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Biological collections are at the front line of biodiversity research, informing taxonomy, evolution, conservation
and sustainable livelihoods. In April 2014, we organised a meeting at the Linnean Society (UK) discussing the
impact of next-generation sequencing (NGS) methods on collections-based research. Here, we explore the main
themes of this meeting and outline the incredible potential of NGS to reinvent collections-based research. Among
the many opportunities at the interface of genomics and collections, we focus specifically on (1) the genomic
characterisation of biological collections, (2) the enhancement and development of DNA-based identification, (3)
the tree of life and (4) interdisciplinary research addressing the most pressing environmental challenges of our
times. Across the world, biological collections are at risk, primarily due to declining funding and shifts in
scientific fashions. We encourage all users of collections to embrace the genomic era, not only because of the
unparalleled scientific potential that it presents, but also because new cross-disciplinary synergies will
reinvigorate and secure the collections for future generations. © 2015 The Linnean Society of London, Biological
Journal of the Linnean Society, 2016, 117, 5–10.
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INTRODUCTION

Collections-based research, traditionally conducted in
Natural History Museums, Botanical Gardens and
Zoos, has constantly re-invented itself in response to
changing methods and technologies. Biological collec-
tions, such as museum or herbarium specimens, liv-
ing organisms and DNA samples, are at the front
line of biodiversity research, informing taxonomy,
evolution, conservation and sustainable livelihoods.
The emergence of next-generation sequencing (NGS)
methods has dramatically changed the face of biol-
ogy, and is leading to the rapid generation of mas-
sive amounts of DNA sequence data at reduced costs
(e.g. Doyle, 2013). This leap forward in sequencing
technology has been made possible by a combination
of nanotechnology, advanced imaging methods and
high-powered computing. NGS is having a similar
impact on collections-based research as the molecu-
lar systematic revolution of the 1990s. It is therefore
vital that researchers working with collections

develop a full understanding of the benefits and pit-
falls of these technologies, and learn to exploit them
to the full. Consequently, as the genomic era dawns
collections-based researchers and curators must
adapt and respond to the new opportunities that
these technologies present. This challenge was the
focus of a meeting at the Linnean Society of London
(UK) on 2–3 April 2014. The eleven contributions
published in this special issue encapsulate the out-
come of this fruitful event, and are wide-ranging in
their use of collections in ancient DNA research (Lin-
derholm, 2016), evolution (Kidner et al., 2016), bioin-
formatics (Vieira et al., 2016), phylogenomics
(Dodsworth et al., 2016; Heyduk et al., 2016), sys-
tematics (Dentinger et al., 2016; Zedane et al., 2016)
and museomics (Bailey et al., 2016; Bakker et al.,
2016; Besnard et al., 2016; Timmermans et al.,
2016). In this short opinion, we touch on the primary
themes explored in this meeting while sharing some
of our own views on the subject, especially in relation
to the incredible potential of NGS to reinvent collec-
tions-based research.
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THE GENOMIC ERA – A REVOLUTION FOR
BIOLOGICAL COLLECTIONS

The application of traditional DNA sequencing meth-
ods to museum and herbarium collections has been
hindered by their state of preservation, especially in
the case of older material, which typically yields
degraded DNA of unusable quality (e.g. Devey et al.,
2013). However, NGS can overcome this obstacle
because the technology actually requires fragmented
DNA (e.g. Bakker et al., 2016). In the case of plants,
NGS techniques have even succeeded with herbar-
ium specimens preserved in alcohol in the field prior
to drying (the so-called Schweinfurth technique,
widely used in the tropics where field drying is diffi-
cult; Bridson & Forman, 2010), which until now were
very difficult to sequence due to their low DNA
yields (S€arkinen et al., 2012). In this special issue,
seven milestone publications provide detailed labora-
tory and bioinformatic protocols to reconstruct
organellar genomes from historical collections across
the animal (horseshoe bats: Bailey et al., 2016;
insects: Timmermans et al., 2016; pigeons: Besnard
et al., 2016), fungal (Dentinger et al., 2016) and
plant (angiosperms: Bakker et al., 2016; palms: Hey-
duk et al., 2016; olive family: Zedane et al., 2016)
kingdoms. These pioneering studies provide us with
a toolbox for exploiting an almost limitless genetic
resource that has been out of reach until now. Our
own institutions illustrate the breathtaking potential
of these approaches. Amassed over the past
300 years, London’s Natural History Museum and
the Royal Botanic Gardens, Kew house around 90
million specimens, including >34 million insects and
arachnids, 29 million other animals, 12 million
plants and 1.25 million fungi. Most of the known bio-
diversity of Earth is represented within these two
institutions that are separated by just a short
20 min ride on the London Underground. The scale
of the genomic opportunities that they now present
are hard to comprehend, but now, more than ever
before, they are poised to be deployed in genomic
research addressing some the biggest science chal-
lenges facing humankind today. We expand on some
of these challenges here.

