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Abstract
Millions of scientific specimens are housed in museum collections, a large part of
which are fluid preserved. The use of formaldehyde as fixative and subsequent storage in ethanol is especially common in ichthyology and herpetology. This type of
preservation damages DNA and reduces the chance of successful retrieval of genetic
data. We applied ancient DNA extraction and single stranded library construction
protocols to a variety of vertebrate samples obtained from wet collections and of
different ages. Our results show that almost all samples tested yielded endogenous
DNA. Archival DNA extraction was successful across different tissue types as well
as using small amounts of tissue. Conversion of archival DNA fragments into single-
stranded libraries resulted in usable data even for samples with initially undetectable
DNA amounts. Subsequent target capture approaches for mitochondrial DNA using
homemade baits on a subset of 30 samples resulted in almost complete mitochondrial
genome sequences in several instances. Thus, application of ancient DNA methodology makes wet collection specimens, including type material as well as rare, old or extinct species, accessible for genetic and genomic analyses. Our results, accompanied
by detailed step-by-step protocols, are a large step forward to open the DNA archive
of museum wet collections for scientific studies.
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I NTRO D U C TI O N

Until the end of the 19th century, a solution of ethanol often
including denaturants and water was most commonly used for the

Natural history museums and other biological collections worldwide

preservation of specimens in wet collections (Simmons, 2014). This

house millions of specimens that document changes in biodiversity,

mode of preservation can be problematic for DNA (e.g., McGuire

are key references for species descriptions and identifications, and

et al., 2018; Ruane & Austin, 2017) since the presence of free water

are often the only available resource for the reconstruction of the

accelerates DNA damage by hydrolysis (Lindahl, 1993). In addition,

tree of life. Hence, they represent invaluable and irreplaceable as-

problems with DNA recovery are exacerbated if samples are initially

sets for reconstructing patterns and processes of evolution across

fixed with diluted formalin (4% formaldehyde in aqueous solution).

time and space (Habel et al., 2014; Kemp, 2015; Peacock et al., 2017;

Accidentally discovered as a fixative in 1893 (Blum, 1893), formal-

Wandeler et al., 2007; Yeates et al., 2016) and are unique archives

dehyde quickly found its way into fixation protocols. In vertebrate

for biodiversity (Rocha et al., 2014). These collections have played

collections it is common to fix specimens using formaldehyde at

key roles in many scientific discoveries that changed our knowledge

low concentration and subsequently preserve them in 70% etha-

about the environment and our place in the natural world (Funk,

nol for long-term storage (Neumann et al., 2010; Simmons, 2002,

2018). During the past few decades, biological tissue collections and

2014). Alterations of DNA induced by formaldehyde fixation in-

DNA banks have become the most important repository of genetic

clude disruption of base-pairing, promotion of denaturation, as well

information as the molecular revolution continues to overhaul our

as cross-linking between DNA and proteins (Hoffman et al., 2015).

understanding of the diversity of life. However, millions of preserved

Additionally, formaldehyde can react with the DNA bases adenine,

specimens in the world's natural history museums originate from

guanine and cytosine, resulting in methylol adducts (Hoffman

times where tissue samples for DNA analyses were not routinely

et al., 2015; Karlsen et al., 1994; Tang, 2006). Methylol adducts,

taken before preservation. Consequently, most of these have been

in addition to other blocking lesions, inhibit techniques that em-

excluded from genetic analyses for decades.

ploy amplification of DNA, including PCR, and consequently almost

In recent years, advances in extraction protocols and next-

all currently available DNA sequencing techniques (Gilbert et al.,

generation sequencing methods have allowed us to not only obtain

2007). Therefore, DNA extraction and sequencing from formalde-

DNA sequence information, but also whole genomes from historical

hyde fixed wet-collection animal samples has proven to be difficult

specimens (e.g., Burrell et al., 2015; Hykin et al., 2015; Li et al., 2015;

and has a high failure rate (Gilbert et al., 2007; Licht et al., 2012;

Speidel et al., 2015; Sproul & Maddison, 2017). The application of

Tang, 2006; Wu et al., 2002). An exception to this rule are formalin

these techniques allowed for obtaining DNA information from both

fixed and paraffin embedded (FFPE) clinical human samples, suc-

type material and old or rare species from remote localities (e.g.,

cessfully analysed in multiple studies (e.g., Einaga et al., 2017; Lin

Rancilhac et al., 2020). This opens up new perspectives for studies

et al., 2009; Paireder et al., 2013; Snow et al., 2014) even recover-

on evolution, ecology, taxonomy, phylogeography or conservation

ing whole genomes (e.g., Munchel et al., 2015; Robbe et al., 2018;

strategies (e.g., Evans et al., 2019; Turvey et al., 2019) and greatly

Zar et al., 2019).

enhances the relevance of natural history collections in modern biodiversity studies (Yeates et al., 2016).

To date, obtaining genetic data from formaldehyde fixed and/or
ethanol preserved museum specimens can best be described as "hit

While DNA sequencing of dry collection specimens (dried skin,

and miss". The application of ancient DNA methods seems a prom-

pinned insect specimens, bird feathers, etc.) has been widely suc-

ising approach for extraction and sequencing of archival DNA from

cessful (Haran et al., 2018; Li et al., 2015; McCormack et al., 2016),

wet-collection specimens, as many of the challenges are similar, such

wet collection specimens remain challenging for numerous reasons

as highly fragmented DNA and the presence of contaminants and

(Gilbert et al., 2007; McGuire et al., 2018; Ruane & Austin, 2017;

inhibitors. Recent advances in ancient DNA research resulted in par-

Tang, 2006). The necessity of minimally invasive sampling to pre-

ticularly recognised technical achievements allowing for sequencing

serve morphological characters, especially in small specimens, and

DNA from a diversity of ancient samples preserved under differ-

the usual lack of information on the fixation and preservation history

ent conditions (Barlow et al., 2016; Green et al., 2010; Gutiérrez-

are limiting factors. Moreover, fixation and preservation chemicals

García et al., 2014; Meyer et al., 2012; Orlando et al., 2013; Prüfer

may cause DNA damage.

et al., 2014; Sheng et al., 2019). So far, only few studies successfully
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accessed DNA sequences from preserved specimens from wet col-
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2.2 | DNA extraction

lections, most by adopting ancient DNA methodologies for DNA
extraction and/or library preparation (Evans et al., 2019; Gansauge

A widely adopted DNA extraction protocol in the field of ancient

et al., 2017; Hykin et al., 2015; Li et al., 2015, 2016; Lyra et al., 2020;

DNA research has been developed by Dabney, Knapp et al. (2013).

Rancilhac et al., 2020; Ruane & Austin, 2017; Turvey et al., 2019).

