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ΠΕΡΙΛΗΨΗ 

Δυσκολίες στην ανάκτηση δεδομένων αλληλούχισης γενετικού υλικού από 

αρχαιολογικά δείγματα, όπως η χαμηλή ποιότητας των δειγμάτων και η 

περιορισμένη ποσότητα του προ ανάλυση υλικού, έχουν μερικώς αντιμετωπιστεί με 

την ανάπτυξη των τεχνολογιών αλληλούχισης υψηλής  απόδοσης (high-throughput 

sequencing) και τις μεθόδους εμπλουτισμού στοχευμένης σύλληψης (target 

enrichment methods). Παρόλα αυτά, οι περισσότερες τεχνικές εμπλουτισμού 

στοχευμένης σύλληψης απαιτούν ακριβούς ανιχνευτές (Hardenbol et al. 2005; 

Lizardi et al. 1998) ή έχουν περιορισμένη διαθεσιμότητα στο κοινό (Mathieson et al. 

2015). 

Η συγκεκριμένη μελέτη επικεντρώνεται στην ανάπτυξη μιας μεθόδου εμπλουτισμού 

στοχευμένης σύλληψης για αρχαίο ανθρώπινο γενετικό υλικό βασισμένη στη μέθοδο 

αλληλούχισης μετακινούμενων στοιχείων (Mobile elements Sequencing, MobiSeq) η 

οποία σχεδιάστηκε για μη ανθρώπινα χαμηλής ποιότητας δείγματα (Rey-Iglesia, 

Gopalakrishnan, and Carøe 2018).  Η μέθοδος εμπλουτισμού στοχευμένης 

σύλληψης MobiSeq βασίζεται στον εμπλουτισμό του στόχου μέσω PCR αντίδρασης 

και χρησιμοποιεί απλές εργαστηριακές τεχνικές για την ανάκτηση δεδομένων 

αλληλούχισης από αρχαιολογικά δείγματα. Η συγκεκριμένη μέθοδος χρησιμοποιεί 

μεταθετά στοιχεία (transposable elements, TEs) ως “άγκυρα” για την αλληλούχιση 

των πλευρικών περιοχών των ΤΕs. 

Αξιολογήσαμε την επίδοση της συγκεκριμένης μεθόδου ανάμεσα σε 20 εκχυλίσματα 

DNA από ανθρώπινα δείγματα με τη βοήθεια δύο διαφορετικών ΤΕ εκκινητών για 

οικογένειες Alu γονιδίων, οι οποίες δίνουν σημάδια πρόσφατης δραστηριότητας. 

Χρησιμοποιήθηκαν, επίσης, βιβλιοθήκες τύπου “shotgun” με σκοπό τη σύγκριση του 

αριθμού των μονο-νουκλεοτιδικών πολυμορφισμών (SNPs) που μπορούν να 

ανακτηθούν από τις δύο παραπάνω μεθόδους. Η τεχνική εμπλουτισμού στοχευμένης 

σύλληψης MobiSeq σε μη ανθρώπινα και χαμηλής ποιότητας δείγματα έδωσε 90% 

ανάκτηση SNPs με χαμηλές τιμές κλωνικότητας. Παρόλο που ο Alu_v1 TE εκκινητής 

έδειξε αυξημένη ανάνηψη SNP για 4 ανθρώπινα δείγματα, βελτιστοποίηση της 

μεθόδου για την ανακάλυψη περισσότερων SNPs μπορεί να πραγματοποιηθεί με 

αλλαγή του  TE εκκινητή, καλύτερη ποσοτική ανάλυση των δειγμάτων, αλλαγή της 

https://paperpile.com/c/z8DuPA/mW7W+hIQ4
https://paperpile.com/c/z8DuPA/mW7W+hIQ4
https://paperpile.com/c/z8DuPA/ZUNa
https://paperpile.com/c/z8DuPA/ZUNa
https://paperpile.com/c/z8DuPA/ltyG
https://paperpile.com/c/z8DuPA/ltyG
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αλληλούχισης και της βιοπληροφορικής ανάλυσης. Περαιτέρω βιοπληροφορική 

μελέτη απαιτείται για την πλήρη αξιολόγηση της συγκεκριμένης τεχνικής. 

Λέξεις κλειδιά: αρχαίο DNA, next-generation sequencing, εμπλουτισμός στοχευμένης 

γονιδιακής αλληλουχίας, μεταθετά γονιδιωματικά στοιχεία, γονιδιωματική 

πληθυσμών, ανακάλυψη SNPs. 
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ABSTRACT 

Challenges in ancient DNA (aDNA) research such as limited quantity of starting 

material and highly degraded DNA are partially encountered using high-throughput 

sequencing approaches and targeted enrichment (capture) methods for recovering 

sequence data. Nevertheless, most of the techniques focused on target enrichment 

require expensive probes (Hardenbol et al. 2005; Lizardi et al. 1998) or have limited 

availability to the public (Mathieson et al. 2015).  

This study aims to develop a target enrichment method for ancient human DNA 

based on a Mobile element Sequencing (MobiSeq) Reduced Representation Library 

(RRL) protocol which was originally designed for non-human degraded samples 

(Rey-Iglesia, Gopalakrishnan, and Carøe 2018). MobiSeq approach is a PCR-based 

targeted-enrichment method generating sequence data from ancient human samples 

using simple laboratory techniques. This method uses transposable elements (TEs) 

as “anchor” for sequencing extension into the flanking region of these mobile 

elements.  

To evaluate the performance of this method 20 human DNA extracts were targeted 

by two different TE-target primers for Alu gene families that showed hallmarks of 

recent activity. Shotgun libraries were also built to compare the number of single-

nucleotide polymorphisms (SNPs) that could be recovered from 1k genomes with our 

method. MobiSeq target enrichment method generated 90% of loci across the 

genome and performs SNP discovery with relatively low rates of clonality in non-

human species. Although, Alu_v1 TE-target primer showed high SNP discovery for 4 

of the human samples, optimization of this method can be performed on TE-target 

primer design, titration, sequencing and computational analysis to reach higher level 

of coverage in human degraded samples. Extended downstream analysis for is 

required to fully evaluate this method. 

Keywords: ancient DNA, next-generation sequencing, target enrichment, 

transposable elements, population genomics, SNP discovery.  

https://paperpile.com/c/z8DuPA/mW7W+hIQ4
https://paperpile.com/c/z8DuPA/ZUNa
https://paperpile.com/c/z8DuPA/ltyG
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1. INTRODUCTION 

1. 1. Ancient DNA (aDNA) and the challenges in aDNA 

research 

Ancient DNA (aDNA) research focuses on  the isolation and subsequent analysis of 

DNA from archaeological specimens. The biomolecules preserved in such material 

can be highly degraded, but the field has recently thrived on rapid optimizations and 

advances. Examples include the analysis of DNA recovered from archaeological 

skeletal material, mummified tissues, archival collections of non-frozen medical 

specimens, preserved plant residues, and so on. 

Compared to modern DNA, aDNA has additional challenges due to the poor quality 

of endogenous DNA preservation. Post mortem, taphonomic processes begin the 

breakdown of the body and subsequent biomolecules. This process leads to the 

denaturation of DNA molecules. Other factors such as soil environment and 

temperature can accelerate these affects, decreasing the quantity and quality of 

endogenous DNA. 

The main issues of working with aDNA are: 

1) aDNA post mortem damage, which is caused by depurination, deamination 

and oxidation of the nitrogen bases (Pääbo 1989; Pääbo et al. 2004). Post-

mortem DNA damage begins immediately after the death of an organism. The 

DNA is rapidly degraded by enzymes, bacteria and fungi. UV radiation, also, 

produces crosslinks that will inhibit PCR (Graham 2007). The most common 

form of the hydrolysis is the loss of amino groups from the bases adenine, 

cytosine, 5-methylcytosine, and guanine, resulting in hypoxanthine, uracil, 

thymine, and xanthine, respectively. This causes incorrect bases (A instead of 

G, and C instead of T) to be inserted when new DNA strands are synthesized 

by a DNA polymerase. The transitions of bases C to T is presented at both 

ends of the molecules, but increased at the 5′-most nucleotide position in 

single-stranded overhangs, and G to A at the 3′-most position of molecules 

(Briggs et al. 2007; Jónsson et al. 2013). 

2) Modern DNA contamination. Ancient DNA can be dominated by microbial 

DNA, which often contributes to 99% or more of the sequences. The principal 

modern contaminants of ancient samples are fungi and bacteria derived from 

https://paperpile.com/c/z8DuPA/fBpe+2ceF
https://paperpile.com/c/z8DuPA/rDuy
https://paperpile.com/c/z8DuPA/qxMa+16nE
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the environment where the organisms have been deposited (Willerslev and 

Cooper 2005). In addition, the present-day human contamination from another 

organism that can occur during the excavation (Gansauge and Meyer 2014), 

as well as airborne contaminants from the laboratory and contaminants 

present in laboratory reagents or on consumable items (Graham 2007). 

Studies have shown that petrous bone and teeth roots are currently recognized as 

the optimal substrates for such research, owing to high levels of endogenous DNA 

(Hansen et al. 2017; Margaryan et al. 2018). In addition, new methods enable the 

prevention of potential contamination of ancient samples, including extraction, library 

and amplification controls, and the performance of all the pre-PCR steps in 

specialized aDNA facilities, where no DNA has been amplified or modern DNA 

extractions have been present. Also, with the development of Next Generation 

Sequencing (NGS) technologies and bioinformatics tools it is possible to evaluate 

the authenticity of the generated sequences and contamination levels (e.g. Skoglund 

et al. 2014; Jónsson et al. 2013). 

1. 2. High- throughput DNA sequencing 

Next-generation sequencing (NGS) refers to all the non-Sanger sequencing 

instruments, which are capable of producing massive amounts of parallel 

sequencing. Compared to Sanger sequencing that is characterized for the 

sequencing of specific PCR products, NGS is defined by its non-specificity. NGS 

platforms (e.g. Illumina MiSeq or Illumina HiSeq) use as template sequencing 

libraries, which are the DNA fragments from an extract that have been ligated to 

universal sequencing-adapters (Briggs and Heyn 2012). This application has 

dramatically changed the field of aDNA by enabling the retrieval of nuclear genomes 

from archaeological samples. It allows sequencing of the very short molecules which 

are characteristic of aDNA and which are generally too short to be amplified by the 

polymerase chain reaction (PCR). NGS thereby increases the number of 

endogenous ancient molecules accessible for sequencing and reduces the risk of 

favoring long molecules originating from modern contaminants (Knapp et al. 2012). 

Importantly, the data derived from NGS can also be used to mitigate some of the 

challenges derived from aDNA post-mortem damage and contamination. NGS data 

enables us to identify and quantify the chemical and structural properties 

https://paperpile.com/c/z8DuPA/BgV1
https://paperpile.com/c/z8DuPA/BgV1
https://paperpile.com/c/z8DuPA/qmC6
https://paperpile.com/c/z8DuPA/rDuy
https://paperpile.com/c/z8DuPA/gmrs+vTCZ
https://paperpile.com/c/z8DuPA/5hsb+16nE
https://paperpile.com/c/z8DuPA/5hsb+16nE
https://paperpile.com/c/z8DuPA/MZqI
https://paperpile.com/c/z8DuPA/R8XM
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characteristics of aDNA molecules; for instance, by estimating the average size of 

the sequenced material or DNA damage patterns, such as the increased frequency 

of C to T transition towards the 5’ end of the sequencing reads (Figure 1. 1) 

(Ginolhac et al. 2012; Jónsson et al. 2013). This information can be used to 

authenticate the ancient endogenous origin of the sequenced DNA. NGS data can 

also be used to estimate the degree of modern contaminants. There are several 

methods for this, and they all rely on the principle that the sequenced DNA should 

only derive from one source (e.g. Skoglund et al. 2014; Renaud et al. 2015). 

 

Figure 1. 1. Deamination patterns obtained using mapDamage at the end of the 

sequencing read. Shown on the left is the C to T deamination rate at the 5’ end, 

and on the right the G to A rate at the 3’ end. Colors correspond to three 

sequenced specimens. https://ginolhac.github.io/mapDamage/ 

https://paperpile.com/c/z8DuPA/35Bo+16nE
https://paperpile.com/c/z8DuPA/5hsb+6vPR
https://paperpile.com/c/z8DuPA/5hsb+6vPR
https://ginolhac.github.io/mapDamage/
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Shotgun sequencing is the non-specific sequencing of all the fragments present in 

an extract. In aDNA, due to the limited amount of endogenous sequences compared 

to modern DNA contaminants, this sequencing strategy will yield a large percentage 

of sequences that will be discarded (e.g. fungi and bacteria) (Knapp and Hofreiter 

2010). Usually in aDNA samples the fraction of authentic DNA is represented by less 

than 1% of the total DNA present in the sample, so recovering entire genomes 

requires an increased amount of costly sequencing. As a result, efforts are 

constantly being made to optimize access to the endogenous DNA of ancient 

samples and to improve the recovery of aDNA sequence data.  

There are two main areas in which researchers in the aDNA community have 

focused on in the past for improving the access to authentic, endogenous aDNA:  

1) optimizing existing methods for DNA extraction and library preparation for 

ancient samples (Rohland and Hofreiter 2007a, 2007b; Adler et al. 2011; 

Damgaard et al. 2015; Glocke and Meyer 2017; Carøe et al. 2018; Rohland et 

al. 2018) and  

2) devising new ways for the targeted retrieval of aDNA sequencing data 

through hybridization capture and related approaches (Carpenter et al. 2013; 

Ávila-Arcos et al. 2015; Cruz-Dávalos et al. 2017b).  

  

https://paperpile.com/c/z8DuPA/NK8E
https://paperpile.com/c/z8DuPA/NK8E
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2. STATE OF THE ART 

2. 1. Reduced representation library (RRL) methods 

Population genomics refers to the simultaneous study of numerous loci or genome 

regions to understand the roles of evolutionary processes (e.g. mutation, random 

genetic drift, gene flow or natural selection) that create variation across genomes 

and populations (Luikart et al. 2010). The development of population genomics 

occurred together with the advances in NGS technologies and methods. Even 

though the most robust and reliable population genomic inferences are derived from 

whole genomes and resequencing experiments (Luikart et al. 2003; Fuentes-Pardo 

and Ruzzante 2017), these are still very expensive for most research institutions 

(Andrews et al. 2016).  

Reduced representation genomic libraries (RRLs) are increasingly used to reveal 

diversity in evolutionary biology; Reduced representation library sequencing 

approaches have been developed to select a subset of the genome, reducing the 

cost of sequencing. Thus, reduced representation library (RRL) methods have 

become a popular alternative for SNP discovery and genotyping (Davey et al. 2011), 

in particular for non-model organisms. Several RRL strategies have been developed 

in the last years, including restriction site-associated DNA sequencing (RADseq) 

(Baird et al. 2008; Davey and Blaxter 2010), double digest RADseq (ddRADseq) 

(Peterson et al. 2012) or genotyping-by-sequencing (GBS) (Elshire et al. 2011), as 

well as the combination of RRLs with hybridization by capture for genotyping 

museum and ancient specimens (Barreiro et al. 2017; Schmid et al. 2017).  

