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Abstract 42 

DNA hybridization-capture techniques allow researchers to focus their sequencing efforts on 43 

pre-selected genomic regions. This feature is especially useful when analyzing ancient DNA 44 

(aDNA) extracts, which are often dominated by exogenous environmental sources. Here, we 45 

assessed, for the first time, the performance of hyRAD as an inexpensive and design-free 46 

alternative to commercial capture protocols to obtain authentic aDNA data from osseous 47 

remains. HyRAD relies on double enzymatic restriction of fresh DNA extracts to produce 48 

RNA probes that cover only a fraction of the genome and can serve as baits for capturing 49 

homologous fragments from aDNA libraries. We found that this approach could retrieve 50 

sequence data from horse remains coming from a range of preservation environments, 51 

including beyond radiocarbon range, yielding up to 146.5-fold on-target enrichment for 52 

aDNA extracts showing extremely low endogenous content (<1%). Performance was, 53 

however, more limited for those samples already characterized by good DNA preservation 54 

(>20-30%), while the fraction of endogenous reads mapping on- and off-target was relatively 55 

insensitive to the original endogenous DNA content. Procedures based on two, instead of a 56 

single round of capture, increased on-target coverage up to 3.6-fold. Additionally, we used 57 

methylation sensitive restriction enzymes to produce probes targeting hypomethylated 58 

regions, which improved data quality by reducing post-mortem DNA damage and mapping to 59 

multicopy regions. Finally, we developed a fully automated hyRAD protocol leveraging 60 

inexpensive robotic platforms to facilitate capture processing. Overall, our work establishes 61 

hyRAD as a cost-effective strategy to recover a set of shared orthologous variants across 62 

multiple ancient samples.  63 
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1. Introduction 64 

In the last 15 years, High-Throughput DNA Sequencing (HTS) has found many applications 65 

in the genetic characterization of present-day biodiversity. HTS has also been extensively 66 

used to characterize past plant and animal communities, leveraging ancient DNA (aDNA) 67 

preserved both in sediments and sub-fossilized tissues (Leonardi et al., 2016; Orlando & 68 

Cooper, 2014). For example, aDNA metabarcoding has helped identify ecological shifts in 69 

relation to climatic change (Pedersen et al., 2016; Willerslev et al., 2014) and human 70 

activities, including pastoralism (Giguet-Covex et al., 2014), despite limitations due to the 71 

extensively degraded nature of aDNA (Dabney et al., 2013). While massive parallel 72 

sequencing of short DNA fragments (Goodwin et al., 2016) unveiled the full genome 73 

sequence of extinct organisms (even beyond the one million time range, van der Valk et al., 74 

2021), aDNA libraries are frequently dominated by environmental microbial sources (Prüfer 75 

et al., 2010). Therefore, shotgun sequencing often provides a cost-ineffective strategy for 76 

characterizing past sequence variation at the genome scale.  77 

In contrast to shotgun-sequencing, genome reduction approaches (sensu McCormack et al., 78 

2013), including hybridization-based target-enrichment techniques (Kozarewa et al., 2015; 79 

Mamanova et al., 2010), are designed to focus sequencing efforts on a fraction of the genome 80 

only. These approaches not only reduce analytical costs but also maximize the chances to 81 

identify DNA present even in limited abundance (Slon et al., 2017). Therefore, target-82 

enrichment provides an increasingly popular strategy for characterizing past biodiversity both 83 

at the community (Slon et al., 2017) and population (Mathieson et al., 2015) levels. The 84 

approach is also increasingly used for genetic monitoring of endangered populations for 85 

which only non-invasive material can be collected from very limited and/or heavily 86 

contaminated sources (Aylward et al., 2018; Fontsere et al., 2020). 87 
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One common limitation of hybridization-based genome reduction techniques pertains to 88 

probe design and synthesis. Typically, nucleic acid probes are designed on the basis of 89 

existing molecular panels, which are, however, not available across all taxa, especially 90 

amongst non-model organisms. Probe synthesis also entails significant costs that are generally 91 

commensurate to the number of loci targeted. A number of in-house procedures have been 92 

developed to limit probe production costs, through PCR amplification of number of target loci 93 

(Maricic et al., 2010; Peñalba et al., 2014), or in vitro transcription when aiming at the whole 94 

genome (Carpenter et al., 2013). HyRAD technologies have been recently proposed to fill the 95 

gap between those two alternatives, allowing users to scale up probe production to their 96 

research question and sequencing capacity (Schmid et al., 2017; Suchan et al., 2016). The 97 

methodology leverages the versatility of RAD sequencing, which targets genomic regions 98 

flanking (Peterson et al., 2012) or encompassing (Baird et al., 2008) user-selected restriction 99 

sites. In hyRAD, enzymatic restriction is first applied to fresh DNA from a set of individuals 100 

of the focal or closely-related species. Digested DNA fragments are then immortalized to 101 

produce target enrichment probes on-demand for in solution aDNA capture (Suchan et al., 102 

2016).  103 

Despite reported success on plant and animal museum specimens (Boucher et al., 2016; 104 

Crates et al., 2019; Gauthier et al., 2020; Lang et al., 2020; Linck et al., 2017; Schmid et al., 105 

2018), the full potential of hyRAD to characterize past molecular diversity remains largely 106 

unexplored. Currently, only one study retrieved aDNA over the thousand-year time scale from 107 

~7,000 year-old pine needles that were preserved in the lake sediments (Schmid et al., 2017). 108 

The suitability of hyRAD to (1) other preservation conditions, (2) deeper time ranges, and (3) 109 

calcified material, such as bones, teeth and shells, which represent the dominant fraction of 110 

the fossil record is, thus, unknown. 111 
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In this study, we applied hyRAD for the first time to ancient osseous material going beyond 112 

the radiocarbon time range and spanning various environmental conditions (from Tunisia, 113 

