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Abstract
Ancient DNA preservation in subfossil specimens provides a unique opportunity to 
retrieve genetic information from the past. As ancient DNA extracts are generally 
dominated by molecules originating from environmental microbes, capture tech-
niques are often used to economically retrieve orthologous sequence data at the 
population scale. Post-mortem DNA damage, especially the deamination of cytosine 
residues into uracils, also considerably inflates sequence error rates unless ancient 
DNA extracts are treated with the USER enzymatic mix prior to library construction. 
While both approaches have recently gained popularity in ancient DNA research, the 
impact of USER-treatment on capture efficacy still remains untested. In this study, we 
applied hyRAD capture to eight ancient equine subfossil specimens from France (1st–
17th century CE), including horses, donkeys and their first-generation mule hybrids. 
We found that USER-treatment could reduce capture efficacy and introduce signifi-
cant experimental bias. It differentially affected the size distribution of on-target tem-
plates following capture with two distinct hyRAD probe sets in a manner that was 
not driven by differences in probe sizes and DNA methylation levels. Finally, we re-
covered unbalanced proportions of donkey-specific and horse-specific alleles in mule 
capture sequence data, due to the combined effects of USER-treatment, probe sets 
and reference bias. Our work demonstrates that while USER-treatment can improve 
the quality of ancient DNA sequence data, it can also significantly affect hyRAD cap-
ture outcomes, introducing bias in the sequence data that is difficult to predict based 
on simple molecular probe features. Such technical batch effects may prove easier 
to model and correct for using capture with synthetic probes of controlled sizes and 
diversity content.
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1  |  INTRODUC TION

The survival of ancient DNA molecules within subfossil specimens 
provides a unique opportunity to gather genetic information from 
past, and even extinct, organisms within the last 1.6  million year 
time range (van der Valk et al., 2021). During the last decade, the 
experimental costs underlying the sequencing of ancient genomes 
have dramatically declined as high-throughput DNA sequencing 
instruments have become increasingly performant (Goodwin et al., 
2016). The ultra-fragmented and degraded nature of ancient DNA, 
which is more difficult to manipulate than fresh DNA contaminants, 
represents a major technical limitation to ancient genome charac-
terization (Dabney, Knapp, et al., 2013). In fact, the vast majority of 
subfossil DNA extracts are dominated by large proportions of exog-
enous DNA molecules, mostly derived from various environmental 
microbial sources (Green et al., 2009). Therefore, shotgun sequenc-
ing does not generally provide a cost-effective solution, except for 
material such as petrosal bones (Gamba et al., 2014), ossicles (Sirak 
et al., 2020) and tooth cementum (Damgaard et al., 2015), which can 
show better DNA preservation and limited microbial DNA content.

Over the last years, an increasing number of molecular tech-
niques have enriched the ancient DNA toolkit with the aim to im-
prove DNA extraction (Boessenkool et al., 2016; Dabney et al., 
2013; Gamba et al., 2016; Korlević & Meyer, 2019), as well as DNA 
library conversion (Gansauge et al., 2017, 2020; Kapp et al., 2021; 
Meyer et al., 2012) and immortalization (Dabney & Meyer, 2012). 
Other approaches have been developed to focus sequencing efforts 
on endogenous fragments of interest (Carpenter et al., 2013; Enk 
et al., 2014; Mathieson et al., 2015), while reducing the proportion 
of nucleotide mis-incorporations resulting from post-mortem DNA 
damage (Briggs et al., 2010; Rohland et al., 2015). The latter can be 
achieved by treating ancient DNA extracts with the USER mix, which 
combines Uracil DNA glycosylase (UDG) and Endonuclease VIII 
(EndoVIII) enzymes. UDG excises uracil residues that are formed fol-
lowing post-mortem deamination of cytosines (Briggs et al., 2007). 
The EndoVIII ultimately cleaves the phosphodiester bonds at the re-
sulting abasic sites, which introduces a one-nucleotide gap along the 
corresponding DNA strand. USER-treated ancient DNA fragments 
are, thus, on average shorter and largely deprived of uracil residues, 
which translates into less inflated sequencing error rates, as uracils 
represent thymine analogs that introduce an excess of C to T substi-
tutions during sequencing (Briggs et al., 2007).

Focusing sequencing efforts on target regions of interest can 
be achieved using various in-solution capture techniques, including 
both fully commercial and home-made solutions (Carpenter et al., 
2013; Maricic et al., 2010; Suchan et al., 2021). The myBaits Expert 
Human Affinities kit from Arbor Bioscience provides an example of 
commercial capture reagents that target approximately 2 million loci 
spread across the human genome. hyRAD capture provides an ex-
ample of procedures reducing experimental costs related to probe 
synthesis and allowing users to prepare RNA probes covering a 
defined fraction of the genome (Suchan et al., 2016). Biotinylated 
hyRAD RNA probes are prepared from genomic DNA extracts of 

extant organisms, following double enzymatic restriction, library 
conversion and in vitro transcription. hyRAD RNA probes are then 
used in standard capture reactions to retrieve those DNA fragments 
present in ancient DNA libraries and showing high sequence com-
plementarity (Suchan et al., 2021). This methodology is scalable and 
has been successfully used to improve the characterization of the 
DNA variation that was present in 4.8%–7.2% of the horse genome 
and shared across multiple individuals dating back to beyond the ra-
diocarbon range (Suchan et al., 2021).

