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Recovering the genomes hidden in museum wet collections
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Natural history museums hold vast collections of biomaterials. The collections in mu-
seums, often painstakingly sampled, are largely unexplored treasures that may help
us better understand biodiversity on the planet. Museum collections can provide a
unique window into the past of species long gone or currently declining due to human
activity. From a molecular perspective, however, many museum samples are stored
under conditions that hasten the damage of DNA, RNA and proteins. For example,
samples in wet collections are those stored in liquid preservatives, typically ethanol.
These ethanol-preserved tissues are often, although not always, formalin-fixed prior
to storage, which may damage DNA. In this and recent issues of Molecular Ecology
Resources, Straube et al (2021), O'Connell et al (2021) and Hahn et al (2022) explore
different types of specimens from museum wet collections as new sources of DNA
for scientific studies. All three articles found that for wet museum collections, overall

specimen condition mattered most for recovering high-quality genomic DNA.
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Museum samples are challenging to work with due to the hetero-
geneity of sample types and the wide variety of conditions under
which they are stored. Samples also often lack detailed preservation
information, such as initial storage conditions (temperature and light
conditions), fixatives used and post-mortem intervals. DNA preser-
vation is highly variable among specimen types, preservation meth-
ods and storage conditions (Padbo, 1989). In recent decades, DNA
has been successfully retrieved from dried soft tissues, dry eggshells,
bones and teeth (Grealy et al., 2019; Raxworthy & Smith, 2021).
Recent Molecular Ecology Resources articles by Straube et al. (2021),
O'Connell et al. (2022), and Hahn et al. (2022) focus on wet collec-

tion samples (also known as spirit-preserved specimens), which are

rarely used for molecular studies, despite the fact that they repre-
sent a large portion of museum collections (Hahn et al., 2022). One of
the major concerns when working with wet collections is the use of
formalin to fix and store samples. This fixative causes DNA damage
in numerous ways: intra- and intermolecular crosslinking, disruption
of base-pairing, promotion of denaturation, and methylol adducts
which inhibit DNA amplification (Do & Dobrovic, 2015). The lack of
information about fixation and preservation of museum samples is
common, which makes it difficult to predict possible DNA damage.
Advances in DNA sequencing approaches have facilitated the ac-
quisition of genomic data from museum specimens. Improvements in

high-throughput sequencing platforms have gone hand in hand with
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continuous developments in DNA extraction (Dabney et al., 2013)
and library preparation (Carge et al., 2018). Specifically, given the
highly fragmented nature and low quantities of DNA usually recov-
ered from museum specimens, particular caution must be taken to
maximize the recovery of short DNA fragments. In their articles,
Straube et al. (2021) and Hahn et al. (2022) test different DNA
extraction techniques to select the most appropriate method for
formalin-fixed and ethanol-stored samples. Hot alkaline lysis, which
was originally used for formalin-fixed paraffin-embedded clinical bi-
opsy samples, was reported to better retrieve DNA when compared
with proteinase K digestion, and in particular when working with
low-quality samples (Hahn et al., 2022).

DNA-sequencing library preparation methods are also known
to affect sequencing outcomes. Methods developed specifically for
degraded DNA such as the blunt-end single-tube (BEST) protocol
(Carge et al., 2018), produce libraries that have more unique DNA
molecules (higher complexity). By performing the protocol in a sin-
gle tube, the number of molecules lost during purification steps is
greatly reduced. In contrast to double-stranded protocols, recently
developed single-stranded approaches maximize the chances of re-
covering DNA preserved as either single- or double-stranded DNA
because each DNA strand present in an extraction is ligated with
sequencing adaptors (Kapp et al., 2021). While the single-stranded
method proposed in Straube et al. (2021) performed well, there
were no other library methods tested. When testing single-stranded
DNA and the BEST method, Hahn et al. (2022) found that the library
preparation method did not substantially affect sequencing quality.
It is possible that DNA from wet collections is not as degraded as
ancient DNA. Therefore, the library preparation method might not

have a significant role in sequencing quality if the protocol is opti-
mized for degraded DNA.

Museum specimens are often manipulated and stored under con-
ditions that increase the chance of contamination. For this reason,
one of the major challenges when working with museum specimens
is contamination. Contamination levels are often highly variable
among samples, as was shown in Straube et al. (2021) where con-
tamination values varied from 2.9% to 65.7%. When working with
historical samples, DNA damage varies notably depending on the
preservation and storage conditions, which makes it difficult to dif-
ferentiate endogenous from contaminant DNA present in the sam-
ple (Straube et al., 2021). This is in direct contrast to ancient DNA,
which shows specific damage patterns that help differentiate it from
contamination (Skoglund et al., 2014).

