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ABSTRACT

RITTIKA MALLIK. Casting A Wider Net: Using Ray-Finned Fish Genomes To
Gain Novel Insights Into Vertebrate Molecular Evolution.

(Under the direction of DR. ALEX DORNBURG)

The past decade has provided unprecedented insights into the molecular evolutionary

pathways that have given rise to the present day diversity of vertebrates. Com-

parative genomic studies have repeatedly revealed that many key ecological traits,

novel functional phenotypes, and even disease states are governed by genomic regions

characterized by frequent mutations, duplications, or deletion events. However, the

evolutionary origins and early diversification history of many of these regions remain

poorly understood. My work focuses on providing a resolution to this history, focus-

ing on the evolution of the vertebrate mobilome and a clustered gene family of innate

immune receptors with putative links to the origin of the adaptive immune response.

To accomplish this, I sequenced the genomes of Polypterus bichir and Lepisosteus os-

seus, two taxa that fill critical genomic sampling gaps for early diverging vertebrate

lineages. Integrating these genomes into a comparative dataset of over 100 genomes

that span all major ray-finned fish lineages, I investigated the effect of teleost genome

duplication (TGD) on the diversification of the ray-finned fish mobilome. My find-

ings reveal no substantial shift in mobilome composition following the TGD event, in

line with a growing body of evidence that this historical ploidy event has not left a

signature of a burst of molecular diversification and innovation across half of living

vertebrates. I next expanded my taxonomic coverage to include all major vertebrate

lineages to investigate the evolutionary origin of signal regulatory proteins (SIRPs)

and their ligand CD47. In mammals, SIRPs are essential for regulating macrophage

function and have become important targets for cancer therapy. These receptors also

contain variable and joining exons and are hypothesized to have arisen in tetrapods

out of a complex of innate immune receptor gene families that also gave rise to recom-
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bining T-cell receptors and antibody encoding Immunoglobulin domains. My work

demonstrates this is not the case. Instead, SIRPs have evolutionary origins coincident

with the origin of the adaptive immune response. In contrast, we find no evidence

for an ancient origin of the CD47 ligand, which interacts with SIRPs. Instead, CD47

appears to have arisen at the beginning of amniote evolution, suggesting a decoupling

of the evolutionary origins of this ligand and receptor pair. These findings provide

a new perspective on the origins and diversification of innate immune receptor gene

families and their relationship to the emergence of the adaptive immune system.
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CHAPTER 1: INTRODUCTION

1.1 Genome stability

The duplication of genes and genetic elements is a hallmark of genome evolution.

However, this hallmark also raises the question of what general rules underlie the fate

of such duplications. Answering this question is of particular importance as genome

stability is a critical aspect of cellular health and survival. It encompasses various

genetic alterations, ranging from point mutations to chromosome rearrangements.

The breakdown of mechanisms that protect the genome and the ensuing instability

are key factors in the aging process and are associated with diseases such as cancer

[3]. Consequently, a comprehensive network of interconnected pathways is dedicated

to preserving genome integrity in response to the continuous challenges that induce

DNA damage, including epigenetic mechanisms [73], DNA modifications [204], his-

tone variants and modifications [38], chromatin structure [81], and non-coding RNAs

[38]. all perform various functions to ensure the maintenance of genome stability,

protect the genome from invasion by transposable elements and contribute to various

DNA repair pathways.

The etiology of genome instability is multifaceted, encompassing both trans-acting

and cis-acting elements, each playing distinct yet interrelated roles in the preservation

of genomic integrity [169].; and S-phase checkpoint factors, which are essential for

the orchestration of replication, repair processes, chromosome segregation, and cell-

cycle progression. On the other hand, cis-acting elements represent chromosomal

regions particularly prone to instability. These hotspots include fragile sites-specific

DNA sequences predisposed to gaps, constrictions, and breaks due to compromised
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replication progression - and highly transcribed DNA sequences, which are linked

to transcription-dependent recombination and rearrangements, further underscoring

the complexity of maintaining genome stability [3]. These mechanisms are highly

important for maintaining organismal health, as illustrated by their role in human

cancer.

1.2 Genome instability and cancer

Genomic instability is a characteristic of most cancer cells and is associated with an

increased tendency of genome alteration during cell division [227]. This instability is a

hallmark of various pathological disorders, including cancer and conditions related to

premature aging, emphasizing the importance of genomic integrity for human health.

Genomic instability often results from damage to genes controlling cell division and

tumor suppression and is closely monitored by surveillance mechanisms such as the

DNA damage checkpoint, DNA repair machinery, and mitotic checkpoint [3]. Defects

in these regulatory mechanisms can lead to genomic instability, predisposing cells to

malignant transformation.

1.2.1 Genome stability and relationship to clustered gene families

It is clear that genome instability can lead to harmful effects at the organismal

level. However, it is now clear that genomic instability is a double-edged sword, and

also plays a crucial role in generating genetic diversity and evolution [146]. It pro-

vides the variation necessary for natural selection, facilitating adaptive processes that

shape species over time. This complex interplay between the detrimental and bene-

ficial outcomes of genomic instability underscores its significant role in both health

and evolutionary biology. In particular, the breakdown of genome stability has given

rise to complex suites of gene families that shape many of the very features we require

for survival. For example, light sensing is a fundamental trait [228], with proteins
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involved in human vision being studied for over a century using various model or-

ganisms. Recent large comparative studies have placed gene families in the human

genome within an evolutionary context, revealing associations between gene family

evolution and lineage ecology, as well as a remarkable diversity of genotypes in genes

such as genes like crystallins and opsins related to light sensing phenotypes across the

Tree of Life.

Opsins are a prime example of gene diversification, with over 1000 opsins iden-

tified across various species, including humans, flies, mice, and zebrafish, since the

sequencing of the first opsin gene nearly 40 years ago in bovids [155, 140]. This

diversity has shed light on color vision across the Tree of Life, demonstrating func-

tional convergences, correlations between opsin repertoire and ecological factors, gene

losses or loss of function associated with sensory trade-offs, amino acid convergence

among distantly related taxa, and convergences in the genetic basis of human retinal

diseases [17, 46] Surprisingly, opsin genes are expressed not only in the eye but also

in the skin and peripheral tissues [195], carrying out functions beyond light recep-

tion. Comparative genomics of opsin gene families has implications for wound healing

[46], hair growth, optogenetics, and metabolic physiology, with future investigations

poised to reveal the full diversity of these gene families. The example from opsins

underscores how understanding the functional relationships within gene clusters can

provide insights with high translational relevance. For my dissertation, I am partic-

ularly interested in understanding the evolution of clustered gene families and how

these contribute to the diversification of novel functional forms.

1.3 Clustered gene families

Clustered gene families represent groups of genes closely arranged within specific

genomic regions, often residing on the same chromosome. These gene clusters exhibit
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shared nucleotide sequences or functions and are subject to collective regulation [167].

Clustered gene families are important for understanding the function and evolution

of genomes. They provide evidence of candidate homologous regions and are thought

to be valuable for characterizing the general structure of genetic variation among hu-

man populations [167]. Relative to surrounding regions, clustered gene families often

display disproportionately high levels of sequence and gene copy diversity. As such,

clustered gene families may be hotspots for additional gene birth events, higher rates

of gene death (loss), nucleotide substitution, sharing of regulatory sequences among

multiple genes in tandem [63]. However, it has been difficult to characterize the func-

tional diversity and sequence of gene families across species. Both variations in the

number of genes within each gene family and sequence divergence among duplicate

genes can be seen in organisms; these variations can even be seen at the population

level (i.e., copy number variation) or among closely related species. The complex

evolutionary history of gene duplication over time that has produced two or more

paralogs on the same chromosome (i.e., cis) that are either grouped or at different

chromosomal positions can be seen in this molecular diversity.

The physical proximity of these genes implies a common evolutionary history and

shared regulatory elements, influencing their coordinated expression. These gene

families encompass diverse members, including those encoding proteins with related

functions or participating in shared biological pathways [224]. This non-random or-

ganization is thought to enhance gene regulation efficiency and streamline cellular

processes. A comprehensive understanding of the composition and arrangement of

clustered gene families is pivotal for unraveling the intricacies of gene regulation, func-

tional genomics, and evolutionary biology. The study of these clusters yields valuable

insights into the molecular mechanisms underpinning cellular processes, contributing

significantly to deciphering the complexity of genetic interactions within the genome.
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Much of our understanding of clustered gene families involved in the immune re-

sponse comes from the human genome. The currently assembly GRCh38 is comprised

of approximately 3,100 megabases, encoding up to 20,000 protein-coding genes, over

25,000 non-protein-coding genes, and around 15,000 pseudogenes [63]. A significant

portion of the protein-coding genes have paralogs, indicating a high frequency of gene

duplication. It is now clear that the study of human gene families benefits from com-

parisons with a diverse range of organisms across the Tree of Life due to the deep

evolutionary history of gene duplication and divergence. Phylogenetic approaches are

crucial in understanding the evolutionary processes that shape the origins and func-

tions of human gene families. Gene family evolution is generally expected to mirror

the evolutionary relationships among species, with divergences occurring due to se-

lective pressures, mutations, and genetic drift over millions of years. However, gene

families vary in their evolutionary dynamics: some are highly labile, generating new

sequences and functional diversity, while others are constrained, preserving essential

genetic information across the Tree of Life. Although these dynamics-lability and

constraint-appear as opposites, they can coexist within gene families. Some highly

conserved gene families may still contribute to sequence diversity and innovation,

underscoring the complex interplay of evolutionary forces in shaping gene family evo-

lution.

Gene families that are clustered could be hotspots for more gene birth events, in-

creased rates of gene death (loss), nucleotide substitution, exon swapping, interlocus

gene conversion, and the sharing of regulatory sequences among several genes simul-

taneously. Examples of clustered gene families are very common in immunogenetics

and include the Signal regulatory proteins (SIRPs), the nucleotide oligomerization do-

main (NOD) and the NACHT leucine-rich repeat and PYD containing (NALP) gene
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families, the cysteine rich scavenger receptor gene family, the IL-17 cytokine genes

, and the SpTransformer (SpTrf) genes [14]. A key aspect of my dissertation and

research interest involves understanding the evolutionary history of clustered gene

families such as these to provide the comparative framework for future functional

studies, with an emphasis on understudied genes involved in the innate immune re-

sponse. For my current work, I focus on one such family: SIRPs.

1.3.1 Signal Regulatory Proteins

The Signal Regulatory Protein (SIRP) family encompasses a group of transmem-

brane glycoproteins predominantly expressed on immune cells and neurons [12]. The

principal members of this family include SIRPα (CD172a), SIRPβ, and SIRPγ.

SIRPα is primarily found on hematopoietic progenitors, myeloid cells, dendritic cells,

natural killer (NK) cells, and neurons [138, 208]. In the context of this discussion,

the focus is on SIRPγ, which is a T-cell-restricted surface molecule. SIRPγ, along

with SIRPα, interacts with CD47, a transmembrane protein that is broadly expressed

across various cell types [138].

The interaction between CD47 on red blood cells and SIRPα on macrophages

is particularly noteworthy, as it prevents the phagocytosis of red blood cells by

macrophages, thereby regulating their lifespan. This interaction is crucial for self-

recognition and the prevention of autoimmune responses. However, cancer cells can

exploit this mechanism by overexpressing CD47 to evade immune surveillance and

phagocytosis. The disruption of the SIRPα-CD47 interaction has become a target for

cancer immunotherapy, aiming to enhance the clearance of tumor cells by the immune

system [47].

In Chapter 3 of my dissertation, I am undertaking a comprehensive analysis to

elucidate the evolutionary origins of Signal Regulatory Proteins (SIRPs) across ver-
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tebrates. This investigation aims to determine the temporal depth of SIRP emergence

in the evolutionary timeline. Concurrently, I am tracing the evolutionary history of

CD47, a crucial ligand for SIRPs, to assess the degree of evolutionary concordance

between these two critical components of the immune system. This comparative

analysis will provide insights into the co-evolutionary dynamics and the functional

interdependence of SIRPs and CD47 throughout vertebrate evolution. This work

was made possible by sequencing additional genomes for major early diverging verte-

brates that are currently lacking genomic resources in my first and second chapters.

In addition, this work empowered me to also assess patterns of rapid evolution over

deep time scales in other class of sequences prone to rapid birth and death events:

transposable elements.

1.4 Transposable elements

Transposable elements (TEs) are DNA sequences that can change their position

within a genome, sometimes creating or reversing mutations and altering the cell’s

genomic size. They are also known as "jumping genes" due to their ability to move

from one location to another within the genome [91]. TEs are found in virtually

all organisms, from bacteria to humans, and constitute a significant portion of the

genome in many species. In humans, transposable elements make up nearly half of

the genome.The activity of transposable elements can have various impacts on the

genome and the organism. On one hand, they can be sources of genetic diversity,

as their movement can lead to the creation of new genes or regulatory elements,

potentially providing evolutionary advantages [95].

On the other hand, their insertion into functional genes or regulatory regions can

disrupt gene function, leading to mutations that may be harmful or even lethal. TEs

can also influence genome structure by promoting recombination, leading to dele-

tions, duplications, and chromosomal rearrangements. Transposable elements are
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classified into two main types based on their mechanism of transposition: Class I

elements, or retrotransposons, which move via an RNA intermediate and employ a

"copy-and-paste" mechanism; and Class II elements, or DNA transposons, which

move directly as DNA using a "cut-and-paste" mechanism [75]. The human genome

contains a significant proportion of repetitive sequences derived from transposable ele-

ments, including retrotransposons that replicate through a copy-and-paste mechanism

and DNA transposons that use a cut-and-paste method. However, in humans, only

retrotransposons, specifically long interspersed element-1 (LINE-1 or L1), remain ac-

tive as mobile DNAs. LINE-1 retrotransposition is ongoing in humans, contributing

to genomic structural variations in populations and alterations in cancer genomes.

Endogenous retroviruses are also present in the genome, serving as promoter and

protein-coding sequences [39]. The activity of TEs is usually tightly regulated in

organisms, as uncontrolled transposition can lead to genomic instability. However,

their ability to mobilize and mutate has made them valuable tools in genetic research

and biotechnology for gene tagging, mutagenesis, and gene therapy.

Given the importance of TEs for empirical research, there has been a call for inves-

tigations of TE diversity over deeper evolutionary timescales to provide a comparative

basis for such studies. However, for ray-finned fishes, which collectively comprise over

half of all living vertebrates, such studies have not been attempted. Using results

from my first chapter, my second chapter provides the first comprehensive perspec-

tive on the evolution of the ray-finned fish mobilome. This work explored the extent

to which the teleost genome duplication (TGD) influenced the diversification trajec-

tory of the ray-finned fish mobilome. We combined a new high-coverage genome of

Polypterus bichir with data from over 100 publicly available actinopterygian genomes

to evaluate the macroevolutionary consequences of genome duplication events on the

evolution of transposable elements (TEs). Contrary to expectations, our findings do
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not support a significant shift in mobilome composition following the TGD event.

Instead, the diversity of the actinopterygian mobilome seems to have been shaped

by a history of lineage-specific changes in composition that are not associated with

commonly cited drivers of diversification, such as body size, water column usage, or

latitude. These results offer a fresh perspective on the early diversification of the

actinopterygian mobilome and suggest that historical ploidy events may not neces-

sarily lead to bursts of TE diversification and innovation. Overall, these findings

underscore the clade-specific heterogeneity within ray-finned fishes and suggest that

factors other than extinction events may have shaped mobilome divergences between

ray-finned fish lineages and other vertebrates.