Poland and Russia; Tab. 1). We benchmarked hyRAD protocols including one or two-rounds 114 

of capture and different combinations of restriction enzymes. These included methylation-115 

sensitive enzymes with the aim to target hypomethylated genomic regions and limit the 116 

impact of post-mortem DNA damage (Seguin-Orlando et al., 2015; Smith et al., 2015), while 117 

diverting sequencing efforts from the most repetitive, hypermethylated, fraction of the 118 

genome (Karam et al., 2015; Larsson et al., 2013). We also developed and validated an 119 

automated protocol for targeted capture on Opentrons OT-2 liquid-handling robots to 120 

minimize hands-on time and the risk of experimental errors. Overall, the procedures presented 121 

in this study successfully retrieved authentic aDNA data from material beyond the 122 

radiocarbon time range and could achieve up to 146.46-fold enrichment of on-target reads on 123 

DNA extracts originally showing 0.34% endogenous DNA. The approach was successful in 124 

retrieving orthologous DNA fragments from different samples, with limited sequencing 125 

efforts. 126 

2. Methods 127 

2.1. DNA extraction and sample library preparation 128 

The samples consisted of 12 bone or tooth material, ranging from Late Pleistocene to the 4th 129 

century CE (Common Era), from Tunisia, Poland and Russia. They were selected following 130 

shallow shotgun sequencing to encompass almost an entire range of endogenous DNA 131 

content (0.34-73.78%; Tab. 1). DNA extraction followed Gamba et al. (2016) with 132 

modifications from Fages et al. (2019). Extracted DNA was treated with USER mix (Uracil-133 

Specific Excision Reagent, New England Biolabs - NEB) prior to DNA library construction, 134 

following Fages et al. (2019). A total of 14.9 µl of USER-treated aDNA extract was used for 135 
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library preparation according to the modified Meyer & Kircher (2010) protocol presented in 136 

Fages et al. (2019), including one 6-bp external index (Orlando et al., 2013) and two 7-bp 137 

internal indices from Rohland et al. (2015) (Fig. S1A). In order to ensure sufficient amounts 138 

of DNA templates for hyRAD capture, each of the 12 DNA libraries were amplified in two 139 

successive rounds of PCR. First, 3 µl of library was used within a 25 µl reaction with of 0.2 140 

µM of IS4 primer, 0.2 µM of indexing primer (Meyer & Kircher, 2010), 0.5 µg/µl of BSA 141 

(NEB), 1 U of AccuPrime Pfx polymerase (ThermoFisher Scientific) and 1x AccuPrime 142 

buffer. PCR consisted of 5 min denaturation at 95°C, followed by 11 cycles of 15 s at 95°C, 143 

30 s at 60°C, 30 s at 68°C, and a final elongation for 5 min at 68°C. The number of PCR 144 

cycles for the second reaction was determined using qPCR and the samples were re-amplified 145 

either in two (samples KB2017, PLMie3, LOG3, DIV9, SV2019-22, SV2019-18, PLKaz4, 146 

PLKaz1; used for the capture with PstI-MseI probes only) or 16 parallel PCRs (samples 147 

PLMie10, PLSla2, PLMie8, PLKaz2; used for the capture with all three types of the probes 148 

and the automated capture test, see below), in order to obtain the required amount for the 149 

capture. The second amplification round was carried out using the IS5_reamp.P5 and 150 

IS6_reamp.P7 primers (Tab. S1) from Meyer & Kircher (2010) and the same PCR conditions 151 

as above, except that the primer concentration was 0.4 µM and only 1 µl of DNA template 152 

was used. For each sample, PCR replicates were pooled, purified and concentrated into 10 µl 153 

(for duplicate reactions) or 80 µl (for multiplicate reactions), using MinElute columns 154 

(Qiagen). 155 

2.2. Probe library preparation and probe production 156 

Probe production was based on previous hyRAD protocols (Schmid et al., 2017), which rely 157 

on in vitro transcription of the probe library molecules containing T7 RNA polymerase 158 

promoter. Overall, high-molecular weight DNA extracts (2 µg) from a modern domesticated 159 
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horse were subject to double enzymatic restriction before being ligated to two adapters, each 160 

showing terminal ends complementary to one restriction site (Fig. S1B). Different 161 

combinations of restriction enzymes were selected to provide different levels of genome 162 

reduction. The PstI-MseI combination targeted 6-bp- and 4-bp-long restriction sites, 163 

respectively, and therefore was expected to produce fewer digested fragments than MspI-MseI 164 

and HpaII-MseI combinations, which both build on 4-bp-long restriction sites only. The latter 165 

two combinations were also selected to target genomic regions showing different DNA 166 

methylation background. Both HpaII and MspI enzymes target the same DNA restriction site 167 

(C|CGG) but HpaII does not cleave DNA when the central CpG dinucleotide is methylated, in 168 

contrast to MspI. 169 

Each digestion reaction used 40 U of PstI-HF (or MspI/HpaII, NEB) and 20 U of MseI (NEB) 170 

in the CutSmart buffer for 3 h at 37°C in 100 µl. The reaction was purified using AMPure 171 

beads (Beckman Coulter), with a bead-to-liquid ratio of 2:1 and eluted in 20 µl of Tris 10 172 

mM. The purified DNA was then used in a 3 h ligation reaction at 16°C with 800 U of T4 173 

DNA ligase (NEB) and 0.7 µM of each adapter (P1 and P2, see Tab. S1), with a final volume 174 

of 28 µl. Following ligation and purification with AMPure beads (bead-to-liquid ratio = 175 

1.5:1), DNA templates were selected within the 190-390 bp size range using the Blue Pippin 176 

instrument and 2% agarose cassettes with external marker (Sage Science), which corresponds 177 

to inserts of ~100-300 bp. A further purification step allowed the elimination of those probe 178 

library constructs that did not incorporate the P2 adapter. This was achieved using the biotin 179 

group present in the P2 capture adapter and streptavidin-coated beads (MyOne C1 180 

