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Abstract

Natural history collections are invaluable repositories of biological infor-
mation that provide an unrivaled record of Earth’s biodiversity. Museum
genomics—genomics research using traditional museum and cryogenic col-
lections and the infrastructure supporting these investigations—has partic-
ularly enhanced research in ecology and evolutionary biology, the study of
extinct organisms, and the impact of anthropogenic activity on biodiversity.
However, leveraging genomics in biological collections has exposed chal-
lenges, such as digitizing, integrating, and sharing collections data; updating
practices to ensure broadly optimal data extraction from existing and new
collections; and modernizing collections practices, infrastructure, and poli-
cies to ensure fair, sustainable, and genomically manifold uses of museum
collections by increasingly diverse stakeholders. Museum genomics collec-
tions are poised to address these challenges and, with increasingly sensitive
genomics approaches, will catalyze a future era of reproducibility, innova-
tion, and insight made possible through integrating museum and genome
sciences.
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Natural history
collection:

a collection of
preserved specimens
or specimen-derived
parts that is curated
with the purpose of
illuminating
organismic natural
history

Voucher specimen:

a representative
sample retained as a
reference for an
identified taxon and
permanently deposited
into an accessible
collection facility

Metadata: a set of
data that provides
information about
other data, namely the
specimens that form
biological collections
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1. INTRODUCTION

Natural history collections are essential repositories of biological information and have become
the foundation for diverse fields of research generating significant knowledge of the natural world
over the past several centuries (105). Natural history collections harbor deep, taxon-specific in-
formation derived from global populations of plants, animals, fungi, and microorganisms, and
the specimens in natural history collections provide the foundation for diverse areas of basic sci-
ence and research of relevance to human health and pressing societal issues, including zoonotic
pathogens and climate change (72, 76, 79, 82, 87, 123). These collections vary significantly in
form and function due to fundamental differences in the characteristics of specimens or associ-
ated research programs, shifts in curatorial practices and funding over time, and ever-changing
technological advancements that increase access to biological information. Due to rapid devel-
opments in high-throughput sequencing, natural history specimens amassed over the last several
centuries—often including specimens of long-extinct species and populations—are now acces-
sible to genomic analysis (6, 22). Additionally, over the last 50 years, natural history museums
have systematically collected and cryogenically stored field-collected tissues and other genomic
resources that fuel diverse research in comparative biology, population genetics, and genomics.
These behind-the-scenes collections may not be visually stunning or accessible to the public;
therefore, many laypersons and scientists are unaware of their existence. Nonetheless, both tradi-
tional museum and genomically archived specimens in biological collections now form a critical
infrastructure for many facets of modern biology and research that serve society (30). Diverse types
of institutions, from zoological museums and herbaria to arboreta, living-stock collections, zoos,
and aquaria, all contribute to this scientific infrastructure (105). This review focuses on the contri-
butions of zoological specimens and cryogenic collections to modern genomics and comparative
biology and outlines challenges and opportunities facing these important resources.

2. NATURAL HISTORY COLLECTIONS HARBOR UNRIVALED
GENOMIC INFORMATION

2.1. Building Traditional Natural History Collections

The international program of biodiversity preservation pursued by natural history museums is
vast and ambitious, amounting to nothing less than the documentation of every species—and
often multiple populations per species—and their associated environments. Traditional natural
history collections contain diverse materials and have historically focused on preserving voucher
specimens as (#) dried specimens such as skins of birds and mammals, fossils, pinned insects, and
shells of molluscs and other invertebrates and (b) specimens stored in liquid preservatives such
as alcohol or formalin, an approach often taken to preserve fishes, amphibians, reptiles, and in-
vertebrates. Many of these specimens have been collected by field biologists visiting particular
geographic regions and either sampling the local community of organisms largely randomly (i.e.,
general collecting) or targeting certain taxonomic groups for specific research purposes. Diverse
analyses of genomics, morphology, chemistry, and specimen metadata have therefore often been
applied to specimens collected decades earlier and for reasons completely unrelated to their cur-
rent use in research (68, 143, 152).

2.2. Modern Cryogenic Collection Practices

Many museums have also invested in housing biological tissue samples collected specifically for
a range of molecular investigations—so-called tissue collections or, more elegantly, collections
of genetic/genomic resources, which have grown dramatically in recent decades (Figure 1).
Curatorial procedures for tissue samples vary greatly and have continually changed over time as
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Temporal patterns of cryogenic collection growth at five major museum natural history collections. Annual catalogued records per
collection for (#) American Museum of Natural History (AMNH), (b) Louisiana State University Museum of Natural Science
(LSUMZ), (¢) Harvard University Museum of Comparative Zoology (MCZ), (d) University of New Mexico Museum of Southwestern
Biology (MSB), and (¢) University of California Museum of Vertebrate Zoology (MVZ). All counts only reflect newly collected and
catalogued samples with an associated voucher specimen, but each of these collections also has significant numbers of samples with no
associated voucher specimens and previously collected samples that have been more recently added to cryogenic collections. For
example, MSB has collected and cryopreserved 8,886 fish genomic samples between 2010 and 2019, but none had associated voucher
specimens. Raw cryogenic collection count data is available online at https://doi.org/10.5281/zenodo.5093840 and https://edwards-
bird-lab.github.io/museum-genomics/. See Supplemental Figure 1 for cumulative sums of catalogued records per collection over

this time period.
Supplemental Material >

the demands of molecular techniques have evolved. Some genomic resource collections are stored
at room temperature either without preservatives or in simple buffers, such as ethanol (104). In
many other collections, tissues are stored at cooler temperatures, such as 4°C for samples not
intended for freezing, or at bio-stable temperatures, such as in —80°C freezers or vapor liquid
nitrogen cryogenic collections (Figure 2). Paleontological collections have also begun to store
fossils at either cold or frozen temperatures to limit the further decay of potentially preserved
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Environmental DNA
(eDNA): DNA that is

collected from a
variety of

environmental samples
rather than sampled

directly from

individual organisms

Metagenomics: the
study of collections of

genomic samples

obtained from mixed

communities of
organisms, such as

microbial populations

in the gut
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Museum preservation considerations for genomics approaches. (#) Hypothetical variation in long-term
potential for genomics investigations for common genomics archival storage methods. Potential is based on
DNA quality, and certain archival storage methods are known to perform poorly in downstream
transcriptomic and epigenomic investigations, such as material stored in Queen’s lysis buffer (QLB) or
ethanol. (b)) Empirical patterns of genome assembly scaffold contiguity (N50) for avian genome assemblies
sequenced in the lab of S.V. Edwards using 10x Genomics linked-read technology based on tissue type and
preservation protocol. Muscle samples were flash frozen and stored at —80°C. Blood samples in RNAlater
were frozen in liquid nitrogen within one day and were stored at —80°C. Blood samples in QLB were kept at
ambient temperatures for one week to one month before medium-term or permanent storage at 4°C.
Sequencing coverage varied between approximately 28 x and 70x and had no apparent impact on assembly
contiguity. Raw genome assembly contiguity data is available online at https://doi.org/10.5281/zenodo.
5093840 and https://edwards-bird-lab.github.io/museum-genomics/.

genetic materials (114, 117). The utility of such collections for future research is directly related
to the care in collecting and preserving tissue samples, which highlights the need to investigate
and apply new, standardized curatorial procedures that maximally preserve biological information
(134).

