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Abstract
1. In recent years, massive parallel sequencing has revolutionised the study of de-

graded DNA, thus enabling the field of ancient DNA to evolve into that of paleog-
enomics. Despite these advances, the recovery and sequencing of degraded DNA 
remains challenging due to limitations in the manipulation of chemically damaged 
and highly fragmented DNA molecules. In particular, the enzymatic reactions and 
DNA purification steps during library preparation can result in DNA template loss 
and sequencing biases, affecting downstream analyses. The development of library 
preparation methods that circumvent these obstacles and enable higher through-
put are therefore of interest to researchers working with degraded DNA.

2. In this study, we compare four Illumina library preparation protocols, including two 
“single- tube” methods developed for this study with the explicit aim of improving 
data quality and reducing preparation time and expenses. The methods are tested 
on grey wolf (Canis lupus) museum specimens.

3. We found single- tube protocols increase library complexity, yield more reads that 
map uniquely to the reference genome, reduce processing time, and may decrease 
laboratory costs by 90%.

4. Given the advantages of single- tube library preparations, we anticipate these meth-
ods will be of considerable interest to the growing field of paleogenomics and other 
applications investigating degraded DNA.
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1  | INTRODUCTION

With the advent of massive parallel sequencing, the field of ancient 
DNA (aDNA) has experienced a revolution in data production, maturing 
into a discipline commonly termed paleogenomics (Heintzman, Soares, 
Chang, & Shapiro, 2015; Poinar et al., 2006; Shapiro & Hofreiter, 
2014). This revolution has been undertaken with multiple sequencing 
platforms, including the Roche/454 series, Ion Torrent series, Helicos 
HeliScope, and ABI Solid series, but the undisputed workhorses of 
aDNA research are the Illumina instruments (e.g. GAIIx, HiSeq, NextSeq 

and MiSeq series) (Orlando, Gilbert, & Willerslev, 2015). All the afore-
mentioned platforms require enzymatic preparation of DNA, includ-
ing, in most cases, ligation of DNA- based platform- specific adapters. 
However, these preparations often lead to biases in GC- content, frag-
ment length, or complexity (Aird et al., 2011; Dabney & Meyer, 2012; 
Head et al., 2014; Seguin- Orlando et al., 2013; van Dijk, Jaszczyszyn, 
& Thermes, 2014). These challenges are further magnified in degraded 
samples, due to low amounts of input DNA, short lengths of the DNA 
fragments, hydrolytic deamination of cytosine and other chemical 
damage (reviewed in Dabney, Meyer, & Pääbo, 2013). To overcome 
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these complications in degraded samples, researchers have developed 
library building and Polymerase chain reaction (PCR) protocols opti-
mised to recover small amounts of DNA and tackle chemical damage 
(e.g. d’Abbadie et al., 2007; Dabney, Meyer, et al. 2013; Gansauge & 
Meyer, 2013; Heyn et al., 2010; Shapiro, 2008). Methodological de-
velopments to increase library complexity have principally focused 
on improving the efficiency of DNA extraction and reducing biases in 
PCR (Allentoft et al., 2015; Dabney et al., 2013; Damgaard et al., 2015; 
Gamba et al., 2015; Rohland & Hofreiter, 2007). A number of studies 
have aimed to improve library preparation by minimising template loss 
or maximising endogenous DNA inclusion into the library (Bennett 
et al., 2014; Fortes & Paijmans, 2015; Gansauge & Meyer, 2013, 2014; 
Ginolhac et al., 2012; Maricic & Pääbo, 2009; Wales et al., 2015).

Currently, three principal methods are used when constructing se-
quencing libraries from aDNA (reviewed in Orlando et al., 2015).

In the original method for the Illumina platform, Y- shaped adapters 
are ligated to double- stranded target DNA ensuring all single- stranded 
library molecules have a P5–P7 (5′–3′) adapter configuration (Bentley 
et al., 2008). This protocol, however, is not well suited for short frag-
ments (here loosely defined as fragments with a length of ≤70 bp) and 
low amounts of DNA due to a high production of adapter- dimer “back-
ground noise” (Bennett et al., 2014). In the second and most common 
method used for aDNA, blunt- ended adapters are ligated to double- 
stranded DNA, following a protocol originally developed for the 454 
platform (Margulies et al., 2005) and later adapted for the Illumina 
platform (Meyer & Kircher, 2010) (Figure 1). This method produces less 
adapter- dimers, but is suboptimal for degraded DNA due to the nec-
essary use of inter- reaction purifications, using e.g. silica spin- columns 