CHAPTER 2: A CHROMOSOME-LEVEL GENOME ASSEMBLY OF

LONGNOSE GAR, LEPISOSTEUS OSSEUS

Published in G3: Genes | Genomes | Genetics 2023
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2.1 Abstract

Holosteans (gars and bowfins) represent the sister lineage to teleost fishes, the latter

being a clade that comprises over half of all living vertebrates and includes important

models for comparative genomics and human health. A major distinction between

the evolutionary history of teleosts and holosteans is that all teleosts experienced a

genome duplication event in their early evolutionary history. As the teleost genome

duplication occurred after teleosts diverged from holosteans, holosteans have been

heralded as a means to bridge teleost models to other vertebrate genomes. However,

only three species of holosteans have been genome sequenced to date and sequenc-

ing of more species is needed to fill sequence sampling gaps and provide a broader

comparative basis for understanding holostean genome evolution. Here we report the

first high quality reference genome assembly and annotation of the longnose gar (Lep-

isosteus osseus). Our final assembly consists of 22,709 scaffolds with a total length

of 945 bp with contig N50 of 116.61 kb. Using BRAKER2, we annotated a total of

30,068 genes. Analysis of the repetitive regions of the genome reveals the genome

to contain 29.12% transposable elements, and the longnose gar to be the only other

known vertebrate outside of the spotted gar and bowfin to contain CR1, L2, Rex1,

and Babar. These results highlight the potential utility of holostean genomes for

understanding the evolution of vertebrate repetitive elements, and provide a critical

reference for comparative genomic studies utilizing ray-finned fish models.

2.2 Significance

Over half of all living vertebrates are teleost fishes, including numerous experimen-

tal models such as zebrafish (Danio rerio) and medaka (Oryzias latipes). However,

translating research in teleost models to other organisms such as humans is often

challenged by the fact that teleosts experienced a genome duplication event in their

early evolutionary history. Recent genome sequencing of three holosteans, the sister



12

lineage to teleosts, has revealed these taxa to be critical for linking homologs between

teleosts and other vertebrates. Sequencing of holostean genomes remains limited,

thereby impeding further comparative genomic studies. Here we fill this sampling

gap through the genomic sequencing of the longnose gar (Lepisosteus osseus). This

annotated reference genome will provide a useful resource for a range of comparative

genomic applications that span fields as diverse as immunogenetics, developmental

biology, and the understanding of regulatory sequence evolution.

2.3 Introduction

Teleost fishes represent over half of all living vertebrates and have successfully radi-

ated in nearly all of the planet’s aquatic habitats [142, 82]. Teleosts are of vital ecolog-

ical importance, form the basis of several multi-billion dollar industries [113, 196, 82],

and act as important model species (e.g. zebrafish and medaka) that are of high utility

for human health research [71, 163]. The rapid accumulation of hundreds of genome

sequences spanning the teleost Tree of Life has empowered unprecedented insights into

the genomic basis for their evolutionary success [53], and provided key insights into

teleost molecular biology with translational relevance to human health![97]. However,

the development of both a deeper understanding of teleost genome evolution and the

connection between teleost and human genomes has been challenged by the teleost-

specific genome duplication (TGD) event that occurred during the early evolution of

teleosts. This duplication event has complicated investigations of genomic novelty,

homology, and synteny [93, 28] In contrast, the few living species of holosteans, non-

teleost fishes (bowfin and gar) dubbed “living fossils" by Darwin [54] diverged from

teleosts prior to the TGD [202, 64]. Holostean genomes have been demonstrated

to be critical for understanding gene synteny and homology of complex genomic re-

gions between teleosts and other vertebrates [18, 28, 202]. Being the closest living

relatives of teleosts, holosteans provide particularly informative context for under-

standing whether genomic novelties identified in teleosts are in fact unique to teleosts
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and for linking teleost and other vertebrate genomes [68, 66, 202, 28].

Extant holosteans include seven species of Lepisosteidae (gar; [209]) and two species

of Amiidae (bowfin; [33, 225]). Analyses of the spotted gar (Lepisosteus oculatus)

genome demonstrated the potential of holostean genomes for comparative studies,

providing critical insights into the evolution of vertebrate immunity, development,

and the function of regulatory sequences [28]. Recently, the alligator gar (Atractos-

teus spatula) genome was incorporated into an analysis of how vertebrates made the

transition from water to land [18], and the genome of the distantly related eyetail

bowfin (Amia ocellicauda, previously Amia calva, see [33]), provided understanding

into other aspects of early vertebrate diversification including the evolution of scales,

loci associated with the vertebrate adaptive immune response, and numerous other

traits [202]. These studies have been imperative for our understanding of vertebrate

evolution and molecular biology. However, they also underscore the potential insights

that genomic sequencing of the remaining holostean genomes would provide. In par-

ticular, sequencing additional holostean species, with more focused investigations of

within-clade sequence evolution, would facilitate a better understanding of highly

fragmented regions in currently available holostean genome assemblies. In this study,

we present a high-quality assembly and annotation for the longnose gar (Lepisosteus

osseus). This fourth holostean genome fills a critical sampling gap among holosteans,

providing a valuable resource for genomic investigations of early vertebrate evolution

as well as the necessary context for bridging research between model teleosts and the

human genome.



14

2.4 Results and Discussion

Assembly and coverage of universal orthologs

Here we report a high-quality assembly of the longnose gar (Figure 2.1(A) genome

(Supplementary Table 2.1 and NCBI Bioproject PRJNA811181). Dovetail Genomics

(Scotts Valley, CA) performed DNA extraction from a longnose gar blood sample,

library preparation, sequencing, and genome assembly. Genomic DNA was extracted

using a Qiagen Blood and Cell Culture DNA Midi Kit (Germantown, MD), yielding

DNA with an average fragment length of 95 kbp that was used in the construction

of Chicago HiC sequencing libraries. The 10X supernova assembly resulted in 27,738

scaffolds forming a total final genome size of 1,014,182,714 bp, with 2.4% of the

genome (24,076,280 bp) comprised of the ambiguous base ’N’ and a GC content of

40.1%. During Dovetail Hi-Rise assembly the input assembly was further incorpo-

rated into 22,745 longer scaffolds. The total length of the resulting Dovetail Hi-Rise

assembly was 1014.98 Mbp, with a contig N50 of 116.6 kbp. The N50 of the assembly

was 52.996 Mbp scaffolds with a L50 of 8 scaffolds. This is similar to the spotted

gar genome that is 945 Mbp long, with a contig N50 size of 68.3 kbp, and a scaffold

N50N50 size of 6.9 Mbp [28] and the eyetail bowfin reference genome which is 527

Mbp, with a scaffold N50 of 41.2 Mbp, an L50 of 9 scaffolds, and contig N50 of 21.1

kbp ([202]) (Figure: 2.1B).

The L90 based on this assembly is 26 which is close to the known karyotype of 28 for

longnose gar [166] and the known karyotype of 28 for the Tropical Gar (Atractosteus

tropicus, [9]).

However, this contrasts with the spotted gar, where a chromosomal spread sug-

gested 29 linkage groups [28]. Our results support this change in karyotype between

the spotted gar and longnose gar (Figure 2.1C), revealing a scaffold in the spotted

gar genome with no strong syntenic relationship to any in the longnose gar.
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Figure 2.1: The annotated longnose gar genome.(A) Photo of a longnose gar wild-caught
from North Carolina. (B) Comparison of holostean genome metrics. (C) Synteny between
the longnose gar and the spotted gar shows 26.26% of the sequences have >75% match (dark
green), 53.60% sequences have a match between 50% to 70% (light green), 5.77% sequences
are between 25% to 50% (orange) and 1.42% fall below 25% (yellow). 12.95% sequences have
no match. (D) BUSCO scores of the longnose gar genome and transcriptome compared to
vertebrates (E) and actinopterygians. Photo credit: AD.
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Analysis of the remainder of the spotted gar genome reveals a high degree of syn-

teny with the longnose gar genome, with several possible inversions. These contrasts

in karyotypes between longnose and spotted gars illuminated by our analyses have

implications for gar conservation and management. When they co-occur in the wild,

both longnose gars and spotted gars can hybridize with alligator gars (Atractosteus

spatula) [22], a species that is experiencing declines in population across its range

[191, 150, 23]. Given the differences in chromosomes between longnose and spotted

gar species, this raises questions concerning hybrid offspring fitness and fertility that

are of fundamental importance for species management. Our sequencing of the long-

nose gar genome could provide a useful tool for such efforts by providing a framework

for marker development for hybrid identification as well as for the detection of historic

introgression events.

Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis (Manni et al.

2021) comparing the longnose gar genome against the Actinopterygii dataset recov-

ered a total of 3082 out of 3640 loci. Of these, 3017 (82.8%) are complete (2957

(81.2%) complete and single copy, 60 (1.6%) complete and duplicated), 65 (1.8%)

fragmented, and the remaining 558 (15.4%) missing (Figure 2.1D and Supplemen-

tal Table 2.2). These numbers change slightly when compared to the Vertebrata

BUSCO dataset. Out of 3354 total BUSCO groups, we recovered 2898 (86.4%) com-

plete sequences [(2867 (85.5%) complete and single copy, 30 (0.9%) complete and

duplicated], 97 (2.9%) fragmented, and 359 (10.7%) missing (Figure 2.1E and Sup-

plemental Table 2.2). These results were similar for transcriptomes, with a higher

number of duplicated genes reflecting likely splice variants. The higher number of

sequences recovered when using the vertebrate versus actinopterygian databases mir-

rors a similar near twofold difference in missing data in the bowfin genome [202]. This

may reflect a teleost bias for Actinopteryigan BUSCOs, or stem from a difference in
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the number of target loci. More work is needed to assess if the development of a

BUSCO dataset for early diverging, non-teleost, actinopterygians is warranted.

New insights into the transposable elements of Holostean genomes

Our RepeatModeler analysis [76] reveals 29.12% of the longnose gar genome is

composed of transposable elements (TEs; Figure 2.2A). Retroelements account for

14.02% of the transposons, 2.06% of which are short interspersed nuclear elements

(SINEs) and 6.53% of which are long interspersed nuclear elements (LINEs). Among

LINEs, L2/CR1/Rex elements represent 4.31% of the total diversity, while L1/CIN4

elements represent only 0.35% (Figure 2.2A). DNA transposons cover 3.72% of the

genome, with Tc1-IS630-Pogo elements reflecting 2.65% of the total diversity. In gen-

eral SINES and LINES are some of the most frequent TE types (Figure 2.2B). Our

results are on par with the 20% TE content found in the spotted gar, and contrasts

with the levels of near 50% TE content in humans or zebrafish (Danio rerio) (Figure

2.2C) [28]. These comparisons are based on values reported in the literature. How-

ever, given the magnitude of the contrasts between some species and overlap with

others, a formal reanalysis of mobile elements across these representative organisms

would likely yield similar contrasts. Similar to spotted gar, we find a high diversity of

eukaryote TEs in the longnose gar genome after conducting a BLAST search against

the Repbase [102] database. 235 sequences of repeats matched to Repbase: 46 DNA

transposons, 71 LINEs, 25 SINEs, 28 Long Terminal Repeats (LTRs), 20 tRNA and

37 sequences classified as Unknown. Our finding of CR1 parallels a similar discovery

in the spotted gar, which was used as evidence to suggest that the absence of CR1

is a teleost-specific loss, and not a general condition of early ray-finned fish (Figure

2.2A) [28]. Additionally, our finding of CR1, L2, Rex1, and Babar reveals longnose

gar to be the third known vertebrate with all four CR1-like families. As the only other

known vertebrates with all four CR1-like families are the spotted gar and bowfin, this
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finding highlights the potential utility of holosteans for understanding the evolution

of early vertebrate TEs as well as the need for additional studies of TEs in earlier

diverging ray-finned fishes to provide additional evolutionary context for changes be-

tween holosteans and teleosts.
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Figure 2.2: Overview of repetitive sequences within the longnose gar genome. (A) The
distribution of repeat types identified from the longnose gar genome using RepeatModeler
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human [114]. Photo credits: AD.
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Transcriptome sequencing and gene ontology

Transcriptome sequences were assembled from RNA-Seq derived from immune tis-

sues (spleen, kidney and intestine) of the same longnose gar individual from which

the genome originated that were pooled prior to sequencing. The transcriptome se-

quences were de novo assembled using Trinity [84, 86] and mapped to the genome

using HISAT2. Processed reads were mapped to the genome and assessed using sam-

tools v.1.18, with 30901143 out of 44987853 reads (68.69%) mapping to the genome.

BUSCO [124] analysis was employed on the assembled transcriptomic sequences to

quantify the completeness of the transcriptome (Figure 2.1 and Supplemental

Table 2.3). Comparing the longnose gar transcriptome to the Actinopterygii and

Vertebrata databases yielded 2809 (77.2%) and 2792 (83.3%) complete sequences, re-

spectively. The vertebrate database yielded a higher number of complete and single-

copy (44.7%) and complete and duplicated (38.6%) sequences than the comparison

to the actinopterygian database (41.9% and 35.3% respectively).

The transcriptome was used to annotate the genome (Zenodo DOI: 10.5281/zen-

odo.7435126), predicting 30,068 proteins. This is similar to the 25,645 proteins

predicted in the spotted gar genome by MAKER [28]). Gene ontology analysis of

transcripts from pooled spleen, kidney and intestine RNA reveals the top molecular

functions to include cytokine activity, signaling receptor regulator activity, signaling

receptor activator activity and also include proteasomal complexes in the cellular

components. These are all reflective of the immunological roles of these tissues (see

Supplemental Figures S2.1-S2.3).

https://zenodo.org/records/7435126#.Y5oJANLMJhE
https://zenodo.org/records/7435126#.Y5oJANLMJhE
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2.5 Conclusion

Our sequencing of the longnose gar genome fills a sampling gap in the genome

sequences available for early diverging ray-finned fishes, thereby providing a critical

resource for comparative genomic investigations. This genome has immediate utility

in investigations concerning the capacity for gar species to hybridize that have impli-

cations for management as well as our understanding of hybridization in general. As

the evolutionary divergence between longnose gars and alligator gars is estimated to

be over 100 million years old [33], leveraging this new genomic resource could provide

key insights into how hybridization remains possible over such an extreme evolu-

tionary timescale. Additionally, this genome provides the framework for numerous

comparative genomic investigations that could expand our understanding of trans-

posable element evolution, the evolution of vertebrate gene families, developmental

biology, or even aiding in the linking of translational research in fish models such as

zebrafish or medaka to the human genome.

2.6 Methods and Materials

Sample acquisition

All research involving live animals was performed in accordance with relevant in-

stitutional and national guidelines and regulations, and was approved by the North

Carolina State University Institutional Animal Care and Use Committee. The long-

nose gar specimen was wild-caught on the Haw River, North Carolina (35.626174,

-79.057769) by the NC Wildlife Resources Commission using standard boat elec-

troshocking methods and housed at the NC State University College of Veterinary

Medicine in a 300 gallon tank with recirculating water at 18-23◦C. The individual was

anesthetized using MS-222 and 2.5 mL of blood was collected into 0.5 mL of 87 mM

EDTA for genomic sequencing. The fish was euthanized, and supplemental tissue
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samples (spleen, kidney and intestine) were collected for transcriptome sequencing.

Chicago and Dovetail Hi-C library prep and sequencing

A Chicago library was prepared by Dovetail Genomics using ∼500 ng genomic DNA

and methods described in [165]. In brief, chromatin was reconstituted in vitro and

crosslinked with formaldehyde. Chromatin was digested (DpnII) and the resulting 5’

overhangs were filled with biotinylated nucleotides. Blunt ends were ligated and DNA

was purified. Purified DNA was obtained from protein by reversing the crosslinks and

subsequently treated to remove the biotin that was not initially internal to the ligated

fragments. The Hi-C library was then created using the methods as described in [117]

shearing the DNA to ∼350 bp mean fragment size. The sequencing libraries were

generated using NEBNext Ultra enzymes and Illumina compatible adapters. Biotin-

containing fragments were isolated using streptavidin beads before PCR enrichment

of each library. The libraries were sequenced on an Illumina HiSeqX and yielded 163

million paired end reads (2 × 150 bp) that provided 7514.79X physical coverage of

the genome (10-10,000 kbp).

