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Resumo

Os extraordinarios avancos na sequenciacdo do ADN/ARN ao longo das ultimas duas
décadas revolucionaram o campo da gendmica. Estudos a escala do genoma sdo agora
acessiveis a maioria dos laboratorios de biologia molecular do mundo, representando
um passo importante no estudo de todos os ramos da Arvore da Vida (ToL). Apesar dos
inegaveis sinais de progresso, esta realidade esta ainda na sua infancia para muitos
grupos do TolL, incluindo grupos altamente diversos e ecologicamente relevantes, tais
como os moluscos. O filo Mollusca é o segundo filo animal mais diversificado,
compreendendo uma enorme variedade de organismos evolutivamente bem-sucedidos,
colonizadores de quase todos os habitats do planeta. Os bivalves estdo entre os
moluscos mais diversificados, com mais de 20,000 espécies distribuidas em
ecossistemas marinhos, salobros e de agua doce. Atualmente, varias linhagens
independentes de bivalves habitam ecossistemas de agua doce. Entre elas, o grupo
mais diversificado de bivalves que habitam exclusivamente habitats de agua doce é
formado por espécies comumente designadas por mexilhdes de agua doce (Bivalvia:
Unionida). Os mexilh6es de agua doce possuem uma série de tragos biologicos que
lhes permitem prosperar nos ecossistemas de agua doce, incluindo fertilizagdo interna
com "cuidados parentais" e larvas parasitarias altamente especializadas (glochidia), que
atuam como parasitas obrigatérios de peixes (ou outros vertebrados) e asseguram a
disperséo e nutricdo até a metamorfose. Além disso, os mexilhdes de &dgua doce, tal
como muitos outros bivalves, possuem um método muito invulgar de heranca de ADN
mitocondrial, chamado Dupla Heranca Uniparental (DUI), onde duas linhagens de ADN
mitocondrial podem ser segregadas diferencialmente entre géneros no decorrer da
reproducdo. Os mexilhBes de 4gua doce estao também entre os taxa mais ameagados
do planeta, com a familia Margaritiferidae (margaritiferideos) a ocupar uma posicéo
particularmente preocupante, como o grupo de mexilhdes de agua doce mais
ameacado. Os margaritiferideos incluem uma das espécies mais icénicas e bem
estudadas de mexilh6es de agua doce, a Margaritifera margaritifera (Linnaeus, 1758).
No entanto, o conhecimento sobre a biologia e ecologia da maioria das espécies de
margaritiferideos é ainda muito limitado. Além disso, a disponibilidade de recursos
gendémicos, tanto para margaritiferideos como para mexilhdes de &gua doce, é
virtualmente inexistente, o que dificulta ainda mais a compreenséo de muitos dos tracos

biolégicos, ecoldgicos e evolutivos destas espécies.
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O trabalho desenvolvido nesta tese visa avancar o estudo da biologia e evolugcédo dos
margaritiferideos, através da aplicacdo de estratégias de sequenciacdo de nova
geracdo (NGS), a fim de gerar novos recursos com aplicacbes em varios campos
emergentes de gendmica, tais como a filogendmica, a gendmica populacional, a

gendmica de conservacao e a gendmica adaptativa.

Dada a recente histéria de estudos gendmicos dos moluscos, esta tese inclui duas
grandes revisGes sobre o tema, primeiro, com foco na gendmica num sentido mais
amplo e, segundo, na gendmica mitocondrial dos moluscos. O estudo dos moluscos
esta lentamente a entrar na era gendmica, contudo esta ainda muito atras do estudo de
outras linhagens de metazoarios. Os recursos gendémicos produzidos para moluscos
sdo quase inteiramente representados por RAD-seq, transcriptbmica, mitogenémica e
sequenciacdo de genomas, e em grande parte focados em espécies conhecidas e
comercialmente relevantes (ou seja, gastrépodes, bivalves marinhos e cefaldpodes).
Apesar disso, 0os poucos estudos ja disponiveis come¢cam a desvendar 0os mecanismos
moleculares que estdo subjacentes a muitas das caracteristicas bioldgicas e adaptativas
gue diferenciam os moluscos. Os recursos mais abundantes para moluscos sao
mitogenomas, que representam, em VAarios taxa, a primeira fronteira na era da
gendémica. O catalogo ja disponivel (e em rapido crescimento) de mitogenomas de
moluscos revelou a existéncia de frequentes exce¢des a "descricdo universal" de um
mitogenoma. Estas excecdes, incluem varia¢des significativas no tamanho e disposi¢céao
dos genes, duplicacdes/perdas de genes, novos genes e ainda o DUI. Os mitogenomas
de moluscos representam, portanto, modelos ideais para o estudo da evolucdo
mitocondrial e funcdes adaptativas, bem como para a filogenébmica e a gendémica

populacional.

A aplicacdo de estratégias moleculares alterou fundamentalmente os estudos de
filogenética e a sistematica de mexilhdes de agua doce. Contudo, a maioria destes
estudos ainda se baseavam num pequeno numero selecionado de marcadores
moleculares. Nesta tese, sdo gerados e aplicados varios recursos gendmicos
inovadores em dois estudos de filogendmica de margaritiferideos. Estes estudos
geraram 0s mais completos conjuntos de mitogenomas de margaritiferideos até a data,
bem como o primeiro conjunto de 813 marcadores nucleares obtidos usando a
estratégia Anchor Hybrid Enrichment loci (AHE). Estas duas estratégias sdo utilizadas
independentemente e comparadas para testar a sua utilidade em estudos de
filogenética. Além disso, foi desenvolvida uma nova pipeline informética para a captura

e montagem das regifes-alvo de AHE utilizando resultados de sequenciacdo de
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genomas. Todos estes novos recursos servirdo como ferramentas complementares
para estudos filogendmicos, ndo s6 para margaritiferideos, mas também para mexilhdes

de 4gua doce como um todo.

O transcriptoma e genoma sao talvez os recursos gendémicos mais determinantes e
dificeis de gerar para uma espécie. O genoma € especialmente desafiante, sobretudo
em espécies com genomas de grande complexidade e tamanho, tais como os mexilhdes
de &gua doce. Contudo gerar estes recursos permite-nos disponibilizar “catalogos” nos
gquais 0s mecanismos moleculares da biologia das espécies sdo impressos e, portanto,
abrir novos caminhos para o estudo das mesmas. Aqui, sdo produzidos o0s
transcriptomas das branquias de cinco espécies de mexilhdes de agua doce europeus,
ou seja, Margaritifera margaritifera, Unio crassus, Unio pictorum, Unio mancus e Unio
delphinus. Além disso, os dois primeiros genomas de margaritiferideos foram
produzidos para M. margaritifera, utilizando diferentes abordagens de NGS. Estes
representam o quarto, e quinto, genomas de mexilhdes de agua doce disponiveis até a
data. Os transcriptomas e genomas aqui produzidos séo recursos chave para comecgar
a explorar os mecanismos moleculares que governam muitas das intrigantes

caracteristicas biol6gicas, ecolbgicas e evolutivas dos mexilhdes de agua doce.

Palavras-chave: Sequenciacdo de ADN/ARN, Sequenciacdo de Nova Geracao (NGS),
Mitogenoma, Transcriptoma, Genoma, Mollusca, Bivalvia, Unionida, Mexilhdes de agua

doce, Margaritiferidae, Margaritifera margaritifera
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Abstract

The exceptional advancements in DNA/RNA sequencing undertaken over the last two
decades revolutionized the field of genomics. Genome-scale studies are now accessible
to most molecular biology laboratories in the world, representing a fundamental step
towards reaching every branch of the Tree of Life (ToL). Despite the unarguable signs
of progress, this reality is still in its infancy for many groups of the ToL, even for highly
diverse, widespread, and ecologically relevant groups, such as molluscs. Mollusca is the
second most diverse animal phylum, comprising many familiar organisms (e.g., mussels,
shails, and octopuses), which over their long evolutionary history have attained
outstanding adaptive success and colonised almost all habitats. Bivalves are among the
most diversified molluscs, with over 20,000 species distributed throughout most marine,
brackish and freshwater ecosystems. In freshwater, several independent lineages of
bivalves exist today with the most diverse group of strictly freshwater bivalves being the
freshwater mussels (FMs) (Bivalvia: Unionida). Freshwater mussels possess a series of
characteristic biological features allowing them to thrive under the challenging conditions
posed by freshwater ecosystems. This includes internal fertilization with ‘parental care’
and, most remarkably, highly specialized parasitic larvae (glochidia or lasidia), which act
as obligatory parasites of fish (or other vertebrates) and ensures dispersion and nutrition
during metamorphosis. Moreover, FMs, along with many other bivalves, possess a highly
unusual method of mitochondrial DNA inheritance, called Doubly Uniparental Inheritance
(DU, in which two lineages of mitochondrial DNA can be differentially segregated
between genders during reproduction. Freshwater mussels are also among the most
imperilled taxa, with the family Margaritiferidae (margaritiferids or freshwater pearl
mussels) occupying a particularly concerning position as the most threatened group of
FMs. Margaritiferids include one of the most emblematic and well-studied species of
FMs, the freshwater pearl mussel Margaritifera margaritifera (Linnaeus, 1758). However,
the knowledge of the biology and ecology of most species of the group is still limited.
Moreover, the availability of genomic resources for Margaritiferidae (and FMSs) is
practically inexistent, which further hampers a deeper understanding of many of the

species' biological, ecological and evolutionary traits.

The work developed in this thesis aims to advance the study of the biology and evolution
of margaritiferids through the application of several next-generation sequencing (NGS)

approaches, to generate resources with applications in a myriad of emerging “omics”

Vi
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fields, such as phylogenomics, population genomics, conservation genomics, and

adaptative genomics.

Given the recent, but flourishing, history of the field of molluscan genomics, this thesis
provides two broad revisions of the topic, firstly, focusing on genomics in a broader sense
and, secondly, on molluscan mitochondrial genomics. The study of molluscs is slowly
entering the genomic era but still lags far behind many other metazoan lineages.
Genomic resources produced for molluscs are almost entirely represented by RAD-seq,
transcriptome, mitogenome and whole-genome sequencing, and largely biased towards
the most well-known and commercially relevant species (i.e., gastropods, marine
bivalves and cephalopods). Despite this, the few studies already available are starting to
unravel the molecular mechanisms underscoring many differentiating biological and
adaptative novelties of molluscs. The most abundant resources for molluscs are
mitogenome assemblies, which for many taxa represent the first frontier of the genomic
era. The already available (and rapidly increasing) catalogue of molluscan mitogenomes
has revealed frequent deviations and exceptions to the ‘textbook description’ of a
mitogenome. This includes significant variations in size and gene arrangements, gene
duplications/losses, the emergence of novel genes and DUI. Consequently, molluscan
mitogenomes represent ideal models for studying mitochondrial evolution and adaptation

roles, as well as for phylogenomic and population genomics.

The application of molecular approaches has fundamentally changed the phylogenetics
and systematics of FMs. However, most of these studies, including the most
comprehensive phylogenetic study available for margaritiferids, still relied on a small
number of selected molecular markers. In this thesis, a series of novel genomic
resources are generated and applied in two comprehensive phylogenomic studies of
margaritiferids. This includes the most comprehensive dataset of margaritiferids whole
mitogenomes assemblies, as well as the first family-wide dataset of 813 Anchor Hybrid
Enrichment loci (AHE), which are independently used and compared for their
phylogenetic applications. Moreover, a new highly efficient pipeline for capturing and de
novo assembly of the AHE targeted regions, using whole genome re-sequencing reads,
is developed and a catalogue of well-curated functional annotations of the targeted
regions is provided. All these new resources will serve as complementary tools for

phylogenomic studies, not only within margaritiferids but also within FMs as a whole.

Perhaps the two most defining and challenging genomic resources to generate for a
species are its transcriptome and whole-genome assemblies. The latter is particularly

changeling for species with highly complex and large genomes, such FMs, which have

viii
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among the largest, within molluscs. However, undertaking these endeavours, allow us
to generate catalogued frameworks, in which the molecular mechanisms of species'
biology are imprinted, opening new ways to study them. Here, the gill transcriptomes of
five threatened European FMs are produced, i.e., for Margaritifera margaritifera, Unio
crassus, Unio pictorum, Unio mancus and Unio delphinus. Moreover, the first two
margaritiferids’ whole genome assemblies are produced for M. margaritifera, using
distinct NGS sequencing approaches. These represent the fourth and fifth FMs genome
assemblies available to date, with one of them being the most contiguous and complete
FMs genome assembly. The transcriptomes and genomes here produced are key
resources to start exploring the molecular mechanisms that govern many of the FMs’

intriguing biological, ecological, and evolutionary features.

Overall, the present thesis provides a series of novel, but timely needed, multiscale
genomics resources for margaritiferids (and FMs), that will propel the study of these
organisms in the genomics era. The important advances here presented will have
multiple applications in several emerging fields, such as phylogenomics, population
genomics, conservation genomics, and adaptative genomics, which will help to better
comprehend the biology of this fascinating group of organisms and ultimately promote

their conservation.

Keywords: DNA/RNA sequencing, Next Generation Sequencing (NGS), Mitogenome,
Transcriptome, Genome, Mollusca, Bivalvia, Unionida, Freshwater Mussels,

Margaritiferidae, Margaritifera margaritifera.
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Chapter 1 — General Introduction

1 — Beginnings: nucleic acid sequencing

Two decades separate the announcements of the first human genome sequence (Craig
Venter et al., 2001; Lander et al., 2001) and the recently described gapless human
genome assembly (Nurk et al., 2022). In between, a critical revolution occurred in
genome biology, providing a fundamental shift in the process and the scale at which
DNA/RNA are studied (Goodwin et al., 2016; L. Koch et al., 2021; Sedlazeck et al., 2018;
Stephan et al., 2022). Today, nucleic acid sequencing has become a mundane, cheap
and easy task accessible to most molecular biology laboratories in the world. The history
that led to this stage started almost 60 years ago and was possible due to a series of
landmark discoveries and projects throughout the second half of the 20" century and the
beginning of the 21 century (Giani et al., 2020; Heather and Chain, 2016; Hutchison,
2007).

In 1953, soon after the Watson and Crick publication that unveiled the three-dimensional
structure of DNA (critically helped by crystallographic studies of Rosalind Franklin and
Maurice Wilkins) (Watson and Crick, 1953; Zallen, 2003), it became clear that the next
step would be to develop “read” approaches for nucleic acid sequences. Although
protein chains were already being sequenced at the time, nucleic acid molecules were
inherently very different, and distinct sequencing approaches were required, thus the
“rush” for DNA sequencing began (Heather and Chain, 2016; Hutchison, 2007). Initial
progress was slow, as DNA shares several properties that made the process difficult,
such as the large chain lengths with only four very similar monomeric unities, which was
further complicated by the lack of known base-specific DNAases at the time (Giani et al.,
2020; Heather and Chain, 2016; Hutchison, 2007). For that reason, the first efforts
focused on some RNA molecules (microbial ribosomal or transfer RNA) that lack some
of these shortcomings (Giani et al., 2020; Heather and Chain, 2016; Hutchison, 2007)
and, in 1965, Robert Holley and colleagues sequenced the first ever nucleic acid
molecule, a 76 base long (bp) alanine tRNA of Saccharomyces cerevisiae (Holley et al.,
1965) (Figure 1.1). Between 1968 and 1971, Wu and colleagues, using DNA polymerase
for the incorporation of radiolabel nucleotides at the cohesive ends of the purified linear
molecule of viral phage lambda DNA, reported the first DNA sequence. i.e., a 12 bp

complementary fragment of the cohesive end (Kaiser and Wu, 1968; Wu and Kaiser,

24
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1968; Wu and Taylor, 1971) (Figure 1.1). Ray Wu also proposed a generalised method

to apply this sequencing approach based on synthetic location-specific oligonucleotide

primers during DNA sequencing reactions, which to some degree is still the fundamental

principle at the base of many sequencing approaches that came afterwards

(Padmanabhan et al., 1972; Ray et al., 1973). However, RNA sequencing was still head

and, in parallel, Sanger and colleagues developed a related approach that detected

radiolabelled partial-digestion fragments after two-dimensional fractionation (2-D

fractionation) (Sanger et al., 1965) (Figure 1.1). This approach allowed the sequencing

of several ribosomal and transfer RNA fragments, including the first complete protein-

coding gene of a coat protein of bacteriophage MS2, generated in 1972 by Walter Fiers

team (Jou et al., 1972) and soon after the first-ever complete RNA genome, the 3,569 bp

long RNA bacteriophage MS2 genome (Fiers et al., 1976) (Figure 1.1).
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Figure I. 1 - A timeline of major discoveries and releases in DNA/RNA sequencing since the
1950s.

The flourishing of DNA sequencing began in the second half of the 1970s, initially with

the development of the plus and minus method for DNA sequencing by Sanger and

Coulson in 1975 (Sanger and Coulson, 1975), which was used for the sequencing of the
first DNA genome from the 5,368bp long bacteriophage $X174 (Sanger et al., 1977). In

the same year, two new DNA sequencing methods were presented, which many
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regarded as the “first generation sequencing” approaches, the Maxam and Gilbert
chemical base-specific cleavage approach (Maxam and Gilbert, 1977) and Sanger’'s
polymerase reaction “chain termination method” or dideoxy technique (Sanger et al.,
1977) (Figure 1.1). Gilbert’'s approach, simply known as Sanger sequencing, was the first
technique to be widely implemented, later overthrown after improvements that further
simplify the technical application and reduce the cost of the dideoxy technique (Giani et
al., 2020; Heather and Chain, 2016; Hutchison, 2007; Shendure et al., 2017). The
original Sanger method relied on the addition, at a reduced concentration, of four
different radiolabel 2,3-dideoxynucleoside triphosphate (ddNTP) in separate
polymerization reactions, which when incorporated by DNA polymerase resulted in the
termination of elongation (due to the lack of a 3'-hydroxyl group), thus producing
fragments with different lengths (Sanger et al., 1977). The results of the four individual
reactions were run on a polyacrylamide gel and through autoradiography, the nucleotide
sequence composition was inferred at each corresponding reaction termination length
(Sanger et al., 1977). Several improvements allowed standardization and automatization
of Sanger sequencing, establishing its potential and opening the way for the first
commercial sequencing machines (Giani et al., 2020; Heather and Chain, 2016;
Hutchison, 2007; Shendure et al., 2017). The two major advances were the replacement
of radiolabelling with fluorometric detection (allowing a single polymerization reaction)
and detection through capillary-based electrophoresis (Ansorge et al., 1987, 1986;
Kambara et al., 1988; Luckey et al., 1990; Prober et al., 1987; Smith et al., 1985;
Swerdlow and Gesteland, 1990). In the end, despite using many of the same principles
of previous techniques (i.e., labelling the last nucleotide of distinct DNA fragments),
Sanger sequencing offered both accuracy, robustness, and technical simplicity that
made it the ruler of the sequencing world for the next 40 years (Giani et al., 2020; Heather
and Chain, 2016; Hutchison, 2007; Shendure et al., 2017) (Figure 1.1).

2 — “Sequences, sequences, and sequences”

The first revolution in DNA/RNA sequencing had just started, which is testified by the
number/complexity of sequencing projects, commercially available sequencing
platforms, data processing approaches and genomic repositories that emerged during
the 1980s and 1990s (Giani et al., 2020; Heather and Chain, 2016; Hutchison, 2007)
(Figure 1.1). In 1981 the first 16,569 bp human mitochondrial genome was sequenced

(Anderson et al., 1981). The next year, Sanger and colleagues applied the then recently
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developed “shotgun sequencing” (i.e., sequence several random overlapping fragments
of a long sequence for posterior in silico assemblage)(Messing et al., 1981; Staden,
1979) to construct the 48,502 bp complete phage lambda genome (Sanger et al., 1982).
In 1984, Bart Barrell and colleagues produced the 172,282 bp long Epstein—Barr virus
(Baer et al., 1984), and six years later the 237 kb human cytomegalovirus genome
(Bankier et al., 1991). Throughout this period the constant increase in sequencing
studies both aided and was boosted by several methodologic innovations, such as
recombinant DNA (Cohen et al., 1973; Jackson et al.,, 1972) and polymerase chain
reaction (PCR) (Saiki et al., 1988, 1985). Reflecting on the excitement of this period, in
1988 Sanger publishes a review entitled “Sequences, sequences, and sequences’
(Sanger, 1988).

The constant increase in sequencing outputs demanded new ways for data
delivery/storage, thus many sequencing repositories also emerged during the 1980s,
including the three main sequencing repositories today, i.e., GenBank, the US National
Institute of Health (NIH) sequence database
(https://www.ncbi.nlm.nih.gov/genbank/statistics/), EMBL Nucleotide Sequence Data
Library (https://www.ebi.ac.uk/history) and the DNA Data Bank of Japan (DDBJ)

(https://www.ddbj.nig.ac.jp/about/index-e.html) (Figure 1.1). On the other hand,

biotechnology companies realized the potential of sequencing and several commercial
sequencing machines started to be released with increasing accuracy, speed, and
sequencing outputs, with Applied Biosystems dominating the market (Giani et al., 2020;
Heather and Chain, 2016; Hutchison, 2007).

All these rapid advancements, further leveraged and/or funded by the Human Genome

Project (HGP) initiative (https://www.genome.gov/human-genome-project/timeline),

allowing for the constant increase in the number and complexity of genome sequencing
throughout the 1990s and early 2000s solely based on Sanger sequencings, such as the
first bacterial genomes (hence the first living organisms) of Haemophilus influenzae
(Fleischmann et al., 1995) and Mycoplasma genitalium (Fraser et al., 1995); the first
eukaryotic genome assembly, the yeast Saccharomyces cerevisiae (Goffeau et al.,
1996); the bacteria Escherichia coli and Bacillus subtilis genomes (Blattner et al., 1997;
Kunst et al., 1997); the first multicellular organism, the worm Caenorhabditis elegans (C.
elegans Sequencing Consortium, 1998); the first plant Arabidopsis thaliana (The
Arabidopsis Genome Initiative, 2000); and the fruit fly Drosophila melanogaster (Adams
et al., 2000; Myers et al., 2000). The ultimate goal, the assembly of the human genome,
was achieved in 2001 nearly 50 years after Watson and Crick’s publication (Craig Venter
et al., 2001; Lander et al., 2001).
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3 — The Human genome sequence: the start of a new revolution

The first steps toward the HGP initiative were taken at the end of the 1980s and its
completion took almost 15 years, costing ~$3,000 million

(https://www.genome.gov/human-genome-project/Completion-FAQ). Although the two

human genomes presented in 2001 were sequenced using automated Sanger
sequencing, they leveraged the begging of the next sequencing revolution, i.e., “‘the Next
Generation Sequencing” or “the genomic” era. Sanger sequencing was already being
used routinely in many research groups throughout the world. However, large
sequencing projects, such as the above-mentioned, were extremely demanding both in
labour and cost, hence were only possible through massive collaborative engagements
between major genetic groups. This is testified by the number of authors and institutions
involved, with some publications even being authored by the consortiums, e.g., (C.
elegans Sequencing Consortium, 1998; The Arabidopsis Genome Initiative, 2000). By
then it was clear that new more efficient and affordable sequencing technologies were
needed, which became the focus of several funding agencies and private biotechnology
companies, e.g., the NHGRI started the “Revolutionary DNA Sequencing Technologies
program — The $1000 Genome” to support grants for developing new sequencing

approaches for affordable genomes sequencing (https://grants.nih.gov/grants/quide/rfa-

files/RFA-HG-10-014.html). Alternative sequencing approaches (non-electrophoretic

dependent) start to appear during the 1980s and 1990s (Giani et al., 2020; Heather and
Chain, 2016; Hutchison, 2007; Shendure et al., 2017) (Figure 1.1). In the late 1980s, Pal
Nyrén and colleagues started exploring the potentiality of the then recently discovered
measuring method of pyrophosphate synthesis based on a proportional production of
light (luminescent) produced by luciferase (Nyrén and Lundin, 1985). Upon perfecting
their approach, they eventually proposed a new sequencing approach, known as
pyrosequencing, which is regarded as the first next-generation sequencing method
(Nyrén, 1987; Ronaghi et al., 1998, 1996) (Figure 1.1). Pyrosequencing possesses
several advantages over dideoxy sequencing as it allows the use of natural nucleotides
(instead of heavily modified), register sequencing in real-time (instead of a post-
electrophoreses process) and most importantly multiplexing (instead of one
tube/reaction) (Ronaghi et al., 1998). Pyrosequencing was later licensed to 454 Life
Sciences (after being acquired by Roche). Around the same time another biotechnology
company emerged, Solexa (later acquired by lllumina), founded by Balasubramanian

and Klenerman. Solexa started exploring other massively parallel sequencing
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approaches that relied on fluorescent sequencing on polymerase colonies (bridge
amplification), where tightly clustered individual molecules copies are generated over a
surface from an immobilized template library (Adessi et al., 2000; Mayer et al., 1998;
Mitra et al., 2003; Mitra and Church, 1999). Similar to Sanger sequencing, Solexa relied
on fluorescent label chain-terminating nucleotides, with the difference that the chain-
terminating nucleotides can be reversible, thus allowing for a subsequential nucleotide

addition and reading over each cluster (Bennett, 2004; Bennett et al., 2005).

Not surprisingly, soon after the conclusion of HGP, 454 Life Science released the first
ever commercially available NGS machine (Figure I.1), the GS 20 capable of producing
400-500 bp 99% accurate reads with an output of 25 Mbp/run at one-sixth the cost of
other methods. Three years later Solexa releases its first machine (Genome Analyzer)
(Figure 1.1), which allowed for a higher throughput of 1 Gbp/run at the cost of shorter
reads of 35bp. The success of these early NGS approaches was demonstrated by
resequencing previously obtained genomes, such as Escherichia coli (Shendure et al.,
2005), Mycoplasma genitalium (Margulies et al., 2005), and the human genome (Bentley
et al., 2008), triggered a chain reaction of emerging sequencing technologies that

determined the entering in a new era of sequencing.

4 — Next Generation Sequencing (NGS)

Over the next decade, several new sequencing methods and machines appeared,
benefiting from a series of developments in high-resolution imaging, microfabrication,
and the exponential increase in computational power (Giani et al., 2020; Goodwin et al.,
2016; Heather and Chain, 2016; Hutchison, 2007; Shendure et al., 2017) (Figure 1.1). In
general terms almost every NGS approach that initially emerged shared the same series
of conceptual steps: library preparation, where DNA (native or amplified) is fragmented
and/or size selected, followed by adapter ligation at the ends of the fragments; DNA
amplification, where millions of individual reaction centres (e.g., beads, solid plates, or
DNA nanoballs) with clonal copies of DNA template are created and; Sequencing where
the library is loaded on a flow cell and massively parallel sequencing reactions are
performed (Giani et al., 2020; Goodwin et al., 2016; Heather and Chain, 2016; Hutchison,
2007; Shendure et al., 2017).

Today, there are four main sequencing categories; three that include almost all short-

read sequencing approaches, i.e., sequencing by synthesis (SBS), sequencing by
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ligation (SBL) and synthetic long-reads (SLR), and single-molecule sequencing (SMS)
(Goodwin et al., 2016). Moreover, the sequencing outputs of these four sequencing
categories can be divided into two types, short-read sequencing and long-read
sequencing approaches. The latter type is represented by only two competing SMS
strategies and is known as single-molecule long-read sequencing (SMLS) (Goodwin et
al., 2016).

Sequencing by synthesis (SBS), the most successful sequencing strategy,
encompasses all (but one) DNA-polymerase-dependent methods including both NGS
methods (e.g., 454 GS pyrosequencing, Qiagen GeneReader, lllumina, and lon Torrent)
and Sanger sequencing (Goodwin et al., 2016; Heather and Chain, 2016) (Figure I.1).
Although many of the SBS methods were promising at the beginning, as of today, only
lllumina and Sanger sequencing maintain a significant role, with Illumina suppressing
Sanger as the dominant sequencing provider worldwide. In fact, since the Solexa
Genome Analyzer, lllumina has constantly released new machines offering constant
improvement in accuracy, read length, prices, and throughput as well as diversification
of library preparation methods with a variety of genomic applications, thus solidifying its
place as the leader of the sequencing market (Goodwin et al., 2016). In 2017, lllumina
launches NovaSeq 6000 (S4 flow cell) platforms capable of generating ~3000 Gb/run,
and today the human genome can be sequenced for less than 500%, a 6-million-fold

decrease in the cost of the HGP.

Sequencing by ligation (SBL) approaches rely on DNA ligase for the hybridization and
ligation of ladled probes and anchored sequences (Goodwin et al., 2016). This includes
two sequence strategies, Thermo Fisher Sequencing by Oligonucleotide Ligation and
Detection (SOLID) and BGI Complete Genomics, both with a very residual representation
in sequencing projects today (Goodwin et al., 2016) (Figure 1.1).

Although short-read sequencing approaches quickly demonstrated their potential, it also
became clear that the small fragments generated were not ideal when working with
complex genomes, with large sizes, high repetitive content, and structural variability
(Goodwin et al., 2016; Sedlazeck et al., 2018). To overcome these caveats, two types of

sequencing strategies have emerged, SLR and SMLS.

Synthetic long-reads (SLRs) still rely on short read sequencers and thus will output short
reads, however, during library preparation long DNA fragments are
tagged/reordered/barcoded to keep long-range bridging information within each short
read. Among others, SLS includes the Illumina synthetic long-read sequencing and the

10X Genomics emulsion-based system (Figure 1.1). At first, these strategies offered a
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very promising alternative to SMLS, especially because of the comparatively cost and
higher base call accuracy (Goodwin et al., 2016; Sedlazeck et al., 2018). However, in
the last decade, SMLS prices have continually dropped, their throughput increased, and
the error rates decreased. Consequently, SLR plays a very residual role, with 10X

Genomics discontinuing its whole genome sequencing branch.

Unlike short-read approaches, SMS does not produce a clonal cluster of DNA fragments
nor requires stepwise dNTP chemical cycling. The first available SMS approach was the
Helicos Genetic Analysis System (Helicos BioSciences), which quickly lost relevance as
it produced very short reads (35 bp), at a high cost and slow pace (Giani et al., 2020;
Harris et al., 2008) (Figure 1.1). The true revolution emerged soon after with two SMLS
distinct approaches: first, the Single Molecule Real-Time (SMRT) sequencing (Levene
et al., 2003) commercialized by Pacific Biosciences (PacBio); and second, the Nanopore
sequencing, a nearly 30 years hypothetical concept (Deamer et al., 2016) applied and
commercialized by Oxford Nanopore Technologies (ONT) (Giani et al., 2020; Goodwin
et al., 2016; Heather and Chain, 2016; Shendure et al., 2017) (Figure 1.1). While the
underlying sequencing process of these approaches is very divergent, both offer long
reads, which have become a necessary resource for ensuring the contiguity of genome
projects as well as RNA isoform determination. PacBio offers two distinct sequencing
outputs: Continuous Long Read (CLR), the first strategy offered by the company, which
produces an average read length of 20 kbp (but can generate reads longer than 50 kbp)
and an error rate of around 13% (Goodwin et al., 2016). Consequently, projects need to
complement this approach with lower error sequencing strategies for error correction;
Circular Consensus Sequences (CCSs), introduced in 2019, offer a lower error rate
(similar to lllumina short reads), while slightly reducing the read size (up to 20 kbp) and
at higher per base sequencing cost (Wenger et al., 2019). The most recent PacBio
sequencing machine, Sequel I, can generate 160 Gb per SMRT cell (Giani et al., 2020).
Nanopore sequencing has a similar error rate to PacBio CLR, thus requiring third-party
sequencing methods for correction. However, it offers unique advantages that make it a
competing force, such as an Ultra-Long Read Sequencing Kit capable of routinely
producing reads between 50kbp-4Mbp (Jain et al., 2018), including the largest DNA
sequence to date, a 4.2Mbp read in 2021 (Figure 1.1). Ultra-long reads have been
fundamental in sequencing complex genomes (e.g., the 37 Gbp giant lungfish genome
Meyer et al., 2021) and/or highly complex genomic regions (e.g., centromeric regions
Jain et al., 2018). Nanopore also offers sequencing control and portability to the user by
providing very low-cost sequencing devices (MinlON), as well as ultra-high-throughput

platforms (PromethlON) capable of sequencing up to 14Tbp/72h/run matching the
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potential of the latest with Illumina machines (https://nanoporetech.com). Finally, given
its low cost, rapid and easy use, nanopore has also revealed a high potential for

metabarcoding and metagenomics studies (Egeter et al., 2022).

5 — Genomic revolution and the path to the Tree of Life (ToL)

Retrospectively, although many sequencing methods have emerged and perished during
the last 20 years. The most significant advancement to come out of this continuous
frantic competition for the “best sequencing technology” was the progressive
democratization of sequencing power. Sanger sequencing democratized “Genetics”
while NGS democratized “Genomics”. These advancements had a profound impact on
the culture, range, and structuring of the field of genomics. Genomic scale studies are
no longer restricted to large institutions and large consortiums. Importantly, this
fundamental approach has expanded from exclusive “model” species. The “genome era”
is progressively reaching the complete ToL (Figure 1.2), although the ultimate goal, i.e.,
whole genome sequencing (WGS), is still far for some groups (Stephan et al., 2022).
However, many other NGS applications are already at reach today, such as
transcriptomics, metagenomics or the many available genomic partitioning strategies,
e.g. Anchored Hybrid Enrichment (AHE), Restriction Site Associated DNA Sequencing
(Rad-seq), Ultra Conversed Element (UCE) (Andrews et al., 2016; Lemmon and
Lemmon, 2013; McGettigan, 2013; Quince et al., 2017). The broadening taxonomic
scope of the application of genomics approaches has opened the way for comparative
genomics and with it a new view of the evolutionary processes within the ToL, allowing
to link DNA variation to diversification, adaptation, and survival at an unparalleled scale
(Stephan et al., 2022). Not surprisingly, a diversification of fields has evolved within the
genomic era, such as phylogenomics (Kapli et al., 2020), population genomics
(Hohenlohe et al., 2021), adaptive genomics (Barghi et al., 2020), conservation
genomics (Formenti et al.,, 2022), epigenomics (Mehrmohamadi et al., 2021),
metagenomics (Quince et al., 2017) and mitochondrial genomics (DeSalle and Hadrys,
2017). However, despite the unprecedented and exciting proliferation of genomic
resources available today, there are still many underrepresented groups within the ToL
(Stephan et al., 2022) (Figure 1.2). To level the biased representation of genomics
resources (especially whole genome assemblies), over the last decades, countless
global consortiums and initiatives directed towards non-model organisms have emerged

(Table 1.1), many of which are affiliated with the Earth Biogenome Project (Lewin et al.,
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2018)(https://www.earthbiogenome.org/affiliated-project-networks). These initiatives will
be fundamental to generate a deeper understanding of non-model organism biology,
identifying the evolutionary history and phenotypic expression of genomic features and
using this information as a proxy to understand organism phylogeography, demography,
adaptation patterns, and conservation traits (Arumugam et al., 2019; Dunn and Ryan,
2015; Lopez et al., 2019; Richards, 2015; Savolainen et al., 2013; Stephan et al., 2022).
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Figure I. 2 - Species diversity in the Sequence Read Archive (SRA). The amount of human data
exceeds that of the next top 10 species, measured as (A) terabases and (B) individuals
sequenced. (C) The human proportion increased between 2010 and 2020, and (D) the proportion
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from species without known commercial/medical relevance (“other”) dropped. (E) A tiny
proportion of IUCN-recognized (80) species have a reference genome (red) or are otherwise
represented in the SRA (dark grey). Retrieved November 14, 2020. Adapted from Stephan et al.,
2022.

Table I. 1 - List of some global Consortiums aiming to increase genomics data on different
organisms through the Tree of Life (TolL).

Genomic global consortium Source
Vertebrate Genome Project https://vertebrategenomesproject.org
Darwin Tree of Life https://www.darwintreeoflife.org
Metagenomics and Metadesign of the Subways and Urban Biomes http://metasub.org
The 5000 Genome Project of the Insect and other Arthropod Genome Sequencing Initiative Evans et al., 2013
1000 Fungal Genomes Project http://1000.fungalgenomes.org/home/
NSF Plant Genome Research Program, 1K Insect Transcriptome Evolution https://www.1kite.org
Global Invertebrate Genomics Alliance Voolstra et al., 2017
The Bird 10k Genomes (B10K) Zhang, 2015
ProjectGenomic Observatories Network Davies et al., 2014
Global Genome Initiative https://naturalhistory.si.edu/research/global-genome-initi
Ocean Genome Legacy https://www.northeastern.edu/ogl/.

Despite the increasing attention toward new groups of organisms, there is still a
noticeable imbalance of genomic data produced from non-model species. Within the
Metazoa, vertebrates receive much more attention than invertebrates, and except for
arthropods and nematodes, most invertebrates have comparatively fewer data, with
some groups without any representation presently (David et al., 2019; Dunn and Ryan,
2015; Hotaling et al., 2021; Lopez et al., 2019, 2014; Stephan et al., 2022; Voolstra et
al., 2017). The advancements in sequencing offer the opportunity to fill these gaps, not
only for the sake of cataloguing the genomic diversity but to create the means for
comparative analysis. Evolution represents a ~4,000 million years experimental trial that
incorporates all life on Earth. Therefore, a comprehensive sampling of diversity (within
and between groups) is fundamental to understanding how genomic variation moulded
organism functional traits and adaptations, as well as their synergetic interactions with
the ecosystems (Paez et al., 2022; Paps, 2018; Stephan et al., 2022). Genomes, by
coding the information that sustains cellular machinery, may be considered the most
informative tool of a species’ biology. However, a reference genome by itself is not
always enough to answer all the countless and highly complex aspects of biology (such
as development, differentiation, and biotic and environmental interactions).
Consequently, apart from a comprehensive sampling of diversity, a multi-informative
application of genomic resources is also essential to disentangle the mechanism

underlying many evolutionary processes.

The genomic revolution has democratized sequencing, opening the way for genomic

exploration of the many branches of life. Therefore, it is nowadays essential to start
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sampling the underrepresented organisms and balance the availability of genomic data.
This will not only help to understand the biology of those often overlooked organisms but
also help to untangle and understand complex evolutionary processes among many

other taxa.

Among the many underrepresented taxa, Mollusca occupies a prominent position. This
group is immensely diverse with more than 200,000 species, with a significant ecosystem
relevance and fundamental cultural legacy. Yet, the scarce availability of genomics
resources to study them reflects little on the phylum diversity. Moreover, many of the
resources are biased towards specific groups, especially highly abundant and/or
economically relevant species. Consequently, increasing the availability of genomic
resources and diversifying its targets within molluscs is fundamental to fully place the

phylum in the genomic era.

6 — Phylum Mollusca

Mollusca is a highly diverse Metazoa phylum that comprises many familiar organisms,
such as mussels, scallops, cockles, limpets, snails, slugs, octopuses, and squids (Brusca
et al., 2003; Haszprunar and Wanninger, 2012; Ponder et al., 2019; Winson F and David
R, 2008). Commonly known for their beautifully diverse shell-bearing species, this widely
diverse group of organisms includes an astonishing availability of fossil records dating
back to the early Cambrian Period (~543 million years ago [Mya]) (Ponder et al., 2019;
Winson F and David R, 2008). Throughout their long evolutionary history, molluscs
developed a highly diverse phenotypic repertoire (physiological, behavioural and
ecological) resulting in outstanding adaptive success. Molluscs have conquered almost
all types of habitats, from the deep high-pressure oceans to the high altitude of mountain
tops, from the high saline oceans (~35%. salinity) to oligosaline and oligotrophic
mountain streams (< 0.5%o) or the contrasting environments of tropical rain forests and
arid deserts (Haszprunar and Wanninger, 2012; Ponder et al., 2019; Winson F and David
R, 2008). They occupy multiple levels of trophic webs, from grazers, decomposers,
predators and suspension-feeders to parasites, assuming many shapes and sizes, with
highly specialized group-specific adaptations and structures, including biomineralized
protective shells, scraping radula, symbiotic organs, hematophagy, venom production,
memory and cognitive learning (Belcaid et al., 2019; Boyle and Rodhouse, 2008;
Haszprunar and Wanninger, 2012; Marin, 2020; Modica et al., 2015; Ponder et al., 2019;
Sigwart and Sumner-Rooney, 2015; Winson F and David R, 2008; Yarra et al., 2021).
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The diversity and "cosmopolitan" biology of the phylum have resulted in long-lasting
interaction with humans, resulting in several direct and indirect impacts on human
lifestyle and well-being, either by providing important services such as food resources
(mussels, clams, abalones, limpets, whelks, land, octopus, and squids), and cultural
objects (shells, opercula, pearls, and mother-of-pearl and natural pigmentation), or by
negatively affecting humans both as pests (e.g., Dreissena polymorpha or Pomacea
canaliculata) and as hosts for human and cattle parasites (e.g., Schistosomiasis,
Eosinophilic meningitis), (Adema et al., 2017; Boyle and Rodhouse, 2008; From et al.,
2000; Furuhashi et al., 2009; Haszprunar and Wanninger, 2012; Karatayev et al., 2015;
Ponder et al., 2019; Strack, 2015; Strayer, 2009; Takeuchi, 2017; Winson F and David
R, 2008). From a scientific point of view, molluscs have also served humans as biological
markers and models, such as for monitoring and studying pollution, biomineralization,
ocean acidification, climate changes adaptation, cell biology, neurobiology, and
pharmacology (Bailey et al., 1983; Gazeau et al., 2013; Glanzman, 2009; Li et al., 2021,
Powell et al., 2018; Sigwart and Sumner-Rooney, 2015; Suleria et al., 2017; Talmage
and Gobler, 2010; Walters and Moroz, 2009; Yarra et al., 2021). In almost every
environment, molluscs, along with other invertebrates, generally dominate in terms of
species richness, abundance, and biomass (Cardoso et al., 2011; Cuttelod et al., 2011;
Kay, 1995; Winson F and David R, 2008). Consequently, many species are essential to
the ecosystems, working as keystone species and/or ecosystem engineers and
providing a wide range of ecological functions and services (Atkinson et al., 2013;
Spooner et al., 2013; Strong et al., 2007; van der Schatte Olivier et al., 2020; Vaughn
and Hakenkamp, 2001; Vaughn and Hoellein, 2018). Humans have had a major impact
on molluscs’ diversity worldwide, particularly in nonmarine environments, where
overexploitation, habitat degradation and loss, invasive species, and climate change
have caused accentuated population declines and several extinctions (Bohm et al., 2021,
Cuttelod et al., 2011; Dudgeon et al., 2006; Graf, 2013; Lopes-Lima et al., 2018b;
Lydeard et al., 2006). There are more extinctions assessed within nonmarine molluscs

than in all tetrapod vertebrates combined (Lydeard et al., 2006).

Mollusca is the second most speciose animal phylum (only second to Arthropoda), with
an estimated 200,000 species, of which less than half have been described (Brusca et
al., 2003). For comparison, the Chordata (probably the best-studied Metazoa group) has
only a third of the species (i.e., ~ 60.000) (Brusca et al., 2003). Nowadays, eight (often
disputed) classes are described within the phylum. The more diverse are Gastropoda
(snails, limpets, slugs, whelks) and Bivalvia (mussels, clams, scallops, shipworms and

oysters), including 96% of the species. The remaining taxa are distributed by the less
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represented classes Cephalopoda (squid, octopuses, cuttlefish and nautilus),
Polyplacophora (chitons), Scaphopoda (tusk shells), Monoplacophora (deep-sea
limpets) and the Aplacophora group (spicule worms) with two classes, the Solenogastres

(or Neomeniomorpha) (solenogasters) and the Caudofoveata (or Chaetodermomorpha)

(caudofoveates) (Brusca et al., 2003; Haszprunar and Wanninger, 2012; Ponder et al.,
2019; Winson F and David R, 2008) (Figure 1.3).
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Figure 1. 3 - Phylogenetic inference of phylum Mollusca (outgroup taxa not shown). (A) RAXML
Maximum Likelihood (ML) tree with bootstrap support values below 100 shown. (B) IQ-TREE ML
tree with bootstrap support values below 100 shown. (C) PhyloBayes Bayesian Inference (Bl)
tree with posterior probabilities below 1.0 shown. (D) ASTRAL tree with local posterior
probabilities below 1.0 shown. Adapted from Kocot et al., 2020.

Despite their significant representation of Metazoa diversity, the study of molluscs is
often neglected. Even the phylogenetic relationships among the main classes have been
constantly disputed and reassessed during the last decades. Only recently, helped by
phylogenomic approaches, consistent monophyletic classes started to be recovered
(Kocot et al., 2020, 2011; Smith et al., 2011; Vinther et al., 2012; Wanninger and
Wollesen, 2019) (Figure 1.3). Moreover, these studies often contradicted accepted
morphocladistic hypotheses. For example, phylogenomic studies unambiguously
contradict the Testaria hypothesis (worm-like Aplacophora as a paraphyletic basal group
of Mollusca) and instead unambiguously support a basal dichotomy that splits Mollusca
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into, the Aculifera (including the Polyplacophora and the reciprocally monophyletic
Aplacophora) and the Conchifera (including the Monoplacophora, Cephalopoda,
Scaphopoda, Gastropoda, and Bivalvia) (Kocot et al., 2020, 2011; Smith et al., 2011;
Vinther et al., 2012; Wanninger and Wollesen, 2019) (Figure 1.3). However, relationships
within Conchifera are still controversial, with conflicting results emerging every often over
the last few years, highlighting the importance of increasing the genomic resources within
Mollusca, particularly in less sampled groups (Kocot et al., 2020, 2011; Smith et al.,
2011; Vinther et al., 2012; Wanninger and Wollesen, 2019) (Figure 1.3).

Increasing the availability of genomic resources within Mollusca will have a major impact,
not only in phylogenetic studies but in many other fields, and ultimately benefit a wide
range of ecological, economic and scientific purposes, such as: improving the global-
scale market of molluscan fisheries and aquaculture, by helping to understand
adaptation to changing conditions, immunological response to diseases and threats, as
well as to develop efficient management of breeding programmes to increase
productivity and value (Agriculture Organization of the United Nations. Fisheries
Department, 2000; Boyle and Rodhouse, 2008; Clark et al., 2020; Guo, 2009; Houston
et al., 2020; Mun et al., 2017; Murgarella et al., 2016; Powell et al., 2018; Takeuchi,
2017); generate new insights in medical and pharmaceutical applications, such as in
neuroscience by untangling the complex cephalopods neurologic systems (Albertin et
al., 2015; Boyle and Rodhouse, 2008; Kim et al., 2018), in cancer research by exploring
underlying genetic processes of abalones tumour-suppressing features (Nam et al.,
2017; Suleria et al., 2017), in drug research by exploring the venom specific peptide
genes present in some species (Andreson et al., 2019; Barghi et al., 2016), human
parasites research, by exploring the molecular mechanisms of molluscs that act as
intermediary host (e.g. developments of molluscicides and gene drivers) (Adema et al.,
2017; Liu et al., 2018; Sun et al., 2019); surveys and control of invasive species by
studying the molecular mechanism behind ecological plasticity (Calcino et al., 2019; Liu
et al.,, 2018; McCartney et al., 2022; Uliano-Silva et al., 2018); understanding
biomineralization and pearl formation (Aguilera et al., 2017; Clark et al., 2020; Du et al.,
2017; Kocot et al., 2016a; Marin, 2020; Takeuchi et al., 2012; Yarra et al., 2021); explore
the molecular mechanism that control many of taxa-specific novelties such as: doubly
uniparental inheritance of mitochondrial DNA in many bivalves (Breton et al., 2018;
Zouros, 2013), kleptoplasty of the sacoglossan sea slugs (Cai et al., 2019), symbiotic
relationships with microorganisms with specialized symbiotic organs in bobtailed squid
(Belcaid et al., 2019); and comparative analysis with other taxa to study higher lever

relationships and evolutionary processes within Metazoan (Kocot et al., 2020; Regan et

38

XXXViii



FCUP
Margaritiferidae: from “pearls” to genomes

al., 2021; Roberts and Kocot, 2021; Simakov et al., 2012; Sun et al., 2019; Takeuchi et
al., 2016; S. Wang et al., 2017).