Dynabeads, Invitrogen). A total of 40 µl of the beads was first washed and resuspended in 2x 181 

TEN buffer (10mM Tris-HCl, 1mM EDTA, 2M NaCl), then combined with 40 µl of DNA, 182 

incubated rotating for 15 min, separated on magnet, washed three times with 1x TEN buffer 183 
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and resuspended in 15 µl of water. Finally, the probe library constructs showing both P1 and 184 

P2 adapters were PCR amplified in a single reaction using KAPA HiFi HotStart ReadyMix 185 

(Roche), 0.6 µM of IS4 primer and indexing primer (Meyer & Kircher, 2010), and 7.5 µl of 186 

the bead solution obtained in the previous step. The PCR conditions were the same as for 187 

aDNA libraries, except that 14 cycles were used. The probe library was purified using 188 

AMPure beads (bead-to-liquid ratio = 1:1) and eluted in 20 µl of 10 mM Tris. Half of the 189 

probe library was kept for sequencing while the rest was digested with 1.5 U of MseI in 15 µl 190 

reaction for 3 h at 37°C to remove the P2 adapter prior to the probe production through in 191 

vitro transcription. Adapter removal was confirmed and concentration estimated by running 192 

the sample on TapeStation 4200 instrument (Agilent). RNA probes were then synthesized 193 

following in vitro transcription using the HiScribe T7 High Yield RNA Synthesis Kit (NEB) 194 

according to the manufacturer’s instructions, with 1/3 of UTP molarity as biotin-16-UTP 195 

(Roche), and 2 µl of the DNA template in 40 µl reaction, for 16 h at 37°C. Each reaction was 196 

then subject to TurboDNAse (Thermo Fisher) treatment at 37°C for 30 min to remove 197 

remaining DNA templates and purified on RNEasy Mini column (Qiagen) using standard 198 

procedure, except that 675 µl of ethanol was used with RNA and RTL buffer mix prior to 199 

column loading step to ensure that RNA probes of all possible lengths were retained. The 200 

purified probes were eluted in 50 µl of EB buffer (Qiagen) and supplemented with 2.5 µl of 201 

SUPERase-In (Thermo Fisher).  202 

HyRAD capture requires the use of blocking RNA oligonucleotides that are complementary 203 

to the Illumina P5 and P7 adapters present in aDNA libraries (Fig. S1A). Blocking RNA were 204 

synthesized by annealing synthetic BO.P5 and BO.P7 DNA oligonucleotides with anoither 205 

oligonucleotide consisting of the P7 promoter sequence (Tab. S1; Carpenter et al., 2013) at 50 206 

µM concentration and using 1 µl of annealed template for in vitro transcription with the 207 
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HiScribe T7 High Yield RNA Synthesis Kit (NEB). Separate transcription reactions were 208 

carried out for each blocking RNA and subject to TurboDNAse treatment and RNEasy Mini 209 

column purification, as above. 210 

2.3. Hybridization capture 211 

Hybridization conditions closely followed MyBaits v3 protocol (MYcroarray, USA; 212 

http://www.mycroarray.com/mybaits/manuals.html) and the work from Suchan et al. (2016) 213 

and Cruz-Davalos et al. (2017). For each reaction, 500 ng of DNA library was mixed with a 214 

blocking mix consisting of blocking RNA (0.55 µM), RNA probes (500 ng), human Cot-1 215 

DNA (2.3 µg) and salmon sperm DNA (2.3 µg), and denatured for 5 min at 95°C. The 216 

temperature was then lowered to 55°C for hybridization (Cruz-Dávalos et al., 2017) and the 217 

pre-warmed hybridization solution with RNA probes added. The final hybridization reaction 218 

included 5.4x SSPE (equivalent to 0.8 M NaCl), 0.15% SDS, 5.25x Denhardt's solution, 0.9 U 219 

of SUPERase-In (Thermo Fisher) and 13 mM EDTA (including the one present in the SSPE 220 

buffer). The 55°C incubation for the first round of capture was carried out for 40 h but only 221 

for 16 h during the second round, as the first round already considerably reduced the 222 

proportion of non-focal library material (Fig. 1). 223 

Next, captured DNA fragments were immobilized during 30 min at 55°C by adding 30 µl of 224 

streptavidin-coated beads (Dynabeads C1, Thermo Fisher) resuspended in 70 µl of TEN 225 

buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 1M NaCl). Beads were separated on the 226 

magnet, resuspended and incubated for 15 minutes in 180 µl of 1x SSC/0.1% SDS, 227 

resuspended and incubated three times for 10 minutes with 180 µl of 0.1x SSC/0.1% SDS, 228 

and finally, resuspended in 30 µl of water. 229 

http://www.mycroarray.com/mybaits/manuals.html
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All samples were subject to capture with PstI-MseI probes. Four samples (PLMie10, PLSla2, 230 

PLMie8, PLKaz2) were also captured on two additional sets of probes (MspI-MseI and 231 

HpaII-MseI). Since probe libraries contain Illumina sequencing adapters, they could be 232 

sequenced prior to in vitro transcription in order to identify the genomic locations (targets) 233 

subject to enrichment (Fig. S1B). The aDNA libraries were sequenced prior to and following 234 

one (samples PLMie10, PLSla2, PLMie8, and PLKaz2) or two rounds of enrichment (all the 235 

samples). The four samples sequenced after the first and second round of capture were used to 236 

assess the impact of successive rounds of capture. Specifically, the sample libraries obtained 237 

following one round of capture were subject to either a second round of capture after re-238 

amplification for approximately 500 ng of DNA, or to sequencing following fewer PCR 239 

amplification cycles. The number of PCR cycles was determined by qPCR and ranged from 240 