This method is based on the binding of DNA to a silica membrane in

However, these successful studies on formaldehyde fixed samples

the presence of a chaotropic salt (guanidine hydrochloride) buffer.

obtained data from only one or few samples and may thus be rather

An important aspect of this method is the use of an extension res-

taxon specific. Therefore, generalizations on the efficiency of the

ervoir fitted to commercial silica spin columns allowing the ratio

methods for wet collections, quantification of contamination and

of binding buffer to sample to be increased (13:1), which enhances

documenting characteristics of archival DNA are not possible with

DNA recovery, in particular for short DNA fragments typical for an-

the available data.

cient or archival samples. The original tissue lysis buffer described

Here, we tested the efficacy of published ancient DNA proto-

by Dabney, Knapp et al. (2013) was optimised for the digestion of

cols applied to vertebrate wet collection specimens, including a

subfossil bone. We therefore tested five alternative digestion meth-

wide range of different taxa and samples with poorly known fix-

ods to assess their suitability for tissues obtained from museum wet

ation and preservation history. By developing a pipeline to obtain

collection specimens, combined with the DNA purification method

genetic information from these samples, we are taking an import-

of Dabney, Knapp et al. (2013) in an attempt to maximise recovery of

ant step towards understanding the characteristics of wet collec-

DNA from each sample. These were:

tion archival DNA. Specifically, we (i) tested different ancient DNA
extraction protocols for recovering archival DNA fragments, (ii) incorporated these fragments into single-s tranded libraries, (iii) col-

2.2.1 | Guanidine treatment (N = 34)

lected information on the properties and characteristics of archival
DNA, and (iv) aimed to recover mitochondrial DNA using hybridi-

We incubated tissue samples in 1 ml of guanidinium thiocyanate buffer

sation capture.

(5 M GuSCN, 50 mM Tris pH 8.0, 25 mM NaCl, 20 mM EDTA, 1%
Tween 20, 1% 2-mercaptoethanol) adapted from the GuSCN-based

2
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2.1 | Samples

buffer described by Rohland et al. (2004). Samples were incubated in
buffer for ~18 hr rotating at room temperature. After centrifugation,
we followed the procedure described in Dabney, Knapp et al. (2013),
that is, we added 1 ml of the supernatant to 13 ml of binding buffer
(5 M guanidine hydrochloride, 40% isopropanol, 0.05% Tween 20,

Samples and data sets analysed herein were combined by the authors

90 mM sodium acetate). DNA was purified using the MinElute silica

from different projects with different scopes over a time range of

spin column (Qiagen) and eluted two times in TET buffer (10 mM Tris-

three years (2017–2019) reflected in unequal sample sizes, different

HCL, 1 mM EDTA, 0.05% Tween 20) for a total of 25 µl.

DNA extraction approaches and downstream analyses. Therefore,
we adjusted our data analysis and interpretation of results accordingly. In total, we investigated 33 museum wet collection specimens
of Euteleostei, Chondrichthyes, Lissamphibia, and Squamata, includ-

2.2.2 | Proteinase K re-digestion treatment
(Re-Prot K; N = 11)

ing several type specimens (Table 1). Specimens generally lacked
detailed fixation histories. From these 33 specimens, we took 57

Since the guanidine treatment leaves a substantial pellet of undi-

tissue samples ranging from 0.25 to 144 mg, comprising muscle (N

gested material, we investigated the potential for redigesting this

= 45), brain (N = 1), teeth (N = 3), liver (N = 5), cartilage and bones

pellet, to further enhance DNA recovery, using a standard lysis

(N = 3) (Table S1). Tissue sampling was carried out using sterile scal-

buffer containing proteinase K (100 mM NaCl, 10 mM Tris-Cl, 25 mM

pels and tweezers to make microdissections or using punch biopsy

EDTA pH 8.0, 0.5% sodium dodecyl sulphate, 0.1 mg/ml proteinase

instruments.

K; adapted from Sambrook & Russell, 2001). Tissue lysis was carried

All laboratory procedures prior to PCR amplification were carried out in a dedicated clean laboratory at the University of Potsdam,

out for ~18 hr at 37℃ with rotation, and DNA purified as described
for the guanidine treatment.

Germany, following standard procedures (e.g., decontamination
procedures for all materials and reagents, negative controls included during DNA extraction and library preparation, see Fulton

2.2.3 | Proteinase K treatment (N = 8)

& Shapiro, 2019). Prior to extraction, all samples were weighted and
washed with 1 ml Qiagen PE or PBS buffer two times in an attempt

Samples were subjected directly to proteinase K lysis buffer. For tis-

to decrease the amount of formaldehyde, ethanol, and other poten-

sue digestion, we used ~18 hr of incubation with rotation at 37℃.

tial inhibitors. A graphical summary of the laboratory pipeline and

After centrifugation, DNA was purified as in previous treatments.

data analyses steps is provided in Appendix S1: Figure S1.

Two of the eight samples included in this treatment represent

Lissamphibia

Euteleostei

1903

NHM7852615
ZMH26260

Etmopterus pusillus

Leucoraja sp.

Guanidine, Re-Prot K

Guanidine, Re-Prot K

1941
2005

MNRJ25686
ZSM2632005

Thoropa petropolitana

1953
1945

MZUSP15134
MNRJ23525

Paratelmatobius mantiqueira

Thoropa lutzi

Mantidactylus grandidieri

Guanidine, Re-Prot K

1964

MZUSP94627

Paratelmatobius lutzii

Guanidine, Re-Prot K

Guanidine

Guanidine, Re-Prot K

Guanidine, Re-Prot K

Guanidine

1953
1987

MNRJ54331

Guanidine, Re-Prot K

CFBH361

1975
1982

MZUSP75655
EI7530

Allobates olfersioides

Aplastodiscus musicus

Guanidine, Re-Prot K
Guanidine, Re-Prot K

Boana claresignata

1964
1967

MZUSP76628
MZUSP73753

Allobates capixaba

Allobates carioca

Guanidine, Re-Prot K

Guanidine

Guanidine

Guanidine

Guanidine

Guanidine

Guanidine

Guanidine

Guanidine

Guanidine, Prot K, Re-Prot K,
heat-prot K, prot K−65

Guanidine, Prot K

Guanidine

Prot K

Guanidine

Extraction protocol

Dendropsophus minutus

1957

2007

MZUSP78193

ZSM35204

Synodontis frontosus

Allobates alagoanus

2008
2004

ZSM43646
ZSM30674

Chiloglanis niloticus

Gobio gobio

1988

1987
1979

ZMH24994
ZSM37622

Etmopterus litvinovi

1981

ZMH121764

Etmopterus hillianus

Etmopterus lucifer

2007
1979

ZSM37668
ZSM37670

Etmopterus granulosus

Etmopterus granulosus

1979
1979

ZSM30786
ZSM30795

Etmopterus granulosus

Etmopterus granulosus

1979

ZMH103111

Etmopterus bullisi

Collect. date

Chondrichthyes

Voucher ID

Species

Class

TA B L E 1 Specimens analysed and metadata; See Table S1 for details. *Approximate dates

