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S U M M A RY

Bioinformatics involves mining and processing the growing wealth
of biological data and provides a crucial interface between sample
collection and biological interpretation. In my dissertation, I present
how bioinformatics and genome sequencing support basic research
in ecology and evolution and provide a perspective on how it may be
applied in conservation genomics and disease ecology.
Remarkably, gene names are currently not standardised, and, especially for non-model species, genome information is scattered across
publicly available data collections and the literature. Preparatory data
collection for gene and genome studies is therefore time-consuming,
and there is a risk that candidates may be overlooked. Chapter 1
describes the design and implementation of a relational database to
disentangle ambiguous gene names. By aggregating molecular data
of over 1,000 distinct avian immune genes spanning 363 non-model
bird species, this database contributes to basic and applied research
in disease ecology, comparative genomics, gene expression, functional
variation, conservation genomics and molecular evolution.
Infectious diseases are increasing worldwide and have a detrimental
impact on wildlife, human health and the global economy. The tufted
duck (Aythya fuligula) is highly susceptible to the avian influenza A virus
and–as a short-distance migrant–can infect other waterfowl species.
Chapter 2 provides the first long-read sequencing of the transcriptome
and annotation of expressed genes in six different tissues of the tufted
duck. Thereby, it contributes to research in the zoonotic ecology of
avian diseases in the natural reservoir.
Hybridisation is frequently observed in waterfowl and can lead to the
interspecific exchange of genetic material. Whole-genome sequencing
allows studying genomic regions presumably exposed to different
selection pressures and evolutionary histories. Introgressed regions can
be identified by inferring their ancestral sequences in a probabilistic
framework. Chapter 3 aims to quantify introgression in the genome
assemblies of 20 true geese. A state-of-the-art piece of software for
introgression quantification running on a high-performance computing
cluster did not reveal conclusive results after more than two million
CPU hours. Nevertheless, this study provided valuable insights for
future research in the area of introgressive hybridisation.
Current developments in sequencing technology allow the generation
of reference-grade genome data to facilitate research in biodiversity conservation. Chapter 4 presents a review article on the current sixth mass
extinction. It proposes how high-quality reference genomes can inform
conservation plans such as population health monitoring, targeted
breeding and species resurrection.

ix

x

summary

In summary, the work presented within this dissertation has advanced
the availability, accessibility and quality of genome data from nonmodel bird species. These data contain novel information deciphered
through bioinformatics as the groundwork for answering basic and
applied research questions. Genome and transcriptome annotations
of non-model bird species (Chapter 2) improve databases such as
the avian immune gene database (Chapter 1) and foster studies of
susceptibility to emerging infectious diseases–potentially leading to
early prevention of pandemics. Furthermore, the high resolution and
quality of immune gene data allow introgressive hybridisation in genes
under selective pressure to be studied comprehensively (Chapter 3),
potentially informing conservation measures (Chapter 4).

Z U S A M M E N FA S S U N G

Die Bioinformatik umfasst das Auslesen und Verarbeiten der stetig
anwachsenden Menge biologischer Daten und stellt somit eine entscheidende Schnittstelle zwischen Probennahme und biologischer Interpretation dar. In meiner Dissertation zeige ich auf, wie Bioinformatik
und Genomsequenzierung die Grundlagenforschung in Ökologie und
Evolution unterstützen und gebe einen Ausblick auf deren Anwendung
in der Naturschutzgenomik und der Krankheitsökologie.
Aktuell sind viele Genbezeichnungen noch nicht standardisiert und
insbesondere bei Nicht-Modellarten sind Erbgutinformationen über öffentlich zugängliche Datensammlungen und die Fachliteratur verstreut.
Das Zusammentragen dieser Daten für Gen- und Genomstudien ist
daher zeitaufwändig und Kandidaten können leicht übersehen werden.
Kapitel 1 beschreibt das Design und die Implementierung einer relationalen Datenbank, um mehrdeutige Gennamen aufzulösen. Durch
das Zusammenführen molekularer Daten von über 1.000 verschiedenen Vogel-Immungenen aus 363 Nicht-Modellvogelarten unterstützt
diese Datenbank sowohl die Grundlagen- als auch die angewandte
Forschung der Krankheitsökologie, der vergleichenden Genomik, der
Genexpression, der funktionellen Variation, der Erhaltungsgenomik
und der molekularen Evolution.
Infektionskrankheiten nehmen weltweit zu und schaden der Tierwelt, der menschlichen Gesundheit und der globalen Wirtschaft. Die
Reiherente (Aythya fuligula) ist sehr anfällig für das Vogelgrippe-A-Virus
und kann–als Kurzstreckenzieher–andere Wasservogelarten infizieren.
Kapitel 2 bietet die erste Long-Read-Sequenzierung des Transkriptoms
und die Annotation von exprimierten Genen in sechs verschiedenen
Geweben der Reiherente. Dieser Beitrag unterstützt die Forschung im
Bereich der zoonotischen Ökologie von Vogelkrankheiten im natürlichen Reservoir.
Hybridisierung wird bei Wasservögeln häufig beobachtet und kann
zum interspezifischen Austausch von Erbgut führen. Die Sequenzierung des gesamten Genoms ermöglicht die Untersuchung von Regionen
im Erbgut, die vermutlich unterschiedlichen Selektionsdrücken und
Evolutionsgeschichten ausgesetzt sind. Introgressierte Regionen können identifiziert werden, indem ihre Vorgängersequenzen mithilfe eines
probabilistischen Ansatzes abgeleitet werden. Kapitel 3 bezweckt die
Quantifizierung von Introgression in Genomassemblierungen von 20
echten Gänsen. Eine hochmoderne Software zur Introgressionsquantifizierung lieferte nach über zwei Millionen CPU-Stunden auf einem
Hochleistungsrechnerverbund keine schlüssigen Ergebnisse. Jedoch
brachte diese Studie wertvolle Erkenntnisse für zukünftige Forschung
im Bereich introgressive Hybridisierung hervor.
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xii

zusammenfassung

Dank der aktuellen Entwicklungen in der Sequenziertechnologie
können Genomdaten in Referenzqualität generiert werden, was die
Forschung zum Erhalt der Artenvielfalt unterstützt. Kapitel 4 adressiert das sechste Massenaussterben und den Beitrag hochwertiger
Referenzgenome im Kontext von Artenschutzmaßnahmen wie etwa
der Überwachung des Gesundheitszustandes von Populationen, der
gezielten Züchtung und der Wiederauferstehung von Arten.
Zusammenfassend haben die in dieser Dissertation vorgestellten
Arbeiten die Verfügbarkeit, die Zugänglichkeit und die Qualität von
Genomdaten von Nicht-Modellvogelarten verbessert. Diese Daten enthalten neue Informationen, die mithilfe der Bioinformatik entschlüsselt
wurden und die Basis zur Beantwortung grundlegender und angewandter Forschungsfragen bilden. Genom- und Transkriptom-Annotationen
von Nicht-Modellvogelarten (Kapitel 2) verbessern Datenbanken wie
die Vogel-Immungendatenbank (Kapitel 1) und fördern Studien zur
Anfälligkeit neu auftretender Infektionskrankheiten–was zu einer frühzeitigen Prävention von Pandemien führen kann. Darüber hinaus
ermöglichen die hohe Auflösung und Qualität der zur Verfügung stehenden Immungendaten introgressive Hybridisierung in Genen unter
Selektionsdruck umfassend zu untersuchen (Kapitel 3), um Maßnahmen hinsichtlich des Artenschutzes ableiten zu können (Kapitel 4).

Part I
I N T RO D U C T I O N

I N T RO D U C T I O N

Arguably the most pressing challenges we currently face in preserving
Earth’s–and consequently our–health include the global, human-caused
climate crisis and animal-transmitted infectious diseases (zoonoses).
Both of these challenges are exacerbated by human and livestock growth,
which result in biodiversity loss. In this introduction, I will outline how
my thesis benefited from state-of-the-art genome sequencing and how
this may assist in addressing some of these challenges.

i.1 genomes and sequencing
i.1.1 Genomes: Blueprints of Life
A genome consists of all inherited genetic material in the form of nucleic
acid molecules in an organism. Nucleotides are the building blocks of a
nucleic acid molecule and consist of a sugar molecule (ribose) with an
attached phosphate group. Together with other nucleotides, they form
the backbone of a nucleic acid molecule. Also attached to the ribose
is a nucleobase (or simply base), which can be adenine (A), cytosine
(C), guanine (G) or thymine (T) in deoxyribonucleic acid (DNA), while
thymine is substituted by uracil (U) in ribonucleic acid (RNA). These
bases carry information–i.e., the genetic code of an organism–and their
sequence and localisation in the genome represent the blueprint for
functions that include, but are not limited to, regulation, transcription
and replication. Viruses contain single- or double-stranded RNA or
DNA, while prokaryotes and eukaryotes contain double-stranded DNA.
Double-stranded DNA is organised into one or many circular (in
most prokaryotes) or linear chromosomes (in eukaryotes). In linear
chromosomes, telomeres (Box I.1.1) are repetitive nucleic acid sequences
that mark the ends of a chromosome and protect it from degradation.
Like centromeres (Box I.1.1) that link sister chromatids (Box I.1.1), they
are tightly packed in heterochromatin (Box I.1.1). The large remainder
of the chromosome is lightly packed in euchromatin (Box I.1.1), which
is thought to be the more ’active’ part of the genome.
In genomics, the size of a genome is represented by the distinct
number of bases in one set of chromosomes. Genome sizes vary significantly among living organisms, with virus genomes ranging from 1.7
kilobases (kb) (Niagro et al., 1998) to 2.5 megabases (Mb) (Philippe et al.,
2013), while the genomes of prokaryotes range from 100 kb (Berube
et al., 2018) to 16 Mb (Garcia et al., 2021) and those of eukaryotes (plants,
fungi, animals) range from 2.3 Mb (Corradi et al., 2010) to 150 gigabases (Gb) (Pellicer et al., 2010). One of the smallest sequenced animal
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A brief explanation
of genomes.

Genomes contain
complex information
and a wealth of data.
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genomes (18.8 Mb) was reported for Pratylenchus coffeae, a plant-parasitic
nematode (Leroy et al., 2007). One of the largest sequenced genomes
(34.5 Gb) in the animal kingdom belongs to Neoceratodus forsteri, the
Australian lungfish (Meyer et al., 2021). Particularly in eukaryotes, this
broad variation in genome size (five orders of magnitude) does not
generally correlate with an organism’s size, complexity or number
of protein-coding genes, which left researchers puzzled before the
discovery of non-coding DNA (see ’C-value enigma’ in Box I.1.1).
It is generally assumed that long-evolved species developed more
repetitive genomic material and are more complex organisms with a
greater number of regulatory elements. For example, while the human
genome is 3.1 Gb1 , only about 1.5% of it codes for proteins, which
translates to 19,531 protein-coding genes2 . Although a large proportion
of the remainder consists of non-coding and regulatory DNA sequences,
new features and functions have frequently been discovered since the
birth of molecular biology in the 1930s. Furthermore, new insights into
molecular biology were facilitated by ground-breaking discoveries and
technological advancements such as Watson and Crick (1953) identifying the double-helical structure of DNA based on Rosalind Franklin’s
unpublished work (Maddox, 2003), the invention of DNA sequencing
(Section I.1.2) in the late 1970s and the development of polymerase
chain reaction (PCR) in the 1980s (Mullis et al., 1986). More recently, with
the commercial introduction of next-generation sequencing (NGS) in
the early 2000s, the field of contemporary genome research accelerated
even further. Since then, we no longer need to ask, ’How are we going
the sequence a genome?’ but rather ’How are we going to handle the
massive amount of sequencing data?’ (Section I.2).
Box I.1.1: terms and abbreviations : genome

Centromere

Area where two sister chromatids are linked.

Chromatid

A single DNA molecule in diploid or polyploid organisms
with one or multiple copies.

Chromatin

A complex of protein, DNA and RNA for the compaction
and structural organisation of DNA molecules.

C-value enigma

A C-value is the genome size. While the ’C’ within a species
is remarkably constant, it can be highly variable between
species. The term C-value enigma was derived from the Cvalue paradox (Thomas, 1971), which was coined before the
discovery of non-coding DNA. The active field of genome
evolution studies attempts to understand the causes and
consequences of varying amounts of non-coding DNA
across eukaryotic species (Gregory, 2011).

Euchromatin

Lightly packed chromatin, where DNA is accessible to
polymerases and regulatory proteins. This region is generally more actively transcribed than heterochromatin.

1 https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.39/
2 https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Homo_sapiens/109.
20210226/

I.1 genomes and sequencing

Heterochromatin

Tightly packed chromatin that is usually present at centromeres and telomeres.

Telomere

Repetitive nucleotide sequence at the end of linear chromosomes that protects against degradation.
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i.1.2 From sample to sequence
Genome sequencing aims to reconstruct the nucleic acid sequence
of an organism’s genome. Briefly, reconstructing a genome involves
the following steps: (i) collect tissue sample, (ii) extract and isolate
DNA, (iii) prepare a sequencing library, (iv) sequence, (v) assemble
nucleic acid sequence(s). These steps can be further categorised into
(wet) lab (i-iii) and bioinformatics (v and subsequent downstream
analyses), while sequencing (iv) arguably represents the interface in
contemporary methods. Naturally, each step is further divided into
multiple tasks, and potential errors can accumulate throughout this
pipeline from tissue collection to genome assembly (Box I.1.3). For
instance, DNA might become degraded on the way to the lab, DNA
isolation might not work as expected, PCR might introduce bias or
chimeric sequences, base or consensus sequence calling (Box I.1.3) might
be inaccurate or even impossible for complex regions in the genome,
or assembly might introduce errors (Section I.2). Therefore, a perfectly
reconstructed genome would ideally require a straightforward pipeline
with few intermediate steps and no amplification, with sequencing
producing contiguous reads of unlimited length with accurate base
calling and no sequence-dependent bias. In Box I.1.2, I briefly introduce
major breakthroughs in sequencing technology by generations based
on the novelties (and limitations) of technological development instead
of a strict timeline.
This categorisation of sequencing technologies in generations seems
arbitrary since basic sequencing methods are further improved throughout their lifetime and may become superior to technologies developed
in later generations. However, a clear distinction can at least be made
between first- and second-generation sequencing since first-generation
sequencing was laborious, slow and expensive, while second-generation
sequencing required less effort in the wet lab and was rapid and inexpensive. The latter is also known as massively parallel sequencing,
high-throughput sequencing or NGS. This leap in sequencing technology is directly reflected in the cost per sequenced Mb, which followed
Moore’s law (Moore, 1965) until the commercial introduction of NGS–
after which sequencing costs plummeted (Figure I.1).
Since sequencing also became affordable for small labs, this ’democratisation of sequencing’ led to a drastic increase in sequencing (Figure I.2),
with whole-genome sequencing (WGS) studies representing over half
of all entries submitted in the databases of the National Center for
Biotechnology Information (NCBI) (Kodama et al., 2012).

Past and present
challenges in getting
from tissue to bases.

Humans like to put
things into boxes.
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Figure I.1: Production costs in $ per raw Mb of DNA sequence from 2001 to
2020. Production cost includes labour, administration, management,
utilities, reagents, consumables, sequencing instruments and other
large equipment (amortised over three years), informatics activities
directly related to sequence production (e.g., laboratory information
management systems and initial data processing), submission of
data to a public database, and indirect costs (e.g., facilities, HR,
accounting, and office supplies) as they relate to the aforementioned
items (Wetterstrand, 2021).

Another distinction can be made based on the principle of the
sequencing technology: Determining the DNA sequence by ’observing’
synthesis or direct determination of the primary sequence (e.g., via
nanopore sequencing) (see ’4th generation?’ in Box I.1.2).
Box I.1.2: milestones in ( whole ) genome sequencing
I acknowledge that many more sequencing technologies exist with deviations
from and improvements to the principle technologies. Thus, I apologise for any
omissions. However, they cannot be discussed in great detail within the scope
of this introduction. A good review of the history of sequencing can be found in
Shendure et al. (2017).
1 st generation The introduction of DNA sequencing is usually attributed
to Fred Sanger and was dominated by the excitement of being able to sequence
DNA at all. Sequencing began as a cumbersome and very labour-intensive process
that was costly as a result. Also, the read length was relatively short, which made
it difficult to sequence complex regions. This ’sequencing by synthesis’ method,
which was initially based on chain termination and autoradiographic imaging
after incorporating a radioactively (later fluorescently) labelled dideoxynucleotide
(Box I.1.3), was limited to read lengths of about 700 bases. Up to that length, base
call accuracy is relatively high; however, the further addition of nucleotides after
that point is challenging to distinguish. The amplification of template DNA material
was accomplished by using clonal cell cultures and later PCR, which was less
laborious but could introduce errors.
Walter Fiers was the first to sequence a whole viral RNA genome (Bacteriophage
MS2; 3,569 nucleotides) in 1976 (Fiers et al., 1976). Only one year later, Fred Sanger
sequenced a whole viral DNA genome (Phage Φ-X174; 5,375 nucleotides) (Sanger

I.1 genomes and sequencing

Figure I.2: Total number of bases in NCBI GenBank (blue) and those associated
with WGS (red) from 1983 to 2020. The number of bases in GenBank
has doubled approximately every 18 months since 1982 (source:
https://www.ncbi.nlm.nih.gov/genbank/statistics/).

et al., 1977), which arguably began a new era in molecular biology. In 2003, the
first draft human genome of euchromatic regions (2.85 Gb) was published by
the Human Genome Project (HGP) (International Human Genome Sequencing
Consortium, 2004) after four years of work and an estimated $450 million spent on
(mostly Sanger) sequencing alone (https://www.genome.gov/about-genomics/
fact-sheets/Sequencing-Human-Genome-cost). At that time, most current commercial NGS methods were already conceptualised, in development or awaiting
utilisation.
2 nd generation A real game-changer was the use of fluorescently-labelled
dideoxynucleotides and the reversal of chain termination, which facilitated the
parallelisation and automation of the Sanger approach. This culminated in massively
parallel (or next-generation) sequencing, which is dominated by high throughput.
Synthesis can be visualised by the filming of incorporated fluorophores in thousands
of tiny reaction chambers. This sequencing method is much faster, less laborious
and cheaper, with clone cultures no longer being necessary.
In this NGS method, per-base call accuracy is lower, and reads are considerably
shorter than in Sanger sequencing (also called short-read sequencing) due to the
increased blurring of consensus sequence calling in the many parallel reactions
over time and polymerase wear. Consequently, DNA must be sheared into smaller
fragments before sequencing, and reads must be assembled thereafter. Consensus
sequence calling can also be affected by the actual DNA sequence, and PCR could
introduce bias in the reaction chambers. Therefore, longer DNA sequences or
whole-genome assemblies are often gappy or erroneous in areas of low sequence
complexity (e.g., poly-nucleotide repeats) or sequences with high GC content.
Nevertheless, apart from simplifying and accelerating existing DNA research,
this method had a tremendous impact on the emerging field of metagenomics
(Section I.1.3).
3 rd generation Read length and contiguity was addressed by using this socalled long-read sequencing technology. Although it was also based on sequencing
by synthesis, many improvements were made, such as immobilising the polymerase
at the reaction chamber, reading a single DNA template multiple times to get more
accurate consensus sequence calling, and real-time sequencing. This led to much
longer reads (multiple kilobases), fewer errors since no PCR is involved, and no
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sequencing bias, which facilitates the sequencing of complex regions. Together,
these improvements allow the correction of problematic regions in assemblies based
on previous technologies. This technology is also an excellent asset for structural
variant calling studies, such as transcriptomics (Section I.1.4).
While the per-base call accuracy was low in the beginning of long-read sequencing,
this was quickly compensated for by increasing the sequencing depth. The read
length is mainly restricted by fluorescent molecules, which can generate free
radicals and inactivate the polymerase over time.
4 th generation ? Here, if not before, the categorisation of generations becomes
blurry. Nanopore sequencing is equally assigned to third- (Timp et al., 2011) and
fourth-generation sequencing (Feng, Zhang, et al., 2015). Although the primary
goals remain the same as those of long-read sequencing (i.e., contiguity and long
reads), a change in the underlying technology opens the door to a broader range of
applications. A polymerase is no longer involved and the sequence is not detected
during (or after) synthesis. Instead, a biological or synthesised pore with a diameter
just large enough (nanometre range) to allow a single-stranded DNA molecule to
pass through is immobilised in a charged membrane. The electrical conductance
of the membrane is altered by passing nucleotides, with the level of alteration
depending on the specific base. Thus, the change in current can be measured to
infer the nucleotide sequence. RNA and amino acid sequences can also be inferred
in a similar fashion, whereby the input template virtually limits read length. The
omission of labelled nucleotides and polymerases, electrical detection (as opposed
to radioactivity, light and video) and low input material streamlined the sequencing
pipeline. Consequently, this limits costs and considerably reduces the size of
sequencers, which opens up unprecedented possibilities in genomics. Moreover,
read accuracy is constantly being increased through ongoing improvements.

The ’kitchen sink
approach’.

Arguably, a ’jack of all trades’ sequencing method does not yet exist.
Consequently, the benefits of multiple methods are exploited when
sensible and possible. In this manner, the Vertebrate Genomes Project
(VGP)3 achieved exceptional results (Rhie et al., 2021). Considering the
rapid evolution of computational and sequencing technology, it seems
reasonable to assume that the ’ideal genome reconstruction’ is closer to
becoming a reality.

i.1.3 Why sequence whole genomes?
Benefits of
high-quality,
whole-genome data
in basic research.

Instead of studying the single genes or loci (Box I.1.3) of a genome,
studying whole genomes provides more holistic insights into the
functional variation of an organism, its evolutionary relationship to
other species, the genetic variation within and between populations,
and the interaction networks of genes and regulators. Whole-genome
studies also facilitate discovery-driven research; however, given the
amount of information concealed in a whole genome, this cannot be
achieved manually (Section I.2). When genome sequencing became
part of the molecular biology toolbox, it was rapidly applied to model
species, which are extensively studied to infer general principles. When
genome sequencing was expensive, this approach was sensible; however,
limiting genome studies to model species also limits the power of
3 https://vertebrategenomesproject.org
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inferences. With modern genomics, we are no longer restricted to
studying model organisms (Jarvis, 2016; Vignal and Eory, 2019).
While some research fields study a genome itself or compare it to
those of other species, most research fields rely on high-quality genomes
as a reference (hence the name ’reference genome’) to describe and
study their focal organism or provide the evolutionary context for their
focal species.
In the following paragraphs, I list a few examples of whole-genome
studies advancing their respective fields of research. Since most of these
fields are highly interdisciplinary with considerable overlap, some
examples could apply to multiple fields.

molecular evolution Inferring species relationships based on
gene trees might be problematic since each gene can have a unique
evolutionary history (Degnan and Rosenberg, 2009; Maddison, 1997).
Phylogenomics makes use of whole-genome data to infer relationships
with higher precision (Jarvis, 2016). For example, while the rapid
radiation of modern birds proved challenging for tree inferences in the
pre-genomics era, this was massively improved using whole-genome
data (Jarvis et al., 2014).
comparative genomics Comparing commonalities and differences between the genomes of distantly–but more commonly closely–
related species can provide insights into the evolution of different
phenotypes. Focal aspects include protein-coding genes, regulatory
elements or how the genome is structured. A basic principle typically
involves the alignment of DNA sequences that putatively evolved from
a common ancestral sequence but may have re-arranged, lost or gained
genetic material, or exhibited mutations in some loci. Using this method,
the candidate genes responsible for low-light sensitivity in barn owl
(Tyto alba) vision were identified (Borges et al., 2019).
functional genomics This interdisciplinary field comprises genomics, transcriptomics, proteomics and gene expression experiments,
including observations in space (e.g., cells, tissue) and time (e.g., developmental stages, time after treatment). Usually, it is essential to have a
high-quality genome as a reference. For example, Naguib et al. (2020)
confirmed the presence of a gene coding for the protein RIG-I in tufted
ducks (Aythya fuligula), which plays a significant role in avian influenza
virus (AIV) resistance.
microbiology Although not initially aimed at sequencing whole
genomes, this research field substantially benefited from the advent of
NGS. Traditionally, microbiology relies on the cultivation of microbes
from the environment (e.g., soil, seawater, freshwater) or organisms
(e.g., the rumen of cattle) to describe and understand them; however,
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many (if not most) microbes cannot be cultivated in the lab. Since NGS
streamlined and economised the sequencing of DNA extracted from
multi-microbial samples, this is applied in metagenomics to facilitate the
description of metabolic pathways to infer their (ecological) functions
and discover novel candidate species based on the assembled genomes
(Zecchin et al., 2018).

population genomics Although microsatellites (Box I.1.3) are
a powerful tool in population genetics (Schlötterer, 2004), ’harvesting’
them was laborious in the pre-NGS era. In population genomics, microsatellites can be computationally ’fished’ in a reference genome
which, for example, was successfully performed in the greater whitefronted goose (Anser albifrons) using long-read sequencing (Grohme
et al., 2013).
i.1.4 Confidence through evidence: Transcriptomics
While genomics can
reveal an organism’s
potential, the first
layer of
implementation
unfolds in
transcriptomics.

Once DNA is sequenced, genes (and other genome features) can be
identified and described based on specific characteristics, which is
a process known as genome annotation. However, these ’candidate
genes’ are only potentially transcribed and possibly only under certain
conditions. To validate transcription and confirm that a particular gene
is indeed ’active’, we must also sequence and describe messenger RNAs
(mRNAs) (Box I.1.3), which represent gene transcripts that are potentially
translated into functional proteins. Although the direct sequencing of
mRNA is not possible with most current sequencing technologies, after
isolation, it can be reverse-transcribed to complementary DNA (cDNA)
and sequenced, which is known as transcriptomics (Box I.1.3) if all
expressed genes are considered (Jax, Wink, et al., 2018). Transcriptome
annotation then localises corresponding genes by aligning transcripts
to a reference genome (preferably a high-quality genome of the same
species) and describes their functions by finding homologous genes in
publicly available databases. Transcriptomics can reveal exciting and
vital features beyond the activity of a gene. Due to post-transcriptional
modifications, the outcome of a single gene can be manifold. Moreover,
a gene can code for different regulators or proteins with a varied
number of functions. These alternative transcripts are called isoforms
(Box I.1.3), and–owing to long-read sequencing–many new features that
previously escaped the attention of researchers could be annotated. For
example, long-read transcriptome sequencing revealed that the chicken
(Gallus gallus) transcriptome has a similar level of complexity to the
human transcriptome (Kuo, Tseng, et al., 2017). Notably, gene expression
depends on multiple conditions, such as the particular treatment,
developmental stage or tissue, which is particularly interesting in
functional genomics. Further confirmation levels include proteomics
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(Box I.1.3) and wet-lab verification–both of which are not discussed due
to the scope of this introduction.
Box I.1.3: terms and abbreviations : sequencing

Assembly

Most current sequencing technologies produce limited
read lengths. In some cases, DNA needs to be fragmented before sequencing. The resulting reads must
be computationally assembled based on sequence overlaps to reconstruct the original nucleic acid sequence.

Base calling

The determination of a base at a specific position during (or after) sequencing, depending on the detection
method.

cDNA

Complementary DNA, reverse-transcribed from
mRNA.

Consensus sequence

Usually, each base is sequenced multiple times or in
parallel to increase certainty. After a majority vote on
each position, the consensus sequence is called.

Dideoxynucleotide

Hydroxyl groups at the 2’ and 3’ positions of the
ribose are absent. Without the 3’ hydroxyl group,
DNA synthesis terminates.

DNA

Deoxyribonucleic acid. The hydroxyl group at the 2’
position of the ribose is absent, while the presence of
the 3’ hydroxyl group is responsible for building the
backbone of DNA.

Isoform

An alternative splice variant of a transcribed gene,
which may lead to the transcription of proteins with
different functions.

Locus/loci

Specific position(s) in the genome.

Microsatellite

Tandem repeat of a nucleotide sequence.

mRNA

Messenger RNA, which is the RNA transcribed from
a gene.

Proteomics

Sequencing of amino acid sequences.

