
fevo-10-970249 September 2, 2022 Time: 14:17 # 1

TYPE Original Research
PUBLISHED 08 September 2022
DOI 10.3389/fevo.2022.970249

OPEN ACCESS

EDITED BY

Jimmy McGuire,
University of California, Berkeley,
United States

REVIEWED BY

Shaoqing Wen,
Fudan University, China
Nicolas Dussex,
Stockholm University, Sweden

*CORRESPONDENCE

Raquel Godinho
rgodinho@cibio.up.pt

†These authors have contributed
equally to this work and share first
authorship

SPECIALTY SECTION

This article was submitted to
Evolutionary and Population Genetics,
a section of the journal
Frontiers in Ecology and Evolution

RECEIVED 15 June 2022
ACCEPTED 11 August 2022
PUBLISHED 08 September 2022

CITATION

Pacheco C, Lobo D, Silva P, Álvares F,
García EJ, Castro D, Layna JF,
López-Bao JV and Godinho R (2022)
Assessing the performance
of historical skins and bones
for museomics using wolf specimens
as a case study.
Front. Ecol. Evol. 10:970249.
doi: 10.3389/fevo.2022.970249

COPYRIGHT

© 2022 Pacheco, Lobo, Silva, Álvares,
García, Castro, Layna, López-Bao and
Godinho. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Assessing the performance of
historical skins and bones for
museomics using wolf
specimens as a case study
Carolina Pacheco1,2,3†, Diana Lobo1,2,3†, Pedro Silva1,3,
Francisco Álvares1,3, Emilio J. García4, Diana Castro1,3,
Jorge F. Layna5, José Vicente López-Bao4 and
Raquel Godinho1,2,3,6*
1CIBIO, Centro de Investigação em Biodiversidade e Recursos Genéticos, InBIO Laboratório
Associado, Universidade do Porto, Vairão, Portugal, 2Departamento de Biologia, Faculdade
de Ciências, Universidade do Porto, Porto, Portugal, 3BIOPOLIS, Program in Genomics, Biodiversity
and Land Planning, CIBIO, Vairão, Portugal, 4Biodiversity Research Institute (CSIC), Oviedo
University, Mieres, Spain, 5Consultores en Iniciativas Ambientales, S.L., Madrid, Spain, 6Department
of Zoology, Centre for Ecological Genomics and Wildlife Conservation, University of Johannesburg,
Johannesburg, South Africa

Advances in the field of museomics have promoted a high sampling demand

for natural history collections (NHCs), eventually resulting in damage to

invaluable resources to understand historical biodiversity. It is thus essential

to achieve a consensus about which historical tissues present the best

sources of DNA. In this study, we evaluated the performance of different

historical tissues from Iberian wolf NHCs in genome-wide assessments. We

targeted three tissues—bone (jaw and femur), maxilloturbinal bone, and skin—

that have been favored by traditional taxidermy practices for mammalian

carnivores. Specifically, we performed shotgun sequencing and target capture

enrichment for 100,000 single nucleotide polymorphisms (SNPs) selected

from the commercial Canine HD BeadChip across 103 specimens from 1912

to 2005. The performance of the different tissues was assessed using metrics

based on endogenous DNA content, uniquely high-quality mapped reads after

capture, and enrichment proportions. All samples succeeded as DNA sources,

regardless of their collection year or sample type. Skin samples yielded

significantly higher amounts of endogenous DNA compared to both bone

types, which yielded equivalent amounts. There was no evidence for a direct

effect of tissue type on capture efficiency; however, the number of genotyped

SNPs was strictly associated with the starting amount of endogenous DNA.

Evaluation of genotyping accuracy for distinct minimum read depths across

tissue types showed a consistent overall low genotyping error rate (<7%),

even at low (3x) coverage. We recommend the use of skins as reliable

and minimally destructive sources of endogenous DNA for whole-genome

and target enrichment approaches in mammalian carnivores. In addition, we
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provide a new 100,000 SNP capture array validated for historical DNA (hDNA)

compatible to the Canine HD BeadChip for high-quality DNA. The increasing

demand for NHCs as DNA sources should encourage the generation of

genomic datasets comparable among studies.