Numerous relevant questions substantiate the importance of bringing molluscs to the
genomic era. Although many studies are paving the way for this new era, there is still a
long road ahead. Increasing resources will be fundamental to addressing long-lasting
questions of diversity, evolution, and molecular signatures of phenotypic adaptations
within the group to explore the many known and unknown features of this fascinating

and widely diverse group of organisms.

7 — Biology and conservation of freshwater mussels (Bivalvia:

Unionida)

Within Molluscs, Bivalvia is the second most diverse group, with more than 20,000
species divided into two main groups, Protobranchia (exclusively marine species) and
Autobranchia (marine and freshwater species) (Brusca et al., 2003; Ponder et al., 2019).
The vast majority of commonly known bivalve species are comprised within
Autobranchia, further divided into Pteriomorphia (e.g., mussels, scallops, and oysters)
and Heteroconchia (e.g., freshwater mussels, shipworms, clams) (Ponder et al., 2019).
Although bivalves have a marine origin, several independent lineages of freshwater
bivalves have emerged throughout their evolutionary history, resulting from at least 11
distinct events (Bieler et al., 2014; Calcino et al., 2019; Combosch et al., 2017; Graf,
2013). These lineages differ in the extent of radiation and expansion from their original
marine habitats, with 97% of the species belonging to either family Cyrenidae (order
Venerida) or orders Sphaeriida and Unionida (Bieler et al., 2014; Calcino et al., 2019;
Combosch et al., 2017; Graf, 2013; Lemer et al., 2019). The latter two represent the only
bivalve orders of strictly freshwater organisms, with Unionida showing the highest
species diversity of all freshwater bivalves with nearly 1,000 species (Graf and
Cummings, 2007, 2022; Haag, 2012; Strayer, 2008; J. D. Williams et al., 2017).

Order Unionida is a >200 Mya monophyletic group often referred to as Freshwater
Mussels (hereafter referred to as FMs), freshwater clams, or naiads (Graf and
Cummings, 2007; Haag, 2012; Strayer, 2008a). Freshwater mussels are found in
freshwater ecosystems on all continents (except Antarctica) and have acquired a series
of remarkable adaptations to survive under constant water flow (Haag, 2012; Strayer,

2008). This adaptative repertoire includes internal fertilization with ‘parental care’ and,

39

XXXiX



FCUP | xI
Margaritiferidae: from “pearls” to genomes

the most remarkable, a highly specialized larvae stage called glochidia, which acts as an
obligatory parasite of fish (and occasionally other vertebrates) and ensures dispersion
and nutrition during metamorphosis (Barnhart et al.,, 2015; Modesto et al., 2018).
Furthermore, their ability to maintain osmolarity in freshwater is likely due to FMs’ specific
gene expansion of transmembrane passive water transporters (Calcino et al., 2019). All
these adaptations have likely played a fundamental role in the FMs' successful
dispersion and colonization of the world’s freshwater habitats. Additionally, some FMs
share with several other groups of bivalves an interesting biological feature, the unusual
mitochondrial DNA inheritance system, called Doubly Uniparental Inheritance (DUI)
(Breton et al., 2007, 2011b) (Figure 1.4). Under DUI, male and female individuals inherit
mitochondrial DNA from their mothers (F-type), while males also inherit a male-specific
MtDNA lineage from their fathers (M-type). Moreover, M and F-type mitogenomes of
unionids have two reciprocally unique putative genes with unknown homology or function
(ORFan genes), referred to as M-orf and F-orf, respectively (Breton et al., 2011b; Guerra
et al., 2019) (Figure 1.4). Alternatively, in strictly hermaphroditic species the M-type
mitogenome is absent and the only retained mitogenome lineage is a derived F-type
lineage, that possesses a modified ORFan referred to as H-orf (Breton et al., 2011b,
2018) (Figure 1.4). This strong correlation between DUI and the sexual reproductive
mechanism of bivalves has raised the hypothesis that DUl might play a role in sex
determination and/or sexual development (Breton et al., 2011b, 2018; Zouros, 2013),

although no solid evidence of such role has been generated so far.
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Figure I. 4 - Graphical representations of the mitochondrial DNA inheritance system called Doubly
Uniparental Inheritance (DUI).

Freshwater mussel species have often a dominant role in the benthic biomass of
freshwater systems, where they take part in key ecological functions, including
biofiltration, nutrient and energy cycling, habitat structuring, and sediment mixing (also
known as bioturbation), as well as provide valuable ecosystem services, including
increased water clarity, raw material sources (pearls and shell) and as a food source in
some human cultures (Howard and Cuffey, 2006; Strayer, 2008; Vaughn, 2017; Vaughn
and Hakenkamp, 2001). Despite the over-mentioned roles, similarly to other freshwater
taxa, FMs have experienced massive defaunation on a global scale, being one of the
most imperilled Metazoan groups in the world (Ferreira-Rodriguez et al., 2019; Lopes-
Lima et al., 2018b; Lopes-Lima et al., 2021; Lydeard et al., 2006). At a global scale, the
major threats to FM are habitat loss, degradation and fragmentation, loss of the glochidia
hosts, introduction of non-native species, climate change and overexploitation, with other

localized known and unknown factors contributing to the declines (Geist, 2011; Lopes-
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Lima et al., 2018b; Modesto et al., 2018; Strayer and Dudgeon, 2010). Based on the
IUCN Red List, 41.1% of the 539 accessed FMs species are either Near Threatened or
Threatened (Vulnerable/Endangered/Critically Endangered), 5.9% are already extinct
(the highest of any Metazoan) and 15.4% are data deficient (IUCN 2022) (Diaz et al.,
2019; Lopes-Lima et al., 2021) (Figure 1.5). Concerningly, these values regard little more
than half of the number of estimated FMs species and are uneven with some regions
being better covered by the IUCN Red List than others (Ferreira-Rodriguez et al., 2019;
Graf and Cummings, 2022; Lopes-Lima et al., 2014a, 2021). This overall concerning
scenario has leveraged research and conservation action devoted to FMs, which,
however, have also been largely focused on a very small number of charismatic species

in Europe and North America (Ferreira-Rodriguez et al., 2019; Lopes-Lima et al., 2014a).

Unicnida IUNC Red List Categoty

Il EX - Extinct
Il EW - Extinct In The Wild

I RE - Regionally Extinct (regional category)

DD (15.4% / EX (5.9%) I CR - Critically Endangered
' ~ CR(13.2%) EN - Endangered
VU - Vulnerable
EN (10.8%)
LR/cd - Lower Risk: Conservation Dependent
LC or LR/Ic (37.7%) VU (7.8%) NT or LR/nt - Near Threatened

NT or LR/nt (9.3%) LC or LR/lc - Least Concern

DD - Data Deficient

https:/Awww.iucnredlist.org/search/stats

Figure 1. 5 - Freshwater Mussels global conservation categories accessed by the Red List of the
IUCN.

8 — The Family Margaritiferidae

Currently, six families are recognized within Unionida based both on morphological
characters and molecular markers (Bogan, 2008; Graf and Cummings, 2007; Pfeiffer et
al., 2019). Two families have a wide northern hemisphere distribution, i.e., the Unionidae
(the most speciose family with ~600 species) and the Margaritiferidae. Another two

families can be found mainly in the southern hemisphere, i.e., the Mycetopodidae which
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occurs in South America and the Iridinidae which occurs in Africa. Of the remaining two
families, one is restricted to Africa, i.e., the Etheriidae, and the other is found in both
South America and Australia, i.e., the Hyriidae (Bogan, 2008; Graf and Cummings, 2007;
Pfeiffer et al., 2019). Of these six families, Margaritiferidae (hereafter referred to as
margaritiferids) has the highest percentage of species at risk of extinction, 66.7% (IUCN
2022), and includes one of the 100 most threatened species on earth, Pseudunio
marocanus (Pallary, 1928) (Baillie and Butcher, 2012). Currently, 15 species, distributed
throughout many freshwater systems of the Holarctic region, are recognized within the
family Margaritiferidae (Lopes-Lima et al., 2018a). Although widely distributed as a
whole, Margaritiferidae species have a sparse and intermittent distribution with almost
no overlap (Bolotov et al., 2016; Lopes-Lima et al., 2018a; Takeuchi et al., 2015). The
family includes one of the most emblematic and widespread Unionida species, the
freshwater pearl mussel Margaritifera margaritifera (Linnaeus, 1758) (Figure 1.6), which
due to its centuries-long cultural relevancy in Europe for pearl harvesting has led to
margaritiferids colloquially being referred as pearl mussels (Bauer, 2001; Strack, 2015).
In general terms, it is assumed that margaritiferids species reach large sizes (typically
around 100 mm in length), have a large life expectancy (from 50 to up 200 years), are
confined to streams and rivers, have a muscular and extensible foot (for digging and
anchoring) (Figure 1.6) and show a highly restrictive use of host fishes (often highly vagile
or migratory fishes such as salmonids) (Bauer, 2001; Benaissa et al., 2022; Haag and
Rypel, 2011; Johnson and Brown, 2011; Kondo and Kobayashi, 2005; Lopes-Lima et al.,
2018a, 2017e; Parmalee and Bogan, 1998; Stone et al., 2011; Vikhrev et al., 2019).
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Figure I. 6 - a-c) Freshwater pearl mussel Margaritifera margaritifera in its natural environment.
Pictures in panels b and c were taken within 10min apart and show two specimens burrowing
themselves in the sediment using their muscular foot. Photos by André Gomes-dos-Santos
(August 2022).

However, like other Unionida species, margaritiferids from North America and Europe
received much more attention than the remaining species for which ecology, life history,
and even distribution are still not well known (Lopes-Lima et al., 2018a). Even the
systematics of the family has been unstable, with constant species, genus, and family
reassignments (Lopes-Lima et al., 2018a). This is largely due to highly variable or
homoplastic morphological characters, with molecular phylogenetics representing a

fundamental complement to producing improved knowledge about the classification of
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the Margaritiferidae (Araujo et al., 2017; Bolotov et al., 2016; X.C. Huang et al., 2018;
Lopes-Lima et al., 2018a). Added to the generalized lack of information about the
biology, ecology, and systematics of the group, the availability of genomic resources
within Margaritiferidae is equally limited (but see Bertucci et al., 2017; Breton et al.,
2011b; Farrington et al., 2020; Garrison et al., 2021; Guerra et al., 2017, 2019; X.C.
Huang et al., 2018; Lopes-Lima et al., 2018a, 2017a; S. Yang et al., 2014). This is not
only true for margaritiferids but for Unionida as well, for which the only available genomic
resources are three whole genomes (0.3% of species) (Renaut et al., 2018; Rogers et
al., 2021; Smith, 2021), less than 20 transcriptomes (2% of species) (Bertucci et al.,
2017; Capt et al., 2018, 2019; Chen et al., 2019; Cornman et al., 2014; Ganser et al.,
2015; D. Huang et al., 2019; Luo et al., 2014; Patnaik et al., 2016; Robertson et al., 2017,
Roznere et al., 2018; R. Wang et al., 2015; X. Wang et al., 2017; Q. Yang et al., 2021),
a couple of RAD-seq studies (Farrington et al., 2020; Garrison et al., 2021) and three
target-capturing Anchored Hybrid Enrichment (AHE) studies (Pfeiffer et al., 2021, 2019;
Smith et al., 2020).

Although many of the biological and ecological characteristics of the Unionida have long
captivated scientists worldwide, the fact is that the molecular mechanisms underlying the
regulation and functioning of many of these features are poorly studied and practically
unknown. Thus, increasing the availability and range of genomic resources is critical to
improving our knowledge of such mechanisms, which will have applications in multiple
fields. This knowledge will provide the depiction of genetic features, identification of
genomic novelties as well as a comprehensive and accurate framework enhancing the
characterization of genetic variation, population structure and dynamics, selective
pressures, and adaptative traits, fundamental to launch both basic and applied research

and conservation efforts on this emblematic group of organisms.

9 — Objectives and thesis structure

The overall goal of this thesis is to advance the study of margaritiferids’ biology and
evolution by applying several next-generation sequencing approaches to obtain a series
of novel mitogenomic, transcriptomic and genomic resources with practical applications
in several emerging fields, such as phylogenomics, population genomics, conservation

genomics, and adaptative genomics.
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The specific goals of this thesis are:

1. To provide a review of the history and availability of genomics resources of the second

most diverse phylum of Metazoans, i.e., the Mollusca.

2. To provide a review of the current knowledge on variation in architecture, molecular

functioning, and intergenerational transmission of molluscan mitochondrial genomes.

3. To provide the whole mitogenomes of male, female, and hermaphroditic specimens
of the freshwater pearl mussel Margaritifera margaritifera; to determine and compare the
gene order and content of those mitogenomes; to produce phylogenetic analyses using

all available F-type and M-type mitogenomes of the Margaritiferidae family.

4. To generate the first family-wide set of Anchor Hybrid Enrichment loci (AHE) for
Margaritiferidae, as well as produce several new whole mitogenomes assemblies within
the family. Both resources will serve as complementary tools for phylogenomic studies,

not only within the family but also within the Unionida order.

5. To provide the functional annotation of the 813 AHE targeted regions recently
developed for order Unionida. This well-curated functional catalogue represents a
complementary tool for scrutinizing phylogenetic inferences while opening the way for

future applications of this set of target sequences.

6. To develop and provide a new pipeline for de novo assembly of the targeted AHE
probe regions using whole genome re-sequencing outputs. This tool allows us to easily
combine the AHE target sequencing approach with the rapidly emerging whole genome

sequencing outputs.

7. To generate the novel transcriptomes for European freshwater mussels with
conservation concern: Margaritifera margaritifera, Unio crassus, Unio pictorum, Unio
mancus and Unio delphinus. These transcriptomes represent a valuable resource to
study these organisms’ genetic repertoire and thus serve as baseline tools to search for

optimum environmental conditions and adaptation to stressful conditions.

8. To generate the first reference genome from a Margaritiferidae species, the freshwater
pearl mussel Margaritifera margaritifera (Linnaeus, 1758). This genome, produced using
lllumina paired-end and mate-pair short-read sequencing, represents an essential
resource for the characterization of genetic features and identification of genomic
novelties, such as single genes or gene families, genomic pathways and single-

nucleotide polymorphism. Such findings will help to understand how genomic variation
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shaped diversity and functions, which ultimately will allow the unravelling of the molecular

mechanisms that govern many of the species’ fascinating biological features.

9. To provide an improved reference genome for freshwater pearl mussel Margaritifera
margaritifera (Linnaeus, 1758). These results, accomplished by combining PacBio CLR
long reads and lllumina paired-end short-read sequencing, translate into a highly
enhanced genome, both in contiguity and completeness, that will facilitate future

genomic studies.

This thesis is organised into four chapters:

Chapter 1 provides a general introduction to the topics of the thesis. Chapter 2 focuses
on the phylum Mollusca and includes two scientific papers published in international
peer-reviewed journals (Papers 1 and 2). Chapter 3 focuses on freshwater mussels of
order Unionida with particular attention to the family Margaritiferidae and includes three
scientific papers published/submitted in international peer-reviewed journals (Papers 3-
5) and a genome report that complements the results of Paper 6 (Manuscript 1). Finally,
Chapter 4 provides a general discussion that reflects on the overall outputs of this thesis,

as well as future research applications.

Paper 1 - Gomes-dos-Santos, A., Lopes-Lima, M., Castro, L.F.C., Froufe, E., 2020.
Molluscan genomics: the road so far and the way forward. Hydrobiologia 847, 1705—
1726. https://doi.org/10.1007/s10750-019-04111-1

Paper 2 - Ghiselli, F., Gomes-Dos-Santos, A., Adema, C.M., Lopes-Lima, M.,
Sharbrough, J., Boore, J.L., 2021. Molluscan mitochondrial genomes break the rules.
Philosophical Transactions of the Royal Society B: Biological Sciences B376,20200159-
20200159. https://doi.org/10.1098/rstb.2020.0159

Paper 3 - Gomes-dos-Santos, A., Froufe, E., Amaro, R., Ondina, P., Breton, S., Guerra,
D., Aldridge, D.C., Bolotov, I.N., Vikhrev, I. v., Gan, H.M., Gongalves, D. V., Bogan, A.E.,
Sousa, R., Stewart, D., Teixeira, A., Varandas, S., Zanatta, D., Lopes-Lima, M., 2019.
The male and female complete mitochondrial genomes of the threatened freshwater
pearl mussel Margaritifera margaritifera (Linnaeus, 1758) (Bivalvia: Margaritiferidae).
Mitochondrial DNA B Resour 4, 1417-1420.
https://doi.org/10.1080/23802359.2019.1598794
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Paper 4 - Gomes-dos-Santos, A., Froufe, E., Pfeiffer, J., Smith, C., Machado, A., Castro,
L.F.C., Do, V., Hattori, A., Garrison, N., Whelan, N., others, 2022. A novel assembly
pipeline and functional annotations for targeted sequencing: A case study on the globally
threatened Margaritiferidae (Bivalvia: Unionida). Authorea Preprints.
https://doi.org/10.22541/au.166799900.04572038/v1

Paper 5 - Gomes-dos-Santos, A., Machado, A.M., Castro, L.F.C., Prié, V., Teixeira, A.,
Lopes-Lima, M., Froufe, E., 2022. The gill transcriptome of threatened European
freshwater mussels. Scientific Data 9, 494, 1-10. https://doi.org/10.1038/s41597-022-
01613-x

Paper 6 - Gomes-dos-Santos, A., Lopes-Lima, M., Machado, A.M., Marcos Ramos, A.,
Usié, A., Bolotov, I.N., Vikhrev, I. v, Breton, S., Castro, L.F.C., da Fonseca, R.R., Geist,
J., Osterling, M.E., Pri¢, V., Teixeira, A., Gan, H.M., Simakov, O., Froufe, E., 2021. The
Crown Pearl: a draft genome assembly of the European freshwater pearl mussel
Margaritifera margaritifera (Linnaeus, 1758). DNA Research 28:2.
https://doi.org/10.1093/dnares/dsab002
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Chapter 2 — The study of Mollusca in the

Genomic era

1.1. Paper 1 — Molluscan genomics: the road so far and the way

forward

Gomes-dos-Santos, A., Lopes-Lima, M., Castro, L.F.C., Froufe, E., 2020. Molluscan
genomics: the road so far and the way forward. Hydrobiologia 847, 1705-1726.
https://doi.org/10.1007/s10750-019-04111-1
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Abstract

Mollusca is the second most species-rich phylum within the metazoans, displaying
critical economic, ecological and scientific importance. Yet, they are still largely
underrepresented with respect to genomic resources. The emergence of next-generation
sequencing technologies has revolutionized deep-scale genomic characterization of
non-model organisms and molluscs are slowly entering this transformative era. Here, we
provide an historical contextualization of the Genome Revolution in molluscs with a tour
de force revision of key research trends observed over the past decade. Omic
approaches such as Rad-seq, Transcriptome, Mitogenome and Whole Genome
sequencing represent the most significant resources produced for this phylum.
Importantly, the molecular mechanisms underscoring multiple biological novelties and
adaptations observed in molluscs are starting to be unravelled. In contrast, compared to
other metazoan lineages the genomic resources currently available for this lineage still
lag far behind. We put forward that to fully grasp the evolutionary and adaptive roads of
this tantalizing group of organisms, crucially depends on the full embracement of High-

Throughput Sequencing (HTS) technologies in the near future.
Keywords

Review; High-Throughput Sequencing; Genomic Resources; Genome, Transcriptome;

Mitogenome.

“‘Love’s feeling is more soft and sensible than are the horns of cockled snails”

Shakespeare, Love's Labor's Lost

1. Phylum Mollusca

Molluscs are among the most ancient, widely diverse and ecologically successful group
of Metazoans. The fossil record of molluscs can be traced back to the earliest Cambrian
Period (~543 Mya) (Winson F and David R, 2008). This remarkably diverse phylum is
the second most species-rich within the Metazoa, comprising an estimated 200,000
species distributed across marine, freshwater and terrestrial ecosystems (Winson F and

David R, 2008). Mollusca is composed of eight classes: Cephalopoda, Gastropoda,
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Bivalvia, Polyplacophora, Scaphopoda, Monoplacophora and the Aplacophora
(Solenogastres and Caudofoveata). Gastropoda and Bivalvia are responsible for around
96% of the species within this phylum and along with Cephalopod represent the three
best-known classes (Brusca et al., 2003). Nevertheless, Scaphopoda and
Polyplacophora match Cephalopod in terms of species richness (Brusca et al., 2003).
Molluscs have successfully colonized almost every type of habitat (e.g. the high-pressure
environments of the deep ocean, mountain tops, tropical rain forests, and deserts) and
alongside with other invertebrates generally dominate in terms of species richness,
abundance and biomass (Cardoso et al., 2011; Cuttelod et al., 2011; Kay, 1995; Sun et
al., 2017). Representatives of the phylum reveal a large number of body plans and sizes
(from laterally flattened microscopic bivalves to elongated and complex bodies of giant
cephalopods), diversified life-histories specializations (e.g. parasitic life stages) with a
wide life-span spectrum (including the longest-lived non-colonial metazoan, Arctica
islandica with 507 years,) and growth rate, specialized body structures (e.g. hard
protective shells and radula), defensive and predatory mechanisms (e.g. hematophagy
and venom production) as well as an extensive repertoire of behavioural adaptations
(e.g. memory and learning traits of cephalopods and the controlled swimming of scallop
bivalves) (Butler et al., 2013; Kim et al., 2018; Y. Li et al., 2017; Modica et al., 2015;
Schell et al., 2017; Simakov et al., 2012; Takeuchi et al., 2012; S. Wang et al., 2017).
This incredibly diverse and phenotypic abundance confers molluscs an overall adaptive
success that allows them to thrive in marine, freshwater, and terrestrial environments.
All these factors have inevitably resulted in a close relationship with humans. Molluscs
are commonly used as a source of protein throughout the world, i.e. bivalves (e.g.,
mussels and clams), cephalopods (e.g., octopus and squids) and gastropods (e.g.
abalones, limpets, whelks, land snails) (Haszprunar and Wanninger, 2012). They display
an elevated economic importance given the high number of species that are pursued for
fishery (e.g. cephalopod) and for aquaculture (e.g. bivalves) (Haszprunar and
Wanninger, 2012). Global aquaculture production of mussels, oysters and clams
reaches over 17 million tons annually (Figueras et al., 2019; Hollenbeck and Johnston,
2018; Takeuchi, 2017), with massive worldwide landings values (e.g. North and South
America (Gémez-Chiarri et al., 2015; Li et al., 2018), Europe (Figueras et al., 2019;
Murgarella et al., 2016), Oceania (Nguyen et al., 2014; Powell et al., 2018) and Asia
(Figueras et al., 2019; Mun et al., 2017). Furthermore, the aquaculture industry has
important social relevance due to local job creation (Figueras et al., 2019; Murgarella et
al., 2016). On the other hand, raw materials of economic and cultural value can be
directly obtained from their multiplicity of forms and materials, such as shells, opercula,

pearls, and mother-of-pearl that are used as decoration, jewels, or even currency (Du et
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al., 2017; Haszprunar and Wanninger, 2012; Strack, 2015). In fact, molluscs have been
valuable sources of raw-materials for centuries and while some are still relevant today,
others, such as natural pigmentation from secretions and sea-shells, had a high
economic and cultural relevance in many ancient cultures (e.g. Phoenician and Roman)
(Haszprunar and Wanninger, 2012; Strack, 2015). Molluscs are also used as important
pollution monitoring “tools” (Farrington et al., 2016; Figueras et al., 2019) and as
biological models to study biomineralization, ocean acidification and coastal ecosystem
adaptation to climate change (Gazeau et al., 2013; Talmage and Gobler, 2010; Zhang
et al., 2012). Furthermore, the highly complex cephalopod nervous system (the largest
among invertebrates) has long been a model in cell biology and neurobiology and the
marine snail, Aplysia californica, a model system to study memory and learning (e.g.
Albertin et al., 2015; Bailey et al., 1983; Glanzman, 2009; Sigwart and Sumner-Rooney,
2015; Walters and Moroz, 2009).

Some molluscs are also very important from a medical and public health point of view.
For example, many freshwater gastropod species are hosts of human pathogens causing
relevant diseases (e.g. Schistosomiasis, Eosinophilic meningitis). The study of their
ecology and biology is therefore fundamental for controlling and understanding the
dispersion of these pathogens (Haszprunar and Wanninger, 2012; Liu et al., 2018;
Raghavan and Knight, 2006; Strong et al., 2007). Furthermore, some species are
intermediate hosts of pathogens that affect economically important livestock
(Haszprunar and Wanninger, 2012; Strong et al., 2007). On the other hand, unique
features such as hematophagy, venom production and tumour suppression found in
some mollusc species suggest promising pharmacological applications for the
identification of bactericidal and fungicidal molecules (Haszprunar and Wanninger, 2012)
and for studying biological activities such cell signalling, immunological response and
inhibition of tumour growth (Barghi et al., 2016; Modica et al., 2015; Nam et al., 2017).

Besides the direct human-related resources, molluscs play vital roles in their habitats,
which sustain ecosystem functioning, promote ecological services and produce
economic benefits. Molluscs occupy different positions within food chains, from basal
decomposers to top-predators, with a high diversity of biotic (e.g. parasitic behaviours)
and abiotic (e.g. keystone species and engineers) interactions that help moulding the
ecosystems. Many molluscs are considered keystone species and/or ecosystem
engineers promoting nutrient recycling, soil-generation and water filtration (Atkinson et
al., 2013; Gomez-Chiarri et al., 2015; Powell et al., 2018; Renaut et al., 2018; Schell et
al., 2017; Sun et al., 2017).
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Some molluscs are also highly threatened, especially those living in freshwater or of
restricted habitats, such as islands. Overexploitation, habitat degradation and loss,
pollution, spreading of disease and invasive species, and climate changes are among
the most harmful threats affecting molluscs worldwide (Gomez-Chiarri et al., 2015;
Lydeard et al., 2006; Powell et al., 2018; Renaut et al., 2018; Zhang et al., 2012).

On the other hand, molluscs high diversity and adaptive success in combination with
anthropogenic factors have resulted in some species becoming devastating invaders of
many ecosystems worldwide (Haszprunar and Wanninger, 2012; Strong et al., 2007).
Although, the International Union for Conservation of Nature - Invasive Species
Specialist Group (IUCN—ISSG) has listed six molluscs in the 100 of the world’s worst
invasive alien species (Boudjelas et al., 2000), two terrestrial (i.e. Achatina fulica and
Euglandina rosea) and four from aquatic ecosystems (i.e. Pomacea canaliculata,
Potamocorbula amurensis, Mytilus galloprovincialis, and Dreissena polymorpha) many
other species are harmful invaders worldwide (e.g. Sousa et al., 2008). The biological
and ecological features of some species, such as fast growth, short life span, high fertility
and high dispersal ability coupled with strong tolerance to pollutants and climatic
fluctuations, as well as aggressive and diverse feeding behaviour confer to these species
outstanding adaptive successes (Liu et al., 2018; Pefiarrubia et al., 2015a, 2015b;
Uliano-Silva et al., 2018). Once these species are successfully introduced outside their
native geographic range, they can be responsible for damages at multiple levels:
ecologically, they may promote local biodiversity loss by direct trophic interaction,
surpassing resources consumption or promoting ecosystem maodification (Calcino et al.,
2019; Cowie, 2009; Liu et al., 2018; Pefarrubia et al., 2015a; Sun et al., 2019; Uliano-
Silva et al., 2018); culturally by causing loss of endemic diversity but are also degrading
systems with recreational interest (Karatayev et al., 2015; Pefarrubia et al., 2015a,
2015b); economically by promoting degradation of industrial infrastructures (Karatayev
et al.,, 2015; Pefnarrubia et al., 2015a, 2015b), stock improvement of aquaculturally
important species (Li et al., 2018) and extirpation of economical relevant species and/or
destruction of economical relevant crops cultivations (Cowie, 2009; Liu et al., 2018; Sun
et al., 2019).

2. High-Throughput Sequencing (HTS) revolution and molluscs entrance into the

genomics era

Molecular techniques for sequencing DNA and assess its variation had an extraordinary

impact in biology, revolutionizing the fields of systematics, physiology, biochemistry,
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evolutionary biology and ecology (Andrew et al., 2013; Geist, 2011; Pauls et al., 2014).
The main propel for this revolution started in 1975 with the development of the first widely
used DNA sequencing technology that became known as Sanger’s sequencing (Sanger
et al., 1977; Sanger and Coulson, 1975). Sanger’s sequencing is highly accurate and
remained the leading form of DNA sequencing for decades. Despite still being widely
used today, its overall high cost and time requirements limit its usage to produce small-
scale information, especially for non-model organisms (Arumugam et al., 2019; Ghosh
et al., 2018). Interestingly enough, although the Human Genome Project, which took over
10 years and cost approximately 3 billion USD, relied on Sanger sequencing, it impelled
the beginning of a new era of sequencing technologies due to the increasing demand for
fast, low-cost and High-Throughput Sequencing (HTS) outcomes (Arumugam et al.,
2019; Ghosh et al., 2018). Since then, massively parallel sequencing or HTS techniques,
have rapidly gained popularity over Sanger and have become increasingly more efficient,
less time consuming and less expensive to the point of genome and transcriptome
sequencing projects costing no more than a few thousand US dollars and being 200
times faster than Sanger sequencing alternatives (Arumugam et al., 2019; Calisi and
MacManes, 2015; Goodwin et al., 2016). HTS techniques themselves have suffered an
expanding evolution during the last decade and with it, new distinct terminologies such
second, third and fourth generation sequencing also emerged (Arumugam et al., 2019;
Calisi and MacManes, 2015; Goodwin et al., 2016). HTS sequencing methods use
distinct biochemistry approaches. Although conceptually similar, four major broad
categories can be defined, i.e. Sequencing by ligation, Sequencing by synthesis, Single-
molecule real-time long reads, and Synthetic long reads, all with advantages and
weaknesses regarding the applicability, accuracy and cost (reviewed in Goodwin et al.,
2016). Additionally, in order to deal with the large quantities and diversity of data
generated by HTS technologies, new bioinformatic tools and analysis methods have also
started to emerge in parallel (e.g. Bradnam et al., 2013; Geniza and Jaiswal, 2017,
Sedlazeck et al., 2018; Zhang et al., 2011).

At first, HTS approaches were mainly applied to human and/or model organism,
especially in the biomedicine field (Arumugam et al., 2019). However, these tools rapidly
took the stage and are nowadays commonly used for targeting transcriptome,
metagenome, epigenome, exome, mitogenome and more importantly whole genome
(re)-sequencing (see Dunistawska et al., 2017) and references within). In fact, one of the
most remarkable outcomes of the HTS revolution was the democratization of whole

genome analysis, critically for non-model organisms.
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Consequentially, countless global consortium-based projects that intend to generate and
catalogue whole-genomes for specific groups of hon-model organisms have emerged in
the last decade: Vertebrate Genome Project (https://vertebrategenomesproject.org), The
5000 Insect Genome Project of the Insect and other Arthropod Genome Sequencing
Initiative  (Evans et  al,, 2013), 1000 Fungal = Genomes Project
(http://1000.fungalgenomes.org/home/), NSF Plant Genome Research Program, 1K
Insect Transcriptome Evolution (https://www.1kite.org), Global Invertebrate Genomics
Alliance (Voolstra et al., 2017), Genomic Observatories Network (Davies et al., 2014),
Global Genome Initiative  (https://naturalhistory.si.edu/research/global-genome-
initiative), Ocean Genome Legacy (https://www.northeastern.edu/ogl/). Many of these
are now converging into the Earth Biogenome Project (EBP, Lewin et al., 2018). Although
these initiatives aim to sequence a broad genome representation of each organism of
interest, producing the genomes per se is not the main goal. Instead, it is expected to
generate a deeper knowledge of non-model organism biology, identifying the
evolutionary history and phenotypic expression of genomic features and use this as a
proxy to understand organisms” phylogeography, demography, adaptation patterns and
conservation traits (Arumugam et al., 2019; Dunn and Ryan, 2015; Lopez et al., 2019;
Richards, 2015; Savolainen et al., 2013).

In spite of the increasing attention towards new groups of organisms, the fact is that there
is still a noticeable imbalance of genomic data produced from non-model species.
Notably, vertebrates receive much more attention than invertebrates, and with the
exception of arthropods and nematodes, most invertebrates have comparatively fewer
data, with some groups without any representation (David et al., 2019; Dunn and Ryan,
2015; Lopez et al., 2019; Voolstra et al., 2017).

3. Molluscan Genomic resources

There is an increasing trend in the number of published papers that include genomic
resources applied to molluscs. A search in peer-reviewed journals by querying the Web
of Knowledge revealed that there are four main published genomic resources being
applied: Restriction Site Associated DNA, Mitogenomes, Transcriptomes, and Whole
Genomes (Figure P1.1, Supplementary Table P1.1). Moreover, in the last ten years
Mitogenomes and Transcriptomes were the two genomic resources with the greatest
increase with over 100 outputs each, followed by Whole Genomes (Figure P1.1,
Supplementary Table P1.1). However, their use in the three major classes within

Mollusca has not been homogenous. In fact, the vast majority of genomic resources has
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been applied to gastropods and bivalves, with very few being available for cephalopods,

and even less or none for other mollusc lineages (Figure P1.2, Supplementary Table
P1.1).

Main output trends
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Figure P1. 1 - Number of publications per year, since 2009, in peer-reviewed journals by querying
the Web of Knowledge using the following terms: “RAD”, “RAD-seq”, “mitogenome” and
“transcriptome” associated with Mollusca, mollusk, mollusc, mollusks, gastropod, Gastropoda,
bivalve, Bivalvia, Cephalopoda, cephalopods, Caudofoveata, Aplacophora, Polyplacophora,
Monoplacophora and Scaphopoda. Coloured lines refer to the four main genomic approaches
applied to molluscs, i.e. restriction site-associated DNA, mitogenome, transcriptome and whole-
genome sequencing, as well as a total of other less frequently used genomic resources.
References for these publications are detailed in Supplementary Table P1.1.
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Figure P1. 2 Number of bivalves, cephalopods and gastropods’ whole-genome shotgun (left),
transcriptome shotgun assemblies (right) and mitogenome assemblies (right) available on NCBI
at 29 June 2019. Black and yellow lines represent the effective number of submits per year.

Further, it is possible to divide the 304 articles analysed (2009 - June 2019) into 13 main
categories according to the main aims of the studies. Most of the Restriction Site
Associated DNA approaches were applied in population genetic studies or quantitative
trait locus mapping, using bivalves, followed by gastropods (Figure P1.3; for bibliographic
details see Supplementary Table P1.1). On the other hand, Mitogenomes were mostly
obtained for gastropods. It is interesting that most of these Mitogenomes were published
only as a resource (sequencing and structure), with a lower number being applied in
phylogeny, evolution or with other goals (Figure P1.3; for bibliographic details see
Supplementary Table P1.1). The opposite pattern is observed for Transcriptomes. These
resources have been mostly applied for Gene Identification and characterization,
followed by gene expression profiles, mainly using bivalves (Figure P1.3; for
bibliographic details see Supplementary Table P1.1). Regarding the “other genetic
resources,” the most widely used are still the identification and use of microsatellites.
Finally, Whole Genomes have been obtained mostly for gene Identification and
characterization (Figure P1.3). Although most represent bivalves, the number of
cephalopods and gastropods Whole Genome sequencing on NCBI at the moment has

already surpassed those of 2018 (Figure P1.2). As we believe that this resource, i.e.,
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Whole Genome Sequencing is going to become the most important and used one due

to their possible applications (see below) the following sections will further detail it.

Aims

Other

Other Quantitative trait locus

2 Whole genome
mapping

Phylogeny

Phylogeny
SNP library Gene phylogeny

Gene phylogeny

Gene D &
Characterization

Population genetics

Expression profiles

Whole genomes

Other Gen.Res. Res. Enz. DNA Mitogenomes Transcriptomes
O

Other
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Figure P1. 3 - Compiled data set comprising 304 publications (2009 to June 2019) in peer-
reviewed journals by querying the Web of Knowledge using the terms described in Figure P1.1
legend. References for these publications are detailed in Supplementary Table P1.1. The aims
were divided into 13 main categories with others referring to the total of less frequently observed
aims. Top columns: relative proportion of each of the categories regarding the four main genomic
approaches applied to molluscs (restriction site-associated DNA, mitogenome, transcriptomics
and whole-genome sequencing, and other for less frequently used genomic resources). Bottom
columns: relative proportion of the molluscan taxa (cephalopods, gastropods, bivalves and other)
represented by each of the four main genomic approaches applied.

4. Molluscan Whole Genome Assemblies

The number of genome assemblies reported on NCBI for Nematoda and Arthropoda is
astonishingly superior compared with the rest of invertebrates (see Table P1.1 and Dunn
and Ryan, 2015; Lopez et al., 2019). Considering that Mollusca is the second most
species-rich phylum, the number of assemblies available is still exceptionally low,
representing only ~0.04% of the species described in the phylum (i.e. around 93,195).
Initiatives, such as the Global Invertebrate Genomics Alliance (GIGA) (Lopez et al., 2014;

Voolstra et al.,, 2017) are determined into balancing the genome sequencing within
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invertebrates and even though they also promote the sequencing of other organisms
they give a particular “emphasis on marine taxa”, which neglects a significant fraction of
molluscan taxa. Therefore, starting similar initiatives or consortium-based projects slowly
focused on molluscs would be an essential step to a more representative genome
cataloguing of the phylum. Additionally, by raising awareness to the importance of
molluscs, these initiatives would increase the target funding interest, that pale far behind
other taxa (Lopez et al., 2014; Voolstra et al., 2017). In fact, obtaining funding for
molluscs’ genome projects can be difficult. For instance, the sequencing funding of the
golden mussel genome project was obtained through a crowdfunding initiative started by
the authors (Uliano-Silva et al., 2018). Nevertheless, since molluscs entered the genome
era in 2009, with the first mollusc genome assembly (also the first Lophotrochozoa) of
the sea hare Aplysia californica, the number of genomes has been increasing on a yearly
basis (Figure P1.1 and P1.3; Table P1.2). Both Figure P1.1 and P1.2 and Table P1.2
reveal an increasing trend in the number of papers that included molluscan genomes

assemblies and the number of WGS entries available on NCBI.

Table P1. 1 - Number and respective percentages of invertebrate species mitogenomes,
transcriptome shotgun assemblies (TSA), whole-genome shotgun (WGS) and total number of
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sequence read archive (SRA). The percentages were calculated based on the estimated number
of species reported in Brusca et al. (2003).

Number and ~ Number and Number and Total
Percentage (%) Percentage (%0)  Percentage number
Phylum of Mitogenome  of Unique TSA (%) of WGS of SRA
Tardigrada 1(0.91) 6 (5.45) 2(1.82) 277
Onychophora 4 (3.64) 0 (0.00) 1(0.91) 37
Echiura 2(1.48) 0 (0.00) 0 (0.00) 15
Rhombozoa 0 (0.00) 0 (0.00) 0 (0.00) 2
Monoblastozoa 0 (0.00) 0 (0.00) 0 (0.00) 0
Gastrotricha 1(0.22) 0 (0.00) 0 (0.00) 15
Kinorhyncha 2(1.33) 1(0.67) 0 (0.00) 3
Acanthocephala 10 (0.91) 0 (0.00) 0 (0.00) 5
Nematomorpha 0 (0.00) 0 (0.00) 0 (0.00) 7
Entoprocta 2(1.33) 0 (0.00) 0 (0.00) 3
Gnathostomulida 2 (2.50) 0 (0.00) 0 (0.00) 4
Loricifera 0 (0.00) 0 (0.00) 0 (0.00) 1
Cycliophora 0 (0.00) 0 (0.00) 0 (0.00) 2
Sipuncula 3(0.94) 0 (0.00) 0 (0.00) 13
Echiura 2 (1.54) 0 (0.00) 0 (0.00) 15
Phoronid 0 (0.00) 0 (0.00) 0 (0.00) 53
Ectoprocta 7 (0.16) 0 (0.00) 0 (0.00) 5
Chaetognatha 5 (5.00) 0 (0.00) 0 (0.00) 11
Nemertea 17 (1.89) 1(0.11) 1(0.11) 119
Orthonectida 0 (0.00) 0 (0.00) 1(5.00) 4
Priapulida 1 (6.25) 2(12.50) 1(6.25) 23
Placozoa 1 (100.00) 1 (100.00) 1 (100.00) 17
Brachiopoda 4(1.19) 2(0.60) 2(0.60) 58
Porifera 56 (1.02) 5(0.09) 2(0.04) 3418
Ctenophora 0 (0.00) 2 (2.00) 3(3.00) 336
Annelida 74 (0.45) 20(0.12) 6 (0.04) 3294
Rotifera 1 (0.06) 8(0.44) 10 (0.56) 224
Echinodermata 49 (0.70) 33(0.47) 11 (0.16) 3376
Chordata 28 (0.90) 7(0.23) 20 (0.64) 3261
(Cephalochordata/Uro
chordata/Hemichordat
a)
Cnidaria 132 (1.32) 76 (0.76) 26 (0.26) 11198
Mollusca 352 (0.38) 107 (0.11) 35(0.04) 13193
Cephalopoda 42 (4.67) 26 (2.89) 4(0.44) 994
Bivalvia 144 (0.72) 38(0.19) 14 (0.07) 7126
Gastropod 152 (0.22) 43 (0.06) 17 (0.02) 5154
Polyplacophora 6 (0.60) 0 (0.00) 0 (0.00) 36
Scaphopoda 2(0.22) 0 (0.00) 0 (0.00) 7
Aplacophora 4(1.08) 0 (0.00) 0 (0.00) 38
Monoplacophora 2(8.00) 0 (0.00) 0 (0.00) 3
Platyhelminthes 91 (0.46) 29 (0.15) 35(0.18) 7781
Nematoda 109 (0.44) 53(0.21) 118 (0.47) 35093
Arthropoda 1823 (0.17) 1259 (0.11) 480 (0.04) 192025

61



FCUP
Margaritiferidae: from “pearls” to genomes

Table P1. 2 - Main characteristics of molluscan genomes projects and genomes statistics, as
reported in their respective references. The codes used for the sequencing technologies refer to:
lllumina Paired-end (PE) + lllumina Mate Paired (MP), Pacific Biosciences (PacBio) + Dovetail
Genomics Hi-C or Chicago libraries (CD/Hi-C), Pyrosequencing Roche 454 (454), EST Sanger
sequencing (EST), Bacterial Artificial Chromosome (BAC), 10x Chromium Genomics (10x Chr),
Fosmid Clones (FC), Linkage maps 2b-RAD (2b-RAD), Linkage maps RAD-seq (RAD-seq) and
Synthetic long-read DNA (TSLR). For the Benchmarking Universal Single-Copy Orthologs
(BUSCO), the analysis reported with Metazoa (M) and Eukaryotic (Eu) database is shown. For
Core Eukaryotic Genes Mapping Approach (CEGMA), the Total (T), Complete (C) and Partial (P)
results are shown. Scaffold N50 values marked with * refer to assemblies that reached
chromosome level. Heterozygosity values marked with x were reported to be high, in the
reference, but the values were not expressed. Heterozygosity values marked with +* refer to
individuals artificially inbreeded prior to the assembly (To see the expanded Figure open the
link https://link.springer.com/article/10.1007/s10750-019-04111-1/tables/2).

@ a 2 o g
g i H H i ¢ E2 2 ¢ ge LA 5% Ik
i 8 s @ 3 i 28 d
‘Cephalopod Marine squid Euprymna scolopes _ PE + MT+ PacBio + CD/HI-C 5100 5.100 B 3700000 B B B 50% x 29,259 Belcaid et al., 2019
Marine octopus PE 2400 1780 - 263.097 50%/ - 109/ - - 50% 1.10% 23509 Zarrella et al., 2019
Marine octopus. PE + PacBio 5100 5100 196941 - 76.2%/73.9%  8.6%/8.4% - 4% - 30,010 Kim etal., 2018
Marine octopus PE +MT 2860  2.700 5.400 470,000 - - - 5% 0.08% 33,638 Albertin etal., 2015
Gastropod Marine sea slug PE + MT+ PacBio 0.575 0.557 28.500 442,000 93.3%/ - 1.4%/ - - 32.57% 3.66% 24,980 Caietal., 2019
Marine snail 454+ PE + MP 3025  2.049 - 1128 - - 93.4% (T) 9% - - Andreson et al., 2019
Marine snail PE 2757 2161 - 2,681 - - - 20.74% - - Barghi et al., 2016
Marine abalone PE + MP - 3,000 - - - - - - Kijas etal., 2019
Marine abalone PE + MT+ PacBio + CD/HI-C  1.800 1.498 - 1895.000 95.1%/ - 1%/ - - 33.06% 0,96% 57,785 Masonbrink et al., 2019
Marine abalone PE + MP +PacBio 1.650 1.860 - 211.000 72.2%/ - 15.4%/ - - 30.76% x 29,449 Nam etal., 2017
e e o v e RN e mamossome , Ky v 200
Marine limpet EST - 0348 - 1870.000 - - - 21% 1% 23800 Simakov et al., 2012
snail PE + MP + CD/Hi-C 0.437 0.448 81.400 32600* 95.19%/ - 0.7%/ - - 20.53% 1.41% 18,263 Sunetal., 2019
Freshwater/land snail PE + MP 0.415 0.432 91.900 375.900 95.0%/ - 0.6%/ - - 21.21% 1.22% 23,464 Sunetal., 2019
snail PE + Nanopore 0.512 0.536 4400.000 4400.000 94.8%/ - 0.6%/ - - 30.82% 0.08% 23827 Sunetal., 2019
snail PE + MP 0.505 0510 33.900 316.600 93.5%/ - 1.2%/ - - 28.87% 0.60% 20,938 Sunetal., 2019
Freshwater snail PE + PacBio + CD/Hi-C 0.446 0.440 1100.000 31000* - - - 11.40% 1-2% 21,533 Liuetal., 2018
Freshwater snail PE + MP 1.600 0.910 - 578.730 - 40.40% +* 17,338 Schell etal., 2017
Freshwater snail 454 +PE +BAC 0916 0916 7.300 48.000 - - 96.5% (T) 24.80% - 14423 Adema etal., 2017
Bivalve Marine Scallops s PE + MP + PacBio + 10x Chr  0.885 0.725 80.110 1020.000 - - 89.52% (T) 40.63% x 26513 Lietal., 2018
Marine Scallops 454+PE+BAC+2b-RAD 1000 0780 21500 602* 88%/ - 5.5%) - - 32.10% x 28,602 Lietal, 2017
Marine Scallops 454 + 2b-RAD + FC 1.430 0.988 37.568 804* - - - 39.00% +* 26,415 Wang et al., 2017
Marine Oyster PE + MP + CD/Hi-C 0.784 0.788 39.400 804.200 79%/ - 13.34%/ - 82% (C) + 96% (P) 45.03%. 0.51% 29,738 Powell etal., 2018
Marine Oyster PE + MP + BAC + RAD-seq - 0990  21.000 304% - - - 4850%  13%+* 32,037 Duetal, 2017
Marine Oyster 454 + PE + MP 1.140 0.815 21.300 167.000 - - - - x 29,353 Takeuchi et al., 2016
Marine Oyster PE+MP +FC 0.545 0.559 19.400 401.000 - - - 36% 0.73% +* 28,027 Zhang et al., 2012
Marine Oyster n 454 + MP 1.150 1.024 1.629 14.455 - - - - 43,760 Takeuchi et al., 2012
Marine Mussel PE + MP 1.640 1.660 13.200 343.400 89%/ - 7.1%/ - - 47.90% 1.24% 33584 Sunetal., 2017
Marine Mussel PE + MP 2.380 2630 19.700 100.200 78%/ - 13%/ - - 62.00% 2.02% 36,549 Sunetal., 2017
Marine Mussel PE 1600 1590 - 2651 - - 43.27% (T) 36.13% x 10,891 Murgarella et al., 2016
Marine Mussel PE - 1.590 0.846 - - - - - - - Nguyen etal., 2014
Freshwater Clam PE + MP 1.600 1.240 - 131.400 83.2%/ - 11.66%/ - - 31.88% 2.40% 37,681 Calcino et al., 2018
Freshwater Clam PE + MP + PacBio 1.600 1.600 - 312.000 81%/ - 7.36%/ - - 33.40% 2.30% 60,717 Uliano-Silva et al., 2018
Freshwater Clam PE +MP + TSLR 1370 1.070 - 119.500 - - - 26.38% x 108,034 Munetal., 2017
Freshwater Clam 454 - 0.001 0.849 - - - - - - - Pefiarrubia et al., 2015a
Freshwater Clam 454 - 0.001 0.860 - - - - - - Pefarrubia et al., 2015b
Freshwater Mussel  Venustaconcha ellipsiformis PE + MP + PacBio 1.800 1.540 3117 6.656 61%/ - 25%/ - - 37% 0.63% 123,457 Renaut et al., 2018

At the time of this review, the number of studies that describe partial or complete genome
mollusc assemblies were 33 (Table P1.2): four cephalopods, a squid (Belcaid et al.,
2019) and three octopus (Albertin et al., 2015; Kim et al., 2018; Zarrella et al., 2019);
fifteen gastropods genomes, most marine, including a sea slug (Cai et al., 2019), two
snails (Andreson et al., 2019; Barghi et al., 2016), three abalones (Kijas et al., 2019;
Masonbrink et al., 2019; Nam et al., 2017) and two limpets (Kenny et al., 2015; Simakov
et al., 2012) but also seven non-marine snails (Adema et al., 2017; Liu et al., 2018; Schell
et al., 2017; Sun et al., 2019); eighteen bivalves, most marine, including three scallops
(Y.Lietal., 2017; S. Wang et al., 2017), five oysters (Du et al., 2017; Powell et al., 2018;
Takeuchi et al., 2012, 2016; Zhang et al., 2012) and fours mussels (Murgarella et al.,
2016; Nguyen et al., 2014; Sun et al., 2017) and six freshwater bivalves (Calcino et al.,
2019; Mun et al., 2017; Pefarrubia et al., 2015a, 2015b; Renaut et al., 2018; Uliano-
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Silva et al., 2018). In more than one occasion more than one mollusc genome has been
generated in one paper: in Sun et al., (2019) four snail genomes were assembled; Sun
etal., (2017) produced two mussels’ genomes assemblies; and Wang et al., (2017) while
producing the first chromosome-level assembly of a mollusc genome (i.e. scallop) by
using an already published high-density linkage maps for Pacific oyster (C. gigas) and
pearl oyster (P. fucata), also generated a chromosome-anchored genome for these two
species. Additionally, although Kijas et al., (2019) described the production of one
abalone genome, the authors used unpublished abalone genome (Botwright et al.,
unpublished) for an alignment-based assembly and for variation calling in the produced
genome. On the other hand, on WGS NCBI Search Engine is available the direct
submission of: one additional cephalopod genome Architeuthis dux (GenBank assembly
accession: GCA_006491835.1); four additional gastropod genomes, Physella acuta
(GenBank assembly accession: GCA_004329575.1), Conus consors (GenBank
assembly accession: GCA_004193615.1; later (Andreson et al., 2019) produce a better
assembly of this species), Haliotis rubra (GenBank assembly accession:
GCA _003918875.1), Aplysia  californica  (GenBank assembly accession:
GCA_000002075.2); and four bivalves: Argopecten irradians concentricus (GenBank
assembly accession: GCA _004382765.1), Argopecten irradians irradians (GenBank
assembly accession: GCA_004382745.1), Bankia setacea (GenBank assembly
accession: GCA 001922985.1), and Crassostrea gigas (GenBank assembly accession:
GCA_005518195.1).