A_Mgra_21, 22

A_Tpet_33

A_Tlut_32

A_Pman_30

A_Plut_29

A_Dmin_8, 9

A_Bcla_6, 48

A_Amus_5, 47

A_Aolf_4, 46

A_Acar_3, 45

A_Acap_2, 44

A_Aala_1, 43

E_Sfron_31

E_Ggob_19

E_Cnil_7

C_Leu_20

C_Epus_18

C_Eluci_17

C_Elit_16

C_Ehil_15

C_Egra_14, 40, 49, 54, 56

C_Egra_12,13,38

C_Egra_11

C_Egra_37

C_Ebul_10

Sample ID

Muscle, bone/cartilage

Muscle

Muscle

Liver

Liver

Muscle, liver

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle

Muscle, tooth

Muscle, brain, tooth

Bone/cartilage

Tooth

Muscle

Tissue type

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

Yes

No

Yes

Yes

Yes

Yes

Yes

No

No

Yes

(Continuous)

mtDNA capture
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Note: Collection codes: CFBH: “Célio F. B. Haddad amphibian collection, Universidade Estadual Paulista, Rio Claro, SP, Brazil; EI: Eugenio Izecksohn Amphibian collection, Universidade Federal Rural,
Seropédica, RJ, Brazil; ZMH: Zoologisches Museum Hamburg; MNRJ: Museu Nacional, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ, Brazil; MZUSP: Museu de Zoologia da Universidade de
São Paulo, São Paulo, SP, Brazil; ZMB: Museum für Naturkunde, Berlin, Germany; ZSM: Zoologische Staatssammlung München, Munich, Germany.

No
Muscle, bone/cartilage
S_Zmax_35, 36, 41, 42, 55, 57
Guanidine, Prot K, heat-protK,
protK−65
2014
ZSM3542014
Zonosaurus maximus

No

No

Muscle

Muscle

S_Ohan_26

S_Ugig_34
Guanidine

Guanidine
1860–1870*

2007
ZSM21022007

ZMB5984
Ophiophagus hannah

Uroplatus giganteus

No

No
Muscle

Muscle
S_Ohan_28

S_Ohan_25
Guanidine

Guanidine
1930

1860–1880*
ZMB4299

ZMB33961
Ophiophagus hannah

Ophiophagus hannah

No

No
Muscle

Muscle
S_Ohan_24

S_Ohan_27
Guanidine

Guanidine
1860

1920th*
ZMB29674

ZMB2816
Ophiophagus hannah

Ophiophagus hannah

No
Muscle
S_Ohan_23
Guanidine
1895–1900*
ZMB15879
Ophiophagus hannah
Squamata

Species
Class

TA B L E 1

(Continued)

Voucher ID

Collect. date

Extraction protocol

Sample ID

Tissue type

mtDNA capture
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subsamples of the same specimens undergoing the proteinase K
65℃ and Proteinase K 95℃ treatments (see below).

2.2.4 | Proteinase K 65℃ treatment (N = 2)
Two samples were subjected to proteinase K lysis with an increased
incubation temperature of 65℃ for ~18 hr. Increased incubation
temperature has been suggested to have a positive effect on DNA
yield by potentially reversing formaldehyde induced cross-links
(Gilbert et al., 2007; Stiller et al., 2016). DNA purification was performed as described above.

2.2.5 | 95℃ prior proteinase K treatment (N = 2)
Two samples were subjected to proteinase K lysis but with an initial
heating for 15 min at 95℃ in the extraction buffer prior to the addition of proteinase K. This was another test for increasing DNA yield
by cross-link reversal (Gilbert et al., 2007). Samples were further
processed as described for the other treatments.
Purified DNA from all extractions was quantified using a Qubit
fluorometer with high sensitivity reagents, using 1 µl of DNA extract. This assay is able to detect DNA concentrations higher than
0.05 ng/µl. See Table S1 for details of which samples were extracted
with which method, and Appendix S1: Supplementary Material 1 for
detailed archival DNA extraction protocols.
We tested for correlations between total DNA yield and amount
of tissue, total DNA yield and the age of specimens (i.e., time since
the collection event) as well as average insert size (in bp) and age of
specimens for the guanidine treated samples (N = 34). A MANOVA
was performed to test for differences within the guanidine treated
samples grouping for samples by DNA content (≥ and <0.05 ng/µl).
We also tested for significant differences in total DNA yield between extracts obtained from the same specimens using the guanidine treatment, followed by Re-Prot K of the undigested pellet, using
a two-sample t test. Comparisons between other treatments were
done qualitatively due to low sample sizes. Correlation and t tests
were performed in Past3 (Hammer et al., 2001).

2.3 | Single-stranded library preparation
Single-stranded DNA libraries have been shown to be more efficient
in recovering molecules from highly degraded DNA compared to
double-stranded libraries (Gansauge et al., 2017, 2020; Gansauge &
Meyer, 2013; Meyer et al., 2012). This method processes both strands
of the DNA fragments independently (Gansauge et al., 2020), minimizes the loss of DNA fragments with single-stranded breaks, allows
conversion of very small fragments (shorter than 100 base pairs) with
high efficiency, and is also not dependent on high input amounts of
DNA (Gansauge & Meyer, 2013). Endogenous DNA from ancient or
degraded samples was successfully recovered using single-stranded

6
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libraries, for example, in Barlow et al. (2016), Gansauge and Meyer

insert sizes of the trimmed fragments (excluding untrimmed reads

(2013), Meyer et al. (2012), Prüfer et al. (2014), and Stiller et al. (2016).

as well as reads that have a length of zero) were computed using

Considering that, we prepared dual-indexed single-stranded librar-

standard bash utilities.

ies from each extract following the protocol of Gansauge and Meyer

Advanced fragmentation of archival DNA reduces the overall se-

(2013) with the modifications described in Basler et al. (2017). As the

quence data yield compared to an equivalent, high quality modern

efficiency of single-strand ligation decreases with larger input amounts

sample. This occurs as a result of the removal of very short reads

(Gansauge & Meyer, 2013) we used a maximum of 13 ng DNA as input

(typically <30 bp) which may map ambiguously to a reference ge-

for most libraries (N = 36), including dilution steps, if necessary. For N

nome (de Filippo et al., 2018), and because a large proportion of the

= 21 we used the complete DNA extract (exceeding 13 ng; Table S1).