Researchers have deposited a range of materials into genomic collections, including small
tissue samples, most often including liver, heart, or muscle samples for vertebrates and some
invertebrates, and whole organisms or nonspecific tissue samples for most invertebrates. Increas-
ingly, genomic resource collections have diversified to include additional tissue types and samples
preserved with the care required for more specialized genomic techniques, such as whole-genome
sequencing or transcriptomics (Figure 2). Additionally, environmental samples, such as sediment
and water samples and environmental DNA (eDNA) filters, as well as specimens such as nests,
middens, and intestinal tracts for microbiome studies, are collected and stored for metagenomic
and eDNA analyses (45, 100). Cryospecimens are usually closely tied to the physical specimens
from which they came or, for many smaller specimens such as invertebrates, associated with
other individuals from the same collecting effort. This coarchiving of genomic resources and
associated specimens allows a level of replication and verification that is unusual in biological
science, enabling the possibility of revisiting individual specimens for verification or re-evaluation
of hypotheses (72, 123, 134). However, many collections today still bear the imprint of collecting
practices used in the past, strongly valuing the preservation of phenotypes for anatomical and
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imaging work, and are only recently expanding to incorporate collection and preservation meth-
ods to serve the broader genomics community. Studies attempting to compare the preservation of
macromolecules under different preservation regimes are few and necessarily small in temporal
scope (28, 102). Numerous protocols for preserving frozen tissues for DNA analysis are available
(75,77, 116), and best practices are shared throughout the community through groups such as the
Society for the Preservation of Natural History Collections; increasingly, protocols for preserving
traditional specimens and fossils for the eventual extraction of DNA and other macromolecules
have appeared (24, 56, 70, 149).

2.3. Considerations for Preserving Genomic Resources

Challenges of preservation have been apparent throughout the history of DNA recovery from
preserved specimens. The first wave of tissue collections growth occurred in the 1970s, when the
prevalent method for genetic analysis was allozyme electrophoresis. Allozymes, or protein variants,
were visualized by staining whole animal extracts run through a starch gel and were often retriev-
able from tissues sampled many hours after animal sacrifice in the field. Later, Sanger sequencing
technology replaced allozyme analysis as the standard approach for comparative genomic analysis,
first via direct sequencing of RNA (e.g., 47) and soon after via amplified DNA using polymerase
chain reaction (PCR). Because PCR can amplify from extremely limited amounts of DNA and tar-
get relatively short fragment lengths, all but the poorest-quality tissue samples (excluding samples
in paleontological collections) are usually sufficient for extracting useful molecular information,
especially from high copy number loci like those found in mitochondria or the nuclear riboso-
mal RNAs (80, 97). Ancient DNA investigations had their own unique challenges that limited
research, including contamination and short and damaged DNA molecules from the processes
of cross-linking and cytosine deamination (22, 113), which significantly complicated most PCR
investigations. The vast majority of museum tissue collections were initiated during the decades
when allozymes and, especially, PCR were the workhorse technologies of evolutionary genomics.
"This contingency has cast a long shadow on the place and utility of tissue collections in today’s era
of high-throughput sequencing. For example, few tissue collections in natural history museums
today are amenable to analysis of RNA, which decays much more rapidly than DNA postmortem;
some RNA-ready collections are currently being assembled, but they are still rare.

The ongoing long-read sequencing revolution, with average and maximum read lengths ex-
ceeding 10 kb and 1 Mb, respectively, has abruptly constrained the number of usable existing ge-
nomic samples in museum collections, although some studies report improved results on museum
tissues compared to short-read methods (15, 32). Moreover, the proliferation of functional ge-
nomics assays that rely on unstable RNA molecules or freshly extracted cells—techniques such as
transcriptomics, epigenomics, and methylomics—often require fresh or carefully preserved mate-
rial thatis largely absent from natural history collections, though some institutions have prioritized
flash-frozen collections since the 1970s (41). Today, museum tissue collections are in a dramatic
process of recollecting, evaluating practices, and determining new protocols to best serve the study
of the genomics of biodiversity (43).

3. MUSEUM GENOMICS DRIVES DIVERSE RESEARCH AREAS
OF RELEVANCE TO BIODIVERSITY AND SOCIETY

3.1. Evolutionary Investigations in Museum Genomics
Biodiversity science has long been a primary field of inquiry in natural history museum-based

research, a trend that has continued with today’s genomics-fueled museum science programs.
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Society for the
Preservation of
Natural History
Collections:

an international
organization devoted
to the preservation,
conservation, and
management of natural
history collections

Ancient DNA: DNA
successfully isolated
from degraded
specimens; the field
that studies these
materials is often also
called ancient DNA

Cross-linking:
formalin treatment is
used to fix tissues,
inducing covalent
bonds within and
between DNA and
proteins

Cytosine
deamination:

the postmortem
accumulation of uracil
at cytosine nucleotides
induced by
spontaneous loss of the
amine group found in

cytosine

Epigenomics:

the study of genomic
chemical modifications
that induce changes in
gene expression that
cannot be explained by
DNA sequence
modifications

Methylomics: the
genomic investigation
of nucleic acid
methylation
modifications in
genomes, which can
vary between tissues,
individuals, or species
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Genomics-engaged biodiversity science focuses on discovering, cataloging, and understanding
relationships and interactions between populations of living organisms, encompassing numer-
ous subfields—such as phylogenetics, phylogeography, and population genetics—of the broader
discipline of evolutionary biology. Recently, museum collections have driven genomic investi-
gations in comparative biology in diverse clades across the tree of life (e.g., 17, 27, 46, 63, 74).
Species-specific investigations have also targeted deeper sampling of wild populations to detect
microevolutionary patterns and adaptive evolution. However, such studies have their greatest im-
pact and allow the possibility of replication and verification when genomic data are integrated
with phenotypic data derived from museum specimens. North American house mice exhibit lati-
tudinal variation in several traits, including body size (i.e., Bergmann’s rule), suggesting adaptive
evolution. Leveraging these patterns, population sampling across the cline, and genetic crosses in
common garden conditions, investigators have identified genetic variation associated with differ-
ential gene expression—known as expression quantitative trait loci (eQTLs)—that is also corre-
lated with latitude, implicating numerous genes as potential drivers of adaptive phenotypic evo-
lution (90, 112). In contrast to many similar studies that fail to archive the specimens used to
evaluate phenotypes, these researchers deposited all wild-caught samples and captive progeny
into the University of California, Berkeley, Museum of Vertebrate Zoology collections. Doing
so facilitates future genomics investigations and allows re-evaluation and verification of scientific
claims.