Scaffolding the assembly with Hi-Rise

Dovetail staff used HiRise [165] to scaffold genome assemblies. The de novo assem-

bly, Chicago library reads and the Dovetail HiC library reads were used as inputs for

HiRise. The shotgun and Chicago library sequences were first aligned to the draft

input assembly using a modified SNAP read mapper (http://snap.cs.berkeley.edu),

that masked base pairs that followed a restriction enzyme junction. The Chicago

data was aligned and scaffolded following aligning and scaffolding of the dovetail HiC

library. Once all the sequences were aligned and scaffolded, shotgun sequences were

used to close the gaps between contigs.

http://snap.cs.berkeley.edu
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Contamination removal and species verification

Contaminated and adaptor sequences were identified with feedback from NCBI and

removed using custom scripts. The species’ identity was confirmed using tBLASTn

searches with the universal barcode for fish species Cytochrome c Oxidase I (COI)

as a query [99]. Custom scripts have been archived on Zenodo (DOI: 10.5281/zen-

odo.7435126)

RNA sequencing

RNA was extracted (Qiagen RNeasy kit) from the spleen, kidney and intestine of

the same individual longnose gar as the genome sequence and quantity and integrity

of the isolated RNA were assessed using a NanoDrop 1000 (Thermo Fisher) and Ag-

ilent Bioanalyzer respectively. In brief, mRNA was enriched using oligo(dT) beads,

rRNA was removed using a Ribo-Zero kit (Epicentre, Madison, WI) and mRNA was

randomly fragmented. Each RNA extraction was equalized for a final concentra-

tion of 180 ng/µL. Library preparation and sequencing was performed by Novogen

Corporation (Sacramento, CA). Next-gen sequencing (2 × 150 bp paired end reads)

was performed on a NovaSeq 6000 instrument (Illumina). Adapter sequences and

poor quality reads were filtered with Trimmomatic v34 [25]. The transcriptome was

de novo assembled with Trinity v2.11.0 [84]. Completeness of the transcriptomes

was assessed using a BUSCO analysis [124]. Raw reads and computationally assem-

bled transcriptome sequences were deposited onto NCBI under the accession numbers

SRR19528583 and GKEG00000000, respectively.

Transcriptome sequences were further analyzed to assign gene ontology. The as-

sembled RNA-seq from Trinity was translated using Transdecoder to identify the

candidate coding regions in the transcript sequences. The longest open reading

frames (orfs) output was used for BLASTx and BLASTp analysis against the uniprot

https://zenodo.org/records/7435126#.Y5oJANLMJhE
https://zenodo.org/records/7435126#.Y5oJANLMJhE
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database (Nov 2021 release) to get the top target sequences for every transcript.

Hmmscan v.3.3.2 was used to search for protein sequences in the Pfam-A (Nov 2021

release) library. Signalp v.5.0b [201] and TMHMM v.2.0c [110] were used to identify

the signal peptides and the transmembrane proteins. Trinotate v.3.2.2 used sqlite

database along with the Trinity assembled transcriptome and the longest orfs from

Transdecoder to create a gene transmap [36]. The transcripts were finally annotated

using Trinotate and then further analyzed to obtain the GO annotations. The GO

terms were visualized using the enrichplot and ggupset packages in R. All code has

been made available on Zenodo: (DOI: 10.5281/zenodo.7435126).

Annotation and genome quality assessments

BRAKER2 [34] was used to annotate the longnose gar genome, which uses GeneMark-

ET [119] to predict the preliminary genes and generate a genemark.gtf output that

was used for training with Augustus (Stanke et al. 2006). The genome was filtered

to remove any duplicates and adapters. The transcriptome sequences were aligned

using HISAT2 [107] to get an aligned sorted bam file. RepeatModeler [76] identi-

fied the repeats in the genome to prevent mis-annotation of the repeats as protein

coding genes. The consensus file containing repeats was used as input for Repeat-

Masker [200] to soft-mask the repeats for BRAKER. The masked genome and the

aligned transcriptomes were loaded into BRAKER to obtain the annotated proteins.

2.7 Data Availability

The longnose gar genome sequence is available through NCBI Bioproject PR-

JNA811181. Raw transcriptome reads and computationally assembled transcriptome

sequences are available through NCBI under the accession numbers SRR19528583

and GKEG00000000, respectively. All code used for analyses and the BRAKER2

genome annotation are available on Zenodo (DOI: 10.5281/zenodo.7435126)

https://zenodo.org/records/7435126#.Y5oJANLMJhE
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2.11 Supplemental Tables and Figures

2.11.1 Supplemental Figures
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Supplemental Figure S2.1: Summary of Gene Ontology Molecular Functions analysis
from the longnose gar transcriptome. Predicted proteins from the transcriptome were used
as inputs to assess (A) functions and their intersections and (B) most common terms.
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2.11.2 Supplemental Tables

Supplemental Table 2.1: Genome assembly statistics of longnose gar

Feature Value
GC content 40.1%
Number of Scaffolds 22,745
Number of scaffolds >1 kbp 22,709
Contig N50 116.61 kb
Scaffold N50 52.996Mb
Scaffold L50 8
L90 26 scaffolds
N90 5.560 Mb
Longest scaffold 74,198,471 bp
Number of gaps 27,358
Percent of genome in gaps 2.45%

Supplemental Table 2.2: BUSCO analysis of the longnose gar genome assembly

Feature Actinopterygii Vertebrata
Complete BUSCOs (C) 3017 (82.8%) 2898 (86.4%)
Complete and single-copy BUSCOs (S) 2957 (81.2%) 2867 (85.5%)
Complete and duplicated BUSCOs (D) 60 (1.6%) 30 (0.9%)
Fragmented BUSCOs (F) 65 (1.8%) 97 (2.9%)
Missing BUSCOs (M) 558 (15.4%) 359 (10.7%)
Total BUSCO groups searched (n) 3640 3354
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Supplemental Table 2.3: BUSCO analysis of the longnose gar transcriptome assembly

Feature Actinopterygii Vertebrata
Complete BUSCOs (C) 2809 (77.2%) 2792 (83.3%)

Complete and single-copy BUSCOs (S) 1524 (41.9%) 1492 (44.7%)
Complete and duplicated BUSCOs (D) 1285 (35.3%) 1294 (38.6%)

Fragmented BUSCOs (F) 187 (5.1%) 214 (6.4%)
Missing BUSCOs (M) 644 (17.7%) 348 (10.3%)

Total BUSCO groups searched (n) 3640 3354
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3.1 Abstract

Transposable elements (TEs) can make up more than 50% of any given vertebrate’s

genome, with substantial variability in TE composition among lineages. TE variation

is often linked to changes in gene regulation, genome size, and speciation. However,

the role that genome duplication events have played in generating abrupt shifts in

the composition of the mobilome over macroevolutionary timescales remains unclear.

We investigated the degree to which the teleost genome duplication (TGD) shaped

the diversification trajectory of the ray-finned fish mobilome. We integrate a new

high coverage genome of Polypterus bichir with data from over 100 publicly available

actinopterygian genomes to assess the macroevolutionary implications of genome du-

plication events on TE evolution. Our results provide no evidence for a substantial

shift in mobilome composition following the TGD event. Instead, the diversity of

the actinopterygian mobilome appears to have been shaped by a history of lineage

specific shifts in composition that are not correlated with commonly evoked drivers of

diversification such as body size, water column usage, or latitude. Collectively, these

results provide a new perspective on the early diversification of the actinopterygian

mobilome and suggest that historic ploidy events may not necessarily catalyze bursts

of TE diversification and innovation.

3.2 Significance

We investigate the role of the teleost genome duplication on transposable element

(TE) diversification in ray-finned fishes by integrating an analysis of the mobilome

from a newly sequenced genome from Polypterus bichir with analyses from over 100

ray-finned fish genomes. We reveal that ray-finned fish TE diversity depicts a signa-

ture of lineage-specific shifts rather than a major burst of novelty near the origin of

teleosts, suggesting a complex, nuanced history of TE evolution. Our results chal-

lenge the impact of ploidy events on long-term TE evolution and set a new direction
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for future research into the genomic and evolutionary mechanisms influencing TE

diversity across half of all living vertebrates.

3.3 Introduction

Transposable elements (TEs) can account for over 50% of a vertebrate’s total

genome content [192]. Aptly dubbed “jumping genes", TEs possess the astonishing

ability to rearrange and reposition themselves within a given genome [129], through

the use of two primary strategies for transposing. Class I retrotransposons replicate

through a “copy and paste mechanism” involving an RNA intermediate. This RNA

molecule is reverse-transcribed back into a DNA copy, which is then seamlessly in-

tegrated into the genome, leaving the original template element untouched [92]. In

contrast, class II DNA transposons use a “cut-and-paste” technique to excise them-

selves from their current location and relocate to an alternate genomic location [137].

Comparative studies of vertebrate TEs have revealed substantial heterogeneity in the

composition of class I and class II TEs between major clades of vertebrates [49],

These studies have implicated changes in TE composition with altered gene regu-

lation [205, 170], evolutionary changes in genome size [24, 141, 223], evolutionary

novelties [181], changes in life history [147], and speciation [183, 175] to name but

a few. While the past decade has yielded tremendous strides towards developing an

understanding of the general hallmarks of TE evolution, the evolutionary fate of TEs

following whole genome duplication events is just beginning to emerge [159, 176, 158].

Genome duplication events have the potential to amplify genome complexity, with

emerging evidence highlighting a possible role for duplication events enabling pheno-

typic evolution through duplicated genes [135]. Studies within individual or closely

related species that vary in their level of ploidy have revealed substantial modifications

that can facilitate profound epigenetic repatterning within the domains of TEs. How-

ever, the impact of such changes on the mode of TE diversification remains unclear.
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For example, surplus gene copies can compensate for potential losses or modifications

in expression caused by TE insertions, thereby facilitating extensive genomic modi-

fication through the actions of transposable elements. This redundancy hypothesis

[128] suggests a substantial shift in TE content and composition following a genome

duplication event that continues as lineages diversify [159]. An alternate hypothesis

argues that genome duplication events correspond to a transitory phase for a species

that is characterized by diminished population size [120]. This bottleneck hypothesis

argues that as the efficacy of selection decreases, the likelihood of moderately dele-

terious TE insertions within nascent polyploid genomes becoming fixed is increased.

Consequently, this hypothesis would expect a pulse of TE diversification coincident

with a genome duplication event [159]. Recently, a hypothesis framed around the

concept of “Hopeful Monster” suggested that the balance between the deleterious

and beneficial aspects of TE proliferation can lead to occasional beneficial mutations

that can promote speciation and contribute to the emergence of new traits [207]. In

contrast to the previous two hypotheses, this hypothesis predicts that genome dupli-

cations would result in only a limited number of TE changes, not a substantial pulse

of diversification. Given that these hypotheses represent corner cases on a continuum

of possibilities and alternate hypotheses, empirical comparative genomic studies at

different evolutionary timescales are key to understanding the implications of genome

duplication events on the evolution of TEs.

Ray-finned fishes (Actinopterygii) offer an exemplar group for the macroevolution-

ary study of TEs and genome duplication event. Comprising half of all living verte-

brate species, ray-finned fishes have successfully radiated across virtually all aquatic

habitats including swamps [4], abyssal ocean depths [55, 131], polar and high alti-

tude regions [160, 62, 57, 143] and caves [221]. The evolutionary success of ray-finned

fishes is unusual relative to other vertebrate groups. Over 99% of the over 35,000 living
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species of actinopterygians are teleosts, a clade that experienced a genome duplication

event in its early evolutionary history [83, 35]. In contrast, the three remaining ex-

tant ray-finned fish lineages – Holostei (gars and bowfin, 8 species), Acipenseriformes

(sturgeon and paddlefish, 29 species), and Polypteridae (bichirs and ropefishes, 14

species) – did not undergo the teleost specific genome duplication event. Recent

studies of holostean genomes have highlighted differences in the composition of TEs

between holosteans and model teleosts such as zebrafish (Danio rerio) and medaka

(Oryzias latipes) [28, 202, 122], raising the possibility of an evolutionary shift follow-

ing a genome duplication event in teleosts. Comparative genomic studies are needed

to rule out the possibility that the mobilomes of holosteans, and not teleosts, are

unusual relative to all other ray-finned fishes. To date, no comparative studies of the

ray-finned fish mobilome have included a broad representative sampling of teleosts,

holosteans, acipenseriforms, and polypterids. With the growing number of genomes

of ray-finned fishes deposited in public data repositories, such studies are now possible.

Over twenty years ago, the Takifugu rubripes genome represented the first ray-

finned fish genome sequenced [8]. Decreased costs of sequencing have since led to

a surge of efforts to sequence additional actinopterygian genomes [72, 168] that now

present a wealth of resources for phylogenetically comprehensive comparative studies.

In addition to the availability of hundreds of teleost genomes, there are genomes of

a few for non-teleost ray-finned fishes. For example, the sterlet (Acipenser ruthenus)

genome revealed an independent historic genome duplication in this chondrostein lin-

eage that provides an additional ancient duplication for understanding evolutionary

patterns of TE diversification in actinopterygians [51]. Similarly, the sequencing of

the Senegal bichir (Polypterus senegalus) leveraged the anatomy of polypterids to

provide critical insights into how vertebrates achieved the transition from water to

land [18]. In addition, the recently sequenced genome of a second polypterid, Erpeto-
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ichthys calabaricus [Reedfish; Assembly (ErpCal1.1; NCBI Annotation Release 100)],

has been deployed alongside the P. senegalus genome to provide further insights into

other aspects of early vertebrate diversification that include the evolution of keratins

[108], olfactory receptors [235], and numerous other traits [89, 130]. However, based

on BUSCO scores, the currently sequenced genome of P. senegalus, remains incom-

plete. As the only Polypterus genome sequenced, the lack of an additional Polypterus

genome challenges interpretation of results concerning the distribution of TEs in this

lineage. Given the phylogenetic position of polypterids, additional genome sequenc-

ing efforts are of extreme value for contextualizing the diversification of ray-finned

fish TEs.

Here we present a high-quality chromosome-level assembly and annotation for an

additional Polypterus species, Polypterus bichir. We integrate analyses of TEs within

this genome with data on TE content for all other major lineages of actinopterygians

to investigate the impact of genome duplication on the early evolution of the teleost

mobilome. Using a comparative phylogenetic framework, we test for associations

between genome size and the composition of the mobilome, variations in mobilome

composition between teleosts and non-teleost ray-finned fish lineages, as well as possi-

ble correlations between TE content and aspects of actinopterygian biodiversity such

as habitat, body size, or water column occupation. We additionally reconstruct the

ancestral mobilome of actinopterygians through the TGD event and assess the phy-

logenetic signal of Class I and Class II TEs. These results provide a new perspective

on the early diversification of the actinopterygian mobilome and the impact of the

TGD on its evolution.
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3.4 Results and Discussion

3.4.1 Bichir genomes: an example of evolutionary conservation or recent

divergence?

We present a high-quality assembly of the Polypterus bichir genome (NCBI Biopro-

ject PRJNA811142). The results of a BLAST search of mitochondrial COI from our

specimen against polypterid barcode sequences on NCBI verified the identification as

Polypterus bichir lapradei, a currently not recognized subspecies based on morphol-

ogy that has been suggested to represent a genetically distinct lineage [144]. The 10X

supernova assembly from Dovetail Genomics (Scotts Valley, CA) resulted in 130,773

scaffolds forming a total final genome size of 3,962,089,718bp. 13.9% of the genome

(550,533,170bp) is composed of the ambiguous base ”N” and a GC content of 39.21%.

