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Glossary
Assembly: a chromosome-level contiguous
sequence of all chromosomes, often aided by genetic
maps or other information.
Evolutionary distinct and globally endangered
(EDGE) species: species of high conservation
priority.
Genetic rescue: a mitigation strategy for restoring
intraspecific genetic diversity and reducing extinction
risks in small, isolated, or inbred populations through
induced gene flow.
Heterozygote advantage: when a heterozygous
genotype has a higher relative fitness compared to a
homozygous dominant or homozygous recessive
genotype.
Hybridization: interbreeding of individuals from
genetically distinct lineages.
Inbreedingdepression: reduced fitness in offspring
as a result of inbreeding – mating between closely
related individuals.
Introgression: gene flow between hybridizing
populations or species by backcrossing hybrids with
one or both parental populations.
Metagenomics and metatranscriptomics:
sequencing of DNA or RNA-derived cDNA extracted
from environmental and bulk samples.
Outbreeding depression: reduced fitness in
offspring from mating between genetically divergent
individuals.
Pangenome: the entire set of DNA sequences
(or genes) of a species represented by the core
genome and the accessory genome.
Phylogenomics: the inference of the phylogenetic
relationships among different lineages of organisms
from genome-wide data.
Reference genome: a contiguous and accurate
genome assembly representative of a species in
which the coordinates of genes and other important
features are annotated. Current definitions of reference
genome quality are given in [2] and https://www.
earthbiogenome.org/assembly-standards.
Forum

The era of reference
genomes in
conservation genomics
Giulio Formenti,1,29

Kathrin Theissinger,2,3,4,29

Carlos Fernandes,5,6,29

Iliana Bista,7,8

Aureliano Bombarely,9

Christoph Bleidorn,10

Claudio Ciofi,11

Angelica Crottini,12

José A. Godoy,13

Jacob Höglund,14

Joanna Malukiewicz,15

Alice Mouton,16

Rebekah A. Oomen,17,18

Sadye Paez,1 Per J. Palsbøll,19,20

Christophe Pampoulie,21

María J. Ruiz-López,13

Hannes Svardal,22

Constantina Theofanopoulou,1

Jan de Vries,23

Ann-Marie Waldvogel,24

Guojie Zhang,25,26

Camila J. Mazzoni,27

Erich D. Jarvis,1

Miklós Bálint,2,4,28,*
European Reference Genome
Atlas (ERGA) Consortium30,31
Progress in genome sequencing

now enables the large-scale
generation of reference genomes.
Various international initiatives
aim to generate reference ge-
nomes representing global biodi-
versity. These genomes provide
unique insights into genomic diver-
sity and architecture, thereby en-
abling comprehensive analyses
of population and functional
genomics, and are expected
to revolutionize conservation
genomics.
Conservation, genomics, and
reference genomes
In 2020 both the United Nations Biodiversity
Summit and the European Environment
Agency emphasized the accelerating
global loss of biodiversity (https://www.
un.org/pga/75/united-nations-summit-
on-biodiversity/; https://www.eea.europa.
eu/highlights/latest-evaluation-shows-
europes-nature). We are in the sixth
mass extinction. Although the primary
route to preserving biodiversity com-
prises protection of species and resto-
ration of habitats and ecosystems,
genomics provides a rapidly expanding
array of novel tools to characterize bio-
diversity and assist such conservation
efforts. The need for immediate actions
that help to reverse the current biodiversity
decline has prompted national and interna-
tional initiatives aimed at expanding the
genomic reference resources available for
biodiversity research and conservation
across the tree of life (Box 1). Many of
these efforts collectively contribute to the
Earth BioGenome Project (EBP) that aims
to catalog and characterize the genomes
of all of Earth’s eukaryotic biodiversity. A
large and inclusive community of scientists
has recently gathered as the European
hub of the EBP to promote the generation
of a European Reference Genome Atlas
(ERGA;www.erga-biodiversity.eu). This ini-
tiative is building a pan-European open ac-
cess infrastructure to streamline ethical and
legally compliant sample andmetadata col-
lection [1], sequencing and assembly (see
Glossary) [2], annotation [3], and release in
public archives of high-quality genomic infor-
mation, thus creating reference genomes for
a wide variety of eukaryotic species (Box 1).