All these methods combine the use of restriction enzymes to cut DNA into fragments 

and the transformation of the sheared material into sequencing libraries (usually 

Illumina) (Andrews et al. 2016; Davey and Blaxter 2010). Sequencing libraries will 

present barcoded-adapters, so several individuals (up to hundreds) can be pooled 

and sequenced together, and then bioinformatically assigned the sequencing reads 

to particular individuals. All these methods start with relatively high molecular weight 

genomic DNA (C. F. Graham, Glenn, and McArthur 2015) and begin by digesting it 

with one (e.g. RADSeq) or more (e.g. GBS) restriction enzymes. After DNA shearing 

by restriction enzymes, specific sequencing adapters, that are required by NGS 

https://paperpile.com/c/z8DuPA/Hsep
https://paperpile.com/c/z8DuPA/5Jzm+IacX
https://paperpile.com/c/z8DuPA/5Jzm+IacX
https://paperpile.com/c/z8DuPA/Rnnk
https://paperpile.com/c/z8DuPA/cOtu
https://paperpile.com/c/z8DuPA/fvKc+xD12
https://paperpile.com/c/z8DuPA/EM6i
https://paperpile.com/c/z8DuPA/hddr
https://paperpile.com/c/z8DuPA/FLxy+IDAG
https://paperpile.com/c/z8DuPA/Rnnk+xD12
https://paperpile.com/c/z8DuPA/WEVQ


25/141 

platforms, are ligated to the fragmented DNA. Their advantages over whole-genome 

sequencing are: 

I. great depth of coverage per locus, which will improves confidence in genotype 

calls, and 

II. cost reduction, that will allow researchers to study higher number of samples 

(Andrews et al. 2016). 

2. 1. 1. RADSeq methods 

In RADSeq (Figure 2. 1) fragments are ligated to P1 adapters (sample specific 

barcodes), pooled and size selected to 300–700 bp (Baird et al. 2008). Y-shaped P2 

universal sequencing adapters (Coyne et al. 2004) are ligated to the fragments with 

and without P1 adapters. Prior to sequencing, fragments will be PCR amplified with 

P1 and P2 specific primers. Thus, only fragments with both P1 and P2 adapters will 

be amplified (i.e. only those sites that have been digested with the restriction 

enzyme). 

 

 

https://paperpile.com/c/z8DuPA/Rnnk
https://paperpile.com/c/z8DuPA/fvKc
https://paperpile.com/c/z8DuPA/X6zu
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Figure 2. 1. The process of RADSeq.  

(A) Genomic DNA is sheared with a restriction enzyme of choice (SbfI in this 

example). (B) P1 adapter is ligated to SbfI remained (SbfI*)-cut fragments. The P1 

adapter is adapted from the Illumina sequencing adapter (full sequence not shown 

here), with a molecular identifier (MID; CGATA in this example) and a cut site 

overhang at the end (TGCA in this example). (C) Samples from multiple individuals 

are pooled together and all fragments are randomly sheared. Only a subset of the 

resulting fragments contains restriction sites and P1 adapters. (D) P2 adapter is 

ligated to all fragments. The P2 adapter has a divergent end. (E) PCR amplification 

with P1 and P2 primers. The P2 adapter will be completed only in the fragments 

ligated with P1 adapter, and so only these fragments will be fully amplified. (F) 

Pooled samples with different MIDs are separated bioinformatically and SNPs 

called (C/G SNP underlined). (G) As fragments are sheared randomly, paired end 

sequences from each sequenced fragment will cover a 300- 400 bp region 

downstream of the restriction site (Davey and Blaxter 2010). 

https://paperpile.com/c/z8DuPA/xD12
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RADseq opens up rich prospects for analysis of genetic markers, both in the detailed 

information that can be gained from single markers and from the complex 

interactions between thousands of markers across the genome.  

2. 1. 2. Double digest RADseq (ddRADseq) method 

Double digest RADseq (ddRADseq) method eliminates random shearing and end 

repair of genomic DNA using a double restriction enzyme (RE) digest (i.e., a 

restriction digest with two enzymes simultaneously). The selection for genomic 

fragments by size allows greater fine-scale control of the fraction of regions 

represented in the final library. By combining precise and repeatable size selection 

with sequence-specific fragmentation, ddRADseq produces sequencing libraries 

consisting of only the subset of genomic restriction digest fragments generated by 

cuts with both REs (i.e., have one end from each cut) and which fall within the size-

selection window (Figure 2. 2).  

 

Figure 2. 2. The process of double digest RAD sequencing. 

Double digest RAD sequencing (ddRADseq), by contrast, uses a two enzyme 

double digest followed by precise size selection that excludes regions flanked by 

either [a] very close or [b] very distant RE recognition sites, recovering a library 

consisting of only fragments close to the target size (red segments). 

Representation in this library is expected to be inversely proportional to deviation 

from the size-selection target, thus read counts across regions are expected to be 

correlated between individuals (yellow and green bars) (Peterson et al. 2012). 

This combination of requirements can be tuned to generate libraries consisting of 

fragments derived from hundreds to hundreds of thousands of regions genome-wide 

due to the removal of random shearing (and therefore random recovery), correlated 

recovery of regions across individuals results in increased robustness to variability in 

read count. As sequencing depth required to reach saturation,  the number of 

https://paperpile.com/c/z8DuPA/EM6i
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individuals which can be genotyped in a single sequencing lane is inversely 

proportional to the number of regions recovered. 

2. 1. 3. Genotyping by Synthesis (GBG) method 

GBS protocol (Figure 2. 3) requires less laboratory steps compared to RADSeq. In 

GBS, barcoded adapters (green and yellow) and universal adapters (grey) are 

ligated to digested fragments (Elshire et al. 2011). As a result, there will be a DNA 

mixture of fragments with barcode+universal, barcode+barcode and 

universal+universal adapter combinations (Davey et al. 2011). Samples are pooled 

and subsequently amplified on the Illumina Genome Analyzer flow cell. Only 

samples featuring a barcode+common adapter combination will be amplified for 

sequencing. 

 
Figure 2 .3. GBS protocol, adapted from Davey et al. (2013). 

 

2. 1. 4. Challenges in reduced representation Library (RRL) sequencing methods 

Despite the advantages that RRL methods present, there are also challenges 

associated with them. First of all, the required DNA quality in the starting material; 

https://paperpile.com/c/z8DuPA/hddr
https://paperpile.com/c/z8DuPA/cOtu
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RRL methods require high molecular weight DNA for enzymatic digestion, which 

makes them not applicable to degraded samples (e.g. museum specimens) (Davey 

et al. 2011). RADseq requires especially high molecular weight compared to other 

methods, as the consistency and efficiency of the mechanical shearing step would 

depend on relatively large size (Andrews et al. 2016). 

Another issue is the amount of starting material recommended for these methods. In 

general, large amounts of DNA are preferred, as this will reduce the number of PCR 

cycles during the protocol and, as a consequence, the number of sequenced PCR 

duplicates. The first version the RADSeq protocol required up to 1 μg per sample 

(Etter et al. 2011). Currently, most of these protocols can often be implemented with 

only 50–100 ng of DNA per sample (Andrews et al. 2016). 

One of the main challenges of RRL methodologies is associated with allele dropout 

and null alleles. RRL datasets are likely to present high proportions of missing data, 

mostly due to mutations in the restriction enzyme recognition site (Gautier et al. 

2013). Mutations in the enzyme restriction site will result in the failure to cut the 

genomic DNA at that location (i.e. allele dropout). Null alleles will derive from alleles 

that lack the recognition site and, thus, they will not be sequenced (Huang and 

Knowles 2014). The effect of allele dropout and null alleles will be that even though a 

high number of loci are sequenced per sample, the number of comparable sites can 

become highly reduced (Gautier et al. 2013), and if a single nucleotide polymorphism 

(SNP) occurs within a null allele, this could derive in genotyping errors (i.e. 

heterozygous individuals for the null allele appearing as homozygotes) (Andrews et 

al. 2016). 

Clonal DNA fragments might be generated during these PCR steps, which are 

known as PCR duplicates (Davey et al. 2011). PCR duplicates need to be identified 

and filtered out during data processing, as they would inflate coverage estimates, 

cause a heterozygote to look like a homozygote during genotype calling, or make an 

allele containing a PCR error appear to be an actual allele (false allele) (Andrews 

and Luikart 2014). Several studies have reported that PCR duplicates occur at high 

frequencies in RADseq data (e.g. Andrews et al. 2014; Schweyen et al. 2014). 

Clonal sequences will also be taking up sequencing capacity that could have been 

allocated to generate non-clonal reads. PCR duplicates can be identified in RAD 

https://paperpile.com/c/z8DuPA/cOtu
https://paperpile.com/c/z8DuPA/cOtu
https://paperpile.com/c/z8DuPA/Rnnk
https://paperpile.com/c/z8DuPA/MGHc
https://paperpile.com/c/z8DuPA/Rnnk
https://paperpile.com/c/z8DuPA/SnTS
https://paperpile.com/c/z8DuPA/SnTS
https://paperpile.com/c/z8DuPA/q5GU
https://paperpile.com/c/z8DuPA/q5GU
https://paperpile.com/c/z8DuPA/SnTS
https://paperpile.com/c/z8DuPA/Rnnk
https://paperpile.com/c/z8DuPA/Rnnk
https://paperpile.com/c/z8DuPA/cOtu
https://paperpile.com/c/z8DuPA/zFuo
https://paperpile.com/c/z8DuPA/zFuo
https://paperpile.com/c/z8DuPA/cL6c+puNG
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protocols that include a random shearing step and paired-end sequencing, like the 

original RADseq (Davey et al. 2013; Andrews and Luikart 2014). However, PCR 

duplicates cannot be identified in some other RRL strategies, because all fragments 

for a given locus will have identical start and stop positions (Davey et al. 2011; 

Andrews et al. 2016). Alternatives for controlling PCR duplicates are using PCR-free 

protocols, such as ezRAD that relies on Illumina PCR-free kits for library build. 

However, PCR free methods are frequently more expensive and require larger 

amounts of starting material (Andrews et al. 2016). 

Other aspect that needs to be taken into consideration in RRL experiments is the 

variance in depth of coverage among loci, which would require an increase in 

sequencing effort in order to achieve similar values across loci (Andrews et al. 2016). 

General recommendation is to remove those loci with inconsistent coverage, as they 

could lead to genotyping biases and thus influence population inferences (Andrews 

and Luikart 2014). G-C content biases will also affect those RRL protocols that 

include PCR steps by influencing depth of coverage. 

Despite all the challenges associated with RRL methodologies, they are powerful 

and versatility tools for SNP discovery and genotyping in ecological and evolutionary 

genomics, such as population genomic (e.g. (Hohenlohe et al. 2010)), 

phylogeographic (e.g. Gaither et al. 2015; Emerson et al. 2010), and phylogenomic 

(e.g. Wagner et al. 2013) studies. In the last few years, hybridization capture 

strategies have been implemented to RRL sequencing. These methods rely on the 

synthesis into capture baits of the RRL loci (e.g. Ali et al. 2016; Schmid et al. 2017). 

Capture of the RRL loci prior to sequencing allows the generation of RRL genome-

wide data in degraded samples. Another advantage of hybridization capture of RRL 

loci is the reduction in allele dropout. However, bait design can be complex and 

costly, as some of these protocols require commercially synthesized probes (Schmid 

et al. 2017). 

2. 2. Enrichment methods 

The application and development of enrichment by capture methods have been of 

special interest for the aDNA community. In addition, massively parallel DNA 

sequencing technologies have increased the ability to generate large amounts of 

sequencing data at a rapid pace.  Several methods have been developed to enrich 

https://paperpile.com/c/z8DuPA/nyfp+zFuo
https://paperpile.com/c/z8DuPA/cOtu+Rnnk
https://paperpile.com/c/z8DuPA/cOtu+Rnnk
https://paperpile.com/c/z8DuPA/Rnnk
https://paperpile.com/c/z8DuPA/Rnnk
https://paperpile.com/c/z8DuPA/zFuo
https://paperpile.com/c/z8DuPA/zFuo
https://paperpile.com/c/z8DuPA/uzk7
https://paperpile.com/c/z8DuPA/hlwP+cprv
https://paperpile.com/c/z8DuPA/FSEr
https://paperpile.com/c/z8DuPA/T1jb+IDAG
https://paperpile.com/c/z8DuPA/T1jb+IDAG
https://paperpile.com/c/z8DuPA/IDAG
https://paperpile.com/c/z8DuPA/IDAG
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for genomic regions of interest for sequencing using a combination of target capture 

enrichment methods and NGS technologies. Although, cost and technology are still 

limiting factors in aDNA sequence.  

2. 2. 1. Target capture methods 

Targeted genome capture (TGC) is a methodology that enriches specific genetic 

sequences within a heterogeneous mixture of DNA or RNA (Gnirke et al. 2009). In 

targeting capture methods molecular markers can be used to obtain extensively 

genetic information of high-interest genes. The definition of “marker” in DNA is any 

informative region of the genome that is either non-protein coding and therefore 

selectively neutral, or is protein coding and therefore potentially subject to selection 

(Cabana, Hulsey, and Pack 2013). Different approaches to generate enriched 

fragments of targeted DNA have been developed the past years (Figure 2. 4).  

First, PCR has been the most widely used pre-sequencing sample preparation 

technique for over 20 years (Saiki et al. 1988). PCR is potentially compatible with 

any next generation sequencing platform, though to make full use of the high 

throughput, a large number of amplicons must be sequenced together. However, 

PCR is difficult to multiplex to any useful degree: the simultaneous use of many 

primer pairs can generate a high level of nonspecific amplification, caused by 

interaction between the primers. Moreover amplicons can fail to amplify sufficiently 

(Cho et al. 1999; Wang 1998). 

Second, molecular inversion probes (MIPs) had been developed for multiplex target 

detection and SNP genotyping (Hardenbol et al. 2005; Lizardi et al. 1998). A newly 

developed MIP capture method is based on the following characteristics:  

I. gap-fill reactions and PCRs take place in aqueous solution, in small volumes 

II. sample-identifying barcodes are nested in one of the primers used in post-

capture amplification, allowing products from multiple samples to be pooled 

and sequenced in a single lane 

III. as with PCR, capture is performed directly on genomic DNA rather than after 

conversion to a shotgun library, reducing input requirements (Deng et al. 

2009).  