During Dovetail Hi-Rise assembly, the input assembly was further incorporated into

70,587 longer scaffolds. The total length of the resulting Dovetail Hi-Rise assembly

was 3905.43 Mbp, with a contig N50 of 37.39 kbp. The N50 of the assembly was

202.693 Mbp scaffolds with a L50 of seven scaffolds. This is similar to the E. calabar-

icus genome which is 3.6Gb long, with a contig N50 size of 6.8 Mb, and a scaffold

N50 size of 217.7 Mbp, and the P. senegalus reference genome, which is 3.7 Gbp,

with a scaffold N50 of 189.69 Mbp, and contig N50 of 4528.14 kbp (Supplemental

Table S1 ). However, a comparison of the BUSCO analysis on the P. senegalus ref-

erence genome to the newly sequenced P. bichir genome reveal a striking difference

between the two assemblies (Supplemental Table S2 and Supplemental Figure

S4.2). We find nearly triple the number of actinopterygian orthologs in the P. bichir

genome relative to the P. senegalus genome (Supplemental Figure S4.2). This

suggests that the P. bichir sequence may fill additional gaps in our understanding of

the genomic evolution of polypteriforms outside of the mobilome elements discussed

in this study.
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Contrasting patterns of synteny between our new sequenced genome and those of P.

senegalus and E. calabaricus using D-genies supports a high level of synteny between

these species (Supplemental Figure S3.2). Further, the number of P. bichir super-

scaffolds (18) reflect the described karyotypes of most polypterids: E. calabaricus

(n=18), Polypterus palmas (n=18), Polypterus delhezi (n=18), P. senegalus (n=18),

and Polypterus ornatipinnis (n=18)[10, 111, 133, 212]. The only exception to this

chromosome count known in polypterids is in P. weeksi (n=19) [212], the sister lineage

to Polypterus ornatipinnis. While closely related vertebrate taxa can often diverge

substantially in their TE content over time, we find that this is not the case in

bichirs. Instead, the conservation of karyotype and synteny across these species is

also reflected in the relative abundances of TEs across these species. For P. bichir,

RepeatModeler quantified 53.40% of the genome to be composed of transposable el-

ements. This is similar to P. senegalus with (54.66%) and Erpetoichthys calabaricus

(60.35%) and overall posits a surprising level of genomic conservation between species

of polypterids. This conservation could be a consequence of multiple factors including

slow rates of molecular evolution such as those observed in gars and Bowfin [225], the

possible geologically recent Early Miocene crown age of Polypteridae estimated using

molecular clocks [144], or a combination of the two to name but one set of possi-

bilities.. Indeed, Kimura distances of Polypterus bichir TEs S3.28, reveal that the

bichir genome is dominated by recent copies of mostly DNA and LINE transposons

(K 5). Regardless of the mechanism, our sequencing of the P. bichir genome reveals

polypterids as a candidate lineage for future studies of the mechanisms that promote

genomic stability within a clade.

3.4.2 The evolution of the ray-finned fish mobilome

Placing our characterization of the polypterid mobilome into the context of other

major ray-finned fish lineages reveals a complex history of mobilome evolution over
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the past 400 million years (Figure 3.1A). The reconstructed phylogenetic history

of TE evolution in actinopterygians is not consistent with a sudden TE prolifera-

tion coincident with the TGD event. Instead, our analyses reveal that compositional

TE patterns at this scale largely reflect shifts within actinopterygian subclades. For

example, cichlids have similar compositional patterns relative to pufferfish, the lat-

ter of which exhibits an increase in the number of LINE elements (Figure 3.1A).

Independently, Lampriformes (Regalecus & Lampris) also exhibit an expansion of

their LINE elements to a relative level similar to that observed in pufferfishes (Figure

3.1A). The ubiquity of such patterns of clade-specific heterogeneity are strongly sup-

ported by tests of phylogenetic signal using both Pagel’s lambda (λ) and Blomberg’s

K (K) (Supplemental Table S3). In all cases, K values are significant (DNA |

K=0.478, p=6e-04 ; LTR | K=0.405, p=1e-04 ; LINE | K=0.945, p=1e-04 ; and SINE

| K=0.529, p=3e-04 ). Likewise, quantifications of lambda values for DNA (λ=0.98,

p=1.89e-13 ), LTR (λ=0.819, p=6.64e-11 ), LINE (λ=0.975, p=1.51e-19 ), and SINE

(λ 1.0, p=4.37e-15 ) are very close to 1, indicating strong phylogenetic signal, sup-

porting a pattern of similar relative TE abundances between closely related taxa and

increasing disparity between subclades.

Contrasting relative TE content (Figure 3.1B) against total genome size reveals

numerous expansions and contractions of both genome size and relative TE abun-

dances across the phylogenetic diversity of ray-finned fishes. Importantly, there is no

signal of a shift in the rate of TE evolution with the origin of teleosts. Instead, the

reconstructed history indicates that expansions and contractions of both relative TE

abundance and genome size appear to heterogeneously occur across various teleost

and non-teleost lineages.

Phylogenetic regression analyses indicate that shifts in genome size are weakly
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correlated with changes in the relative abundances of TEs (Figure 3.1C; Sup-

plemental Table S3). Correspondingly, we find strong evidence that genome size

in ray-finned fishes also exhibits a pattern of strong phylogenetic signal (K=0.659,

p=6e-04; λ = 0.717, p=4.45e-15 ), paralleling a major trend in genome size evolution

that has been found across the Tree of Life. Lineages as disparate as angiosperms

[15, 6], Drosophila [184], marine dinoflagellates [118], bacteria and Archaea [126] ex-

hibit strong phylogenetic signal in genome size evolution. Given that the relative

abundance of TE content in a genome is weakly correlated with genome size in ray-

finned fishes [116] (Figure 3.1D; and numerous other lineages [49]), it is possible

that the evolution of TEs exhibits a signature of strong phylogenetic signal across the

Tree of Life [61].

Multiple factors promote genome size evolution ([153]), including hypothesized cor-

relations between the molecular evolution of the mobilome and overall increases in

genome size. For example, transposition rates generally exceed excision rates ([106]),

enabling TEs to contribute to the enlargement of genomes and exert an influence on

genome size evolution. However, whether the TGD event resulted in a shift in the

mode of evolution between the teleosts and non teleosts mobilome remains unclear.

Using a phylogenetic analysis of variance (ANOVA), we find no support for a signif-

icant difference in TE content between teleosts and non-teleosts (p = 0.06 ; Figure

3.1D). Additionally, phylogenetic regression analyses strongly support a correlation

between the relative content of all mobilome elements, indicating that the increase

or decrease in one will also result in an increase in the other (Figure 3.2). These

results suggest that the overall relative composition of the ray-finned fish mobilome

has been shaped more by recent lineage specific shifts in genome evolution than his-

torical legacy stemming from the TGD event.
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Figure 3.1: Major patterns of TE evolution across the evolutionary history of ray-finned
fishes. (A) The relative abundance of DNA, LTR, LINE, SINE transposons, and unknown
transposons relative to actinopteryigiian phylogeny are shown. (B) Total TE% and absolute
genome size in the context of evolutionary history are compared. (C) Results of a phylo-
genetic regression to assess the relationship between genome size and TE abundance are
provided. (D) TE% and genome size between teleosts and non-teleost actinopterygians are
compared. Colors in A correspond to elements labeled in the panel. Colors in B are shaded
relative to high (light blue or red) and low values (dark blue, or beige) in the upper and
lower panels respectively. Colors in C correspond to the labels in A for individual elements.
Panels in D correspond to the quantiles of each category with dark horizontal lines indicating
the mean value
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Figure 3.2: Correlation between relative class I and class II mobilome content.
Panels (A), (B), and (C) display the correlations between DNA transposons and LINE, LTR,
and SINE transposons, respectively. Panels (D) and (E) illustrate the correlations between
LTR transposons and LINE and SINE transposons, respectively. Panel (F) presents the
correlation between LINE and SINE transposons

3.4.3 Concerning the TGD and the appearance of novel mobilome elements

It is possible that the TGD catalyzed the evolution of major groups of novel TEs.

However, when placing the twenty-five main superfamilies of the teleost mobilome

[49] into the context of the phylogenetic diversity of ray-finned fishes, we reveal that

this effect was muted. We estimated the ancestral mobilome of actinopterygians

utilizing a model-averaged stochastic character mapping approach [174]. Out of 25

superfamilies, the presence of 24 superfamilies observed in teleosts is mirrored within

non-teleosts (Figure 3.3). The only exception to this is the DNA transposon super-

family Chaepev ([104]). It is unlikely that this superfamily arose as a consequence

of the TGD, as it is present in several arthropods as well as a range of vertebrate

species including anoles [148], and lampreys [235]. Chapaev sequences have also been
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documented from White Sturgeon (Acipenser transmontanus) [235], suggesting that

additional species of non-teleost ray-finned fishes possess this superfamily.

Genome duplication events are hypothesized to form a substrate for genomic in-

novation [52]. In contrast to this expectation, our results reveal numerous instances

of numerous likely TE losses as well as independent gains. For example, we find

repeated losses of TE superfamilies such as LINE Dong, DNA TcMariner, and DNA

Crypton in teleosts (Figure 3.3). LTR-Pao is absent in Longnose Gar and Bowfin,

suggesting a loss in holosteans. LTR-DIRS are absent in all three polypterids (P.

bichir, P. senegalus, and E. calabaricus). In addition, we identify the TE superfamily

Jockey, a LINE element, exclusively in Lepisosteus osseus and P. senegalus. Jockey

has been previously confirmed in coelacanth [48] and lampreys, and this marks the

first reported instance of its presence in actinopterygians. It is possible that this

element has been lost multiple times independently, however Jockey is known to have

high rates of horizontal transfer in other lineages [172, 199], raising the possibility

that these were independent gains.

Studies of vertebrate genome evolution often assume vertical transmission as the

dominant mode of evolution. However, recent work has highlighted the impact of hor-

izontal transfer events in the evolution of the vertebrate mobilome [162, 80, 236]. Our

ancestral mobilome reconstructions of the DNA Kolobok superfamily are in line with

phylogenetic patterns expected by a model of horizontal transfer (Figure 3.3). In our

sampling, the presence of Kolobok is limited to five distantly related teleost lineages,

as well as the Longnose Gar (Lepisosteus osseus) among non-teleost ray-finned fishes.

It is possible that the Kolobok element has been repeatedly transferred throughout

the evolutionary history of Actinopterygii. Such transfer events are considered more

likely by recent observations of horizontal transfer at more recent time scales. For
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example, there is evidence of horizontal gene transfer of DNA transposons like Merlin,

TcMariner, and PiggyBAC in salmonids [56]. Likewise, there has been evidence of

horizontal transfer of Chapaev transposons in White Sturgeon, Pacific Bluefin Tuna

(Thunnus orientalis) and Blue Catfish (Ictalurus furcatus) [235]. As the number of

high quality genomes for species of ray finned fishes continue to accumulate, future

studies of the extent of horizontal transfer events across the ray-finned fish mobilome

offer an exciting research prospect.

3.4.4 Lineage-specific expansions of the teleost mobilome

Transposable elements (TEs) likely play a beneficial role by enhancing an organ-

ism’s ability to respond to dynamic environmental conditions [234]. Numerous stud-

ies have linked TE activity to an organism’s responsiveness to environmental fac-

tors [11, 77, 95, 42]. This association between TEs and environment suggests that

there may be a correlation between relative TE abundance and specific aspects of

an organism’s ecological niche or life history. We tested this expectation using three

commonly tested abiotic/biotic factors associated with evolutionary diversification:

latitude, body size, and depth. However, we find no such association for several fac-

tors often invoked to explain diversification patterns at this evolutionary scale. Under

the Brownian motion model, our phylogenetics least squares regression (PGLS) anal-

ysis between TE content and maximum body size revealed no evidence for a strong

correlation between these traits (Figure 3.4A and Supplemental Tables S4, S5,

S6 and S7; Likewise, we find no statistically supported correlation between TE con-

tent and depth occupancy in marine fishes (Figure 3.4B). There is also no general

pattern of a correlation between TE content and the average latitude of a species

geographic distribution (Figure 3.4C). The only exception to this lack of correla-

tion between latitude and TE content occurs in SINEs (Supplemental Table S6)

under the Brownian motion model (p=0.0197 ). This correlation is likely driven by
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Figure 3.3: Reconstructing the ancestral Actinopterygian mobilome. The presence
and absence of transposable element (TE) superfamilies (listed above) are represented by
blue and grey squares, respectively, for various species on the left (top panel). The brown-
shaded area represents teleosts, while the unshaded region below represents non-teleosts
with evolutionary relationships between taxa depicted by the phylogenetic tree on the far-
left. This input data was used to estimate the ancestral mobilome (the probability of
each TE superfamily being present or absent) for the most recent common ancestor of all
Actinopterygii (A), Neopterygii (N), or Teleostei (T) using SIMMAP (bottom panel) With
a resulting heatmap plotted using ggplot [222].
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Figure 3.4: Correlation of TEs with biotic and abiotic factors. (A) This panel
displays the results of phylogenetic generalized least-squares (PGLS) regressions between
TE percentages and median latitude (B) This panel portrays the PGLS regression results
between TE percentage and body size (log-transformed). Lastly, (C) depicts PGLS results
between TE abundance and the maximum habitat depth of the species. The colors and
shapes of each data point on the plot are defined in the key. .

a reduction in SINE elements in Antarctic notothenioids, which experienced an un-

usual bout of genomic evolution prior to their diversification in the Southern Ocean

[53]. Regardless, depth, body size, or latitude appear not to be predictors of mo-

bilome evolution, even when differentiating between marine, freshwater, or estuarine

fishes at this evolutionary scale. In all cases, phylogenetic regression results were

largely similar between a brownian and Orstein-Uhlenbeck model of trait evolution

(Supplemental Table S6 & S7).

The TGD certainly could have presented opportunities for a burst of genomic nov-

elty. However, the next 300 million years of ray-finned fish evolution would certainly

be expected to shape the genomes of different lineages responding to different biotic

and abiotic conditions. As such, it is possible that the signal of the genome dupli-

cation has either eroded, or that. For example, TEs could replace themselves in a

way analogous to multigene families, in which recently diverging paralogs often re-

place older genes. In such a scenario, rapid rates of mobilome evolution manifest as
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high between-clade heterogeneity at the scale of all ray-finned fishes. Clade-specific

changes in the mobilome are readily apparent when considering a phylogenetic prin-

cipal components analysis (PCA) of mobilome abundances (Figure 3.5). For exam-

ple, PC1 corresponds to sharp divergence between Esox, salmonids, and three bichirs,

from acanthomorphs (Figure 3.5 and Supplementary Figures S3.4, S3.5, S3.6).

This alignment of taxa with PC1 values coincides with the prevalence of high percent-

age of DNA transposons that comprise the transposable elements within fish genomes

that influence genome size variation among teleosts such as zebrafish (Supplemental

Figure S3.3), medaka, stickleback, and Tetraodon [101]. It is certainly not possible

to discount a possible role for life history shifts shaping the mobilome among closely

related species or that differences between Class 1 and Class II replications serve as

an opportunity for substantial expansion of the mobilome.

3.5 Conclusion

We find no evidence for a discernible temporal signature of TE diversification co-

incident with the TGD, raising the possibility that this genome duplication event did

not exert a long-lasting influence on transposable element diversification. The absence

of a discernible temporal signature of diversification coincident with the TGD raises

important questions about the long-term effect of ploidy on TE diversification. First,

our results suggest that the ray-finned fish mobilome appears to maintain a consistent

profile, with substantial similarity between the mobilomes of teleosts and non-teleost

ray-finned fishes. However, mobilome content between taxa varied substantially, from

around 55% in Zebrafish to about 6% in pufferfish genomes. These shifts cannot be

entirely explained by differences in genome size as genome compaction in smooth

pufferfish like T. rubripes and Tetraodon nigroviridis is not associated with an overall

reduction of retrotransposon diversity [215]. Similarly, Medaka and Zebrafish have

been found to have very similar L1 retrotransposon diversity, despite a large dispar-



47

−5

0

5

10

−10 0 10 20
PC1

PC
2

(B)

Non-Teleosts
Teleosts

−2

−1

0

1

−2 −1 0 1
PC1

PC
2

(C)

Non-Teleosts
Teleosts

-4

-2

0

2

-7.5 -5.0 -2.5 0.0 2.5
PC1

PC
2

Non-Teleosts
Teleosts

(A)

Figure 3.5: Considering Transposable Element (TE) diversity in the context of
evolutionary history. (A) Results of a Phylogenetic PCA on the abundances of LTRs,
DNA transposons, LINEs, and SINEs that project the phylogeny and points onto a 2D plot
of PC1 and PC2. (B) depicts the resulting space based on the residual variation following
linear regression between major TE classes and genome size. (C) Depicts the results of a PCA
on the residual variation of the abundances of all 25 superfamilies accounting for differences
in genome size, consisting of 13 DNA transposons, 7 LINEs, and 5 LTR subfamilies. Blue
indicates non-teleost actinopterygians, orange indicates teleosts. All the images of the fishes
are from Wikimedia commons.
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ity in genome size [109]. Instead, these results strongly imply that the history of the

ray-finned fish mobilome is one of lineage-specific evolution. In this way, the diver-

sification of TEs may mirror the general dynamics of gene-birth found in multi-gene

families in which there is consistent turnover of paralogs through time [161]. If true,

then the impact of ploidy events may be short-lived at best, and shifts in TEs may

be more aligned with the concepts of hopeful monsters over deeper evolutionary scales.