KEYWORDS

endogenous DNA, historical DNA, museomics, natural history collections, SNP
genotyping errors, target enrichment

Introduction

Natural history collections (NHCs) have been gathered
since the seventeenth century, motivated by human curiosity
about our planet’s biodiversity and the breakthrough in
preserving perishable material (Farrington, 1915). Currently,
national, regional, and private collections worldwide own
irreplaceable natural resources, offering wide perspectives across
distinct temporal and spatial scales that inspire research in
many scientific areas (Casas-Marce et al., 2012; Tsangaras
and Greenwood, 2012; Lopez et al., 2020; Pearson et al.,
2020). Such collections provide unique overviews of historical
biodiversity, from both extinct and extant species, and are
also essential resources for addressing questions about species
that have sampling limitations due to financial, bureaucratic,
or conservation constraints (Burrell et al., 2015). Advances in
molecular genetics and sequencing technology have promoted
the use of the naturally fragmented DNA of historical
specimens, transforming NHCs into invaluable sources of
material for investigating genetics-related questions among
different fields, including phylogenetics, biogeography, and
conservation (Suarez and Tsutsui, 2004; Holmes et al., 2016; Bi
et al., 2019).

Whereas a growing body of studies using historical DNA
(hDNA) illustrate the potential of NHCs in genetic research,
their regular use still poses different challenges. Sampling of
genetic material is often destructive, eventually compromising
the integrity of specimens and jeopardizing their future
use. Therefore, because sampling techniques that minimize
damages are prioritized (Pálsdóttir et al., 2019), the amount
of genetic material collected is often limited (Horváth et al.,
2005). Additionally, traditional taxidermy practices, which
commonly use hazardous chemicals, and general carelessness
in protecting specimens from environmental damage, do not
favor DNA preservation. Thus, historical samples often yield
limited and highly degraded DNA (Raxworthy and Smith,
2021) that presents major challenges during laboratory and
analytical procedures (Allentoft et al., 2012; Dabney et al.,
2013). Moreover, hDNA extracts can contain a non-negligible
proportion of exogenous DNA from pre- or post-mortem
sources, frequently in overwhelming ratios (Weiß et al., 2016;
McDonough et al., 2018; Eisenhofer et al., 2019). These factors

may explain why genetic studies using hDNA have often
relied on the amplification of short nuclear or mitochondrial
fragments (e.g., Schwartz et al., 2007; Maebe et al., 2016;
Lonsinger et al., 2019). However, the use of hDNA is nowadays
facilitated by high-throughput sequencing and by recent
developments in molecular methods (e.g., Rowe et al., 2011;
Staats et al., 2013; Hung et al., 2014). Methods like sequence
capture of target loci, which limits the representation of the
genome to specific loci, are among the most used in genome-
wide studies of low-quality DNA to achieve large and cost-
effective datasets (Jones and Good, 2016; McCormack et al.,
2016; Derkarabetian et al., 2019). Furthermore, despite requiring
a priori availability of the target genome to design specific baits,
target enrichment has been shown to be successful using bait
designs based on closely related species (Vallender, 2011).

Mammals have been traditionally preserved in NHCs by
archiving skins, bones, teeth, or mounted specimens (Rowe
et al., 2011). It is thus not surprising that most of the available
genetic studies using hDNA rely on these tissues (Raxworthy
and Smith, 2021). However, DNA yields may vary greatly among
different tissues and be dependent on curation history (Burrell
et al., 2015). Hard tissues, such as teeth and bones, were at
first thought to provide higher-quality DNA (Wandeler et al.,
2007; Casas-Marce et al., 2010), encouraging proposals to use
hard tissues assumed to minimize sampling damage, such as
maxilloturbinal bone (Wisely et al., 2004). Yet, recent studies
have shown conflicting results (Rowe et al., 2011; Lonsinger
et al., 2019; Tsai et al., 2020), revealing soft tissues to be
good sources of hDNA when preserved appropriately (Burrell
et al., 2015). To date, few studies have implemented genomic
resources to assess differences in the performance of distinct
tissues, and those tackling this question are often based on very
low sample sizes that hamper reliable statistical comparisons
(e.g., Rowe et al., 2011; McDonough et al., 2018). Thus, the
tissue of choice for increasing the quality of genomic data, while
sampling mammal NHCs with minimal damaging, remains an
open question (Raxworthy and Smith, 2021).

In this work, we sought to evaluate the performance of
different mammalian carnivore tissues generally available at
NHCs in genome-wide assessments. Using the Iberian wolf
(Canis lupus signatus) as a case study, we first collected
bones (jaw and femur), maxilloturbinal bones, and skins from
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FIGURE 1

Characterization of samples and hDNA used in this work. (A) Photographs illustrating the specimens used for the collection of each tissue type
(Image credits Raquel Godinho). (B,C) Correlation (r2) between DNA yield (ng) following extraction and the proportion of endogenous DNA
content with the original collection date of the specimens. Each dot represents a historical sample and inset boxplots display the median
(central line) and distribution per tissue type. Significant differences (p < 0.05) between tissues are identified with an asterisk. Colors depict the
three different tissue types used in this study: orange—bones (jaw and femur); yellow—maxilloturbinal (nasal) bones; and, green—skins.