Molluscan genome projects have proven to be a challenging task from the beginning,
given that obtaining DNA with high quality, quantity and purity is mandatory for library
preparation and HTS (Schultzhaus et al., 2019). Particularly, the success of long-read
sequencing technologies is entirely dependent on high molecular weight (HMW) DNA
(>50kb). Since most recent sequencing technologies do not rely on DNA amplification, a
high initial quantity of DNA is required, ranging from a few hundred nanograms, for short-
reads, up to tens of micrograms, for long-reads. DNA purity is also critical, as
contaminates that bind to the DNA can hinder library preparation and/or sequencing
steps (Mayjonade et al., 2017; Schultzhaus et al., 2019). The high concentration of
polysaccharides generally found in molluscs” tissues poses one of the main problems
for efficient DNA extraction (Arseneau et al., 2017; Sokolov, 2000). If not effectively
removed, polysaccharides may preclude enzymatic reactions, such as ligation and
polymerization, essential in library preparation and HTS (Arseneau et al.,, 2017).
Therefore, commonly used DNA extraction kits may not be the best option for molluscan

DNA extraction. Consequently, specific mollusc DNA extraction kits or modified
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protocols, specially intended to remove polysaccharide contaminations while ensuring
HMW DNA outputs, are frequently used for molluscs (e.g. Arseneau et al., 2017; D. R.
Gonzalez et al., 2019; Richards et al., 2013; Sokolov, 2000; Swart et al., 2019). Finally,
for small molluscan species obtaining the necessary high quantities of DNA, from a
single individual, may be impossible. Therefore, pooling several individuals in one
extraction batch is the most frequent option. However, this strategy may introduce
problems in the subsequent assembly steps, given that it may increase polymorphic

content within the pooled data (see below for heterozygosity).

Producing quality assemblies for molluscs’ genomes could be challenging due to several
factors inherent to the genome structure and/or composition, i.e. size, compaosition of
repetitive elements and levels of heterozygosity. Assuming that for larger genomes,
higher amounts of sequencing data are needed in order to ensure sufficient sequencing
coverage, having an estimated genome size is essential for a cost-effective sequencing
project. Databases such as the Animal Genome Size Database
(http://www.genomesize.com) have available size estimations for many organisms,
including 281 molluscs. However, many groups are poorly represented, such as
Solenogastres, Polyplacophora and Scaphopoda, or not represented at all, such as
Monoplacophora and Caudofoveata (but see exception in Kocot et al., 2016b).
Additionally, within each class, representatives are also unevenly distributed, as is the
case of freshwater mussels of the Order Unionida, with only two representatives.
Consequently, genome size comparisons with closely related species are the common
practice before initiating a genome project (Dominguez Del Angel et al., 2018). In
molluscs, this strategy may be problematic, since highly variable genome sizes are
observed, even between related groups (Table P1.2; Takeuchi, 2017). Considering the
published genomes, Cephalopods have the overall largest estimated genomes sizes,
with values ranging between 2.4 Giga base pairs (Gbp) of Octopus vulgaris and 5.1 Gbp
of the Euprymna scolopes and Octopus minor. Gastropods, while revealing smaller
genome sizes, show an equally large variation with values of genome size ranging
between 414.8 Mega base pairs (Mbp) of Pomacea maculata and 3.025 Gbp of Conus
consors. Finally, bivalves’ genome sizes ranged between 545 Mbp of Crassostrea gigas
and 2.38 Gbp of Modiolus philippinarum. Another considerably relevant challenge for
assembling mollusc's genomes is their generally high heterozygosity (i.e. high number
of polymorphic loci), which induces the fragmentation of the genome assembly (Table
P1.2 and reviewed in Takeuchi, 2017). Although assemblers generally try to collapse
heterozygotic regions into a reference consensus assembly, when the values of

heterozygosity are elevated, they may fail to do so, consequently resulting in two
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separated assemblies and raising the fragmentation of the assembly (Dominguez Del
Angel et al., 2018). In molluscs, high heterozygosity, which may be due to several factors
(e.g. large population sizes, wide habitat distribution, high fecundity rates), has been a
recurrent problem in genome assembly projects (Takeuchi, 2017). As seen in Table
P1.2, only on two occasions the observed heterozygosity is very low, i.e. for Octopus
bimaculoides and for Marisa cornuarietis with 0.08%. As for the rest, the values are
generally high, with Elysia chlorotica showing a 3.66% heterozygosity level (Table P1.2).
One of the strategies that has been used to tackle this problem is by rearing inbred
lineages before DNA sequencing (Du et al., 2017; Schell et al., 2017; S. Wang et al.,
2017; Zhang et al.,, 2012). Although these strategies can reduce the observed
heterozygosity (reviewed in Takeuchi, 2017), sometimes the values are still high (e.g.
1.3% of a third generation of an inbreeding line in Du et al., 2017). Furthermore, these
strategies are limited to the species easily cultured, with fast reproductivity and high
fecundity rate and success. In addition to the genome sizes and heterozygosity, molluscs
also reveal high content of repetitive sequences, which generally represent one of the
most challenging obstacles for genome assembly (Table P1.2 and Sedlazeck et al.,
2018; Takeuchi, 2017). Unresolved repeats (e.g. when repeats are larger than the
sequenced read size) caused the contigs to end during the assembly process, resulting
in highly fragmented assemblies (Dominguez Del Angel et al., 2018; Sedlazeck et al.,
2018). Furthermore, repeats can result in mis-assemblies by misguiding assembly
software into collapsing distinct repetitive regions as unique regions, resulting in lower
guality and completeness of the final assembly assemblies (Dominguez Del Angel et al.,
2018; Sedlazeck et al., 2018). As seen in Table P1.2, the overall percentage of repetitive
sequences within the molluscan genome is very high with a mean overall value of
36.35%. The highest recorded values are observed in the marine mussel Modiolus
philippinarum (i.e. 62%), the lowest in freshwater snail Pomacea canaliculata (i.e. 11.4%)
and similarly to the genome size, within closely related groups the estimated repetitive
content is highly variable (especially in gastropods). Consequentially, those molluscs
genomes whose assembly was performed de novo solely (i.e. no reference guide
assembly) based on short-read technologies resulted in highly fragmented genomes
(with low values of quality assessment statistics) with large portions of the genome being
misrepresented or even absent (low BUSCO/CEGMA scores with high fragmented hits)
(Table P1.2 and (Barghi et al., 2016; Kenny et al., 2015; Murgarella et al., 2016; Nguyen
et al., 2014). Therefore, to tackle this problem and to ensure high contiguity of the
assemblies, molluscan genome projects necessarily need to include long-read
sequencing, such as Pacific Biosciences (PacBio) and/or Oxford Nanopore sequencing

technologies, which can routinely achieve read lengths over 100 kilo base pairs (kbp)
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(Goodwin et al., 2016). Nowadays, there are software programs capable of producing
assemblies relying solely on long-read sequencing (reviewed in Sedlazeck et al., 2018).
However, due to these technologies higher error rates and higher costs (compared with
short-read sequencing) researchers have been using hybrid assembly strategies, i.e.
combining low-coverage long-read sequencing and high-coverage short-read (Table
P1.2). Hybrid strategies allow the resolution of repetitive regions and heterozygosity
related problems by using long-read information while mitigating long-reads’ local base-
call high error rates by correction with short-read data and keeping the overall
sequencing cost considerably low (Besser et al., 2018; Dominguez Del Angel et al.,
2018; Goodwin et al., 2016; Miller et al., 2017; Renaut et al., 2018; Sedlazeck et al.,
2018). Hybrid assembly strategies dominate most of molluscan genome projects (Table
P1.2), generally by a combination of lllumina Paired-end short-reads with one or more
long-read sequencing, such as Illumina Mate-paired and PacBio. However, given the
high genome diversity observed in molluscs, every paper seems to take a different
approach to sequencing and assembly methodologies and, to date, no effective
generalized pipeline for molluscan genome assembling has been established. In
addition, sequencing strategies have been accompanying the emergence of novel
technologies, such as 10x Chromium linked reads and chromatin crosslinking protocols
such as Dovetails Genomics Hi-C or Chicago libraries (Table P1.2). Furthermore, the
increasing offer of sequencing platforms and bioinformatic tools has also increased the
guality of genome assemblies. At the date of this review, seven molluscan genomes
have been assembled at the chromosome level, all of them in the last two years. Of
these, five used high-density linkage maps 2d-RAD/RAD-seq to anchored draft
assemblies to the chromosomes (Du et al., 2017; Y. Lietal., 2017; S. Wang et al., 2017).
The other two (from the same species, Pomacea caniculata) were produced using long-
range chromatin crosslinking Hi-C (Liu et al., 2018; Sun et al., 2019). This last technology
has been used in the assembly of four mollusc genomes (Belcaid et al., 2019; Liu et al.,
2018; Masonbrink et al.,, 2019; Sun et al, 2019). Importantly, even when the
chromosome level was not achieved, the inclusion of these technologies significantly
improved the assemblies. After using Chicago/Hi-C data to scaffold, values of N50 have
shown significant increases in size: from 98kbp to 3.7Mbp in the squid Euprymna
scolopes (Belcaid et al., 2019); from 588kb to 1.895Mbp in the red abalone Haliotis
rufescens (Masonbrink et al., 2019); from 115Kbp to 806 Kbp in an oyster Saccostrea
glomerata (Powell et al., 2018); and from 3.40 Mbp to 32.6Mbp and 1.1 Mb to 31Mbp in
Pomacea canaliculata (Liu et al., 2018; Sun et al., 2019). In fact, Chicago/Hi-C is a very
promising technology and, in mammals, when combined with a modest lllumina short-

read Paired-end assembly, has been shown to produce chromosome-length scaffolds at
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incredibly low prices ($1000) (Dudchenko et al., 2018). These outstanding results make
Chicago/Hi-C incredibly advantageous, when compared with other long-range chromatin
crosslinking technologies and given the efficient results shown in molluscan genome

assemblies, it will certainly be a preferable approach for future genome projects.

Following genome assembly, depending on the goals of the genome projects, structural
and functional annotation are usually the following steps although not always a
requirement (e.g. Kijas et al., 2019; Nguyen et al., 2014; Pefarrubia et al., 2015a,
2015b). Although different tools can be used, molluscan genome’s annotations generally
are guided by the same conceptual framework, i.e. identification and masking of repeat
elements followed by a structural and functional annotation of the masked genome. The
overall high content of repetitive elements observed in molluscan genomes makes the
first step of masking extremely important. The term repeated elements designate
different nucleotide structures, from several low-complexity sequences to highly complex
structures such as transposable elements (Dominguez Del Angel et al., 2018; Yandell
and Ence, 2012). Furthermore, these structures are generally poorly conserved and
therefore highly variable between different taxonomic groups (Yandell and Ence, 2012).
In fact, although some molluscan repeat databases are available, they are generally
incomplete, and every genome project inevitably needs to produce a de novo repeat
library prior to masking (e.g. Murgarella et al.,, 2016; Renaut et al., 2018). The
subsequent step, i.e. gene model predictions, which once again follows a generalized
framework in most cases, results from an ab initio prediction (i.e. extrapolate genes
predictions solely based on nucleotide structure) combined with evidence-based
predictions (generally using RNAseq/Transcriptomic) (see Table P1.2 and references
within). Gene prediction modules for mollusc’s genomes range from 10,891 to 123,457
genes (Table P1.2). However, 70% of the molluscan genomes are between 20,000 to
40,000 genes modules (Table P1.2). Furthermore, the quality of the annotation is
intrinsically dependent on the quality of the initial genome assembly (Mudge and Harrow,
2016). Even small improvements in the assembly can have a great impact on the
annotation (Mudge and Harrow, 2016). For instance, the annotation of the improved
second version of the Pinctada fucata genome (Takeuchi et al., 2012, 2016) resulted in
a significant reduction in the number of gene predictions (Table P1.2). In the case of
Pomacea canaliculata, two distinct genome assemblies, from different projects, the total

number of predictions varied in around 2,000 genes (Table P1.2).

Finally, the last step is to assign biological information to predictions (i.e. functional
annotation), which in molluscan genomes projects is generally accomplished by querying

prediction against different public sequence repositories, such as Swissprot (Bairoch and
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Apweiler, 1999), KEGG (Kanehisa and Goto, 2000), Uniprot (Bateman et al., 2017),
NCBI NR (Pruitt et al., 2007) among others.

In conclusion, the increasing number of genomes produced has been accompanied by
increasing the quality of the assemblies and annotations (Table P1.2). With the growing
efficiency and lower cost of new sequencing technologies, it is expectable for these
trends to continue and probably, in a couple of years, chromosome level assemblies will
be the standard for molluscan genome projects. Finally, while the perspective of new
high-quality assemblies represents exciting news, they also highlight the importance of
updating the first lower qualities assemblies and annotations in order for them to match

the progress of new assembilies.

As discussed further down each of the produced genomes are aimed to explore
ecological, molecular or economical specific relevant features of the species under study.
The increasing number of available genomes offers a unigue opportunity to resolve
molluscan evolutionary uncertainties, promote the conservation and/or mitigation of
molluscs’ socioeconomic impacts as well as manage the economic and ecological
services they provide while starting a new era of comprehensive genetic research on

these widely diverse organisms.

5. Molluscan genomes studies

"to dive deep, deep, courageously down into some unexploited region of the
genome (sic), into some common deep sea of unrecorded knowledge and bring,

triumphant, to the surface some treasure buried, lost, forgotten™

“Tribute to Freud. Writing on the Wall" by Hilda Doolittle, 1933

Sequencing of molluscan genomes has been motivated by the wide range of ecological,
economic and scientific reasons that underlie this phylum’s immense diversity. The
global scale economic impact of molluscan fishery and aquaculture (Takeuchi, 2017) has
been leveraging a great share of the produced mollusc genomes, with representatives
in the three main groups (e.g. cephalopods Zarrella et al., 2019, gastropods Nam et al.,
2017 and bivalves Murgarella et al.,, 2016). Most of these studies aim to improve
aquaculture farming programs and/or promote conservation of threatened stocks.
Generating genomic resources will allow a deeper understanding of the molecular

mechanisms behind the adaptation to changing or adverse ecological conditions and the
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immunological response that can improve resistance to diseases that threaten these
organisms (Li et al., 2018; Mun et al., 2017; Murgarella et al., 2016; Powell et al., 2018).
Additionally, genomic resources may also be applied for more efficient management of
breeding programmes by allowing variance detection, selective breeding and pedigree
assignment that ultimately can generate new approaches to increase productivity and
value of farmed species (Kijas et al., 2019; Masonbrink et al., 2019; Nguyen et al., 2014).
Besides fishery and aquaculture, molluscs offer other numerous relevant features that
have motivated genome sequencing. Mollusc genomes may have relevant applications
in medical and pharmaceutical fields, such as in neuroscience by continuing the studies
of the cephalopods and some Heterobranchia neurologic systems and their behavioural
adaptations (Albertin et al., 2015; Bailey et al., 1983; Glanzman, 2009; Kim et al., 2018;
Zarrella et al., 2019); cancer research by exploring underlying genetic processes behind
abalones tumour suppressing features (Nam et al., 2017); search for new drugs by
exploring the arrangement and expression of group-specific venom peptide genes
present in Conoidea snails (Andreson et al., 2019; Barghi et al., 2016); mitigation the
spread of human parasites, by exploring the molecular features and developing novel
target strategies for either reducing molluscan suitability as intermediary host or
controlling mollusc with synthetically designed genetic control approaches (e.g.
molluscicides and gene drivers) (Adema et al., 2017; Liu et al., 2018; Sun et al., 2019).
Genomic surveys of problematic invasive species are also essential for understanding
the molecular features that confer ecological plasticity as well as producing new tools for
invasiveness control (Li et al., 2018; Liu et al., 2018; Sun et al., 2019; Uliano-Silva et al.,
2018).

Early molluscan evolution has been extensively explored using fossil records and
phylogenetic approaches with many uncertainties persisting and different and conflicting
phylogenetic hypotheses being proposed (Kocot, 2013; Wanninger and Wollesen, 2019;
Winson F and David R, 2008). Although still largely underrepresented in terms of
genomic resources (Figure P1.3, Supplementary Table P1.1), the lesser-known
Mollusca classes, i.e. Solenogastres, Caudofoveata, Polyplacophora, Monoplacophora
and Scaphopoda, have proved their pivotal role in resolving some long-lasting molluscan
phylogenetic relationships (Kocot, 2013; Kocot et al., 2011, 2016b, 2019a; Mikkelsen et
al., 2019; Smith et al., 2011; Wanninger and Wollesen, 2019). In fact, comprehensive
large-scale phylogenomic studies were essential to generate a consensual molluscan
phylogenetic scenario, characterized by a deep dichotomy that splits Mollusca into
Aculifera (composed of Polyplacophora and Aplacophora) and Conchifera (composed of

Monoplacophora, Cephalopoda, Gastropoda, Bivalvia and Scaphopoda) (Kocot, 2013;
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Kocot et al., 2011; Smith et al., 2011; Wanninger and Wollesen, 2019). On the other
hand, resolving intraclade phylogenetic relationships is still a challenge, particularly in
Conchifera. Although, it is now consensual that Cephalopoda and Gastropoda are not
sister taxa (as previously thought) the positioning of Monoplacophora and specially
Scaphopoda is still unclear, with different studies showing different results (Kocot, 2013;
Kocot et al., 2011; Sigwart and Sumner-Rooney, 2015; Smith et al., 2011; Wanninger
and Wollesen, 2019). Consequently, new whole-genome data, especially from
unsampled classes (i.e. Monoplacophora, Scaphopoda and “Aquiferans”) will
unarguably represent an essential step towards molluscan evolutionary studies and help
the clarification of molluscan inter- and intrarelationships. Additionally, molluscs”
genomes through the identification of conserved gene families may further contribute to
explore early Lophotrochozoan and even bilaterian evolution (Simakov et al., 2012;
Takeuchi et al., 2012, 2016; S. Wang et al., 2017).

In addition, molluscan genomes are also essential for understanding biomineralization
of hard structures and pearl formation in bivalves (Adema et al., 2017; Du et al., 2017,
Kocot et al., 2016a; Takeuchi et al., 2012, 2016; Zhang et al., 2012), as well as to explore
the molecular mechanism of several taxa-specific novelties such as: doubly uniparental
inheritance of mitochondrial DNA in many bivalves species, in which biparental
inheritance of mitochondrial DNA is frequently observed and differently segregated
within male and female’s organism; (Capt et al., 2018; Ghiselli et al., 2018, 2019;
Murgarella et al., 2016; Renaut et al.,, 2018; Zouros, 2013); kleptoplasty of the
sacoglossan sea slugs (Cai et al., 2019); symbiotic relationships with microorganisms
carried out by specialized symbiotic organs of the bobtailed squid (Belcaid et al., 2019);

among many other interesting lineage-specific adaptations.

Numerous relevant questions, some mentioned above, can justify the importance and
relevance of molluscan genome sequencing projects. Yet, the generation of answers to
those questions is still in the “embryonic stage”. In fact, producing an assembled and
annotated genome, alone, is time-consuming, demanding a tremendous amount of
specialized effort and structural resources (Dominguez Del Angel et al., 2018).
Consequentially, it is frequent to see genome reports that simply characterize the
genome assembly and annotation, pointing the direction for future studies without deep
exploration of the genome data potential (Cai et al., 2019; C. Li et al., 2018; Nam et al.,
2017; Renaut et al., 2018; Schell et al., 2017; Zarrella et al., 2019). Nevertheless, some
molluscan genome projects, generally through multi-omic approaches (especially
transcriptomic), have paved the way for a deeper exploration of these biological

gquestions. Genome studies have relied on comparative analysis of genome structure,
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organization and genomic composition, as well as, identification of expansion and levels
of expression of several gene families in order to identify genomic signatures that may
explain some of the molluscan most fascinating features. In fact, these strategies have
revealed to be extremely efficient and, in most cases, have resulted in the identification
of interesting novelties. In an effort to produce new insights of the neural complexity of
cephalopods Albertin et al., (2015) were able to identify two highly expanded gene
families, that regulate neural development, and were thought to be exclusive of
vertebrates. In a similar way Calcino et al., (2019) while exploring for the genetic
signature of adaptation to freshwater lifestyle in the quagga mussel, was able to identify
a novel highly expressed aquaporin water channel. This new aquaporin, which was
called lophotrochoaquaporin, was associated with the five distinct moments of
colonization of freshwater ecosystems by bivalves, highlighting its importance for
molluscan freshwater colonization. In several bivalve species, studies have reported the
expansion of genes families related to adaptation to environmental settings, innate
immune systems response and pathogen recognition (Mun et al., 2017; Murgarella et
al., 2016; Powell et al., 2018; Sun et al., 2017; Takeuchi et al., 2012, 2016; G. Zhang et
al., 2012). Furthermore, in species that need to cope with tidal fluctuations, gene families
related with hypoxia, oxidative stress and anti-apoptosis were also expanded (Mun et
al., 2017; Murgarella et al., 2016; Powell et al., 2018; Sun et al., 2017; Takeuchi et al.,
2012, 2016; Zhang et al., 2012). On the other hand, deep-sea mussels which are
exposed to a very different set of environmental conditions, besides the expansion of
immune response genes families, also revealed gene expansion related to protein
structure stabilization, elimination of toxic substances, endocytosis and caspase-
mediated apoptosis, all of which may be strongly implicated in the deep-sea survival
success (Sun et al., 2017). Some genome studies have also explored the expansion and
expression of genes related with biomineralization and nacre/shell matrix formation in
bivalves (Du et al., 2017; Takeuchi et al., 2012, 2016) and in gastropods (Adema et al.,
2017) (see Kocot et al., 2016a for overall review of molluscan biomineralization). In
species with particular unique characteristics, such as scallops, expansion of energy-
related genes families may explain the large adductor muscle adapted for swimming,
light-sensing genes families essential for wide light spectral sensing in the scallop eyes,
byssus related genes families for byssal secretion and sodium channel genes that may
allow neurotoxins accumulation and transformation (Y. Li et al., 2017; S. Wang et al.,
2017). The exploration of two venomous snails’ genomes has allowed the identification
and characterization of structure and distribution of several conopepetides (Andreson et
al., 2019; Barghi et al., 2016). As for invasive species, genes family expansion related to

environmental sensitivity and adaptation, immunological defense, pathogenic resistance,
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and dietary adaptation were associated with these species' high ecological plasticity (Liu
et al., 2018; Sun et al., 2019; Uliano-Silva et al.,, 2018). The genome survey of B.
glabrata, a snail that is an intermediary host of a human parasite, allow the identification
and description of noble features related to phero-perception, response to stressors,
immunological functions and gene expression regulation that can ultimately be used to
mitigate the transmission of parasites through the snail host (Adema et al., 2017).
Comparative analysis of the molluscan karyotype features, chromosome structure, and
rearrangements as well as expansion, expression, and position of conserved genes
families (such as Hox and ParaHox, Wnt, G-protein-coupled receptor, nuclear receptors,
actins, among other genes families) have also brought an incredible contribution to the
study of Bilateria evolution. These studies have started revealing new insights into the
origins of bilaterian organs, gene families, genetic pathways, evolutionary rates, and
speciation processes. Additionally, the incremental number of molluscan genomes (as
well as other unrepresented groups of bilaterians) are fundamental for listing ancestral
bilaterian karyotype, chromosome rearrangements and genes families that may
eventually allow a reconstruction of the ancestral urbilaterian chromosomes (Adema et
al., 2017; Y. Li et al., 2017; Simakov et al., 2012; Sun et al., 2019; Takeuchi et al., 2016;
S. Wang et al., 2017). On completely different approaches, the assembled molluscan
genomes have also been used to identify microsatellites (Pefarrubia et al., 2015a,
2015b), for variance detection and bloodstock pedigree assignment (Kijas et al., 2019;
Masonbrink et al.,, 2019; Nguyen et al., 2014) and characterization of microRNAs

(miRNA) as tools for phylogenetic inference (Kenny et al., 2015).

Mollusc genome assemblies have been critical tools to address long-lasting questions of
diversity, evolution and molecular signatures of phenotypic adaptations. Nevertheless,
these studies have only explored a small fraction of these features and although new
mollusc genomes are necessary, the ones already available represent extremely

valuable tools that can be used to explore many of these fascinating questions.

6. Final remarks

This investigation shows that despite the species richness of Molluscs, the available
genomic resources are by comparison relatively scarce. Yet, we found a stable increase
of published omic papers in the past decade. Importantly, we also found a high degree
of aim homogenization, probably reflecting that the use of these genomic tools is in its
infancy and will become more common once better established and also beneficiating

with the growing support from the bioinformatics resources. Furthermore, we note a
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biased sampling in the characterized molluscan species with the vast majority belonging
to the more diverse gastropods and bivalves, with very few being available for
cephalopods, and even less or none for other lineages. Finally, in addition to the
necessity of producing novel datasets from key molluscan lineages, the already available
resources show an immense potential to be explored in comparative and functional

genomic analyses.
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Abstract

The first animal mitochondrial genomes to be sequenced were of several vertebrates
and model organisms, and the consistency of genomic features found has led to a
‘textbook description’. However, a more broad phylogenetic sampling of complete animal
mitochondrial genomes has found many cases where these features do not exist, and
the phylum Mollusca is especially replete with these exceptions. The characterization of
full mollusc mitogenomes required considerable effort involving challenging molecular
biology but has created an enormous catalogue of surprising deviations from that
textbook description, including wide variation in size, radical genome rearrangements,
gene duplications and losses, the introduction of novel genes, and a complex system of
inheritance dubbed ‘doubly uniparental inheritance’. Here, we review the extraordinary
variation in architecture, molecular functioning and intergenerational transmission of
molluscan mitochondrial genomes. Such features represent a great potential for the
discovery of biological history, processes and functions that are novel for animal
mitochondrial genomes. This provides a model system for studying the evolution and the
manifold roles that mitochondria play in organismal physiology, and many ways that the

study of mitochondrial genomes are useful for phylogeny and population biology.

This article is part of the Theo Murphy meeting issue ‘Molluscan genomics: broad

insights and future directions for a neglected phylum’.
Keywords

Mitochondria; Mollusc; Genome; Evolution; Doubly Uniparental Inheritance.

1. Introduction

In the 1980s, as DNA sequencing was becoming common, the fledglings of what we now
call ‘genomics’ were diminutive animal mitochondrial genomes. The first reports were of
several vertebrates and model organisms, followed quickly by studies of their modes of
replication, transcription, RNA processing and other aspects of molecular biology (see
Shadel and Clayton, 1997). The consistency of genomic features found and the
expectation that these studies were characteristic of all mitochondrial genomes has led
to a ‘textbook description’ of mitochondrial genomes that includes a consistent size of
about 16 kb, strictly maternal inheritance, a content of 37 genes (encoding 13 proteins,

2 rRNAs and 22 tRNAs) compactly organized in a nearly invariant arrangement, a single
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large non-coding ‘control region’ with signals for regulating replication and transcription,
and transcription of a single polycistron from each strand that is processed by enzymatic
removal of tRNAs into gene-specific (or, in the cases of nad4L-nad4 and/or atp8-atp6,
bicistronic) mMRNAs. Secondary structures were sometimes inferred for regulatory
signals or to compensate for lack of tRNA genes where necessary for enzymatically

separating the adjacent gene-specific transcripts.

Clearly, understanding these features is important for interpreting the patterns of
evolution of these genomes, but this touches also on many other issues, including
interactions with the products of nuclear genes, energy generation, wide-ranging aspects
of metabolism and physiology, stress tolerance, susceptibility to oxidative stress, aspects
of ecology, patterns of inheritance and population genomics. A more broad phylogenetic
sampling of complete mitochondrial genomes now belies not only these general genomic
features, but also makes clear that there is no potential for some of these functional

molecular mechanisms.

Among bilaterian animals, the phylum Mollusca is especially replete with such examples.
Due to their modest size and considerable phylogenetic information content both in gene
sequences and arrangements, molluscan mitogenomes began to be studied in the early
1990s. Then, characterization of full mitogenomes required considerable effort involving
challenging molecular biology including physical isolation of mitochondrial DNA
(mtDNA), restriction enzyme mapping, cloning of large inserts, subcloning into a large
number of separate plasmid vectors, and Sanger sequencing by directed primer walking,
as evident from the first reports of molluscan mitogenomes from Mytilus edulis (Bivalvia:
Hoffmann et al., 1992), Katharina tunicata (Polyplacophora: Boore and Brown, 1994)
and several helicid gastropods (Hatzoglou et al., 1995; Terrett et al., 1996; Yamazaki et
al., 1997) (Table P2.1). The revolutions in genome sequencing technology since have
greatly accelerated these efforts, and we now have available more than 1000 complete
mitochondrial genome sequences from more than 700 species. This, plus a modest
amount of work to understand the biology of these genomes, has created an enormous
catalogue of surprising deviations from that textbook description, including wide variation
in size, radical genome rearrangements, gene duplications and losses, the introduction
of novel genes and a complex system of inheritance dubbed ‘doubly uniparental
inheritance’ (DUI). This creates great potential for the discovery of biological history,
processes and functions that are novel for animal mitochondrial genomes. Interestingly,

expanded non-coding regions, variable repeat content, frequent gene rearrangements
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and large numbers of ORFans, while uncommon in other animal lineages, are frequently

observed in plants (Wendel et al., 2012).

Table P2. 1 - Number of molluscan mitogenome sequences in GenBank over time. The GenBank
(GB) search was structured as follows: ((‘Mollusca’[Organism]) AND (biomol_genomic[PROP]
AND mitochondrion]filter] AND (‘8000°[SLEN]: ‘100000°'[SLEN]) AND (‘1900/01/01’[PDAT] ] :
‘1999/12/31’[PDAT])). The term ‘Mollusca’ was replaced for family-level searches with
‘Gastropoda; Bivalvia; Scaphopoda; Cephalopoda; Polyplacophora; Monoplacophora;
Aplacophora’ and the years were adjusted for specific time intervals.

taxon GB/RefSeq by 2000 2000-2004 2005-2009 2010-2014 2015-2020
Gastropoda 625/233 4 10 19 104 491

Bivalvia 451/186 0 4 45 130 272
Scaphopoda 3n 1 1 0 0 1
(ephalopoda 126/50 0 1 7 53 65
Polyplacophora 23/13 1 0 0 2 20
Monoplacophora 32 0 0 0 0 3
Aplacophora 8/5 0 0 0 2 6

Mollusca 1239/491 6 16 7 291 858

2. Genome architecture

The first mollusc mitochondrial genome (Hoffmann et al., 1992), sequenced nearly three
decades ago with Klenow fragment of Escherichia coli DNA polymerase on
polyacrylamide gels, documented unprecedented genome architectural variation
compared to other metazoans and presaged the amazing variation in mollusc mtDNA
genome architecture that was soon to be discovered. Several major patterns of
molluscan mitochondrial genome biology were largely present, if not fully understood, in
that original M. edulis mtDNA. This included, to wit, a dramatic departure in gene synteny
from other invertebrate mitochondrial genomes, with all genes encoded on one strand,
the presence of DUI, not recognized until 1994 (Skibinski et al., 1994; Zouros et al.,
1994), and the seemingly missing ATP synthase gene atp8 (and the subsequent
question of whether bivalves actually have it (Breton et al., 2010) or not (Uliano-Silva et
al., 2016).

(a) Extensive natural variation
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Mollusc mitochondrial genomes vary widely in size. The smallest reported so far belong
to the heterobranch gastropods at approximately 13.6—14.1 kb (e.g. DeJong et al., 2004;
Feldmeyer et al., 2010; Grande et al., 2002; Hatzoglou et al., 1995; Kurabayashi and
Ueshima, 2000; Terrett et al., 1996; White et al., 2011) and the scaphopods (Boore et
al., 2004; Dreyer and Steiner, 2004). These are only slightly larger than the smallest
animal mitochondrial genomes (Pett et al., 2011), but still contain all 37 genes typical of
metazoan mtDNAs, including 13 protein-coding genes, 22 tRNAs and 2 rRNAs, as well
as a putative control region (Kurabayashi and Ueshima, 2000). Not unexpectedly, these
compact mitochondrial genomes feature high levels of overlapping gene boundaries.
The largest mtDNAs come from the scallop Placopecten magellanicus (up to 42.0 kb,
Snyder et al., 1987) and the Arcidae clams, with Scapharca broughtonii ranging up to
approximately 51.0 kb (Y. G. Liu et al., 2013) and a recent report claiming that the S.
kagoshimensis mitochondrial genome is approximately 56.2 kb in length (Kong et al.,
2020). The S. broughtonii mtDNA (and that of S. kagoshimensis, if verified) represents
the largest animal mitochondrial genome yet recorded out of approximately 86 900
mMtDNAs from more than 11 600 species present on NCBI. In both scallops and ark shells,
the large genome sizes are not primarily a result of duplications or longer intergenic
regions, but rather of expansion of the largest non-coding region (la Roche et al., 1990;
Y. G. Liu etal., 2013), as is commonly the case for size variation in other mollusc mtDNAs
(Figure P2.1). These bivalves are all exceptionally long-lived, especially the Arcidae,
raising the question of whether long generation times affect the pace of evolutionary
change in mitochondrial genome size, although other long-lived molluscs (e.g. abalone)

do not share similar expansions of their mitochondrial genomes (Maynard et al., 2005).
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Figure P2. 1 - Relationship between the length of (a) non-coding and (b) coding regions on total
mtDNA length in molluscan classes. Variation in non-coding length explains a greater proportion
of variation in total mtDNA length compared to variation in coding length. Each circle represents
a single species. When multiple mtDNAs were available for a single species, the mean across all
individual records was taken as the species value. Colours represent different molluscan classes
and are indicated by the key in (a).

Molluscan mitochondrial genomes have substantial variation in nucleotide composition
skew asymmetry (i.e. heavy versus light strand, Francino and Ochman, 1997). Strand
asymmetry occurs when there are more purines (i.e. adenine and guanine) on one DNA
strand than there are pyrimidines. The strand with more purines than pyrimidines is
heavier and, therefore, moves farther along in caesium chloride density gradient
centrifugation when separated than the complementary strand (Brown et al., 2005) and
is therefore termed the heavy or ‘H’ strand, and the other the light or ‘L’ strand. This skew
is thought to be caused by the bias in types of spontaneous mutations that occur in
single-stranded DNA (i.e. heavy versus light strand, Francino and Ochman, 1997), a
condition that occurs for the displaced strand during transcription or replication (see a
characterization in Boore, 2006a, a process known to be unusually slow for mtDNA
Clayton, 1982). The degree of nucleotide skew is particularly large around the control
region, as this region is found in single-stranded conformation more commonly than the
rest of the molecule. There have been numerous reversals of strand asymmetry in
molluscs (Sun et al., 2018), likely as a result of inversions in the control region, which

contains one or both origins of replication (Fonseca et al., 2014; Hassanin et al., 2005).

Molluscs have experienced many changes in the transcriptional orientations (i.e.

inversions) of genes, placing them variously on strands of differing nucleotide
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composition skews. For example, some taxa have all genes on one strand, like all marine
bivalves (e.g. scallops, oysters and clams: Danic-Tchaleu et al., 2011; Smith and Snyder,
2007; Y. Yuan et al., 2012) and all protein-coding genes of caenogastropods (Marquez
et al., 2014), while others do not, such as unionid mussels (Doucet-Beaupré et al., 2010),
heterobranchs (Feldmeyer et al., 2010), vetigastropods (Xin et al., 2011), cephalopods
(Akasaki et al., 2006; Boore, 2006b), scaphopods (Boore et al., 2004), aplacophorans
(Osca et al., 2014) (but see Mikkelsen et al., 2018, in which all sequenced genes of
the Spathoderm clenchi mtDNA are on the same strand), monoplacophorans (Stdger et
al., 2016) and polyplacophorans (Boore and Brown, 1994). More generally, changes in
genome architectures that alter transcriptional patterns across lineages are common and
appear to be largely mediated by tRNA transposition and inversion (Feldmeyer et al.,
2010), as the secondary structures are hypothesized to form transcriptional barriers

(Fernandez-Silva et al., 2003) and RNA cleavage signals (Ojala et al., 1981).

Indeed, changes in the gene order are most common for tRNAs. Even families like
Haliotidae that exhibit largely conserved synteny of the protein-coding genes exhibit
variable tRNA locations (Xin et al., 2011). Duplication of tRNAs appears to be a major
contributor to mitochondrial genome rearrangement, as expected for the ‘duplication-
random loss model’, with evidence that many molluscs contain extra tRNAs (Y. G. Liu et
al., 2013; Smith and Snyder, 2007) beyond the minimal set of the 22 essential for
accommodating the ‘super-wobble’ of mitochondrial translation. Interpreting this pattern
of tRNA translocations is complicated by cases of remoulding of tRNA anticodons, which
occurs sporadically throughout molluscs (Guerra et al., 2018; X. Wu et al., 2012a, 2015)
and otherwise (Cantatore et al., 1987). The cases where a single amino acid is specified
by two different codon families (serine and leucine) are especially susceptible to this
because a switch of anticodons alone would be sufficient since these tRNAs would each
have the necessary internal signals for charging with the correct amino acid (Higgs et
al., 2003; Rawlings et al., 2010).

Still, there has been a large number of rearrangements of the genes encoding proteins
or rRNAs, often via tandem duplication (Nolan et al., 2014; Xie et al., 2019; Xu et al.,
2010) or large-scale inversions (e.g. vetigastropods Xin et al., 2011, versus
caenogastropods Bandyopadhyay et al., 2006). In contrast with Vertebrata and
Arthropoda, in which gene arrangements have remained generally very stable, extensive
gene order rearrangements have been documented in every major lineage within

Mollusca, including caenogastropods (Rawlings et al., 2001), scaphopods (Dreyer and
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Steiner, 2004), cephalopods (Akasaki et al., 2006), heterobranchs (Grande et al., 2008),
bivalves (Lopes-Lima et al., 2017a; Zheng et al., 2010), aplacophorans (Mikkelsen et al.,
2018; Osca et al., 2014), polyplacophorans (Irisarri et al., 2014) and monoplacophorans
(Stoger et al., 2016). The extent of this variation has understandably added complexity
to inferring ancestral gene order, as until recently many lineages were too lightly sampled
to accurately infer evolutionary paths (e.g., Yokobori et al., 2004, versus Luo et al., 2015;
Uribe and Zardoya, 2017).

Across animal life, in nearly all lineages, there has been strong selection to maintain the
minimal set of 37 genes (but see Lavrov and Pett, 2016). With the possible exception
of atp8 in bivalves (Breton et al., 2010; Uliano-Silva et al., 2016), the genes encoding
proteins or rRNAs are seldom lost and duplicates are rarely maintained for long periods
in molluscs (but see Kawashima et al., 2013; S. T. Williams et al., 2017; X. Wu, et al.,
2012a), and molluscan mtDNAs rarely contain fewer than the necessary minimal set of
22 tRNAs (but see X. Wu et al., 2009). There has long been speculation about the
selection pressures that are responsible for this (Adams and Palmer, 2003), including
suggestions that hydrophobic proteins cannot easily move across membranes, that
these proteins may be destructive in the cytoplasm, or that there is value in regulating
mitochondrial function with this genome that is a remnant of its prokaryotic ancestor
(Adams and Palmer, 2003; Allen et al., 2003; Timmis et al., 2004).

Additions to the mitochondrial genetic repertoire are uncommon but, here too, molluscs
provide many of the exceptions. For example, lineage-specific open reading frames
(ORFs) have been identified in bivalves that exhibit DUI (Breton et al., 2011a), of which
the male version in Ruditapes philippinarum was proposed to be virally derived (Milani
et al., 2014b). Additionally, there is evidence of nuclear-derived genes inserting into the
mitochondrial genome. For example, a novel ORF was discovered with no sequence- or
domain-based homology to the rest of the mitochondrial genome of the pearl-lip
oyster Pinctada maxima but has domain-based homology to the nuclear genome (X. Wu
et al., 2012b). The mitochondrial genome of the Arcidae clam Tegillarca
granosa contains 32 novel ORFs, none of which have any homology to the rest of the
mitochondrial genome, and eight of which are predicted to have signal peptides, a

hallmark of nuclear but not organellar genes (Sun et al., 2015).

Early studies of transcription and translation in mitochondrial systems showed cases
where the adjacent gene pairs atp8-atp6 and nad4L-nad4 were not enzymatically

separated as mRNAs (see more below and Simon and Faye, 1984) and, instead, were
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separately translated into proteins by initiation on the ribosome, sometimes at the
beginning of this bicistron and other times at an internal codon (Barros and Tzagoloff,
2017; Rak and Tzagoloff, 2009; Zeng et al., 2007). Perhaps this is due to difficulties with
translating the very small mRNAs from atp8 and nad4L. Early mitogenome sequencing
revealed that these pairs were adjacent even in cases of more highly rearranged genes,
suggesting this as a universal molecular process. But some molluscs do not have atp8-
atp6 as adjacent (Bettinazzi et al., 2016; Boore, 2006b; Grande et al., 2008; He et al.,
2011) and others do not have nad4L-nad4 as adjacent (polyplacophorans (Boore and
Brown, 1994), heterobranchs (Feldmeyer et al., 2010), scaphopods (Boore et al., 2004;
Dreyer and Steiner, 2004), unionid mussels (Doucet-Beaupré et al., 2010; Xin et al.,
2011), cephalopods (Akasaki et al., 2006; Boore, 2006b), aplacophorans (Osca et al.,
2014), monoplacophorans (Stéger et al., 2016) and gastropods (Grande et al., 2008)),
indicating that there must be other modes of translation and regulation.

Not only are gene rearrangements rampant in mollusc mitochondrial genomes, but even
individual genes exhibit remarkable architectural variation. Perhaps most prominent
among these is the splitting of the large ribosomal rRNA gene (rrnL) into two distinct
genes in Crassostrea oysters (Milbury and Gaffney, 2005). The resulting transcripts do
not appear to be spliced together into a single RNA, but the ribosome itself appears to
be fully functional (Milbury et al., 2010). The partially duplicated rrnL and rrnS genes of
the vermitid snail Thylacodes squamigerus mitochondrial genome bear a superficial
resemblance to Crassostrea's split rrnL, but the fragments appear to be pseudogenes
(Rawlings et al., 2010).

Evidence for variation in genic architecture also comes from an intriguing case of
apparently convergent evolution of the male-specific version of cox2 in bivalves
exhibiting DUI (see more below). In Mytilidae, cox2 is extended at the 3' end of the
transcript (Curole and Kocher, 2002), but in some Veneridae, cox2 has a male-specific
insertion in the middle of the gene (Bettinazzi et al., 2016). It is unclear whether
these cox2 modifications share similar functions, although the former was hypothesized
to have a role in reproduction (Chakrabarti et al., 2007). Finally, tRNAs are commonly
found to have truncated D arms, especially in the heterobranchs (Sevigny et al., 2015),
and there is even a case in which a tRNA has been inserted into nad5 (Sun et al., 2014).
These evident departures from the typical mode of intense purifying selection acting on
mitochondrial genes likely represent lineage-specific mitochondrial adaptations and

more work is required to understand their functional importance.
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The largest non-coding region, inferred to perform the functions of the ‘control region’,
varies widely in location also; see, for example, its varying positions in Mytilus [2] versus
scallops (Rigaa et al.,, 1995), squid (Sasuga et al., 1999; Tomita et al., 2002) and
caenogastropods (McComish et al., 2010). And the content and structure of control
regions are vastly different across the major molluscan lineages, with high rates of
evolutionary turnover by novel tandem duplications, often of previously duplicated
regions (Akasaki et al., 2006; Simison et al., 2006; Snyder et al., 1987; Sun et al., 2015;
Xu et al., 2010; Zbawicka et al., 2014); transpositions, especially of tRNAs, into this
region (Breton et al., 2006; Cao et al., 2009; Y. G. Liu et al., 2013; Smith and Snyder,
2007; Sun et al., 2015); and newly evolved simple sequence repeats such as poly(AT)
tracts (Brauer et al., 2012; Gao et al., 2018). Together these primary sequence features
share the ability to produce secondary structures including stem-loop (X. C. Huang et
al., 2013; Y. Yuan et al., 2012), cloverleaf (Bernt et al., 2013a; Grande et al., 2008;
Sevigny et al., 2015; Zhu et al., 2012) and cruciform (McComish et al., 2010) structures
in the control region, which in other organisms appear to be related to mtDNA replication
and transcription (Grande et al., 2008; Shadel and Clayton, 1997).

