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Abstract

Bivalvia represents an ancient taxon including around 25,000 living species that
have adapted to a wide range of environmental conditions, and show a great diversity
in body size, shell shapes, and anatomic structure. Bivalves are characterized by highly
variable genome sizes and extremely high levels of heterozygosity, which obstacle
complete and accurate genome assemblies and hinder further genomic studies.
Moreover, some bivalve species presented a stable evolutionary exception to the strictly
maternal inheritance of mitochondria, namely doubly uniparental inheritance (DUI),
making these species a precious model to study mitochondrial biology. During my PhD,
I focused on a DUI species, the Manila clam Ruditapes philippinarum, and my work

was two-folded.

First, taking advantage of a newly assembled draft genome and a large RNA-seq
dataset from different tissues of both sexes, I investigated 1) the role of gene expression
and alternative splicing in tissue differentiation; 2) the relationship across tissue
specificity, regulatory network connectivity, and sequence evolution; 3) sexual
contrasting genetic markers potentially associated with sexual differentiation. The
detailed information for this part is in Chapter 2. Second, using the same RNA-seq data,
I investigated how nuclear oxidative phosphorylation (OXPHOS) genes coordinate
with two divergent mitochondrial genomes in DUI species (mito-nuclear coordination
and coevolution). To address this question, I compared transcription, polymorphism,
and synonymous codon usage in the mitochondrial and nuclear OXPHOS genes of R.
philippinarum in Chapter 3. To my knowledge, this thesis represents the first study
exploring the role of alternative splicing in tissue differentiation, and the first study
analyzing both transcriptional regulation and sequence evolution to investigate the

coordination of OXPHOS genes in bivalves.



Chapter 1 Introduction

1.1 An usual mitochondrial inheritance system

In most animals, mitochondria follow a strictly maternal inheritance (SMI), from
mothers to progeny. Paternal leakage of mitochondrial DNA is usually rare, and even if
it happens, it is maintained at low level (Gyllensten et al., 1991; Mastrantonio et al.,
2019; Morgan et al., 2013; Nunes et al., 2013). However, in some bivalves,
mitochondria can be inherited from both parents, with a mechanism named doubly
uniparental inheritance (DUI) (Breton et al., 2007; Passamonti & Ghiselli, 2009; Zouros,
2013). In this system, two highly divergent mitochondrial lineages (F-type and M-type,
up to 53% genetic divergence at amino acid level) are present: the F-type is transmitted
through eggs while the M-type is transmitted through sperm. Gametes are homoplasmic
for the respective sex-linked lineage, while the distribution of F- and M-type
mitochondria in adult tissues is variable according to sex, tissue, and species (Ghiselli
et al., 2011, 2019). The embryo, on the other hand, is heteroplasmic during the early
developmental stages, and two different mitochondrial segregation patterns of sperm
mitochondria were observed and were proposed to be linked to the presence of DUI
(Cao et al., 2004; Cogswell et al., 2006; Kenchington et al., 2009; Milani et al., 2012;
Obata & Komaru, 2005). Sperm mitochondria in male embryos present a non-random
segregation and end up into a single blastomere, which is likely the precursor of the
male germline, whereas in female embryos, sperm mitochondria are dispersed and
appear to be depleted eventually. However, such elimination mechanisms in DUI
species may not be that strict, and the situation is probably more complex since M-type
mtDNA was detected in female samples and even eggs in Mytilus galloprovincialis
(Kyriakou et al., 2010; Obata et al., 2006) and Venustaconcha ellipsiformis (Breton et

al., 2017), and the presence of both F- and M-type proteins in stem cells, germ cells,



oogonia, and spermatogonia, in males and females of R. philippinarum (Ghiselli et al.,
2019). This means that also females can be heteroplasmic, even if to a lesser extent
when compared to males. That said, the large sequence divergence between F and M
lineages within the same DUI species can be reached only if the two transmission routes
are kept segregated. For this reason, the homoplasmy of gametes for the sex-specific
mitochondrial lineage (F-type in eggs, M-type in sperm) must be the most common
condition, and any deviation from that can be considered as "leakage" (Ghiselli et al.

2019). A schematic diagram of DUI system is shown in Figure 1.1.

Aside from this particular transmission system, novel sex-specific mitochondrial
ORFs (ORFans) have been discovered in DUI species, and strong evidence suggested
that these ORFans produce proteins (Breton et al., 2009, 2011; Milani et al., 2013, 2016).
Despite that ORFans are among the fastest evolving genes in mitogenomes, ORFans
were conserved across DUI species in the same family, and they do not correspond to
any known homology or function (Breton et al., 2009, 2011; Milani et al., 2013, 2016).
It was hypothesized that these ORFs may arise from endogenization of viral genes, and
may link to the establishment of DUI, maintenance of sperm mitochondria, and sexual
differentiation (Breton et al., 2009, 2011; Milani et al., 2013, 2016). Others argued that
these ORFs may originate from the duplication of the existing gene or from de novo
origin of the unassigned regions (URs), where ORFs are located (Guerra et al., 2017,

Mitchell et al., 2016).
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Figure 1.1 A schematic diagram of DUI system in Malina clam. Two divergent

mitochondrial genomes were marked pink (F-type) and blue (M-type).

DUI has been reported in ~ 100 bivalves distributed in 13 families: Unionidae,
Margaritiferidae, Hyriidae, Mytilidae, Arcticidae, Mactridae, Solenidae, Donacidae,
Semelidae, Veneridae, Nuculanidae, Yoldiidae, Tellinidae (Gusman et al., 2016; Pante
et al., 2017). Undoubtedly, this number will continue to grow as more bivalve species
are studied. To our knowledge, DUI has been only found in bivalves, however, the
origin of DUI remains unclear due to incomplete information about the
presence/absence of DUI species in bivalves. Some suggested that DUI evolved once
in history and was lost in some taxa, while others argued that DUI may have multiple

origins (Maeda et al., 2021; Stewart et al., 2020; Zouros, 2013).

Being a stable evolutionary exception to SMI, DUI species have provided valuable
insights into mitochondrial biology (Ghiselli et al., 2021; Passamonti & Plazzi 2020).
Previous studies suggested a lower number of mitochondria—corresponding to a lower
mtDNA copy number—transmitted through sperm with respect to eggs (Cao et al., 2004;

Ghiselli et al., 2011; Milani et al., 2012). This provides a precious opportunity to



understand the mitochondrial bottleneck such as in a recent study in the Manila clam
(Iannello et al., 2021). Additionally, such a high degree of heteroplasmy also represents
an intriguing resource for investigating mito-nuclear coevolution. In DUI species, two
divergent mitochondrial genomes need to cooperate with the same nuclear background,
which could be challenging for the nuclear compensatory theory (See section 1.2). An
unconventional link between DUI and sex have been hypothesized (Breton et al., 2011),
although it is not clear if such linkage is causal or coincidental. Considering these
unique features, DUI species represent a natural model to understand mitochondrial

dynamics, inheritance and evolution.

1.2 Mito-nuclear coordination and coevolution

In most eukaryotes, the primary function of mitochondria is energy production
through coupling respiration to ATP generation, a process termed oxidative
phosphorylation (OXPHOS). This process involves the cooperation of five complex
subunits (Complex I-V), which are encoded by both mitochondrial genes and nuclear
genes except complex II (encoded only by nuclear genes). Therefore, to maintain the
function of OXPHOS, mitochondrial and nuclear coordination is necessary to ensure
the correct and efficient synthesis and assembly of the OXPHOS complexes (Hill, 2020;

Isaac et al., 2018; Wolff et al., 2014).

Mito-nuclear co-regulation was found at multiple levels in many lineages, from
the coordination of distinct gene expression to the protein transport and assembly (Isaac
et al., 2018). In some model organisms, the expression of OXPHOS genes is
sequentially co-regulated by numerous programs through mito-nuclear signaling
pathways (Isaac et al., 2018; Quirds et al., 2016). At the transcription level, it was

observed that nuclear OXPHOS (nuOXPHOS) genes usually cluster together,



indicating a shared transcriptional control mechanism (Barshad et al., 2018;
Shyamsundar et al., 2005; van Waveren & Moraes, 2008). Additionally, OXPHOS
genes in the same complex tend to show a tighter co-transcription signal than genes
from different complexes, indicating a fine-tuning mechanism in each complex beside
the shared control mechanism among all the nuOXPHOS genes (van Waveren &
Moraes 2008). Recently, a study in human cells showed that the abundance of
mitochondrial OXPHOS (mtOXPHOS) and nuOXPHOS RNA corresponds modestly
across complexes, while this correspondence was strengthened by translational
programs (Soto et al., 2021). In yeast, a remarkable role of translational regulation
between mt and nuOXPHOS genes was also observed (Couvillion et al., 2016). By
contrast, it was suggested that unassembled oversynthesized OXPHOS proteins can be
quickly degraded by protein quality control pathways (Bogenhagen et al., 2020; Song
et al., 2021), and that nuOXPHOS subunits in each complex are not in stoichiometric
balance (Taggart & Li 2018). This questions the necessity for coordination between
cytosolic and mitochondrial protein synthesis. Thus, how mito-nuclear OXPHOS
subunit synthesis balance is maintained and fine-tuned is still an open question that

requires further studies.

On the other hand, mt and nuOXPHOS subunits from different cellular
compartments are experiencing different evolutionary dynamics, while intricate
physical interactions between mitochondrial and nuclear subunits provide another
perspective of how these subunits coevolve to enable aerobic respiration and energy
production, namely mito-nuclear coevolution (Wolff et al., 2014). Mito-nuclear
coevolution posits that sequence evolution in one genome causes selection in the other
genome for the complementary changes. Three types of mito-nuclear coevolution were

proposed: protein-protein interactions within OXPHOS complexes; interactions



between nuclear protein and mitochondrial rRNA/tRNA; interactions between nuclear
encoded mtDNA replication/transcription factors and their binding target—mtDNA
(Bar-Yaacov et al., 2012). Different mito-nuclear coevolving hypotheses have been
proposed to explain the observation that nuclear proteins presented a significantly
higher evolutionary rate (estimated by the ratio of non-synonymous to synonymous
substitutions rate, dN/dS) compared to the mitochondrial OXPHOS subunits in spite of
the high mutation rate in mtDNA (Havird et al., 2015, 2017; Havird & Sloan, 2016;
Nabholz et al., 2013; Popadin et al., 2013). Some suggested that highly transcribed
mtOXPHOS genes are under strong evolutionary constraints because deleterious effects
derived from protein misfolding in highly expressed genes would be more pronounced
irrespective of biological functions (Nabholz et al., 2013; Zhang & Yang, 2015).
Nevertheless, this hypothesis is challenged by the fact that transcript abundance is not
necessarily correlated with the quantity of the protein products. Alternatively, some
studies proposed that the nuOXPHOS genes often encoded “peripheral” subunits and
might be less functionally important, therefore are subjected to relaxed selective
constraints (Popadin et al., 2013; Zhang & Broughton, 2013). However, in some taxa,
the elevated sequence evolutionary rate in nuOXPHOS was proposed as a result of
positive selection instead of the peripheral role (Havird et al., 2015, 2017; Sloan et al.,
2014). Moreover, structure remodeling suggested that the overrepresentation of
nuOXPHOS substitutes tend to occur at the positions interacting with mtOXPHOS
(Havird et al., 2015). These results are in line with the “nuclear compensation
hypothesis”, which states that nuOXPHOS subunits undergo positive selection
compensating for the mildly deleterious mutations accumulated in mitochondrial
genomes. However, clear nuclear compensation signal is not detected in bivalves, and

mtOXPHOS subunits presented similar dN/dS compared to nuOXPHOS subunits



(Piccinini et al., 2021). In particular, this hypothesis could be problematic in DUI
species because the same set of nuclear OXPHOS subunits need to interact with two
divergent sets of mitochondrial subunits to ensure proper OXPHOS function. If a
mutation occurs in one of the two different types of mt genomes, the compensatory
mutation in nuOXPHOS gene may disrupt the OXPHOS complex assembly with the
other type of mitochondrial subunits. Although several possible solutions for this
challenge were proposed (such as in the presence of sex-specific expressed nuOXPHOS
paralogs that interact with both type of mtOXPHOS subunits), none of these solutions

showed the clues of nuclear compensation (Maeda et al., 2021; Piccinini et al., 2021).

1.3 Regulatory co-expression network

Thanks to the rapid development of new sequencing technologies, it has become
possible to investigate large scale transcriptomic data to address specific biological
questions. The co-expression network analysis has become a popular tool in recent
years due to its capacity to integrate large transcriptional datasets across multiple
conditions (Harrison et al., 2021; Rago et al., 2020; Saha et al., 2017; Serin et al., 2016;
Shahan et al., 2018). Co-expression network represents an ensemble of genes (nodes)
and interactions by links (edges) between pairwise genes. Generally, co-expression
network construction would firstly calculate expression similarity or relatedness score
(correlation coefficient) between possible pairwise genes, and genes above some
threshold would be kept for the network construction. Optionally, modules of highly
connected genes can be extracted and associated with phenotypic traits. As a general
rule, genes presenting similar functions or involved in the same regulatory pathways
tend to form a cluster or module (Shyamsundar et al., 2005; Stuart et al., 2003), which

was also evidenced by many cases across a wide range of animals (Harrison et al., 2021;



Rago et al., 2020; Saha et al., 2017; Serin et al., 2016; Shahan et al., 2018). From this
perspective, co-expression networks are powerful in finding novel genes that may be
involved in the biological processes of interest, and in suggesting the possible biological
functions a gene may have. In the network topology, indexes such as connectivity
(number of links in the networks), node degree (number of connected nodes),
betweenness of the nodes (sum of shortest paths connecting to all the other genes in the
network) are commonly used to infer the node ranking (Pavlopoulos et al., 2011). Nodes
with higher connectivity, node degree, or betweenness are usually defined as main “hub”
genes, which are likely to have essential roles in the network. However, the links (edges)
in the correlation-based co-expression network are undirected and no causality can be
inferred from the connected genes. Therefore, one commonly used approach to find the
regulatory relationships in the network is to focus on the “hub” genes with known gene-
gene interactions or binding capacity to the cis-regulatory elements (usually
transcription factors) (Serin et al., 2016). While for the general function of genes in the
module, enrichment analysis for genes in the same cluster or module is widely used; in
particular, it can help to elucidate the potential regulatory genes or biological processes

associated with the external phenotypic traits.

Recently, co-expression networks have been widely used to cope with the
transcriptional changes across time series or across tissue/cell types, in order to provide
insights into biological processes in response to development or environmental
simulations (Harrison et al., 2015b; Rago et al., 2020; Saha et al., 2017; Shahan et al.,
2018; Song et al., 2021). In bivalves, for example, weighted gene co-expression
network (WGCNA) has been used to investigate the cellular process involved in
euryhaline adaptation (Zhao et al., 2016), and the role of tissue-specific genes related

to inhibitors of apoptosis in innate immune response (Song et al., 2021). In addition to



the comparative sequence information, constructing co-expression network is also a
promising approach to understand the relationship between gene regulatory function
and evolution (Barua & Mikheyev, 2021; Casasa et al., 2021; Mack et al., 2019; Masalia
et al., 2017; Serin et al., 2016; Warner et al., 2019). For example, comparative co-
expression analysis in snakes revealed that oral venom systems originated from an
ancient and conserved gene regulatory network across amniotes (Barua & Mikheyev
2021). With the advent of the large amount of available sequencing data every year, I
anticipate that regulatory co-expression networks would advance our understanding of
molecular mechanisms underlying important biological processes, provide insights into
the link between genotype and phenotype under gene regulation, and offer a new
perspective into evolutionary studies regarding conservation and divergence of

regulation genes.

1.4 The role of gene expression and alternative splicing in

development and evolution

Regulation of gene activities is essential to the development of multicellular
organisms and it makes different cell-types unique in structure and function despite
sharing the same genome. Cis- and trans-regulation, as well as alternative splicing are
main forms of heritable regulation that can increase proteomic diversity, tissue
specificity and potentially phenotypic diversity. Gene expression in multicellular
organisms is a tightly regulated process that allows cells to switch on or off the
expression of a subset of genes to mediate organ differentiation during development
through cell-cell communication. High-throughput sequencing has advanced our
understanding between gene expression dynamics and developmental functions (Assou

et al., 2011; Peter, 2017; Zeitlinger & Stark, 2010). Alternative splicing can regulate

10



gene expression through nonsense-mediated decay, an mRNA surveillance pathway to
eliminate mRNA transcripts containing premature stop codons. Moreover, it can alter
proteome diversity by removing part of coding regions that contain interaction or
localization domains (Garcia-Moreno & Romao, 2020; Lee & Rio, 2015; Nilsen &
Graveley, 2010). Several types of alternative splicing have been discovered, including
exon skipping, alternative 5°/3 sites, intron retention, etc. (Figure 1.2). Now it is well
established that alternative splicing contributes to cell differentiation, tissue specificity,
organ development, and response to external simulations across a wide range of taxa
(Baralle & Giudice, 2017; Bush et al., 2017; Ergun et al., 2013; Li et al., 2016; Rotival

etal., 2019; Tian et al., 2020).
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Figure 1.2 The commonly discovered modes of alternative splicing. The structure
on the left of the arrows represents the pre-mRNA, and the structure on the right
of the arrows represents the mature mRNA after alternative splicing process. Exon
skipping: alternative splicing completely skips an exon; Mutually exclusive exons:
alternative splicing removes one of two exons, but not both; Alternative donor or
acceptor sites: alternative splicing starts from a different 5* and 3’ splice junction
sites; Intron retention: alternative splicing includes an intron mRNA; Alternate
promoters: different promoters are used for different transcripts; Alternative
polyadenylation sites: recognition of polyadenylation sites at 3’ end caused

different spliced transcripts (Kim et al., 2018).

On the other hand, changes in gene expression and splicing patterns contribute to
adaptive evolution in many complex traits (Bush et al., 2017; Carroll, 2008; Lee & Rio,
2015; Romero et al., 2012). Comparative genomic studies among multiple organs from
different mammals revealed multiple conserved organ-specific co-expression modules
across taxa, and also many organ- and lineage-specific gene expression modules,
consistent with the role of gene expression in phenotypic differences in mammals
(Brawand et al., 2011). A further study suggested that the gene expression patterns
across organs from different mammals corresponds to the developmental stages, and
that gene expression breadth and purifying selection decrease, while the amount of
positive selection and the expression of new genes increase during development
(Cardoso-Moreira et al., 2019). In Drosophila, pervasive adaptive evolution of gene
expression was observed, particular for genes involved in regulation, sensory
perception, sexual behavior and morphology, and sex-specific adaption of gene
expression was predominant in males (Nourmohammad et al., 2017). Additionally,
extensive sex-biased gene expression due to sexual selection was thought to be the main
drive of sexual dimorphism (Harrison et al., 2015a). Marked differences in the

occurrence of alternative splicing across lineages have been observed, and the
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proportion of alternative splicing genes is consistent with the evolutionary
diversification of cell types (Bush et al., 2017; Chen et al., 2014; Lee & Rio, 2015). For
example, the current Ensembl annotation (not including RNA-seq information)
revealed that the percentage of genes under alternative splicing differs a lot across
species: 25% in nematodes, 45% in fruit fly, 63% in mice and 88% in humans (Lee &
Rio, 2015). Unlike the evolution of gene expression, alternative splicing patterns are
more strongly resemble to the identity of species instead of organ, indicating that
alternative splicing diverges faster than gene expression. It was also indicated that
alternative splicing events can also occur in highly specific cell types and

developmental stages, which could probably facilitate rapid adaptation (Barbosa-

Morais et al., 2012; Reyes et al., 2013). In addition, several studies suggested that
gene expression and alternative splicing play complementary roles (acting on different
subset of genes) or redundant roles (acting on the same subset of genes) contributing to
the local adaptation and rapid phenotypic evolution (Healy & Schulte, 2019; Jacobs &

Elmer, 2021; Singh et al., 2017).
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Chapter 2 Long-read-based genome assembly
and multi-tissue RNA-Seq analysis reveal
complex gene regulation and molecular evolution
in the Manila clam

Abstract

Bivalves are characterized by highly variable genome sizes and extremely high
levels of heterozygosity, which obstacle the complete and accurate genome assemblies.
In this work, we present the first long-read-based de novo genome assembly of a wild
male Manila clam (Ruditapes philippinarum) from North America. Relying on both
short and long reads data we found that the estimated heterozygosity (3.7% to 4%) in
R. philippinarum is, to our knowledge, the highest observed so far in the entire Mollusca
phylum. Additionally, taking advantage of large RNA-seq dataset from different tissues
of both sexes, we were able to investigate: 1) the role of gene expression and alternative
splicing across tissues; 2) the relationship across tissue specificity, regulatory network
connectivity, and sequence evolution; 3) sexual contrasting genetic markers potentially
associated with sexual differentiation and/or sex-specific functions. We found that gene
expression and alternative splicing follow similar patterns across tissues, with
alternative splicing playing a central role in gonad distinctiveness. To our knowledge,
this is the first study exploring the role of differential splicing in bivalves. We
constructed a tissue specific co-expression network and we found that gonads present a
higher number of co-expression modules, indicating high complexity in gene regulation
in such tissue. Differentially expressed and spliced genes are largely overlapping in
pairwise comparisons between tissues and between sexes, and these genes were in the
central position of co-expression networks, presenting high tissue specificity and

evolutionary rate in sex-related modules, consistent with relaxed functional constraints.
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Tissue specificity and the rate of sequence evolution followed similar trends across
different modules. Despite that, genes in gonad-associated modules presented relatively
high tissue specificity compared to the genes in somatic-associated modules. A male
gonad-associated module showed extremely low tissue specificity and sequence
evolution, but high intermodular connectivity, indicating the possible role of functional
pleiotropy in this subset of genes. Intriguingly, we found that sexual contrasting SNPs
are located in the genes overrepresented in mitochondrial related functions, further
supporting the potential association between mitochondria and sexual differentiation in

bivalves.

Keywords: Ruditapes philippinarum,; genome assembly; PacBio long reads; co-

expression; tissue specificity; gene evolution; alternative splicing.

2.1 Introduction

The Mollusca phylum contains over 93 000 described species, making it the
second most species-rich phylum and representing an incredible wealth of diverse life
histories, adaptation, and phenotypic plasticity. These attributes have led to numerous
species becoming important biological models for monitoring pollution, adaptation to
climate change, and the development of biomedical tools (Ahmad et al., 2018; Harris
etal., 2020; Krishnakumar et al., 2018). Many molluscan species, namely bivalves, also
provide an essential source of protein through aquaculture and fishing, leading to the
development of an important aquaculture industry of global economic importance
(Figueras et al., 2019; Haszprunar & Wanninger, 2012; Mun et al., 2017). Unfortunately,
the genomic resources available for mollusc species (comprising around 7% of animal
species) remain very scarce in comparison to other metazoan lineages, counting only

67 partial or complete genome assemblies as of 2021. By contrast, chordates, for
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example, comprising just 3.9% of animal species, enriched for more than 50% (1770)

available genome assemblies (Hotaling et al., 2021).

The main aspects of bivalve genomes that have hindered the advancement of
complete and accurate genome assemblies are their highly variable (and often large)
genome sizes and the extremely high levels of heterozygosity observed in these species.
This is particularly true in species such as the Manila clam, R. philippinarum, whose
history of introduction and invasion on a global scale have likely been facilitated by
high levels of genetic polymorphism. Two genome assemblies for the Manila clam were
recently published from Korean and Chinese laboratories, highlighting genes associated
with shell color, the expansion of immune- and stress-related gene families, and
providing a basis for future advanced studies in selective breeding and disease
resistance applicable to aquaculture (Mun et al., 2017; Yan et al., 2019). While these
genome assemblies offer novel resources for a wide range of genetic studies, the Asian
populations from which the sequenced specimens were sampled are also the most
historically and genetically distant to European and North American populations.
Recently, a study using mitochondrial DNA and microsatellite markers assessed genetic
differentiation between European, North American, Japanese, and Chinese populations
of Manila clam, tracing the genetic heritage of European populations to the 1970s and

80’s introductions using North American stock (Cordero et al., 2017).

Another trait of particular interest in this species is the presence of the doubly
uniparental inheritance (DUI) of mitochondrial (mt) DNA. DUI has been so far reported
exclusively in bivalve molluscs (> 100 species to date), and it is the process through
which two distinct lineages of mitochondrial DNA are transferred to offspring: one
lineage (F-type) which is transmitted through eggs, and the other (M-type) transmitted

through sperm. Numerous authors have sought to elucidate the exact mechanisms of
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DUI and speculated on the reasons for maintaining divergent mtDNA lineages in
bivalve species, generally converging on the hypothesis that it may be implicated in the
evolution of sex, act as a sex-determining factor, and be involved in sexual
differentiation (Breton et al., 2018; Capt et al., 2018). Moreover, the Manila clam does
not show heteromorphic sex chromosomes, sexual dimorphism, mating behavior, and
presents a low number of sex-biased genes in this species (Ghiselli et al., 2018).
However, the forces and constraints governing the evolution of sex-biased genes remain
largely unknown in bivalves. Unusually rapid sequence evolution of sex-biased genes
was observed across the animal world (Dean & Mank, 2016; Ellegren & Parsch, 2007;
Grath & Parsch, 2016; Harrison et al., 2015; Lipinska et al., 2015; Mank et al., 2008;
Papa et al., 2017; Whittle & Extavour, 2019; Whittle & Johannesson, 2013; Yang et al.,
2016, but see Ghiselli et al. 2018). Additionally, several studies revealed that a large
proportion of genes were under sex-specific splicing, indicating a possible role of
differential splicing in sex-specific development and physiology (Griffin et al., 2013;
Rogers et al., 2021; Telonis-Scott et al., 2009). In the species with sexual dimorphism,
it was suggested that sexual selection may drive such sex-biased pattern of gene
expression and splicing, while gene expression breadth, protein-protein interaction,
codon usage and pleiotropy may also contribute to the sex biases (Grath & Parsch, 2016;
Harrison et al., 2015; Mank et al., 2007, 2008; Rogers et al., 2021; Whittle & Extavour,
2019; Yang et al., 2016). However, if and how these factors influence the species

without sexual dimorphism is largely unexplored.