Transcriptome

All mRNAs transcribed from genes in a cell, reflecting
the ’actively transcribed’ loci in a genome.

i.2 bioinformatics : gains and constraints
This interdisciplinary field integrates biology, computer science, information theory and statistics, while mainly being driven by recent progress in computer science and molecular biology. Although
computer-assisted biology started in the 1960s, the primary boost for
bioinformatics was arguably the introduction of HGP and NGS, which
led to exponential data growth (Gauthier et al., 2019). Genome reconstruction is a routine task in bioinformatics. In short-read sequencing,
millions of reads are assembled to contigs and scaffolds (Box I.3.1)
based on sequence alignments, which would not be feasible by hand.
Another common task is identifying patterns in genomic sequences (e.g.,

What is
bioinformatics?
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the typical start codon ’ATG’ of a gene). More sophisticated tasks include database development and finding patterns to create models and
algorithms, all of which involve some degree of software programming.
Expensive and time-consuming in vitro or in vivo lab experiments
can now be reduced or supported computationally (in silico) (e.g., in
drug discovery) (Malathi and Ramaiah, 2018). Bioinformatics is also
highly integrative in that it brings together long-standing questions,
theoretical problem-solving approaches and potential methods through
the required data and computational power now available. For example,
species relationships–particularly in the presence of lateral gene transfer–
can only now be resolved more precisely with current genome-wide
data and high-performance computing (HPC) (although one of the more
’popular’ methods underlying many phylogenomic software tools, the
coalescent theory (Kingman, 1982), builds on Bayes’ theorem, which
has been known for some time4 ). For example, interspecific gene flow
and the phylogenetic relationship of wild wheat relatives was resolved
using this approach (Bernhardt et al., 2020).
In most contemporary fields in biology, data generation is no longer
the bottleneck, which opens the door for discovery-driven research and
corroborates hypothesis-driven research. Since ’no gene ever acts in
isolation’, Jax (2019) used NGS and bioinformatics to take a network
approach towards studying waterfowl immune systems. Taken one
step further, the emerging field of systems biology is entirely computational and attempts to understand biological systems by modelling the
interplay of genes, regulators and proteins from a holistic perspective.
It also incorporates data from other fields (e.g., functional genomics).
Instead of reducing variables, this field integrates them to search for
models and algorithms that explain biological systems.
While many wet-lab experiments can now be performed or assisted
by computers, arguably one of the most dangerous pitfalls is blindly
accepting the output of a bioinformatics pipeline, which usually involves
the use of multiple software packages. If each software was operated
correctly and the input data fit the software, there will be an intermediate
result. However, some software is tailored towards human data or some
other model species and incorporates particular assumptions regarding
this species (e.g., number of chromosomes, GC content, genome length,
gene-regulatory elements). When fed with data obtained from distantly
related species, intermediate results may be misleading, and errors
could accumulate. Thorough assessment and, if possible, verification
are crucial, especially when working with non-model species or–more
generally–with species for which there is little to no prior information.
One of these basic assumptions is a reference genome. In the past, data
from related species were often used as a reference due to the lack of
high-quality reference genomes.
4 Thomas Bayes lived from 1701 to 1761 and never published his theorem. His friend
Richard Price published an edited version in 1763 instead (Bayes, 1958).

I.3 genomics applied to ecology and evolution

13

Another challenge is the massive amount of data that requires management. Storage space and metadata–data that describe the data–are
becoming more critical, especially when following the FAIR principles5
(Box I.3.1).
The decline in sequencing costs (Figure I.1) is just part of the greater
picture since it has outpaced downstream bioinformatics costs (e.g.,
storage space, processing power, equipment), which still roughly follow
Moore’s law. Previous studies based on model species and single genes,
markers or mitochondrial DNA are frequently complemented by nonmodel species’ genomes and updated with whole-genome analyses,
respectively, which often requires tailor-made pipelines corresponding
to the research question. While this development has facilitated the
study of previously intractable biological mechanisms, it has also
resulted in a massive increase in data, software and databases (Sboner
et al., 2011). These valuable resources for the scientific community
usually require ongoing maintenance and human resources. Resulting
’hidden costs’ are often not factored into research funding, which can
lead to the discontinuation of these resources.

i.3 genomics applied to ecology and evolution
There are many interdisciplinary fields strongly tied to ecology and
evolution that make use of genome-scale data. While some general
examples were previously provided based on the use of genomes in
basic science, this section presents a few studies that are more applied
and loosely associated with my projects.

i.3.1 Conservation genomics
Habitat fragmentation is the primary cause of biodiversity decline
(Haddad et al., 2015). The lower genetic variability resulting from
habitat fragmentation can reduce reproductive fitness, which complicates species recovery even if habitats are restored (Ceballos, Ehrlich,
Barnosky, et al., 2015). One measure used to mitigate this effect is a
genetic rescue, which is done by introducing either captive-bred individuals or individuals from flourishing populations into threatened
areas. However, the assessment of reproductive fitness in conservation programmes is complicated by the decision to either sample a
vast amount of individuals followed by reduced representation sequencing or perform high-quality genome sequencing of relatively few
individuals. For example, the captive breeding of Tasmanian devils
(Sarcophilus harrisii) can benefit from the WGS of a few individuals,
through which candidate targets for reduced representation sequencing
could be identified (Wright, Farquharson, et al., 2020).
5 https://www.go-fair.org/fair-principles/

Conservation
programmes can
benefit from
genome-scale data.
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i.3.2 Phylogenomics
Species delineation is
crucial to proposing
conservation units,
and their resolution
can benefit from
omics data.

Integrating morphology, phenotypes, behaviours and geophysics into
genomics can inform our understanding of species relationships, which
often serve as the biological ’ground truth’ or reference for further
studies in ecology and evolution. However, most of these data are based
on trajectories into the past and are thus error-prone. An increase in
the quality and quantity of data as well as continuously improving
methods for data analysis can improve phylogenies. The genomic data
of 37 orangutans (Nater et al., 2017) could support morphological and
behavioural evidence for a third distinct orangutan species, Pongo
tapanuliensis, which includes only 800 living individuals. Such findings
can potentially inform conservationists and funding agencies about the
smallest conservation unit to consider in protection and resurrection
plans.

i.3.3 Disease ecology
Non-model species’
omics data are
essential to
understanding
zoonoses.

The majority of emerging infectious diseases in human are caused by
zoonoses, of which over 70% originate from wildlife (usually non-model
species)–and this trend is rising (Jones et al., 2008; Kreuder Johnson et al.,
2015). Therefore, understanding interspecific transmission barriers is
crucial to preparing for pandemics. In AIV, receptor incompatibility
with the pathogen was thought to be the most important barrier.
However, through infection experiments involving domestic (chicken)
and wild (tufted duck) bird species, Naguib et al. (2020) demonstrated
that transmission depends on many factors, including the genetic
composition of the virus as well as receptor expression. This was also
evident in molecular analyses using whole virus genomes, chicken
and tufted duck reference genomes, and a gene expression experiment
involving transcript sequencing in three different tissues (i.e., colon,
lung, spleen) after infection.
Box I.3.1: terms and abbreviations : applications

Contig

Gapless consensus DNA sequence based on aligned reads.

FAIR principles

Findability, Accessibility, Interoperability, Reuse.
(Meta)data should be easy to find for humans and
computers, accessible through standardised and open
identifiers and protocols, exchangeable between software
and workflows, well-described for replication.

In silico

Experiment conducted (or result inferred) computationally.

Omics

Umbrella term encompassing biological disciplines with
the suffix -omics (e.g., genomics, metabolomics, metagenomics, proteomics, transcriptomics).

I.4 dissertation aims

Scaffold

An extension of contigs based on aligned reads as ’anchors’
spanning contigs with one or many gaps of known length.

i.4 dissertation aims
Chapter 1 addresses the issue of consolidating scattered avian immune
gene data while also demonstrating a method to condense virtually any
omics (Box I.3.1) trait data to become easily accessible in a relational
database. Chapter 2 contributes to ongoing research on zoonoses
such as AIV with a high-quality reference genome and transcriptome
annotation of a non-model waterfowl species. Furthermore, it contains a
comparison of sequencing and assembly technology. Chapter 3 includes
a case study of sampling the whole genomes of hybridising waterfowl to
delineate species boundaries by applying an iterative Bayesian approach.
The analyses did not produce conclusive results but demonstrate a
method to quantify introgressive hybridisation events, which could
inform policymakers about conservation units. Finally, the review on
biodiversity loss in Chapter 4 proposes how genome sequencing can and
should be used to mitigate–or even reverse–the effects of the ongoing
anthropogenic mass extinction.
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abstract

background

Genomic and genetic studies often require a target
list of genes before conducting any hypothesis testing or experimental verification. With the ever-growing number of sequenced
genomes and a variety of different annotation strategies, comes the
potential for ambiguous gene symbols, making it cumbersome to
capture the “correct" set of genes. In this article, we present and
describe the Avian Immunome DB (Avimm) for easy gene property
extraction as exemplified by avian immune genes. The avian immune
system is characterised by a cascade of complex biological processes
underlaid by more than 1000 different genes. It is a vital trait to
study particularly in birds considering that they are a significant
driver in spreading zoonotic diseases. With the completion of phase
II of the B10K (“Bird 10,000 Genomes") consortium’s whole-genome
sequencing effort, we have included 363 annotated bird genomes in
addition to other publicly available bird genome data which serve
as a valuable foundation for Avimm.

construction and content A relational database with avian
immune gene evidence from Gene Ontology, Ensembl, UniProt and
the B10K consortium has been designed and set up. The foundation
stone or the “seed" for the initial set of avian immune genes is based
on the well-studied model organism chicken (Gallus gallus). Gene
annotations, different transcript isoforms, nucleotide sequences and
protein information, including amino acid sequences, are included.
Ambiguous gene names (symbols) are resolved within the database
and linked to their canonical gene symbol. Avimm is supplemented
by a command-line interface and a web front-end to query the
database.
utility and discussion

The internal mapping of unique
gene symbol identifiers to canonical gene symbols allows for an
ambiguous gene property search. The database is organised within
core and feature tables, which makes it straightforward to extend for
future purposes. The database design is ready to be applied to other
taxa or biological processes. Currently, the database contains 1170
distinct avian immune genes with canonical gene symbols and 612
synonyms across 363 bird species. While the command-line interface
readily integrates into bioinformatics pipelines, the intuitive web
front-end with download functionality offers sophisticated search
functionalities and tracks the origin for each record. Avimm is
publicly accessible at https://avimm.ab.mpg.de.

1.2 background

1.2

background

Ever since the advent of commercial next-generation sequencing platforms in the early 2000s with its associated decrease in sequencing
costs (Shendure et al., 2017), the number of DNA sequences increased
considerably (GenBank and WGS Statistics 2020). Generally, these data
become publicly accessible in databases provided by projects focussing
on different aspects of biological sequence information (Brusic et al.,
2000; Selzer et al., 2018). Ensembl (Cunningham et al., 2019) and NCBI
(NCBI Resource Coordinators, 2018) for instance, have a strong focus
on genome annotation with the help of RNA transcript information
while UniProt has a pronounced emphasis on protein-coding genes and
biological function of proteins. UniProt’s records are either based on
manually annotated, non-redundant protein sequences (SwissProt) or
on high-quality computationally analysed records, which are enriched
with automatic annotation (TrEMBL) (Consortium, 2019). Relying on
accurate genome annotations and protein descriptions, Gene Ontology
(GO) (Ashburner et al., 2000; “The Gene Ontology Resource” 2019)
categorises gene products and fits them into a computational model of
biological systems. Their assignment deploys a controlled vocabulary,
so-called GO terms, to link genes and gene products to biological
processes, cellular components, or molecular functions.
However, genome annotation is not standardised, and each service
provider uses their own custom-built annotation pipelines. As a consequence, this often leads to ambiguity in gene names during genome
annotation with different gene symbols being given to the same gene
or the same gene symbol being given to different, but similar genes.
Additionally, since the pre-existing wealth of sequencing information
relies on model organisms like human and mouse, there is a strong bias
in gene symbols towards those chosen for these species. Particularly
for model species, this issue has been partially addressed, for example
by the Human Genome Organisation (HUGO) Gene Nomenclature
Committee (HGNC) (HUGO Gene Nomenclature Committee 2020), the
Vertebrate Gene Nomenclature Committee (VGNC) (Vertebrate Gene
Nomenclature Committee 2020), or the Chicken Gene Nomenclature
Consortium (Chicken Gene Nomenclature Consortium 2020). However,
this neither guarantees that gene names are harmonised among these
consortia, nor does it keep researchers from assigning alternative gene
symbols in their annotations, especially when working with non-model
species. All these constraints during the data acquisition step can be
very challenging to overcome while preparing a gene-related study
where choosing the “correct" set of genes is a fundamental and repetitive task for each gene (Sboner et al., 2011). In other words: “Now that
next-generation sequencing (NGS) is commonplace in many laboratories and that efficient bioinformatics toolkits have been developed,
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knowledge extraction is the bottleneck of genomics” (Zerbino et al.,
2018).
Gene Ontology’s web-based tool AmiGO 2 (Carbon et al., 2009) offers
a convenient entry point for searching and browsing genes and gene
products. These are hierarchically organised following the top three
categories “biological process”, “cellular component” and “molecular
function”. For instance, researchers addressing vision can expand to
“biological process/behaviour/visual behaviour” and select genes in
this category with the option to further narrow down the results to
a focal taxon. Olfaction-related genes can be found under “molecular
function/binding/odorant binding”, or vocal learning-related genes
under “biological process/behaviour/vocalisation behaviour”. The
information for each entry includes the GO term, the source of evidence,
and a gene symbol. The gene symbol can then be looked up for further
information, such as the nucleotide sequence or the amino acid sequence
in Ensembl or UniProt, respectively. This information can be used
to prepare gene expression experiments, to conduct gene evolution
studies, to look into functional variation, to compare genes between
different taxa, or to prioritise targets for gene-editing technologies. These
repetitive preparatory steps, however, become the more cumbersome,
the more genes are considered.
The immune system in vertebrates is an example of a highly complex
biological process (Buchmann, 2014; Holt, 2015) represented by more
than 25000 gene products, according to the category “immune system
process" in Gene Ontology (filtered for Vertebrata, GO release 202006-01). Within the scope of medical research, many immune-related
studies have been conducted in human and mouse.
The avian immune system is quite different to that of mammals and
is exhibited by different immune organs, cell types and gene repertoires.
A fundamental difference between mammals and birds is the absence
of lymph nodes but the presence of diffuse lymphoid tissue in birds
(Nochi et al., 2018). As they lack lymph nodes, chickens are thus also
missing the genes for the lymphotoxins and lymphotoxin receptors. The
lack of functional eosinophils correlates with the absence of the eotaxin
genes and the previously reported observation that interleukin-5 (IL-5)
is a pseudogene (Avery et al., 2004).
Other structural and functional differences between the immune
systems of birds and mammals include the architecture of the MHC
(Kaufman et al., 1999) and different modes of somatic recombination in the generation of antibody diversity. Humans have a set of
IgM, IgD, IgG, IgA, and IgE antibodies, whereas chickens have IgA,
IgM and IgY (this being the equivalent of mammalian IgG).
Some immune genes are either completely missing in birds or are
only present in particular species (Magor et al., 2013) and immune gene
families have different orthologues between species, for example, the
numbers and types of cytokines and chemokines (Kaiser et al., 2005). It
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is therefore important that we have a means of cataloguing and a tool
for searching these essential genes in avian species.
Immune system-related research in birds is crucial to better understand, for instance, the spread of zoonotic diseases which is not
only important in the context of species conservation but also has a
potentially great impact on human health and economy (livestock).
Birds are highly mobile with some migrating long distances and are
thus a potential reservoir and vector for zoonotic diseases (Evseev and
Magor, 2019; Huang, Li, et al., 2013; Jax, 2019; Kraus, Hooft, et al., 2013;
Morris et al., 2019). Therefore, eco-immunology (Demas and Nelson,
2012; Viney and Riley, 2014) has gained momentum over the last decade
(Magor et al., 2013; Martin et al., 2011; Pedersen and Babayan, 2011).
Recently, the Bird 10,000 Genomes (B10K) Project (B10K Database
2020; Feng, Stiller, et al., 2020; Zhang, 2015) completed its second phase
where the genome of at least one bird species per family was sequenced
[Feng et al., in review]. This resulted in 363 bird genomes sequenced on
Illumina platforms. We aggregated the immune genes of these genomes
to make them publicly and easily accessible in the Avian Immunome
DB (Avimm) at https://avimm.ab.mpg.de (Avian Immunome DB 2020).
This data was complemented with transcript information and amino
acid sequences available in Ensembl and UniProt, respectively.
Within the scope of this project, we define the immunome as the
set of genes that fall into the category “biological process/immune
system process” according to Gene Ontology. However, we are aware
of the difficulty of defining what an immune gene is and what is not
(Heng et al., 2008). Furthermore, we consider our generalist database
to be complementary or an entry point to specialist databases such
as the international ImMunoGeneTics information system® (IMGT® ;
Giudicelli et al. (2006)) and acknowledge that we rely on immune genes
with associated gene symbols that are available on Gene Ontology,
Ensembl, or UniProt.
The only model species in birds where the whole immune system has
been studied intensively and for a long time is the chicken (Gallus gallus),
mostly for agricultural reasons (Smith et al., 2004). The chicken immune
system is arguably most comprehensively described with 1488 hits
in Gene Ontology (GO release 2020-06-01) as compared to other wellstudied bird species (five hits in mallard (Anas platyrhynchos), and three
hits each in the zebra finch (Taeniopygia guttata) and collared flycatcher
(Ficedula albicollis)). This project aims to compile available information
about the avian immunome and at the same time disentangle gene
symbol ambiguities by linking genes with different names (symbols)
to the same unique gene identifier (gene_id in the database). As a
consequence, all alternative gene symbols that are found on Ensembl
and UniProt are included. Since there is no general standardisation or
harmonisation of gene symbols, this intentionally inclusive approach
allows for searching our database using different names for the same
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gene and thus, facilitates comparative studies. Canonical gene symbols
(based on Ensembl) are highlighted, and original identifiers of each
record are retained and linked to the source provider.
Currently, the database contains evidence for avian immune genes
from Ensembl, UniProt and B10K. Avimm strives to become a one-stop
resource for avian immunogenomics to facilitate studies in comparative
genomics, studies looking into functional variation and the molecular
evolution of immune genes and their pathways on whole-genome level
(Kraus and Wink, 2015), as well as an entry point for immune gene
expression experiments in birds (Jax, Wink, et al., 2018) (Figure 1.1).
Avimm can be searched by gene symbols and species through the web
interface or query script, and the results (lists, annotations, nucleotide
and amino acid sequences) can be readily downloaded in various
formats.
Ensembl
- Comparative genomics

UniProt

Avian Immunome DB:
one-stop resource for
avian immunogenomics

- Gene expression
- Functional variation
- Molecular evolution

B10K

Figure 1.1: Concept of Avimm, the Avian Immunome DB.

Furthermore, Avimm is a case study to demonstrate the utility of
our database layout and implementation for biological processes other
than the immune system, for example, olfaction or vocal learning. At
the same time, the database concept can be applied to virtually any
taxonomic group or rank. An extensive description of the database
design is available on our project’s repository (Ralf C. Mueller / Avian
Immunome DB 2020), which provides scripts and instructions to facilitate
the setup of similar databases.
1.3

construction and content

A detailed reconstruction of Avimm is described in our wiki (Avian
Immunome DB Wiki · Wiki · Ralf C. Mueller / Avian Immunome DB 2020).
In brief, the relational database MariaDB (v10.1.44) was installed on a
Linux server (Ubuntu 18.04.4 LTS) and secured according to MariaDB’s
documentation. The logical data model (LDM) consists of core tables,
feature tables and their relationship to each other. The core tables keep
track of essential information like species and taxonomy, the origin of
evidence and their release cycle versions, gene symbols and descriptions,
original evidence identifiers (accession numbers), and resolution of

1.3 construction and content

many-to-many relationships (mapping of identifiers). The feature tables
contain transcript information, including isoforms, annotation, and
nucleotide and amino acid sequences (Figure 1.2).
source
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Figure 1.2: Logical data model (LDM) in Crow’s Foot Notation (Everest, 1976)
of Avimm. Core tables represent the basic structure of the database
and link the evidence-specific identifiers to Avimm’s unique identifiers (uid). Feature tables represent evidence-specific features like
isoforms, nucleotide sequences, or amino acid sequences of the
immune genes.

1.3.1

Data acquisition and import

As a starting point, genes based on “biological process/immune system
process” were selected in AmiGO 2 and further filtered for the beststudied model bird chicken (Gallus gallus, GO release 2020-06-01). These
gene symbols were used as a “seed" for creating Avimm. First, the core
tables were loaded, including gene synonyms. Feature tables were then
subsequently loaded. Detailed scripts and descriptions are available on
Avimm’s GitLab repository (Ralf C. Mueller / Avian Immunome DB 2020).
By using the gene symbols obtained from GO, Ensembl (release
100, Apr 2020) was queried by a Python script using the Ensembl
public MySQL servers (Public MySQL Server 2020). The script queries
Ensembl’s REST interface (Yates et al., 2015) for available species and
their current releases (EnsEMBL::REST 2020). After that, the script
checks which of the species are contained in B10K’s current annotation
of 363 bird species. For each of these species, the script connects to the
corresponding Ensembl database and downloads all Ensembl stable
IDs (Ensids) associated with a gene symbol contained in the “seed". In
this process, also the synonyms are checked (table external_synonym
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in Ensembl). If a gene symbol of the “seed" is found in the synonyms,
the corresponding Ensid is downloaded as well. The Ensids were then
loaded into Avimm. In the next step, all gene synonyms for the Ensids
loaded into Avimm were downloaded from Ensembl. Another Python
script was used which connects to each of the relevant species databases
and downloads the synonyms for each Ensid contained in Avimm. These
synonyms were then also loaded into Avimm.
UniProt data were obtained from the UniProt website. For this
purpose, a list of Ensids contained in Avimm was prepared. With this
list, the UniProt web interface (Retrieve/ID Mapping 2020) was queried,
and the resulting data were downloaded filtered by the following
columns: “Entry (ID)", “Entry name", “Status (reviewed/unreviewed)",
“Protein names", “Organism", “Gene names (primary)", “Gene names
(synonym)", “Length", “Sequence", “Your list". As an initial step, only
Entry IDs (UniProtKBs) were loaded into Avimm.
For the import of the B10K data, all gene symbols found in Avimm
(including synonyms) were used. For each of these symbols, it was
checked whether the gene symbol was found in the B10K genomes’
annotations. If the gene symbol was found, the B10K ID (Unigene;
B10K-internal identifier and not to be confused with NCBI’s Unigene)
was extracted and imported into Avimm.
To fill the feature tables, all obtained accession numbers from Ensembl,
UniProt and B10K were then used to extract transcript information,
amino acid sequences and nucleotide sequences, respectively, which
were subsequently imported into Avimm (Figure 1.3). Data were imported via a stored procedure (function in the database) which performs
consistency checks before importing data.
Synonyms of gene symbols were handled in the following way: The
primary gene symbol used in Ensembl was stored as a canonical name
in Avimm and identified by a unique gene identifier (gene_id). The
synonyms found in Ensembl were also imported into Avimm. Each
gene symbol (primary or synonym) received an additional unique
gene symbol identifier (uid). This uid was used to identify the gene
symbol when storing and extracting data. Synonyms were linked to their
canonical name via gene_id. UniProt was queried using the Ensembl
stable IDs (Ensids) stored in Avimm. Additional gene symbols found
by this process were also stored in Avimm as synonyms with a uid
and linked to the canonical name via gene_id. As such, uid uniquely
identifies a gene symbol while gene_id identifies a gene. The link
between uid and gene_id allows for finding all data related to a gene.
For a user it is sufficient to know one of the gene symbols corresponding
to a gene (either the canonical name or a synonym); the link between
uid and gene_id allows to identify the canonical gene name.
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Load source table
based on names and release
versions on their websites

Load species table based
on B10K taxonomy

Get gene symbols from
Gene Ontology, filtered for
"immune system process"
in chicken: the "seed"

Import B10K Unigene IDs
based on all gene symbols
and species in AVIMM

Import UniProtKBs and all
gene symbols based on
Ensids for AVIMM species
available in UniProt

Import Ensids and all gene
symbols based on seed for
AVIMM species available
in Ensembl

Import Ensembl transcript
information based on all
Ensids in AVIMM

Import UniProt protein
information based on all
UniProtKBs in AVIMM

Import B10K annotation
based on all Unigenes
in AVIMM

Figure 1.3: Flow chart, loading of Avimm. Uncoloured boxes show preparatory
steps. Yellow boxes describe imports into core tables and green
boxes imports into feature tables. The initial set of immune genes
in chicken is derived from “biological process/immune system
process” in AmiGo 2 filtered for chicken. Gene symbols were
extracted from Ensembl’s website since Ensembl has the most
current/complete chicken annotation. All steps are explained in
detail on the project’s wiki page (Avian Immunome DB Wiki · Wiki ·
Ralf C. Mueller / Avian Immunome DB 2020).

1.3.2

Gene properties in the database can be accessed in two ways

A Python script qimm.py (QueryIMMunome) was written as a commandline interface (CLI) to query data and output nucleotide and amino acid
sequences in fasta format (Ralf C. Mueller / Avian Immunome DB 2020).
This script can be readily incorporated in bioinformatics pipelines.
As a graphical user interface, a web front-end was developed, which
allows for easy access to the data in Avimm (Avian Immunome DB 2020),
independent of specialist bioinformatics skills.
Django (The Web Framework for Perfectionists with Deadlines | Django
2020), a widely used web framework built on Python that is known
to facilitate the development of web applications, was used for the
development of Avimm’s web interface. With both the CLI and the web
interface written in Python, it was effortless to reuse the program logic
written for the CLI in the web interface. The web interface has two
primary purposes: collecting the parameters needed by qimm.py in a
user-friendly way and presenting the query results. The parameters
collected by the web interface are fed into qimm.py, which queries the
database and returns the results, which are then displayed by the web
front-end.
The web front-end consists of the main page with a general description of the project and four function pages (Figure 1.4), each one
corresponding to one of the main modules/functions provided by
qimm.py. These function pages provide user-friendly methods to enter
query parameters.
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Figure 1.4: Avimm landing page with links to the four function pages (upper
box) and description for each function (lower box).

For example, gene symbols are presented in two lists: one containing
all available gene symbols, the other the selected gene symbols. Marked
symbols can be moved from one list to the other. Besides this, gene
symbols can be entered into the text field on the bottom, for example,
by copy and paste. Species can be selected by a set of lists representing
the taxonomic ranks starting at the class level. Once a selection in
an upper level is made, the lists in the lower levels only contain the
values compatible with the selection in the upper level. Which data
to be displayed can be selected via checkboxes. For other options, for
example, downloading data, checkboxes are also provided (Figure 1.5).
The web front-end has the additional benefit that hyperlinks can
be used. As a consequence, the result page of the evidence function
provides direct links to the function pages of Ensembl, UniProt and
B10K with the same selection of gene symbols and species that have
been used on the evidence function page. Accession numbers in the
results of Ensembl and UniProt queries are linked to the corresponding
entries within Ensembl and UniProt, respectively. The B10K function
page provides links to NCBI BLAST (BLAST: Basic Local Alignment Search
Tool 2020) for each result record. The Ensembl function page provides
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Figure 1.5: Excerpt of evidence function page. Gene selection either by “markand-arrow" or free text (top left box). Species selection based on
taxonomic ranks (centre box). Checkboxes to filter columns (right
box) and download data option (bottom left box). Each section has
an information button (circled “i") to provide further details.

links for each record to the corresponding gene in Ensembl and NCBI.
The UniProt function page provides links to the corresponding protein
in UniProt and NCBI’s protein blast (BLASTP).
1.4

utility and discussion

The current size of Avimm is 7.3 GB, which encompasses 363 bird species
with an average number of 709 immune genes per species (Table 1.1).
Within the 1782 immune gene records, 363 genes with more than one
distinct gene symbol were identified. The gene IL8 (Interleukin-8), for
example, is pointing to nine synonymous gene symbols (CEF4, CXCL13,
CXCL13L2, CXCL8, EMF1, gIL-8GN, IL8L1, interleukin-8 and k60).
1.4.1

Examples from the CLI

A quick overview of what evidence is available in the database is given
below, using the gene IFNL3A (Interferon lambda-3 A) across all species
and can be accomplished on the command line:
qimm.py evidence -o % -g IFNL3A
Explanation of arguments:
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Table 1.1: Statistics of the Avian Immunome DB.

Avimm size [gigabyte]
species

7.3
363

immune gene symbols

1782

distinct immune genes

1170

immune gene records per species [avg]

709

B10K exons per mRNA [avg]
Ensembl transcripts
UniProt amino acid sequences
qimm.py
evidence
-o %
-g IFNL3A

8.3
41 595
9422

the script’s name
query the evidence table
all orders (SQL wild card % for all entries)
the gene of interest

This query will return a species list for which there is evidence for this
gene and the type of evidence (B10K, Ensembl or UniProt). Names of
alternative gene symbols will be printed at the bottom (in this example,
IFNL, IFNL3, IL-28B, IL28 and IL28B are synonyms for IFNL3A). Note
that the same results will be returned when querying, for instance, with
“-g IL28” since it maps to the same gene in Avimm.
The Ensembl tables need to be queried to retrieve transcript information:
qimm.py ensembl -o % -g IFNL3A
This query will return the Ensembl accession numbers for the genes
and transcripts which can then be pasted in Ensembl’s website (Ensembl
Genome Browser 100 2020) to get further information.
Amino acid sequences for the gene product are queried through
UniProt:
qimm.py uniprot -o % -g IFNL3A
This query will return a fasta-formatted output of the amino acid
sequences and adding the argument “-w" to the query will generate
fasta output files which can then be used as input for an alignment
software for further downstream analyses of these sequences.
Nucleotide sequences of the mRNA can be queried using the B10K
module:
qimm.py b10k -o % -g IFNL3A
The output is again fasta-formatted and adding “-w" will generate
fasta files which can be used for downstream analyses of these nucleotide
sequences of IFNL3A. A more detailed list of examples, including
generated output, can be found on Avimm’s GitLab repository (Ralf C.
Mueller / Avian Immunome DB 2020).