Some control regions provide especially valuable insight into the biology and evolution
of mitochondrial genome architecture. For example, squid control regions harbour relics
of tandemly triplicated whole mitochondrial genomes, followed by their subsequent loss
(Jiang et al., 2015; Kawashima et al., 2013; Sasuga et al., 1999; Tomita et al., 2002;
Uribe and Zardoya, 2017). Heterobranchs have extremely short control regions,
reflecting their compact mitochondrial genomes (Kurabayashi and Ueshima, 2000), while
caenogastropods have control regions of variable length with an inverted repeat
interspersed by a simple sequence repeat (Bandyopadhyay et al., 2006; McComish et
al., 2010). Control regions of mussels exhibiting DUI have lineage-specific, tripartite
control regions consisting of two variable domains interspersed by a conserved domain
(Cao et al., 2009). Recombination between the F-type and M-type control regions in
which an F-type mtDNA acquires an M-type control region appears to coincide with the
masculinization of F-type mtDNAs (Breton et al., 2006; Burzynski et al., 2003; Stewart et
al., 2009; Zouros, 2000); see DUI section below for more details). Thus, although control
regions are often omitted in mitochondrial genome assemblies, generally because of
technical difficulties in amplifying or sequencing these regions, those that have been
sequenced provide rich sources of information for understanding evolution of

mitochondrial genome architecture.
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(b) Moving forward to understand the processes that contribute to variation in

mitochondrial genome architecture

This rich phenomenological record described above makes for an ideal system in which
to investigate the underlying molecular, genetic and evolutionary mechanisms
contributing to and maintaining variation in genome architecture. Based on this diversity,
a few themes have emerged that warrant further investigation. First, tRNA-mediated
changes in gene order have been observed across Metazoa (Rawlings et al., 2003). It is
hypothesized that at least part of this pattern results from accidental incorporation of
tRNAs into the mtDNA when they moonlight as primers for DNA replication (Cantatore
et al., 1987). This hypothesis is attractive because it would also help explain why control
regions often feature pseudo-tRNAs (e.g. scallops, oysters and clams Cao et al., 2009;
Smith and Snyder, 2007; Sun et al., 2015) and other tRNA-like secondary structures
(Bernt et al., 2013a; G. G. Brown et al., 1986; Grande et al., 2008; Sevigny et al., 2015;
Zhu et al., 2012). Misincorporation of tRNAs might also contribute to the high rates of
evolutionary turnover in the control region, as new tRNA incorporation events push older
sequences out of the control region. Complicating our understanding of this process are
the evolutionary histories of tRNAs, as tRNA remoulding can obscure tRNA evolutionary
history (see above). Quantifying the extent of tRNA duplication and remoulding, as well
as rates and patterns of control region turnover in molluscan mitochondrial genomes, will

provide valuable insight into tRNA-mediated genome architectural change.

Second, tandem duplication, which has been implicated in several molluscan genome
rearrangements (e.g. Y. G. Liu et al., 2013; Snyder et al., 1987, cephalopods: Akasaki
et al., 2006), can happen through a variety of mechanisms (Boore, 2000; Ludwig et al.,
2000) including slipped-strand mispairing (Levinson and Gutman, 1987), imprecise
termination of replication (Macey et al., 1997; Stanton et al., 1994), dimerization
(Raimond et al., 1999) and illegitimate or non-homologous recombination between
repeats (Kajander et al., 2000; Mita et al., 1990). Support for the role of tandem
duplication in shaping mitochondrial genomes is undermined by the scarcity of animal
mitochondrial genomes that harbour duplicated copies of protein-coding genes (Boore,
1999). It may be that duplicates are lost quickly, perhaps responding to selection
favouring the maintenance of cytonuclear stoichiometry (Sharbrough et al., 2017).
Evaluating these various possibilities will require better population-level sampling,

especially with the help of long-read sequencing technologies like PacBio or Oxford
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Nanopore, which can help resolve tandem duplications (Calcino et al., 2020; Ji et al.,
2019).

Third, inversions are perhaps the most commonly retained form of structural
rearrangements in molluscan mitochondrial genomes (see above paragraph on changes
in transcriptional orientation). Inversions can arise via multiple double-stranded breaks
or by inverted repeats (see Zampini et al., 2015 for the description of inverted repeat
mechanisms) in which one repeat is deleted, likely via recombination (Lobachev et al.,
1998). However, inversions would seem to have immediately deleterious consequences
for transcriptional control of mitochondrial genomes. There has been speculation of an
‘evolutionary ratchet’, whereby genes rearranging by inversions to be on a single strand
would eliminate the selective pressure to maintain transcription of the other strand and,
once lost, would make any further inversion of any gene immediately non-functional such
that reversion to a state of genes on both strands would be highly unlikely (Boore, 1999).
Investigating mitochondrial transcriptional dynamics in closely related species (or M-
versus F-type mtDNAs from the same species) that have inversions relative to one
another might prove especially useful in understanding how inversions are able to persist
longer than other types of mitochondrial genome rearrangements. How these inversions
and subsequent changes in expression affect mitochondrial function and fitness will also

be of broad interest to the mitochondrial community.

Fourth is the evident selective pressure for genome streamlining, both in terms of gene
content and genome size. One of the more surprising observations of animal
mitochondrial genomes is the degree to which genes overlap (Boore, 1999; Cheng et al.,
2013; X. C. Huang et al., 2013). Overlapping mitochondrial ORFs often exhibit alternative
reading frames (Boore, 1999), such that elongation of a gene via nonstop mutations may
explain variation in the degree of gene overlap. Once genes do overlap, purifying
selection is expected to be intense over the region, as mutations occurring in the overlap
could have consequences for two separate genes. The greater degree of overlap
between nad4 and nad6 in the M-type genome of Solenaia carinata compared to the F-
type (X. C. Huang et al., 2013) raises the intriguing question of whether the increased
intensity of selection engendered by gene overlap might compensate for the reduced
efficacy of selection acting on male versus female transmitted mtDNAs (Camus et al.,
2012). Comparing whether mitochondrial genomes with high versus low Ne (e.g. F-type

versus M-type mtDNAS) have lesser degrees of genic overlap and reduced rates of
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deleterious mutation accumulation (Neiman and Taylor, 2009) would provide a powerful

test of the forces contributing to genome streamlining of animal mitochondrial genomes.

Finally, the extent to which gene order can be used as an effective phylogenetic tool for
molluscs (Allcock et al., 2011; Boore and Brown, 1998; Guerra et al., 2018; Uribe and
Zardoya, 2017) depends upon low-level taxonomic sampling to infer rates and patterns
of structural evolutionary change. The availability of more than 1000 molluscan
mitochondrial genomes from over 700 different species as of September 2020 has
largely solved that problem, especially for the bivalves (456 mtDNAs from 261 species),
gastropods (452 mtDNAs from 358 species) and cephalopods (142 mtDNAs from 60
species). Such gene order analyses should not only take advantage of changes in major
gene synteny but also of tRNA movements and inversion events. Together, these five
avenues for future research represent central open questions in the evolution of
mitochondrial genome architecture and should provide a framework for understanding
how genome architecture contributes to mitochondrial function at molecular, cellular and

organismal levels.

3. Annotation challenges

Considerable effort is required for annotation of the genes of molluscan mitogenomes.
Most protein-encoding genes are easily identified with orthologues by sequencing
similarity, with occasional consideration of hydrophobicity plots for atp8 and nad4L, but
there are challenges with inferring the correct start codon in cases where there are
multiple, closely spaced alternatives. An inference must consider the possibility of
overlap with the upstream gene and the extent of evolutionary conservation of the ORF.
This is confounded by the fact that molluscs employ the invertebrate mitochondrial
genetic code (NCBI Genetic Code 5) that allows for alternative start codons in addition
to ATG, including ATA, ATY, TTG and GTG (normally encoding for methionine,
isoleucine, leucine and valine, respectively). Each of these would provide a match to at
least two nucleotides of the trnM anticodon (CAU), which must do double duty in most
mitochondrial systems as the tRNA for both methionine and, in the case of protein

initiation, formyl-methionine.

Ordinarily, inferring a stop codon for any gene is straightforward but, here too,
mitochondrial genomes present a challenge. In many cases, mitochondrial genomes are

transcribed as a single polycistronic RNA from each strand (see Garone et al., 2018).
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The tRNA genes are then removed enzymatically, which liberates gene-specific mMRNAs
as proposed in the ‘punctuation model (Ojala et al., 1981). In the case of
overlapping atp8-atp6 and of nad4L-nad4, these have been shown for yeast (Simon and
Faye, 1984), fish (Zardoya et al., 1995) and mammals (Fearnley and Walker, 1986) to
remain as bicistrons that are translated on mitochondrial ribosomes, sometimes from the
first codon and sometimes from an internal codon that initiates the second gene. In some
other cases of adjacent protein-encoding genes without an intervening tRNA, there are
potential secondary structures that have been speculated to serve this function (e.g.
Boore and Brown, 1994). In many other cases, it remains unknown whether these
MRNAs are separated or not. The specific challenge for gene annotation from genome
sequence is that, after enzymatic processing to produce gene-specific messages, some
will not have a complete TAG or TAA stop codon, but may terminate on justa TAor T
that is completed to a TAA stop codon by polyadenylation of the transcript (Clary and
Wolstenholme, 1985). Additionally, it is important to consider that some genes are known
to overlap even when on the same strand, further complicating an accurate inference of

the correct stop codon from genome data alone.

Of course, there are some cases where these features can be directly observed through
the sequencing of expressed sequence tags (ESTs) (DeJong et al., 2004), providing the
sequences of the full transcripts from which the genomic boundaries can be reliably
determined. This has presented some surprises. For example, ORF analysis had
predicted that nad4 of the gastropod Biomphalaria glabrata mitogenome (NC_005439)
was unusually long, fully overlapping with trnT, in contrast with the reported genes in the
gastropods Cepaea nemoralis (NC_001816) and Albinaria caerulea (NC_001761).
Independently determined EST data (AA547758) showed the cDNA for the C-terminus
of nad4 to end before the downstream trnT gene, more consistent with those of the other
gastropods, and to terminate on a single T nucleotide that was extended by

polyadenylation to form a TAA stop codon (DeJong et al., 2004).

Based on genome sequence alone, inferring the exact boundaries of rRNA genes is
especially difficult. In fact, in most cases, there is simply the presumption that the rRNA
gene extends to the boundary of the flanking genes, with this moderated by the extent

of similarity matching to homologous genes of other organisms.

The genes for tRNAs diverge in sequence rapidly and are most commonly found by
identifying potential secondary structures with a set of typical features (Chan and Lowe,

2019; Hahn et al., 2013; Lowe and Chan, 2016). Some lineages are known to have
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aberrant structures with some of the arms diminished or even missing, complicating this

inference.

The rise of next-generation sequencing (NGS) has been a game-changer for the pace
of generating complete mitogenome sequences. These methods generate an enormous
number of short sequencing reads, leading to an increased reliance on computational
methods for automated genome assembly. Among several alternative software
packages that aim to assemble NGS data into large contigs, MITObim was specially
designed for the assembly of mitogenomes (Hahn et al., 2013), as well as other tools
that were released more recently (Al-Nakeeb et al., 2017; Dierckxsens et al., 2016; Meng
et al., 2019). Using a provided mitochondrial genome or even a short (partial) gene
sequence as an initial reference to identify sequence data of likely mitogenome origin,
this program applies a strategy of BLAST and iterative mapping to select and assemble
short reads from a large NGS dataset that provides adequate coverage into a linear
representation of a mitogenome. Overlapping, identical sequence termini indicate that
the assembly represents the full circular mitogenome. It is worth noting that reliance on
computational interpretation of short sequence reads may potentially cause problems in
assembling repetitive elements, such as the control region and unsuspected repetitive
elements like tandem duplications or repeat regions, that may be resolved only by

manual, targeted sequence characterization.

With such relative ease to derive the genome sequences, there is a greater demand for
automated annotation. This need was recognized early on by the implementation of
semi-automated annotation of genomes of organelles from mitochondria (and plant
chloroplasts) through DOGMA (Dual Organellar GenoMe Annotator) that provided
predictions of protein- and rRNA-encoding genes through BLAST similarities to
previously annotated mitochondrial genomes (Wyman et al., 2004) and provided tools
for manually refining the beginning and end of each gene. The identification of tRNA
genes employed secondary structure predictions because mitochondrial tRNA
sequences share little sequence similarity among animals. Generally, computational
predictions were further hindered due to the aberrant structure of several molluscan
tRNAs that do not conform to the canonical cloverleaf of animal tRNAs and typically
required manual validation (Yamazaki et al., 1997). Current utilities include AGORA
(prediction of protein-coding genes in a mitogenome assembly based on BLAST
similarities to a reference mitogenome; Jung et al., 2018), MitoZ (Al-Nakeeb et al., 2017;
Dierckxsens et al., 2016; Meng et al., 2019) and MITOS (Bernt et al., 2013b). The latter
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software performs de novo annotation of protein-encoding genes by sequence similarity
and secondary structure predictions of both rRNA and tRNA. MITOS reports annotation
results in the standardized format that supports the accepted, consistent nomenclature
of mitochondrial genes. Updates (MITOS2 is available at http://mitos2.bioinf.uni-

leipzig.de/index.py) have improved the prediction accuracy but the results still require

manual curation.

Alternative start codons, the potential for incomplete stop codons and molluscan-specific
tRNA structures continue to challenge automated annotation. Some possible challenges
for annotation are shown in Figure P2.2, using atp8 from gastropod mitogenomes as an
example. atp8 is the shortest protein-coding gene in mitogenomes and relatively variable
among gastropod species, often not detected by BLAST and thus also not recognized
by MITOS. Additionally, atp8 of several gastropod species employs an alternative start
codon, like ATT that normally encodes for an | (isoleucine), serving as start codon
(specifying formyl-methionine) only at the initiation of protein translation. Automated
gene finding and inexperienced annotators may fail to recognize ATT as a true start,
choosing an upstream M-encoding nucleotide (ATG or ATA), even if part of a different
gene, as an incorrect start codon. As a consequence, annotation of atp8 often requires

manual inspection and comparison to atp8 from several species (Figure P2.2).

(strand arpé.:::'.iil trnN(aac) . atp8 trnl2(tta) i trnQ*

B. glabrata . eea

-
"
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!

L
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Figure P2. 2 - In mitogenomes of planobid gastropods, the atp8 gene is bracketed by trnN(aac)
and trnL2(tta). Shaded boxes, tRNA genes; white boxes, protein-coding genes; arrowheads
indicate directionality; asterisk, stop codon. ORF analyses of the mitogenome sequences that
ignore the concept of tRNA gene excision from polycistronic mitogenomic transcripts frequently
yield incorrect prediction of protein-coding sequence intervals. Whereas the start codon is
correctly indicated, the ORF for atp8 from Biomphalaria glabrata (underlined in both nucleotide
and predicted amino acid sequences, NC_005439) falls short, despite an effort to accommodate
an incomplete stop codon (T--). Another issue impacts the ORF selected from the Planorbella
duryi mitogenome (KY514384). It comprises a (correct) start codon and TAA stop codon but
overlaps with trnL2 and yields an unusually long protein sequence. For both snail species,
considering the boundaries of the (MITOS predicted) tRNA genes, the ATA is the first possible
start codon downstream from trnN. At the 3’ end, a single T nucleotide remains after excision of
trnL2, completed by polyadenylation to a TAA (underlined) stop codon. Such peculiarities
challenge prediction of multiple genes from molluscan mitochondrial sequences, as is evidenced
in several GenBank entries, despite the purported curation of submissions by this NCBI database.
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Re-evaluation and, if appropriate, updates by contributors of previous GenBank accessions will
greatly benefit correct annotation.

A recent paper by Fourdrilis et al. (2018) provides a powerful set of criteria to integrate
with automated MITOS prediction for correct annotation of gastropod (molluscan)
mitogenomes. These criteria include the valid insights into molluscan mitochondrial
biology, including the punctuation model, as well as alternative start and stop codons.
We summarize these criteria below: (i) Protein-coding genes are assumed to begin at
the first eligible in-frame start codon in their 5’ end, that is, the start codon nearest to the
preceding gene without overlapping with it, checking that this start codon is suitable
regarding the location and gene length by aligning the derived amino acid sequence with
that of closely related species. (ii) Due to transcription of mtDNA as polycistronic RNA, it
is considered physically impossible to have gene overlap between two protein-coding
genes encoded on the same strand and in the same open reading frame, but possible if
frames are different. (iii) Protein-coding genes are assumed to end at the first in-frame
full stop codon, or an abbreviated stop codon (TA- or T- in invertebrates) ending
immediately before the downstream tRNA; such an abbreviated codon results from the
cleavage of the transcript at the 5 and 3' ends of tRNAs and tRNA-like secondary
structures and is subsequently completed to a TAA stop codon with A residues by
polyadenylation. (iv) Putatively duplicated genes are evaluated based on quality values
provided in the MITOS analysis. (v) The boundaries of tRNA genes are those predicted
by MITOS. (vi) The boundaries of rRNA genes were those predicted by MITOS and not
extended to flanking genes to avoid overestimating rRNA gene length.

Despite these software packages for assistance and the attention of the scientific
community, the entries for mitochondrial genomes at NCBI contain a great number of
easily recognized annotation errors even in the ‘Refseq’ portion. Despite having this
pointed out over a decade ago with specific, simple recommendations for systematically
eliminating these and conducting quality control for new entries (Boore, 2006a), a recent
study identified a great number of errors in a systematic search of complete vertebrate
mitochondrial genomes at NCBI (Prada and Boore, 2019). To the best of our knowledge,
no such systematic study has been made of annotations for complete mollusc
mitogenomes, but there is no reason to suspect that they are immune from similar errors
during submission or NCBI review (e.g. Fourdrilis et al., 2018). Consistent, accurate,
complete annotation of these genomes is critical for comparative and phylogenetic

studies. We urge NCBI to implement these simple quality control measures.
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4. Inheritance: doubly uniparental inheritance in bivalves

Mitochondrial genomes follow a non-Mendelian inheritance pattern of being transmitted
uniparentally in most eukaryotes; in animals, mitochondrial inheritance is usually strictly
maternal (from now on: strictly maternal inheritance, SMI) (Barr et al., 2005; Birky, 2003).
Perhaps the most striking feature of mollusc mitochondrial biology is the unique doubly-
uniparental inheritance pattern so far reported in 100+ species of bivalves (Capt et al.,
2020). In species showing DUI, two sex-linked mitochondrial lineages exist: one is
inherited through eggs (F-type) the other through sperm (M-type). Differently from the
cases of paternal mtDNA leakage reported in several organisms (Breton and Stewart,
2015), in DUI the sperm transmission route is stable across evolutionary time, so the F-
and M-type coexist as segregated lineages for millions of years accumulating a
remarkable sequence divergence. The F-M nucleotide p-distance ranges from 0.08 to
0.449, and the amino acid p-distance of mitochondrial protein-coding genes can reach
0.534 (Capt et al., 2020).

The dynamics and distribution of F- and M-type in embryos and tissues were first
investigated in bivalves of the Mytilus species complex, in which DUI was observed for
the first time (reviewed in Zouros, 2012). Particularly interesting was the finding that in
early embryos (2—8 blastomeres) sperm mitochondria stained with MitoTracker Green
showed two different distribution patterns: dispersed versus aggregate. The authors
were also able to show a strong link between the pattern and the sex of the progeny:
females were associated with the dispersed pattern, males with the aggregated one (Cao
et al., 2004; Cogswell et al., 2011). These observations, together with the results of
several molecular works, were used to build a first description of the mitochondrial
dynamics in DUI, summarized below. Gametes are homoplasmic for the sex-specific
type (F-type in eggs, M-type in spermatozoa), so upon fertilization the zygote is
heteroplasmic and the fate of sperm mitochondria is tightly linked with sex. If the embryo
develops into a female, the M-type mitochondria are dispersed and actively degraded as
happens in some species showing SMI (Sato and Sato, 2017), and the animal will be
homoplasmic for the F-type. Otherwise, if the embryo develops into a male, sperm
mitochondria stay aggregated as they already are in the midpiece of sperm cells and are
transported into the blastomere 4d, the precursor of the germline, and survive
degradation; males are thus heteroplasmic, containing M-type in the germline and F-type

in the somatic tissues.
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The main points of this model are: (i) homoplasmy of females due to degradation of M-
type; and (ii) heteroplasmy of males with retention of M-type due to the active
segregation of sperm mitochondria aggregated in gonad precursors, but not in somatic
tissues. A replicative advantage of M-type in males was also hypothesized, to explain its
proliferation in spermatogenic tissues (Cogswell et al., 2011). This is still the most
commonly used description of the DUl mechanism, but some revisions have become
necessary. The existence of the two patterns was confirmed in a distantly related species
(divergence time 400+ Ma), the venerid clam Ruditapes philippinarum (Milani et al.,
2012), but as new data were gathered and new species analysed, evidence of deviations
from the mechanism as described above started emerging. The presence of M-type in
male somatic tissues is now known to occur in R. philippinarum (Ghiselli et al.,
2011), Venustaconcha ellipsiformis and Utterbackia peninsularis (Breton et al., 2017)

and in Mytilus galloprovincialis (Kyriakou et al., 2010; Obata et al., 2006).

These works showed also that heteroplasmy is more common than previously thought
in both males and females of DUI species, and that the presence, abundance and
distribution of the F- and M-types is quite variable across species, sexes and tissues.
Such differences should be expected when dealing with a quantitative phenomenon like
mitochondrial inheritance (Birky, 2003), especially across large evolutionary distances.
Recently, immunohistochemistry and microscopy (both confocal and electronic)
investigations on R. philippinarum showed the presence of heteroplasmy at the
organelle level (both types present in the same mitochondrion) in male soma and, quite
surprisingly, in undifferentiated germ cells of both sexes, while homoplasmy in both
female and male gametes was confirmed (Ghiselli et al., 2019). According to these
observations, the strict segregation of F- and M-type in gametes would be achieved
during gametogenesis—thus much later in development than hypothesized before—and
it was suggested that DUI is based on a mechanism of meiotic drive involving selfish

genetic elements associated with mitochondria (Ghiselli et al., 2019; Milani et al., 2016).

(a) Doubly uniparental inheritance molecular mechanism

Hybrid and triploid DUI mussels have been shown to revert to SMI (Kenchington et al.,
2009) and the taxonomic distribution of DUI species is scattered across bivalve
phylogeny, so DUl must have evolved by the modification of a mechanism of SMI, but

which one? There are several different mechanisms by which SMI can be achieved
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(Birky, 1995; Sato and Sato, 2017), but that operating in bivalves is still unknown.
Similarly to what happens in mammals, it was hypothesized that ubiquitination could be
involved (Kenchington et al., 2002) and the results of some investigations seem to be
consistent with such supposition (Diz et al., 2013; Ghiselli et al., 2012; Milani et al.,
2013b; Punzi et al.,, 2018). A possible approach to understand which molecular
mechanism is involved in DUI is to look at the differences between F- and M-type
genomes, and numerous works have investigated this issue in the last 25 years. The

main findings can be summarized as follows.

First, bivalve mtDNA shows an abundance of intergenic regions—or at least regions not
containing known genes—and the largest are rich in genetic elements such as repeats,
motifs and DNA/RNA secondary structures which differ between conspecific F and M
genomes in DUI species (e.g. Cao et al., 2009; Ghiselli et al., 2017; Guerra et al., 2014;
Passamonti et al., 2011; Robicheau et al., 2017). A strong clue supporting a role of
control region elements in DUI comes from observations in the Mytilus complex. Several
analyses on F- and M-type mtDNAs in Mytilus edulis, M. galloprovincialis and M.
trossulus revealed the presence in male gonads of genomes having their coding
sequences almost identical to those of the F genome (2-3% divergence). It was
hypothesized that these genomes originated from F genomes that invaded the male
germline and started to be transmitted through sperm, replacing the M-type and
accumulating sequence divergence (which is initially reset to zero when the F-type
replaces the M-type). This phenomenon was named ‘role-reversal’ or ‘masculinization’
(reviewed thoroughly in Zouros, 2012), and the aberrant F genomes transmitted through
sperm have been defined as ‘masculinized’. Following studies found that the control
regions of masculinized genomes contained parts of both the typical F- and M-type
MtDNASs, being actually F/M chimaeras. Role-reversal has been observed, so far, only
in the Mytilus complex. These findings strongly suggest that some elements located in
the control region or its proximity have a role in the inheritance mechanism. The identity
and the nature of these elements are still unknown and several candidates have been
proposed, including DNA and/or RNA secondary structures (Ghiselli et al., 2013; Guerra
et al., 2014), specific sequences/motifs (Kyriakou et al., 2015), or peptides encoded by

ORFs located near the control region (see second point below).

The second feature that differentiates F and M genomes is the presence of lineage-
specific ORFs showing no sequence similarity with known genes, and thus defined
‘ORFans’ (Breton et al., 2009, 2011a; Capt et al., 2020; Ghiselli et al., 2013; Guerra et
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al., 2019; Milani et al., 2013a, 2014b, 2016; Mitchell et al., 2016). In some cases, a
protein product of these ORFans has been detected and localized (Breton et al., 2011b;
Ghiselli et al., 2019; Milani et al., 2014b), but their function remains unknown despite
extensive in silico analyses (Guerra et al.,, 2019; Milani et al., 2013a, 2014b, 2016;
Mitchell et al., 2016). Such bioinformatics work has shown that, despite high evolutionary
rates and large sequence divergences, all the analysed ORFans have similar predicted
structural features, supporting a similar function. The involvement of the ORFans in the
DUI mechanism is still a hypothesis and their mechanism of action is an object of
speculation, but it is clear that these elements are maintained in bivalve genomes and
some surely produce a novel mitochondrial protein. It would be surprising if these

elements turn out to be non-functional.

Third, the cytochrome c oxidase subunit 2 gene (cox2) shows curious features in
bivalves, and in several DUI species, there are important differences between the F-type
and M-type cox2 gene (see also 82). The cox2 gene is duplicated in the F-type of R.
philippinarum (Ghiselli et al., 2013) and the M-type of Musculista senhousia (Passamonti
et al., 2011), with paralogous copies showing different lengths. In some other
cases, cox2 has a different length in the two mtDNAs, due either to 3' coding extensions
(550 bp) or large in-frame insertions (up to 3.5 Kb) (Capt et al., 2020). It is still not clear
if such modifications of cox2 are linked to DUI for some functional reason, or are a more
general feature of bivalve mtDNAs, maybe due to modifications in Complex IV of

oxidative phosphorylation.

The fourth and last feature characterizing the differences between the two mitochondrial
lineages concerns small non-coding RNAs (sncRNAs). Pozzi et al. (Pozzi et al., 2017)
sequenced sncRNA libraries from gonads of R. philippinarum, and found miRNA-like
sequences transcribed by intergenic regions for which a stable hairpin structure was
predicted. In silico analyses showed that F and M genomes produce different
mitochondrial sncRNAs with different nuclear targets. The authors hypothesized that
such sncRNAs might affect nuclear gene expression through RNA interference and
might influence gonad formation. More recently, Passamonti et al. (2020) reported in
vivo clues of the activity of two sncRNAs in R. philippinarum. Small mitochondrial RNAs
have also been predicted in silico in several species of amniotes (Pozzi et al., 2019), and

in Drosophila melanogaster, Danio rerio and Mus musculus (Passamonti et al., 2020).
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(b) MtDNA evolutionary patterns in doubly uniparental inheritance

It is still unclear how DUl emerged and why it has been maintained for hundreds of
millions of years. Traits that last so long in evolution are usually maintained by natural
selection because they have a function that affects organismal fitness. For this reason,
and given the tight link between mitochondrial inheritance pattern and sex in DUI
species, it was hypothesized that DUI has a role in sex determination and/or gonad
differentiation (Breton et al., 2007, 2011b; Capt et al., 2018; Ghiselli et al., 2012; Milani
et al., 2016; Passamonti and Ghiselli, 2009; Yusa et al., 2013; Zouros, 2012).

Studies on the patterns of molecular evolution of mitochondrial proteins in DUI bivalves
clearly show that M-type evolves faster than F-type and both mtDNAs evolve faster than
the mitochondrial genomes of other metazoans (Breton et al., 2007; Zouros, 2012). The
reasons behind this pattern are the subject of debate. Relaxed selection is one possible
explanation; Stewart et al. (Stewart et al., 1996) suggested that F- and M-type mtDNAs
evolve under different degrees of selective constraints as a consequence of different
‘selective arenas’. Supposing that F-type mtDNA is functional in all somatic tissues and
the female germline, while M-type functions only in the male germline, F-type would be
subject to more stringent constraints, hence the faster sequence evolution of M-type.
However, the more recent findings of F- and M-type distribution across tissues
(discussed above), and the findings of M-type transcriptional activity in the soma (Breton
et al., 2017; Milani et al., 2014a), may suggest that the above-mentioned arenas of
function are not that distinct. Moreover, even if M-type mitochondria are functional only
in the male germline, they have a crucial function of providing energy for sperm
swimming. This is a fundamental function, especially in a broadcast spawning animal,
and the relaxation of natural selection on such a trait could have long-term consequences
on DUI species. Many DUI species are quite successful; for example, R. philippinarum is
highly invasive, and Arctica islandica (in which DUI has been reported Dégletagne et al.,
2016) is the longest-living non-colonial animal known (maximum reported lifespan

approximately 507 years), so it seems that DUI is not manifestly disadvantageous.

A high-throughput analysis of mtDNA single nucleotide polymorphisms (SNPs) in F- and
M-type of R. philippinarum (Ghiselli et al., 2013) revealed a similar amount of
polymorphism in the two genomes, but a different distribution of allele frequencies
(probably due to different bottleneck sizes), the M-type having a lower proportion of
SNPs with a predicted deleterious effect. According to these data, the faster evolution of

M-type is likely due to the roles of mitochondria in spermatogenesis and sperm maotility,
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the latter being especially important in the intense sperm competition of an animal using
broadcast fertilization. Indeed, one interesting feature of DUI is that mtDNA is under
selection also for male functions, differently from what happens in all the SMI organisms,
in which mitochondria are an evolutionary dead-end in males. This opens a series of
interesting consequences and deserves thorough investigations. Recently, two
comparative analyses of OXPHOS activity in gametes and somatic tissues of SMI and
DUI bivalves reported a metabolic remodelling in M-type mitochondria that suggests an
adaptive value of mtDNA variation, and a link between male-energetic adaptation,
fertilization success and the preservation of paternally inherited mitochondria (Bettinazzi
et al., 2020, 2019).

DUl is generally unknown or considered just a ‘freak of nature’, but it represents a unique
and precious model to study mitochondrial biology and evolution. Thanks to its unusual
features, it can be used as a tool to better understand mitochondrial heteroplasmy,
inheritance, recombination, and the role of mitochondria in germline formation, meiosis,
gametogenesis and fertilization, in some cases providing the exceptions that address
general phenomena in other animal groups. Up to now, DUI has not been found outside
bivalves, but, to the best of our knowledge, it has been specifically investigated in just

five gastropod species (Gusman et al., 2017).

5. The utility and limitations of mitochondrial genomes for phylogeny

During the last three decades, mitochondrial markers, either individually, combined or as
a whole, have been commonly used for phylogenetic reconstruction within Metazoa
(Bernt et al., 2013a; Gissi et al., 2008; Kern et al., 2020; Stdger and Schrédl, 2013). This
preference is due to several features that make mitochondrial sequences a well-suited
and reliable molecular marker for phylogenetic assessment. First, all Metazoa (except
some Loricifera Danovaro et al., 2010) possess a mitochondrial genome that can be
obtained with relative ease compared with any particular genome region of similar size
due to its high abundance and copy numbers within animal cells (Bernt et al., 2013a;
Gissi et al., 2008). Second, gene orthology, essential for a successful phylogenetic
assessment, is expected in the mitogenome, since genes from eventual duplication
events shown to occur in molluscan mtDNA are rarely retained, and quickly lost or
pseudogenized (Bernt et al., 2013a; Gissi et al., 2008; Kern et al., 2020). Furthermore,

uniparental inheritance (see exception in bivalves in the DUI section above) and a
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general lack of recombination (Elson and Lightowlers, 2006) greatly favour the reliable
inference of population structure. The variable substitution rates within the different
genes/regions of the mitogenome grant a range of phylogenetic signals that might
potentially be useful for accessing shallow and deep relationships (Bernt et al., 2013a;
Gissi et al.,, 2008; Kern et al.,, 2020). Mitogenomes also possess several structural
features that, when thoroughly studied, can be phylogenetically informative, such as
genome size, gene arrangement and content (Boore and Brown, 1998), as well as the
presence and composition of non-coding regions and repetitive sequences, and even
RNA secondary structures (Gissi et al., 2008; Kern et al., 2020).

Despite the overall unarguable utility of mitogenomes for phylogenetic assessments,
several limitations may affect their reliability for the same purposes. By being an
‘independent genetic unit’, that is usually uniparentally inherited with very little
recombination, the mitogenome as a whole is itself a single locus that reflects the
evolutionary history of the mitochondria, which for several reasons may not be the same
as the species evolutionary history (e.g. due to introgression and sex-biased
reproductive dispersal Kern et al., 2020). Furthermore, the presence of non-functional
nuclear copies of mitochondrial sequences (numts) may lead to a false interpretation of
phylogenetic relationships (Kern et al., 2020), particularly when single genes are
amplified by PCR, and the highly variable substitution rates and base composition
between taxa can make direct comparisons difficult (Bernt et al., 2013a; Kern et al.,
2020). Inversions can also complicate phylogenetic analysis using mtDNA gene
sequences, as it is likely that genes equilibrate in nucleotide composition to their strand
skew, even to the point of having convergent amino acid substitutions within physico-
chemically similar groups that have arisen independently in different lineages (Masta et
al., 2009).

Despite these drawbacks, overall mitogenomes represent a complete and ‘isolated’
genomic feature, easily available from a wide range of taxa, whose genetic information
is comparable and compact enough to be both phylogenetically informative and
investigated with low computational effort and therefore a logical choice for a
comprehensive phylogenetic study. Consequently, mitochondrial DNA has been used,
with a variable range of success, to assess phylogenetic relationships at several
taxonomic levels ranging from shallow population-level relationships (e.g. Froufe et al.,

2014), up to phyla (Mollusca: Stoger and Schrddl, 2013; e.g. Annelida: Bleidorn et al.,
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2006, Platyhelminthes: Park et al., 2007, Rotifera: Min and Park, 2009) and even

Metazoa as a whole (Bernt et al., 2013a).

Although mitophylogenetics have been successfully used to infer deeper evolutionary
relationships within other metazoan taxa, the same success has not been achieved for
the Mollusca. The reconstruction of the molluscan deep-level relationships has been
extremely challenging, and consistently recovering the monophyly of the Mollusca or
even of the eight molluscan classes, both presumed to be correct based on other data,
has not been possible using mitochondrial markers alone (Bernt et al., 2013a; Osca et
al., 2014; Schrddl and Stoger, 2014; Stoger and Schrodl, 2013; S. Yokobori et al., 2008).
Moreover, only recently and through the application of phylogenomic approaches relying
on several nuclear loci, have consistent monophyletic Mollusca and monophyletic
molluscan classes started to be recovered (Kocot et al., 2011; Smith et al., 2011, Vinther
et al.,, 2012; Wanninger and Wollesen, 2019). These studies, by contradicting the
generally accepted morphocladistic Testaria hypothesis, have resulted in a fundamental
reinterpretation of the phylogenetic history of Mollusca. The Testaria hypothesis placed
worm-like Aplacophora (Solenogastres and Caudofoveata) as a paraphyletic basal
group of the Mollusca and thus postulated a progressive evolution of body complexity,
with a true shell occurring only once (Wanninger and Wollesen, 2019). Conversely, all
the recent phylogenomic studies unambiguously support a basal dichotomy that splits
the Mollusca into two major groups, the Aculifera (including the Polyplacophora and the
reciprocally monophyletic Aplacophora) and the Conchifera (including the
Monoplacophora, Cephalopoda, Scaphopoda, Gastropoda and Bivalvia), thus
postulating that the worm-like body plan of Aplacophora was acquired secondarily and
has derived from a more complex-bodied ancestor (Kocot et al., 2020; Smith et al.,
2011). However, the relationships within Conchifera are more controversial, with
conflicting results regarding the positioning of Monoplacophora as either basal to all other
Conchifera (Kocot et al., 2020) or sister taxa to Cephalopoda (Kocot et al., 2020; Smith
et al., 2011), as well as the positioning of Scaphopoda as sister to Gastropoda (Kocot et
al., 2020; Smith et al., 2011; Vinther et al., 2012) or sister to a clade composed of
Gastropoda and Bivalvia (Kocot et al., 2020, 2011; Smith et al., 2011). Nevertheless,
phylogenomic studies have been fundamental to understanding early molluscan
evolution and although whole genome-scale resources are now easier to obtain, the
taxon sampling is still considerably reduced when compared with the mitogenomic data

already available (reviewed in Gomes-dos-Santos et al., 2020).
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The effectiveness of mtDNA markers to infer deep Molluscan phylogeny has been a
thoroughly discussed subject in recent studies (Osca et al., 2014; Schrddl and Stdger,
2014; Stoger and Schrdodl, 2013), describing several factors that may lead to the lack of
phylogenetic signal and conflicting tree topologies. Phylogenies often show long-branch
attraction artefacts (LBA), with molluscan mitogenomes revealing high differentiation in
nucleotide abundance and strand bias. All of these features are a probable consequence
of highly frequent gene order rearrangements observed in Molluscan mitogenomes,
resulting in heterogeneous substitution rates and generating systematic analytical errors
(see Bernt et al., 2013a; Schrddl and Stoger, 2014; Stéger and Schrddl, 2013; Uribe et
al., 2019 and references within). Furthermore, ancient (Cambrian) incomplete lineage
sorting and uneven taxon sampling may also play a role in the inconsistency of the
inferred phylogenetic relationships (Schrodl and Stdger, 2014). These authors also
explored the phylogenetic utility of other molluscan-specific mitogenome features, such
as mitogenome size variation, the highly variable (sometimes absent) protein-coding
gene atp8, and even the coupling behaviour of particular genes (such as atp8-
atp6 and nad4L-nad4) (Schrodl and Stéger, 2014). However, a clear phylogenetic signal

is once again hindered, probably by homoplasy of these features.

Within the molluscan classes, deeper relationships based only on mitochondrial markers
have also been showing a variable range of success. Recent studies on the Aculifera
have expressed promising results using phylomitogenomics, supporting the usefulness
of both whole mitogenome sequences and structural features (Irisarri et al., 2020, 2014;
Mikkelsen et al., 2018). For instance, new phylogenetic informative mitogenome
rearrangements were detected within Polyplacophora and Caudofoveata, which along
with the only Solenogastres published mitogenome, revealed a conserved protein-
coding gene order likely consistent with the ancestral molluscan gene order (Irisarri et
al., 2020, 2014; Mikkelsen et al., 2018). However, mitogenome availability is still scarce
for groups within the Aculifera clade. For example, mitogenome sequences for all the
main lineages of the best sampled Aplacophora group, Polyplacophora (n = 18), only
recently became available (Irisarri et al., 2020) (Figure P2.3). Similarly, Scaphopoda, for
which several phylogenetic and systematics doubts persist within its major groups, is
very poorly represented regarding mitogenome availability (Kocot et al., 2019b).
Furthermore, although phylogenetic analysis using complete mitogenomes revealed

promising results for the phylogenetic assessment within the Scaphopoda,
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using cox1 alone did not and, therefore, a more comprehensive and intensive whole

mitogenome sequencing within the group is urgently needed (Kocot et al., 2019b).
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Figure P2. 3 - Top: Graphic showing the number of complete (dark colours) and partial (light
colours: min. size 10 000 bp) mitogenomes available in GenBank; middle: mean, minimum and
maximum size (bp) of complete mitogenomes per Mollusca class; bottom: graphic showing the
percentage of total species with complete mitogenomes published in GenBank. Asterisk
superscripts refer to unverified size values, due to assembly challenges; critical evaluation of
these publicly available mitogenome sizes and sequence content is highly recommended.

Monoplacophoran mitogenomes have been recently sequenced to test their positioning

within the Mollusca. However, consistent with the low resolution of mitochondrial markers
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for deep molluscan classes (see above) the results were inconclusive (Stoger et al.,
2016). Nevertheless, once again unique structural features (e.g. gene arrangement and
presence of large intergenic regions) that may be phylogenetically informative were
detected and further sampling of the group is needed (Stoger et al., 2016).

Of the three most economically important molluscan classes, Cephalopoda is the best
represented in terms of mitogenome availability, which nonetheless represents only
5.5% of the total species of the group. Unlike in other molluscan classes, mitochondrial
markers have shown to be informative regarding the deeper Cephalopoda phylogenetic
relationships, revealing their potential to resolve long-lasting phylogenetic questions
within the group (Stéger and Schroédl, 2013; Uribe and Zardoya, 2017).

As for the two most speciose classes of Mollusca (i.e. Bivalvia and the megadiverse
Gastropoda), deep-level phylomitogenomics have been constantly inefficient. Both
bivalves and gastropods have very unusual mitochondrial evolutionary patterns at both
nucleotide and structural level, which render them prone to analytical inconsistencies
(e.g. LBA) and hamper a consistent phylogenetic inference (Combosch et al., 2017;
Stoger and Schrodl, 2013; Uribe et al., 2019). Inevitably, only through the application of
large-scale genomic approaches are the interrelationships within both classes starting to
be clarified (Combosch et al., 2017; Cunha and Giribet, 2019; V. L. Gonzalez et al., 2015;
Zapata et al., 2014).

Contrary to these difficulties in the resolution of deeper, older evolutionary relationships,
mitochondrial genes and genomes have been much more useful in resolving more
recent, intrafamilial phylogenies (Cong et al., 2020; Froufe et al., 2019). Most shallow
phylogeny, phylogeographic and populations genetics studies on molluscs have relied
so far on one or two mitochondrial gene fragments sometimes coupled with the same
number of nuclear counterparts (Fernandez-Pérez et al., 2017; Froufe et al., 2016c; Ye
et al., 2015). However, use of these gene fragments alone may lead to biased results
and fail to reveal the mitochondrial evolutionary history of species. Furthermore,
obtaining a complete mitogenome is not always a possibility, either due to the higher
cost of sequencing (when compared with Sanger sequencing of a single gene) or due to
logistic limitations (e.g. lack of computational resources). It is therefore important to
identify the genes or regions of the mitogenome that better correspond and may be used
as surrogates of the whole mitogenome evolutionary history. A study on 41 unionid
bivalves statistically evaluated the coherence of the individual mitochondrial gene trees

and the whole mitogenome tree, indicating that the trees using nad5 sequences were
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the most similar to whole mtDNA trees (Fonseca et al., 2016). The results of the gene
fragments more widely used in molecular studies within this bivalve taxon
(i.e. cox1, rrL and nadl) were less robust. This study also tested pairs of these widely
used gene markers with much higher success, indicating that the trees constructed with
the large ribosomal subunit rrnL concatenated with cox1 or nadl are highly coherent
with the whole mitogenome trees (Fonseca et al., 2016). Another study within the
cephalopod Octopodidae family comparing the whole mitogenome with the individual
gene tree topologies also showed that the nad5 trees best represented the whole
mitogenome topologies (Abalde et al., 2017; Tang et al., 2018). However, these results
were obtained in specific groups of molluscs and should be tested across the Mollusca
to evaluate the usefulness of individual and pairs of gene fragments in representing the

whole mitochondrial genome phylogenies.

Comparisons of mitochondrial genes have great potential for revealing hidden cryptic
diversity aiding in species delimitation and identification (X. Shen et al., 2014; Tang et
al., 2018) and in understanding molluscan species phylogeographical patterns and
population genetic structure, since they have already been used successfully for these
purposes in other taxa (Morin et al., 2010; Teacher et al., 2012). However, to our
knowledge, no comprehensive phylogeographic or population genetics study on mollusc

species has used this type of marker.

In summary, studies with phylogenetic analyses of whole mitochondrial sequences and
structural features of molluscs have been increasing steadily over the last decade. These
studies have shown limited success in representing deeper evolutionary patterns within
the Mollusca and molluscan classes. However, below the family level, robust
phylogenies consistent with results of other genomic and morphological studies have
been obtained. Given the high potential of whole mitogenomes for barcoding, revealing
cryptic diversity and obtaining robust shallow phylogenetic relationships, it is expected
that an increasing number of phylogeographic and population genetics studies using

whole mitogenomes will be published shortly.

6. Summary and conclusion

Despite widespread misunderstanding based on early studies that animal mitochondrial
genomes are consistent in structure, function and inheritance patterns, there is actually

enormous diversity among these diminutive genomes across animal life. The phylum
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Mollusca, in particular, is replete with examples of extraordinary variation in genome
architecture, molecular functioning and intergenerational transmission. This provides a
model system for studying the evolution of these features in concert with the diverse and
manifold roles of mitochondria in organismal physiology and the many ways that the

study of mitochondrial genomes are useful for phylogeny and population biology.
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Chapter 3 — Freshwater mussels (Bivalvia:

Unionida)

2.1. Paper 3 — The male and female complete mitochondrial
genomes of the threatened freshwater pearl mussel Margaritifera

margaritifera (Linnaeus, 1758) (Bivalvia: Margaritiferidae)
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Abstract

The complete mitogenomes of one (M-)ale (North America), one Hermaphroditic
(Europe), and two (F-)emale (North America and Europe) individuals of the freshwater
pearl mussel Margaritifera margaritifera were sequenced. The M-type and F-type
(Female and Hermaphroditic) mitogenomes have 17,421 and 16,122 nucleotides,
respectively. All with the same content: 13 protein-coding genes, 22 transfer RNA, two
ribosomal RNA genes, and one sex-related ORF. The M-type is highly divergent (37.6%
uncorrected p-distance) from the F-type mitogenomes. North American and European
F-type mitogenomes exhibit low genetic divergence (68 nt substitutions), and the Female
and Hermaphroditic European mitogenomes are almost identical, and matching sex-
related ORFs.

Keywords

Doubly uniparental inheritance; mitogenome; Unionida

1. Mito Communication

The Margaritiferidae (Bivalvia: Unionida), comprising 16 extant species, represents the
most threatened freshwater mussel family (Lopes-Lima et al., 2018a). Within this family,
the freshwater pearl mussel Margaritifera margaritifera (Linnaeus, 1758) is one of the
most threatened species; it is subject to numerous conservation projects and is listed as
Endangered globally (Geist, 2010; Moorkens et al., 2018). Margaritifera margaritifera is
a long lived species (reaching over 100 years) that generally inhabits cool oligotrophic
running waters throughout freshwater systems of northwest Europe and northeast North
America (Geist, 2010; Lopes-Lima et al., 2017c). As noted for other margaritiferid
bivalves, M. margaritifera shows an unusual mitochondrial inheritance process called
doubly uniparental inheritance (DUI). Under DUI, both males and females inherit F-type
mitochondrial DNA from their mothers, while males also inherit M-type mitochondrial
DNA from their fathers, which predominates in gonad tissue (Amaro et al., 2016; Hoeh
et al., 1996). Furthermore, many hermaphroditic species of freshwater mussels seem to
have lost DUI and do not possess the M-type mitochondrial genome in their gonad
tissues (Breton et al., 2011b).

The M-type and F-type mitochondrial lineages show high levels of divergence within

species of Unionida freshwater mussels and even distinct gene order arrangements
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(Fonseca et al., 2016; Froufe et al., 2016a; Guerra et al., 2017). The Margaritiferidae
also exhibit a uniqgue M-type and F-type gene order (Lopes-Lima et al., 2017a). Available
phylogenetic studies within the family are based on only a few markers still lacking a

more robust multi-marker approach (Lopes-Lima et al., 2018a).