In this work, we present the first long-read-based de novo genome assembly and
annotation for a wild, male, North - East American Manila clam sample, and we
compared it to the previously published chromosome-level assembly of a Chinese strain

sequenced by Yan et al., (2019). Taking advantage of the large RNA-seq dataset in this
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study, we analyzed gene expression and alternative splicing patterns across tissues and
between sexes. We also built a tissue-associated co-expression network, and we
investigated the relationship among tissue specificity, network connectivity, and
sequence evolution in the tissue-associated modules. We also performed a comparative
SNP analysis using transcriptomic data from male and female clams. The main
objectives of this study are 1) to provide a reference genome for North American and
Adriatic clam populations, 2) to investigate the role of differential gene expression and
differential splicing across tissues, 3) to shed light on the evolution of tissue-specific
genes (especially gonad-associated), and 4) to highlight genetic markers potentially

associated with sex differentiation.

2.2 Materials & methods

2.2.1 Sample collection and library preparation

2.2.1.1 Genome

Genomic DNA (gDNA) was extracted from a single male individual from the
Puget Sound region (Pacific Northwest, USA) using only mantle tissue. The individual
was opened, sexed, frozen in liquid nitrogen, and stored at -80°C. Multiple DNA
extractions were performed to obtain the amount of material required for both PacBio
and I[llumina libraries. The genomic DNA was quantified and its quality was assessed
using agarose gel electrophoresis, Nanodrop, and Bioanalyzer; before proceeding, the
DNA had to meet the stringent PacBio requirements (i.e.: gDNA size >45 Kb, dsDNA,
0OD260/0D280 ratio of 1.8 to 2.0, OD260/0D230 ratio of ~2.0, does not contain
insoluble material, does not contain RNA contamination, does not contain carryover

contamination from the original organism/tissue such as polyphenols and
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polysaccharides). The PacBio library was prepared using a SMRTbell template
preparation kit, and a 10-50Kb size selection was performed using a BluePippin System.
Two types of [llumina libraries were prepared: a “small insert” library (insert size ~500
bp), and a “long insert” library (insert size ~1,500 bp). To minimize batch effects and
library preparation biases, we prepared multiple replicates for each library: 9 replicates
for the small insert library, and 10 replicates for the large insert library. Replicates were

indexed and pooled, and each pool was sequenced in one separated lane.
2.2.1.2 Transcriptome

R. philippinarum specimens used for RNA-Seq were collected from the Northern
Adriatic Sea, in the river Po delta region (Sacca di Goro, approximate GPS coordinates:
44°50'06""N, 12°17'55"E) during the spawning season (end of July). The collected
individuals were kept in the lab for 48 hours in aerated beakers containing artificial
seawater—filtered reverse osmosis water with Red Sea Coral Pro aquariology sea salt
(Red Sea Europe, Verneuilsur-Avre, France)—that was changed every 12 hours. Then,
clams were opened, sexed by microscope inspection of gonadal tissue, flash-frozen in
liquid nitrogen, and stored at —80°C until RNA extraction. Total RNA was extracted
with TRIzol, poly-A transcripts were isolated with magnetic beads and used as template
for cDNA synthesis following the protocol as in Mortazavi et al. (2008) with
modifications as in Ghiselli et al. (2012). The selected insert size was approximately
500 bp. In total, after quality check, 90 samples were obtained from three different

tissues (adductor muscle, mantle, and gonad) of 15 males and 15 females.
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2.2.2 Genome sequencing and assembly

2.2.2.1 Genome sequencing

The short read libraries were sequenced on an Illumina HiSeq 2500 platform with
2x250 bp reads at the USC Genome Core facility, University of Southern California.
The long read libraries were sequenced on a PacBio RSII using a P6-C4 chemistry at

the Genomics High-Throughput Facility, University of California, Irvine.
2.2.2.2 Short read trimming and kmer-based genome survey

All Pair-end (PE) libraries were pre-processed with Trimmomatic v0.39 (Bolger
et al., 2014) with parameters LEADING:3; TRAILING:3; SLINDINGWINDOW:4:15;
MINLEN:36. Quality of filtered reads was checked with FastQC v0.11.8 and

summarized with multiqe v1.9.

Genome size, heterozygosity and duplication level were estimated using all
filtered short reads and K-Mer Counter v-3.1.1 (KMC; Kokot et al., 2017; parameters:
kmer size = 24 - 27 - 30, maximal value of a counter = 5E-9). The resulting kmer
histogram was uploaded to the online implementation of Genomescope 2 (Vurture et
al., 2017). Additionally, kmercountexact.sh from the BBMap package (Bushnell, 2014)
was used as a second tool for kmer-based genome size estimation (with a kmer size of

24,27, and 30).
2.2.2.3 Assembly pipeline

One of the biggest challenges to obtain high-quality assemblies of bivalve
genomes is the high heterozygosity (Sun et al., 2021). The estimated heterozygosity of
R. philippinarum obtained from this data is, to our knowledge, the highest observed so

far in the entire Mollusca phylum (see Results). To overcome this issue and produce an
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assembly as haploid as possible, we have based our assembly pipeline on up-to-date
software which have been proven to be cost-efficient and to perform well when dealing
with high heterozygous and non-model organisms (Guiglielmoni et al., 2020). First, a
raw assembly was obtained using all PacBio reads with wtdbg2 (Ruan & Li, 2020)
using the following parameters: -p 18 -S' 2 -g 1.37 -t 0, as suggested by the developers
in case of high error rate long sequences. Then, three consecutive rounds of haplotig
removal and polishing were performed. In brief, first purge dups (Guan et al., 2020)
was used to identify duplicated contigs mapping back PacBio reads to the assembly and
performing a whole genome self-alignment using Minimap2 (Li, 2018). Coverage
cutoffs were automatically calculated, while the minimum fraction of
haploid/bad/repetitive bases in a sequence (-f parameter) and the minimum alignment
score (-a parameter) were decreased from respectively the default values of 0.8 to 0.7
and from 70 to 60 to increase its sensitivity. After that, both long reads and trimmed
short reads were re-mapped against the reduced assembly and the resulting bam files
used for polishing with Hypo (Kundu et al., 2019; genome size = 1.37; approximate
mean short reads coverage = 50). These steps were performed for three consecutive
times, using BUSCO v.4 (Seppey et al., 2019) and the Metazoa odb10 core gene set as
quality check. Finally, redundans (Pryszcz & Gabaldon, 2016) (default parameters),
BUSCO (Seppey et al., 2019), and KAT (Mapleson et al., 2016) were used to assess the
quality of the final assembly. This recursive pipeline was chosen because we have
noticed that wtdbg2 produced a high contiguous and collapsed raw assembly, even if
still larger than expected genome size, but with a high level of errors (See Results). This
also influences the ability of purge dups to identify duplicated contigs. Thus, the
polishing runs prior to getting an almost haploid assembly were necessary to correct

assembly errors and allow a correct identification and purging of haplotypes. We found
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this as being the best solution for our starting raw data and goals, reaching an almost
haploid genome assembly with good completeness and contig N50, and a genome size

close to the estimated value (see Results).
2.2.2.4 Contaminant Filtering

To assess the presence of contaminants in the final assembly, we used Blobtools v.
2 (Laetsch & Blaxter, 2017). Each contig was blasted against the NCBI nt database with
a stringent e-value of 1E-25 and annotated using the bestsum taxrule at the Phylum and
species level. Only contigs annotated as Ascomycota, Bacteroidetes, Priapulida, and
Zoopagomycota were systematically removed from the genome. Reads coverage and
mapping statistics were calculated aligning both filtered short reads and long reads to
the final version of the assembly with Minimap2 (Li, 2018). Mosdepth (Pedersen &
Quinlan, 2018) was used to calculate per-base and median genome coverage excluding

secondary alignments, optical duplicates, and low-quality reads (samtools flag -F 1796).
2.2.3 Whole genome alignment and structural variant detection

Our assembly was aligned to the short-read-only, chromosome-level R.
philippinarum genome assembly by Yan et al. (2019) using the MUMmer V. 4 package
(Margais et al., 2018). We performed a first whole genome alignment (WGA) using the
nucmer function with default parameters and summarizing results with the dnadiff
function. A second WGA was performed with the aim to identify structural variations
(SVs) between the two assemblies. For this analysis, we have adopted more stringent
parameters to increase the specificity of the alignment (-1 100 -c 500) and allow the
computation of all maximal matches regardless of their uniqueness (--maxmatch). The

resulting delta file was then uploaded to Assemblytics (Nattestad & Schatz, 2016) for
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SVs calling with a required unique sequence length of 10,000 bp, a maximum variant

size of 100,000 bp and a minimum variant size of 50 bp.

2.2.4 Genome Annotation

For Transposable element (TE) annotation we used a combination of de novo and
homology-based approaches. In brief, RepeatModeler v2.0.1 (Flynn et al., 2020) with
the LTR pipeline extension and MITE Tracker (Crescente et al., 2018) were used with
default options for de novo mining of repeats. From resulting libraries, non-TE related
genes were removed using blastx (E value 1E-10) against the predicted proteomes of
Crassostrea gigas (GCF_902806645.1), C. virginica (GCF_002022765.2), Lottia
gigantea (GCF_000327385.1), and Octopus bimaculoides (GCF_001194135.1)
followed by ProtExcluder (Campbell et al., 2014). Tandem repeats were removed with
the cleanup tandem.pl script from the EDTA pipeline (Ou et al., 2019). Then, cleaned
consensus libraries were merged with Mollusca repeats present in RepBase and
redundancy removed using CD-HIT (Fu et al., 2012) following the 80-80 rule (80%
similarity and coverage threshold). As a last step, the repeats library obtained was
backblasted against the assembly (Blastn, E value 1E-10; min query coverage 0.7; min
identity 70%) and all repeats with less than 5 hits were removed to produce our final,
clean set of TE consensus sequences. Genome annotation of repeats was achieved
running RepeatMasker v4.1.0 (Tarailo-Graovac & Chen, 2009) in sensitive mode (-s

parameter).

Gene annotation was carried on using Maker v3.01.03 (Cantarel et al., 2008)
following a 3-step procedure: the first round was run by providing the repeat library,
three previously assembled transcriptomes of R. philippinarum, the Swiss-Prot database,

and the same molluscs proteomes used for TE annotation. In the second and third rounds

33



of annotation, we used gene models produced from each previous Maker run to train
gene predictors. Predicted proteins at the end of the third round were annotated via
Blastx v2.9.0+ (Altschul et al., 1990) against the full Swiss-Prot database and via
InterProScan v 5.38-76.0 (Jones et al., 2014) with default options. Annotation was then
included in the genome gff file by using the
“agat sp_manage functional annotation.pl”  tool

(https://github.com/NBISweden/AGAT). The completeness of the annotation was
assessed by running the predicted proteins against the mollusca db10 from BUSCO

v5.1.2 (Simado et al., 2015).
2.2.5 Gene Expression and Co-Expression Analysis

The PE reads were processed with Trimmomatic (Bolger et al., 2014) to remove
adaptors and low quality reads with the following setting: LEADING:36 TRAILING:36
SLIDINGWINDOW:10:36 MINLEN:45. Then, clean reads were mapped to the
genome assembly using STAR v2.7.7 (Dobin & Gingeras, 2015) in multiple 2-pass
modes with the following settings: --outSAMattrIHstart 0 -outSAMstrandField
intronMotif. FeatureCounts v2.0.2 (Liao et al., 2014) was used to count the number of
reads in the genomic features. Samples with a low number of reads (<50 thousands)
were removed and genes with a low expression level were filtered out using NOISeq
v2.26.1 (Tarazona et al., 2015) with the following parameters: cpm = 1, cv.cutoff = 200.
Differential expression analysis was performed based on the filtered data in DESeq2
v1.22.2 (Love et al, 2014). Genes with adjusted p-values <0.05 and
[log2(FoldChange)| > 1 were considered as differentially expressed genes (DEGs).
Tissue-specificity for each gene based on Tau method was calculated using tspex v0.6.1
(Camargo et al., 2020). Tissue-specificity was estimated by Tau, which is one of the

most widely used methods for determining how specific or broad a gene is expressed
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and it ranges from 0O to 1, where 0 indicates broad expression across tissues and 1
indicates tissue-specific expression (Yanai et al., 2005). Therefore, Tau has been used
as a proxy of pleiotropy by many studies (Dean & Mank, 2016; Mank et al., 2008;
Rogers et al., 2021). The co-expression network was constructed with Weighted Gene
Co-expression Network Analysis (WGCNA) v.1.66 (Langfelder & Horvath, 2008). To
avoid the noise from lowly expressed genes in the co-expression network, a more
stringent filtering was applied with cpm = 5 and cv.cutoff = 200 using NOISeq, and the
vst transformed data from DESeq2 were used to build the co-expression network. The
network connectivity was retrieved from the co-expression network using the function
intramodularConnectivity implemented in the WGCNA package. More in detail, for
genes in the co-expression network, we measured the connectivity with genes in the
same module (intramodular connectivity: kWithin), the connectivity with genes from
different modules (intermodular connectivity: kOut) and its global connectivity
(kTotal=kWithin+kOut). Therefore, kTotal, kWithin, and kOut in this tissue-specific
co-expression network describe different properties: kTotal represents the total network
connectivity and is the sum of kWithin and kOut; kWithin represents within module
connectivity specific to one or multiple associated tissue types (specific connectivity);
kOut represents the connection of one gene to the genes outside the module in the other
tissue types (broad connectivity). Moreover, genes ranking in the top 5% of kWithin,
representing high connection with the other genes in the module, were defined as the

“hub” genes.
2.2.6 Differential Splicing Analysis

To understand the general pattern of splicing across tissues, intron excision ratio
was calculated using Leafcutter v0.2.9 (Li et al., 2018), an annotation-free tool for

quantification of RNA splicing. A PCA plot based on the intron excision ratio was
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produced to visualize the general splicing patterns across tissues. For the pairwise
differential splicing analysis between sexes, and between pairwise tissues, we used
exon-based limma package v3.42 (Ritchie et al., 2015), which presented general good
performances in differential splicing analysis with a large sample size (Mehmood et al.,
2020; Merino et al., 2019). Genes with adjusted p-value <0.05 were considered
differentially spliced (DS). The bam files generated from STAR were used for genome
guided transcriptome assembly in Stringtie v2.2.4 (Pertea et al., 2015), using the
parameters: -F 2 -£0.05. SUPPA v2.3 (Trincado et al., 2018), was used to measure seven
alternative splicing events: skipping exon (SE), alternative 5’ splicing (A5), alternative
3’ splicing (A3), retained intron (RI), alternative first exon (AF) and alternative last

exon (AL).
2.2.7 Estimation of the rate of sequence evolution

The protein coding sequences from the closely related species Cyclina sinensis
(Family  Veneridae) were  retrieved from  Wei et al (2020,
https://doi.org/10.5061/dryad.44j0zpcb5). Single-copy orthologs between C. sinensis
and R. philippinarum were identified using OrthoFinder v2.5.1 with the default settings
(Emms & Kelly, 2019). The orthologous protein sequences were aligned with Clustal
Omega v 1.2.4 (Sievers et al., 2011) and the nucleotide alignments were derived
according to the protein alignments using PAL2NAL (Suyama et al., 2006). The protein
evolutionary rate was estimated according to the ratio of non-synonymous to
synonymous nucleotide changes (Ka/Ks), and it was calculated using KaKs_calculator2

with the GMYN model (Wang et al., 2010a).
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2.2.8 Gene Set Enrichment

Gene Ontology (GO) analysis was performed for different sets of genes in this
study using topGO v2.44.0 (Alexa 2021). The GO enrichment analysis was performed
with Fisher’s exact test based on the gene list with a minimum node size of 10 and a
pvalue cutoff of 0.01. REVIGO (Supek et al., 2011) was used to reduce redundancy in

the enriched GO terms.

2.2.9 SNP Analysis

The quality of the reads from the male/female sequencing runs was assessed using
the FastQC quality control tool v0.11.5, before being mapped to the R. philippinarum
genome assembly using Rsubread v2.4.2 (Liao et al., 2019). Parameters for mapping
male/female reads were: maxMismatches = 10, nTrim5 = 5, nTrim3 = 6, unique =
FALSE, nBestLocations = 3. The resulting BAM files were used for variant calling
with Freebayes v1.2.0 (Garrison & Marth, 2012), a tool for Bayesian haplotype-based
genetic polymorphism discovery. Male/female population groups were analyzed with
the following parameters: use-best-n-alleles = 4, min-alternate-count = 3, min-
alternate-fraction = 0.05, min-mapping-quality = 20. The resulting VCF file was further
filtered to retain only biallelic SNPs present in at least 80% of samples using Bcftools
v1.11, according to the following criteria: min-alleles = 2, max-alleles = 2, type = snp,
min-af = 0.01, exclude-min-quality < 20, exclude-max-missing > 0.2. Next, genotypes
(in 0/1 format) were extracted from the two VCF files using the Genome Analysis
ToolKit (GATK) v4.1.9.0 (DePristo et al., 2011) and genotype counts by population (n
= 2) were used as input for the BayPass package v2.2 (Gautier, 2015), a population
genomics software primarily aimed at identifying genetic markers subjected to

selection and/or associated to population-specific covariates. SNPs that were identified
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by BayPass as significantly contrasted (p-value < 0.001) between the male and female
groups were then functionally annotated using Annovar (Wang et al., 2010b). The effect
of SNPs was predicted with SnpEff v4.3 (Cingolani et al., 2012) and the PCA plot based
on the SNPs across all samples was performed with SNPRelate v1.26 (Zheng et al.,

2012).

2.2.10 Statistical analysis

Kruskal-Wallis test followed by Dunn test with FDR correction were used to assess
the pairwise difference in kTOtal, kWithin, kOut, Tau, and Ka/Ks. Wilcoxon rank-sum
test was used to assess if there was difference for kWithin between DEG and no-DEGs,
and between DSGs and no-DSGs. Wilcoxon rank-sum test with HolmBonferroni
correction was used to compare module-specific kTotal, kWithin, kOut, Tau, and Ka/Ks
to the overall values across all the modules. The correlation between pairwise two
indexes was performed with Spearman’s rank-sum test. All the tests and data
visualization  described above were performed in the R v4.1.4

(https://www.Rproject.org/).

2.3 Results

2.3.1 Genome sequencing and assembly

PacBio sequencing consisted of 54 SMRT cells that yielded ~4M reads (36.5 Gb)
of raw sequences with a median length of ~45Kb. The Illumina sequencing resulted in
~145 M reads (~75 Gb) for the short insert library, and ~48 M reads (~25 Gb) for the
long insert library. After trimming both short reads libraries a total of ~ 180M PE reads

were kept.
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Table 2.1 Kmer based genome size estimations results.

Software Kmer size Genome size (bp)
Kmc + Genomescope 24 1,334,086,371
kmercountexact 24 1,377,873,056
Kmc + Genomescope 27 1,337,859,973
kmercountexact 27 1,395,519,877
Kmc + Genomescope 30 1,339,004,055
kmercountexact 30 1,377,970,397

Table 2.2 Genomescope heterozygosity and repetitive content estimation.

Kmer Heterozygosity (%) Repetitive content (%)
size

24 3.97174 61

27 3.82226 49.4

30 3.69349 48.2

2.3.1.1 Genome survey, assembly, and contamination detection

We estimated a genome size ranging from 1.34 to 1.40 Gb depending on the kmer
size and on the utilized tool (Table 2.1). This estimation is much lower than the 1.92
Gb estimation from flow cytometry, but coherent with previous kmer-based results of
1.32 (Yan et al., 2019) and 1.37 (Mun et al., 2017). Genomescope highlights a highly
heterozygous and repetitive genome, with a heterozygosity ranging from 3.7% to 4%
(Table 2.2). The repetitive content was estimated between 61.2% and 48%, depending
on the kmer size (Table 2.2). Our preliminary version of the assembly showed a greater
than expected genome size of 1.61 Gb, a good contig N50 of 144 Kb, but a low level

of BUSCO completeness (64.2%; Table 2.3). These results are in line with recent
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published assembler benchmarks which show that wtdbg2, compared to other
assemblers, has a good ability to collapse haplotigs but lower accuracy (Guiglielmoni
et al., 2020). Our purging-polishing steps successfully increased all genome evaluation
statistics with a very little decrease in BUSCO completeness (Table 2.3). After three
rounds, the final version of the assembly consisted in 15,908 contigs with a N50 of
183Kb, a total genome size of 1.41 Gb and a mean GC content of 0.32. We identified
884 out 0f 954 Metazoa BUSCO orthologs (92.7%), of which 802 were present as single
copy (84.1%), and 82 as duplicates (8.6%). Missing genes represent 4.7% of the core
gene set, while only 2.6% were identified as fragmented (Table 2.4). KAT analyses
show a kmer completeness of 52,48% (Table 2.4), and 95% and 98% of the short and
long reads were successfully remapped on the assembly respectively, with a median
coverage depth of 53.42 and 22.69 (Table 2.4). Blobtools identified 20 contigs as
possible bacterial contaminations. These show a GC content and short read coverage
that clearly deviates from the rest of the genome. Other six contigs were annotated as
belonging to Priapulida, while only one to Zoopagomycota. In total, 937,293 bp
(0.0007%) were removed from the assembly for downstream analyses. The 174
Chordata contigs were kept since they show the same GC content and coverage of
Mollusca contigs. Moreover, at the species level, eight of them were annotated as
belonging to R. philippinarum, and 104 (60%) as Pseudochaenichthys georgianus, a
fish with a distribution (Antarctic Peninsula and Scotia Sea) that does not overlap with
our sampling area. In summary, even if we cannot exclude the absolute absence of

contamination in the final assembly, if present it should be in negligible amounts.
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Table 2.3 Summary statistics of the different versions of the assembly

Assembly No. contigs ~ N50(kb)  Busco results Genome
size (Gb)
28,484 144 C:64.2%[S:61.4%,D:2.8%],F:10.7%,M:25.1%,n:954  1.68
Purgel 21,831 159 C:64%[S:61.3%,D:2.7%],F:10.7%,M:25.3%,n:954 1.58
purgel Hypol 21,831 159 C:89.8%[S:77.9%, D:11.9%],F:3.7%,M:6.5%,n:954  1.58
Purge2_Hypol 17,686 176 C:88.5%[S:81.4%,D:7.1%],F:3.7%,M:7.8%,n:954 1.46
purge2_Hypo2 17,686 176 C:92.6%[S:83.2%,D:9.4%)],F:2.7%,M:4.7%,n:954 1.46
purge3_Hypo2 15,984 182 C:91.6%[S:82.9%,D:8.6%],F:3.1%,M:5.3%,n:954 1.41
purge3_Hypo3 15,984 182 C:92.79%][S:84.0%,D:8.7%],F:2.7%,M:4.6%,n:954 1.41
Redundans 15,908 183 C:92.7%[S:84.1%,D:8.6%],F:2.6%,M:4.7%,n:954 141

Table 2.4 Statistics of the final version of the assembly.

Assembly genome size

1,409,123,410 bp

No. contigs 15,908

Average contig length 88,579.55 bp

Largest contig 1,574,940 bp

N50 182,737 bp

N90 37,082 bp

Busco C:92.7% [S:84.1%, D:8.6%], F:2.6%, M:4.7%, n:954

Mapped short reads

343,975,629 (95%)

Mapped long reads 12,691,865 (98%)
Median short reads depth 53.42

Median long reads depth 22.69

Kmer completness 52,48%

GC content 0.32

41



2.3.1.2 Genome comparison

We also compared our assembly to the recently published R. philippinarum
chromosome-level assembly by Yan et al. (2019), hereinafter referred to as “reference
genome”. Out of the 15,908 contigs that composed our assembly, 15,781 (99.2%) had
at least one alignment block to the reference genome. In total, all alignment blocks
represent 80% of the assembly (1,129,816,977 bp) (Table 2.5). Of these, ~80% were
aligned to assembled chromosomes, while only the remaining 20% to unplaced or
unlocalized scaffolds. Interestingly, out of the 26,963 scaffolds—of which 19 represent
the assembled chromosomes—that compose the reference genome, the 10.4% (2,810)
do not show any alignment block with our assembly (Table 2.5), with all of them being
classified as unlocalized scaffolds (i.e scaffolds that could not be placed in any
chromosome). Totally, the 77.4% (868,865,079 bp) of the reference genome got aligned,
while one-to-one alignments cover 750,261,296 bp (Table 2.5). Overall one-to-one

aligned blocks had a mean nucleotide identity of 93% (Table 2.5).

Table 2.5 Results of WGA alignment

Reference Query
Total number of sequences 26,963 15,908
Aligned sequences 24,153 (89.6%) 15,781 (99.2%)

Unaligned sequences

2810 (10.4%)

127(0.8%)

Total number of bases

1,123,164,463

1,409,123,410

Aligned bases

868,865,079 (77.4%)

1,129,816,977 (80%)

Unaligned bases

254,299,384 (22.6%)

279,306,433 (19.8%)

1-to-1 aligned bases

750,261,296

750,261,296

Average identity
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Considering our genome, tandem expansion (i.e. SVs that occur between
overlapping alignments in the reference genome), repeat expansion, and repeat
contraction (i.e. SVs that occur within unmappable gaps between alignments) comprise
most of the total bases affected by SVs (93%; Table 2.6). Particularly, 923 tandem
expansions affected 12,232,280 bp, with the 6% (63) of these having a size ranging
from 50,000 to 100,000 bp and covering the 40% (4,404,773 bp) of the total affected
bases. On the contrary, only 7 tandem contractions affecting 18,610 bp were identified.
With regards to repeat expansions and contractions, Assemblytics called respectively

14,790 and 9,983 variants, covering 45,596,721 bp and 29,682,647 bp.