GENOMIC CHARACTERISATION OF
BIOLOGICAL COLLECTIONS

The genomic toolbox presented in this special issue
provides a unique opportunity to add another dimen-
sion to biological collections by characterising them
from a molecular standpoint. In the not too distant
future, we anticipate that Natural History Museums
and Botanic Gardens will automate high-throughput

sequencing of their collections, delivering the result-
ing data via portals centralising all available collec-
tions information (e.g. Wen et al., 2015 for more
details on databases related to biodiversity). Many
major institutions are actively developing large-scale
specimen digitisation programmes (see Smith & Bla-
goderov, 2012 and references therein). To future-
proof these efforts, the progressive step of sampling
the collections for genomic analyses could be
included in the workflow. Though an upfront addi-
tional cost, this extra stage would create future effi-
ciencies, removing the need for another collections
upheaval for genomic sampling, and might create
opportunities for pilot studies aimed at developing
high-throughput workflows for the sequencing at a
massive taxonomic scale. The potential applications
of large-scale genomic characterisation of major bio-
logical collections are limited only by the imagination
of the users. We elaborate on a few of the more obvi-
ous applications below, but many others exist, for
example in microevolution (studies below the species
level), comparative molecular evolution, and the
genomics of specimen traits, which could potentially
be mined from digitised collections databases (cf.
Pyron, 2015).

IDENTIFICATION BARCODES

The genomic characterisation of collections will also
greatly benefit the rapid identification of species
using the DNA barcoding approach (see Barcode of
Life Data System; Ratnasingham & Hebert, 2007).
In addition, the vast amount of DNA data obtained
from large-scale sequencing of collections would also
enable development of novel DNA barcodes specific
to groups which cannot be discriminated by the
widely used barcode regions (e.g. several lineages of
monocots such as Pandanaceae; Buerki et al., 2012).
The release of large amounts of molecular data to
identify species would boost taxonomy, especially in
the case of organisms exhibiting cryptic morphologi-
cal features (e.g. fungi, Dentinger et al., 2016; bee-
tles, Triponez et al., 2011; parasitoid-wasps: Kenyon
et al., 2015) or those difficult-to-preserve groups for
which identification is very difficult. As an example
of the latter case, the economically and ecologically
important plant genus Piper (c. 2000 species, belong-
ing to the peppercorn family) has been proposed as a
model to study evolution, chemical ecology, and
trophic interactions by Dyer & Palmer (2004). How-
ever, this genus lacks a global taxonomic treatment,
partly because dried material is very difficult to use,
which hinders species delimitations and the con-
struction of keys. As a result, it is impossible to accu-
rately associate the occurrence of any chemical
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compound with species and therefore infer their posi-
tion within trophic network, a problem exacerbated
by the size of the genus. The sequencing of nuclear
and chloroplast DNA barcodes would considerably
boost research on this economically and ecologically
important genus by providing a framework to delimit
and identify species.

INFERRING THE TREE OF LIFE

TYPE COLLECTIONS AS A MEANS TO INFER THE

TREE OF LIFE

Despite ongoing global efforts, our understanding of
the tree of life remains incomplete due to inade-
quacy of data sampling from the majority of its
branches (e.g. Hinchliff & Smith, 2014; Hinchliff
et al., 2015). The challenge presented by this sam-
pling gap has until recently seemed insurmountable
due to the time and funding required to obtain new
samples from those missing branches. However,
NGS methods now allow us to exploit the sampling
efforts made by the generations of field collectors
who have deposited their specimens in museums
and herbaria over many centuries. If researchers
seize this opportunity, NGS methods will bring
about a golden age of tree of life research. The scale
and potential of the data opportunity may also per-
suade reluctant curators that sampling from those
most precious specimens, the types, can be justified.
In taxonomy, types are gold standard specimens
that determine the correct application of nomencla-
ture (e.g. Knapp et al., 2004 and references therein).
The use of types in collections-based research is
therefore central to ensuring accurate species identi-
fication by default. As taxonomists, we deplore the
inadequate documentation of evidence supporting
species identification in many phylogenetic studies,
which not only devalues such research, but also
undermines the reliability of public nucleotide data-
bases (e.g. Vilgalys, 2003; Valkiunas et al., 2008;
Marucci, La Rosa & Pozio, 2010). In the current bio-
diversity crisis, accurate species identification is a
fundamental research requirement, or can even be
seen as a kind of critical infrastructure. In this con-
text, the tree of life will be instrumental in estab-
lishing a genomic and phylogenetic framework that
can be used by the biodiversity community to
rapidly identify species and if necessary describe
them. Another advantage of using type specimens is
the increasing availability of images and data from
types through public digitisation initiatives (e.g.
Global Plants Initiative; Ryan, 2013), paving the
way for seamless links between databases of nucleo-
tide records and of the specimens from which those
nucleotides were derived.

