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Background: Recombinase Polymerase Amplification (RPA) is a relatively new isothermal methodology
for amplifying DNA. RPA is similar to traditional PCR in that it produces an amplicon that is defined by the
annealing of two opposing oligonucleotide primers. However, while PCR relies on repeated heating and
cooling cycles to denature and amplify DNA fragments, RPA is performed at a single moderate
temperature and uses enzymatic activity to drive amplification. While RPA is commonly used in field-
based monitoring of pathogens, it is unknown whether RPA is a viable alternative to PCR for the
amplification of ancient DNA.

Methods: In this study, PCR and RPA were used to amplify shotgun and mitochondrial DNA enriched
libraries made from extracts from four ancient bison bone samples. Sequencing data from the amplified
libraries were examined for biases in sequence content (read length and GC content), fraction of unique
reads mapping to a reference sequence, and mitochondrial polymorphisms detection accuracy.

Results: In comparison to PCR, RPA had a variable effect on sequence content, except in the
mitochondrial DNA enriched libraries where RPA consistently reduced mean read length by
approximately 30 bp. RPA increased the number of unique shotgun reads that mapped to a cattle nuclear
reference by between 9% and 99% versus PCR. In contrast, RPA reduced the fraction of unique
mitochondrial DNA enriched reads by > 26%, possibly due to the preferential amplification of small
unmappable molecules.Both RPA and PCR data allowed the identification of similar variants in
mitochondrial DNA enriched libraries, suggesting that the accuracy of the two amplification methods is
comparable. Importantly, RPA was able to generate sequencing libraries at approximately a sixth of the
cost of PCR. These results indicate that RPA is a viable alternative to PCR for amplification of shotgun
libraries made from ancient DNA but may not be suitable for all ancient DNA applications.
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Abstract

Background: Recombinase Polymerase Amplification (RPA) is a relatively new isothermal methodology
for amplifying DNA. RPA is similar to traditional PCR in that it produces an amplicon that is defined by
the annealing of two opposing oligonucleotide primers. However, while PCR relies on repeated heating
and cooling cycles to denature and amplify DNA fragments, RPA is performed at a single moderate
temperature and uses enzymatic activity to drive amplification. While RPA is commonly used in field-
based monitoring of pathogens, it is unknown whether RPA is a viable alternative to PCR for the
amplification of ancient DNA.

Methods: In this study, PCR and RPA were used to amplify shotgun and mitochondrial DNA enriched
libraries made from extracts from four ancient bison bone samples. Sequencing data from the amplified
libraries were examined for biases in sequence content (read length and GC content), fraction of unique
reads mapping to a reference sequence, and mitochondrial polymorphisms detection accuracy.

Results: In comparison to PCR, RPA had a variable effect on sequence content, except in the
mitochondrial DNA enriched libraries where RPA consistently reduced mean read length by
approximately 30 bp. RPA increased the number of unique shotgun reads that mapped to a cattle nuclear
reference by between 9% and 99% versus PCR. In contrast, RPA reduced the fraction of unique
mitochondrial DNA enriched reads by > 26%, possibly due to the preferential amplification of small
unmappable molecules. Both RPA and PCR data allowed the identification of similar variants in
mitochondrial DNA enriched libraries, suggesting that the accuracy of the two amplification methods is
comparable. Importantly, RPA was able to generate sequencing libraries at approximately a sixth of the

cost of PCR. These results indicate that RPA is a viable alternative to PCR for amplification of shotgun
libraries made from ancient DNA but may not be suitable for all ancient DNA applications.

Introduction

High-throughput sequencing and hybridization capture enrichment are techniques that have
become routine in ancient DNA (aDNA) research. After DNA extracted from an ancient sample
has been converted to a sequencing library the DNA concentration is low and the library must be
amplified in order to produce sufficient material for shotgun sequencing and/or hybridization
capture. Ancient extracts usually contain high proportions of non-target DNA, which can often
make two sequential rounds of hybridization capture necessary (Fu et al. 2013; Handt et al. 1994;
Li et al. 2013). Since relatively small quantities of DNA are recovered following hybridization
capture, ancient libraries will require additional amplification after each enrichment.

Consequently, aDNA libraries undergo several rounds of amplification prior to sequencing and
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PCR is by far the most common method used for these amplification steps. However, PCR does
not amplify with complete fidelity and will alter the composition of a library by introducing

sequence biases (Dabney & Meyer 2012).

PCR biases result in certain DNA molecules being preferentially amplified. PCR is known to
preferentially amplify sequences with a GC content in the 50% to 60% range (Benjamini &
Speed 2012). This is because the replication complex in DNA with lower GC content has a
greater chance to disassociate and produce a truncated amplicon that cannot act as template in
further cycles (Su et al. 1996), while DNA molecules with higher GC content tend to form
secondary structures which can block the full extension of the primer by the DNA polymerase
(Guido et al. 2016). In aDNA mammalian studies, the GC preference of PCR is known to shift
the content of a sequencing library away from endogenous DNA to environmental contamination
(Dabney & Meyer 2012). The loss of endogenous DNA is caused by the preferential
amplification of microbial DNA, which can have a GC content of >70%, over mammalian
nuclear DNA that has a GC content of = 40% to 50% (Hildebrand et al. 2010; Romiguier et al.
2010). PCR is also known to have a bias towards shorter molecules (Dabney & Meyer 2012) as
DNA polymerases have a greater chance of disassociating from longer templates and producing

truncated amplicons that cannot participate in downstream amplification (Debode et al. 2017).

Isothermal amplification comprises a group of methodologies that are performed at a constant
relatively low temperature and use enzymatic activity to denature and amplify DNA instead of
heat. Several isothermal methodologies are currently used for DNA amplification (Gill &

Ghaemi 2008). For example, Multiple Displacement Amplification (MDA) is used in many
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whole genome amplification protocols because of the high fidelity and large yield the method
produces (Dean et al. 2002). While MDA is known to introduce sequence biases, these biases
have been shown to be less severe than for PCR (Pinard et al. 2006). However, MDA has not
been applied to aDNA research because the amplification efficiency of this methodology is
positively correlated with template length (Lage et al. 2003), and the latter is characteristically

low in aDNA extracts (Brotherton et al. 2007).