2.3.2 Genome Annotation

Using de novo approaches, we build up a starting consensus library composed of
5,600 sequences (3,197 and 2,403 by RepeatModeler and MITE Tracker respectively).
We added another 1,031 TEs already characterized in molluscs and retrieved from
RepBase. After removal of genes/genes fragments, tandem, and low copy number
repeats (< 5 good hits on the genome) we used a total of 2,332 nonredundant consensus
sequences to annotate R. philippinarum repeatome. The 39.7% of the genome was
masked by repetitive elements with a prevalence of cut and paste (DNA + MITEs) and
Rolling Circle TEs (14.7% Unknown elements; 9.23% MITEs; 6.1% Rolling circle; 3.5%

DNA; 2.95% LINE; 1.84% LTR; 1.25% SINE) (Table 2.7).

The annotation pipeline generated 34,505 genes (36,076 mRNAs), with an average
length of 8,053 bp. The completeness of the annotation was tested with BUSCO on the
predicted proteins and showed that among the 954 genes included in the metazoa db10

set, 83.4% were complete (74.5% as single copy) while 8.8% were fragmented. Of the
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34,505 genes, 22,103 (64%) had a positive match by blastx against the swiss-prot

database (Table 2.7).
Table 2.6 Assemblytics results

SV type Sizerange (bp) Count bp Total Count Total bp
Insertion 50-500 2,291 431,323

4,449 4,936,132
Insertion 500-1000 2,114 3,803,513
Insertion 10,000-50,000 43 649,859
Insertion 50,000-100,000 1 51,437
Deletion 50-500 2,104 343,503

2,706 1,589,257
Deletion 500-1000 585 913,812
Deletion 10,000-50,000 17 331,942
Deletion 50,000-100,000 0 0
Tandem Expansion 50-500 153 44,415

923 12,232,280
Tandem Expansion 500-1000 451 1,530,103
Tandem Expansion 10,000-50,000 256 6,252,989
Tandem Expansion 50,000-100,000 63 4,404,773
Tandem Contraction 50-500 3 393
7 18,610

Tandem Contraction 500-1000 4 18,217
Tandem Contraction 10,000-50,000 O 0
Tandem Contraction 50,000-100,000 O 0
Repeat Expansion 50-500 3,919 894,227

14,790 45,596,721
Repeat Expansion 500-1000 9,984 28,469,497
Repeat Expansion 10,000-50,000 865 14,883,699
Repeat Expansion 50,000-100,000 22 1,349,298
Repeat Contraction 50-500 3,470 785,870

9,983 29,682,647
Repeat Contraction 500-1000 5,870 14,539,245
Repeat Contraction 10,000-50,000 600 11,545,708
Repeat Contraction 50,000-100,000 43 2,811,824
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Table 2.7 Annotation statistics of the Manila clam genome

Repeats genome coverage 39.70%
LINE 1.84%
DNA 2.95%
SINE 1.25%
LTR 1.84%
MITE 6.10%
Unknown 14.70%
No. of predicted genes 34,505
Mean gene length 8,053 bp
Mean exons per gene 6.4
Mean exon length 212 bp
Mean introns per gene 5.2
Mean intron length 185,869 bp

No. of genes with a significant hit against Swiss - Prot 22,103

2.3.3 Differential Expression and Co-Expression Network

To investigate the global expression patterns in all tissues of both sexes, a PCA
analysis was performed in DESeq2. As shown in Figure 2.1a, different tissues
presented distinct expression profiles, and expression patterns between female and male
somatic tissues were quite similar, while large differences were found in gonads.
Consistently, the number of DEGs between females and males in adductors and mantles
were low (578 and 22, respectively), while the number of DEGs between gonads were
6,167, including 3,024 female-biased DEGs and 3,143 male-biased DEGs (Figure
2.2a). The comparisons of DEGs between pairwise tissues were performed for males
and females separately. Generally, the number of DEGs between somatic tissues
(adductor muscle vs. mantle) was less than the number of DEGs between somatic tissue

and gonad (e.g. gonad vs mantle) (Table 2.8). A large proportion of DEGs in females
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in pairwise tissue comparisons overlapped with the corresponding DEGs in males. In
all pairwise tissue comparisons, 1,787 and 2,277 genes were differentially expressed

across all three tissues in females and males, respectively, and 1,009 of these DEGs

were shared between females and males.
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Figure 2.1 PCA plot for gene expression (a), alternative splicing (b) and

genotype (c). Each dot represents a sample and each color represents a tissue

type; f A: female adductor; f G: female gonad; f M; female mantle; m_A:

male adductor; m_G: male gonad; m_M: male mantle.
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Figure 2.2 Differentially expressed, spliced and co-expressed genes across tissue
types. (a) The number of differentially expressed (DE) and spliced (DS) genes
between females and males in each tissue. The Venn plot on the top-left represents
the overlap between DE and DS genes in the gonad. (b) Module-tissue association
based on the gene expression. Each row corresponds to a co-expression module,
and each column represents a tissue-type. Each co-expressed module was named
with a specific color. The correlations and p values between module and tissue are
shown in each cell. (¢) The distribution of within (kWithin) module connectivity
and outside (kOut) module connectivity for genes in the co-expression modules.
Wilcoxon rank-sum test with FDR corrections was used to compare the
distribution of kWithin and kOut in each module to the overall distribution and the
pvalues were shown on the top of the boxplot. The dash line indicates the median

of the overall distribution.

Table 2.8 The number of differentially expressed and spliced genes in pairwise

tissue comparisons

Genes f Avsf G fAvsfM | fGvsf M m_Avsm_G | m_Avsm_M [ m_Gvsm_M
DEGs 10094 4915 11062 9855 6612 11986

DSGs 1981 954 1439 1901 1320 2181
DEGs&DSGs | 1614(81.5%) | 672(70.4%) | 1262(87.7%) | 1693(89.1%) | 1051(79.6%) 1981(90.8%)
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A tissue-specific gene co-expression network was constructed to investigate the
gene regulatory relationships in tissue-associated modules. A total number of 8,640
genes were assigned to 10 modules (Figure 2.2b). The blue module (1,334 genes) and
the green module (790 genes) showed high association with male gonads, while the
pink module (417 genes) was positively associated with female gonads. Moreover,
yellow (977 genes), magenta (232 genes), and purple (80 genes) modules were
associated with both female and male gonads, and turquoise (2,718 genes) and brown
(1,749 genes) were associated with somatic tissues (Supplementary Figure 2.1). The
distribution of intramodular connectivity (kWithin) and intermodular connectivity
(kOut) for genes in each module is shown in Figure 2.2¢. Generally, the gonad-
associated blue module and mantleassociated turquoise module presented significantly
higher kWithin compared with the overall distribution, while another gonad-associated
green module presented significantly higher kOut (Figure 2.2¢). A predominant number
of 1,253 (93.9%), 579 (73.3%), and 397 (95.2%) genes in the blue, green, and pink
modules respectively, were also DEGs between female and male gonads. Besides, the
kWithin for DEGs in gonadassociated blue, green and pink modules were significantly
higher than non-DEGs between female and male gonads (Figure 2.3a). Moreover, “hub”
genes in the female/male gonad-associated modules were retrieved and those with
annotation are listed in Supplementary Table 2.1. These genes included male-gonad
specific SRYbox transcription factor 30 (sox30), and female-gonad specific mating-

type-like protein ALPHA2 (mtlalpha2).

GO enrichment analysis was applied to explore the predicted functions of different
subsets of genes, and the results are shown in Supplementary Table 2.2. Considering
the low number of DEGs between female and male mantles, we did not perform the

enrichment analysis on this subset of genes. The significantly enriched GO terms in
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adductor muscles between males and females were related to microtubule-based
process, motor activity (Supplementary Table 2.2). Reproduction and cell cycle
related processes were significantly enriched between females and males in gonads
(Supplementary Table 2.2). Reproductive related processes were also enriched in the
male-gonad associated blue module (Supplementary Table 2.2). The genes co-
expressed in the other male-gonad associated (green) module appeared to overrepresent
some general functions, with processes like “organelle assembly”, “cell project”, and
“catalytic activity” being enriched. In the female-gonad associated pink module,
processes related to transferase and protein metabolic activities were significantly
enriched. Different functional processes were enriched in the three gonad-associated
modules (magenta, purple and yellow), such as “cell adhesion” (purple and magenta
modules), homeostatic related processes (purple module), and process related to tissue
development (magenta module) (Supplementary Table 2.2). Intriguingly, for genes in
the yellow module, processes related to DNA repair, DNA replication, and gene

expression were significantly enriched. In mantle-associated turquoise modules, genes

were overrepresented in the immune-related process and metal ion binding.
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Figure 2.3 Comparisons between differentially expressed and non-differentially
expressed genes, and between differentially spliced genes and non-differentially
spliced genes in female and male gonad-associated modules. (a), (c), and (e)
represent comparisons of the connectivity, tissue specificity and sequence
evolutionary rate between differentially expressed genes and non-differentially
expressed genes. (b), (d), (f) represent the comparisons of the connectivity, tissue
specificity and sequence evolutionary rate between differentially spliced genes and

non-differentially spliced genes.

2.3.4 Differential Splicing Analysis

Consistently with the expression profiles, splicing patterns also differed across
tissues, and differences between females and males were observed in gonads but not in
somatic tissues (Figure 2.1b). Global alternative splicing events for each tissue is
shown in Figure 2.4. Generally, SE, A5, and AF accounted for a large proportion in all
tissues, while RI and MXE were the least represented events in all tissues. Moreover,
alternative splicing in gonads and mantles seems to be more frequent than in adductor

muscles. Despite the pervasiveness of alternative splicing in all tissues, the number of
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genes showing differential splicing between females and males in each tissue, and
between pairwise tissues were far less compared to DEGs. The number of DSGs
between females and males in adductor muscles, mantles, and gonads were 3, 1, and
1,300, respectively (Figure 2.2a). Notably, among all the 1,300 DSGs between female
and male gonads, 989 (76%) of them were also differentially expressed between female
and male gonads. We also retrieved these DSGs in three sex associated co-expression
modules (blue, green, and pink) and we found that the DSGs in these modules showed
significantly higher kWithin than non-DSGs (Figure 2.3b). The number of DSGs
between gonads and somatic tissues was higher than that between two somatic tissues
(Table 2.8). Moreover, in all these comparisons between different tissues, DEGs and
DSGs were largely overlapped for both females and males, and around 80-90% DSGs
between gonads and somatic tissues were also DEGs (Table 2.8). Some of these DSGs
overlapped with DEGs or sexassociated modules (listed in Supplementary Table 2.1),
and the large amount of overlapping genes between DSGs and DEGs in gonads also

resulted to have many

However, “chromatin remodeling” was enriched in DSGs but not between female
and male gonads. Additionally, we investigated the function of the DSGs that did not
overlap with DEGs, and such genes were involved in chromatin remodeling and mRNA

catabolic processes that were not overrepresented in DEGs.
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Figure 2.4 The distribution of different splicing events in each tissue. SE: skipping

exon, AS: alternative 5’ splicing, A3: alternative 3’ splicing, RI: retained intron,

AF: alternative first exon, AL: alternative last exon.

2.3.5 Tissue specificity in the co-expression Network

In this study, the tissue specificity index Tau ranged from 0.2 to 0.8 for most genes,
while only a small proportion of genes showed extremely tissue-specific (> 0.8) or
broad (< 0.2) expression. Tau values in different co-expression modules varied
markedly (Kruskal-Wallis test: p < 0.001). Generally, in somatic associated red, brown
modules, genes showed relatively low Tau values, indicating low tissue-specificity
(Figure 2.5). By contrast, we found relatively high and variable Tau values in most
gonad-associated modules, except for the male-gonad-associated green module and
gonad-associated yellow module, which had relatively low Tau values, with median
values at around 0.4 and 0.3, respectively (Figure 2.5). Interestingly, we found that the
yellow and green modules also showed relatively high intermodular connectivities,
indicating that genes in these two modules showed also high connections with other

tissue types (Figure 2.2¢).
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Figure 2.5 The tissue specificity (Tau) for each module. Different color indicates
the corresponding modules in the co-expression network. Wilcoxon rank-sum test
with FDR corrections was used to compare the distribution of Tau in each module
to the overall distribution and the p-values were shown on the top of the boxplot.

The dash line indicates the median of the overall distribution.

We further investigated the Tau distribution across the co-expression network and
we found significantly positive correlation between whole network connectivity (kTotal)
and tissue specificity (Tau) (Spearman’s R = 0.24, p < 2.2E-16) and between
intramodular connectivity (kWithin) and tissue specificity (Spearman’s R = 0.34, p <
2.2E-16), but a weak correlation between intermodular connectivity (kOut) and tissue
specificity (Spearman’s R = -0.07, p = 6.433E-11). Moreover, we found significant
positive correlation between tissue specificity Tau and kWithin, kTotal in most tissue
associated modules such as blue, pink, and turquoise modules, indicating that genes
with high tissue specificity also presented high connection in the specific tissue type
(Figure 2.6a and Supplementary Figure 2.2a). Additionally, the negative correlation
between kOut and Tau was also observed in most modules except for blue, green, and
yellow modules, where a positive correlation was observed (Supplementary Figure

2.2b).
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We also investigated the tissue-specificity for DEGs and DSGs in the co-
expression network, mainly focusing on gonad-associated modules because of the low
number of DEGs and DSGs in somatic tissues. In the male-gonad-associated blue
module, DSGs and DEGs presented significantly higher Tau values than non-DSGs and
non-DEGs (Figure 2.3b). In the green module, DEGs also presented significantly
higher Tau values than non-DEGs, while Tau values between DSGs and non-DSGs
were not significantly different from each other (Figure 2.3b). However, in the pink
module, Tau showed no significant difference between DEGs and non-DEGs, but DSGs

presented slightly higher Tau values than non-DSGs (Figure 2.3b).
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Figure 2.6 The relationship between network connectivity and tissue specificity,
evolution rate. (a) The correlation between tissue specificity index (Tau) and total
connectivity (kTotal), within module connectivity (kWithin) in four tissue-
associated modules. (b) The correlation between evolutionary rate and total
network connectivity (kTotal), within module connectivity (kWithin) for four
tissue-associated modules. The Spearman’s correlation (R) and p values were
shown on the top. (c¢) The trends of tissue specificity index (Tau) and evolutionary
rate (Ka/Ks) in the co-expression modules. Average value (each dot) and standard

error (error bar) was used for each module.

2.3.6 Variations in the rate of sequence evolution across co-expression

network

Ka/Ks distribution also varied in different co-expression modules, with the male
gonad-associated blue module and mantle-associated turquoise module presenting a
significantly higher than overall values, and the green module presenting a significantly
lower than overall values (Figure 2.7). We found no significant correlation between
general network connectivity (kTotal) and evolutionary rate Ka/Ks (kTotal: Spearman’s
R =-0.0044, p=0.78). However, when we investigated this relationship in each module,
we found that genes in male gonad-associated blue module and mantleassociated
turquoise module showed significantly positive correlation between network
connectivities (both kTotal and kWithin) and evolutionary rates, while genes in the
other male gonad associated green module showed significantly negative correlation
between connectivities and evolutionary rates (Figure 2.6b and Supplementary
Figure 2.2a). Most modules presented no significant correlation between intermodular

connectivity and evolutionary rate (Supplementary Figure 2.2b).
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Figure 2.7 The distribution of Ka/Ks in each module. Different color indicates the
corresponding modules in the co-expression network. Wilcoxon rank-sum test
with FDR corrections was used to compare Ka/Ks values in each module to the
overall distribution, and the p-values were shown on the top of the boxplot. The

dash line indicates the median of the overall distribution.

Tau was positively correlated with Ka/Ks (Spearman’s R = 0.17, p < 2.2E-16),
nevertheless such correlation was not detected in all the tissue-associated modules.
Similar to the correlation between connectivity and Ka/Ks, significant positive
correlation between Tau and Ka/Ks was also detected in blue and turquoise modules
(Supplementary Figure 2.3). In spite of the lack of correlations in most modules, the
Tau and Ka/Ks values showed similar trends across different modules (Figure 2.6c).
Combined with the tissue specificity analysis above, It appears that genes in the male
gonad-associated blue module and mantle-associated turquoise module with high
intramodular connectivity and tissue-specificities also presented high evolutionary rates,
while genes in the green module with high connections to outside the modules had a

lower evolutionary rate.

We also observed the differences in evolutionary rate between DEGs and non-

DEGs, and between DSGs and non-DSGs in the female and male gonad-associated
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modules (Figure 2.3c). In all the three gonad-associated modules, DEGs presented
significantly higher Ka/Ks than non-DEGs. Likewise, we found that DSGs in blue and
pink modules also showed significantly higher Ka/Ks than non-DSGs, but such result

was not detected in the male gonad-associated green module.
2.3.7 Contrasting SNPs

We first retrieved SNPs for each sample separately and we found that the
polymorphism in different tissues of the same individual was extremely low (Figure
2.1¢). Thus, to retrieve sex-specific SNPs, we divided all the samples into female and
male groups merging the three tissues of the same individual together. We detected
750,790 total variants between male and female groups, of which 676,009 were SNPs.
Of these, 252,858 SNPs were present in at least 80% of individual samples with a
minimum quality score of 20. Filtered SNPs from male and female groups were
analyzed using Baypass for contrast based on genotype counts, yielding 614 SNPs
significantly contrasting between groups (p < 0.001), respectively. Annovar merged the
selected SNPs with the genome assembly annotation to identify the locations of each
marker, specifying that of the 614 significantly contrasting SNPs. Eighty-nine
contrasting SNPs located in the intergenic regions, while the other SNPs located in 448
genes. We assigned SNPs located in the genes to the co-expression network, and we
found that the proportion of genes containing SNPs in each module were significantly
differed from expected proportion of genes for each module in the co-expression
network (chi-square test: p < 1E-5). Instead, some modules such as green and yellow
modules enriched more genes containing SNPs than expected, while blue and turquoise

module enriched less genes (Figure 2.8).
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Finally, exonic SNPs from male and female groups were searched against a set of
SNPs from a DNA pooled sequencing experiment of Mediterranean and Atlantic R.
philippinarum populations, revealing that the two datasets contained 260 exonic SNPs
in common. Genes containing contrasting SNPs are listed in Supplementary Table 2.1,
and some of them were also identified in DEGs, DSGs or tissue-associated modules
such as ankyrin repeat domain-containing protein, double-strand-break repair protein
rad21-like protein, folliculin, transcriptional regulator ATRX. Functional enrichment
indicated that genes containing contrasting SNPs involved in the process such as
“mitochondrial transmembrane transport”, “protein localization to organelle” and

“chromatin remodeling” (Supplementary Table 2.2).

- (36/43.9)

(52/27.8) blue

(1/8.2) (39/46.9)
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pink black
(13/14.7) (12/14.8)
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(16/14.9)
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(53/34.4)
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(82/95.6)

Figure 2.8 The number of genes containing SNPs in the co-expression modules.
The numbers in the bracket suggest the number of genes containing SNPs in each
module (in front of slash) and expected number of genes containing SNPs in each
module (behind slash). The expected values were calculated by the percentage of
genes in each module multiply the number of SNP-containing genes assigned in

the co-expression network.
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2.4 Discussion

2.4.1 Genome characterization and comparison

In the present work we sequenced and assembled a new long-read-based draft
genome R. philippinarum. Notably, this represents the first effort to sequence and
assemble a wild (i.e. not inbred) specimen relying both on short and long read data, and
the first long read genome assembly for this species. In line with previous R.
philippinarum sequencing projects (Mun et al., 2017; Yan et al., 2019), we estimated
the genome size to range between 1.34 and 1.40 Gb with an extremely high level of
heterozygosity (3.7-4%) and, to a lesser extent, repetitive content (48-61.2%). Even if
such features are common in molluscan genomes (Sun et al., 2021), to our knowledge
our sample represents the most heterozygous mollusc genome sequenced so far. Such a
high heterozygosity clearly represents one of the biggest obstacles in obtaining high
quality assemblies (Sun et al., 2021). Despite these challenges, our pipeline produced
an assembly with a size close to the expected kmer based estimations (1.41 Gb), a
BUSCO completeness in line with previous published bivalve genomes (95.3 %
[Complete + Fragmented]) such as Pinctada fucata (Du et al., 2017) and M.

galloprovincialis (Gerdol et al., 2020), and a good contig N50 of 144 Kb.

Compared to the recently published R. philippinarum genome by Yan et al. (2019),
our assembly resulted in a significantly higher assembly size (1.41. Gb vs 1.12 Gb in
Yan et al., 2019) and contig N50 (144 kb vs 28.1 kb in Yan et al., 2019), in similar
BUSCO completeness levels (92.7% in our assembly, 93.8% in Yan et al., 2019), but
higher levels of duplications (8.6% in our assembly, only 1.9% in Yan et al., 2019)
(Table 2.4). In our opinion, the higher level of duplication in our assembly depends on

a combination of three not mutually exclusive factors: (a) the use of a wild sample
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compared to a highly inbred one; (b) the use of a more stringent removal of suspicious
duplicated contigs in combination with only short reads data in the reference genome
assembly; (c) a high genetic and genomic diversity between Chinese and North -
American populations. Therefore, even if some duplications in our assembly could be
due to the persistence of haplotigs due to its high heterozygosity, it is also possible that,
at least partially, they represent true duplications which have been collapsed in the
reference, or specific to our sample. The presence of extensive intraspecific genome
duplications would not be a novelty inside Bivalvia, with Crassostrea virginica
showing the 16.5% of its genome duplicated, with a reduced percentage in inbred
samples and a great prevalence of tandem duplications (Modak et al., 2021). Moreover,
intraspecific gene presence/absence variation (Gerdol et al., 2020) and chromosomal
rearrangements (Insua et al., 1998; Thiriot-Quiévreux & Insua, 1992), as well as
hemizygosity (Calcino et al., 2021), seem to be widespread across different bivalve
species and we can speculate that similar features are shared also by R. philippinarum.
Coherently with these observations, repeat and tandem expansion were found to be the
most impacting SVs (i.e affecting the greatest number of base pairs) between the two
assemblies, but while the former were partially counterbalanced by numerous repeat
contraction with a ratio of 0.65 between affected bps, the latter were not (ratio of
0.0015). Moreover, tandem expansion represents the class with the highest number of
SVs falling in the highest size bin (50,000 - 100,000 bp; 63 SVs) (Table 2.5). Finally,
even if most of both genomes successfully aligned, it is worth noting the low nucleotide
identity (93%) between one-to-one alignment blocks and the relatively low number of
bases involved, highlighting a possible high genetic and genomic diversity between
clam populations from North America and China. Unfortunately, we could not perform

a deep gene-based comparison due to the absence of publicly available resources from
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Yan et al. (2019), however, we predicted a similar number of genes and repetitive
content (respectively 22103 and 39.7% in our genome; respectively 27,652 and 38.30%

in Yan et al., 2019) (Table 2.7).

Overall, these data indicates that our assembly is fairly complete and collapsed,
and that it can be a source of new and complementary genomic information for the

Manila clam R. philippinarum.
2.4.2 Tissue-associated co-expression network and tissue specificity

We built a tissue specific co-expression network and we investigated the
relationships among network connectivity, tissue-specificity, and evolutionary rates. In
a co-expression network, the intramodular connectivity can be used to identify “hub”
genes, and usually a higher intramodular connectivity represents a tighter association
between gene and trait especially in the modules with high module-trait correlations.
On the other hand, intermodular connectivity indicates the degree of connection of a
module with other tissue-associated modules (Langfelder & Horvath, 2008; Mauro &
Ghalambor, 2020). Consequently, genes with high intramodular connectivity in one
module might be more peripheral in the others, while genes with high connection to the
other modules may be less tolerant to the sequence evolution because of high pleiotropy
(Mack et al., 2019). Likewise, tissue specificity was used as a proxy for pleiotropy: the
lower the tissue specificity, the higher the pleiotropy (Rogers et al., 2021; Yanai et al.,
2005). Therefore, in the tissue-specific co-expression network, the moduletissue
correlation represents the degree to which these genes are specific to the relevant tissues,
which can explain the significant positive correlation between tissue specificity and
intramodular connectivity in gonad-associated modules with relatively high module-

trait correlations (Figure 2.2 and Supplementary Figure 2.2). Additionally, somatic
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tissues usually are associated with one or two co-expression modules, while gonads are
associated with multiple modules with different co-expression patterns (Figure 2.2),
revealing the complexity of transcriptional regulation in gonads. Intermodular
connectivity indicates a role of module coordinator associating different traits, therefore
it is no wonder to see the negative correlation between tissue specificity and

intermodular connectivities in some modules (Supplementary Figure 2.2b).

