The Genomes of Two Billfishes Provide Insights into the
Evolution of Endothermy in Teleosts

Baosheng Wu,"*" Chenguang Feng,>>" Chenglong Zhu,”" Wenjie Xu,*" Yuan Yuan,” Mingliang Hu,’
Ke Yuan,” Yongxin Li,” Yandong Ren,” Yang Zhou," Haifeng Jiang,>* Qiang Qiu,> Wen Wang,
Shunping He,">** and Kun Wang>*

'Institute of Deep-Sea Science and Engineering, Chinese Academy of Sciences, Sanya, China

*School for Ecological and Environmental Sciences, Northwestern Polytechnical University, Xi'an, China

*The Key Laboratory of Aquatic Biodiversity and Conservation of Chinese Academy of Sciences, Institute of Hydrobiology, Chinese
Academy of Sciences, Wuhan, China

“University of Chinese Academy of Sciences, Beijing, China

"These authors contributed equally to this work.

*Corresponding authors: E-mails: wangkun@nwpu.edu.cn; clad@idsse.ac.cn

Associate editor Guang Yang

Abstract

Endothermy is a typical convergent phenomenon which has evolved independently at least eight times in vertebrates,
and is of significant advantage to organisms in extending their niches. However, how vertebrates other than mammals or
birds, especially teleosts, achieve endothermy has not previously been fully understood. In this study, we sequenced the
genomes of two billfishes (swordfish and sailfish), members of a representative lineage of endothermic teleosts.
Convergent amino acid replacements were observed in proteins related to heat production and the visual system in
two endothermic teleost lineages, billfishes and tunas. The billfish-specific genetic innovations were found to be asso-
ciated with heat exchange, thermoregulation, and the specialized morphology, including elongated bill, enlarged dorsal

fin in sailfish and loss of the pelvic fin in swordfish.
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Introduction

Endothermy, maintaining an elevated body temperature and
controlling rate of heat production (Hulbert and Else 2000;
IUPS Thermal Commission 2001; Koteja 2004; Clarke and
Portner 2010; Lovegrove 2017), has been a revolutionary in-
novation for organisms, allowing them to overcome environ-
mental constraints and adapt to new ecological niches
(Clarke and Portner 2010; Hedrick and Hillman 2016).
Endothermy is not only present in mammals and birds, it
has also independently evolved at least five times in teleosts
and chondrichthyans (Block and Finnerty 1994). In teleosts, it
is represented by Istiophoriformes (billfishes), Scombriformes
(tunas and butterfly kingfish), and Lampriformes (ophas)
(Block and Finnerty 1994; Dickson and Graham 2004;
Runcie et al. 2009) (fig. 1A). It is harder for organisms to
keep warm in water than on land, because of the high heat
capacity of water and the rapid rate of heat loss in aqueous
environments (Block 1991; Tullis, Block and Sidell 1991).
Several features have been found to be necessary for endo-
thermy in teleosts and chondrichthyans, including large body
size, a heat source (specific heat-generating organ or high
basal metabolic rate), and heat exchangers (retia mirabilia)
for conserving the heat (Block 1991).

The billfishes and tunas were among the first endothermic
teleosts to be identified (Barrett and Hester 1964; Carey and
Teal 1966; Carey 1982). Due to phenotypic similarities, includ-
ing capability of heat production and conserving ability, rapid
and sustained swimming, and large body (Dickson and
Graham 2004), these two lineages were once thought to be-
long to the same suborder of Scombroidei (Johnson 1986).
Subsequent studies based on molecular (Block et al. 1993)
and physiological evidence have shown that their heating
capacities are of independent origin, with billfish thought to
be heated by heating organs (modified red muscle) and tuna
by red muscle (Block 1991; Dickson and Graham 2004). Both
ectothermic and endothermic vertebrates have red muscle,
but only endotherms are capable of producing heat through
futile cycles of calcium production in their myocytes (Block
1994; Bal and Periasamy 2020). More recent in-depth studies
have shown the existence of specialized heating organs at
least in the basal tuna species (Allothunnus fallai)
(Sepulveda et al. 2007), and that the red muscles of both
billfishes and tunas are capable of heating generation (Block
et al. 2001; Stoehr et al. 2018). Although it has been shown
that the physiological foundations of heat production in
these two lineages evolved convergently, whether there is a

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://

creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium,
provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Open Access

Mol. Biol. Evol. 38(6):2413-2427  doi:10.1093/molbev/msab035 Advance Access publication February 3, 2021 2413




Wu et al. - doi:10.1093/molbev/msab035

MBE

common molecular mechanism has not been clarified to
date.