One isothermal methodology that can be easily substituted for PCR is Recombinase Polymerase
Amplification (RPA), which uses proteins involved in genetic recombination to amplify target
DNA. In RPA, recombinase enzymes first form a complex with a primer that scans the template
DNA for complimentary sequences. Once found, the primer is annealed to the complimentary
sequence and the non-complimentary template strand is displaced. The recombinase enzymes
then disassociate from the primer and a DNA polymerase with a strand displacement activity,
such as Bst DNA polymerase, binds to the double-stranded DNA formed by the primer and
template. DNA single strand binding proteins attach to the displaced strand stabilizing the
formation of a replication fork. The DNA polymerase then extends the primer to produce a copy
of the original template. Repeated extension of two opposing primers produces exponential
amplification of the target DNA (Piepenburg et al. 2006). Like PCR, RPA produces an amplicon
constrained in size to the binding sites of the primers. While RPA is commonly used for field-
based monitoring of pathogens (Liljander et al. 2015), the potential of this technology in aDNA

research remains largely unknown.
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100 RPA is arelatively new amplification methodology and there are a limited number of studies that
101 have investigated the biases introduced by this technology. RPA is known to be biased towards
102 smaller DNA molecules (Santiago-Felipe et al. 2015). RPA is performed at a constant

103 temperature so theoretically a molecule can be amplified at most 27! times, where T is the length
104 of the incubation and ¢ is the time it takes to replicate a template. Since length of 7 will be

105 influenced at least in part by the size of a template (short molecule = low ¢), so too will the final
106 copy number. The maximum copy number for short templates will therefore be higher than for
107 long molecules. Further, RPA has also been shown to be biased against sequences with high GC
108 content (Hansen et al. 2016) as the strand exchange activity of some recombinase proteins has
109 been shown to be inhibited by GC content of 70% (Patil et al. 2011). Previous studies have

110 successfully used isothermal amplification on degraded DNA from forensic samples and

111 formalin fixed paraffin embedded (FFPE) tissues (Tate et al. 2011; Wang et al. 2004), as well as
112 modern sequencing libraries (Jasmine et al. 2008; Lou et al. 2013; Ma et al. 2013; Oyola et al.
113  2012). While, isothermal methods have been also used in the hybridization capture of targets
114 from sequencing libraries made from aDNA (Haak et al. 2015), their performance compared to
115 PCR was not evaluated.

116

117  In the current study, we directly compare the performance of the isothermal methodology RPA
118 [using a TwistAmp Basic kit (TwistDx)] and conventional PCR [using Platinum 7ag DNA

119 Polymerase High Fidelity (ThermoFisher)] for amplifying shotgun and mitochondrial DNA

120 (mtDNA) enriched libraries made from aDNA. Shotgun and mtDNA-enriched libraries made
121 from four ancient bison bones (> 12,000 years old) were amplified using both RPA and PCR,

122 and we compared sequence content biases (i.e. length and GC content), mapping statistics, and
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variant calling. We also compared damage profiles for each mtDNA enriched library, as
deamination of cytosine to uracil is common in aDNA templates (Brotherton et al. 2007),
particularly towards the ends of molecules (Briggs et al. 2010; Lindahl 1993), and many DNA
polymerases will read uracil as thymine and misincorporate an adenosine in the complimentary

strand. Finally, we compared the cost of RPA versus PCR in our study.

Materials & Methods

Samples

Four ancient bison bones from North America and Asia were selected for study (Table 1) and all
of the samples were radiocarbon dated by the Oxford Radiocarbon Accelerator Unit to the
Pleistocene. Extraction of aDNA from the bison samples and library construction were
performed in the ancient DNA laboratory of the Australian Centre for Ancient DNA (University
of Adelaide), which is dedicated to low concentration DNA research and is regularly cleaned
with bleach and exposed to UV light. We followed strict guidelines established for aDNA studies

(Cooper & Poinar 2000) including extraction blanks and negative controls for all amplifications.

Table 1. Bison samples
*Previously published carbon dates (Soubrier et al. 2016).

DNA extraction

A small block of roughly 1 cm by 1 cm was cut from each bison bone using a Dremel tool with a
carborundum cutting disk (Dremel). The resulting bone section was wrapped in aluminium foil
and crushed with a hammer. One hundred mg of the resulting bone fragments were extracted

using a standard silica-based binding protocol that has been previously described (Brotherton et

al. 2013; Rohland & Hoftreiter 2007).
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Library construction

Two libraries were made for each bison extraction (20 puL of input DNA per library) following
previously published method employing truncated [llumina adapters with unique dual 7-mer
barcodes (Table S1) (Knapp et al. 2012; Llamas et al. 2016; Meyer & Kircher 2010). Library
construction included a treatment with an enzyme cocktail to partially remove uracils (Rohland
et al. 2015) and all libraries were taken to the adapter fill-in step which included heat inactivation

of the Bst DNA polymerase.

Recombinase polymerase amplification

Because exponential amplification (Ahmed et al. 2014) and high yields have been reported for
RPA (TwistDx: TwistAmp manual), a single 50 pL TwistAmp reaction was used for all
isothermal amplification steps in this study. To concentrate the DNA libraries in order to meet
the sample volume requirement of the TwistAmp protocol, one post-Bst (40 pL) library per bison
was concentrated using a MinElute PCR Purification Kit (Qiagen) by binding to a spin-column
and then eluting in a volume of 13.2 uLL EB (Qiagen) + 0.05% Tween-20 (Rohland & Reich
2012). RPA was performed in a reaction containing: 13.2 pL library, 2.4 puL each of 10 uM IS7
and IS8 primers (Meyer & Kircher 2010), 29.5 pL TwistAmp Rehydration Buffer, 2.5 pL of 280
mM, and lyophilized TwistAmp reagents. The RPA reactions were mixed well via pipetting and
incubated at 39° C for 15 min in a heated-lid thermal cycler. Amplification was stopped by
adding 5 pL 0.5 M EDTA and vortexing. Fifty microliters of H,O was added to the RPA to thin
the viscous reaction and the product was purified using 1.8x volumes of Sera-Mag SpeedBeads

(GE Healthcare) (Rohland & Reich 2012) and eluted with 30 uLL EB + 0.05% Tween. The RPA
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174 product was electrophoresed on a 2% agarose gel, visualized with GelRed staining (Biotium),
175 and quantified using a Qubit dsDNA broad range assay (ThermoFisher). Portions of the

176 truncated library produced by this initial RPA were then used to produce shotgun and mtDNA
177  enriched libraries.