Given this background, the aims of this study are to (1) obtain the whole mitogenomes
of male, female, and hermaphroditic specimens of M. margaritifera from North America
and Europe; (2) determine and compare the gene order and content of those
mitogenomes; and (3) produce phylogenetic analyses using all available F-types and M-

type mitogenomes of the Margaritiferidae family.

Four complete mitogenomes of M. margaritifera were sequenced: one M-type and one
F-type from a North American male specimen (River Annapolis near Auburn, Canada:
45.014999, -64.856344) and two F-type from European specimens, one from a female
(River Ulla near Barazon, Galicia, Spain: approximate coordinates 42.846676, -
8.025244) and another from a hermaphrodite (River Tuela near Vinhais, northeast
Portugal: approximate coordinates 41.862414, -6.931596). DNA samples are stored at
the CIIMAR Institute Unionoid DNA and Tissue Databank (Voucher numbers P2, MM63,
155G, and 165G). Sex was determined for all specimens under a microscope following
Hinzmann et al., (2013).

DNA was sheared to ~500 bp using an M220 Covaris Ultrasonicator (Covaris, Woburn,
MA, USA) and processed with the NEBultra Illumina library preparation kit (NEB, Ipswich,
MA, USA). Sequencing was performed on the MiSeq (lllumina, San Diego, CA, USA)
located at Monash University Malaysia using a run configuration of 2 x 250 bp.
Mitogenomes were assembled from the paired-end reads and annotated using an
established pipeline (Gan et al., 2014). The four mitogenomes have been deposited in
the GenBank database under the accession numbers (MK421959 and MK421956; M-
type and F-type, respectively for the North American specimens), and (MK421957 and
MK421958; for the Spanish and Portuguese F-type European specimens). Sequence
divergence (uncorrected p-distance) was assessed using MEGA7 software (Kumar et
al., 2016). The length of both mitogenome types (M-type: 17,421 nt; and F-type:
16,122 nt) of M. margaritifera sequenced in this study is within the expected range for
each gender-specific haplotypes within Margaritiferidae (Guerra et al., 2017; Lopes-Lima
et al., 2017a). The larger size of the M-type genomes is expected given the
larger cox2 gene and the presence of M-specific coding regions (Breton et al., 2009).

Both haplotypes have the same gene content: 13 protein-coding genes (PCGs), 22
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transfer RNA (trn) and two ribosomal RNA (rrn) genes. ORFs specific to each type of
MtDNA, F-orf in the F mitogenome and M-orfs in the M, are also present. Regarding the
gene orientation, again, both have the same genes (four PCGs, 20 tRNAs, and two
rRNAs) encoded on the heavy strand and the remaining (nine PCGs and two tRNAS)
encoded on the complementary strand. The exception is the sex related ORFs, with the
M-orf on the complementary strand and the F-orf on the heavy strand, located at different
positions. A nucleotide alignment of the mitochondrial genomes shows that the M-type
mitogenome is highly divergent (37.6% uncorrected p-distance) from the F-type
mitogenomes. The F-type mitogenomes from North America and Europe exhibit a low
genetic divergence (68 nt substitutions = 0.04% uncorrected p-distance), with the
European mitogenomes of the female and hermaphroditic individuals being almost
identical with only 5nt substitutions. This pattern may reflect a recent (Pleistocene)
dispersal event of freshwater pearl mussels from Europe to North America or slow
MtDNA substitution rates in this species (Lopes-Lima et al., 2018a; Zanatta et al., 2018).
The F-orfs of the European hermaphroditic and female individuals are identical.
Secondarily hermaphroditic species generally contain a distinct and longer F-like ORF
(Breton et al., 2011b). Therefore, these results seem to indicate that hermaphroditic

individuals of typically dioecious species may maintain their F-type ORFs unchanged.

For the phylogenies, additional mitogenome sequences (M-type and F-type) available
from all Margaritiferidae and three Unionidae species were downloaded from GenBank.
Each gene sequence was aligned using GUIDANCE v. 1.5 (Penn et al., 2010) with the
MAFFT v. 7.304 multiple sequence alignment algorithm (Katoh and Standley, 2013). To
build single gene alignments the following GUIDANCE parameters were used: score
algorithm: GUIDANCE; bootstraps replicates: 100; Sequence cut-off score: 0.0 (no
sequences removed); Column cut-off score: below 0.8. The final concatenated data set
included the 13 mitochondrial PCG and the 2 rrn genes for each mitogenome reaching
a total length of 13,505 nt. Phylogenetic relationships were estimated by Bayesian
inference using MrBayes v. 3.2.6 (Ronquist et al., 2012) and Maximum Likelihood using
RAXML v. 8.2.10 (Stamatakis, 2014) HPC Black Box with 100 rapid bootstrap replicates
and 20 ML searches at the San Diego Supercomputer Center through the CIPRES

Science Gateway (https://www.phylo.org). The final alignment was partitioned in 11

subsets according to the best scheme determined using PartitionFinder v.2.1.1 (Lanfear
et al.,, 2017). For the ML a unique GTR model was applied for each partition with
corrections for gamma distribution. For the BIl, the GTR+G, GTR+|+G, HKY + G,
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HKY + [+G models were used. Each chain started with a randomly generated tree and
ran for 1 x 10° generations with a sampling frequency of 1 tree for every 100 generations.
The resultant trees, after discarding the first 25% as burn-in, were combined in a 50%
majority rule consensus tree. The final trees were rooted at the split between Male and
Female haplotypes (based on previous studies, e.g. X. C. Huang et al., 2013).

The best obtained phylogenetic Bl and ML trees revealed an identical topology (Figure
P3.1). Both the F and M clades are divided into the two Unionida families,
Margaritiferidae, and Unionidae. Maximum support values were obtained for all nodes
with two exceptions for the relationships of Pseudunio marocanus both in the female and
in the male clades (Figure P3.1). The phylogenies are consistent with the systematic
divisions of the Margaritiferidae in four genera (Margaritifera, Cumberlandia, Pseudunio,
and Gibbosula) and two subfamilies (Margaritiferinae
(Margaritifera + Cumberlandia + Pseudunio) and Gibbosulinae (Gibbosula)) (Lopes-
Lima et al., 2018a). The newly sequenced M. margaritifera genomes cluster inside
the Margaritifera genus in the F-type clade, being the M-type mitogenome sequence the
first available for this genus, following the most recent systematics for the family (Lopes-
Lima et al., 2018a).

NC 015476 Margaritifera falcata

NC 022942 Margaritifera dahurica

MK421956 Margaritifera margaritifera (N. America)
MK421957 Margaritifera margaritifera {Spain)

MK421958 Margaritifera margaritifera (Portugal)

NC_034911 F

%
= Py
NC_03484¢ C
LI_ NC 037942 Gibbosula crassa
*

Kx378172 Gl la roch: artii

NC_030073 littoralis

4'_1_ NC_022803 A anatina
NC_033854 Unio delphinus

l MK421959 Marg margaritifera (N. America)
*
I_*'—Kuwa 24Cumberlandia monodonta
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Ky121954 P marocanus
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Figure P3. 1 - Margaritiferidae and Unionidae Bayesian phylogenetic tree of Male and Female
mitogenomes sequences based on concatenated nucleotide sequences of 13 mitochondrial
protein-coding genes and the two rRNA genes. GenBank accession numbers are behind species
names, numbers at the nodes indicate the percentage posterior probabilities and bootstrap
support values. The * above the branches indicate posterior probabilities and bootstrap support
values > 95%.

110

110



FCUP
Margaritiferidae: from “pearls” to genomes

The present results confirm the usefulness of the mitogenomes gene arrangements as
diagnostic character for the Margaritiferidae and provide additional confirmation for the
systematics of the family as recently proposed by Lopes-Lima et al., (2018a). These
results also highlight the low intraspecific genetic divergence of M. margaritifera even
between specimens from the edges of distribution. Furthermore, the current study
provides novel information about mtDNA structure and sequence of hermaphroditic
individuals of typical dioecious species providing opportunities for further studies on the

sex determination mechanism and mtDNA evolution of freshwater bivalves.
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Abstract

The proliferation of genomic sequencing approaches has significantly impacted the field
of phylogenetics. Target capture approaches provide a cost-effective, fast, and easily
applied strategy for phylogenetic inference of non-model organisms. However, many
existing pipelines used to create phylogenomic datasets from target capture data are
incapable of incorporating whole genome sequencing data into their workflows. Here, we
develop a highly efficient pipeline for capturing and de novo assembly of the targeted
regions using whole genome re-sequencing reads. This new pipeline allows capturing
targeted loci accurately and efficiently, and given its unbiased nature, can easily be
expanded to be used with any other target capture probe set. We demonstrate the utility
of our approach by incorporating whole genome sequencing data into a recently
developed target capture probe set to reconstruct the evolutionary history of the
freshwater mussel family Margaritiferidae, reconstructing supraspecific relationships
outside the Unionidae family, providing the first comprehensive multi-loci phylogeny of
the Margaritiferidae. We also provide a catalogue of well-curated functional annotations
of the targeted regions for the target capture probe set, representing a complementary
tool for scrutinizing phylogenetic inferences while expanding future applications of the

probe set.
Keywords

Target capturing assembly; Anchored Hybrid Enrichment; Phylogenomics; Freshwater

Mussels.

1. Introduction

Two decades separate the announcements of the first human genome sequence (Craig
Venter et al., 2001; Lander et al., 2001) and the recently assembled gapless human
genome (Nurk et al., 2022). In between, genome biology has been revolutionized by a
fundamental shift in the process and the scale on which DNA and RNA are studied
(Goodwin et al., 2016; L. Koch et al., 2021; Sedlazeck et al., 2018; Stephan et al., 2022).
The initial prohibitive cost of whole genome-scale sequencing dropped numerous orders
of magnitude at an astonishing pace, which has revolutionized biodiversity research
(Goodwin et al., 2016; Sedlazeck et al., 2018; Stephan et al., 2022). In particular, new
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genomic approaches have transformed the field of phylogenetics and helped to usher in
the new era of “phylogenomics”. The emerging phylogenomic approaches offer several
cost-effective strategies to simultaneously sequence hundreds or thousands of loci,
which was one of the major constraints of Sanger sequencing (Kapli et al., 2020;
Lemmon and Lemmon, 2013; Smith and Hahn, 2021).

Although whole-genome sequencing (WGS) presents an ideal option for phylogenomic
studies of non-model organisms, it is still a rarely used resource (Stephan et al., 2022).
However, the costs of WGS have constantly decreased in the last two decades, which
will expand its application when coupled with increasing reference genome assemblies
of non-model organisms (Goodwin et al., 2016; Sedlazeck et al., 2018; Stephan et al.,
2022). Nevertheless, when compared with genome subsampling strategies (e.g.,
genotype-by-sequencing, target capture), WGS data processing is more computationally
demanding, especially for large and complex genomes (Goodwin et al., 2016; Sedlazeck
et al., 2018; Stephan et al., 2022). Consequently, phylogenomic studies have tendentially
favoured genotype-by-sequencing, whole mitogenomes, target capture, or
transcriptomes (e.g., Alda et al., 2021; Breinholt et al., 2018; Fernandez et al., 2018; V.
L. Gonzalez et al., 2015; D. D. Houston et al., 2022; Hughes et al., 2018; llves et al.,
2018; Kocot et al., 2019a; Leebens-Mack et al., 2019; Lemmon and Lemmon, 2013;
Pfeiffer et al., 2019; Schwentner et al., 2017; Vieira et al., 2022). Target capture methods
have become increasingly popular due to the ability to simultaneously sequence
hundreds or thousands of evolutionarily conserved loci at multiple phylogenetic scales
(Faircloth et al., 2012; Lemmon et al., 2012; Lemmon and Lemmon, 2013). One target
capture method that is suitable at both the shallow and deep phylogenetic scales is
anchored hybrid enrichment (AHE) (Lemmon et al., 2012; Lemmon and Lemmon, 2013),
which targets highly conserved regions and their rapidly evolving flanks (Lemmon et al.,
2012; Lemmon and Lemmon, 2013). Anchored hybrid enrichment probe sets have been
designed for a variety of taxa, including vertebrates (Lemmon et al., 2012), butterflies
and moths (Breinholt et al., 2018), flies (Young et al., 2016), spiders (Maddison et al.,
2017), flowering plants (Buddenhagen et al., 2016), freshwater gastropods (Whelan et
al., 2022), and freshwater mussels (Pfeiffer et al., 2019). With the increasing availability
of WGS, new methods that incorporate them into target capture datasets are still limited
(but see J. M. Allen et al., 2017; Faircloth, 2016; Knyshov et al., 2021) and there is a

need to develop efficient pipelines that can incorporate WGS data into their workflow.
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Freshwater mussels (Bivalvia: Unionida) represent an ecologically and taxonomically
diverse group of bivalves composed of six families and nearly 1,000 species (Graf and
Cummings, 2021). These organisms play fundamental roles in freshwater ecosystems,
such as water filtration, nutrient cycling and sediment bioturbation and oxygenation (Graf
and Cummings, 2021; Lopes-Lima et al., 2017c; Vaughn et al, 2015). Unfortunately, the
group is also among the most threatened worldwide, showing the second-highest
percentage of threatened species (43%) and among the highest percentage of assessed
wild extinctions (5.9%) (Diaz et al., 2019; Lopes-Lima et al., 2021). Freshwater mussels
have a fascinating evolutionary history that includes obligatory parasitism of freshwater
vertebrates (primarily fishes), doubly uniparental inheritance (DUI) of mitochondrial DNA
(mtDNA), parental care, and a wide range of habitats preferences, resulting in complex
evolutionary histories (Graf and Cummings, 2021; Lopes-Lima et al., 2017c). Despite
their ecological importance and conservation concern, the evolutionary history of many
lineages remains uncertain. Phylogenetic studies of this group have primarily relied on
either reduced character sampling, generally using a few mitochondrial and nuclear
markers or, more recently, the whole mitogenome (e.g., Araujo et al., 2018; Combosch
et al., 2017; Froufe et al., 2019; X. C. Huang et al., 2019; Lopes-Lima et al., 20173,
2018a; Whelan et al., 2011; R. W. Wu et al., 2019). However, many of these studies
have highlighted that resolving evolutionary relationships within Unionida based on these
datasets is challenging, either based on limited signal (Lopes-Lima et al., 2017b) or
mitonuclear discordance (Chong and Roe, 2018; Sano et al., 2022), highlighting the need
for phylogenomic strategies to reconstruct the evolutionary history of the group. Although
their genomic and transcriptomic resources are limited (e.g., Capt et al., 2018a; Chen et
al., 2019; Gomes-dos-Santos et al., 2021; D. Huang et al., 2019; Renaut et al., 2018;
Rogers et al., 2021; Smith, 2021; Q. Yang et al., 2021), the recent development of an
AHE probe set (Unioverse) has provided a useful large-scale phylogenomic tool for the
group (Pfeiffer et al., 2019). This probe set has accelerated our ability to understand
various aspects of freshwater mussel evolution (Pfeiffer et al., 2019, 2021; Smith et al.,
2020) but has not yet been meaningfully applied to the families outside the Unionidae,
which remain dramatically undersampled (i.e., Hyriidae — 1/62 species; Mulleriidae —
1/53 species; Irididinidae — 1/39; Margaritiferidae — 2/15 species; Etheriidae — 1/4

species).

The Unioverse probes were designed from a set of exonic regions from eight unionid

transcriptomes and the reference genome of one marine bivalve, Bathymodiolus
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platifrons Hashimoto and Okutani 1994 (Bivalvia, Mytillidae) (Pfeiffer et al. 2019). Since
these AHE probe sets are regarded as tools for phylogenetic inferences, their functional
relevancy is often ignored (Lemmon et al., 2012; Lemmon and Lemmon, 2013; Pfeiffer
et al., 2019). Accurate and unbiased phylogenetic reconstruction is a multi-dependent
task which requires a set of decisions regarding evolutionary modelling, orthology
assessment, and matrix reconstruction to properly balance information from loci with
dissimilar underlying evolutionary histories (Bernt et al., 2013a; Buddenhagen et al.,
2016; Chen et al., 2007; Edwards et al., 2016; Hosner et al.,, 2016; Lemmon and
Lemmon, 2013; Zhang et al., 2018). Those decisions, as well as the assessment of the
results, will therefore be facilitated by proper structural and functional characterization of
loci, as annotations will provide a framework to guide data processing, test robustness,
and identify biases. Moreover, annotations will widen the applications for the data, such

as targeted functional analyses, using the probes as a reference.

Here, we develop an assembly pipeline for target capture data that can incorporates
WGS data. The pipeline is designed to be applied to all types of target capture
sequencing data and can easily be used with any probe set. We demonstrated the utility
of this approach by using the pipeline to reconstruct the evolutionary history of the family
Margaritiferidae. We incorporated the recently published WGS dataset of the freshwater
pearl mussel Margaritifera margaritifera (Linnaeus, 1758) (Gomes-dos-Santos et al.,
2021) and increased the available AHE datasets for Margaritiferidae, from 2 to 11
species, including representatives of all four margartiferid genera. Within the tested
dataset, the new pipeline allowed the best balance between loci capturing, sequence
length and duplication rate. To compare and complement this primarily nuclear data set,
nine additional whole mitogenomes were produced for direct comparison. We also
produce a catalogue of functional annotations for the Unioverse targets based on a highly
comprehensive multi-evidence database search (i.e., INTPRO, pfam, GO, KEGG and
BUSCO), representing a complementary tool for scrutinizing phylogenetic inferences

while expanding future application of the probe set.

2. Material and Methods

2.1. Sampling and DNA extraction
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Tissue samples from 22 margaritiferid specimens and eight outgroup taxa (from families
Unionidae, Hyriidae, Iridinidae and Mycetopodidae) were collected (Table P4.1). A small
piece of foot tissue was subsampled from the animals following Naimo, Damschen,
Rada, and Monroe, (1998) and placed in 96% ethanol and the specimen returned to its
habitat. Genomic DNA was extracted for all samples using a conventional high-salt
protocol (Sambrook et al., 1989) or the Qiagen DNeasy Blood and Tissue Kit.

Table P4. 1 - List of samples used in each dataset and respective NCBI accession codes. * Only
used in Figure P4.S1.

Dataset
Family Species Voucher sample Code Source NCBI Accession Number AHE MIDNA
CIIMAR BIV4481 BIV4481 Gomes-dos-Santos et al., 2021 SRR13091477 - SRR13091478 - SRR13091479 SRR13091477 - SRR13091478 - SRR13091479 -
- SRRS230899° Bertucci et al., 2017 SRR5230899* SRR5230899* -
B155G Gomes-dos-Santos et al., 2019 MK421956 - MK421956
- P2 Gomes-dos-Santos et al., 2019 MK421957 - MK421957
if i CIIMAR MM63 MM63 Gomes-dos-Santos et al., 2019 MK421958 - MK421958
Margaritiferinae Margaritifera falcata RMBH biv_0287/1 BIVA860 This study SRR22085897 SRR22085897 -
Margaritiferinae Margaritifera falcata RMBH biv_299/10 BIVS536 This study SRR22085896 SRR22085896 0P749924
Margaritiferinae Margaritifera falcata - Marfal_F Breton etal,, 2011 NC_015476 - NC_015476
Margaritiferinae Margaritifera laevis - BIV2689 This study SRR22085895 SRR22085895 -
Margaritiferinae Margaritifera laevis - BIV2690 This study 0P749926 - 0P749926
RMBH biv_099/8 BIV4862 This study SRR22085894 SRR22085894 -
CIIMAR BIV2692 BIV2692 This study 0P749927 - 0P749927
Margaritiferinae Margaritifera hembeli UF 521837 UF 521837 Pfeiffer et al, 2019 SRR8473036 SRR8473036 -
Margaritiferinae Margaritifera hembeli - MarHem_F This study 0P749925 - 0P749925
Margaritiferinae Margaritifera dahurica RMBH biv_233/2 BIVA8S8 This study SRR22085898 SRR22085898 -
Margaritiferinae Margaritifera dahurica - MarDah_F Yangetal., 2014 NC_023942 - NC_023942
Margaritiferinae Margaritifera marrianae - MmarEsc008 This study SRR22085900 SRR22085900 -
Margaritiferinae Margaritifera marrianae NCSM 63764.3 MarMrr_F This study 0P749928 - 0P749928
Margaritiferinae Pseudunio marocanus CIIMAR BIV2634 BIV2634 This study SRR22085890 SRR22085890 -
Margaritiferinae Pseudunio marocanus CIIMAR BIV1914 BIVI914 Lopes-Lima et al., 2018 KY131953 - KY131953
Margaritiferinae Pseudunio homsensis RMBH biv_308/2 BIVSS37 This study SRR22085891 SRR22085891 -
Margaritiferinae Pseudunio homsensis - BIV4859 This study SRR22085892 SRR22085892 -
Margaritiferinae Pseudunio homsensis RMBH biv_308/2 BIVS537 This study 0P749929 - 0P749929
Margaritiferinae Pseudunio auricularius CIIMAR BIV1998 BIV1998 This study/Guerra et al., 2019 SRR22085893/MK761144 SRR22085893 MK761144
Margaritiferinae Gibbosula laosensis RMBH biv_182/17 BIV2533 This study SRR22085882/0P749922 SRR22085882 0P749922
Margaritiferinae  Gibbosula laosensis woodthorpi RMBH biv_135/10 BIVS493 This study SRR22085881/0P749923 SRR22085881 0P749923
Margaritiferinae Gibbosula crassa CIIMAR BIV3457 BIV3457 This study SRR22085883 SRR22085883 -
Margaritiferinae Gibbosula crassa CIIMAR G183 Gls3 Lopes-Lima et al., 2018 MH319826 - MH319826
Gibbosula - KX378172 Huang et al., 2018 Kx378172 - KX378172
Margaritiferinae Cumberlandia monodonta CIIMAR 2740 BIV2740 This study SRR22085884/0P749921 SRR22085884 0P749921
Margaritiferinae Cumberlandia monodonta - NC_034846 Guerra etal.,, 2017 NC_034846 - NC_034846
Unionidae Potomida lttoralis CIIMAR PL72 PL702 This study/Froufe et al., 2016 SRR22085888/NC_030073 SRR22085889 NC_030073
Unionidae Anodonta anatina CIIMAR BIV3399 BIV3399 This study SRR22085888 SRR22085888 -
Unionidae Anodonta anatina - NC_022803 Soroka and Burzyriski., 2015 NC_022803 - NC_022803
Unionidae Nodularia douglasiae UA 20694 UA 20694 Pfeiffer etal, 2019 SRR8473033 SRR8473033 -
Unionidae Nodularia douglasiae - NC_040162 Cha etal,, 2018 NC_040162 - NC_040162
Unionidae Lampsils siliquoidea - LhigMis001 This study SRR22085887 SRR22085887 -
Unionidae Lampsil siliquoidea - NC_037721 Robicheau et al., 2018 NC_037721 - NC_037721
Hyriidae Echyridella menziesii NCSM 83215 BIV5908 This study SRR22085899 SRR22085899 -
Hyriidae Echyridella menziesi - NC_034845 Guerra etal., 2017 NC_034845 - NC_034845
Hyriidae Westralunio carteri WAM 556246 BIV2395 This study/Guerra et al., 2019 SRR22085886/MK761145 SRR22085886 MK761145
Hyriidae Westralunio carteri WAM 556246 BIV2401 Guerra et al., 2019 MK761146 - MK761146
Mulleriidae Anodontites elongata UA 20859 UA 20859 Pfeiffer et al., 2019 SRR8473049 SRR8473049 -
Mulleriidae Anodontites elongata CIIMAR BIV3311 BIV3611 Guerra etal.,, 2019 MK761136 - MK761136
Iridinidae Mutela dubia RMBH biv_541/4 BIVSS73 This study SRR22085885 SRR22085885 -
Iridinidae Mutela dubia - NC_034844 Guerra et al., 2017 NC_034844 - NC_034844

2.2. Sample selection and sequencing

A total of 14 DNA extractions, from all known species of the genera Margaritifera,
Pseudunio, Cumberlandia, and two species of the genus Gibbosula were selected for
the AHE sequencing, as well as six outgroup taxa (Table P4.1). Genomic DNA was used
for capturing phylogenetically informative nuclear protein-coding loci using the Unioverse
probe set developed by Pfeiffer et al., (2019). Capture, library preparation, and lllumina
sequencing were performed at RAPID Genomics (Gainesville, FL, USA) (Table P4.1).

For all species aside from M. hembeli and M. marrianae, genomic DNA was sheared to
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~400 bp fragments, end-repaired and adenine residues were ligated to the 3-end of each
blunt-end. Subsequently, barcoded adapters were ligated to the library and amplified by
PCR. SureSelectxt Target Enrichment System for lllumina paired-end Multiplexed
Sequencing Library protocol was used for solution-based target enrichment of pooled
libraries. Probes were synthesized as Custom SureSelect probes from
AgilentTechnologies (Santa Clara, CA, USA). Finally, 150-bp long paired-end reads
were generated in an lllumina HiSeq 3000 (San Diego, CA, USA).

A total of 11 DNA extractions, encompassing all genera, including 5 species from the
genus Margaritifera, 1 species from Pseudunio, one Cumberlandia and two from
Gibbosula were selected for mitogenome sequencing (Table P4.1). Briefly, genomic
DNA was sheared to ~500 bp using an M220 Covaris Ultrasonicator (Covaris, Woburn,
MA, USA). lllumina library preparation was constructed using NEBultra Illumina library
preparation kit (NEB, Ipswich, MA, USA). Sequencing was performed at Monash
University Malaysia using a MiSeq (lllumina, San Diego, CA, USA) lllumina machine,

producing 2 x 250 bp paired-end reads.

For M. hembeli and M. marrianae, lllumina library preparation was done with an lllumina
Nextera XT library preparation kit. Libraries were dual-barcoded and sequencing was
performed at the U.S. Fish and Wildlife Service Northeast Fisheries Center using an
lllumina MiSeq and 2 x 150 bp paired-end sequencing; because of an issue with
sequencing chemistry, the second read resulted in only 57 bp reads, but this did not

affect genome assembly (see below).

2.3. Targeted sequence assembly

2.3.1. AHE and RNA-seq sequencing outputs

The novel and previously generated AHE sequenced samples (Pfeiffer et al 2019) and
the RNA-seq samples (Bertucci et al., 2017) (Table P4.1) were processed according to
the pipeline developed by (Breinholt et al., 2018). Briefly, reads with less than 30 nt were
filtered, and reads with Phred score < 20 were trimmed using Trim Galore! v0.4.4
(www.bioinformatics.babraham.ac.uk/ projects/trim_galore/). Locus assemblies were
produced with the iterative bait assembly script IBA.py (Breinholt et al., 2018) using

Unioverse reference probes sequences as baits (Pfeiffer et al., 2019). Briefly, IBA filters
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reads with high similarity to the reference taxa probe using USEARCH v 10.0.240 (Edgar,
2010), producing a de novo assembly of isoforms from the selected reads using the
transcriptome assembler Bridger v2014-12-01 (Chang et al., 2015). Afterward, MAFFT
v 7.453 (Katoh and Standley, 2013) was used to add the de novo assemblies to the
Unioverse reference alignment using the parameters “-addlong” and
“adjustdirectionaccurately”. Exonic and flanking regions were split using the script
extract_probe_region.py (Breinholt et al., 2018). Gene orthology was checked by single
hit to the same regions of the B. platifrons genome using the ortholog_filter.py (Breinholt
et al., 2018). Individual alignments for each locus were retrieved with script split.py
(Breinholt et al., 2018) and subsequently aligned with MAFFT. At each locus, a single
consensus sequence (of each isoform) was produced using FASconCAT-G v 1.04 (Klick
and Longo, 2014). Finally, the script remove_duplicates.py (Breinholt et al., 2018) was
used to discard loci with more than one sequence per taxon.

2.3.2. Whole genome sequencing outputs

Since the IBA assembly has only been developed for assembling loci derived either from
AHE sequencing outputs (IBA.py) or RNA-seq sequencing outputs (IBA_trans.py)
(Breinholt et al., 2018), here we develop a new pipeline for assembling loci using whole-
genome sequencing outputs (lllumina short read). This pipeline is based on an
alternative iterative bait assembly, i.e., SRAssembler (McCarthy et al., 2019), that relies
on two distinct whole-genome assemblers for the assembly stage, i.e., ABySS (Jackman
et al.,, 2017) and SOAPdenovo2 (Luo et al., 2012). The freshwater pearl mussel M.
margaritifera whole genome sequencing reads were retrieved from NCBI
(SRR13091477, SRR13091478, SRR13091479). Although SRAssembler allows to
directly use raw sequencing outputs, it rapidly escalates the storage requirements,
especially if a large amount of initial sequencing reads is provided. Therefore, a
prefiltering was performed before running SRAssembler. Using the AHE assembly
datasets (Margaritiferidae and outgroup) generated as described above, a set of
reference sequences composed of both probe and flanking regions was produced. This
set of sequences was used as a reference for read filtering using BBmap tool from
BBtools (https://jgi.doe.gov/data-and-tools/software-tools/bbtools/bb-tools-user-
guide/bbmap-guide/) specifying the parameters “outm” and “pairedonly”. The output was
converted in paired fastq files using the tool reformat.sh, from BBtools and after quality

processed with Trim Galore!. Since the output reads were still considerably large, they
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were subsampled using the script extractfg.py from MitoZ (G. Meng, Li, Yang, and Liu,

2019), specifying the parameter “-size_required 5.

The trimmed and subsampled reads were subsequently used for the individual loci
assembly in SRAssembler, using ABySS as the assembler and specifying each
Unioverse probe reference loci individually at each run with the parameter “-t dna -Z 450
-R 5000 -A 1 -k 15:10:65 -S 1 -s drosophila -G 1 -i 200 -m 200 -M 5000 -e 0.5 -c 0.8 -n
20 -a 2 x 2 -b 4 -d 500 -z 1 -y - (for a detailed description see
https://github.com/BrendelGroup/SRAssembler).

All the individual assemblies were concatenated and the names of the sequences
transformed to resemble the names generated by Bridger assembler (e.g.,
L{$} {$} _compO_seq0) to be used in the post-assembly processing AHE pipeline
developed from (Breinholt et al., 2018). Subsequently, this new assembly was added to
the IBA assemblies and, the combined dataset was processed using the (Breinholt et al.,

2018) pipeline, as described in the section above.

2.3.3. Mitochondrial genomes data processing

The mitogenomes were assembled using NovoPlasty v4 (Dierckxsens et al., 2016) using
a COIl gene sequence retrieved from NCBI as reference bait for each sample.
Annotations were obtained using MITOS2 web server (Bernt et al., 2013b) and visually

validated by comparison with the other Margaritiferidae mtDNA available on NCBI.

2.4. Alignment construction

2.4.1. AHE datasets

To access the correct positioning of the assemblies produced by the new assembly
strategy, an initial dataset that included the M. margaritifera AHE probe regions
assemblies produced from RNA-seq, was constructed (Figure P4.S1). However, RNA-
seq based assemblies only encompass exonic regions, whereas many non-exonic
regions are represented in the AHE dataset by sequenced regions that flank the genomic

regions targeted by the AHE probes. Consequently, the RNA-seq sample was excluded
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from the remaining alignments, which were all composed of both the exonic and

hypervariable flanking regions.

Individual loci were aligned to reference sequences using MAFFT and only the loci with
over 70% of gene occupancy were kept. The python scripts alignment_DE_trim.py and
flank_dropper.py (Breinholt et al., 2018) were used to trim and filter sequences and then
split using extract_probe_region.py. This resulted in three alignment files, one
corresponding to the probe region (hereafter referred to as probe) and two corresponding
to flanking regions (hereafter referred to as head for the 5’ flanking regions and tail for
the 3’ flanking region), that were visually inspected using AliView v 1.26 (Larsson, 2014).
The final datasets were realigned using MAFFT and were concatenated using both the
probe and flanking regions (“head+probe+tail”’), except for the dataset including RNA-
seq data, which was solely composed of the probe region (“probe”). Finally, trimAL v.
1.2rev59 (Capella-Gutiérrez et al., 2009) was used to remove positions with gaps in 50%

or more of the sequences.

2.4.2. Mitogenomes alignments

The newly sequenced Female Type (F-type) mitogenomes and the 17 F-type previously
sequenced mitogenomes available on NCBI were used (Table P4.1). The nucleotide
sequences of the protein-coding genes (PCG) (except atp8) and the two ribosomal RNA
genes (rRNA) were aligned using GUIDANCE2 (Penn et al., 2010) with the MAFFT v.7
multiple sequence alignment algorithms, specifying the following parameters: score
algorithm: GUIDANCEZ2; bootstrap replicates 100; sequence cut-off score: 0.0 (no
sequence removal); column cut-off score: below 0.8; site masking score: below 0.6 (for
codon and amino acids alignments) and 0.8 (for the rRNA alignments). The resulting
alignments were concatenated to include both 12 PCG and the two rRNA (“PCG+rRNA”).

2.5. Phylogenomic analyses

All phylogenomic inferences for each AHE distinct dataset were performed using a
Maximum Likelihood (ML) implemented with IQ-TREE v 1.6.12 (Nguyen et al., 2015).
Best-fit substitution models were inferred with ModelFinder (Kalyaanamoorthy et al.,
2017), implemented in IQ-TREE using a 10% relaxed clustering (option -rcluster 10)

(Lanfear et al., 2014). IQ-TREE analyses were conducted with 10 independent runs of
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an initial tree search and 10000 ultrafast bootstrap replicates (ufBS). For AHE and
AHE+mtDNA combined datasets, substitution models were estimated in ModelFinder
with no partition. For the mtDNA dataset, substitution models were obtained specifying
each PCG codon position as a single partition and the two rRNA genes as two

independent partitions.

2.6. AHE probe region functional annotation

All the individual reference probe sequences from B. platifrons (i.e., L1 to L813 ref
sequences) were aligned to the genome assembly inferred transcripts (Sun et al., 2017),
using blastn v.2.11.0 (Camacho et al., 2009). After, transcripts with 100% identity were
filtered in the annotation table of the B. platifrons genome (Sun et al., 2017) and linked
to their corresponding probe references code. Using the final annotation table, a
frequency count of probe per B. platifrons gene was produced. To obtain a list of pfam
descriptions, hmmfetch h3.1b2 (Punta et al., 2012) was used to retrieve the HMM(s)
profile of each AHE gene using the list of pfam IDs from the annotations file. Gene
Ontology IDs were used to produce GO Terms Classification Count, applying module
“find_enrichment.py” of the python library GOATOOLS (Klopfenstein et al., 2018), by
using a list of Unioverse loci as the “study” and “population” and specifying the parameter
“-pval=1.00 --prt_study gos only --no_propagate counts”. To access putative
functional biases in the final AHE loci used for the final Margaritiferidae matrix alignment,

“find_enrichment.py” was also applied to these loci, using the same parameters.

The complete B. platifrons proteins corresponding to the Unioverse loci were used for
Benchmarking Universal Single-Copy Orthologs (BUSCO) search. For that, the recently
released version, i.e., BUSCO v5.2.2 which includes a curated list of Mollusca Universal
Single-Copy Orthologs (Manni et al., 2021) was used. In total, three curated lists were
searched for near-universal single-copy orthologous, eukaryotic (n = 255), metazoa (n =
978), and mollusca (n = 5295). The annotation of the matching results was acquired from
OrthoDB v10 (Kriventseva et al., 2019).

3. Results
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3.1. Sequencing outputs and data description

All newly sequenced AHE sequencing reads are available on the GenBank SRA
database (BioProject PRINA895396). Furthermore, mitogenomes are available on
GenBank. Further details on the data usage for different datasets, along with respective
sources and accession numbers, are provided in Table P4.1. The provisory link for
reviewers is
https://dataview.nchbi.nlm.nih.gov/object/PRINA895396?reviewer=fu7ulv4vd37us50mo
1gecvmclO.

3.1.1. AHE assembly and probe capturing

The number of initial assembled sequences for each sample ranged between 493 to
1241, with the two samples from Mulleriidae and Iridinidae showing the lowest number
of sequences (< 550) and two Unionidae samples showing the largest numbers (> 1000),
with duplication rates ranging from 1.07 to 2.30 (Table P4.2). Within Margaritiferidae
samples, an average of 764 sequences was observed, ranging between 631 and 903,
with the smallest number observed for the RNA-seg-based assembly of M. margaritifera
(hereafter referred to as “RNAassembly”) and the largest number observed in one of the
M. falcata samples (Table P4.2). The assembly resulting from the pipeline here designed
(hereafter referred to as “SRAassembly”) has a total of 790 sequences and shows the
highest number of individual captured loci (81% Table P4.2). Furthermore, the RNA
assembly also shows the smallest mean sequence length (177.8 bp) of all samples, while

the SRAassembly shows the third largest mean sequence length (1334.0 bp).
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Table P4. 2 - General statistics of AHE assemblies and probe capturing count. * The pipeline to
generate matrices alignments followed (Breinholt et al., 2018).

Family Species sample Code Total assmbled sequences  Mean assmbled sequence length  Assembly Captured loci count Captured loci count (% of Loci maintained after data
ication Unioverse probes) processing pipeline *

UA 20859 510 770.0 136 374 46.12
BIVS573 493 10189 123 400 2932
BIV5908 858 1164.1 147 584 7201
BIV2533 737 12229 1.26 584 7201
BIV2634 776 13133 133 585 7213
i BIV2395 799 967.6 137 585 7213
Margaritiferidae Margaritifera falcata BIVA860 741 12334 127 585 7213
Margaritiferidae Margaritfera falcata BIVS536 903 13145 154 586 72.26
BIVAB62 760 12710 130 586 72.26
Margaritiferidae Margaritifera dahurica BIVABS8 735 12303 125 587 7238
631 177.8 107 588 7250
Margaritiferidae Pseudunio homsensis BIVAB59 738 1056.6 125 589 7263
BIV1998 792 13447 134 589 7263
Gibbosula laosensis woodthorpi BIV5493 750 1247.0 127 589 7263
is BIV2689 814 8747 138 590 72.75
BIV5537 748 1737 127 590 72.75
Mmar€sc008 700 709.6 118 591 7287
Mare embeli UF 521837 731 1127.0 124 591 72.87
Cumberlandia monodonta BIV2740 798 10419 135 592 73.00
i Gibbosula crassa BIV3457 816 11149 136 600 73.98
Unionidae Potomida littoralis PL702 840 12675 139 604 74.48
Unionidae Anodonta anatina BIV3399 886 1419.9 1.46 606 7472
Unionidae Nodularia douglasiae UA 20694 139 1059.0 230 608 74.97
Unionidae Lampsills siliguoidea LhigMis001 1241 11442 202 613 7559
BIV4481 790 13340 1.20 660 8138

The largest number of loci captured after the assemblies was observed in the
SRAassembly with 660 loci (Table P4.2). In total, the number of loci captured after the
assemblies ranged between 484 and 660 for Margaritiferidae samples, with an average
of 593 loci (Table P4.2). Outside the Margaritiferidae family, loci captured varied between
374 and 613, with an average of 546 but with a clear distinctiveness between families,

with Unionidae showing the highest number of captured loci (Table P4.2).

3.1.2. Mitochondrial genomes characteristics

All the newly sequenced whole mitogenomes, of Margaritifera marrianae Johnson, 1983,
Margaritifera hembeli (Conrad, 1838), Margaritifera middendorffi (Rosen, 1926),
Margaritifera laevis (Haas,1910), Margaritifera falcata (Gould, 1850), Pseudunio
auricularius (Spengler, 1793), Pseudunio homsensis (Lea, 1864), Gibbosula laosensis
(Lea, 1863), G. laosensis ssp. Woodthorpi Godwin-Austen, 1919 and Cumberlandia
monodonta (Say, 1829) (Table P4.1), include the typical 13 protein-coding genes
(PCGs), 22 transfer RNA (tRNA) and two ribosomal RNA (rRNA) genes. The gene order
of all newly sequenced mitogenomes is the expected for Margaritiferidae F-type mtDNA,
i.e., MF1 (Lopes-Lima et al., 2017a).

3.2. Phylogenetic analyses
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The general characteristics of the alignments used for the various phylogenetic
inferences are reported in Table P4.3. All the phylogenetic tree files can be found in the

supplementary information (Data S1-S3).

Table P4. 3 - General characteristics of the alignment matrices used for phylogenetic inferences
using AHE and mtDNA. + Includes a Margaritifera margaritifera sample originating from RNA-seq

probe assembly (RNAassembly). * tpmzau+F+1+Ga: 1atp6 1nad3, GTR+F+1+G4: 2atp6 2nad4 2nad4l 2nads, TPM3+F+R3: 3atp6 3nads,
TIM2+F+1+G4: 1cob 1nadl rrnL rrnS, GTR+F+I+G4: 2cob 2nadl, TIM3+F+R3: 3cob, TN+F+I+G4: 1cox1 1cox2 1cox3 2nad3, TVM+F+R2: 2cox1 2cox2 2cox3,
TPM2u+F+R3: 3cox1, K3Pu+F+1+G4: 3cox2 3cox3, TN+F+G4: 3nadl 3nad2 3nad6, TIM2+F+I+G4: 1nad2 1nad6, TPM3u+F+G4: 2nad2 2nad6, TIM2+F+1+G4:
1nad4 1nad4l 1nad5, K3Pu+F+G4: 3nad4, K3Pu+F+I1+G4: 3nad4l, TPM2u+F+R2: 3nad5

Data Source Dataset Phylogentic inference tool  Number of Samples  Number of loci Length (nt) Missing data (%) ModelFinder infered Figure
substitution model (BIC)

AHE head+probe-+tail IQ-TREE 24 1541 455738 19.565 GTR+F+R3 Fig. 1a

AHE + RNA-seq" probe 10-TREE 25 514 98681 8.295 TUM+F+R3 Fig. 51

mtDNA F-Type 1Q-TREE 27 14 12923 1.408 * Fig 1b

3.2.1. AHE datasets

The two AHE-based phylogenetic inferences reveal the same topology, recovering the
glochidia-bearing mussels (i.e., (Hyriidae (Margaritiferidae+Unionidae)) as sister to the
lasidia-bearing mussels (Mulleriidae+lridinidae) (Figure P4.1a, Figure P4.S1).
Margaritiferidae is two subfamily-level groups, one containing taxa belonging to the
genus Gibbosula and the other including the remaining genera. The monotypic genus
Cumberlandia is sister to the group including all Pseudunio species, which is sister to
Margaritifera. The Margaritifera group is further divided into a clade including M.
margaritifera and M. dahurica which is sister to a clade encompassing the remaining
species, with M. falcata sister to the reciprocally monophyletic groups represented by M.
marrianae + M. hembeli and M. middendorffi + M. laevis (Figure P4.1a, Figure P4.S1). In
the phylogeny inferred using the RNAassembly and SRAassembly samples, both M.
margaritifera samples were grouped with maximum support (Figure P4.S1). All the
above-described splits show maximum support for both phylogenies (Figure P4.1a,
Figure P4.S1).
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Margaritiferidae
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Figure P4. 1 - Maximum Likelihood phylogenetic trees of family Margaritiferidae based on: a)
concatenated alignments of 514 Unioverse loci (head+probe+tail; n=1541); b) concatenated
alignments of the mitochondrial DNA from 12 PCG and 2 rRNA; *Above the nodes refer to
bootstrap with maximum support.

3.3. Mitogenome datasets

The mtDNA F-type derived phylogeny (with the outgroup taxa A. elongata and M. dubia)
is identical to the AHE phylogenies, except for genus-level relationships (Figure P4.1b).
All the margaritiferid genera are still recovered as monophyletic with Gibbosula as sister
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to the remaining genera, but the sister group of Cumberlandia is Pseudunio +
Margaritifera (vs only Pseudunio in the AHE topology) (Figure P4.1b).

3.4. Unioverse probe regions functional annotation

The blast search of the Unioverse loci to the B. platifrons transcripts resulted in a total of
811 probe regions being assigned with a single hit at a unique position with 100% identity
(Tables 5.51-S2). A total of 460 B. platifrons transcripts were linked to loci, with 507 AHE
probe regions occurring on different parts of the same gene, and the remaining 304 AHE
probe regions occurring on 304 independent genes (Table P4.S1, Figure P4.2). The
average number of loci per gene is around 1.76, with the largest observed number of loci
assigned to the same gene being 19 (for loci L21-L35 and transcript Bpl_scaf 47521-
1.5), covering nearly 40% of the whole transcript (Table P4.S1, Figure P4.2).

N
o
|

-
(Ce]

Bathymodiolus platifrons gene

Exon 1 Exon 2 Exon 3 Exon4 ——
L

Unioverse Probe Loci

-
o

e
o N

=811)
N N AN L e
O =~ N w & O

I

Unioverse Loci Count (n

Figure P4. 2 - Frequency distribution of Unioverse probe regions per Bathymodiolus platifrons
whole transcripts. Top right corner is a schematic representation of several probe regions
originating from the same gene.
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The complete functional annotation of the probe regions (i.e., from the corresponding to
the B. platifrons transcripts) is presented in Table P4.S3, which includes the putative
genes descriptions, Gene Ontology IDs, InterPro IDs, pfam IDs and Description and
Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO).

GOATOOLS GO Terms Classification Count provided a classification for a total of 649
GO IDs corresponding to a total of 607 loci (Table P4.S4). The GO Terms assignment
to the three main GO categories showed 47.61% (n=309) of IDs belonging to Biological
Process (BP), followed by Molecular Functions (MF) with 34.05% (n=221) and Cellular
Component (CC) with 18.34% (n=119) (Figure P4.3a). Within each of the main
categories, the highest loci count was classified to ATP binding, within MF with 105
counts, followed by metabolic process, within BP with 77 counts followed by cytoplasm,
within CC with 59 counts (Table P4.S4). The same overall percentages were maintained
in the final 514 loci AHE Margaritiferidae alignment dataset, i.e., BP with 46.91% (n=228),
MF with 33.95% (n=165), and CC with 19.13% (n=93) (Table P4.S5, Figure P4.3b) and
within each category, the highest loci count were for ATP binding with 64 counts within
MF, metabolic process with 42 counts within BP and cytoplasm with 39 counts within CC
(Table P4.S5).
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a) Percentage of Main GO Classes for Unioverse Probes
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b) Percentage of Main GO Classes for final Margaritiferidae dataset
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Figure P4. 3 - Percentages distributions of the Gene Ontology (GO) Terms main categories count
for: @) All Unioverse probes; b) The Unioverse loci used for the final AHE Margaritiferidae samples
alignments.

The Benchmarking Universal Single-Copy Orthologs (BUSCO) search revealed that
around 73% of the probe regions match at least one of the three searched OrthoDB
databases (Table P4.S6, Figure P4.4), with more than half of the loci being assigned to
Mollusca, 15% assigned to metazoan and 5% assigned to eukaryote (Figure P4.4).
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Percentage of Unioverse loci

Euk
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56%

Figure P4. 4 - Percentage of total Unioverse loci assigned to three BUSCO databases. Euk -
Dataset with 255 genes of Eukaryota library profile; Met - Dataset with 954 genes of Metazoa
library profile; Mus - Dataset with 5295 genes of Mollusca library profile; No BUSCO — No match
found.

4. Discussion

4.1. Assembly pipelines and probe capturing results

Here, we develop a new assembly strategy (referred to here as SRAassembly) for
capturing and de novo assembly of the targeted regions using whole genome re-
sequencing reads. Given no taxon-specific parameter is required, our method can be
replicated to any other reduced representation sequencing dataset based on the
reference sequences for region capturing. We demonstrated the utility of SRAassembly
using the Unioverse probe set, and it consistently outperformed previous methods.
SRAassembly had the best balance between the number of assembled sequences and
the number of captured loci while generating large sequences (Table P4.2). Although
many AHE samples show a higher number of initially assembled sequences, most of
these sequences represented duplicates (Table P4.2), and SRAassembly assembled
the highest proportion of individual captured loci (81%; Table P4.2). While keeping
duplication levels low from the beginning and maintaining high loci capturing,
SRAassembly reduces errors introduced by post-assembly duplication removal. Further,
SRAassembly maintains the higher overall mean sequence length (1333.97bp), which
has obvious advantages over RNA-seq methods (177.8 bp) that only capture the probe
region (Breinholt et al., 2018; Lemmon et al., 2012; Pfeiffer et al., 2021, 2019) (Table

131

131



FCUP
Margaritiferidae: from “pearls” to genomes

P4.2). Given these statistics, whole genome sequencing outputs are preferable over

RNA-seq to augment target capture datasets.