Associated with their endothermic capacity, the billfishes
have high metabolic rates, and a rapid turnover of nutrients
to provide internal fuel supplies. The endothermic capacity of
billfishes also ensured its well-developed vision system for
scanning for prey (Fritsches, Brill and Warrant 2005). As
well as possessing a long bill that can be used as a weapon,
they are among the fastest teleosts at swimming short dis-
tances and are apex predators in the pelagic ocean (Dickson
1995; Watanabe et al. 2009; Lam et al. 2016).

In this study, we generated high-quality genomes for
swordfish and sailfish, representing the two families of bill-
fishes, the Xiphiidae and the Istiophoridae, respectively. We
aim to: 1) validate the independent origin of endothermy in
billfishes and tunas, and test whether convergent evolution
occurred at the molecular level; 2) identify the most signifi-
cant changes in the genomes of billfishes to investigate the
mechanisms of endothermy in these species; 3) shed light on
the molecular mechanisms underlying the specific pheno-
types of billfishes, including their long bills, enhanced visual
systems and changes in fin patterns.

Results

Chromosome-Level Assemblies and Genomic
Characteristics of Billfishes

Using a combination of ONT long reads, BGI MGISEQ-2000
short reads, and Hi-C sequencing technologies (supplemen-
tary figs. S1 and S2, table S1, Supplementary Material online),
we generated chromosome-level genome assemblies for sail-
fish (Istiophorus platypterus) and swordfish (Xiphias gladius).
Both assemblies have 24 chromosomes and the size is 585.62
megabases (Mb) and 659.53 Mb for sailfish and swordfish
respectively, with 98.62% and 96.64% of contigs anchored
to the chromosomes (fig. 1B and supplementary fig. S3,
Supplementary Material online). The assembled sizes of the
two genomes are close to the genome sizes estimated by K-
mer analysis (supplementary fig. S4, Supplementary Material
online). The contig and chromosome N50 of the sailfish as-
sembly are 11.30 Mb and 25.07 Mb, respectively, while they
are 5.01 Mb and 27.87 Mb for the swordfish assembly, making
them currently among the highest records for teleosts (sup-
plementary tables S2 and S3, Supplementary Material online).
Moreover, the genome assemblies of sailfish and swordfish
have 95.70% and 97.30% complete BUSCO genes (supple-
mentary table S3, Supplementary Material online).

A total of 26.70% and 36.35% bases were identified as re-
petitive sequences in the sailfish and swordfish genome re-
spectively, consistent with the larger genome size of swordfish
(fig. 1C and D, supplementary table S4, Supplementary
Material online). Based on the high-quality genome assem-
blies, we identified totals of 22,465 and 21,632 protein-coding
genes in sailfish and swordfish. The basic metrics for the genes
of these two species, including gene number/length, exon
number/length, and codon usage, are comparable to those
of other teleost species (supplementary figs. S5-S7, supple-
mentary table S5, Supplementary Material online).
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Phylogenetic Relationship Between Billfishes and
Tunas

A phylogenetic tree based on whole genome data is impor-
tant to give a conclusion to whether billfishes and tunas are
close or distant relatives. Here, we identified 4,150 one-to-one
orthologous genes by the reciprocal best hit (RBH) method
within billfishes and nine other teleost species. We applied
two approaches to reconstruct the phylogenetic relationship.
Firstly, the amino acids/codons/4D sites (Fourfold Degenerate
Synonymous Site) of the 4,150 genes were concatenated, re-
spectively, for generating maximum likelihood (ML) trees
(supplementary figs. S8 and S9, Supplementary Material on-
line). Then, we built the ML trees for each gene and applied
the summary coalescent method to reconstruct the species
tree for the 11 teleosts (supplementary fig. S9, Supplementary
Material online). The reconstructed topologies from the
above two methods are all consistent with the topology
revealed by the mitochondrial genome in previous studies,
that billfishes are closest to yellowtail amberjack (Seriola
lalandi dorsalis) and then to barramundi perch (Lates calcari-
fer) (Little et al.2010; Betancur-R et al. 2017). To further dem-
onstrate the reliability of this phylogenetic tree, we inspected
the heterogeneity of the gene trees by DiscoVista (Sayyari
et al. 2018). The major topology frequency (0.46) of 4,150
gene trees support the independent origin of billfishes and
tunas (supplementary fig. S10, Supplementary Material on-
line), and the other two alternative topologies were with a
frequency of 031 and 0.23, respectively, which can be
explained by incomplete lineage sorting. Given that the
shared endothermy is not present in lineages other than
Istiophoriformes and  Scombriformes of the clade
Percomorphaceae (Betancur-R et al. 2017), it is clear that
endothermy is a result of convergent evolution in billfishes
and tunas. Besides, we also estimated the divergence time of
the 11 teleost species and found the two billfishes were di-
verged since 66 million years ago (MYA) (supplementary fig.
S11, Supplementary Material online).