Capture techniques can achieve on-target enrichment folds of 
several orders of magnitude (Ávila-Arcos et al., 2011; Furtwängler 
et al., 2020) but are limited by a number of factors, including the 
probe molecular features (Cruz-Dávalos et al., 2017), the DNA 
adapter length (Rohland et al., 2015), as well as the size of the an-
cient DNA templates (Suchan et al., 2021). While USER treatment 
reduces the impact of post-mortem damage on the sequencing 
data (Rohland et al., 2015), it does not repair those cytosines that 
were deaminated after death but cleaves instead the DNA strand 
at their location. By reducing the length of ancient DNA templates 
and therefore potentially the probe-template heterodimer stability, 
this treatment may, thus, impede the efficacy of target-enrichment 
techniques. Conversely, the removal of post-mortem damage lim-
its the probe-template edit distance, which may facilitate probe-
template annealing and, ultimately, improve capture success. How 
ancient DNA capture is affected by DNA methylation, which pro-
tects deaminated cytosines from USER treatment (Hanghøj et al., 
2016; Pedersen et al., 2014), and thus can increase both read edit 
distances and sequence length, remains unclear. Surprisingly, the im-
pact of USER treatment on the capture efficacy has not been tested, 
despite both techniques gaining popularity in ancient DNA research, 
and possibly far-ranging effects.

In this study, we selected eight ancient equine bone speci-
mens from present-day France dating to the 1st–17th centuries CE 
(Common Era). These specimens were selected for their high equine 
DNA content (Clavel et al., 2021, 2022; Lepetz et al., 2021), which 
allowed us to characterize the aforementioned methodological bias 
with minimal sequencing efforts. We constructed DNA libraries in 
the absence of or following USER treatment of ancient DNA ex-
tracts. These ancient DNA libraries were then subjected to shotgun 
sequencing as well as parallel hyRAD capture reactions, in which 
RNA probes were prepared either from horse or donkey fresh DNA 
extracts. We found that USER treatment impacts the capture effi-
cacy. It led to an over-representation of shorter or longer ancient 
DNA templates, depending on the probe set used for capture. While 
methylated DNA fragments that are damaged post-mortem are 
refractory to USER-treatment and, thus, strand cleavage, ancient 
DNA templates tended to contain reduced DNA methylation levels 
post-capture. This suggests that the lower edit distance associated 
with DNA hypomethylation and lower deamination rates, more 
than the size increment gained from USER-protection at methyl-
ated sites, offers an advantage during capture. Therefore, following 
USER-treatment, capture sequencing data can reduce the power 
to access to hypermethylated DNA fragments, which yet preserve 
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2264  |    SUCHAN et al.

post-mortem DNA damage signatures that are important for data 
authentication (Orlando et al., 2021; Rohland et al., 2015).

The ancient specimens analysed included horses, donkeys as 
well as their first-generation mule hybrids. Interestingly, our data re-
vealed unbalanced proportions of horse- and donkey-specific alleles 
in mules, depending on the reference genome used for sequence 
alignment, the probe set used and whether the DNA was USER-
treated or not. Combined, these results caution that the probability 
to detect highly divergent alleles in an ancient individual, thus, the 
ancestry contribution from potential divergent ghost-lineages, is not 
only sensitive to the reference genome used for sequence alignment 
and USER-treatment but also to probe molecular features that may 
be difficult to control for with current hyRAD procedures.

2  |  MATERIAL S AND METHODS

2.1  |  Data generation

In a previous study, we used shallow DNA sequencing to screen a 
total of 874 equine subfossil specimens for DNA preservation levels 
(Lepetz et al., 2021). The sequence data collected were processed 
within the Zonkey pipeline (Schubert et al., 2017) to identify horses, 
donkeys and mules showing high levels of endogenous DNA (Table 
S1). We selected two horses, three donkeys and three mules with 
sufficient endogenous DNA to ensure that sufficient sequence data 
could be obtained from minimal sequencing efforts.

Probes production followed protocol by Suchan et al. (2021), 
with slight modifications, starting from 200 to 500 ng of horse or 
donkey DNA, digested for 3 h at 37°C with 3 U of MseI and 6 U of 
PstI-HF (New England Biolabs – NEB) in 15 µl reactions. Enzymes 
were inactivated for 20 min at 65°C before the reaction was sup-
plemented with ATP (final concentration = 6.6 mM), T4 DNA ligase 
(NEB, 400 U) and the P1 and P2 adapters (0.5 µM for each) and in-
cubated for 3 h at 16°C. The reactions were purified with AMPure 
beads with a bead-to-DNA volume ratio of 1.5:1 and eluted in 30 µl 
of 10 mM Tris. The samples were then size-selected for 190–390 bp 
size range using the Blue Pippin instrument and 2% agarose cas-
settes with external marker (Sage Science). Fragments containing 
P2 adapters were next separated using biotinylated MyOne C1 
Dynabeads (Invitrogen) as in Suchan et al. (2021) and eluted in 30 µl 
of 10 mM Tris. The resulting fragments were amplified in three par-
allel PCR reactions, using KAPA HiFi HotStart ReadyMix (Roche), 
0.5 µM of IS4 primer and indexing primer (Meyer & Kircher, 2010), 
and a 5 µl aliquot of the Dynabeads-purified solution obtained at the 
previous step. The PCR consisted of denaturation for 3 min at 95°C, 
followed by 15 cycles (denaturation for 20 s at 98°C, annealing for 
15 s at 60°C, and; elongation for 30 s at 72°C), and a final elonga-
tion step for 5 min at 72°C. Amplification triplicates were pooled, 
purified with AMPure beads using a bead-to-buffer volume ratio of 
1:1 and eluted in 60 µl of 10 mM Tris. The resulting products were 
digested for 3 h at 37°C, using 50 µl of the purified product and 7.5 U 
of MseI (NEB) in 75  µl reactions. The RNA probes were prepared 

using HiScribe T7 High Yield RNA Synthesis Kit (NEB), according to 
the manufacturer's instructions for RNA synthesis with biotinylated-
UTP, using 1 µl of the template and following overnight incubation, 
and the DNA template was removed using 4 U of TURBO DNAse 
in 30 min reaction at 37°C. Finally, RNA probes were purified using 
RNEasy Mini kit (Qiagen) with the standard protocol, excepting that 
665 µl ethanol were added to the RNA+RTL mix. The probes were 
then diluted to around 100 ng/µl. Blocking RNAs were prepared as 
described in Suchan et al. (2021).