178

179  An indexed shotgun library was constructed for each bison sample by combining the following:
180 30 ng of the initial RPA product, 2.4 uL of 10 uM IS4 primer, 2.4 uL of 10 uM indexing primer
181 (Meyer & Kircher 2010), 29.5 uLL TwistAmp Rehydration Buffer, 2.5 pL of 280 mM,

182 lyophilized TwistAmp reagents, and H,O to 50 uL and then incubated at 39° C for 5 min in a
183 heated-lid thermal cycler. Shotgun amplifications were stopped, purified with 1.8x volumes

184 Sera-Mag beads, and quantified with a Qubit assay as in the initial RPA.

185

186 Mitochondrial DNA enrichment was performed using 150 ng of the initial RPA product and an
187 in-house hybridization capture procedure (Richards et al. 2019) with a modification to the final
188 elution: at the end of enrichment procedure, the streptavidin magnetic beads with the captured
189 library were suspended in 13.2 pL EB (Qiagen) + 0.05% Tween-20 and heated at 95°C for 5 min
190 to release the DNA. The beads were pelleted with a magnetic rack and the supernate containing
191 the released DNA was transferred to a new 1.5 ml tube for storage at -20°C. To amplify the

192 enriched mtDNA the following were combined: 13.2 pL enriched mtDNA library, 2.4 puL of 10
193 uM IS4 primer, 2.4 pL of 10 uM indexing primer, 29.5 uL. TwistAmp Rehydration Buffer, 2.5
194 uL of 280 mM, and lyophilized TwistAmp reagents, and then incubated at 39° C for 20 min in a
195 heated-lid thermal cycler. Enriched library amplifications were stopped, purified, and quantified

196 as in the initial RPA.
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197

198 PCR amplification

199

200 To minimize the introduction of biases, all PCRs were performed with low cycle amplifications
201 and multiple replicates (Polz & Cavanaugh 1998; Rohland et al. 2015). The 40 pL heat

202 inactivated Bst reaction from library construction was divided into 8 x 25 uL PCR reactions each
203 containing: 5 uL DNA, 2.5 pL 10x High Fidelity PCR Buffer, 1 pL 50 mM MgSOQOy,, 0.2 uL 25
204 mM dNTPs, 0.5 pL each of 10 uM IS7 and IS8 primers (Meyer & Kircher 2010), 0.1 pL

205 Platinum Taq DNA Polymerase High Fidelity (5 U/uL), and molecular biology grade H,O to 25
206 pL. The PCRs were amplified in a heated-lid thermal cycler programmed as follows: initial

207  denaturation 94° C for 2 min; 9 cycles at 94° C for 15 seconds, 58° C for 30 seconds, then 68° C
208 for 45 seconds; and a final extension at 68° C for 2 min. PCRs from the same library were

209 pooled, purified with 1.8x volumes Sera-Mag beads as before, and eluted with 30 uL EB +

210 0.05% Tween. One microliter of this elution was quantified using qPCR to determine the

211 minimum number of PCR cycles to amplify this library to produce sufficient DNA for

212  downstream procedures (Carge et al. 2017). Libraries from bison-875 and bison-3133 required
213 dilution (6 pL library added to 24uL EB + 0.05% Tween) and 1pL of this dilution was re-

214 assayed with qPCR as above. Libraries were further amplified in 6 x 25 uLL PCRs containing 2.5
215 pL 10x High Fidelity PCR Buffer, 1 pL 50 mM MgSQy, 0.2 uL 25 mM dNTPs, 0.5 pL each of
216 10 pM IS7 and IS8 primers, 0.1 pL Platinum 7ag DNA Polymerase High Fidelity (5 U/uL), 3
217  pL eluted library (bison-885 and bison-4089) or 3 uL diluted library (bison-875 and bison-3133),
218 and molecular biology grade H,O to 25 pL. The PCRs were amplified in a heated-lid thermal
219 cycler programmed as follows: initial denaturation 94°C for 2 min; various cycles at 94°C for 15

220 seconds, 58° C for 30 seconds, then 68°C for 45 seconds; and a final extension at 68° C for 2
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221 min. The cycle numbers used were: extraction blank — 12 cycles, bison 875 — 8 cycles, bison
222 885 -6 cycles, bison 3133 — 8 cycles, and bison 4089 — 13 cycles. PCRs from the same library
223 were pooled, purified with Sera-Mag SpeedBeads, eluted in 30 pLL EB + 0.05% Tween, and

224 processed as above. The truncated library produced by this second round of amplification was
225 wused in all further steps.

226

227 To generate indexed shotgun libraries, 30 ng of the truncated library was divided among 4 x 25
228 L replicates each containing: 2.5 uL 10x Taq HiFi Buffer, 1uL 50 mM MgSQy, 0.5 uL, 10 mm
229 dNTPs, 0.5 pL each of 10 uM IS4 primer, 2.4 uL of 10 uM indexing primer, 0.1 uL Taq HiFi (5
230 U/uL), 7.5 ng library from the initial PCR amplification, and H,O to 25 pL. PCR amplification
231 was performed in a heated-lid thermal cycler programed as follows: initial denaturation at 94°C
232 for 2 min; 6 cycles at 94° C for 10 seconds, 58° C for 30 seconds, 68° C for 30 seconds; and a
233 final extension at 68° C for 2 min. PCRs from the same library were pooled and purified with
234 1.8x volumes Sera-Mag beads as before.