Researchers have also leveraged the repeated evolution of life-history characteristics across
disparate lineages as a means of understanding the process of convergent evolution at both the
organismal level and the molecular level (84). Sackton et al. (133) used museum holdings to gen-
erate genome assemblies for 11 paleognathous birds and used these resources to identify conserved
noncoding regions that were likely regulatory and had undergone lineage-specific accelerations,
suggesting loss or change of function across one or more flightless species. Epigenetic approaches,
namely ATAC-seq (assay for transposase-accessible chromatin with high-throughput sequencing)
(20), improved functional understanding of these genomes, although material for these down-
stream studies was not available in museum collections and had to be newly collected. This study
exemplifies one that straddled two worlds: using existing museum tissue collections for compar-
ative genomics but requiring additional collections to profile genome-wide epigenetic states and
gene expression. Finally, studies of genome evolution itself—previously the domain of geneti-
cists without museum training—have leveraged the rich holdings of museum genomics collec-
tions to profile molecular phenotypes that were previously inaccessible to museum investigators.
For instance, Pasquesi et al. (111) profiled repetitive elements across 66 squamate reptile species
derived mostly from museum genomic samples and found marked differences in repeat abun-
dance and composition, despite very similar overall genome sizes, which has challenged existing
hypotheses on the evolution of genome size based on investigations in mammals and birds. In-
deed, as genomics further ingrains itself in museum science and evolves, we expect that increas-
ingly diverse molecular phenotypes will be measured directly from museum specimens, enabling
new connections between genotype and phenotype and diverse investigations of comparative
biology.

3.2. Ecological Insights from Museum Genomics

Museum cryogenic collections have also facilitated decades of study in the field of ecology. Be-
cause museum specimens typically have precise sampling locality and timing data, studies have
leveraged genomics to understand how natural populations of organisms respond to strong eco-
logical pressures. For example, Friis et al. (52) used a museum-derived reference genome and
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reduced representation genome sequencing of Oregon juncos ( Funco hyemalis oreganus) to explore
correlations between genomic and environmental variance, which yielded evidence of strong drift
in isolated populations and rapid, environment-driven local adaptation between populations with
no obvious geographic barriers to gene flow. Parejo et al. (110) sequenced whole genomes of 22
historic honey bee samples collected between 1879 and 1959 from Switzerland and housed in the
Natural History Museum in Bern. Genetic comparisons with modern samples from the same re-
gion found that genetic diversity was similar between time periods, which may be due to modern
apicultural practices. Moreover, the investigators identified signals of selection associated with
genes linked to xenobiotic response physiology between historic and modern bee populations,
which suggests that agricultural and apicultural chemical usage over the last century may have
strong ecological consequences on these important pollinators. A similar study utilizing dozens
of modern and historic samples from two butterfly species deposited in the Finnish Museum of
Natural History instead found evidence for loss of genetic diversity in both species since the early
1900s, likely due to the impacts of human activity during this time period (53).

Genomics approaches can be used to validate putative hybrids between two distinct species
or uncover otherwise hidden relationships between organisms due to relatedness in pedigree or
parentage analyses. Toews et al. (148) leveraged museum collections of parental species and ge-
nomics approaches to opportunistically detect an intergeneric hybrid between a blue-winged war-
bler (Vermivora cyanoptera) and a cerulean warbler (Sezophaga cerulea). Yang et al. (159) utilized
genomic samples from museums to design a genotype panel capable of discerning familial rela-
tionships between bison, which enables investigations of free-ranging and agricultural populations
of this species. The increased coarchiving of parasites and their vertebrate and invertebrate hosts
has supported numerous insights into the ecology and coevolution of parasite and host commu-
nities (11, 115). Moreover, armed with revolutionary knowledge of the role that microorganisms
play in organismal biology from investigations of human health and disease, museum practition-
ers have driven metagenomic investigations of the microbiome in nonmodel species sampled from
museum collections of mammals (18) and fishes (66).

3.3. Museum Genomics and Disease

Museum genomics collections have also contributed significantly to our understanding of infec-
tious diseases in wild species and their geographic and temporal patterns of spread (44, 135). In one
of the best-known uses of museum collections to identify the origin and prevalence of pathogens
infectious to humans, rodent specimens and archived tissues in the Museum of Southwestern
Biology at the University of New Mexico allowed researchers to confirm the hantavirus as the
causative agent of pulmonary illnesses and deaths in the Four Corners region of the United States
in the early 1990s (160). Likewise, museum specimens and archived tissues have played an im-
portant role in our understanding of the origin and spread of the devastating amphibian fungal
pathogen chytrid Batrachochytrium dendrobatidis (Bd) (48, 124). Moreover, Hydeman et al. (73) and
Carvalho et al. (26) used quantitative PCR (qPCR) to estimate the prevalence of Bd in frogs of
Central African islands and to verify the Bd infection status of Brazilian frogs as assessed by vi-
sual inspection of tadpole mouthparts, respectively. However, the utility of museum collections
for informing responses to emerging pathogens has been underestimated, and often, reference
collections of potential reservoir species for pathogens are not made. Collections can provide
epidemiologists with rapid genomic understanding of reservoir species and the emergence and
evolutionary spread of a pathogen within and between species (31, 42). Overall, genomics tech-
nologies are powerful tools for illuminating organismal ecology and will be invaluable for future
investigations of the natural and anthropogenic drivers of biological change.
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4. MUSEUM GENOMICS PROVIDES A WINDOW ON THE
ANTHROPOCENE AND ITS IMPACTS ON BIODIVERSITY

4.1. Early Insights into Human-Mediated Global Change

The past century has witnessed accelerating human-driven change and disruption of natural sys-
tems, with mostly dire consequences for biodiversity and ecosystem services. This unfolding sixth
mass extinction (7), dubbed the Anthropocene (38), has resulted in an unplanned experiment
providing insight into the resilience of species and ecosystems to rapid change and the capacity
for rapid and sustainable evolution (101). The application of strong, human-mediated selection
pressures—such as widespread chemical control of weeds, insects, and invasive mammals—has
generated classic examples of the rapid evolution of resistance, with historical collections often
serving as benchmarks (81, 96). By comparing the exomes of invasive rabbits collected before and
after the myxomatosis pandemic that struck Europe and Australia beginning in the 1950s, Alves
et al. (3) demonstrated that resistance to this biological control agent was polygenic and evolved
in parallel in independent populations of rabbits from standing variation. Coalescent analyses of
diversity across whole genomes have also shed new light on the historical changes in population
size and efficiency of selection in species recently negatively impacted by humans, such as the
extinct passenger pigeon (103) and several North American bird species (144). A recent study of
eight extinct Australian rodent species, however, found no evidence of reduced genetic diversity
in museum specimens collected just before extinction, suggesting that the loss of these species was
likely extremely rapid (128). Encouragingly, this study also determined that an extant island pop-
ulation long classified as the distinct species Pseudomys fieldi is actually a relictual population of the
extinct Gould’s mouse, Pseudomys gouldii, thus taxonomically rescuing P, gouldii from extinction.