Ancient DNA extraction, USER-treament and library construc-
tion procedures followed the work from Fages et al. (2019). For 
each ancient DNA extract, one aliquot was prepared and subjected 
to USER-treatment before preparing a triple-indexed DNA library 
while a second aliquot was directly used for library construction. A 
volume of 14.9 µl of raw DNA extract was used for library construc-
tion (final volume = 25 µl), together with adapters including unique 
7  bp indices located at the ends undergoing ligation with ancient 
DNA templates (Rohland et al., 2015). Two aliquots containing 3 µl 
of DNA libraries were amplified in two parallel 25 µl reactions, con-
taining 0.4 µl AccuPrime Pfx polymerase (ThermoFisher Scientific), 
1  mg/ml BSA, 200  mM of the inPE1 (5′-AAT GAT ACG GCG ACC 
ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT) and 
external index (5′-CAA GCA GAA GAC GGC ATA CGA GAT NNN 
NNN GTG ACT GGA GTT CAG ACG TGT), where NNN NNN rep-
resents the external 6 bp library index. The amplification conditions 
consisted of a first denaturation step for 5 min at 95°C, and were fol-
lowed by 12 cycles (denaturation for 15 s at 95°C, annealing for 30 s 
at 60°C, and; elongation for 30 s at 68°C) and a final elongation step 
for 5 min at 68°C. PCR amplifications were purified using AMPure 
XP beads (Beckman Coulter), with a bead-to-buffer ratio of 1.4:1, 
and eluted in 25 µl EB (Qiagen). Two aliquots of each library amplifi-
cation (7.5 µl each) were then reamplified in parallel reactions using 
the same conditions as above, except that the reaction volume was 
50 µl and that 1 µM of the primers IS5 (5′-AAT GAT ACG GCG ACC 
ACC GA) and IS6 (5′-CAA GCA GAA GAC GGC ATA CGA) were used 
(Meyer & Kircher, 2010). The required number of PCR cycles were 
determined using qPCR and ranged from 7 to 10 cycles. The two 
parallel reactions were purified on MinElute columns (Qiagen) and 
eluted in 11 µl EB before being mixed to a single tube, thus, provid-
ing 22 µl of amplified library. Library concentrations were estimated 
using Qubit (ThermoFisher Scientific) between 180 and 216 ng/µl.

Capture conditions followed those described by Suchan and col-
leagues (Suchan et al., 2021), and included a volume of 7 µl of each 
amplified library and 550 ng hyRAD RNA probes. The hybridization 
reaction was carried out for 40 h at 55°C in a 30 µl volume. Dynabeads 
M-280 Streptavidin (ThermoFisher Scientific) were prepared follow-
ing first three successive washing steps with 200 µl of TEN buffer, 
followed by a final elution in 70 µl of TEN buffer. Hybridization re-
actions were then purified on an Opentrons OT2 liquid-handling in-
strument using the automated procedure described by Suchan et al. 
(2021), with the slight improvements provided in the Data S1. The 
final elution step was carried out in 30 µl of 10mM Tris. Two 8 µl ali-
quots of this first hybridization round were amplified in parallel 50 µl 
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reactions using the KAPA HiFi HotStart ReadyMix (Kapa Biosystems) 
and the IS5 and IS6 PCR primers (Meyer & Kircher, 2010, 500 nM 
each). Amplification conditions consisted of a first denaturation 
step for 3  min at 95°C, followed by 9–12 cycles (denaturation for 
20 s at 98°C, annealing for 15 s at 60°C, and; elongation for 30 s 
at 72°C) and a final elongation step for 1 min at 65°C. Parallel am-
plification reactions were pooled and purified on MinElute columns 
(Qiagen) and eluted in 10 µl EB. A total of 7 µl of such purified ampli-
fications were used in a second hybridization reaction, followed by 
Dynabeads purification using the same conditions as above, except 
that the hybridization lasted for 18 h. The capture product was am-
plified in PCR as above, for three cycles, and purified using AMPure 
XP beads (Beckman Coulter), with a bead-to-buffer ratio of 1:1, and 
eluted in 30 µl EB tween 0.05%. Library profiles and concentrations 
were estimated using the TapeStation 4200 instrument (Agilent) 
and Qubit HS dsDNA assay (Invitrogen), before pooling at equimolar 
concentration for sequencing.

Sequencing was carried out on the Illumina MiniSeq instrument 
available at CAGT using the paired-end sequence mode (2 × 81 bp, 
except for the horse probe library, which was sequenced using 
2 × 156 bp reactions).

