu�}uzw�wy{��vx����ty�u�u{yvu�~{u�~{|�y{�tu��~{|�u��u{zu|y{xtu�y{���y}�y{���u��u{zu}�stu}vy w�tu}�zwu{xw�wz��~�xt~v����¡����stu�u|~x~�u}u��u|xyu�~��~xu�tuxtu}~{|xy�t~x|u�}uu���vw�x�}u�zy��|�u|uzy{�y��u|��{~���w��~�u��uzxw�uw{w|u{xw��w{�xtuv~¢y}zy{x}w��xy}w{u~ztw{�x~{zu��tw�u�����}yvxtuvw{y}zy{x}w��xy}£�t~��yx��uy{���u}uw|u{xw�wu|w{xtu��������~{|����x�y��u}�y{vw�x�}u���tw�uxtuv~¢y}zy{x}w��xy}�~�w|u{xw�wu|�}yvxtu�����vw�x�}u�~{~���w�y�xtuxt}uu��u}�y{vw�x�}u��~�vy}uzyv��u��~{|xtuvw�u|t~��yx��u�zy��|{yx�uzyv��uxu���~}�u|�stu�u}u���x�w{|wz~xuxt~xvw�u|vwxyzty{|}w~�����~v��u�v~��uw{xu}�}uxu|�wxtxtu��uy����xuzt{y�y�wu��¤��¥ ��
�wxyzty{|}w~������w�x�}u���~��w�u���~}~��u��u��u{zw{���y{����y{���¦§op̈©ªro«̈§�wxyzty{|}w~����t~��uzyvu~�y�u}���xyy��y}xtuw|u{�xw�wz~xwy{y�t�v~{}uv~w{�~{|w{~{~���u�y�zu}x~w{x��u�y��y}u{�wzu�w|u{zu�}yvz}wvw{~�z~�u��u����t~w}u�w|u{zu�stuvwxyzty{|}w~��u{yvu£�tw�tu}zy��{�v�u}�u}zu���zyv��~}u|�wxtxtu{�z�u~}�u{yvu¬�­��}y�w|u�~tw�t�u{�wxw�wx�y�|uxuzxwy{�wxtzt~��u{�u|y}|u�}~|u|}uv~w{���tu}u{��z�u~}v~}�u}�y�xu{�}y�w|uw{zy{z���w�uy}{u�~xw�u}u���x�� �{~||wxwy{�v~xu}{~�w{tu}wx~{zu¬�­~{|�u���zt~}~zxu}w®u|�t��y�u{�¬̄°��­y�xtuvwxyzty{|}w~��u{yvuy��u}��u����w{u~�u~{|�wy~{zu�x}�w{�y}v~xwy{���}}u{x����~{�u}�u���u{zw{�xuzt{y�y�wu�~}uuv��y�u|xy�u��u{zu~�wvwxu|�y}xwy{y�xtuvwxyzty{|}w~��u{yvu�y�xu{�yz��w{�y{��y{xtut��u}�~}w~��u}u�wy{�y�xtu{y{�zy|w{�}u�wy{�±uz~��uxtu~��~�w�xwvu�zy{��vw{�~{|�~�y}�w{xu{�w�u�����x~{xw~��~}w~xwy{}u�w|w{�w{xtuzy|w{�}u�wy{y�xtuvwxyzty{|}w~��u{yvuw�{yxzy{�w|u}u|��y}uy�u}��~{�u}�u��u{zw{�w�{yx����wzwu{x����~{xwx~xw�uxy}u�y��uvw�u|vwxyzty{|}w~�����}y�w�u�¬�²��³­��~��w�u���~}~��u��u��u{zw{������xuzt{y�y�wu�{y�v~�uwx�u~�w��u�y}�y}u{�wzz}wvu�~�y}~xy}wu�xy�u��u{zuxtuu{xw}uvwxyzty{|}w~��u{yvu�́ ~}�uv��xw��u���v~��~v��wzy{�~{u��xt~x~v��w��xtuu{xw}uvwxyzty{|}w~��u{yvut~�u�uu{|u�w�{u|�y}zt~��u{�u|~{||u�}~|u|�~v��u�¬�µ°��­��y}uy�u}�xtuxuzt{y�y��t~��uzyvu}u~�y{~���}y���x��ztxt~xxtu~vy�{xy�xwvu~{|�~�y}{uu|u|xy�u���u{zuxtuu{xw}uvwxyzty{|}w~��u{yvut~��uu{}u|�zu|����x~{xw~����stutw�txt}y��t��xzy{zyvwx~{x���}y�w|u�~v�zt�~}�u}~vy�{xy���u���w{�y}v~xwy{�¶��~{|w{�~{~����w�xyxtuu{xw}uvwxyzty{|}w~��u{yvuu{~��u�~{~���w�y�~�}u�wy�����{x~��u|}u�y�}zuy�~�~}�u{�v�u}y��w{��u
·̧¹º»¼½¾¿ºÀÁÂÂ̧¹Ã¹¾»Ä¼ÅÃÄ»¹¼¿Ä̧stuy{�w{u�u}�wy{y�xtw�~}xwz�u�txx���ÆÆ|yw�y}�Æ������³Æ���Ç�Ç���µ��³ÈÈ�̄�zy{x~w{������uvu{x~}�v~xu}w~���twztw�~�~w�~��uxy~�xty}w®u|��u}��É Êu{{w�u}���t�}ztw��Êu{{w�u}��t�}ztw��Ë�{xt�z�u|�� �u{xu}�y}Ì�v~{�|u{xw�wz~xwy{�¡{w�u}�wx�y��y}xtsu�~�Ìu~�xt�zwu{zu�u{xu}�̄����~v�±y�wu±��|��±Ì����� y}x�y}xt�sÍ³²��³�¡��� �u�~}xvu{xy��tuvw�x}�~{|±wyxuzt{y�y���s~��w{{¡{w�u}�wx�y�suzt{y�y���s~��w{{�¶�xy{w~¯ �u{xu}y�¶�zu��u{zuw{�u{yvwz�u|wzw{uÎu�u~}zt��¶��Î��Ïw{���|��~®w®¡{w�u}�wx��Êu||~t��~�|w�}~�w~