(see e.g. Briggs & Heyn, 2012) that hamper throughput and have been 
shown to result in considerable loss of DNA (Kemp, Winters, Monroe, 
& Barta, 2014). The third method is unique in its use of single- stranded 
DNA as starting material (Gansauge & Meyer, 2013). It has been consid-
ered revolutionary for aDNA research because it theoretically allows for 
the recovery of all DNA molecules in a sample. In this way, the method 
yields high library complexity and more accurately characterises chem-
ical damage at both ends of each DNA strand (Meyer et al., 2012). In 
its original form, however, the technique is relatively expensive due to 
the required quantity and cost of key reagents. In addition, the proto-
col is relatively time consuming and requires some technical expertise. 
However, recent modifications of the method have addressed some of 
these issues and improved the method (Gansauge et al., 2017).

In parallel with attempts to optimise library preparations for degraded 
DNA, researchers have developed novel methods to prepare Illumina 
libraries with minimal effort and cost from high- quality modern DNA. 
One of the most promising advances is the introduction of “single- tube” 
library preparations, which are protocols that eliminate inter- reaction 
purifications (Neiman et al., 2012; Zheng et al., 2011). Such single- tube 
designs are made possible by replacement of column- based purifica-
tions with heat- inactivation of enzymes. This makes library preparation 
considerably quicker, with fewer manual manipulations, and reduces 
economic costs. Such approaches also have the advantage of sidestep-
ping potential DNA loss during purification steps. While immensely 
useful for modern DNA, single- tube methods could be less suitable 
for highly degraded DNA because they require incubations typically at 
72°C (Neiman et al., 2012; Zheng et al., 2011). Although such a step 
has been implemented in an aDNA protocol (Fortes & Paijmans, 2015), 

F IGURE  1 Overview of the steps in the basic library method used for all libraries in this paper. (1) Double- stranded DNA fragments are 
used as input. Here, a fragment containing 3′ and 5′ overhangs is presented with a uracil (U) base contained in the 5′ overhang. (2) Through 
end- repair, 3′ overhangs are digested by the T4 DNA Polymerase and 5′ overhangs are filled in. If the 5′ overhangs contains a uracil base, an 
adenosine nucleotide will be inserted on the opposite strand. Further, 3′ phosphates are removed and 5′ OH groups phosphorylated by the T4 
Polynucleotide Kinase (dots). (3) Double- stranded adapters are ligated to the fragment by T4 DNA Ligase. These do not contain 5′ phosphates 
and therefore only one strand is ligated to the target DNA. (4) The ligated adapter is filled in and the small guiding oligo is displaced using Bst 
DNA Polymerase
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many ultra- short double- stranded DNA fragments (e.g. at 25 bp) may 
denature at 72°C depending on the sequence composition (Owczarzy 
et al., 1997). Thus, in order for degraded DNA to be incorporated into 
an Illumina- compatible library in a single- tube reaction, incubations 
would have to be kept at a relatively low temperature. Fortuitously, 
New England Biolabs (NEB) recently released commercial single- tube 
kits with heat inactivation steps of 65°C, demonstrate the possibility 
of inactivation steps lower than 72°C. Importantly, these kits utilise 
adapters with a hairpin structure and a uracil base that is excised before 
library amplification (e.g. NEBNext Ultra E7370 [NEB]). As degraded 
DNA characteristically contains uracil residues (Briggs et al., 2007), the 
uracil excision step would detrimentally affect NEBNext Ultra libraries 
prepared using degraded DNA. Although it is possible to remove uracil 
bases prior to library preparation (Briggs et al., 2010), paleogeneticists 
often choose to leave uracil damage patterns intact in order to authen-
ticate the ancient origin of reads (e.g. Ginolhac, Rasmussen, Gilbert, 
Willerslev, & Orlando, 2011; Meyer et al., 2016; Skoglund et al., 2014).