2.2  |  Data analysis

Probe DNA sequences were demultiplexed using CutAdapt v2.10 
(Martin, 2011; --discard-untrimmed -g ″TAATACGACTCACTA​
TAGGGCGG;max_error_rate=0.15;min_overlap=20″ -G ″^TAA;max_
error_rate=0;min_overlap=3″). Raw sequence fastq files generated 
from ancient DNA libraires were demultiplexed on the basis of the 
two internal indices using AdapterRemoval2 (Schubert et al., 2016; 
--barcode-mm-r1 1 --barcode-mm-r2 1 --minlength 25 --trimns 
--trimqualities --minadapteroverlap 3 --mm 5). This pipeline also col-
lapses paired-end reads showing significant sequence overlap into 
single end reads, creating so-called “collapsed” reads, or “collapsed 
truncated” reads, if ends show low base quality scores and require fur-
ther trimming. Both collapsed, collapsed truncated and those paired-
end reads showing no significant overlap were then aligned against 
reference genomes using Bowtie2 v2.3.5.1 (Langmead & Salzberg, 
2012) and the Paleomix v1.2.13.2 pipeline (Schubert et al., 2014). 
Read alignments were carried out following the optimized parameters 
from Poullet and Orlando (2020) and repeated against the horse refer-
ence genome (EquCab3, Kalbfleisch et al., 2018), supplemented by the 
Y-chromosome contigs from Felkel and colleagues (Felkel et al., 2019), 
and the donkey reference genome (Wang et al., 2020). Read alignments 
were also carried out against the horse (Accession no. = NC_001640) 
and the donkey (JADWZW010000001.1) mitochondrial genomes. 
PCR duplicates were removed using Paleomix and alignments show-
ing mapping qualities strictly inferior to 25 were disregarded. Similar 
mapping parameters were applied to the demultiplexed set of probe 
paired-end sequences and on-target regions were identified apply-
ing Bedtools v2.27.1 bamtobed to the alignments obtained from the 
probe sequence libraries. The extent of daisy chaining (Cruz-Dávalos 

et al., 2017) was investigated by following the drop of sequence cov-
erage within the 250 bp flanking on-target regions, within intervals 
of 50 bp (Figures S1 and S2). As coverage was substantially inflated 
in the regions immediately flanking probes, we defined off-target re-
gions as located at a conservative distance of at least 250 bp away 
from on-target regions. On-target and off-target read alignments were 
identified using samtools view v1.11, considering a minimum of 1 bp 
sequence overlap.

In silico digestion of the horse and the donkey nuclear genomes 
were carried out using the script fragmatic.pl (Chafin et al., 2018), 
with -r ″CTGCA^G T^TAA″. This provided the expected fraction of 
each genome represented in each size class (Figure S3). These size 
distributions were then compared to those measured empirically 
from the sequence data generated from the probe libraries, using the 
bed coordinates of on-target regions. We obtained the genomic co-
ordinates of the in silico predicted fragments using PatMaN (v1.2.2, 
-e 0 -g 0; Prüfer et al., 2008), as these are not returned by fragmatic.
pl. The overlap of the in-silico predicted fragments with those re-
gions empirically identified as on- and off-target was assessed using 
Bedtools v2.27.1 intersect (see above). The nonredundant probe 
library sequence content was estimated using the Preseq v2_0  lc_
extrap command (Daley & Smith, 2014) and the limited sequence 
data generated from the probe DNA libraries. Size, %GC and %CpG 
distributions were estimated from the fraction of collapsed reads to 
ensure that ancient DNA templates were characterized across their 
full sequence length. The size of each DNA template was obtained 
from the samtools view command, while %GC and %CpG distribu-
tions of the underlying genomic regions were obtained by applying 
seqtk v1.3-r117-dirty comp (Li, 2013), with default parameters, to 
the reference genome of interest, considering genomic windows of 
100 bp. Post-mortem DNA damage signatures, especially C to T mis-
incorporations within and outside CpG dinucleotides, were obtained 
from PMDtools v0.60 (Skoglund et al., 2014). Calculations and sta-
tistical tests were carried out using standard functions in R (R Core 
Team, 2014), and plots were generated using the R ggplot2 pack-
age (Wickham, 2009). F-methylation scores were calculated using 
DamMet v1 (Hanghøj et al., 2019), with standard parameters.

Horse-specific and donkey-specific alleles were identified 
using published genome sequence data for a total of 27  horses 
and 27 donkeys, respectively, which encompassed a whole range 
of breeds in both species (for horses: Akhal-Teke (Jagannathan 
et al., 2019), Duelmener (Schrimpf et al., 2016), Franches Montagnes 
(Jagannathan et al., 2019), Haflinger (Jagannathan et al., 2019), 
Hanoverian (Schrimpf et al., 2016), Holsteiner (Jagannathan et al., 
2019), Icelandic (Andersson et al., 2012), Jeju (Lee et al., 2018), 
Lipizzan (Wallner et al., 2017), Marwari (Jun et al., 2014), Mixed 
UK Warmblood (Jagannathan et al., 2019), Mongolian (Do et al., 
2014), Noriker (Jagannathan et al., 2019), Painted (Jagannathan 
et al., 2019), Quarter (Jagannathan et al., 2019), Reit (Jagannathan 
et al., 2019), Shetland (Jagannathan et al., 2019), Sorraia (Metzger 
et al.,2015), Standardbred (Cosgrove et al., 2020), Swiss Warmblood 
(Jagannathan et al., 2019), Thoroughbred (Cosgrove et al., 2020), 
Trakener (Jagannathan et al., 2019), Egyptian Arabian (Cosgrove 
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2266  |    SUCHAN et al.

et al., 2020), Welsh (Jagannathan et al., 2019), Westfale (Jagannathan 
et al., 2019), and Yakutian (Librado et al., 2015); for donkeys: Au-1, 
Ch-by1, Ch-by3, Ch-gl1, Ch-ht1, Ch-jm1, Ch-kl2, Ch-qy2, Ch-tlf1, 
Ch-xj1, Ch-yn3, Eg-1, Eg-3, Et-4, Et-8, Ir-7, Ke-16, Ky-6, Ni-6, Sp-
10, Sp-12, Sp-15, Sp-17, Sp-2, Sp-5, Sp-7, Ti-4; Wang et al., 2020). 
Sequence data were aligned following the procedure described 
above, and resulting BAM alignment files were processed in ANGSD 
(-minQ 30, -minMapQ 25 -baq 0 -rmTriallelic 1e-4 -SNP_pval 1e-6 
-C 50; Korneliussen et al., 2014) to identify minor and major alleles 
at sites that were polymorphic and covered in at least 40 individu-
als. ANGSD output files were next restricted to those sites showing 
minimal genotype quality scores of 0.99 in all individuals covered 
to identify positions where allelic frequency differences between 
horses and donkeys were at least 95%. This provided a provisional 
list of genome positions in which different variants neared fixation 
in donkeys and horses.