103 historical specimens (Figure 1A). Then, we performed
a shotgun sequencing of these samples to characterize
endogenous DNA content. Third, we developed and tested a
capture array of 100,000 regions overlapping single nucleotide
polymorphisms (SNPs) contained in the commercial Illumina
Canine HD BeadChip, ensuring compatibility between datasets
generated with both low- and high-quality DNA. We intended
to answer three main questions: Does endogenous DNA content
differ across historical tissues? How is capture efficiency affected
by historical tissue type? What is the effect of read depth on SNP
genotyping error rates from hDNA?

Materials and methods

Sampling, DNA extraction, and
shotgun sequencing

We collected 103 samples from Iberian wolf specimens
housed at the three largest museum collections in the Iberian
Peninsula and at 15 private NHCs, consisting of 43 bones
(jaw and femur), 31 maxilloturbinal bones (hereafter nasal
bones), and 29 skins. The original collection years for these

specimens ranged from 1912 to 1990, except for two samples
from 2004 and 2005 (Figure 1, Supplementary Table 1). All
our samples conform to the definition of historical samples
by Raxworthy and Smith (2021), which restricts hDNA to
that fortuitously obtained from traditional museum specimens
not intended to serve as sources of DNA. Jaw and femur
bones were sampled by drilling ca. 1 g of bone powder with
a Dremel tool (Dremel, WI, United States; Supplementary
Figure 1). Femurs were sampled in the patellar surface region,
whereas jaws were sampled in the posterior lower region of
the mandibula (see Supplementary Figure 1 for examples
of the drilling location in each bone type). Nasal bones
were collected following Wisely et al. (2004), by inserting
sterilized forceps into the nasal cavity of the skull to extract
the bones. Nasal bone material was posteriorly crushed into
small fragments. Bones were not bleached prior to DNA
extraction. Skin samples were collected from pelts or mounted
specimens by extracting a patch of approximately 2 cm2.
Collecting tools, including drill bits, were cleaned with bleach,
and flamed with 96% ethanol between samples to minimize
cross contamination.

We prepared DNA extracts using 50 mg of sample following
Dabney and Meyer (2019). For skins, we favored the inner
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layer for DNA extraction and discarded hairs to minimize
contamination with external DNA sources. DNA concentration
was measured using the Qubit fluorometer dsDNA HS Assay
Kit (Thermo Fisher Scientific, MA, United States). We used
100–300 ng of DNA to prepare blunt-end dual-indexed
DNA sequencing libraries using a full-uracil-DNA-glycosylase
treatment following Meyer and Kircher’s (2010) protocol with
the modifications described in Kircher et al. (2012). To limit
DNA contamination, DNA extractions and library preparations
were conducted in dedicated rooms under sterile conditions
and positive air pressure, and negative controls were used
alongside the procedures. DNA libraries were diluted based
on concentration measurements obtained with the Qubit
fluorometer dsDNA HS Assay Kit, and library size ranges were
characterized using a Bioanalyzer 2100 with High Sensitivity
DNA kits (Agilent Technologies, CA, United States). To
characterize the endogenous DNA content of each sample, we
performed a shotgun sequencing run using one lane of an
Illumina HiSeq X instrument (Illumina, CA, United States)
in PE 150 bp mode. For this, we selected libraries with
concentrations > 15 ng/µl (N = 79; Nbone = 29; Nnasal bone = 30;
Nskin = 20) to ensure that enough library material remained for
the following steps (based on the required starting amount for
target capture enrichment of 14–72 ng/µl).

We also generated genomic information from two
contemporary wolf muscle samples to be used as positive
controls to validate the implemented approach. No animals
were killed or injured for this study. We isolated DNA from
these samples using the DNeasy Blood and Tissue Kit (Qiagen,
Hilden, Germany). DNA quantification and library preparation
were performed following the same procedures as described
above for historical samples but with two modifications during
library preparation: (i) a shearing step using a Bioruptor
Pico sonication device (Diagenode, NJ, United States) was
performed to obtain fragments of ∼250 bp, and (ii) the USER
enzyme treatment was not performed. These two samples
were genotyped using two different approaches: the Illumina
CanineHD BeadChip (Illumina, CA, United States; ∼170,000
SNPs) and the capture array of 100,000 regions developed in
this work (see next sections).