Intriguingly, blue, green, and yellow modules presented significantly positive
correlation between both inter- and intramodular connectivity and tissue specificity
(Supplementary Figure 2.2), indicating that genes with high tissue specificity also
presented high overall network connections. Therefore, these three modules may
include some genes that play the “coordinator” role of the tissue specific co-expression
network. Consistently, the wide variation of intermodular and intramodular
connectivities in different modules also revealed the different position of these modules
in the co-expression network (Figure 2.2¢). The male gonad-associated green module
was characterized by the highest intermodular connectivity and may represent the
central coordination position in the co-expression network, while female-gonad
associated pink module was characterized by relatively low intermodular and

intramodular connectivities, indicating probably a more particular and independent role.
2.4.3 Large overlap between DEGs and DSGs in gonad

Different expression patterns between females and males have been investigated
by several studies in gonochoric and sequential hermaphroditic bivalves, but mainly
focused on the reproductive tissue (gonad), or across development stages (Broquard et
al., 2021; Capt et al., 2019; Ghiselli et al., 2018; Yue et al., 2018). A comprehensive

information for the general expression across tissues is lacking. In this study, we found
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distinct transcription patterns across tissues, with a huge difference being observed
between female and male gonads, but not between female and male somatic tissues
(Figure 2.1a). Intriguingly, we found that the alternative splicing showed a similar
pattern as the differential expression, with even more difference between female and
male in gonads (Figure 2.1b), indicating that alternative splicing also plays a central
role in tissue distinctiveness, particularly in gonads. Additionally, DEGs and DSGs
between females and males in gonads (also between pairwise tissues) are largely
overlapping (Figure 2.2a, Table 2.8 and Table 2.9). Previous studies revealed that
transcriptional regulation and alternative splicing can be two parallel processes playing
contrasting roles by involving different genes in response to the changing environment
(Grantham & Brisson, 2018; Jacobs & Elmer, 2021; Wang et al., 2019). On the other
hand, large overlaps between DEGs and DSGs have also been reported and DSGs were
thought to play “redundant” roles as DEGs (Healy & Schulte, 2019; Zhang et al., 2019).
However, in this study, we found that both DEGs and DSGs showed generally higher
tissue-specificities and higher connectivities in the sexual related co-expression
modules (Figure 2.2 and 2.3), indicating that these genes play central roles in the
corresponding co-expression modules and have strong functional impacts on gonad
differentiation. Therefore, instead of having a “redundant role”, we propose that the two
processes are somewhat “complementary”, as alternative splicing is able to extend the
protein diversity favoring tissue differentiation without changing gene expression. In
this study, both DEGs and DSGs were involved in microtubule-related dynamics, which
was also observed in other bivalves and is likely related to spermatogenesis (Boulais et
al., 2019; Capt et al., 2019; Dunleavy et al., 2019). Enriched GO terms related to
reproduction for DEGs and chromatin remodeling for DSGs could be a sign of an

“independent” role for the two processes.
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2.4.5 Evolution of differentially expressed genes, differentially spliced

genes and tissue-associated genes

It was suggested that genes with broad expression patterns are subject to greater
functional constraints and are less likely to be differentially expressed (Mank et al.,
2008; Meisel 2011). Consistently, we also observed that DEGs in three gonadassociated
modules presented significantly higher tissue specificity than non-DEGs. These DEGs
also showed elevated evolutionary rates compared to non-DEGs (Figure 2.3), which
was also observed in other organisms and is supposed to be the consequence of relaxed
constraints or genetic drift (Gershoni & Pietrokovski, 2014; Harrison et al., 2015;
Rogers et al., 2021). In contrast, splicing was supposed to be less constrained than
expression variation, and it was observed to be common in genes with high pleiotropy
(Jacobs & Elmer, 2021; McGirr & Martin, 2018; Papakostas et al., 2014; Rogers et al.,
2021). However, in this study we found that DSGs also presented higher tissue
specificity and higher evolutionary rate than non-DSGs in male-gonad associated blue
and female-gonad associated pink modules (Figure 2.3). Interestingly, the other male-
gonad associated green module with relatively low tissue specificity and high
intermodular connectivity presented no difference in tissue specificity and evolutionary
rates between DSGs and non-DSGs, which is in line with splicing being common in
highly pleiotropic genes (Jacobs et al., 2021; Roger et al., 2021). Combined with the
large overlap between differential expression and splicing, our results indicated that
DEGs and DSGs may be both under strong constraints in gonads depending on the gene

sets.

Many studies have suggested a negative correlation between protein evolution and
gene expression, and it was proposed that tissue-specific proteins have lower

constraints (Meisel et al., 2011; Moyle et al., 2021). In line with this hypothesis, our
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results indicated that tissue specificity is significantly correlated to the rate of sequence
evolution (Spearman’s R = 0.17, p < 2.2E-16). Additionally, we found that genes in
gonad-associated modules were characterized by relatively high sequence evolution
and tissue specificity, while somatic associated modules had relatively low
tissuespecificity and sequence evolution even if we did not find significant differences
in mantle-associated modules (see discussion below). Gonad specific genes are thought
to be important in evolution as they contribute to reproductive success, fitness, and
speciation (Whittle & Extavour, 2017). Several studies reported that genes expressed in
reproductive tissues are evolving faster than genes expressed in somatic tissues, as a
result of possible conflicting sex-specific selection pressures (sexually antagonistic
genes), mate-choice, and intrasexual competition (Ellegren & Parsch, 2007; Harrison
etal., 2015; Moyle et al., 2021; Rago et al., 2020; Turner & Hoekstra, 2008; Whittle &
Extavour, 2019). Moreover, higher evolutionary rates in male-biased genes were
observed in a wide range of animals (Grath & Parsch, 2012; Harrison et al., 2015;
Parsch & Ellegren, 2013). However, we found that genes in the female gonadassociated
co-expression network presented slightly higher average Ka/Ks compared to genes in
the male gonad and somatic associated networks. Higher evolutionary rate in females
have also been detected in other species and it was hypothesized that higher
evolutionary rates in both female and male biased genes are due to external fertilization
causing strong gamete competition (Dean & Mank, 2016; Lipinska et al., 2015; Papa et
al., 2017; Whittle & Johannesson, 2013; Yang et al., 2016). By contrast, two distinct
patterns were observed for genes in the male gonad-associated networks: genes in the
blue module were characterized by relatively high tissue specificity, high within-
module connectivity, and high protein evolutionary rate, while genes in the green

module were characterized by relatively low tissue specificity, low intramodular
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connectivity, low evolutionary rate, and high intermodular connectivity. Moreover, we
found different trends between protein evolution and intramodular connectivity, with
significant positive correlation in the blue module and negative correlation in the green
module. Blue-module genes are overrepresented in processes related to reproduction,
chromosome segregation, and therefore higher evolutionary rates in this module are
consistent with faster evolution of male-biased genes involved in fertilization in a wide
range of species (Ellegren & Parsch, 2007; Grath & Parsch, 2012; Harrison et al., 2015;
Parsch & Ellegren, 2013). While the low evolutionary rate in the green module is
consistent with the higher pleiotropic constraints in this module, which was also
observed in some species (Dean & Mank, 2016; Mank et al., 2008; Meisel, 2011; Moyle

et al., 2021; Whittle & Extavour, 2017; Zhang et al., 2007).

Notably, we found that the mantle-associated turquoise module presented slightly
higher tissue specificity and connectivity compared to the adductor-associated modules.
Moreover, tissue specificity was positively correlated to the intramodular connectivity
but negatively correlated to the intermodular connectivity, indicating that these genes
are involved in mantle specific functions. Interestingly, mantle is involved in shell
biogenesis and immune responses in bivalves (Addadi et al., 2006; Allam & Raftos,
2015; Bettencourt et al., 2017; Song et al., 2019). Indeed, the processes related to metal
cluster binding and innate immune response were significantly enriched for genes in
the turquoise module. The sequence evolution in this module is also higher than the
other somatic related modules, which is consistent with the fast evolving of immune
related genes in other organisms (Lazzaro & Clark, 2012; Sackton et al., 2017;

Viljakainen et al., 2009).
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2.4.6 Contrasting SNPs and genes potentially involved in sex

determination

Heteromorphic sex chromosomes are absent in bivalves, and sex determination is
thought to be polygenic with the additional influence of environmental factors that can
also trigger sex changes (Breton et al., 2018). Recognizing sex of bivalves can be
problematic in the early development stages without sex-linked markers. Identification
of sex-specific SNPs is crucial for accurate sex diagnosis, breeding, and understanding
sex-determination mechanisms (Han et al., 2021; Shi et al., 2018). In this study, we
revealed 614 high-confidence contrasting SNPs between males and females, which
provide potential genetic markers for sex identification in bivalves. We investigated the
functions of genes containing these contrasting SNPs. Interestingly, we found that such
genes were overrepresented in the processes like protein targeting, and protein
localization to the mitochondrion. These genes included coiled-coil-helix-coiled-coil-
helix domain containing 2 (cdchd2), mitochondrial carrier protein Rim2, mitochondrial
import inner membrane translocase subunit Tim16, mitochondrial import inner
membrane translocase subunit TOM22 (Supplementary Table 2.1), and the latter three
genes being involved in translocation of nuclear-encoded proteins into mitochondria
(Herrmann & Neupert, 2013). While cdchd2 was found to be involved in diverse
functions in model animals, including mediating oxidative phosphorylation, responding
to hypoxic stress, regulating cell migration, and mitochondrial apoptosis (Kee et al.,
2021). Additionally, the gonad-associated green and yellow modules presented higher
number of genes containing contrasting SNPs than expected. It has been proposed that
DUI bivalves might have an unconventional sex determination/differentiation system
that involves mitochondrial genomes, and such process in these organisms may require

an appropriate recognition/distinction between mitochondrial and nuclear factors
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(Breton et al., 2018; Ghiselli et al., 2013; Milani et al., 2013; Zouros, 2020). Our results
are consistent with this hypothesis, and further, more specific, experiments will be

necessary to provide direct evidence for this unconventional sex determination.

We also identified some candidate genes that has been associated with the sex
determination/differentiation mechanism in other animals (Capt et al., 2019; Evensen
et al., 2022; Ghiselli et al., 2012; Svingen & Koopman, 2007; Zhang et al., 2014; Zhou
et al., 2019), such as “hub” genes SRY-box transcription factor 30 (sox30), and PBX
homeobox 4 (pbx4). Sox30—a putative homolog to mammal sexderteming gene Sry—
has been found to be differentially expressed between females and males in many
bivalve species (Capt et al., 2019; Ghiselli et al., 2012; Zhang et al., 2014; Zhou et al.,
2019), and we found that this gene showed a male-gonad specific transcription in this
study. Pbx4 was a “hub” gene in the female gonad-associated module and this gene also
presented differential splicing between female and males (Supplementary Table 2.1).
Pbx4 in mammals have been found to be associated with gametogenesis (Kawai et al.,
2018; Svingen & Koopman, 2007; Wagner et al., 2001), however, in this study we found
that this gene was specifically transcribed in female gonads. Pbx genes are
characterized as hox gene co-activator, and have been found to be associated with

oogenesis, embryonic development, germ cell maturation (Svingen & Koopman, 2007).

2.5 Conclusions

In this study, we provided a long-read-based de novo genome assembly of a Manila
clam from the North American Pacific Coast, providing the insights into the role of
differential expression and splicing in bivalve tissues. Although differential splicing

was largely overlapping with differential gene expression, it was preferentially involved
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in gonad functions, and also presented some “independent” roles. Taking advantage of
tissue-specific co-expression network, we were able to detect different features of sex-
associated genes. Generally, our results indicated that both differentially expressed and
spliced genes were under less constraints, whereas differentially splicing was also
detected for genes in the highly pleiotropic module, supporting the hypothesis that
splicing is widespread in highly pleiotropic genes. We observed similar trends between
tissue-specificity and sequence evolution across tissue-associated modules, and we
found that highly tissue-specific genes were characterized by higher sequence evolution.
Generally, our results were consistent with a faster sequence evolution in gonad-specific
genes, however, we found one of the male-gonad associated modules to be highly
connected with other tissues and showing an extremely low sequence evolution,
indicating a high pleiotropy effect in this module. Contrasting SNPs between males and
females were overrepresented in mitochondrial related functions, further supporting the
connection between sex and mitochondrial function in bivalves. Together, this study
advances our understanding of the role of differential expression, differential splicing,
and sequence evolution of sex-specific genes. We also provided resourceful genomic

data for further studies regarding sex diagnosis and breeding.
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Supplementary Files

Supplementary Table 2.1 Genes belonging to different gene sets.

Gene ID Annotation DEG | DSG | module contrasting
RPHIG00000016546 | regulator of G protein signaling like 1 + - blue(hub) -S -
RPHIG00000025695 BTB domain containing 9 + - blue(hub) | -
RPHIG00000009761 membrane associated ring-CH-type finger 2 | + + blue(hub) | -
RPHIG00000011963 membrane associated ring-CH-type finger 8 | + - blue(hub) | -
RPHIG00000007409 | BTB domain containing 2 + + blue(hub) | -
RPHIG00000030063 a disintegrin and metalloproteinase with | + - blue(hub) | -
thrombospondin motif 18
RPHIG00000025334 | ST14 transmembrane serine protease | + - blue(hub) | -
matriptase
RPHIG00000031121 solute carrier family 44, member 1 + - blue(hub) | -
RPHIGO00000008958 | zinc finger protein 83-like + - blue(hub) | -
RPHIG00000014300 | cell division cycle 25 A + - blue(hub) | -
RPHIG00000019692 | zinc finger DHHC-type palmitoyltransferase | + - blue(hub) | -
RPHIG00000003222 Il"”tl"ll-like tyrosine-protein kinase 3 + - blue(hub) | -
RPHIG00000010879 | Von Willebrand Factor C Domain | + - blue(hub) | -
Containing 2 Like
RPHIG00000020064 | kelch like family member 10 + - blue(hub) | -
RPHIG00000030775 testis specific serine kinase 4 + - blue(hub) | -
RPHIG00000017413 SRY-box transcription factor 30 + - blue(hub) | -
RPHIG00000025696 BTB domain containing 1 + - blue(hub) | -
RPHIG00000003978 MOS proto-oncogene,  serine/threonine | + - pink(hub) | -
RPHIG00000017162 lr:zfi:leg-type-like protein ALPHA2 homolog | + + pink(hub) | -
RPHIG00000007500 | PBX homeobox 4 + + pink(hub) | -
RPHIG00000021761 mannose receptor C-type 1 + + pink(hub) | -
RPHIG00000011124 hes related family bHLH transcription factor | + - pink(hub) | -
with YRPW motif
RPHIG00000011387 aminomethyltransferase 1 + + pink(hub) | -
RPHIG00000031224 | cell division cycle 20 + + pink(hub) | -
RPHIG00000016153 | cyclin B2 + - pink(hub) | -
RPHIG00000013311 RIB43 A domain with coiled-coils 2 + - green(hub) | -
RPHIG00000007499 | radial spoke head component 4A + - green(hub) | -
RPHIG00000000500 | stathmin 1 + - green(hub) | -
RPHIG00000010829 | EF-hand domain containing 2 + - green(hub) | -
RPHIG00000022450 | coiled-coil domain-containing protein 87 + - green(hub) | -
RPHIG00000008004 | cilia- and flagella-associated protein 53 + - green(hub) | -
RPHIG00000002522 | tektin-1 + - green(hub) | -
RPHIG00000012886 | dynein heavy chain 7, axonemal-like + - green(hub) | -
RPHIG00000000097 | adenylate kinase 9 + + green(hub) | +
RPHIG00000004633 maats] + - green(hub) | -
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RPHIG00000010180 | radial spoke head 3 + green(hub) | -

RPHIG00000004987 | growth arrest specific 8 + green(hub) | -

RPHIG00000005899 | dynein regulatory complex subunit 7 + green(hub) | -

RPHIG00000020354 | dynein regulatory complex subunit 1 + green(hub) | -

RPHIG00000017669 | IQ and ubiquitin-like domain-containing + green(hub) | -

RPHIG00000010862 spermatogenesis associated 17 + green(hub) | -

RPHIG00000022292 | tektin2 + green(hub) | -

RPHIG00000012449 | EF-hand calcium binding domain 5 + green(hub) | +

RPHIG00000023582 | enkurin, TRPC channel interacting protein + green(hub) | +

RPHIG00000010250 | radial spoke head component 1 + green(hub) | -

RPHIG00000030762 | ankyrin repeat domain-containing protein 17 | + pink +

RPHIG00000003170 | double-strand-break repair protein rad21- | + green +
like protein

RPHIG00000004696 | folliculin - green +

RPHIG00000011840 | protein polybromo-1 - green +

RPHIGO00000019988 | transcriptional regulator ATRX - pink +

RPHIG00000002994 | tetratricopeptide repeat protein 30A - yellow +

RPHIGO00000027276 | minichromosome maintenance complex | - - +
component 3 associated protein

RPHIG00000004284 | mitochondrial import inner membrane | + - +
translocase subunit Tim16, mitochondrial

RPHIG00000023473 | regulation of nuclear pre-mRNA domain- | - - +
containing protein 2-like

RPHIG00000003170 | double-strand-break repair protein rad21- | + green +
like protein

RPHIG00000001490 | chromodomain-helicase-DNA-binding + pink -
protein 9

RPHIGO00000012597 | mitochondrial carrier protein Rim2, | - - +
mitochondrial

RPHIG00000003491 general transcription factor IIA subunit 1 - - +

RPHIG00000006937 | far upstream element-binding protein 1 - - +

RPHIGO00000015953 | coiled-coil-helix-coiled-coil-helix ~ domain | - - +
containing 2, mitochondrial

RPHIG00000004222 mitochondrial import inner membrane | - - +

translocase subunit TOM22
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Supplementary Table 2.2 GO enrichment for different subset of genes.

Gene sets Type GO id GO Terms P value

DE:f Gvs.m G BP G0:0007017 microtubule-based process <le-30
G0:0006928 movement of cell or subcellular componen... 2.8E-30
G0:0007018 microtubule-based movement 1.6E-27
G0:0030030 cell projection organization 1.4E-09
G0:0120036 plasma membrane bounded cell projection ... 1.4E-09
G0:0070925 organelle assembly 2.9E-07
G0:0007049 cell cycle SE-07
GO:0040011 locomotion 2.2E-06
GO:0051674 localization of cell 7.4E-06
G0:0022402 cell cycle process 0.000012
G0:0007010 cytoskeleton organization 0.000017
G0:0032886 regulation of microtubule-based process 0.00016
G0:0006091 generation of precursor metabolites and ... 0.00019
G0:0009987 cellular process 0.00042
G0:0006090 pyruvate metabolic process 0.00046
G0:0000003 reproduction 0.00055
G0:0022414 reproductive process 0.00055
G0:0046390 ribose phosphate biosynthetic process 0.00056
GO:0017144 drug metabolic process 0.00077
GO:0051726 regulation of cell cycle 0.00077
GO:0051656 establishment of organelle localization 0.0015
G0:0009201 Ribonucleoside triphosphate biosynthetic... 0.00194
G0:0072521 purine-containing compound metabolic pro... 0.00204
G0:0016052 carbohydrate catabolic process 0.00294
G0:0030705 cytoskeleton-dependent intracellular tra... 0.00294
G0:0019693 ribose phosphate metabolic process 0.00303
G0:0032787 monocarboxylic acid metabolic process 0.00329
G0:0006261 DNA-dependent DNA replication 0.00348
GO:0051298 centrosome duplication 0.00348
G0:0046034 ATP metabolic process 0.00352
GO:0006836 neurotransmitter transport 0.00446
GO:0051493 regulation of cytoskeleton organization 0.00449
GO0:0022008 neurogenesis 0.00504
GO0:0051128 regulation of cellular component organiz... 0.00621
G0:0009123 nucleoside monophosphate metabolic proce... 0.00716
G0:0009141 nucleoside triphosphate metabolic proces... 0.0076
GO:0006996 organelle organization 0.00813
G0:0032270 positive regulation of cellular protein ... 0.00817

MF GO0:0003774 motor activity 1.5E-23

GO0:0003777 microtubule motor activity 1.5E-23
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GO:0017111 nucleoside-triphosphatase activity 0.000011
GO:0016817 hydrolase activity, acting on acid anhyd... 0.000013
G0:0008092 cytoskeletal protein binding 0.000037
G0:0019205 nucleobase-containing compound kinase ac... 0.00124
GO0:0051015 actin filament binding 0.00134
G0:0031267 small GTPase binding 0.00326
G0:0016301 kinase activity 0.00525
G0:0044877 protein-containing complex binding 0.00547
G0:0016491 oxidoreductase activity 0.0058
GO0:0009055 electron transfer activity 0.0078
CC GO:0005856 cytoskeleton 9.6E-11
GO0:0015630 microtubule cytoskeleton 4E-08
G0:0099080 supramolecular complex 1.3E-07
G0:0099081 supramolecular polymer 1.3E-07
G0:0042995 cell projection 0.00014
G0:0120025 plasma membrane bounded cell projection 0.00014
G0:0043228 non-membrane-bounded organelle 0.00484
G0:0043232 intracellular non-membrane-bounded organ... 0.00484
G0:0030286 dynein complex 0.00613
DS female vs male | BP G0:0007018 microtubule-based movement 9E-07
gonads G0:0006928 movement of cell or subcellular componen... 5.7E-06
G0:0007017 microtubule-based process 0.000037
G0:0030030 cell projection organization 0.00142
G0:0120036 plasma membrane bounded cell projection ... 0.00142
G0:0070925 organelle assembly 0.00306
GO0:0006338 chromatin remodeling 0.00559
GO0:0051347 positive regulation of transferase activ... 0.00918
MF G0:0044877 protein-containing complex binding 0.000041
G0:0003774 motor activity 0.000075
G0:0003777 microtubule motor activity 0.000075
G0:0008092 cytoskeletal protein binding 0.00053
GO0:0051015 actin filament binding 0.00083
G0:0003690 double-stranded DNA binding 0.00162
CC G0:0042995 cell projection 0.0036
GO0:0120025 plasma membrane bounded cell projection 0.0036
Contrasting SNPs BP GO0:0033365 protein localization to organelle 0.00031
GO:0017038 protein import 0.00089
GO0:1990542 mitochondrial transmembrane transport 0.00161
G0:0044743 protein transmembrane import into intrac... 0.00211
GO:0070585 protein localization to mitochondrion 0.0027
GO:0072655 establishment of protein localization to... 0.0027
GO:0045184 establishment of protein localization 0.00291
G0:0034613 cellular protein localization 0.00363
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G0:0070727 cellular macromolecule localization 0.00363
GO0:0006605 protein targeting 0.00375
GO0:0006839 mitochondrial transport 0.00416
GO:0071806 protein transmembrane transport 0.00416
G0:0006886 intracellular protein transport 0.00647
CcC GO0:0044441 ciliary part 0.0079
G0:0044463 cell projection part 0.0088
G0:0120038 plasma membrane bounded cell projection ... 0.0088
Module Pink BP GO:0051347 positive regulation of transferase activ... 0.000078
G0:0031401 positive regulation of protein modificat... 0.0001
GO:0051338 regulation of transferase activity 0.00026
GO0:0051247 positive regulation of protein metabolic... 0.00032
G0:0032268 regulation of cellular protein metabolic... 0.00043
G0:0031399 regulation of protein modification proce... 0.00046
GO0:0051246 regulation of protein metabolic process 0.00048
G0:0006259 DNA metabolic process 0.00108
G0:0043085 positive regulation of catalytic activit... 0.00168
G0:0016051 carbohydrate biosynthetic process 0.00189
G0:0044093 positive regulation of molecular functio... 0.00262
GO:0051173 positive regulation of nitrogen compound... 0.0029
GO:0051171 regulation of nitrogen compound metaboli... 0.00379
GO:0060255 regulation of macromolecule metabolic pr... 0.00398
G0:0080090 regulation of primary metabolic process 0.00402
G0:0006261 DNA-dependent DNA replication 0.00519
GO0:0031323 regulation of cellular metabolic process 0.00589
G0:0019222 regulation of metabolic process 0.00597
G0:0009893 positive regulation of metabolic process 0.00803
MF G0:0044877 protein-containing complex binding 0.0021
Module Magenta BP GO:0007155 cell adhesion 0.000094
G0:0022610 biological adhesion 0.000094
G0:0031099 regeneration 0.0016
G0:0042246 tissue regeneration 0.0016
G0:0048589 developmental growth 0.0016
GO:0040007 growth 0.0019
GO:0006364 rRNA processing 0.0052
GO:0009888 tissue development 0.0052
G0:0016072 rRNA metabolic process 0.0064
G0:0034470 ncRNA processing 0.0089
Module Purple BP GO0:0007160 cell-matrix adhesion 8.9E-06
G0:0031589 cell-substrate adhesion 9.9E-06
GO:0006826 iron ion transport 0.00013
GO0:0006879 cellular iron ion homeostasis 0.00013
G0:0055072 iron ion homeostasis 0.00013
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GO:0007155 cell adhesion 0.00015
G0:0022610 biological adhesion 0.00015
GO:0055076 transition metal ion homeostasis 0.00018
GO0:0000041 transition metal ion transport 0.00023
GO:0050801 ion homeostasis 0.0003
GO0:0019725 cellular homeostasis 0.00045
G0:0042592 homeostatic process 0.00115
G0:0065008 regulation of biological quality 0.00894
MF GO:0046872 metal ion binding 0.000029
GO0:0043169 cation binding 0.00003
G0:0043167 ion binding 0.00078
G0:0005509 calcium ion binding 0.00083
CC GO0:0005576 extracellular region 0.000004
Module Red BP GO0:0044877 protein-containing complex binding 0.00103
G0:0099003 vesicle-mediated transport in synapse 0.00145
G0:0099504 synaptic vesicle cycle 0.00145
GO0:0001505 regulation of neurotransmitter levels 0.00244
GO:0007269 neurotransmitter secretion 0.00244
G0:0099643 signal release from synapse 0.00244
G0:0006836 neurotransmitter transport 0.00305
G0:0007010 cytoskeleton organization 0.00447
GO:0065008 regulation of biological quality 0.00535
G0:0019722 calcium-mediated signaling 0.00591
G0:0019932 second-messenger-mediated signaling 0.00591
GO:0003008 system process 0.00643
G0:0032787 monocarboxylic acid metabolic process 0.00751
G0:0007268 chemical synaptic transmission 0.0087
G0:0099536 synaptic signaling 0.0087
G0:0006952 defense response 0.00999
MF GO:0051015 actin filament binding 3.8E-06
GO:0003779 actin binding 0.000032
G0:0008092 cytoskeletal protein binding 0.00012
G0:0005509 calcium ion binding 0.00199
GO0:0043169 cation binding 0.00726
CC G0:0016021 integral component of membrane 0.0073
GO0:0031224 intrinsic component of membrane 0.0081
Module Turquoise BP G0:0098660 inorganic ion transmembrane transport 0.00016
GO0:0015698 inorganic anion transport 0.00041
GO0:0031347 regulation of defense response 0.0006
GO0:0007154 cell communication 0.0006
G0:0098609 cell-cell adhesion 0.00061
G0:0023052 signaling 0.00071
G0:0032101 regulation of response to external stimu... 0.00088
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GO:0006508 proteolysis 0.00136
GO:0007165 signal transduction 0.00143
G0:0009308 amine metabolic process 0.00198
GO0:0001816 cytokine production 0.00228
GO0:0001817 regulation of cytokine production 0.00228
G0:0002831 regulation of response to biotic stimulu... 0.00228
G0:0045087 innate immune response 0.00228
G0:0002682 regulation of immune system process 0.003
G0:0006952 defense response 0.003
GO:0006811 ion transport 0.00327
GO0:0051239 regulation of multicellular organismal p... 0.00388
GO:0055085 transmembrane transport 0.00392
G0:0000041 transition metal ion transport 0.00441
G0:0009605 response to external stimulus 0.00494
G0:0009141 nucleoside triphosphate metabolic proces... 0.00602
G0:0048583 regulation of response to stimulus 0.00697
G0:0009607 response to biotic stimulus 0.00981
G0:0044419 biological process involved in interspec... 0.00981
MF G0:0030414 peptidase inhibitor activity 2.9E-08
G0:0016491 oxidoreductase activity 4.6E-06
G0:0005507 copper ion binding 0.00003
GO:0015103 inorganic anion transmembrane transporte... 0.000035
GO0:0005044 scavenger receptor activity 0.000078
GO:0051536 iron-sulfur cluster binding 0.00029
GO:0051540 metal cluster binding 0.00029
GO0:0048038 quinone binding 0.0004
G0O:0016641 oxidoreductase activity, acting on the C... 0.00041
G0O:0016638 oxidoreductase activity, acting on the C... 0.00058
G0:0046914 transition metal ion binding 0.00119
G0:0043169 cation binding 0.00121
GO0:0051213 dioxygenase activity 0.00146
GO0:0046872 metal ion binding 0.00187
G0:0016702 oxidoreductase activity, acting on singl... 0.00191
GO0:0015291 secondary active transmembrane transport... 0.00208
G0:0016701 oxidoreductase activity, acting on singl... 0.00298
G0:0004089 carbonate dehydratase activity 0.00502
G0:0022804 active transmembrane transporter activit... 0.00708
G0:0008233 peptidase activity 0.0076
CC G0:0016020 membrane 0.0023
GO:0005576 extracellular region 0.0002
Module_Yellow BP GO:0051276 chromosome organization 2.2E-14
G0:0090304 nucleic acid metabolic process 3.5E-13
G0:0022402 cell cycle process 6.8E-13
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G0:0006139 nucleobase-containing compound metabolic... 3.7E-12
G0:0006996 organelle organization 6.4E-12
G0:0046483 heterocycle metabolic process 7.2E-12
G0:0006725 cellular aromatic compound metabolic pro... 1.9E-11
GO0:1901360 organic cyclic compound metabolic proces... 3.5E-11
G0:0006259 DNA metabolic process 4.7E-11
G0:0007049 cell cycle 9.7E-11
G0:0007059 chromosome segregation 2.5E-10
GO0:0071840 cellular component organization or bioge... 2.4E-09
G0:0006260 DNA replication 5.8E-09
GO0:0048285 organelle fission 8.5E-09
G0O:0006281 DNA repair 9.4E-09
GO0:0034641 cellular nitrogen compound metabolic pro... 1.5E-08
G0:0009987 cellular process 1.4E-06
G0:0006950 response to stress 1.7E-06
G0:0016070 RNA metabolic process 7.9E-06
G0:0030261 chromosome condensation 0.000012
G0:0044260 cellular macromolecule metabolic process 0.000018
G0:0043170 macromolecule metabolic process 0.000021
GO0:0071824 protein-DNA complex subunit organization 0.000023
G0:0032774 RNA biosynthetic process 0.000081
G0:0006323 DNA packaging 0.00011
G0:0006261 DNA-dependent DNA replication 0.00016
G0:0007017 microtubule-based process 0.00018
G0:0034654 nucleobase-containing compound biosynthe... 0.00025
GO0:0006338 chromatin remodeling 0.00043
GO0:0018130 heterocycle biosynthetic process 0.00062
GO0:0010564 regulation of cell cycle process 0.00067
GO0:0006351 transcription, DNA-templated 0.00074
G0:0019438 aromatic compound biosynthetic process 0.00081
G0:0070925 organelle assembly 0.00093
GO:1901362 organic cyclic compound biosynthetic pro... 0.00099
G0:0065004 protein-DNA complex assembly 0.00114
G0:0000226 microtubule cytoskeleton organization 0.00116
G0:0000724 double-strand break repair via homologou... 0.00258
G0:0000725 recombinational repair 0.00258
G0:0044770 cell cycle phase transition 0.00258
GO0:0044237 cellular metabolic process 0.00353
GO0:0010467 gene expression 0.00397
G0:0016071 mRNA metabolic process 0.00404
GO:0006397 mRNA processing 0.00417
GO0:0034645 cellular macromolecule biosynthetic proc... 0.00594
GO0:0009059 macromolecule biosynthetic process 0.00614
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G0:0006928 movement of cell or subcellular componen... 0.00746
GO:0051726 regulation of cell cycle 0.00896