12 to 20 for preparing the second round of capture, 5-15 for sequencing after the first round of 241 

capture and 3-4 for sequencing after the second. PCRs were performed using KAPA HiFi 242 

HotStart ReadyMix, 7.5 µl of the beads solution after the capture and wash steps, and 0.5 µM 243 

of IS5_reamp.P5 and IS6_reamp.P7 primers (Tab. S1) from Meyer & Kircher (2010). All 244 

resulting sample and probe libraries were sequenced on the Illumina MiniSeq instrument, 245 

using 2 × 80 bp High-Output Kit. 246 

The detailed protocol is available as a supplementary material. 247 

2.4. Protocol automation 248 

The automation protocol was implemented using Opentrons OT-2 robot (opentrons.com; also 249 

see May, 2019), equipped with magnetic and PCR modules, and includes all steps underlying 250 

hybridization capture, namely: (1) hybridization of aDNA libraries with the blocking mix, 251 

pre-warming and addition of probes; (2) incubation in the Opentrons PCR module, and; (3) 252 

pre-warming of all washing buffers and performing washing by moving the samples to the 253 
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Opentrons magnetic module for bead separation and buffer change, and back for incubation 254 

on the PCR module. The efficacy of the automated capture was assessed by comparison to the 255 

performance achieved manually following two-round captures on four samples (PLMie10, 256 

PLSla2, PLMie8, and PLKaz2). 257 

2.5. Data analysis 258 

Paired-end sequence data obtained from probe libraries were filtered and trimmed using 259 

cutadapt v2.10 (Martin, 2011). We only kept those read pairs showing a fragment of the P1 260 

adapter (consisting of the T7 promoter and the restriction cut-site) at the beginning of the first 261 

read, and the second cut-site at the beginning of the second read. For the P1 adapter, no more 262 

than 3 errors were allowed, including at best one base indel at read start. For the second 263 

adapter, full sequence match to the second cut-site and full overlap thereof were enforced. 264 

The resulting trimmed read pairs were then aligned against the horse EquCab3 reference 265 

genome (Kalbfleisch et al., 2018) using paleomix v1.3.2 (Schubert et al., 2014) and both 266 

BWA v0.7.17 backtrack algorithm (Li et al., 2009) and Bowtie2 v2.3.4.1 (Langmead & 267 

Salzberg, 2012). For Bowtie2, we used the mapping parameters recommended by Poullet & 268 

Orlando (2020), while default parameters were used with BWA. All read alignments were 269 

then filtered to a minimal mapping quality of 25. While read alignment was carried out using 270 

both BWA and Bowtie2 with similar outcomes, we chose the latter for subsequent analyses, 271 

based on generally higher numbers of mapped collapsed reads, in line with previous work 272 

(Cahill et al., 2018; Poullet & Orlando, 2020) (Tab. S2; Fig. S2). 273 

For DNA sequences obtained from aDNA libraries, similar procedures were used, except that 274 

(1) AdapterRemoval v 2.3.1 (Schubert et al., 2016) was used for read trimming and collapsing 275 

instead of cutadapt; (2) seeding was disabled during BWA mapping (Schubert et al. 2012); (3) 276 

rmdup_collapsed from Paleomix was used for removing PCR duplicates for collapsed and 277 
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Picard tools v2.18.0 (http://broadinstitute.github.io/picard/) for uncollapsed reads, and; (4) 278 

post-mortem DNA damage was assessed using mapDamage v2.2.1 (Jónsson et al., 2013) and 279 

PMDtools v0.50 (Skoglund et al., 2014). 280 

The expected number and size of DNA fragments obtained following enzymatic digestion 281 

were estimated in silico applying fragmatic (Chafin et al., 2018) to the EquCab3.0 reference 282 

genome. Here, all three combinations of enzymatic restrictions could be investigated using 283 

two analyses only, as HpaII and MspI target the same restriction site. Preseq v.2.0.3 (Daley & 284 

Smith, 2013) functions c_curve (step size in extrapolations = 10,000) and lc_extrap 285 

(maximum extrapolation = 50,000,000, step size in extrapolations = 10,000) were used to 286 

estimate library complexity profiles. 287 

Comparison between the different experimental conditions was carried out by random 288 

sampling identical numbers of reads for each given sample for all the treatments (to the 289 

lowest number of reads obtained for each sample (range = 88,013-690,062, mean = 464,500). 290 

The following statistics were calculated for the libraries pre- and post-capture, using custom 291 

scripts based on the samtools v.1.10 (Li et al., 2009) and bedtools v2.29.2 (Quinlan & Hall, 292 

2010): the fraction of endogenous DNA (number of reads mapping to the reference genome / 293 

number of raw reads); the fraction of unique endogenous DNA; the amount of PCR 294 

duplicates; the fraction of on-target reads (reads showing at least 1-bp overlap with probe 295 

coordinates); the fraction of unique on-target reads; the average depth-of-coverage for unique 296 

on-target reads; the size distribution of the uniquely-mapped fragments (based on collapsed 297 

read pairs only, as these ensure that full aDNA fragments were sequenced); the GC content of 298 

the uniquely-mapped reads and; the number of on-target sites with depth > 0 (following PCR 299 

duplicate removal). We have also plotted the size distribution of on-target reads (based only 300 

on collapsed reads for precision), and analyzed enrichment folds (number of reads mapped 301 

http://broadinstitute.github.io/picard/
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after the procedure/number of reads mapped prior to the procedure) for captures with PstI-302 

MseI probes. For probe reads, additional statistics such as the %GC content, CpG content and 303 

fragment length were calculated. When probe reads were not overlapping, GC and CpG 304 

content were calculated based on the underlying genomic region on the reference genome. 305 

To assess the authenticity of the obtained sequences we used mapDamage (Jónsson et al., 306 