Reference genomes, by which we mean
highly contiguous, accurate, and annotated
genome assemblies, greatly enhance geno-
mic studies, both experimentally and analyt-
ically [2,4]. A reference genome is a point
representation of the structure and organi-
zation of the genome of a species. Similarly
to type specimens in taxonomy, reference
Tre
genomes serve as the standard for subse-
quent genomic studies [5]. To cost-
efficiently unravel the genomic diversity of
species, multiple conspecific individuals
can be resequenced and aligned to available
reference genomes instead of being assem-
bled de novo. Thus, reference genomes
provide a comprehensive and fundamental
framework onto which genomic variation
can be mapped to characterize and ulti-
mately aid in preserving genetic diversity
[4]. To this end, special attention should be
paid to the origin of the individuals used as
the reference because, if these are exces-
sively divergent from the populations under
study, this could compromise subsequent
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Box 1. Sequencing the tree of life

International initiatives aimed at generating genomic resources, and particularly reference genomes, have
flourished in recent years. Some focus on specific taxa, such as the Vertebrate Genomes Project, Bird
Genome 10K Project, Bat1K Project, Global Invertebrate Genomics Alliance, 10 000 Plant Genomes Project,
and 1000 Fungal Genomes project. Others focus on geographic regions, such as the California Conservation
Genomics Project, Darwin Tree of Life for Britain and Ireland, Catalan Initiative for the Earth BioGenome Project
in the Catalan territories, Endemixit in Italy, Norwegian Earth BiogenomeProject, and SciLifeLab in Sweden, on
applications such as the LOEWE Translational Biodiversity Genomics in Germany, or on ecological systems
such as the Aquatic Symbiosis Genomics project. Collectively part of the Earth BioGenome Project (EBP),
in Europe these initiatives are organized under the umbrella of the European Reference Genome Atlas (ERGA).

A genome atlas of European biodiversity

ERGA is a pan-European scientific response to the current threats to biodiversity. Approximately one fifth of the
~200 000 eukaryotic species present in Europe can be inferred to be at risk of extinction according to the International
Union for Conservation of Nature (IUCN) Red List classification (this estimate only considers the assessed species;
https://www.iucn.org/regions/europe/our-work/biodiversity-conservation/european-red-list-threatened-species).

ERGA aims to generate reference genomes of European eukaryotic species across the tree of life, including
threatened, endemic, and keystone species, as well as pests and species important to agriculture, fisheries,
and ecosystem function and stability. ERGA builds upon current genomic consortia in EU member states,
EU Associated Countries, representatives of other countries within the European bioregion, and international
collaborators. These reference genomes will address fundamental and applied questions in conservation,
biology, and health. ERGA seeks to alert the EU about the potential of conservation genomics, and particularly
the role of reference genomes, in biodiversity assessment, conservation strategies, and restoration efforts.
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analyses. To overcome this issue, multiple
conspecific genomes [6] can now be sum-
marized in the pangenome of a species [7].

Until recently reference genomes have
only been available for a handful of model
organisms. Thanks to the consolidated
and standardized efforts of international
genome initiatives, the situation is rapidly
changing. Recent technological advances
provide a general strategy for generating
chromosome-scale reference genomes
for all organisms across the tree of life [2].
These advances rely on a combination
of single-molecule long-read sequencing
[either PacBio Single Molecule Real-Time
(SMRT) sequencing or Oxford Nanopore
Technologies (ONT) sequencing] and/or
linked reads [(e.g., transposase enzyme
linked long-read sequencing (TELL-seq)
or single-tube long fragment read
(stLFR) sequencing] for contig assem-
bly, optical mapping, and/or proximity
ligation followed by high-throughput se-
quencing (Hi-C) for scaffolding [2].

Decreasing costs, improved scalability,
and increasing quality of sequencing tech-
nologies, combined with better algorithms
2 Trends in Ecology & Evolution, Month 2021, Vol. xx, No. x
and advances in computational power
[2], facilitate the establishment of reference
genomes across the full spectrum of
biodiversity. Importantly, reference genomes
are fundamental for a comprehensive and
accurate characterization of genomic infor-
mation, for instance of structural features
that cannot be inferred from fragmented
genomes or reduced-representation
sequencing approaches (Figure 1).
Therefore, reference genomes coupled with
resequencing data should become a stan-
dard in conservation genomics, facilitated
by constantly evolving analytical methods.