MF GO:1901363 heterocyclic compound binding 1E-12
G0:0097159 organic cyclic compound binding 1.5E-12
G0:0003676 nucleic acid binding 6.8E-09
G0:0003899 DNA-directed 5'-3' RNA polymerase activi... 7.6E-08
GO0:0016779 nucleotidyltransferase activity 2.2E-07
GO:0005488 binding 2.5E-06
GO0:0003677 DNA binding 8.2E-06
GO:0097367 carbohydrate derivative binding 0.000017
GO0:0036094 small molecule binding 0.000049
GO0:0032559 adenyl ribonucleotide binding 0.00007
G0:0003723 RNA binding 0.0001
GO0:0003678 DNA helicase activity 0.00013
G0:0016772 transferase activity, transferring phosp... 0.00014
G0:0140097 catalytic activity, acting on DNA 0.00016
G0:0004386 helicase activity 0.00041
G0:0003774 motor activity 0.00052
G0:0003777 microtubule motor activity 0.00052
G0:0017076 purine nucleotide binding 0.00091
GO:1901265 nucleoside phosphate binding 0.00165
GO:0016817 hydrolase activity, acting on acid anhyd... 0.00214
GO0:0008135 translation factor activity, RNA binding 0.00243
GO:0017111 nucleoside-triphosphatase activity 0.00263
G0:0035639 purine ribonucleoside triphosphate bindi... 0.00283
GO:0043168 anion binding 0.00438
G0:0003697 single-stranded DNA binding 0.00751
GO0:0017056 structural constituent of nuclear pore 0.01

CC GO:0005694 chromosome 3E-18
GO:0005634 nucleus 1.6E-14
GO0:0005622 intracellular anatomical structure 8.3E-13
G0:0043229 intracellular organelle 1.8E-12
G0:0043228 non-membrane-bounded organelle 1.3E-11
G0:0043232 intracellular non-membrane-bounded organ... 1.3E-11
G0:0032991 protein-containing complex 1.8E-11
G0:0043226 organelle 1.9E-11
GO:0140513 nuclear protein-containing complex 6.6E-10
G0:0000228 nuclear chromosome 8.1E-10
G0:0043231 intracellular membrane-bounded organelle 4.6E-08
GO0:0043227 membrane-bounded organelle 3.2E-07
G0:0031974 membrane-enclosed lumen 1.5E-06
GO:0000775 chromosome, centromeric region 5.9E-06
GO0:1902494 catalytic complex 0.000059
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GO:1904949 ATPase complex 0.00015
G0:0070603 SWI/SNF superfamily-type complex 0.00027
GO0:1902562 H4 histone acetyltransferase complex 0.00044
GO0:0005667 transcription regulator complex 0.00129
G0:0099080 supramolecular complex 0.00193
G0:0033202 DNA helicase complex 0.00322
G0:0090575 RNA polymerase II transcription regulato... 0.00416
Module Blue BP G0:0000003 reproduction 3.8E-09
G0:0022414 reproductive process 3.8E-09
GO0:0051704 multi-organism process 0.000054
G0:0007049 cell cycle 0.000056
G0:0000280 nuclear division 0.000091
GO:0098813 nuclear chromosome segregation 0.000091
G0:0007017 microtubule-based process 0.00012
G0:0048285 organelle fission 0.00017
G0:0007059 chromosome segregation 0.00029
G0:0010970 transport along microtubule 0.00043
G0:0030705 cytoskeleton-dependent intracellular tra... 0.00043
GO:0051656 establishment of organelle localization 0.00078
G0:0030031 cell projection assembly 0.00095
GO:0051640 organelle localization 0.00151
G0:0006928 movement of cell or subcellular componen... 0.00319
G0:0030030 cell projection organization 0.00552
GO:0070925 organelle assembly 0.00741
MF G0:0008092 cytoskeletal protein binding 0.0013
GO:0005488 binding 0.0079
CC GO0:0005856 cytoskeleton 0.000026
G0:0043228 non-membrane-bounded organelle 0.00028
G0:0043232 intracellular non-membrane-bounded organ... 0.00028
G0:0099080 supramolecular complex 0.00036
G0:0015630 microtubule cytoskeleton 0.00036
G0:0099081 supramolecular polymer 0.00042
GO:0000502 proteasome complex 0.00047
GO:0000793 condensed chromosome 0.0013
Module Green BP G0:0007018 microtubule-based movement <1e-30
G0:0006928 movement of cell or subcellular componen... <le-30
G0:0007017 microtubule-based process <le-30
G0:0070925 organelle assembly 3.7E-08
G0:0030030 cell projection organization 5.6E-08
G0:0120036 plasma membrane bounded cell projection ... 5.6E-08
G0:0022402 cell cycle process 0.00001
G0:0007049 cell cycle 0.00013
G0:0007010 cytoskeleton organization 0.00034
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G0O:0051674 localization of cell 0.00064
GO:0040011 locomotion 0.00084
G0:0006996 organelle organization 0.00104
GO0:0010564 regulation of cell cycle process 0.00108
GO:1905515 non-motile cilium assembly 0.0068
MF GO0:0017111 nucleoside-triphosphatase activity 2.2E-21
GO0:0016817 hydrolase activity, acting on acid anhyd... 1.5E-20
G0:0016787 hydrolase activity 6.4E-10
G0:0019205 nucleobase-containing compound kinase ac... 0.000016
G0:0003824 catalytic activity 0.000058
G0:0008017 microtubule binding 0.00477
GO0:0003774 motor activity <le-30
GO0:0003777 microtubule motor activity <le-30
CC G0:0042995 cell projection 2.5E-11
G0:0120025 plasma membrane bounded cell projection 2.5E-11
GO:0005815 microtubule organizing center 4.7E-09
GO0:0005856 cytoskeleton 9.6E-08
G0:0043228 non-membrane-bounded organelle 6.3E-06
G0:0043232 intracellular non-membrane-bounded organ... 6.3E-06
G0:0043226 organelle 0.000042
G0:0043229 intracellular organelle 0.00088
G0:0005622 intracellular anatomical structure 0.00585
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Supplementary Figure 2.1 Gene expression profiles for the co-expressed modules.
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Supplementary Figure 2.2 The correlation between Tau and connectivity. (a) The
correlation between Tau and total network connectivity (kTotal), and between Tau
and intramodular connectivity (kWithin) in non-gonad associated modules. (b) The
correlation between Tau and intermodular (kOut) connectivity in all the modules.

The Spearman’s correlation (R) and p values were shown on the top.
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Supplementary Figure 2.3 The correlation between Ka/Ks and network for each
module. (a) The correlation between Ka/Ks and total network connectivity
(kTotal), and between Ka/Ks and intramodular connectivity (kWithin) in non-
gonad associated modules. (b) The correlation between Ka/Ks and intermodular
connectivity (kOut) in all the modules. The Spearman’s correlation (R) and p

values were shown on the top.
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Chapter 3 Lack of transcriptional coordination
between mitochondrial and nuclear oxidative
phosphorylation genes in the presence of two
divergent mitochondrial genomes

Abstract

In most eukaryotes, oxidative phosphorylation (OXPHOS) is the main energy
production process and it involves both mitochondrial and nuclear genomes. The close
interaction between the two genomes is critical for the coordinated function of the
OXPHOS process. Some bivalves show doubly uniparental inheritance (DUI) of
mitochondria, where two highly divergent mitochondrial genomes, one inherited
through eggs (F-type) and the other through sperm (M-type), coexist in the same
individual. However, it remains a puzzle how nuclear OXPHOS genes coordinate with
two divergent mitochondrial genomes in DUI species. In this study, we compared
transcription, polymorphism, and synonymous codon usage in the mitochondrial and
nuclear OXPHOS genes of the DUI species Ruditapes philippinarum using sex- and
tissue-specific transcriptomes. Mitochondrial and nuclear OXPHOS genes showed
different transcription profiles. Strong co-transcription signal was observed within
mitochondrial (separate for F- and M-type) and within nuclear OXPHOS genes but the
signal was weak or absent between mitochondrial and nuclear OXPHOS genes,
suggesting that the coordination between mitochondrial and nuclear OXPHOS subunits
is not achieved transcriptionally. McDonald-Kreitman and frequency-spectrum based
tests indicated that M-type OXPHOS genes deviated significantly from neutrality, and
that F-type and M-type OXPHOS genes undergo different selection patterns. Codon

usage analysis revealed that mutation bias and translational selection were the major
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factors affecting the codon usage bias in different OXPHOS genes, nevertheless,
translational selection in mitochondrial OXPHOS genes appears to be less efficient than
nuclear OXPHOS genes. Therefore, we speculate that the coordination between

OXPHOS genes may involve post-transcriptional/translational regulation.

Keywords: Oxidative phosphorylation; Doubly uniparental inheritance; Co-

transcription; Polymorphism; Codon usage bias; Translational selection

3.1 Introduction

In most animals, mitochondria are maternally inherited and one consequence of
this kind of inheritance is a limitation of the genetic variance in the mitochondrial
population within an individual (Lane, 2012). Until recently, it was assumed that
mitochondrial DNA (mtDNA) is present in a state of homoplasmy, namely that identical
copies of the mtDNA are found within an individual. The presence of different genetic
variants, termed heteroplasmy, was thought to be mainly associated with unfavorable
conditions such as ageing and disease (e.g., James White et al., 2008; Lane, 2012;
Stewart & Chinnery, 2015). More recently, high-throughput sequencing revealed that
mtDNA heteroplasmy (at least at low levels) is much more common than previously
thought (Barrett et al., 2019; Dowling, 2014; Zhang et al., 2018). Heteroplasmy is a
central issue in mitochondrial biology because genetic variation can lead to within-
individual selection which can negatively affect coordination with nuclear-encoded

mitochondrial components (Lane, 2011).

In Metazoa, the primary function of mitochondria is energy production through
the process named oxidative phosphorylation (OXPHOS), which involves the tight

interaction between mitochondrial (mt) and nuclear (nu) encoded subunits. Therefore,

101



to ensure the correct and efficient synthesis and assembly of the OXPHOS system,
proper coordination between mt and nuOXPHOS genes is required. In mice and humans,
van Waveren & Moraes (2008) reported a shared transcriptional control mechanism of
nuOXPHOS genes and strongly correlated transcriptional signal within the same
complex of nuOXPHOS genes. Barshad et al. (2018) investigated the OXPHOS
transcription regulatory landscape across multiple tissues in humans and found a strong
co-regulation signal between mt and nuOXPHOS genes across tissues. These findings
make intuitive sense as gene products that must cofunction may be transcriptionally
coregulated. However, Couvillion et al. (2016) showed that transcription levels in mt
and nuOXPHOS genes were not concordant during mitochondrial biogenesis in yeast,
while translational responses in both mt and nuOXPHOS genes were rapid and
synchronously regulated, indicating the coordination between mt and nuOXPHOS
genes is at the translation, not transcriptional level. A recent study in human cells
showed that the average synthesis of mt and nuOXPHOS subunits for each complex
was also highly correlated, although coordinated cytosolic and mitochondrial
translation may require a nu-encoded mt protein—Ileucine rich pentatricopeptide repeat

containing protein (LRPPRC)—to maintain cellular proteostasis (Soto et al., 2021).

Transcriptional coordination between mt and nuOXPHOS genes could be
particularly complex in some bivalve species. Some bivalve species exhibit an
evolutionarily stable exception to the strictly maternal mtDNA inheritance (SMI), a
condition referred to as doubly uniparental inheritance (DUI; see Zouros, 2013 for a
review). In DUI species, two mitochondrial lineages (F-type and M-type) are present:
the F-type is transmitted through eggs while the M-type is transmitted through sperm.
Because of the strict segregation between F and M lineages, F- and M-type mtDNA can

accumulate an impressive genetic divergence (10%—43% at the nucleotide level, up to
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53% at the amino acid level). Gametes are homoplasmic for the respective sex-linked
lineage, while the distribution of F- and M-type in adult tissues is variable according to
sex, tissue, and species. Generally, heteroplasmic females are less common (and if
heteroplasmy is present it is usually at low levels), whereas males are always
heteroplasmic. According to previous studies, the M-type mtDNA in the DUI species is
predominant in male gonads and present in variable number (and can also be absent) in
male somatic tissues, being generally absent (or rare) in female samples. F-type mtDNA
is present in all the somatic tissues of both females and males (Ghiselli et al., 2019,
2021a). Moreover, the transcription of M-type mtDNA was also detected in male
somatic tissues, but the frequency and the percentage of its presence seem to vary across
different species (e.g., Breton et al., 2017; Dalziel & Stewart, 2002; Ghiselli et al., 2011;
Milani et al., 2014; Mioduchowska et al., 2016; Obata et al., 2011). For example, the
M-type mtRNA was detected in 60% and 89.5% of male somatic samples in
Utterbackia peninsularis and Venustaconcha ellipsiformis, respectively (Breton et al.,
2017). However, sex- and tissue-specific transcriptomic resources are lacking for DUI
species, making many inferences on the abundance and expression of F-type, M-type,

and related nuclear genes difficult.

While mito-nuclear coregulation is likely important, it is therefore unclear when
and where selection has acted on coordination across different eukaryotes. Sequence
coevolution between mt and nuOXPHOS genes provides another way to coordinate
OXPHOS across the genomes. Mito-nuclear coevolution implies that sequence
evolution within one genome could exert selection on the other genome for
complementary changes (Hill, 2020; Hill et al., 2019; Rand et al., 2004), and mito-
nuclear coevolution has been observed across a wide range of eukaryotic lineages

(Barreto et al., 2018; Barreto & Burton, 2013; Havird et al., 2017; Havird & Sloan,
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2016; Yan et al., 2019), including bivalves (Piccinini et al., 2021, which included 4 DUI
species). In DUI species, two highly divergent mt genomes have to cofunction with the
same nuclear background, which may be challenging for mito-nuclear coevolution.
Previously studies indicated that F- and M-type genomes might have evolved separately
multiple times (Gusman et al., 2016; Zouros, 2013), and two types of mt genomes might
be under different selective pressure. It has been reported that Mtype mt genomes show
higher nonsynonymous to synonymous substitution rates (dN/dS) than F-type, and
several studies proposed that the M-type mt genome might be under relaxed selection
(Hoeh et al., 1996, 1997, 2002; Liu et al., 1996; Ort & Pogson, 2007, Smietanka et al.,
2009, 2013; Soroka & Burzynski, 2010; Stewart et al., 1995, 1996; Zbawicka et al.,
2010; Zouros, 2013). However, other studies have hypothesized that M-type may have
undergone adaptive evolution optimizing sperm/male gonad functions (Bettinazzi et al.,
2019, 2020; Burt & Trivers, 2006; Ghiselli et al., 2013, 2021a, 2021b; Iannello et al.,
2019; Skibinski et al., 1994, 2017). Therefore, studying the selections on different
OXPHOS genes would be critical to understanding how two divergent mt genomes
evolve with the same nuOXPHOS genes (lannello et al., 2019; Maeda et al., 2021;

Piccinini et al., 2021).

An assumption of dN/dS metrics is that variations at synonymous sites are neutral.
However, recent studies have shown selection on synonymous sites in the form of
preferential codon usage, without changing the protein sequence (reviewed in Gingold
& Pilpel, 2011; Plotkin & Kudla, 2011). Natural selection acting on synonymous
codons to increase protein synthesis speed and accuracy is known as translational
selection. Translational selection combined with mutational bias can create
synonymous codon usage bias (CUB), in which codons are used in different frequencies

in the coding regions across the genome (Gingold & Pilpel, 2011; Hershberg & Petrov,
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2009; Plotkin & Kudla, 2011). CUB can influence various cellular processes, including
gene expression (Jeacock et al., 2018), protein folding and function (Yu et al., 2015;
Zhou et al., 2009), and exon splicing (Parmley & Hurst, 2007), therefore it can play an
important role in genome evolution. In addition, it has been shown that translational
selection is pervasive and detectable in a wide range of vertebrates (de Oliveira et al.,
2021; Doherty & Mclnerney, 2013; Machado et al., 2020). Translational selection has
also been detected in mitochondria in a wide range of species (Jia & Higgs, 2008; Sun
et al., 2008; Wang et al., 2011; Wei et al., 2014). Furthermore, several studies reported
that the rate of mRNA translation into protein (translational efficiency) in mt genes is
lower than nuclear genes (Adrion et al., 2016; Havird & Sloan, 2016; Pett & Lavrov,
2015; Sloan et al., 2013), leading to the hypothesis that differences in translational
selection for efficiency between mt and nu genes might be associated with the different

evolution rates in mt and nuOXPHOS genes.

DUI species, with the stable and natural occurrence of two very divergent
mitochondrial genomes in the same individual, represent an interesting evolutionary
puzzle, and provide a unique model to study heteroplasmy and mito-nuclear
interactions. Taking advantage of RNA-Seq data on three different tissues of 15 females
and 15 males, we compared transcription, polymorphism, divergence, and codon usage
in mt and nuOXPHOS genes in the DUI species Ruditapes philippinarum (the Manila
clam). We observed lack of co-transcriptional coordination among F-type, M-type and
nuOXPHOS genes. Furthermore, three genomes were constrained by different selection
patterns, occurring at both synonymous and nonsynonymous substitutions. In particular,
transcriptional selection shapes codon bias differently in mt and nuOXPHOS genes.
Considering our results, we predict that mito-nuclear coordination does not occur at

transcriptional level, but it is achieved by post-trascriptional/translational mechanisms
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in DUI species. To our knowledge, this is the first study analyzing both transcriptional
regulation and sequence evolution to investigate the coordination of OXPHOS genes in

mollusks.

3.2 Materials & Methods

3.2.1 Dataset and reference transcriptome

Raw reads of Ruditapes philippinarum were downloaded from NCBI (BioProject
PRINA672267). All the clams were collected during the spawning season (end of July) from
the same population in the Northern Adriatic Sea (Italy), in the river Po delta region (Sacca di
Goro, approximate GPS coordinates: 44°50'06"N, 12°17'55"E). By visual inspection at optical
microscope, gonads contained either eggs or sperm in late developmental stages, and clam were
sexed concordantly. Adductor muscle, mantle, and gonad from 15 males and 15 females (with
the exception of a missing female mantle; 89 samples in total) were sequenced using Illumina
HiSeq 2500 with insert size of 500 bp to generate 150 bp paired-end reads. Detailed information
about RNA extraction, library preparation, sequencing and de novo transcriptome assembly can
be found in Maeda et al. (2021). The de novo reference transcriptome assembly for R.
philippinarum is available on the Transcriptome Shotgun Assembly Sequence Database (TSA)

of NCBI (accession No. GIVW00000000).

3.2.2 Transcriptome analysis

We used CD-HIT-EST (Fu et al., 2012) to reduce transcriptome redundancy (the
presence of multiple transcripts belonging to the same gene), with a similarity threshold
of 0.9. To retrieve F- and M-type mt genes from the transcriptome, we downloaded the
complete F- and M-type mt genomes of R. philippinarum from NCBI (Accession Nos.:
AB065374, AB065375). Considering some inaccuracies in the NCBI original
annotations, we reannotated the mt genomes, by using BLAST (Camacho et al., 2009)

against the non-redundant protein database (nr) to confirm protein coding regions, and
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by manually curating start and stop codons. Then all reads were mapped to the
transcriptome (without mt transcripts) and reference mt genes. The filtered reads were
mapped to the transcriptome using bowtie2 (Langmead & Salzberg, 2012) with the
default settings and only reads with mapping quality >10 were included in the following
analyses. SAMtools (Li et al., 2009) was used to retrieve reads that were properly paired
and uniquely mapped. Samples having <1 thousand reads mapped to mt protein coding

genes and <1 million total mapped reads, were excluded from the analysis.
3.2.3 Transcriptome annotation

Nuclear OXPHOS transcripts were retrieved from Maeda et al. (2021) (BioProject
PRINA672267). To get coding sequences from nuOXPHOS transcripts, we ran
TransDecoder (https://github.com/TransDecoder/TransDecoder/wiki) using homology
searches against nr and Pfam databases with the minimum length of the open reading

frame of 150 bp and only the longest ORF for each OXPHOS gene was kept.