Our analyses provide the first global overview of the actinopterygian mobilome,

supporting the observation that early diverging aquatic vertebrates (e.g., coelacanth,

ray finned fishes, cartilaginous fish, and lamprey) contain a significantly broader spec-

trum of mobilome diversity in the genome relative to birds or mammals, ranging

from 22 to 27 TE superfamilies. Among these, certain autonomous elements like

ERVs, LINE1 retrotransposons, TcMariner, or hAT DNA transposons, as well as

non-autonomous ones like V-SINE [164], are widely distributed across all the verte-

brates. This suggests their likely presence in ancestral jawed vertebrate genomes. In

contrast, we see a lower distribution of endoretroviruses (ERVs) in actinopterygians

than mammals and birds, with the amount ranging from 0.033% in Fugu to 0.76%

in zebrafish [43]. Our findings of clade-specific heterogeneity within ray-finned fishes,

suggests that future studies between more closely related clades to be particularly

fruitful as genomic resources become available. In particular, such studies could re-

veal superfamilies that have been lost or are on the path to extinction in specific

lineages, similar to studies revealing such findings for L2 and Helitrons in birds [49]

and gypsy retrotransposons in birds and mammals [215]. It is clear that we are only

beginning to unmask the complexity of transposon dynamics and decipher the intri-

cate processes that contribute to TE diversification over deep evolutionary timescales.
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3.6 Materials and Methods

3.6.1 Sample acquisition and sequencing

All research involving live animals was performed in accordance with relevant in-

stitutional and national guidelines and regulations, and was approved by the North

Carolina State University Institutional Animal Care and Use Committee (IACUC).

We acquired an individual Polypterus bichir specimen (Yoder lab ID 0051) through

the pet trade that was anesthetized using MS-222 for the extraction of blood (10 ml).

The fish was then euthanized for dissection of tissue samples and the voucher spec-

imen was deposited in the North Carolina Museum of Natural Sciences Ichthyology

Collection (NCSM 111902). Blood was shipped to Dovetail Genomics, LCC (Scotts

Valley, CA) for genomic DNA extraction, library preparation, sequencing, and as-

sembly. Samples were extracted by Dovetail staff using Qiagen and Cell Culture Midi

Kit (Qiagen, Gmbh), yielding DNA with an average fragment length of 95 kbp that

was used in the construction of HiC sequencing libraries.

3.6.2 Chicago Library preparation and sequencing

A Chicago library was prepared using the methods as described in [165]. About

500 ng of High Molecular Weight genomic DNA, with mean fragment length of 95

kbp. Chromatin was reconstituted in vitro by incorporating the DNA with purified

histones and chromatin assembly factors and then fixed by formaldehyde. DpnII was

used to digest the chromatin, followed by filling in the 5’ overhangs with biotinylated

nucleotides, and then ligating the free blunt ends. After the ligations step, DNA was

purified from protein by reversing the crosslinks. Biotinylated free ends were removed

from the purified DNA by treating it. The DNA was sheared to ∼350 bp fragment

size and Illumina-compatible adapters along with NERNext Ultra enzymes were used

to generate sequencing libraries. Streptavidin beads were used ahead of PCR enrich-
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ment of each library to isolate the biotin-containing fragments. The libraries were

sequenced on an Illumina HiSeqX providing 30.58x physical coverage of the genome

(1-100 kbp).

3.6.3 Dovetail Hi-C library preparation and sequencing

The preparation of a dovetail Hi-C library was executed as described [117]. For

each library, the chromatin was fixed in place in the nucleus by crosslinking with

formaldehyde, and the extracted fixed chromatin was then digested with the restric-

tion enzyme DpnII that produces 5’ overhangs. These 5’ overhangs were filled in with

biotinylated nucleotides, and then the resulting blunt ends were ligated. Crosslinks

were then reversed to obtain the purified DNA, and which was treated to remove

excess biotin. A Hi-C library was then created by shearing the DNA to ∼350 bp

mean fragment size. Sequencing libraries were generated using NEBNext Ultra en-

zymes and Illumina compatible adapters. Streptavidin beads were used prior to PCR

enrichment of each library to isolate the biotin containing fragments. Libraries were

sequenced using an Illumina HiSeqX which yielded 191 million paired end reads (2 ×

150 bp) and provided 8,427.66 x physical coverage of the genome (10-10,000 kbp).

3.6.4 Scaffolding the assembly with Hi-Rise

Sequencing reads were assembled with Hi-Rise, a software pipeline designed to

scaffold genome assemblies using proximity ligation data [165]. It uses the de novo

assembly, shotgun reads, Chicago library reads and Dovetail HiC library reads as

input and conducts an iterative analysis. The shotgun and Chicago library sequences

are first aligned to the draft input assembly using a modified SNAP read mapper

(http://snap.cs.berkeley.edu), with modifications such as masking out the base pairs

that followed a restriction enzyme junction. Hi-Rise then modeled the separations

(http://snap.cs.berkeley.edu)
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of Chicago read pairs mapped within draft scaffolds, using a likelihood model for

genomic distance between read pairs. The likelihood model produced by HiRise was

used to identify and break putative misjoins and also score and make prospective

joins. Dovetail HiC library sequences were analyzed using the same methods after

aligning and scaffolding the Chicago data. Once all the sequences were aligned and

scaffolded, shotgun sequences were used to close the gaps between contigs.

3.6.5 Contamination removal and species verification

Dovetail staff have noted that when pooled with other samples on Illumina se-

quencing platforms, 10X Chromium Genome solution libraries are susceptible to a

small degree of index hopping that can result in minor incorrect assignment of se-

quenced reads during demultiplexing. This low level of index misassignment, typically

results in sequence contaminants impacting, but limited to, small scaffolds (typically

less than 10 kb) in the final assembly. To mitigate this, dovetail staff leveraged any

uncharacteristic number of reads per barcode associated with impacted scaffolds to

identify and reliably isolate them from the final assembly. This was accomplished by

aligning the 10X reads to the supernova assembly, recording the barcode count for

the aligned reads, and recording the number of reads that aligned to each scaffold

and were tagged with the same barcode. The median number of reads per barcode

for each scaffold were then calculated and scaffolds with a distinct anomalously low

ratio were removed.

Currently Polypterus bichir is described as a single species with the subspecies

Polypterus bichir bichir and Polypterus bichir lapradei no longer considered valid

[134]. This sinking of subspecies is a consequence of the high degree of morphological

similarity [30, 29]. However, molecular investigations have suggested the possibil-

ity that P. bichir bichir and P. bichir lapradei may be genetically distinct [197]
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and these have been treated as independent lineages [144]. As no genetic species

delimitation analyses have been conducted between these putative genetic lineages,

we extracted the mitochondrial barcode COI from our assembly and used a BLAST

search against polypterid sequences on NCBI to verify identification that included

barcodes from Polypterus bichir bichir and Polypterus bichir lapradei. This ensured

that we accounted for possible future taxonomic revisions while remaining consistent

with current taxonomy.

3.6.6 RNA sequencing and assembly

RNA was extracted (Qiagen RNeasy kit) from the spleen, kidney, gill, heart, eyes

and intestine of the same individual P. bichir as the genome sequence. Quantity and

integrity of the isolated RNA were assessed using a NanoDrop 1000 (Thermo Fisher)

and Agilent Bioanalyzer respectively. The process of mRNA enrichment was done

using oligo(dT) beads, and rRNA was removed using a Ribo-Zero kit (Epicentre,

Madison, WI). Each RNA extraction was equalized for a final concentration of 180

ng/µL. Library preparation and sequencing was performed by Novogen Corporation

(Sacramento, CA). Next-gen sequencing (2 × 150 bp paired end reads) was performed

on a NovaSeq 6000 instrument (Illumina). Adapter sequences and poor quality reads

were filtered with Trimmomatic v34 [26]. The transcriptome was de novo assem-

bled with Trinity v2.11.0 [84] followed by BUSCO analysis to assess completeness of

the transcriptomes [124]. Raw reads and computationally assembled transcriptome

sequences were deposited onto NCBI under the accession numbers SRR19537224 -

SRR19537230 and GKOV01000000 respectively.

3.6.7 Gene ontology assessment

We conducted a series of analyses for gene ontology assignment. First, the RNA-seq

data assembled using Trinity was translated with Transdecoder, enabling the iden-

tification of potential coding regions in the transcript sequences. The longest open
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reading frames (ORFs) were extracted and subjected to BLASTx and BLASTp anal-

yses against the Uniprot database (November 2021 release), yielding the top target

sequences for each transcript. Subsequently, Hmmscan v.3.3.2 was employed to search

for protein sequences in the Pfam-A database (November 2021 release). Signalp v.5.0b

and TMHMM v.2.0c were used to detect signal peptides and transmembrane proteins,

respectively. Trinotate v.3.2.2, in combination with the Trinity assembled transcrip-

tome and the longest ORFs from Transdecoder, generated a gene transmap. This

process facilitated the annotation of transcripts using Trinotate, followed by further

analysis to obtain the Gene Ontology (GO) annotations. For visualization of the GO

terms, the ’enrichplot’ and ’ggupset’ packages in R were employed. These steps col-

lectively provided a comprehensive understanding of the functional attributes of the

transcriptome data, to understand the underlying biological processes and pathways

associated with the studied organisms (Supplemental Figures S3.7-S3.27).

3.6.8 Annotation and genome quality assessments

The P. bichir genome annotation was done using the commonly used BRAKER2

[34]. To accomplish this, we first used RepeatModeler (Version 5.8.8) [76] to model

the repeats in the genome sequence. We then used RepeatMasker [1] to mask the

repeats found with RepeatModeler and remove them from the genome. The masked

genome and the transcriptome aligned using HISAT2 (version 2.1.0) [107] were then

used to annotate the genome using the Genemark-ET option in BRAKER. The gen-

emark.gtf file was subsequently used by Augustus [79] to model the proteins.

The completeness of the protein sequences was assessed using BUSCO v. (5.5.0)

[189, 182] with both the Actinopterygii (actinopterygii_odb10, busco.ezlab.org) and

vertebrate (vertebrata_odb10, busco.ezlab.org) databases. As polypterids are sev-

eral hundred million years divergent from all other actinopterygians [65, 144], the

busco.ezlab.org
busco.ezlab.org
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use of the second vertebrate-wide database allowed us to verify similar levels of as-

sembly completeness and mitigate against a potentially teleost-biased ray-finned fish

database that may not capture loci in a deeply divergent taxon. We additionally

conducted an analysis of synteny between our assembly of the P. bichir genome and

the previously sequenced P. senegalus and E. calabaricus genomes using D-Genies

[40]. To estimate the relative ages of transposable elements within the genome, we

generated a Kimura distance plot using Repeatmasker with the -a parameter to get

the alignment file (.align). This was analyzed using ’calcDivergenceFromAlign.pl’ to

get the divergence summary divsum file (.divsum), which was further analyzed using

’createRepeatLandscape.pl’ to create the comprehensive repeat landscape.

3.6.9 Comparative analyses of the Actinopterygian mobilome

To assemble a dataset of TE content across major ray-finned fish lineages, we inte-

grated the results of the repeat analysis of the P. bichir genome with other publicly

available analyses of transposable elements in ray-finned fishes. For non-teleosts, this

captured TE content from two additional polypteriform genomes for E. calabaricus

[89] and P. senegalus [78], Acipenser ruthenus [69] as a representative of Chondrostei,

as well as Lepisosteus oculatus [28], L. osseus [122], and Amia calva [202] as repre-

sentative holosteans. These data were integrated with data from 98 teleost genomes

previously analyzed for TE content [171], that capture the majority of major teleost

lineages including Elopomorpha, Osteoglossomorpha, Otocephala, and a large num-

ber of acanthomorph and non-acanthomorph euteleosts. We generated a consensus

sequence file using RepeatMasker to obtain detailed information TEs that were ex-

tracted from the resulting .out and .tbl files. This yielded a dataset of TE content

for 105 ray-finned fish genomes. To place this data into a comparative phylogenetic

framework, we first obtained a time calibrated phylogeny of all taxa from Time-

Tree v5 [112]. As this tree lacked resolution for acanthomorph lineages, we modified
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branch lengths to reflect the age estimates from a recent analysis of acanthomorph

divergence times based on ultraconserved elements [82] that is consistent with other

published divergence time estimates of this superradiation [142, 96]. We additionally

modified the topology to reflect the proposed sister relationship between Osteoglos-

somorpha and Elopomorpha based on genomic and transcriptomic sequence analyses

[96, 220, 213, 87]

We used the ggtree and ggtreeExtra packages [232] in R 4.3.1 to visualize the distri-

bution of TE abundances (LTR, LINE, SINE, DNA) across the evolutionary history

of actinopterygians. We additionally used ggtree in conjunction with phytools [173]

to visualize genome size and TE content variation between species alongside a likeli-

hood based ancestral state estimation of changes in genome size across the phylogeny

conducted in phytools. To assess if changes in genome size were correlated with the

changes in the overall abundance of TEs, or changes in the abundances of LTRs,

LINEs, SINEs, or DNA elements, we conducted a series of phylogenetic linear re-

gressions using the phylolm package in R. Model fits were assessed by quantification

of Akaike Information Criterion (AIC) scores (Supplemental Table S4) Regres-

sions were conducted under a Brownian model of trait evolution (Supplemental

Table S6). To assess whether results were robust to the underlying model of char-

acter evolution, analyses were repeated using an Ornstein-Uhlenbeck (OU) model of

character evolution (Supplemental Table S7). A similar set of phylogenetic regres-

sions was next conducted to assess if increases in the abundance of elements (e.g.,

LINEs, SINEs, etc) were positively correlated with each other, or if negative corre-

lations exist, allowing us to assess whether elements have antagonistic evolutionary

dynamics (Supplemental Table S8). Next, we performed a set of regressions assessing

whether changes in the abundances of elements were correlated with changes in max-

imum body size, latitude, or maximum depth of occurrence. Body size and depth
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data for each species were taken from fishbase using the rfishbase package in R [21]).

Latitudinal data was calculated using occurrence data from the Global Biodiversity

Information Facility (gbif) using rgbif v3.7.8. We further tested for differences in TE

content between teleosts and non-teleosts using a phylogenetic ANOVA in phytools

phylANOVA with multiple comparison correction using the Benjamini-Hochberg pro-

cedure [16].

To reconstruct the ancestral mobilome of early ray-finned fishes, we focused on

the 25 elements most commonly studied in analyses of ray-finned fish TEs. Pres-

ence/absence data was scored for each species and each element and used as input

data for a model averaged stochastic character mapping approach [27] implemented in

phytools. This approach expands the standard phytools implementation to ancestral

state estimation by allowing possible models of character change (e.g., “Equal Rates",

“All Rates Different") in phytools to contribute to the reconstruction in relation to

their Akaike weight. We assessed the degree to which variation in TE content could

be explained by evolutionary history through quantification of the phylogenetic sig-

nal of overall TE abundance as well as the abundances of each TE type. This was

accomplished using the phylosig function in phytools to calculate both Pagel’s λ [156]

and Blomberg’s K [20] Values of λ are distributed between zero and 1, with a zero

value representing the absence of phylogenetic signal and a value of 1 corresponding

to the expectations of Brownian motion on a phylogeny. To assess statistical signif-

icance, we compared our empirical λ values to the null expectation that λ = 0 for

each trait via a likelihood ratio test. Blomberg’s K compliments estimates of λ ,

with values less than 1 indicating less phylogenetic signal than would be expected

given a model of Brownian motion, and value greater than 1 indicating a higher than

expected coupling between the distribution of traits and the underlying phylogeny.