2013) and PMD tools (Skoglund et al., 2014) to quantify nucleotide misincorporations. For 307 

datasets obtained using MspI-MseI and HpaII-MseI probes, we also used PMD tools to 308 

quantify CpGTpG mis-incorporation rates. Such transitions generally derive from post-309 

mortem cytosine deamination (Briggs et al., 2007). However, methylated CpG dinucleotides 310 

that are deaminated post-mortem are protected from USER-treatment and sequenced as TpG 311 

dinucleotides (Hanghøj et al., 2016), in contrast to unmethylated CpG dinucleotides that are 312 

converted into UpG dinucleotides and eliminated following USER-treatment (Hanghøj et al., 313 

2016). Therefore, CpGTpG mis-incorporation rates calculated on sequencing data 314 

generated following USER-treatment offer an opportunity to track the overall methylated 315 

level of the genomic regions effectively enriched. We also assessed the fraction of mappable 316 

reads obtained using each probe set, and the proportion of reads flagged as multimapping to 317 

determine whether the targeted regions could represent genomic regions with non-average 318 

numbers of repeated elements. 319 

For all 12 samples captured on PstI-MseI probes, genomic variants were called with freebayes 320 

v1.2.0 (Garrison & Marth, 2012) using sequence data obtained pre-capture and after second 321 

the round of capture, with the following options: --hwe-priors-off --no-population-priors --322 

genotype-qualities --min-base-quality 3 --min-mapping-quality 25, and filtered on the 323 

genotype level with vcffilter for depth > 3 and genotype quality > 20 using vcffilter (vcflib 324 

1.0.1; https://github.com/vcflib/vcflib). Data missingness was calculated with VCFtools 325 

v.0.1.16 (Danecek et al., 2011). 326 
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3. Results 327 

3.1. Study design and probe libraries 328 

Over the last few years, our laboratory has undertaken an extensive genomic characterization 329 

of ancient horse specimens, which has resulted in an assessment of aDNA preservation levels 330 

in over 2,000 osseous remains, spread across the last 100,000 years in North Africa and 331 

Eurasia (Fages et al., 2019; Orlando, 2020). This allowed us to select 12 aDNA extracts 332 

representing three biomolecular preservation contexts and showing an entire range of 333 

endogenous DNA (from 0.34% to 73.78%; Tab. 1). Target-enrichment was applied using 334 

three panels of hyRAD probes prepared from the genomic DNA extract of a single modern 335 

horse mare that was digested by different combinations of restriction enzymes (PstI-MseI, 336 

MspI-MseI and HpaII-MseI). The experimental procedures described here allowed for the 337 

preparation of extensive amounts of RNA probes. For instance, we obtained 92 µg, 51 µg and 338 

13.74 µg of RNA from 2 µl of digested PstI-MseI, MspI-MseI, and HpaII-MseI probes 339 

library, respectively. Digesting and using the full volume of probe libraries would, thus, 340 

theoretically allow users to perform approximately 400-2,700 capture reactions. 341 

The size distribution of probe library templates was highly similar to that predicted after in 342 

silico digestion of the horse reference genome within the selected size range (Fig. S4). From 343 

limited sequencing efforts (502,815 read pairs), we could estimate that 1.81% (PstI-MseI), 344 

2.07% (MspI-MseI) and 1.55% (HpaII-MseI) of the horse genome was represented in the 345 

probe libraries (Tab. 2). This equates to approximately 21-29% (1.55%/7.16% and 346 

2.07%/7.16%) to 38% (1.81%/4.77%) of the maximal genome coverage expected according 347 

to in silico digestion. Preseq calculations (Fig. S5, S6; Daley & Smith, 2013) indicated that 348 

moderate sequencing efforts (~5-10 million read pairs) would be sufficient to reveal the full 349 

probe library content. 350 
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HyRAD probes were found evenly distributed across all autosomes and the X chromosome 351 

(Fig. S7, S8), while no alignments were retrieved against Y-chromosomal contigs, in line with 352 

probes originating from a mare. Additionally, mitochondrial DNA sequences were extremely 353 

rare within the probe libraries (9 for HpaII a, 6 for MspI and absent for PstI; Tab. S3) as 354 

expected from the (nearly) absence of in silico-predicted digested fragments (absent for PstI-355 

MseI and 10 for MspI/HpaII-MseI). 356 

3.2. Enrichment efficacy 357 

Sequence alignments showed the hallmark of post-mortem DNA degradation following 358 

USER-treatment, including mild CT mis-incorporation rates towards read termini (Fig. 359 

S10) and fragmentation at cytosine residues (ie. those are deaminated into uracil after death 360 

and cleaved by USER-treatment; Rohland et al. 2015). This indicated that the experimental 361 

procedure followed in this study succeeded in retrieving authentic aDNA sequence data. 362 

We first assessed hyRAD performance on four specimens by comparing the sequence data 363 

obtained following shotgun sequencing and after one or two successive rounds of capture 364 

(Fig. 1). HyRAD capture resulted in increased overall levels of endogenous DNA present in 365 

the three aDNA libraries characterized by low starting endogenous DNA (0.34% to 6.55% 366 

pre-capture). This was true for all three probe types, even though these only covered 4.77% to 367 

7.16% of the horse genome. For these three samples, the number of horse DNA fragments 368 

increased dramatically following one round of enrichment (2.73-21.63-fold for unique reads, 369 

and; 2.27-22.62-fold considering PCR duplicates; Chi-squared test testing four samples 370 

before vs. the same samples after capture, p-values < 2.2-16 for all the probe types). 371 

Endogenous DNA content increased even further following a second round of enrichment for 372 

the two samples (on PstI-MseI probes) or three samples (for the rest of the probes) with the 373 

lowest endogenous DNA content (4.00 to 53.13-fold, 4.17 to 73.07-fold, for unique reads and 374 
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considering PCR duplicates , respectively; Chi-squared test as above, p-values < 2.2-16 for all 375 

the probe types). Endogenous DNA content was reduced after the second capture for the 376 