1.4 utility and discussion

For instance, a simple gene presence-absence analysis of the gene
MASP2 in Avimm,
qimm.py evidence -o % -g MASP2
shows evidence for almost all Anseriformes (5/7) and all Galliformes
(11/11), but only for two Passeriformes (2/173) in the database. In
humans, MASP2, mannan-binding lectin-associated serine protease-2,
is involved in the activation of the lectin pathway of the complement
system. MASP2 deficiency was associated with increased susceptibility
to infections or autoimmune diseases (Sokolowska et al., 2015). The orderbiased evidence immediately raises two questions: Is MASP2 mostly
absent in Passeriformes, or is it a sequencing (or annotation) artefact? If
the former case was true, why is it present in most Galloanserae?
1.4.2

Examples of web front-end

Evidence for the gene IFNL3A (Interferon lambda-3 A) across all species
in Avimm can also be found via web front-end (Avian Immunome DB Evidence 2020). On top of the result list, there are direct links to B10K,
Ensembl, and UniProt result pages based on the same search criteria. On
the bottom of the page, alternative gene symbols are listed (Figure 1.6).

Figure 1.6: The gene evidence result list shows one record for each evidence
of the gene IFNL3A in the selected species. The columns can be
sorted (ascending or descending) by clicking on the corresponding
column header. On top of the list are links to B10K, Ensembl, and
UniProt result pages based on the same search criteria (upper box).
If there are alternative gene symbols for the query gene in Avimm,
then these are listed on the bottom of the page (lower box).

The B10K link leads to the B10K results page with annotation and
further options (filters, data download) including a link to NCBI’s
nucleotide BLAST page for each record (Figure 1.7a). The Ensembl link
leads to Ensembl transcript information, including links to Ensembl’s
gene and transcript IDs, and a link to NCBI’s gene search page for
each record (Figure 1.7b). The UniProt link leads to UniProt protein
information and further options (filters, data download) including a
link to UniProt’s ID, and a link to NCBI’s protein BLAST for each record
(Figure 1.7c).
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Figure 1.7: Excerpts of the result pages for IFNL3A in B10K (a), Ensembl
(b), and UniProt (c). Each result page offers additional filters and
download options. The original identifiers of the source of evidence
are retained and linked to the original entries on Ensembl (b, left
box) or UniProt (c, left box). Additionally, links to NCBI nucleotide
sequence BLAST (a, box), NCBI gene information (b, right box),
and NCBI amino acid sequence BLAST (c, right box) are provided
for each record.

Absence-presence analysis of the gene MASP2 across all 363 species
in Avimm shows evidence in almost all Galloanserae (16/18) whereas
there is evidence in only two (out of 173) Passeriformes (Figure 1.8).
1.4.3

Scope and context

Avimm is a representation of the currently available information regarding avian immune genes and can potentially economise repetitive,
preparatory steps for studies in comparative genomics, gene expression,
functional variation and molecular evolution of immune genes. This is
ensured by a pre-selection of immune genes based on the well-annotated
chicken genome as well as an automated resolution, incorporation and
representation of ambiguous gene symbols. A quick presence-absence
analysis of immune genes for available species in Avimm will become
even more useful with the next data release of the B10K consortium
(phase III; at least one representative bird genome per genus covering 2,500 genera and subgenera) (Zhang, 2015). The 7-fold increase
of genomes and annotations will also mitigate the current limitation
of containing only one or a few bird species representatives per bird
family. For each entry, original identifiers (accession numbers of Ensembl, UniProt and B10K) are retained which facilitates the gathering of
additional gene information from these providers. The accompanying
query script qimm.py can be readily incorporated into bioinformatics
pipelines to analyse nucleotide and amino acid sequences in fasta format, for instance, for alignments and SNP identification. The database
is already prepared to incorporate immune genes of other vertebrate
animal classes to further extend the capability for comparative genomics. For this, a stored procedure takes care of necessary consistency
checks before importing new data, which will also be an advantage
for the incorporation of immune genes of the forthcoming hundreds
of platinum-quality genomes from the Vertebrate Genomes Project
(Rhie et al., 2021; Vertebrate Genomes Project 2020). These genomes of
birds and other vertebrate classes will be of much higher sequencing
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Figure 1.8: Excerpt of the result page for MASP2 evidence across all 363 species
in Avimm. There is evidence in all Galliformes (11/11) and almost
all Anseriformes (5/7) but only in two Passeriformes (out of 173 in
Avimm).

quality and read contiguity, which will presumably uncover previously
undetected immune genes [Rhie et al., presubmission] (Korlach et al.,
2017). Connected to this, particularly in the current version, one should
keep in mind that the absence of a particular gene in a species does not
necessarily reflect biological reality but might be the consequence of
the shortcomings of short-read sequencing (Korlach et al., 2017).
Our generalist database is designed in a way to harbour the common
denominator of a focal trait and taxonomic group, mainly a broad range
of non-model organisms. It relies on gene symbols found in established
projects like Ensembl or UniProt. Specialist databases include in-depth
expertise on focal genes and gene products for a given species. For
example, IMGT (Giudicelli et al., 2006) has a strong focus mainly on
immunoglobulins and T cell receptors in vertebrates. They also assign
gene symbols which then have to be approved by HGNC (HUGO Gene
Nomenclature Committee 2020) and VGNC (Vertebrate Gene Nomenclature
Committee 2020) before they are eventually incorporated to other generalist databases. Therefore, we recommend to also consult specialist
databases after a pre-selection of focal genes in Avimm. Eventually,
genes and gene products with assigned gene symbols will be included
within Ensembl and UniProt, and will thus also be included in Avimm.
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With the release cycles of Ensembl (every three months) and UniProt
(every month) it is challenging to keep up-to-date with the most
current annotations; all the more, considering that the number of
annotated highly contiguous whole-genomes is ever-growing (five bird
genomes in Ensembl release 95 but already 40 in release 100) and
the automated annotation pipelines of these service providers rapidly
increase the number of correct immune gene annotations. Additional
Python scripts are provided on the project’s GitLab repository to
facilitate the incorporation of new evidence into Avimm.
An essential feature of the relational database design is the internal
mapping of genes and identifiers to unique identifiers through uids
and gene_ids. This allows the resolution of many-to-many relationships
and, in consequence, is the foundation for allowing queries based on
any well-known gene symbol for a single gene.
1.5

conclusions

Currently, Avimm proves to be a valuable resource with which to
extract avian immune gene information, mainly from the B10K phase II
annotation. With phase III, a total of circa 2500 genomes spanning all
bird genera are expected (Zhang, 2015). Although only limited transcript
information and amino acid sequences are currently available, Ensembl
and UniProt continually annotate genomes that are uploaded to their
repositories. These annotations can then be easily added to Avimm.
Additionally, VGP has completed or nearly completed 38 of 95 proposed
bird genomes of the highest sequencing and assembly quality currently
available. These genomes will be annotated, and extracted immune
gene information can also be added to the database. It is currently
advisable to re-create affected tables in Avimm which is facilitated by
Python scripts on the project’s website to reflect the release cycles of
Ensembl and UniProt.
The organisation of the data in a relational database and the separation
of core and feature tables makes it easy to add additional sources and
properties of avian immune genes. For the same reasons, it is also
possible to apply the database design to other biological processes
such as olfaction, vision or vocal learning. Specialist communities in
comparative and functional genomics in their respective disciplines face
similar or even identical challenges with genetic information scattered
across research consortia and databases, with quite a few gene symbols
showing ambiguity. Furthermore, the database design is not limited to
birds but can be used to represent genomic data for other taxa with little
effort. It is possible to then link databases for different taxa or properties.
We provide information on how to use our database model for other
taxa or other sets of genes in our wiki. Finally, through the intuitive web
interface, data acquisition from international consortia and databases
becomes less cumbersome for non-bioinformaticians, who otherwise

1.6 abbreviations

35

would need to consult multiple data sources with frequently ambiguous
gene symbols.
1.6

abbreviations

Avimm

Avian Immunome DB

B10K

Bird 10,000

BLAST

Basic local alignment search tool

CDS

Coding sequence

CLI

Command-line interface

DB

Database

Ensid

Ensembl stable ID (accession number)

GB

Gigabyte

GO

Gene Ontology

LDM

Logical Data Model

MHC

Major histocompatibility complex

mRNA

Messenger RNA

NCBI

National Center for Biotechnology Information

NGS

Next Generation Sequencing

REST

Representational state transfer

RNA

Ribonucleic Acid

SNP

Single-nucleotide polymorphism

SQL

Structured Query Language

uid

Unique (gene symbol) identifier

Unigene

B10K accession number (not to be confused with Unigene Laboratories)

UniProt

Universal Protein database

UniProtKB

UniProt Knowledgebase (accession number)

VGP

Vertebrate Genomes Project
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abstract

background

The tufted duck is a non-model organism that suffers high mortality in highly pathogenic avian influenza outbreaks.
It belongs to the same bird family (Anatidae) as the mallard, one
of the best-studied natural hosts of low-pathogenic avian influenza
viruses. Studies in non-model bird species are crucial to disentangle
the role of the host response in avian influenza virus infection in the
natural reservoir. Such endeavour requires a high-quality genome
assembly and transcriptome.

findings

This study presents the first high-quality, chromosomelevel reference genome assembly of the tufted duck using the
Vertebrate Genomes Project pipeline. We sequenced RNA (cDNA)
from brain, ileum, lung, ovary, spleen and testis using Illumina
short-read and PacBio long-read sequencing platforms, which was
used for annotation. We found 34 autosomes plus Z and W sex
chromosomes in the curated genome assembly, with 99.6% of the
sequence assigned to chromosomes. Functional annotation revealed
14,099 protein-coding genes that generate 111,934 transcripts, which
implies an average of 7.9 isoforms per gene. We also identified 246
small RNA families.

conclusions This annotated genome contributes to continuing
research into the host response in avian influenza virus infections
in a natural reservoir. Our findings from a comparison between
short-read and long-read reference transcriptomics contribute to
a deeper understanding of these competing options. In this study,
both technologies complemented each other. We expect this annotation to be a foundation for further comparative and evolutionary
genomic studies, including many waterfowl relatives with differing
susceptibilities to avian influenza viruses.

2.2 background

2.2

background

The tufted duck (Aythya fuligula) is a non-model organism that has
received attention because of its role in the zoonotic ecology of avian
influenza A viruses (AIV). As a member of the Anatidae family of ducks,
it is closely related to the mallard (Anas platyrhynchos), the primary
natural host of AIV (Atkinson et al., 2006; Huang, Xu, et al., 2019; Kraus,
2011; Olsen et al., 2006; Webster et al., 1978). The Aythya and Anas
genera shared a most recent common ancestor approximately 5 million
years ago (Prum et al., 2015). However, in contrast to mallards, which
carry AIV largely asymptomatically, tufted ducks are less commonly
infected with low pathogenic AIV (LPAIV) (see (Verhagen et al., 2021)
for an updated review on LPAIV infections in tufted ducks) but suffer
high mortality in outbreaks of highly pathogenic AIV (HPAIV) (Abdo
et al., 2014; Bröjer, Ågren, et al., 2009; Bröjer, van Amerongen, et al.,
2015; Fiedler and Bauer, 2018). The tufted duck is a diving duck with
a breeding range throughout northern Eurasia where it is largely a
seasonal short-distance migrant. Although it generally feeds in deeper
waters than mallards and other dabbling ducks, it generally shares
its habitat and roosting areas with these and many other waterfowl
species, even leading to a high rate of interspecific hybridisation (Kraus,
Kerstens, et al., 2012; Ottenburghs, Ydenberg, et al., 2015). Hence,
given a frequent exposure to AIVs circulating in such habitats, the
differences in susceptibility to-and outcome of AIV infection between
these species are likely related to genetic differences affecting, e.g.,
receptor expression or host response. For example, studies of virus
attachment patterns to tissue samples have shown that many AIV
subtypes bind less abundantly to intestinal epithelial cells of tufted
ducks compared to mallards (Jourdain et al., 2011; Verhagen et al., 2021).
In addition, the resistance of mallards against severe HPAIV infection
has been partially attributed to the presence of the RIG-I gene and its
strong interferon response, in contrast to chickens that lack this gene
and develop severe disease upon HPAIV infection (Evseev and Magor,
2019). Future studies in non-model bird species such as the tufted duck
are important to disentangle the role of the host response and other
genetic factors in AIV infection and aid in our understanding of the
zoonotic ecology of AIV in the natural reservoir. A prerequisite for such
studies is a well-assembled and annotated genome and transcriptome
(Huang, Li, et al., 2013).
Developments in omic sequencing technologies over the last two
decades have revolutionised biology. Instead of studying single genes
and their products, whole genomes and transcriptomes can now be
readily sequenced and assembled at a lower cost than before. Massive
parallelisation and high throughput in next-generation sequencing
(NGS) have decreased sequencing costs and ultimately increased sequencing depth (Kraus and Wink, 2015). This allows for whole-genome
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sequencing of any species and opens up new possibilities for in-depth
studies related to infection biology and host response to external stressors beyond model species in which a rich genetic toolbox can be
deployed (Dheilly et al., 2014; Vignal and Eory, 2019). Non-model
species are frequently understudied, yet they are exposed to environmental stressors like infectious diseases, which they can transmit to
livestock and humans (Globig et al., 2009). Approximately 70% of human infectious diseases are zoonoses (Taylor et al., 2001; van Doorn,
2017). An in-depth understanding of a pathogen’s zoonotic ecology in
the animal reservoir is important to prevent human infections. This,
in turn, requires studies of host-pathogen interactions at the genetic
level. NGS helps bridge the gap between model and non-model species
(Ekblom and Galindo, 2011) and with third-generation long-read based
sequencing, high-quality reference genomes are now also available
for non-model organisms, as in the Vertebrate Genomes Project (VGP)
(Rhie et al., 2021). This is supplemented by affordable long-read RNA
sequencing, making de novo assembled transcriptomes unnecessary
(Jax, Wink, et al., 2018).
Transcriptome annotation of the genome used to be constrained to
either low-throughput and costly cDNA cloning or Illumina’s highthroughput short-read RNA sequencing (RNA-Seq). High-quality shortread RNA sequencing combined with a reference genome allows
for a reasonable transcriptome reconstruction. However, there are
some caveats: Due to alternative splicing, a single gene can have
multiple alternative variants (isoforms) and as a consequence can be
translated into proteins with different functions (Kuo, Tseng, et al., 2017;
Warren et al., 2017). Illumina short reads need to be assembled into
transcripts, which can lead to incompleteness and errors in transcript
model reconstruction. This biases the correct inference of isoforms and
thus misses the transcriptome’s complexity (Kuo, Tseng, et al., 2017;
Steĳger et al., 2013). Furthermore, since short-read sequencing is also
limited in GC-rich regions and regions of low sequence complexity
(Korlach et al., 2017), not all transcripts are recovered. In contrast,
in full-length transcript isoform sequencing (e.g., PacBio Iso-Seq) of
mRNA, the single direct reads from 5’ to 3’ usually do not need to be
assembled and, thus prevent assembly ambiguities, which facilitates
the detection of novel isoforms (Au et al., 2013; Sharon et al., 2013) and
accurate reconstruction of transcript structure (Korlach et al., 2017). This
third-generation transcript sequencing technology also allows for a
much more detailed functional annotation. It is crucial to recover as
many isoforms as possible for functional studies (Li, Dai, et al., 2017;
Reixachs-Solé et al., 2019; Zhang, Jain, et al., 2019). For example, the
immunome comprises a set of genes associated with immune processes
and is a heavily complex portion of the genome (Chapman et al., 2016;
Jax, Wink, et al., 2018). Thus, the benefits of 3rd generation sequencing
must be exploited to their fullest potential to facilitate studies in bird
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immunogenomics (Karawita et al., 2020) and improve databases such
as the Avian Immunome DB for comparative analyses in non-model
bird species (Mueller, Mallig, et al., 2020).
2.3

data description

This study presents the first high-quality, chromosome-level reference
genome assembly of the tufted duck using the VGP pipeline (Rhie
et al., 2021) followed by manual curation (Howe et al., 2021), which
we annotated with short- and long-read transcripts from six different
tissues, and short reads from small RNAs from the same tissues. We
further contrasted different sequencing technologies and bioinformatics
pipelines, and tissue-specific comparisons of expressed genes. This
annotation serves as a foundation for further comparative and evolutionary genomics, and gene expression experiments in the tufted duck
and its many waterfowl relatives with different susceptibilities to AIV
(Karawita et al., 2020; Naguib et al., 2020).
2.4
2.4.1

analyses
Reference genome assembly

The reference genome was constructed according to VGP’s 6.7.P2.Q40.C99
metric standards (Rhie et al., 2021). This includes contig NG50 > 106 bp,
scaffold NG50 > 107 bp, most of the genome separated into haplotypes
(P2), Phred-scaled base accuracy > Q40, and 99.5% of the assembly
assigned to chromosomes. The contig NG50 of the tufted duck genome
assembly was 17.8 Mb. The curation (as in Howe et al. (2021)) resulted in
34 removals of misjoins, 34 joins previously missed, and four removals
of false duplications. This reduced the primary assembly length by 0.8%
and increased the scaffold NG50 by 18.7% to 85.9 Mb whilst decreasing
the scaffold number from 123 to 105. The total sequence length of the
assembly after curation was 1.127 Gb, which is close to the expected size
of duck genomes (1.25-1.3 Gb). During curation, telomeres were not detected, and a sweep for centromeres with sequences from (Melters et al.,
2013) revealed no results. Chromosomal-scale units were identified and
named by size. Out of the expected 39 chromosome pairs according
to the karyotype (Hammar, 1966), 34 autosomes plus Z and W could
be identified, with 99.6% of the sequence assigned to them (Table 2.1,
Figure 2.1). The pseudoautosomal region in W/Z (ca. 2 Mb) collapsed
into a single copy on the Z chromosome (Figure S2.1). Detailed assembly
statistics by chromosome can be found the supplementary Table S2.1.
The raw data has been deposited in the GenomeArk repository (VGP,
2019a). The curated primary assembly has been deposited in NCBI
under accession number GCF_009819795.1 (VGP, 2019b) and can be
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Table 2.1: Assembly statistics of the tufted duck genome.
Genome coverage [x]

64.03

Total sequence length [bp]

1,127,004,725

Ungapped sequence length [bp]

1,117,587,328

Number of scaffolds
Scaffolds assigned to chromosomes
Unplaced scaffolds

105
36 + 1 mitochondrion
68

Contig NG50 [bp]

17,816,505

Scaffold NG50 [bp]

85,905,639

Base-call error in 10 kb

less than 1 nucleotide

browsed in the Genome Data Viewer (GDV, 2019). A comparison of
assembly metrics before and after curation can be found in Table S2.2.
2.4.2

Analysis of repetitive sequences

Repetitive element content and composition in the tufted duck genome
assembly was identified and compared with that of the mallard genome
(ZJU1.0). Overall, 13% and 15% of the tufted duck and mallard genomes,
respectively, are made up by repeats. The most abundant repeat classes
are LINE elements followed by LTRs, SINEs and DNA repeats. The
genomic repeat composition, in general, is similar between tufted
duck and mallard, although the mallard genome has slightly higher
repeat content. The only major difference we observed was in repeats
which were not classified by RepeatModeler into any known repeat
categories. These are termed "Unknown" and the mallard genome
appears to contain 4.4 times as many "Unknown" repeats than the
tufted duck genome (Figure S2.2). Nevertheless, when compared at
chromosome level (Figure S2.3), repeat content is similar between the
orthologous pairs, including autosomes and sex chromosomes, and
the major difference is only observed in unplaced scaffolds. 40% of the
mallard unplaced scaffolds are made up by "Unknown" repeats, while
it is only 6% in the tufted duck.
Thirteen telomeric and three potential centromeric repeat regions
were identified in the tufted duck genome (Figure S2.4).
2.4.3

Gene/transcript model reconstruction with Illumina RNA-Seq and
PacBio Iso-Seq reads

With the Illumina RNA-Seq, an average of 97.65% (SD = 0.51%) of the
reads were retained after adapter and quality trimming. For the PacBio
Iso-Seq, an average of 80.57% (SD = 3.84%) full-length non-chimeric
reads were retained after error correction (Table 2.2).
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Figure 2.1: HiGlass Hi-C 2D maps of the tufted duck genome assembly before
(left) and after (right) manual curation. Off-diagonal hits indicate
missing joins, which have been corrected during curation. Broken
patterns within scaffolds (e.g., at the end of the first scaffold precuration) can indicate intra-scaffold misassemblies, which were
also addressed during curation. They can, however, also be features
of the respective chromosome, as in the 4th post-curation scaffold
the structure of which was corrected and asserted during curation.
Table 2.2: Illumina RNA-Seq reads before and after trimming, and PacBio IsoSeq reads before and after error correction. Zero-mode waveguide
(ZMW) yield and the number of full-length, non-chimeric reads
(FLNC). Two ZMW were used for lung and ovary.
Platform
Illumina

PacBio

Brain

Ileum

Lung

Ovary

Spleen

Testis

Raw reads (PE)

71,648,303

72,410,462

63,191,981

72,442,392

68,315,029

53,747,262

Trimmed reads (PE)

70,025,835

70,902,250

61,059,701

70,892,177

66,813,691

52,652,923

9,249,099

12,363,369

19,206,097

1,279,561

8,401,115

12,616,953

158,698

415,314

529,108

68,112

167,077

288,984

ZMW yield [%]

15.87

41.53

26.46

3.41

16.71

28.90

Passes (average)

58.3

29.8

36.3

18.8

50.3

43.7

133,684

343,634

432,817

49,887

134,124

234,423

Subreads
Ccs

FLNC

On average, HISAT2 could map 93.21% (SD = 0.64%) Illumina RNASeq short reads and Minimap2 could map 97.39% (SD = 1.34%) PacBio
Iso-Seq long reads to the reference genome. The average read length of
the long-read data was 1214.0 nt (SD = 262.0), an order of magnitude
longer than that of the short reads (average 131.5 nt, SD = 0.7). However,
the average number of reads was almost 600-fold higher with shortread data (129,411,992; SD = 11,989,532) compared to long-read data
(217,293; SD = 143,219), implying a 60 times higher sequencing depth
with the short reads. Not surprisingly, StringTie2 (in the short-read
pipeline) assembled more transcript models and inferred more genes
and exons than the long-read pipeline. This was true for all tissues
except in the lung; more transcript models were inferred in the longread pipeline. Lung RNA (cDNA) was sequenced on two Zero-mode
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Table 2.3: Transcript model reconstruction per tissue and pipeline.

Mapped [%]

Brain

Ileum

Lung

Ovary

Spleen

Testis

Illumina

92.92

92.98

93.42

94.33

92.44

93.19

PacBio

96.66

98.13

97.92

99.40

95.67

96.57

22,348

20,838

20,692

32,046

21,608

29,225

Number of genes

Illumina
PacBio

15,776

10,813

12,912

8,862

6,773

11,746

Number of transcripts

Illumina

44,808

40,968

43,877

77,997

42,000

57,758

37,601

35,284

46,587

19,513

14,030

28,852

Number of exons

Illumina

422,741

395,719

412,225

569,566

383,679

483,444

PacBio

138,038

217,391

243,566

119,080

71,211

160,380

Exons per gene (average)

Illumina

18.9

19.0

19.9

17.8

17.8

16.5

PacBio

8.7

20.1

18.9

13.4

10.5

13.7

Illumina

2.0

2.0

2.1

2.4

1.9

2.0

PacBio

2.4

3.3

3.6

2.2

2.1

2.5

PacBio

Transcripts per gene (average)

waveguides (ZMW) and produced the highest numbers of subreads and
full-length, non-chimeric reads (FLNC) after processing. The highest
number of genes in each pipeline was predicted for ovary (Illumina) and
brain (PacBio). The highest number of transcript models was predicted
for ovary (Illumina) and lung (PacBio). The same pattern applies to
predicted exons (Table 2.3).
In the Illumina short-read RNA-Seq transcript model reconstruction,
more exons per gene were recovered on average than in the long-read
pipeline (Table 2.3). The distribution of exons per gene in both pipelines
generally followed the same pattern with a decreasing number of
genes as the exons per gene increased. However, there is a remarkable
difference in the short-read data, which recovered more two-exon genes
than single-exon genes for all tissues (Figure 2.2). This pattern is even
more pronounced in the exons per transcript analysis (Figure S2.5).
In the PacBio long-read Iso-Seq transcript model reconstruction, more
transcripts per gene were recovered on average than in the short-read
pipeline (Table 2.3). The distribution of transcripts per gene followed
the same pattern with a decreasing number of genes as the transcripts
per gene increased. However, these numbers had a slower decay in the
long-read data, indicating a better recovery of multi-transcript genes
(Figure 2.3).
2.4.4

Functional annotation of merged transcripts

After merging all twelve transcript model reconstructions (six tissues
with short reads and long reads), 345,870 transcripts with 2,381,662
exons were predicted in 49,746 genes (Table 2.4). Of these, 178,198 transcripts (or 16,758 genes) were predicted by CPC2 to be protein-coding.
UniProt hits were found for 208,274 transcripts (or 17,911 protein-coding
genes). Of these, 4,766 genes had no long-read support and 432 genes
no short-read support in the data. The number of protein-coding genes
predicted by CPC2 and number of hits in UniProt overlapped for 15,103
genes (Figure S2.6). Conservative filtering of the annotation (ignoring
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Figure 2.2: Distribution of single-and multi-exon genes per tissue and pipeline.
Only the first 50 groups are shown.

features flagged as nonsense-mediated decay and only keeping fulllength hits in UniRef50 which matched with at least 90%) resulted in
111,934 transcripts and 14,099 protein-coding genes. This result implies
an average of 7.9 isoforms per gene (Table 2.4). Predicted and annotated
genes by chromosome can be found in Table S2.1.
Out of 78,860 full-length transcripts with no UniRef50 hit, 62,147 were
flagged as potentially protein-coding (and the remainder as nonsensemediated decay), and 26,489 as single-exonic while the remainder as
composed of two or more exons.
2.4.5

RIG-I/DDX58 is intact and expressed in tufted duck

In the mallard genome (Li, Zhang, et al., 2021; University, 2020), RIGI/DDX58 is annotated on chromosome Z (NC_051804.1), position
69,037,671 - 69,061,400 (23,730 nt) and consists of 18 exons. Searching
the protein sequence in the tufted duck genome assembly produced one
significant alignment with the predicted gene XM_032205362.1, also on
chromosome Z (max score: 3,986, total score: 8,957, query cover: 22%,
E-value: 0.0, percent identity: 97.09%; see alignment in Listing S2.1).
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Figure 2.3: Distribution of single-and multi-transcript genes per tissue and
pipeline. Only the first 15 groups are shown.