235

236  Mitogenomes were enriched using 150 ng of the PCR truncated library following the same in-
237 house hybridization capture procedure used with the RPA libraries but with a modification to the
238 final recovery of mtDNA. At the end of the enrichment procedure the streptavidin magnetic

239 Dbeads with the captured library were suspended in 30 uL EB + 0.05% Tween-20 and then heated
240 at 95° C for 5 min to release the captured mtDNA. The beads were pelleted with a magnetic rack
241 and the supernate was transferred to a new 1.5 ml tube for storage at -20° C. One microliter of
242  the captured mtDNA was quantified as before to determine cycle number required for the PCR.

243  Amplification was performed in 4 x 25 pL. PCRs each containing: 2.5 L 10x Taq HiFi Buffer,
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IuL 50 mM MgSQO,, 0.5 pL, 10 mm dNTPs, 0.5 pL each of 10 uM IS4 primer, 2.4 pL of 10 uM
indexing primer, 0.1 pL Taq HiFi (5 U/pL), 7.25 pL captured mtDNA, and H,O to 25. The
PCRs were amplified in a heated-lid thermal cycler programmed as follows: initial denaturation
94° C for 2 min; various cycles at 94° C for 15 seconds, 58° C for 30 seconds, then 68° C for 45
seconds; and a final extension at 68° C for 2 min. The cycle numbers used were: extraction blank
— 24 cycles, bison 875 - 20 cycles, bison 885 — 22 cycles, bison 3133 — 21 cycles, and bison 4089
— 22 cycles. PCRs from the same library were pooled and purified with 1.8x volumes Sera-Mag

SpeedBeads as before.

Sequencing

Indexed libraries were quantified with a Qubit Broad Range dsDNA assay (ThermoFisher) and
then diluted to 5 ng/uL with EB + 0.05% Tween-20. The diluted libraries were assayed with a
D1000 ScreenTape and 2200 TapeStation (Agilent) and pooled in equimolar amounts according
to the ScreenTape results. Pooled libraries were sent to the Kinghorn Centre for Clinical
Genomics for sequencing on an Illumina HiSeq X Ten run using paired-end 2 x 150 bp (300

cycle) chemistry.

Analysis of sequencing data

Fastq files from the sequencer were initially demultiplexed according to the internal 7-mer

internal barcodes using Sabre (version 1.0: https://github.com/najoshi/sabre). Reads were further
processed using AdapterRemoval (2.2.1) (Schubert et al. 2016) to trim adapters, collapse
overlapping read pairs, discard reads <25 bp, and remove reads of low quality ( Phred < 40). To

eliminate the impact of differences in sequencing depths on mapping results, reads from both
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https://github.com/najoshi/sabre

269  shotgun and mtDNA enriched libraries were randomly subsampled to the level of the least-
270  deeply sequenced library (1,850,000 and 1,000,000 for the shotgun and mtDNA enriched
271 libraries respectively) using the reformat command of BBTools (v36.62-intel-2017.01:

272  https://jgi.doe.gov/data-and-tools/bbtools/) and Java (v1.8.0_121).

273 To examine the accuracy of the amplification methods, all of the collapsed reads in each of the
274 mtDNA-enriched libraries were mapped because subsampling would limit our ability to call
275 variants. Collapsed reads were mapped to a cattle nuclear genome reference (UMD Bos_taurus
276 3.1) and a Bison bison mitochondrial genome reference (GenBank number: GU947006.1) using
277 BWA aln (0.5.11-foss-2016b) with parameters recommended for aDNA (Li & Durbin 2009;
278 Schubert et al. 2012). After mapping, duplicate reads were removed using the SortSam and
279 MarkDuplicates packages of Picard Tools v2.2.4:

280  (https://broadinstitute.github.io/picard/index.html). Damage profiles for the mtDNA enriched

281 reads mapped to the mitochondrial reference were generated using mapDamage2.0 (Jonsson et
282 al. 2013). Variants were called using Geneious v10.0.8 and the default parameters with a

283 minimum read coverage of > 5 (Kearse et al. 2012).

284

285 To examine the sequence content biases introduced by the amplification methods, the shotgun
286 and enriched bison libraries were examined for differences in sequence composition. All libraries
287 were subsampled to a maximum 25,000 reads using the reformat command of BBTools and Java
288 to provide a comparable number of sequences in each dataset. Read length and GC content were

289 extracted from the subsampled data using SeqKit (v0.7.2: https://github.com/shenwei356/seqgkit),

290 which were then used to generate violin plots and perform Wilcoxon signed rank tests with R

291 (v3.4.2).

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27544v1 | CC BY 4.0 Open Access | rec: 19 Feb 2019, publ: 19 Feb 2019



https://jgi.doe.gov/data-and-tools/bbtools/
https://broadinstitute.github.io/picard/index.html
https://github.com/shenwei356/seqkit

292 Results
293

294 Sequence content biases

295

296 To examine the introduction of sequence biases by PCR and RPA four types of data were

297 compared: unmapped reads from shotgun libraries (shotgun-unmapped), reads mapped to a

298 nuclear genome from shotgun libraries (shotgun-mapped), unmapped reads from mtDNA-

299 enriched libraries (mtDNA-unmapped), and reads mapped to a mitogenome from mtDNA-

300 enriched libraries (mtDNA-mapped). Split violin plots were generated to allow pair-wise

301 comparison of the sequence biases (read length and GC content) introduced by the amplification
302 methods (Figures 1 and 2). For this discussion, “mean” refers to the mean across all four bison
303 combined (the “All’ violins in Figures 1 and 2), while “average” is used to refer to the mean of
304 an individual bison sample.