Although, MIP oligonucleotides can be costly and difficult to obtain in large numbers 

to cover large target sets. 

https://paperpile.com/c/z8DuPA/bxGo
https://paperpile.com/c/z8DuPA/6rgM
https://paperpile.com/c/z8DuPA/Y8MR
https://paperpile.com/c/z8DuPA/hVOd+MB3I
https://paperpile.com/c/z8DuPA/mW7W+hIQ4
https://paperpile.com/c/z8DuPA/Toc2
https://paperpile.com/c/z8DuPA/Toc2
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Finally, in the hybridization capture the principle of direct selection is well-established 

(Lovett et al. 1991; Parimoo et al. 1991): a shotgun fragmented library is hybridized 

to an immobilized probe, nonspecific hybrids are removed by washing and the 

targeted DNA is eluted. More detailed, the array-based hybridization method is 

based on high-density microarrays containing probes complementary to the regions 

of interest to bind and purify DNA molecules of interest. Microarrays are glass slides 

densely spotted with clusters of single-stranded synthetic oligonucleotides that are 

allowed to hybridize with fluorophore-labelled DNA from a sample, and the resulting 

fluorescence signals are interpreted to determine sequence composition and/or 

taxonomic content (Devault et al. 2014). The second approach of hybridization 

capture is a solution-based method that uses biotinylated DNA or RNA 

complementary probes to bind to targets. The latter approach has several 

advantages over the array-based methods; as it is a highly scalable technique that 

does not require additional equipment associated with processing microarrays (Bodi 

et al. 2013). 

There are several factors affecting capture assays, such as starting material, probe 

tiling, hybridization temperature, or the proportion of endogenous DNA. Additionally, 

when designing the capture assay, many parameters should be considered in 

evaluating the performance of each approach.  

Those factors are: 

I. sensitivity, or the percentage of the target bases that are represented 

by one or more sequence reads 

II. specificity, or the percentage of sequences that map to the intended 

targets 

III. uniformity, or the variability in sequence coverage across target regions 

IV. reproducibility, or how closely results obtained from replicate 

experiments correlate 

V. cost 

VI. ease of use and  

VII. amount of DNA required per experiment, or per megabase of target. 

Researchers that want to perform enrichment by capture can choose between do-it-

yourself protocols by which DNA or RNA baits will be generated in-house (e.g. 

Carpenter et al. 2013; Maricic et al. 2010), or ordering commercial generic or 

https://paperpile.com/c/z8DuPA/3Kir+vf9P
https://paperpile.com/c/z8DuPA/1Aee
https://paperpile.com/c/z8DuPA/hBjp
https://paperpile.com/c/z8DuPA/hBjp
https://paperpile.com/c/z8DuPA/i96V+VOvR
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customized capture kits (e.g. MYbaits from MYcroarray). In this way, a large number 

of experimental parameters may affect the efficacy of aDNA target enrichment using 

DNA probes. The annealing temperature is a crucial factor over all capture 

stringency, with high temperatures (65°C) leading to increased specificity and 

coverage (Cruz-Dávalos et al. 2017; Paijmans et al. 2016).  

https://paperpile.com/c/z8DuPA/tFbI+RyF9
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Figure 2. 4. Approaches to target enrichment.  

(a) In the uniplex PCR–based approach, single amplicons are generated in each 

reaction. In multiplexed PCR, several primer pairs are used in a single reaction, 

generating multiple amplicons. (b) In the MIP-based approach, probes consisting of a 

universal spacer region flanked by target-specific sequences are designed for each 

amplicon. These probes anneal at either side of the target region, and the gap is filled 

by a DNA polymerase and ligase. Genomic DNA is digested, and the target DNA is 

PCR-amplified and sequenced. (c) In the hybrid capture–based approach, adaptor 

modified genomic DNA libraries are hybridized to target-specific probes either on a 

microarray surface or in solution. Background DNA is washed away, and the target 

DNA is eluted and sequenced (Mamanova et al. 2010).  

https://paperpile.com/c/z8DuPA/o1hM
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2. 2. 1. 1. Mitochondrial DNA (mtDNA) capture methods 

Mitochondrial DNA (mtDNA) is a separate genome located in the cytoplasm of nearly 

all eukaryotic cells (Anderson et al. 1981) and it is also compact, circular, and 

double-stranded (Gray 2001). 

Capturing the mitochondrial DNA opened new possibilities in ancient DNA research, 

especially in contexts where destructive analysis of skeletal material is not possible. 

Different research group achieved to enrich complete mitochondrial genomes from 

complex samples, such as saliva, dental calculus and ancient hominin bones, using 

mtDNA capture methods (Ozga et al. 2016; Maricic et al. 2010). 

Two different methods have been developed the past years for mtDNA enrichment. 

The primer-extension-capture (PEC) method (Fig. 2. 5) and long range PCR method 

(Fig. 2. 6) are used to capture mtDNA (Ozga et al. 2016; Maricic et al. 2010; Briggs 

et al. 2009). 

The primer extension capture (PEC) method directly isolates specific DNA 

sequences from complex libraries of highly degraded DNA. PEC uses 5'-biotinylated 

oligonucleotide primers and a DNA polymerase to capture specific target sequences 

from an adaptor-ligated DNA library. The high specificity of PCR primers gives the 

advantage of the immortalization through reamplification from adaptor priming sites 

(Blow et al. 2008), contamination control with project-specific barcodes (Briggs et al. 

2007; Green et al. 2008), access to very short fragments predominant in ancient 

extracts (Brotherton et al. 2007), and quantification of the number of unique ancient 

DNA molecules, which is necessary to identify nucleotide misincorporations 

(Brotherton et al. 2007; Mackelprang and Rubin 2008; Briggs et al. 2007). 

https://paperpile.com/c/z8DuPA/yh57
https://paperpile.com/c/z8DuPA/kzDH
https://paperpile.com/c/z8DuPA/Ipur+VOvR
https://paperpile.com/c/z8DuPA/Ipur+VOvR+XynU
https://paperpile.com/c/z8DuPA/Ipur+VOvR+XynU
https://paperpile.com/c/z8DuPA/URgN
https://paperpile.com/c/z8DuPA/qxMa+zI5p
https://paperpile.com/c/z8DuPA/qxMa+zI5p
https://paperpile.com/c/z8DuPA/aJYJ
https://paperpile.com/c/z8DuPA/aJYJ+vDsQ+qxMa
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Figure 2. 5. Primer extension capture (PEC).  

(i) 5′-Biotinylated oligonucleotide primers (PEC primers) are added to a 454 library 

[in which the A and B adaptor molecules carry a project-specific barcode] and are 

allowed to anneal to their respective target sequences. (ii) A single Taq DNA 

polymerase extension step is performed, resulting in a double-stranded association 

between primer and target that includes the 5′ adaptor sequence. (iii) Excess PEC 

primers are removed by spin column purification, and the biotinylated primer:target 

duplexes are captured by streptavidin- coated magnetic beads. The beads are 

washed stringently above the melting temperature of the PEC primers, to ensure 

that templates upon which extension occurred will preferentially remain associated 

with the primers. (iv) Captured and washed targets are eluted from the beads, 

amplified with adaptor priming sites, and subjected either to a second round of 

extension and capture or directly to 454 emulsion PCR (after Briggs et al. 2009). 

 

https://paperpile.com/c/z8DuPA/XynU
https://paperpile.com/c/z8DuPA/XynU
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Methods that are able to capture relevant DNA sequences rely on hybridization of 

target sequences to probes that can be either in solution or immobilized on a 

surface, as previously described. The long range PCR method, uses the PCR 

products to capture targets for sequencing from pooled libraries of multiple 

individuals, using standard laboratory equipment. DNA baits for complete human 

mitochondrial genome were usually produced from modern DNA extracts using 

previously described primers (Meyer et al. 2007; Ozga et al. 2016). This method is 

applied to DNA pools of libraries from several human individuals from which are 

captured complete mtDNAs, which are extensively studied in population genetics, 

medicine, forensics, and phylogenetics (Pakendorf and Stoneking 2005).  

https://paperpile.com/c/z8DuPA/SK2w+Ipur
https://paperpile.com/c/z8DuPA/qHyk
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Figure 2. 6. Overview of the capture-on-beads method.  

On the left the production of the immobilized bait from two long range PCR 

products is shown; on the right the production of a pool of indexed libraries which 

are used in the capture (bottom). The eluted molecules can either be sequenced 

directly or first amplified and then sequenced. The bait is light red, mitochondrial 

DNA in the libraries is dark red, indices are shown in green and pink, adapters in 

gray. Thicker lines represent double stranded DNA while thinner lines represent 

single stranded DNA. (after Maricic, Whitten, and Pääbo 2010). 

 

Improvements in mtDNA capture enrichment efficiency are necessary, but even 

current methods are sufficient for full mitogenome reconstruction from small 

quantities. MtDNA enrichment is cost efficient, because it requires only standard 

laboratory equipment and reagents, and fast. Additionally, many approaches can be 

https://paperpile.com/c/z8DuPA/VOvR
https://paperpile.com/c/z8DuPA/VOvR
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multiplexed, allowing efficient analysis of many samples in parallel. Although, these 

novel methodologies can be only applied in mitochondrial DNA. 

2. 2. 1. 2. Chromosomal capture methods 

The ancient Y chromosome sequences are providing the first glance into the past 

variation of male specific compartment of the genome and the opportunity to 

evaluate models based on previously made inferences from patterns of genetic 

variation in living populations. Ancient Y chromosomes allows also a better 

understanding of the rate at which mutations accumulate and get fixed over time. 

Analyses of the ancient Y chromosome sequences are challenging not only because 

of issues generally related to ancient DNA work, such as DNA damage-induced 

mutations and low content of endogenous DNA in most human remains, but also 

because of specific properties of the Y chromosome, such as its highly repetitive 

nature and high homology with the X chromosome (Kivisild 2017). 

Previous studies (Burbano et al. 2012; Avila-Arcos et al. 2011; Burbano et al. 2010) 

have shown that hybridization enrichment can be used to obtain nuclear DNA 

fragments from ancient samples. Chromosomal capture was based on 

oligonucleotides synthesized on arrays to construct probe libraries that are amplified 

and converted into biotinylated DNA/ RNA capture probes through in vitro 

transcription. The probes were designed using the human reference genome 

sequence (hg19) (Fu et al. 2013). 

Summarizing, a number of aDNA studies have already started to reveal the potential 

of human Y chromosome to inform about the demographic past, but shotgun 

sequencing of uniquely mapping regions of the Y chromosomes with sufficiently high 

coverage is still challenging and costly in degraded samples. 

2. 2. 1. 3. Pathogen capture methods 

Pathogen capture materialized by array- based capture screening technique.  These 

methods utilize oligonucleotide probes to enrich specific nucleic acids in 

heterogeneous extracts and can therefore increase the proportion of NGS reads for 

low-abundance targets. Two different pathogen capture methods have developed 

the past years. Both methods use arrays to target specific pathogen sequences.  

https://paperpile.com/c/z8DuPA/grdw
https://paperpile.com/c/z8DuPA/ZIWf+LQ9g+G7xk
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The first method, called ancient pathogen screening array (APSA), combines the 

DNA capture coupled with next generation sequencing for parallel detection of 

ancient pathogens (Figure 2. 7). 

 
Figure 2. 7. Workflow followed in probe design APSA. 

Selection of capture regions was performed based on NCBI taxonomic 

relationships (Federhen 2012). Candidate regions were then screened for 

uniqueness by BLAST searches against the NCBI nucleotide database. Probes 60 

bp in length were generated at 6 bp tiling for each genomic region considered 

suitable for capture design. Oligos were subsequently filtered. The final selected 

probes were permitted on an Agilent 1-million feature array, and efforts were made 

to provide equal representation of all pathogens, regardless of genome size (Bos 

et al. 2014). 

 

Shotgun metagenomics offers a powerful tool to fully characterize pathogens from 

ancient samples.  However, High-throughput sequencing (HTS) is only useful when 

the primary pathogen(s) are known or suspected to be present, and ignores non-

targeted taxa and genomic loci. HTS metagenomic approaches can be labour- and 

time-intensive, thereby representing significant barriers for groups that would like to 

thoroughly profile or screen the microbial content of large or difficult 

paleopathological sample sets. 

https://paperpile.com/c/z8DuPA/aZDG
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The second recently developed method for pathogen capture uses microbial 

detection array. The Lawrence Livermore Microbial Detection Array (LLMDA) 

(Gardner et al. 2010) contains probes designed from all published vertebrate-

infecting pathogen genomes. LLMDA probes target conserved regions amongst all 

known species/strains of a family (or equivalent unit), but due to the high number 

and overall diversity of probes, unique combinations of matching probes across an 

individual genome sequence allow for species or strain identification. Fluorescence 

data are analysed using a likelihood maximization algorithm to identify the 

combination of species that best explains the resulting signal. To achieve this, each 

signal set is compared against a current database of full microbial genomes and 

analysed for the expected vs. detected combined probe fluorescence signal, 

resulting in a species list ranked by likelihood of presence (Devault et al. 2014). 

This method provides similar bacterial family-level metagenomic profiles of 

archaeological and archival specimens as HTS, especially for the most abundant 

taxa, and successfully detected the previously-verified infecting pathogen species in 

both specimens, but it needs progress to become an excellent screening tool for 

archaeological samples where microbial profiles can be swiftly, cheaply, and 

accurately reconstructed thereby aiding the elucidation of population health through 

deep time. 

2. 2. 2. Whole genome capture method 

Most of the existing WGC methods for ancient DNA require expensive laboratory 

equipment and protocols. A method referred to as whole genome in-solution capture 

(WISC) succeeds to increase the proportion of endogenous DNA in aDNA 

sequencing libraries (Figure 2. 8). WISC uses in vitro transcription of DNA libraries 

with biotinylated UTP, producing RNA baits covering the entire human genome. 

Analogous to current exome capture technologies (Gnirke et al. 2009) these baits 

are hybridized to aDNA libraries in solution and pulled down with magnetic 

streptavidin-coated beads. 
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Figure 2. 8. Schematic overview of the Whole-Genome In-Solution Capture 

Process. 

To generate the RNA ‘‘bait’’ library, a human genomic library is created via 

adapters containing T7 RNA polymerase promoters (green boxes). This library is 

subjected to in vitro transcription via T7 RNA polymerase and biotin-16-UTP 

(stars), creating a biotinylated bait library. Meanwhile, the ancient DNA library 

(aDNA ‘‘pond’’) is prepared via standard indexed Illumina adapters (purple boxes). 

These aDNA libraries often contain <1% endogenous DNA, with the remainder 

being environmental in origin. During hybridization, the bait and pond are 

combined in the presence of adaptor-blocking RNA oligos (blue zigzags), which 

are complementary to the indexed Illumina adapters and thus prevent nonspecific 

hybridization between adapters in the aDNA library. After hybridization, the 

biotinylated bait and bound aDNA is pulled down with streptavidin-coated magnetic 

beads, and any unbound DNA is washed away. Finally, the DNA is eluted and 

amplified for sequencing (Carpenter et al. 2013). 

WISC can be used to highly enrich the endogenous contents of aDNA sequencing 

libraries, thus reducing the amount of sequencing required to sample the majority of 
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unique fragments in the library with low cost, but the recovery of endogenous content 

can be really poor (~1%). 

2. 2. 3. 1240k capture method 

The crucial problem of the recovery of aDNA data is that it is typically very low 

coverage. A small number of samples have high endogenous content and 

complexity, therefore can  be sequenced to high coverage using 1240k targeted 

capture enrichment approach. 