4.2. Museums as Time Machines: Enabling Robust Investigations
of the Anthropocene

In the same way that climate records are used as ground truth in global climate models, the pri-
mary evidence needed to validate predictions of how species will respond to future environmental
change must come from comparing the historical and current states of a species in relation to
environmental change. In this sense, museums can be viewed as eco-evolutionary time machines.
Much has been written about the potential for museum collections to act as authoritative records
of past biotic assemblages to enable such comparisons. Indeed, there is an increasing number of
studies exploiting natural history collections to document and analyze changes in species distribu-
tions, phenotype, phenology, and plant-herbivore interactions (71, 98, 135). However, there have
been few studies addressing changes in population processes and genetic diversity over time. One
exception is the Grinnell Resurvey Project, which exploited the detailed collections of California
vertebrates established in the early twentieth century to assess change over a 100-year period in
multiple dimensions, including genomic diversity (Figure 3), with climate change as a major driver
(see the sidebar titled The Grinnell Resurvey Project). In Grinnell’s (61, p. 166) prescient words,

At this point I wish to emphasize what I believe will ultimately prove to be the greatest value of our
museum. This value will not, however, be realised until the lapse of many years, possibly a century,
assuming that our material is safely preserved. And this is that the student of the future will have access
to the original record of faunal conditions in California and the west, wherever we now work.

Looking forward, we will need our eco-evolutionary time machine to enable high-resolution
analyses of rapid phenotypic evolution and its constituent genomic contributions. Many analyses
and predictions of the capacity for future change rest on a space-for-time substitution, sampling
genome diversity across contemporary environmental gradients to evaluate the potential for
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Figure 3

Derived alleles showing significant frequency shifts between historic and modern populations of the alpine chipmunk, Tamzias alpinus, in
Yosemite National Park, California. (#) Five outlier SNPs [1-5, FDR (q) < 0.001] are labeled on a plot of the neutral per site temporal
Fs distribution (modern versus historic). The histogram of observed Fst (yellow bins) is shown with the inferred neutral distribution (b/ue
line). (b) Unfolded 2D-SFS for SNPs between historic (x axis) and modern (y axis) Yosemite National Park Tamzias alpinus specimens. The
color of each data point represents the number of SNPs (depicted by the color key) belonging to that particular 2D-SFS category. Leaders
point to the five outliers (1-5) showing the only significant allele frequency shifts over time. (¢) Derived allele frequencies of the five outlier
SNPs plotted against sample elevation. Individual sample localities were pooled into 100 m elevational bands to enable allele frequency es-
timation. (d) The position of the five outliers mapped onto the Alox15 gene in the Mus musculus reference genome. SNP 1 is a synonymous
mutation (A/G) in exon 2 (chromosome 11:70350801); SNP 2 is synonymous (T/C) and maps to exon 8 (11:70347260); SNPs 3 (1/A), 4
(T/G), and 5 (T/G) are located in the intron between exons 8 and 9. Abbreviations: 2D-SFS, two-dimensional site frequency spectrum;
FDR, false discovery rate; FsT, fixation index; SNP, single-nucleotide polymorphism. Figure adapted from Bi et al. (13) (CC BY).

in situ response over time (e.g., 10). Clearly, such approaches using contemporary landscape
genomics would benefit if predictions from spatial analyses could be validated from observed
changes over time. The ideal (re)sampling approach would entail historical and contemporary
collections with dense sampling across space (1, 89) in at least two time points to enable

THE GRINNELL RESURVEY PROJECT

Following the direction given by Grinnell (61), the University of California, Berkeley, Museum of Vertebrate
Zoology embarked on a series of centennial resurveys of birds and mammals across elevational transects, mostly
in national parks and Forest Service lands in the mountains of California and Nevada. These revealed quite id-
iosyncratic responses to twentieth-century environmental change (127, 147) even among closely related species.
The historical and new collections of specimens of chipmunks (7#ias) enabled a multidimensional approach to in-
vestigating the ecological and evolutionary processes at play. A species with strong contraction in elevational range
(Tamias alpinus) underwent selection-driven changes in ecologically relevant skull dimensions (5) and, at microsatel-
lite loci, had reduced allelic diversity and increased genetic structuring of populations as the range became more
fragmented (131). Comparative exome sequencing (see Figure 3) inferred decreased gene flow among populations
and demonstrated rapid evolution in one physiologically relevant gene (13). This evidence and recent resurvey re-
sults for desert-adapted species (121) point to the need for integration of genome screens with ecophysiological
studies to improve our understanding of how and why species vary in vulnerability to rapid climate change.
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detection of changes at landscape scale in phenotype and genotype and in the context of
well-documented ecological change.

This represents a challenge to current museum practice, insofar as it will require a combi-
nation of (#) more intensive collecting at specific locations to enable the diverse requirements
of materials for modern genomics and the sample sizes to enable robust estimates of change
in phenotype and genotype over time; (b)) more spatially extensive collecting of tissues to en-
able robust assessment of how genotypes vary with environment over space (9) and time; and
(¢) improved documentation of sampling methods and ecological conditions, for example, in the
form of detailed and accessible field notes, ideally in electronic form (78). All of this points to the
need for increased collaboration between field-based ecologists and museum-based curators and
consideration of how museums can accession samples and metadata from ecological surveys now
and into the future. After all, today’s (re)surveys provide the benchmark for future scientists to
further understand biotic responses to ongoing change.

5. MUSEOMICS IN DEEP TIME: ANCIENT DNA
5.1. Development of Ancient DNA

Museum collections have been foundational to the research field known as ancient DNA, which
is broadly characterized as genomic research that includes data recovered from historic, degraded
samples (140). This field grew out of early experiments sequencing DNA from museum collec-
tions, such as a 140-year-old specimen of dried skin from an extinct quagga that was part of the
collection at the Natural History Museum Mainz in Germany (69). Since then, and in partic-
ular after the advent of high-throughput sequencing technologies that made it possible to am-
plify fragments of DNA that are too short to be targeted via PCR, most ancient DNA studies
either focus entirely on museum-preserved paleontological or archaeological specimens or incor-
porate specimens that are newly collected from the field that subsequently become part of museum
collections.