305

306 Asillustrated by the violin plots, amplification method impacted sequence biases differently.
307 When comparing mean read length, RPA tended to produce shorter reads than PCR (Figures 1
308 and 2). The smallest difference in mean read length between the amplification methods differed
309 by 0.98 bp in the shotgun-mapped data (Figure 1C). The mtDNA-enriched data exhibited

310 considerably larger differences in mean read length with RPA libraries being on average =~ 30 bp
311 shorter than the corresponding PCR data [29.12 bp for the mtDNA-unmapped (Figure 2A) and
312 28.09 bp for mtDNA-mapped (Figure 2C) data]. The difference in mean read length was

313 significant for all four comparisons (Wilcoxon signed rank test scores: shotgun-unmapped: W =
314  5.7x10°, p-value < 2.2x1071%; shotgun-mapped: W = 5.1x10%, p-value < 2.2x10-'%; mtDNA-

315 unmapped: W = 7.4x10°, p-value < 2.2x107!6; mtDNA-mapped: W= 2.0x10°, p-value < 2.2x10

316 '9). In contrast, RPA did not consistently reduce average read length relative to PCR in the
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317 shotgun data at the level of the individual bison in the shotgun data [4.48 bp increase for bison-
318 3133 in shotgun-unmapped data (Figure 1A) and an increase of 3.71 bp and 3.01 bp respectively

319 for bison-885 and bison-3133 in shotgun-mapped data (Figure 1C)].

323 Figure 1. Shotgun library split violin plots

324  Read length and GC content distributions of four shotgun libraries constructed from bison aDNA and amplified with
325  either PCR or RPA. Bison sample numbers are plotted on the x-axis and the “All” violin figures represent the mean
326  ofall four bison. The colored area represents the frequency distribution of read length or GC content of the

327  amplification method. The diamonds in the violin plots are the mean of each amplification method and the red

328  dotted line represents the 41.89% GC content of the nuclear cattle reference (GenBank number: UMD 3.1) used for
329  mapping. In comparison to PCR, amplification with RPA did not have a consistent effect on read length or GC

330 content. Amplification of shotgun libraries with RPA increased the fraction of unique reads by > 9% in comparison
331 toPCR (Table 2). A) Shotgun-unmapped: Read Length, B) Shotgun-unmapped: GC Content, C) Shotgun-mapped:
332 Read Length, and D) Shotgun-mapped: GC Content.

335 Amplification method also produced variable results with regards to the frequency in read GC
336 content, with the largest differences occurring in unmapped data (Figures 1B and 2B) where
337 PCR increased the frequency of higher GC content reads in comparison to RPA. Of particular
338 note is a strong shift towards reads with a GC content of = 62% produced by PCR in bison-4089.
339

340 In further comparison of the GC biases, RPA reduced the mean GC content of the shotgun-

341 unmapped, shotgun-mapped, and mtDNA-unmapped data by 8.13%, 3.59%, and 5.42%

342 respectively in comparison to PCR (Figures 1B, 1D, and 2B). In contrast, RPA produced an
343 increase of 0.35% relative to PCR in the mean GC content in the mtDNA-mapped dataset

344  (Figure 2D). The differences in mean GC content between PCR and RPA were significant in all
345 cases with Wilcoxon signed rank test scores that ranged from W = 1.4x10°, p-value = 3.1x102
346 for the mtDNA-mapped data and W = 6.8x10°, p-value < 2.2x10-'¢ for shotgun-unmapped data.
347  Again, however, the effect of RPA on GC content was not always consistent at the sample level.

348 In the shotgun-mapped libraries for example, RPA increased the average GC content of bison-
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349 4089 by 1.15% compared to PCR, while decreasing the average GC content between 3.77% and
350 6.02% in the other bison samples (Figure 1D). Further, the difference between PCR and RPA in
351 average GC content of the mtDNA-mapped libraries showed no consistent pattern and tended to
352  be small, with a maximum difference of 1.6% across the four bison (Figure 2D).

353

354 Figure 2. mtDNA-enriched library split violin plots

355  Read length and GC content of ancient bison libraries enriched for mtDNA using hybridization capture and

356  amplified with either PCR or RPA. Bison sample numbers are plotted on the x-axis and the “All” violin figures
357  represent the mean of all four bison. The colored area represents the frequency distribution of read length or GC
358  content of the amplification method. The diamonds in the violin plots are the mean of each amplification method
359  and the red dotted line represents the 39.14% GC content of the bison mitochondrial reference (GenBank number:
360 GU947006.1) used for mapping. RPA reduced the mean read length of mtDNA-enriched data by = 30 bp in

361 comparison to PCR amplification. The reduction in read length produced by the isothermal method appears to have
362 favored the amplification of small unmappable DNA molecules and reduced the fraction of unique mapped reads
363 (by>26%) in the RPA mtDNA enriched data (Table 3). A) mtDNA-unmapped: Read Length, B) mtDNA-

364  unmapped: GC Content, C) mtDNA-mapped: Read Length, and D) mtDNA-mapped: GC Content.

365
366 Shotgun library mapping

32273 Subsampled shotgun libraries were mapped to a cattle nuclear reference and a bison mitogenome
369 reference using BWA aln and parameters commonly used with aDNA (Schubert et al. 2012).
370 After the removal of duplicate reads, the fraction of unique mapped reads was calculated by

371 dividing the number of unique mapped reads by the number of collapsed reads (Tables 2 and 3).
372  In comparison to PCR, RPA consistently increased the fraction of uniquely mapped reads that
373 aligned with the nuclear cattle reference (from 9% to 99%). In contrast, the effect of

374 amplification methods was inconsistent regarding the fraction of unique reads from shotgun

375 libraries that mapped to the mitogenome reference. These mitochondrial results likely stemmed
376 from the generally low numbers of mitochondrial sequences in the shotgun libraries, which made

377  the mapping results stochastic.

