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he global human suffering,

economic damage, and social dis-
ruption we are currently experienc-
ing from the COVID-19 pandemic
stem from inadequate preparedness
and ineffective response to emerging
pathogens. At its core, the COVID-
19 pandemic is a consequence of our
fundamental ignorance of our planets
natural ecosystems and the effects of
our encroachment on them. Our reac-
tive approaches to the emergence of
zoonotic pathogens, which are respon-
sible for approximately 75% of all new
emerging infectious disease outbreaks,
are too often based on limited knowl-
edge of the origin, pathogenicity, and
basic biology of the wild host and
pathogen coupled with poor commu-
nication among relevant stakeholders.
Others have pointed to this ignorance
of viral diversity and offered solutions
(Andersen et al. 2020), but a broad,
fully integrative discussion of how to
leverage existing infrastructure and to
build new resources has been missing.
In the present article, we call for the
development of alternative tactics that
are aimed at proactively meeting the
daunting challenges to humanity posed
by emerging zoonotic pathogens.

The potential role of natural his-
tory specimens in pathogen discovery
and mitigation is recognized in the
museum world (DiEuliis et al. 2016,
Dunnum et al. 2017) and by at least
some disease ecologists (e.g., Mills and
Childs 1998). However, relatively few
in the One Health community (e.g.,
Kelly et al. 2020) embrace the value
of leveraging existing biodiversity
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infrastructure (i.e., natural history
collections, biorepositories, and their
associated expertise and informat-
ics resources) to more fully under-
stand zoonotic pathogen emergence
and reemergence. This concept is not
new; in the early 1900s, the American
Museum of Natural History created the
Department of Public Health (Brown
2014). Although a lack of funding
put an early end to the initiative, the
Department of Public Health made
extensive progress, from clever exhi-
bitions for the public to assembling
a living collection of bacterial cul-
tures (Brown 2014). Renewed efforts
to align pathobiology with biodiver-
sity discovery initiatives are critical.
Moreover, linking both biodiversity
infrastructure and building capacity
closer to zoonotic pathogen surveys
in biodiverse countries would sub-
stantially improve proactive responses
to pandemics before they once again
wreak havoc across the globe.

Biodiversity science as a tool in

biomedical research and response
Earth’s biodiversity is connected
through a single evolutionary tree of
life, and pathogens (whether viruses,
bacteria, or eukaryotes) and their hosts
represent millions of years of evolu-
tionary interactions. Medical research-
ers have long used this knowledge to
advance our understanding of how cer-
tain microbes cause disease in humans.
For example, because fundamen-
tal aspects of malaria parasitism are
extremely difficult to study in humans,
New World monkeys—particularly,

owl monkeys in the genus Aotus—have
been important models for studying
strains of malaria to develop vaccines,
some of which are now in clinical trials.
Taxonomic research based on museum
specimens (Hershkovitz 1983) demon-
strated that geographically separated
species of owl monkeys have varying
tolerance to the parasite and that the
failure to recognize these taxonomic
differences can hamper research.
We have only begun to understand
how widespread and diverse corona-
viruses are in nature, and important
gaps in regional and phylogenetic cov-
erage persist (Anthony et al. 2017).
Understanding their functional inter-
actions with host cells and developing
the most effective strategies to combat
pathogenic coronaviruses will require
documenting genetic relationships of
the virus and among the wild hosts
(Andersen et al. 2020). Archiving these
associations in accessible and curated
specimen databases is crucial now and
into the future (e.g., www.globalbioti-
cinteractions.org). Building on a solid
foundation of knowledge of evolution-
ary and ecological relationships of hosts
and pathogens enables scientists to pos-
sibly predict the emergence of future
zoonotic diseases and to respond to
novel outbreaks more rapidly and effi-
ciently (Brooks et al. 2019).