For this study, we investigated whether single- tube library prepa-
ration protocols could accommodate degraded DNA by using heat in-
activation temperatures at 65°C and employing the advantages of the 
displacement adapter approach for the Illumina platform described by 
Meyer and Kircher (2010) (Figure 1). We compared four library prepa-
ration protocols: (1) the widely used protocol based on blunt- end 
adapter ligation and spin column purifications between reactions (see 
e.g. Briggs & Heyn, 2012; Wales et al., 2015), (2) our novel blunt- end 
adapter ligation single- tube method, (3) our novel A/T adapter ligation 
single- tube method, and (4) the commercial aforementioned NEBNext 
Ultra, which we customised to fit the same displacement- type adapter 
as used in the other methods. In this way, we tested A/T- ligation 
against blunt- end ligation and the single- tube approach against the 
common approach including inter- reaction purifications.

2  | MATERIALS AND METHODS

All DNA manipulation until library amplification (PCR) was performed 
in a dedicated aDNA laboratory at the Centre for GeoGenetics, 

Natural History Museum of Denmark, University of Copenhagen, 
Denmark, to limit the risk of contamination with non- degraded or  
amplified DNA sources.

2.1 | Sample information

Eight historic skin samples (90 to 146 years old) of grey wolf (Canis 
lupus) were included in the study (Table S2). For details on DNA ex-
traction see supporting information. Average fragment sizes ranged 
from c. 40 to 184 basepairs, lengths commonly observed in ancient 
or otherwise degraded samples (Table S2 and Figure S1). For a given 
sample, all four library preparations started with the same mass of 
input DNA (ng), with dilutions used to reach the required input volume 
for a given method. Libraries were produced the same day to minimise 
bias.

2.2 | Adapter design

For the standard blunt- end method (BEMC), we used the adapters 
described by Meyer and Kircher (2010). For the single- tube meth-
ods however, we designed two additional pairs of adapters—one 
for blunt- end ligation (BEDC3) and one for A/T- ligation (ATDC3). 
Although these have similarity to the adapter described by Meyer 
and Kircher (2010), they both include a C3 spacer arm at the 3′ ter-
minus of the IS3 oligo to counteract unwanted extension and reduce 
noise from adapter- dimer formation in the fill- in step. Furthermore, 
in a series of experiments, we tested the possibility of minimising 
adapter- dimers by constructing other adapters. These experiments 
did not produce positive results and are described in the support-
ing information. An overview of oligos and adapters is shown in 
Table S1. Hybridisation of adapter oligos was done following Meyer 
and Kircher (2010).

2.3 | Methods for preparation of sequencing libraries

A short overview of the library preparation methods can be seen in 
Table 1 and all methods are based on the setup shown in Figure 1.

TABLE  1 An overview of the methods used in the present study and their characteristics. Estimated prices are listed in US Dollars ($) and 
calculated based on how they are presented in this paper, including consumables, enzymes, and purification spin columns. Prices in parentheses 
represent substitution of MinElute with SPRI beads as presented in Rohland and Reich (2012). Adapters were estimated to cost c. 0.10 per 
reaction. Because we only used ¼ of the reaction volume for ultra and BEMC libraries, this price is scaled down relative to the price for a whole 
reaction given by NEB. The price for the NEB #E6070 kit, used for the BEMC method, is calculated using two MinElute columns although we 
used 3 to ensure proper comparison and similar conditions for all methods in downstream Polymerase chain reaction (PCR). Oligos used for the 
adapters listed in column 4, can be found in Table S1

Method Ligation type Reaction design Adapters used Reagents reference Cost ($)

Total time for 
24 samples 
(hr)

Hands- on time 
for 24 samples 
(hr)

ATST A/T Single- tube ATDC3 This study 3.78 (0.76) 4 2

BEST Blunt- end Single- tube BEDC3 This study 3.77 (0.77) 4 2

BEMC Blunt- end 3 reaction Meyer and 
Kircher (2010)