We additionally performed the annotation of the whole R. philippinarum
transcriptome as follows. First, contaminations from non-metazoans were filtered out
by using a BLASTX (Altschul et al., 1997) search (with default parameters and adding
information about taxon id) against the nr database of NCBI. We therefore extracted the
full taxonomic lineage for each BLAST hit and we kept only transcripts having a best
BLAST hit against Metazoa. To predict open reading frames (ORF) in the transcriptome,
we used findorf (Krasileva et al., 2013); the prediction was performed using both a
BLASTX search against the nr database and an HMMER (Mistry et al., 2013) search
against the Pfam database (Finn et al., 2016). Annotation of predicted proteins was

performed by using both a BLASTP search against the Swiss-Prot database and an
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HMMER search against the Pfam database. We used Argot2 (Falda et al., 2012) to

obtain Gene Ontology (GO) terms from BLASTP and HMMER outputs.
3.2.4 Transcription and co-transcriptional analysis

We used the gene length-corrected TMM (GeTmm) normalization method to allow
both intra- and inter-sample comparisons (Smid et al., 2018). Before normalization,
transcripts with low number of counts were filtered out using the NOIseq R package
(Tarazona et al., 2015), with the following parameters: CPM=1, cv.cutoff=300. Genes
that failed to pass this threshold were defined as lowly transcribed genes. It is worth
mentioning that F-type and M-type genomes both contain a lineagespecific ORF (FORF
and MORF), which might play functional roles in DUI species (Breton et al., 2011;
Milani et al., 2013a; Minoiu et al., 2016). Therefore, although we still do not know if
they belong to any complex subunits, we included them among the mtOXPHOS genes
if not specified in the context. The transcription for mt and nuOXPHOS genes were
plotted for each tissue, and Wilcoxon rank-sum test was used to compare pairwise
transcriptional differences between mt and nuOXPHOS genes in each tissue. Kruskal-
Wallis rank-sum test followed by a Dunn’s test with Bonferroni correction was used to

compare transcriptional differences across tissues.

To retrieve the general correlation trend of transcription across tissues, we
calculated Spearman’s rank-sum correlation with FDR correction across all samples
using psych R package (http://CRAN.R-project.org/package=psych). The same process
was also performed separately for each tissue to obtain the tissue-specific correlation
trend. The correlation was considered significant with adjusted P<0.05. To test if the
correlation strength between mt and nuOXPHOS genes was higher than genes involved

in the different biochemical activities, we compared the differences in Spearman’s
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correlation coefficients (rho) between OXPHOS genes and a set of randomly selected
same number of nuclear genes (56 genes) using Wilcoxon rank-sum test with
Bonferroni correction. To test the hypothesis that genes within the same complex
(intracomplex) presented a stronger correlation than the genes between different
complexes (intercomplex), we compared the intracomplex correlation to intercomplex

correlation using Wilcoxon rank-sum test with Bonferroni correction.

To uncover genes co-transcribed with OXPHOS genes, we retrieved the nuclear
genes that were significant highly (rho>0.6) correlated with mtOXPHOS genes, and
with nuOXPHOS genes. Functional enrichment for the nuclear genes that were co-
transcribed with the OXPHOS genes was performed in topGO v2.34.0 (Alexa &
Rahnenfiihrer, 2018), using the classic Fisher’s test, with a nodeSize of 5 and a P-value

cutoff of 0.01.

3.2.5 SNP calling and McDonald-Kreitman test

The F- and M-type mt genomes were used as references for SNP calling on
mtOXPHOS genes. For the nuOXPHOS genes, SNPs were called based on the de novo
assembled transcriptome. We used Freebayes v1.2.0 (Garrison & Marth, 2012) to call
the SNPs from all the samples simultaneously. VCFtools (Danecek et al., 2011) was run
to calculate the rate of missing SNPs and to filter the SNPs for each sample using the
following parameters: --minGQ 20 --minQ 30 --minDP 30. Finally, the number of SNPs
in each gene was normalized by the gene length and the total number of SNPs in the
sample to enable comparison across different genes. Considering the uneven coverage
and the different rates of missing SNPs across sexes and tissues, allele frequency and
PCA classification were performed with a genotype likelihood approach implemented

in ANGSD (Korneliussen et al., 2014), which is particularly suited for low and medium
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depth data. The Kolmogorov-Smirnov test with Bonferroni correction was used to
assess if there is difference in the distribution of allele frequencies between different set
of genes. SnpEFF (Cingolani et al., 2012) was used to predict the effects of SNPs on
mt and nuOXPHOS genes. Samples with the rate of missing data > 40% were filtered
out for the SNP effect prediction. Statistical differences between the proportion of
synonymous and nonsynonymous SNPs in each component of OXPHOS (F-type, M-
type and nuOXPHOS) genes were tested by Wilcoxon rank-sum test with Bonferroni

correction.

We performed McDonald-Kreitman (MK) tests (McDonald & Kreitman, 1991)
and frequency-based tests—Tajima’s D (Tajima, 1989), Fu & Li’s D, and Fu & Li’s F/
(Fu & Li, 1993)—on mt and nuOXPHOS genes and randomly selected nuclear
proteincoding genes (30 genes), using DnaSP v6.12 (Rozas et al., 2017). For
mtOXPHOS genes, the MK test was performed between F-type and M-type OXPHOS,
and also separately for F-type and M-type using the closely related species Ruditapes
decussatus (SMI) as an outgroup. For nuOXPHOS and randomly selected genes, the
MK test was performed with R. decussatus as an outgroup. The OXPHOS orthologues
in R. decussatus were extracted from lannello et al. (2019) and Piccinini et al. (2021),
while the random orthologues were retrieved with OrthoFinder2 (Emms & Kelly, 2019).
Among the nuOXPHOS genes identified above, 32 nuOXPHOS orthologues were
retrieved for the MK analysis. VCFtools (Danecek et al., 2011) and SeqKit (Shen et al.,
2016) were used to retrieve consensus nucleotide sequences and amino acid sequences,
respectively. Clustal Omega (Sievers & Higgins, 2018) was used for multiple sequence
alignment and PAL2NAL (Suyama et al., 2006) was used to retrieve the homologous

nucleotide region.
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3.2.6 Codon usage analysis

The codon frequencies of OXPHOS genes were calculated using the EMBOSS
cusp tool (http://emboss.bioinformatics.nl/cgi-bin/emboss/cusp). The genetic codes 1
and 5 (https://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi) were used for the
nuclear genes and mitochondrial genes, respectively. The GC composition (at first and
second codons position: GC12, at the third codon position: GC3), relative synonymous
codon usage (RSCU), the effective number of codons (ENC), and codon adaptation
index (CAI) were calculated using CAlcal (Puigbo et al., 2008). RSCU is defined as
the ratio of the observed frequency of codons to the expected frequency given that all
the synonymous codons for the same amino acid are used equally (Sharp & Li, 1987).
The ENC quantifies the extent to which the codon usage in a gene or genome departs
from the equal usage and it ranges from 20 (if only one codon is used for each amino
acid) to 61 (if all codons are used equally) (Wright, 1990). CAI is another commonly
used statistic which requires a set of highly expressed genes as reference and it
presumes translational selection in highly expressed genes, therefore it can assess the
extent to which selection has driven the pattern of codon usage (Sharp & Li, 1987). For
the mitochondrial genes, the reference database for CAI estimation is available.
Considering M-type OXPHOS genes were present mainly and predominantly in male
gonads, we therefore only used the average transcription levels in male gonads for
Mtype OXPHOS genes and in female gonads for F-type OXPHOS genes to calculate
the correlation between CAI and the transcription levels. For nuclear genes, no
reference database was available, so 30 highly transcribed (average transcription in
gonads) nu-encoded genes: top 15 transcribed nuOXPHOS genes and top 15 transcribed
nu-encoded genes (ribosomal-related genes were excluded to avoid bias) were selected

to build the reference database. We also calculated ENC and CAI for the whole
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transcriptome, and Kruskal-Wallis rank-sum test followed by a Dunn’s test with
Bonferroni correction was performed to assess if ENC and CAI presented differences
between OXPHOS genes and nuclear genes. The ENC-GC3 relationship (Nc-plot,
Wright, 1990) and neutrality test between GC12 and GC3 (Sueoka, 1999) were
performed to assess the factors influencing the CUB in OXPHOS genes. Spearman’s
rank-sum test was used to assess the relationship between ENC and CAI. The
comparison between ENC and CAI was also used to demonstrate the relationship
between mutation and natural selection on codon usage bias (Behura & Severson, 2012).
The correspondence analysis (COA) based on both codon counts and RSCU was
performed in R FactoMineR package to detect the factors affecting CUB. We also
performed Chi-square tests for context-dependent mutations (the rate of mutation from
any one base to any other is influenced by the neighboring bases) in each set of
OXPHOS genes according to the procedures described in Jia and Higgs (2008). The
mutation equilibrium was calculated according to Lynch (2007). Briefly, we inferred
the minor allele according to the allele frequency and treated the minor alleles as the
new mutations (Hildebrand et al., 2010). Sites with more than two alleles or with two
alleles at an equal frequency were discarded. Then the expected mutation GC
equilibrium was calculated as the following formula: GCeq=1/(1+m) (1) where
m=v/u, u is the mutation rate of A/T to G/C and v is the mutation rate of G/C to A/T
(Johri et al., 2019; Lynch, 2007). Consequently, m close to 1 indicates little mutation
bias, while GCeq close to the percentage of GC3 means that codon usage bias is majorly

determined by mutation bias (Johri et al., 2019; Lynch, 2007).
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3.3 Results

3.3.1 Different transcription patterns of mitochondrial and nuclear

OXPHOS genes in different tissues

Five samples were filtered out due to a low number of reads or contamination
(f 67 G, f67 M,m 70 A, m 70 G, m_70 M). A total number of 84 samples was
used for the following analysis. The percentage of reads mapped to the F- and M-type
mtOXPHOS genes were reported in Figure 3.1: F-type was predominant (~100% in
females; >95% in male somatic tissues) in all the tissues except male gonads, while
Mtype accounted for more than 90% of reads in male gonads. Small traces of M-type
reads were also detected in male adductor muscles (average: 0.92%) and male mantles
(average: 0.58%) with five samples presenting more than 1% of M-type reads in male
somatic tissues (Figure 3.1). No read was retrieved for the ATP8 gene, possibly due to

its short length (120 bp in F-type and 84 bp in M-type).
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Figure 3.1 The ratio of reads mapped to the F- and M-type genomes in each tissue.
A _f: female adductor; G f: female gonad; M_f: female mantle; A m: male

adductor; G_m: male gonad; M_m: male mantle.
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After filtering lowly transcribed genes, 27 mitochondrial protein-coding genes (14
from F-type and 13 from M-type), 56 (out of 67) nuOXPHOS genes, and 20,214 nuclear
encoded genes were kept. To assess transcriptional differences of OXPHOS genes
across different components (F-type, M-type and nuOXPHOS), a PCA analysis was
performed based on the transcription level of all OXPHOS genes (Figure 3.2 A-C),
only nuOXPHOS genes (Figure 3.2 D) and only mtOXPHOS genes (Figure 3.2 D-F).
We found that F-type, M-type, and nuOXPHOS formed three distinct clusters taking

account of transcription of all the OXPHOS genes across tissues (Figure 3.2 A).

Notably, M-type OXPHOS genes were clustered remarkably apart from the F-type
and nuOXPHOS genes, in line with our expectations because the transcription of M-
type in somatic tissues is rare or absent. However, transcriptional profiles of M-type in
male gonads can also contribute to this departure. To test this, we conducted the PCA
analysis for all the OXPHOS genes only in male gonads. M-type presented an extremely
wide distribution despite the overlap between different OXPHOS genes in male gonads
(Figure 3.2 B), indicating that transcriptional profiles of M-type in male gonads also
contributes partially to the departure of M-type in Figure 3.2 A. Moreover, the
OXPHOS genes in different tissues also showed different patterns, with male gonads
departing from the other tissues and adductors showing relatively wider variation
(Figure 3.2 C). To further investigate transcriptional differences across tissues (Figure
3.2 C), we focused on the nu and mtOXPHOS genes separately. Interestingly, we found
that the distribution of nuOXPHOS genes showed an overlap in different tissues despite
the wider variation in adductor muscles (Figure 3.2 D). By contrast, if we consider all
the mtOXPHOS genes together, we found that male gonads were clearly apart from the
other tissues (Figure 3.2 E). However, if we only look at F-type OXPHOS genes, the

male gonads did not deviate from the other tissues (Figure 3.2 F). Thus, it seems that
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the deviation of male gonads in Figure 3.2 C and Figure 3.2 D was due to the presence

of M-type OXPHOS genes.
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Figure 3.2 The PCA plot based on the transcription of OXPHOS genes. A: PCA
plot for all OXPHOS genes in all samples, each point is a gene. B: PCA plot for
all OXPHOS genes in only male gonads, each point is a gene. C: PCA plot for all
the OXPHOS genes in each tissue, each point is a sample. D: PCA plot based on
nuclear OXPHOS genes; E: PCA plot based on all the mitochondrial genes; F: PCA plot

based on Ftype mitochondrial genes. The circle indicates the 95% confidence interval.
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Figure 3.3 The transcription level of mitochondrial and nuclear OXPHOS genes
in each tissue. The significance of Wilcoxon rank-sum test between F-type
OXPHOS and nuOXPHOS was reported below the x axis. X axis represents six
tissue types; Y axis represents transcription level. The transcription of M-type
OXPHOS was significantly different from the F-type and nuOXPHOS in male
gonads. “: —P<0.05; **: —=P<0.001; ns: not significant.

Figure 3.3 compares the transcription level of mt and nuOXPHOS genes in
different tissues. Because we do not know whether the two lineage-specific ORFs
(FORF and MORF,; see Ghiselli et al.,, 2013; Milani et al., 2013a) and F-type
cytochrome ¢ oxidase subunit 2 duplication (COX2B) have any OXPHOS function,
they were not included here. The transcription of both mt and nuOXPHOS genes
showed significant differences across tissues (in both cases, Kruskal-Wallis test:
P<0.001), with nuOXPHOS genes presenting higher transcription in most pairwise
comparisons between adductor muscles and other tissues and mtOXPHOS genes
presenting higher transcription in most pairwise comparisons between gonads and
somatic tissues (Significance for pairwise comparisons in Supplementary Table 3.1).
Moreover, mtOXPHOS genes showed an overall significantly higher transcription than

nuOXPHOS in all the tissues except female mantles (Figure 3.3). M-type OXPHOS
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genes presented remarkably higher transcription in male gonads than F-type and
nuOXPHOS genes, which is consistent with the deviation of M-type OXPHOS genes
in Figure 3.2. The transcription level for each OXPHOS gene is shown in
Supplementary Figure 3.1 (A and B, respectively). Intriguingly, the nuOXPHOS
succinate dehydrogenase cytochrome b560 (SDHC) had two divergent sequences
(SDHC-1 and SDHC-2) and one of them (SDHC-2) presented a gonad-specific

transcription (in both males and females).

3.3.2 Strong co-transcription signal within mitochondrial and within
nuclear OXPHOS genes across tissues, but weak or absent across

genomes

To test the hypothesis that genes involved in the same biochemical activity tend to
be co-transcribed in R. philippinarum (Shyamsundar et al., 2005; Stuart et al., 2003),
we calculated Spearman’s rho between pairwise OXPHOS genes. According to the
transcriptional correlations across tissues, all OXPHOS genes were clustered into four
major distinct groups: F-type, M-type, nuOXPHOSI1 and nuOXPHOS2. Genes from
two nuOXPHOS subclusters showed a less pronounced, but still positive correlation
between each other (Figure 3.4 A). To further investigate the correlation strength within
and between different gene components, we plotted the correlation coefticients (rho) of
OXPHOS genes separately for each component, and we randomly selected a subset of
nuclear genes as a control to evaluate our observation. We found that the correlation
within mtOXPHOS genes (F-type or M-type) is higher than the correlation within the
nuOXPHOS, which in turn is higher than the correlation within randomly selected
nuclear genes (Figure 3.4 B). The correlation between F-type and nuOXPHOS genes is

slightly higher than the correlation between F-type and random nuclear genes,
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indicating a weak co-transcription signal between F-type and nuOXPHOS genes, while
the correlation between M-type and nuOXPHOS genes is remarkably higher than the
correlation between M-type and random nuclear genes (Figure 3.4 C). Considering that
the M-type transcription was primarily detected in male gonads, it is unclear whether
the high co-transcription signal between M-type and nuOXPHOS results from a
malegonad specific transcription or reflects actual co-transcription. Therefore, we
investigated the correlation between mt and nuOXPHOS genes separately for each
tissue. We found that the correlation between M-type and nuOXPHOS genes in male
gonads was not significantly different from the correlation between M-type and
randomly selected genes (Wilcoxon rank-sum test with Bonferroni correction, P>0.05),
indicating that the significant co-transcription signal across tissues between M-type and
nuOXPHOS genes in Figure 3.4 C was due to the gonad-specific transcription of Mtype
in male gonads (Figure 3.5). Moreover, the co-transcription signal between F-type and
nuOXPHOS genes was not consistent in different tissues (Figure 3.5). Weak co-
transcription was detected in the female mantle between F-type and nuOXPHOS genes,
but the signal disappeared in other tissues (Figure 3.5). Taken together, our results
indicated a weak or absent co-transcription signal between mt and nuOXPHOS genes,
but the strong co-transcription signal within F-type, within M-type, and within

nuOXPHOS genes.
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Figure 3.4 The co-transcription between mitochondrial and nuclear OXPHOS
genes. A: The overall co-transcription across all the OXPHOS genes; blue, red and
green color represent nuclear OXPHOS genes, M-type and F-type OXPHOS genes,
respectively. B: The correlation coefficient (rho) distributions within F-type (F-F),
M-type (M-M), nuOXPHOS genes (Nu-Nu), and random nuclear genes (R-R). C:
The correlation coefficients distribution between mt and nuOXPHOS genes, and
between mtOXPHOS and random nuclear genes. D: The correlation coefficient
distribution of nuOXHPOS genes within each complex (intracomplex: CI-CV) and
between different complexes (intercomplex: Cinter). Statistical significance in 3B-
3D was performed using Wilcoxon rank-sum test with Bonferroni correction. *: —

P<0.05; 1 —P<0.001; **: — P<le-5; ns: not significant.
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To test the hypothesis that genes within the same complex (intracomplex)
presented a stronger correlation than the genes between different complexes
(intercomplex) (Garbian et al., 2010; van Waveren & Moraes, 2008), we plotted the
correlation coefficient of nuOXPHOS genes separately for each complex and compared
them with intercomplex correlation coefficients (“Cinter” in Figure 3.4 D). Such
analysis was not performed for mtOXPHOS because of a few genes in each complex.
The nuOXPHOS genes belonging to the same complex were not clustered together
(Figure 3.4 A) and the correlation coefficients within the same complex were not
significantly different from intercomplex correlation coefficients except for complex I
and V (Wilcoxon rank-sum test with Bonferroni correction, P<l1-e5), in which

intracomplex coefficients were slightly higher than the intercomplex coefficients

(Figure 3.4 D).
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Figure 3.5 The co-transcription between and within OXPHOS genes in each tissue.
Statistical significance was performed using Wilcoxon rank-sum test with
Bonferroni correction. *: —P<0.05, **: —P<0.001, ****. —P<]-e-5, ns—not

significant.
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3.3.3 Nuclear genes co-transcribed with OXPHOS genes are enriched

for mitochondrial processes

The exceptional heteroplasmic condition in DUI bivalves raises some questions:
how is the compatibility between nuOXPHOS and two highly divergent mtDNA
populations maintained? And which genes or pathways could be possibly involved in
coordinating the OXPHOS process? To address these questions, we retrieved the
nuclear genes that were co-transcribed with OXPHOS genes. We plotted the
distribution of P-values from Spearman’s correlation and the corresponding rho for all
the co-transcribed nuclear genes, and a strict cutoff (rho>0.6) was used to ensure
reliability. In this way, a total number of 136, 1 077 and 3 468 nuclear genes showed a
significantly positive correlation with the F-type, M-type, and nuclear OXPHOS genes,
respectively. Many nuclear genes co-transcribed with mtOXPHOS genes involved in
the assembly of OXPHOS complexes, mitochondrial stability, and quality control. Also,
a large number of nuOXPHOS was co-transcribed with genes encoding ribosomal
proteins and genes involved in the TCA cycle. To further investigate the function of
these co-transcribed nuclear genes, we performed a GO enrichment analysis and the
results are shown in Supplementary Table 3.2. The overrepresented nuclear genes co-
transcribed with F-type OXPHOS genes were associated with homeostatic process,
mitochondrial respiratory chain complex assembly, and regulation of cellular pH
(Supplementary Table 3.2). On the other hand, the nuclear genes co-transcribed with
M-type OXPHOS genes presented a different situation, with reproductive process,
nucleotide phosphorylation, and cell cycle being enriched (Supplementary Table 3.2).
The nuclear genes correlated with nuOXPHOS involved in the biosynthetic process,
protein metabolic process, mitochondrion organization, gene expression, and

translational initiation (Supplementary Table 3.2). To identify candidates possibly
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involved in the transcriptional regulation of mt and nuOXPHOS, we focused on the co-
transcribed nuclear genes annotated as transcription factors, or that contain DNA or

RNA binding sites. The candidate genes are listed in Supplementary Table 3.3.
3.3.4 Polymorphism and divergence in OXPHOS genes

The average number of SNPs across all samples identified in F-type, M-type, and
nuOXPHOS were 50, 118, and 201, respectively. Figure 3.6 A shows the percentage of
synonymous and nonsynonymous SNPs in the different gene components, with F-type
presenting a significantly higher percentage of nonsynonymous SNPs, M-type and
nuOXPHOS genes presenting a higher percentage of synonymous SNPs (Figure 3.6 A).
However, a high percentage of nonsynonymous SNPs were found in one COX2 copy,
named COX2B, in the F-type (Supplementary Figure 3.2 A). If we exclude COX2B, the
percentage of synonymous and nonsynonymous SNPs in F-type OXPHOS genes were
not significantly different from the respective categories in the M-type (Figure 3.6 A).
Ghiselli et al. (2013) observed a markedly different transcription level between the two
COX2 copies, with COX2B showing a lower transcription. They hypothesized that
COX2B might be undergoing a pseudogenization process. The high number of
nonsynonymous variants in COX2B resulting from this work is consistent with such a
hypothesis. The relative ratio of synonymous and nonsynonymous SNPs in mt and

nuOXPHOS genes are shown in Supplementary Figure 3.2 A, B.

To assess patterns of selection in OXPHOS genes, we applied two approaches:
frequency spectrum-based test, and McDonald-Kreitman (MK) test. Allele frequency
was calculated for three different components of OXPHOS genes and a set of randomly
selected genes. Four distinct distributions were observed: one for the F-type in gonads

(note that the distributions for the F-type in female and male gonads were not
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significantly different from each other), one for the M-type, one for random genes in
gonads, and one for nuOXPHOS genes in gonads (Kolmogorov-Smirnov test with
Bonferroni correction: P<0.001, Figure 3.6 B). M-type OXPHOS genes presented a
remarkably high intermediate allele frequency. Tajima’s D, Fu & Li’s D and Fu & Li’s
F showed negative values for most F-type, nuOXPHOS genes, and randomly selected

nuclear genes (data not shown), but positive values for most M-type OXPHOS genes

(Table 3.1).
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Figure 3.6 The SNP effects and allele frequency in OXPHOS genes. A: The
percentage of synonymous and nonsynonymous SNPs in F-type, M-type and
nuOXPHOS. The Ftype without COX2B was shown as F_no. B: Allele frequency
for F-type OXPHOS genes in female gonads (F_fG), male gonads (F_mG), Mtype
OXPHOS genes in male gonads (M_mG), nuOXPHOS genes in gonads (Nu_G)
and randomly selected genes in gonads (Random_G). Allele frequency in this

study is defined as the percentage of individuals with SNPs in the population.
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For mtOXPHOS genes, we firstly compared the polymorphism (Pn and Ps) and
divergence (Dn and Ds) between F-type and M-type OXPHOS genes. As shown in
Table 3.1, except for the ATPS, COX3, NAD3 and NAD4L, all the rest of mtOXPHOS
genes showed significant neutrality index (NI). NI is derived from the MK test and it
quantifies the direction and degree of departure from the neutrality: NI=1 indicates the
neutrality; NI>1 indicates negative selection; NI<I indicates positive selection (Rand
& Kann, 1996). Therefore, most mtOXPHOS genes showed a signal of positive
selection between F-type and M-type. We also used the direction of selection (DOS) to
evaluate the data in the MK test. The positive value of DOS could be consistent with
positive selection, whereas the negative value indicates the presence of slightly
deleterious mutations segregating in the population (James et al., 2016; Stoletzki &
Eyre-Walker, 2011). Similarly, the DOS test also indicated possible positive selection
in most mtOXPHOS genes. To test if the positive selection signal is present in the F-
type or M-type OXPHOS genes or both, we also performed the MK test using R.
decussatus (SMI species) as an outgroup. Interestingly, most F-type OXPHOS genes
showed extremely low polymorphic differences which yield the excess of non-
significant NI, while most M-type OXPHOS genes presented relatively high
polymorphic differences and significant NI<1, which could be consistent with positive
selection acting on M-type OXPHOS genes (Figure 3.7 A; Table 3.1). The MK test was
also performed on nuOXPHOS and randomly selected nuclear genes. A considerable
number of nuOXPHOS and randomly selected nuclear genes presented non-significant
NI and a nearly equal ratio of polymorphic and divergent differences, consistent with
neutrality (Figure 3.7 B). However, a large proportion of nuOXPHOS genes and some
randomly selected genes also presented relatively high divergence, indicating the

signature of positive selection.
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Figure 3.7 The results for McDonald-Kreitman test. A: McDonald-Kreitman test
in mitochondrial OXPHOS genes. B: McDonald-Kreitman test in nuclear
OXPHOS genes and random nuclear genes. Genes marked orange indicate
significant (sig) departure from the neutrality, while genes marked grey indicate
non-significant (ns) results. Gene names were added only for genes with
significant results. The grey line on the figure indicates the equal ratio between

polymorphism and divergence (under neutrality).
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Table 3.1 The McDonald-Kreitman test and neutrality test in OXPHOS genes.