To assess statistical significance of K we compared our empirical K values to null
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distributions of expected K values based on 10,000 permutations of each trait on the

phylogeny.

To visualize the major axes of variation of the ray-finned fish mobilome, we con-

ducted a phylogenetic principal component analysis (pPCA) using the phyl.pca func-

tion in phytools. The resulting PC axes were then used with the phylomorphospace

function in phytools to project the phylogeny into the resulting PCA space using gg-

plot2. Additionally, we conducted a pPCA on the abundances of the subtypes of all

TEs based on the amounts derived from the .out files. As preliminary analyses indi-

cated a correlation between elements and overall genome size, pPCAs were repeated

on the residuals resulting from a regression of genome size vs TE content, mirroring

similar approaches to accounting for traits that covary with another trait (e.g., limb

proportions and body size, etc).

3.7 Data Availability

The P. bichir genome sequence is available through NCBI Bioproject PR-

JNA811142. Raw transcriptome reads are available through NCBI under the

accession numbers SRR19537224, SRR19537225, SRR19537226, SRR19537227,

SRR19537228, SRR19537229, SRR19537230. Computationally assembled transcrip-

tome sequences are available on NCBI under the accession number GKOV000000000.

All the files and code used for TE analysis and visualization are available on Zenodo

(DOI: 10.5281/zenodo.10398557).
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Supplemental Figure S3.1: BUSCO analysis comparing the Polypterus bichir and
Polypterus senegalus reference genomes and our transcripts for Polypterus bichir from var-
ious tissues. BUSCO scores for the Polypterus bichir reference genome were higher than
those of the Polypterus senegalus reference , indicating the higher completeness and quality
of the Polypterus bichir genome assembly. The upper panel depicts the loci captured when
using the actinopterygian BUSCO reference set, the lower panel indicates the loci captured
when utilizing the vertebrate reference set.
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Supplemental Figure S3.7: Summary of Gene Ontology Biological Processes analysis
from the Polypterus bichir gill transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.8: Summary of Gene Ontology Molecular Function analysis
from the Polypterus bichir gill transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.9: Summary of Gene Ontology Cellular Components analysis
from the Polypterus bichir gill transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.10: Summary of Gene Ontology Biological Processes analysis
from the Polypterus bichir kidney transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.



66

0

5

10

15

20

frizzled binding
transmembrane receptor protein tyrosine kinase activity
transmembrane receptor protein kinase activity
protein tyrosine kinase activity
identical protein binding
cytokine activity
signaling receptor regulator activity
signaling receptor activator activity
receptor ligand activity
protein dimerization activity

Wnt receptor activity

Wnt−protein binding

transmembrane−ephrin
receptor activity

ligand−activated
transcription factor activity

nuclear receptor activity

protein homodimerization
activity

neuropilin binding

Notch binding

ephrin receptor activity

growth factor activity

identical protein binding

transmembrane receptor
protein tyrosine kinase

activity

protein tyrosine kinase
activity

transmembrane receptor
protein kinase activity

signaling receptor regulator
activity

cytokine activity

signaling receptor activator
activity

receptor ligand activity

frizzled binding

protein dimerization activity

0 10 20 30
Count

0.005

0.010

p.adjust

Molecular Functtion (Kidney)(A) (B)

Supplemental Figure S3.11: Summary of Gene Ontology Molecular Function analysis
from the Polypterus bichir kidney transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.12: Summary of Gene Ontology Cellular Components analysis
from the Polypterus bichir kidney transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.13: Summary of Gene Ontology Biological Processes analysis
from the Polypterus bichir liver transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.14: Summary of Gene Ontology Molecular Function analysis
from the Polypterus bichir liver transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.15: Summary of Gene Ontology Cellular Components analysis
from the Polypterus bichir liver transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.16: Summary of Gene Ontology Biological Processes analysis
from the Polypterus bichir spleen transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.17: Summary of Gene Ontology Molecular Function analysis
from the Polypterus bichir spleen transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.18: Summary of Gene Ontology Cellular Components analysis
from the Polypterus bichir spleen transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.19: Summary of Gene Ontology
textitBiological Processes analysis from the Polypterus bichir spleen transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.20: Summary of Gene Ontology Molecular Function analysis
from the Polypterus bichir spleen transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.21: Summary of Gene Ontology Cellular Components analysis
from the Polypterus bichir guts transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.22: Summary of Gene Ontology Biological Processes analysis
from the Polypterus bichir heart transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.23: Summary of Gene Ontology Molecular Function analysis
from the Polypterus bichir heart transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.24: Summary of Gene Ontology Cellular Components analysis
from the Polypterus bichir heart transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.



80

0

5

10

15

neural tube development
cell fate specification
dorsal/ventral pattern formation
mesenchyme development
epithelial tube morphogenesis
anterior/posterior pattern specification
cell fate commitment
regulation of cell differentiation
embryonic organ morphogenesis
regionalization

neuron projection
morphogenesis

gland development

cell morphogenesis involved
in neuron differentiation

axon development

axonogenesis

embryonic pattern
specification

forebrain development

negative regulation of cell
differentiation

sensory organ morphogenesis

diencephalon development

mesenchyme development

epithelial tube morphogenesis

dorsal/ventral pattern
formation

neural tube development

cell fate specification

regulation of cell
differentiation

embryonic organ morphogenesis

anterior/posterior pattern
specification

cell fate commitment

regionalization

0 20 40
Count

2e−13

4e−13

6e−13

8e−13
p.adjust

Biological Processes (Eye)(A) (B)

Supplemental Figure S3.25: Summary of Gene Ontology Biological Processes analysis
from the Polypterus bichir eye transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.26: Summary of Gene Ontology Molecular Function analysis
from the Polypterus bichir eye transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.27: Summary of Gene Ontology Cellular Components analysis
from the Polypterus bichir eye transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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Supplemental Figure S3.28: Summary of Gene Ontology Cellular Components analysis
from the Polypterus bichir eye transcriptome.
Predicted proteins from the transcriptome were used as inputs to assess (A) processes and
their intersections and (B) most common terms.
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3.10.2 Supplemental Tables

Supplemental Table S1: Comparative genome assembly metrics of Polypterus bichir and
related species

Species
Genome

Size

Scaffold

N50

Scaffold

L50
Reference

Polypterus bichir 3.9Gb 202Mb 7 (This study)

Erpetoichthys calabaricus 3.8Gb 199Mb 7 [149]

Polypterus senegalus 3.6Gb 189Mb 8 [18]

Amia Calva 831Mb 41Mb 9 [67]

Lepisosteus oculatus 945Mb 6.9Mb 45 [28]

Lepisosteus osseus 930Mb 53Mb 8 [122]

Supplemental Table S2: BUSCO scores of Polypterus bichir

Actinopterygii Vertebrata

Complete BUSCOs (C) 2630 (72.2%) 2638 (78.77%)

Complete and single-copy BUSCOs (S) 2563 (70.4%) 2596 (77.4%)

Complete and duplicated BUSCOs (D) 67 (1.8%) 42 (1.3%)

Fragmented BUSCOs (F) 90 (2.5%) 272 (8.1%)

Missing BUSCOs (M) 920 (25.3%) 444 (13.2%)

Total BUSCO groups searched (n) 3640 3354
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Supplemental Table S3: Phylogenetic Signal and Variance Analysis using Pagel’s
Lambda, Blomberg’s K, and ANOVA

Pagel’s lambda Blomberg’s K ANOVA

λ P-value K P-value F P-value

DNA 0.98 1.89e-13 0.48 6e-04 1.34 0.78

LTR 0.82 6.64e-11 0.41 1e-04 19 0.23

LINE 0.98 1.51e-19 0.94 1e-04 27 0.14

SINE 1.01 4.37e-15 0.53 3e-04 19 0.23

Genome Size 0.72 4.45e-15 0.66 6e-04 47.7 0.04

Bolded values indicate P-values below 0.05
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Supplemental Table S4: Evaluation of model fit for different TE types, genome size, and
habitat characteristics under Brownian motion and Ornstein-Uhlenbeck (OU) models

Brownian Motion OU

Traits Likelihood AIC AICw Likelihood AIC AICw

DNA -276.21 556.43 0.12 -273.25 552.49 0.877

LTR -181.09 366.18 <0.001 -165.23 336.47 >0.999

LINE -219.31 442.61 0.57 -218.61 443.22 0.43

SINE -69.81 143.63 0.73 -69.80 145.60 0.27

Total TE -360.08 724.17 0.61 -359.53 725.07 0.39

Size -601.31 1206.63 0.05 -597.29 1200.58 0.95

Depth -528.20 1060.40 0.02 -523.05 1052.10 0.98

Mean Lat. -481.17 966.34 <0.001 -466.67 939.35 >0.999

Median Lat. -498.38 1000.76 <0.001 -479.89 965.79 >0.999

Lower Lat. -505.02 1014.04 <0.001 -490.84 987.68 >0.999

Upper Lat. -494.66 993.32 <0.001 -467.44 940.89 >0.999

Genome Size -2224.41 4452.83 <0.001 -2208.42 4422.85 >0.999

Bolded rows indicate best-fit model based on the highest AIC weight (AICw).
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Supplemental Table S5: AIC scores of phylogenetic linear models evaluating each type
of transposable element (TE)

TE (y)

Name

TE (x)

Name
TE(x)

TE(x) +

Habitat

TE(x) +

Taxonomy

TE(x) +

Taxonomy +

Habitat

DNA LTR 534.53 537.62 536.22 539.19

DNA LINE 534.30 537.20 535.54 538.46

DNA SINE 551.10 552.68 552.85 560.85

LTR LINE 309.25 307.19 311.22 309.19

LTR SINE 368.15 366.66 369.91 366.36

LINE SINE 440.59 443.64 441.93 445.01
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Supplemental Table S6: Phylogenetic linear models depicting the correlation between
TE abundance and genome size, latitude, body size, or depth under a Brownian motion
model of trait evolution.

Trait TE
Intercept

(a)

Coefficient

(b)

SE

(b)

T

value

P

value

Genome size All 32.72 2.65E-03 1.35E-03 1.97 0.05

DNA 8.35 9.59E-10 6.00E-10 1.60 0.11

LINE 5.96 4.80E-04 3.50E-04 1.39 0.17

LTR 2.67 1.56E-10 2.41E-10 0.65 0.52

SINE 0.62 1.89E-10 8.00E-05 2.37 0.02

Latitude All 36.44 1.41E-02 3.92E-02 0.36 0.07

DNA 9.50 1.20E-02 1.73E-02 0.69 0.49

LINE 6.46 8.60E-03 9.96E-03 0.86 0.39

LTR 2.60 1.12E-02 6.81E-03 1.64 0.10

SINE 1.06 -6.06E-03 2.36E-03 -2.57 0.01

Body Size All 36.15 1.55E-01 8.23E-01 0.19 0.85

DNA 12.91 1.29E+01 3.58E-01 -1.95 0.05

LINE 5.56 2.60E-01 2.08E-01 1.25 0.22

LTR 2.24 1.54E-01 1.44E-01 1.07 0.29

SINE 0.77 3.16E-02 4.91E-02 0.64 0.52

Depth All 30.63 6.62E-04 8.91E-04 0.74 0.46

DNA 9.06 4.44E-04 2.88E-04 1.54 0.13

LINE 4.04 5.10E-05 2.24E-04 0.22 0.82

LTR 2.10 -6.60E-06 1.09E-04 -0.06 0.95

SINE 0.67 -5.50E-06 6.50E-05 -0.08 0.93

Bolded rows indicate P-values below 0.05.
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Supplemental Table S7: Results of phylogenetic linear models evaluating the correlation
between TE abundance and genome size, latitude, body size, or depth under an OU model.

Trait TE
Intercept

(a)

Coefficient

(b)

SE

(b)

T

value

P

value

Genome size All 20.22 1.15e-08 1.79e-09 6.42 4.55e-09

DNA 4.76 4.15e-09 7.44e-10 5.58 2.05e-07

LINE 1.45 3.21e-09 4.24e-10 7.58 1.75e-11

LTR 0.09 1.01e-09 2.23e-10 4.55 1.52e-05

SINE 0.04 2.51e-10 1.14e-10 2.21 2.95e-02

Latitude All 1.52e-05 -5.62e-03 0.06 -0.09 0.93

DNA 7.89 1.24e-03 0.02 0.05 0.96

LINE 4.66 -2.73e-02 0.01 -1.79 0.07

LTR 1.67 1.60e-04 0.01 0.02 0.98

SINE 0.77 -6.45e-03 0.01 -1.93 0.06

Body Size All 29.69 -0.19 1.03 -0.19 0.85

DNA 11.18 -0.89 0.40 -2.20 0.03

LINE 2.04 0.51 0.25 2.01 0.05

LTR 0.59 0.29 0.11 2.56 0.01

SINE 0.32 0.07 0.06 1.29 0.19

Depth All 27.89 1.813e-03 1.13e-03 1.61 0.11

DNA 7.24 1.50e-04 3.72e-04 0.40 0.69

LINE 3.45 2.26e-04 3.14e-04 0.72 0.47

LTR 1.58 4.3e-05 1.52e-04 0.28 0.78

SINE 0.57 2.38e-05 8.11e-05 0.29 0.77

Bolded rows indicate P-values below 0.05.
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Supplemental Table S8: Evidence for correlated evolution between TEs from phyloge-
netic linear models

TE

(x)

TE

(y)

Intercept

(a)

Coeff.

(b)

SE

(b)

T

Value

P

Value
R2

R2

Adj.

LINE DNA 8.07 1.94 0.71 2.73 7.53e-3 0.07 0.06

LTR DNA 6.41 1.23 0.24 5.09 1.65e-06 0.20 0.20

SINE DNA 4.51 0.80 0.15 5.18 1.16e-06 0.21 0.20

LINE LTR 1.64 0.54 0.22 2.46 0.01549 0.06 0.05

SINE LTR -0.14 0.46 0.05 8.83 3.36e-14 0.44 0.43

SINE LINE 4.70 1.12 0.40 2.78 0.006573 0.07 0.06

Bolded values indicate P-values below 0.05
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4.1 Abstract

Immunoglobulin (Ig) genes that encode antibodies and T-cell receptors (TCRs)

are essential components of the vertebrate adaptive immune response that arose

out of ancestral vertebrate innate immune gene families. However, the evolutionary

history among TCRs, Ig proteins, and certain extant innate immune receptor gene

families that share motifs of a variable (V) domain and joining (J) segments remain

unclear. Here we focus on the evolutionary history of the signal-regulatory protein

(SIRP) multi-gene family which contain extracellular Ig-like domains with VJ exons

and encode transmembrane glycoproteins that play a crucial role in cellular commu-

nication and the innate immune response [74]. Integrating genomic data from all

major vertebrate lineages with phylogenetic and syntenic analyses, we demonstrate

that SIRPs are far more widespread and highly variable in copy number across

vertebrates than previously hypothesized. Our phylogenetic analyses reveal SIRPs to

have evolutionary origins that span all major jawed vertebrate lineages, suggesting a

far more ancient origin than previously hypothesized. Further, we find no evidence

for an ancient origin of the CD47 ligand that interacts with SIRPs. Instead, CD47

appears to have arisen at the dawn of amniotes, suggesting that the evolutionary

origins of this ligand and receptor are decoupled. Collectively, our findings provide a

new perspective on our understanding of the origins and diversification of innate im-

mune receptor gene families related to the emergence of the adaptive immune system.