3  |  RESULTS

3.1  |  Experimental design and hyRAD probes

A previous study by Lepetz et al. (2021) allowed us to identify a total 
of eight ancient equine subfossils from France (1st–17th centuries 
CE) showing excellent DNA preservation, including two horses, 
three mules and three donkeys (Table S1). Their high endogenous 
DNA content (37.9%–78.1%) guaranteed that a large number of 
equine DNA templates could be identified, and thus, the effect of 
capture following USER treatment assessed, even from limited se-
quencing efforts (289,599–1,997,334 reads; Table S1). We used 
fresh DNA extracts from modern horses and donkeys to prepare 
two hyRAD probe libraries following the methodology from Suchan 
and colleagues (Suchan et al., 2021). We produced a total of 6.41 and 
12.71  million paired-end sequences to characterize the horse and 
donkey probe library content. The sequence data generated from 
the horse probe library covered approximately 118.99 Mb (~4.73%) 
of the horse reference genome. The donkey sequence probes ob-
tained covered 110.50  Mb (~4.54%) of the donkey reference ge-
nome. In the following, these sequences were used to identify those 
ancient DNA read alignments located on-target.

It is important to notice that further sequencing of DNA probe 
libraries would have extended the on-target range (Figure S2, S3). 
In silico digestion with fragmatic.pl (Chafin et al., 2018) indeed in-
dicates that probe regions could encompass 377.57  Mb (15.01%) 
and 360.89  Mb (14.83%) of the horse and donkey genomes, re-
spectively. Similar estimates were obtained using PatMaN (Prüfer 
et al., 2008), assuming perfect match (473.64  Mb, 18.83% and 
364.59  Mb, 14.99%, respectively). Random sampling across the 
genome (N  =  100) regions of similar size than those predicted by 
PatMaN to be on-target indicated that only 43.74–44.12  Mb and 
56.60–57.14 Mb would intercept by chance those regions currently 
defined as off-target for the horse and the donkey, respectively. The 
observed effective overlap between in silico digests and off-target 

regions is considerably larger (300.54 Mb and 154.71, respectively), 
which demonstrates the presence of a statistically significant frac-
tion of not-yet-sequenced probes within those regions currently 
considered off-target (empirical p-values <1%). It follows that the 
calculations presented in the next sections, including enrichment 
folds and the differences detected between on- and off-target re-
gions, should be considered as conservative.

Interestingly, Preseq (Li, 2013) predicted that an average 25–
30 million unique templates were present in the horse probe library 
versus 15–25 million for the donkey library (Figure S3). This is in line 
with a previous study using the same combination of enzymes for 
hyRAD probe preparation (HspI-MseI, Suchan et al., 2021), and sug-
gests 50–100 million read pairs as a conservative sequencing effort 
to characterize the full mappable probe library content.

3.2  |  The effect of USER-treatment on 
hyRAD capture

The ratio of the total number of unique read alignments overlap-
ping on-target regions following hyRAD capture or shotgun se-
quencing showed enrichment-folds of 2.08–3.08 for the horse 
probes (Figure 1a, Figure S4a). Enrichment-folds were more limited 
when using the donkey probes (1.29–2.39; Figure 1b, Figure S4b). 
While the enrichment-folds obtained are conservative, they may 
seem limited. It is, however, important to consider that only sam-
ples characterized by high endogenous content were considered 
in our experiments. The probability that shotgun data overlap a 
probe genomic region by chance is considerably increased in such 
specimens relative to standard subfossil DNA extracts, which are 
dominated by environmental microbial DNA. Suchan et al. (2021) 
reported that up to 146.5-fold enrichment could be achieved on an-
cient DNA libraries containing only marginal endogenous DNA con-
tent (0.34%). Therefore, higher enrichment-folds are expected when 
working on material with a more limited DNA preservation.

Interestingly, higher enrichment-folds were obtained when cap-
turing DNA libraries constructed on raw DNA extracts with horse 
probes than when capturing DNA libraries prepared from USER-
treated DNA extracts (Wilcoxon signed rank test, p = 0.014–0.036; 
Figure 1a). The same was true for seven (five) out of the eight sam-
ples analysed here, when donkey probes were used for capture and 
when the sequence data were mapped against the donkey (horse) 
genome (Wilcoxon signed rank test, p-values  =  0.039 and 0.151; 
Figure 1b).

Our hyRAD probe sequences represented a non-random frac-
tion of the genome and were characterized by both a higher %GC 
and %CpG dinucleotide content (Figure S5; Kolmogorov-Smirnov 
test, p-values <2.2.10−16). The %GC and %CpG dinucleotide content 
of the ancient DNA sequence data were also significantly increased 
following capture, relative to shotgun sequencing (Figure 2b,c, 
Figure S6a,b; Kolmogorov-Smirnov test, p < 2.2.10−16). This effect 
was generally more pronounced in on-target regions than in off-
target regions, in line with the latter including only a limited fraction 
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of yet uncharacterized probes. Additionally, in the absence of USER-
treatment, those ancient DNA templates sequenced were also sig-
nificantly longer post-capture (Figure 2a; Kolmogorov-Smirnov test, 
p < 2.2.10−16), especially in on-target regions, in line with previous 
reports. That the sequence data (1) are more often located in on-
target regions following capture and (2) comprise a larger fraction 
of longer templates while (3) mirror base compositional features 
characteristics of the probes demonstrates that the hyRAD capture 
procedure was applied successfully.