ÐNXEPNMXG̀NM]L̀OPNM]̀jÑEcM]ÒEIGFGNEÓRSKTÔKÕRJKRÖÕ×KRØR_XXŴJUUÌGÙ̀PcUKSÙKSSØÛSSÚKÚdSKTdKØYYdÕ
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Curriculum vitae 
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Date of birth:   18.04.1990 
Place of birth:   Estonia 
Citizenship:     Estonian 

Contact data 
E-mail:     monika.stoljarova@gmail.com 
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2012–2015  Tallinn University of Technology, Faculty of Science, Department of 

Gene Technology, Gene Technology, MSc (cum laude) 
2011–2011  IMC University of Applied Sciences Krems (Krems a. d. Donau, 

Austria), Medical and Pharmaceutical Biotechnology, exchange 
student 

2009–2012  Tallinn University of Technology, Faculty of Science, Department of 
Gene Technology, Gene Technology, BSc (cum laude) 

2006–2009    Tallinn Secondary Science School 

Language competence 
Estonian      Fluent  
English      Fluent  
Russian      Fluent 

Professional employment 
2013–2014 University of North Texas Health Science Center (Fort Worth, TX, 

USA), Visiting Scientist, 10.2013-10.2014 
2013–2013 Human Research Institute (Weiz, Austria), Insternship, 06.2013-

08.2013 

Supervised dissertations  
Eero, I. (2018). Captive bred and wild living European mink (Mustela lutreola) gut 
microbial community analysis. Master’s thesis. Tallinn University of Technology, 
School of Science, Department of Chemistry and Biotechnology. Supervisors: 
Aaspõllu, A., Stoljarova, M. 
 
Kuningas, K. (2016). Estimation of Genetic Diversity of Estonian and Finnish Flying 
Squirrel (Pteromys volans) Populations. Master’s thesis. Tallinn University of 
Technology, Faculty of Science, Department of Gene Technology. Supervisors: 
Aaspõllu, A., Stoljarova, M. 