TOWARDS A TOTAL-EVIDENCE TREE OF LIFE . . .
INCLUDING EXTINCT SPECIES

Before the molecular systematics revolution, phyloge-
netic inferences where based on morphological char-
acters and therefore tended to include both extant
and extinct species (i.e. total-evidence phylogenetics;
Donoghue et al., 1989). However, such an approach
rapidly declined due to the difficulties of (1) obtain-
ing DNA sequences for extinct taxa and (2) combin-
ing morphological and DNA data (Scotland,
Olmstead & Bennett, 2003). However, NGS coupled
with ancient DNA will rejuvenate the inclusion of
extinct taxa into phylogenetic frameworks as shown
by the study in this issue on the extinct plant genus
Hesperelaea (Oleaceae; Zedane et al., 2016). This
approach still has some limitations with most of the
successfully analyzed species being extinct during
the Holocene (e.g. Brace et al., 2015; but see Miller
et al., 2008 for the sequencing of the nuclear genome
of woolly mammoth from the Pleistocene). However,
in the case where DNA sequencing cannot be per-
formed from fossils, methods have been recently
developed that allow the integration of morphological
and molecular data for both fossils and extant spe-
cies (see Barreda et al., 2015 and reference therein).
Overall, the inclusion of extinct lineages into the tree
of life should significantly improve topological and
branch-length estimation (e.g. Wiens et al., 2010),
and will also allow more accurate biogeographical
reconstructions (e.g. following an approach similar to
Meseguer et al., 2015). In this context, we would
encourage further collaborations at the frontier
between paleontology and neontology to infer the
tree of life.

COLLECTIONS-BASED RESEARCH AND
ENVIRONMENTAL CHALLENGES

There is a growing body of evidence showing that we
have entered a new era of mass extinction (the
Anthropocene), driven by human activities similar in
both rate and magnitude to the last big five extinc-
tions (Dirzo et al., 2014). For instance, a recent study
estimated that the extinction rate of vertebrates is
currently 114 times higher than the normal rate
(Ceballos et al., 2015). Collections-based research
could play a major role in minimising the effect of
climate change and habitat destruction on biodiver-
sity. For instance, an accurately inferred tree of life
together with DNA barcodes based on collections
could be used as references to support rapid biodiver-
sity surveys based on environmental DNA (e.g. from
soil, water or faeces; Taberlet et al., 2012) or the
inference of the network of trophic interactions to
assess ecosystem functioning and sustainability (see
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Hr�cek & Godfray, 2015 and references therein). One
of the major obstacles in these fields of research is
the lack of a reference library for species identifica-
tions. The gold mine of genetic resources available in
herbaria and natural history museums can alleviate
this issue, but ecologists, collections-based research-
ers and conservation managers will have to work in
synergy to reach this goal.

The addition of knowledge on species spatial distri-
butions – obtained through programs of collections
digitisation (e.g. the Global Biodiversity Information
Facility platform: http://www.gbif.org) – to the tree of
life can shed light on the means by which biota were
shaped by using a phylogenetic community approach
coupled with species modeling (e.g. Buerki et al.,
2015 for Madagascar). This latter information can
then provide the basis to further predict how biota
will respond to ongoing anthropogenic activities.
However, the full potential of the use of collections
for conservation and climate change research cannot
be fully realised until high-quality data sets are con-
veniently accessible to researchers. This requires
that higher priority be placed on digitising the hold-
ings most useful to support this type of research (e.g.
whole-biota studies, time series, records of inten-
sively sampled common taxa).

CONCLUDING REMARKS

The papers in this special issue and others cited
here shine a spotlight on the genomic opportunities
within collections that are now coming within reach.
Across the world, biological collections face many
threats, due to failing financial support from gov-
ernments and universities, the decline of traditional
expertise, and unfavorable shifts in academic expec-
tations. This short-sightedness is paradoxical given
that the global genomic repository that is the
world’s biological collections is now on the brink of
giving up its genetic secrets. All custodians and
users of biological collections must now embrace
genomics, not only because of the unparalleled sci-
entific potential it presents, but also because cross-
disciplinary synergies will reinvigorate and secure
the collections for future generations. The research
illustrated here is just the beginning of a new geno-
mic collections era.
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