remaining reads may be shorter than the read length used (75 bp

Extracts were initially treated with uracil-DNA glycosylase,

in this case). We therefore investigated this relative reduction in

to remove deoxyuracils resulting from cytosine deamination, and

data retrieval by calculating the proportion of usable data obtained

Endonuclease VIII, to cleave abasic sites. Following heat denatur-

from the museum specimens (including both target and contaminant

ation, biotinylated adapter oligos were ligated to the 3’ ends of the

DNA). Reads shorter than 30 bp were removed using cutadapt and

single stranded DNA fragments and immobilized on magnetic beads.

duplicate reads (identical sequences) removed using Tally v. 14-020

In subsequent steps, the strand complementary to the original tem-

(Davis et al., 2013). The usable data proportion (“data recovery per

plate is filled in incorporating the proximal sections of 5’ and 3’ Illumina

read”) was then calculated by dividing the remaining bp by the start-

adapter sequences, which serve as priming sites for dual indexing

ing 75 bp. In addition, if archival DNA extracts contain very small

PCR. The optimal number of dual indexing PCR cycles was individually

amounts of DNA, the resulting libraries can be of low complexity

determined for each library by qPCR prior to amplification. The qPCR

and the data will become increasingly saturated with duplicates at

was carried out with three replicates per library in a 1:20 dilution add-

higher sequencing depths. We therefore also estimated library com-

ing 9 µl of mastermix (Thermofisher SYBR GREEN) to 1 µl of library.

plexity, dividing the number of trimmed and non-duplicated reads by

The cycling regime consisted of 2 min at 95℃, followed by variable

the total number of trimmed reads.

numbers of cycles of 15 s denaturation at 95℃, 30 s annealing at 60℃
and 1 min extension at 68℃. The amplified libraries were then purified
using the QIAGEN MinElute PCR Purification kit and quantified using

2.5 | Composition of archival DNA

Qubit Fluorometer and Agilent Tapestation instruments.
Mean cycle threshold (Ct) values determined using qPCR were

A key parameter in the analysis of archival DNA is the ratio of target,

used as a measure of the relative conversion rate of DNA molecules

or endogenous (i.e., representing the nuclear and mitochondrial ge-

into libraries. Specifically, we compared Ct values between librar-

nomes of the sequenced individual) to contaminant DNA. This ratio

ies and between libraries and blanks. Considering samples with ap-

is inversely related to the cost of whole genome shotgun sequenc-

proximately the same amount of template, lower Ct values indicate a

ing, and samples with extremely low target DNA content may only

greater conversion of DNA molecules into the library, with a reduc-

be suitable for hybridisation capture and other target enrichment

tion of one PCR cycle corresponding, approximately, to a two-fold

approaches. In addition, the taxonomic composition of the contami-

increase in conversion rate. Relative comparisons were only carried

nating DNA can be of key importance for both shotgun and target

for libraries where the input DNA amount was ≤13 ng (N = 36 in total,

enrichment experiments. For example, contamination with closely

N = 22 extracts from the guanidine treatment, N = 10 from the Re-

related species may hinder target capture, while prokaryotic con-

Prot K, N = 3 from the Proteinase K, and N = 1 from the Proteinase K

tamination may be eliminated more easily using mapping approaches.

65 treatments; Table S1). See Appendix S1: Supplementary Material

To investigate the presence of target archival DNA and potential

2 for the single-stranded library preparation protocol applied herein.

sources of contamination, we mapped the trimmed, de-duplicated

The composition of the libraries was assessed by shotgun-

shotgun reads against a selected set of reference genomes using

sequencing approximately one million 75 bp single-end reads using

fastqscreen v 0.13.0

(Wingett & Andrews, 2018; default parameters).

an Illumina Nextseq 500/550 sequencing platform, using 500/550

The Burrows-Wheeler Alignment tool with seeding alignments with

High Output v2.5 (75 cycles, Illumina 20024906) kits, following the

maximal exact matches (BWA-MEM) was specified as alignment al-

procedure described in Paijmans et al. (2017).

gorithm (Li & Durbin, 2009).
Mapping-based estimates of endogenous DNA content are very

2.4 | Analysis of DNA fragmentation and
data recovery

sensitive to the reference genome used (Vieira et al., 2020), as with
increasing phylogenetic distance, fewer and fewer reads map, giving
the misleading impression that target DNA is absent (Prüfer et al.,
2010). For most taxa investigated in this study, there are no closely

We investigated the extent of DNA fragmentation in the archival

related genomes available for improving target DNA detection es-

samples by calculating the average library insert size. For that we

timates (except for the king cobra samples, see below). Therefore,

trimmed the adapters using cutadapt v. 1.16 (Martin, 2011), with a

we also used primary transcriptomic data of a more closely related

minimum overlap length between read and adapter of 4 bp. Average

species as reference when available (assembled RNA sequence data;

|
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Table S1). Even though transcriptomic data does not represent the

7

We then added the proportion of target mitochondrial DNA to the

entire genome, primary transcriptomic data may represent as much

estimated proportion of target nuclear DNA and assumed that the re-

as 80% of the genome, at least in humans (Dunham et al., 2012).

maining data fraction represented unknown contaminants. Cytosine

We considered that target archival DNA is present if we found
reads mapping uniquely to the phylogenetically closest reference ge-

deamination of the king cobra mitochondrial DNA was estimated with
mapdamage

2.0 using the consensus sequences under default settings.

nome or transcriptome. Here, the usage of transcriptomic data was
tested as alternative approach in case genomes of phylogenetically
close species are unavailable as references. Custom configuration
files were therefore created for our samples including a set of ref-

2.7 | Recovery of mitochondrial sequences using
hybridisation capture

erence genomes scanned for all taxa as well as the phylogenetically
closest and a set of possibly contaminating organisms (Appendix S1:

We investigated the potential for recovery of mitochondrial sequences

Supplementary Material 3).

from the archival specimens using hybridisation capture for N = 30 sam-

In order to further characterize the DNA content of extracts we

ples (Table S1). In-solution hybridisation capture enrichment was per-

used metaPhlAn 3.0 (Beghini et al., 2020; default parameters plus

formed using home-made baits (e.g., Gonzalez-Fortes & Paijmans, 2019;

--add_viruses) for profiling the microbial DNA composition, includ-

Horn, 2012; Li et al., 2015; Maricic et al., 2010). To generate baits, we

ing reference genomes of bacteria, archaea, viruses and microscopic

extracted DNA from high quality, modern tissues of species closely re-

eukaryotes.

lated to the archival specimens using commercial kits (Machery-Nagel
blood and tissue DNA or Qiagen DNeasy Blood and Tissue extraction