PLMie8 sample on PstI-MseI probes (6.55% original endogenous DNA content), from 3.10 to 377 

2.64-fold for unique reads and 3.12 to 2.75-fold considering PCR duplicates. However using 378 

the robotic protocol, the values after the second capture were higher (4.74 and 4.95-fold, 379 

respectively), pointing to the possible variability of the procedure outcome and benefits of 380 

automation (see below). Sample PLKaz2, which was characterized by the highest endogenous 381 

DNA content pre-capture (73.59%), stands as an exception as endogenous DNA content was 382 

reduced after one round (0.65-0.74%) or two capture rounds (0.56-0.67%). This reduction 383 

was not present reads were not filtered for mapping quality (Fig. S10) and accompanied by a 384 

dramatic decrease in mean mapping quality of the aligned reads (Fig. S11, Wilcoxon rank-385 

sum test, p-values = 2.2-16 for all the probe types), suggesting that capture increased the 386 

sequencing of genomic regions found in multiple copies across the genome. 387 

HyRAD-enriched horse DNA sequences did not map randomly across the genome but were 388 

instead preferentially located on probe regions (Fig. 1), resulting in on-target enrichment 389 

factors for unique reads of 1.03 to 52.88-fold (median = 6.56-fold). Performing two rounds of 390 

hyRAD capture increased on-target coverage further (1.15 to 146.46-fold; median = 16.90-391 

fold; Chi-squared test, p-values < 2.2-16 for all the probe types ), despite proportions of PCR 392 

duplicates especially increased in the three specimens showing limited endogenous DNA 393 

levels prior to capture. Overall, performing two capture rounds resulted in 1.52 to 173.80-fold 394 

increase in genomic sites covered at least once uniquely (Fig. 2), which demonstrates the 395 

capacity of hyRAD capture to significantly reduce sequencing costs pertaining to the 396 

characterization of a pre-selected fraction of the genome in ancient samples. The expected 397 

reduction in costs is two-fold. First, sequencing costs are directly proportional to the 398 

enrichment-fold, which is rapidly cost-effective relative to the cost incurred per capture 399 
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reaction (15EUR). Second, the protocol presented here for in-house probe production costs 400 

around 120 EUR for 400-2,700 capture reactions, which outperform commercial production 401 

for target spaces representing substantial genome fractions. 402 

Both the size and the %GC content of the endogenous DNA molecules sequenced increased 403 

with the number of hyRAD capture rounds (Fig. 3). This is on par with the previously 404 

reported performance of target-enrichment using in-solution synthetic RNA (Cruz-Dávalos et 405 

al., 2017), with longer and %GC-richer templates favoring probe-to-target annealing. 406 

We next enriched 8 additional samples on PstI-MseI probes to investigate hyRAD 407 

performance across an almost continuous range of endogenous DNA preservation levels 408 

following two capture rounds (Fig. 4). This experiment illustrated the trade-off between on-409 

target enrichment rates and the original endogenous DNA library content (Fig. 4; Tab. S5). It 410 

showed that hyRAD capture performs the best when initial endogenous DNA content (<30%) 411 

and initial PCR duplicate levels are low (>5.63% in our case). The proportion of on-412 

target/endogenous reads was, however, relatively insensitive to initial endogenous DNA 413 

content pre-capture. Importantly, enrichment folds increased with the fraction of large 414 

(>50bp) endogenous fragments available pre-capture (Fig. 5). This indicates that the 415 

prominent limiting factor for aDNA hyRAD capture is the extent of DNA fragmentation 416 

ongoing after death, hence, the availability of DNA templates of sufficient size during 417 

enrichment. 418 

The increased on-target coverage achieved using hyRAD translated into a higher proportion 419 

of shared genomic loci amongst samples (Fig. 6A). With our limited sequencing efforts, 420 

approximately 100,000 sites were common to four samples following shotgun sequencing and 421 

no sites were shared across all samples. With equivalent sequencing efforts, approximately 422 

100,000 sites were common to 11 samples and 2,846 were shared across all samples. This led 423 
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to the identification of 87 variants, 44 of which were present in at least two samples. In 424 

contrast, prior to capture, we only detected three variants that were private to two individual 425 

samples (Fig. 6B,C). The total number of variants identified per sample also increased up to 426 

52 following two rounds of hyRAD capture (Fig. 6C). This demonstrates the capacity of 427 

hyRAD capture to provide shared orthologous sequence information across multiple samples. 428 

PreSeq calculations (Daley & Smith, 2013) predicted that the full content of aDNA libraries 429 

content could be revealed following sequencing of ~1.5-2 million read pairs for the libraries 430 

captured on PstI-MseI probes, except the libraries of high PCR duplication rate for which 0.5 431 

million read pairs would be sufficient (Fig. S12). 432 

3.3. Scaling and DNA methylation sensitivity 433 

The choice of restriction enzymes allows hyRAD users to scale their experimental design 434 

according to the question of interest and sequencing capacity. By choosing restriction 435 

enzymes that are sensitive to DNA methylation (eg. HpaII), they can also target less repetitive 436 

hypomethylated regions (Karam et al., 2015; Larsson et al., 2013). This may be especially 437 

interesting for aDNA characterization as such regions are less prone to post-mortem DNA 438 

damage (Smith et al. 2014, Seguin-Orlando et al. 2015). To demonstrate this, we compared 439 

on-target CpGTpG mis-incorporation rates as a measure of post-mortem cytosine 440 

deamination, following one and two rounds of hyRAD capture with HpaII-MseI probes 441 