Bait design

We targeted a set of autosomal genome-wide SNPs whose
positions were defined based on the coordinates available on
the CanineHD BeadChip. With this experimental design, we
ensured the compatibility of historical datasets with other
datasets generated using the same SNP chip. From the ∼170,000
SNPs in the CanineHD BeadChip, only uniquely mapped
autosomal SNPs were considered for probe design. Based on this
list of putative SNPs, we custom designed a sequence capture
panel containing a final set of 100,000 SNPs distributed across

the wolf genome using MYbaits Target Capture technology
(Arbor Biosciences, Ann Arbor, MI, United States). The
implemented methods for probe design followed the strategy
described by Haak et al. (2015) and Cruz-Dávalos et al. (2017),
in which four probes of 60 bp each were designed to target
fragments of 120 bp per SNP: one upstream of the SNP, one
downstream, and one for each possible allele, with the allele
positioned at the center of the probe. RNA probes were designed
and synthesized by Arbor Biosciences (product code #302016).
The selection of the final set of MYbaits RNA probes was based
on their capture efficiency (stringent criteria ≤ 25% repeat
masked). A FASTA file providing the sequences of all 400,000
synthesized probes is available online.

Capture enrichment

We performed target enrichment using the MYbaits Custom
Target Capture Kit following the manufacturer protocol (v.3.02).
DNA libraries with similar endogenous DNA content were
pooled in equimolar sets of 8–10 samples per capture reaction
(600 ng in the final pool). Hybridization between RNA probes
and the DNA library occurred at 65◦C for 40 h. Real-
time PCRs were performed to determine the number of
amplification cycles required to obtain sufficient molarity for
sequencing. Post-enrichment libraries were amplified using
KAPA HiFi Hotstart Ready Mix (KAPA Biosystems, MA,
United States), following the manufacturer recommendations,
with an annealing temperature of 60◦C. The amplified enriched
DNA libraries were purified in 20 µl of EB buffer using the
MinElute PCR Purification kit (Qiagen, Hilden, Germany) and
quantified by the Qubit dsDNA HS Assay Kit. Library size
ranges were characterized using a Bioanalyzer 2100 with High
Sensitivity DNA kits and pooled in equimolar ratios. Pooled
libraries were then sequenced using 2 lanes of an Illumina HiSeq
X instrument in PE 150 bp mode.

Processing of sequencing reads and
single nucleotide polymorphism
calling

Raw sequences from shotgun sequencing and target
enrichment were processed similarly in different time
periods. First, sequence reads were demultiplexed and quality
assessments were done using FastQC (Andrews, 2018) and
MultiQC (Ewels et al., 2016). Sequence reads were then
processed and aligned using the PALEOMIX v.1.2.13.2 BAM
pipeline (Schubert et al., 2014). Briefly, the pipeline consisted
of the following steps: (i) adapter sequences were removed,
low-quality and N bases were trimmed, and overlapping read
pairs were collapsed using AdapterRemoval v.2.2.2 (Schubert
et al., 2016) with the default parameters (on average, 96 and 95%
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of reads were collapsed for shotgun and capture sequencing,
respectively); (ii) all sequence reads were then aligned against
the CanFam3.1 dog reference genome (Lindblad-Toh et al.,
2005) using BWA-MEM v.0.7.17 (Heng, 2013); and (iii) PCR
duplicates for each library were marked by the “paleomix
rmdup_collapsed” tool but were not used for the following
steps. The final alignment file was subjected to local realignment
around indels using the GATK v.3.8 IndelRealigner tool
(DePristo et al., 2011). The endogenous content was determined
by the ratio of unique reads (no duplicates) that mapped to
the dog reference genome with mapping quality above 20
(MQ > 20) to the total number of available reads (also referred
as library complexity by some authors; Dehasque et al., 2022).
For the target enrichment experiment, the number of reads
mapping on target was defined as the total number of unique
high-quality (MQ > 20) reads overlapping at least 1 base of the
120 bp target region. Enrichment success was determined by
the ratio of reads on target in relation to (i) the total number
of available reads and (ii) the total number of uniquely and
high-quality mapped reads. These metrics were retrieved from
the PALEOMIX summary report and, additionally, with the
help of SAMtools v.1.9 (Li et al., 2009). Fold enrichment was
determined by the ratio of the number of on-target reads to
the total number of uniquely and high-quality mapped reads,
divided by the expected representation of the target regions
without enrichment (i.e., the ratio of genome length, 2.4 Gb, to
target length, 100,000 × 120 bp, corresponding to 0.5%).

Following target enrichment, genotypes were called using
BCFtools v.1.10.2 (Li, 2011) mpileup/call -m tools, with
minimum Phred-scaled thresholds of 20 for base quality and
read mapping quality. At the end, to evaluate the effect of
sequencing depth on genotyping quality rates, we considered
genotypes supported by at least three (DP ≥ 3), four (DP ≥ 4),
or more reads (DP ≥ 5) using the custom python script
gtvalues2plink.py, which was also used to convert the final VCF
file to plink format. The distribution and density of SNPs in our
dataset (using DP ≥ 4) was visualized using the R/Bioconductor
package karyoploteR (Gel and Serra, 2017) in R (R Development
Core Team, 2017).