We further assessed the efficacy of the USER-treatment carried 
out by calculating C to T mis-incorporation rates at the first read 
position, where post-mortem DNA damage is maximal, and within 
the following 24 read positions (Figures S7 and S8). We conditioned 
these analyses to non-CpG dinucleotides as sites mostly unaffected 
by DNA methylation (Bird, 2002) (Figures S7 and S8). We found that 
C to T mis-incorporation rates were higher in the absence of USER-
treatment than following USER-treatment in all experimental con-
ditions and read positions considered (Wilcoxon signed rank test, 
p = 1.554.10−4–0.014). This indicated that the USER treatment was 
applied successfully. Combined, these results suggested that the 
sequence data generated in this study could be used to assess the 
effect of USER-treatment on capture efficacy.

Interestingly, when capture was carried out with horse probes, 
we observed an upward shift in the size distribution of the equine 
DNA material sequenced (Figure 2a). This was observed whether or 
not PCR duplicates were removed (data not shown). This size incre-
ment of on-target sequence data was generally more pronounced 
following USER-treatment than in the absence of USER treatment 
(Figure 2a, Figure S6a; Kolmogorov-Smirnov test, p  <  2.2.10−16). 
That DNA libraries constructed on USER-treated extracts showed 
larger size distributions post-capture than those constructed on 
raw extracts was unexpected since USER-treatment cleaves off 
unmethylated cytosine residues that were deaminated into uracils 
post-mortem, hence, reduce the average template size (Briggs et al., 
2010). The size shift effect was, however, reversed (Kolmogorov-
Smirnov test, p  <  2.2.10−16), when donkey probes were used for 
capture (Figure 2a, Figure S6a). This suggests that USER-treatment 
can differentially impact on the size distribution of the captured 
templates, depending on probe-specific features. We, thus, next ex-
plored probe size and DNA methylation levels as potential driving 
features.

We noticed that the size profile of the donkey and horse hyRAD 
probes was markedly different, with the former significantly shorter 
(median  =  101–103  bp, depending on the reference genome used 
for alignments) than the latter (median = 185–186 bp), despite sim-
ilar experimental production procedures were applied (Figure S9; 
Kolmogorov-Smirnov test, p  <  2.2.10−16). In particular, while the 
donkey probes contained at least 10% of molecules shorter than 
76 nucleotides, this size category was almost fully absent from the 
horse probe set. We hypothesized that the shorter molecules pres-
ent in the donkey probe set have allowed annealing to those more 
fragmented ancient DNA templates post-USER-treatment, resulting 
in an overall size reduction of the on-target sequence data. However, 
those equine templates overlapping shorter donkey probes (40–
60 bp) were found to be on average longer than those overlapping 
longer probes (Figures S10 and S11). Similarly, those equine tem-
plates overlapping longer horse probes were not disproportionally 
longer (Figures S10 and S11). This suggests molecular features other 
than size driving the differential size shift observed when donkey 
and horse probes following USER-treatment.

We next tested whether donkey and horse probes differed 
in their DNA methylation levels, as DNA methylation protects 

F I G U R E  1  On-target enrichment-folds. (a) Capture with horse 
hyRAD probes (pink). (b) Capture with donkey hyRAD probes (red). 
Ancient DNA libraries from two horses (light green, [H]), three 
mules (deep blue, [M]) and three donkeys (light blue, [D]) specimens 
were subjected to capture with hyRAD horse (H-capture) or donkey 
(D-capture) probes. Ancient DNA libraries were prepared from 
extracts that were treated with the USER enzymatic mix (USER+, 
filled symbols) or from raw extracts (USER−, open symbols). 
Reads were aligned against the horse reference genome (H-Ref; 
Kalbfleisch et al., 2018), supplemented with the Y-chromosome 
contigs from Felkel et al. (2019), and filtered for PCR duplicates and 
minimal mapping quality of 25. Reads were also aligned the donkey 
reference genome and subjected to similar quality filters (D-Ref; 
Wang et al., 2020)
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deaminated CpG dinucleotides from USER treatment and can, thus, 
result in differential capture outcomes. For example, if the genomic 
regions underlying hyRAD probes showed higher DNA methyla-
tion levels in horses than in donkeys, they would be less prone to 
USER-cleavage and would, thus, remain longer on average. To test 
this, we first calculated CpG to TpG conversion rates as a proxy for 
DNA methylation levels in USER-treated sequence data (Hanghøj 
et al., 2016; Pedersen et al., 2014). We contrasted the first read po-
sition, where post-mortem cytosine deamination is maximal (Briggs 
et al., 2007) but where molecular breathing can limit the efficacy of 
USER-treament (Hanghøj et al., 2019; Rohland et al., 2015), and the 

following 24 positions in order to gain resolution. These analyses re-
vealed reduced on-target CpG to TpG mis-incorporation rates post-
capture both in the presence and the absence of USER-treatment, 
and regardless of the probe set considered (Wilcoxon signed rank 
test, p  =  3.052.10−5). This was equally true for the first read po-
sition as well as the following 24 nucleotides (i.e., positions 2–25, 
Figure 3a,b, Figure S12). This indicated that both probe sets over-
lap genomic regions showing more limited DNA methylation levels 
(Hanghøj et al., 2016). We further confirmed this finding using the 
F-scores of on-target and off-target regions returned by DamMet, 
as another DNA methylation proxy (Figure S13; Hanghøj et al., 