The 1240k method is an in-solution hybridization capture technique with synthesized 

oligonucleotide probes to enrich promising libraries for more than 1.2 million SNPs 

(“1240k capture”, Methods). The targeted sites include nearly all SNPs on the 

Affymetrix Human Origins and Illumina 610-Quad arrays, 49,711 SNPs on 

chromosome X and 32,681 on chromosome Y, and 47,384 SNPs with evidence of 

functional importance. It merge libraries from the same individual and filter out 

samples with low coverage or evidence of contamination to obtain the final set of 

individuals (Mathieson et al. 2015). 

In conclusion, the advantage of the 1240k capture approach is that it accessed to 

genome-wide data from ancient samples with small fractions of human DNA and 

increases efficiency by targeting sites in the human genome that will actually be 

analyzed. Although, the limitations of this method are the high cost and restricted 

availability. 

2. 3. Mobile elements Sequencing (MobiSeq) RLL protocol  

Hybridization capture of reduced representation library (RRL) loci allows the 

sequencing of RRL loci in degraded samples and reducing allele dropout. MobiSeq 

is a RRL protocol exploiting simple laboratory techniques, that generates genomic 

data based on PCR targeted-enrichment of transposable elements (TEs) and the 

sequencing of the associated flanking region. TEs are self-replicating mobile 

elements that insert themselves in new places of the genome, either through a cut-

and-paste or a copy-and-paste mechanism (Kazazian 2004). The method has been 

previously tested on modern samples (Rey-Iglesia, Gopalakrishnan, and Carøe 

2018) and enables the sequencing of hundreds of thousands loci across the 

genome, and performs SNP discovery with relatively low rates of clonality in modern 
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samples. Given the ease and flexibility of the MobiSeq protocol, the method has the 

potential to be successful in ancient samples, too. However, given the fragmented 

nature of ancient DNA, it remains to be seen to what extent it can be successfully 

applied. 

2. 3. 1. Transposable genetic elements (TEs) 

In 1976, Bukhari et al. (1976) defined transposable elements (TE) as DNA 

sequences that could move. TEs are repetitive and mobile DNA sequences, with the 

ability to integrate into the genome at a new site within their cell of origin (Chénais et 

al. 2012; Platt et al. 2018). Transposable genetic elements (TEs) are ubiquitous in 

both prokaryotes and eukaryotes. TEs display little insertion preference and can be 

scattered throughout the genome, although they are negatively selected in exonic 

regions (Sela et al. 2010; Kazazian 2004).  

Due to the vast contribution of TEs to genome architecture, TEs have had significant 

impacts on mammalian evolution (Kazazian 2004; Chénais et al. 2012; Platt et al. 

2018). TEs have been reported to have a role in small-scale changes in linkage 

groups, as well as large structural genomic variation, such as deletions, inversions, 

duplications, and translocations (Gray 2000; Grabundzija et al. 2016). The mobility of 

TEs can induce the appearance of mutations and changes in gene expression 

(Chénais et al. 2012). Speciation events have been associated with the expansion of 

TEs in the genome (Platt, Vandewege, and Ray 2018), which suggests their 

potential role as drivers of adaptation, diversification, and speciation by generating 

structural genomic diversity between populations (Chénais et al. 2012). 

TEs are classified in two major groups, (i) DNA transposons and (ii) retrotransposons 

(Kazazian 2004). DNA transposons move in the genome by a “cut-and-paste” 

mechanism, involving the excision and reinsertion of the DNA sequence of the 

element, or by using a rolling circle process or a virus-like process (Kazazian 2004; 

Chénais et al. 2012). On the other hand, retrotransposons, move in the genome via 

a “copy-and-paste” mechanism directed by reverse transcription of an RNA 

intermediate of a source element (Mourier and Willerslev 2009; Kazazian 2004). 

Retrotransposable elements (or type II elements), are predominant in mammalian 

genomes (with bats as a notable exception) (Rey-Iglesia, Gopalakrishnan, and 
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Carøe 2018). Long interspersed nuclear elements (LINEs) are long 

retrotransposable elements encoding the enzymatic machinery required for their own 

movement. In contrast, short interspersed nuclear elements (SINEs) are short 

transcribed sequences – often derived from small RNA genes – that do not encode 

any proteins, instead relying on proteins encoded by LINE elements (Dewannieux, 

Esnault, and Heidmann 2003). Insertions of LINEs and SINEs take place through the 

so-called target-primed reverse transcription, ensuring that the 3' end of the 

elements are always present whereas the 5' may be truncated (Luan et al. 1993). 

The human genome browser hosted by the University of California, Santa Cruz (Kent 

et al. 2002), currently contains over 4 million annotated transposon copies belonging 

to at least 848 families and subfamilies of elements (http://genome.ucsc.edu). These 

transposons collectively occupy almost half (44%) of the human genome and, thus, 

are major components of human genes and chromosomes (http://genome.ucsc.edu). 

Most of the largest transposon families in humans initially were identified as 

dispersed repetitive sequences that contain hallmark features of transposons (e.g. 

target site duplications, terminal repeats and transposases (Jurka 2000; Smit and 

Riggs 1996). Subfamilies are defined by specific sets of sequence changes that can 

be useful for tracking the evolution and activity of elements. Repbase (Jurka 2000) 

can be consulted for additional information on human transposons and their 

subfamilies (http://www.girinst.org/repbase/index.html). 

Transposon subfamilies are categorized by unique sequence changes that act as 

markers to indicate a common phylogeny among subfamily members. Diagnostic 

changes could supervene in a progenitor element and copy to all new transposon 

insertions that are derived from this founder or its progeny.  

TE-target primers can be designed to enrich any TE element present in the species 

of interest, making it a very flexible protocol for use on eukaryotic genomic DNA. 

Furthermore, several TEs can be combined, in order to increase the number of 

sequenced markers, thus increasing the proportion of genome coverage and 

analytical resolution  (Rey-Iglesia, Gopalakrishnan, and Carøe 2018). Designing TE-

target primers in ancient DNA is more challenging than in modern DNA. The main 

factors in selecting primers for ancient human DNA samples are the representation 

http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://www.girinst.org/repbase/index.html
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of the transposable elements in human DNA and the mutations that accumulate over 

time. 

2. 3. 2. Alu Elements in human DNA 

Alu is the most frequent repeat and successful of all mobile elements in the human 

genome with more than one million copies per haploid genome (Lander et al. 2001; 

Chen et al. 2009) (contributing almost 11% of the human genome). Such high copy 

number elements could be really useful in target-enrichment methods used as 

“genetic marker”. 

Alus appear only in the nuclear genome and are classified as retroelements termed 

SINEs (short interspersed elements). Alu SINEs have identified originally almost 30 

years ago as a component in human DNA. They are non-autonomous and carry a 

Pol III promoter in their 5’. They harbor poly-A elements and CpG domains. Their 

ancestor seems to be the 7SL tRNA and they are flanked by short direct repeats 

(Rowold and Herrera 2000). Alu elements acquire trans-acting factors for their 

amplification from the only active family of autonomous human retroelements: LINE-

1 (Dewannieux, Esnault, and Heidmann 2003). 

The length of Alu elements are ~300 bp long and are commonly found in introns, 3′ 

untranslated regions of genes and intergenic genomic regions. They are distributed 

within the human genome in a defined way, as they accumulate preferentially in 

gene rich regions (Lander et al. 2001; Korenberg and Rykowski 1988; Chen et al. 

2002). More specifically, they tend to accumulate in GC-rich regions (Jurka et al. 

2007) and participate in the architecture of the genome by delimiting the active/ 

inactive domains and the epigenetic landscape (Edwards et al. 2010) and gene 

regulation at different levels (Daniel et al. 2014; Cordaux and Batzer 2009).  
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Figure 2. 9. Alu repeats and human genomic diversity.  

The structure of each Alu element is bi-partite, with the 3′ half containing an additional 

31-bp insertion (not shown) relative to the 5′ half. They also contain a central A- rich 

region and are flanked by short intact direct repeats that are derived from the site of 

insertion (black arrows). The 5′ half of each sequence contains an RNA- polymerase -

III promoter (A and B boxes). The 3′ terminus of the Alu element almost always 

consists of a run of As that is only occasionally interspersed with other bases (a). Alu 

elements increase in number by retrotransposition — a process that involves reverse 

transcription of an Alu-derived RNA polymerase III transcript. As the Alu element does 

not code for an RNA-polymerase-III termination signal, its transcript will therefore 

extend into the flanking unique sequence (b). The typical RNA-polymerase-III 

terminator signal is a run of four or more Ts on the sense strand, which results in 

three Us at the 3′ terminus of most transcripts. It has been proposed that the run of As 

at the 3′ end of the Alu might anneal directly at the site of integration in the genome for 

target-primed reverse transcription (purple arrow indicates reverse transcription) (c). It 

seems likely that the first nick at the site of insertion is often made by the L1 

endonuclease at the TTAAAA consensus site. The mechanism for making the 

second- site nick on the other strand and integrating the other end of the Alu element 

remains unclear. A new set of direct repeats (red arrows) is created during the 

insertion of the new Alu element (d) (Batzer and Deininger 2002). 
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3. OBJECTIVE 

MobiSeq RRL protocol is now established as a target enrichment method for the 

recovery of non- human DNA sequence data through the targeted sequencing of the 

flanking regions of transposable elements (TEs) (Rey-Iglesia et al. 2018). However, 

taking into account the fragmented nature of ancient human DNA and the low 

endogenous DNA content in ancient samples, it remains to be seen if this novel 

method can be successfully applied in those samples. 

This study aims to develop a targeting enrichment method based on the same 

principles with MobiSeq RRL protocol for non-human DNA. MobiSeq target 

enrichment approach is a PCR targeted-enrichment method generating sequence 

data from ancient samples using simple laboratory techniques. This method benefits 

from the “copy-and-paste” mobilization characteristic of retrotransposons, which will 

ensure that a large fraction of the sequenced loci can be compared among samples. 

Two different primers were selected to capture human genomic regions of interest. 

20 human DNA extracts were targeted by two different TE-target primers for Alu 

gene families that showed hallmarks of recent activity. Shotgun libraries were also 

built to compare the number of single-nucleotide polymorphisms (SNPs) that could 

be recovered from 1k genomes with our method. MobiSeq target enrichment method 

showed high SNPs recovery using Alu_v1 TE-target primer for 4 of the human 

samples. Although, the clonality of this method seems to be really high. Thus, 

optimization of this method can be performed on TE-target primer design, titration, 

sequencing and computational analysis to reach the same level of coverage in 

human degraded samples. Finally, extended downstream analysis for Alu_v2 TE-

target primer is required to fully evaluate this method. 
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4. PLAN OF ACTION 

● Designing two TE primers for same SINE TE, Alu genes combined with the 

sequence of the P7 adapter Meyer and Kircher 2010, in order to create a 

fusion primer (TE+P7), which allows it to target only the Alu proximal sites.  

● Designing a modified version of the P5 adapter from Meyer and Kircher 2010, 

the IS1 oligo is kept as in Meyer and Kircher 2010. IS3 oligonucleotide 

modified sequence by adding a C3 spacer at the 3' end blocking polymerase 

extension and a conventional lack of a 5'- phosphate. 

● DNA extraction from human petrous bones using Allentoft et al. 2015 

extraction protocol. 

● Illumina library (MobiSeq libraries) building based on a recently developed 

blunt-end single- tube protocol (Carøe et al. 2018) with some modifications as 

in Mak et al. 2017. 

● Quantification of MobiSeq Libraries using Real- time PCR (Mx3005P™ QPCR 

System) and a mix of SYBR Green/ ROXY dyes. 

● Perform TE-target enrichment PCR on MobiSeq libraries for fragments 

containing the TE of interest. 

● Indexing and amplification of TE-enriched libraries for sequencing as 

described in Meyer and Kircher 2010. 

● Illumina library (Shotgun Libraries) building was based on the original blunt-

end single-tube protocol (Carøe et al. 2018). 

● Quantification of shotgun libraries using Real- time PCR (Mx3005P™ QPCR 

System) and a mix of SYBR Green/ ROXY dyes. 

● Indexing and amplification shotgun libraries for sequencing as described in 

Meyer and Kircher 2010. 

● Quantification and qualification of indexed shotgun library PCR products using 

TapeStation-High Sensitivity 2200 DNA (Agilent). 

● Sequencing of both indexed libraries (MobiSeq and Shotgun libraries) at the 

Danish National High-throughput Sequencing Centre, Copenhagen, Denmark, 

on an Illumina HiSeq Instrument for 81 cycles in single-end read mode. 

● Evaluation and comparison of both sequences (MobiSeq and shotgun 

sequences) to obtain if the recovery of the SNPs and endogenous DNA are 

successful using this target enrichment protocol. 

https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/T0fx
https://paperpile.com/c/z8DuPA/Wirf
https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/2XZQ
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5. MATERIALS AND METHODS 

5. 1. Sample information 

DNA was extracted from 20 human petrous bones, see Table S1- Appendix 1 for a 

detailed description of the specimens included in the study. The individuals used in 

the study were found in central Copenhagen and they are dated between 16 th- 18th 

century. The samples were ideal for this study because they weren’t extremely old 

and they were also well preserved. 

DNA extractions were performed using a silica-based extraction protocol (Allentoft et 

al. 2015). DNA elution was performed twice in 30 μl EB buffer and with 10 minutes of 

incubation time at 37 °C prior to elution, in order to increase DNA yield. Extractions 

were quantified using a Qubit dsDNA High Sensitivity (HS) assay (Life technologies). 

Additionally, we used modern human DNA as positive control which was also 

quantified using a Qubit dsDNA High Sensitivity (HS) assay (Life technologies) and 

TapeStation High Sensitivity DNA 2200 (Agilent). 

5. 2. TE-target primer design 

In order to enrich our libraries for specific TE-target elements, we designed two TE 

primers for repeat families that showed hallmarks of recent activity. Highly conserved 

regions were determined from the alignments and selected as potential primer sites. 

This resulted in two primers targeting the SINE TE AluY gene subfamily (Alu_v1: 5’-

ATTACAGGCGTGAGCCACCGCGCC-3’ and Alu_v2: 5’-TGAGCCACCGCGCCCGGC-3’). 

The TE-target oligonucleotides were then combined with the sequence of the P7 

adapter (GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT) (Meyer and Kircher 2010), 

in order to create a fusion primer (TE+P7) that would enrich for TE sites, at the same 

time as adding the P7 sequencing adapter compatible with binding to Illumina flow 

cells (see Table S2, Appendix S1 for an overview of the oligonucleotides). 
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5. 3. Modified P5 adapter 

A modified version of the P5 adapter from Meyer and Kircher 2010 was designed for 

this protocol. In this modified P5 (mp5), the IS1 oligo is kept as in Meyer and Kircher 

2010. However, IS3 oligonucleotide presents a modified sequence by adding a C3 

spacer at the 3' end blocking polymerase extension. This, together with the 

conventional lack of a 5'-phosphate, allows us to run a PCR reaction using a 

universal primer for the adapter sequence (IS4, see Table S2, Appendix S1) and a 

TE-target primer enriching for a specific subset of TEs. Hybridization of IS1 and the 

modified IS3 to generate mp5 was performed as in Meyer and Kircher 2010. 