Genotypes were ultimately validated by estimating their
concordance rates with the genotypes obtained from the
control samples using the Canine HD BeadChip. In this last
approach, genotype calling was performed using GenomeStudio
software (Illumina), following Illumina’s recommendations.
Sex-chromosome-related SNPs and non-uniquely mapped SNPs
(SNPs with multiple positions attributed) were removed from
the dataset using PLINK v.1.9 (Purcell et al., 2007), resulting
in a final dataset of ∼ 121,000 SNPs. Concordance rates were
calculated for the entire set of genome-wide SNPs obtained
across the three depth thresholds for each control sample,
using a second custom script, SNP_concordance.py. We also
calculated concordance rates for SNPs called exclusively with
3x and 4x coverage in each control sample and estimated

the associated error rates. Additionally, to assess the genotype
quality across all historical samples, we estimated the potential
genotyping error rate associated with low read depth using
the ErrorCount.sh script from the dDocent pipeline (Puritz
et al., 2014). Briefly, this script reports a low range based on
a 50% binomial probability of observing the second allele in a
heterozygote and a high range based on a 25% probability. All
genotyped SNPs were considered for this analysis without any
filter for missing data.

Statistical analysis

To determine whether the amount of endogenous DNA and
capture efficiency were influenced by sample type (bone, nasal
bone, and skin), we implemented a set of generalized linear
models (GLMs). We ran four different GLMs with the following
dependent variables: (i) proportion of endogenous DNA, i.e.,
number of reads that mapped uniquely with MQ > 20 in
relation to the total number of available reads, following shotgun
sequencing; (ii) mapped reads after capture, i.e., proportion of
the number of reads that mapped uniquely and with MQ > 20
to the total number of reads available after target enrichment;
(iii) reads on target (all), i.e., number of unique and high-
quality (MQ > 20) reads that mapped on target regions in
relation to the total number of reads available; and (iv) reads
on target (mapped), i.e., the same as above, but in relation to
the total number of mapped reads. All GLMs were fitted with a
binomial error distribution and a logit link. The fit of each model
was further assessed using the Pearson’s χ2 residuals, which
test whether any significant patterns remain in the residuals.
Given the unavailability of shotgun sequencing data for all the
samples, we tested levels of correlation between the proportion
of endogenous DNA and the proportion of reads mapping after
capture to understand if the latter could be interpreted as a proxy
for endogenous content. We also tested correlation coefficients
using the following variables: original collection year, DNA
yield (ng) following extraction, endogenous DNA proportion,
fragment length (average length of filtered reads from shotgun
sequencing), and mapping length (average length of mapped
and unique reads, with MQ > 20). The effect of sample type on
DNA concentration was also evaluated using a Kruskal-Wallis
test. All the previously mentioned tests were performed in R,
and all the plots were constructed using the R package ggpubr
(Kassambara, 2020).

Results

Endogenous DNA content

We successfully obtained DNA extracts for all 103 historical
samples, with an average DNA yield of 469.91 ± 63.18 (s.e.)
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ng; (range 84–3,812 ng). DNA yield was not correlated with
the original specimen collection year (r2 = 0.15) nor with
the sample type (Kruskal-Wallis test, p = 0.256; Figure 1B).
Nevertheless, even using the same quantity of starting material
for DNA extraction, we cannot rule out greater effects due
to histological differences between hard and soft tissues. The
initial sample characterization by shotgun sequencing resulted
in an average fragment length of 97 bp (range 42–145 bp).
Endogenous DNA content across all samples varied from 0.05
to 76.35% (mean: 14.48 ± 2.47%; Figure 1C) and was not
correlated with the fragment length (r2 = −0.42; Supplementary
Figure 2A) nor with the original collection year (r2 = −0.24;
Figure 1C). The average mapping length across all samples
was 75 bp (range 40–116 bp) and was not correlated with
specimen original collection year (r2 = 0.15; Supplementary
Figure 2B). Among sample types, skin samples retrieved the
highest proportion of endogenous DNA (43.49 ± 4.76%,
p = 0.008; Figure 1C and Supplementary Tables 2, 3)
in relation to bones (8.14 ± 2.66%) and nasal bones
(1.28 ± 0.22%).

After capture enrichment, the proportion of reads mapping
to the reference genome ranged from 0.13 to 78.26% (mean:
19.89 ± 2.59%; Supplementary Table 2). Consistently, skin
samples presented a significantly higher proportion of mapped
reads (49.01 ± 4.69%, p = 0.001; Figure 2 and Supplementary
Tables 2, 4) relative to bones (12.57 ± 2.99%) and nasal
bones (2.79 ± 0.64%). Across contemporary control samples,
the average proportion of reads mapping after capture was
32.85 ± 0.56% (Supplementary Table 5), with 65.4% of
filtered reads being duplicates. Endogenous DNA content
and the proportion of reads mapping to the reference
genome following capture were highly correlated (r2 = 0.93;
Supplementary Figure 3A).