NEB #E6070 14.32 6 4

Ultra A/T Single- tube ATDC3 NEB Ultra #E7370 8.98 (5.97) 4 2
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Method 1 “ATST”, denoting A/T- Ligation- Single- Tube. Libraries 
were prepared in three sequential reactions: end- repair, adapter liga-
tion, and nick fill- in. End- repair was performed by mixing the following 
components in a 0.5 ml Eppendorf LoBind tube (Eppendorf, Germany): 
14 μl sample DNA was mixed with 2 μl of a mastermix made by com-
bining 0.01 μl Taq Polymerase (NEB, cat#M0273S, 5 U/μl), 0.01 μl T4 
DNA Polymerase (NEB, cat#M0203S, 3 U/μl), 0.1 μl T4 Polynucleotide 
Kinase (NEB, cat#M0201S, 10 U/μl), 1.6 μl 10 × T4 DNA Ligase 
Reaction Buffer (NEB) and 0.3 μl dNTP (25 mM) per sample to reach 
a final reaction volume of 16 μl. The end- repair reaction was incubated 
for 30 min at 20°C followed by 30 min at 65°C. For adapter- ligation, 1 μl 
of ATDC3 adapter (10 μM) (Table S1) was added to the same reaction 
tube and mixed by pipetting, followed by 3 μl of mastermix consisting 
of 2.5 μl PEG 4000 (Sigma Aldrich, 50%), 0.4 μl T4 DNA Ligase Reaction 
Buffer (10×), and 0.1 μl T4 DNA ligase (NEB, cat#M0202S, 400 U/μl). 
The ligation reaction was incubated for 30 min at 20°C. The fill- in step 
was performed by adding 10 μl of mastermix consisting of 0.3 μl dNTP 
(25 mM), 3 μl Isothermal Amplification Buffer (10×) (NEB), 6.2 μl mo-
lecular biology grade water, and 0.5 μl Bst 2.0 Warmstart Polymerase 
(NEB, cat#M0538S, 8 U/μl). The fill- in reaction was incubated at 65°C 
for 20 min in a prewarmed thermocycler, followed by 20 min at 80°C. 
Following library preparation, the reaction was purified with a MinElute 
column following the manufacturer’s instructions and eluted in 25 μl EB.

Method 2 “BEST”, denoting Blunt- End- Single- Tube. This protocol 
was identical to the ATST protocol, except for the exclusion of the Taq 
Polymerase, and the use of blunt- end adapter BEDC3 (Table S1).

Method 3 “BEMC”, denoting blunt- end- multi- column. Libraries were 
prepared using end- repair, adapter ligation, and nick fill- in reactions 
supplied by NEBNext kit E6070 (NEB). The following components were 
mixed in a 0.5 ml Eppendorf LoBind tube: 21.25 μl sample DNA, 2.5 μl 
NEBNext 10× End Repair Reaction Buffer, and 1.25 μl NEBNext End 
Repair Enzyme Mix. The reaction was incubated for 30 min at 20°C, 
and then purified in a MinElute spin column. Purification was done, 
using 700 μl modified PB binding buffer (Allentoft et al., 2015) and 
centrifugation at 6,000 g. The column was washed with 750 μl PE buf-
fer and spun at 10,000 g, followed by an additional spin for 3 min at 
17,000 g. DNA was eluted in 16.5 μl EB buffer, with incubation at 37°C 
for 10 min before collecting DNA at 17,000 g. For the ligation reac-
tion, 1 μl Illumina adapters (10 μM) (Meyer & Kircher, 2010) were thor-
oughly mixed with the end- repaired DNA, followed by 5 μl 5× NEBNext 
Quick Ligation Reaction Buffer and 2.5 μl Quick T4 DNA Ligase. The 
reaction was incubated for 30 min at 20°C. Adapter- ligated DNA was 
purified, using a Qiagen QiaQuick spin column as before, except for 
an elution volume of 21 μl. The fill- in reaction was performed using 
2.5 μl 10× NEBNext Adapter Fill- in Reaction Buffer and 1.5 μl Bst DNA 
Polymerase, Large Fragment, with incubation at 65°C for 20 min fol-
lowed by 80°C for 20 min. Libraries were purified with a MinElute col-
umn following the manufacturer’s instructions and eluted in 25 μl EB.

Method 4 “Ultra”, in reference to NEBNext Ultra kit E7370. End- 
repair was conducted in a 0.5 ml Eppendorf LoBind tube using 13.9 μl 
sample DNA, 1.6 μl 10× NEBNext End Repair Reaction Buffer, and 
0.75 μl NEBNext End Prep Enzyme Mix. The reaction was incubated 
for 30 min at 20°C followed by 30 min at 65°C and cooled to 4°C. 

Subsequently, 1 μl ATDC3 adapter (10 μM) was added and mixed, fol-
lowed by 3.75 μl NEBNext Blunt/TA Ligase Master Mix and 0.25 μl 
NEBNext Ligation Enhancer. The reaction was incubated for 30 min 
at 20°C. The fill- in reaction was done by adding a mastermix of 0.3 μl 
dNTP (25 mM), 3 μl Isothermal Amplification Buffer (10×) (NEB), 
6.2 μl molecular biology grade water, and 0.5 μl Bst 2.0 Warmstart 
Polymerase (NEB). The reaction was incubated at 65°C for 20 min in 
a prewarmed thermocycler, followed by 20 min at 80°C. The reaction 
was purified with a MinElute column as described for Method 1.