To date, ancient DNA has been recovered from bones, skin, muscle, teeth, hair, feathers, in-
sect legs, and dental calculus of museum specimens. These investigations have tested hypothe-
ses about systematic relationships of extinct taxa (21, 99, 141), temporal population dynamics of
plants and animals (88, 139), human population dispersals (120), dietary preferences (154), and
genomic adaptations associated with processes such as domestication (12, 50, 136). Molecular
phenotypes have also been assessed, including exploring differential DNA methylation between
modern humans and archaic hominins that is potentially associated with diseases and facial pheno-
types (58, 59) and assessing temporal changes in DNA methylation in deer mice specimens as old as
76 years (130). The oldest paleontological samples from which DINA has been recovered are an
approximately 780,000-year-old horse that was preserved in permafrost in Yukon, Canada (109)
and two mammoth bones recovered from permafrost deposits in Siberia that are both older than
one million years (150).

5.2. Ancient DNA Can Bolster Inferences from Physical Specimens
and Modern Samples

Ancient DNA studies benefit from more than just the preserved DNA in museum samples. Speci-
mens that are part of museum collections are often associated with standardized, accessible meta-
data that add scientific value to their analysis. For example, the paleontological collection at the
American Museum of Natural History in New York contains type specimens for many of the bi-
son species and subspecies named by paleontologists during the eighteenth and early nineteenth
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centuries. Comparative analysis of mitochondrial DNA from these specimens and field-collected
bison fossils has been used to test hypotheses about the evolutionary relationships among named
lineages and to show that many of these are invalid (139, 156). Similarly, ancient DNA research
has shown that some descriptions of moa species from New Zealand do not necessarily correspond
to their genetic lineages and has provided information on their biology, including demonstrating
differential mortality of sexes as the animals grow (2).

Ancient DNA research projects for which the primary materials are field-collected specimens
also benefit from comparative data from museums. For instance, genomic analyses of mostly non-
diagnostic postcranial remains of horses in Klondike, Yukon, Canada, revealed at least two horse-
like lineages present in the region during the last ice age. One lineage was clearly identifiable
as caballine horses, Equus caballus, but the other had no close genetic match among known taxa.
To confirm the hypothesis that this second lineage was the North American stilt-legged horse,
Huringtonhippus francisci, researchers compared the data to genomic data isolated from a skull in
the collection of the Natural History Museum of Los Angeles County that had been identified
confidently as a stilt-legged horse. Data from the identifiable skull closely match those from the
nondiagnostic postcranial elements, confirming the presence of stilt-legged horses in Yukon (67).

Ancient DNA can also contribute value to museum collections. Some paleontological speci-
mens are too fragmentary to identify with confidence based on morphology or are from individuals
at developmental stages that cannot be identified confidently. For instance, ancient DNA revealed
that a syntype specimen for the Asian elephant, Elephas maximus—a fetus preserved in ethanol
that is currently part of the collection of the Swedish Museum of Natural History—is actually an
African elephant in the genus Loxodonta (25). Similarly, genomic data from a mandible collected
from the Taymyr Peninsula, Russia, and accessioned into the paleontology collection of the Zoo-
logical Institute of the Russian Academy of Sciences in St. Petersburg as an Arctic wild ass, Equus
hemionus, indicated that the specimen is in fact a caballine horse, E. caballus (151).

5.3. Historical Samples Can Inform Genomic Resource Curation Practices

Finally, ancient DNA can be useful for deriving a more detailed understanding of patterns and
rates of DNA degradation over time as samples are stored in natural history collections. Sev-
eral studies, for example, have sequenced ultraconserved elements (UCEs) from present-day and
historical specimens collected up to 150 years ago from taxa including birds (94), bees (14), and
daddy longlegs (40). These data collectively show similar slopes of locus fallout over time, although
taxon-specific patterns of locus retention are also found (Figure 4). Interestingly, one study that
sequenced UCEs from 51 carpenter bee (Xylocopa) specimens observed that the rate of sample
degradation (assessed via DNA concentration and UCE contig length) slowed significantly be-
ginning 21-39 years after preservation (14). Ancient DNA investigations have therefore yielded
insights into patterns of DNA degradation over time, which have critical importance for future
genomics investigations and museum curatorial practices.

6. CHALLENGES AND OPPORTUNITIES AT THE INTERFACE
OF MUSEUMS AND GENOMICS

Museums and the genomics collections they curate have supported a wealth of innovative ba-
sic and applied research, yet they face many challenges, and their full potential for supporting
research and education has not yet been realized (105). The pressures and insufficiencies facing
collections are varied, ranging from gaps in collections coverage to insufficient support, societal
misunderstandings of their role, lack of long-term business plans, and challenges with sustaining
a diverse and talented pool of staff and curators. Basic training in museum curatorial practices and
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Figure 4

UCE capture success for historical natural history museum specimens in three studies. Comparisons

include a study by McCormack et al. (94) using avian toe pad tissue and the Tetrapod 5K probe set (targeting
5,060 UCEzs); a study by Blaimer et al. (14) using dry, pinned insects and the Hymenoptera 2.5K probe set
(targeting 1,510 UCEs); and a study by Derkarabetian et al. (40) using ethanol-preserved (recent sample in
96% and older samples in 70%) daddy longlegs using the Arachnida 1.1K probe set (targeting 1,120 UCEs).
Numbers of loci recovered are scaled based on the total number of UCEs targeted by the specific probe

set used. The average percentage of targeted UCE loci that were successfully sequenced decreases by 0.32%,
0.33%, and 0.37% per year for ethanol-preserved arachnids, pinned insects, and dried bird tissue, respectively.
Abbreviation: UCE, ultraconserved element. Figure adapted with permission from Derkarabetian et al. (40).

taxonomy can be difficult to find and is in strong decline, especially in some taxonomic areas such
as parasitology. There is still no comprehensive compilation of museum genomic collections in
the United States or worldwide, although efforts such as iDigBio are helping collate this informa-
tion (57). The practice of genetic resource and specimen accessioning into museums has waned,
resulting in inadequate representation of specimens from the most recent decades in natural his-
tory collections, which corresponds to when anthropogenic change is most pronounced (91). A
recent National Academies report has highlighted the many pressures facing museum collections
today (105). Here, we highlight a few such pressures that are germane to genomics collections
specifically.

6.1. Data Digitization and Integration

One of the biggest challenges facing the museum community is integrating, maintaining, and
sharing the wealth of data associated with natural history collections. This process is far from
complete, which constrains museum science investigations, including in areas of genomics, where
investigators often lack knowledge about what resources are available for research at natural his-
tory museums. Digitization is the process of putting in digital form the metadata associated with
museum specimens and, in some cases, digital images of the specimens themselves (65). It is es-
timated that about 30% of the estimated 800 million to 1 billion US natural history samples
have been digitized and made available for searching in electronic databases (105). This short-
coming leaves precious resources inaccessible to researchers and potentially puts these collections
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in jeopardy. However, there are also promising models where natural history collections have
digitized significant proportions of their collections and made these data widely available on-
line, such as the combined catalog of Australian natural history museums available through the
Online Zoological Collections of Australian Museums (OZCAM) (153) and some taxon-specific
databases such as VertNet (34). Flexible and extensible database environments, such as Arctos
(https://arctosdb.org/about/details/ecosystem/), allow for detailed recording of the status of
various tissues associated with museum specimens. Still, a major priority for museums is to expand
digitization, link diverse collections together into an integrated whole, and make the associated
data widely available to all potential stakeholders (6).