Searching the predicted open reading frames (ORFs) from the functional annotation in the two mallard RIG-I/DDX58 isoforms revealed
nine matches after conservative filtering (at least 90% match; Table 2.5).
Gene G24916 on chromosome 6 (NC_045564.1) matched with ORFs of
six transcripts while G24916.1 contained the same translated amino acid
sequence as G24916.2 and G24916.4. Gene G46857 on chromosome Z
(NC_045593.1) matched with ORFs of three transcripts while G46857.2
contained the same translated amino acid sequence as G46857.3. ORFs
G24916.7/8 and G46857.2/3/4 were flagged with ’5prime_degrade’,
which means that the transcript might be incomplete on the 5’ end.
Both genes were predicted in the short-read and long-read pipeline. A
detailed list of reconstructed transcript models by pipeline and tissue
for these two genes can be found in Table S2.3.
All G24916 sequences relate to the IFIH1 gene (encodes MDA5, a
RIG-I-like receptor) while G46857 sequences relate to the RIG-I/DDX58
gene. An alignment of the mallard and tufted duck RIG-I/DDX58 amino
acid sequences revealed 15 variants (14 substitutions, one insertion)
which were predicted to have no impact on the biological function of the
protein (Table S2.4, Table S2.5). The nucleotide sequences 1 kb upstream
of the RIG-I/DDX58 gene contained four identical transcription factor
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Table 2.4: Functional annotation categorised by different matches. Note:
UniRef50 total hits also includes 5’ degraded records, whereas
the match classes only include full-length records.
Genes

Transcripts

Isoforms

Total number of entries

49,746

345,870

7.0

UniRef50 total hits

17,911

208,274

11.6

UniRef50 full match

13,024

99,737

7.7

UniRef50 90% match

4,937

12,197

2.5

UniRef50 50% match

3,208

6,540

2.0

UniRef50 < 50% match

2,474

4,447

1.8

UniRef50 ≥ 50% match

14,731

118,474

8.0

UniRef50 ≥ 90% match

14,099

111,934

7.9

No hit (but full-length)

27,787

78,860

Table 2.5: Blastp results (at least 90% match) of predicted ORFs from the functional annotation searched in two mallard RIG-I/DDX58 isoforms
NP_001297309.1 (933 aa) and XP_038025643.1 (988 aa). ORFs marked
with a * were flagged with ’5prime_degrade’, which means that
the start codon was not found in the TAMA ORF/NMD prediction
pipeline. (’F (S)’ refers to ’Frame (Strand)’.)
Mallard

Tufted duck

isoform

Chromosome

ORF

Start-End

[nt]

F (S)

Exons

[aa]

NP_001297309.1

NC_045564.1 (6)

G24916.1

21,885,153-21,914,958

29,805

F2 (+)

17

1,003

NP_001297309.1

NC_045564.1 (6)

G24916.2

21,885,153-21,914,958

29,805

F1 (+)

16

1,003

NP_001297309.1

NC_045564.1 (6)

G24916.3

21,887,313-21,915,355

28,042

F1 (+)

17

994

NP_001297309.1

NC_045564.1 (6)

G24916.4

21,887,313-21,914,044

26,731

F1 (+)

16

1,003

XP_038025643.1

NC_045564.1 (6)

G24916.7*

21,887,508-21,915,353

27,845

F1 (+)

16

1,044

XP_038025643.1

NC_045564.1 (6)

G24916.8*

21,887,508-21,915,503

27,995

F1 (+)

16

1,040

NP_001297309.1

NC_045593.1 (Z)

G46857.2*

69,123,499-69,145,704

22,205

F3 (+)

18

948

NP_001297309.1

NC_045593.1 (Z)

G46857.3*

69,123,499-69,147,273

23,774

F3 (+)

18

948

NP_001297309.1

NC_045593.1 (Z)

G46857.4*

69,123,529-69,145,281

21,752

F3 (+)

18

938

binding sites (Nkx2-5, NF-kappB p65, c-Rel, NF-kappaB) in each species
(Table S2.6).
2.4.6

Tissue-specific expression and intersections

Of the 17,911 genes in UniRef50 (total hits), 4,766 were exclusively
supported by short reads and 432 by long reads. In the short-read
pipeline, 11,165 genes intersected across all tissues. The highest number
of exclusively expressed genes was in testis (988), followed by ovary,
brain, spleen, ileum and lung (Figure 2.4). In the long-read pipeline,
2,475 genes intersected across all tissues. The highest number of exclusively expressed genes was in brain (779), followed by testis, ileum,
lung, ovary and spleen (Figure 2.5). Overlap of expressed genes from
each pipeline can be found in Figure S2.7.
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Figure 2.4: In the short-read data set, the highest total number of supported
genes was found in testis (left panel, bottom), followed by ovary,
brain, spleen, ileum and lung. All six tissues intersected in 11,165
genes (main panel, left). The highest number of exclusively supported genes was also found in testis (988), and followed the same
order as the total number of genes (main panel, yellow).
Table 2.6: Small RNA read processing and assembly statistics.
Brain

Ileum

Lung

Ovary

Spleen

Testis

Raw reads (PE)

78,078,195

58,021,264

70,381,224

79,425,103

65,767,638

67,436,837

Trimmed reads (PE)

73,753,404

57,021,189

69,326,112

77,333,115

58,716,681

65,395,835

Mapped uniquely [%]

51.82

88.04

72.04

71.01

72.43

52.59

Mapped multi [%]

44.90

9.48

24.42

26.59

18.18

31.97

Genes

13,606

8,441

11,899

9,903

33,133

31,205

Transcripts

13,685

8,520

11,995

9,954

33,761

31,342

Exons

17,276

12,650

15,397

11,588

54,504

35,026

2.4.7

Small RNA analyses

For the TruSeq small RNA sequencing data, 95.81% (SD = 3.51%) of the
reads were retained (on average) after adapter and quality trimming
(Table 2.6). Overall, STAR could map on average 93.91% (SD = 5.28%)
of these reads to the reference genome, which divides into 67.99% (SD
= 13.75%) uniquely mapped reads and 25.92% (SD = 12.08%) multimapped reads (up to 10 loci). Cufflinks predicted the highest number
of genes in the spleen (33,133) followed by testis (31,205). The remaining
tissues had much lower numbers of genes ranging from 8,441 (ileum)
to 13,606 (brain). The same pattern applies to the number of predicted
transcripts and exons (Table 2.6).
On average, each transcript was composed of 1.3 exons (SD = 0.2
exons). The distribution of single-exon and multi-exon transcripts shows
a clear trend towards single-exon transcripts and a quickly diminishing
number of multi-exon transcripts. However, this was less pronounced
in spleen but even more so in testis (Figure 2.6). The generally decaying
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Figure 2.5: In the long-read data set, the highest total number of supported
genes was found in brain (left panel, top), followed by lung, ileum,
testis, ovary and spleen. All six tissues intersected in 2,475 genes
(main panel, left). The highest number of exclusively supported
genes was found in brain (779), followed by testis, ileum, lung,
ovary and spleen (main panel, blue).

length distribution of transcripts shows two clear peaks at 20 bp and 50
bp except for testis with the first peak at 30 bp. Except for spleen and
testis data, there are very few transcripts > 200 bp (Figure S2.8).

Figure 2.6: Distribution of single-exon and multi-exon small RNA transcripts
for each tissue.

Scanning the genome (in silico) for Rfam’s covariance models of
RNAs resulted in 1,234 hits. The same scan on the assembled small
RNA transcripts (in vitro) revealed an average of 346.5 hits (SD =
26.9) across all tissues. After removing lower-scoring overlaps and hits
with E-value larger than 5.0E-4 from the cmscan result, 1,076 distinct
features were predicted in the tufted duck genome. In the tissue’s small
RNA assemblies, 327.5 (SD = 26.5) features were annotated, on average,
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with the same filtering (Table 2.7). On average 93.25% (SD = 1.09%)
of the in vitro annotated features were predicted by the in silico scan.
Furthermore, 22.2 (SD = 2.3) features were annotated on average, which
were not predicted in silico (Table 2.7).
Table 2.7: Results of cmscan on assembled small RNA transcripts after filtering.
Intersection refers to small RNAs predicted by the in silico genome
scan. Additional refers to annotated small RNAs which were not
detected by cmscan in the reference genome.
Brain

Ileum

Lung

Ovary

Spleen

Testis

In vitro

328

294

317

312

345

369

Intersection

310

274

295

293

315

345

Additional

18

20

22

19

30

24

After further filtering for unique RNA families (Rfam accession
numbers/covariance models), 306 distinct RNA families were predicted
in the genome, with 246 annotated in all tissues (pooled). The number
of predicted and annotated covariance models overlapped for 237 RNA
families, while 69 were only identified in the genome scan, and nine
were only identified in the pooled tissue annotations.
2.5

discussion

In this study, we present the first chromosome-level reference genome
assembly of the tufted duck. The genome contiguity is on par with other
reference bird genome assemblies that used long reads like mallard (Li,
Zhang, et al., 2021; University, 2020), chicken (Consortium, 2018), and
recent VGP-pipeline generated zebra finch (VGP, 2020). The assembly’s
contig NG50 of 17.8 Mbp is comparable to chicken (17.7 Mbp) but
considerably higher than in mallard (5.7 Mbp) and zebra finch (4.4
Mbp). The assembly’s scaffold NG50 of 85.9 Mbp is higher than in
mallard (76.3 Mbp) and zebra finch (70.9 Mbp), and considerably higher
than in chicken (20.8 Mbp). All our mapping results from the Illumina
short-read and PacBio long-read RNA pipelines confirm full-adherence
to the VGP 6.7.P2.Q40.C99 standard, which also implies transcript
mappability > 80% (Rhie et al., 2021).
The higher numbers of recovered genes, transcripts and exons in the
short-read transcript model reconstruction may be mainly explained
by the higher sequencing depth and further reinforced by the different RNA preparation protocol. With Illumina, virtually all trimmed,
paired-end reads were kept for mapping to the genome while with
PacBio, only 5’ cap-selected and full-length, non-chimeric reads were
kept. However, the transcript model reconstruction in the long-read
pipeline often almost matched or even exceeded (lung) the average
number of transcripts in the short-read pipeline. Furthermore, the
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long-read pipeline recovered more transcripts per gene (isoforms) on
average. Taken together, this is remarkable considering the 60-fold
higher sequencing depth in the short-read pipeline. It also corroborates
the strength of PacBio Iso-Seq, which seems to better reflect the complexity of the transcriptome, considering that transcripts did not need
to be assembled but were sequenced full-length. However, this result is
not reflected in the functional annotation and, together with the 27,787
putatively intact genes without a hit in the UniRef50 database, may
indicate potentially undescribed genes.
In the short-read transcript model reconstruction, more two-exon
genes than single-exon genes were predicted for all tissues, and it
appears as if some transcripts could not be assembled entirely or
StringTie2 tried to "avoid" single-exon genes. Transcript model reconstruction in StringTie2 is based on the concept of extending short
reads to create so-called super-reads (Kovaka et al., 2019), which seems
appropriate for whole-genome assemblies. In transcriptomics, however,
multiple splice variants are possible, and with the super-read concept
in mind, it may thus be possible that StringTie2 discards a single-exon
transcript model in favour of an alternative multi-exon splice variant
containing the same exon. This, in turn, might have a substantial impact
on the functional annotation based on transcript models solely assembled with short reads. Real single-exon transcripts might be missed, or
even worse, false-positive multi-exon transcript models might be reconstructed. We merged transcript models of both pipelines with higher
priority on transcript end sites for the long-read-inferred transcript
models to mitigate this effect.
While both the number and quality of published vertebrate genome
assemblies are rising, hardly any are complemented by a transcriptome
of multiple tissues from the same individual (Kuo, Tseng, et al., 2017;
Yin et al., 2019). Automated annotations (e.g., the NCBI Eukaryotic
Genome Annotation Pipeline; NCBI (2018b)) provide reasonable in
silico predictions of coding potential; however, RNA (cDNA) sequencing
adds evidence for expressed genes. Based on the inferred transcripts in
this study, a total of 14,099 protein-coding genes could be identified in
the UniRef50 database after conservative filtering (at least 90% match),
which is comparable to NCBI’s in silico prediction of 15,578 proteincoding genes (NCBI, 2020b). The number of identified protein-coding
genes in tufted duck is also in line with the prediction in other bird
species like mallard (16,836; NCBI (2020a)), chicken (17,477; NCBI
(2018a)) or zebra finch (16,197; NCBI (2020c)). CPC2 predicted 84.2% of
the potentially protein-coding genes found in UniRef50, which would
serve as a conservative estimate of the protein-coding potential by just
looking at the reference genome. However, beyond the 17,911 genes
annotated by UniRef50, the annotation contains an additional 27,787
genes with protein-coding potential according to the TAMA ORF/NMD
prediction pipeline, with these being potential candidates for further
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analyses. Gene and transcript identification in non-model species relies
on annotations of preferably closely-related model organisms. However,
protein-coding genes are mainly described by a single transcript and
predominantly built on short-read and comparative data (Kuo, Tseng,
et al., 2017).
We could confirm that the gene RIG-I/DDX58 is intact and expressed
in the tufted duck, and almost identical and at the same position as
in mallard. The differences in amino acid sequence are tolerated and
transcription factor binding sites are identical with those in mallard.
Taken together, there are no obvious differences in the RIG-I gene which
can account for the difference in susceptibility to flu seen in each species.
This is remarkable considering that tufted ducks are highly susceptible
to AIV and indicate that the host response is complex and depends on
more than an intact and expressed RIG-I/DDX58 gene (Karawita et al.,
2020; Naguib et al., 2020).
Besides a high-quality transcriptome for the tufted duck, this study
also provides a tissue-specific expression atlas. In the short-read
pipeline, there is a large drop in numbers of genes expressed in all
tissues to genes exclusively expressed in a single tissue or a few tissues.
This distribution is much more balanced in the long-read pipeline and
may indicate that the coverage in PacBio was too low to fully recover
all genes in all tissues.
The number of 306 Rfam small RNA families predicted (with 246
annotated) for the tufted duck in this study is comparable to 352 families
predicted in chicken (Gallus gallus, version 5) in Rfam 14.4 (Kalvari,
Nawrocki, Ontiveros-Palacios, et al., 2021). The peaks of transcript
length at 20 bp and 50 bp are in the area of microRNA (miRNA), which
are usually 18 - 23 nt (Bartel, 2004; Lee et al., 1993; Long et al., 2019),
and pre-miRNA which are in the range of 55 - 70 nt. The substantial
variance across tissues in our data (many more genes, transcripts and
exons in spleen and testis than in the other tissues) might be explained
by Illumina sequencing bias introduced at the adapter-ligation step of
cDNA library constructions (Baroin-Tourancheau et al., 2019; Fuchs et al.,
2015). Furthermore, according to Illumina’s TruSeq Small RNA library
preparation protocol, small RNA populations can vary significantly
between different tissue types and species, and types and coverage
vary depending on which bands are selected during gel excision. This
is additional support of a strategy to sequence multiple tissues to
obtain a fuller picture of small RNA expression in an organism. Gene
duplications might explain the significant difference between unique
mappings and multi mappings of small RNA to the genome across
tissues. The in silico scan of small RNA in the genome could predict
almost all small RNAs in the assembled transcripts. More importantly,
however, 22.2 additional small RNAs were discovered on average in
the in vitro scan which would otherwise have been unnoticed. Small
(non-coding) RNA play an essential role in gene regulation, translation
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and chromosome structure (Aravin et al., 2003; Bartel, 2009), and are
often associated with diseases (Chen et al., 2008; Roosbroeck et al.,
2013). This vital fraction of the genome is rarely validated in vitro in the
genome and transcriptome annotation literature. However, small RNA
studies have been continuously rising over the last 20 years from 1,966
publications in 1999 to 8,034 in 2019 (searching for "small RNA" on Web
of Science; Science (2021)). Relying on in silico prediction of small RNA
alone can lead to misinterpretation of pathways and gene regulation,
and sequencing small RNA of non-model organisms is, therefore, an
advancement for genome annotation (Fridrich et al., 2019). We strongly
encourage in vitro sequencing of small RNA in de novo genome and
transcriptome studies, or otherwise, the scientific community will miss
such detail that will be important to decipher relevant differences in
the biology between species.
2.6

potential implications

This study presents the first high-quality reference genome assembly
of the non-model tufted duck species. It is complemented by coding
and small non-coding RNA transcriptome annotation from six different tissues. The genome assembly contributes to the VGP’s ongoing
mission to generate near error-free and complete genome assemblies of
all extant vertebrate species. By utilising, comparing and combining
the strengths of low error rates and high sequencing depth in Illumina
RNA sequencing, and the full-length transcript sequencing in PacBio’s
Iso-Seq, this annotation culminates in a merged transcriptome with
functional annotation and an expression atlas. Evidence from small
RNA of the same tissues sequenced using the Illumina platform revealed small RNAs that would have otherwise remained undetected.
Our findings from a comparison between short-read and long-read
reference transcriptomics contribute to a deeper understanding of these
competing options. In this study, both technologies complemented each
other. While short-read data was sufficient to annotate protein-coding
genes, long-read data recovered more transcripts per gene and potentially further protein-coding genes that could not be annotated. With
the ongoing improvement of base call quality in long-read sequencing,
short-read transcriptome sequencing might become expendable, and we
recommend reconstructing transcriptomes using long-read sequencing
with high coverage. Together, the genome and transcriptome annotation
of the tufted duck is an excellent resource for public omics databases
and a foundation for downstream studies, e.g., regarding disease response. The dataset’s high quality for a non-model species allows for
a much finer resolution of genetic differences and commonalities in
closely related species, which is crucial while studying the reservoirs
of zoonotic pathogens.
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2.7
2.7.1

methods
Sampling and dissection of tissues

Captive-bred, wild tufted ducks were kept at the animal breeding
facility (Swedish National Veterinary Institute, Uppsala, Sweden). The
ducks were obtained from Snavelhof breeding farm, Veeningen, the
Netherlands, in May 2017. Tissue samples were obtained from five
females and five males (12 months old) after euthanasia with an
injection of 1 mL of pentobarbital (100 mg) in the wing vein. The
following tissues were collected from the birds: brain, ileum, spleen,
lung and gonads (ovary or testis). Tissues were immediately snapfrozen in liquid nitrogen and stored at -80°C until shipment on dry ice
to the Roslin Institute, Edinburgh, UK. All animal experiments were
carried out in strict accordance with a protocol legally approved by
the regional board of the Uppsala animal ethics committee, Sweden
(permission number 5.8.18-07998/2017). The animal experiments were
conducted in biosafety level two (BSL-2) animal facilities at the Swedish
National Veterinary Institute.
2.7.2

Genomic DNA: library preparation, sequencing and assembly

To obtain both sex chromosomes, DNA was extracted from lung tissue
of a female tufted duck. Library preparation and sequencing was
conducted as in (Rhie et al., 2021), using four types of sequencing
data and the Vertebrate Genomes Project (VGP) assembly pipeline 1.6
(all details given in Rhie et al. (2021) and pipeline available on VGP
(2021)). The sequence data consisted of PacBio CLRs (64.03x coverage),
10X Genomics chromium linked-reads (110.83x coverage), Bionano
Genomics optical maps created by direct labelling and staining (DLS;
371.51x coverage), and chromatin conformation capture coupled with
high throughput sequencing (Hi-C; 92.27x coverage) (Arima Genomics,
San Diego, CA, USA). In brief, PacBio reads were input to the diploidaware long-read assembler FALCON and its haplotype-resolving tool
FALCON-Unzip (Chin et al., 2016). The resulting primary contigs were
input to the Purge-Dups pipeline (Guan et al., 2020) to identify and
remove remaining haplotigs in the primary set. In the next step, primarypurged contigs were subject to two rounds of scaffolding using the
10X long molecule linked-reads. Further, pre-assembled DLS Bionano
cmaps were applied for further scaffolding and ordering using the
Solve pipeline (Bionano Genomics, San Diego, CA, USA). The resulting
scaffolds were then further scaffolded into chromosome-scale scaffolds
using Hi-C data and the Salsa2 pipeline (Ghurye et al., 2019). Finally, the
primary assembly plus the Falcon-phased haplotigs were concatenated
for three rounds of base call polishing: first with PacBio reads and
Arrow software (PacificBiosciences, 2020a), and subsequently two
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rounds of polishing with 10X linked-reads and FreeBayes software
(Garrison and Marth, 2012). The genome was decontaminated and
manually curated as described in Howe et al. (2021).
2.7.3

Tissue preparation, DNA and RNA extraction

For disruption and homogenisation of tissues, snap-frozen samples were
ground to a fine powder under liquid nitrogen using a mortar and pestle.
Samples were transferred to 1.5 mL frozen tubes and kept on dry ice
until further processing. Total RNA was obtained following a standard
TRIzol protocol with DNase treatment and column purification. Small
RNA was prepared according to the miRNeasy kit protocol 217004
(Qiagen, Venlo, Netherlands). Integrity and quality of the RNA were
confirmed by electrophoresis on an Agilent 2200 Tapestation using
appropriate screen tapes. The concentration was determined using the
Nanodrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA)
(Table S2.7, Table S2.8). For DNA extraction and sequencing, powdered
lung tissue was sent to the Vertebrate Genomes Lab (VGL) at Rockefeller
University, New York, USA.
2.7.4

Illumina cDNA library preparation and sequencing

RNA was sent to Edinburgh Genomics, Edinburgh, UK, for library
preparation and sequencing on an Illumina HiSeq 4000 platform with 2
x 150 bp paired-end reads using the TruSeq library preparation protocol
(stranded). Median insert size was 137 bp - 148 bp (SD: 67 bp - 81
bp), yielding at least 290 M + 290 M reads per sample. Small RNA
was also sent to Edinburgh Genomics for TruSeq small RNA library
preparation and sequencing using a NovaSeq 6000 platform with 2 x 50
bp paired-end reads. Median insert size was 141 bp - 144 bp yielding at
least 225 M + 225 M reads per sample.
2.7.5

Genome analysis and comparison with the mallard genome assembly

Repeat content in the tufted duck genome assembly was defined using
RepeatMasker (4.1.0) (Smit, Hubley, and Green, 2015) with duck
specific repeat sequences from the combined Dfam (3.1) (Hubley et
al., 2016) and RepBase (20170127) (Bao et al., 2015) repeat libraries.
RepeatMasker was run in ’sensitive’ mode (-s) using "Aythya fuligula"
as the query species (-species ’Aythya fuligula’). This was followed
by a second round of repeat masking, which was carried out using a
novel repeat sequence library obtained by RepeatModeler (2.0.1) (Smit
and Hubley, 2015). To generate a comparative dataset on the mallard
genome (ZJU1.0; Li, Zhang, et al. (2021) and University (2020)) we used
the same repeat masking strategy.
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Telomeric repeats were identified by searching for known vertebrate
specific repeat hexamers of "TTAGGG" and "CCCTAA", while known
Anseriformes-specific centromeric repeat sequences (Uno et al., 2019)
were mapped with RepeatMasker.
Orthologous chromosome pairs were identified by searching for synteny between the tufted duck and mallard genomes. The two genomes
were aligned with Minimap2 (Li, 2018) using options ’–secondary=no
-asm 10’ and the primary alignments were used as a proxy for synteny
between the two genomes. Primary alignments between regions are
shown in a circos plot (Krzywinski et al., 2009) in Figure S2.9.
2.7.6

PacBio cDNA library preparation and sequencing

Two micrograms of total RNA from each sample in four parallel reactions were converted to cDNA using the Teloprime full-length cDNA
amplification kit (013, v1) according to the manufacturer’s instructions
(Lexogen, Vienna, Austria). After end-point PCRs, all samples were
tested for quality and quantity. The product size distribution was visualised using an Agilent 2200 Tapestation using D5000 screen tape.
The library concentration was measured on a Qubit 3 (Thermo Fisher
Scientific, Waltham, MA, USA) with high-sensitivity DNA reagents
(Table S2.9). Technical replicates were pooled and selected for PacBio
Iso-Seq assays. The samples were sequenced at Edinburgh Genomics
using Sequel (version 2.1) chemistry.
2.7.7

Gene/transcript model reconstruction

Illumina raw RNA-Seq reads were quality checked and filtered using
FastQC (0.11.8) (Andrews, Krueger, et al., 2012) and Trimmomatic (0.38)
(Bolger et al., 2014), respectively. Corrected reads were mapped to the
genome using HISAT2 (2.2.0) (Kim, Langmead, et al., 2015; Kim, Paggi,
et al., 2019) and transcript models assembled using StringTie2 (2.1.1)
(Kovaka et al., 2019). The resulting transcript models file was converted
with tama_format_gtf_to_bed12_stringtie.py. In the remainder of
this manuscript, all tools described as starting with "tama_" are part of
the software suite Transcriptome Annotation by Modular Algorithms
(Kuo, Cheng, et al., 2020), except for tama_merge_report_parser.pl
(Mueller, 2021a).
PacBio raw Iso-Seq reads were pre-processed using the IsoSeq3
pipeline to obtain full-length, non-chimeric reads (FLNC; first three
steps in (PacificBiosciences, 2020b); ccs 3.3.0, lima 1.8.0, refine 3.1.0).
Afterwards, fasta sequences were extracted from bam files using Bamtools 2.5.1 (Barnett et al., 2011) and poly-A tails were trimmed using
tama_flnc_polya_cleanup.py (20191022). These FLNC were mapped
to the reference genome with the splice site-aware mapper Minimap2
2.17-r974-dirty (Li, 2018). Redundant transcript models were collapsed
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with the capped flag (-x capped) using tama_collapse.py when coverage was at least 95% (-c 95). Additionally, 5’ threshold and 3’ threshold
(tolerance in bp for grouping reads) were set to 100 (-a 100 -z 100).
2.7.8

Functional annotation

Transcript models from all six tissues inferred by the short-read and longread pipelines were merged based on similarity using tama_merge.py
(options -a 100 -z 100 -d merge_dup) with different priorities for splice
junctions and transcript end sites. Short-read inferred transcript models were given higher priority on splice junctions, whereas long-read
inferred transcript models were given higher priority on transcript
end sites. Nucleotide sequences based on coordinates in the merged
transcriptome were extracted from the reference genome using Bedtools (2.29.0) (Quinlan and Hall, 2010). The protein-coding potential
was predicted with CPC2 (0.1) (Kang et al., 2017) based on the transcripts’ sequence features. Open reading frames (ORFs) were predicted
and translated into amino acid sequences using tama_orf_seeker.py.
Putative protein-coding sequences were identified in the UniProt/UniRef50 database (2019_10) (Consortium, 2019) using Blastp (2.9.0)
(Altschul, Gish, et al., 1990). The results were filtered for top hits with
tama_orf_blastp_parser.py, and a new annotation with coding sequence (CDS) regions created using tama_cds_regions_bed_add.py.
2.7.9

Identification of RIG-I/DDX58

The nucleotide sequence of the antiviral innate immune response receptor RIG-I/DDX58 in mallard (Anas platyrhynchos, NP_001297309.1)
was used to search the tufted duck genome assembly using default
Tblastn (Altschul, Madden, et al., 1997) settings on NCBI. The protein sequences of the mallard RIG-I/DDX58 were downloaded (two
isoforms) and the predicted tufted duck ORFs searched in these using
Blastp (2.10.0+). Matching ORFs were aligned with the mallard isoforms using Clustal (Larkin et al., 2007), and protein variation analysed
using PROVEAN (Choi and Chan, 2015) and SIFT (Ng and Henikoff,
2003). Transcription factor binding sites (TFBS) were identified 1 kb
upstream of RIG-I/DDX58 in each species and compared by searching
the TRANSFAC database (Matys et al., 2003) with the software P-Match
(Chekmenev et al., 2005).
2.7.10

Tissue-specific expression analysis

In addition to merging transcript models, tama_merge.py also creates
gene and transcript reports which trace the source (in this case: pipeline
and tissue) of each gene and transcript, respectively. The gene report
was parsed with tama_merge_report_parser.pl (Mueller, 2021a) and
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filtered for genes found in UniRef50: Each gene was assigned a binary
TRUE or FALSE label depending on the support of each of the twelve
possible sources (two pipelines and six tissues). The result was loaded
into UpSetR (Conway et al., 2017; R Core Team, 2018) to visualise
intersections of tissue-specific evidence for an expressed gene in each
pipeline.
2.7.11

Small RNA analyses

Illumina raw reads were quality checked with FastQC (0.11.8) (Andrews, Krueger, et al., 2012) and adapters removed with Cutadapt
(2.10) (Martin, 2011). Corrected reads were mapped to the reference
genome using STAR (2.7.3a) (Dobin et al., 2013) and assembled with
Cufflinks (2.2.1) (Roberts, Pimentel, et al., 2011; Roberts, Trapnell, et al.,
2011; Trapnell, Hendrickson, et al., 2013; Trapnell, Williams, et al., 2010).
Nucleotide sequences were extracted from the reference genome at
the assembled transcripts’ coordinates using Bedtools getfasta -split
(2.29.2), and transcript lengths extracted from the output of Samtools
faidx (Li, Handsaker, et al., 2009). All plots were created using the
package ggplot2 (Wickham, 2016) in RStudio (R Core Team, 2018;
RStudio Team, 2016).
The tool cmscan (1.1.3) from the software suite Infernal (Nawrocki
and Eddy, 2013) was used to predict structural RNAs in the reference
genome (in silico) and to annotate assembled small RNA transcripts (in
vitro) based on Rfam (Kalvari, Argasinska, et al., 2018; Kalvari, Nawrocki,
Argasinska, et al., 2018) covariance models (CM) downloaded from
ftp://ftp.ebi.ac.uk/pub/databases/Rfam/14.2.
The output of cmscan (tblout) was converted to gff3 annotation files
using tblout2gff3.pl (Mueller, 2021a). Shared intervals between in
silico and in vitro annotations were identified with the intersect option
of Bedtools (2.29.2) (Quinlan and Hall, 2010).
2.8

abbreviations

AIV - Avian influenza A virus | BSL - Biosafety level | CLR - Continuous
long reads | DLS - Direct label and stain | FLNC - Full-length, nonchimeric reads | HPAIV - Highly pathogenic avian influenza virus |
LPAIV - Low pathogenic avian influenza virus | NGS - Next-generation
sequencing | ORF - Open reading frame | SMRT - Single-molecule,
real-time | TAMA - Transcriptome annotation by modular algorithms
| VGL - Vertebrate Genomes Lab | VGP - Vertebrate Genomes Project
| ZMW - Zero-mode waveguide
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Figure S2.1: The pseudoautosomal region collapsed in to single copy on Z
with no representation on W. Chromosomes Z and W are distinct
separate entities in the Hi-C 2d map; however, both chromosomes
are more fragmented than autosomes due to half coverage.
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Figure S2.2: Comparison of genomic repeat content between tufted duck
(bAytFul2.pri) and the mallard (ZJU1.0). Repeat content is shown
for the major repeat classes and within each class the major repeat
types are also shown.