F I G U R E  2  Size and base composition of ancient DNA templates following shotgun sequencing and hyRAD capture. (a) Size distribution 
of endogenous DNA templates. (b) %GC content of the genomic regions covered by endogenous DNA templates. (c) Proportions of CpG 
dinucleotides present in the genomic regions covered by endogenous DNA templates. Read pairs that could not be collapsed into full-length 
templates were not used for mapping and only unique, high-quality alignments were considered. The horse reference genome (Kalbfleisch 
et al., 2018), supplemented with the Y-chromosome contigs from Felkel et al. (2019), was used for read alignment. Ancient DNA libraries 
were prepared from extracts that were treated with the USER enzymatic mix (USER+, filled symbols) or from raw extracts (USER−, open 
symbols). Ancient DNA libraries from two horses (light green, [H]), three mules (deep blue, [M]) and three donkeys (light blue, [D]) specimens 
were shotgun sequenced (Shotgun, yellow) or subjected to capture with hyRAD horse (H-capture, pink) or donkey (D-capture, red) probes
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2019). More specifically, on-target regions were found to be asso-
ciated with lower DNA methylation values than off-target regions 
as the fraction of CpG dinucleotides characterized by at least 50% 
DNA methylation levels was consistently reduced at such regions. 
This was true for both horse and donkey probes, and regardless 
of whether capture or shotgun DNA sequencing were performed 
(Wilcoxon signed rank test, p = 1.397.10−9–5.122.10−8). Therefore, 
the probe regions were characterized by lower DNA methylation 
than the remaining genomic fraction in both probe sets, which rules 
out DNA hypermethylation driving the increment in size observed in 
post-capture with horse hyRAD probes.

3.3  |  The effect of hyRAD capture on 
reference bias

We next leveraged our experimental design to assess whether 
horse-specific alleles and donkey-specific alleles have had equal 

chances to be detected following capture with horse or donkey 
hyRAD probes, respectively. Species-specific alleles for horses and 
donkeys were identified as those alleles nearing fixation in a world-
wide panel representing 27  genomes for both species. Regardless 
of the reference genome considered, we found that the sequence 
data generated from the two horse specimens almost exclusively 
showed horse-specific alleles (Figure 4a,b). The reverse was true 
for the sequence data generated from the three donkey specimens, 
which supports the validity of our SNP assignment panel as well as 
the previous taxonomic identification of these specimens (Lepetz 
et al., 2021). Interestingly, the shotgun sequence data from the three 
mule specimens showed almost balanced proportions of horse- and 
donkey-specific alleles. However, mule shotgun sequence align-
ments against the horse reference genome generally slightly over-
represented horse-specific alleles (Figure 4a) while those against the 
donkey reference genome were slightly enriched in donkey-specific 
alleles (Figure 4b). This is characteristic of limited but consistent ref-
erence bias in our analyses.

F I G U R E  3  CpGTpG conversion rates. 
(a) First read position. (b) Read positions 
2–25. Ancient DNA libraries from two 
horses (light green, [H]), three mules (deep 
blue, [M]) and three donkeys (light blue, 
[D]) specimens were shotgun sequenced 
(Shotgun, yellow) or subjected to capture 
with hyRAD horse (H-capture, pink) or 
donkey (D-capture, red) probes. Reads 
were aligned against the horse reference 
genome (H-Ref; Kalbfleisch et al., 2018), 
supplemented with the Y-chromosome 
contigs from Felkel et al. (2019), and 
filtered for PCR duplicates and minimal 
mapping quality of 25. The proportions 
of CpGTpG conversions report the 
relative fraction of read alignments in 
which a CpG dinucleotide is found in 
the horse reference genome but a TpG 
dinucleotide is found in the sequence 
data. Calculations were conditioned on 
those read alignments located on-target 
(ON-H, when horse hyRAD probes were 
used for capture, and ON-D, when donkey 
probes were used) or off-target (OFF-H 
and OFF-D, respectively). Ancient DNA 
libraries were prepared from extracts that 
were treated with the USER enzymatic 
mix (USER+, filled symbols) or from raw 
extracts (USER−, open symbols)
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Importantly, this reference bias was generally more limited 
following USER-treatment, and was generally not impacted by 
hyRAD capture since allele representation closely followed that 
observed with shotgun data. However, the mule sequence align-
ments following capture with donkey hyRAD probes and align-
ment against the horse reference genome stand as an exception. 
Here, the reference bias was over-compensated, especially after 
USER-treatment, resulting in an overrepresentation of donkey-
specific alleles (Figure 4a). This was observed whether or not 
transition SNPs were filtered (Figure 4a, Figure S14a), which rules 
out DNA damage as a potential driver. This indicates that the 
combined effects of the probe set, USER-treatment and the ref-
erence genome used for alignment can magnify the extent of the 
reference bias, with potentially significant impact on downstream 
sequence data analyses investigating population structure, if 
overlooked.

4  |  DISCUSSION

In this study, we extracted ancient DNA from eight subfossils of 
horses, donkeys and mules and constructed double-stranded DNA 
libraries using both raw DNA extracts and DNA extracts that were 
subjected to USER-treatment. Amplified DNA libraries were then 
shotgun sequenced or captured using the hyRAD technology with 
probes that were prepared from fresh horse or donkey DNA ex-
tracts. Our experimental design allowed us to assess, for the first 
time, whether USER-treatment impacted the capture performance 
and provided equal chances to identify both parental alleles in hy-
brid individuals.