(methylation-sensitive) and MspI-MseI probes (methylation-insensitive). These rates were 442 

indeed lower when the methylation-sensitive combination was used (Fig. 7), but not when 443 

including off-target reads (Fig. S13), confirming that the genomic fraction effectively 444 

enriched was associated with lower post-mortem DNA damage. The number of on-target 445 

reads flagged as multimapping was also considerably smaller when the methylation-sensitive 446 

combination was used (Fig. S14; Tab. 2). This was not true for off-target reads, confirming 447 
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that capturing hypomethylated regions can indeed help focus on genomic regions with 448 

reduced repetitive content. 449 

3.4. Protocol automation 450 

Automated solutions to aDNA analyses gained increasing interest over the last few years 451 

(Rohland et al., 2015; Slon et al., 2017), with the benefit of increased efficiency and 452 

reproducibility (Holland & Davies, 2020). However, investment costs for acquiring liquid-453 

handling robots can be extremely prohibitive and not available outside of large-scale 454 

facilities. To provide an automation solution for most laboratories, we developed an 455 

automated hyRAD protocol that can be run of the inexpensive liquid-handling devices 456 

produced by Opentrons. Our automated implementation reduced hands-on time to 30 minutes 457 

per capture session, versus 3 hours when carried out manually by skilled laboratory staff, 458 

while showed performance similar (Fig. 10). The developed protocol is available as at 459 

https://github.com/TomaszSuchan/opentrons-hyRAD. 460 

4. Discussion 461 

In this study, we investigated for the first time the potential of hyRAD target-enrichment for 462 

aDNA extracted from osseous remains. First, we modified the original hyRAD protocol in 463 

order to produce RNA probes from the ddRAD-seq templates, by including T7 polymerase 464 

promoter in the library adapter’s sequence, as in Schmid et al. (2017). This modification has 465 

several benefits over the original approach (Suchan et al., 2016). First, using RNA probes 466 

reduces the risk of contamination of aDNA libraries by the probes during capture. Second, 467 

RNA-DNA heteroduplexes show higher affinity than DNA-DNA homoduplexes (Lesnik & 468 

Freier, 1995), thus, improving capture efficacy (Furtwängler et al., 2020). Finally, the T7 469 

polymerase reaction allowed us to obtain sufficient amounts of RNA probes for carrying out 470 

thousands of capture reactions from relatively modest amounts of starting DNA. We, thus, 471 

https://github.com/TomaszSuchan/opentrons-hyRAD
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solved the main limitation of the original hyRAD protocol, which required many subsequent 472 

PCR amplifications to obtain sufficient amounts of capture probes (Suchan et al., 2016). 473 

We assessed hyRAD performance using three types of probes and one single or two rounds of 474 

enrichment. We found that the second round of enrichment consistently improved on-target 475 

recovery, despite also dramatically increasing the proportion of PCR duplicates. This was 476 

especially the case for low endogenous DNA content samples, consistent with previous 477 

research (Fontsere et al., 2020; Hernandez-Rodriguez et al., 2018). We also confirmed 478 

previous reports of limited enrichment for aDNA libraries showing high starting endogenous 479 

DNA content (Cruz-Dávalos et al., 2017). We show that this was mainly driven by the 480 

dramatic drop of mean mapping qualities for the captured reads likely resulting from 481 

increased proportions of repeated elements post-capture. 482 

On-target enrichment reached up to 146-fold for the sample with the lowest endogenous DNA 483 

content (0.34%) and around 3.5-fold for samples with 13.90 and 20.64% of endogenous DNA 484 

content (not counting samples with high initial PCR duplication rates), which reduces 485 

sequencing costs proportionally. Enrichment folds were, however, limited to around 1.4-1.8 486 

for samples with >30% endogenous DNA (Fig. 4; Tab. S5), which is lower than what 487 

reported for commercial capture protocols (Cruz-Dávalos et al., 2017). Commercial protocols, 488 

however, are based on synthetic probes, and can be carefully designed to represent optimal 489 

probe molecular features that cannot be controlled with hyRAD. Our experimental conditions 490 

were also less stringent (55°C incubation for 40 and 16 h) in line with the recommendations 491 

of Cruz-Dávalos et al. (2017) on synthetic RNA probes. Further work is necessary to assess 492 

whether more stringent annealing conditions could overcome some of the limitations of our 493 

current procedure.  494 
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The size distribution of horse DNA fragments increased with each round of enrichment, as 495 

previously shown for aDNA and environmental DNA (Cruz-Dávalos et al., 2017; Enk et al., 496 

2014). This suggests that more limited enrichment success can be expected for aDNA 497 

libraries characterized by extreme fragmentation. The enrichment potential of a given set of 498 

samples can be assessed prior to capture following shallow shotgun sequencing so as to gauge 499 

for the presence of endogenous DNA fragments of a relatively long size (e.g. 80 bp and 500 

above) and low duplication rates. 501 

We also demonstrated that probe preparation with methylation-sensitive restriction enzymes 502 

could help focus sequencing efforts on hypomethylated regions, and limit both the fraction 503 

repetitive regions sequenced (Karam et al., 2015; Larsson et al., 2013) and the amounts of 504 

nucleotide mis-incorporations pertaining to post-mortem DNA damage (Smith et al. 2014, 505 

Seguin-Orlando et al. 2015). Therefore, the hyRAD procedure described can not only achieve 506 

a cost-effective characterization of orthologous genomic regions across a set of samples but 507 

can also improve the underlying sequence quality. It can also reduce hands-on time, and 508 

improve experimental reproducibility and traceability when automated. Our approach appears 509 

especially appropriate for ancient samples characterized with low endogenous DNA content 510 

but not excessively fragmented. It may provide future avenue for the genetic characterization 511 

of environmental (Wilcox et al., 2018) and non-invasive samples (e.g. feces, Fontsere et al., 512 

2020), which are both characterized by limited DNA amounts of the species of interest. 513 

Data Availability 514 

The datasets generated for this study can be accessed in the ENA (Accession Number 515 
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Tables and figures 784 