Capture efficiency across sample types

Following capture enrichment, the proportion of reads
mapping on target regions ranged from 0.01 to 27.79% (mean:
4.75 ± 0.73%; Supplementary Table 2) in relation to all
available reads and from 1 to 37% (mean: 19.82 ± 0.84%;
Supplementary Table 2) in relation to all mapped reads. The
average fold enrichment was 39.64x, with 91% of all samples
presenting an enrichment > 10x. Among sample types, skin
samples showed the highest proportion of reads mapping on
target regardless of the metric used (12.35 ± 1.58% of all
reads; 22.49 ± 1.65% of mapped reads; Figure 2). Bones
(2.68 ± 0.78% of all reads; 18.13 ± 1.41% of mapped reads)
and nasal bones (0.50 ± 0.11% of all reads; 19.68 ± 1.18% of
mapped reads) worked less successfully; however, differences
were not significant among the three sample types (Figure 2 and
Supplementary Tables 6, 7). For the two contemporary control
samples, the proportion of reads mapping on target regions
was 17.54 ± 0.01% of all available reads and 53.42 ± 0.69% of
mapped reads (Supplementary Table 5).

Genotyping errors and coverage effect

We were able to generate genotypes for a panel of 99,982
genome-wide SNPs (Supplementary Figure 4) using the target
enrichment approach, with distinct levels of missing data across
samples. For contemporary control samples, concordance rates
between genotypes obtained from the capture array developed
in this study and those from the Canine HD BeadChip were
above 99%. Error rates for the two control samples (i.e., rates
of genotype discordance) were almost negligible but increased
with decreasing coverage at the target sites (0.64 and 0.91%

FIGURE 2

Genomic metrics assessed from capture enrichment for each tissue type: bones (orange), maxilloturbinal (nasal) bones (yellow), and skins
(green). Boxplots display the proportion of reads mapping after capture enrichment and reads mapping on target region in relation to all or
mapped reads for each tissue. Within boxplots, dots represent historical samples, and the central line indicates the median value. Significant
differences (p < 0.05) between tissues for each metric are identified with an asterisk.
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error rate, at coverage ≥ 5x and ≥ 3x, respectively; Figure 3A
and Supplementary Table 8). When calculating the genotype
concordance rates using SNPs called exclusively with 3x and
4x, we found a decrease to 94.1 and 96.4%, respectively
(Supplementary Table 8). The most common error found in
genotypes called with the lowest coverage (3x) was the dropout
of a second allele (miscalled homozygous in relation to the SNP
chip), corresponding to 79.5% of the observed discordances.
The number of loci obtained in contemporary control samples
increased as the coverage decreased; for example, the average
number of SNPs obtained across both samples declined from
93,948 to 88,173 at coverage ≥ 3x and ≥ 5x, respectively
(Figure 3B and Supplementary Table 9).

We found the same pattern across historical samples,
with increased estimates of potential genotyping error
rates associated with SNPs called with decreasing coverage
(Figure 3A). Nevertheless, the highest error rate estimate for
coverage ≥ 3x did not reach 7%. Concordantly, we also found
an increase in the average number of SNPs across all samples

for lower read depths (24,663 and 18,523 SNPs at coverage ≥ 3x
and ≥ 5x; Figure 3B and Supplementary Table 9). Overall, the
average number of SNPs obtained across historical samples was
substantially lower than in contemporary control samples. Still,
the highest genotyping success rates were found among three
historical samples, which presented very similar rates (>95%)
to those found in the contemporary samples (Figure 3B and
Supplementary Table 9). Skin samples presented the highest
average numbers of SNPs genotyped (Figure 3B). Genotyping
success rate (number of genotyped SNPs) was positively
correlated with the proportion of reads mapping to the genome
after capture (r2 = 0.85; Supplementary Figure 3B).

Discussion

In this study, we evaluated the performance of different
historical tissues—bones, nasal bones, and skins—across

FIGURE 3

Genotyping performance of hDNA from three sample types. (A) Interval of potential genotyping error rate estimates (%) for the three hDNA
sample types, and average empirical genotyping error rate for control samples, considering the three minimum depth levels. (B) Percentage of
genotyped SNPs (N = 99,982) considering a minimum depth of 3x, 4x, or 5x per SNP across 103 samples. Each dot represents a sample.