Awards/Scholarships 
2017 Development Fund, Tallinn University of Technology, Rickard 

Kruusberg “Adventure through studies” Scholarship!” 
2013 Baltic-American Freedom Foundation, Professional Intership 

scholarship. 
2011/ 
2012 

Rotalia Foundation (USA), “Professor, Dr Anne Jennings Smith and 
Gerhard Treuberg commemorative scholarship” 
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sequencing-enabled mixture analysis of mitochondrial DNA samples. Int J Legal Med, 
132(5), 1263-1272. doi:10.1007/s00414-018-1799-3 
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Ambers, A. D., Churchill, J. D., King, J. L., Stoljarova, M., Gill-King, H., Assidi, M.,  
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of a novel material, Diomics X-Swab, for collection of DNA. Forensic Sci Int Genet, 12, 
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A high volume extraction and purification method for recovering DNA from human 
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Conferences and workshops 

International Society of Forensic Genetics 2019 (09.09-13.09, 2019, Prague, Czechia).  
 
International Society of Forensic Genetics 2015 (09.09-13.09, 2019, Prague, Czechia). 
Preconference workshop. Kinship statistics using Familias and FamLink.  
 
International Society of Forensic Genetics 2015 (09.09-13.09, 2019, Prague, Czechia). 
Preconference workshop. ISO/IEC 17025:2017. 
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International Society of Forensic Genetics 2015 (09.09-13.09, 2019, Prague, Czechia). 
Preconference workshop. 
Y chromosome: YHRD, mixture interpretation, kinship, population differentiation. 
 
ecSeq Bioinformatics 2nd Berlin Summer School (25.06-29.062018, Berlin, Germany). 
NGS Data Analysis.  
 
International Society of Forensic Genetics 2017 (28.08-02.09, 2017, Seoul, South-
Korea). Poster presentation. 
Stoljarova, M., Jaagura, M., Nuhk, E., Aaspõllu, A. The massively parallel sequencing 
of bacterial 16s ribosomal rna gene from urine samples for forensic application. 
 
International Society of Forensic Genetics 2015 (31.08-05.09, 2015, Krakow, Poland). 
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Stoljarova, M., King, J. L., Churchill, D.J, Takahashi, M., Budowle, B. “Massively Parallel 
Sequencing of Multiplex Short Amplicons of mtDNA from Challenged Forensic 
Samples“. 
 
International Symposium of Human Identification 2014 (29.09-02.10, 2014, Phoenix, 
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Stoljarova, M., King, J. L., Churchill, D.J, Budowle, B. “Massively Parallel Sequencing of 
Multiplex Short Amplicons of mtDNA from Challenged Forensic Samples”. 
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2017 Arengufond, Tallinna Tehnikaülikool, Rickard Kruusbergi nimeline 

stipendium “Seikle õpingute läbi!” 
2013 Baltic-American Freedom Foundation, Professionaalse praktika 
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Konverentsidel ja kursustel osalemine 

International Society of Forensic Genetics 2019 (09.09-13.09, 2019, Prague, Czechia). 
Teaduskonverents.  
 
International Society of Forensic Genetics 2015 (09.09-13.09, 2019, Prague, Czechia). 
Konverentsieelne kursus. Kinship statistics using Familias and FamLink.  
 
International Society of Forensic Genetics 2015 (09.09-13.09, 2019, Prague, Czechia). 
Konverentsieelne kursus. ISO/IEC 17025:2017. 
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International Society of Forensic Genetics 2015 (09.09-13.09, 2019, Prague, Czechia). 
Konverentsieelne kursus. 
Y chromosome: YHRD, mixture interpretation, kinship, population differentiation 
 
ecSeq Bioinformatics 2nd Berlin Summer School (25.06-29.062018, Berlin, Germany). 
Bioinformaatika suvekool. NGS Data Analysis.  
 
International Society of Forensic Genetics 2017 (28.08-02.09, 2017, Seoul, South-
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