4.2 Introduction

The ability to mount an adaptive immune response using immunoglobulin (Ig)

genes that encode antibodies and T-cell receptors (TCRs) is a hallmark of jawed

vertebrates. Over the past 50 years, the search for the evolutionary origin of TCRs

and antibody encoding Ig domains has yielded the view that they were derived
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from the ancestral innate immune system in early jawed vertebrates (gnathostomes).

With continued genome sequencing efforts, analyses have begun to reveal which

extant innate immune share recent common ancestry with Ig-type adaptive immune

receptors, providing new insights into the genomic substrate that gave rise to these

key components of the adaptive immune response. For example, TCRs and Ig

proteins share a general structure that includes a single antigen-recognizing variable

type (V) domain, the carboxy terminus of which undergoes somatic recombination

with either a single joining (J) segment, or a diversity (D) segment and a J segment.

The innate immune receptors believed to share the closest evolutionary relationships

with these recombining receptors also possess VJ-joined exons. This raises a question:

did early gnathostomes possess a diversity of VJ-containing innate immune gene

families, or did these arise after the origin of TCRs and antibody encoding Ig genes?

Currently, our understanding of the distribution of VJ-containing innate immune

receptors across jawed vertebrates remains limited. For example, NKp30, CD8, and

CD49 are present in all major gnathostome lineages, while Novel Immune Type

Receptors (NITRs) are hypothesized to be unique to ray-finned fishes. Investigations

that fill the knowledge gap for other VJ-containing innate immune receptor gene

families are vital for understanding the molecular diversification of the gnathostome

innate immune system and the pathways that gave rise to TCRs and antibody

encoding Ig genes.

Among known VJ-containing gene families, the evolution of signal-regulatory

proteins (SIRPs) remains particularly poorly known. SIRPs are transmembrane

glycoproteins that play a crucial role in cellular communication [2] and the innate

immune response [74]. In humans, SIRPs possess three extracellular Ig-like domains

with VJ exons. In addition, the cytoplasmic domain of SIRP contains two im-

munoreceptor tyrosine-based inhibition motifs that can interact with Src homology
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2 domain-containing phosphatases. The human SIRP gene family includes SIRPα

(also known as SHPS-1, BIT, MFR, CD172a, or p84), SIRPβ1, SIRPβ2, SIRPγ,

and the SIRPβ3p pseudogene [208]. However, comparative investigations of SIRP

family members have been restricted primarily to mammals, where they appear to

be widespread and diverse [31]. SIRPs have been identified on myeloid and other

cells in humans, mice, rats, and cattle[208], where multiple SIRPβ-like molecules

with activating potential possibly interact with the adaptor molecule DAP12 to

activate and induce phagocytosis in myeloid cells[59, 41]. Their diversity, even

among related species like mice and rats, suggests additional roles in host defense,

possibly including pathogen recognition [19]. Comparisons between humans and

rodents have additionally revealed two SIRP gene clusters in the latter with unique

structures that suggest an ancestral SIRP with a more complex domain arrangement

[208]. Outside of mammals, three SIRP family members with conserved synteny

to mammals have been identified in chickens, leading to speculation as to whether

SIRPs may be widespread in amniotes or perhaps a more ancient gene cluster that

arose proximate to the origin of V(D)J recombining receptors [68].

The diversity of SIRPs in mammals has immediate translational relevance as SIRP

dysregulation and interactions with other molecules have been implicated in a variety

of diseases including autoimmune disorders [186], diabetes [190, 186], and cancer

[198]. Comparative investigations of SIRPs would likely be fruitful for understanding

the molecular biology of these cases. However, a phylogenetic perspective is needed

to disentangle homology from convergence. As gene functions and regulation evolve,

accurate assessments of homology are necessary references for translating research

between model organisms and humans. In the case of SIRPs, knowledge of the

evolutionary history of its interacting partner CD47 would be particularly valuable

as this ligand is critical for the ability of SIRPs to play a regulatory role.
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CD47, also known as integrin-associated protein, is a transmembrane protein

characterized by a single immunoglobulin-like (Ig-like) domain and five membrane-

spanning regions [100]. Serving as a cellular ligand for SIRPα, bidirectional signaling

from the interaction between SIRPα and CD47 causes several cell-to-cell responses,

including T-cell activation, cell-cell fusion stimulation, and phagocytosis inhibition

[188]. As the CD47/SIRPα interaction is a rare negative regulator of phagocytosis

in humans [152], this interaction has begun receiving considerable attention. For

example, increased CD47 on the cell surface has been shown to shield hematopoietic

cells from phagocytosis as they migrate from the bone marrow [188], and changes in

expression have been associated with cancer [70, 188], stress [178], and differences in

aging [217]. Correspondingly, blocking CD47 interaction with SIRPα can enhance

cancer cell clearance by macrophages [226]. Although the translational relevance of

the SIRP/CD47 interaction is well established, investigations into the evolutionary

history of this ligand remain lacking.

In this study, we use comparative genomic approaches to establish the evolutionary

origins of SIRPs and CD47 using genomes that span all major groups of vertebrates.

We first use identify SIRP orthologs and paralogs, and use phylogenetic approaches

to support a far earlier origin of SIRPs than previously hypothesized. Our results

dramatically expand the known distribution of SIRPs, demonstrate their perva-

siveness across many vertebrate clades in which they are currently undocumented,

and assess the degree to which gene regions surrounding these clusters are syntenic

between distantly related vertebrate groups. We then test whether the number of Ig

domains within SIRP genes represents an evolutionary conserved or labile trait, while

also using ancestral state reconstructions to reveal the history of functional gains

and losses predicted from sequence data. Finally, we use phylogenetic methods to
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determine the evolutionary origin of CD47, revealing that the origin of the SIRP gene

family and this ligand may be evolutionarily decoupled. Collectively, these findings

represent the most comprehensive comparative analyses conducted on this gene

family and its interacting partner, filling a critical knowledge gap for translational

research and our understanding of the evolutionary history of VJ-containing innate

immune receptors.

4.3 Methods

4.3.1 Dataset Assembly

All protein sequences used for this study were retrieved from the National Center

for Biotechnology Information (NCBI) using the NCBI Datasets tool. To ensure a

comprehensive representation of the evolutionary diversity of the Signal Regulatory

Protein Superfamily (SIRPS), we targeted 107 species that contain, representative

taxa from all major vertebrate lineages, including mammals (29), squamates (16),

archosaurs (3), coelacanths, amphibians (5), ray-finned fishes (27), cartilaginous fishes

(5), and agnathans (19). This strategic taxon selection aimed to provide a broad

phylogenetic perspective on the distribution and evolution of SIRPS across the early

history of vertebrates.

4.3.2 Identification of SIRP genes

The curated protein sequences dataset was transformed into a searchable database

using DIAMOND, an efficient and high-performance tool for aligning protein se-

quences [37]. To establish a reference framework for the identification of Signal Reg-

ulatory Protein (SIRP) members, confirmed sequences of SIRPs from Homo sapiens,

Gallus gallus, and Bos taurus were obtained from the National Center for Biotechnol-

ogy Information (NCBI). These reference sequences were then employed as queries in

a BLASTp search against the DIAMOND-generated database [37], with an E-value
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threshold of 1e−10. Custom Python scripts were used to generate a more focused

dataset by eliminating redundant isoforms from search results. The sequences re-

trieved from this search were subsequently aligned using FAMSA [58], a fast and ac-

curate multiple sequence alignment tool designed to handle large datasets efficiently.

Finally, aligned sequences were used as input for IQ-TREE2 [132], which employed

maximum likelihood methods to construct a phylogenetic tree that represents the

evolutionary relationships among the identified SIRPs sequences.

4.3.3 Nomenclature for SIRPs

Preliminary analyses revealed pervasive misannotation of Signal Regulatory Protein

(SIRPS) members by annotation software. In this work, we label any discovered SIRP

genes consecutively within each species (e.g., Naja naja sirp1, Naja naja sirp2 ). Due

to the high numbers of lineage-specific expansions within the SIRP gene cluster, one-

to-one orthologs are generally not identifiable between species. As such, Naja naja

sirp1 would not necessarily reflect a true ortholog of a gene labeled sirp1 in another

species. Pseudogenes were identified based on the appearance of internal stop codons

and designated with a “p”.

4.3.4 Genomic Identification of Immunoglobulin Domains

We utilized the NCBI’s Conserved Domain Database (CDD) [125, 218] to identify

immunoglobulin (Ig) domains within putative SIRP sequences. The CDD is a com-

prehensive protein annotation resource that comprises a collection of well-annotated

multiple sequence alignment models for both ancient domains and full-length pro-

teins. These models are available as position-specific score matrices (PSSMs), en-

abling the rapid identification of conserved domains in protein sequences through Re-

verse Position-Specific BLAST (RPS-BLAST). For each sequence, we used CDD to

provide the positions of the Ig domains. These domains were subsequently extracted

from the sequences using custom Python scripts and named sequentially (e.g., ig1,
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ig2).

4.3.5 Phylogenetic Analysis of Ig Sequences

Extracted Ig domains were aligned using FAMSA [58] and visualized in Aliview

[115] to ensure sequences did not contain any erroneous flanking regions. Sequences

with incomplete domains were also excluded from the dataset. Using the resulting

dataset, we conducted two analyses. We first used the dataset of all individual Ig do-

mains as input for IQ-TREE2 [132] and estimated the maximum likelihood tree topol-

ogy conditioned on the best-fit model identified using Bayesian Information Criterion

[145] in ModelFinder [103]. We additionally generated a concatenated alignment of

the Ig domains for each species and repeated our phylogenetic analyses to assess how

high variability in flanking regions impacted the topological inference when the entire

sequence was used (above). In all cases, topological support was assessed using 5000

bootstrap replicates.

The paralogs were enumerated using a Python script, and species were identified

for each query. Additionally, we quantified the number of immunoglobulins (Ig) do-

mains per species by analyzing the hit data file obtained from the NCBI Conserved

Domain Database (CDD). The list of species was utilized to obtain a time-calibrated

phylogenetic tree from Timetree.org [112], which was also employed to evaluate the

phylogenetic signal of immunoglobulin domains. The phylogenetic signal was assessed

using the phylosig function in the phytools package, calculating both Pagel’s lambda

(λ) [156] and Blomberg et al.’s K [20]. Lambda values range from zero to one, where

zero indicates no phylogenetic signal and one signifies complete phylogenetic correla-

tion. The empirical λ values were statistically compared to the null hypothesis of λ

= 0 for each trait using a likelihood ratio test to determine significance. Blomberg’s

K serves as a complementary measure to λ, with values below one suggesting less

phylogenetic signal than expected under a Brownian motion model, and values above

one indicating a stronger association between trait distribution and the phylogeny
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than expected.

4.3.6 Identification and Analysis of CD47 sequences

CD47 sequences for Homo sapiens, Bos taurus, and Gallus gallus were downloaded

from the National Center for Biotechnology Information (NCBI) database. This

approach was consistent with the pipeline previously utilized for SIRP sequences,

ensuring comparability between the datasets. The retrieved CD47 sequences were

subjected to BLAST (Basic Local Alignment Search Tool) analysis against a curated

list of vertebrates to identify homologous sequences. Subsequently, the sequences

were aligned using MAFFT (Multiple Alignment using Fast Fourier Transform), a

widely recognized tool for sequence alignment. Following alignment, phylogenetic

tree construction was performed using IQ-TREE 2, a powerful and efficient phyloge-

netic software. The accuracy and reliability of the dataset were ensured by removing

duplicates of sequences using custom Python scripts, a critical step for preventing

redundancy and ensuring the integrity of the subsequent analyses.

4.3.7 Syntenic Analyses of the SIRP gene cluster and CD47

To assess synteny, we first used Genomicus v100.1 to explore the degree of

synteny in the 15 genes flanking either side of the human SIRP gene cluster on

chromosome 20 in the following representative vertebrate lineages: (mammals,

squamates, archosaurs, coelacanths, amphibians, ray-finned fishes, cartilaginous

fishes, and agnathans.) As Genomicus is based on the assumption of correct

annotation, we additionally conducted reciprocal DIAMOND searches of protein

sequences from the annotated human chromosome 20 against the following taxa.

Reciprocal DIAMOND searches were restricted to scaffolds or chromosomes con-

taining SIRPs. A maximum of five hits was returned based on an e-value cutoff

of e−10, and only the first gene encountered in the annotation file for each genome

was used to ensure that genes with multiple isoforms were only represented by
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one species. The identification of syntenic regions across the selected organisms

was accomplished using collinear analyses in MCScanX [219] the circlize v.0.4.16

package in R [85]. The syntenic analysis was repeated with the CD47 sequences

as well using 5 genomes, Homo sapiens, Gallus gallus, Chelonia mydas, and Naja naja.

4.4 Results and Discussion

4.4.1 SIRPs have Ancient Evolutionary Origins

Diamond searches revealed a large pool of candidate sequences from genomes on

NCBI that were potentially homologous to sequences of known SIRPs used as queries.

We identified a total of 214 SIRP sequences from the genomes of 107 representative

vertebrates, including the newly sequenced Polypterus bichir [122, ]. Potential ho-

mologs were similar between queries, so all reported findings below are based on the

human query unless otherwise noted. We found putative SIRPs as nearly ubiqui-

tous across amniote lineages spanning mammals, archosaurs, squamates, and turtles.

Likewise, we found candidate SIRPs outside of amniotes, including in early diverging

ray-finned fishes, coelacanths, and chondrichthyes. Phylogenetic analyses of SIRP Ig

domains from putative sequences revealed strong support [Bootstrap Support (BSS)

= 94] for the existence of multiple SIRP clades (Fig. 4.1), suggesting that these clades

hold evolutionary origins that exceed the currently known distribution in amniotes

[68].

In addition to their ancient origin, our results reveal that ancient paralog events

form the foundation of modern SIRP diversity in vertebrates. The majority of these

sequences can be classified into eight distinct clades. The clade containing human

SIRPβ1, SIRPα, SIRPγ, and SIRPβ3 spans Dasypus, Myotis (BSS = 81). The

clade with human SIRPβ1 exhibits a high degree of similarity to SIRPs spanning

macaques to camels, and it is part of a larger clade that includes human SIRPα

and SIRPγ, which are unique to primates. Similarly, the clade containing human
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Figure 4.1: The figure shows a representative SIRP phylogenetic tree using Human SIRPα
as query. The dark grey inner circle shows the phylogenetic tree of the entire dataset. The
light blue ring shows the presence of SIRPs, while the dark blue ring shows the presence of
CD47.

SIRPd and SIRPb2 groups with sequences from camels, guinea pigs, and pumas.

Collectively, these results suggest that the paralogs in the SIRP gene cluster are

specific to placental mammals. This corresponds to the observation of other lineage

specific paralog clusters such as those in snakes such as Naja, Pantherophis, and

Thamnophis or early diverging ray-finned fishes such as Polypterus and Erpetoichthys.

Given aspects of their similarity to novel immune type receptors (NITRs) and

phylogenetic distribution in Holosteans and Teleosts, [68] hypothesized that SIRPs

may be the sister lineage to NITRs. In this proposed scenario, SIRPs were restricted
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to sarcopterygians, and NITRs restricted to actinopterygians. However, our results

show that this is not the case. Instead, SIRPs are found to span all jawed verte-

brates, including several early diverging ray-finned fishes 4.1. In contrast, efforts

to find NITRs in bichirs, sturgeon, paddlefish, or cartilaginous fishes have failed

[177, 68, 230]. Integrating what is known about NITRs with our findings raises an

intriguing alternate hypothesis concerning the relationship between these receptors:

SIRPs may have given rise to NITRs prior to the common ancestor of holosteans

and teleosts. Additional bichir, paddlefish, and sturgeon genomic and transcriptomic

resources are needed to test such a hypothesis, as the extremely limited existing

resources do not preclude the possibility that NITRs are not being found due to

assembly/sequencing errors. Alternatively, an alternate gene family may have an

analogous function in these lineages. Such a scenario would require NITRs to have

been lost in bichirs, chondrosteans, and sarcopterygians independently. Regardless,

our survey of SIRPs suggests that this gene family was present along with CD8Beta,

CD79b, NKp30, and PRAPs during the genesis of the V(D)J recombining adaptive

immune response.