A related challenge for ongoing digitization is integrating the massive amount of collections
data spread across museums and other relevant data providers. Fortunately, global initiatives and
their resulting data streams, standards, and tools have made good progress toward this goal. The
Global Biodiversity Information Facility (122) is one well-designed online portal for gathering
data across natural history collections and enabling global biodiversity syntheses (64, 83). More-
over, several database initiatives have emphasized genomics specifically, including the Global
Genome Biodiversity Network (43) and the Global Genome Initiative established by the Na-
tional Museum of Natural History at the Smithsonian, which collaboratively endeavor to collect,
preserve, and disseminate high-quality genomic resources from Earth’s biodiversity. Several other
broader initiatives have focused on acquiring genomes or transcriptomes of a multitude of organ-
isms in clade-specific investigations in collaboration with major museum providers, such as the
Bird 10,000 Genomes (B10K) project, which is actively collaborating with five major museums
and several others that provide the raw material for genome sequencing of birds (17).

Other important sources of data typically accuamulated by organizations with distinct goals
can also be integrated with genomics data from natural history collections. The US National
Center for Biotechnology Information (NCBI) and the European Bioinformatics Institute both
store massive amounts of molecular data, some of which are directly derived from natural his-
tory collections. However, the number of GenBank records that are hyperlinked directly to the
record of the museum specimen from which their DNA sequences were derived is still very small.
Some database infrastructures, such as Arctos, provide easy generation of URLSs for linking ge-
nomic data directly with the specimen from which the data were derived (for an example, see
https://mczbase.mcz.harvard.edu/guid/MCZ:Cryo:6597). The increased presentation of data
in supplementary materials of published papers has also had the unfortunate effect of locking
away important metadata that could enhance the utility and traceability of genomic data derived
from natural history collections. Catalog numbers of specimens used in research papers are often
reported, enforced by editors and publishers of journals, particularly in papers stemming from
the museum community. But such reporting is often neglected in studies of ancient human re-
mains from museums (e.g., 59). As digitization proceeds, museums, as well as the research and
publishing communities, must move to synergize their important collections data with other rel-
evant data sets both for increased scientific impact and traceability and to help ensure long-term
persistence.

6.2. Trade-Offs in Genomics and Voucher Specimen Utility

As natural history collections data are digitized and integrated, museums must also work to en-
gage diverse stakeholders who can leverage these resources to make discoveries about our natu-
ral world—a process that will likely proceed organically as diverse groups of scientists begin to
explore the data available from integrated collections databases. Indeed, genetics and genomics,
which were historically more disconnected from museum sciences, provide a powerful example of
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how museums can work with interested stakeholders to build new research capacity that unites
aspects of both fields, with significant benefits (134). However, key challenges in museum research
include how to extract maximum information from finite biological resources and how to serve
increasingly diverse research groups addressing broad questions in biology. Collection preserva-
tion has numerous potential trade-offs due to the mandate of museums to document biodiversity
in all its forms in perpetuity, necessitating diverse curatorial practices, often driven by require-
ments of individual research projects. For example, some collecting and curatorial practices, such
as formalin fixation, are optimized for later extraction of morphological data but function poorly
in preserving molecular information and vice versa (95, 129). Diversifying molecular resource
collection practices in particular—in terms of tissue types and the kind of genomic assays that
could be applied downstream—is an important goal for the museum community, but it can be
logistically, financially, and scientifically difficult to implement practices that facilitate a variety of
research goals at once.

In practice, general collecting expeditions have prioritized collecting voucher specimens from
diverse species, and tissue samples collected for anything but the most standard genomics analyses,
such as DNA sequencing, are often relegated to more specialized and targeted fieldwork. Addition-
ally, maximizing tissue quality and type can compromise the quality of the eventual voucher spec-
imen; for example, depending on how one prepares the specimen, extracting RNA-quality brain
tissue from a vertebrate specimen can compromise the quality of the resulting skin or skeleton
specimen (146), making phenotypic analyses more challenging. Making matters worse, a recent
study found that only 11% of 1,300 representative vertebrate genomes available through the
NCBI have a clearly referenced voucher specimen (19). Although this rate of vouchering is
likely an underestimate, at least for some clades (17), clearly the situation could lead to many
potential issues with species identity, sample provenance, verification, and replication. However,
targeted expeditions are becoming more common, where the quality and breadth of downstream
molecular data are favored over amassing large numbers of specimens and maximizing taxonomic
diversity (Figure 5). Natural history collections will need to strike a balance between these
two collecting paradigms to remain relevant to the broadest array of researchers wishing to use
genomic resource collections.

6.3. Updating Cryopreservation Standards

Looking forward, new collaborations built on a foundation of genomics will emerge between
museum scientists and investigators from other fields like medicine, engineering, chemistry, and
technology. Arguably, engaging diverse stakeholders sooner rather than later will be important
for adapting collection and curatorial procedures for broader use (6, 60, 105, 134, 142). Unfor-
tunately, large proportions of tissue collections and most voucher specimens in many museums
were collected in an era that demanded minimum quality standards in terms of macromolecule
integrity. The low quality of many macromolecules in museum cryogenic collections has meant
that studies aiming to embrace long-read, transcriptome, or epigenome sequencing, for instance,
may need to resort to alternative sources of genomic material for immediate use. This need for
new collections helps to explain why many genomics studies rely instead on freshly-collected ma-
terials; however, these new collections are often not deposited in natural history collections for
long-term preservation. Even for fossil specimens, there is a suite of best practices to ensure the
longevity of macromolecules, but implementing these sometimes stringent requirements can re-
quire infrastructure traditionally beyond the purview of many natural history collections. Some
paleontological collections have begun storing specimens in environmentally controlled rooms,
at high expense, such as the collections of the Museum of the North in Fairbanks, Alaska, and the
Canadian Museum of Nature in Ottawa.
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Figure 5 (Figure appears on preceding page)