Frontiers in Ecology and Evolution 07 frontiersin.org

https://doi.org/10.3389/fevo.2022.970249
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-970249 September 2, 2022 Time: 14:17 # 8

Pacheco et al. 10.3389/fevo.2022.970249

a population sampling of Iberian wolf NHCs, in whole-
genome sequencing and target enrichment. Specifically,
we analyzed metrics based on endogenous DNA content,
uniquely high-quality mapped reads after capture, and
enrichment proportions.

Bones, nasal bones, and skins all succeeded as DNA sources
but differed in endogenous DNA content. Based on equal
starting amounts of DNA for shotgun sequencing, skins yielded
significantly higher amounts of endogenous DNA than did
the other sample types. This concords with other studies
that have previously shown that soft tissues of mammals
(van der Valk et al., 2017) and birds (Tsai et al., 2020)
provide higher endogenous DNA content than hard tissues,
although these are based on less comprehensive sample sizes
than the one used here. Although nasal bones were initially
recommended for presenting higher genotyping success rates
than other bones (Wisely et al., 2004), a recent study showed
conflicting results (Lonsinger et al., 2019). Here, we assessed
for the first time the proportion of endogenous DNA retrieved
from nasal bones, showing that this bone type provides
lower content than other commonly used bones. Despite
the observed significant effect of tissue type on endogenous
DNA, we cannot disregard the impact of distinct collection
histories in this result (Raxworthy and Smith, 2021). We did
not observe significant associations between endogenous DNA
content, or its mapping length, and the original collection year,
suggesting no substantial DNA degradation across the period
under evaluation.

There was no direct effect of tissue type on capture
efficiency, with most samples presenting an enrichment > 10x.
This result emphasizes the efficiency of target capture as a
powerful method for building genomic datasets from hDNA
and is in line with other studies using capture approaches
(Carpenter et al., 2013; van der Valk et al., 2017). An
a priori understanding of the importance of endogenous DNA
content in the success of a capture experiment (Hernandez-
Rodriguez et al., 2018) has driven our decision to perform
shotgun sequencing prior to capture enrichment. Using this
approach, we were able to demonstrate a perfect association
between the number of resulting SNPs and the initial amount
of endogenous DNA, emphasizing that this is a practical
and cost-effective way to select samples prior to capture
experiments. Furthermore, knowing the endogenous DNA
content across samples also allows to minimize variation
within each sequencing experiment, ensuring low rates of index
hopping and reducing possible bias in downstream analysis (van
der Valk et al., 2020). Our SNP genotyping results demonstrate
that historical samples with high amounts of endogenous DNA
can behave similarly to, or even better than, contemporary
samples in capture procedures, further supporting the use of
capture enrichment to genotype thousands of genome-wide
SNPs in hDNA samples (Bi et al., 2013; Smith et al., 2014; Harvey
et al., 2016; Lim and Braun, 2016).

The final number of SNPs in a dataset can be a trade-
off between coverage and genotyping error rates: relaxing the
minimum read depth to increase the number of SNPs is
accompanied by higher uncertainty in genotype calling. Still,
we were able to generate an average of ca. 25,000 genome-
wide SNPs per sample, called with ≥ 3x coverage and with
low potential error rates (<7%). Reducing coverage led to an
increase in the number of SNPs, mostly across samples with
intermediate genotyping success, i.e., those where SNPs were
captured but read depth was generally low. In such cases,
decreasing the coverage from ≥ 4x to ≥ 3x represented an
increase of ∼11,000 SNPs. Regardless of the threshold used for
minimum coverage, genotypes obtained for the contemporary
control samples were confirmed and validated against the SNP
chip genotypes. The average error rates found in the controls
were within, or very close to, the potential error rate intervals
estimated for the historical dataset. This overlap suggests that
the use of such an analytical approach (Puritz et al., 2014) can
be a reliable alternative to estimate potential error rates when
no control samples are available. Observed error rates in our
work for ≥ 5x coverage, which is a widely accepted threshold
for SNP calling (Yi et al., 2010), were much lower than those
reported by Fountain et al. (2016) at the same coverage for
fresh tissue samples.

The most common error found among control samples was
the dropout of a second allele after target enrichment. Given the
overall low error rates, we predict minimal impact associated
with allelic dropouts in downstream analysis. However, even
low rates of genotyping error tend to overestimate genetic
variation and can affect population genetic studies in different
ways, or, to a greater extent linkage and association studies
(Pompanon et al., 2005; Gautier et al., 2013). Since most studies
do not have control samples available to calculate empirical
concordance rates and validate genotypes (Fountain et al., 2016),
predicting the effects of errors might be difficult, and in this
case higher minimal depth thresholds (>5x) may be considered.
Choosing between increasing the number of loci or having
high reliability in the genotypes should be considered on a
case-by-case basis to ensure compatibility with downstream
applications. Alternatively, historical datasets can be analyzed
based on genotype likelihoods instead of genotypes, in order
to take the inherent uncertainty of the genotypes into account
(Nielsen et al., 2011).