Comparison Gene Ds | Ps | Dn | Pn NI DOS TajimaD | Fu&LisD | Fu&LisF
F M F M F M
ATP6 107 | 16| 104 | 4| 0.26*| 0.29| 083 0.38| 1.07 -0.06| 1.15 0.06
ATP8 6| 1| 11| 3| 164|-010| 0.84 -0.14| 0.72 0.02| 085 -0.03
COB 189 | 28| 143| 6] 0.27**| 0.25|-054 0.15|-0.88 -0.45|-0.90 -0.33
COX1 241 | 43| 65| 0 0** | 0.20 | -0.69 0.87 | -0.57 0.30|-0.69 0.52
COX2 212 | 33| 299 | 16| 0.34** | 0.26 | -0.89 0.79 | -0.86 0.27 | -1.00 0.48
COX3 121 | 16| 104| 6| 044| 0.18|-032 0.41|-0.35 -0.27 |-0.39 -0.10
F't{%eu‘éist'a'\;é;ype NAD1 133 | 24| 76| 3| 022%| 025|-056 1.33|-0.92 064|-094 094
philippinarum) | NAD2 162 | 29| 190 | 5 0.15**| 0.39|-039 1.06|-0.34 0.31|-040 0.59
NAD3 60| 4| 51| 4| 118|-054|-1.16 0.25|-1.40 -0.35]|-0.15 -0.22
NAD4 202 | 32| 194| 9|0.29**| 0.27|-0.89 0.80|-0.87 0.42|-1.00 0.60
NADA4L 48| 8| 55| 2| 022| 028|-016 0.22|-1.40 0.02|-151 0.5
NAD5 246 | 54 | 223|10|0.20** | 0.32|-0.62 0.14|-1.06 -0.41|-1.08 -0.30
NAD6 75| 15| 108 | 4| 0.19**| 0.38| 020 0.45| 0.67 0.36| 0.62 0.4
All 1796 | 303 | 1623 | 72 | 0.26** | 0.28 | -0.59 0.63 | -0.65 0.05 | -0.73 0.24
ATP6 124 3| 191| 0| 0.00| 061 0.83 1.07 1.15
ATP8 12| 1| 28| 0| 0.0/ 0.70 0.84 0.72 0.85
COB 205| 10| 240| O| 0.00| 0.54 -0.54 -0.88 -0.90
COX1 256 | 15| 154| 0| 0.00| 0.38 -0.69 -0.57 -0.69
COX2 235| 9| 385| 5| 034 0.26 -0.89 -0.86 -1.00
Eu%’ﬁggjs COX3 141| 8| 211| 0| 0.00| 0.60 -0.32 -0.35 -0.39
decussatus mt | NAD1 171 3| 121| 3| 1.41]-0.09 -0.56 -0.92 -0.94
genes NAD?2 183 | 11| 220| 10.08**| 0.46 -0.39 -0.34 -0.40
NAD3 75| 1| 61| 0| 0.00]| 045 -1.16 -1.40 -0.15
NAD4 237 | 8| 247| 5| 060 013 -0.89 -0.87 -1.00
NADA4L 50| 1| 8| 0| 0.00]| 0.63 -0.16 -1.40 -1.51
NAD5 280 | 8| 280| 4| 050| 017 -0.62 -1.06 -1.08
NAD6 88| 7| 119] 2| 0.21*| 0.35 0.20 0.67 0.62
ATP6 116 | 12| 192| 4| 0.20*| 0.37 0.38 -0.06 0.06
ATP8 9| 0| 16| 3 ns ns -0.14 0.02 -0.03
COB 233 | 17| 262| 9| 047| 018 0.15 -0.45 -0.33
COX1 249 | 25| 147 | 4| 0.27*| 0.16 0.87 0.30 0.52
COX2 218 | 14| 361| 6| 0.26*| 0.32 0.79 0.27 0.48
'\Fg'ugl;’aep‘éz COX3 154 | 9| 220| 6| 0.47] 0.19 0.41 -0.27 -0.10
decussatus mt | NAD1 157 | 18| 113| 2| 0.15*| 0.32 1.33 0.64 0.94
genes NAD?2 193 | 15| 246 | 7| 0.37*| 0.24 1.06 0.31 0.59
NAD3 70| 3| 62| 4| 151]-0.10 0.25 -0.35 -0.22
NAD4 234 | 21| 288| 7| 0.27*| 0.30 0.80 0.42 0.60
NADA4L 56 | 7| 74| 2 02| 0.35 0.22 0.02 0.15
NAD5 256 | 41| 332| 11| 0.21**| 0.35 0.14 -0.41 -0.30
NAD6 91| 7| 147| 2| 0.18*| 0.40 0.45 0.36 0.44
ATPB 61| 37 1] 1| 1.65]-0.01 -0.96 -1.02 -1.18
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0.23
0.40
0.00
ns

ns
0.16**
0.08**
0.07**
0.15**
0.43
0.05**
0.11*
1.43
0.13*
0.18*
1.30
0.00**
0.13*
0.82
0.54
0.75
0.00
0.22*
0.04**
0.07*
0.44
0.44
0.94
0.17*
0.23*
0.07**

0.13
0.22
0.35
ns
ns
0.40
0.45
0.31
0.42
0.11
0.52
0.37
-0.03
0.29
0.36
-0.04
0.60
0.28
0.01
0.15
0.03
0.51
0.33
0.50
0.44
0.16
0.10
0.01
0.28
0.34
0.34

-1.45
-0.45
-1.15
ns
ns
-0.64
0.89
0.09
-0.78
-0.74
-0.36
-1.14
-0.56
-0.47
-0.31
-1.69
0.40
-1.18
-0.44
-0.85
-0.25
-0.65
-1.53
-0.95
-1.40
-1.05
-0.48
-1.21
1.15
-0.12
-0.24

-2.48
0.20
-1.66
ns
ns
-0.65
0.67
0.21
-0.84
-0.56
-0.36
-0.66
-0.67
-0.52
-1.07
-2.39
0.46
-1.92
0.22
-0.11
-0.19
-1.46
-1.29
-0.70
-1.54
-0.30
0.02
-1.59
0.80
-1.09
0.05

-2.53
0.00
-1.75
ns
ns
-0.76
0.87
0.20
-0.97
-0.73
-0.43
-0.95
-0.75
-0.59
-0.98
-2.54
0.52
-1.98
0.01
-0.40
-0.25
-1.42
-1.60
-0.92
-1.75
-0.63
-0.16
-1.72
1.07
-0.92
-0.05

Note: Ds: the number of fixed synonymous substitutions; Dn:
nonsynonymous substitutions; Ps: the number of synonymous polymorphism; Pn:
the number of nonsynonymous polymorphism; NI: Neutrality index (*, p<0.05; **,
p<0.001); DOS: direction of selection (DOS>0, positive selection; DOS<O0, the
presences of slightly deleterious). The nuOXPHOS genes that interacted with the
mtOXPHOS were marked yellow.
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To test whether nuOXPHOS subunits that are predicted to be in contact with
mtOXPHOS subunits presented a different percentage of synonymous and
nonsynonymous SNPs, we divided the nuOXPHOS genes into two groups (see
Piccinini et al., 2021 for details): the “contact” group which was supposed to physically
contact mtOXPHOS subunits; and the “non-contact” group which was predicted to have
no direct interaction with mtOXPHOS subunits. Although the contact group presented
a higher percentage of both synonymous and nonsynonymous SNPs than the non-
contact group (Supplementary Figure 3.2 C), the MK test indicated that NI index in
contact and non-contact groups were not significantly different from each other

(Wilcoxon rank-sum test: P>0.05; Table 3.1).
3.3.5 Codon usage bias in OXPHOS genes

Mt and nuOXPHOS genes showed remarkably different GC compositions (Table
3.2), with extremely high AT skew in mtOXPHOS, as also found in other eukaryotes.
Interestingly, we also found significant differences in GC composition between F- and
M-type OXPHOS genes. F-type and M-type OXPHOS genes showed a similar
percentage of GC12 (F-type: 34.42%; M-type: 34.83%), while a significantly higher
percentage of GC3 was found in M-type (F-type: 21.69%; M-type: 26.91%) (Table 3.2;
Figure 3.8). Moreover, M-type OXPHOS genes presented generally slightly higher
ENC and lower CAI values compared to F-type (ENC: P>0.05; CAI: P<0.05; Table 3.2;
Figure 3.8), indicating alleviated CUB in M-type OXPHOS genes. NuOXPHOS genes
displayed relatively high ENC and CAI values that are comparable to those of the other
nuclear genes in the transcriptome (Wilcoxon rank-sum test with Bonferroni correction,
P>0.05). Although under different CUB, the heatmap based on RSCU values revealed
that both mt and nuOXPHOS presented a shared usage bias towards A/U-ending codons

(Supplementary Figure 3.3).
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Figure 3.8 The comparison of codon usage parameters in different set of genes.
GC12: GC composition at first and second codons position, GC3: at the third codon
position, ENC: the effective number of codons, CAI: codon adaptation index. F, M and
Nu indicate F-type, M-type and nuclear OXPHOS genes, respectively. Transcriptome
represents all the other genes in the transcriptome. Statistical significance was
performed using Wilcoxon rank-sum test with Bonferroni correction. *: —P<0.05, **: —

P<0.001, *#***: _P<]-e-5, ns—not significant.
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Table 3.2 Statistics for codon usage in different OXPHOS gene components.

Analysis Index and correlation F-type OXPHOS M-type OXPHOS Nu OXPHOS Transcriptome
CAl 0.78 0.73 0.76 0.75
ENC 40.22 41.71 50.08 50.67
Codon usage index | GC eq 25.71% 32.19% 31.36% -
GC3 21.69% 26.91% 35.59% 36.58%
GC12 34.42% 34.83% 43.60% 43.20%
CAIl ~ENC 0.05 -0.60* 0.2 -0.43**
ENC ~ GC3 0.18 0.70* 0.11 0.39**
Correlation CAIl ~ GC3 -0.59* -0.83** 0.02 0.34**
GC3 ~ GC12 -0.02 -0.04 -0.21 0.01
CAI ~ Transcription -0.26 0.14 0.51** 0.07**
Axisl ~ CAl 0.51 0.85** 0.62** 0.35**
dence based Axisl ~ENC 0.006 -0.45 -0.08 -0.22**

C .

Oréf]sgggoﬁnucszgsse Axis1 ~ GC3 0.1 -0.70% 0.49% -0.31%*
Axisl ~ Transcription -0.88** 0.2 0.37* 0.03*
AXis2 ~ Transcription -0.4 -0.86** 0.34* 0.005
Axisl ~ CAI -0.14 0.71** -0.35* 0.62**
Correspondence based Axisl ~ ENC 0.16 012 0.09 -0.50%
gn RSCU Axisl ~ GC3 0.64* -0.59* -0.16 -0.67**
AXxisl ~ Transcription -0.06 0.22 -0.23 -0.03**
AXis2 ~ Transcription 0.31 0.01 -0.14 -0.11**

an expected distribution which assumes no selection, therefore the departure from the
expected curve indicates that these genes are under selective pressure (Wright, 1990).
Likewise, the neutrality test plots the GC12 against GC3 to reflect the equilibrium
between mutation pressure and natural selection (Sueoka, 1999). In this study, the Nc-
plot revealed that only a small number of OXPHOS genes laid on the expected Nc curve,
with most genes departing from the corresponding predictions (Figure 3.9). The
neutrality test showed no correlation between GC12 and GC3 in both mt and
nuOXPHOS (Table 3.2), indicating that mutation bias was not the only factor affecting

CUB. Negative correlation between CAI and ENC was observed in M-type OXPHOS

ENC and GC3 relation plot (Nc-plot) compares the actual distribution of genes to
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genes. CAI indicates the selection for the preferred codon, while ENC is a non-
directional parameter for either selection or mutation bias, therefore the correlation
between CAI and ENC could indicate the role of selection, but mutation would lessen
this correlation (Behura & Severson, 2012). Significant negative correlations between
GC3 and CAI were observed in both F-type and M-type OXPHOS genes (Table 3.2),
indicating that GC3 may be associated with CUB in mtOXPHOS genes. Moreover,
GCeq in both F-type and M-type OXPHOS was slightly higher than GC3, while GCeq
in nuOXPHOS is lower than the GC3 (Table 3.2). All these tests indicated that mutation
alone cannot explain the CUB in OXPHOS genes. In nuOXPHOS genes, a significant
correlation between CAI and transcription level was observed, indicating the possible
role of translational selection. Similarly, for the protein-coding genes in the
transcriptome, significant correlations were also detected between GC3 and CUB, and

between CAI and transcription.

601

501

ENC

401

30=

0.00 0.25 0.50 0.75 1.00
GC3

Figure 3.9 ENC and GC3 relation plot (Nc-plot) for mitochondrial genes and
nuclear OXPHOS. The blue, red, purple points represented F-type, M-type and
nuOXPHOS genes, respectively. The black curve represented the expected relation

between GC3 and ENC.
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Figure 3.10 The relationship between codon usage and GC3 (A), CAI (B) and
transcription. Only the first two highly representative axes (Axis 1 and 2) were
considered here. Each point represents a gene. Green dots, red triangles, and blue
squares represent F-type, M-type and nuOXPHOS genes, respectively. Spearman’s

correlation (rho) and corresponding P-values were on the top left.

The COA analysis based on the codon counts indicated that Axis 1 was
significantly correlated with the CAI and GC3 in both M-type and nuOXPHOS genes,
while no such correlation was observed in F-type OXPHOS genes (Figure 3.10; Table
3.2). Besides, the correlation between transcription and Axis 1, and between
transcription and Axis 2 were observed in three different OXPHOS components. The
COA analysis based on RSCU also showed similar results (Table 3.2). Consistently,
these results indicated the GC3 composition and transcription levels could be
responsible for the CUB for both OXPHOS genes and proteincoding genes in the
transcriptome. Moreover, the chi-square test for the context-dependent mutations in F-

type, M-type, and nuOXPHOs genes all indicated that the third position bases were not
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independent of the second position bases (F: X-square=143.25, P<0.001; M:

Xsquare=111.2, P<0.001; NuOXPHOS: X-square=328.08, P<0.001).

3.4 Discussion
3.4.1 Distinct transcriptional dynamics and regulatory mechanism in
OXPHOS genes

Although the quantification of mtDNA and mtRNA in DUI species has been
investigated before (Breton et al., 2017; Dalziel & Stewart, 2002; Ghiselli et al., 2011;
Milani et al., 2014; Obata et al., 2011), the transcription patterns in DUI species across
tissues in both sexes are still largely unknown. In the present study, we assessed the
transcription of F-type and M-type genes in adductors, mantles, and gonads of a DUI
species R. philippinarum. We found that the transcription levels of F-type OXPHOS
genes were significantly different across tissues, while M-type OXPHOS genes were
highly transcribed only in male gonads (Figure 3.3). Traces of M-type mtRNA (>1%
reads mapped to M-type in the sample) were also detected in 5 (out of 28) male somatic
samples analyzed (Figure 3.1). The presence of M-type mtRNA in somatic tissues
seems to vary across DUI species, for example 60% male somatic samples in U.
peninsularis and 89.5% male somatic samples in V. ellipsiformis presented somatic
transcription of M-type mt genes (Breton et al., 2017). In R. philippinarum, previous
work reported variable number of M-type DNA and RNA in somatic tissues, depending
on the individual (Ghiselli et al., 2011; Iannello et al., 2021; Milani et al., 2014). In this
work, we found that M-type is barely transcribed in the somatic tissues of most males.
Such a pattern could be due to a low number of M-type mtDNA in these samples or
tissue-specific transcription of M-type in males, which leads the M-type to be highly
transcribed in male gonads, but poorly transcribed in male somatic tissues. Ghiselli et

al. (2011) detected M-type mtDNA in most of (~87%) male somatic tissues, and Milani
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et al. (2014) reported no correlation between the transcription level of cytochrome b
(cyt b and its DNA copy number in males of R. philippinarum. These evidences were
in line with a tissue-specific regulation of transcription of M-type, which is independent
of the M-type DNA copy number. On the other hand, the extremely low transcription
levels observed in somatic tissues of many males could reflect an absence of M-type
mtDNA in such samples. Future investigations including sequencing of both mtDNA

and mtRNA will help to clarify this point.

Transcription levels clearly distinguished F-type, M-type, and nuOXPHOS genes
into three groups (Figure 3.2), indicating distinct transcription dynamics. Tissue-
specific transcription was observed in F-type and nuOXPHOS genes, with nuOXPHOS
genes presenting higher transcription in adductors and mtOXPHOS genes presenting
higher transcription in gonads (Figure 3.3). Similar tissue-specific transcription of
OXPHOS was widely reported and quantified in humans and mice, and this
transcription pattern was proposed to be associated with differences in metabolic
profiles and variable energetic demands in different tissues (Barshad et al., 2018; van
Waveren & Moraes, 2008). However, different from the results in van Waveren &
Moraes (2008), which showed stronger correlations within than among complexes—in
this study we observed slightly higher intracomplexes correlation only in complex I and
V (Figure 3.4 D). This discrepancy may be explained by several reasons: (1) In DUI
species, nuclear OXPHOS genes must cooperate with two mitochondrial genomes,
which might loosen the correlations between different complexes; (2) R. philippinarum
is a sedentary living bivalve that has lower energy needs, therefore it may be subject to
weaker selection in maintaining OXPHOS processes compared to the other taxa
(Piccinini et al., 2021; Iannello et al., 2019); (3) Normalization methods may also

influence co-transcription results, and recent study on large human dataset indicated
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that normalization techniques based on total read count (such as TPM or FPKM) may

lead to artefactual positive correlations (Perez & Sarkies, 2021).

Significant positive co-transcription was observed separately in F-type, in M-type,
and in nuOXPHOS genes, but co-transcription signal between mtOXPHOS and
nuOXPHOS wasweak/absent and not consistent across tissues (Figure 3.4 and 3.5).
Considering the distinct transcriptional trends and the separate co-transcription patterns,
our data indicate that the transcriptional difference of nuOXPHOS genes was
independent of the M- or F-type genome and that the transcription of F-type, M-type,
and nuOXPHOS genes might be under different regulatory mechanisms, including co-

translational regulation (Couvillion et al., 2016).

Nuclear OXPHOS genes were subdivided into two positively correlated clusters
(Figure 3.3). While the reason behind this split is unknown, one possibility could be the
presence of supercomplexes within nuOXPHOS genes, with a tighter co-regulation
inside each. Several different types of supercomplexes (such as CI+CII+CIV, CIII+CV,
CI+CIII) have been established in model organisms and several genes (COX7, COX64,
NDUFB4, NDUFB9, UQCRCI, UQCRQ) are involved in supercomplex formation
(reviewed in Chaban et al., 2014; Milenkovic et al., 2017). However, the mechanisms
and functional roles of supercomplexes are still largely unknown, especially in non-

model organisms.

3.4.2 Candidate pathways and genes associated with OXPHOS co-

transcription

In the present study, the mt and nuOXPHOS genes were co-transcribed with nu-
encoded genes involved in many biological processes, such as mitochondrial
respiratory chain complex assembly, cellular homeostasis, and translation

(Supplementary Table S3.2). Mitochondrial respiratory chain complex assembly is an
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intricate process that requires tightly orchestrated coregulation from both mitochondrial
and nuclear genomes (Tang et al., 2020). Different nu-encoded assembly factors were
observed to be co-transcribed with mt and nuOXPHOS genes (Supplementary Table
S3.2) and these factors have been previously shown to be essential for the proper
assembly and function of the OXPHOS system (van Waveren & Moraes, 2008). Genes
involved in cellular homeostasis were overrepresented for genes co-transcribed with the
F-type OXPHOS genes, along with many genes involved in mitophagy and
ubiquitination processes (Supplementary Tables S3.3). This is in line with our
expectations, as mitochondria are also essential for cellular homeostasis, calcium
signaling, and metabolite synthesis. The proper function of mitochondria also requires
balanced coordination between mitochondrial biogenesis and mitophagy through

complex signaling pathways (Willems et al., 2015).

Notably, the translation process was overrepresented for genes co-transcribed with
nuOXPHOS genes, indicating that nuOXPHOS genes might also be under translational
coregulation (Supplementary Table S3.2). By contrast, nu-encoded genes co-
transcribed with Mtype OXPHOS genes were overrepresented in the reproductive
process and spermatogenesis (Supplementary Table S3.2). One reason could be that the
M-type OXPHOS genes were found almost only in male gonads among our samples
and thus the nuclear genes co-transcribed with M-type OXPHOS genes might also co-
express with the genes responsible for the development of male gonads. Alternatively,
M-type OXPHOS genes might be directly associated with reproduction in DUI species.
According to previous studies, M-type mitochondria might be involved in some aspects
of sex differentiation in DUI species as suggested by several authors (Ghiselli et al.,
2012; Milani et al., 2013b; Zouros, 2013). Since M-type is limited to male gonads in

these samples, it is not surprising to see the co-transcription between gonad-specific
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genes and M-type OXPHOS genes. Therefore, co-transcription could reflect either
functional interaction between M-type and gonad-specific nuclear genes, or similar

independent transcription profiles.

It is worth mentioning that Maeda et al. (2021) found two divergent SDHC
sequences in their study and one of them (SDHC-2) showed a gonad-specific
transcription (Supplementary Figure S3.1). Around half of the nuclear genes co-
transcribed with nuOXPHOS were correlated only with the SDHC-2, which might
explain the presence of enriched GO terms involved in the cell cycle (Supplementary
Table S3.2). Indeed, SDHC is important for both OXPHOS and Krebs cycle, and studies
indicated that deficiency in this gene would increase ROS production and induce
metabolic stress, genomic instability, and hypoxia (Slane et al., 2006; Tretter et al.,
2016). However, the reason behind this remarkable tissue-specific expression is not
clear. A recent study in humans indicated that tissue-dependent splice variants and
OXPHOS subunit paralogs may also be involved in retaining OXPHOS activities

(Barshad et al., 2018).

Considering the strong co-transcription within F-type, within M-type and within
nuOXPHOS genes, it is reasonable to speculate that nuclear regulators may be
responsible for transcribing each group. Here we identified a group of candidate
regulator genes that are either transcription factors or had a DNA/RNA binding domain
(Supplementary Table S3.3). These genes included zinc finger protein 341, which can
activate transcription factor STAT1, a gene previously shown to regulate the OXPHOS
process (Pitroda et al., 2009). Pentatricopeptide repeat domain-containing protein 3 is
a mitochondrial RNA-binding protein and proteins containing PPR domains are known
to play a role in transcription, RNA processing, splicing, stability, editing, and

translation (Miglani et al., 2021; Schmitz-Linneweber & Small, 2008). Particularly,
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PPR genes in plant are predominantly linked to the cytoplasmic male sterility (CMS,
see discussion below) (Kim & Zhang 2018). Moreover, the roles of PPR proteins in
mitochondrial gene expression and OXPHOS process has also been reported
(Lightowlers & Chrzanowska-Lightowlers, 2008; Soto et al., 2021). Recently, a
ribosome profiling study in human cells revealed that balanced mito-nuclear OXPHOS

synthesis requires a nuclear-encoded mt protein LRPPRC (Soto et al., 2021).

3.4.3 Selection acts on both nonsynonymous and synonymous sites of

OXPHOS genes

In DUI species, interspecific comparisons have found that M-type genes
accumulate more mutations and have a higher evolutionary rate than F-type (Hoeh et
al., 1996, 1997, 2002; Liu et al., 1996; Ort & Pogson, 2007; Smietanka et al., 2009;
Soroka & Burzynski, 2010; Stewart et al., 1995, 1996; Zbawicka et al., 2010), which
led to the hypothesis that F- and M-type genomes experienced different selective
pressures (reviewed in Zouros, 2013). Here, we found that MK tests between F-type
and M-type in R. philippinarum, and between mt genes in R. decussatus and M -type
in R. philippinarum genes consistently indicated positive selection on most M-type
OXPHOS genes (Figure 3.7). M-type COX3 and NAD3 did not show departure from
the neutral expectations, indicating that selection on M-type might be variable in
different genes. On the other hand, intermediate allele frequency and positive Tajima's
D in M-type OXPHOS genes suggested the possibility of population bottleneck or
balancing selection (Figure 3.6). Native to the Pacific coast of east Asia, R.

philippinarum was first transported to

America in the 1930s, and then was transferred to Europe to cope with the
production decline of local clam species during 1970s—1980s (Chiesa et al., 2017;

Cordero et al., 2017). Several studies revealed that reduced genetic diversity and genetic
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differentiation compared to the American population were consistent with a strong
founder effect in the European population (Chiesa et al., 2017; Cordero et al., 2017).
Thus, in line with these studies, the founder effect can also explain why F-type and
nuclear genes presented generally negative Tajima’s D and excess of rare alleles.
However, the founder effect was not sufficient to explain why M-type showed such
different patterns both in the Italian population and also in the American population
(Ghiselli et al., 2013). One possibility could be the narrower germline bottleneck of M-
type mtDNA. Past studies indicated that the F-type mtDNA copy number in eggs is on
average 10 times higher than the copy number of M-type mtDNA in sperm (Ghiselli et
al., 2011), and that the narrower genetic bottleneck in M-type mtDNA could lead to the
segregation of mtDNA variants in different tissues, causing remarkable within-
individual variation and therefore also higher variability between samples (Iannello et
al., 2021). Alternatively, the presence of high intermediate frequency alleles and
positive Tajima’s D could be a signal of balancing selection. Balancing selection on
mtDNA has been found in gynodioecious plants showing cytoplasmic male sterility
(CMS), in which a population consisting of both females and hermaphrodites and the
sex is determined by the interaction between mitochondrial male-sterility genes and
nuclear restorer-of-fertility genes (reviewed in Chase, 2007; Delph & Kelly, 2014).
Under balancing selection, restorer genes are not fixed in the population because of the
“cost of restoration” and CMS genes are under negative frequency-dependent selection
to maintain the long-term balanced sex ratio in the population (Delph & Kelly 2014).
DUI and CMS show some common features (Breton et al., 2010, 2011; Ghiselli et al.,
2013; Milani et al., 2016; Mitchell et al., 2016): (1) the presence of novel lineage-
specific mt-ORFs (Ghiselli et al., 2013; Milani et al., 2013a; Mitchell et al., 2016),

which allows potential interaction between mitochondria and nuclear genes; (2) an
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excess of mid-frequency polymorphism in M-type mtDNA (Ort & Pogson, 2007;
Quesada et al., 1998), which might lead to match/mismatch between mitotype and
nuclear genes; (3) the hypothesized association between mtDNA and sex determination
in DUI species (reviewed in Breton et al., 2017; Zouros, 2013); (4) the presence of
biased sex ratios (the proportion of males in populations range from 8% to 83%)
(Ghiselli et al., 2012; Yusa et al., 2013); (5) recombination of M-type mtDNA in male
gonads(Burzynski et al., 2003; Ladoukakis & Zouros, 2001), which allows for the
emergence of divergent mitotypes. Under balancing selection, M-type polymorphisms
in the population will not be fixed because two major mitotypes might have different
fitness to the environment and mitotypes might interact with the nuclear genes to
determine/differentiate the sex. Certainly, this is just speculation and more studies are

needed to shed light on such aspects.