5. 4. Library preparation 

5. 4. 1. MobiSeq libraries 

5. 4. 1. 1. End-repair and adapter ligation 

A schematic overview of the method is represented in Figure S1- Appendix 1 and the 

detailed protocol is available as Appendix S2. 

Illumina targeted library (MobiSeq libraries) building was based on a recently 

developed blunt-end single-tube protocol (Carøe et al. 2018) with some 

modifications as in Mak et al. 2017 (full protocol available as Appendix S2). In 

particular, the ligated adapters differed from the ones in the original protocol by 

excluding the use of a P7 adapter (only using the mp5 adapter) and excluding the 

adapter fill-in reaction. Following library preparation, the reactions were purified 

using a magnetic beads purification protocol, Sera- Mag Speedbeads (Thermo 

Scientific), at 1.8x. Purified libraries were eluted in 30 μl of EB. 

The positive control was fragmented prior to library build as the average DNA 

fragment size was ca. 350- 400 bp. Starting material for Bioruptor was 347 ng 

depending on the positive control concentration. The length profile of the fragmented 

material was obtained using TapeStation High Sensitivity (TS- HS) DNA 2200 

(Agilent) (results in Table S3-1, Appendix S3). 

5. 4. 1. 2. Quantification and quality control 

Libraries were quantified using Real- time PCR (Mx3005P™ QPCR System) and a 

mix of SYBR Green/ROXY dyes (full protocol available as Appendix S2). QPCR 

https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/Wirf
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reactions were performed in 20 μl containing: 1x KAPA HiFi HotStart Uracil+ 

ReadyMix, 0.6 μM of IS4 primer, 0.6 μM of Alu_v1 or Alu_v2 primer 1% BSA (Sigma- 

Aldrich), 0.8 μl of mix of SYBR Green/ ROXY dyes and 1 μl of the purified libraries. 

Cycling parameters were denaturation at 95°C for 3 minutes, followed by 35 cycles 

of denaturation at 98°C for 20 seconds, annealing at 65 °C (depending on the TE- 

target primer) 15 seconds, and extension at 72°C for 30 seconds) and an additional 

extension at 72°C for 3 minutes. The TE PCR cycles of amplification were measured 

according to Cp/ Ct values of the qPCR results (Table S3a- Appendix S1). 

5. 4. 1. 3. TE-enrichment PCR 

Libraries were enriched for fragments containing the TE of interest by using a TE 

target enrichment PCR. Primers for this PCR were forward primer IS4 (Meyer and 

Kircher 2010) and the fusion reverse primer described in prior sections (Table S2 for 

oligonucleotide sequences, Appendix S1). PCR reactions were performed in 20 μl 

containing: 1x KAPA HiFi HotStart Uracil+ ReadyMix, 0.3 μM of each primer, 2% 

BSA (Sigma-Aldrich), and 5 μl of the purified libraries. Cycling parameters were 

denaturation at 95°C for 3 minutes, followed by 22-30 cycles (according to qPCR 

Ct/Cp values) of denaturation at 98°C for 20 seconds, annealing at 65°C (depending 

on the TE-target primer) 15 seconds, and extension at 72°C for 30 seconds) and an 

additional extension at 72°C for 3 minutes. TE- enriched libraries were purified using 

magnetic bead solution at 1.8x magnetic bead solution. Purified DNA was eluted in 

30 μl of EB. 

5. 4. 1. 4. Indexing PCR 

TE-enriched libraries were indexed and amplified for sequencing as described in 

Meyer and Kircher 2010. PCR reactions were performed in 20 μl containing: 1x 

KAPA HiFi HotStart Uracil+ ReadyMix, 0.3 μM of each primer, 2% BSA (Sigma- 

Aldrich), and 5 μl of the purified libraries. Cycling parameters were denaturation at 

95°C for 3 minutes, followed by 5-10 cycles of denaturation at 98°C for 20 seconds, 

annealing at 65°C for 15 seconds, and extension at 72°C for 30 seconds) and an 

additional extension at 72°C for 3 minutes. Indexed libraries were purified using 

magnetic bead solution at 1.8x of magnetic bead solution. Purified DNA was eluted 

in 30 μl of EB. Concentration was measured TapeStation-High Sensitivity DNA 2200 

(Agilent). 

https://paperpile.com/c/z8DuPA/2XZQ
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5. 4. 2. Shotgun libraries 

5. 4. 2. 1. Adapter ligation, end repair and adapter fill-in 

Illumina shotgun library (Shotgun Libraries) building was based on the original blunt-

end single-tube protocol (Carøe et al. 2018). Following library preparation, the 

reactions were purified using a magnetic beads purification protocol, Sera-Mag 

Speedbeads (Thermo Scientific), at 1.8x of magnetic bead solution. Purified libraries 

were eluted in 30 μl of EB.  

5. 4. 2. 2. Quantification and quality control 

Libraries were quantified using Real- time PCR (Mx3005P™ QPCR System) and a 

mix of SYBR Green/ROXY dyes (full protocol available as Appendix S1, 

Supplementary Material). qPCR reactions were performed in 20 μl containing: 2 μl 

AmpliTaq Gold Buffer, 2 μl AmpliTaq Gold MgCl2, 0.4 μM of IS4 primer, 0.4 μM of 

reverse primer, 2% BSA (Sigma- Aldrich), 0.8 μl of mix of SYBR Green/ ROXY dyes, 

0.16 μl of dNTPs (25 mM), 0.16 μl of AmpliTaq Gold Polymerase and 1 μl of the 

purified libraries. Cycling parameters were denaturation at 94°C for 4 minutes, 

followed by 35 cycles of denaturation at 94°C for 30 seconds, annealing at 58°C for 

30 seconds, and extension at 72°C for 30 seconds. The PCR cycles of amplification 

were measured according to Cp/ Ct values of the qPCR results (Table S3b, 

Appendix S1). 

5. 4. 2. 3. Indexing PCR 

Shotgun libraries were indexed and amplified for sequencing as described in Meyer 

and Kircher 2010. PCR reactions were performed in 50 μl contailing: 1x Taq Gold 

Buffer, 2.5 mM of MgCl2, 0.4 μM of each primer, 0.1 mM dNTPs, 2% BSA (Sigma- 

Aldrich), 0.02 U/μl AmpliTaq Gold DNA polymerase and 10 μl of the purified libraries. 

Cycling parameters were denaturation at 94°C for 4 minutes, followed by 19-32 

cycles (according to qPCR Cp/Ct values) of denaturation at 94°C for 30 seconds, 

annealing at 58°C for 30 seconds, and extension at 72°C for 30 seconds. Indexed 

libraries were purified using magnetic bead solution at 1.8x of magnetic bead 

solution. Purified DNA was eluted in 30 μl of EB. Concentration was evaluated with 

TapeStation-High Sensitivity DNA 2200 (Agilent). 

https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/2XZQ
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5. 4. 3. Sequencing 

Indexed libraries were pooled, giving 30% of the lane to MobiSeq and 70% to 

shotgun, and sequenced at the Danish National High-throughput Sequencing 

Centre, Copenhagen, Denmark, on an Illumina HiSeq Instrument for 81 cycles in 

single read mode. Human reference genome is wide, and probably has a large 

chunk of the Alu sites in it already. Thus, it is feasible with quite high confidence 

ascertain the location of the read and its distance from an Alu site. The sequencing 

architecture is illustrated in Figure S2, Appendix S1.  

5. 4. 4. Data processing 

5. 4. 4. 1. MobiSeq libraries data analysis 

Single-end reads were trimmed of adapter Illumina sequences and reads shorter 

than 25 bp were discarded and quality filtered using AdapterRemoval v2.0 

(Schubert, Lindgreen, and Orlando 2016). Compared to the original pipeline (Rey-

Iglesia, Gopalakrishnan, and Carøe 2018), the presence of the TE-target primer 

sequence was verified in the 3’ end of the single read. Then, we checked primer 

presence using cutadapt v2.3 (Martin 2011). The sequenced bases reads were 80 

bp SR, so the reverse complement of the primer will be now in the 3’ of the R1.  

As no  PE read sequencing mode was performed it is unsure if all the R1 contain the 

primer. Therefore, all the generated reads after adapter removal were separately 

mapped against the human reference genome. Mapping was performed with BWA-

v0.7.15 aln (Li and Durbin 2010). PCR duplicates and reads mapping to multiple 

genomic locations were marked using SAMtools-v1.6 (Li et al. 2009). Reads 

mappings were employed for the downstream analysis.  

The authenticity of the reads was tested characterizing the presence of  post- 

mortem damage (Willerslev and Cooper 2005). Those patterns in ancient DNA 

sequences were tracked and quantified damage using the mapDamage tool 

(Jónsson et al. 2013).  

SNPs discovery across 1k genome data set for MobiSeq libraries was performed 

using samtools to retrieve the variable sites and then using bedtools (Quinlan and 

Hall 2010) to compare those variable sites to SNPs presented in MobiSeq libraries. 
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5. 4. 4. 2. Shotgun libraries data analysis 

Basic sequencing statistics, such as read numbers and clonality were quantified 

within the PALEOMIX pipeline (Schubert et al. 2014). First, single-end reads were 

trimmed of adapter Illumina sequences and reads shorter than 25 bp were discarded 

and quality filtered using AdapterRemoval v2.0 (Schubert, Lindgreen, and Orlando 

2016). Then all generated reads were separately mapped against the human 

reference genome. Mapping was performed with BWA-v0.7.15 aln (Li and Durbin 

2010). PCR duplicates and reads mapping to multiple genomic locations were 

marked using SAMtools-v1.6 (Li et al. 2009). We tested the authenticity of the 

mapped reads using the mapDamage pipeline (Jónsson et al. 2013). Finally, SNPs 

discovery across 1k genome data set for shotgun libraries was performed using 

samtools to retrieve the variable sites and then using bedtools (Quinlan and Hall 

2010) to compare those variable sites to SNPs presented in shotgun libraries.  
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6. RESULTS 

 6. 1. TapeStation results for MobiSeq and shotgun 

libraries 

Figure 6. 1. presents the results of quality and quantity control for MobiSeq libraries 

for P63, P73 individuals and positive controls processed with both Alu-TE target 

primers. We obtain long fragments of DNA in P63 and in the positive control 

MobiSeq libraries targeted with both Alu TE-target primers that are chimeric products 

of the PCR amplification. In addition, in some samples a shorter DNA fragment peak 

appeared at approximately 80bp, those fragments are primer duplicates. Due to the 

high molecular weight DNA fragments, accurate measurement of library 

concentration can not be performed using TapeStation High Sensitivity DNA 2200 

(Agilent). Non accurate concentration estimation creates titration issues in 

sequencing by generating massive number of reads for the same individual.  

However, P73 showed the expected library profile with DNA fragments 

approximately at 200bp, given the expected ancient human DNA fragment is ~80bp, 

TE-target primer 18-24bp, Illumina adapters ~40bp each and dual indexes ~6bp 

each. Also, the concentration measurement was accurate.  
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Figure 6. 1. TapeStation profiles for P63, P73 individuals using both primers. 
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 6. 2. Number of sequenced reads and clonality for 

MobiSeq libraries 

All samples for MobiSeq protocol were processed at the same time and date, apart 

from P63 and P73 using both primers. The results of this study present a high 

variability. Our sequencing yielded a total of 290.664.569 raw reads for both libraries 

(MobiSeq and shotgun). The range of total reads per sample is between 835.827 

and 23.557.045 reads.  

 

For MobiSeq libraries we generated 224.838.269 filtered reads (after adapter 

removal). 25% of the reads were discarded after trimming Illumina adapters and 

quality filtering, and an average of 79% of the remaining reads with the TE-target 

primer were mapped to the human genome (detailed data in Table S4, Appendix 

S1). The samples used for each one of the primers were different, but randomly 

selected for each TE-target primer. 

6. 3. Comparison of two different Alu TE-target primers 

6. 3. 1. Comparison of the Alu TE-target primers using different ancient 

individuals 

Comparing the targeted performance and the clonality of both Alu TE-target primers, 

Alu_v1 generated less total reads (Alu_v1: 4.070.882 and  Alu_v2: 12.983.389 

number of total reads), and  the filtered reads after removing the adapters are 

consequently decreased (Alu_v1: 3.941.522 and  Alu_v2: 12.098.769 number of 

filtered reads) compared to Alu_v2 TE-target primer (Figure 6. 2). (detailed 

information in Table S5- Appendix S1). 

The averages of mapped and unique reads (TE-target primer present and absent) 

for Alu_v1 TE-target primer are 8.461.510 and 4.059.067, accordingly. Additionally, 

the average of mapped reads for Alu_v2 TE-target primer is 9.710.537 and the 

average of unique reads is for Alu_v2 TE-target primer (TE-target primer present and 

absent). The endogenous content (%) and the clonality (%) per Alu TE-target 

primers are presented in Figure 6. 3. Alu_v1 TE-target primer gives higher 

endogenous DNA (76%) slightly less PCR duplicates (75%) than Alu_v2 (61% and 

76%, accordingly).  
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Figure 6. 2. Average sequencing and mapping statistics for Alu TE-target primers. 
 

 

Figure 6. 3. Endogenous content (%) and clonality (%) for Alu TE-target primers. 
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6. 3. 2. Comparison of the Alu TE-target primers using the same ancient 

individual 

In general terms, the results presented that sample P63 has lower quality than P73. 

However, an assumption can be made using the sample P73. Alu_v1 in sample P73 

generated more sequenced data for the region of interest (Figure 6. 4). 

 

Figure 6. 4. Average sequencing and mapping statistics for two different ancient 

samples (mobiSeq libraries) using both Alu TE-target primers.  

 

As expected considering the quality of the starting material, endogenous DNA 

recovery is higher in P73 using both primers (Alu_v1: 89%, Alu_v2: 80%)  than in 

P63 (Alu_v1: 85%, Alu_v2: 3%). The clonality seems to be correlated with the quality 

of the DNA, too. Usually more PCR cycles generate more duplicates. In addition, 

most of the reads with both the Alu TE-target primers mapped to the human genome 

(P63 Alu_v1: 98%, Alu_v2: 86% and P73 Alu_v1: 52%, Alu_v2: 63%). Alu_v1 TE-

primer generated more mapped reads than Alu_v2 in both samples. Comparing 

those two individuals Alu_v2 TE-target primer appears to generate higher clonality 

rates than Alu_v1 TE-target primer. However, in P73 processed with Alu_v1 the 

endogenous DNA recovery was slightly poorer than the same sample with Alu_v2 

(Figure 6. 5).  
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Figure 6. 5. Endogenous content (%) and clonality (%) for two different ancient 

samples (mobiSeq libraries) using both Alu TE-target primers.  