The need to strengthen
biodiversity infrastructure and
increase discovery

The detection and description of novel
pathogens usually requires large num-
bers of host samples because of low
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prevalence (Plowright et al. 2019).
The world’s natural history collections
contain more than 3 billion speci-
mens. Although the vast majority of
these specimens may not be suitable
for pathogen discovery, specimens
provide a powerful roadmap to the
spatial and temporal distribution of
global biodiversity. A growing trend
in many museums (e.g., www.idigbio.
org/content/dna-banks-and-genetic-
resources-repositories-united-states,
www.ggbn.org) is the establishment
of cryopreserved Dbiorepositories,
including vertebrate samples that
often preserve associated parasites.
These collections represent multiple,
diverse host samples archived broadly
across space and time that could read-
ily be probed for pathogens. More
commonly, however, novel pathogen
discovery involves field surveys of
wild hosts. Unless a particular patho-
gen is targeted, survey strategies that
focus on taxonomically diverse spe-
cies across spatially broad distribu-
tions provide the best opportunities
for detection. Typically, field surveys
of terrestrial vertebrates are nonin-
vasive (using swabs or fecal samples)
and do not produce archived speci-
mens, so they rarely contribute to the
shared biodiversity infrastructure of
the world’s scientific community. By
instead linking these field surveys to
permanent natural history collections,
future pathogen discovery would be
connected more broadly to other ave-
nues of biodiversity research and natu-
rally promote integration and synergy
across scientific disciplines.

An additional benefit from closer
ties between pathobiology and nat-
ural history collections involves the
voucher concept. Biodiversity stud-
ies, when possible, should be backed
by a permanent sample or voucher,
which would facilitate replication and
validation, extension, and integration
across disciplines (Cook et al. 2016,
Lendemer et al. 2020). To date, few of
the published nonhuman betacorona-
virus sequences are tied to a permanent
sample that would allow implementa-
tion of these central tenets of the sci-
entific method (but see Joffrin et al.
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2020). A change in practice, through
improved communication between
biodiversity and biomedical scientists,
would both enhance the quality of any
data collected from the pathogen and
add value by enabling future analyses
of the genotype, phenotype, and inter-
actions of the same pathogen source.

In addition to serving as perma-
nent archives and providing samples
for research, natural history collec-
tions and their associated bioreposi-
tories provide expertise in taxonomy,
identification, phylogenetics, niche
modeling, evolutionary dynamics, and
other knowledge critical to pathogen
monitoring, mitigation, and control.
In the past few decades, museums have
become hubs of biodiversity informat-
ics, servingasthe critical nexus between
biological samples and sample-derived
data (e.g., genomics, geographic infor-
mation, isotope chemistry, CT scans).
The current pandemic reminds us that
natural history specimens are impor-
tant but underappreciated reservoirs
for studying the hosts and distribu-
tions of animal and human pathogens
(see Harmon et al. 2019) and that the
data connected to these specimens
increase our understanding not only
of the host organism but of the patho-
gens as well. Enhanced support of both
physical and cyberinfrastructure for
biodiversity collections would yield an
information system to enable predic-
tion and mitigation of future outbreaks
and pandemics.

The most biodiverse places on the
planet occur in developing countries,
so there is a huge need to develop
local and regional capacity and scien-
tific expertise in biodiversity research
and collections. International scien-
tific partnerships aiming to increase
research transfer and building local
capacity will help to match resources
and technology available in developed
countries. Therefore, it will facilitate
early detection and mitigation in front
of an outbreak. Given the tremen-
dous need to understand how human-
mediated loss of biodiversity and
transformation of natural ecosystems
will affect human health, building
human capacity and strengthening ties

between research and clinical infra-
structure in developing countries is
imperative.