Figure S2.3: Comparison of repeat and unique sequence content in orthologous
chromosome pairs between tufted duck (aful) and mallard (apla).
Repeat content is shown for individual chromosomes for chr1
to chr15. Repeat content in the smaller chromosomes are shown
under afulSmall and aplaSmall by merging together the sequences
of the smaller chromosomes. Repeat content in the unplaced
sequences are shown in afulUnplaced and aplaUnplaced.
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Figure S2.4: Identified telomeric and centromeric repeats in the tufted duck
genome assembly. Frequency of telomere and centromere specific
repeats were calculated in 10kb windows.
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Figure S2.5: Distribution of single-and multi-exon transcripts per tissue and
pipeline. Only the first 30 groups are shown.

Figure S2.6: Protein-coding potential calculated by CPC2 intersected with hits
against the UniRef50 database (merged transcripts of all tissues
and pipelines).
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Figure S2.7: Pipeline-tissue-specific expression of genes found in UniProt:
Tissue-exclusive Illumina genes marked yellow, tissue-exclusive
PacBio genes marked blue. Bottom left panel: total number of
identified genes by pipeline and tissue ordered by the number
of identified genes. Main panel: 12 grouped sets (pipeline-tissue)
with exclusive genes plus top three intersections with other
pipeline or tissue. The number of annotated genes was generally
higher with Illumina transcriptome reconstruction than with that
of PacBio. In both pipelines, testis expressed the highest number
of genes exclusively, with 810 in Illumina data and 167 from
PacBio.

Figure S2.8: Length distribution of small RNA transcripts follow decaying
function with peaks at 20 bp (30 bp in testis) and 50 bp. Vertical
bars at 20 bp, 50 bp and 200 bp were added.
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Figure S2.9: Orthologous chromosome pairs of tufted duck (aful) and mallard
(apla).
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12,903,339

15,373,460

16,129,940

17,816,505

19,924,658

21,173,751

21,526,058

21,928,510

22,162,769

26,470,423

32,406,269

37,637,229

39,452,091

64,714,765

76,505,370

119,467,459

158,529,885

206,331,808

length [bp]

Ungapped

n/a

n/a

120,298

18,736,694

85,905,639

723,082

983,965

1,164,621

1,405,878

1,560,659

2,844,608

3,167,070

5,453,253

5,835,185

6,693,931

6,710,917

7,507,630

7,582,326

8,424,528

11,861,279

11,953,284

12,903,739

15,484,054

16,262,610

17,816,505

19,924,658

21,228,795

21,526,058

21,928,510

22,162,769

26,499,672

32,406,295

37,840,942

39,514,636

65,067,180

76,878,203

119,491,689

159,650,012

207,018,403

N50 [bp]

Scaffold

163

n/a

20

21

20

0

2

1

3

3

7

4

2

5

0

4

0

0

0

0

1

2

2

3

0

0

2

0

0

0

2

2

3

1

4

8

8

16

17

gaps

Spanned

0

n/a

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

gaps

Unspanned

46.53

n/a

54.07

46.44

40.05

50.02

52.89

50.72

49.89

53.60

56.04

56.40

48.27

52.33

51.92

51.08

50.44

48.80

47.64

46.78

48.04

46.89

45.48

45.62

44.63

44.47

42.66

42.11

43.10

43.16

42.73

41.88

41.60

41.08

41.28

39.67

40.07

39.74

40.00

content

%GC

49,746

11

751

1,506

2,878

42

117

122

87

103

314

357

397

500

540

539

494

487

550

657

699

780

881

951

949

990

1,056

944

1,036

1,072

1,283

1,449

1,573

1,659

2,886

2,875

4,698

5,723

7,790

genes

Predicted

14,099

4

154

329

772

11

54

38

17

46

129

171

145

232

215

228

192

138

203

259

257

243

299

303

343

292

301

311

334

298

363

440

454

420

846

729

1,141

1,335

2,053

genes

Annotated

Table S2.1: Assembly and annotation statistics. Columns 1–10 from https://www.ncbi.nlm.nih.gov/assembly/GCF_009819795.1#/def_asm_Primary_Assembly,
%GC content after curation, predicted and annotated genes (after conservative filtering) per scaffold from the final annotation. Table ordered by
chromosomes (named based on descending size) plus unplaced scaffolds (aggregated) and mitochondrion.

2.10 supplementary data
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Table S2.2: Assembly metrics before and after curation (excluding mitochondrion). Karyotype is 39 chromosome pairs, while 34 autosomes plus
Z and W chromosomes were identified. Total length: 1,126,988,109
bp; assigned to chromosomes: 1,122,119,279 bp (99.56%).

Assembly metrics
Scaffolds

Contigs

Before

After

Total [bp]

1,136,615,867

1,126,988,109

Count

123

104

N50 [bp]

72,361,183

85,905,639

L50

4

4

N90 [bp]

12,903,048

15,484,054

L90

18

19

Total [bp]

1,117,782,556

1,117,570,712

Count

270

266

N50 [bp]

17,816,505

17,816,505

L50

19

19

N90 [bp]

4,225,905

4,225,905

L90
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Table S2.3: Gene prediction and transcript model reconstruction by pipeline
and tissue of the ORFs matching the mallard RIG-I gene.
Protein

Gene

Predicted in

Transcript

Reconstructed in

IFIH1

G24916

Illumina (all

G24916.1

Illumina (spleen, testis)

tissues), PacBio

G24916.2

Illumina (spleen, testis)

(brain, ileum,

G24916.3

Illumina (brain)

lung, testis)

RIG-I/
DDX58

G46857

G24916.4

Illumina (brain, lung, ovary)

G24916.7

Illumina (ileum)

G24916.8

Illumina (ileum)

Illumina (all

G46857.2

Illumina (brain, lung)

tissues), PacBio

G46857.3

Illumina (il., ov., sp., te.)

(brain, il., lu.)

G46857.4

PacBio (lung)

2.10 supplementary data

Table S2.4: Protein variation effect analysis of 14 substitutions and one insertion
with PROVEAN predicted no impact of the varying sites in the
tufted duck RIG-I/DDX58 gene on biological function.

Variant

PROVEAN score

Prediction (cutoff = -2.5)

-0.817

Neutral

R180S

0.660

Neutral

V240A

-0.149

Neutral

S400_A401insS

2.222

Neutral

V616A

1.092

Neutral

P677L

-2.167

Neutral

T845I

0.851

Neutral

D4E

0.619

Neutral

S126N

-0.581

Neutral

N259D

0.385

Neutral

T362S

-0.225

Neutral

A475V

-1.016

Neutral

L497V

-1.106

Neutral

N655S

0.336

Neutral

K768E

-1.452

Neutral

S8G
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Table S2.5: According to SIFT, all amino acid substitutions are predicted to
be tolerated in the varying sites in the tufted duck RIG-I/DDX58
gene.
Position

Substitution

Prediction

Score

Median
sequence
conservation

Sequences
represented
at
this
position

4

D to E

TOLERATED

1.00

3.57

4

8

S to G

TOLERATED

0.26

3.57

4

126

S to N

TOLERATED

0.26

3.39

5

180

R to S

TOLERATED

0.12

3.39

5

240

V to A

TOLERATED

0.55

3.35

6

259

N to D

TOLERATED

0.58

3.05

8

362

T to S

TOLERATED

0.49

3.05

8

475

A to V

TOLERATED

0.56

3.39

6

497

L to V

TOLERATED

0.12

3.11

7

616

V to A

TOLERATED

0.58

3.05

8

655

N to S

TOLERATED

0.92

3.05

8

677

P to L

TOLERATED

0.24

3.05

8

768

K to E

TOLERATED

0.86

3.05

8

845

T to I

TOLERATED

0.73

3.05

8

Table S2.6: Transcription factor binding sites 1 kb upstream of the RIGI/DDX58 gene are identical in mallard and tufted duck according
to P-Match.
Matrix identifier

Position
(strand)

Core

Matrix

Sequence
(always the
(+)-strand is
shown)

Factor name

d-scored-score
V$NKX25_02

63 (+)

1.000

1.000

caTAATTa

V$NFKAPPAB65_01

331 (-)

1.000

1.000

GGAAAttccc

NF-kappaB (p65)

Nkx2-5

V$CREL_01

331 (-)

1.000

1.000

GGAAAttccc

c-Rel

V$NFKAPPAB_01

331 (-)

1.000

1.000

ggaaaTTCCC

NF-kappaB
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Table S2.7: RNA extraction

Sample

Weight [mg]

Concentration [ng/µL]

RIN

TD_brain_52037

123

202.7

9.2

TD_ileum_52037

42

958.2

10.0

TD_lung_52037

37

221.6

9.5

TD_ovary_52037

55

1037.4

9.5

TD_spleen_52037

53

2109.8

9.4

TD_testis_54068

63

989.3

9.7

Weight [mg]

Concentration [ng/µL]

RIN

TD_brain_F52037

29

852.87

9.3

TD_ileum_F52037

16

727.93

10.0

TD_lung_F50325

15

402.63

9.7

TD_ovary_F50325

12

368.79

9.4

TD_spleen_F50325

5

823.70

9.5

TD_testis_M54068

19

722.62

9.4

Table S2.8: small RNA extraction

Sample

Table S2.9: cDNA libraries for Iso-Seq

Sample

Concentration [ng/µL]

TD_brain_52037

46.2

TD_ileum_52037

43.2

TD_lung_52037

33.2

TD_ovary_52037

41.0

TD_spleen_52037

66.8

TD_testis_54068

45.2
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Listing S2.1: Tblastn result of Query: antiviral innate immune response
receptor RIG-I [Anas platyrhynchos] Query ID: NP_001297309.1
Length: 933.
>PREDICTED : Aythya fuligula DExD/H-box helicase 58 (DDX 58) , mRNA
Sequence ID: XM _032205362.1 Length : 5179
Range 1: 329 to 3130
Score :1882 bits (4875) , Expect :0.0 ,
Method : Compositional matrix adjust .,
Identities :918/934(98 %), Positives :926/934(99%) , Gaps :1/934(0%)
Query

1

Sbjct

329

Query

61

Sbjct

509

Query

121

Sbjct

689

Query

181

Sbjct

869

Query

241

Sbjct

1049

Query

301

Sbjct

1229

Query

361

Sbjct

1409

Query

420

Sbjct

1589

Query

480

Sbjct

1769

Query

540

Sbjct

1949

Query

600

Sbjct

2129

Query

660

Sbjct

2309

Query

720

Sbjct

2489

Query

780

Sbjct

2669

Query

840

Sbjct

2849

Query

900

Sbjct

3029

MTADEKRSLQCYRRYIERSLNPVYVLGNMTDWLPDelrerirkeeerGVSGAAALFLDAV
MTA+EKR LQCYRRYIERSLNPVYVLGNMTDWLPDELRERIRKEEERGVSGAAALFLDAV
MTAEEKRGLQCYRRYIERSLNPVYVLGNMTDWLPDELRERIRKEEERGVSGAAALFLDAV

60

LQLEARGWFRGMLDAMLAAGYTGLAEAIENWDFSKLEKLELHRQLLKRIEATMLEVDPVA
LQLEARGWFRGMLDAMLAAGYTGLAEAIENWDFSKLEKLELHRQLLKRIEATMLEVDPVA
LQLEARGWFRGMLDAMLAAGYTGLAEAIENWDFSKLEKLELHRQLLKRIEATMLEVDPVA

120

LIPYISTCLIDRECEEIQQISENRSKAAGITKLIECLCRSDKEHWPKSLQLALDTTGYYR
LIPYI+ TCLIDRECEEIQQISENRSKAAGITKLIECLCRSDKEHWPKSLQLALDTTGYY
LIPYINTCLIDRECEEIQQISENRSKAAGITKLIECLCRSDKEHWPKSLQLALDTTGYYS

180

ASELWDIREDNAKDVDSEMTDASEDCLEASMTYSEEAEPDDNLSENLGSAAEGIGKPPPV
ASELWDIREDNAKDVDSEMTDASEDCLEASMTYSEEAEPDDNLSENLGSAAEGIGKPPP
ASELWDIREDNAKDVDSEMTDASEDCLEASMTYSEEAEPDDNLSENLGSAAEGIGKPPPA

240

YETKKARSYQIELAQPAINGKNALICAPTGSGKTFVSILICEHHFQNMPAGRKAKVVFLA
YETKKARSYQIELAQPAI + GKNALICAPTGSGKTFVSILICEHHFQNMPAGRKAKVVFLA
YETKKARSYQIELAQPAIDGKNALICAPTGSGKTFVSILICEHHFQNMPAGRKAKVVFLA

300

TKVPVYEQQKNVFKHHFERQGYSVQGISGENFSNVSVEKVIEDSDIIVVTPQILVNSFED
TKVPVYEQQKNVFKHHFERQGYSVQGISGENFSNVSVEKVIEDSDIIVVTPQILVNSFED
TKVPVYEQQKNVFKHHFERQGYSVQGISGENFSNVSVEKVIEDSDIIVVTPQILVNSFED

360

GTLTSLSIFTLMIFDECHNTTGNHPYNVLMTRYLEQKFNS - ASQLPQILGLTASVGVGNA
G+ LTSLSIFTLMIFDECHNTTGNHPYNVLMTRYLEQKFNS ASQLPQILGLTASVGVGNA
GSLTSLSIFTLMIFDECHNTTGNHPYNVLMTRYLEQKFNSSASQLPQILGLTASVGVGNA

419

KNIEETIEHICSLCSYLDIQAISTVRENIQELQRFMNKPEIDVRLVKRRIHNPFAAIISN
KNIEETIEHICSLCSYLDIQAISTVRENIQELQRFMNKPEIDVRLVKRR +HNPFA IISN
KNIEETIEHICSLCSYLDIQAISTVRENIQELQRFMNKPEIDVRLVKRRVHNPFAVIISN

479

LMSETEALMRTIYSVDTLSQNSKKDFGTQNYEHWIVVTQRKCRLLQLEDKEEESRICRAL
LMSETEALMRTIYSVDT + SQNSKKDFGTQNYEHWIVVTQRKCRLLQLEDKEEESRICRAL
LMSETEALMRTIYSVDTVSQNSKKDFGTQNYEHWIVVTQRKCRLLQLEDKEEESRICRAL

539

FICTEHLRKYNDALIISEDARIIDALSYLTEFFTNVKNGPYTELEQHLTAKFQEKEPELI
FICTEHLRKYNDALIISEDARIIDALSYLTEFFTNVKNGPYTELEQHLTAKFQEKEPELI
FICTEHLRKYNDALIISEDARIIDALSYLTEFFTNVKNGPYTELEQHLTAKFQEKEPELI

599

ALSKDETNENPKLEELVCILDDAYRYNPQTRTLLFAKTRALVSALKKCMEENPILNYIKP
ALSKDETNENPKLEEL CILDDAYRYNPQTRTLLFAKTRALVSALKKCMEENPIL +YIKP
ALSKDETNENPKLEELACILDDAYRYNPQTRTLLFAKTRALVSALKKCMEENPILSYIKP

659

GVLMGRGRRDQTTGMTLPSQKGVLDAFKTSKDNRLLIATSVADEGIDIVQCNLVVLYEYS
GVLMGRGRRDQTTGMTL SQKGVLDAFKTSKDNRLLIATSVADEGIDIVQCNLVVLYEYS
GVLMGRGRRDQTTGMTLLSQKGVLDAFKTSKDNRLLIATSVADEGIDIVQCNLVVLYEYS

719

GNVTKMIQVRGRGRAAGSKCILVTSKTEVVENEKCNRYKEEMMNKAVEKIQKWDEETFAK
GNVTKMIQVRGRGRAAGSKCILVTSKTEVVENEKCNRYKEEMMNKAVE + IQKWDEETFAK
GNVTKMIQVRGRGRAAGSKCILVTSKTEVVENEKCNRYKEEMMNKAVEEIQKWDEETFAK

779

KIHNLQMKERVLRDSRRKEIKPKVVEGQKNLLCGKCKAYACSTDDIRIIKDSHHIVLGEA
KIHNLQMKERVLRDSRRKEIKPKVVEGQKNLLCGKCKAYACSTDDIRIIKDSHHIVLGEA
KIHNLQMKERVLRDSRRKEIKPKVVEGQKNLLCGKCKAYACSTDDIRIIKDSHHIVLGEA

839

FKERYTTKPHKKPMQFDGFEKKSKMYCRNNNCQHDWGITVKYLTFDNLPVIKIKSFVMES
FKERY TKPHKKPMQFDGFEKKSKMYCRNNNCQHDWGITVKYLTFDNLPVIKIKSFVMES
FKERYITKPHKKPMQFDGFEKKSKMYCRNNNCQHDWGITVKYLTFDNLPVIKIKSFVMES

899

TATGTQMDFQKWKSINSSLKNFDVEEMSNLYPPF
TATGTQMDFQKWKSINSSLKNFDVEEMSNLYPPF
TATGTQMDFQKWKSINSSLKNFDVEEMSNLYPPF

933
3130.

508

688

868

1048

1228

1408

1588

1768

1948

2128

2308

2488

2668

2848

3028
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3.1
Keywords: True
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abstract

background

Genomes are composed of DNA fragments with
different histories potentially caused by gene duplications and
losses, incomplete lineage sorting, and introgressive hybridisation.
Hybridisation, crossing two different species through sexual reproduction, can occur naturally on large time scales and can be further
reinforced anthropogenically on shorter time scales. Introgressive
hybridisation poses challenges for conservation plans which strive to
identify the smallest entity to protect. Waterbirds, most prominently
geese and ducks, are known to hybridise frequently, but it remains
challenging to quantify introgressive hybridisation.

methods

We applied the multispecies network coalescent model
as implemented in the BEAST2 package SpeciesNetwork to quantify
introgression using 20 true geese genome assemblies. We sampled
the genomes for three types of loci likely exposed to different selection pressure: (i) 1000 stochastically sampled loci, (ii) 128 immune
genes, (iii) 297 ultraconserved elements. Due to the large amount of
data, we ran BEAST2 in multiple parallel chains for each dataset to
compare, confirm and combine results.

results

With frequent analyses of intermediate results, the computations were ultimately terminated after >2 Mio CPU hours. Only
the ultraconserved elements dataset appeared suitable for downstream analysis, but the phylogenomic network revealed no reliable
result. However, the stress-test of a Bayesian analysis involving this
amount of data allowed us to better understand the scale of such
endeavour, which we present as ’lessons learnt’ in the discussion.

3.2 introduction

3.2
3.2.1

introduction
Implications of introgression and incomplete lineage sorting on evolutionary history and conservation

’Genomes are mosaics of many different gene histories’ (Ellegren, Smeds,
et al., 2012), which might lead to discordance between phylogenetic gene
trees. Therefore, it is often insufficient to infer species relationships from
a single gene tree (Edwards, 2009). Biological processes responsible
for phylogenetic incongruence can be, among others, gene duplications, incomplete lineage sorting (ILS) or introgression (Degnan and
Rosenberg, 2009; Maddison, 1997; Pamilo and Nei, 1988). Incomplete
lineage sorting arises via some alleles at a genomic locus that does not
segregate like the remainder of the genome into the arising lineages
after a speciation event. On the other hand, introgressive hybridisation,
or simply introgression, describes the exchange of alleles between evolutionary lineages through hybridisation and repeated backcrossing
to one parental species with DNA incorporation. In order to unravel
speciation and diversification events, it is crucial to differentiate these
causes. In analysing incongruence, conflicting gene histories can be
used to infer divergence times and population sizes (Rannala and Yang,
2003; Wall, 2003).
Hybridisation can occur naturally over long periods through subtle
geophysical shifts in the environment and might be a source of variation
for adaptation to new environments (Lewontin and Birch, 1966). The
possible outcomes cover the whole range from hybrid speciation to
speciation reversal (Seehausen, 2004; Vonlanthen et al., 2012). In birds,
hybridisation is common. An estimated 16% of all bird species in nature
have hybridised with at least one other species (Ottenburghs, Kraus,
et al., 2017). However, several avian hybrid zones originated in the last
century due to human activities (Barilani et al., 2007; Bedoya and Murillo,
2012; Clarke et al., 2001). Climate change, landscape fragmentation and
alien species introduction are just a few sources of drastic anthropogenic
environmental changes that can facilitate hybridisation. It is, therefore,
crucial to understand the different outcomes of hybridisation as they
could be positive, neutral or negative for species’ success. Studying
past introgression events in an evolutionary context might shed some
light on deciding on the smallest entity to consider in conservation and
protection plans and whether hybridisation should be supported or
prevented to protect species from extinction.
3.2.2

Quantification of introgression with the multispecies network coalescent

In population genetics, coalescent theory (Hudson, 1983; Kingman,
1982; Tajima, 1983) is widely applied to model genealogies: a subset
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of gene lineages from different individuals within one population
is traced backwards in time to infer their ancestry. The process was
then extended to model multiple populations (or species) with gene
genealogies traversing within the species tree (Liu et al., 2009; Rannala
and Yang, 2003). Such a model is commonly known as the multispecies
coalescent and is a powerful model to resolve gene tree-species tree
discordance (Holder et al., 2001; Rannala and Yang, 2003). However,
the multispecies coalescent model assumes complete isolation after
speciation and thus does not model hybridisation or introgression, and
gene trees discording with the species tree are purely due to ILS.
The multispecies network coalescent was consequently introduced
to account for both speciation and introgressive hybridisation (Yu
et al., 2014). The species’ relationship is a network with reticulations
as introgressions instead of a tree with bifurcations as speciations.
The multispecies network coalescent model has been implemented
in software packages such as PhyloNet (Than et al., 2008; Wen et al.,
2016) and the BEAST2 (Bouckaert et al., 2019) add-on SpeciesNetwork
(Zhang, Ogilvie, et al., 2018) under the Bayesian phylogenomic setting.
These packages can infer the network topology of a group of species
to characterise introgressions. Besides, D-statistics and ABBA-BABA
tests (Durand et al., 2011; Green et al., 2010) have been developed
to assess introgression. Such tests only tell whether introgressions
happened among maximally three focal species (with one outgroup).
In contrast, Bayesian methods infer and quantify species relationships,
thus providing a refined picture of how introgressions happened in
evolutionary history (amount, direction and time in coalescent units);
however, at the cost of much heavier computation.
3.2.3

Iterative computations are CPU-intensive

The computation in BEAST2/SpeciesNetwork is based on a Markov
chain Monte Carlo (MCMC) algorithm in a Bayesian framework (BEAST
stands for ’Bayesian Evolutionary Analysis by Sampling Trees’). In principle, this is an iterative process where one iteration informs input
parameters for the next. With each iteration, network and model parameters are sampled from the posterior distribution using MCMC
to maximise the probability of observed sequence data predicted by
the model. The longer the chain remains at a maximum, the higher
the effective sample size (ESS), and a desirable empirical ESS of >200
suffices to terminate the computation. Samples before this maximum
are discarded as ’burnin’, and the remaining samples should follow
a normal distribution indicating proper mixing. Unfortunately, it is
in the nature of iterative computations that they cannot facilitate the
full potential of parallel computing. However, multiple independent
BEAST2 instances–each running on one CPU–can be launched, and
once an MCMC chain remains on a (global) maximum, the computation

3.2 introduction

can be terminated. Individual chains which fulfilled this criterium and
have an equal posterior probability can be combined to reach a higher
total ESS. For an in-depth explanation of MCMC and species networks,
the interested reader is referred to Bouckaert et al. (2019) and Zhang,
Ogilvie, et al. (2017).
3.2.4

Stochastic sampling to avoid selection bias

Sequence variation is not evenly distributed throughout a genome. For
instance housekeeping genes, which are required for basic cellular functions and almost always active, evolve slowly and are highly conserved
(Zhang and Li, 2004). On the other hand for example, the molecular
sequence responsible for species-specific pathogen recognition on the
toll-like receptor requires high variation (Alcaide and Edwards, 2011).
Randomly sampling the genome ignores features and boundaries of
functional or non-functional elements and may thus serve as a baseline
for species relationships under the assumption of neutral evolutionary
rate.
3.2.5

Immune genes evolve under purifying selection

Pathogens, particularly viruses, pose selective pressure on immune
genes (Deschamps et al., 2016; Shultz and Sackton, 2019), and are
therefore candidates for introgression (Deschamps et al., 2016).
3.2.6

Ultraconserved elements as anchors for phylogenetic markers

An ultraconserved element (UCE) is a highly conserved region in the
genome (≥ 80% identity over ≥ 100 bp), orthologous over great evolutionary distance (Bejerano et al., 2004). While reasons for this high degree
of conservation remain elusive (Siepel et al., 2005), UCEs are relatively
easy to identify and serve as an anchor for variable flanking regions,
containing sufficient variation for phylogenetic analyses (Faircloth et al.,
2012). Initially, UCEs were used for target enrichment studies where
whole-genome sequencing was too expensive. However, the probe set
containing >5,000 UCEs can also be used to search and filter whole
genomes for informative phylogenetic markers (Edwards et al., 2017;
Faircloth et al., 2012; Lemmon and Lemmon, 2013; McCormack et al.,
2012; Siepel et al., 2005).
3.2.7

Study aim

True geese (tribe Anserini) currently consist of two genera, Anser with
eleven and Branta with six species, and hybridisation is common with
at least 74 observed geese hybrids using D-statistics (Durand et al., 2011;
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Ottenburghs, Megens, Kraus, van Hooft, et al., 2017). For these previous
studies, genomes of 20 true geese (tribe Anserini, including subspecies
Anser caerulescens atlantica, A. c. caerulescens, Branta bernicla bernicla, B. b.
hrota and B. b. nigricans) were re-sequenced (Ottenburghs, Kraus, et al.,
2017; Ottenburghs, Megens, Kraus, Madsen, et al., 2016; Ottenburghs,
Megens, Kraus, van Hooft, et al., 2017; Ottenburghs, van Hooft, et al.,
2016) and the phylogeny inferred using a maximum likelihood approach
as implemented in RAxML (Stamatakis, 2006).
By applying the multispecies network coalescent model implemented
in the BEAST2 package SpeciesNetwork, we strive to keep this research
topic on quantifying introgression up to date. Generally, slowly evolving
and more conserved sequences are favoured to resolve between-species
phylogenies, while fast evolving and more variable sequences are used
for within-species relationships. We reduced the whole genome dataset
by filtering sequences randomly (stochastic sampling), presumably
exposed to purifying selection (immune genes) and highly conserved
(UCEs) as phylogenetic markers to reconstruct and compare the phylogeny of true geese by explicitly allowing for reticulate evolution. We
expected immune genes under selective pressure to be preferred candidates for introgression in the framework of neutrally evolved regions,
however, only the UCE dataset qualified for downstream analysis,
which is exemplified within the scope of this inconclusive study.
3.3

materials and methods

Illumina re-sequenced genome assemblies (sequencing depth ~15x) of
20 different geese species (including subspecies) in the genera Anser
and Branta (Table 3.1) were readily available through (Ottenburghs,
Kraus, et al., 2017) (NCBI BioProject PRJEB20373).
3.3.1

Genome assemblies were filtered for UCEs

Illumina raw reads were quality checked and filtered using FastQC
(0.11.4) (Andrews, Krueger, et al., 2012) and Trimmomatic (0.36) (Bolger
et al., 2014), respectively. UCEs were extracted by deploying parts of
the phyluce v1.5.0 pipeline as described in (Faircloth, 2016) using the
5k UCE probe set1 (Faircloth et al., 2012). In brief, quality-checked and
trimmed raw reads of the 20 geese genomes were assembled using
trinity v2.0.6. The assembled contigs were aligned to 5,041 UCEs using
lastZ (1.04.00, rel. 20170312) and matching UCE contigs stored in a data
matrix. Finally, FASTA files of UCE-containing contigs common in all
20 assemblies were filtered, and the resulting sequences aligned using
MAFFT (7.130b). The filtering and alignment steps were repeated for

1 https://raw.githubusercontent.com/faircloth-lab/uce-probe-sets/master/
uce-5k-probe-set/uce-5k-probes.fasta

3.3 materials and methods

Table 3.1: Species and subspecies of the tribe Anserini in the family Anatidae
used in this study.
Species

Subspecies

Greater white-fronted goose

Anser albifrons

Greylag goose

Anser anser

Pink-footed goose

Anser brachyrhynchus
Anser caerulescens

Common name

A. c. atlantica
A. c. caerulescens

Lesser (“blue”) snow goose
Greater (“white”) snow goose

Anser canagicus

Emperor goose

Anser cygnoides

Swan goose
Lesser white-fronted goose

Anser erythropus
Anser fabilis

Taiga bean goose

Anser indicus

Bar-headed goose
Ross’ goose

Anser rossii

Tundra bean goose

Anser serrirostris
Branta bernicla

B. b. bernicla

Dark-bellied brent goose

B. b. hrota

Pale-bellied brent goose

B. b. nigricans

Black brent goose

Branta canadensis

Canada goose

Branta hutchinsii

Cackling goose

Branta leucopsis

Barnacle goose

Branta ruficollis

Red-breasted goose

Branta sandvicensis

Hawaiian goose

the twelve Anser and eight Branta species separately. The three resulting
alignments were stored in NEXUS file format.
3.3.2

BEAST/SpeciesNetwork settings

Each alignment (one at a time) was loaded into BEAUti (2.5.0) (Bouckaert et al., 2019), with template SpeciesNetwork (0.12.2) (Table 3.2).
Default settings were applied according to the SpeciesNetwork tutorial2 , in brief, (i) ’Site Model’: ’Substitution Model’ to ’HKY’ (Hasegawa
et al., 1985), ’Kappa’ to ’estimate’, ’Frequencies’ to ’empirical’ and ’Substitution Rate’ to ’estimate’; (ii) ’Clock Model’: ’Clock Rate’ to unchecked
’estimate’; (iii) ’Priors’: ’netDivRate.t.Species’ to ’exponential’ with mean
= 10.0, ’originTime.t.Species’ to ’exponential’ with mean = 0.1 and ’popMean.t.Species’ to ’gamma’ with alpha = 2.0 and beta = 0.005. Each
BEAST2 configuration was saved as XML file.