2.6 | Precise quantification of target DNA in
archival king cobra samples

kits). Their mitochondrial DNA was then amplified using long-range
PCR of two overlapping fragments of the mitochondrial genome, using
either published or novel primers, with the latter designed in Geneious
(Appendix S1: Table S2). The long-range PCR was carried out using

The only taxon investigated in this study for which a conspecific ref-

Takara LA Taq DNA polymerase. The temperature profile comprised

erence genome is available is the king cobra, Ophiophagus hannah

an initial denaturation and heat activation step at 94℃ for 3 min; 35

(Cantor 1836) (Vonk et al., 2013). This enabled the precise quantifica-

PCR cycles including denaturation at 94℃ for 15 s, annealing at 50℃–

tion of target and contaminant DNA in the six analysed archival king

62℃ for 30 s and elongation at 72℃ for 10 min. Amplification success

cobra samples. We estimated the proportion of target nuclear and

was verified using gel electrophoresis. The concentration of each am-

mitochondrial DNA separately. For nuclear DNA, we first removed

plicon was then measured using a Qubit Fluorometer using the broad

any scaffolds from the reference nuclear genome showing significant

range DNA kit. Amplicons for each species were pooled in equimolar

BLASTn hits to king cobra mitochondrial DNA. We then mapped

ratios and sheared using a Covaris Sonicator to approximately 150 to

~8.5 million trimmed reads ≥30 bp from the modern king cobra in-

200 bp. Biotinylated DNA baits were prepared from the sheared prod-

dividual used for genome assembly back to this reference genome

uct following protocols from Li et al. (2015) and Gonzalez-Fortes and

using the BWA-ALN (Li & Durbin, 2009) alignment algorithm with de-

Paijmans (2019) comprising blunt-end repair, adapter ligation, and puri-

fault parameters. Samtools (Li et al., 2009) was then used to remove

fication with the MinElute PCR clean-up kit (Qiagen).

reads with low mapping quality (-q 30) and potential PCR duplicates

Hybridisation capture was performed based on Gonzalez-Fortes

(rmdup), and to determine the number of mapped reads (idxstats).

and Paijmans (2019). A maximum of 500 ng of target library was

This analysis provided an estimate of the maximum proportion of

used for hybridisation. In a first step, blocking oligos and Human

reads that can be mapped when using a high-quality modern sample,

Cot1 DNA were hybridised to the library at 37℃, and after a de-

which we assumed to comprise 100% target nuclear DNA. We then

naturation step (95℃ for 4 min), the bait library mix was incubated

mapped data from the archival samples and used the modern sample

for 24 hr at 65℃. Thereafter, the captured product was immobilized

mapping proportion to convert the archival sample mapping propor-

with Streptavidin coated beads and washed. The captured libraries

tion to an estimated proportion of target nuclear DNA. We also esti-

were amplified after evaluating the optimal number of amplification

mated the extent of cytosine deamination of the king cobra nuclear

cycles as described in section 2.3. Captured libraries were subse-

DNA using mapdamage 2.0 (Jónsson et al., 2013) with default settings.

quently purified using the MinElute PCR clean-up kit (QIAGEN®) and

For mitochondrial DNA, preliminary analyses indicated that the

DNA quantified using a Qubit Fluorometer (high sensitivity DNA

mitochondrial sequences were highly divergent, complicating map-

kit). The whole procedure was repeated to further increase target

ping analysis using standard methods. We therefore utilised mitobim v.

content (Li et al., 2013, 2015; Paijmans et al., 2016; Springer et al.,

1.9.1 (Hahn et al., 2013), which uses mira v.4.0.2 (Chevreux et al., 1999),

2015; Templeton et al., 2013). Libraries were then sequenced on ei-

to assemble the mitochondrial sequences using iterative mapping. The

ther an Illumina Nextseq (single end, 75 bp read length) or Miniseq

published king cobra mitochondrial sequence was used as the initial

instrument (paired end, 250 bp read length). Libraries were pooled

seed and the mismatch parameter was set to 3, which initial tests

aiming for approximately 1 million sequencing reads per sample for

showed to produce the most complete assemblies. Iterations were

libraries sequenced on the Nextseq instrument and 2 million reads

run until no additional reads could be incorporated into the assembly.

on the Miniseq. Reads shorter than 30 bp and adapter sequences
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1

F I G U R E 1 Amount of DNA extracted (DNA yield in ng). The Y-axis is in logarithmic scale. DNA of 12 samples was undetectable. Further
sample information and sample metadata are given in Table S1

were trimmed using cutadapt as in section 2.3. To evaluate success

0.14 to 82.2 ng/µl (Figure 1, Table S1). The total yield of DNA in these

of recovering mitochondrial sequences using hybridisation capture

extracts ranged from 3.5 to 2055 ng, which is equivalent in mass to ap-

we used two strategies: we mapped reads to corresponding refer-

proximately 1000 to 620,000 copies of the human genome. We found

ence mitochondrial genomes of target species (Table S1) using BWA

no correlation between tissue amount used for extraction and DNA

(Li & Durbin, 2009) and we assembled mitochondrial genomes from

yield (Figure 2a). Samples with approximately the same amount of ini-

trimmed reads >30 bp using MITObim with the initial taxon-specific

tial tissue input showed both very high DNA yields (e.g., E_Ggob_19;

seeds listed in Table S1. The mismatch parameter was set to 3 and

67 ng/µl) as well as DNA concentrations below the detection thresh-

iterations were run until no additional reads could be incorporated

old (e.g., A_Amus_5; <0.05 ng/µl) (Figure 2a; Table S1). Similarly, speci-

into the assembly. In some instances, we lowered the k-mer size after

men age showed no correlation with DNA yield (Figure 2b). Very low

initial experiments from the default of 31 bp to 21 bp for baiting.

yields were observed across the complete range of specimen ages;

For estimating cytosine deamination of the captured mitochondrial DNA, we used the mapped reads from the BWA analysis and
corresponding consensus sequences assembled using MITObim
as references in

however, some of the highest yields were obtained from specimens
with less than 40 years of age or more than 90 years old (Figure 2b).
The Ct-values of quantitative PCRs suggest the incorporation of ex-

2.0. (Jónsson et al., 2013) with default

tracted DNA in the majority of sample libraries, including most samples

settings. This step was performed for N = 5 samples, from which

for which DNA concentration was too low to be detected (Table S1).

the consensus sequence allowed for damage pattern estimates. A

Average Ct-values of negative controls, both from extraction blanks

detailed pipeline summary showing laboratory and data analysis is

and library blanks (extraction blank average 17.53, range 13.00–26.01

provided in Appendix S1: Figure S1.

and library blank average 19.43, range 15.77–26.00) differed by 5.02

mapdamage

and 6.92 from the sample Ct-value average (12.51, range: 6.32–26.00),
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3.1 | Overall success of archival DNA extraction
and library preparation

respectively. Only two of the 57 sample libraries showed higher Ct-
values than the lowest Ct-values of extraction negative controls.