Informatics as a tool for
disseminating knowledge

Natural history institutions have pro-
duced extensive digital data and con-
tinue to digitize information from
their physical collections. Online
scientific databases (e.g., iDigBio,
GBIE VertNet, Arctos, Atlas of Living
Australia, SpeciesLink) serve as por-
tals to natural history archives, offer-
ing researchers around the world
access to data and metadata (includ-
ing linked genetic, environmental, and
other information) associated with
vouchered specimens. Furthermore,
the development of this cyber-enabled
information system is crucial for
understanding our natural world and
the relationships between biodiversity
and human health. Connecting natural
history archives and pathobiology is
not only necessary but easier to achieve
today than ever before. For example,
free, online access to global speci-
men data provides efficient opportu-
nities for loans of physical specimens
from museums to biomedical labo-
ratories for analysis of pathogens.
Surprisingly, the robust cyberinfra-
structure supporting living stock col-
lections—which make viral, bacterial,
and other pathogen lines and samples
available to the biomedical research
community—is not connected to that
of natural history collections. These
communities are only vaguely aware
of each other’s resources, despite obvi-
ous benefits for both basic and clinical
research. However, a clear, long-term
pathway must be implemented so that
pathobiologists are fully aware of the
varied resources available in natural
history collections and can use and
contribute to these resources.

A new vision for predicting and
responding to pandemics

The twenty-first century has already
seen multiple major new disease
outbreaks—from SARS and MERS to
Ebola and Zika—culminating in the
current COVID-19 pandemic. What
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have we learned from these events, and
how do we harness that knowledge
for prediction and response? Ongoing
encroachment by humans into natural
ecosystems will continue to promote
contact with potential pathogens.
Absent global cooperation to restrict
further habitat degradation and elimi-
nate illegal wildlife trade, we need new
approaches to gather, share, and inter-
pret data and knowledge for deploy-
ment in preventing, predicting, and
responding to future pandemics. We
suggest five key elements as a frame-
work for research and future resilience.

Best practices must be developed for
sample preparation. Biodiversity sci-
entists, collections managers, disease
ecologists, and microbiologists must
converge on common guidelines for
sampling, preserving, and archiving
samples of both pathogens and hosts
to ensure reproducible science and
future access to samples studied in
a particular context. Vouchering of
host materials and pathogen prepa-
rations will require expanded capa-
bilities in natural history collections
and biorepositories, and cooperation
among communities will be needed to
ensure space and adequate curation of
materials.

Metadata requirements must be
developed to accompany the physi-
cal specimens and samples collected,
analyzed, and archived. The essential
elements will be the application of
universally unique identifiers for all
specimens and their derivative prod-
ucts—including tissues, pathogen
preparations, genetic sequences, and
beyond. Again, communication among
communities, including museum per-
sonnel, biomedical researchers, and
personnel at global genetic databases,
will be crucial for identifying and
adopting metadata that will enhance
the value of biological materials.

Infrastructure, both physical and
cyber, is required to support both cur-
rent and future biological materials,
whether in natural history collections,
living stock collections, or other bio-
repositories. Because our knowledge
of potential emerging pathogens is
so limited and because the pathogens
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themselves evolve and diversify, we
recommend expanded collection of
field samples of organisms that are
likely reservoirs of zoonotic diseases
and other associated possible hosts.
The preparation of these materials fol-
lowing the first element above will
require expanded capacity and imple-
mentation of new curation methods
in many institutions. Likewise, fur-
ther investment in cyberinfrastruc-
ture to link together all known data
and knowledge related to specimens,
genetics, environment, literature, and
more would enhance responses to
future disease outbreaks.

Perhaps the most important but
most difficult element is the adop-
tion and implementation of practices
that change how a community con-
ducts its science. We endorse open
science concepts and practice and
advocate increased communication
and the development of new channels
of dialogue and collaboration. This
is particularly relevant within the
integrative approaches to health that
have increasingly become adopted,
because they draw from multiple con-
tributing sciences and sectors (Lerner
and Berg 2017).

The implementation of these ele-
ments requires strong leadership and
financial support from a range of fed-
eral agencies, international partners,
and private foundations worldwide
to provide infrastructure and enable
development of proactive approaches
to future pandemics. Because the
assets and returns are substantial
for science, policy, and human well-
being alike, we recommend that both
research funders and the providers
of official development aid engage in
this effort. Such investment, even on
the scale needed to accomplish the
goals outlined in the present article,
would be inconsequential compared
to the loss of life and the economic
catastrophe brought by COVID-19.
Many of the pieces of our emerging
vision are already in place, but a
more resilient and integrated initia-
tive that leverages and builds existing
biodiversity infrastructure is criti-
cally needed.
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