6. 3. 3. Comparison of the Alu TE-target primers using modern DNA 

The number of total reads for modern samples is higher compared to the ancient 

samples. The concentration of the samples was not accurately quantified due to the 

long DNA fragments presented in modern samples. This seems to have caused an 

unbalanced titration on the sequence pool, generating high amount of sequenced 

data that took over parts of the ancient sequence data. Nevertheless, MobiSeq 

performance in modern human samples with Alu_v2 TE-target primer generated 

slightly more sequenced data than Alu_v1. But, higher clonality were obtained using 

Alu_v2 TE-target primer. 



62/141 

 

Figure 6. 6. Average sequencing and mapping statistics for modern human DNA 

mobiSeq libraries using both Alu TE-target primers.  

 

Figure 6. 7. Endogenous content (%) and  clonality (%) for modern human DNA 

mobiSeq libraries using both Alu TE-target primers. 

6. 4. Number of sequenced reads and clonality for shotgun 

libraries 

All samples for shotgun libraries were processed at the same time and date. For 

shotgun libraries we generated 51.134.032 total reads and 49.763.642 filtered reads 

(after adapter removal). Two of the samples yielded extremely low coverage of DNA 
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sequenced data due to a mix of indexing primers. In Figure 6. 9 we present the total 

number of reads, the filtered reads (after adapter removal), the reads that mapped to 

the human reference genome and finally the unique DNA sequences with the valid 

TE-target primer for shotgun libraries (detailed information in Table S6- Appendix 

S1). 

 
Figure 6. 9. Average sequencing and mapping statistics for shotgun libraries.  

 

Shotgun libraries present high clonality rates but also high endogenous content. 

Excluding extraction and library building blank there is an average of 61% 

endogenous content, 38% of library efficiency and 63% of clonality (Figure 6. 10). 

(additional information in Figure S4- Appendix S1). 
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Figure 6. 10. Endogenous content (%), library efficiency (%) and clonality (%) for 

shotgun libraries. 

6. 5. Authenticity of MobiSeq and Shotgun libraries. 

6. 5. 1. MobiSeq Libraries  

The authenticity of mapped reads was evaluated by tracking post- mortem damage 

(deamination, oxidation, depurination) and length distribution per individual. On this 

section we present the damage profile of the samples and the length distribution 

across 5 individuals. Figure 6. 11 shows the damage patterns at the 5’ and 3’ end for 

each one of the DNA samples. The length distribution per sample appears in Figure 

6. 12 (fragment misincorporation and length plots for all of the samples are in 

Appendix S4). 

A weird profile is obtained in both graphs on the 3’ end of each fragment including 

the positive controls, due to the existence of the TE-target primer at the 3’ end of 

each DNA fragment. This is also identified by the length plots of all the samples 

which showed that the sequenced DNA fragments are approximately 35 bases.  
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Figure 6. 11. Fragment misincorporation plots for 6 individuals using both Alu TE-

target primers. The C to T transition of the DNA strand is represented by the red 

colour. The G to A transition is shown by the blue colour. 
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Figure 6. 12. Length plots  for 6 individuals using both Alu TE-target primers. 
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In Figure 6. 13 and 6. 14 we present the fragment misincorporation plots and the 

length distribution for P63 and P73 individuals using both Alu TE-target primers 

accordingly. P63 shows no damage and high background noise in 5’ end, probably 

because of the really low recovery of DNA. However, the 3’ end has the same 

pattern for all of the samples. In addition, the expected end damage pattern appears 

in the sample P73 using both TE-target primers.  
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Figure 6. 13. Fragment misincorporation plots for samples P73 using both Alu TE-

target primers.  
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Figure 6. 14. Length plots for samples P63 and P73 using both Alu TE-target primers. 
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6. 5. 2. Shotgun Libraries  

Figure 6. 15 shows the fragment misincorporation plots and the length distribution for 

one shotgun library of sample P68. All shotgun libraries obtain the same 

misincorporation and length distribution profile apart from individuals P72 and P73 

(fragment misincorporation and length plots for all of the samples in Appendix S4). 

Those two samples generated very few sequenced DNA data that are not enough for 

downstream analysis.  

 

 

Figure 6. 15. a) Fragment misincorporation plot and b) length plot for sample P68 

shotgun library. 
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6. 6. SNPs in 1k genome for Mobiseq and shotgun 

libraries. 

For MobiSeq libraries a different computational approach than the one described in 

Rey-Iglesia et al. 2018 generated a more accurate set of results including SNPs 

number in 1k genomes. We mapped all the reads including those with no TE-target 

primer to the human reference genome. The analysis that search for SNPs only in 

reads with the TE primer was not efficient in this study. Due to the sequencing reads 

mode most of the reads containing the TE-target primer were discarded because of 

the sequencing read mode.  

Figure 6. 16. shows the number of SNPs recovered from MobiSeq libraries for each 

one of the individuals using Alu_v1 TE-target primer, excluding positive controls. The 

average of SNPs captured with MobiSeq target method using Alu_v1 TE-target 

primer  is 406.704 and the range is between 15.428 to 1.723.970 when the average 

number for shotgun libraries is 742.233 and the range is from  350 up to 3.300.570. 

However, there is a bias in shotgun libraries because almost no data were generated 

for sample P73 (detailed information in Table S7- Appendix S1).  

The averages of endogenous content (%) and clonality (%) for Alu_v1 TE-target 

primer are  71% and 75% accordingly including the positive controls (Figure 6. 17). 

 
Figure 6. 16. SNPs recovery in 1k genomes for MobiSeq (Alu_v1) and shotgun 

libraries. 

https://paperpile.com/c/z8DuPA/ltyG
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Figure 6. 17. Endogenous content (%) and clonality (%) for MobiSeq Alu_v1 TE-

target primer libraries. 

 

Figure 6. 18. Presents the number of SNPs recovered from MobiSeq libraries for 

each one of the individuals using Alu_v2 TE-target primer, excluding positive 

controls. The average of SNPs captured with MobiSeq target method using Alu_v2 

TE-target primer  is 332.061 and the range is between 3.094 to 1.187.156 when the 

average number for shotgun libraries is 1.191.164 and the range is from  350 up to 

3,591,804.  However, there is a bias in shotgun libraries because almost no data 

were generated for samples P72 and P73 (detailed information in Table S7- 

Appendix S1).  

The averages of endogenous content (%) and clonality (%) for Alu_v1 TE-target 

primer are  61% and 76% accordingly including the positive controls (Figure 6. 19). 
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Figure 6. 18. SNPs recovery in 1k genomes for MobiSeq (Alu_v2) and shotgun 

libraries. 

 

Figure 6. 19. Endogenous content (%) and clonality (%) for MobiSeq Alu_v2 TE-

target primer libraries. 
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7. DISCUSSION AND CONCLUSIONS 

7. 1. Mapped reads, endogenous DNA enrichment and clonality 

The number of total reads for modern samples is increased compared to the ancient 

samples. The concentration of the samples was not accurately quantified due to long 

DNA fragments presented in modern samples. This fact caused an unbalanced 

titration in the sequence pool, generating high amount of sequenced data that took 

over parts of ancient DNA sequenced data. An optimal solution for this issue would 

be a different method of quantification of the positive control concentration.  

In addition, to recover more reads including the TE-target primer sequencing mode 

can be changed to either sequence in pair-end read mode or sequence more bases 

in single-end read mode (eg. 100 bases). In this study we used Illumina HiSeq 80 

bases single-end read mode, thus we might have sequenced only the flanking region 

instead of both the flanking region and the TE-target primer. Therefore, it would be 

optimal to map all the filtered reads to the human reference genome for both Alu TE-

target primers (not only reads with the Alu TE-target primer).  

In single tube libraries, two of the samples (P72 and P73) yielded extremely low 

coverage of DNA sequenced data due to a mix of indexing primers. That is a 

common problem in Illumina sequencing platforms (Costello et al. 2018) and further 

computational analysis might generate more sequence data for those two samples. 

The clonality on this study is expected to be high for ancient samples compared to 

the modern ones. The quality of the starting material is a crucial factor in PCR-based 

enrichment protocols. Highly degraded samples, such as archaeological speciments, 

require a high number of PCR cycles for DNA recovery (Avila-Arcos et al. 2011). We 

can form the hypothesis that the clonality of this method is high and varies according 

to the quality of the sample. Although, in MobiSeq, the random shearing of DNA prior 

to library build and the TE-target PCR set up generates fragments with different 

sequences in the 3’ end of the flanking region. This allows identification of putative 

PCR duplicates, based on the assumption that any read with no TE-target primer is 

PCR duplicate.  
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Endogenous DNA is high in most of the libraries (MobiSeq with both Alu TE-target 

primers and shotgun libraries). All library building techniques showed >61% average 

percentage of endogenous content. Increased numbers of endogenous are expected 

because all the samples were petrous bones. Usually the DNA is well preserved in 

this part of the skull (Margaryan et al. 2018). 

7.2. Troubleshooting 

Alu genes present high GC-content which creates biases on the NGS data (Chen et 

al. 2013). Alu_v1 TE-primer presented a better performance in MobiSeq libraries 

thus maybe because of the primer length and GC-content. Alu_v1 is 24bp and 

Alu_v2 is only 18bp. There is also lower GC- content (67%) in Alu_v1 TE-target 

primer than in Alu_v2 (83%). The primer selection needs to be optimized, probably 

by using new TE-target primers for different highly abundant transposable elements 

in the human genome. 

Looking into positive control generated data there is an increased number of total 

reads and high clonality. PCR- based methods usually give lots of duplicates and not 

primary reads but in modern DNA samples the PCR cycles are lower than the 

ancient ones, thus the expected clonality tends to be low. Due to the high molecular 

weight DNA fragments accurate measurement of library concentration cannot be 

performed using TapeStation High Sensitivity DNA 2200 (Agilent). Non accurate 

concentration determination creates titration issues in sequencing generating 

massive number of reads for the same individual. We obtained long fragments of 

DNA in MobiSeq libraries targeted with both Alu TE-target primers that are chimeric 

products of the PCR amplification. In addition, in some samples a shorter DNA 

fragment peak appeared at approximately 80bp, those fragments are PCR 

duplicates.  

Also, consistent with the expectation for degraded DNA, we observed a high level of 

C → T transitions at the sequence 5′ end. Although, we weren’t able to see the same 

increase in G → A transitions at the 3′ end, because of the presence of the Alu TE-

target primer at the 3′ end of each fragment. This pattern has been shown to be a 
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result of cytosine deamination of single-stranded overhangs in combination with the 

3′–5′ exonuclease activity and 5′–3′ polymerase activity of the T4 DNA Polymerase 

during end repair (Briggs et al. 2007; Brotherton et al. 2007). 

7.3. Authenticity of MobiSeq and shotgun libraries 

The authenticity of MobiSeq libraries was evaluated by tracking post- mortem 

damage (deamination, oxidation, depurination) and length distribution per individual 

(Jónsson et al. 2013). Computational analysis was performed on the unique mapped 

reads. A weird profile is obtained in both graphs on the 3’ end of each fragment 

including the positive controls, due to the existence of the TE-target primer at the 3’ 

end of each DNA fragment. This is also identified by the length plots of all the 

samples (short DNA fragments). Also, comparing the positive control damage profile 

to the MobiSeq libraries, they showed different patterns for each one of the Alu TE- 

target primers, which confirms that the targeted DNA fragments captured with 

MobiSeq target capture method is ancient human DNA and there is no 

contamination of modern DNA (detailed mapDamage profiles for both positive 

controls in Appendix S4, MapDamage). The high background noise is probably 

caused by the limited quantity of sequenced DNA data. 

The authenticity of shotgun libraries was evaluated using the same pipeline as in 

MobiSeq libraries. In shotgun libraries the 3’ end damage pattern is noticeable 

because of the absence of any primer. Only mapped reads were processed for 

mapDamage analysis in shotgun libraries. 

7.4. SNPs in 1k genomes in MobiSeq and Shotgun libraries 

As described in section 5. 4. 4, a different computational approach than the one 

described in Rey-Iglesia et al. 2018 was performed in MobiSeq libraries. This 

method generated more accurate set of results including SNPs number in 1k 

genomes. We mapped all the reads including those with no TE-target primer to the 

human reference genome; the analysis that searched for SNPs only in reads with the 

TE primer was not efficient in this study. Most of the reads containing the TE-target 

primer were discarded because of the sequencing read mode. As expected we 

https://paperpile.com/c/z8DuPA/ltyG
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retrieved higher number of SNPs and more endogenous DNA was recovered, but we 

still get increased number of clonality. Consequently, further research on optimising 

this method and statistics analysis is required to have an accurate estimation of the 

performance of MobiSeq target enrichment approach in ancient human samples. 

Finally, no assumptions can be made for the efficiency of MobiSeq method or the TE 

primers, consequently, an extended statistical analysis is crucial to fully evaluate this 

capture technique.  
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8. FUTURE PERSPECTIVES 

8.1. TE-target primer design 

As mentioned before, Alu genes consist lot of G and C bases which creates biases 

on the NGS data (Chen et al. 2013). The primer selection needs to be optimized, 

probably by using new target primers for different highly abundant transposable 

elements in the human genome.  

8.2. Reduce clonality 

PCR- based methods usually give lots of duplicates and not primary reads (Aird et 

al. 2011), which is defined as clonality. Looking into the TapeStation profile of TE-

PCR products, we observed that no long fragments of DNA are presented, or their 

amount is really low. However, after index PCR the concentration of those long 

fragments is dramatically increased. Quantifying the TE-PCR products might reduce 

the index PCR cycles required for an optimal concentration of the final (indexed) 

PCR product, which will reduce the clonality. 

8.3. Titration 

Because of high molecular weight DNA fragments quantification of library 

concentration was not accurate creating titration issues in sequencing. This 

generated massive number of reads for the same individual and the positive controls 

that took over sequenced reads of luckily informative data. Other methods for 

measuring DNA concentration could be used (eg. Qubit dsDNA High Sensitivity (HS) 

assay (Life technologies) or TapeStation Genomic DNA (Agilent)). Another solution 

would be the quantification of the TE-PCR products before index PCR performance 

which will reduce the longer DNA fragments appeared in the final (indexed) PCR 

product. 

8.4. Sequencing read mode and bioinformatic process  

Previous studies on MobiSeq target enrichment method have accomplished to 

generate 90% of loci across the genome, and performed SNP discovery with 

relatively low rates of clonality in non- human species (Rey-Iglesia et al. 2018). 

https://paperpile.com/c/z8DuPA/qjN9
https://paperpile.com/c/z8DuPA/CudU
https://paperpile.com/c/z8DuPA/CudU
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Comparing our results to this study we came to the point that sequencing read mode 

was not efficient for this method. A false perspective was that after adapter removal 

we targeted only the reads that contained the Alu TE-target primer so we might lose 

lots of variable reads. Nevertheless, we used Illumina HiSeq single-end read mode 

80 bases sequencing thus we might not sequence the TE-target primer, but only the 

flanking region. To recover more reads including the TE-target primer we could 

change the sequencing read mode, either by sequence in pair-end read mode or 

sequence more bases in single read mode (eg. 100 bases), which is more 

expensive.  

Downstream analysis was performed again using all the unique reads (including and 

excluding TE primer). As expected, we retrieved higher number of SNPs and more 

endogenous DNA was recovered, but we get increased number of clonality. 