3.2 | Archival DNA fragmentation and
data recovery

Application of ancient DNA extraction protocols to museum wet collection specimens produced DNA extracts with measurable DNA con-

The average insert size incorporated in the libraries was 31 bp (range

centrations (≥0.05 ng/µl) for 45 of the 57 samples tested, ranging from

20.02–48.23; Table S1), indicating advanced DNA fragmentation in all
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F I G U R E 2 Relationship between (a) initial tissue input amount and DNA yield (total ng) and (b) collection date and DNA yield (total ng).
The four king cobra samples with an imprecise collection date were included considering the most recent possible collection date

Average insert size (bp)
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F I G U R E 3 Relationship between (a) collection date and average insert size; and (b) % data recovery per read and average insert size. The
four king cobra samples with an imprecise collection date were included considering the most recent possible collection date

samples. Additionally, electrophoresis using the Agilent Tapestation

3.3 | DNA extraction methods

and high sensitivity DNA ScreenTape assay performed for some
samples also showed highly fragmented DNA in the extracts.

We successfully recovered DNA in all extraction methods. When

Specimen age and average insert length are not correlated if we

comparing the guanidine treatment samples, we found no differ-

considered all the guanidine treatment samples (Figure 3a). The data

ences on data recovery per read or average Ct-values between sam-

recovery per read, that is, proportion of nucleotides per read useful

ples that showed DNA concentration higher than 0.05 ng/µl and

for analyses, was on average 21% across all samples (range: 0.02%

below this value (N = 25 and N = 9, respectively) (Appendix S1: Figure

to 44.2%; Table S1) and was correlated with average insert size,

S2A, B). However, the average insert sizes were slightly shorter for

after excluding reads smaller than 30 bp and duplicates (Figure 3b;

extracts with low DNA concentration (31 bp vs. 33 bp; Appendix S1:

Spearman's rho = 0.95 [p < 0.000]; Kendall's tau = 0.85 (p < 0.000)].

Figure S2C).
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F I G U R E 4 Comparison between samples extracted with the guanidine treatment and proteinase K redigestion treatment (re-Prot K) (N =
11 for each group). (a) Total amount of extracted DNA (ng), (b) Ct-values, (c) Average insert size (bp), (d) % data recovery per read, and (e) % of
unique hits
The two-s tage DNA extraction procedure of the guanidine

content between these treatments (Figure 4e; p = 0.34), except

treatment followed by Re-Prot K produced DNA extracts with

for the re-extraction sample C_Egra_14, that showed a notable de-

notable differences. For all specimens, the Re-Prot K treatment

crease in endogenous DNA content (C_Egra_49; Figure 4e).

produced significantly higherDNA yields than the initial guanidine

Although robust interpretation of the results of proteinase K

treatment (Figure 4a; p = 0.03). The initial guanidine treatment

treatments with increased incubation temperatures or heating of

extraction recovered on average 26.32 ng of DNA (range: below

samples prior to lysis are limited by small sample sizes, it is note-

0.05 to 76.00 ng); and Re-Prot K recovered on average 91.79 ng of

worthy that higher DNA yields were obtained in these extractions

DNA (range: 14.75 to 270.00 ng). However, when single-s tranded

compared with the 37℃ incubation treatment of the same sam-

libraries were prepared from these extracts, guanidine treatment

ples (Figure 1, Figure 2; Appendix S1: Figure S3). For the sample

consistently showed lower Ct values (guanidine treatment ex-

Etmopterus granulosus ZSM37670, both extraction experiments

traction: 6.69 to 15.25 [average 11.03] cycles; Re-Prot K: 12.22

applying increased temperature steps resulted in elevated DNA

to 19.79 [average 15.66] cycles, Figure 4b; p = 0.0003). This was

yields. The sample Zonosaurus maximus ZSM3542014 showed an

even the case for the samples for which the DNA concentration

elevated DNA yield only after the sample was heated to 95℃ for

of the incomplete digestion extract was too low to be measurable,

10 min. However, information on data recovery per read, average

necessitating the input DNA amount for library preparation to

insert size and percentage of unique hits to reference genomes

be substantially lower than for the Re-Prot K treatment. In addi-

collected from the sequenced libraries did not show differences

tion, both data recovery per read and average insert sizes were

between extraction approaches (Appendix S1: Figure S3).

higher for libraries prepared from the initial guanidine treatment

It is noteworthy that we were able to construct libraries from all

(Figure 4c,d; data recovery per reads: guanidine = 19%; Re-Prot K

12 samples from which we did not detect DNA comprising the three

= 12%; Average insert size: guanidine treatment = 28 bp; Re-Prot

different extraction approaches: guanidine treatment, proteinase K

K = 24 bp). We found no differences in the relative endogenous

treatment and proteinase K 65℃ treatment. These libraries showed

|

STRAUBE et al.

F I G U R E 5 Proportions of nuclear,
mitochondrial and putative contaminant
DNA in six king cobra (Ophiophagus
hannah) museum wet collection samples
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relatively high endogenous DNA contents, with unique hits estimated up to 61.22% (Table S1).

3.4 | Composition of archival DNA

S_Ohan_28

S_Ohan_27
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S_Ohan_23

0

O. hannah
Fresh sample

0,2

3.5 | Quantification of target DNA in archival king
cobra samples
Estimated proportions of target endogenous nuclear DNA in the
six archival king cobra specimens, the only species for which a conspecific reference genome is available, were highly variable, ranging

FastqScreen analysis identified between 0.02% and 70.17% of the

from 2.9%–97.0% (Figure 5). Estimated contamination levels were

reads mapping uniquely to the closest available reference genome or

similarly variable, from 2.9%–65.7%.

transcriptome for all samples, indicating the presence of target en-

Estimates of mitochondrial DNA content indicated a low propor-

dogenous DNA (Table S1). This includes the libraries prepared from

tion of mitochondrial DNA (0.01%–0.5%) in four archival king cobra

extracts with no detectable DNA, which showed a similar range of

samples, broadly in line with the modern king cobra data (0.01%).

endogenous DNA content from 0.29% to 61.22%.