Signal of Convergent Evolution at Molecular Level

Based on the above results, the convergent evolution of en-
dothermy between billfishes and tunas is confirmed at the
level of phenotypes. To detect whether there is a convergent
signal at molecular level, we have used two methods, includ-
ing searching for convergent amino acid (AA) replacements
as well as co-existing selection pressures. Following the con-
vergence at conservative sites (CCS) method (Xu et al. 2017),
15 genes containing 16 convergent AA replacements were
observed between billfishes and tunas (hereafter referred to
asgenes with convergent AA replacement). These convergent
sites were proved to be conserved in teleosts and even in all
vertebrates investigated, except billfishes and tunas (supple-
mentary figs. $12 and S13, Supplementary Material online).
Simulations of AA replacements suggested that convergent
events would happen at a very low level in random situations
(supplementary fig. S14, Supplementary Material online).
Subsequently, 50 genes were found to be under positive se-
lection in the lineages of both billfishes and tunas (hereafter
referred to asgenes with convergent positive selection signal)
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Fic. 1. Origins of endothermy in vertebrates and genome assemblies for two billfishes. (A) Phylogenetic tree of vertebrate orders and major groups
of endothermic animals (the backbone topology is from a previous study of bony fishes (Betancur-R et al. 2017), and the divergence time of each
node were retrieved from the website TimeTree (http://www.timetree.org/; August24, 2020), which were estimated from a population of studies
(Kumar et al. 2017)). Geological periods and ages (million years ago, MYA) are shown at the bottom. Cz: Cenozoic, Pg: Paleogene, K: Cretaceous, J:
Jurassic, Tr: Triassic, P: Permian, MIS: Carboniferous, D: Devonian, S: Silurian, O: Ordovician, C: Cambrian. Endothermy is indicated with red vertical

bars (see legend) at the branches. (B) Chromosomal syntenic relation

ship of two billfishes and stickleback; each line represents a syntenic block of

10 or more zones from the results of LAST with a similarity of 75% or more and length > 1,000 bp. The karyotype of billfishes shows that six of

theirchromosomes correspond to three chromosomes in stickleback.

(Cand D) Circos plots showing the distributions of genomic components in

sailfish and swordfish respectively, with 500,000 bp as a window. 1: Gene frequency, 2: Density of LINEs, 3: Density of LTRs, 4: Density of DNA, 5:

Density of TRFs, 6: Density of SINEs, 7: Density of GC content.

using the BUSTED model of HyPhy (Pond et al. 2005). In
particular, four of these genes, ryria, pkmb, ace2 and rh1,
possess both convergent AA replacements and convergent
positive selection signal. Fisher’s exact test showed that the
results obtained by these two methods (with convergent AA
replacement or with convergent positive selection signal)

were significantly correlated (P-value = 2.31 x 10™°), suggest-
ing that the convergence phenomenon at the sequence level
is not a result of random mutations (fig. 2A and B).