2 https://github.com/zhangchicool/speciesnetwork/blob/master/tutorial/
tutorial.pdf
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Table 3.2: UCEs filtered in all assemblies and the two genera separately. The
split Anser and Branta UCE statistics are greyed out because the
MCMC chains of these sets never reached proper mixing for downstream analyses.

Genera
(Sub-) Species
UCE loci
Nucleotides [avg]
Unique site patterns

Anser + Branta

Anser

Branta

20

12

8

297

724

1522

3245

3244

3499

164

83

82

Multiple instances (at first ten, later increased to 30) of BEAST2
were launched for each XML input file and virtually ran indefinitely
by resuming terminated computations. Intermediate SpeciesNetwork
logs were regularly inspected with Tracer (Rambaut et al., 2018) for
proper mixing in MCMC chains and if the chain reached a (presumable) global maximum in the search space. Once the computations
were ultimately terminated, all samples before the stable (and presumably global) maximum were discarded as ’burnin’ using the BEAST2
package LogCombiner. Suitable logs were then combined also using
LogCombiner with 0 burnin. After that, the appropriate tree files were
trimmed and combined accordingly, and a summary tree file created
in BEAST2 as described in the SpeciesNetwork tutorial. The resulting
tree/network with the highest probability was visualised in IcyTree
(Vaughan, 2017). If there were introgression in the species network, it
would be presented as a dashed line and the probability of introgression
provided as inheritance probability γ between 0 and 1.
3.4

results

After approximately 1,162,830 total CPU hours for the three UCE
datasets3 , the BEAST2 computations were ultimately terminated. The
inspection of the split Anser and Branta SpeciesNetwork logs did not
reach a stable and presumably global maximum of the posterior probability. These results were thus discarded. In the combined Anser + Branta
computations, four MCMC chains reached a stable maximum of the
posterior probability (sample states, burnin and ESS of the individual
chains shown in Table 3.3). The resulting combined SpeciesNetwork
log had a sufficiently high ESS (>200) and indicated proper mixing
(Figure 3.1).
The respective SpeciesNetwork tree files were then combined with
the same settings as the log files. The summary tree/network description
3 Time frame from June 2018 through November 2020: ten parallel chains per UCE
dataset for 17 months followed by further parallelisation to 30 chains for twelve months.
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Table 3.3: BEAST2 results for promising chains with stable maxima and proper
MCMC mixing. All four chains had on average -1.541E6 posterior
probability after burnin. (ESS = effective sample size)

Sample set

States

Burnin

(Mio)

(Mio)

ESS
posterior

coalescent

AnserBrantaUCE1

715.825

150

96

135

AnserBrantaUCE2

662.250

150

72

96

AnserBrantaUCE3

566.825

150

58

94

AnserBrantaUCE4

546.770

295

37

28

1746.420

0

259

283

Combined log

Figure 3.1: The trace of four combined SpeciesNetwork logs (1,747,420,000
states) indicates proper mixing (stable maximum in the main panel
and normal distribution of the posterior probability, inlay panel)
and good ESS (magnified panel, centre).

file in extended Newick format (Cardona et al., 2008) was visualised in
IcyTree4 . The tree/network with the highest probability of 0.68 shows
five nodes (coloured) with introgression (dashed lines), however, with
very high or low inheritance probability (Figure 3.2). This indicates
neglectable introgression (γ close to 0) or the whole lineage indeed
traversed along the dashed branch (γ close to 1).
3.5

discussion

Our phylogenomic network analysis of geese genomes was a stress test
for state-of-the-art phylogenomics software implementing the multispecies network coalescent such as SpeciesNetwork. In the Species4 https://icytree.org
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Figure 3.2: The species network with five reticulations (dashed lines) based
on 297 UCE loci has a probability of 0.68. Reticulation nodes are
coloured red and purple for inheritance probability γ < 0.01, and
blue, green and olive for γ > 0.99. Horizontal grey bars show
age uncertainty as 95% highest posterior density interval (HPD;
covered if too small). Note: axis is coalescent units forwards in time
on a log scale.

Network tutorial, the authors analysed six independent loci with
200 nucleotides from three species, while we sampled 297 loci from
20 species with 3,245 nucleotides on average in the UCE dataset. We
assumed that running multiple individual instances of BEAST2 and
combining logs would suffice to ultimately reach a high enough ESS
but could not foresee the magnitude of such computations. We split the
genera expecting this would accelerate the computation; however the
opposite was true: while the average length of the sampled UCE loci in
the individual genera roughly remained the same (Table 3.2), naturally,
many more UCE loci were found to be shared in the split datasets,
which most likely overcompensated the benefit of analysing fewer
species. This assessment is supported by the observation that Anser (724
loci)–while still insufficient–reached better results than Branta (1522
loci) computations (data not shown).
Combining four promising BEAST2 results allowed us to finish the
analysis by combining their respective tree files to create a summary tree.
However, although the visual inspection in IcyTree revealed a species
network with a high probability (0.68), the reticulations indicate that
the lineage traversed along the solid branch (γ close to 1) or the dashed
branch (γ close to 0). This means that the UCE dataset revealed close to
no introgression. There is only one reticulation from Anser indicus (Barheaded goose) to Anser canagicus (Emperor goose) with 7.5% probability
(purple node, γ = 0.075), which could be indicative. Nevertheless, we
are not confident to draw any conclusions given the overall unreliable
reticulations in our analyses compared to the literature (Ottenburghs,
Megens, Kraus, van Hooft, et al., 2017). However, it should be noted
that hybridisation has been observed between these two species in
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Great Britain (Ottenburghs, van Hooft, et al., 2016) and confirmed by
Ottenburghs, Megens, Kraus, van Hooft, et al. (2017) using D-statistics.
Since such a tree/network inference is based on the multispecies
network coalescent, the result is calibrated in coalescent units (x-axis). It
is possible to re-calibrate the tree/network to million years by assuming
the mutation rate in the number of substitutions per site and million
years. Then, each branch length can be divided by that mutation rate to
get branch lengths in million years; however, we refrained from doing
so for lack of reliable results.
We chose to present the methods and results based on the UCE dataset
since it exemplifies arguably the most interesting filtering approach, and
was the only one revealing promising intermediate results. Although it
was one of the larger datasets, it also had twice as many unique site
patterns in the alignment (164) than the next complex dataset (UCE
Anser with 83), which seems beneficial for reasonably good mixing in
the MCMC chain.
The stochastic sampling dataset with 1,000 loci and 1,000 nucleotides
(data not shown), which was also split into Anser and Branta, never
reached proper mixing in the MCMC chains after a runtime comparable
to the UCE dataset, and was thus discarded. The alignment of these
datasets had 81 (Anser + Branta), 44 (Anser) and 39 (Branta) unique site
patterns, which we assume were too few to ultimately maximise the
probability of observed sequence data predicted by the SpeciesNetwork
model.
The immune gene dataset with 128 loci and 1,300 nucleotides on
average (data not shown) was significantly smaller than the stochastic
sampling and UCE datasets, and a few MCMC chains reached proper
mixing after approximately 65,000 CPU hours (10 chains Anser + Branta,
5 chains each Anser and Branta). The summary tree/network analysis
of the most promising Anser + Branta calculations resulted in a network
with probability 0.6. This network revealed reticulations from the
ancestor of A. fabilis, A. cygnoides and A. erythropus to A. canagicus with
inheritance probability γ = 0.63, and from B. leucopsis to B. ruficollis with
γ = 0.94. However, these findings could not be confirmed in the split
Anser and Branta datasets. On the contrary, the inferred phylogenies
did not reveal any reticulation, and the resulting best tree had a low
probability of 0.2. Therefore, the data did not allow us to conclude that
(some of) these immune genes introgressed. It appears more likely that
the results were inconclusive due to presumably too few unique site
patterns in this dataset (65 in Anser + Branta, 39 in Anser, 32 in Branta).

lessons learnt The underlying algorithms in BEAST2 and SpeciesNetwork are CPU-intensive, and at least our stochastic sampling and
UCE datasets simply too large for current-day CPUs. We were unsuccessful in facilitating the computing power of graphics processing units
(GPUs) for BEAST2/SpeciesNetwork which may have sped up the
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analyses. The underlying library BEAGLE utilising current-day hardware (CPUs, GPUs) for phylogenetic inferences was meanwhile updated
to BEAGLE3 with drastic improvements, particularly for challenging
datasets with few unique site patterns (Ayres et al., 2019).
For our analyses, we assumed that launching even more independent
chains would not have improved the result significantly. An obvious
measure to mitigate CPU-intensive calculations would have been reducing the number or length of filtered loci in our datasets, however,
at the cost of conclusive power. Another option would have been a
trial comparison beforehand with other software such as PhyloNet,
*BEAST (Heled and Drummond, 2010) and BPP (Flouri et al., 2020), at
least for a subset of our data.
A more sophisticated approach would have been the provision
of a priori information about the assumed network to the model as
implemented in SpeciesNetwork. One such prior would undoubtedly
be to fix the network topology to the one we believe likely to be true
(for example, as inferred by Ottenburghs, Megens, Kraus, Madsen, et al.
(2016)). Then we could test hypothesised hybridisations (as inferred by
Ottenburghs, Megens, Kraus, van Hooft, et al. (2017) using D-statistics)
and compare the inheritance probability γ at each reticulation branch in
the fixed network to see if any of them has, for instance, γ >0.1 or <0.9.
This certainly would have had a tremendous impact on computation.
More importantly, it likely would have increased the reliability since
updating the network topology without prior knowledge is challenging
if the number of loci exceeds about 100 (oral communication with the
developer of SpeciesNetwork). However, the appropriate setting in
SpeciesNetwork was not implemented (or documented) in the version
we used.
3.6

conclusions

Overall the multispecies network coalescent is a powerful tool to
disentangle species relationships by allowing for reticulation. By looking
at the whole genome of an organism, we are sampling a vast amount of
loci with different histories at the same time. Exploiting these differences,
we can infer the demographic history of a species which–in connection
with paleogeographical and -climate data–allows us to understand the
impact of environmental changes on a study species. If we focus on the
evolution of a single gene, we can learn how strong selection acts upon
it and if this gene has been laterally acquired through an introgressive
hybridisation event in the past or if instead, it remained unchanged
through ILS after a species split. This knowledge about hybridisation
events has a strong impact on how we understand species trees in
general, and how protein-coding genes under selective pressure are
impacted by introgressive hybridisation compared to the remainder
of the genome. Instead of inferring a strictly bifurcating structure on
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neutrally evolved genes, it is intriguing to analyse genomic regions
under varying selective pressure and allow for reticulations in a species
network to detect and quantify introgressive hybridisation.
3.7

abbreviations

ESS

estimated sample size

GPU

graphics processing unit

ILS

incomplete lineage sorting

MCMC

Markov chain Monte Carlo

UCE

ultraconserved element
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abstract

Species are currently being lost at rates that equal or exceed all
past mass extinctions. This human-induced sixth mass extinction
is detrimental to humans and the planet. Genomics could offer
powerful tools for stemming this loss through identifying species at
risk, distinguishing and modifying mutations that render species
vulnerable to change, and even resurrecting species post extinction.
Informing and reversing this current mass extinction will benefit
from error-free, chromosome-level genome assemblies, something
previously limited to a few well-studied species such as humans and
mice. Emerging genome technologies now make such assemblies
possible on many species, which will provide needed information
on genetic diversity, co-dependent species relationships, and genetic
engineering for adaptive potential.

4.2 introduction

4.2

introduction

Today we are in the early stages of a significant mass extinction event,
termed the ’current’ or ’sixth’ mass extinction. We consider the current
mass extinction to begin with the Late Pleistocene megafaunal extinctions between 50,000 to 10,000 years ago, which were human-driven
extinction events (Koch and Barnosky, 2006). Unlike previous mass
extinctions, the current event is being driven primarily by the activity of
a single species, humans. These activities include but are not limited to
the spread of pathogens and emerging diseases, habitat destruction and
exploitation, expanding human biomass, pollution, climate change, and
invasive species, all resulting in deleterious changes compounded over
decades and centuries (Ceballos, Ehrlich, and Dirzo, 2017; Isbell et al.,
2017; Rawat and Agarwal, 2015). As of 2020, the IUCN Red List includes
more than 28,000 fungal, plant, and animal species as threatened with
extinction, which is 27% of all species assessed, or over 1000 times the
background extinction rate absent human impacts (Alroy, 2015; Pimm
et al., 2014). The impact on biodiversity is expected to be catastrophic
with cascading secondary extinctions in food webs (Estes et al., 2011).
Relationships between predators and prey and between herbivores and
plants change as habitats are changed, influencing the number and
kinds of species (Estes et al., 2011; Isbell et al., 2017).
A necessary feature that enables species to adapt to changing environments, respond to natural selection pressures, and minimize the
accumulation of deleterious mutations, is genetic diversity (Frankham,
2005). Genetic diversity often correlates with population size (Ellegren
and Galtier, 2016; Leffler et al., 2012), where larger populations have
a greater genetic diversity to better adapt to changing conditions and
avoid inbreeding (Ho and Zhang, 2018). Conservation biologists are
therefore especially concerned about species that have experienced
strong population size bottlenecks, which can erase genetic diversity.
Genomics offers a powerful tool to characterize biodiversity and
genetic variation in unprecedented detail, among and within species
(Supple and Shapiro, 2018). Genomics cannot take the place of traditional biodiversity conservation efforts, but it complements them. From
genomics, new integrative strategies for conservation and restoration
can emerge by illuminating how gene flow occurs between populations,
identifying new potential species from isolated populations, determining population size and structure, revealing anthropogenic selection
pressures and understanding genetic responses. However, conservation
biologists have historically sampled only small fractions of a genome,
and until recently, only short DNA reads, hampering whole-genome
approaches for all but a few model species. Most researchers could
only afford imperfect genome reconstructions, often containing large
gaps and incomplete gene sets with extensive assembly and annotation
errors (Korlach et al., 2017). For example, it was challenging to fully
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understand the diverse patterns of linkage between genetic diversity
and population dynamics and why some populations thrive on high
genetic diversity while others struggle (e.g., Eurasian Beavers; Frosch
et al. (2014)). Recently, affordable, near error-free, chromosomal-level
whole-genome assemblies have become more accessible by combining
long-read and long-range scaffolding technologies. One group paving
the way towards making such reference, error-free, and complete
genomes has been the Vertebrate Genomes Project (VGP), as reported
in our companion flagship study (“A Reference Standard for Genome
Biology” 2018; Rhie et al., 2021).
This article highlights the most recent, novel technical developments
in genomics, how these add game-changing momentum to the conservation genetics community, and how they could help inform and
potentially reverse the species declines of the sixth mass extinction.
We address outstanding barriers that currently limit the application
of cutting-edge genome technology in conservation and restoration efforts and discuss ethical considerations arising alongside technological
advances.

mass extinctions

4.3
4.3.1

Past mass extinctions

Understanding how genomics can inform and help ameliorate the sixth
mass extinction event requires understanding previous mass extinction
events. Extinction rates have varied substantially over the >500 million
years since the Cambrian explosion of animal diversity (Bambach, 2006),
but five episodes of elevated mass extinction stand out (Walker et al.,
2018), namely in the :
• Late Ordovician (445-444 Ma);
• Late Devonian (372-359 Ma);
• Late Permian (252 Ma);
• Late Triassic (201 Ma);
• Later Cretaceous (66 Ma).
Among skeletonized marine animals, estimated global species losses
during these mass extinctions exceed 50% in each event (Barnosky,
Hadly, et al., 2017).
The causes of previous mass extinctions have been diverse (Bambach,
2006), but each involved a major disruption of Earth’s climate. Initial
perturbations include massive eruptions of flood basalts associated
with mantle-plume volcanism (Clapham and Renne, 2019) and asteroid
impacts (Schulte et al., 2010), which led to subsequent cascades of
environmental and ecological changes on timescales from thousands
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to hundreds of thousands of years. Recovery intervals were often
characterized by transitory ecosystems with low species diversity,
dominated by ecologically generalist species (Hull, 2015).
Recovery of species diversity to pre-extinction levels can take millions
of years, and some mass extinction events have led to lasting shifts in
ecosystem structure (Aberhan and Kiessling, 2015; Bambach et al., 2002;
McGhee et al., 2004). These shifts include drastic reshaping of landscapes,
and consequently, extinction was often highly selective to specific types
of species. Previously diverse and ecologically dominant lineages of
species can be completely wiped out, and surviving lineages may never
recover their former diversity (Jablonski, 2005). Mass extinctions thus
disproportionately mediate long-term biodiversity changes.
4.3.2

The current anthropogenic mass extinction

In the current human-induced sixth mass extinction, Earth is rapidly
losing biodiversity at a rate similar to or higher than the past extinction
events, with an estimated loss of three species per hour across all
life forms (Desalle and Amato, 2017). Over the last 500 years, there
has been a steady increase in both vertebrate extinctions (Ceballos,
Ehrlich, Barnosky, et al., 2015) and human population rates (https://
www.ecology.com/population-estimates-year-2050/), including a
sharp increase since the 1800s following the industrial revolution
(Figure 4.1a). Extinction rates for mammals, amphibians, birds, and
reptiles appear to be as fast or faster than rates during past extinction
events based on direct fossil-to-modern species comparisons (Barnosky,
Matzke, et al., 2011). Relative to a conservative background rate of two
vertebrate extinctions per 10,000 species per 100 years after the last mass
extinction and before human impact (Figure 4.1a), the human-induced
extinction rate is 100 times higher (Ceballos, Ehrlich, Barnosky, et al.,
2015). Other estimates propose rates as much as 1000 times higher
than normal (Alroy, 2015; Pimm et al., 2014). As with previous mass
extinction events, the loss of species is not distributed equally across
lineages or ecosystems. Birds and mammals have been more affected
relative to other vertebrates (Figure 4.1a), consistent with findings
of habitat loss and extinction rates in the 25 biodiversity ’hotspots’
(Johnson, Balmford, et al., 2017). Further, these larger-bodied species,
while more susceptible in the current circumstances, serve as a proxy for
the extinction risk of other less well-documented species (Malhi et al.,
2016). Bringing these two independently collected data sets together,
we find a near-perfect correlation between world human population
size and vertebrate extinction rates over the last 500 years, explaining
99.9% of the variation in extinction rates (Figure 4.1b). This suggests
that the current mass extinction event is directly associated with human
population growth.
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Figure 4.1: Relationships between extinction rates of vertebrates and
human population growth. a, The cumulative extinction rate of
all vertebrate species (left axis) and human population size (right
axis) over the last 500 years. Extinction rates were calculated based
on historical and current records of the IUCN animal extinction list
(the total number of extinct, extinct in the wild, and possibly extinct
species) in units of "extinctions per 10,000 species per 100 years
(E/MSY)". All vertebrates (grey) and different species combinations
(colored lines) are shown. The expected cumulative background
extinction rate (dashed line) is based on geological extinction rate
estimates between the 5th mass extinction recovery and 10,000
years ago before major human impact. Extinction graph modified
from Ceballos, Ehrlich, Barnosky, et al. (2015), with permission;
Human population data from ecology.com and is based on US Census, United Nations, and other International Sources (https://
www.ecology.com/population-estimates-year-2050/). b, Correlation between human population size and cumulative extinction
rate of all vertebrates in the last 500 years. The correlation is very
high (R2 = 0.99919) and statistically significant (Pearson p-value <
0.00001; n = 5 100-year data points).

4.4

biodiversity and contributing mechanisms

We refer to biodiversity as all forms of life on our planet, their ecosystems, and their associated genetic information (Johnson, Balmford, et al.,
2017; Khan et al., 2016; Naeem et al., 2016; Rawat and Agarwal, 2015).
The diversity of genes, traits, species, habitats and landscapes in the
biosphere (Seddon, Mace, et al., 2016) contributes directly and indirectly to the well-being of most species, including human well-being.
This contribution includes food and agricultural materials (Box 4.4.1),
medicines, industrial raw materials, and the maintenance of tolerable
environments for human habitation (Rawat and Agarwal, 2015). Thus,
losing biodiversity as well as the diversity of specific genes can directly
affect human societies. Further, understanding biodiversity patterns
improves our understanding of the state of health of the planet, all
living beings on it, and how we can potentially intervene to slow the
rate of species loss. To understand these patterns of biodiversity, we
need to quantify them.

4.4 biodiversity and contributing mechanisms

Box 4.4.1: impacts of genetically impoverished populations in

agricultural breeding
Over the last decades, breeding programs for crops and livestock focused on yield. Both
classical and quantitative genetic approaches have been powerful tools to produce varieties
and breeds with yields that are orders of magnitudes beyond their wild ancestors. This focus
on yield, however, has led to severe problems in some systems. Genetic impoverishment in
high yield foods can lead to increased susceptibility to disease. Once genetic diversity is lost, it
can currently only be recovered by re-introducing it to the diversity of wild relatives. Genetic
diversity is, therefore, now emphasized in many modern agricultural breeding programs.
Below, we give two examples of why detailed knowledge of genetic biodiversity is paramount
to improving agriculture.
a) The world’s banana supply is in danger (D’Hont et al., 2012; Marín et al., 2003): Until
the 1960s, the dominant banana type on the global market was "Gros Michel", a genetically
impoverished variety. Because of this uniformity, "Gros Michel" was wiped out by the fungal
disease Fusarium wilt (Panama disease). The banana industry then put their bets on the
Cavendish banana, and since the 1960s, nearly all bananas on the world market for human
consumption stem from the Cavendish type, primarily derived as somatic clones from a
single triploid genotype. However, today it faces the same threats from a few decades ago
and for the same reason. The fungus Pseudocercospora fijiensis causes the emerging disease
Black Sigatoka, which attacks leaves and reduces photosynthesis to the point where fruit
yields can drop to 50%. The identification of resistance genes and subsequent genomic
selection are top priorities to secure the global banana supply.

Healthy banana leaves produce nutrients by
photosynthesis for fruit production. (photo
credit: Eva-Maria Neubauer, Pixabay)

Leaves attacked by Black Sigatoka, produce fewer nutrients for fruit production
due to decreased photosynthesis. (photo
credit: Scott Nelson, Flickr)

b) Trypanosoma brucei in African cattle (Kim, Ka, et al., 2017; Silbermayr et al., 2013; Smetko et al.,
2015): Trypanosoma b. are well-known eukaryotic, single-cell protozoa in tropical regions that
is transmitted by the tsetse fly. Trypanosoma infection causes Sleeping Sickness in vertebrate
species (also called Nagana disease in cows). Infected cattle herds become sick and die,
resulting in severe economic losses and continental-level food crisis. Of the 150 African
cattle breeds, a few are genetically tolerant, such as Baoulé and N’Dama. The genomic basis
of this tolerance across cattle breeds can be determined by comparative genomics, which will
benefit genomic selection for it in breeding schemes. Looking at only one representative of a
breed or species is unlikely not enough due to specific local adaptations.

Baoulé (left) and N’Dama (right) are trypanotolerant
African cattle breeds and candidates for identifying resistance genes that could be introduced into other African
breeds. (photo credit: left: Albert Soudré, right: Wikipedia)

Nagana-diseased
cattle
experience a sharp drop
in their meat and milk
yields. (photo credit: Petr
Pavlicek/IAEA, Flickr)
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4.4.1

Biodiversity quantification

Classically, biodiversity has been quantified at the level of ecological
communities, where species diversity is typically measured through
species richness and abundance (Gotelli and Colwell, 2001). More
recently, biodiversity has been quantified at the level of ecosystem
functioning, which considers traits and roles of different organisms or
groups of species that contribute to the overall community (Petchey
and Gaston, 2006). Here, we recommend biodiversity measures at yet
another level, the molecules that encode life itself–the genomic DNA.
One can measure genetic diversity from a small number of marker
genes (Hedrick and Miller, 1992), but with limitations (Frankham, 2010;
McMahon et al., 2014), or the full genome (Fuentes-Pardo and Ruzzante,
2017). Genetic markers are subsamples of the genome, providing useful
but biased insights (Hendricks et al., 2018). A full genome contains
all genetic markers, but the financial cost has been prohibitive. However, as sequence costs decrease, the full-genome approach becomes
more feasible. Quantifying biodiversity distribution across genomes
is also important because of the complex interplay between diversity
in different places in the genome and the phenotypes that define a
species (Murray et al., 2017). For a middle-ground solution, measuring
biodiversity across many individuals of a species can be accomplished
with single nucleotide polymorphism (SNP)-chips, target-enriched
DNA hybridization, and reduced representation restriction enzyme
site approaches, which enable genotyping hundreds to millions of
independent genetic markers (Bosse, Megens, Madsen, Paudel, et al.,
2012; Morales et al., 2018; Ouborg et al., 2010). Most genomic studies now
create a reference genome of moderate quality to which lower-cost raw
read sequences of many individuals are mapped back for analyses. A
caveat of this approach is that most analyses will be limited to genomic
regions in the reference animal. Thus, some biodiversity measures
will require de novo genome assemblies of multiple individuals of
the species’ population41, including creating pan-species references
(Ganguly, 2019).
4.4.2

Use of genome biodiversity data for conservation

Whether one assesses biodiversity through individual genes, gene
families, microsatellite repeats, or whole genomes, such analyses will
provide insights on population structure, species delineation, sequence
polymorphisms of functional relevance, inbreeding and mating system estimations, and heterozygosity as a proxy for adaptive potential
(Hedrick and Miller, 1992; Schlötterer, 2004). Heterozygosity, which
estimates the sequence differences between paternal and maternal
chromosomes of an individual or between different individuals, is
one of the most significant genomic measures of species biodiversity.