2.4 | Quantitative PCR

Quantitative PCR (qPCR) was performed on purified libraries with 
adapter- targeted primers (Table S1), using 1 μl template of a 10× dilu-
tion of the libraries and a PCR mastermix consisting of 1× AmpliTaq 
Gold buffer (Applied Biosystems, USA), 2.5 mM MgCl2, 0.8 μg/μl 
Bovine Serum Albumin (BSA), 1 μl SYBR/ROX/DMSO stock solu-
tion, 0.25 mM dNTP, 0.2 μM forward and reverse primer (IS7 and IS8 
from Meyer & Kircher, 2010), and 0.1 U/μl AmpliTaq Gold enzyme to 
a final reaction volume of 25 μl. qPCR was performed on an Agilent 
Technologies Mx3005 instrument with the following cycling condi-
tions: 95°C for 10 min, followed by 40 cycles of 95°C for 30 s, 60°C 
for 30 s, and 72°C for 1 min. This was followed by 95°C for 1 min, 
55°C for 30 s and 95°C for 30 s, to produce a dissociation curve 
(Figure S2).

2.5 | Indexing and PCR amplification of libraries 
for sequencing

Libraries were indexed and amplified for sequencing, using conven-
tional full- length P7 (indexed) and P5 Illumina primers (Table S1). PCR 
was performed in 50 μl reactions using 10 μl template,1× AmpliTaq 
Gold buffer, 2.5 mM MgCl2, 0.8 μg/μl Bovine Serum Albumin (BSA), 
0.25 mM dNTP, 0.2 μM forward and reverse indexed primer (specific 
for each sample), and 0.2 U/μl AmpliTaq Gold polymerase. Libraries 
were amplified in an Applied Biosystems 2720 Thermal Cycler using 
the following conditions: 95°C for 10 min, followed by a number of 
cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min, followed 
by 7 min at 72°C. Each library was given a specific number of PCR 
cycles based on Ct values from qPCR (Table S3). Quantification and 
size estimation was performed with an Agilent 2100 Bioanalyzer high 
sensitivity kit.

2.6 | Sequencing

Sequencing was performed at the Danish National High- throughput 
Sequencing Center, Copenhagen, Denmark, on an Illumina HiSeq 
2500 for 100 cycles in single read mode.

2.7 | Data processing

The initial bioinformatics processing of the sequencing reads was 
based on the Paleomix pipeline (Schubert et al., 2014). The 3′ 
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adapter removal was performed with the program AdapterRemoval 2 
(Schubert, Lindgreen, & Orlando, 2016), followed by discarding reads 
shorter than 25 bases. The remaining reads were mapped to a ref-
erence genome—the de novo wolf genome (Gopalakrishnan et al. in 
review, available on request), using the mem algorithm implemented in 
BWA (Li & Durbin, 2010). Reads that did not map uniquely were dis-
carded. We used Picard (http://broadinstitute.github.io/picard) to dis-
card PCR duplicates. Sequencing statistics and presented results were 
based on the obtained amount of filtered raw reads from sequenc-
ing. However, to verify that the disparate number of total sequencing 
reads did not bias the comparisons between the library preparation 
methods, we also performed the same analyses by subsampling the 
reads such that all the different samples and methods had exactly the 
same number of reads (Table S6). For each sample, we used 100,000 
randomly selected reads to estimate the DNA damage patterns using 
mapDamage (Jónsson, Ginolhac, Schubert, Johnson, & Orlando, 
2013). We also used the package Preseq (Daley & Smith, 2013) on the 
entire dataset to estimate the complexity of each library preparation 
method. Statistical tests were carried out in r (version 3.2.1, R Core 
Team, 2015) (Table S5).

3  | RESULTS

3.1 | qPCR amplification and indexing PCR

Quantitative PCR (qPCR) was used to assess the minimum number of 
PCR cycles required to amplify each library to the appropriate level 
for subsequent sequencing. The qPCR results also provided relative 
quantification of the number of library molecules present in each 
library.

Figure 2a shows that the BEMC method required most PCR cycles 
in order to reach the required threshold. Fewer cycles were required 
for the Ultra, BEST and ATST methods, with no significant differ-
ence between either of the single- tube libraries (paired t test p > .05, 

Bonferroni corrected). The p- values for statistical tests can be seen in 
Table S5.