It is worth mentioning that positive selection on M-type has also been reported in
other DUI species (Ort & Pogson, 2007; Smietanka et al., 2009), and that selection on
M-type inferred by population genetic tests (e.g., McDonald-Kreitman test) and
phylogeny-based method (e.g., dN/dS) have been inconsistent in many cases (Ort &
Pogson, 2007; Smietanka et al., 2009; Zbawicka et al., 2010). In R. philippinarum,
phylogenetic analysis indicated the relaxed selection on most M-type OXPHOS genes
(Maeda et al., 2021), whereas population tests in this study showed a signal of positive
selection or balancing selection. Although demographic events or bottleneck
differences may influence population-based methods, several genes such as COX3 and
NAD3 showed the same signal between the two methods. Moreover, these two genes
showed different signals compared to the other genes in population-based tests (see

discussion above), which cannot be explained by demographic events because we
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should see the same signal across all genes if demographic changes were the major

forces.

Selection on synonymous codon usage in different components of OXPHOS genes
was also detected. Although mt genomes usually encode only one tRNA for each codon
family, more and more evidences from numerous organisms indicated that pools of
tRNA in mitochondria include both locally encoded and imported tRNAs (see Rubio &
Hopper, 2011; Salinas-Giegé et al., 2015 for a review), which enables selection for both
efficiency and accuracy on mt genes. The deviation from the expected ENC values in
the Nc plot (Figure 3.9) and lack of correlation between GC12 and GC3 (Table 3.2)
indicated a role of natural selection in CUB. Moreover, the significant and high
correlation between transcription level and CUB may reflect the selective pressure to
optimize the codon usage in highly transcribed mRNA to avoid sequestration of
ribosomes and slow down the elongation rate (Gingold & Pilpel, 2011; Plotkin & Kudla,
2011). Similarly, translational selection was also detected in nuclear OXPHOS genes
(Table 3.2; Figure 3.10). However, translational selection in mt and nuOXPHOS seems
to favor codons with different endings. In both mt and nuOXPHOS genes, GC3 showed
a significant impact on codon usage. Whereas GC3 in mtOXPHOS genes was lower
than GCeq, GC3 in nuOXPHOS genes was higher than Gceq, suggesting that
translational selection in AT-rich mt genomes drives the codons into an A/U ending,
while selection in nuOXPHOS genes drives the codons into G/C ending. Despite the
presence of translational selection in OXPHOS genes, we argue that the mutational bias
is still a major force in OXPHOS genes. Our results revealed that CUB in OXPHOS
genes is shaped by the balance between selection favoring preferred codons and

mutation bias coupled with random drift.
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3.4.4 The coordination of OXPHOS genes may involve translational

regulation

Although selection on silent sites does not result in changes to the protein sequence,
it can still drive protein evolution in terms of expression regulation. With the advent of
highthroughput sequencing, increasing evidence shows that translational selection on
CUB facilitates the regulation of gene expression and the generation of differential
protein abundance (Camiolo et al., 2012; Horn, 2008; Jeacock et al., 2018; Najafabadi
et al., 2009). It was hypothesized that codon usage may be selected during evolution to
synchronize the efficiency of translation with functional requirements for the
expression of specific proteins at certain times, in a specific tissue (Camiolo et al., 2012;

Najafabadi et al., 2009).

The tight interaction between mt and nuOXPHOS requires the coordinated
regulation of gene expression to ensure the demands for cellular energy are met. In the
present study, we found separate co-transcription within F-type, M-type, and
nuOXPHOS genes but weak or absent co-transcription between OXPHOS genes across
genomes (Figure 3.4, 3.5), suggesting that co-regulation of OXPHOS genes is not at
transcription stage. Instead, translational selection was detected for both mt and
nuOXHPOS genes (Table 3.2; Figure 3.10), suggesting the possibility of co-regulation
at the translation level. Although translational selection was detected in all three
different components of OXPHOS genes, the selective strength seems to be different.
A significant correlation was detected between CAI and transcription in nuOXPHOS
genes and also weakly in nuclear protein-coding genes, but not in mtOXPHOS genes,
indicating translational selection in nuOXPHOS genes may be stronger than
mtOXPHOS genes. Selection on F- and M-type mt genes may also be different.

Translational selection might be stronger in M-type, indicated by the significant
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positive correlation between CAI and axis 1 in correspondence analysis and significant
negative correlation between CAI and ENC. Therefore, our results are consistent with
previous hypotheses that translation in mt genes is less efficient than nuclear genes
(Adrion et al., 2016; Havird & Sloan, 2016; Pett & Lavrov, 2015; Sloan et al., 2013;
Woodson & Chory, 2008). Combined with previous studies in yeast and humans that
indicated translational regulation during OXPHOS complex synthesis (Couvillion et al.,
2016; Soto et al., 2021), we speculate that the different strengths of translational
selection on OXPHOS genes may be responsible for regulating protein abundance of
OXPHOS genes and that the coordination of expression of OXPHOS genes may

involve translational regulation in DUI species.

3.5 Conclusions

In addition to the common knowledge of co-transcriptional coordination between
mt and nuOXPHOS genes in mammals, our study revealed that coordination in other
species, particularly in DUI species, could be different and might involve post-
transcriptional/translational regulation. We found a clear co-transcription signal within
F-type, within M-type and within nuOXPHOS genes, but the signal is weak or absent
between mt and nuOXPHOS genes, suggesting that coordination between mt and
nuOXPHOS genes may not occur at the transcription level in DUI species. It will be
interesting to assess if such situation is due to a peculiarity of the DUI system, or if it
is more widespread across bivalves and/or other invertebrates. Translational selection
on synonymous codon usage of both mt and nuOXPHOS genes further indicated the
possible role of translational regulation in coordinating the OXPHOS genes. Together,
these results advance our understanding of the coordination between mt and
nuOXPHOS gene, and provide a new perspective of diverse and complex coordination

mechanisms of OXPHOS genes in the animal world.
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Supplementary Files

Supplementary Table 3.1 Statistical test for the transcriptional differences across

tissues.
f A fG f M mA mG
Acorss tissue f G *k
comparison for £ M Hk
nuOXPHOS 1A Zi *k
(Kruskal-Wallis M- ns ok x5
p<0.001) mG ns e
mM ns ns hia i
f A fG f M m_A m_G
Across tissue f G *
comparison for *k
mtOXPHOS f_MA ns *k
(Kruskal-Wallis m_ Qi zi ok ok
p<0.001) m_G
mM ns ** ns = i

Note: Kruskal-Wallis tests followed by Dunn test with Bonferroni corrections was

performed to test transcriptional differences for both mt and nuOXPHOS across tissues. * -

p<0.05, **p<0.001, ns -non significant.
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Supplementary Table 3.2 The enriched GO terms for the genes co-transcribed with the F-type, M-
type and nuOXPHOS genes.

GO.ID Term Annotated Significant Expected Fisher
G0:0019725 cellular homeostasis 15 3 0.14  0.00029
G0:0042592 homeostatic process 22 3 0.2  0.00093
Fpp ©0:0045454 cell redox homeostasis 6 2 0.06  0.00119
G0:0033108 g‘:ﬁgﬂi”:;iggfﬁ”atow chain 9 2 008  0.0028
G0:0065008 regulation of biological quality 43 3 0.4 0.0066
G0:0022414 reproductive process 27 13 1.76 2.20E-09
G0:0000003 reproduction 31 13 2.02 1.80E-08
GO0:0051704 multi-organism process 43 13 2.8 1.60E-06
G0:0007276 gamete generation 16 7 1.04 3.10E-05
G0:0007283 spermatogenesis 16 7 1.04 3.10E-05
G0:0019953 sexual reproduction 16 7 1.04 3.10E-05
G0:0044703 multi-organism reproductive process 16 7 1.04 3.10E-05
G0:0048232 male gamete generation 16 7 1.04 3.10E-05
GO:0048609 g}l;l(;[‘lazzllular organismal reproductive 16 7 104 3.10E-05
G0:0051321 meiotic cell cycle 9 5 0.59 0.00011
GO0:0007017 microtubule-based process 98 17 6.39  0.00013
G0:0032504 multicellular organism reproduction 20 7 1.3 0.00017
G0:0016310 phosphorylation 110 18 7.17  0.00018
biological process involved in
G0:0044419 interspecies interaction between 17 6 1.11  0.00047
organisms
GO0:0007127 meiosis | 7 4 0.46  0.00052
G0:0061982 meiosis | cell cycle process 7 4 0.46  0.00052
M Bp GO:0140013 meiotic nuclear division 7 4 0.46  0.00052
B G0:0007018 microtubule-based movement 31 8 2.02  0.00059
GO:0006928 g)?:}’gg‘nee“;t"f cell or subcellular 48 10 313 0.00079
G0:0046939 nucleotide phosphorylation 19 6 1.24  0.00093
G0:1903046 meiotic cell cycle process 8 4 0.52  0.00099
G0:0016032 viral process 9 4 0.59 0.00169
G0:0006793 phosphorus metabolic process 213 25 13.88  0.00212
GO0006796  ProsPhate ;&Tj;;"“g compound 213 25 1388  0.00212
G0:0000280 nuclear division 22 6 1.43  0.00217
G0:0044403 symbiont process 10 4 0.65  0.00268
GO0:0051716 cellular response to stimulus 229 26 1492  0.00278
G0:0006310 DNA recombination 23 6 1.5 0.00278
G0:0048285 organelle fission 23 6 1.5 0.00278
GO:0072527 ~ PYyrimidine-containing compound 13 4 085  0.00781
metabolic process
G0:0003006 f:g’r‘;'gﬁgﬁ)”;a' process involved in 7 3 046  0.00783
G0:0022402 cell cycle process 55 9 3.58  0.00802
G0:0007049 cell cycle 75 11 4.89  0.00815
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G0:0006281 DNA repair 66 10 43  0.00917
GO:0034404 nycleobasg—contammg small molecule 21 5 137 000957
biosynthetic process
G0:0050896 response to stimulus 302 30 19.68  0.00987
G0:0006412 translation 196 90 36.36  3.00E-20
G0:0043043 peptide biosynthetic process 198 90 36.73 7.20E-20
G0:0043604 amide biosynthetic process 200 90 37.11 1.70E-19
G0:0006518 peptide metabolic process 202 90 37.48 3.90E-19
G0:0043603 cellular amide metabolic process 213 92 39.52 1.90E-18
GO:1901566 g:gﬁg;’s”'”oge“ compound biosynthetic 300 111 57.33 530E-15
G0:0044267 cellular protein metabolic process 414 130 76.81 2.30E-12
G0:0019538 protein metabolic process 510 143 94.62 2.00E-09
GO:0044271  Cellular nitrogen compound 508 132 9425 1.90E-06
biosynthetic process
G0:1901564 g:giggs”'”oge“ compound metabolic 690 169 12801 2.50E-06
GO0:0005977 glycogen metabolic process 7 7 1.3 7.30E-06
G0:0006112 energy reserve metabolic process 7 7 1.3 7.30E-06
G0:0007005 mitochondrion organization 51 23 9.46 1.00E-05
NU_BP  50:0034645 Sf(')'é‘;zg macromolecule biosynthetic 485 124 8998 1.10E-05
G0:0009059 macromolecule biosynthetic process 488 124 90.54 1.60E-05
G0:1901576 organic substance biosynthetic process 613 149 113.73  2.30E-05
G0:0009058 biosynthetic process 629 152 116.7 2.60E-05
G0:0044249 cellular biosynthetic process 609 147 112,99 4.20E-05
G0:0044262 cellular carbohydrate metabolic process 11 8 2.04  0.00013
GO:0044260 Sf(')'é‘;zg macromolecule metabolic 776 177 14397  0.00018
G0:0006073 cellular glucan metabolic process 9 7 1.67  0.00019
G0:0044042 glucan metabolic process 9 7 1.67  0.00019
GO:0044264 cellular polysaccharide metabolic 9 7 167  0.00019
process
G0:0071806 protein transmembrane transport 11 7 2.04 0.0012
G0:0031032 actomyosin structure organization 9 6 1.67 0.002
G0:0005976 polysaccharide metabolic process 12 7 2.23  0.00242
G0:0010467 gene expression 598 135 110.94  0.00256
E co G0:0005737 cytoplasm 1171 18 9.02 0.0004
- G0:0044444 cytoplasmic part 670 11 5.16 0.0075
G0:0044430 cytoskeletal part 214 36 13.85 4.20E-08
G0:0015630 microtubule cytoskeleton 167 29 10.81 5.10E-07
G0:0005856 cytoskeleton 262 38 16.96 9.60E-07
G0:0042995 cell projection 74 16 4.79 1.30E-05
GO0:0031514 motile cilium 32 10 2.07 1.90E-05
M cc  ©0:0005929 cilium 62 14 4.01 2.70E-05
B G0:0019012 virion 8 5 0.52 5.20E-05
GO:0120025  Plasma membrane bounded cell 68 14 44  8.10E-05
projection
G0:0005815 microtubule organizing center 56 12 3.62 0.00018
G0:0018995 host 3 3 0.19  0.00027
G0:0033643 host cell part 3 3 0.19  0.00027
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G0:0033646 host intracellular part 3 3 0.19  0.00027
G0:0033647 host intracellular organelle 3 3 0.19  0.00027
G0:0033648 2?5;’;::206"”'” membrane-bounded 3 3 019  0.00027
G0:0042025 host cell nucleus 3 3 0.19  0.00027
G0:0043656 intracellular region of host 3 3 0.19  0.00027
G0:0043657 host cell 3 3 0.19  0.00027
G0:0044215 other organism 3 3 0.19  0.00027
G0:0044216 other organism cell 3 3 0.19  0.00027
GO0:0044217 other organism part 3 3 0.19  0.00027
G0:0000794 condensed nuclear chromosome 7 4 0.45  0.00051
G0:0044423 virion part 7 4 0.45 0.00051
G0:0005930 axoneme 9 4 0.58  0.00166
G0:0097014 ciliary plasm 9 4 0.58 0.00166
G0:0032838 B:ﬁ?gﬁ‘&%ﬁgﬁ;ﬁ?“”dEd cell 10 4 0.65  0.00263
G0:1990716 axonemal central apparatus 2 2 0.13  0.00417
G0:0019028 viral capsid 6 3 0.39  0.00462
G0:0005875 microtubule associated complex 45 8 291  0.00727
G0:0005840 ribosome 133 78 24.2 2.00E-26
G0:0005737 cytoplasm 1171 296 213.03 2.90E-14
G0:1990904 ribonucleoprotein complex 242 90 44.03 2.90E-13
GO0:0044444 cytoplasmic part 670 188 121.89 1.20E-12
G0:0044391 ribosomal subunit 38 22 6.91 4.50E-08
G0:0005739 mitochondrion 134 50 24.38  7.50E-08
G0:0005759 mitochondrial matrix 20 13 3.64 4.70E-06
G0:0032991 protein-containing complex 871 202 158.45 9.50E-06
Nu CC G0:0098798 mitochondrial protein complex 39 19 7.09 1.20E-05
G0:0015934 large ribosomal subunit 22 13 4 2.10E-05
G0:0044429 mitochondrial part 85 31 15.46 4.10E-05
G0:0000313 organellar ribosome 14 9 255  0.00017
GO0:0005761 mitochondrial ribosome 14 9 255  0.00017
G0:0005838 proteasome regulatory particle 10 7 1.82  0.00046
G0:0000502 proteasome complex 38 16 6.91 0.0005
G0:1905369 endopeptidase complex 38 16 6.91 0.0005
G0:0043232 :;gzgg::g'ar non-membrane-bounded 603 139 109.7  0.00054
FMF  GO:0016782 ggggﬁﬁ; ;f;m;y transferring sulfur- 17 2 014  0.0081
G0:0016301 kinase activity 250 40 15.12 5.10E-09
GO:0016773 grgjsgztgigzget?fe activity, alcohol 208 33 1258 1.60E-07
GO:0016772 gﬁg;;irgfjsaggr‘]’t'gnI‘;Z”;:gﬂggg 304 40 1838 1.30E-06
M ME G0:0016849 phosphorus-oxygen lyase activity 6 5 0.36 4.40E-06
- G0:0004672 protein kinase activity 186 28 11.25 4.50E-06
G0:0017076 purine nucleotide binding 661 61 39.97  0.00026
G0:0032555 purine ribonucleotide binding 661 61 39.97  0.00026
G0:0032553 ribonucleotide binding 666 61 40.27  0.00032
G0:0030554 adenyl nucleotide binding 529 51 31.99  0.00033
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G0:0032559 adenyl ribonucleotide binding 529 51 31.99  0.00033
G0:0042578 phosphoric ester hydrolase activity 83 14 5.02  0.00037
GO:0004112 gz::il\;;:t-;ucleotlde phosphodiesterase 7 4 0.42 0.0004
G0:0004114 Ehisgﬁggfegt‘é‘;;igtgz\/I y 7 4 042  0.0004
G0:0097367 carbohydrate derivative binding 704 63 42,57  0.00048
G0:0035639 g?g&?ﬁ;bonuc'eosme triphosphate 652 50 3943  0.00057
G0:0043168 anion binding 800 69 48.37 0.0007
G0:0005524 ATP binding 520 49 31.44  0.00075
G0:0008144 drug binding 576 53 34.83  0.00078
G0:0000166 nucleotide binding 819 70 49.52  0.00082
G0:1901265 nucleoside phosphate binding 819 70 49.52  0.00082
G0:0036094 small molecule binding 882 74 53.33  0.00096
G0:0000287 magnesium ion binding 29 7 1.75 0.00134
G0:0016740 transferase activity 628 55 37.97  0.00201
G0:0140096 catalytic activity, acting on a protein 577 50 34.89  0.00416
G0:0008081 phosphoric diester hydrolase activity 19 5 1.15  0.00448
GO0:0003774 motor activity 76 11 46  0.00544
G0:0043167 ion binding 1683 121 101.77 0.0069
GO0:0097159 organic cyclic compound binding 1564 113 9457  0.00857
G0:1901363 heterocyclic compound binding 1564 113 94.57  0.00857
G0:0003735 structural constituent of ribosome 121 72 21.26  9.00E-26
G0:0005198 structural molecule activity 236 94 41.46 6.70E-17
G0:0019843 rRNA binding 63 34 11.07 4.60E-11
G0:0005267 potassium channel activity 21 15 3.69 7.80E-08
G0:0015079 frg;a:;’:)‘i{‘;r'ggﬁt\r/?g/smembra”e 25 15 439 2.30E-06
G0:0005261 cation channel activity 42 20 7.38 6.50E-06
G0:0022838 substrate-specific channel activity 77 29 13.53 1.90E-05
G0:0005216 ion channel activity 74 28 13 2.40E-05
G0:0015267 channel activity 80 29 14.05 4.40E-05
G0:0022803 gg‘fﬁ/‘:@ transmembrane transporter 80 20 1405 4.40E-05
G0:0003723 RNA binding 304 79 53.4 8.60E-05
U ME G0:0005516 calmodulin binding 22 12 3.86 9.10E-05
- G0:0008135 translation factor activity, RNA binding 80 28 14.05 0.00012
G0:0003779 actin binding 123 38 21.61  0.00018
G0:0022839 ion gated channel activity 59 22 10.36  0.00023
G0:0022836 gated channel activity 60 22 10.54 0.0003
GO:0046873 g‘cilts: ti;” transmembrane transporter 79 26 1388  0.00063
G0:0005244 voltage-gated ion channel activity 26 12 457  0.00069
G0:0022832 voltage-gated channel activity 26 12 457  0.00069
G0:0004339 glucan 1,4-alpha-glucosidase activity 4 4 0.7  0.00095
G0:0022843 voltage-gated cation channel activity 14 8 2.46  0.00097
G0:0003743 translation initiation factor activity 57 20 10.01  0.00108
G0:0005249 ;’gt'itjﬁ)e/'gated potassium channel 12 7 211 0.00175
G0:0015926 glucosidase activity 7 5 1.23  0.00254
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G0:0019200 carbohydrate kinase activity 7 5 1.23  0.00254

GO:0015077 inorganic catlo_n_transmembrane 74 23 13 0.003
transporter activity

G0:0004396 hexokinase activity 3 3 0.53 0.0054

GO:0005231 excitatory e.xt_racellular ligand-gated ion 3 3 053 0.0054
channel activity

GO:0005234 extracellulayly glutamate-gated ion 3 3 053 0.0054
channel activity

G0:0005536 glucose binding 3 3 0.53 0.0054

G0:0030943 g:fgicnh;”dr'on targeting sequence 3 3 053  0.0054

G0:0071933 Arp2/3 complex binding 3 3 0.53 0.0054

GO:0015450 |- -bond-hydrolysis-driven protein 8 5 141 0.00579
transmembrane transporter activity

G0:0043022 ribosome binding 8 5 1.41  0.00579

G0:0044877 protein-containing complex binding 70 21 12.3  0.00705

GO:0022890 inorganic catlo_n_transmembrane 115 31 202 0.00722
transporter activity
oxidoreductase activity, acting on the

G0:0016616 CH-OH group of donors, NAD or 42 14 7.38  0.00978

NADP as acceptor

Supplementary Table S3.3 The candidate genes that might be involved in the co-transcriptional

regulation.
OXPHOS Locus No. of gene Annotation in NR db
F-type Locus1895123 1 Zinc finger protein 558
Locus226176 3 DNA-directed RNA polymerase Il subunit RPB9
M-type Locus8350352 2 Zinc finger protein 341
Locus7670362 1 Dynein light chain 1
Locus572990 4 APOBECL1 complementation factor
Locus382505 3 Eukaryotic translation initiation factor 3 subunit G
M-type & Nu Locus1618449 1 Transcriptional activator protein Pur-beta
Nu Locus4607497 4 Pentatricopeptide repeat domain-containing protein 3
Locus2398964 3 DNA-directed RNA polymerase 11l subunit RPC3
Locus1549169 3 Muscle blind-like protein 3
Locus1065041 4 BRCA1-A complex subunit BRE
Locus4177360 4 Transcription factor RFX3
Locus7072300 3 Transcriptional coactivator YAP1
Locus7055868 3 Y-box factor homolog
Locus1872614 2 Cyclic AMP-dependent transcription factor ATF-4

162



NAD1 NAD2 NADAL NAD4 I NAD3
:$$¢E 4.* é #; = . =| . .
2 =R SRR
P T TR lddme Tl T 7T [TTHTeT
- NADS NADE cos cox1 | COX28.
El g i = : =l rol| ==L I AL
'§2$? s *éﬁgéﬁlé =t = $¢'¢|**$
g =
cox2 cox3 ATPS ORF | & ‘_’} § e g: e E:
: 4’.5:‘,! =5 $$;= 2 ':'$ éé = =7 %
P U P I U v ] =« ‘;’iss:;. ow s e e =
[ DHSDA NDUA1 [ NDUAS ] NDUAB NDUAT
i . =L
D‘\j=.=é$; . 2 i
] NDUAB NDUAS 11 NDUAA I NDUAC NDUAD
Z?@*??%‘ o e T | == $$‘=F'$Cb$ *-?-&-ﬁé-#
|1' 3
[ NDUB2 NDUB3 [ NDUB4 | NDUBS NDUB?
| to (TR F st PO e e
LESTrr ‘
E [ [ NDUBY 11 NDUBA | NDUBB NDUC2
93; . $ s . !
Pl L et =T FhsPoes =h=s=e e
Oi NDUF2 NDUS1 [ NDUS2 | NDUS3 NDUS4
st . =
ek gt || T T o o P o | e P Tk, e
Oi NDUS5 NDUSB 11 NDUS7 ] NDUSB NDUV1
It (C TP TPt Th e ey
T NDUV2 SDHC-1 ] SDHC-2 SDHA SDHB
) ! ! . o b
QCR10 QcR2 | QcRs. QCR7 QcR8.
e ol e e b
' UCRI ovi | COX12 COX15 COX5A
Bhiaal T aateek Jlfeal T saat |kl skl st o S schs=te
1 asEseat n
g cOXs8 COX6A ] ATSF1 ATPSH ATP5)
§:$1.+$J-+ $:§=T$CF'%‘ e e[S =doessms
' ATPA ATPB | ATPD ATPG ATPK
' % $893§9%8 593593 s5339%3 33§97
alainataxinat™
! 7{ ST 73 E\ E §7 Tissue

Supplementary Figure S3.1 The transcriptional levels of mitochondrial (A) and
nuclear OXPHOS genes in each tissue (B).
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Supplementary Figure S3.2 The distribution of synonymous and nonsynonymous

SNPs in OXPHOS genes. A: Mitochondrial genes; B: Nuclear OXPHOS genes; C:
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Interacted and non-interacted nuclear OXPHOS genes.
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Supplementary Figure S3.3 The heatmap based on the RSCU values for four-fold
degenerate families. Considering the Met, Trp, Ser, Arg and Ile were different
between mt and nuOXPHOS, they were not included here.
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