The recovery of endogenous mitochondrial and nuclear genomes
from formalin-fixed samples is a major leap forward in accessing mu-
seum samples for genetic studies. Complete mitochondrial genomes
were recovered from wet collections in Straube et al. (2021) and
Hahn et al. (2022). Moreover, nuclear whole genomes were also se-
quenced for some samples in both articles. O'Connell et al. (2022)
sequenced nuclear DNA using restriction-site associated DNA
(RAD) capture. Nevertheless, some biases were present in the data-
set due to the capture method, indicating that it is important to
consider how biases may influence interpretation before selecting
library preparation and sequencing methodology.

Despite the methodological improvements and technical ad-
vances, not all samples are favourable for DNA retrieval. Moreover,
extracting DNA from samples requires destruction of a portion or all
of a sample, depending on size. This means that for extremely rare

TABLE 1 Decision table for assessing possible sequencing options. Modified from figure 5 in Hahn et al. (2022)

Specimen details Inferred
specimen
Well-preserved? Viscera present? Preservation media quality Sequencing options®
Yes Yes Ethanol Good All sequencing options available
Yes Yes Formalin, formaldehyde Moderate Amplicon, capture-based and whole
concentration<10,000mgper L, mitochondrial sequencing
media pH>6 Whole genome sequencing with variation in
the likelihood of success
Yes No Ethanol Moderate Amplicon, capture-based and whole
mitochondrial sequencing
Whole genome sequencing with variation in
the likelihood of success
Yes Yes Formalin, formaldehyde Poor Only amplicon sequencing recommended
concentration>10,000mgper L, Capture-based and whole mitochondrial
media pH <6 sequencing with variation in the
likelihood of success
Yes No Formalin Poor Only amplicon sequencing recommended
Capture-based and whole mitochondrial
sequencing with variation in the
likelihood of success
Decomposed Inconsequential Inconsequential Very poor Successful sequencing unlikely

®The performance of moderate- and poor-quality specimens can be highly variable. This table and the figure in Hahn et al. (2022) are guides, not

guarantees.
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specimens and sparsely sampled species, it is necessary to consider
whether DNA extraction is feasible and the best use of a sample.
The prescreening of museum specimens to optimize the probability
of success, especially when DNA extraction methods are destruc-
tive of the sample, is highly recommended (Table 1).

Museum collections contain various types of samples, including
many from which DNA can be extracted, as has been done with wet
collections. O'Connell et al. (2022) highlight extracting DNA from al-
lozyme supernatant for genomic applications. Using wet collections
and allozyme supernatants allows the study of unique specimens, in-
creasing the number of individuals of some populations, and in some
cases, samples from populations that no longer exist or are difficult
to access.

Future efforts should focus on optimizing methodologies to
extract DNA, as has been done in Straube et al. (2021) and Hahn
et al. (2022). Although several new approaches have been developed
to increase the final amount and complexity of DNA for genomic
sequencing libraries, molecular crosslinking, DNA damage and PCR
inhibitors still pose problems when dealing with DNA from historical
samples. Applying new methodologies to reverse crosslinking and
repair DNA damage will improve the quality of the extracted DNA.
One of the problems is that many samples fail during library ampli-
fication due to the presence of DNA inhibitors after extraction, and
therefore it is necessary to eliminate or neutralize inhibitors prior to
DNA amplification. Finally, as these samples contain small amounts
of highly fragmented DNA, the purification steps are critical when
preparing sequencing libraries. For this reason, improving the effi-
ciency of DNA purification s or implementing revised library prepa-
ration protocols that have only one purification step should increase
the amount of DNA.

While choosing the best samples optimizes DNA extraction
success (Table 1), the amount of contamination is highly variable (as
seen in Straube et al., 2021). A better understanding of the sources
of contamination and the development and implementation of con-
tamination assessments will improve the prescreening of museum
specimens. For now, the availability of genome references coupled
with appropriate computational tools to remove contamination is
helping to detect and remove contamination in sequencing reads
during data analysis. While reference genomes are becoming in-
creasingly available, the unique samples in museum collections may
require additional reference genomes, especially from extinct and
endangered species. These three articles demonstrate the suitability
of museum wet collections to extracting and sequencing DNA hid-
den within them. We are at the tip of the iceberg in terms of access-

ing museum samples for the genomic revolution.
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