4.5 need for complete and error- free genomes

Human heterozygosity ranges from 0.1 to 0.4% differences between
paternal and maternal chromosomes of an individual (Auton et al., 2015;
Kidd et al., 2012). Other species can have heterozygosity levels as high
as 4%. Some species, especially those in danger of becoming extinct,
have very low heterozygosity resulting from extensive inbreeding or
historical long-term small populations (Robinson, Räikkönen, et al.,
2019). Low heterozygosity can lead to stretches of chromosomes with
no differences between haplotypes, called runs of homozygosity (ROH).
Large ROHs build up when there is a population size bottleneck of
limited breeding individuals, putting species or local populations at
risk of losing their healthy diversity (Tunstall et al., 2018). The homozygosity level of deleterious mutations in genes can reduce the fitness of
individuals and populations. Thus, even though an initial catastrophic
climate change may not kill off a species, the resultant bottleneck in the
small remaining population may lead to long ROHs making the species
vulnerable to extinction without further intervention to increase genetic
diversity.
Measures of genetic diversity can also be used to determine mechanisms driving genetic change, including gene flow, hybridization or
introgression, viral integration, and viral transposition (Andrews, Good,
et al., 2016). Such information can be critical in developing strategies to
increase resilience towards diseases and environmental change (Hogg
et al., 2019), attenuating mass extinction. With full genomes, we will be
able to infer specific adaptive variation associated with fitness, identify
genes contributing to inbreeding depression and disease susceptibility,
and predict fitness consequences of hybridization with closely related
species (Steiner et al., 2013). These approaches will allow for a more
comprehensive understanding of the biodiversity within and between
species.
4.5
4.5.1

need for complete and error- free genomes
1st and 2nd generation technologies: incomplete and expensive

First-generation genome sequencing and assembly technologies used
700-1000 bp Sanger reads and artificial bacterial chromosome clones
to link DNA sequences into chromosomes. This approach was prohibitively expensive, initially costing billions (human genome size 3.2
Gb) (International Human Genome Sequencing Consortium, 2004) and
millions (fugu, 400 Mb) (Aparicio et al., 2002) of dollars for vertebrate
species. Second-generation technologies produced shorter read lengths
up to 300 bp, often without chromosomal maps, but with long-range,
paired linked sequences separated by up to 40 Kb. Such data resulted
in highly fragmented genome assemblies but were orders of magnitude
cheaper, currently coming close to $1000/species (Kraus and Wink, 2015;
Shendure et al., 2017). Both first- and second-generation approaches
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resulted in partially assembled genes, absent genes, and misassembled
genes, sometimes leading to false biological conclusions (Korlach et al.,
2017). Conservation efforts could thus rely only on a few genes or
incomplete genome assemblies in their assessments, monitoring, and
management (Ouborg et al., 2010; Shafer et al., 2015).
4.5.2

3rd generation technologies: towards complete and error-free genome
assemblies

The developing 3rd generation of sequencing and assembly approaches
are overcoming these limitations. We now can generate complete and
error-free assemblies of small bacteria genomes, and we are on the
verge of doing so for more complex genomes such as vertebrates
(Jarvis, 2016; Korlach et al., 2017) and at an increasingly tractable cost
using long-read and long-range technologies (Rhie et al., 2021). The
VGP (https://vertebrategenomesproject.org) is helping to lead
the way towards such assemblies, discovering that sequence read
length, accuracy, resolving repeats, and phasing haplotypes are critical
factors in generating robust reference genomes (Rhie et al., 2021). Thirdgeneration technologies, such as those of Pacific Biosciences and Oxford
Nanopore, generate single, long molecules in the 10,000bp to 1MB range,
getting through highly repetitive and difficult-to-sequence genomic
regions that confound assemblies using only shorter reads; e.g. average
repeat lengths in the human genome are 5000 bp with most less than
7000 bp (Treangen and Salzberg, 2012). The VGP has discovered that
not phasing maternal and paternal haplotypes–essentially one giant
repeat–introduces many errors. By haplotype phasing of long-read
and long-range technologies into chromosomal length scaffolds, the
VGP has reduced the number of gaps from 10,000s to less than several
hundred, including some chromosomes with only a single or zero
gaps (Figure 4.2) (Rhie et al., 2021). With a few more advances in read
length, base pair accuracy, and assembly algorithms that span data
across centromere repeats and phased haplotypes, the VGP is hopeful of
generating complete, error-free genome assemblies of vertebrate species
in the near future. Other international community efforts with similar
aims and goals, including those partnering with the VGP, converge on
best methods and practices (i.e., Earth BioGenome Project, Darwin UK
Tree of Life, Bat 1K, B10K) (Jebb et al., 2019; Lewin et al., 2018; Teeling
et al., 2018). The historical and technical advances in genome sequencing
technology have been a long and winding path, highlighted in Figure 4.3
using the wolf (Canis lupus) and the Canada lynx (Lynx canadensis)
as two well-known and well-understood emblematic examples for
conservation.
Besides obtaining the full genetic diversity of an individual or species,
complete and error-free genomes can be used to better distinguish paralog from homolog genes, identify potential deleterious mutations and

4.5 need for complete and error- free genomes

Figure 4.2: The VGP minimum x.y.z.QV phased genome quality metric. x
represents the minimum contig N50, y the minimum scaffold
N50, z the fraction of the assembly assigned to chromosomes, and
QV the Phred score the average base quality. Specifically, contig
N50 = 10x x 1000 bp so that x = 1 corresponds to 0.01 Mb, x =
2 to 0.1 Mb, x = 3 to 1Mb etc. The same function is used for y.
Completeness is represented by 100 - 1000 x 10-z % so that z = 1
corresponds to 0%, z = 2 to 90%, z = 3 to 99% etc. QV is a traditional
Phred quality score representing the probability of incorrect base
call, where QV30 is the probability of 1 in 1000 base callings is
incorrect (99.9% accuracy), QV40 is 1 in 10,000 (99.99% accuracy).
Although a specific quantified value for phasing has not yet been
determined, the VGP attempts to phase haplotypes as much as
possible. The VGP has set its genome assembly minimum standard
to contig N50 ≥ 1 Mb, scaffold N50 ≥ 10 Mb, at least 90% of the
assembly assigned to chromosomes, at least 99.99% base accuracy, and phased: 3.4.2.QV40 phased (Rhie et al., 2021). All VGP
genomes that meet this metric are deposited in high-quality reference databases: https://www.ncbi.nlm.nih.gov/bioproject/
489243 and https://vgp.github.io/genomeark/.

regions under different evolutionary selective pressures in response to
environmental stressors, and better facilitate gene editing. Importantly,
complete and error-free genomes are necessary to one day recover a
species from extinction. For the latter, even though de-extinction technology is not yet ready for most organisms, it is important to generate
a complete and error-free genome and preserve tissues and cells of a
species before it becomes extinct. Thus, for all of these goals, we posit
that one of the best and most efficient ways that genomic approaches
can inform and potentially help reverse the current mass extinction
would be to use rapidly improving technologies to obtain complete,
error-free genomes of the world’s most critically endangered species as
soon as possible, to help study and manage them.
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Figure 4.3: History of technical advances in genome sequencing for conservation genetics and genomics in two iconic conservation flagship
species, wolf (Canis lupus) and lynx (Lynx canadensis). Top timeline,
sequencing technologies available to the scientific community. Bottom
timeline, the respective informatics tools. Initially, wolf and lynx genome
analyses benefited from their close evolutionary relationships with dog
and cat, respectively, important social species to humans. Subsequently,
the broader scientific, conservation and public along with private funding
helped make these charismatic species models of conservation genomics.
a) mtDNA restriction-enzyme analysis covering ca. 4.0% of the canid
mitochondrial genome and Sanger sequencing of the cytochrome b gene
(398 bp) (Wayne and Jenks, 1991) b) Microsatellite mitochondrial and
nuclear DNA markers, and Sanger sequencing of cytochrome b (235 bp)
(Roy et al., 1996) c) Sanger sequencing of mitochondrial control region I,
Y-chromosome-linked, X-chromosome-linked, and autosomal microsatellite markers (Vilà et al., 2003) d) Sanger sequencing of three MHC genes
(each < 500 bp) (Seddon and Ellegren, 2004) e) Microsatellite study on
64 lynx samples with capillary sequencing (Schmidt et al., 2009) f) SNP
genotyping array (48k loci) across 38 canid autosomes (Holdt et al., 2011)
g) Complete mitochondrial genome sequencing of 28 canids on Illumina
GA IIx and 454 GS FLX+, average coverage > 10x (Thalmann et al., 2013)
h) Whole-genome sequencing of three wolves, two dogs, and one jackal
on ABI SOLiD (75 bp single end and 2 x 50 bp long mate pair) and
Illumina HiSeq 2000 with > 20x coverage (Freedman et al., 2014) i) First
draft genome of the Iberian lynx on Illumina and 454 with contig N50
= 63 kb and scaffold N50 = 1.52 Mb, sequencing depth > 100x (Abascal
et al., 2016) j) Whole-genome sequencing in phase I of the vertebrate
genomes project with a mixed approach involving several sequencing and
assembly platforms with contig N50 = 7.41 Mb and scaffold N50 = 146.11
Mb (https://vgp.github.io/genomeark/Lynx_canadensis/)

4.5.3

Sample collection

In order to inform and potentially reverse the current mass extinction,
samples of appropriate quality need to be collected of critically endangered and vulnerable species before their genetic diversity further
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decreases. Museums and other institutions have collected blood and
tissue samples of many species, but only a subset of these samples have
been preserved sufficiently to produce high-quality genome assemblies
based on 3rd generation technologies. Fresh samples are often needed
to extract the ultra-high molecular weight (uHMW) DNA (greater than
200-300 kb) needed for 3rd generation technologies. Although previous
protocols for collecting and preparing samples exist (Genome 10K
Community of Scientists, 2009; Wong et al., 2012), it is necessary to
update or change protocols to match new sample requirements that the
VGP and other groups have developed (Dahn et al., 2020).
Extraction of large amounts of uHMW DNA also requires appropriate
laboratory techniques and field sample collection and storage conditions,
specific sample types, preservation methods, shipment, and handling
(Dahn et al., 2020). Additionally, sample preservation for live cell cultures
needs cell culture banks (Ryder and Onuma, 2018; Steiner et al., 2013).
From cell cultures, uHMW DNA and RNA could be more readily
accessible, especially for rare species.
Obtaining collecting and research export and import permits are also
challenging, especially when international borders and endangered
species are involved. It can take months to years to obtain permits for
just one endangered species, and significantly more when multiplied
for the thousands and eventually millions of species. Many of these
species do not have years left before extinction is imminent. Such a
massive undertaking for informing and reversing the current mass
extinction will require blanket international permitting for sample
collection and import/export in a timely manner. Such blanket permits
will require buy-in and cooperation of permitting agencies within
and among countries, specifically designed for international genomic
efforts. The Convention on International Trade in Endangered Species,
a treaty to protect endangered plants and animals, was conceived to
regulate the international trade of animals, with the intent of protecting
species from overexploitation (https://www.cites.org/eng). Other
treaties include the Bonn Convention on Migratory Species (https:
//www.cms.int/) and the Nagoya Protocol on Access and Benefitsharing (https://www.cbd.int/abs). However, these treaties are not
designed to enable science to save species from extinction and certainly
not on the scale of mass extinction. Thus, to help save species from
extinction, new broad-ranging permits and treaties need to be developed
to allow large-scale biodiversity sequencing and protection projects.
4.6

applying genomics to address the current mass extinction

Whole-genome assemblies have already enabled researchers to identify
key genomic regions that show the effects of dwindling population
size and human interventions to prevent it (Table 4.1). One new feature
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from the most recent studies, including from the VGP, is that some
critically endangered populations have been able to purge deleterious
mutations, but others not (Beichman et al., 2019; Mattle-Greminger et al.,
2018; Nater et al., 2017; Robinson, Brown, et al., 2018; Xue et al., 2015)and
(Dussex et al., 2021). Figuring out how these populations purged such
mutations through selective breeding will be useful for conservation
initiatives. Overall, a broad action plan on applying genomics to address
the current mass extinction is urgently needed.
First, we propose establishing a coordinated international effort to
collect and sequence high-quality genomes of all critically endangered
vertebrate species, especially those projected to become extinct in
the next 1-10 years. We estimate that this would cost upwards of
$50M for 4,600 critically endangered plant and animal species (https:
//www.iucn.org/) based on current sample collection and sequence
cost estimates. Second, we propose that closely related, non-endangered
species’ genomes be sequenced as control comparisons and as sources
of genetic variation for future possible genome editing. Third, we
propose that these genomes be used to identify and prioritize species
that have deleterious alleles still propagating in their populations for
breeding programs to remove those alleles from the population. Below,
we discuss this and other proposed examples for conservation efforts.
4.6.1

Managing genomic population health

To manage population health, we propose that high-quality reference
genomes be used to determine a species’ adaptive potential, including
functional genomic diversity (Allendorf et al., 2010). This would help
identify the genetic basis for pollution, toxin, and pathogen resistance
(Kent et al., 2018). When combined with re-sequencing of additional
individuals or historic museum samples of extinct populations at lower
cost and without the need for the large amounts of uHMW DNA
(Díez-del-Molino et al., 2018), the prevalence of deleterious alleles and
genetic diversity across time can be determined (Dussex et al., 2021).
An extensive survey of functional diversity in classes of genes that
may be important to species survival will need to be done, such as for
proteins that control response to elevated temperatures or immune
defence against pathogens (Jax, 2019). Once the overall "genomic-health"
(Rogers and Slatkin, 2017) is identified, a "conservation priority" score
of the population from which the genome has been generated can be
given (Game et al., 2013).
Populations identified as lacking key alleles and habitat for survival
could be rescued through management plans designed to increase
or decrease the presence of specific genotypes, as has been done
successfully to remove domestic cattle genes from bison herds in the
western United States (Halbert and Derr, 2007). Future efforts to be done
with proposed more efficient CRISPR gene drive systems will require
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Kākāpō
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Table 4.1: Genomic examples for conservation. Projects and case studies using whole-genome scale data that have already benefited conservation.
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a rich understanding of direct and indirect genetic effects (Rode et al.,
2019). Such functional genomic approaches applied to captive breeding
populations of endangered species will benefit from genotyping each
individual (Steiner et al., 2013).
To discover why and how certain endangered populations purge
deleterious mutations while others do not, we suggest determining
whether survival with low genetic variation may be due to long-term
environmental stability, where species become well-adapted to the local
conditions. One alternative explanation of these findings has been that
initial estimates of genetic variation were traditionally presented as
the mean of a small sample of molecular markers (Allendorf, 2017),
which can be biased due to the type of restriction enzymes used or to
higher-frequency alleles (Arnold et al., 2013). However, high-quality,
whole-genome assemblies from the VGP for the flightless kākāpō parrot
and re-sequenced museum specimens reveal low genetic diversity in a
surviving island population for the last 10,000 years before the extinction
of the higher genetically diverse New Zealand mainland population
in the last century (Dussex et al., 2021). It is clear from these examples
that the relationship between genomic diversity and extinction risk is
not simple, but such case studies reveal the need for further genome
research to elucidate this relationship further.
As an example of population health assessment, Kent et al. (2018)
were able to assess the genomic health of the threatened yellow-banded
bumble bee (Bombus terricola), a key pollinator, and untangle the role of
different environmental stressors in driving its decline. This genomic
health assessment has enabled renewed conservation strategies with
the goal of reversing the species decline. Similarly, the Bat1K (Teeling
et al., 2018) consortium takes these approaches to ascertain the genomic
health and demographic history of rare and endangered bat species
(e.g., Myzopoda aurita of Madagascar). These reference genomes are also
used to assess the health of sister species, whereby the limited number
of individuals left in the wild precludes lethal or even non-lethal
sampling.
To measure adaptive genetic variation for managing population
health, to date, researchers have often compared the protein-coding
sequence changes of genes against the background rate of neutral
genomic variation. However, researchers are now finding that many
key adaptations are regulatory, present in the non-protein-coding
regions of the genome, e.g. microRNAs (Huang, Whelan, et al., 2019)
or the PIXT1 enhancer driving spines on sticklebacks (Chan et al.,
2010). Although aligning non-protein-coding regions across taxa is
challenging, it is considerably alleviated by high-quality reference
genome assemblies. With high-quality references, other additional
genomic stress biomarkers such as telomeres whose changing lengths
within an individual are correlated with health and life span (Foley
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et al., 2018) can also be used and ultimately assess the effectiveness of
conservation management practices.
4.6.2

Reintroduction

Conservation breeding programs, including in zoos and semi-wild settings, are done routinely to minimize deaths and loss of genetic diversity
(Bosse, Megens, Madsen, Crooĳmans, et al., 2015; Johnson and Koepfli,
2014). The ultimate goal of captive breeding programs of endangered
species is the reintroduction of sustainable wild populations. While the
number of reintroductions is increasing, the success rate is low ( 50%)
(Morell, 2008). Contributions to these failures include epistatic suppression of one gene over another, changes in genetic architecture, as well as
poaching, habitat loss and degradation (He, Johansson, et al., 2016). The
IUCN Guidelines for Reintroductions (IUCN, 2013) emphasize using
genetically diverse individuals to combat inbreeding depression and
preserve evolutionary potential. However, it is increasingly evident that
knowledge of the source population diversity and relationships among
potential source populations is necessary to minimize potential negative
impacts of local adaptation, inbreeding and outbreeding (Supple and
Shapiro, 2018). Genomic methods have the power to differentiate locally
adapted populations and can go beyond simply maximizing neutral
diversity to maximizing functional diversity (Harrisson et al., 2014).
For example, genome-wide SNP studies have identified variants in
genes associated with maturation age in salmon that could be used
to select populations with appropriate spawning time (Johnston et al.,
2014). Differential expression of genes in different wild trout populations shows local adaptations to temperature and immune challenges
(Wellband and Heath, 2013). Even when it is unknown whether a
specific SNP or change in gene expression in response to environmental
stress is beneficial, source populations can be chosen for high plasticity to maximize the potential for survival upon reintroduction (He,
Johansson, et al., 2016). While these genomic approaches have yet to
be validated by controlled experiments with introduced populations
in an array of habitats, such experiments become possible with more
representative and highly accurate, complete genomes assemblies.
Studies underway for critically endangered species besides the
kākāpō (Dussex et al., 2021) include the crested Ibis (Nipponia Nippon) (Li, Li, et al., 2014), Hawaiian crow (Corvus hawaiiensis) (Sutton et al.,
2018) and Visayan warty pig (Sus cebifrons) (Bosse, Megens, Madsen,
Crooĳmans, et al., 2015). The crested ibis example is a stellar one: Of a
nearly extinct population of only seven birds left on the planet from
two breeding pairs in 1983, in the wild in China, the land around them
was protected, and through captive breeding and genetic tracking,
the population from these seven increased to approximately 2,600
individuals today both in the wild and in captivity. Whole-genome
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sequencing from contemporary and historical samples of the crested
ibis demonstrated the loss of 46% of its genetic diversity, extensive
inbreeding, and susceptibility to human-made toxins (Feng, Fang, et al.,
2019; Li, Li, et al., 2014). Nevertheless, the recovering population shows
signs of increasing heterozygosity at a rate faster than normal for birds.
For the Hawaiian crow, or ’Alalā, there were only 20 birds on the planet
in 1994. A captive breeding program of all living birds started in 2003
now has over 100 birds. A high-quality de novo reference genome assembly recently revealed high levels of homozygosity, identified immune
genes important for conservation management, and provided a crucial
resource for further studies on population management, health, and
behavioural assessments of individuals (Sutton et al., 2018). For the
Visayan warty pig, simulations of generations of breeding incorporating
SNP variants and ROHs revealed that genetic marker co-ancestry outperformed traditional conservation management by family genealogical
co-ancestry (Bosse, Megens, Madsen, Crooĳmans, et al., 2015). Overall,
captive and semi-wild breeding programs paired with genomics hold
great promise as tools to help recover from the current mass extinction.
4.6.3

Genetic rescue

Genetic rescue is a phenomenon in which immigrants introduced into
small populations with decreased fitness restore genetic variation and
population growth (Ingvarsson, 2001; Vilà et al., 2003; Whiteley et al.,
2015). An example of human-managed genetic rescue is the blackfooted ferret (Santymire and Santymire, 2016). Mapping re-sequenced
individuals to a reference genome allowed assessment of extant genetic
diversity and increased diversity by incorporating new individuals
and individuals from earlier generations of the pedigree (Tunstall et al.,
2018; Wisely et al., 2015). Another example is whole-genome sequence
analyses for the prospective genetic rescue of the northern white
rhinoceros, using cell culture technologies and assisted reproduction
(Tunstall et al., 2018) where only two females exist on the planet as of
2020. Genetic rescue would always need to be planned and evaluated
in an eco-evolutionary context where habitat, life history and genomics
are considered jointly (Bell et al., 2019).
4.6.4

Resurrection genetics

A more controversial application of conservation genomics is to resurrect an extinct species or restore long-extinct alleles of a population
or even extinct genes (Novak, 2018; Richmond et al., 2016; Shapiro,
2015). While these approaches have not yet been implemented, rapidly
advancing technologies may enable their use for conservation in the
near future (Box 4.6.1). The most commonly considered approach to
de-extinction is cloning via somatic cell nuclear transfer SCNT (Wilmut
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et al., 2002). This approach was used in a near-successful de-extinction
that cloned the last living Pyrenean ibex (aka the bucardo wild goat),
which was born but died within minutes due to lung deformities (Evans
Ogden, 2014; Shapiro, 2017). SCNT, however, requires an intact cell with
an intact nucleus because genomic decay begins immediately following
death. SCNT is therefore not feasible when the candidate organism for
de-extinction is deceased without cryopreserved cells (Dabney et al.,
2013). SCNT is also not an option for species such as birds and fishes
whose egg-laying system necessitates a different approach to having
a surrogate host (Cooper et al., 2018; Novak, 2018). These challenges
further emphasize the need to collect and cryopreserve living tissues
prior to extinction (Novak, 2018).
Box 4.6.1: how could genome editing contribute to the fight
against the current mass extinction ?
In theory, genome editing could be used to either increase a species’ genetic variation to
pre-crash levels or delete or replace known maladaptive mutants. This includes introducing
new variants that confer traits needed for species survival. One option is to introduce genes
that confer resistance to pathogens that are decimating a species, as done with the wheat
Oxalate oxidase gene into the American Chestnut (Castanea dentata) to confer resistance to the
fungal pathogen Cryphonectria parasitica (Powell et al., 2019; Woodcock et al., 2019). A second
option is to remove the major reasons why a particular species is threatened, e.g., a trait
that makes individuals desirable to poachers. One potential application in this regard might
be modifying the genomes of rhinoceros to effectively render them hornless–something not
as far-fetched as it sounds given the success of generating hornless dairy cattle (Carlson
et al., 2016). While this modification may be an effective deterrent to poaching, the widescale
public opposition to genetic engineering in the wild and the behavioural or other biological
consequences to the organisms in question–rhinos use their horns for key behaviours such
as defence and food and water acquisition–it may face new ethical and ecological challenges.
Nevertheless, while imperfect, it may be worth the risk to save the species from extinction.

When cryopreserved tissues are not available, de-extinction using
previously sequenced complete and error-free genomes will be more
challenging but the next most doable. One possible tool we propose to
consider is to use the digital sequence genome information to create
synthetic chromosomes (also called DNA printing) as done currently
with small human artificial chromosomes (Kouprina et al., 2018) and
for the yeast 2.0 project, which has the goal of in vitro synthesizing the
entire genome of Saccharomyces cerevisiae (Pretorius and Boeke, 2018).
These in vitro synthesized chromosomes may be placed in host cells,
such as SCNTs.
The next most difficult approach is paleogenomics sequencing and
assembly, followed by in vitro genome editing of the nucleus of a closely
related living organism, and then SCNT and animal cloning (Phelps
et al., 2020; Richmond et al., 2016; Shapiro, 2017). Due to post-mortem
DNA fragmentation, paleogenomes are near impossible to de novo
assemble. Thus, de-extinction of these genomes can only be partially
achieved by aligning to a related living species. However, determining
which of the millions of differences between the extinct species and
its extant closest relative are most important will be challenging. In

105

106

the role of genomics in conserving biodiversity

addition, while improvements continue to be made to gene-editing
technologies like CRISPR/Cas systems on tens of genes (Cao et al., 2018;
Kurata et al., 2018; Vejnar et al., 2016; Zhang, Wang, et al., 2019), these
technologies are not yet able to make millions of changes in one or a
few steps (Cong et al., 2013); off-target gene modifications may also
produce unwanted phenotypes (Fu et al., 2013). Cloning and surrogacy
may not proceed efficiently if the extinct species and its closest living
relative are separated by millions of years of evolution (Shapiro, 2015).
De-extinction also assumes that the physical and psychological needs
of resurrected animals can be met in a captive breeding environment,
which raises important ethical considerations that should be addressed
before initiating such a project. De-extinction also raises ecological
considerations. Selecting a species as a candidate for de-extinction
requires understanding the role of a species in its ecosystem, how its
extinction and absence impacted the ecosystem since it disappeared,
and how the ecosystem might respond to its reintroduction. In many
cases, the ecological impact of de-extinction may not be simple to
evaluate. At a minimum, the cause of extinction should be known and
corrected before initiating a de-extinction effort, and plans should be in
place to mitigate any potentially unanticipated or unwanted effects of
resurrection and reintroduction (IUCN and SSC, 2016).
Resurrecting specific extinct genes or phenotypes is currently more
feasible. If a locally adapted subspecies becomes extinct, the underlying
genetic differences responsible for the local phenotype can be identified
and then edited into cells of extant subspecies, which can then be
used for SCNT. This approach, which is often considered a type of
genetic rescue (Supple and Shapiro, 2018), might be useful to enhance
genetic diversity in a surviving but highly inbred population where
there is no possibility of outbreeding, such as via translocation or
artificial insemination. Other applications of this approach include
transferring genes across species that enable resistance to disease,
such as transferring resistance to sylvatic plague from domestic ferrets
to black-footed ferrets (Novak et al., 2018), temperature resistance in
corals to become resistant to rising water temperatures (Levin et al.,
2017). As these technologies advance, they may become increasingly
important to assisting the survival of species during the current period
of accelerating environmental change and mass extinction. Overall,
de-extinction of genetic variation or an entire species is an approach
that may become necessary if we are to recover completely lost species
in a mass extinction caused by humans.
4.7

other challenges in applying genomics to biodiversity preservation

While the theoretical link between biodiversity and species persistence
is well established, our understanding of this link is not consistent (Isbell
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et al., 2017; Naeem et al., 2016). This inconsistency has implications for
how we make and garner support and funding for decisions about
conservation, associated intellectual property, and sovereignty issues.
4.7.1

Policy and legislation

International policies such as the Convention on Biological Diversity in
1992 and the 2011-2020 CBD Strategic Plan with 20 Aichi Biodiversity
Targets, the UN Sustainable Developmental Goals (SDGs), the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services, or the 2030 Agenda for Sustainable Development (a joint
publication by SCBD, UNDP, UNEP, FAO, and the World Bank that
links the 2020 SDGs and Aichi Biodiversity Targets with the Sustainable
Development Goals) have set forth agreements addressing biological
and ecosystem diversity objectives for conservation and restoration,
sustainable use, and fair and equitable benefit sharing. Protection of
critical habitats and species at risk is legally mandated by the U.S.
Endangered Species (1973) and Marine Mammal Protection (1972) Acts,
Australian Environment Protection and Biodiversity Conservation Act
(1999), Canadian Species at Risk Act (SARA), EU birds (1979) and
habitats (1992) directives, People’s Republic of China (PRC) Biodiversity
Conservation Action Plan (1994) and revised Wildlife Protection Law
(2016), Biological Diversity Act (2002), India and Japan Basic Act on
Biodiversity (2008), to name a few policies. However, without understanding the full extent of the current and anticipated impact of the
current mass extinction, policy and conservation will fall short, to the
detriment of largely irreversible biodiversity losses, extinction, and
ecosystem consequences. One strategy to elevate the value of biodiversity into mainstream local-to-global policies and governance is linking
’biodiversity services’ to policy. However, this concept is controversial
because there is no universally accepted definition of biodiversity and
its value to human well-being (Díaz et al., 2019; Seddon, Mace, et al.,
2016). Another strategy is to determine population viability, identifying
critical habitats for protection (Murphy and Noon, 1992) but is used in
only 1% of species (Camaclang et al., 2015). Thus, political will need
to translate written policies into action, such as in the cases of the
koala and mountain pygmy possum in Australia (Box 4.7.1), so that
law, management, and advocacy become actionable towards preventing
extinction and managing conservation.
Box 4.7.1: australian case studies for successful policies in

action and challenges ahead
Translating written conservation policies into action involves a various challenges, from
resourcing, effectively communicating the positive impact of integrating scientific knowledge
to the consequences of inaction. In Australia, the challenge of converting policy into action
has been successfully navigated for the mountain pygmy possum (Burramys parvus) and
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koala (Phascolarctos cinereus). The mountain pygmy possum is an endemic alpine species
and one of Australia’s most threatened marsupials. It was the subject of a successful genetic
rescue intervention using populations genetically isolated for at least 20,000 years, in concert
with habitat restoration, predator control, and environmental protection (Weeks et al., 2017).
For the koala, there has been formal recognition by the New South Wales state government
to arrest the future predicted 26% decline (Adams-Hosking et al., 2016), and an explicit goal
and strategy set forth ’securing koalas and other threatened species in the wild for the next
100 years’. This effort has begun with a "koala bio-bank" for the perpetual storage of koala
samples and the inclusion of genomics in managing wild koala populations.

Mountain pygmy possum that has
benefitted from genetic recue. (photo
credit: Australian Museum)

Koala in its natural habitat in Australia. (photo
credit: Rebecca Johnson)

The mountain pygmy possum initiative was largely successful due to a well-resourced, state
government-driven, coordinated and timely approach. Unfortunately, there is little to no
funding for monitoring or research for most cases of similar conservation concern. Timeliness
of action is a major factor as there is often a substantial lag time between species becoming
functionally extinct and formally recognized as extinct.
A genomicist’s challenge is to ensure empirical data is available and directly translational
to conservation agencies to be simply and effectively incorporated into policy. Genomicists
also have a dual role as "biodiversity ambassadors" to clearly communicate to policymakers
and the public imperative of maintaining a diverse ecosystem, not just charismatic species.
Further, as habitat loss is a key driver of species extinction, de-extinction is not viable until
the habitat is restored (Ceballos, Ehrlich, Barnosky, et al., 2015; Waldron et al., 2017).
While these two Australian case studies demonstrate successes, Australia has one of the
highest extinction rates in the world attributed to anthropogenic impacts. The wildfires of
2019-2020 may further contribute to that impact. Woinarski et al. (2017) undertook a somewhat novel investigative approach in reviewing three recent, arguably predictable species
extinction of two endemic mammals (the Bramble Cay melomys rat and the Christmas Island
pipistrelle bat) and an endemic reptile, the Christmas Island forest skink. The Bramble Cay
melomys is considered the first mammalian extinction due to anthropogenic climate change
(Fulton, 2017), although this is contested (Woinarski, 2016). Important contributing factors included occasional or unsystematic monitoring, limited or non-existent expertise, deficiency
and discordance between state and federal policies, and lack of actionable triggers even if
a species was at high risk of extinction. These examples highlight the tangible challenges
ahead for reversing the current mass extinction.