An example of next-generation, RNA-ready genomic samples for diverse avian species in the Museum of Comparative Zoology (MCZ) at
Harvard University. The samples shown have been collected since 2012 from diverse locations around the globe and are compatible with
RNA-seq and other methods utilizing flash-frozen tissues. Most samples were minced and preserved in RNAlater within 10 min of sacri-
fice and then flash frozen in liquid nitrogen after ~12 h at cool temperatures. A small percentage of samples were directly flash frozen with-
out RNAlater. All samples are now permanently stored in liquid nitrogen and queryable through the MCZbase database, and a subset has
been tested to verify the presence of high-quality RNA for gene expression or genome annotation purposes. Gustavo Bravo and Jonathan
Schmitt retrieved and analyzed data and made an early draft of this figure. All counts of next-generation, RNA-ready genomics samples
are available online at https://doi.org/10.5281/zenodo.5093840 and https://edwards-bird-lab.github.io/museum-genomics/.
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Unfortunately, rigorous investigations of how to optimally preserve, store, extract, and utilize
macromolecules, such as DNA and RNA, from tissue samples are rare, leaving museum practi-
tioners with only anecdotal information about ideal preservation conditions for molecular sam-
ples. This shortcoming represents a major gap in understanding that must be addressed and dis-
seminated across collections so that new, improved curatorial practices can be implemented and
standardized for the benefit of the broader research community. Dialog with related collections
institutions, like biobanks used in human medical research, would benefit the museum genomics
community (92). Once in place, these practices can be adopted when collecting new genomic
samples, but we emphasize that collections should also target existing holdings for curatorial im-
provements. As a case in point, the Museum of Comparative Zoology at Harvard has received
funds from the US National Science Foundation (NSF) to subsample type specimens from all its
collections and store them in the museum’s cryogenic collection, with the hope of being able to
sequence the genomes of all these types in the future. Initiatives such as the Frozen Zoo at the
San Diego Zoo Wildlife Alliance (https://science.sandiegozoo.org/resources/frozen-zoo®)
have been archiving viable cell cultures, which can be used to repeatedly grow cell stocks and en-
able improved preservation of cellular biomolecules, functional studies, and even the possibility
of eventually contributing to the conservation of rare or extinct species (107, 132, 157). Increas-
ingly, curators are requiring the sequencing of whole genomes from rare or fragile specimens so
as to complete the practical genomic inventory of those specimens and minimize or eliminate
additional subsampling in the future.

6.4. Credit and Data Attribution

The finite nature of natural history collections and the large amounts of time, effort, and funding
that go into building and preserving collections can also result in unaligned, or even conflicting,
research priorities. In particular, whereas genetics and genomics have revolutionized biodiversity
sciences in many ways, there continues to be a gap, although narrowing, between biodiversity
approaches focusing on phenotypes and those focusing on genotypes. Conflicts can therefore arise
over how materials are collected and preserved, which uses are appropriate and have priority, and
how investigators should share credit for scientific discoveries. Unfortunately, the protocols for
attribution of data and assignment of credit for specimen acquisition in biodiversity studies are
still very rudimentary, leading to loss of data traceability through the cycle from field to museum
to publication. As a result, museum staff and field collectors often receive little credit, implicitly
or explicitly, for studies analyzing museum specimens collected by them or in their care (6, 126).
Many museum staff are neutral about being credited with a data source in their care, whereas
others legitimately require coauthorship on studies analyzing or using specimens in their care.
Data digitization and integration will help track specimen use in detail and allow better at-
tribution and documentation of credit to the numerous field biologists and curators who col-
lected, prepared, identified, and accessioned specimens being used in genomics research (134, 162).
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Moreover, international agreements can also function to establish best practices for sharing mu-
seum resources and data, especially in the international context. The Nagoya Protocol (138; see
also https://www.cbd.int/abs/), for example, is setting a new standard for access to museum spec-
imens and, potentially, digital data stemming from genomic analysis. Overall, the museum com-
munity generally acknowledges the continued need for such protocols after decades of sometimes
less-than-satisfactory inclusion or acknowledgment of researchers, infrastructure, and investment
(33). Museum collections are increasingly communal, and although exclusive access to certain ma-
terials may be appropriate over reasonable timescales—an arrangement that hinges critically on
how the collection and research are funded—all resources should ultimately be available to the
entire research community.

6.5. Cost Recovery of Genomics Collections

Different collections take alternative approaches to address the persistent challenge of recovering
costs for serving the genomics community, as well as ensuring their own long-term livelihood, al-
though some attempts at articulating universal best practices are appearing (126). Some museum
genomics collections, citing the significant costs of collecting, maintaining, and sharing physical
museum resources, charge outside researchers fees for assembling and sending off genomics sam-
ples for external use. As pressing as cost recovery is, the need for museums to instill a culture of
accountability and reciprocity among potential users of collections is important. For instance, as
part of a typical request to use museum genomic resources, many museums require attestation
of how the requester has contributed to the broader museum mission, either through their own
field collecting or specimen preparation, to engender a greater appreciation of the considerable
time, cost, and effort required to amass such collections. Researchers requesting materials from
museums for destructive sampling typically are asked to provide detailed descriptions of exper-
imental procedures so that museum staff can ascertain whether best practices will be adopted
before precious genomics samples are destroyed. Such policies are applied haphazardly across in-
stitutions and research programs, and standardization of best practices for requesting, obtaining,
and accessioning museum resources will help to overcome these difficulties (105). Funding bod-
ies requiring specimen management plans, analogous to existing data management plans for the
NSF and National Institutes of Health, could help speed adoption of best practices and ensure
that the often considerable costs of accessioning and curation are adequately covered by research
programs hoping to archive specimens in a museum or make use of existing collections (35).
Finally, the economic vibrancy and fragility of museums and their collections vary greatly across
countries, institutional context, and the public-private continuum, and this variation complicates
the ways in which museums can help advance and integrate genomic science (105). Several soci-
eties and consortia, such as the Natural Science Collections Alliance and the American Institute
of Biological Sciences, provide advocacy and support for museum collections, particularly in the
United States. Major historical losses, such as the physical damage sustained by the Museum fiir
Naturkunde in Berlin during World War 11, as well as recent catastrophes, such as the fires gut-
ting several major museums and collections in Brazil (125) and narrowly missing a major botanical
collection in South Africa (106), underscore the fragile security and infrastructure behind many
museums and the need for duplication and offsite replication of specimens and data. Many herbaria
routinely split parts of a single organism and distribute it across multiple institutions for preser-
vation and care, a practice that is increasingly undertaken by genomics collections, especially in
the context of international collaborations. Such a tradition greatly improves the chances of parts
of that individual surviving a catastrophic collapse at one institution and also makes the indi-
vidual specimen more accessible to researchers around the world. Such practices are particularly
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important, and increasingly required, for archiving type specimens, the original specimen on which
a species description is based. Such data and specimen redundancy ensure the longevity of data
and genomic resources linked to individual specimens—a crucial backup in a world in which even
national museums are poorly funded and understaffed (6, 105).