Based on the qPCR Ct values, each library was amplified with a 
given number of cycles with full- length Illumina primers. Because the 
difference in cycle number between qPCR and index PCR for all sam-
ples was almost the same (~3 cycles) (Table S3), we argue a compari-
son of DNA concentrations of amplified libraries is justified (Figure 2b). 
The concentration of amplified library differed between methods, 
with the ATST method giving significantly more PCR product than the 
BEMC method and the Ultra method (paired t test p < .05, Bonferroni 
corrected) (Tables S3 and S5). Dissociation analysis of qPCR products 
showed a distinct difference between sample libraries and blanks, and 
size estimation of indexed PCR products further showed that adapter- 
dimer only was detectable in blanks (Figures S2–S7). We argue this 
justifies the use of qPCR and PCR product quantification as measures 
of library preparation success.

3.2 | Effect on clonality and mapping success against 
reference genome

Clonality (the percentage of reads that map to identical coordinates 
in the genome) was significantly lower for all single- tube libraries 
compared to the BEMC (Figure 3a, paired t test p < .05, Bonferroni 
corrected), and with no significant difference observed between 
single- tube library methods.

A major concern for most ancient and degraded DNA studies is 
the percentage of sequence reads that uniquely map to the reference 
genome of interest, because the percentage of endogenous DNA in 
ancient and degraded samples is often low and more damaged than 
the non- endogenous DNA (e.g. Meyer et al., 2016). The endogenous 
DNA content returned by the methods ranged between 40% and 53% 
(Figure 3b). All single- tube libraries showed significantly more reads 
mapping uniquely to the reference genome compared to the BEMC 
libraries (paired t test p < .05, Bonferroni corrected).

F IGURE  2 Pre- sequencing library parameters for each method (n = 8), (a) Ct values Quantitative PCR (qPCR), i.e. number of cycles 
required to reach threshold, (b) Concentration of index amplified libraries given in nanomolar and measured on an Agilent 2100 Bioanalyzer 
(150–1000 bp). Values are averages of all samples (n = 8) for each method with error bars showing standard deviation. One blank was made 
per method as control for contamination and Ct measured to 24.49, 24.18, 27.71 and 30.29 for ATST, BEST, Ultra and BEMC, respectively. 
Dissociation analysis, Index Polymerase chain reaction ( PCR)- amplification and size estimation of PCR- products, confirmed that the wolf 
samples contained no adapter- dimer and that library blanks consisted of adapter- dimer only (Figures S2–S7)
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3.3 | GC content

Overall GC content was measured as an average for reads prior to 
mapping (Figure 3c). This showed that the GC content was signifi-
cantly lower for the ATST compared to BEST and BEMC, respectively 
(paired t test p < .05, Bonferroni corrected).

3.4 | Read length

To investigate the differences on retrieval and incorporation of short 
fragments between methods we estimated the average read lengths 
of the four library methods (Figure 3d). Surprisingly, we found a small 
but significant difference between BEST and BEMC, with BEST reads 
being shortest. Also, reads produced with the ATST method were sig-
nificantly shorter than reads produced with the Ultra method (paired t 
test p < .05, Bonferroni corrected).

3.5 | Library complexity

We used the Preseq package (Daley & Smith, 2013) to estimate library 
complexity, which ultimately forecasts how deep a sample may be se-
quenced before the majority of reads generated are duplicates. The 
Preseq analysis clearly showed that the BEST method had the highest 
complexity on average, followed by ATST and Ultra, while the BEMC 
showed very low complexity (Figure 4).

3.6 | Sequence- end bias

To investigate sequence- bias for each library method, we also calcu-
lated single- nucleotide frequencies as an average for each method for 
the ten 5′ bases upstream of the read, first ten bases within the read, 
last ten bases within the read (5′–3′) and ten bases 3′ downstream of 
the read (Figure 5). A clear pattern of increased A and G prior to the 
5′ end of the read is visible, consistent with previous aDNA findings 
(Briggs et al., 2007).