At the date of this manuscript, high-quality reference genomes are still a scant resource
for many non-model species However, the increasing accessibility to fast and affordable
sequencing approaches will likely generate new whole genome assemblies followed by
re-sequencing studies (Gomes-dos-Santos et al., 2020; Hotaling et al., 2021). Therefore,
the availability of whole genome sequencing data will increase sharply, making this
pipeline a timely tool for future studies. Further, the availability of reference genomes will
provide the opportunity to make more robust reference gene sets for capture, which can
easily be incorporated into our pipeline given that targeted capture is not a requirement
for sequencing. Additionally, target sequencing may no longer represent an affordable
option compared to WGS due to the constant and accentuated decline of sequencing
costs. However, the availability of already carefully selected target regions represents a
valuable set of markers for phylogenomics. Consequently, new pipelines that integrate
WGS for target capturing, such as the one here presented, represent fundamental tools

for future studies.

4.2. Phylogenetic analyses

Early margaritiferid systematics was based on highly variable or homoplastic
morphological characters that often produced conflicting classifications (Lopes-Lima et
al., 2018a). Molecular phylogenetic studies on the group, which have primarily been
based on Sanger sequencing data, have dramatically improved the classification of the
Margaritiferidae (Araujo et al., 2017; Bolotov et al., 2016; X. C. Huang et al., 2018). The
family now includes two subfamilies, i.e., Margaritiferinae and Gibbosulinae, and four
genera, i.e., Margaritifera, Pseudunio, Cumberlandia, and Gibbosula (Lopes-Lima et al.,
2018a). Here we demonstrated the utility of SRAassembly by using AHE and novel whole
genome sequencing data to reconstruct the evolutionary history of the group and
complement it with a new set of whole mitogenome dataset. We produced the first
Margaritiferidae family-wide AHE sequencing study while including representatives of all
unioniod families. Although samples from the family Unionidae show an overall higher
number of captured probe regions, the numbers observed within Margaritiferidae are
similar, which was maintained after whole data processing pipeline to generate matrix

alignments (Table P4.2). This reinforces the efficiency of the Unioverse AHE probe
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dataset in isolating the target regions across Margaritiferidae (Pfeiffer et al., 2019). Both
AHE and mtDNA phylogenies retrieve the genus-level groups recently described (Lopes-
Lima et al., 2018a), corresponding to the four genera and placing the Gibbosula clade
sister to all the remaining genera (Figure P4.1a, b). However, the position of
Cumberlandia concerning Margaritifera and Pseudunio differs among the phylogenies
(Figure P4.1a, b). The results of the AHE phylogeny agree with the published works
based on combined mitochondrial and nuclear markers (Araujo et al., 2017; Huff et al.,
2004; Lopes-Lima et al., 2018a). On the other hand, the mitogenome phylogeny is
congruent with other mitochondrial makers-based studies (Araujo et al., 2009; Gomes-
dos-Santos et al.,, 2019; Inoue et al., 2014). These expected differences do not
contradict the inferred relationships within genera, which have high support among both
phylogenies (Figure P4.1a, b). Mitochondrial genomes (or markers) have many intrinsic
features that make them attractive for phylogenetic inferences in Metazoa (Bernt et al.,
2013a; Ghiselli et al., 2021), however, not always reflecting the evolutionary history of
the species (Ghiselli et al., 2021; Hurst and Jiggins, 2005; Kern et al., 2020). Here, the
consistent, well-supported but disagreeing results between nuclear and mtDNA markers,
suggest a divergent evolutionary history of both markers. Moreover, given the notably
low mitochondrial evolutionary rates observed within Margaritiferidae (Bolotov et al.,
2016), it is unlikely that the results are due to nucleotide substitution saturation. On the
other hand, the M-type phylogeny provided by (Gomes-dos-Santos et al., 2019) groups
with maximum support for Cumberlandia and Pseudunio as sister clades, a relationship
also observed here when using the AHE dataset. The split between the F and M type
Unionida mitochondrial lineages can be traced back to the origin of the order, thus
reflecting two independently evolving and phylogenetic informative units (Guerra et al.,

2019). However, future studies should aim to increase M-type mitogenomes sequencing.

4.3. Unioverse probe region annotation

Phylogenetic inferences are highly sensitive to data selection and studies relying on
reduced sequencing approaches commonly treating loci as independent regions (e.g.,
Hipp et al., 2014; Pfeiffer et al., 2019, 2021; Rosenfeld et al., 2016; Smith et al., 2020;
Zhang et al., 2020). However, this may be unrealistic. Here we show that less than half
(n=304; ~37%) of the regions targeted by the target capture set Unioverse originate from
a single gene, with a considerable number of targets belonging to different regions of the
same gene (n=507; ~63%) (Tables 4.S1-S2, Figure P4.2). Specifically, a total of 507
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probe regions belong to different regions of the same genes (from 2 to 19 loci in the
same gene), which may introduce bias when using individual locus methods. Although
there is a high level of redundancy in gene targets, the entire coding sequence (CDS)
for these genes may be assembled with a priori locus information provided in this study.
This approach would allow for more conservative and less biased phylogenetic
reconstruction by building alignments based on entire CDS rather than restricting the
analyses to small, linked exons. We recommend future studies utilize this approach and
capturing the CDS of targeted genes could be increased by using larger inserts in the

sequencing library preparation (Lemmon et al., 2012).

We were able to provide functional annotations of the 811 exons targeted by Unioverse
(Tables 4.S3-S6), which will allow future studies to employ functional validation of their
datasets. Moreover, we complemented these annotations with pfam Descriptions, Gene
Ontology categorization, and the Benchmarking Universal Single-Copy Orthologs
(BUSCO) annotation. Due to the superimposed underlying assumptions, it is expected
that the target capture methods will capture a significant number of genes within BUSCO
databases (Lemmon et al., 2012; Lemmon and Lemmon, 2013; Manni et al., 2021). In
total, 76% of the Unioverse AHE probe regions could be matched to three curated lists
of BUSCO genes for Eukaryota, Metazoa, and Mollusca, with more than half of the hits
being assigned to Mollusca (Figure P4.4). This further demonstrates the utility of the
Unioverse probe set for phylogenetic inferences (Pfeiffer et al. 2019) and highlights the
possibility of the probe set being integrated with extensive BUSCO databases to test
macroevolutionary hypotheses. This demonstrates the importance of annotating target
capture probe sets, which can expand their utility outside targeted focal groups (Fleming
and Arakawa, 2021; Johnston et al., 2019; Y. Li et al., 2021; Pfeiffer et al., 2019; X. X.
Shen et al., 2016; Taylor et al., 2020; Zhao et al., 2020).

5. Conclusion

In this study, we provide a new assembly strategy highly efficient for target capturing that
allows us to easily combine AHE datasets with the increasingly emerging whole genome
sequencing outputs. To explore the results of the new pipeline we provide a phylogenetic
study with a comprehensive sampling of the most threatened Unionida family,
Margaritiferidae. Furthermore, we provide a complementary phylogenetic analysis using

whole mitogenome assemblies. Moreover, we provide a thorough structural and
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functional annotation of the Unioverse AHE probes dataset, that will allow future studies

to adjust loci sampling to their desire.

Data Accessibility

The raw reads for each AHE sample were deposited at the NCBI Sequence Read
Archive (see Table P4.1 for accessions), under BioProject PRINA895396. Whole
mitogenome assemblies were deposited in GenBank (see Table P4.1 for accessions).
The provisory link for reviewers is
https://dataview.ncbi.nlm.nih.gov/object/PRINA8953967?reviewer=fu7ulv4vd37us50mo
1gecvmcl0. The structural and functional annotation tables of the AHE probe regions

are provided in the Supplementary Data (Tables 4.S1-S6). All software with respective
versions and parameters used to assemble the AHE loci here presented are listed in the
methods section. Software programs with no parameters associated were used with the

default settings.
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Below is the link to the electronic supplementary material.

https://doi.org/10.22541/au.166799900.04572038/v1
https://www.dropbox.com/sh/mfye70025ccg3lg/AAAWdArkB7kJwmLfHECcYrS16a?dl=0

Table P4.S1 — List of Bathymodiolus platifrons transcripts names and their corresponding

Unioverse loci.

Table P4.S2 — Tabular blastn output resulting from blast search of Bathymodiolus
platifrons Unioverse loci against all Bathymodiolus platifrons transcripts. gseqid - query
or source sequence id; sseqid - subject or target sequence id; pident - the percentage of
identical matches; length - alignment length (sequence overlap); mismatch - number of
mismatches; gapopen - number of gap openings; gstart - start of alignment in query;
gend - end of alignment in query; sstart - start of alignment in the subject; send - end of

alignment in the subject; evalue - expect value; bitscore - bit score.

Table P4.S3 — Unioverse loci functional annotations extracted from the Bathymodiolus
platifrons whole genome annotation: GO_ID - Gene Ontology (GO) IDs; KEGG_ko -
Kyoto Encyclopedia of Genes and Genomes Orthology.

Table P4.S4 — GO Terms Classification Count for all Unioverse loci produced by the
GOATOOLS module “find_enrichment.py”.

Table P4.S5 — GO Terms Classification Count for the Unioverse AHE probes used in the
final Margaritiferidae matrices alignments produced by the GOATOOLS module

“find_enrichment.py”.

Table P4.S6 —Unioverse AHE probes functional annotation from three BUSCO
databases. Euk - Dataset with 255 genes of Eukaryota library profile; Met - Dataset with
954 genes of Metazoa library profile; Mus - Dataset with 5295 genes of Mollusca library

profile.

136

136


https://doi.org/10.22541/au.166799900.04572038/v1
https://www.dropbox.com/sh/mfye70025ccq3lg/AAAWdrkB7kJwmLfHECcYrS16a?dl=0

FCUP | 137
Margaritiferidae: from “pearls” to genomes

2.3. Paper 5 — The gill transcriptome of threatened European

freshwater mussels

Gomes-dos-Santos, A., Machado, A.M., Castro, L.F.C., Prié, V., Teixeira, A., Lopes-
Lima, M., Froufe, E., 2022. The gill transcriptome of threatened European freshwater
mussels. Scientific Data 9, 494, 1-10. https://doi.org/10.1038/s41597-022-01613-x
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Abstract

Genomic tools applied to non-model organisms are critical to design successful
conservation strategies of particularly threatened groups. Freshwater mussels of the
Unionida order are among the most vulnerable taxa and yet almost no genetic resources
are available. Here, we present the qill transcriptomes of five European freshwater
mussels with high conservation concern: Margaritifera margaritifera, Unio crassus, Unio
pictorum, Unio mancus and Unio delphinus. The final assemblies, with N50 values
ranging from 1069-1895bp and total BUSCO scores above 90% (Eukaryote and
Metazoan databases), were structurally and functionally annotated, and made available.
The transcriptomes here produced represent a valuable resource for future studies on

these species’ biology and ultimately guide their conservation.

1. Background & Summary

Ever since genomics approaches have been applied to non-model organisms, they have
been recognized as fundamental tools to study biodiversity and guide conservation
actions, coining the term conservation genomics (Allendorf et al., 2010; Formenti et al.,
2022; Hohenlohe et al.,, 2021; Meek and Larson, 2019). Genomic data provides a
comprehensive and accurate framework enhancing the characterization of genetic
variation, population structure and dynamics, selective pressures and adaptative traits
that ultimately guide and prioritize applied conservation efforts (Allendorf et al., 2010;
Formenti et al., 2022; Hohenlohe et al., 2021; Meek and Larson, 2019). Furthermore,
genomic data are fundamental to construct predictive models to access the impact of
human-mediated threats, such as biological invasions, resource depletion, and climate
change (Allendorf et al., 2010; Hohenlohe et al., 2021; McCartney et al., 2022).

Freshwater mussels (Order Unionida) are molluscs extremely important to freshwater
ecosystems where they play key ecological roles, such as nutrient and energy cycling
and retention (Lopes-Lima et al., 2014a; Vaughn, 2017; Vaughn et al., 2015). They also
provide important direct (e.g., as food, pearls, and other raw materials) and indirect (e.g.,
water clearance, sediment mixing) services to humans (Lopes-Lima et al., 2014a;
Vaughn, 2017; Vaughn et al., 2015). These organisms are among the most threatened

worldwide, with many species near extinction (Cuttelod et al., 2011; Lopes-Lima et al.,
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2017c, 2018b). Of the thousand known species, only four whole genomes (Gomes-dos-
Santos et al., 2021; Renaut et al., 2018; Rogers et al., 2021; Smith, 2021) and less than
20 transcriptomes are available (Bertucci et al., 2017; Capt et al., 2018, 2019; Chen et
al., 2019; Cornman et al., 2014; D. Huang et al., 2019; Luo et al., 2014; Patnaik et al.,
2016; Robertson et al., 2017; Roznere et al., 2018; R. Wang et al., 2015; X. Wang et al.,
2017; Q. Yang et al., 2021). Of these, only one is from the European continent (Bertucci
et al., 2017). Here, we produce reference transcriptomes of five European species as
baseline tools to support future studies. Genomic tools, such as transcriptomes, are key
resources to study evolutionary and adaptive traits. Examples include, in the case of
freshwater mussels, the unigue obligatory parasitic interaction with a freshwater fish host
(and occasionally other vertebrates), essential to disperse their larvae and complete the
life cycle or the response to human-mediated threats, including climate change and
habitat degradation (Lopes-Lima et al., 2014a, 2017c). Moreover, these species are
ecological indicators, and the transcriptomes provide a catalogue of key genes and
pathways, related to important stressors (e.g., temperature, oxygen availability), as well
as basic mechanisms underlying freshwater mussel’s stress adaptation (Bertucci et al.,
2017; Ganser et al., 2015; Haney et al., 2020; Luo et al., 2014; Robertson et al., 2017;
Roznere et al., 2018).

We present the gill transcriptome of the most emblematic freshwater pearl
mussel, Margaritifera margaritifera (Linnaeus, 1758). This species was famous as a
source of pearls throughout the last two millennia (Gomes-dos-Santos et al., 2021).
Currently, is among the most threatened freshwater mussel species in Europe, with
many populations suffering massive declines, with up to 90% of European populations
depleted by the 90s, which is reflected in the current scattered distribution (Geist,
2010) (Figure P5.1). Recently, a whole-genome assembly was published (Gomes-dos-
Santos et al., 2021), adding to unique transcriptomic dataset of a very specialized tissue
(i.e., kidney, Bertucci et al.,, 2017). The current species conservation status is
Endangered by the IUCN and is also listed in the EC Habitats Directive (Moorkens et al.,
2017). The other four transcriptomes are from the Unio genus, the type genus of the
order Unionida, i.e., Unio delphinus Spengler, 1793, Unio crassus Philipsson in Retzius,
1788, Unio pictorum (Linnaeus, 1758) and Unio mancus Lamarck, 1819, for which no
genomic resources have been produced at all. Two of these species, i.e., U.
crassus and U. pictorum, although widely distributed (Figure P5.1), have also suffered

recent declines, with U. crassus, once considered the most abundant unionid in Europe,
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now listed as Endangered by the IUCN and also listed in the EC Habitats Directive
(Lopes-Lima et al., 2014b). The other two species have much more restricted
distributions (Figure P5.1), both suffering strong population losses, with U.
delphinus listed as Near Threatened and U. mancus as Endangered by the IUCN
(Araujo, 2011; Lopes-Lima and Seddon, 2014). The depleted conservative state of
Unionida mussels is a global concern, being the second group with the highest
percentage of threatened species (43%) and the group with the highest number of wild
extinct species (6.3%) (Diaz et al., 2019).

pd

Legend
Unio crassus \‘
Unio delphinus - D

Margaritifera
margaritifera

Figure P5. 1 - Maps of the five species’ potential distributions produced by overlapping points of
recent presence records (obtained from Lopes-Lima et al., 2017c) with the Hydrobasin level 5
polygons (Lehner and Grill, 2013). Overlapping distribution polygons between Unio mancus and
Unio crassus are represented by a light purple shade, in the left panel. Overlapping distribution
polygons between Unio pictorum and Margaritifera margaritifera are represented by an orange
shade, in the right panel.

In this context, increasing the genomic resources available for freshwater mussels,
particularly of European species, is vital. The transcriptomes produced here offer a
unique opportunity to explore and decipher the capability of these species to cope with
current and future threats and ultimately guide conservation genomic studies to protect

this highly threatened group of organisms.

2. Methods
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One individual of M. margaritifera was collected from the Tuela River in Portugal, one U.

crassus, and one U. pictorum from the Dobra River in Croatia, one U. mancus from the

Taravu River in France and one U. delphinus from the Rabacal River in Portugal (Table

P5.1), all adult individuals. Differentiated tissues were promptly flash frozen and stored

at —80 °C, at CIIMAR tissue and mussels’ collection, as well as their respective shells.

Table P5. 1 - MixS descriptors for the five freshwater mussel species.

Sample Margaritifera margaritifera Unio crassus Unio pictorum Unio mancus Unio delphinus
Investigation_type Eukaryote Eukaryote Eukaryote Eukaryote Eukaryote
Project_name Gill transcriptome of five freshwater musssles’ european species

Lat_lon 41.862414; —6.931596 45.515500; 15.473240 45.515500; 15.473240 41.710606; 8.828512 41.564361; —7.258665
Geo_loc_name Portugal Croatia Croatia France North of Portugal
Collection_date 7/6/2021 7/12/2019 7/12/2019 4/21/2021 3/20/2021
Env_package Water Water Water Water Water

Seq_meth Tlumina HiSeq 4000 Tllumina HiSeq 4000 Tlumina HiSeq 4000 Tllumina HiSeq 4000 Illumina HiSeq 4000
Assembly method Trinity Trinity Trinity Trinity Trinity

Collector Amilcar Teixeira Manuel Lopes-Lima Manuel Lopes-Lima Vincent Prié Amilcar Teixeira
Sex Undetermined Undetermined Undetermined Undetermined Undetermined
Maturity Mature Mature Mature Mature Mature

2.2. RNA extraction, library construction, and sequencing

Total RNA of gills was extracted using the NZY Total RNA Isolation kit (NZYTech, Lda.

- Genes and Enzymes), following the manufacturer’s instructions. RNA concentration

(ng/ul) and quality measurement (OD260/280 ratio values) were obtained using a DS-11

Series Spectrophotometer/Fluorometer (M. margaritifera - 380.75 ng/ul, U. crassus —
478.290 ng/pl, U. pictorum - 375.461 ng/ul, U. mancus - 225.815 ng/pl, U. delphinus —
230.234 ng/pl). The extracted total RNA from the five samples was sent to Macrogen,

Inc to build strand-specific libraries, with an insert size of 250-300 bp and sequenced

using 150 bp paired-end reads on the lllumina HiSeq 4000 platform.

2.3. Pre-assembly processing
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Raw reads datasets for each sample were first inspected with FastQC (version 0.11.8)

software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Afterwards, reads

were quality-filter and lllumina adaptors were removed using Trimmomatic (version 0.38)
(Bolger et al, 2014), wusing the parameters LEADING:5 TRAILING:5
SLIDINGWINDOW:5:20 MINLEN:36 (Figure P5.2-3). Trimmed reads were corrected for
random sequencing errors using a kmer-based error correction approach in Rcorrector
(version 1.0.3) (Song and Florea, 2015) with default parameters and after imported to
Centrifuge (version 1.0.3-beta) (Kim et al., 2016) to taxonomically classify them using a
pre-compiled nucleotide database from NCBI
(ftp://ftp.ccb.jhu.edu/pub/infphilo/centrifuge/data/) (version nt 2018 3 3). All reads

whose classification did not belong to the Mollusca superclass (Taxon Id: 6447) were

removed (Figure P5.3).
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Figure P5. 2 - FastQC quality report of the trimmed and decontaminated RNA-seq reads (after
Centrifuge for each species. (a) Margaritifera margaritifera; (b) Unio crassus; (c) Unio pictorum;

(d) Unio mancus; and (e) Unio delphinus.
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2.4. De novo transcriptome assembly

The fully processed reads were used for the whole transcriptome de novo assembly for
each sample, with Trinity (version 2.13.2) (Grabherr et al., 2011; Haas et al., 2013) using
the default parameters. To ensure the removal of contamination, the assembled
transcripts were queried against the nucleotide database of NCBI (NCBI-nt; (Download;
24/08/2021) (Agarwala et al., 2016) and Univec (Download; 02/04/2019) databases
using BLAST-n (version 2.11.0) (Camacho et al., 2009) (Figure P5.3). Afterwards,
transcripts that held a minimum alignment length of 100 bp, an e-value cut-off of 1e-5,
identity score of 90%, and a match to Mollusca phylum (NCBI: taxid 6447) or without
matches at all, were retained. On the other hand, transcripts matching other taxa in the
NCBI-nt database or any match to the Univec database were considered contaminants

and removed from the datasets.

2.5. Redundancy removal

Before proceeding to open reading frame (ORF) prediction, transcript redundancy was
removed using a hierarchical contig clustering approach, implemented with Corset
(version 1.0.9) (Davidson and Oshlack, 2014). For that, raw reads for each sample were
mapped onto their respective transcriptome assemblies using Bowtie2 (version 2.3.5)
(parameter: —no-mixed —no-discordant —end-to-end —all —score-min L,- 0.1,- 0.1). After
that, Corset was used to cluster contigs, filtered redundancies, and exclude any
transcripts containing less than 10 mapped reads. The overall quality of the five
transcriptomes (before and after redundancy removal) was assessed for completeness,
using Benchmarking Universal Single-Copy Orthologs tool (BUSCO version 3.0.2) with
the lineage-specific libraries for Eukaryota and Metazoa (Simé&o et al., 2015) and for
structural integrity using TransRate (version 1.0.3) (Smith-Unna et al., 2016) (Figure
P5.3).

2.6. Open reading frame prediction and transcriptome annotation

The open reading frames (ORFs) for each non-redundant transcriptome, were produced

using Transdecoder (version 5.3.0) (https:/transdecoder.github.io/) (Figure P5.3).

During the ORF prediction process, the homology and protein searches were performed
in UniProtKB/Swiss-Prot (Bateman et al., 2017) and PFAM databases (Punta et al.,
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2012) using the Blast-p (version 2.12.0) (Camacho et al., 2009) and hmmscan of
hmmer2 package (version 2.4i) (Finn et al., 2011) software, respectively. Next, the
Gtf/Gff Analysis Toolkit (AGAT) (version 0.8.0) (Dainat et al., 2020) was applied to
produce the structural annotation file (in gff3 format) from the Transdecoder output file
(.gff) and transcriptome assembly file (.fasta). In the end, the AGAT tool was used to
extract the protein and transcript fasta files with the names properly uniformized and
formatted per species. Afterwards, the functional annotation was performed with
InterProScan tool (version 5.44.80) and Blast-n/p/x searches in several databases. While
the proteins per species were queried against InterPro (Download; 30/03/2019) and
protein databases of NCBI (NCBI-RefSeq — Reference Sequence Database (Download;
10/03/2022) (Pruitt et al., 2007) NCBI-nr — non-redundant database of NCBI (Download;
15/12/2021) (Agarwala et al., 2016) with the Blast-p/x tool of DIAMOND software
(version version 2.0.13) (Buchfink et al., 2015), the transcripts were searched by Blast-
n/x in NCBI-nt and NCBI-nr databases, with Blast-n tool of NCBI and Blast-x tool of
DIAMOND software. In the end, all blast (outfmt6 files) and InterProScan (tsv file) outputs
were integrated into the gff3 annotation file with the AGAT tool. The putative gene name
per sequence was assigned based on the best blast hit (Gene symbol — NCBI Accession
Number) and following the ranking: 1- Blast-p Hit in RefSeq database; 2 - Blast-p Hit in
NCBI-nr database; 3 - Blast-x Hit in NCBI-nr database; 4 - Blast-n Hit in NCBI-nt

database.

3. Data Records

The raw reads for each sample were deposited at the NCBI Sequence Read Archive
with the accessions numbers: SRR19261768 (MM), SRR19261764 (UD), SRR19261767
(UP), SRR19261765 (UM), SRR19261766 (UC); the BioSample accessions numbers:
SAMN28495338 (MM), SAMN28495283 (UD), SAMN28495235 (UP), SAMN28495263
(UM), SAMN28495214 (UC) and under BioProject PRINA839062. The remaining
information was uploaded to figshare
(https://doi.org/10.6084/m9.figshare.19787566.v2). In detailed, the files uploaded to
figshare include, the filtered trinity redundant assemblies (_trinity_filtered.fasta), the non-
redundant transcriptomes (_transcriptome.fa), transcripts files (_genes.fa), messenger
RNA file (_mrna.fa), open reading frames predictions (_cds.fa), open reading frames
proteins  predictions (_proteins.fa) as well as the annotation files

(_annotation_sorted.gff3.9z).
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4. Technical Validation
4.1. Raw datasets and pre-assembly processing quality control

The raw sequencing outputs resulted in a total of 131051306 million reads (M) for M.
margaritifera, 132002266 M for U. crassus, 104108396 M for U. pictorum, 100704688 M
for U. mancus, and 112439686 M for U. delphinus. Although the initial overall quality of
raw data was considerably good (Figure P5.2), the datasets were further improved by
quality trimming (Trimmomatic), error-correction (Rcorrector), and decontaminated
(Centrifuge) (Figure P5.2,3). The number of reads removed during the pre-assembly
processing represented less than 3% of each dataset (Table P5.2) and the overall Phred

scores were all above 25 (Figure P5.2a—e).

Bioinfarmatics Wordiow Pre-processing and de novo transcriptome assembly —) Quality Control
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Figure P5. 3 - Bioinformatics pipeline applied for the transcriptome assembly and annotation.
Auxiliary representative figures were created with BioRender.com.
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Raw Reads

Margaritifera margaritifera

Unio crassus

Unio pictorum

Unio mancus

Unio delphinus

Raw sequencing reads

131051306

132002266

104108396

100704688

112439686

Trimmomatic reads removed

1524256 (1.16%)

1761532 (1.33%)

937250 (0.90%)

714904 (0.71%)

1074338 (0.96%)

Centrifuge reads removed

157718 (0.12%)

118410 (0.090%)

101442 (0.097%)

145422 (0.14%)

250936 (0.22%)

Reads used in assembly

129369332 (98.72%)

130122324 (98.56%)

103069704 (99.00%)

99844362 (99.15%)

111114412 (98.82%)

4.2. Transcriptome assembly metrics

The de novo transcriptome assemblies were performed using Trinity, with default
paraments, which has been successfully applied for other Unionida transcriptome
assembly projects (Bertucci et al., 2017; Patnaik et al., 2016; Roznere et al., 2018; X.
Wang et al., 2017; Q. Yang et al., 2021). Furthermore, the overall completeness of the
transcriptome assemblies was evaluated using Benchmarking Universal Single-Copy
Orthologs (BUSCO), by searching the Eukaryota (n:303) and Metazoa (n:978) near-
universal single-copy orthologs databases, for all species. The overall metrics for each
transcriptome de novo assembly, as well as their corresponding BUSCO scores, are
presented in Table P5.3. The general assembly metrics of U. pictorum, U. mancus,
and U. delphinus are very similar, both in the number of transcripts (~250,000) and N50
values (>1400bp) (Table P5.3).

crassus transcriptomes, have a much higher number of assembled transcripts

On the other hand, M. margaritifera and U.

(>1,000,000) and, consequently lower N50 lengths (Table P5.3). However, all these
values are within the reported for other Unionida transcriptomes assembly projects
(Bertucci et al., 2017; Capt et al., 2018, 2019; Cornman et al., 2014; D. Huang et al.,
2019; Luo et al., 2014; Patnaik et al., 2016; Roznere et al., 2018; R. Wang et al., 2015;
X. Wang et al., 2017). Furthermore, M. margaritifera and U. crassus transcriptome
assemblies also have a considerably high level of duplicated BUSCO scores, i.e., around
50%, compared with the remaining species which presented values around 30% (Table
P5.3). The percentage of total genes found (complete +fragmented) in all BUSCO
analyses, for all species, was above 95%, except for the U. pictorum transcriptome in
the Metazoan lineage-specific profile library, which had a total of 93.3%. These results
reveal that despite being produced from a single tissue the initial assemblies were highly
efficient in capturing conserved and widely express genes, thus providing a highly

complete gill transcriptomic repertoire.
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Table P5. 3 - Transrate and Busco scores of redundant and non-redundant gill transcriptome
assemblies for each species. *euk/met. Euk: Dataset with 303 genes of Eukaryota library profile.
Met: Dataset with 978 genes of Metazoa library profile.

Total Tran- | Nonredundant | Total Nonredundant | Total Non redundant | Total Non redundant | Total Non redundant
Margaritifera | Margaritifera

Number of transcripts 1694677 470852 1304611 169668 232124 68670 234685 65620 280001 82542

n bases 1052464277 442302372 1002862692 262637793 189129150 83762650 198791465 BI666570 224567067 103248722

Mean transcript lenght (bp) 621.02389 939 36603 768.67926 1547.94894 814.75652 1219.7852 847.00815 136644881 802.01073 1250.86286

Number of transcripts over 1Knt 214128 134690 235872 104192 53293 28701 54754 31276 62078 35904

Number of transcripts over 10K 1189 261 1905 453 7 5 33 15 24 12

NS0 trancript lenght (bp) 284 499 313 816 314 582 k.72] 659 309 612

N70 trancript lenght (bp) 462 759 589 1324 697 1037 32 1168 677 1047

N50 trancript lenght (bp) 773 1069 1187 1889 1447 1688 1569 1895 1400 1669

N30 trancript lenght (bp) 1475 1619 2409 2864 2438 2589 2635 2870 2426 2600

N10 trancript lenght (bp) 3783 3281 5504 3458 4073 4174 4427 4592 4108 4252

Percentage of GC (%) 036365 0.35712 035352 0.34896 0.35511 035179 035899 0.35468 0.36814 036893

‘Buscoanalysis (%)

BUSCO Complete (Single + Duplicated) | 93.7/94.5 85.8/894 97.1/98.1 92.1/93.1 87.5/83.1 B38/79.7 89.8/88.2 85.2/839 92.1/88.3 89.1/84.8

BUSCO Single* 455474 838/858 44.6/436 90.6/90.5 58.1/578 BOS/7T.8 627/64.6 8221827 62.7/64.0 81.2/80.8

BUSCO Duplicated* 482047.1 20036 525/545 1326 294/253 3318 27.1/236 30012 29.4/243 79/40

BUSCO Fragmented*® 4.0/45 8.3/6.1 23/16 3.6/39 79102 6.9/74 6.6/80 7.6/64 5.6/7.8 50/6.1

BUSCO Missing® 23/10 5.9/45 0.6/03 4330 46/6.7 9.3/129 36/38 7297 2339 59/9.1

Total Buscos Found* 97.7/99.0 94.1/955 99.4/99.7 95.7/97.0 95.4/93.3 90.7/87.1 96.4/96.8 92.8/90.3 97.7/96.1 94.1/90.4

4.4, Post-assembly processing and annotation verification

The newly assembled transcriptomes were after subject to a decontamination process
by Blast-n search against NCBI-nt and Univec databases. The Blast-n hits against NCBI-
nt, were manually validated based on the reads with a minimum alignment length of
100 bp, an e-value of 1e-5, an identity score of 90% and a match to Mollusca phylum
(NCBI: taxid 6447) or without matches at all, were retained. On the other hand, all Blast-
n hits against Univec database were considered exogenous and removed. This
decontamination approach has been routinely and successfully used by the team (e.g.
Machado et al., 2022, 2020) and focuses the analyses on the identification, by homology,
of putative contaminations and only excluded them if they are well supported and thus

avoiding the exclusion of unambiguous matches.

Subsequently, before proceeding to the annotation, the decontaminated transcriptomes
were subjected to redundancy removal using Corset. This software relies on hierarchical
clustering of contigs that share read alignments and thus allows an unbiased removal of
redundancy without discarding non-coding transcripts from the process (Davidson and
Oshlack, 2014). The general transcriptome metrics after redundancy removal are
presented in Table P5.3. Corset was extremely efficient in removing the redundancy
from the filtered assemblies (Table P5.3). In fact, over 70% of the initial transcripts were

removed during the process, suggesting that although Trinity was effective in producing
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a complete transcriptome assembly, it as has also generated several duplicated
transcripts as well as many transcripts with low read support (Table P5.3). These results
highlight the importance of using read clustering approach to remove redundancy, rather
than simply relying on coding transcripts and selection of the largest isoform. The
efficiency of the redundancy removal is also supported by the BUSCO analyses, where
duplicated scores were on average 3.5% for Eukaryota (n:303) and 2.66% for Metazoa
(n:978) after Corset, in opposition to an average 37.32% for Eukaryota (n:303) and
34.96% for Metazoa (n:978) before redundancy removal (Table P5.3). Furthermore,
redundancy removal did not impact the overall completeness of the transcriptome
assemblies, which still maintained the total BUSCO scores of over 90% (Table P5.3). In
the end, the final gill transcriptomes were significantly reduced, fairly complete and
cleared of putative errors introduced during the assembly, thus properly adjusted for

annotation.

TransDecoder prediction of transcripts with an assigned ORF, resulted in a total of
56,730 for M. margaritifera, 35,069 for U. crassus, 19,830 for U. pictorum, 19,881 for U.
mancus, and 28,216 for U. delphinus (Table P5.4). These predictions were performed
in the non-redundant transcriptomes and were deposited in FigShare
(https://doi.org/10.6084/m9.figshare.19787566.v2). Finally, the results of the functional
annotation are presented in Table P5.4, where a thorough listing of hits counts from
distinct databases used in the functional annotation processes is presented. The number
of transcripts functionally annotated was InterProScan:25,267; Blast:71,046 for M.
margaritifera, InterProScan:20,432; Blast:51,937 for U. crassus, InterProScan:14,723;
Blast:24,194 for U. pictorum, InterProScan:14,971; Blast:24,775 for U. mancus and
InterProScan:20,637; Blast:32,688 for U. delphinus (Table P5.4). These values are
within the observed values for other Unionida genomics projects, both in transcriptomes
(Bertucci et al., 2017; Capt et al., 2018; D. Huang et al., 2019; Luo et al., 2014; Patnaik
et al., 2016; Roznere et al., 2018; X. Wang et al., 2017) and genome (Luo et al., 2014,
Renaut et al., 2018; Rogers et al., 2021; Smith, 2021). Particularly for M. margaritifera,
the number of genes functionally annotated, is very similar to the values obtained for the
annotated genome assembly available for the species, i.e., 26,836 transcripts (Gomes-
dos-Santos et al., 2021).
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Table P5. 4 - Structural and functional annotation statistics for the final gill transcriptome
assemblies for each species.

Structural annotation Margaritifera margaritifera Unio crassus Unio pictorum Unio mancus Unio delphinus
MNumber of transcripts 470852 169668 68670 65620 82542
Number of cdss 56730 35069 19830 19881 28216
Number of exons 56730 35069 19830 19881 28216
Total gene length 442302372 262637793 83762650 89666570 103248722
Total cds length 41461605 34346592 17039142 18840849 22564185
Total exon length 95381543 85666986 36059402 41076667 48847415
mean gene length 939 1547 1219 1366 1250
mean cds length 730 979 859 947 799

mean exon length 1681 2442 1818 2066 1731
Functional annotation Blast Margaritifera margaritifera Unio crassus Unio pictorum Unio mancus Unio delphinus
Blast-p/x/n hits (NCBI-RefSeq; NCBI-nr; NCBI-nt) | 71046 51937 24194 24775 32688
Functional annotation InterPro Margaritifera margaritifera Unio crassus Unio pictorum Unio mancus Unio delphinus
cCDhD 6295 6475 4357 4693 5542

Coils 4943 4558 2815 2930 3821

GO 10784 9966 7243 7701 10272
Gene3D 15077 13342 9681 9975 13499
Hamap 270 266 221 229 254
InterPro 19126 16611 12116 12524 16717
KEGG 909 874 575 625 802
MetaCyc 835 781 581 574 777
MobiDBLite 10629 8238 5225 5737 6786
PIRSE 628 687 484 556 582
PRINTS 2609 2645 1961 2232 2589

Pfam 15788 14394 10591 11116 14428
ProSitePatterns 3585 3546 2445 2708 3346
ProSiteProfiles 9079 8323 5716 6034 7612
Reactome 717 3515 2580 2732 3564
SFLD 69 72 54 60 67
SMART 7138 6869 4534 4958 6036
SUPERFAMILY 15070 13240 9376 9729 13190
TIGRFAM 757 751 552 617 815

Total 25267 20432 14723 14971 20637

Overall, these results provide evidence of the quality and completeness of the five gill
transcriptome assemblies, which represent timely needed genomic resources for this
highly threatened group of organisms. Although future studies should also aim to obtain
transcriptomic information from other tissues/development stages, these five annotated
gill transcriptomes represent a valuable baseline tool to study these organisms and can

ultimately help and guide future conservation actions.

Code availability

All software with respective versions and parameters used for producing the resources

here presented (i.e., transcriptome assembly, pre and post-assembly processing stages,
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and transcriptome annotation) are listed in the methods section. Software programs with

no parameters associated were used with the default settings.

Acknowledgements

AGS was funded by the Portuguese Foundation for Science and Technology (FCT)
under the grant SFRH/ BD/137935/2018, that also supported MLL
(2020.03608.CEECIND) and EF (CEECIND/00627/2017). This research was developed
under the project EdgeOmics - Freshwater Bivalves at the edge: Adaptation genomics
under climate-change scenarios (PTDC/CTA-AMB/3065/2020) funded by FCT through
national funds. Additional strategic funding was provided by FCT UIDB/04423/2020 and
UIDP/04423/2020.

152

152



FCUP | 153
Margaritiferidae: from “pearls” to genomes

2.4. Paper 6 — The Crown Pearl: a draft genome assembly of the
European freshwater pearl mussel Margaritifera margaritifera
(Linnaeus, 1758)

Gomes-dos-Santos, A., Lopes-Lima, M., Machado, A.M., Marcos Ramos, A., Usié, A.,
Bolotov, I.N., Vikhrev, I. v, Breton, S., Castro, L.F.C., da Fonseca, R.R., Geist, J.,
Osterling, M.E., Prié, V., Teixeira, A., Gan, H.M., Simakov, O., Froufe, E., 2021. The
Crown Pearl: a draft genome assembly of the European freshwater pearl mussel
Margaritifera margaritifera (Linnaeus, 1758). DNA Research 28:2.
https://doi.org/10.1093/dnares/dsab002

153


https://doi.org/10.1093/dnares/dsab002

FCUP
Margaritiferidae: from “pearls” to genomes

The Crown Pearl: a draft genome assembly of the European freshwater pearl

mussel Margaritifera margaritifera (Linnaeus, 1758)

André Gomes-dos-Santos®?, Manuel Lopes-Lima'*#, André M. Machado!, Ant6nio
Marcos Ramos®?5, Ana Usié*>!®, Ivan N. BolotovS, llya V. Vikhrev®, Sophie Breton’, L.
Filipe C. Castro*?, Rute R. da Fonseca®, Juergen Geist®, Martin E. Osterling®, Vincent

Prié'l, Amilcar Teixeira'?, Han Ming Gan3, Oleg Simakov!4, Elsa Froufe!*

1 CIMAR/CIMAR — Interdisciplinary Centre of Marine and Environmental Research,
University of Porto, Terminal de Cruzeiros do Porto de Leixdes, Avenida General Norton
de Matos, S/N, P 4450-208 Matosinhos, Portugal; 2 Department of Biology, Faculty of
Sciences, University of Porto, Rua do Campo Alegre 1021/1055, 4169-007 Porto,
Portugal; 2 CIBIO/InBIO - Research Center in Biodiversity and Genetic Resources,
Universidade do Porto, Campus Agrario de Vairdo, Rua Padre Armando Quintas, 4485-
661 Vairdo, Portugal; * IUCN SSC Mollusc Specialist Group, c/o IUCN, David
Attenborough Building, Pembroke St., Cambridge, England; ® Centro de Biotecnologia
Agricola e Agro-alimentar do Alentejo/Instituto Politécnico de Beja (IPBeja), Beja 7801-
908 Beja, Portugal; °® Federal Center for Integrated Arctic Research, Russian Academy
of Sciences, Arkhangelsk, Severnoy Dviny emb. 23 163000 Russia; ' Department of
Biological Sciences, University of Montreal, Campus MIL, Montreal, Canada; & Center
for Macroecology, Evolution and Climate, GLOBE Institute, University of Copenhagen,
2100 Copenhagen, Denmark; ° Aquatic Systems Biology Unit, Technical University of
Munich, TUM School of Life Sciences, Mihlenweg 22, D-85354 Freising, Germany; 1°
Department of Environmental and Life Sciences — Biology, Karlstad University,
Universitetsgatan 2, 651 88 Karlstad, Sweden; ' Research Associate, Institute of
Systematics, Evolution, Biodiversity (ISYEB), National Museum of Natural History
(MNHN), CNRS, SU, EPHE, UA CP 51, 57 rue Cuvier, 75005 Paris, France; ? Centro
de Investigacdo de Montanha (CIMO), Instituto Politécnico de Braganca, Braganca,
Portugal; * GeneSEQ Sdn Bhd, Bandar Bukit Beruntung, Rawang 48300 Selangor,
Malaysia; 1 Department of Neurosciences and Developmental Biology, University of
Vienna, Universitatsring 1, 1010 Wien, Vienna, Austria; ®* MED — Mediterranean
Institute for Agriculture, Environment and Development, CEBAL — Centro de

Biotecnologia Agricola e Agro-Alimentar do Alentejo, 7801-908 Beja, Portugal

154

154



FCUP | 155
Margaritiferidae: from “pearls” to genomes

* Corresponding authors

DOI: https://doi.org/10.1093/dnares/dsab002

155


https://doi.org/10.1093/dnares/dsab002

FCUP
Margaritiferidae: from “pearls” to genomes

Abstract

Since historical times, the inherent human fascination with pearls turned the freshwater
pearl mussel Margaritifera margaritifera (Linnaeus, 1758) into a highly valuable cultural
and economic resource. Although pearl harvesting in M. margaritifera is nowadays
residual, other human threats have aggravated the species conservation status,
especially in Europe. This mussel presents a myriad of rare biological features, e.g. high
longevity coupled with low senescence and Doubly Uniparental Inheritance of
mitochondrial DNA, for which the underlying molecular mechanisms are poorly known.
Here, the first draft genome assembly of M. margaritifera was produced using a
combination of Illumina Paired-end and Mate-pair approaches. The genome assembly
was 2.4 Gb long, possessing 105,185 scaffolds and a scaffold N50 length of 288,726 bp.
The ab initio gene prediction allowed the identification of 35,119 protein-coding genes.
This genome represents an essential resource for studying this species’ unique
biological and evolutionary features and ultimately will help to develop new tools to

promote its conservation.
Keywords

Margaritifera margaritifera; freshwater mussel: pearls: unionida genome; whole genome

1. Introduction

Pearls are fascinating organic gemstones that have populated the human beauty
imaginary for millennia. Legend says that Cleopatra, to display her wealth to her lover
Marc Antony, dissolved a pearl in a glass of vinegar and drank it. The human use of
pearls or their shell precursor material, nacre, is ancient. The earliest known use of
decorative nacre dates to 4200 BC in Egypt, with pearls themselves only becoming
popular around 600 BC. Before the arrival of marine pearls to Europe, most were
harvested from a common and widespread freshwater bivalve, the freshwater peatrl
mussel Margaritifera margaritifera L. 1758 (Figure P6.1), where generally one pearl is
found per 3,000 mussels leading to massive mortality (Hessling, 1859). During the
Roman Empire period, pearls were a desirable luxury, so that it is believed that one of
the reasons that persuaded Julius Caesar to invade Britain was to access its vast

freshwater pearl resources (Strack, 2015). M.margaritifera freshwater pearls were
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extremely valuable being included in many royal family jewels, such as the British,
Scottish, Swedish, Austrian, and German crown jewels and even in the Russian city’s
coat of arms (Bespalaya et al., 2012; Makhrov et al., 2014; Schliter and Ratsch, 1999;
Strack, 2015). Although over-harvesting represented a serious threat to the species for
centuries, there has been a decrease in interest and demand for freshwater pearls in the
20th century (Makhrov et al., 2014). However, the global industrialization process
introduced stronger threats to the survival of the species (Geist, 2010; Lopes-Lima et al.,
2018a; Moorkens et al., 2018). In fact, M. margaritifera belongs to one of the most
threatened taxonomic groups on earth, the Margaritiferidae (Lopes-Lima et al.,
2018a). The species was once abundant in cool oligotrophic waters throughout most of
northwest Europe and northeast North America (Geist, 2010; Lopes-Lima et al., 2018a,;
Moorkens et al., 2018). However, habitat degradation, fragmentation, and pollution have
resulted in massive population declines (Geist, 2010). Consequently, the Red List of
Threatened Species from the International Union for Conservation of Nature has
classified M. margaritifera as Endangered globally and Critically Endangered in Europe
(Moorkens et al., 2018; Moorkens, 2018). Besides being able to produce pearls, M.
margaritifera presents many other remarkable biological characteristics, e.g. is among
the most longest-living invertebrates, reaching up to 280 years (Bauer, 1992; Lopes-Lima
et al., 2018a); displays very weak signs of senescence, referred as the concept of
‘negligible senescence’ (Hassall et al., 2017); has an obligatory parasitic larval stage on
salmonid fishes used for nurturing and dispersion (Geist, 2010; Lopes-Lima et al.,
2017c); and, like many other bivalves (see Gusman et al., 2016) for a recent
enumeration), shows an unusual mitochondrial DNA inheritance system, called Doubly
Uniparental Inheritance or DUI (Breton et al., 2007, 2011b). Although these biological
features are well described, the molecular mechanisms underlying their regulation and
functioning are poorly studied and practically unknown. Thus, a complete genome
assembly for M. margaritifera is critical for developing the molecular resources required

to improve our knowledge of such mechanisms.
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Figure P6. 1 - Margaritifera margaritifera specimens in their natural habitat. Red arrows point to
two individuals.

To date, several Mollusca genomes are currently available and new assemblies are
released every year at an increasing trend (reviewed in Gomes-dos-Santos et al., 2020;
Hollenbeck and Johnston, 2018; Takeuchi, 2017) Despite this, to date, only three
Unionida mussel genomes have been published, Venustaconcha ellipsiformis (Conrad,
1836) (Renaut et al., 2018), Megalonaias nervosa (Rafinesque, 1820) (Rogers et al.,
2021), and Potamilus streckersoni (Smith, Johnson, Inoue, Doyle and Randklev, 2019)
(Smith, 2021). Therefore, considering the importance of increasing the availability of
genomic resources for Unionida, this study presents the first draft genome assembly of
the freshwater pearl mussel M. margaritifera. The assembled genome has a total length
of 2.4 Gb, a scaffold N50 length of 288,726 bp and 35,119 protein-coding genes were
predicted. A Bivalvia phylogeny using whole-genome single copy orthologs was also
constructed and the Hox and ParaHox gene complement within Unionida order was here

characterized for the first time.
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2. Materials and methods
2.1. Sample collection, DNA extraction, and sequencing

One female M. margaritifera (Linnaeus, 1758) specimen was collected from the River
Tua, Douro basin in the North of Portugal (permit 284/2020/CAPT and fishing permit
26/20 issued by ICNF—Instituto de Conservagédo da Natureza e das Florestas). The
whole individual is stored in 96% ethanol at the Unionoid DNA and Tissue Databank,
CIIMAR, University of Porto. Genomic DNA (gDNA) was extracted from the foot tissue
using DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the

manufacturer’s instructions.