We found that the sequence data generated following cap-
ture mapped more often to the probe regions than when per-
forming shotgun sequencing. Additionally, on-target sequence 
data recapitulated the molecular features of the probes, 

F I G U R E  4  Proportions of horse-
specific and donkey-specific alleles 
identified following shotgun and hyRAD-
capture. (a) Alignments against the horse 
reference genome (Kalbfleisch et al., 
2018), supplemented with the Y-contigs 
from Felkel and colleagues (Felkel et al., 
2019). (b) Alignments against the donkey 
reference genome (Wang et al., 2020). 
Ancient DNA libraries from two horses 
(light green, [H]), three mules (deep blue, 
[M]) and three donkeys (light blue, [D]) 
specimens were shotgun sequenced 
(Shotgun, yellow) or subjected to capture 
with hyRAD horse (H-capture, pink) 
or donkey (D-capture, red) probes. 
Calculations indicate the difference 
between the number of reads carrying 
horse-specific and donkey-specific alleles, 
respectively. Only transversion alleles 
were considered. Positive (negative) 
fractions indicate an overrepresentation 
of horse-specific (donkey-specific) alleles 
in the sequence data. Calculations were 
conditioned on those read alignments 
against the reference genome that were 
located on-target (ON-H when horse 
hyRAD probes were used for capture, 
and ON-D when donkey probes were 
used) or off-target (OFF-H and OFF-D, 
respectively). Ancient DNA libraries were 
prepared from extracts that were treated 
with the USER enzymatic mix (USER+, 
filled symbols) or from raw extracts 
(USER−, open symbols)
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including increased %GC and %CpG dinucleotide content rela-
tive to the remaining fraction of the genome, and decreased DNA 
methylation levels. This ensured that the hyRAD procedures 
implemented here succeeded in facilitating the sequence char-
acterization of a pre-selected genome fraction. Interestingly, the 
size distribution of the ancient DNA fragments sequenced over 
their full size was increased in all capture conditions. However, 
USER-treatment further increased the recovery of long ancient 
DNA fragments when using the horse probe set for capture. 
This contrasted with the results obtained using donkey probes, 
which led to equine material encompassing a shorter size range. 
This could not be explained by differences in DNA methylation 
levels of the underlying genomic regions, nor the shorter size 
of the donkey probes used in our experiments. Therefore, other 
probe features, possibly including species-dependent diversity 
content, are responsible for the effects reported. In any case, 
our findings highlight probe preparation as a critical step in the 
hyRAD procedure. Strikingly, despite the same methodology 
was used for preparing both probe sets, we yet recovered probe 
spanning different size ranges. Improving the reproducibility of 
this step, and identifying quality checks for diversity content, 
including allele representation, will be critical before the hyRAD 
capture can be applied across large sample panels without risking 
to introduce uncontrolled but important technical batch effects. 
No such difficulties are expected with capture protocols using 
synthetic oligonucleotides of controlled sizes (e.g., 52-mers in 
Slon et al., 2017, 60-mers in Cruz-Dávalos et al., 2017 and 120-
mers in Ramos-Madrigal et al., 2019).

While mules carry even numbers of donkey and horse auto-
somal genetic material, horse-specific alleles were slightly over-
represented when the horse reference genome was used for 
sequence alignments. Conversely, donkey-specific alleles were 
slightly over-represented when aligning the mule sequence data 
against the donkey reference genome. This is typical of a refer-
ence bias (Günther & Nettelblad, 2019), favouring the parental 
species used as reference for sequence alignment. We expect such 
effects to be commensurate with the sequence divergence when 
species others than the horse and the donkey are investigated. 
Importantly, USER-treatment slightly reduced this bias when using 
horse probes. This was true regardless of the reference genome 
considered for mapping. However, the donkey probes dispropor-
tionally favored the detection of donkey alleles when aligning mule 
sequences against the horse genome but not the donkey genome. 
This effect was magnified following USER-treatment. Therefore, 
while mixing horse and donkey probes may have seemed the most 
optimal strategy for limiting the extent of reference bias, our re-
sults suggest complex capture outcomes depending on the capture 
probe set and reference genomes considered. We, thus, recom-
mend merging probe panels prepared from divergent lineages only 
after confirming their respective impact on reference bias. The 
analytical framework implemented here, in which the sequencing 
data were aligned against multiple reference genomes from closely 

related species, provides an example of how to do so. More gen-
erally, our experiments measured different fractions of the most 
divergent alleles (i.e., donkey alleles in mule sequence data mapped 
against the horse reference genome), depending on whether USER-
treatment was used or not. This implies that combining capture 
data obtained from extracts that were or were not subjected to 
USER treatment in single analyses can come with a risk when as-
sessing the genetic ancestry contribution of divergent, ghost lin-
eages in a given individual.

Post-mortem DNA damage signatures at CpG sites also indicated 
that the on-target ancient DNA data retrieved post-USER treatment 
carried fewer deaminated cytosines following capture than shotgun 
sequencing. Therefore, those ancient DNA templates sequenced 
post-capture were characterized by lower-than-average DNA meth-
ylation levels. This indicates that, in the experimental conditions 
tested, DNA methylation protection against USER-cleavage at de-
aminated CpG sites offered no particular advantage for capture, de-
spite preserving longer templates.

Finally, the data retrieved following USER-treatment were char-
acterized by different cytosine deamination rates following shotgun 
sequencing and hyRAD capture, despite being collected from the 
same individual (Figure 3, Figures S7, S8, S12). This confirms that 
the capture procedures do not provide a random subset of the pool 
of ancient DNA library templates covering the regions of interest 
but can instead overrepresent those showing molecular features in-
creasing probe-template affinities, including those least deaminated 
and with lower methylation rates. This has important ramifications 
for data authentication, especially following mild-USER treatment 
(Rohland et al., 2015), which relies on the partial preservation of 
particular post-mortem DNA damage signatures.
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