Also, consistent with the expectation for degraded DNA, we ob-
served a high level of C → T transitions at the sequence 5′ ends, and 
a similar increase in G → A transitions at the 3′ ends. This pattern has 
been shown to be a 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). Furthermore, for 
the first base, all single- tube libraries clearly show a sharp drop in 
thymine content towards the 5′ end, breaking the pattern of increas-
ing C → T transitions towards this end. At the same time, all other 
bases (A, G and C) exhibit an increase in frequency at this position 
in single- tube libraries, consistent with previous findings for A/T- 
ligation libraries (Seguin- Orlando et al., 2013). It should be noted that 
despite having fewer C → T transitions at the most extreme 5′ base, 
all single- tube libraries seem to incorporate more C → T transitions at 
the penultimate 5′ base.

F IGURE  3 Post- sequencing parameters 
for each method (n = 8), (a) Clonality 
measured from mapped reads, (b) 
Percentage of uniquely mapping reads 
to the reference genome, (c) GC content 
(%) for all reads before mapping, (d) Read 
lengths obtained from raw filtered reads. 
Values are averages of all samples for each 
method with error bars showing standard 
deviation. Values for each sample can be 
seen in Table S4
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3.7 | Cost evaluation

Finally, to evaluate the overall usefulness and practical implications of 
the different methods, we estimated the approximate cost and time 

required for producing 24 libraries using each method (Table 1), and 
found the ATST and BEST methods to have the lowest cost per library. 
We note that costs may vary if other enzyme suppliers or alternate 
purification strategies are used.

4  | DISCUSSION AND CONCLUSION

Results from qPCR and index PCR showed that the single- tube meth-
ods amplified earlier than the BEMC method, indicating a higher 
number of library molecules produced in the library preparation. 
Consequently, more library molecules likely resulted in lower clonality 
(Figure 3a), higher complexity (Figure 4) and higher rate of mapping 
success (Figure 3b).

This increase in production of library molecules for the single- 
tube methods might be explained by elimination of loss of target 
DNA during purifications, but also the altered enzymatic content. In 
previous protocols, a high concentration of T4 DNA Polymerase (0.1–
0.5 U/μl) has been common (Briggs & Heyn, 2012; Kucera & Nichols, 
2008; Margulies et al., 2005; Meyer & Kircher, 2010; Meyer, Stenzel, & 
Hofreiter, 2008). However, many enzyme suppliers (e.g. New England 
Biolabs, www.NEB.com) note that excessively high enzyme activity 
can lead to recessed 3′ ends. Moreover, high temperatures are known 
to cause the same problem (Kucera & Nichols, 2008). We speculate 
that this could be the case with the reagents used in the BEMC library 

F IGURE  4 Plotted values generated by Preseq showing estimated 
number of distinct reads for each method (by color, n = 8) with mean 
values (solid line) and confidence intervals (dotted line) for ≤200 
million reads
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preparation, given that this is designed for relatively high amounts of 
input DNA (1–5 μg, NEB) and therefore likely contains high enzyme 
concentrations. However, we emphasise that further testing is needed 
to investigate such a scenario.

Because the cost of sequencing increases with lower endogenous 
content, we argue that endogenous content of samples—here defined 
as the percentage of unique reads mapping to a reference genome—is 
one of the most important parameters when analysing library meth-
ods for degraded DNA. Our results show that the single- tube meth-
ods and their efficiency have a large effect on the percentage of reads 
mapping to the reference genome. Consequently, the choice of library 
preparation method may greatly affect the quality of data, but also the 
costs and efficiency of sequencing efforts. Furthermore, suboptimal 
library preparation efficiency during screening of samples may lead to 
“false negative” results and subsequent oversampling from the original  
tissues sampled.

GC content is recognised as an important parameter for sequenc-
ing libraries and has been shown to be highly affected by PCR (e.g. 
Aird et al., 2011; Dabney & Meyer, 2012; Quail et al., 2012). Although 
we found no significant difference between Ultra libraries and BEST/
BEMC, there was a significant difference between ATST and BEST/
BEMC. Our results do not clearly point to a cause inherent to A/T- 
ligation or to the single- tube design, and because this parameter is 
heavily affected by PCR, we believe that further studies are needed 
to elucidate any differences in GC content arising specifically in the 
library build.

The read length is also often used to evaluate library prepara-
tion on degraded DNA (e.g. Bennett et al., 2014; Gansauge et al., 
2017; Wales et al., 2015). Although our results do not solely point 
to single- tube methods retrieving shorter fragments as such, it is 
intriguing that heat inactivation at 65° does not increase the aver-
age read lengths as could be expected due to denaturation of short 
fragments (Owczarzy et al., 1997). In fact, with the higher number 
of indexing PCR cycles given to the BEMC libraries (Table S3) and 
expected related decrease in average read length (Dabney & Meyer, 
2012), the true difference between methods before PCR amplifica-
tion might even be greater.