Tab. 1 Samples used in the study and endogenous DNA content prior to capture. BCE = 785 
Before Common Era. CE = Common Era. BP = Before Present. Uncal = uncalibrated 786 
radiocarbon range.  787 

  788 

Sample name Sample age Site Material Endogenous 
DNA content 
(all/unique) 

PLMie10 Lusatian culture, Bronze 
Age/Early Iron Age (1,200-600 
BCE) 

Miechów, Poland metatarsus 0.34/0.34% 

PLSla2 Funnelbeaker culture, Eneolithic 
(3,700-3,000 BCE) 

Sławęcinek, Poland molar 0.51/0.51% 

PLMie8 Found in Funnelbeaker culture 
feature, Eneolithic (3,700-3,000 
BCE) 

Miechów, Poland metacarpus 6.58/6.55% 

DIV9 Upper Paleolithic, Late Glacial 
period (13,000-14,500 uncal BP) 

Divnogor'ye, Voronezh 
Region, Russia 

molar 27.42/1.72% 

KB217 Upper Paleolithic Medvezhiya cave, upper 
course of the river 
Pechora, Urals, Russia 

metapodium 16.83/11.20% 

PLMie3 Przeworsk culture, Roman 
period (1st-4th century CE) 

Miechów, Poland femur 13.09/13.85% 

LOG3 Upper Paleolithic (infinite 14C 
date, >52,200 uncal BP) 

Hyena's Lair, Altai 
Republic, Russia 

metatarsus 20.64/20.55% 

SV2019-22 Iron Age, Middle Numidian period 
(5th-6th century BCE) 

Althiburos, Tunisia tooth 33.84/33.66% 

SV2019-18 Iron Age, Middle Numidian period 
(5th-6th century BCE) 

Althiburos, Tunisia tooth 47.19/46.97% 

PLKaz4 Trzciniec culture, Early Bronze 
Age (1,900-1,200 BCE) 

Kazimierza Wielka, 
Poland 

petrous temporal 
bone 

51.67/51.48% 

PLKaz1 Trzciniec culture, Early Bronze 
Age (1900-1,200 BCE) 

Kazimierza Wielka, 
Poland 

petrous temporal 
bone 

60.43/60.15% 

PLKaz2 Trzciniec culture, Early Bronze 
Age (1,900-1,200 BCE) 

Kazimierza Wielka, 
Poland 

petrous temporal 
bone 

73.78/73.59% 
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Tab. 2 Sequence characteristics for the sequenced probes libraries (*in-silico estimation for 789 
HpaII-MseI probes does not take methylation-sensitivity into account). 790 

Enzyme 
combination 

Raw 
reads 

Properly 
paired 
reads 

Number of 
multimapping 
properly 
paired reads 

Number of 
targets 

Number of 
targets after 
merging 
overlapping 
targets 

Percent of 
the 
genome 
targeted 

Percent of 
the genome 
predicted in 
silico 

PstI-MseI 502,815 380,495 43,713 247,716 246,973 1.81% 4.77% 

MspI-MseI 502,815 381,803 55,672 260,579 257,588 2.07% 7.16% 

HpaII-MseI 502,815 387,275 32,569 234,924 223,789 1.55% 7.16%* 
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 791 

Fig. 1 Percentage of endogenous, unique endogenous (after removing PCR duplicates), reads 792 
flagged as PCR duplicates, on-target reads (i.e. overlapping by at least 1 nt with the target 793 
regions), and unique on-target reads. Results are shown for shotgun genomic libraries (pre) 794 
and the same libraries with one (capture 1) or two rounds (capture 2) of capture with three 795 
types of hyRAD probes, filtering for a minimum mapping quality of 25 (analyses relaxing the 796 
mapping quality filter are shown in Fig. S10 so as to illustrate the impact of repeated elements 797 
in the sequence data). 798 
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799 
Fig. 2 Percentage of sites with non-null coverage, considering unique on-target reads. Results 800 
are shown for shotgun genomic libraries (pre) and the same libraries with one (capture 1) or 801 
two rounds (capture 2) of capture with the three types of hyRAD probes. 802 

 803 

804 
Fig. 3 The effect of one (capture 1) or two rounds (capture 2) of capture with three types of 805 
hyRAD probes on the %GC content and sequenced fragment lengths, as compared with the 806 
shotgun libraries (pre). 807 
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808 

 809 

Fig.4 Enrichment-folds for 12 samples enriched in two consecutive rounds on PstI-MseI 810 
probes, for all and unique fragments (i.e. after PCR duplicate removal). The enrichment is 811 
calculated as the proportion of mapped-to-all reads, on-target-to-all reads, and on-target-to-812 
mapped reads. Note that two top panels are in log-scale.  813 
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 814 

Fig. 5 Enrichment-folds as a function of the fragment length for 12 samples enriched in two 815 
consecutive rounds on PstI-MseI probes. 816 

 817 

 818 

Fig. 6 A) Number of mapped nucleotides shared by n samples without and after two 819 
consecutive rounds on PstI-MseI probes. Note the log scale on the y axis; B) Number of 820 
shared genomic variants shared by n samples without and after two consecutive rounds on 821 
PstI-MseI probes; C) Number of genomic variants detected in each sample without and after 822 
two consecutive rounds on PstI-MseI probes. Note that the scales of upper and lower panel 823 
are different for both panels B and C. 824 
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 825 

Fig. 7 Postmortem DNA damage estimates of the unique on-target reads after one and two 826 
rounds of capture on MspI-MseI vs HpaII-MseI probes. The plot shows 5’-end cytosine 827 
deamination rates in CpG context as estimated by PMDtools and cumulated across the first 10 828 
read positions. 829 
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 830 

Fig. 8 Percentage of endogenous, unique endogenous reads, reads flagged as PCR duplicates, 831 
on-target reads, and unique on-target reads as compared between manual and robotic capture 832 
procedure, using PstI-MseI probes. 833 
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