378

379 mtDNA-enriched library mapping
380
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381 Subsampled mtDNA enriched libraries were mapped to a bison mitogenome reference using

382 BWA as with the shotgun data analysis. In all bison, amplification with RPA reduced the

383 fraction of unique reads by >26% when compared to PCR (Table 3). This reduction of unique
384 reads is likely the result of the greater bias of RPA towards smaller DNA fragments, which

385 preferentially amplified reads that were too short to accurately map (Figure 2). To compare the
386 accuracy of RPA to PCR, variants in the mtDNA-enriched data were called against a bison

387 mitochondrial reference (SI File). To maximize the number of variants that could be identified,
388 all the reads in the mtDNA-enriched libraries were mapped. Except in loci of low coverage, PCR
389 and RPA performed in a similar manner and identified the same variants in each bison sample

390 (Table 4).

395 Table 2. Mapping statistics of shotgun libraries

396  Shotgun libraries were made from four ancient bison and amplified with either PCR or RPA. To eliminate the effect
397  of differences in sequencing depth all libraries were subsampled to 1,850,000 collapsed reads (a number determined
398 from the lowest number of reads for any sample) and then mapped to a bison mitochondrial reference genome

399 (GenBank number: GU947006.1) and a cattle reference genome (GenBank number: UMD 3.1) using BWA and
400  parameters standardly used with aDNA (Schubert et al. 2012). The fraction of unique mapped reads was determined
401 by dividing the number of unique mapped reads by the number of collapsed reads. In comparison to PCR, RPA had
402  avariable effect on the unique reads mapped to a mitochondrial reference, while RPA consistently increased unique
403  reads that mapped to a nuclear reference. Libraries with lower proportions of endogenous DNA experienced the
404  greatest increase (> 60%) in unique reads that mapped to the nuclear reference with RPA. Mapping statistics for the
405 entire shotgun dataset are given in Table S2. ExB = Extraction Blank

407 Table 3. Mapping statistics mtDNA-enriched libraries

408  Four ancient bison sequencing libraries were enriched for mtDNA using hybridization capture and

409  amplified with either PCR or RPA. To eliminate the effect of differences in sequencing depth all libraries were
410  subsampled to 1,000,000 collapsed reads (a number determined from the lowest number of reads for any sample)
411  and mapped to a bison reference (GenBank number: GU947006.1) using BWA and parameters standardly used with
412 aDNA (Schubert et al. 2012). The fraction of unique mapped reads was determined by dividing the number of

413  unique mapped read by the number of collapsed reads. In comparison to PCR, RPA reduced the fraction of unique
414 reads by >26% in the mapped data. The drop in unique reads observed in the RPA mtDNA-enriched libraries likely
415  stemmed from the amplification of reads that were too short to accurately map. The mapping statistics for the entire
416 mtDNA-enriched dataset is given in Table S3. ExB = Extraction Blank

417

418 Table 4. Number of variants detected in mtDNA-enriched mapped data
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The number of sequence variants (e.g. single nucleotide polymorphism) detected in four ancient bison sequencing
libraries enriched for mtDNA, amplified with either PCR or RPA, and mapped to a modern bison reference
mitogenome (GenBank number: GU947006.1) using BWA and parameters standardly used with aDNA (Schubert et
al. 2012). For this analysis all data from the mtDNA-enriched libraries were used to maximize the number of
variants, which were called using Geneious software (v10.0.08) with the default parameters and a minimum read
depth of > 5(Kearse et al. 2012). The denominator of the fraction is the total number of variants detected in the
sample and the numerator is the number of variants called in the mtDNA enriched data. The difference between the
amplification methods represents the loci that could not be called because of low coverage.

Damage profiles

To determine if the DNA polymerase included in the TwistAmp kit will read through deaminated
cytosine, the damage profiles generated by PCR and RPA were examined. Libraries amplified
with PCR and RPA produced damage profiles typical of aDNA, indicating the polymerase in the
TwistDx kit does read through deaminated cytosine and misincorporate a thymine (Figure 3).
These damage results indicate that the library preparation and bioinformatics safeguards
commonly used with PCR amplified data to minimize the impact of deaminated cytosine on
sequencing data must also be considered when amplifying aDNA using a TwistAmp kit. As with
PCR, damage profiles in TwistAmp amplified libraries can be used to aid with the authentication
of aDNA.

Figure 3. PCR and RPA damage profiles

Damage profiles of four bison mtDNA-enriched libraries amplified with either PCR or RPA and mapped to a
modern bison reference mitogenome (GenBank number: GU947006.1) were generated using mapDamage 2.0
(Jonsson et al. 2013). The similar profiles between the two amplification methods indicates that the DNA
polymerase provided in the TwistAmp kit will read through and misincorporate an adenosine when encountering a
deaminated cytosine.

A) Bison 875-PCR, B) Bison §75-RPA, C) Bison 885-PCR, D) Bison 885-RPA, E) Bison 3313-PCR, F) Bison
3313-RPA, G) Bison 4089-PCR, and H) Bison 4089-RPA

Cost

The estimated cost of a single amplification reaction in this study was $2.60 USD for PCR and
$3.70 USD for RPA (TwistAmp kit), which makes PCR less expensive on per reaction basis.

However, we performed multiple parallel PCRs per library, as is typical for aDNA studies (Polz
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456 & Cavanaugh 1998; Rohland et al. 2015), which increased the overall cost of the PCR protocol.
457 For example, to produce an mtDNA-enriched library with the TwistAmp kit required two

458 amplification reactions at a cost of $7.40 USD (2 x $3.70 USD), while to generate the equivalent
459 library with PCR required a total of 18 amplification reactions at a cost of $ 46.80 USD (18 x
460 $2.60 USD). The cost of PCR amplification will vary depending on the DNA polymerase and the
461 number of reactions used at each step, however, TwistAmp will remain competitive cost-wise in

462 any protocol that uses multiple PCRs for amplification.