However, data from two archival king cobra specimens showed re-

Using transcriptomic data as reference in the FastQscreen anal-

markably high proportions of mitochondrial DNA: 21.1% and 76.1%,

yses, instead of complete genomes, allowed us to detect notably

respectively. These mitochondrial contents are so high that for one

higher amounts of target DNA, that is, numbers of unique hits, in

specimen (S_Ohan_25), it was possible to assemble an ~50x cover-

several instances. For example, when mapping lantern shark reads

age mitochondrial genome from only 20,000 shotgun sequencing

(Etmopterus spp.) to the whale shark genome, the average percent-

reads. This massive mitochondrial enrichment was not observed for

age of mapped reads is 0.44% (Table S1). Mapping the same reads to

any other data set, even those generated using identical methodol-

the transcriptome of Etmopterus spinax, the percentage of mapped

ogy (Table S1).

reads rises on average to 9.61%. The importance of using a compar-

MapDamage2 analysis indicated comparatively low levels of cy-

atively closely related reference for mapping is further supported

tosine deamination in the endogenous nuclear data of the king cobra

by data from Leucoraja sp. (sample C_Leu_20; Table S1) where more

samples, with a range of 1% to 8% of cytosine residues at the 5’

than 34% of trimmed and deduplicated reads map to the congeneric

fragment ends showing evidence of C to T substitutions. Damage

Leucoraja erinacea genome (Table S1).

estimates from the mitochondrial data show a range of 1% to 7%

We found that human contamination estimates are generally low

cytosine residues at the 5’ ends (Appendix S1: Figure S4).

ranging from 0% to 2.30% of reads mapping uniquely to the human
genome. The specimen with the maximum number of reads mapping
to the human genome (2.30%; Etmopterus pusillus, C_Epus_18) was
sampled at the surface of the specimen and not internally. We also

3.6 | Recovery of mitochondrial sequences using
hybridisation capture

found very low contents of identifiable microbial DNA according to
MetaPhlAn3 analyses, ranging from 0% to 1% for bacteria and 0% to

We recovered mitochondrial DNA for all tested samples (N = 30).

2.47% for viruses (Table S1).

On average 1,489,582 reads were available after trimming and
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filtering the target capture data for further analyses. An average

extraction and the final DNA yield. Small tissue amounts may still

of 2.82% of reads mapped to the corresponding mitochondrial ref-

provide enough DNA for successful library preparation.

erence genome using BWA (range: 0.69% to 5.41%), which repre-

The guanidine treatment was applied to most samples in this

sented a 47-fold enrichment on average compared to the shotgun

study and was widely successful with all types of tissues tested.

sequencing data. Subsequent reconstructions of parts of the

The re-extraction of tissue remains from the guanidine extraction

mitochondrial genome from reads using MITObim were success-

treatment (Re-Prot K treatment) resulted in higher DNA concen-

ful for 29 samples and resulted in an average number of 370,269

trations than in the initial extracts. We were expecting a decrease

baited reads for iterative mapping (range: 1734 to 2,729,752).

of Ct-values based on the assumption of a higher portion of DNA

Mitochondrial RNAs were in general overrepresented, especially

conversion into libraries; however, the opposite is the case. The

the fragments containing the 12S rRNA, interleaving tRNA-Val

Re-Prot K libraries consistently showed higher Ct-values compared

and 16S rRNA, while coding mtDNA genes were generally not as

to the initial round of extraction (Figure 4b). Experiments to spe-

well covered or not recovered at all. DNA damage estimates from

cifically test why Re-Prot K treatments result in a lower conver-

the mitochondrial data show a range of 2% to 5% cytosine resi-

sion of DNA molecules into the library need to be conducted in

dues at the 5’ ends (Table S1).

the future, for example by constructing double stranded libraries
from Re-Prot K samples and comparing insert sizes and data re-

4
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DISCUSSION

covery per read from different libraries. We found no difference in
the relative endogenous content recovered comparing the two extraction approaches (Figure 4e), which contrasts with results from

We were able to successfully recover endogenous DNA from 57 wet

ancient DNA studies suggesting that contaminating DNA may be

collection museum specimens with a 100% success rate. Thus, the

preferentially removed in a first extraction, improving the overall

results of our study show that ancient DNA extraction and subse-

endogenous content of the second extraction (Basler et al., 2017;

quent single-stranded library preparation techniques are suitable for

Boessenkool et al., 2017).

sequencing museum vertebrate wet collection material, including

The digestion of hard tissue using Proteinase K containing ex-

formalin preserved samples. Indeed, Stiller at al. (2016) have already

traction buffer further worked for library constructions (Figures 1

documented a significant increase in library complexity comparing

and 2). However, the less invasive guanidine extraction treatment

single-stranded libraries with double-stranded libraries built from

may be favourable for collection specimens, as it can preserve

formalin fixed paraffin embedded clinical biopsy samples (FFPE

morphological information of hard tissue samples (Rohland et al.,

samples).

2004) potentially avoiding physical damage to small specimens.

A lack of information regarding fixation and preservation is not a

Heating samples prior to extraction or increasing the digestion

limiting factor in deciding whether or not to analyse a sample, as we

temperature also resulted in higher DNA concentrations (Figure 1)

were able to construct single-stranded libraries from all our samples

aligning with results of other studies (Gilbert et al., 2007; Stiller

and were able to detect target DNA in all single-stranded libraries.

et al., 2016). Again, the high DNA concentration did not result in

These results help to further open the DNA archive of millions of

an improvement on data recovery per read, average insert size or

preserved specimens housed in wet collections both for mitochon-

relative endogenous content (Appendix S1: Figure S3). Based on

drial as well as nuclear DNA analyses. Thus, the often-unique speci-

our results, DNA extraction methods should not be rated simply

mens of species groups that have largely been preserved in ethanol

on DNA yields.

solutions (e.g., ichthyological and herpetological samples, besides

Once samples underwent the complete workflow from DNA ex-

numerous invertebrate specimens and some mammals such as bats

traction to shotgun test-sequencing, we were able to compare the

and rodents) can be incorporated into genetic studies, similar to

archival DNA characteristics of the wet-collection samples from this

groups that are mostly preserved dried.

study to ancient DNA, which reveals both similarities and differences.

One important result of our study is the successful sequencing

The archival DNA fragmentation level is very high and similar to an-

of target DNA in libraries constructed from DNA extracts with

cient DNA samples. This suggests that, even when using relatively

undetectable amounts of DNA using fluorometric quantification

short read lengths of 75 bp, the default expectation is that museum

(Appendix S1: Figure S2). Discarding samples without measur-

samples will incur more than double the sequencing expenditure of

able DNA amounts is a common strategy to pre-s elect samples

an equivalent high-quality modern sample, even when endogenous

with supposedly higher chance of yielding successful results (e.g.,

DNA levels are disregarded. The fragmentation of these wet collec-

Hykin et al., 2015) but can prevent the inclusion and analysis of

tion samples appears to be much greater than DNA decay in fossil

rare or precious samples, such as holotypes. Our results are prom-

bones (Allentoft et al., 2012), or bones and dry skin samples of mam-

ising, as sampling of wet collection specimens may also be lim-

mals stored in museums (Sawyer et al., 2012). Sawyer et al. (2012)

ited in cases where the specimen is simply physically too small for

analysed samples with a wide range of ages (from 18 to 2400 years)

obtaining multiple or large tissue samples without increasing the

and reported on increased adenine frequencies at position −1 of

risk of damage to morphology. This is further supported by the ab-

mtDNA in samples younger than 100 years. We can confirm this ob-

sence of a correlation between the amount of tissue used for DNA

servation in our samples (Table S1, Appendix S1: Figure S5). Sawyer

|

STRAUBE et al.