Key contributions of reference
genomes in conservation genomics
The full spectrum of genomic diversity
Reference genomes provide a view of the
architecture of the genome, comprising
both genic and intergenic regions. These
include repetitive regions, some of which
are challenging to assemble, such as
segmental duplications, centromeres and
telomeres, satellites, andmobile elements.
Population genomics guided by reference
genomes aids the identification of classical
genetic variants, such as SNPs and copy
number variants (CNVs), as well as
x

structural variants that are particularly diffi-
cult to detect in fragmented and incom-
plete reference genomes alone, but are
potentially important in adaptation to envi-
ronmental change [8].

Inbreeding and deleterious mutations
Assessments of inbreeding have long
informed conservation and breeding pro-
grams, guiding genetic crosses and trans-
locations of individuals. Although often
estimated from a few loci, understanding
the genetic architecture and accurately
quantifying inbreeding and inbreeding
depression require a genome-wide per-
spective, encompassing for example the
number of genes involved, the presence
of alleles with large effects, the role of
deleterious recessive alleles, and hetero-
zygote advantage [9]. Although several
questions remain, multiple studies have
showcased the power of population
genomics guided by reference genomes
to identify runs of homozygosity as a
means to estimate inbreeding, as well as to
reveal the dynamics and fate of deleterious
variation in threatened species (e.g., [10]).

Outbreeding and introgression
Mating between individuals from genetically
distinct lineages may lead to outbreeding
depression due to chromosomal or genic
incompatibilities, epistatic interactions, dis-
ruption of interactions between co-adapted
genes, or the introduction of maladaptive
variants into local populations. Population
genomics guided by reference genomes
greatly aids the disentanglement of these
phenomena [11]. Hybridization is a com-
mon evolutionary process that, through
introgression, can promote the spread
of adaptive variation and speciation. An-
thropogenic hybridization and introgression,
however, can be major threats to biodiver-
sity and evolutionary heritage. Reference
genomes facilitate the characterization of
introgression patterns and dynamics as
well as of admixture proportions, particularly
of introgressed tracts along individual
genomes [12].
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Figure 1. Reference genomes offer an (almost) complete record of the genome of a species. They characterize genomic information more thoroughly than
fragmented genomes can. Importantly, they reveal structural features which often remain elusive in fragmented genome sequences. These features are relevant for
conservation genomics applications. Abbreviations: CNV, copy number variants; SNP, single nucleotide polymorphism.
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Local adaptation and genetic rescue
The use of reference genomes in population
genomics facilitates the identification of traits
under natural selection that form the basis
and architecture of local adaptations, and
ultimately of speciation. Reference genomes
provide the functional and genomic contexts
for regions influenced by selection, thereby
enabling association of such loci with
phenotypes important to adaptation
and resilience. Identifying locally adapted
variants can inform definitions of conser-
vation units and identify optimal source
populations for translocations to support
genetic rescue [13].

Phylogenetic diversity and phylogenomics
Phylogenetic diversity is essential for
ecosystem stability and resilience, and is
used to delineate evolutionarily distinct
components of biodiversity to guide conser-
vation priorities [e.g., evolutionary distinct
and globally endangered (EDGE) spe-
cies] [14]. Genome-scale analyses
based on hundreds or thousands of loci
have become the gold standard for
phylogenetic inference by capturing the
evolutionary histories of the targeted
taxa. Reference genomes serve as the
basis for phylogenomic analyses because
they greatly improve orthology inference at
the DNA and protein levels, while also
facilitating inferences based on genome
organization.

Structure and function of communities
Reference genomes are particularly im-
portant in metagenomics and meta-
transcriptomics where total DNA, or
complementary DNA (cDNA) derived
Tre
from RNA, from entire communities is
sequenced to understand community com-
position, abundance, function, and dy-
namics. Facilitated by the availability of
reference genomes, metagenomics and
metatranscriptomics have been mostly
applied to microbial community samples.
Eukaryotic reference genomes allow
DNA/cDNA reads to be assigned to
higher taxa within environmental sam-
ples, leading to amore complete character-
ization of communities from environmental
DNA (eDNA) and RNA (eRNA). This
approach represents a novel means
to track changes in the composition,
structure, and functioning of eukary-
otic communities, and thus support
the biomonitoring and management
of taxonomic and functional diversity
in entire ecosystems.
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A collective effort to conserve
biodiversity
Conservation efforts need to account for
genomic diversity to optimize management
strategies. Accounting for genomic diversity
will aid inmaintaining population viability and
preserving adaptive potential to respond to
environmental change. The availability of
reference genomes will provide a solid,
quantitative, and comparable foundation
for biodiversity assessments, conservation,
management, and restoration.
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