Consequently, further research on optimising this methods and statistics analysis is 

required to have an accurate estimation of the performance of MobiSeq target 

enrichment approach in ancient human samples. 
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Appendix S1- Figures and Tables 

 
Figure S1. Schematic overview of the MobiSeq protocol. 1) Blunt-end repair, 

overhanging 5’ and 3’ ends are filled in or removed by T4 DNA polymerase. 5’ 

phosphates are attached using T4 polynucleotide kinase. 2) Double-stranded mP5 

adapters are ligated to the fragment by T4 DNA Ligase. Adapters do not carry 5’ 

phosphates and therefore only one strand is ligated to the fragments. 3) TE-target 

PCR is performed using forward IS4 primer and the TE-fusion primer. TE-target PCR 

will also result in the incorporation of P7 sequencing adapter. 4) PCR elongation will 

only occur upstream of the 3’ end of the TE-target primer. 5) The end product of the 

TE-target PCR will be the TE-target sequence, a TE tail and the flanking genomic 

region. It will also contain Illumina sequencing adapters (P5 and P7). This PCR 

product can be indexed using single or dual indexing primers, then pooled for 

sequencing with other samples. Yellow diamonds represent mP5 adapter 

modifications (adapted from (Rey-Iglesia, Gopalakrishnan, and Carøe 2018)). 
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Figure S2. Sequencing architecture of Transposable Element (TE) flanking region in 

the (+) strand. The TE-target primer will always be at the 3’end of Read 1 (R1). In 

this occasion "wrong" read cannot be sequenced here, since the fragment is short 

and most likely we are going to cover the whole fragment. 

 
Figure S3. Schematic overview of the data processing pipeline used in this study. 
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Figure S4. Endogenous content (%), library efficiency (%) and clonality (%) 

deviation across the samples for shotgun libraries. 
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Table S1. Sample information. 

Sample name Sample ID Excavation ID Region Bone Bone Side 

P56 P56/ 2019 KMG KBM 4074 Denmark petrous bone right 

P57 P57/ 2019 KMG KBM 4074 Denmark petrous bone right 

P58 P58/ 2019 KMG KBM 4074 Denmark petrous bone right 

P59 P59/ 2019 KMG KBM 4074 Denmark petrous bone right 

P60 P60/ 2019 KMG KBM 4074 Denmark petrous bone right 

P61 P61/ 2019 KMG KBM 4074 Denmark petrous bone right 

P62 P62/ 2019 KMG KBM 4074 Denmark petrous bone right 

P63 P63/ 2019 KMG KBM 4074 Denmark petrous bone right 

P64 P64/ 2019 KMG KBM 4074 Denmark petrous bone right 

P65 P65/ 2019 KMG KBM 4074 Denmark petrous bone right 

P66 P66/ 2019 KMG KBM 4074 Denmark petrous bone right 

P67 P67/ 2019 KMG KBM 4074 Denmark petrous bone right 

P68 P68/ 2019 KMG KBM 4074 Denmark petrous bone right 

P69 P69/ 2019 KMG KBM 4074 Denmark petrous bone right 

P70 P70/ 2019 KMG KBM 4074 Denmark petrous bone right 

P71 P71/ 2019 KMG KBM 4074 Denmark petrous bone right 

P72 P72/ 2019 KMG KBM 4074 Denmark petrous bone right 

P73 P73/ 2019 KMG KBM 4074 Denmark petrous bone right 

P74 P74/ 2019 KMG KBM 4074 Denmark petrous bone right 

P75 P75/ 2019 KMG KBM 4074 Denmark petrous bone right 
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Table S2. Overview of the oligonucleotides used in this study. 

Primer name Description Sequence 
Annealing (°C) in 

target PCR 
Reference 

ALU_v1 TE-target+P7 

5'-
GTGACTGGAGTT
CAGACGTGTGCT
CTTCCGATCTCG
ATTACAGGCGTG
AGCCACCGCGC

C-3 

65°C This study 

ALU_v2 TE-target+P7 

 
GCTCTTCCGATC
TCATGAGCCACC
GCGCCCGGC-3' 

65°C This study 

IS1 For mP5 adaptor 

5’-
A*C*A*C*TCTTTC
CCTACACGACGC
TCTTCCG*A*T*C*

T-3' 

 
Meyer & Kircher 

(2010) 

modifiedIS3 For mP5 adaptor 

5’-(no 5’ 
PHO)A*G*A*T*CG
GAA*G*A*G*C*[C3

spacer]-3' 

 Carøe et al. (2017) 

IS7 
Short forward 

primer Target-PCR 

5'-
ACACTCTTTCCC

TACACGAC-3' 
 

Meyer & Kircher 
(2010) 

IS4 

Short forward 
primer Target-PCR 
/ Forward primer 
for index PCR 

5'-
AATGATACGGCG
ACCACCGAGATC
TACACTCTTTCC
CTACACGACGCT

CTT-3' 

 
Meyer & Kircher 

(2010) 

P7 
Reverse index 

primer 

5'-
CAAGCAGAAGAC
GGCATACGAGAT
NNNNNNGTGACT
GGAGTTCAGACG

TGT-3' 

 
Meyer & Kircher 

(2010) 
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Table S3a. Real time PCR results for MobiSeq libraries. 

Primer name Sample ID Ct/ Cp values Cycles 

Alu v1 P56/ 2019 KMG 28.54 30 

 P57/ 2019 KMG 27.37 28 

 P58/ 2019 KMG 26.84 28 

 P59/ 2019 KMG 25.36 26 

 P60/ 2019 KMG 29.17 30 

 P61/ 2019 KMG 26.67 28 

 P62/ 2019 KMG 21.39 22 

 P63/ 2019 KMG 27.94 29 

 P64/ 2019 KMG 22.6 24 

 P65/ 2019 KMG 24.95 26 

 
positive control 

17/04/2019 18.92 20 

 
positive control 

5/04/2019 - 20 

Alu v2 P66/ 2019 KMG 26.21 27 

 P67/ 2019 KMG 26.57 28 

 P68/ 2019 KMG 25.48 26 

 P69/ 2019 KMG 26.47 27 

 P70/ 2019 KMG 26.08 27 

 P71/ 2019 KMG 25.32 26 

 P72/ 2019 KMG 26 27 

 P73/ 2019 KMG - 20 

 P74/ 2019 KMG 26.84 28 

 P75/ 2019 KMG 26.5 28 

 
positive control 

17/04/2019 20.75 22 

 
positive control 

5/04/2019 - 20 
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Table S3b. Real time PCR results for Single-tube libraries. 

Sample ID Ct/ Cp values Cycles 

P56/ 2019 KMG 21.28 22 

P57/ 2019 KMG 21.31 22 

P58/ 2019 KMG 19.89 21 

P59/ 2019 KMG 20.34 21 

P60/ 2019 KMG 29.2 30 

P61/ 2019 KMG 26.39 27 

P62/ 2019 KMG 20.11 21 

P63/ 2019 KMG 17.58 19 

P64/ 2019 KMG 20.75 22 

P65/ 2019 KMG 22.18 23 

P66/ 2019 KMG 21.41 22 

P67/ 2019 KMG 21.37 22 

P68/ 2019 KMG 19.72 21 

P69/ 2019 KMG 24.1 25 

P70/ 2019 KMG 17.09 18 

P71/ 2019 KMG 20.7 22 

P72/ 2019 KMG 22.77 24 

P73/ 2019 KMG 18.12 19 

P74/ 2019 KMG 20.36 21 

P75/ 2019 KMG 22.01 23 
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Table S4 Average sequencing and mapping statistics per sample for both TE-target 

primers. 

Sample 
name 

Alu primer 
Total 
reads 

Reads 
after 

adapter 
removal 

hg19 
mapped 
primer 

Unique 
reads 

Endogeno
us content 

(%) 

Clonality 
(%) 

P56 Alu_v1 1,386,356 1,334,934 1,175,324 21,428 85 98 

P57 Alu_v1 4,546,981 4,416,869 3,813,535 288,775 84 92 

P58 Alu_v1 7,706,551 7,453,236 6,007,006 515,278 78 91 

P59 Alu_v1 8,626,208 8,290,590 7,489,683 907,096 87 88 

P60 Alu_v1 3,743,659 3,604,917 3,227,991 86,165 86 97 

P61 Alu_v1 6,076,376 5,967,000 5,628,107 418,588 93 93 

P62 Alu_v1 6,273,043 6,088,360 5,718,411 3,029,508 91 47 

P63 Alu_v1 2,235,394 2,196,890 363,827 24,796 16 93 

P64 Alu_v1 1,579,602 1,513,474 709,485 117,879 45 83 

P65 Alu_v1 1,108,232 1,039,750 523,102 66,606 47 87 

P73 Alu_v1 1,497,297 1,450,721 1,328,775 641,076 89 52 

P63 Alu_v2 5,758,510 3,947,839 3,947,839 177,119 3 86 

P66 Alu_v2 835,827 746,015 746,015 628,092 75 59 

P67 Alu_v2 901,763 805,315 805,315 679,628 75 61 

P68 Alu_v2 15,438,996 13,500,622 13,500,622 5,170,367 33 91 

P69 Alu_v2 2,670,040 1,663,019 1,663,019 548,397 21 88 

P70 Alu_v2 1,504,469 144,592 144,592 35,657 2 90 

P71 Alu_v2 6,978,454 6,710,462 6,710,462 1,073,464 88 83 

P72 Alu_v2 1,540,135 262,226 262,226 75,457 13 95 

P73 Alu_v2 1,511,487 1,431,396 1,431,396 595,990 80 63 

P74 Alu_v2 23,557,045 21,472,991 21,472,991 1,085,452 84 95 

P75 Alu_v2 4,291,292 3,443,332 3,443,332 988,250 68 92 
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Table S5. Average sequencing and mapping statistics per Alu TE-target primer. 

Alu TE-
target 
primer 

Average of 
total reads 

Average of 
reads 

after adapter 
removal 

hg19 
mapped 
primer 

Unique 
reads 

Endogenou
s content 

(%) 

Clonality 
(%) 

Alu_v1 9,359,720 9,153,491 8,461,510 4,059,067 76 76 

Alu_v2 9,065,706 8,141,760 9,710,537 3,214,465 61 76 
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Table S6. Average sequencing and mapping statistics per sample for shotgun 
libraries. 

Sample name Total reads 
Reads after 

adapter removal 
Mapped reads Unique reads 

P56 2,652,217 2,640,506 2,271,786 1,506,143 

P57 3,203,499 3,191,339 2,014,331 1,160,134 

P58 2,781,971 2,763,987 493,890 369,867 

P59 2,599,991 2,597,049 2,104,186 1,526,728 

P60 2,320,821 2,135,793 1,366,113 75,001 

P61 1,426,793 1,417,909 1,249,351 241,822 

P62 3,006,092 3,005,141 2,792,031 2,120,959 

P63 3,448,036 3,389,405 41,702 35,742 

P64 3,437,479 3,407,420 771,959 506,815 

P65 2,830,908 2,809,509 297,429 153,624 

P66 3,213,677 3,211,978 2,614,751 1,456,982 

P67 2,126,751 2,094,430 897,625 540,630 

P68 3,083,097 3,057,652 1,755,280 1,329,224 

P69 3,172,824 3,104,167 1,232,196 305,751 

P70 2,637,811 2,625,021 863,929 782,517 

P71 3,763,571 3,761,820 3,498,441 2,276,582 

P72 54 54 42 40 

P73 237 237 202 197 

P74 2,354,820 2,353,031 2,201,581 1,631,374 

P75 2,124,508 2,121,221 1,876,677 991,974 

Extraction blank 437,274 39,497 2,084 1,687 

Library blank 511,601 36,476 1,717 1,225 
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Table S7. Number of SNPs per MobiSeq library (Alu_1 TE-target primer) and 
shotgun libraries. 

Sample name/ Alu 
primer 

SNPs in 1k 
genomes for 

MobiSeq 

SNPs in 1k 
genomes for 

shotgun 

Average coverage 
of SNPs for 

MobiSeq libraries 

Average coverage 
of SNPs for 

shotgun libraries 

P56 Alu_v1 19,307 2,080,845 1.17 1.03 

P57 Alu_v1 309,803 90,087 1.27 1.03 

P58 Alu_v1 487,888 552,565 1.46 1.02 

P59 Alu_v1 767,436 204,240 1.72 1.03 

P60 Alu_v1 81,153 31,270 1.19 1.03 

P61 Alu_v1 501,934 319,256 1.28 1.02 

P62 Alu_v1 1,723,970 3,300,570 3.14 1.03 

P63 Alu_v1 15,428 49,808 1.41 1.00 

P64 Alu_v1 107,484 633,253 1.24 1.02 

P65 Alu_v1 52,634 160,438 1.25 1.02 

P73 Alu_v1 660,806 350 1.56 1.00 

P63 Alu_v2 10,904 49,808 1.71 1.00 

P66 Alu_v2 355,516 2,280,667 1.21 1.03 

P67 Alu_v2 367,464 755,048 1.22 1.02 

P68 Alu_v2 445,645 1,885,020 1.40 1.03 

P69 Alu_v2 59,119 295,919 1.22 1.05 

P70 Alu_v2 3,094 242,700 1.09 1.02 

P71 Alu_v2 1,149,969 3,591,804 1.54 1.04 

P72 Alu_v2 13,226 55 1.10 1.00 

P73 Alu_v2 445,185 350 1.58 1.00 

P74 Alu_v2 1,187,156 2,583,271 1.44 1.03 

P75 Alu_v2 279,516 1,418,161 1.24 1.03 
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Table S8. Endogenous content (%) and clonality (%) per MobiSeq library. 

Sample name/ Alu primer Endogenous content (%) Clonality (%) 

P56 Alu_v1 85 98 

P57 Alu_v1 84 92 

P58 Alu_v1 78 91 

P59 Alu_v1 87 88 

P60 Alu_v1 86 97 

P61 Alu_v1 93 93 

P62 Alu_v1 91 47 

P63 Alu_v1 16 93 

P64 Alu_v1 45 83 

P65 Alu_v1 47 87 

P73 Alu_v1 89 52 

positive control 17/04/2019 
Alu_v1 

97 16.8 

positive control 05/04/2019 
Alu_v1 

96 40.1 

P63 Alu_v2 3 86 

P66 Alu_v2 75 59 

P67 Alu_v2 75 61 

P68 Alu_v2 33 91 

P69 Alu_v2 21 88 

P70 Alu_v2 2 90 

P71 Alu_v2 88 83 

P72 Alu_v2 13 95 

P73 Alu_v2 80 63 

P74 Alu_v2 84 95 

P75 Alu_v2 68 92 

positive control 17/04/2019 
Alu_v2 

97 19 

positive control 05/04/2019 
Alu_v2 

155 64 
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Appendix S2- MobiSeq protocol 

 

MobiSeq: De Novo SNP discovery in ancient 

humans through sequencing the flanking region of 

transposable elements 

Library build - End repair (Blunt-end single-tube library build) 

1) Mix the following components in a PCR tube: 

Sample input 32 μL 

Number of libraries  

End-Repair master mix 

Reagent Stock 

conc. 