463 Discussion

464

465 Bison shotgun libraries amplified with RPA had an increased fraction of unique reads that

466 mapped to a nuclear reference compared to samples amplified with PCR. This increase likely
467 stems from several biases inherent in the amplification methods. First, RPA appears to have the
468 stronger bias towards smaller DNA molecules, which would have favoured the amplification of
469 fragmented endogenous DNA over more intact environmental contamination. Second, the

470 conflicting biases of the methods towards DNA with higher GC content would have favoured the
471 amplification of endogenous bison molecules by RPA. PCR is biased towards sequences with
472 higher GC content and favoured the amplification of microbial DNA, while RPA is biased

473 against sequences with higher GC content, which preferentially amplified endogenous bison
474 DNA. In a project that requires a large volume of sequencing, such as generating an ancient

475 genome, the small increase in unique reads produced by RPA may lead to a significant reduction

476 in study costs.

477
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We found RPA to be competitive cost wise to any aDNA protocol that amplifies with multiple
PCRs. Importantly, amplification with a single RPA reaction produced an increased number of
reads mapping to a nuclear reference compared to a multiple PCR protocol. Applying a single
RPA reaction approach will reduce the labor effort and streamline library amplification
procedures. Further, amplifying with a single RPA reaction will reduce the risk of contaminating

a sample especially in the early stages of library preparation.

While RPA performed well with shotgun libraries, this method does not appear to be suited for
amplification of mtDNA-enriched libraries because of a strong bias towards small DNA
molecules. In hybridization capture of degraded DNA there are two opposing biases with regards
to read length. First, hybridization capture favors larger DNA fragments because longer
sequences form more stable complexes with probe molecules leading to a higher frequency of
recovery (Brotherton et al. 2013). Second, PCR and RPA are both biased towards smaller DNA
molecules. In our mtDNA-enriched data, the large reduction in mean read length (= 30 bp)
produced by RPA suggest that this isothermal method has a much stronger size bias than PCR
and is able to overcome the size preference of hybridization capture towards longer DNA
molecules. The strong size bias of RPA in our study likely led to a greater amplification of short
DNA molecules the mtDNA-enriched libraries and in the case of endogenous DNA many of
these small reads were too short to map causing a reduction in the coverage of the mitogenome
reference in mapping analysis. The strong size bias of RPA would also make the isothermal
method unsuitable for amplifying shotgun libraries with a high proportion of small DNA
molecules. It is not entirely clear why RPA did not produce a stronger size bias in the shotgun

data. Sequence diversity in shotgun libraries is much greater than in enriched libraries and this
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501 increased complexity may have dampened the size bias of RPA. The size bias of RPA is
502 dependent on the replication complex repeatedly attaching to small DNA molecules, which is
503 less likely in a complex shotgun library than a library that has been enriched for short fragmented

504 endogenous DNA.

505 Conclusion

506

507

508 This study sought to determine if RPA was a viable alternative to PCR in the amplification of
509 shotgun and mtDNA enriched libraries made from aDNA. Our data indicates that RPA can be
510 substituted for PCR for the amplification of aDNA shotgun libraries. In comparison PCR, RPA
511 produced an increase of unique reads from ancient bison libraries that mapped to a cattle nuclear
512 reference genome at a reduced cost. However, RPA does not appear to a suitable method to

513 amplify libraries after hybridization capture as the amplification method has a strong bias

514 towards short molecules that are not mappable.

515

516 In this study aDNA from sub-fossil was examined but, RPA may also be suitable for the

517 amplification of degraded DNA from other sources. FFPE tissues from clinical procedures

518 represents a largely underutilized genetic resource for pathological conditions, mainly because of
519 the difficulty of processing the DNA from these samples (Tang et al. 2009). Similar to aDNA
520 from sub-fossil bones, the DNA from FFPE tissues is damaged, fragmented, and found at low
521 concentrations (Munchel et al. 2015). To overcome these difficulties, high-throughput

522 sequencing is now being applied to DNA extracted from FFPE samples to characterize the

523 mutations involved with diseases such as cancer (Munchel et al. 2015). Amplification of shotgun
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libraries prepared from FFPE tissues with RPA may produce comparable increases in

endogenous mapped reads as observed in the current study.
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Table 1. Bison samples

*Previously published carbon dates (Soubrier et al. 2016).
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ACAD Species Tissue Country, state Location Calibrated Carbon Dates

Number (ORAU lab number)

875 Bison priscus Metacarpal Russia, Siberia Alyoshkina Zaimka >50,000*
(OxA-29064)

885 Bison sp. Humerus USA, Alaska Lost Chicken Creek 12,465+ 75
(OxA-11245)

3133 Bison priscus Astragalus Canada, Yukon Territory Irish gulch 26,360 £ 220*
(OxA-22141)

4089 Bison sp. Long bone Russia, Adyghe Mezmaiskaya Cave >50,000*

fragment (OxA-19197)
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Table 2(on next page)

Table 2. Mapping statistics of shotgun libraries

Shotgun libraries were made from four ancient bison and amplified with either PCR or RPA. To
eliminate the effect of differences in sequencing depth all libraries were subsampled to
1,850,000 collapsed reads (a number determined from the lowest number of reads for any
sample) and then mapped to a bison mitochondrial reference genome (GenBank number:
GU947006.1)and a cattlereference genome (GenBank number: UMD 3.1) using BWA and
parameters standardly used with aDNA (Schubert et al. 2012). The fraction of unique mapped
reads was determined by dividing the number of unique mapped reads by the number of
collapsed reads. In comparison to PCR, RPA had a variable effect on the unique reads
mapped to a mitochondrial reference, while RPA consistently increased unique reads that
mapped to a nuclear reference. Libraries with lower proportions of endogenous DNA
experienced the greatest increase (> 60%) in unigue reads that mapped to the nuclear
reference with RPA. Mapping statistics for the entire shotgun dataset are given in Table S2.