6.6. Ethics of Museum Genomics

Museums and museum collections have recently begun to reckon with a past that in many cases
is closely intertwined with a history of colonial exploitation and racism (39). The challenge of
distinguishing scientific acts of specimen collection from an often unsavory history of colonial
dominance is arguably more difficult for anthropological collections, but genomics collections
are also not immune, especially in the realm of ancient DNA of humans. For example, the first
genome of an Indigenous Australian was sequenced from a lock of hair accessioned in the collec-
tion of the Leverhulme Centre for Human Evolutionary Studies in Cambridge, United Kingdom
(118). Although cleared by ethical review boards in Denmark, where most of the research was
undertaken, the study nonetheless raised concerns among scientists and was acknowledged to be
in “uncharted ethical territory” (23, p. 522). Our focus in this review is not on human evolution-
ary studies, but zoological specimens and cryogenic collections in zoological museums also reveal
ethical challenges of acquisition and use. In some countries, such as New Zealand, study, collec-
tion, transport, or manipulation of indigenous fauna requires the consent of representatives of
indigenous peoples. In many countries, conducting zoological research on indigenous lands also
requires multiple permissions and consultations. The Nagoya Protocol is written and being re-
fined in part to include indigenous peoples in the process of prioritizing research and gaining
access to its intellectual and economic benefits.

Although there are few examples thus far of ethical dilemmas specifically at the intersection
of museums and cryogenic collections, the museum genomics community is beginning to articu-
late more precise ethical and cultural standards, taking cues from more developed protocols from
human genomics (29). Field expeditions from many museums have traditionally included, or are
increasingly required to include, in-country collaborators, not merely as assistants but as coauthors
and beneficiaries of advanced training and knowledge transfer. Recent genome projects focusing
on culturally sensitive species have included indigenous consultation from project inception and
shared authorship (54). The potential drawbacks of such restrictions for both in- and out-country
scientists cannot be underestimated. Regulations in some countries, such as India, which severely
restrict or do not permit conducting genetic studies in foreign laboratories, or require that DNA
be destroyed and not archived after a study has been completed, decrease opportunities for re-
sponsible archiving, international collaborations, and the technology transfer and training that
often ensues. In addition, some nations have strict legislation about returning type material that is
described abroad to their museums, something that museums need to take into consideration in
the long term because the average time between specimen collection and its scientific description
is about 21 years (49). The ethics of museum genomics, and of the museum enterprise in general,
is ripe for active discussion and updating, a process that will hopefully itself be inclusive and widely
consultative.

7. MUSEUMS AND GENOMICS IN THE FUTURE

The archiving of genomic resources and the effort to make these accessible to the scientific
community represent some of the most recent paradigm shifts in our ability to extract infor-
mation from museum specimens. Future technological advancements will undoubtedly shape
museum sciences in diverse, unpredictable ways. As such, the preservation of existing natural
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history collections, which remains a major challenge at most institutions, is of vital importance
for ensuring that researchers can leverage scientific collections to answer a range of important
biological questions. Of equal importance will be the scientifically driven, sustainable growth of
these collections in the future, a growth that will advance new areas of collections-based research
to benefit science, education, conservation, and humanity (91).

Ambitious efforts to generate high-quality genome assemblies for many—if not all—
species are now underway with projects like the Vertebrate Genomes Project (https://
vertebrategenomesproject.org/), B10K, the Earth BioGenome Project (86), components
of European Commission programs like Horizon Europe (https://ec.europa.eu/info/research-
and-innovation/funding/funding-opportunities/funding-programmes-and-open-calls/
horizon-europe_en), and the Wellcome Trust—funded Tree of Life project headed by the Sanger
Institute in the United Kingdom (https://www.sanger.ac.uk/programme/tree-of-life/). To
varying degrees, these projects are working with museums to guide taxon sampling and sequence
as much as possible from archived voucher specimens. Other projects, like DNAmark in Denmark
or the National Ecological Observatory Network in the United States, are focusing primarily
on eDNA and are causing museums to consider how to archive environmental samples in more
of an Earth-monitoring vein (35). The emergence of new sequence-based assays, particularly
those tailored to old, frozen, or degraded samples (32, 36), will unlock access to new pieces of
genomic and cellular information. Already, a range of functional genomics assays is in place that
enables profiling of epigenetic states (8, 85), with new advancements being regularly made (e.g.,
145, 158). Unfortunately, aside from the studies of methylation in Neanderthals and deer mice
discussed in Section 5.1 (58, 130), functional genomics approaches have not yet begun leveraging
museum genomics collections. Analogous fields to genomics that sequence proteins or metabolic
products —known as proteomics and metabolomics, respectively—have already begun to benefit
from museum genomics collections (4, 108, 137, 155), and with more maturation, these methods
will eventually provide the potential for data extraction that is on par with current genomics
methodologies.

Finally, while further afield from traditional museum science, we predict that the genome edit-
ing revolution, driven primarily by the discovery and development of CRISPR-Cas9 editing sys-
tems, will power new research programs based in natural history museums (16). Indeed, as genetic
editing is applied more widely, including within nontraditional model species (37, 119), museums
may benefit greatly by positioning themselves as important repositories of genetically modified
organisms, enabling integration with other fields of biology and science that have been relatively
estranged from traditional museum studies. Altogether, museum environments may become im-
portant catalysts for increased cohesiveness between genomics and other ongoing technological
advancements that will benefit museum scientists, including imaging [e.g., whole-body computed
tomography (CT) scanning or cellular and nuclear imaging via advanced microscopy (51, 55)],
computer science [e.g., big data analysis or artificial intelligence (161)], and engineering [e.g.,
robotics and nature-inspired designs (60)]. However, despite all of these possible research direc-
tions, natural history museums must also continue to champion the importance of collections and
basic natural history research to newly engaged scientists, government agencies, nonprofit groups,
and the public through well-designed outreach efforts.

In the future, connections between museum science and genomics will grow stronger through
the adoption of curatorial practices facilitating the use of cutting-edge techniques. For example,
single-cell and functional genomics approaches offer one particularly fruitful area of research ca-
pable of providing exponential increases in the resolution of information that can be extracted
from museum specimens (62, 93), and there may be manageable protocols allowing such methods
to be applied to archived tissues. Innovations in genomics technologies will expand the kinds of
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genomic data that can be gleaned from museum collections, but many of these new data streams
will fall outside traditional areas of research by museum curators as scientists clamor to tap the
information reserves stored in natural history collections. The expertise of new, diverse stakehold-
ers, including researchers in medicine, engineering, and other fields, will need to be engaged and
consulted to modernize curatorial practices in museum genomics and to increase the utility of
genomics collections, thereby solidifying and expanding the important role that museums play in
science. Increased digitization and integration of global museum collections will be crucial to this
endeavor. Future collection, curatorial, and data collection approaches, including those leveraging
genomics, will unlock critical pieces of ecological, evolutionary, or conservation information, but
only insofar as museum scientists succeed in gathering baseline measures of biodiversity worldwide
(91). Overall, while these research themes represent some logical directions for museum-based in-
vestigations over the next half century, numerous equally important and unique research projects
will also emerge that will be capable of revolutionizing museum science and illuminating diverse
biological principles.
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