Reducing sample damage without
compromising data recovery

Skin samples were revealed to be a good source of
endogenous DNA while still being minimally destructive to
specimens, as small patches can be easily sampled from
non-unique morphological features of hides or skin mounts.
Bone sampling is generally more destructive and does not
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necessarily translate into higher endogenous DNA content. This
applies in particular to nasal bones, which yield the lowest
endogenous DNA content while relying on a quite destructive
sampling process in which a large part of the structure is
removed. Although we acknowledge that the consumptive
sampling of nasal bones does not compromise the utility of a
specimen for morphometric or character studies (Wisely et al.,
2004), our results discourage their sampling for genomic studies
of mammalian carnivores.

As the demand for NHCs in molecular studies increases,
conscious sampling of specimens should now become routine
to not compromise their future use. The drilling procedure
we used for bone sampling left a small hole in the bone
tissue (Figure 1A and Supplementary Figure 1) but did
not hamper future morphometric studies. This sampling
approach is less damaging than cutting bone fragments
(Supplementary Figure 1) and still ensures that enough
material is collected for genomic analysis without further
manipulation. Sampling the petrous bone, a recognized
excellent source of endogenous DNA (Pinhasi et al., 2015),
would only be recommendable for NHC specimens if entailing
the use of damaged skulls, as its sampling is highly destructive
to the skull (Charlton et al., 2019). The starting amount of
endogenous DNA can also be maximized through wet lab
procedures by performing several rounds of DNA extraction,
creating multiple and differentially indexed DNA libraries
to increase complexity levels, and/or captures per sample
(Hernandez-Rodriguez et al., 2018; White et al., 2019; Fontsere
et al., 2021; von Seth et al., 2021). Understanding that a
reduced fragment of the appropriate tissue is enough to
successfully recover molecular data without compromising
the reusability of the specimen is of remarkable importance
for managing NHCs.

Limitations and opportunities for
further development

In contrast to current practices for preserving biological
material in controlled environments and using sophisticated
resources that prevent DNA damage, older traditional methods
did not prioritize DNA integrity (Hall et al., 1997; Burrell
et al., 2015; Card et al., 2021). Thus, these preservation
techniques and storage conditions can greatly impact the
quality and quantity of DNA. In this work, we used wolf
specimens from three museums and 15 private collections
distributed across a 90-year period, where most samples
(∼60%) were collected between 1960 and 1980. These samples
likely have different collection histories, particularly those
in private collections, where less-standardized preservation
methods can be expected. Such heterogeneity may explain
the observed levels of variability in endogenous DNA
content, although our sample size hampers a statistical
evaluation of these metrics across sampling origins. We

acknowledge that it would be relevant to assess the effects
of different preservation techniques on DNA degradation;
unfortunately, information about the method applied to each
specimen used for this study was not available, as is often
the case in NHCs.

One of the major challenges the museum community
currently faces is improving the documentation of collection
histories for individual specimens and to make it accessible
to the scientific community. Global initiatives have been
promoting the digitization of specimens’ metadata and digital
images to make them available in electronic databases that
can be easily accessed (e.g., The Global Information Facility;
Robertson et al., 2014). As this process evolves, it is essential
that researchers working in the field of museomics synergize
genomic data with NHCs metadata to enhance the scientific
impact and traceability of their studies by, for example,
always providing the catalog numbers of specimens used
(Card et al., 2021).

Concluding remarks

To our knowledge, this study uses the most comprehensive
dataset to date—in terms of sample size and genome
representation—to test the performance of three wolf tissues
as sources of hDNA. Based on our findings, we recommend
the use of skins for sampling mammalian carnivore specimens,
as these are reliable and minimally destructive sources of
endogenous DNA suitable for whole-genome and target
enrichment approaches. This study should also encourage
future research with the same aims but targeting different
vertebrate and invertebrate groups. In addition, we provide a
validated genome-wide SNP tool (i.e., probe design) that allows
for direct comparison between historical and contemporary
data. Although the enrichment approach presented here
was based on canid genomes, its conceptual design can be
implemented in any species for which SNP chips are available.
We believe that the increasing demand for NHCs as DNA
sources, and the requirements for minimal damage to the
specimens, should encourage the generation of genomic datasets
comparable among studies.

Data availability statement

Individual SNP genotypes and the sequence of the 400,000
RNA probes are available from the OSF repository: https://
osf.io/j3r7x/?view_only=a747acf5297c49309bbb89f2e7414104.
Raw sequence reads from whole-genome resequencing are
available on NCBI (accession SRA PRJNA860381): https://www.
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are available at https://github.com/pdroslva84/SNPcap.
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