Final 

conc. 

Total U V/R μL X 

T4 DNA polymerase 3 U/μL 0.03 1.2 0.4  

T4 PNK 10 U/μL 0.25 10 1  

dNTPs 25 mM 0.25 - 0.4  

T4 DNA ligase buffer (NEB) 10x 1x - 4  

Reaction enhancer 

(see buffer preparation) 

   2.2  

Total:    8  

 

Reaction size: 40 μL 

Incubate: 30 min at 20 °C followed by 30 min at 65 °C, cool to 4°C.   

Proceed directly to adapter ligation. 
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IMPORTANT: add 2 μL P5 modified adapter (mP5 adapter) to the DNA sample and 

mix well before adding ligation master mix! Adapter working concentration is 10- 20 

μM. 

Libraries with <2000/1500 ng: It is often recommended to aim for a 1:20 

insert:adapter ratio calculated in moles. Thus, less adapter can be added for 

samples with low amount of starting material. 

Library Building – Adapter Ligation (with mP5 adapter only) 

2) Add the following components to the 40 μL end repaired DNA from above. 

Ligase master mix 

Reagent Stock 

conc. 

Final 

conc. 

Total U V/R μL x 

T4 DNA ligase 

buffer (NEB) 

10x 1x  1  

PEG-4000 50% 6.25%  6  

T4 DNA ligase (NEB 400 

U/μL) 

400 U/μL 8 400 1  

Total:    8  

 

Reaction size: 50 μL 

Incubate: 30 min at 20 °C followed by 10 min at 65 °C, cool to 4°C. 

3) Purify using 1.6x of Speedbeads. Elute in 30μL depending on initial input and 

expected outcome. 
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Real-time PCR  

qPCR mix 

Reagent # of reactions 
x1 

# of reactions 
x N 

 

 Volume (μl) Final Conc. X1 

H2O 6.2   

2X KAPA HiFi 

HotStart Uracil+ 

ReadyMix 

10  1Χ 

BSA 0.8  1% 

SYBR Green/ROXY 0.8   

Forward primer (IS4 

10μM) 

0.6  0.3μM 

Reverse Alu primer 

(10μM) 

0.6  0.3μM 

Total master vol. 19 μl   

DNA template 1 μl  

Final vol. 20 μl  

 

qPCR thermal profile 

Initial denaturation  95οC 1 cycle 03:00 

Incubation  Denature 98οC * 00:20 

 Anneal 65οC *35 cycles 00:15 

 Extend 72οC * 00:30 

Final extension 72οC 1 cycle 03:00 

 
NOTE: The next steps are the TE-target enrichment PCR and the indexing PCR. 

They can be performed in one or two days, depending on the amount of 
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samples that you are working with, the purification set up (strips vs single 

tubes), or your lab set up. 

TE-target PCR (PCR 1) 

● KAPA HiFi 

1) Prepare the TE PCR.  

KAPA HiFi DNA Polymerase master mix 

Reagent Reaction 

X1 

Reactions 

X N 

 

 Volume (μl) Final Conc. X1 

2X KAPA HiFi HotStart 

Uracil+ ReadyMix 

10  1Χ 

Forward primer (IS4) 

(10μM) 

0.6  0.3μM 

Reverse TE target primer 

(10μM) 

0.6  0.3μM 

BSA (30%) 1.33  2% 

Molecular grade water  2.47   

Total 15   

IMPORTANT: The reverse TE primer is specific for the target species/ TE. 

2) Add 5 μL of library to 20 μL of PCR reaction mix. 

3) Amplify each of the master mixes using the following cycling conditions. 

KAPA HiFi DNA polymerase thermal profile 

95 °C – 3 minutes 

98 °C – 20 seconds 

67 °C* – 15 seconds x 22- 30 cycles (according to qPCR Ct/ Cp values) 

*This temperature is TE- target primer dependent. Usually around 60- 65°C 

works well 
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72 °C – 30 seconds 

72 °C – 3 min 

10 °C – Hold 

3) Purify the amplified library using 1.8x of SPEEDbeads as previously 

described. 

4) Elute the sample in 33 μL EB (collect 30 μl). 

Index of the Library (PCR 2) 

● KAPA HiFi 

1) Prepare the indexing PCR.  

KAPA HiFi DNA Polymerase master mix 

Reagent Reaction 

X1 

Reactions 

X N 

 

 Volume (μl) Final Conc. X1 

2X KAPA HiFi HotStart 

Uracil+ ReadyMix 

10  1Χ 

BSA (30%) 1.33  2% 

Molecular grade water  1.67   

Total 13   

 

INDEXING: 

For high multiplexing and dual indexing, use a system of P5* P7 indexing primers 

(10μM). Use 1 μl of  each index. 

2) Add 5 μL of purified material to the mastermix and amplify for 5- 10 cycles 

using the following conditions (cycle numbers can depend on the success of 

the first PCR). 

KAPA HiFi DNA polymerase thermal profile 

95 °C – 3 minutes 

98 °C – 20 seconds 
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65 °C* – 15 seconds x 5- 10 Cycles 

72 °C – 30 seconds 

72 °C – 3 min 

10 °C – Hold 

3) Purify the amplified library using 1.8x of SPEEDbeads as previously 

described. 

4) Elute the sample in 33 μL EB (collect 30 μl).  

5) Measure on Qubit and Bioanalyzer/TS. 

Appendix: 

Oligos 

Name    5'-3' 

IS1_adapter P5 A*C*A*C*TCTTTCCCTACACGACGCTCTTCCG*A*T*C*T 

(Meyer and Kircher 2010) 

mIS3_adapter P5+P7 (no 5’ PHO)A*G*A*T*CGGAA*G*A*G*C*C3  

IS7 ACACTCTTTCCCTACACGAC (Carøe et al. 2018) 

IS4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT 

(Meyer and Kircher 2010) 

P5_Index 

AATGATACGGCGACCACCGAGATCTACACnnnnnnACACTCTTTCCCTACACGAC

GCTCT (Carøe et al. 2018) 

P7_Index 

CAAGCAGAAGACGGCATACGAGATnnnnnnGTGACTGGAGTTCAGACGTGT 

(Meyer and Kircher 2010) 

TE-target primer (P7+TE-target) 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT+TEsequence (18 & 24 bp) 

TE-sequence: 

Alu_v1 ATTACAGGCGTGAGCCACCGCGCC  

Alu_v2 TGAGCCACCGCGCCCGGC  

•  * = phosphothioate linkage, 

•  n = index base 

•  [C3spacer] = C3 blocks extension 

Preparation of the mP5 adapter 

https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/TQCm
https://paperpile.com/c/z8DuPA/2XZQ
https://paperpile.com/c/z8DuPA/TQCm
https://paperpile.com/c/z8DuPA/2XZQ
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IS1_adapter P5 and mIS3_adapter P5+P7. 

Synthesize to minimum 0.2 µmol scale, HPLC purify. Ship dry. Dissolve in 10 mM 

Tris-HCl to 500 µM. 

Hybridization mix for modified P5 (200 µM) 

IS1 adapter P5.F (500 µM) 40 µl 

mIS3 P5+P7 (500 µM) 40 µl 

Oligo hybridization buffer (10x) 10 µl 

H2O 10 µl 

Total volume 100 µl 

Oligo hybridization buffer (10X) is prepared as in (Meyer and Kircher 2010) (for 

adapter preparation): 

● 500 mM NaCl 

● 10 mM Tris-HCl, pH 8.0 

● 1 mM EDTA, pH 8.0 

Mix and incubate the tube at 95 °C for 10 sec followed by a ramp from 95 °C to 12 

°C at a rate of 0,1 °C/sec. The final adapter mix has a concentration of 200 µM of 

each adapter. Dilute with EBT to desired working solution e.g. 25 µM. 

TE buffer (for SPRIbead preparation) 

EDTA (0.5 M, pH 8.0) 0.2 mL (final conc. 1 mM) 

Tris-HCl (1 M, pH 8.0) 1 mL (final conc. 10 mM) 

H2O to 100 mL 

 

EBT buffer (for elution, dilution etc.) 

1. 10 mM Tris-Cl, pH 8.0 or 8.5 (identical to QIAGEN’s EB buffer)  

2. 0.05% Tween 20 

 Reaction enhancer (for End-Repair reaction) 

1. 0.25 g PEG (25% final concentration) 

2. 100 µL BSA (20 mg/mL) (2 mg/mL final concentration) 

https://paperpile.com/c/z8DuPA/2XZQ
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3. 80 µL NaCl (5M) (400 mM final concentration) H2O up to 1 mL 

Can be frozen, used directly in reaction or mixed with dNTP and T4 DNA Ligase 

buffer to form a readymade mastermix. 

SPRI bead preparation (SpeedBeads) 

1. Mix Sera-mag SpeedBeads and transfer 1mL to a 1.5 mL Eppendorf tube. 

2. Place the Eppendorf on a magnet rack and wait 30 seconds for the liquid to 

be clear. 

3. Discard the supernatant 

4. Remove the Tube from the magnet rack and add 1 mL TE buffer and bring 

the beads into solution by flicking the tube. 

5. Place on magnetrack again, wait for the liquid to be clear (app. 30 

seconds), discard the supernatant 

6. Repeat the wash (step 4- 5) 

7. Resuspend the beads in 1 mL TE buffer and place in NON-magnetic rack. 

8. Add 9 grams of PEG-8000 to a 50 mL tube. 

9. Add 10 mL (5M) NaCL (or 2.92g) to the 50 mL tube. 

10. Add 500 µL 1M Tris-HCL to the 50 mL tube. 

11. Add 100 µL 0.5 M EDTA to the 50 mL tube. 

12. Add molecular grade water to 49 mL. 

13. Mix solution until all PEG has been dissolved. (app. 5 minutes). Shake well. 

14. Add 27.5 µLTween 20 to the PEG solution (pipette slowly). 

15. Add the 1 mL prepared SpeedBead/ TE solution to the PEG solution to reach 

50 mL final Bead solution. Mix gently to obtain a uniform color. 

16. Aliquot in smaller tubes for ease of use and store dark at 4°C. 

Clean up the library with SPRI bead purification according to (Rohland and 

Reich 2012). SPRI bead purification has been successfully tested by adding 1.6x of 

SPRI bead solution to the final library, incubating for 5 minutes before washing 

beads twice with 80% ethanol (without removing plate from magnet), dry them (do 

not overdry!) and elute in 33 μL EB, by incubation for 10 minutes at 37°C, before 

collecting 30 μl of supernatant. 

https://paperpile.com/c/z8DuPA/xe51H
https://paperpile.com/c/z8DuPA/xe51H
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Reagents 

Enzymes: 

● T4 Polynucleotide Kinase; Sigma-Aldrich cat#M0201S; size: 500 units; 10,000 

units/ml; Price $56.00 

● T4 DNA Polymerase; Sigma-Aldrich cat#M0203S; size 150 units; 3,000 

units/ml; price $63.00 

● T4 DNA Ligase; Sigma-Aldrich Cat#M0202S; size 20,000 units; 400,000 

units/ml; price $64.00 

● KAPA Taq HotStart with dNTPs; Sigma-Aldrich Cat#KK1511; size 500 U; 

5,000 units/ml; price $242.00 

Other reagents: 

● SpeedBeads™   magnetic    carboxylate        modified   particles,         

Sigma-Aldrich, Cat#: GE45152105050250 

● PEG-8000, Sigma- Aldrich, Cat#: 89510-250G-F (for SPRI bead solution) 

● PEG-4000, Sigma- Aldrich Cat#: 95904-250G-F (for library build) 

● 0.5M EDTA, pH8.0, e.g. Sigma- Aldrich 

● 1.0M Tris, pH8.0, e.g. Sigma- Aldrich 

● Tween 20– 50% e.g. Sigma- Aldrich 

● 5M NaCl solution, e.g. Sigma- Aldrich 

● EB elution buffer, Qiagen Cat#: 19086 

● Tris-EDTA buffer solution,e.g. Sigma-Aldrich Cat#: T9285  

● T4 DNA ligase buffer (NEB) (included with the ligase (Sigma-Aldrich 

Cat#M0202S)) 

● PCR buffer II (included with the DNA polymerase (Thermo Fisher Scientific 

Cat#N8080241)) 

● MgCl2 Solution (included with the DNA polymerase (Thermo Fisher Scientific 

Cat#N8080241)) 

● BSA (20mg/mL), e.g. Sigma- Aldrich  

● dNTPs solution, e.g. Thermo Fisher Scientific 

● Molecular grade water, e.g. Sigma- Aldrich 

Plastic ware: 

- Filtertips, 0.1-1 mL, 20-200 μL, 2-20 μL and 1-10 μL 
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- Eppendorf 0.5 ml Lobind tubes (for doing few samples, convenient for ancient 

DNA) 

- Eppendorf Lobind 96 well plate (if doing many samples) 

- PCR strips (for doing few or many samples) 

- 50 mL Falcon Tubes (to prepare speedbeads) 

- Zip lock bags or boxes for freezer storage, and pen for labeling. 

- Waste bags and small bin for tips etc. 

Other lab equipment: 

Latex or nitril gloves (and suit, mouth cover etc. for ancient DNA) 

Small table centrifuge for 1.5 mL eppendorf tubes 

Single channel pipettes: (e.g. Thermo-Fisher Scientific Finnpippete system F1) 

Multi Channel pipettes: E.g. e.g. Thermo-Fisher Scientific Finnpippete system F1, 

30-300 μL, (for many samples and plate or strip setup) 

Racks for 0.5 Eppendorf tubes. 

Magnetic Rack for 1,5 mL Eppendorf tubes (for speedbead preparation) 

Magnetic plate for 96 well plates (for speedbead cleanup) 

Cooling block for 96 well plates or PCR strips (when setup up reactions) 

Ice tray with ice (for reagents or samples when setting up reactions) 

Cooling ThermoMixer MKR13 (HLC/ Ditabis) (for adapter preparation) 

Thermocycler E.g. Applied Biosystems 2720 Thermal Cycler (for incubation) 

Equipment for sanitation, such as bleach (hypochlorite), UV-Crosslinker  and 70% 

ethanol and paper cloth (for sanitation and cleaning). 
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Appendix S3- TapeStation results 

 
Figure S5. TapeStation results for positive control before MobiSeq and the profile of 

the High sensitivity DNA ladder. 
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Figure S6. TapeStation results for MobiSeq libraries using both Alu TE-target 

primers. 
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Figure S7. TapeStation results for shotgun libraries. 
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Figure S8. TapeStation results for TE-PCR products using both Alu TE-target 

primers. 
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Appendix S4- MapDamage profiles 
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Figure S9. Fragment misincorporation plots for all the MobiSeq libraries.  

  



129/141 



130/141 



131/141 

 



132/141 

 
Figure S10. Fragment misincorporation plots for all the shotgun libraries. 
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Appendix S5- Length plots 
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Figure S11. Length plots for all the MobiSeq libraries. 
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Figure S12. Length plots for all the shotgun libraries. 
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