Arguably, many of the above factors will affect the library com-
plexity. This has large implications for sequencing degraded samples in 
which little DNA material is present and massive sequencing is needed 
due to the often low endogenous content and short read lengths (see 
e.g. Meyer et al., 2016). Our estimate on library complexity using the 
Preseq package (Daley & Smith, 2013) showed that all single tube 
preparations had higher complexity than the BEMC method. For very 
degraded samples, or samples with limited amount of sampled ma-
terial, such a parameter would have a great impact on the ability to 
obtain high- quality genetic data, as previously shown with the single- 
stranded library method (Meyer et al. 2012).

Sequence nucleotide composition analysis (Figure 5) showed 
that damage patterns caused by cytosine deamination were sig-
nificantly higher for the BEMC library at the terminal 5′ position. 
It could be argued that this shows a stronger tendency of BEMC 
to incorporate endogenous DNA fragments (Meyer et al., 2016; 

Skoglund et al., 2014). However, this scenario seems unlikely con-
sidering the lower percentage of reads mapping to the reference 
genome for the BEMC library (Figure 3b). One explanation for this 
discrepancy could be that the number of fragments that actually 
contain a uracil base at the 5′ terminal position constitute a small 
percentage of the total number of fragments. Therefore, the re-
sults do not point solely towards lower incorporation of damaged 
molecules overall, but more specifically, lower incorporation of 
molecules bearing uracil or thymine at the terminal 5′ position. 
Moreover, the negative effect of this phenomenon could be over-
ruled by an overall more efficient library preparation, which results 
in higher complexity and read mapping. Therefore, regardless of 
using blunt- end or A/T- ligation, single- tube preparation seems to 
be beneficial to degraded DNA.

We propose that the observed pattern in all single- tube methods 
in which C → T transitions increase in frequency towards the 5′ end, 
but with a sudden drop at the 5′ terminal base, most likely point to a 
bias caused by sequence- dependent enzymatic substrate preference 
as previously shown for A/T- ligation (Seguin- Orlando et al., 2013). 
However, this bias might be intrinsic to more than one enzyme used 
in the presented methods. The effect is strongest in the libraries with 
A/T- ligation, but is also seen in the BEST libraries (Figure 5). Because 
much lower concentrations of enzymes (especially the T4 DNA poly-
merase) were used in the BEST method compared to the BEMC, we 
propose an explanation in which the concentration of T4 DNA poly-
merase can act as a double- edged sword where high concentrations 
cause an inefficient library preparation due to recessed 3′ ends (as 
previously mentioned), while low concentrations can enhance the in-
trinsic bias of the enzyme. However, we emphasise that this scenario 
should be further tested in more rigorous experiments. Although the 
four presented methods share many enzymes, it should also be noted 
that the fill- in reaction differs in its use of “Bst DNA Polymerase, Large 
Fragment” for BEMC and “Bst DNA Polymerase 2.0” for Ultra, BEST 
and ATST.

It is difficult to establish the precise biochemical causes of the 
downstream sequencing results and it must be emphasised that the 
presented data are a result of a number of steps in combination and 
that further studies are needed to elucidate the details. However, the 
effect on sequencing costs is clear when using single- tube design, 
given that less sequencing is needed to obtain a given coverage of the 
target sample. Importantly, the single- tube design allows for a low- 
cost and easy parallelisation of library preparation (automated or man-
ual) as previously shown for modern DNA (e.g. Meyer & Kircher, 2010; 
Rohland & Reich, 2012). The presented single- tube methods therefore 
enable efficient high- throughput library preparation on very short and 
degraded DNA fragments. Due to the simplicity, low cost, high com-
plexity and the slightly lower bias signal compared to the ATST and 
Ultra, we regard the BEST method to be the most suitable single- tube 
protocol for degraded DNA.

From a technical perspective, this study has yielded insight into 
the possible mechanisms behind library bias, although we emphasise 
that further studies are needed to elucidate the specific causes of the 
observed patterns. From a practical perspective and especially with 
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regard to the field of aDNA and related fields, the presented results 
and methodologies demonstrate the possibility and benefits of build-
ing high quality sequencing libraries from degraded DNA, in a time-  
and cost- effective manner.
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