Two distinct NGS libraries and sequencing approaches were implemented i.e. lllumina
Paired-end reads (PE) and lllumina long insert size Mate-pair reads (MP). lllumina PE
library preparation with standard lllumina adaptors used 100 ng of gDNA sheared to a
length of 300—400 bp and was sequenced in an lllumina machine NovaSEQ6000 system
located at Deakin Genomics Centre using a run configuration of 2 x 150 bp. lllumina MP
library preparation and sequencing were performed by Macrogen Inc., Korea, where a
10 kb insert size Nextera Mate Pair Library was constructed and subsequently

sequenced in a NovaSeq6000 S4 using a run configuration of 2 x150 bp.

2.2. Genome size and heterozygosity estimation

The overall characteristics of the genome were accessed using PE reads. Reads quality
was evaluated using FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and raw reads were quality

trimmed with Trim Galore v.0.4.0

(https://www.bioinformatics.babraham.ac.uk/projects/trim galore/), allowing the

trimming of adapter sequences and removal of low-quality reads using Cutadapt (Martin,
2011). Clean reads were used for genome size estimation with Jellyfish v.2.2.10 and

GenomeScope2 (Ranallo-Benavidez et al., 2020) using k-mers lengths of 25 and 31.

2.3. Genome assembly and quality assessment

159

159


https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/

FCUP
Margaritiferidae: from “pearls” to genomes

Long range Illlumina MP quality processing was as described above and both PE and
MP cleaned reads were used for whole-genome assembly. The assembly was produced
by running Meraculous v.2.2.6 with several distinct k-mer sizes (meraculoususing)
(Chapman et al., 2011). This allowed determining the optimal k-mer size of 101. Genome
assembly metrics were estimated using QUAST v5.0.2 (Gurevich et al., 2013). Assembly
completeness, heterozygosity, and collapsing of repetitive regions were evaluated
through analysis of k-mer distribution using PE reads, with K-mer Analysis Toolkit
(Mapleson et al., 2017). Furthermore, PE reads were aligned to the genome assembly
using BBMap (Bushnell and Rood, 2018). BUSCO v. 3.0.2 (Siméo et al., 2015) was used
to provide a quantitative measure of the assembly completeness, with a curated list of
eukaryotic (n = 303) and metazoan (n = 978) near-universal single-copy orthologous.
Finally, in order to inspect the genome for possible contamination, we used BlobTools
(Laetsch and Blaxter, 2017) (Additional File 1).

The whole mitochondrial genome was assembled using the PE reads with MitoBim
v.1.9.0 (Hahn et al., 2013) and its annotation performed using MITOS2 (Bernt et al.,

2013b) web server and manually validated against other Margaritiferidae mitogenomes.

2.4. Repeat sequences, gene models predictions, and transcriptome alignment

Given the generally high compaosition of repetitive elements in Mollusca genomes (e.g.
Ref. Gomes-dos-Santos et al., 2020) they should be identified and masked before
proceeding to genome annotation. A de novo library of repetitive elements was created
for M. margaritifera genome assembly, using RepeatModeler v.2.0.1 (Smit and Hubley,
2015a) (excluding sequences <2.5 kb). Soft masking of the genome was performed with
RepeatMasker v.4.0.7 (Smit and Hubley, 2015b) combining the de novo library with the
‘Bivalvia’ libraries from Dfam_consensus-20170127 and RepBase-20181026.

BRAKER?2 pipeline v2.1.5 (Hoff et al., 2019, 2016) was used for gene prediction in the
genome. First, all RNA-seq data of M. margaritifera (Bertucci et al., 2017; V. L. Gonzalez
et al., 2015) available on GenBank were downloaded, assessed with FastQC v.0.11.8,
quality trimmed with Trimmomatic v.0.38 (Bolger et al., 2014) (Parameters, LEADING: 5
TRAILING: 5 SLIDINGWINDOW: 4:20 MINLEN: 36) and error corrected with Rcorrector
v.1.0.3 (Song and Florea, 2015). Afterwards, the RNA-seq data were aligned to the
masked genome assembly, using Hisat2 v.2.2.0 with the default settings (Kim et al.,

2015). The complete proteomes of 13 mollusc species, one Chordata (Ciona intestinalis)
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and one Echinodermata (Strongylocentrotus purpuratus) were downloaded from distinct
public databases (Table P6.S1) and used as additional evidence for gene prediction. The
BRAKER?2 pipeline was applied with the parameters (—etpmode; —softmasking; —
UTR=off; —crf; —cores =30) and following the authors’ instructions (Hoff et al., 2019,
2016). The resulting gene predictions (i.e. gff3 file) were renamed, cleaned, and filtered
using AGAT v.0.4.0 (Dainat et al., 2020), correcting coordinates of overlapping gene
prediction, removing predicted coding sequence regions (CDS) with <100 amino acid (in
order to avoid a high rate of false-positive predictions) and removing incomplete gene
predictions (i.e. without start and/or stop codons). Functional annotation was conducted
by searching for protein domain information using InterProScan v.5.44.80 (Quevillon et
al., 2005) and protein blast search using DIAMOND v. 0.9.32 (Buchfink et al.,
2015) against SwissProt (Download at 2/07/2020), TREMBL (Download at 2/07/2020),
and RefSeg-NCBI (Download at 3/07/2020) (Boeckmann, 2003; Pruitt et al.,
2007). BUSCO v. 3.0.2 (Simao et al., 2015) scores for the predicted proteins were
accessed using the eukaryotic (n = 255) and metazoan (n = 954) curated lists of near-

universal single-copy orthologous.

Finally, the M. margaritifera transcriptome assembly from Bertucci et al.,,
(2017) downloaded from NCBI (BioProject: PRINA369722) was aligned to the masked
genome with pblat_v2.5 (Wang and Kong, 2019), specifying the option ‘-fine -q=rna’
while maintaining the remaining parameters as default. Alignment stats were calculated

with isoblat_v0.31 (Ryan, 2013) using default parameters.

2.5. Phylogenetic analyses

For the phylogenetic assessment, the proteomes of 12 molluscan species were
downloaded from distinct public databases (Table P6.S2), which included 11
Autobranchia bivalves and 2 outgroup species, i.e. the Cephalopoda Octopus
bimaculoides and Gastropoda Biomphalaria glabrata (Figure P6.3). Single-copy
orthologous between these 12 species and M. margaritifera were retrieved using
OrthoFinder v2.4.0 (Emms and Kelly, 2019), specifying multiple sequence alignment as
the method of gene tree inference (-M). The resulting 118 single-copy orthologous
sequences were individually aligned using MUSCLE v3.8.31 (Edgar, 2004), with default
parameters and subsequently trimmed with TrimAl v.1.2 (Capella-Gutiérrez et al.,

2009) specifying a gap threshold of 0.5 (-gt). Trimmed sequences were then
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concatenated using FASconCAT-G (https://aithub.com/PatrickKueck/EASconCAT-G).
The best molecular evolutionary model was estimated using ProtTest v.3.4.1 (Abascal

et al., 2005). Phylogenetic inferences were conducted in IQ-Tree v.1.6.12 (Nguyen et al.,
2015) for Maximum-Likelihood analyses (with initial tree searches followed by 10
independent runs and 10,000 ultra-bootstrap replicates) and MrBayes v.3.2.6 (Ronquist
et al., 2012) for Bayesian Inference (2 independent runs, 1,000,000 generations,
sampling frequency of 1 tree per 1,000 generations). All phylogenetic analyses were

applied using the substitution model LG+l + G.

2.6. Hox and ParaHox gene identification and phylogeny

To identify the repertoire Hox and ParaHox genes in M. margaritifera, a similarity search
by BLASTn (Altschul et al., 1990) of the CDS of M. margaritifera genome, was conducted
using the annotated homeobox gene set of Crassostrea gigas (Barton-Owen et al., 2018;
Paps et al., 2015). Candidate CDSs were further validated for the presence of the
homeodomain by CD-Search (Lu et al., 2020). Finally, each putative CDS identity was
verified by BLASTx and BLASTp (Altschul et al., 1990) searches in Nr-NCBI nr database
and phylogenetic analyses. Since the search was conducted in the annotated genome
(i.e. scaffolds over 2.5 kb), when genes were not found, a new search was conducted in
the remaining scaffolds. At the end, any genes still undetected were search in the
Transcriptome assembly of the species (Bioproject: PRINA369722) (Bertucci et al.,
2017). Due to the phylogenetic proximity and for comparative purposes, Hox and
ParaHox genes were also searched in the genome assembly of M.nervosa (Rogers et
al., 2021).

For phylogenetic assessment of Hox and Parahox genes, amino acid sequences of
homeodomain of the genes from M. margaritifera and M. nervosa, were aligned with
other Mollusca orthologous (Huan et al., 2020; Y. Li et al., 2020). Molecular evolutionary
models and Maximume-Likelihood phylogenetic analyses were obtained using 1Q-TREE
v.1.6.12 (Kalyaanamoorthy et al., 2017; Nguyen et al., 2015).

3. Results and discussion
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3.1. Sequencing results

A total of 494 Gb (~209x) of raw PE and 76 Gb (~32x) of raw MP data were generated,
which after trimming and quality filtering were reduced by 0.3% and 10%, respectively
(Table P6.S3). GenomeScope2 model fitting of the k-mer distribution analysis estimated
a genome size between 2.31-2.36 Gb and very low heterozygosity between 0.127—-
0.105% (Figure P6.2A). Although larger than the genome of V. ellipsiformis (Renaut et
al., 2018) (i.e. 1.80 Gb), the size estimation of the M. margaritifera genome is in line with
the recently assembled Unionida mussel M. nervosa (Rogers et al., 2021) (i.e. 2.38 Gb).
The estimated heterozygosity is the lowest observed within Unionida genomes (Renaut
et al., 2018; Rogers et al., 2021) and one of the lowest in Mollusca (Gomes-dos-Santos
et al., 2020), which is remarkable considering it refers to a wild individual. This low value
is likely a consequence of population bottlenecks during glaciations events, which have
been shown to shape the evolutionary history of many freshwater mussels (e.g. Froufe
et al., 2016b, 2016c; Renaut et al., 2018) and may also be enhanced by recent human-

mediated threats.
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Figure P6. 2 - (A) GenomeScope2 k-mer (25 and 31) distribution displaying estimation of genome
size (len), homozygosity (aa), heterozygosity (ab), mean k-mer coverage for heterozygous bases
(kcov), read error rate (err), the average rate of read duplications (dup), k-mer size used on the
run (k:), and ploidy (p:). (B) Margaritifera margaritifera genome assembly assessment using KAT
comp tool to compare the lllumina PE k-mer content within the genome assembly. Different
colours represent the read k-mer frequency in the assembly.

3.2. Margaritifera margaritifera de novo genome assembly

The Meraculous assembly and scaffolding yield a final genome size of 2.47 Gb with a
contig N50 of 16,899 bp and a scaffold N50 of 288,726 bp (Table P6.1). Both N50 values
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are significantly higher than V. ellipsiformis genome assembly, i.e., 3,117 and 6,523 bp,
respectively (Renaut et al., 2018). Presently, this M. margaritifera genome assembly
reveals one the highest scaffold N50 of the Unionida genomes currently available
(Renaut et al., 2018; Rogers et al., 2021). On the other hand, M. nervosa genome
assembly contig N50, i.e. 51,552 bp, is higher than M. margaritifera, which is expected
given the use of Oxford Nanopore ultra-long reads libraries in the assembly produced by
Rogers et al., (2021) BUSCOs scores of the final assembly indicate a fairly complete
genome assembly (Table P6.1) and although the contiguity is lower when compared with
other recent Bivalve genome assemblies, the low percentage of fragmented genes (i.e.
5.9% for Eukaryota and 4.9% for Metazoa) gives further support to the quality of the
genome assembly. Similarly, the slight difference observed between the genome size
and the initial size estimation is unlikely to be a consequence of erroneous assembly
duplication, as duplicated BUSCOs scores are also low (i.e. 1% for Eukaryota and 1.1%
for Metazoa). The quality of the genome assembly is further supported by the high
percentages of PE reads mapping back to the genome (i.e. 97.75%, Table P6.1), as well
as the KAT k-mer distribution spectrum (Figure P6.2B), which demonstrates that almost
no read information was excluded from the final assembly. Additionally, around 99% of
the transcripts of the M. margaritifera transcriptome assembly (Bertucci et al.,
2017) aligned to the genome assembly (Table P6.S4). Overall, these statistics indicate
that the M. margaritifera draft genome assembly here presented is fairly complete, non-

redundant, and useful resource for various applications.

Table P6. 1 - Margaritifera margaritifera genome assembly, read alignment, gene prediction, and
annotation general statistics. *All statistics are based on contigs/scaffolds of size 21,000bp; #
Euk: From a total of 303 genes of Eukaryota library profile; # Met: From a total of 978 genes of
Metazoa library profile; + Euk: From a total of 255 genes of Eukaryota library profile; + Met: From
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a total of 954 genes of Metazoa library profile; #,+ C: Complete; S: Single; D: Duplicated; F:
Fragmented; + All statistics are based on contigs/scaffolds of size 22,500bp.

Contig * Scaffold *
Total number of Sequences (>= 1,000 bp) 265,718 105,185
Total number of Sequences (>= 10,000 bp) 66,019 15,384
Total number of Sequences (>= 25,000 bp) 18,725 11,583
Total number of Sequences (>= 50,000 bp) 4,284 9,265
Total length (>= 1,000 bp) 2,230,001,992 2,472,078,101
Total length (>= 10,000 bp) 1,523,143,239 2,293,496,118
Total length (>= 25,000 bp) 789,559,702 2,236,013,546
Total length (>= 50,000 bp) 299,796,296 2,152,307,394
N50 length (bp) 16,899 288,726
L50 34,910 2,393
Maximum length (bp) 209,744 2,510,869
GC content, % 35.42 35.42

Clean Paired-end (PE) Reads Alignment Stats

Pecentage of Mapped PE (%) - 97.754
Pecentage of Proper pairs PE (%) - 90.653
Average PE sequence coverage - 181.968
Pecentage of scaffolds with any coverage (%) - 100.00

Total BUSCOS for the genome assembly (%)
C:86.8% [S:85.8%, D:1.0%],

# Euk database F5 9%
C:84.9% [S:83.8%, D:1.1%)],
# Met database [ F4.9% ]
Gene Prediction and Annotation Stats *
Protein coding genes (CDS) - 35,119
Transcripts (MRNA) - 40,544
Protein Coding genes Functional Annotated - 26,836
Transcripts Functional Annotated - 31,584
Total gene length (bp) - 902,994,752
Total mMRNA length (bp) - 1,101,526,909
Total CDS length (bp) - 52,211,391
Total exon length (bp) - 52,211,391
Total intron length (bp) - 1,024,450,311

Total BUSCOS for the predicted proteins (%)
C:90.6%][S:81.2%,D:9.4%],
F:3.9%
C:92.6%[S:82.3%,D:10.3%)],
F:3.2%

+ Euk database -

+ Met database

The whole mitochondrial genome obtained with MitoBim is 16,124bp long and its gene
content is the expected for Margaritiferidae female type mitogenomes (Gomes-dos-
Santos et al., 2019) with 13 protein-coding genes, 22 transfer RNA, and 2 ribosomal
RNA.

3.3. Repeat identification and masking and gene models prediction
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The use of the custom repetitive library combined with the RepBase (Bao et al.,
2015) ‘Bivalvia’ library, resulted in masking repetitive elements in more than half of the
genome assembly, i.e. 59.07% (Table P6.2). Most of the annotated repetitive elements
were unclassified (31.86%), followed by DNA elements (16.00%), long interspersed
nuclear elements (6.13%), long terminal repeats (3.72%), and short interspersed nuclear
elements (0.79%). After masking, gene prediction resulted in the identification of 35,119
protein-coding genes, with an average gene length of 25,712 bp and average CDS length
of 1,287 bp (Table P6.S5). Furthermore, 26,836 genes were functionally annotated by
similarity to at least one of the three databases used in the annotation (Table P6.1). The
number of predicted genes is in accordance to those observed in other bivalves (and
Mollusca) genome assemblies, which although highly variable, in average have around
34,949 predicted genes (calculated from Table P1.2 of Gomes-dos-Santos et al., 2021)
Although the number of genes predicted within the three Unionida genomes is highly
variable, i.e. 123,457 in V. ellipsiformis, 49,149 in M. nervosa, and 35,119 in M.
margaritifera, a direct comparison should be taken with caution, given the considerable
differences in genome qualities and the different gene predictions strategies applied in

the three assembilies.
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Table P6. 2 - Statistics of the content of repetitive elements in the M. margaritifera genome
assembly.

Number of elements Length occupied (bp) Percentage of sequence (%)
Marmar + Bivalvia Marmar + Bivalvia Marmar + Bivalvia
SINEs: 108,986 17,810,092 0.79%
ALUs 0 0 0%
MIRs 51,807 7,321,859 0.33%
LINES: 395,376 137,422,770 6.13%
LINE1 7,854 2,661,360 0.12%
LINE2 108,179 29,801,298 1.33%
L3/CR1 13,806 3,697,570 0.17%
LTR elements: 174,445 83,417,191 3.72%
ERVL 0 0 0%
ERVL-
MaLRs 0 0 0%
ERV_classl 2,849 481,472 0.02%
ERV_classl| 1,072 286,047 0.01%
DNA elements: 1,208,077 358,545,022 16.00%
hAT-Charlie 22,178 3,778,430 0.17%
TcMar-
Tigger 54,446 15,068,283 0.67%
Unclassified: 3,057,728 713,890,849 31.86%
Total interspersed
repeats: 1,311,085,924 58.51%
Small RNA: 51,767 7,672,478 0.34%
Satellites: 24,005 4,250,110 0.19%
Simple repeats: 64,021 8,534,185 0.38%
Low complexity: 970 115,583 0.01%
Total masked 1,323,560,844 59.07%

3.4. Single copy orthologous phylogeny

Both Maximume-Likelihood and Bayesian Inference phylogenetic trees revealed the same
topology with high support for all nodes (Figure P6.3). The phylogeny recovered the
reciprocal monophyletic groups Pteriomorphia (represented by Orders Ostreida,
Mytilida, Pectinida, and Arcida) and Heteroconchia (represented by Orders Unionida and
Venerida). These results are in accordance with recent comprehensive bivalve
phylogenetic studies (Bieler et al., 2014; V. L. Gonzalez et al., 2015; Lemer et al., 2016,
2019). The only difference is observed within Pteriomorphia, where two sister clades are
present, one composed by Arcida and Pectinida and the other by Mytilida and Osteida
(Figure P6.3), while accordingly to the most recent phylogenomic studies, Arcida
appears basal to all other Pteriomorphia (V. L. Gonzalez et al., 2015; Lemer et al., 2016,
2019). It is noteworthy that Arcida and Pectinida clade is the less supported in the
phylogeny, which together with the fact that many Pteriomorphia clades are missing in
this study, should explain these discrepant results. Heteroconchia is divided into

monophyletic Palaeoheterodonta and Heterodonta (here only represented by two

167

167



FCUP
Margaritiferidae: from “pearls” to genomes

Euheterodonta bivalves). As expected, the two Unionida species, i.e. M. nervosa and the

newly obtained M. margaritifera, are placed within Palaeoheterodonta.

Ostreida

Pinctada fucata

Crassostrea gigas

ﬁ Bathymodiolus platifrons
Mytilida

I

Modiolus philippinarum

Pteriomorphia

h Pecten maximus

Pectinida

|— Mizuhopecten yessoensis

Lutraria rhynchaena
Eu)Heterodonta 4* iy

Dreissena rostr/form/s

89

Scapharca broughtonii Arcida

Margarmfera margaritifera
{ Palaeoheterodonta {
(

Unionida

Megalonaias nervosa

Venerida

Heteroconchia

Biomphalaria glabrata “,

Octopus bimaculoides *

L

Figure P6. 3 - Maximum Likelihood phylogenetic tree based on concatenated alignments of 118
single-copy orthologous amino acid sequences retrieved by OrthoFinder. *Above the nodes refer
to bootstrap and posterior probabilities support values above 99%.

3.5. Hox and ParaHox gene repertoire and phylogeny

Homeobox genes refer to a family of homeodomain-containing transcription factors with
important roles in Metazoan development by specifying anterior—posterior axis and
segment identity (e.g. Ferrier and Holland, 2001; Holland, 2013). Many of these genes
are generally found in tight evolutionary conserved physical clusters (e.g. Castro and
Holland, 2003; Pollard and Holland, 2000). Hox genes are typically arranged into tight
physical clusters, showing temporal and spatial collinearity (Ferrier and Holland,
2002). Consequently, Hox genes provide useful information for understanding the
emergence of morphological novelties, understanding the historical evolution of the
species, infer ancestral genomic states of genes/clusters, and even study genome
rearrangements, such as whole-genome duplications (e.g. Brooke et al., 1998; Ferrier
and Holland, 2001; Holland, 2013). Given the disparate body plans in molluscan classes,

the study of Hox cluster composition, organization and gene expression has practically
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become a standard in Mollusca genome assembly studies (Albertin et al., 2015; R. R. da
Fonseca et al., 2020; Y. Li et al., 2017, 2020; Liu et al., 2021; Pérez-Parallé et al., 2016;
Simakov et al., 2012; Sun et al., 2017, 2019, 2020; Takeuchi et al., 2016; Varney et al.,
2021; S. Wang et al., 2017; Yan et al., 2019; Zhang et al., 2012). Homeobox genes are
divided into four classes, of which the Antennapedia (ANTP)-class (Hox, ParaHox, NK,
Mega-homeobox, SuperHox) is the best studied, particularly the Hox and ParaHox
clusters (Brooke et al., 1998; Y. Li et al., 2020; Pérez-Parallé et al., 2016). The number
of genes from these two clusters is relatively well conserved across Lophotrochozoa,
with Hox cluster being composed of 11 genes (3 anterior, 6 central, and 2 posterior) and
ParaHox cluster composed of 3 genes. Although several structural and compositional
differences have been observed within Mollusca ANTP-class (e.g. Bivalvia: Zhang et al.,
2012, Cephalopoda: R. R. da Fonseca et al., 2020, Gastropoda: Liu et al., 2021, and
Polyplacophora: Varney et al., 2021), most Bivalvia seem to retain the gene composition
expected for lophotrochozoans: Hox1, Hox2, Hox3, Hox5, Lox, Antp, Lox4, Lox2, Post2,
and Postl for the Hox cluster and Gsx, Xlox, and Cdx for the ParaHox cluster (S. Wang
et al.,, 2017). Consequently, the identification of these genes on a bivalve genome
assembly represent further validation of the genome completeness and overall
correctness. Furthermore, to the best of our knowledge, this study reports for the first
time the Hox and ParaHox genes were identified Unionida. A single copy of the 3
ParaHox and 10 Hox genes were found in the M. margaritifera genome assembly (Table
P6.S6). Despite an intensive search, no evidence of the presence of Hox4 was detected.
However, the gene was identified in the M. margaritifera transcriptome, thus confirming
its presence in the species. All genes, apart from Antp and Lox5, were scattered in
different scaffolds, with Hox5, Post1, and Gsx being present in scaffolds smaller than 2.5
kb (Table P6.S6). Both the small proximity between Antp and Lox5 and the fact that both
genes are expressed in the same direction are in accordance with the results observed
in other bivalves, including in the phylogenetically closest species (from which Hox
cluster has been characterized), i.e. the Venerida clam Cyclina sinensis (Gmelin, 1791)
(Y. Li et al., 2020). The fact that the remaining genes were scattered in the different
scaffolds is likely a consequence of the low contiguity of the genome assembly since the
distances between Bivalvia Hox genes within a cluster can be as high as 9.9 Mb (Y. Li
et al., 2020). Conversely, three Hox and one ParaHox genes were found in the M.
margaritifera transcriptome assembly and nine Hox and one ParaHox gene were found
in M. nervosa genome assembly (Table P6.S6). Finally, to further validate the identity of

the identified Hox and ParaHox genes, a phylogenetic analysis using the homeodomains
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(encoded 60-63 amino acid domain) of several Mollusca species was conducted (Figure
P6.4). All Hox and ParaHox genes of M. margaritifera (as well as M. nervosa) were well
positioned within their respective orthologous genes from other Mollusca species (Figure
P6.3), thus confirming their identity.

Post2

Lox4

Hox1

Hox3

Figure P6. 4 - Hox and ParaHox Maximum Likelihood gene tree constructed using Mollusca
homeodomain amino acid sequences. Bootstrap values are presented above the nodes. Red
squares highlight the position of M. margaritifera Hox and ParaHox.

3.6. Conclusion and future perspectives

Unionida freshwater mussels are a worldwide distributed and diverse group of organisms
with 6 recognized families and around 800 described species (Bogan, 2008; Graf and
Cummings, 2007). These organisms play fundamental roles in ecosystems, such as
water filtration, nutrient cycling, and sediment bioturbation and oxygenation (Howard and
Cuffey, 2006; Vaughn, 2017), allowing to maintain and support freshwater communities
(Lopes-Lima et al., 2017c). However, as a consequence of several anthropogenic
threats, freshwater mussels are experiencing a global-scale decline (B6hm et al., 2021;
Lopes-Lima et al., 2017c¢). M.margaritifera belongs to the most threatened of the 6
Unionida families, i.e. Margaritiferidae. Despite all this, our understanding of the genetics
of this species is still to date restricted to a few mtDNA markers phylogenetic and

restricted phylogeographical studies (Araujo et al., 2017; Bolotov et al., 2016; Lopes-
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Lima et al., 2018a; Zanatta et al., 2018) as well as neutral genetic markers (Bouza et al.,
2007; Geist and Kuehn, 2005; Zanatta et al., 2018), making the availability of the present
genome a timely resource with application in multiple fields. The characterization of
genetic features and identification of genomic novelties (such as single genes or gene
families, genomic pathways, single-nucleotide polymorphism, among others) may
provide guidance understanding molecular and cellular mechanisms of biomineralization
in freshwater mussel shells that may facilitate the use of shell material as environmental
and metabolic archives (Geist et al., 2005) and even help clarify the formation of new
mineralized tissue following extracorporeal shock wave therapy in humans (Sternecker
et al., 2018). Being the first representative genome of the family Margaritiferidae, it will
help launch both basic and applied genomic-level research on the unique biological and

evolutionary features characteristic of this emblematic group.

Data availability

All the raw sequencing data are available from GenBank via the accession
numbers SRR13091478, SRR13091479, and SRR13091477. The assembled genomes
are available in the assession number JADWMOOO00000000, under the BioProject
PRJINA678877 and BioSample SAMN16815977 (Table P6.S7). The whole mitogenome
is available in GenBank under the accession number MW556443. Fasta alignment of

homeodomain amino acid sequences from Hox and ParaHox genes used in gene tree
construction is available in Additional File 2. The scaffolds in which homeodomains were
detected (as described in Table P6.S6) are available as Additional File 3. The repeat
masked genome assembly, BRAKER2 prediction statistic and prediction dff files, as well
as all predicted genes, transcripts and amino acid sequence files are available at
Figshare: 10.6084/m9.figshare.13333841.
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Abstract

Producing contiguous genome assemblies for molluscs is considerably challenging
owing to their large sizes, heterozygosity and widespread content of repetitive content.
Consequently, the usage of long-read sequencing approaches is fundamental to
achieving high contiguity and quality of the genome assemblies. The freshwater pearl
mussel Margaritifera margaritifera (Linnaeus, 1758) (Mollusca: Bivalvia: Unionida) is one
of the most culturally relevant, widespread and threatened species of freshwater
mussels. The first genome assembly for this species has been produced recently,
however, since the assembly relied solely on short-read approaches the genome is
highly fragmented. To overcome this caveat, here, a new improved reference genome
assembly is provided for the freshwater pear mussel. The new assembly is produced
using a combination of PacBio CLR long reads and lllumina paired-end short reads. The
genome assembly is 2.4 Gb long, possessing 1700 scaffolds with a scaffold N50 length
of 3.4Mbp. The ab initio gene prediction resulted in a total of 48,314 protein-coding
genes. This new assembly represents a substantial improvement to the previous
genome and is an essential resource for studying this species’ unique biological and

evolutionary features that ultimately will help to promote its conservation.
Keywords

Margaritifera margaritifera; freshwater mussel; pearls; unionida genome; whole genome

1 - Background

Initial efforts to sequence molluscs' genomes relied primarily on short-read approaches,
which, despite their unarguable accomplishments, constantly result in highly fragmented
genome assemblies (Gomes-dos-Santos et al., 2020; Klein et al., 2019; Takeuchi, 2017,
Z. Yang et al., 2020). Consequently, long-read sequencing approaches, such as Pacific
Bioscience (PacBio) or Nanopore (Oxford Nanopore), are becoming the common ground
of emerging molluscan genome assembly projects (Gomes-dos-Santos et al., 2020;
Klein et al., 2019; Takeuchi, 2017; Z. Yang et al., 2020). This is further facilitated by the
constantly decreasing prices, coupled with increasing sequencing accuracy, of these
long-read sequencing approaches (Goodwin et al., 2016). The structural information

provided by long-reads is crucial to span large indels or inform about long structural
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variants (e.g. E. L. Koch et al., 2021; Rhie et al., 2021; Sedlazeck et al., 2018), which is
particularly relevant for molluscans that have large, heterozygous and highly repetitive
genomes (reviewed in Gomes-dos-Santos et al., 2020). Consequently, long-read-based
assemblies have reduced levels of fragmentation, fewer levels of missing and truncated
genes and reduced chances of chimerically assembled regions (Rhie et al., 2021;
Sedlazeck et al., 2018).

The genome of the freshwater pearl mussel, Margaritifera margaritifera (Linnaeus,
1758), provided in (Gomes-dos-Santos et al., 2021) represented a key resource for the
study of this highly emblematic species. The robust assembly approach resulted in a
considerably complete genome assembly, which was validated with several statistics
(see Gomes-dos-Santos et al., 2021 for details). However, the fact that it was assembled
using solely short-read sequencing approaches (i.e., lllumina paired-end and mate-pair
sequencing), resulted in a genome with hampering contiguity. The subsequent release
of the highly contiguous genome assembly of the freshwater mussel Potamilus
streckersoni (Smith, Johnson, Inoue, Doyle and Randklev, 2019), which relied on PacBio
sequencing, demonstrated how long-reads are critical to significantly improve the

contiguity of genome assemblies for the group (Smith, 2021).

Aiming to provide a superior genome assembly for the freshwater pearl mussel, M.
margaritifera, here the genome of a new individual is sequenced using PacBio CLR and
lllumina paired-end short reads. This new assembly represents the most contiguous
freshwater mussel genome assembly available to date, representing a significant
improvement in contiguity and completeness concerning the genome presented in Paper
6.

2 - Methods

2.1 - Animal sampling

One individual of M. margaritifera was collected from the Tuela River in Portugal (Table
M1.1) and transported alive to the laboratory, where tissues were separated, flash-
frozen and stored at —80 °C. The shell and tissues are deposited at CIIMAR tissue and

mussels’ collection.
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Table M1. 1 - MixS descriptors for the freshwater pearl mussel Margaritifera margaritifera
specimen used for whole genome sequencing.

Sample Margaritifera margatritifera
Investigation_type Eukaryote
Lat_lon 41.862414; -6.931596
Geo_loc_name Portugal
Collection_date 06/07/2021
Env_package Water
Collector Amilcar Teixeira
Sex Undetermined
Maturity Mature

2.2 - DNA extraction and sequencing

For PacBio sequencing, mantle tissue was sent to Brigham Young University (BYU),
where high-molecular-weight DNA extraction was performed and PacBio library
construction was achieved following the SMRT bell construction protocol. The library was
sequenced on a single-molecule real-time (SMRT) cell of a PacBio Sequel Il system
v.9.0. Genomic DNA for short-read sequencing was extracted from muscle tissue using
the Qiagen MagAttract HMW DNA Kit, following the manufacturer’s instructions. The
extracted DNA was sent to Macrogen Inc. for standard lllumina Truseq Nano DNA library
preparation and whole genome sequencing of 150 bp paired-end reads on the lllumina

Novaseq6000 machine.

2.3 Genome assembly and annotation

The overall pipeline used to obtain the genome assembly and annotation is provided in
Figure M1.1.
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Figure M1. 1 - Bioinformatics pipeline applied for the genome assembly and annotation.
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2.3.1 - Genome size and heterozygosity estimation

Prior to the assembly, the characteristics of the genome were accessed with a k-mer
frequency spectrum using the paired-end reads. First, the quality of the reads was
evaluated using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and the reads were after quality trimmed with Trimmomatic v.0.38 (Bolger et al., 2014),
specifying the parameters “LEADING: 5 TRAILING: 5 SLIDINGWINDOW: 5:20 MINLEN:
36”. The quality of the clean reads was validated in FastQC and after used for genome
size estimation with Jellyfish v.2.2. and GenomeScope2 (Ranallo-Benavidez et al., 2020)

specifying the k-mer length of 21.

2.3.2 - Genome assembly

The primary genome assembly was constructed using the raw PacBio reads with
NextDenovo (https://github.com/Nextomics/NextDenovo), with default parameters and

specifying an estimated genome size of 2.4Gbp. Polishing of the resulting assembly was
performed, first using PacBio reads, with three iterations of GCpp v 2.0.2 (Pacific
Biosciences 2019), and after using the clean paired-end reads with two iterations of
NextPolish v 1.2.3 (Hu et al., 2019). PacBio read alignments were performed with
pbmm2 v 1.4.0 (Pacific Biosciences 2019) and paired-end read alignments were
performed with Burrows-Wheeler Aligner (BWA) v.0.7.17 (Li, 2013), both with default

parameters.

The general statistic and completeness of the final genome assembly were estimated
with QUAST v5.0.2 (Gurevich et al., 2013), BUSCO v5.2.2 (Manni et al., 2021) and using
the paired-end reads for read-back mapping, with BWA, and k-mer frequency distribution

analysis with the K-mer Analysis Toolkit (Mapleson et al., 2017).

2.3.3 — Masking of repetitive elements, gene models predictions and annotation

To mask repetitive elements, first, a de novo library of repeats was created for final
genome assembly with RepeatModeler v.2.0.133 (Smit and Hubley, 2015a).
Subsequently, the genome was soft masked with RepeatMasker v.4.0.734 (Smit and
Hubley, 2015b) combining the de novo library with the ‘Bivalvia’ libraries from
Dfam_consensus-20170127 and RepBase-20181026.
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Gene prediction was performed on the soft masked genome assembly using BRAKER?2
pipeline v2.1.5 (Brina et al., 2021). First, all the available RNA-seq data from M.
margaritifera from GenBank (Bertucci et al., 2017; V. L. Gonzalez et al., 2015) and
(Gomes-dos-Santos et al., 2022) (the same individual used for the genome assembly)
was retrieved and quality trimmed with Trimmomatic v.0.3839 (parameters described
above). Afterwards, the clean reads were aligned to the masked genome, using Hisat2
v.2.2.0 with the default parameters (Kim et al., 2015). Furthermore, the complete
proteomes of 14 mollusc species and three reference species (Homo sapiens, Ciona
intestinalis, Strongylocentrotus purpuratus), downloaded from public databases (Table
M1.2), were used as additional evidence for gene prediction. The BRAKER?2 pipeline

was then applied, specifying parameters “—etpmode; —softmasking;”. The gene
predictions file (gff3) was renamed, cleaned, and filtered using AGAT v.0.8.0 (Dainat et
al., 2020), correcting overlapping prediction, removing coding sequence regions (CDS)
with <100 amino acid and removing incomplete gene predictions (i.e., without start
and/or stop codons). Finally, proteins were extracted from the genome with AGAT and
functional annotation was performed using InterProScan v.5.44.80 (Quevillon et al.,
2005) and BLASTP searches against the RefSeq database (Pruitt et al., 2007).
Homology searches were performed using DIAMOND v.2.0.11.149 (Buchfink et al.,
2015), specifying the parameters “-k 1, -b 20, -e 1e-5, --sensitive, --outfmt 6”. Finally,

BUSCO scores were estimated for the predicted proteins (Manni et al., 2021).
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Table M1. 2 - List of proteomes used for BRAKER2 gene prediction pipeline.

Phylum Class Order Species GenBank/
Mollusca Bivalves

Ostreida
Crassostrea gigas GCF_90280
Crassostrea virginica GCF_00202

Pectinida
Mizuhopecten yessoensis GCF_00045
Pecten maximus GCF_90265

Veneroida
Dreissena polymorpha GCA_02053
Mercenaria mercenaria GCF_01480

Unionida
Margaritifera margaritifera GCA 01594
Megalonaias nervosa GCA_01661

Gastropod
Biomphalaria glabrata GCF_00045
Pomacea canaliculata GCF_00307
Gigantopelta aegis GCF_01609
Cephalopod
Octopus bimaculoides GCF_00119
Octopus sinensis GCF_00634
Polyplacophora

Acanthopleura granulata GCA_0161€
Chordata Homo sapiens GCF_00000:
Chordata Ciona intestinalis GCF_00022
Echinodermata Strongylocentrotus purpuratus GCF_00000

3 - Results and discussion

3.1. Sequencing results and genome assembly

The raw sequencing outputs resulted in a total of 103 Gbp of raw PacBio and 203 Ghp

of raw paired-end reads. A total of 201 Gbp of paired-end reads were maintained after

trimming and quality filtering. Similarly, to the results of (Gomes-dos-Santos et al., 2021),
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GenomeScope?2 estimated genome size was ~2.36 Gb and heterozygosity levels were
low, i.e., ~0.163 % (Figure M1.2a).
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Figure M1. 2 - (a) GenomeScope2 k-mer (21) distribution displaying the estimation of genome
size (len), homozygosity (aa), heterozygosity (ab), mean coverage of k-mer for heterozygous
bases (kcov), read error rate (err), average rate of read duplications (dup), size of the k-mer used
on the run (k:), and ploidy (p:). (b) Margaritifera margaritifera genome assembly assessment using
KAT comp tool to compare the lllumina paired-end k-mer content within the genome assembly.
Different colors represent the read k-mer frequency in the assembly.

The final genome assembly (hereafter referred to as Genome V2) has a total size of 2.45
Gbp, similar to the genome size reported in the previous genome assembly from
(Gomes-dos-Santos et al., 2021) (hereafter referred to as Genome V1). Regarding the
contiguity, Genome V2 shows a contig N50 of 3.42Mbp (Table M1.3), which represents
a ~202-fold increase in contig N50 and ~11-fold increase in scaffold N50 relative to
Genome V1 (Table M1.3). Additionally, Genome V2 represents the most contiguous
freshwater mussel genome assembly available to date (January 2023) (Renaut et al.,
2018; Rogers et al., 2021; Smith, 2021). In fact, Genome V2 shows a ~1.66-fold increase
in N50 length regarding the other PacBio-based genome assembly, i.e., from P.
streckersoni, (Smith, 2021), which is especially impressive considering that the Genome
V2 is considerably larger (nearly 400Mbp longer), has more repetitive elements (nearly

7% more) and similar heterozygosity (nearly 0.43% less).
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Table M1. 3 - General statistics of the Margaritifera margaritifera genome assemblies (V1 and
V2) and other published freshwater mussel’'s genome assemblies. * Genome V2 is at solely contig
level, i.e., has no scaffolds; # Euk: From a total of 303 genes of Eukaryota library profile; # Met:
From a total of 978 genes of Metazoa library profile; + Euk: From a total of 255 genes of Eukaryota
library profile; + Met: From a total of 954 genes of Metazoa library profile; #,+ C: Complete; S:
Single; D: Duplicated; F: Fragmented.

- Genome V1  Genome V1scaffold Megalonaias nervosa  Potamilus streckersoni
Genome V2 contig contig
Total number of Sequences (>= 1,000 bp) 1,700 265,718 105,185 90,895 2,366
Total number of Sequences (>= 10,000 bp) 1,700 66,019 15,384 54,764 2,162
Total number of Sequences (>= 25,000 bp) 1,202 18,725 11,583 29,042 1,831
Total number of Sequences (>= 50,000 bp) 1,570 4,284 9,265 12,699 1,641
Total length (>= 1,000 bp) 2,453,571,776 2,230,001,992 2,472,078,101 2,361,438,834 1,776,751,942
Total length (>= 10,000 bp) 2,453,571,776 1,523,143,239 2,293,496,118 2,193,448,794 1,775,453,721
Total length (>= 25,000 bp) 2,453,253,878 789,559,702 2,236,013,546 1,768,523,103 1,769,874,087
Total length (>= 50,000 bp) 2,448,812,075 299,796,296 2,152,307,394 1,194,323,847 1,763,052,140
N50 length (bp) 3,425,502 16,899 288,726 50,662 2,051,244
L50 207 34,910 2,393 12,463 245
Largest contig (bp) 23,800,146 209,744 2,510,869 588,638 10,787,299
GC content, % 35.3 35.42 35.42 35.82 33.79
Clean Paired-end (PE) Reads Alignment
Stats
Percentage of Mapped PE (%) 99.69 97.75

Total BUSCOS for the genome assembly
(%)

# Euk database

# Met database

_ C:99.2% [S:97.6%, D:1.6%],

F:0.4%

_ C:96.9% [S:95.5%, D:1.4%],

C: 86.8% [S: 85.8%,

D:1.0%], F: 5.9%

C: 84.9% (S: 83.8%,

C:70.6% [S:70.2%,

D:0.4%], F:14.9%

C:71.5% [S:70.1%,

C:98.1% [S:97.3%,
D:0.8%], F:0.8%
C:95.0% [S:93.6%,

F:2.0% D: 1.1%), F: 4.9% D:1.4%], F:14.5% D:1.4%], F:2.3%
Masking Repetitive Regions and Gene
Prediction

Percentage masked bases (%) 57.32 59.07 25.00 51.03
Number of MRNA 48,314 40,544 49,149 41,065
Protein coding genes (CDS) 48,314 35,119 49,149 41,065
Functional annotated genes 35,649 31,584 - -

Total gene length (bp) 1,134,996,674 902,994,752

Total BUSCOS for the predicted proteins
(%)

C:97.6% [S:83.9%,
D:13.7%]), F:2.0%
C:98.7% [S:84.7%,
D:14.0%], F:0.8%

C:90.6% (S: 81.2%,
D: 9.4%), F: 3.9%
C: 92.6% (S: 82.3%,
D: 10.3%), F: 3.2%

+ Euk database

+ Met database

Genome V2 also shows a considerable increase in the BUSCOs scores, with nearly no
fragmented nor missing hits for both the eukaryotic and metazoan curated lists of near-
universal single-copy orthologous (Table M1.3). Short-read back-mapping percentages
resulted in almost complete read mapping, 99.69% alignment rate (Table M1.3), and
KAT k-mer distribution spectrum revealed that almost all read information was included
in the final assembly (Figure M1.2b). Overall, these general statistics validate the high

completeness, low redundancy, and quality of the Genome V2.

3.2. Repeat masking, gene models prediction and annotation

RepeatModeler/RepeatMasker masked 57.32% of Genome V2 which is 1.75% less than
the values of Genome V1, likely a consequence of the new assembly being able to

resolve repetitive regions more accurately. Furthermore, this value was considerably
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higher than the estimated duplications of GenomeScope, i.e., 36.2%. These differences
have been observed in other assemblies of freshwater mussel genomes (Gomes-dos-
Santos et al., 2020; Renaut et al., 2018; Smith, 2021) and are likely a consequence of
inaccurate estimation of repeat content when applying k-mer frequency spectrum
analysis in highly repetitive genomes, using short reads. Similarly, to Genome V1, most
repeats are unclassified (27.26%, ~668Mgp), followed by DNA elements (17.18%,
~421Mgp), long terminal repeats (5.95%, ~145Mgp), long interspersed nuclear elements
(5.86%, ~143Mgp), and short interspersed nuclear elements (0.75%, ~18Mgp).
BRAKER2 gene prediction identified 48,314 CDS, which represents an increase
compared with Genome V1, but is closer to the predictions of the other two freshwater
mussel assemblies (Table M1.3). This is probably a reflex of the higher contiguity and
completeness of Genome V2, evidenced by high BUSCO scores for protein predictions,
with almost no missing hits for either of the near-universal single-copy orthologous
databases used (Table M1.2). The number of functionally annotated genes was also
higher than those of Genome V1, with 4,065 additional genes annotated (Table M1.3).
Overall, the numbers of both predicted and annotated genes are within the expected
range for bivalves (reviewed in Gomes-dos-Santos et al., 2020), as well as within the

records of other freshwater mussel assemblies (Rogers et al., 2021; Smith, 2021).

4. Conclusion

In this report, a new and highly improved genome assembly for the freshwater pearl
mussel is presented. This genome assembly, produced using PacBio long-read
sequencing, represents the most contiguous freshwater genome assembly available.
Unlike other freshwater mussels’ genomes, the one presented here has not been
scaffolded (i.e., has no gaps of undetermined size), thus representing an ideal framework
to employ chromosome anchoring approaches, such as Hi-C sequencing. Therefore,
future efforts should aim to use this genome to produce the first freshwater mussel’s
chromosome-level anchored genome assembly. This improved genome represents
already a key resource to start exploring the many biological, ecological, and
evolutionary features of this highly threatened group of organisms, for which the

availability of genomic resources still falls far behind other molluscs.
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Chapter 4 — General Discussion

This thesis aimed to advance the biological study of freshwater mussels of the order
Unionida (FMs), with a particular focus on the family Margaritiferidae (margaritiferids). In
particular, this thesis aimed to substantially improve the plethora of genomic resources
currently available for this taxonomic group of endangered molluscs. This was
accomplished using distinct approaches that encompassed several genomics levels with
a myriad of applications, described in the previous chapters. These resources and tools
represent comprehensive frameworks with practical applications in highly relevant and
emerging fields, such as mitogenomics, phylogenomics, population genomics,

conservation genomics and adaptative genomics.

3.1 Phylogenomic applications

Accessing relationships among living (and extinct) organisms is perhaps one of the most
essential prerequisites of most biological studies. Although important in its own right, this
knowledge provides a fundamental framework to infer evolutionary transitions, such as
the emergence of phenotypes, comprehend morphological evolution, infer gene origin
and divergence, reconstruct demographic changes, and detect molecular adaptation
(e.g., Delsuc et al., 2005; Kapli et al., 2020; Telford et al., 2015; Telford and Budd, 2003).
The idea of phylogenetic reconstruction was already conveyed by Charles Darwin in The
Origin of Species (Darwin, 1859). However, up to the 1970s (and the nucleic sequencing
revolution), phylogenetic inferences were mostly based on morphological or
ultrastructural characters, which, despite their merits, still resulted in often controversial
and disputed evolutionary inferences (Delsuc et al., 2005; Kapli et al., 2020; Telford et
al., 2015; Telford and Budd, 2003). The proliferation of DNA sequencing, which provides
an increased number of comparable homologous characters, significatively impacted
phylogenetic studies with a profound impact on our understanding of the ToL (Delsuc et
al., 2005; Field et al., 1988; Fitch and Margoliash, 1967; Halanych, 2004; Telford and
Budd, 2003; Woese and Fox, 1977). Although PCR and Sanger sequencing played an
unarguable important role in this revolution, the limited humber of genes that could be

produced using these approaches (at a time and cost-effective rate) often revealed
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insufficient to obtain firm and statistically supported inferences (Delsuc et al., 2005; Field
et al., 1988; Kapli et al., 2020; Sanderson, 2008; Telford et al., 2015). Consequently,
entering the genomics era, where hundreds of base pairs from thousands of informative
sites can be simultaneously produced, has represented a fundamental shift in the
success and way phylogenetics is approached, coining the term phylogenomics (Delsuc
et al., 2005; Eisen and Fraser, 2003; Kapli et al., 2020; Telford et al., 2015).