Conservation will also benefit from local government and community
participation in intellectual property and sovereignty issues, including
planning for rights to access and potential benefits to the public and cooperations (article 15 of the Nagoya Protocol; Buck and Hamilton (2011)).
A review of 400 modelling studies to forecast changes in global and
regional biodiversity proposed a framework of best practice standards
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to increase transparency and accountability in local-to-international discussions and policy-making. In theory, best practice standards should
lead to consensus building; however, many decisions are based on
opportunistic considerations or intuition in practice (Araújo et al., 2019).
4.7.2

Academic infrastructure

Another significant challenge in fully utilizing genomics for conservation efforts is that many genome-based studies have been an intellectual pursuit in the current academic infrastructure that lack a
direct connection to conservation. There is also difficulty collecting
and translating empirical data into formats that inform and motivate
effective management, legislation, and action among the public, scientists, and governments. A research-policy framework that prioritizes
the translation of genomics towards preserving our biodiversity as
the ’academic currency’ of value in addition to publications is long
overdue (Shafer et al., 2015). The kākāpō is a notable exception where
the high-quality reference genome was generated with the public, indigenous Mauri and government involvement (Dussex et al., 2021). Best
practices for coordinating projects, chosen species, scientific questions,
and genome sequencing quality must be established internationally in
this framework.
Conservation efforts will also need to consider ethical philosophers,
environmental lawyers, historians, population geneticists, biotechnologists, politicians and other lawmakers in action planning towards
reversing the current mass extinction. Other key players include taxonomic experts to name species, field biologists to collect samples, and
collection managers to maintain the samples (Kress, 2014). Better access
to information, new technological tools, and increased collaboration
lead to more questions, including continuing to question the very
essence of what constitutes a species (Jarvis, 2016; Ottenburghs, 2019).
4.7.3

Trafficking

Illegal trafficking is also a primary contributor to the current mass
extinction (Díaz et al., 2019). By the end of the 20th century, illegal
wildlife trade products were estimated to be worth tens to hundreds of
billion US dollars (TRAFFIC, the wildlife trade monitoring network;
https://www.traffic.org) involving hundreds of millions of plants
and animals from tens of thousands species. Some of the most often
trafficked species are well known, such as elephants, chimpanzees,
pangolins, rhinos, and tigers. However, this problem clearly extends far
beyond these examples. It escalates rapidly to a global issue with direct
consequences: overexploitation and reduced resources in populations
with indirect consequences such as introducing invasive species and
non-targeted species killed as a by-product of the targeted species.
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The latter has caused the vaquita dolphin population to crash, the
world’s smallest porpoise and the most endangered marine mammal,
with fewer than 20 animals left on the planet as of 2020. The VGP has
created a reference vaquita genome which they will use to try to prevent
extinction (NCBI BioProject ID PRJNA560233).
Gaining access to DNA from confiscated remains has opened the
door to the application of genomics to fight illegal trafficking. Genomic
markers are used to determine the species of wildlife products and their
geographic population origin. The reference genome is complemented
with geo-stratified resequencing populations to determine variants. This
data becomes most powerful towards addressing illegal trafficking when
it is shared across country borders and used to carry out identifications
rapidly. Genomic data will finally allow us to create the most robust,
high-resolution maps of the origins of illegal trade and poaching.
Some notorious examples are starting to emerge. Pioneering work
based on an allele frequency map of 16 microsatellite DNA loci from
ivory seizures was able to show how Tanzania is one of the biggest
poaching hotspots for African elephants (Wasser et al., 2015). Recently,
12,000 SNPs have been used to assign pangolin seizures to their origins
(Nash et al., 2018). This type of approach can be applied readily to
many species once high-quality whole genomes are generated for each
species.
4.7.4

Economic viability

Beyond the technical feasibility of sequencing lies the question of economics (Fuentes-Pardo and Ruzzante, 2017). Specifically, what should
the genomics, scientific, and broader community place a higher value
on:
• Species that will help drive economic growth;
• More individuals of a given species at the expense of many species,
to obtain population-specific data;
• More species at a lower coverage to spread limited funds;
• Fewer species at the highest quality possible to obtain complete
and error-free genomes;
• A hybrid approach such as, e.g., considering ecosystems, endangered rates, planet health?
Short-read only reference genomes, while at face value are attractive due to relatively low cost, they are not sufficient for addressing
certain questions critical to reversing the current mass extinction. Addressing questions on intraspecific variation, ROHs, and selective
sweeps, are more robust with high-quality reference genomes. Thus,
we believe it is imperative to prioritize high-quality sequencing of a
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species’ reference genome, keeping in mind that some species will
have additional challenges in reaching the VGP metric. It may be
more economically viable to generate high-quality genome assemblies now over the currently practiced continuous upgrades, which
may cost more in the long run, including costs associated with numerous errors. If the population size is small, it would be ideal to
sequence all individuals (at least one reference and resequencing of
other individuals with short reads), as is being done for the kākāpō
(https://www.doc.govt.nz/our-work/kakapo-recovery) (Dussex et
al., 2021).
Under the caveat of presumed significant changes in human behaviour, one may ask, is it economically viable and the most appropriate
use of resources to sequence the genomes of all endangered species
and perform recovery efforts on all of them using those genomes? The
answer to this question is the contrary question–If we do not make such
an effort, and as in the most recent past mass extinction if over 90% of
the species go extinct, will humans, if they survive, have an economy?
The answer is most likely no.
Unfortunately, conservation biology is often treated as an isolated
sector of little value removed from other mainstream economic and
social planning policies (Seddon, Mace, et al., 2016). Thus, funding for
global conservation remains inadequate. As an example, the financial
costs of meeting two Convention of Biological Diversity 2020 targets–
preventing the extinction of threatened species and effectively managing
and expanding protected areas–was assessed using data on globally
threatened avian species (McCarthy et al., 2012). Reducing extinction
risk in the USA was estimated to require approximately US $0.875 to
$1.23 billion annually over the next decade, of which only 12% has been
funded. Adding threatened non-avian species increased this estimate
from $3.41 to $4.76 billion annually. Protecting and managing all sites
globally for avian conservation would cost $65.1 billion annually, and
adding non-avian taxa increased this estimate to $76.1 billion annually.
This funding discrepancy–what is currently funded and what could
be funded–may be due to our inability to understand and quantify the
value of biodiversity. Thus, we need to change the limited and distorted
understanding of the relevance and importance of policy, infrastructure,
and funding for conservation, restoration, and sustainability.
4.8

conclusions

Essentially, biodiversity is a balance of relationships, and although there
is resiliency as postulated in Darwin’s evolution theory, ’survival of
the fittest’ (Darwin, 1968; Spencer, 1896), major perturbations can also
have detrimental, irreversible consequences. The current sixth mass
extinction can thus be considered as a (Cafaro, 2015):
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• Resource loss that helps to justify our human contribution (a
mistake);
• Interspecies genocide measuring the inherent value of species (a
crime);
• Evidence that human population growth and its corresponding ecological impact are akin to cancer on the biosphere (an
inevitability).
Humans are responsible for the current mass extinction in all three
scenarios, and it is technically possible for humans to stop and reverse
it, with genomics playing a critical role. However, it is also technically
possible that there will be a point where levels and rates of extinction
and climate changes are so advanced that humans ultimately cause
their own extinction by making our planet Earth uninhabitable to us.
As such, being better stewards of the planet for the sake of all life forms,
including and reversing the current rates of mass extinction, may not
be a choice but a necessity for our survival.
4.9

glossary

Contig N50

The sequence length of the shortest contig at 50% of the
total genome length. Hence, 50% of the entire assembly
is contained in contigs equal to or larger than N50.

Epistatic interactions

Interactions of multiple genes that affect phenotypes.

Functional diversity

A measure of variation among species within a community that is based upon ecological or morphological
traits related to ecosystem function, such as mode of resource acquisition or type of motility or dispersal. When
accurately measured, this index can provide insights
into ecosystem stability.

Historical demography

Changes in population size over thousands to millions
of years.

Inbreeding depression

Decrease in population fitness (reduced survival and/or
fertility) due to increase in frequency of homozygous
recessive deleterious alleles in offspring of inbred individuals.

Orthologs

Homologous genes present in different species.

Outbreeding depression

Decrease in population fitness due to crossing of genetically distant populations, resulting in intermediate
genotypes with lower fitness than either parent form,
or breakdown of biochemical or physiological compatibility.

Paralogs

Evolved duplicated copies of genes found within a
genome/species.

Phred score (QV)

Quality score representing the probability of an incorrect base call.

ROH

Runs of Homozygosity.
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The chapters in this dissertation cover the common ground of mining
and processing avian omics data using bioinformatics in the context of
ecology and evolution during an exciting period of significant progress
in long-read sequencing technologies. With the massive growth of
high-quality omics data, we should not restrict ourselves to studying
model organisms alone since data from non-model species could
potentially contain novel information. Through bioinformatics, we can
decipher this wealth of information as the groundwork for answering
questions in basic and applied research. Ultimately, the grand challenge
is to coalesce bioinformatics and omics studies to inform research
that addresses conservation and emerging infectious diseases. In the
following sections, I will briefly revisit each chapter, summarise the
main findings, and discuss future perspectives and challenges.

s.1 C hapter 1
The first step for virtually any gene-related study generally involves
collecting information about focal genes in publicly accessible databases.
An entry point is usually the gene name or gene symbol, which is difficult to standardise for various reasons. For instance, no comprehensive,
mandatory naming convention has been created to date, and canonical
gene symbols are often biased towards certain taxonomic groups (or
model species) or the first discovered functional protein of the coding
gene. As a result, multiple alternative gene symbols may arise over
time for a single gene, which has been partially addressed in public
databases by providing alternative gene symbols to facilitate queries.
Fortunately, this problem has been identified and many consortia solutions are currently being investigated in an attempt to standardise gene
symbol nomenclature (Braschi et al., 2019; Burt et al., 2009). Notably,
entrenched names are challenging to alter, while novel genes and isoforms in the rising number of sequenced non-model species genomes
and transcriptomes will prolong this issue for the foreseeable future.
With the Avian Immunome Database (Avimm), I addressed this
problem through a collaborative research project by developing a
resource to disentangle ambiguous gene symbols. In this manner,
Avimm facilitates straightforward queries by any known name for the
1,170 distinct avian immune genes currently identified in 363 species’
genomes sequenced by the Bird 10,000 Genomes Project (B10K)1 in
phase II. At the present stage, Avimm is most valuable as an add-on
for B10K-affiliated research with the limitation that it is founded on
1 https://b10k.genomics.cn
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the well-annotated chicken (Gallus gallus) immune genes, for which
most immune-related data is currently available on birds. Thus, the
immune genes in other bird species were identified based on their
homology to chicken immune genes. However, chickens belong to
Galloanseriformes, a basal bird lineage with significant evolutionary
distance to Neoaves–the group to which the vast majority of bird species
belong. Therefore, the gene RIG-I, which has not been found in chickens
but plays a significant role in AIV susceptibility (see Chapter 2), is
currently missing from our database. An ongoing sequencing effort
with increasing quality is resulting in the greater identification of novel
immune genes in non-model species through de novo transcriptome
annotation, which has the potential to push Avimm out of its infancy.
Furthermore, the database design is highly scalable and Avimm is
already prepared to incorporate novel immune genes or genes related
to other traits and animal classes beyond Aves.
Besides serving as a resource for avian immunogenomics, the detailed
and publicly accessible description of the database design could be
of even higher added value since it provides a resource for academic
groups to construct similar databases for virtually any other focal traits
or taxa.
The immune system is arguably one of the most complex traits in the
animal kingdom. Notably, immune genes in birds are often problematic
to sequence and assemble using short-read sequencing due to their high
GC content (Korlach et al., 2017), gene duplications (He, Minias, et al.,
2021) and because they often reside in microchromosomes (Kraus, 2019;
Vignal and Eory, 2019). Therefore, correctly sequencing, identifying
and annotating immune genes enormously benefits from long-read
genome and transcriptome sequencing (see Chapter 2). In the future, a
wealth of valuable immune gene data will be produced. For example,
phase III of the B10K effort will involve sequencing 2,500 bird genomes
using more advanced sequencing technology than the current phase
(phase II). The next step will involve mining these genomes for immune
genes and incorporating them into our database–if funding is available.
Since virtually all of these sequenced genomes are from non-model
species covering all bird genera, Avimm could become an unparalleled
resource for avian disease research.
Apart from direct avian disease research, other questions may also
be approached using these data. For instance, our rapidly changing
global environment is making adaptation difficult for animals (Ceballos, Ehrlich, and Dirzo, 2017), which will also be confronted with
new pathogens (Kent et al., 2018). Notably, species with a variable
immune system may be more successful in adapting than those with
a less variable immune system (Chapman et al., 2016). Therefore, a
comprehensive immunome database serves as a valuable entry point
for determining whether a correlation exists between immune gene
variability and lineage success over a broad range of taxa.

S.2 chapter 2

s.2 C hapter 2
The tufted duck (Aythya fuligula) is a non-model waterfowl species
that is highly susceptible to AIV, which often leads to fatality (Fiedler
and Bauer, 2018). It frequently shares its habitat with the mallard
(Anas platyrhynchos), a natural host of AIV that is largely resistant to it.
Mallards can infect chickens, which are highly susceptible to AIV. It has
been shown that chickens are missing the RIG-I gene, which is partially
attributed to resistance (Magor et al., 2013). Our study shows that the
tufted duck harbours an intact RIG-I gene that is almost identical and
at the same position as in the mallard. The transcriptome analysis also
revealed that it is expressed in all six sequenced tissues (i.e., brain, ileum,
lung, ovary, spleen, testis), which is a strong indicator that RIG-I gene
expression alone does not guarantee AIV resistance (Naguib et al., 2020).
Instead, all immune genes, regulators and proteins must be considered
in a regulatory network approach to provide a better understanding of
emerging infectious diseases (Jax, Müller, et al., 2021).
Apart from high-quality genome and transcriptome assembly and
annotation, we also provided comprehensive small RNA sequencing
and analysis, which is often under-represented–particularly in omics
studies of non-model species. However, small RNA also constitute
gene regulators that fine-tune the expression of genes and, together
with transcripts and proteins, facilitate a network study of genes and
regulators. Such studies can reveal the interplay of intricate biological
mechanisms after infection and help to resolve differences in disease
resistance (Jax, 2019).
Our lab further funded the high-quality genome sequencing of four
other non-model waterfowl through the VGP with varying susceptibility
to AIV: barnacle goose (Branta leucopsis), mute swan (Cygnus olor), whitefaced whistling duck (Dendrocygna viduata) and cinnamon teal (Spatula
cyanoptera). Unfortunately, within the scope of this study, we could not
compare the immune gene setup and expression patterns in the genomes
of these species. However, the raw data and genome assemblies are
released once produced, and through the study presented in Chapter 2,
we provided a thorough investigation of the tufted duck genome
and transcriptome to promote future research on non-model bird
species. Together with other publicly available high-quality bird genome
assemblies, these waterfowl genomes will serve as vital references for
transcriptome annotation, which is key for genotype-phenotype studies,
such as those investigating the genetic causes of disease resistance.
However, for such endeavours, it remains essential to identify potentially novel immune genes and regulators that are absent in or highly
divergent (remote homologues) in the well-annotated chicken reference
genome. While the quality of sequencing data is no longer a bottleneck
(particularly in long-read sequencing with sufficient coverage), annotation is still mainly conducted based on sequence similarity searches, as
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follows2 . Usually, features in assembled genomes and transcriptomes
are annotated by identification based on boundaries (e.g., transcription
start/stop sites) and the alignment of resulting nucleotide sequences (or
translated amino acid sequences) to databases containing features annotated in known (model) species. The credibility of such database entries
can range from ’computer-predicted’ to ’expert-curated’ (UniProt 2020).
The resulting alignments are fundamentally scored based on nucleotide
or amino acid matches (’identity’) and the length of the matching
sequence (’coverage’) (Altschul, Gish, et al., 1990). Such annotation can
be problematic since it may miss novel information (Danchin et al., 2018)
or be biased towards model species (Bick et al., 2019). Moreover, the
genomes of distantly related species might have lost or evolved genes
and regulators to the extent that a similarity-based search can no longer
annotate all the features.
A more sophisticated annotation approach could be based on the
biological function reflected in conserved sequence motifs. An extreme
example is that of ribosomes, which are vital in all known life to translate
mRNA. While key elements of ribosomal RNA genes are crucial for
proper function and highly conserved, the remainder of the sequence
might be less constrained and varied between species (Dao Duc et al.,
2019; Doris et al., 2015). Therefore, it should be possible to identify
novel immune genes via sequence position-specific weighting and the
prioritisation of key motifs. To achieve this, available curated (highly
credible) immune genes and regulators (e.g., in all vertebrates) can
be aligned to identify conserved regions and build an ’immune motif
database’. Candidate sequences to be annotated can then be aligned to
this database using a probabilistic sequence position-specific scoring
method (e.g., profile hidden Markov model) to identify immune genes
that diverged earlier (remote homologues) and are potentially novel.
Probabilistic modelling with hidden Markov models is not a new
technique (Durbin et al., 1998) and has been widely applied in speech
recognition before slowly becoming established in molecular sequence
analysis. While it particularly excels in identifying remote homologues
(Park et al., 1998), this comes at the cost of high CPU load. As a result,
it scaled poorly to large datasets. However, computational power has
increased over time and the underlying algorithm has since been
improved (Eddy, 2009). Consequently, profile hidden Markov models
are implemented in many tools and databases, such as Dfam (Wheeler
et al., 2013), Pfam (Sonnhammer et al., 1998) and Infernal (Nawrocki and
Eddy, 2013), to name a few. To the best of my knowledge, the described
method has not yet been applied to tailor an annotation pipeline for
novel avian immune genes in non-model bird species. However, a
similar approach has been demonstrated for insect immune systems
(He, Johnston, et al., 2020).
2 Admittedly, the following protocol oversimplifies a common annotation pipeline but
reflects its basic principles.
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Ultimately, only expression profile experiments concerning hostpathogen interactions have the potential to reveal entirely novel immune
genes and regulators if they are significantly up- or down-regulated
as an immune response after infection. Even then, constitutively active
genes and regulators might be missed.
Using the high-quality genomic data of the aforementioned waterfowl
species would be the next logical step in establishing such an extended
immune gene annotation pipeline, which would be followed by a
comparative study of the immune system on a molecular level. The
expected wealth of novel genes and features in non-model bird species
would also feed into publicly accessible databases such as Avimm, which
would serve as a reference for functional studies or phylogenomic
studies of introgressive hybridisation.

s.3 C hapter 3
Although hybridisation between waterfowl is frequently observed in
nature, it remains challenging to quantify past introgressive hybridisation in terms of its direction, genomic location and timing. Using
state-of-the-art software based on the multispecies network coalescent
model running on a high-performance computer cluster, we aimed
to disentangle evolutionary reticulations in a species network of true
geese. However, despite using a high-performance computing cluster,
the amount of sampled genomic input data demanded too much from
the algorithm initially designed for smaller datasets. As such, we are
unable to confidently publish our results at this stage.
Nonetheless, we strongly encourage the research community to learn
from our findings and continue developing this field with continuously
improving algorithms and greater CPU power. The evolutionary consequences of introgressive hybridisation pose the question of ’What
is a species?’ from a different angle, which is crucial to informing
policymakers and conservationists about the smallest conservation
units to consider in protection plans for endangered species (Allendorf
et al., 2010).
From an evolutionary perspective, it is very intriguing to learn which
parts of the genome introgressed at what time and under which conditions. Therefore, sampling whole genomes for regions under different
selective pressure has unprecedented potential. For instance, in true
geese, where species boundaries can be blurry, we expected to see
immune genes introgressing more frequently than other protein-coding
genes or randomly sampled loci in the genome, which presumably
evolved neutrally on average. By correlating such potentially introgressing regions with environmental changes, we could inform population
health monitoring and breeding efforts to protect or rescue endangered
species.
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s.4 C hapter 4
Undoubtedly, global biodiversity is experiencing an accelerated decline
that is predominantly driven by human-caused mass extinction (Ceballos, Ehrlich, Barnosky, et al., 2015; Isbell et al., 2017; IUCN, 2020;
Pimm et al., 2014; Tollefson, 2019). Although Chapter 4 discussed the
causes and consequences of this decline in great detail, I would like to
highlight the fundamental cause: human population size linked to the
overexploitation of natural resources (Shivanna, 2020). Fortunately, the
human growth rate is declining. However, the global human population
size is still projected to reach 11 billion people by 21003 . Even if we
manage to preserve or perfectly restore habitats, it could be too late once
a tipping point is reached. Species undergoing a diversity bottleneck
might not be able to recover, let alone species that have gone extinct.
While assessing the tipping points in natural communities and determining the correct thresholds might be challenging (Oliver, 2016),
there is no arguing that protection and recovery plans become more
complex and expensive with decreasing biodiversity intactness. Genomics is a basal and powerful ’tool’ used to investigate biodiversity.
With high-quality genome assemblies as a reference, we can monitor
the genetic variability of threatened species to propose population
health and protection plans where required (Allendorf et al., 2010; Kent
et al., 2018; Teeling et al., 2018). Once beyond a tipping point where
protection might not be sufficient, these reference genomes can inform
reintroduction (Bosse, Megens, Madsen, Crooĳmans, et al., 2015; Li, Li,
et al., 2014; Sutton et al., 2018), genetic rescue (Halbert and Derr, 2007)
and resurrection genetics plans (Evans Ogden, 2014; Shapiro, 2017).
At the current rate of species loss and infectious disease emergence,
both the scientific community and funding bodies must be aware that
we are in a race against time. Thus, it is vital to devote funding and
research to producing and analysing reference genome assemblies of
the highest quality to assess biodiversity. Genetic marker studies alone
are often insufficient (Hendricks et al., 2018), while lower-quality (draft)
genome assemblies tend to be gappy or erroneous. Such incomplete or
potentially erroneous data might lead to incorrect conclusions, such as
the mischaracterisation of genes and variants or the contamination of
sequences (Morin et al., 2020).
Notably, the Fort Lauderdale Agreement4 could serve as a step in
the right direction and incentive for funding bodies and the scientific
community since it aims to provide unrestricted access to sequenced
genomes for the scientific community, even before the data has been
published. From a technical and scientific perspective, we are looking
towards a bright future since sequencing technology, algorithms, and

3 https://population.un.org/wpp/Graphs/Probabilistic/POP/TOT/900
4 https://www.genome.gov/Pages/Research/WellcomeReport0303.pdf
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computer power will further increase genome assembly quality and
completeness while maintaining or further decreasing sequencing costs.
A hotly debated challenge for the near future is tissue and specimen
collection, particularly from endangered species. In this context, the
Convention on International Trade in Endangered Species of Wild
Fauna and Flora (CITES)5 entered into force in 1975, which involved
183 parties joining to protect endangered wildlife. While this seems
conducive towards wildlife protection, it also delays special permits for
collecting and moving tissue samples to sequencing centres. These are
often not in the same country as the (endangered) species of interest.
Another impediment in this regard is the agreement of 128 parties on
the Nagoya protocol (Buck and Hamilton, 2011), which ensures the fair
sharing of benefits arising from genetic resources but also complicates
the bureaucracy of obtaining permits for sample collection and export.
While I am not generally criticising such endeavours for protecting
wildlife and fair sharing, these agreements must be revisited in light
of current extinction rates. Otherwise, there may not be much left to
collect (and protect). These obstacles will be partly overcome via mobile,
pocket-sized sequencers (see ’nanopore sequencing’ in Section I.1.2),
which will soon make it possible to sequence ’in the field’ with high
quality. However, this does not compensate for the urgent need to
negotiate, re-adjust and enforce international treaties in a global effort
to preserve and restore Earth’s environment.

s.5 future perspective
Initially, my three focal chapters were seemingly disconnected since
they touched on very different disciplines (some not even related to
biology) that require a diverse set of skills, including:
• Design and development of a relational database
• Transcriptome annotation of a non-model bird species
• Quantification of introgression in hybridising waterfowl
However, the chapters all had four areas in common to varying degrees:
non-model species, birds, genomes and immune genes.
Based on what I learned in these chapters and considering advancements in genome sequencing, the next logical step is to further develop
and use the avian immunome database using knowledge gathered
through genome and transcriptome annotation. This development
would be threefold:
• Establish and share an extended de novo transcriptome annotation
pipeline for non-model bird species focused on bioinformatically
predicting novel immune genes. While loading the database, I
5 https://cites.org/
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was constantly concerned about the bias of included immune
genes towards those annotated in the chicken genome.
This pipeline would be a valuable asset to the expected highquality genomes sequenced by B10K and VGP. Once thoroughly
documented and released, this resource could encourage fellow
researchers to contribute with bird immune gene annotations or
adapt it to their focal species or traits.
• Upgrade from an avian (protein-coding) immune gene database
to a comprehensive avian immune system database.
I briefly touched on small RNA and regulators in Chapter 2 and
find it intriguing to study the entire immune system process in
a network context and reflect this knowledge in the database.
I can also imagine mining and including omics data resolved
in time and space while also involving gene expression data
under different conditions (e.g., developmental stage, time after
infection, tissue).
• Maintain the philosophy of a well-documented and open database
architecture so that (small) labs are free to rebuild the database
for their purposes.
An advanced Avimm would allow researchers to study the susceptibility of species to emerging infectious diseases with much higher
precision, which could result in the early prevention of pandemics (Jax,
Müller, et al., 2021). In Chapter 2, I noted that studying the presence
and expression of protein-coding immune genes alone might not be
sufficient to assess disease resistance. For instance, expression of the
RIG-I gene in tufted ducks might have led us to the incorrect conclusion
that this species is largely resistant to AIV. Notably, the advanced Avimm
could support studies in comparative genomics (absence/presence of
features between species) and functional genomics (identifying reference candidates for expression experiments). Furthermore, questions
that we can barely address today–particularly in non-model organisms–
could be addressed, with the results being fed back into the database.
Such questions include: How is gene expression regulated? In which
tissue? Under which conditions? What is the identity and function of
isoforms? What is the extent of expressed genes? Moreover, how does
it all play together?
With ongoing development in computational power and sophisticated algorithms, the improved immune system database could be
used to approach the next step of revisiting the introgression study
(Chapter 3) with immune genes generally under purifying selection.
Although our study has already indicated that immune genes might
be preferred candidates for introgression, we could not confidently
make this conclusion based on our presumably insufficient data and
available computing/algorithm power at the time of the study. It would
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be interesting to determine whether, when and under which conditions immune genes under selective pressure are laterally acquired.
Identifying such candidates could inform the population health monitoring efforts and targeted breeding programmes in rescue plans before
releasing species into the wild.
Admittedly, these aforementioned outlooks are tailored towards
avian immunogenomics. However, by following the FAIR principles
and proper documentation, the utilised bioinformatics methods and
resources can be adapted to other traits and taxa.
Computer science, mathematics and statistics have driven the resolution of phylogenetic problems and will continue to do so in future.
Moreover, biological discoveries in omics trigger technological advancements in sequencing technology. Consequently, bioinformatics has
come a long way from computer-assisted biology to serving as an integral discipline in its own right with many interfaces to other biological
disciplines. Computation power, storage space and network throughput
are steadily increasing, which has spurred the development of an entirely new era in this field–machine learning and artificial intelligence.
Notably, these developments might soon outclass the algorithms we
are using today, while quantum computing–although likely far from
becoming commercial–would allow us to resolve phylogenies using
complete whole-genome data.
While computer science is established in other fields of biology
(e.g., animal tracking and bio-logging), bioinformatics and genome
sequencing are still underrepresented in conservation. However, emerging disciplines such as conservation genomics and molecular disease
ecology are catching up. Through animal tracking, bio-logging, and
functional and comparative genomics, these fields inform conservation
strategies with greater precision and reveal a more comprehensive
picture of disease susceptibility (Jax, Müller, et al., 2021). With the
ever-increasing number of non-model species genomes, I foresee a
bright future for genomics in conservation. Although funding for conservation initiatives has traditionally been inadequate because it is
challenging to assess its economic value (McCarthy et al., 2012; Seddon,
Mace, et al., 2016), this will likely become less important in conservation
genomics with the further democratisation of genomic information
through databases such as Avimm and access to the high-quality whole
genomes produced by affordable hand-held sequencers.
In the future, I can imagine miniaturised sequencers capable of reconstructing reference-grade DNA, RNA and protein sequences on
the fly, followed by built-in bioinformatics processing pipelines for
the pre-analysis and sending of prepared data to the cloud, thereby
making it ready for downstream analysis in a biological context. This
near-real-time preparation of high-quality omics data from non-model
organisms could significantly impact the early detection and mitiga-
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tion of pandemics and deliver reference-grade data for biodiversity
assessments.

s.6 final thoughts
Chapter 1 and Chapter 2 are prime examples of what a small lab with a
small budget can achieve in avian genomics when working with strong
partners and collaborating in ambitious consortia such as B10K and
VGP. Chapter 3 demonstrates how reanalysing 20 goose genomes for
introgressive hybridisation can reuse existing omics data with stateof-the-art phylogenomics software. Finally, Chapter 4 illustrates how
experts in different areas of conservation genomics cooperate to propose
guidelines for the future of omics research, policymaking and funding.
While I am well aware that genome studies alone will not ’solve’
human-caused environment and health problems, with an–admittedly
biased–view through the eyes of a bioinformatician concerned about
conservation, I have attempted to provide a perspective on how omics
research can contribute to solving these important issues.

Part IV
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