Of the four genes with both a convergent AA replacement
and a positive convergent selection signal, the gene pkmb,
encoding pyruvate kinase, is an important enzyme for
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the mechanism of heat production by red muscle, where futile calcium cycles play a central role. Pyruvate kinase, encoded by pkmb, is the rate-
limiting enzyme of glycolysis in muscle, supplying ATP and having a direct effect on mitochondrial metabolism. Ryr1a controls the release of
calcium from the sarcoplasmic reticulum (SR), and atp2at is relevant to the pumping of calcium into the SR. (E) Specific activities of pkmb-billfish,
pkmb-replaced and pkmb-flatfish orthologues. Data are means = standard deviation (SD) of five independent experiments analyzed by a

Student’s t-test.

glycolysis in ATP synthesis (Mazurek et al. 1997; Dombrauckas
et al. 2005). To test whether the two convergent AA replace-
ment of pkmb in billfishes and tunas, S242A and A513G
(fig. 2C and D) (located in the PK and PK_C domains, respec-
tively), could affect its efficiency, we designed an enzyme ac-
tivity experiment. Three gene sequences, pkmb-billfish (the
original billfish sequence), pkmb-replaced (from the billfish

2416

sequence, but with the two convergent sites replaced by
the AAs of flatfish), and pkmb-flatfish (the original flatfish
sequence), were synthesized for testing their efficiency
in vitro. The results of the enzyme activity experiment clearly
showed that the efficiency of pkmb-billfish is significantly
higher than that of pkmb-replaced and pkmb-flatfish
(fig. 2E, supplementary fig. S15 Pond).
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Genetic Innovation of Coding Genes

We further identified billfish lineage-specific innovations on
the coding genes. Since these two billfishes have diverged for
66 million years, the shared genetic innovations that are
highly conserved between them are likely to be under the
pressure of purifying selection, and thus is more likely to be
functionally important. Within the ortholog genes, nine genes
were identified as positively selected genes (PSGs) at the bill-
fish lineage (FDR adjusted P-value < 0.01, supplementary
table S6 Pond) using the branch-site model of PAML (Yang
2007). Meanwhile, by synteny alignment, three motifs in cod-
ing genes were found to be highly diverged in billfishes, but
are conserved in teleosts and even in vertebrates (supplemen-
tary figs. S16-519 Pond). These three billfish-specific motifs
are located within three genes, which are also the three PSGs
with most significant P-values. The first of the three genes,
dapk3, was found to be with a motif of 7 AAs (from the 201*
to the 210" in billfishes (fig. 3A and B, supplementary figs.
S16 and S17, Supplementary Material online), and this is likely
to affect the three-dimensional structure (fig. 3C). The second
of the three significantly changed genes, prkcda, was observed
with 11 (from the 179" to the 191%) billfish-specific AA
replacements (fig. 3A and B, supplementary figs. S16 and
S18, Supplementary Material online), and this also could af-
fect the three-dimensional structure (fig. 3D). The last of the
three genes, rfx4, had a motif of five continuous amino acids
(from the 224™ to the 228™) (supplementary figs. $16 and
S$19, Supplementary Material online). In addition to these
three most special genes, the PSGs also include ggps1, with
three positively selected sites (28" and 204™ to 205™) (sup-
plementary fig. 520, Supplementary Material online), and rp2,
with two positively selected sites (279" and 310™) (supple-
mentary fig. S21, Supplementary Material online). Besides, the
gene families analysis revealed a total of 23/53 expanded/
contracted gene families in the common ancestor (CA) of
billfishes. The most significant expansion was in the fpr1 gene
family (supplementary fig. S22, Supplementary Material on-
line), which is important for innate immune system that
operates in host defense and damage control (Dorward
et al. 2015). We also identified 20 new genes that are of un-
known function but are highly conserved in the two billfish
genomes (supplementary table S7, Supplementary Material
online).

Divergent Conserved Non-Coding Elements (CNEs)

CNEs are usually cis-regulatory elements, including enhancers,
repressors and insulators, in vertebrate genomes. A large
number of CNEs were found to act as important roles in
various functions (Navratilova et al. 2009; Attanasio et al.
2013; Lin et al. 2016), by regulating neighbor or distant genes
(McLean et al. 2010). Through synteny alignment, we identi-
fied 13,451 conserved non-coding elements across nine tele-
osts (hereafter referred to as teleost-CNEs) (supplementary
table S8, Supplementary Material online). Most of teleost-
CNEs (13,159) could be well aligned against both billfish
genomes with 95% coverage and 70% identity to the refer-
ence, only 32 and 36 of these CNEs were mis-assembled in the
genomes of sailfish and swordfish, respectively, implying the