The radical increase in resolution provided by phylogenomic approaches, either based
on targeted capturing, mitogenomic, transcriptomic or whole genome-based, has been
fundamental in resolving many long-lasting contentious relationships within many groups
of organisms (e.g., Combosch et al., 2017; Halanych, 2004; Hughes et al., 2018; James
et al., 2020; Kocot et al., 2020; 2016c; Roberts and Kocot, 2021; Uribe et al., 2022).
Despite the unarguable potential of large-scale phylogenomics (transcriptome or whole
genome-based), these resources are almost inexistent for many lineages of the ToL
(Stephan et al., 2022). Moreover, most taxa lack comprehensive taxon sampling, which
is essential for proper phylogenetic reconstruction (Kapli et al., 2020; Telford et al.,
2015). Consequently, mitogenomic and targeted capturing techniques are often favoured
as they allow to increase taxon sampling, reduce sequencing costs and lower the
computational burden (a shortcoming when working with whole-genome datasets).
However, proper data curation and efficient bioinformatic pipelines for processing
genomics outputs are critical in phylogenomic studies. Although a wide coverage of
genomic and taxon is important, accurate data assessment and processing is also
imperative (Buddenhagen et al., 2016; Lemmon and Lemmon, 2013). Accurate and
unbiased phylogenetic reconstruction is a multi-dependent task resulting from an
adequate bioinformatics workflow. This requires a set of decisions regarding evolutionary
modelling, orthology assessment, and matrices reconstruction to properly balance
information from several loci with dissimilar underlying evolutionary histories (Bernt et
al., 2013a; Buddenhagen et al., 2016; Chen et al., 2007; Edwards et al., 2016; Hosner
et al., 2016; Lemmon and Lemmon, 2013; Zhang et al., 2018). Consequently, new
approaches for data filtering, assessment, and selection before phylogenetic
reconstruction are also needed. In the end, phylogenomic studies should find a balance
between having the highest number of phylogenetic informative markers, while ensuring
a wide taxon representation and proper data assessment methods, with the sequencing

cost generally playing an important role in the decision.
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In this thesis we provide a series of novel genomic resources, encompassing several
scales of genomics approaches, including mitogenomics (Papers 3, 4), target capturing
(Paper 4), transcriptomics (Paper 5) and whole genome (Paper 6 and Manuscript 1).
These resources have an enormous potential for phylogenomics reconstruction, not only

for margaritiferids (demonstrated in Papers 3-5) but also for FMs and Mollusca.
3.1.1 Phylogenomics in Mollusca

Phylogenomics approaches relying on hundreds of genes have been fundamental in
retrieving monophyletic molluscan classes (revised in Papers 1, 2). The results of many
recent Mollusca phylogenomic studies are starting to provide a generalized consensus
about long contentious inferred relationships within its main lineages (Kocot et al., 2020,
2011; Smith et al., 2011). However, conclusive results are often hampered not only by a
generalized lack of genomics resources for the phylum but also by the biased nature of
the available resources, which favours the most popular groups of the phylum, that is,
gastropods, bivalves and cephalopods (revised in Paper 1). This is even more difficult
by the fact that, unlike in many other taxa, phylogenetics based on mitogenomes (the
most abundant genomic resource for Mollusca, Paper 1) has constantly failed to infer
deeper evolutionary relationships within Mollusca (revised in Paper 2). Consequently,
novel genomics datasets, especially whole genome and transcriptomes, are
fundamental to providing the taxon representative frameworks to definitively resolve
inferences of deeper relationships within the phylum (revised in Papers 1, 2). In Paper 6
the first whole genome assembly for the freshwater pearl mussel is sequenced and its
potential for deep phylogenomic application is demonstrated by constructing a simplified
Bivalvia phylogeny using a standardized genome single copy orthologue search
approach (Emms and Kelly, 2019). Furthermore, a second improved assembly for the
species is provided in Manuscript 1 and the transcriptomes of five European FMs species
are provided in Paper 5. These resources either solely or combined, have an equally
important potential for phylogenomic studies, as previously demonstrated in Mollusca
(e.g., V. L. Gonzalez et al., 2015; Kocot et al., 2020; Lemer et al., 2019; Uribe et al.,
2022).

3.1.2 Phylogenomics in Freshwater Mussels

When aiming for taxa-specific analysis, where the scarcity of large-scale genomic

resources can be even more accentuated (reviewed in Paper 1) the use of alternative
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phylogenetic approaches, such as mitogenomics or target capturing methods are often
the available options. Mitochondrial genomes (or genes) alone or coupled with a few
selected nuclear genes have been extremely useful in resolving intrafamilial phylogenies
in Mollusca (Paper 1) with particular importance in FMs phylogenetics. Inferring
evolutionary relationships within Unionida is particularly challenging, in part due to their
high morphological plasticity, with molecular phylogenetics playing a revolutionizing role
in phylogenetic studies and systematics for the group (e.g., Araujo et al., 2018;
Combosch et al., 2017; Froufe et al., 2019; X. C. Huang et al., 2019; Lopes-Lima et al.,
2018a; Lopes-Lima et al., 2017a; Whelan et al., 2011; R. W. Wu et al., 2019). Although
revolutionizing, these strategies have not always been sufficient to retrieve
unambiguously coherent phylogenies, especially for studying ancient and suprageneric
relationships, due to the reduced resolution of limited character sampling and/or the
several known caveats of mtDNA (e.g., Combosch et al., 2017; Pfeiffer et al., 2019; Sano
et al., 2022). Consequently, the development of the first target capture approach for FMs,
i.e., the AHE Unioverse probe dataset (Pfeiffer et al., 2019), represented a promising
tool for the phylogenetics and systematics of the group. The utility of this AHE dataset
has been demonstrated at distinct evolutionary scales, including at the family level
(Pfeiffer et al., 2021, 2019; Smith et al., 2020) (Figure D.la). However, at a lower
taxonomic level, the probes have only been tested for one of the six families of the order
Unionida, i.e., family Unionidae (Pfeiffer et al., 2021, 2019; Smith et al., 2020) (Figure
D.1a).
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Figure D. 1 - a) Maximum Likelihood reconstruction from a nucleotide supermatrix of 569 AHE
loci from Bivalvia. Colour blocks highlight the six different Unionida families, as well as the marine
bivalve family Trigoniidae. The clade including all representatives of the family Unionidae is
collapsed for clarity. Node support values are not displayed as they were 100 for both bootstrap
in Maximum Likelihood and posterior probabilities in Bayesian Inferences analyses. Figure
adapted from Pfeiffer et al., 2019; b) Maximum Likelihood reconstruction from concatenated
nucleotide alignment of genes COI [3 codons], 16S, 18S, 28S and H3 [3 codons] from
Paleoheterodonta. Support values above the branches are posterior probabilities and below the
branches are bootstrap supports. Figure adapted from Lopes-Lima et al., 2018a.

Currently, two subfamilies, i.e., Margaritiferinae and Gibbosulinae, and four genera are
recognised for margaritiferids, i.e., Margaritifera (seven species), Pseudunio (three
species), Cumberlandia (one species), and Gibbosula (five species) (Lopes-Lima et al.,
2018a) (Figure D.1b). However, the only AHE-based phylogenomics tree reconstruction

that contains margaritiferids has only included two species, i.e., M. margaritifera and M.
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hembelli (Pfeiffer et al., 2019) (Figure D.l1a). In Paper 4 the first family-level
phylogenomic reconstruction for margaritiferids (encompassing 14 out of the 16
recognized species) is produced using a set of AHE loci. These results are further
complemented with an equally representative mitophylogenomic reconstruction using
several newly sequenced margaritiferids' whole mitogenomes (Papers 3 and 4). The
results of Papers 3 and 4 revealed that although both the AHE and the mitogenome
phylogenies agreed with the recently established family systematics (Araujo et al., 2017,
Huff et al., 2004; Lopes-Lima et al., 2018a), they disagreed concerning the relationships

within some genus-level groups.

Mitochondrial genomes have many intrinsic features that make them reliable for
phylogenetic inferences (revised Paper 2), however, not always reflect the evolutionary
history of the species (Ghiselli et al., 2021; Hurst and Jiggins, 2005; Kern et al., 2020).
The consistent, well-supported but disagreeing results between nuclear and mtDNA
approaches here presented, suggest a divergent evolutionary history of nuclear and
mitochondrial markers. Moreover, given the notably low mitochondrial evolutionary rates
observed within margaritiferids (Bolotov et al., 2016), it is unlikely that the results are a
reflex of nucleotide substitution saturation. Recently, a similar pattern of mito-nuclear
phylogenetic disagreement has been linked to the non-random fixation of mitochondrial
haplotypes as a response to environmental variability in gentoo penguins (e.g., Noll et
al., 2022). Therefore, this pattern might be an indication of a putative mitogenome

selective constraint, thus should be carefully explored in further studies.

On the other hand, mitogenomes of FMs show a myriad of evolutionary novelties that
differentiate them from the generally expected patterns of mitochondrial DNA,
particularly DUI (Paper 2). Interestingly, the M-type phylogeny provided in Paper 3
seems to support the relationships inferred using the AHE dataset, rather than the F-
type mitochondrial phylogeny. Unfortunately, only three M-type mitogenomes have been
provided for margaritiferids so far which hinders a deeper interpretation of the results.
Increasing the number of M-type mitogenomes for the family is fundamental, not only to
provide an additional tool for phylogenomic inference but also to study the many putative
functions of this unique yet mysterious pattern of mitochondrial inheritance (further

explored in section 3.2 below).
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3.1.3 A new pipeline and AHE loci annotation

With the decreasing costs of WGS and given its wide range of applications, it is likely
that in a near future, the sequencing cost match those of target capture approaches
(Hotaling et al., 2021). However, the underlying design of target-capturing approaches,
such as AHE, has already carefully pre-selected several hundred loci with a well-
demonstrated potential for phylogenomics (Lemmon and Lemmon, 2013). Therefore,
new pipelines that can integrate WGS with target-capturing outputs are now emerging,
as they represent timely needed tools (e.g., J. M. Allen et al., 2017; Faircloth, 2016;
Knyshov et al., 2021). In Paper 4 a new assembly pipeline that incorporates WGS
outputs in target capturing phylogenomics is described, and its potential is demonstrated
using the WGS outputs from Paper 6 and the AHE dataset from Paper 4. Although here
only tested for margaritiferids, the pipeline was designed without taxa-specific
parameters and thus can be easily applied to other taxa. Furthermore, the functional
characterization of the target exonic regions of the Unioverse AHE dataset is also
generated in Paper 4. This functional characterization will provide a framework to guide
data processing, test robustness and identify biases within the data, which will further

improve phylogenetic reconstruction, as well as widen the applications of this dataset.

3.2 Mitogenomic of Freshwater Mussels

3.2.1 Doubly Uniparental Inheritance (DUI)

For many metazoan species, sequencing the whole mitogenomes represents the initial
frontier to enter the genomic era. This has been largely leveraged by the high availability
of cost-effective NGS approaches and bioinformatic tools for whole mitogenome
assembly (reviewed in Paper 1). The general goal of many of these mitogenome
sequencing projects is often to provide a new robust tool for phylogenetic inferences
(reviewed in Paper 1). This arises from the fact that most Metazoa mitogenomes are
expected to follow a ‘textbook’ description, both in composition, stability, and inheritance
(reviewed in Papers 1 and 2) (Bernt et al., 2013a; Gissi et al., 2008). However, as new
mitogenomes are being sequenced, more exceptions to this “textbook” description are
being found (Bernt et al., 2013a; Kolesnikov, 2016), with phylum Mollusca representing

a “hotspot” of mitogenomic novelties. The current knowledge of all the novelties,
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applications and challenges of Mollusca mitogenomics is thoroughly reviewed in Paper
2 of this thesis.

Perhaps the most remarkable of all the Molluscan mitogenome characteristics is Doubly
Uniparental Inheritance (DUI) of the mitogenome, a pattern found in over 100 Bivalvia
species, that contradicts the generally assumed strictly maternal inheritance (Gusman et
al., 2016). Since first described, DUI has been the focus of several studies aiming to
understand its origin, how is it differentially segregated and what is, if any, its functional
relevancy (e.g., Breton et al., 2018; Guerra et al., 2019; Gusman et al., 2016; Zouros,
2013) (reviewed in Paper 2). This phenomenon has been reported in different bivalve
lineages, including species from orders Cardiida, Mytilida, Nuculanida, Venerida, and
Unionida (Gusman et al., 2016; Smith et al., 2022). However, only within the latter
sequences of the F-type lineage (observed in all families) and M-type lineage (reported
in ~80 gonochoric species of families Unionidae, Margaritiferidae and Hyriidae) are
reciprocally monophyletic (up to ~50% nucleotide divergence from each other) (Guerra
et al., 2017, 2019; Gusman et al., 2016). This pattern suggests that DUl was present in
the common ancestor of all FMs, therefore the two lineages have evolved separately and
without lineage ‘recombination’ (often observed in other bivalves carrying DUI) (Guerra
et al., 2017, 2019; Gusman et al., 2016; Smith et al., 2022; Stewart et al., 2009). The
well-defined presence of DUl across some groups of FMs, combined with various
independent transitions from gonochoric to hermaphroditic as well as the tight linkage of
these transitions with lineage-specific ORFans (genes with unknown homology or
function), makes the group a great model to study DUI (Breton et al., 2011b; Chase et
al., 2018; Guerra et al., 2017, 2019; Gusman et al., 2016; Stewart et al., 2009).
Furthermore, a series of family-specific conserved mitogenomes features that help to
trace ancestral mitogenome states have been identified within the families of DUI-
bearing FMs, including at least four F-type and three M-type conserved gene orders
(Froufe et al., 2019; Lopes-Lima et al., 2017a) (Figure D.2a); duplicated and elongated
genes (Breton et al., 2009; Chase et al., 2018; Guerra et al., 2017, 2019) (Figure D.2b)
and; conserved intergenic regions (Breton et al., 2009; Chase et al., 2018; Guerra et al.,
2017, 2019).
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a Trigoniidae
?0ORF
COX1 ND3 » COX2 S24Siu N EJ ND2 W R, 125 K, T Y, 168 LigPJCYIB g F ND5 \H A/ Q CM |,V g NDI 2G, NDé ND4 NDAL o ATP8 | Do ATPS o COX3

Hyriidae

[HF 1 R COXIT N COX2 . NDIIL H /A1 S2/ S/ E E}b ND2 M WIRZ 125 2K T Y] 165 gLiN P CYTB g F 2 ND5IIC Q| VL ND1 G, ND& g ND4 |\ NDAL 3 ATP8 ) D L ATP6 L COX3
Margaritiferidae
[MFIRECOX1 N COX2 L ND3 [H AZSa1S: @ ND2 MW RJ 125 K T Y 165 gLUNJE PICYTB gF & ND5 |Q C | 1V L1 NDI 2GJ ND6 2 ND4 \ NDAL 3 ATP8 | D g ATP& L COX3

Unionidae

COX1 COX2y ND3 [H A Sz S E lzab ND2 gM W R, 125 K, T Y 165 gL N PACYIB 2F 2 NDS Q,C 1,V Lz, ND1 G, NDé ND4 o ND4L o ATP8 Do ATPS o COX3
COX1 p COX2,H S, ND2 gMa ND3 |A S E lEbw Ry 125 gK T Yg 165 gL NP [CYIB gF o0 ND5 @, C |V L,'ND1 4G, NDé ND4 o ND4Ly ATP8 \ D ATPS ) COX3

Hyriidae

[HM1IEECOXT S COX2 o ND3 | C4A Sy | 4Si1 EIND2 MW R 125 K T ,Yg 165 L N P CYIB g F ND5 \|H V L4 NDl 2Q,G,; NDé ND4 NDAL ﬂm Do ATP8 o ATP6 o COX3
Margaritiferidae
COX1 9 COX2y ND3 A S: E ND2 M/ W R, 125 K T S,Y, 165 LiyN P CYTB 2 F 0 ND5 \H,Q, C |,V Ly NDI 4G, NDé ND4 o ND4L @ Dy ATPB o ATPS  COX3

Unionidae
[UMIB-COXT S COX2 3 ND3 || A ;S:, 51 E ; IND2 MW/ R, 125 K, T ,Yg 165 L N PICYB g F ND5 \H|Q,C 1,V L  ND1 <G,  NDé ND4 ND4L @]} Dy ATP8 o ATPé o COX3

Figure D. 2 - a) Linear representation of all the currently known mitochondrial gene orders for
FMs and Trigoniidae family; b) Circular representation of the typical F, M and H-type mitogenomes
of margaritiferids. Adapted from Guerra et al., 2019

Among the FMs, margaritiferids possess many peculiarities that made them particularly
important models to study DUI, such as: possessing different sexual strategies, including
strictly gonochoric or hermaphroditic species, or gonochoric species with occasional
hermaphrodism; they also have unique mitogenomic characteristics, including two
copies of the M-orf and two unique mitogenomic gene orders (Figure D.2) (Breton et al.,
2011b; Guerra et al., 2017, 2019). Despite this, before the work presented in this thesis,
only two M-type and six F-type mitogenomes were available for the group. Here, several
new mitogenome assemblies for the family are generated and presented in Papers 3

and 4. Firstly, the whole mitogenomes of male, female, and hermaphroditic specimens
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\of the freshwater pearl mussel M. margaritifera are sequenced (Paper 3). This species
is the only FM with a transatlantic occurrence and has the particularity that North
American individuals seem to be mostly gonochoric (with only a couple records of
hermaphroditic individuals), while Iberian individuals show high abundances of
hermaphrodites (Breton et al.,, 2011b; der Schalie, 1970; Grande, 2001). Iberian
individuals have only been reported to be either female or hermaphrodites, but never
male (Breton et al., 2011b; der Schalie, 1970; Grande, 2001). This interesting pattern
seems unique to Iberian individuals, as in other European populations hermaphroditism
also seems to occur very rarely (Breton et al., 2011b; der Schalie, 1970; Grande, 2001).
Paper 3 shows that similarly to other hermaphroditic species, the M-type lineage is
absent in the European individuals of M. margaritifera. However, unlike the strictly
hermaphroditic congeneric species Margaritifera falcata (Gould, 1850), the F-type
lineage is still unaltered, i.e., it retains the F-orf, rather than the derived H-orf (Paper 3)
(Figure D.2b). Previous studies on other strict hermaphroditic FMs have shown that
although H-orf is derived from F-orf it has a highly divergent nucleotide sequence,
showing repeat motifs insertions (and increased length), suggesting a relaxation of
selective pressures (Breton et al., 2011b; Chase et al., 2018; Stewart et al., 2013). These
results suggest that only after fully transitioning to hermaphroditism, the gender-specific
ORFan starts to diverge, bringing new insights into the putative implication of DUI and
the ORFans in sexual determination (Paper 3). Similarly, the other margaritiferid species
from the Iberian Peninsula, i.e., P. auricularius, seem to share the pattern of occasional
hermaphroditism (Grande, 2001). However, the only available mitogenome (F-type) for
the species is from a French individual and no sexual characterization has been provided
for the sample (Guerra et al., 2019). Furthermore, this pattern is also observed within
other DUI-bearing non-margaritiferid FMs, such as Anodonta anatina. In this species,
different populations have different percentages of individuals with different sexual
strategies, including strictly gonochoric populations, populations with either low or high
numbers of hermaphrodites, or even strictly hermaphroditic populations (Hinzmann et
al., 2013). However, once again, no mitogenome has been sequenced from
hermaphroditic individuals. Consequently, further studies should focus on these

occasional hermaphroditic species to further explore the absence of the H-orf.

On the other hand, the combined results from Papers 3 and 4 provide a series of new F-
type whole mitogenomes for the Margaritiferidae family, i.e., Margaritifera marrianae
Johnson, 1983, Margaritifera hembeli (Conrad, 1838), Margaritifera middendorffi
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(Rosen, 1926), Margaritifera laevis (Haas,1910), Margaritifera falcata (Gould, 1850),
Pseudunio auricularius (Spengler, 1793), Pseudunio homsensis (Lea, 1864), Gibbosula
laosensis (Lea, 1863) and Cumberlandia monodonta (Say, 1829), increasing the
available mitogenomes to 14 out of the 16 currently recognized species of the family.
Furthermore, we provide the first M-type mitogenome for M. margaritifera in Paper 3. All
the new and previously sequenced mitogenomes (n=19) possess the same F-type
unigue gene order, i.e., MF1 (Lopes-Lima et al., 2017a) (Figure D.2a). Although two
species of the genus Gibbosula still lack a complete mitogenome, the three already
available share this gene order, thus supporting the use of this characteristic as a
diagnostic character for the entire family (Lopes-Lima et al., 2017a). The margaritiferid
M-type mitogenome (n=3) also shares a unique gene arrangement, i.e., MM1 (Guerra et
al., 2017; Lopes-Lima et al., 2017a) (Figure D.2a). Apart from the M-type mitogenomes
produced in Paper 3 for M. margaritifera, two more have been produced for C.
monodonta and P. marocanus (Guerra et al., 2017; Lopes-Lima et al., 2017a). Previous
studies have identified M-type lineage in other species of Margaritifera and Pseudunio,
although scattered within each genus and (as mentioned above) strongly correlated with
the species' reproductive strategy (Breton et al., 2011b; Curole and Kocher, 2005;
Guerra et al.,, 2019; Gusman et al.,, 2016; Walker et al., 2006). Conversely, the
occurrence of the M-type lineage within the genus Gibbosula has not been accessed yet.
Apart from the distribution (Lopes-Lima et al., 2018a), little is known about the five
species recognized within the genus. This is the most morphologically distinct lineage
and unarguably the least studied group of margaritiferids, to the extent that until recently
some species were assigned to Unionidae instead of Margaritiferidae (X. C. Huang et
al., 2018; Lopes-Lima et al., 2018a). Furthermore, no host-fish or sexual reproductive
mechanisms have been reported for any species of the genus Gibbosula (Lopes-Lima
et al., 2018a). Consequently, future studies should aim to infer the presence of the M-
type in all Gibbosula species and link it to their sexual strategies, which, given their
conserved and distinct position in all phylogenies of the family, will provide fundamental

insights into the evolution of DUI.
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3.2.2 Application of FMs mitogenomes to study adaption

Whole mitogenomes also represent important tools for studying cellular energetic
adaptation. Metazoans’ mitochondria by ensuring the production of nearly 95% of the
eukaryatic cell energy through oxidative phosphorylation (OXPHOS), play a vital role in
cellular bioenergetics (Breton et al., 2014; Letts et al., 2016). This process is controlled
by five protein complexes dependent on ~93 genes, of which 13 are encoded in the
mitogenome (involved in complexes I, lll, IV, and V) and the remaining encoded in the
nuclear genome (involved in complexes I, Il, lll, 1V, and V) (Letts et al., 2016; Nicholls
and Ferguson, 2002). Given the transverse importance of OXPHOS for cellular
maintenance and survival, the proteins involved in this pathway are under high functional
constraints (R. R. da Fonseca et al.,, 2008). Consequently, changes that affect the
efficiency of the OXPHOS complex provide strong evidence of key mitochondrial
adaptations that promote organism survival in diverse environments (Bennett et al.,
2022; Sebastian et al., 2020). In fact, mutations in OXPHOS genes have been linked
with a plethora of environmental adaptations, such as hypoxia, high altitude, extreme
thermal conditions (cold and warm), dietary availability, realm change (adaptation to
living in land) and toxicity, as well as with conditions of high metabolic demand (e.qg.,
Almeida et al., 2015; Breton et al., 2014; Chapdelaine et al., 2020; Fourdrilis et al., 2018;
Hraoui et al., 2020; Y. Li et al., 2013; Luo et al., 2013; Noll et al., 2022; Pfenninger et al.,
2014; Romero et al., 2016; Sebastian et al., 2020; Toews et al., 2014; Yuan et al., 2020).
Moreover, mitochondrial genomes also play an important role in controlling cell ageing
and senescence (Lauri et al., 2014). Many species of margaritiferids have adapted to
inhabit highly demanding environments, such as M. margaritifera which inhabits
oligotrophic streams, from temperate Atlantic rivers to cold Arctic rivers; P. marocanus
and P. homsensis found in warmer Mediterranean rivers; and, M. falcata that has been
found to inhabit mid-level altitude water streams (~2.500m) (Blevins et al., 2016).
Margaritiferids are also among the longest-lived invertebrate species, with M.
margaritifera living over 200 years (Kaliuzhin et al., 2009) and showing very weak signs
of senescence (referred to as ‘negligible senescence’) (Hassall et al.,, 2017).
Consequently, margaritiferids represent ideal models to study mitochondrial adaptation.
Although the mitogenomes produced in this thesis were only explored for phylogenomics
and patterns of DUI evolution, they also represent fundamental tools to explore their
putative role of the mitochondria in many of the margaritiferids' interesting biological

adaptations.
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Finally, given the intimate association of mitochondrial and nuclear genomes in the
OXPHOS, a coevolution process is expected. Disruption of this interaction may affect
the entire process, with consequences on the organismal fithess. Consequently,
studying the coevolutive interaction may provide several important insights into the
mitochondrial adaptative process (Biot-Pelletier et al., 2022; Blier et al., 2001;
Chapdelaine et al., 2020; Deremiens et al., 2015). The M. margaritifera mitogenomes
produced in Paper 3 and the whole genome assemblies produced in Paper 6 and
Manuscript 1, represent important resources to explore mito-nuclear coevolutionary

patterns and their putative implications on the species' biological singularities.

3.3 From Genomes to Phenotypes

3.3.1 Genomes as the first goal of the genomic era

Perhaps the most critical step towards establishing a non-model organism in the genome
era is generating the full nuclear and mitochondrial DNA sequence assemblies. The
genome encodes the instructions that govern an organism’s appearance, behaviour, and
physiology, thus harbouring all the information to access its evolutionary history, describe
its biological novelties and estimate its adaptive success (Dunn and Ryan, 2015;
Stephan et al., 2022). This highlights the tremendous potential that motivates genome
assembly projects while also highlighting that generating a genome per se is not the
primary motivation for such endeavours. The ultimate goal is to identify and classify
genomic features and link them with phenotypic diversity and the historical processes
that define an organism (Dunn and Ryan, 2015; Oppen and Coleman, 2022; Stephan et
al., 2022). Dunn and Ryan (2015) elegantly described four main goals in studies of
animal evolutionary genomics: 1) reconstruct the genome evolutionary history; 2) identify
the genomic variations underlying historical phenotypic changes; 3) understand the
evolutionary processes that underlie genome changes and; 4) use genome evolution as
a proxy to reconstruct other historical patterns. Despite these well-defined goals, the fact
is that producing a single genome, by itself, is generally insufficient to answer the aimed
biological questions (Richards, 2015; Stephan et al., 2022). First and most importantly,
because inter and intra species comparison is a fundamental approach in biological
studies, thus comprehensive genome sampling within and among species is
fundamental (Dunn and Ryan, 2015; Richards, 2015; Stephan et al., 2022). Secondly,
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although genomes are “the source code of life”, accurately deciphering the code is a
complex task, often depending on alternative approaches, such as transcriptomics,
epigenomics, proteomics, association mapping and genome scans that provide clues
and define functional regions (Campagna and Toews, 2022; Dunn and Ryan, 2015;
Lopez et al., 2019; Stephan et al., 2022). These functional informative approaches are
fundamental to unravel the genomic features underlying the many complex aspects of
organism biology, especially in non-model species, for which comparable data from
closely related species are often limited (Lopez et al., 2019; Stephan et al., 2022).
Genome assemblies are rarely provided alone, most often accompanied by a set of RNA-
seq data (often from the same individual), which helps to verify the completeness of
assemblies, provide structural evidence for accurate gene prediction, and provide tissue-
specific gene expression profiles (Dunn and Ryan, 2015; Lopez et al., 2019). Finally, a
single-individual genome assembly should be cautiously interpreted as the reference
genome of an entire species, as intraspecies (and even intraindividual diversity) won’t
be represented within a single assembly (Dunn and Ryan, 2015). Consequently, the
concept of producing pangenomes, i.e., genomes encompassing all the genomic regions
and variations shared between the individuals of a particular taxon, will likely be a
common output of metazoans genome studies, although still extremely rare today (e.g.,
Calcino et al., 2021; Gerdol et al., 2020).

In the end, although the genome assembly itself is not enough to fully accomplish the
four goals of the studies of animal genomics, is still the most fundamental tool towards
achieving each goal. The genome by sustaining the “code of life” is the framework in
which the characterization of genomic variation will be performed. Therefore, the genome
is the “foundation stone”, ultimately defining the entering of the study of species in the

genomic era.

3.3.2 Molluscs genome assemblies

Considering the importance of producing genome assemblies for the study of non-model
organisms, in Paper 1 of this thesis two sections were dedicated to reviewing the
availability, characteristics and challenges of molluscan genome assemblies. The review
also provided an overview of the whole genome availability for metazoans, showing the
disproportionality of genome sequenced for molluscs. At the time of publication (i.e., data

relative to 2019), only 0.04% (n=33) of the molluscan species had their genome
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sequenced and only three classes were represented, i.e., cephalopods, gastropods, and
bivalves. In the publication, an optimistic trend of increasing genome assemblies for
molluscs was highlighted, which continued in the following years. The number of
molluscan  genomes  available in 2022 (accessed on  09-Nov-2022
https://www.ncbi.nlm.nih.gov/data-hub/genome/), revealed that a total of 119 new

genomes have been generated since Paper 1, now including the first Polyplacophora
genome, from Acanthopleura granulate (Varney et al., 2021), and the first Solenogastres
genome, from Wirenia argentea (ASM2580221v1). Although positive, these values are
a small fraction of the total known molluscan species highlighting the importance of
keeping (and even increasing) this trend through the generation of new assemblies for

unsampled taxa.

Another important factor explored in Paper 1, as well as in other recent publications
(Klein et al., 2019; McCartney, Mallez, et al., 2019; Takeuchi, 2017; Z. Z. Yang et al.,
2020), is the challenging task of molluscan genome assembly projects. In general,
molluscan genomes seem to share (with a degree of variation) three characteristics that
are known to strongly affect the success of genome assembly software, that is, the large
genome size (up to 5.4 Gbp), the high compaosition of repetitive elements (up to ~70%),
and the elevated rate of heterozygosity (up to 3.7%). Initial genome sequencing efforts
relied mainly on short-read approaches. Despite their unarguable merits, short-read
methods have well-known caveats, particularly when used to assemble large and
complex genomes for which they offer little resolution to span long indels or structural
variants (Rhie et al., 2021; Sedlazeck et al., 2018). Therefore, when relying solely on
short-read sequencing, assemblies can show high levels of fragmentation, with a high
rate of missing, truncated, or incorrectly assembled genes. This is evidenced by the
general genome statistics of the short-read-based molluscan genome assemblies
(reviewed in Paper 1). To overcome this shortcoming, molluscan genome assembly
projects started adopting long-read sequencing approaches, such as PacBio or
Nanopore long-reads, which are now the dominating methods in molluscan genome
projects and have significantly improved the quality of these genomes (Paper 1,
McCartney et al., 2019; Takeuchi, 2017; Z. Yang et al., 2020). Besides the generalized
implementation of long-read sequencing approaches, many projects are now taking a
step further and producing chromosome-level genomes using chromatin crosslinking

protocols (Paper 1). In fact, since Paper 1 was released, a total of 36 new chromosome-
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level mollusc assemblies have been produced (accessed on 09 Nov-2022

https://www.ncbi.nlm.nih.gov/data-hub/genome/).

The first mollusc genome assembly was produced 13 years ago, marking the entry of
the phylum in the genome era (Paper 1). Over this period, genome assembly projects
have accompanied an astonishing revolution in the fields of DNA sequencing and
bioinformatics, resulting in continuously improved genome assemblies. Genomes are
works in progress which are continuously improved upon (McCartney et al., 2019). This
is transversal to every ToL and is illustrated by the genome that propelled the genomics
era in the first place, the human genome, which over the last two decades has been
continuously improved over 14 patched releases (announcement of significant
improvements in the genome), culminating in the gapless genome assembly presented
in 2022 (Nurk et al., 2022). In the end, genome projects aimed to produce the most
accurate and representative genome assembly, the success of which depends on many
factors, such as sequencing technologies and bioinformatic tools available at the time.
However, a new genome represents an unarguably powerful tool to study species

biology and is a fundamental tool that will open a completely new way to study them.

3.3.3 Freshwater mussels’ genome assemblies

Whole genome assemblies of FMs species are relatively recent, limited and scattered
resources. To this date, only four FMs species have a whole genome assembly available.
The first FMs genome was presented in 2018, from Venustaconcha ellipsiformis (Renaut
et al., 2018), followed by three genomes presented in 2021, from Megalonaias nervosa
(Rogers et al., 2021), Potamilus streckersoni (Smith, 2021) and the freshwater pearl
mussel genome, M. margaritifera, provided in Paper 6 (further improved in Manuscript
1). Although the latter three suggested an optimistic trend (similar to the trend observed
for molluscs as a whole), the fact is that in 2022 no FMs genome has been made publicly
available (until November). Furthermore, three of these four genomes belong to species
from the same family, i.e., Unionidae. The genomes generated in Paper 6 and
Manuscript 1 represent the first genome assemblies from a distinct FMs family, i.e.,
Margaritiferidae. FMs emerged nearly 300 Mya ago (Bauer, 2001; Graf et al., 2015) and
throughout their ancient evolutionary history split into six highly distinct families (Graf and
Cummings, 2021; Pfeiffer et al., 2019). As highlighted before in this thesis,

comprehensive and well-structured taxa sampling is a fundamental step in comparative
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genomics (Dunn and Ryan, 2015; Richards, 2015; Stephan et al., 2022), thus expanding
genome sequencing to include other families, such as the genomes here presented, is

essential to accurately explore the evolutionary history of the group.

The reduced number of FMs genome available results, in part, from the fact that they
share two of the three main challenges for genome assembly software (discussed in the
subsection above), i.e., FMs have among the largest genomes within Bivalvia (1.8-2.5
Gbp) and, perhaps the most challenging of all, among the highest percentage of
repetitive elements of all Bivalvia genomes (37.81% - 59.07% of the genome) (Papers 1
and 6; Smith, 2021). The combination of these two features has highly impacted the
contiguity of short-read-based assemblies. This is evident in the genome assemblies of
M. margaritifera (Paper 6), M. nervosa (Rogers et al., 2021), and V. ellipsiformis (Renaut
et al., 2018). Although both M. nervosa and V. ellipsiformis also included long-read
sequencing, at low coverage (i.e., a hybrid assembly strategy), fragmentation levels were
still elevated (Renaut et al., 2018; Rogers et al., 2021). Interestingly, the assembly of the
M. margaritifera genome had the highest scaffold contiguity of the three, which is
impressive considering it was assembled solely with short reads and is the largest (2.4
Gbp) and most repetitive (59.07%) of all FMs genomes available (Paper 6). In fact, in
Paper 6 the overall good quality of the genome assembly is demonstrated using several
statistics and through the characterization, for the first time, of the Hox and ParaHox
gene families. However, the genome assembly is still highly fragmented, preventing
more robust analyses, such as the entire characterization of the entire Hox clusters at a
macrosyntenic level (Paper 6), which is disrupted in many molluscan lineages (Z. Yang
et al., 2020). Consequently, and as shown by the genomes of P. streckersoni (Smith,
2021) and the improved M. margaritifera genome (Manuscript 1), future FMs genome
assemblies should necessarily rely on high-coverage long-read approaches. The
improved M. margaritifera genome presented in Manuscript 1 shows a nearly 11 times
contiguity improvement, accompanied by a substantial improvement in completeness
with almost no missing near-universal single-copy orthologous from both eukaryotic and
metazoan curated lists (Manni et al., 2021). The potential of this new assembly has not
been explored yet, however, its significant increase in contiguity will certainly provide a
prime resource in future studies. Furthermore, the genome is also a prime candidate for
chromosome anchoring using recently developed and highly efficient strategies, such as
chromatin crosslinking protocols (Sedlazeck et al., 2018). This would represent a

fundamental step in the genomics of FMs since no chromosome-level genome assembly
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has been generated. A chromatin crosslinking protocol has already been attempted by
Rogers et al., (2021) to anchor the M. nervosa genome. This attempt was unsuccessful
and although the authors could not determine the reasons, they raised the well-known
presence of polysaccharides and polyphenols in molluscs tissues as a possible
explanation. Although only a single attempt was carried out, this may suggest another

challenge in FMs assemblies and should be further explored in future studies.

3.3.4 “Lift the curtain”: Biological Applications of the genome assemblies to study

molluscs and FMs

Mollusc genomes have provided an unprecedented opportunity to study the biology and
evolution of many of the highly complex lineages of the group (Reviewed in Paper 1; Z.
Yang et al.,, 2020). Genome assemblies, combined with other genomics approaches
(especially transcriptomic), are now allowing insights into the molecular mechanism that
govern many of defining features of the group (Reviewed in Paper 1; Z. Yang et al.,
2020), including: the evolution of diverse body plans through changes in number and
expression patterns of Hox genes clusters (e.g., Paper 1; Sun et al., 2019; S. Wang et
al., 2017); the evolution of the eye through the characterization of both photoreceptors
(e.g., r-opsin, Ge-opsin and c-like opsins) and eye development genes (e.g., Pax2/5/8,
Brn3, and Lmx1) (e.g., Li et al., 2017; S. Wang et al., 2017); the evolution and
development of the cephalopod neural system, through novel genes recruitment in
morphogenetic pathways as well as recombination, duplication, and divergence of
coding genes and regulatory regions (e.g., expanded protocadherins and C2H2
superfamily), many previously thought unique of vertebrates (e.g., Albertin et al., 2015;
Yoshida et al., 2015); the evolution of muscle and foot through the identification of the
repertoire of muscle development genes, as well as genes related to energy production
and byssus-related proteins (e.g., Funabara et al., 2013; Li et al., 2017) and; the
evolution of the shell, through the identification of several shell formation and regulatory
genes involved in the biomineralization toolkit, including matrix-framework formation
genes similar to those found in vertebrate bone (collagen-related VWA-containing
proteins), as well as the invertebrate-specific chitin-based matrices (e.g., Du et al., 2017,
Zhang et al., 2012).

202

202



FCUP
Margaritiferidae: from “pearls” to genomes

Furthermore, as more genomes are sequenced and studied, insights into the
mechanisms that “create” genetic novelties are starting to be understood. The
emergence of novel genes is a fundamental step towards evolutionary innovation and
may originate through several mechanisms, that include duplication, horizontal gene
transfer, gene fusion/fission, exon shuffling, and de novo formation (Cai et al., 2008; Ding
et al., 2012). Gene duplication through expansion of lineage-specific gene families has
been identified in several molluscs and linked with many evolutionary adaptations (e.g.,
stress response, innate immune systems, eye evolution, freshwater adaptation, toxin
production), suggesting a key role for this mechanism throughout the evolutionary history
of the phylum (Z. Yang et al., 2020). On the other hand, the increased and diversified
number of genomes is beginning to reveal astonishingly unusual and yet transversal
patterns in mollusc genomes, such as the widespread distribution of hemizygous regions
(significant gene content variation between individuals) (Calcino et al., 2021; Gerdol et
al., 2020; Takeuchi et al., 2022).

Compared with other molluscan groups, the genomics of FMs is still in its infancy. Most
of the genomics studies that sought to link the biological features of FMs with genetic
patterns have been largely based on transcriptomic data. These studies have, among
other things, explored transcriptomic responses to climate changes and stress (Luo et
al., 2014, Patnaik et al., 2016; Roznere et al., 2018; R. Wang et al., 2015), transcriptomic
responses to pollutants (Bertucci et al., 2017; Cornman et al., 2014; Robertson et al.,
2017), provide transcriptomic surveys of immunological responses (D. Huang et al.,
2019; Q. Yang et al., 2021), identified genes linked to sex determination and DUI (Capt
et al., 2018, 2019; Shi et al., 2015), and identified genes linked to shell, nacre and pearl
formation (Chen et al., 2019; X. Wang et al., 2017). Most of these studies provide a
preliminary characterization and/or survey of genetic features, through broad
comparative genetic approaches. The information generated by these studies
demonstrates the potential of transcriptomic tools to explore genetic novelties and
adaptations in FMs. In Paper 5 of this thesis, the gill transcriptomes of five FMs species
were provided, four of which represent the first genomic resource ever sequenced for
the respective species. Although these transcriptomes were not explored, they will serve
as frameworks for future studies to identify genetic novelties and expression patterns in

the targeted species.

Given the very recent history of FMs' genome sequencing, little biological and

evolutionary information has been retrieved from them. Only two publications have
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begun exploring the true potential of the FMs genome assemblies, i.e., in Paper 6, where
the Hox and ParaHox genes were identified and characterized for the first time in FMs,
and in the publication of the M. nervosa genome, which represents the most
comprehensive genome studied of a FMs species (Rogers et al., 2021). The astonishing
significantly relevant information uncovered in this genome study alone (which was
complemented with transcriptomic data) perfectly reflects the underlying leverage
resulting from producing a genome assembly. The authors provided an in-depth
exploration of the contribution of transposable elements (TE), gene family expansion,
and single nucleotide mutations to genetic change, as well as their impact on the
adaptative potential of the species (Rogers et al., 2021). The authors also identified
several gene family expansions (some with increased rates of amino acid changes and
a signature of selection) that they were able to be linked with: detox and stress response,
(e.g. cytochrome P450, ABC transporters, and Hsp70), which may be related with the
species tolerance to toxicity and thermal fluctuations; anticoagulation action (e.g., von
Willebrand factor proteins, Xa-binding genes, and fibrinogen binding proteins), which
likely play a role in the survival of the parasitic larval stage when attached to host fish;
mitochondrial regulation and electron transport chain (e.g., mitochondria-eating genes
and cytochromes), which might play a role in the mitochondrial functioning and DUI; shell
formation (e.qg., chitin and chitin-binding Peritrophin-A genes); and light sensitivity (e.g.,
opsin and rhodopsin). These results show that similarly to most molluscs, gene family
expansions are a key driver of the adaptive evolution of M. nervosa. Furthermore, a
survey of TEs revealed a recent burst of TEs activity, with a significant impact on the M.
nervosa genome size and structure. Transposable elements are important drivers of
gene remodelling by promoting gene capturing, ectopic recombination and retrogene
formation (Oliver and Greene, 2009). The correlation of enhanced TEs activity with the
high rates of the expanded gene families observed in M. nervosa, suggests that TEs
have a fundamental role in the emergence of genetic novelties in the species.
Consequently, given the high content of repetitive elements documented in FMs
(discussed above), TEs might represent a key adaptative “tool” for the group as a whole.
Moreover, given that before genome annotation, the standard approach of genome
projects was to mask highly repetitive sequences (Paper 1), future genome studies
should take this into account, as masking might reduce the likelihood of identifying many
members of TEs. Finally, using two FMs genomes, the authors were also able to
estimate effective population size (Ne) and establishment time of selective sweep on

new mutations, providing insights into the species' tempo of evolution and adaptative

204

204



FCUP
Margaritiferidae: from “pearls” to genomes

potential. Estimating these metrics for highly threatened species/populations is
extremely important to understand their genetic predisposition to cope with the

increasing threats and thus help in conservation and management strategies.

In general, although Rogers et al., (2021) focused on one species, it lifted the curtain of
possibilities that emerge from sequencing a single genome. Several genomic novelties
were linked with well-known history traits of FMs (e.g., host interaction, shell formation),
response to environmental changes (e.g., response to detox and thermal stress), as well
as to adaptative potential (i.e., gene family expansion and TEs proliferation), which

provide a guided framework that should be further explored in other FMs genomes.

Considering the many contrasting biological and ecological features of M. nervosa when
compared with M. margaritifera, the genomes presented in this thesis (Paper 6 and
Manuscript 1) provide a comparative resource to further explore the link of genetic
patterns with biological function (Figure D.3). Unlike M. nervosa, which can parasite a
wide range of fish species (Woody and Holland-Bartels, 2011), M. margaritifera has an
extremely limited host specificity (Lopes-Lima et al., 2018a). Therefore, by exploring the
number and type of expanded anticoagulation action genes in the M. margaritifera
(especially if complemented with transcriptomics data from glochidia), future studies
could further assert their functional role in parasite-host interaction (Figure D.3).
Furthermore, M. margaritifera is an ecosystem specialist and highly sensitive to habitat
disruption (Geist, 2010), while M. nervosa seems to be significantly resistant to
environmental challenges (Rogers et al.,, 2021). This might be resulting from a
completely distinct repertoire of detox and stress response gene families in both species
(Figure D.3). Similarly, the shell formation gene repertoire of pearl-forming FMs with
genomics data available, i.e., M. margaritifera and Cristaria plicata (X. Wang et al.,
2017), can be compared with non-pearl forming species (Figure D.3). The apparent
impact that TEs have on the M. nervosa genome, both in size and structure, should now
be explored in the M. margaritifera genome as well. Given that M. margaritifera is the
largest and most repetitive FMs genome sequenced to date (Paper 1 and Manuscript 1),
a more profound survey of repetitive elements and TEs will provide a deeper
understanding of the role these structural features in the genome evolution of the species

and FMs as a whole (Figure D.3).
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Figure D. 3 - Potencial application of the whole genome assembly of the freshwater pearl mussel
Margaritifera margaritifera.

Finally, given the global decline of FMs, new genomic resources offer a benchmark to
monitor, identify, and classify unities with conservation priority, classify genetic features

with conservation importance, and infer the genetic signature of adaptive potential

(Oppen and Coleman, 2022; Paez et al., 2022) (Figure D.3). Genomic data, by informing

about the health of populations (e.g., size, connectivity, and hybridization), determining

the patterns of genetic erosion and disposition for species to persist in the face of

environmental change, as well as guiding conservation-targeted genetic manipulations,

can significantly increase the success of conservation efforts (Bertorelle et al., 2022;
Hohenlohe et al., 2021; Oppen and Coleman, 2022; Paez et al., 2022) (Figure D.3). At

the genomic scale, even with relatively reduced sampling, as shown by the M. nervosa
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genome project (Rogers et al., 2021), a wide range of extremely valuable information
with conservation relevancy can be acquired. Consequently, increasing the availability
of FMs genomes, especially of the most threatened groups (such as margaritiferids), is
crucial to increase the knowledge of their biology and ultimately promote their

conservation (Figure D.3).

Conclusion

The sequencing revolution of the last two decades has opened the way for the study of
all Tree of Life (ToL) “from genes to genomes”. However, the pace at which the genomic
revolution is reaching each branch of the ToL is not equitable, with many groups being
poorly studied or not studied at all (Stephan et al., 2022). Molluscs, despite being among
the oldest, most diverse and most successfully established organisms, only recently
entered this new era. The results presented in this thesis, particularly in Chapter 2,
provide a thorough review of the progress made by molluscan genomics, summarizing
the many fundamental discoveries that emerged from the still-reduced number of
studies. Moreover, the work here presented emphasizes the many gaps of knowledge
and biased targets of the early stages of molluscan genomics, lifting the curtain of

possibilities that are yet to come.

On a more targeted aim, this thesis focused on the most diverse order of freshwater
bivalves, the freshwater mussels (FMs) (Graf and Cummings, 2007, 2022). Although
FMs are widely dispersed, biologically fascinating and among the most imperil
organisms, the number of genomic resources available is astonishingly limited. This is
particularly evident for margaritiferids, the most threatened group of FMs. The results
provided in this thesis, particularly in Chapter 3, represent a major step in the genomics
of margaritiferids by generating a series of novel resources that encompass a large
spectrum of genomic applications, including several new whole mitogenomes, a set of
target enrichment sequences, a new transcriptome and two whole genome assemblies
of the freshwater pearl mussel Margaritifera margaritifera. These genome assemblies
are the first available for margaritiferid and only the fourth, and fifth, available for FMs.
The applications of these newly generated resources are also slightly explored,

particularly for phylogenomics and evolutionary genomics studies. Finally, a careful
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review of the many putative applications of these resources, as well as the way forward

in the genomics of FMs, is provided in the last chapter of the thesis.

Overall, the numerous genomics resources generated in this thesis represent a key step
towards the study of margaritiferids (and FMs). These results mark the beginning of the
long run towards unravelling the many exceptionally fascinating biological and

evolutionary traits of this inconspicuous group of organisms.
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