4.4.2 The evolutionary origin of CD47s is decoupled from the origin of SIRPs

Our searches reveal a candidate pool of sequences that were potential homologs

to CD47 across a wide range of vertebrates, as shown by the dark blue circle in

4.1. However, this pool did not span the same level of taxonomic breadth as the

SIRP pool, and was restricted to amniotes. Phylogenetic analysis of putative CD47

orthologs provide no support for early diverging clades of paralogous origin (Fig. 4.2).

Instead, CD47 is largely single copy in most amniotes with notable exceptions in Bos

taurus and Lacerta agilis. These results suggest that CD47 interactions arose long

after the evolutionary origin of SIRPs and is consistent with the hypothesis of that

the CD47/SIRP interaction is conserved in amniotes [214].
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In humans and other mammals, the CD47-SIRPα interaction functions as an

inhibitory function, as it prevents signaling from phagocytosis receptors [154, 211].

Similar to SIRPα, SIRPγ serves as a counter-receptor to CD47, albeit with a

significantly reduced binding affinity. This interaction is further characterized by its

unidirectional signaling, primarily due to the absence of the intracellular cytoplasmic

tail in SIRPγ. Consequently, the signaling cascade initiated by the CD47/SIRPγ

interaction is confined to CD47, highlighting a distinct mechanism of action compared

to the bidirectional signaling observed in the CD47/SIRPα axis [180, 194]. However,

the absence of CD47 outside of amniotes suggests the high possibility of alternate

patterns of SIRP function and expression. In particular, an unusual aspect of SIRPs

is their expression in myeloid cells [12, 2]. This expression pattern contrasts sharply

with Ig and TCR genes that are primarily expressed in lymphocytes [157]. This shift

in expression patterns has been used to argue for a functional shift between SIRPs

and other genes with VJ exons. When an amniote origin of CD47 is considered in

the context of our finding of SIRPs in earlier diverging jawed vertebrates, this raises

the possibility that myeloid expression represents an amniote evolutionary novelty

that arose in concert with the SIRP/CD47 interaction. Further tests of expression

patterns outside of amniotes are critically needed.

Testing for a possible shift in SIRP expression patterns may also help reconcile

the presumed functional divergence of these receptors from other VJ-exon bearing

genes that were present at the genesis of V(D)J recombination. However, such

tests also have implications for clinical research. The CD47-SIRP axis represents

a crucial mechanism of immune modulation, with significant implications for the

development of therapeutic strategies targeting this pathway in cancer and other

diseases [32, 198] gents with the potential to disrupt the CD47/SIRPα axis can

mitigate immune evasion and enhancing immune responses against cancer cells
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Figure 4.2: CD47 phylogenetic tree using Homo sapiens CD47 as a query

[88, 121]. In addition to activating macrophage-mediated tumor killing, the interrup-

tion of the CD47-SIRPα axis also has the potential to enhance antibody-dependent

cellular cytotoxicity through the inhibition of SIRPα expressed on the surface

of natural killer cells [139]. Moreover, targeting the CD47-SIRPα axis through

CD47 or SIRPα blockade may enhance the function of macrophages as antigen-

presenting cells [60]. [32, 198, 203], such work represents an exciting research frontier.

4.4.3 The number of SIRP genes is highly variable between vertebrates

Our comparative analysis of the SIRP gene cluster across representative vertebrate

taxa revealed high variance in the numbers of paralogs within each lineage (Figure 4.3

A). The average paralog count across the studied species was 2.67 using humans as

query. The values with other queries are quite similar (2.71 Bos taurus query; 3.2

chicken query). We compute a Pagel’s Lambda value of 0.47 suggesting some degree of

phylogenetic signal to the distribution of paralogs (p = 0.01). However, phylogenetic
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(A) (B)

Figure 4.3: Phylogenetic tree with paralog counts and Ig domain variance using Human
SIRPα as query

signal was not supported by Blomberg’s K (0.16, p = 0.67). This mismatch between

lambda and K was similar when using using chicken (Lambda=0.4460971 | p=0.009;

K = 0.26, p = 0.12) as a query. In the case of cattle as a query, the additional paralogs

found do support phylogenetic signal under both metrics (Lambda=0.60 | p=0.0009;

K = 0.33, p = 0.04). In general, Selachimorphs (sharks) exhibited the lowest degree of

paralogs (mean = 2.75). In contrast, Homo sapiens (humans) demonstrated a higher

than average number of paralogs, along with other species such as Erpetoichthys

calabaricus (reedfish), Alligator sinensis (Chinese alligator), and Mauremys mutica
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(yellow pond turtle). Polypterus bichir exhibited the highest number of paralogs

among the species analyzed, though some of this variation is likely attributed to

annotation error. Manual annotation coupled with additional genomic resources for

other Polypterus species is needed to assess the scope of paralogs in this lineage.

The diversity of paralogs between vertebrate lineages is similar to overall patterns

of gene content variation in innate immune genes [44, 202, 45] and clustered gene

families in general [179, 63]. However, the functional consequences of gene birth

and death events in SIRPs remain largely unknown. At the population level, gene

content variation between individuals can allow the innate immune response to

defend against a broader range of pathogens at the species level [63]. Such variation

can scale up between species to include both core and conserved functions, as well as

species-specific responses between lineages [187]. It is also possible that the variation

in copy number may reflect alternate ecological strategies for persisting in pathogen

rich environments between lineages. For example, species exposed to a high diversity

of pathogens might evolve a greater number of receptor copies to cope with this

challenge, positing a possible link between ecological niche and immune function.

For example, work across migratory and African birds has provided direct evidence

that loss in immunogenetic diversity is linked to the ecological release of leaving

the pathogen rich continent for Europe [151]. The degree to which lineages possess

unique functions in SIRPs and whether those are linked to any aspect of vertebrate

ecology remains unknown.

4.4.4 Variation in Ig domains suggests shifts in domain architecture and function

Our analysis of the number of Ig domains revealed that the average number of

immunoglobulin (Ig) domains per species in the phylogenetic tree ranged from 4 to 6.

The calculated Blomberg’s K [20] value was 0.236, p = 0.204, indicating a weak phy-

logenetic signal, suggesting that the distribution of Ig domains across species is not
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strongly influenced by their shared evolutionary history. Conversely, the Lambda [156]

value was 0.675, p = 3.29e− 06, suggesting a moderate degree of phylogenetic depen-

dence. These metrics are commonly used to assess how traits are distributed across

a phylogeny [206, 229, 123, 50]. However, a difference between lambda and K is not

unexpected given the difference in the metrics. The calculation of lambda is based

on scaling of branch lengths given a model of trait evolution to determine whether

trait distributions are influenced by phylogeny [156]. In contrast, Blomberg’s K is a

measure of the observed variance in traits among species to the expected variance un-

der a Brownian motion model of evolution, normalized by the phylogenetic contrasts’

variance [20]. This means that K focuses on variance partitioning versus the fit to

a scaled model of phylogeny. The significant λ with a nonsignificant K may reflect

the presence of phylogenetic signal that affects the scaling of the tree but does not

manifest as a significant deviation from the stringent Brownian expectation of trait

variance among species. Given that our sampling is limited to only a few representa-

tive taxa per clade, additional taxon sampling may also be needed to better determine

the trait variance between major vertebrate lineages. Moreover, as different sequences

were returned as a function of query, we also observed fluctuation in the lambda and

K values highlighting the potential influence of the choice of reference species on the

perceived phylogenetic signal in comparative genomic analyses.

Tests of phylogenetic signal do not overwhelmingly support a strong difference

in the average number of Ig domains per gene between species. However, the

observed variation does indicate a very likely difference in Ig domain architecture

and function within and between lineages. For NITRs, variation in the number

of Ig domains has been associated with the presence of inhibitory (cytoplasmic

ITIM), activating (charged residue in the transmembrane domain), and secreted

forms as well as functionally ambiguous protein structures [66]. Future comparative

transcriptomic studies are vital to determining the degree to which such forms exists
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between SIRP paralogs and species. Given the functional diversity linked to these

structural variations in NITRs, it’s plausible that SIRPs exhibit a comparable degree

of functional and structural heterogeneity. Integrating comparative transcriptomic

studies into a phylogenetic framework can reveal whether such heterogeneity reflects

lineage-specific immune adaptations thereby revealing patterns of convergent evolu-

tion, functional novelty, lineage specificity, and overall functional diversification.

4.4.5 Syntenic analyses support an early vertebrate origin for SIRPs

Figure 4.4: Visualization of conserved syntenic blocks using Genomicus. Each gene’s
presence across the species’ chromosomes is represented by a uniquely colored dot, aligned
vertically to correlate with its homolog. Gene names are indicated at the top of each column
and species names are provided at the end of each row along with scaffold/chromosome
number.

Using Genomicus, we found evidence for synteny to human SIRPα (Figure 4.4),

across an array of species spanning Sarcopterygii. SIRPG, SIRPD, SIRPB1 and
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SIRPB2. SIRPG, SIRPB1, and SIRPD are mostly conserved across all examined

mammalian genomes. However, SIRPB2 is absent in Wombats, Platypus, Anoles,

Eastern Brown Snakes, and Tuatara. The genes to the right of the SIRP gene clus-

ter in humans that span TCM2 to TMEM239 are restricted entirely to placental

mammals. In contrast, genes to the left of the SIRP cluster are widespread among all

amniotes. ALO496432 was the only gene present in all major sarcopterygian lineages,

being absent only in gorillas and chimpanzees.

Figure 4.5: Circos plot synteny with SIRPs. The plot shows the comprehensive analysis of
synteny among distinct chromosomes, each from a different species. The SIRPs are marked
using red lines, and the grey lines denote general synteny.

Zooming out to include a pairwise comparison of all genes located on chromosomes

or scaffolds with putative SIRP clusters reveals a high degree of synteny between

lineages that span humans, sea turtles, and ray-finned fish (Figure 4.5). This high

degree of syntenic relationships between chromosomes suggests shared genomic

architecture and potentially reflects conserved sequences or regions of critical
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biological function. Critically, the regions with the highest degree of synteny tend to

be clustered near the SIRP gene family in all cases. Such a degree of conservation

may indicate genes that coexpress or otherwise interact with SIRPs similar to

syntenic regions for other genes [233]. Additionally, the conservation at evolutionary

divergences that span over 400 million years [143, 231] suggests the presence of

core motifs that are shared outside of amniotes. For example, we reveal a high

concentration of syntenic relationships between regions containing the human SIRP

cluster on chromosome 20 and Chelonia mydas chromosome 13 and Naja naja

chromosome 3. In the case of the reedfish chromosome 10, there are notable syntenic

connections, though far fewer in number relative to Chelonia mydas and Naja naja.

4.4.6 Syntenic analyses support that the origin of SIRPs is decoupled from the

origin of CD47

The CD47 synteny plot reveals a dense network of syntenic relationships, partic-

ularly extensive conserved genomic architecture near the CD47 gene (Figure 4.6).

The linearity and absence of crossing over in these connections suggest that these

regions have maintained their relative orientation and order since they diverged

from a common ancestor. However, interspersed gaps suggest gene losses, loss of

evolutionary signal (noise), potential genomic rearrangements, or the presence of

species-specific genomic sequences that have diverged significantly. Currently, the

syntenic regions around CD47 in other vertebrates remain entirely unexplored.

Similarly, the genes that interact with CD47 in other vertebrate lineages are

unknown, challenging resolution to the question of whether syntenic regions have

coevolved with CD47 to ensure function. Future studies are needed to assess if the

genes that govern regulatory mechanisms for the interaction between CD47 and

SIRPα for phagocytosis by macrophages are conserved and syntenic. Regardless

of outcome, our findings are consistent with an amniote origin of CD47, thereby
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Figure 4.6: Circos plot synteny with CD47. The plot shows the comprehensive analysis of
synteny among distinct chromosomes, each from a different species. The CD47 are marked
using red lines, and the grey lines denote general synteny.

providing guidance for the choice of models for future functional studies.

4.4.7 Summary: A new perspective on the evolutionary history of SIRPs

Our investigation into the evolutionary history and distribution of signal regulatory

protein (SIRP) family members and their interaction partner CD47 across vertebrate

lineages provides a new perspective on the origins and diversification of this innate

immune receptor gene family and how it may be related to the emergence of the

adaptive immune system. By revealing a phylogenetic distribution of SIRPs that

spans all major jawed vertebrate lineages, we challenge prior assumptions regarding
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the place of this gene family in the history of V(D)J recombination. Additionally,

the restricted presence of CD47 in amniotes suggests that the functionality and

interactions of these proteins represent an evolutionary novelty. Given the focus

of this interaction as a possible target for cancer suppression [127, 13, 60, 210],

whether this novelty is associated with shifts in expression or other functions between

amniotes and non-amniotes represents an exciting research prospect with potentially

high relevance to cancer biology.
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4.5 Supplementary Tables and Figures

4.5.1 Supplementary Figures

Supplemental Figure S4.1: Phylogenetic tree with paralog counts and Ig domain variance
using Bos taurus SIRPα as query.
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Supplemental Figure S4.2: Phylogenetic tree with paralog counts and Ig domain variance
using chicken SIRPα as query.



CHAPTER 5: CONCLUSIONS

This dissertation has contributed to the field of vertebrate comparative genomics

by addressing critical gaps in the genomic sampling of early diverging fishes. Through

our sequencing efforts, notably of Lepisosteus osseus, this research has increased our

holostean genomic sampling, enhancing our understanding of this pivotal group. The

sequencing of Polypterus bichir represents an additional effort to bridge the existing

sampling gap in Polypterids, enriching the genomic database necessary for compara-

tive studies within this ancient lineage. The integration of the sequenced genomes into

a comprehensive comparative dataset, comprising over 100 genomes representative of

all principal lineages of ray-finned fishes, enabled a detailed analysis of the impact

of the teleost genome duplication (TGD) on the diversification of the ray-finned fish

mobilome.

Contrary to the expectation that such a significant genomic event would catalyze

a substantial diversification in the mobilome, the findings of this study indicate no

marked alteration in the composition of mobile elements post-TGD. This observation

supports the emerging consensus within the scientific community that the TGD has

not precipitated a pronounced phase of molecular diversification and innovation across

a major fraction of extant vertebrates. While genome duplication events have long

been heralded as drivers of genomic evolution, the findings from this dissertation

suggest a more nuanced role, pointing instead to the importance of lineage-specific

adaptations in ray-finned fishes. At the present, limited genomic sampling in these

lineages precludes our understanding; however, with initiatives like the 10000 Fish

Genomes Project by the Earth BioGenome Project, we are on the cusp of revealing the

nuanced roles of transposable elements in evolution. As more genomes are sequenced,



116

the new frontier will be in interpreting the TE landscape across diverse fish lineages,

advancing our grasp of their unique evolutionary trajectories.

Furthermore, this study has unveiled significant insights into the evolution of the

immune system by linking an additional gene family with the rise of adaptive immu-

nity. My work suggests that SIRPs may have emerged concurrently with the advent

of the adaptive immune system. This finding underscores the ancient and integral

role of SIRPs in the immune response.

The decoupling of the emergence of CD47 and SIRP gene families across verte-

brate evolution offers another area for future exploration. Specifically, CD47 appears

evolutionarily limited to amniotes, whereas SIRPs have far more ancient origins.

This divergence raises pivotal questions about the functional roles of SIRPs in these

early-diverging groups. Given the established role of SIRPs in modulating immune re-

sponses through interaction with CD47 in mammals, their presence in species lacking

CD47 suggests potential alternative functions or interactions with different ligands.

Investigating these aspects could significantly advance our understanding of immune

system evolution by uncovering potentially diverse immunological strategies employed

by various vertebrate lineages. Understanding these mechanisms not only contributes

to basic biological knowledge but may also inform therapeutic strategies exploiting

SIRP-mediated pathways.
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