ExB = Extraction Blank
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Unique . . o C.hange'in
Library Mapped Mapped Fraction Unique Fraction Umqu.e
Reads Reads Mapped reads Mapped Reads in
Comparison to PCR

Mapped to Mitochondrial Reference Genome
PCR - ExB 0 0 0
PCR -875 594 589 0.000318378
PCR -885 138 137 7.41E-05
PCR -3133 109 108 5.84E-05
PCR -4089 1011 831 0.000449189
RPA - ExB 0 0 0
RPA-875 548 519 0.000280541 -13.29
RPA-885 212 188 0.000101622 +27.13
RPA-3133 100 94 5.08E-05 -14.89
RPA-4089 2177 1027 0.000555135 +19.08

Mapped to Nuclear Reference Genome

PCR - ExB 1055 959 0.000518378
PCR -875 1030040 1019825 0.551256757
PCR -885 91919 90799 0.049080541
PCR -3133 1028050 1017857 0.550192973
PCR -4089 94391 85283 0.046098919
RPA - ExB 3628 1175 0.000635135
RPA-875 1174194 1130883 0.611288108 +10.98
RPA-885 163111 147280 0.079610811 +62.2
RPA-3133 1163979 1114441 0.602400541 +9.49
RPA-4089 322564 169819 0.091794054 +99.12
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Table 3(on next page)

Table 3. Mapping statistics mtDNA-enriched libraries

Four ancient bison sequencing libraries were enriched for mtDNA using hybridization capture
and amplified with either PCR or RPA. To eliminate the effect of differences in sequencing
depth all libraries were subsampled to 1,000,000 collapsed reads (a number determined from
the lowest number of reads for any sample) and mapped to a bison reference (GenBank
number: GU947006.1)using BWA and parameters standardly used with aDNA (Schubert et al.
2012). The fraction of unique mapped reads was determined by dividing the number of
unique mapped read by the number of collapsed reads. In comparison to PCR, RPA reduced
the fraction of unique reads by >26% in the mapped data. The drop in unique reads
observed in the RPA mtDNA-enriched libraries likely stemmed from the amplification of reads
that were too short to accurately map. The mapping statistics for the entire mtDNA-enriched

dataset is given in Table S3. ExB = Extraction Blank
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Library Mapped Unique Mapped Fraction Unique % Change in
Reads Reads Mapped Reads Fraction
Unique
Mapped Reads
in Comparison
to PCR
ExB-PCR 1301 5 0.000005
875-PCR 111165 22998 0.022998
885-PCR 54943 9532 0.009532
3133-PCR 25356 10766 0.010766
4089-PCR 186830 4656 0.004656
ExB-RPA 0 0 0
875-RPA 48040 14712 0.014712 -26.03
885-RPA 64621 3370 0.00337 - 64.65
3133-RPA 19910 7135 0.007135 -33.73
4089-RPA 212137 2641 0.002641 -43.28
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Table 4(on next page)

Table 4. Number of variants detected in mtDNA-enriched mapped data

The number of sequence variants (e.g. single nucleotide polymorphism) detected in four
ancient bison sequencing libraries enriched for mtDNA, amplified with either PCR or RPA, and
mapped to a modern bison reference mitogenome (GenBank number: GU947006.1)using
BWA and parameters standardly used with aDNA (Schubert et al. 2012). For this analysis all
data from the mtDNA-enriched libraries were used to maximize the number of variants,
which were called using Geneious software (v10.0.08) with the default parameters and a
minimum read depth of 35(Kearse et al. 2012). The denominator of the fraction is the total
number of variants detected in the sample and the numerator is the number of variants
called in the mtDNA enriched data. The difference between the amplification methods

represents the loci that could not be called because of low coverage.
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Bison PCR RPA
Sample

875 78/78 78/78
885 61/61 60/61
3133 59/59 55/59
4089 613/614 376/614
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Figure 1

Figure 1.Shotgun library split violin plots

Read length and GC content distributions of four shotgun libraries constructed from bison
aDNA and amplified with either PCR or RPA. Bison sample numbers are plotted on the x-axis
and the “All” violin figures represent the mean of all four bison. The colored area represents
the frequency distribution of read length or GC content of the amplification method. The
diamonds in the violin plots are the mean of each amplification method and the red dotted
line representsthe 41.89% GC content of the nuclear cattle reference (GenBank number:
UMD 3.1) used for mapping. In comparison to PCR, amplification with RPA did not have a
consistent effect on read length or GC content. Amplification of shotgun libraries with RPA
increased the fraction of unique reads by > 9% in comparison to PCR (Table 2). A) Shotgun-
unmapped: Read Length, B) Shotgun-unmapped: GC Content, C) Shotgun-mapped: Read
Length, and D) Shotgun-mapped: GC Content.
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Figure 2

Figure 2.mtDNA-enriched library split violin plots

Read length and GC content of ancient bison libraries enriched for mtDNA using hybridization
capture and amplified with either PCR or RPA. Bison sample numbers are plotted on the x-
axis and the “All” violin figures represent the mean of all four bison. The colored area
represents the frequency distribution of read length or GC content of the amplification
method. The diamonds in the violin plots are the mean of each amplification method and the
red dotted line represents the 39.14% GC content of the bison mitochondrialreference
(GenBank number: GU947006.1) used for mapping. RPA reduced the mean read length of
mtDNA-enriched data by = 30 bp in comparison to PCR amplification. The reduction in read
length produced by the isothermal method appears to have favored the amplification of
small unmappable DNA molecules and reduced the fraction of unigue mapped reads (by >
26%) in the RPA mtDNA enriched data (Table 3). A) mtDNA-unmapped: Read Length, B)
mtDNA-unmapped: GC Content, C) mtDNA-mapped: Read Length, and D) mtDNA-mapped:
GC Content.
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Figure 3

Figure 3. PCR and RPA damage profiles

Damage profiles of four bison mtDNA-enriched libraries amplified with either PCR or RPA and
mapped to a modern bison reference mitogenome (GenBank number: GU947006.1) were
generated using mapDamage 2.0 (Jénsson et al. 2013). The similar profiles between the two
amplification methods indicates that the DNA polymerase provided in the TwistAmp kit will
read through and misincorporate an adenosine when encountering a deaminated cytosine.A)
Bison 875-PCR,B) Bison 875-RPA, C) Bison 885-PCR, D) Bison 885-RPA, E) Bison 3313-PCR, F)
Bison 3313-RPA, G)Bison 4089-PCR, and H) Bison 4089-RPA
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