13

et al. (2012) also found the median length of mtDNA fragments to

data is indeed informative. This result also emphasizes that the en-

range between 44 bp and 170 bp. In contrast, none of our libraries

dogenous content is a relative concept, strongly influenced by the

had an average size larger than 49 bp, suggesting that fixation and

reference used for mapping. Thus, the assessment of sample quality

preservation chemicals in wet collection samples probably speed up

in terms of mappable data, especially when comparing different spe-

fragmentation. In some cases, high temperatures in collection facil-

cies mapped to highly divergent references, should be interpreted

ities as well as the presence of water in storage containers probably

with care.

further fuel DNA fragmentation. Storage containers represent (al-

As mapping gets increasingly difficult with evolutionary distance

most) closed systems, in which chemical reactions persist. Ethanol

between target species and the reference genome, a solution to

is a lipid solvent and lipids are extracted from wet-collection spec-

improve mapping efficiency could be estimating optimal mapping

imens, which allows for fatty acid formation. The increased acidity

parameters in the light of different reference genomes. For exam-

leads to further specimen tissue damage (Simmons, 2014) proba-

ple, the mapping parameters may be estimated using algorithms

bly also affecting its DNA. In addition, the Uracil-DNA glycosylase

as in TAPAS tools (Taron et al., 2018) for reference genomes span-

and endonuclease VIII treatment results in further, albeit probably

ning a range of target species. It is also possible to explore different

limited (Briggs et al., 2010) fragmentation and underestimation of

in silico strategies such as the use of hybrid genomes (e.g., Vieira

deamination.

et al., 2020). At the same time, based on our results, sequencing the

The O. hannah archival nuclear DNA samples analysed here

transcriptome, or performing genome skimming of a more closely

show only weak increases of C to T substitutions at the 5’ ends

related species from which high-quality DNA is available may be a

(Appendix S1: Figure S4). Damage patterns estimated for mito-

cost-efficient alternative if the goal is to detect relative endogenous

chondrial archival DNA using reads from the king cobra samples

DNA. However, it is important to take into account that short reads

and target enriched libraries show partially higher levels of de-

can result in large numbers of unassigned reads, that is, underpre-

amination, but not reaching levels reported in some ancient DNA

diction of endogenous content, regardless of the reference used

studies which reach up to 60% (e.g., Dabney et al., 2013; Fortes

(Huson et al., 2007).

et al., 2016; Rizzi et al., 2012). Ancient DNA characteristics such

As mitochondrial DNA sequence data is of large interest for bio-

as short read length and terminal cytosine deamination are often

diversity studies, we tested its presence in wet-collection specimens.

used to distinguish ancient DNA sequences from present-day DNA

Outstanding are the two king cobra samples showing mitochondrial

contamination (Peyrégne & Prüfer, 2020). Based on our results,

enrichment. Its causes remain enigmatic, however, the high amount

damage caused by cytosine deamination may not be useful to dis-

of mtDNA allows for reconstructing the full mitochondrial genome

tinguish archival DNA from modern DNA. However, we cannot rule

from a comparatively low number of reads. As two of the O. hannah

out that the observed patterns for the nuclear DNA of the O. han-

samples show exceptionally high (up to 70% of mapped reads) mito-

nah samples are an effect of the enzymatic treatment during single-

chondrial DNA contents relative to expected amounts (0.01%–0.1%

stranded library construction (Meyer et al., 2012). Further analyses,

mapped reads), the assessment of mitochondrial DNA amounts in

including deep sequencing, no enzymatic treatment of DNA before

single-stranded libraries from museum samples based on a limited

construction of single-s tranded libraries and sequencing of further

number of reads is crucial for evaluating the necessity of subsequent

wet-collection specimens with a conspecific reference genome, are

costly and labour-intensive target capture or to guide the decision of

required to test for the range of terminal cytosine deamination in

whole genome sequencing.

wet collection samples.

The target capture approaches of mitochondrial DNA reveal

We could detect endogenous DNA in all libraries, but the per-

high copy numbers of 12S and 16S rRNAs as well as tRNAs. These

centage of mapping reads was low for a substantial number of our

are very conserved regions and may have been preferentially cap-

samples. Using the endogenous DNA content of a sample as a quality

tured by the use of phylogenetically divergent baits (Paijmans et al.,

measure is a standard practice in ancient DNA studies (e.g., Meyer

2020). Nevertheless, fragments of the ribosomal genes are com-

et al., 2012; Orlando et al., 2013; Skoglund et al., 2014; Westbury

monly used for phylogenetic inferences of vertebrates in non-model

et al., 2017). However, mapping efficiency decreases fast with in-

organisms (e.g., Frost et al., 2006; Iglésias et al., 2005; Straube

creasing genetic distances (Vieira et al., 2020) and using phyloge-

et al., 2010) and are often the only available reference sequences.

netically close reference genomes is important for estimating this

The availability of these fragments may guide the taxonomic anal-

parameter precisely (Prüfer et al., 2010). Sequenced vertebrate ge-

yses of museum samples in the future, as DNA fragments available

nomes are distributed unevenly across the vertebrate tree of life,

in high copy numbers may be easier to sequence and assemble from

with numerous mammalian genomes being available, but far fewer

highly fragmented archival DNA of wet-collection specimens and

non-mammalian genomes, especially relative to the number of ex-

are also used in genome skimming analyses (e.g., Grandjean et al.,

tant, described species. We tried to mitigate this problem by using

2017; Richter et al., 2015).

transcriptomic data from phylogenetically closer species for taxa

More recently, Lyra et al. (2020) as well as Rancilhac et al. (2020)

analysed here. Our results, which showed on average seven times

successfully applied the approach discussed herein for taxonomic

more reads mapping to the phylogenetically closest transcriptome

purposes. Their results allowed for clarification of complex taxo-

compared to the closest available genome, show that transcriptomic

nomic issues and resulted in the description of several amphibian
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species new to science. This demonstrates not only the importance

C O N FL I C T O F I N T E R E S T

of scientific collections and deposited type material as genetic re-
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sources but further the applicability of the methods discussed here.
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