high completeness of the billfishes’ genome assemblies.
Within the teleost-CNEs, two of them were found to have
billfish-specific deletions, 263 are specifically lost in swordfish
and 29 are specifically lost in sailfish. For the two teleost-CNEs
with billfish specific deletions, one (UCE-1582,) is located
172 kb upstream of chd9 with a 6-bp specific deletion in bill-
fishes, and another is around bhlhb5. The UCE-1582 and its
neighboring gene chd9 are also in the same topologically as-
sociating domain (TAD) predicted by Hi-C data (fig. 4A and B,
supplementary fig. S23, Supplementary Material online). For
the specifically lost CNEs, one CNE about 2 kb upstream of
hoxd3a and one CNE about 3 kb upstream of hoxd4a were
absent from swordfish and sailfish, respectively (fig. 4C), in
comparison to the fact that the protein-coding genes and
most CNEs within hox gene clusters are conserved in billfishes
(supplementary fig. S24, Supplementary Material online).
Besides, one CNE (~190 bp) upstream of rpz was also found
to be lost in the sailfish (supplementary fig. S25,
Supplementary Material online). Moreover, six newly origi-
nated potential regulatory elements were identified in bill-
fishes, and found to be highly conserved in the two billfish
genomes but are absent in other vertebrates (supplementary
table S9, Supplementary Material online). The above-
mentioned genetic innovations are likely to be closely asso-
ciated with the specific phenotypes of billfishes, as will be
discussed in the sections below.

Discussion

Convergent Evolution for Heat Production in Billfishes
and Tunas

Previous studies show that the endothermy has been
appeared at least three times in teleosts, including
Istiophoriformes (billfishes), Scombriformes (tunas and but-
terfly kingfish) and Lampriformes (ophas) (Dickson and
Graham 2004). Our phylogeny analysis based on whole ge-
nome data also validated the topology that billfishes and
tunas are only distant relatives (Little et al. 2010; Betancur
et al. 2017). Therefore, the endothermy in billfishes and tunas
is indeed the result of convergent evolution at least at the
level of morphology (Little et al. 2010; Betancur et al. 2017).
Here, through genomic scanning, we further observed clear
signals of convergent evolution at the molecular level. In par-
ticular, the convergent genes, that with convergent AAs re-
placement and/or positively selected signal, are highly related
to heat production. Previous studies indicated that calcium
futile cycles play a central role in heat production (Block 1991;
Periasamy et al. 2017). The calcium futile cycles start with the
nerve impulses, which initiate the release of calcium from the
SR (the sarcoplasmic reticulum) to increase its concentration
in the cytoplasm (Nowack et al. 2017; Periasamy et al. 2017).
While one part of the ATPase (SERCA1) present in the SR
transports Ca” " from the cytosol to the SR, the other part of
SERCA1 binds to sarcolipin, which prevents calcium recap-
ture by the SR and allows the hydrolysis of ATP to generate
heat through futile cycling (fig. 2D) (Block 1991; Rowland et al.
2015; Nowack et al. 2017; Periasamy et al. 2017). Meanwhile,
the accumulation of Ca’" stimulates ATP synthesis in
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mitochondria (Block 1991; Rowland et al. 2015; Nowack et al.
2017; Periasamy et al. 2017). Of the components of this pro-
cess, pyruvate kinase, encoded by pkmb, is the rate-limiting
enzyme for glycolysis in muscle, supplying it with ATP and
having a direct effect on mitochondrial metabolism (Mazurek
et al. 1997; Dombrauckas et al. 2005). The efficiency of pyru-
vate kinase has an important influence on the process of heat
production, through enzyme activity experiments, we verified
that the two convergent replacements of pkmb in billfishes
and tunas could increase its efficiency (fig. 2E). Furthermore,
the convergent replacement of the gene ryria, encoding cal-
cium channel protein Ryrla, may affect the efficiency of

calcium pumping out of the SR. In addition, the atp2a1
and atp2a1l genes, which are relevant to pumping Ca’"
into the SR, were found to show a convergent positive se-
lected signal in billfishes and tunas, and this may promote
their efficiency. These convergently altered genes in heat pro-
duction related pathways together contribute to the calcium
futile cycle process for heat production (fig. 2D).

Genetic Innovations Associated with Heat Exchanger
Some of the billfish lineage-specific genetic innovations were
found to be associated with other aspects of endothermy.
The countercurrent heat exchangers, which consist of blood
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vessels, are crucial for endothermic teleosts for heat conserv-
ing. They can transport the vital heat being produced by
heater organs and medial red muscle to the brain, eyes and
swimming muscles, and prevent it from being dissipated at
the gills (Carey and Teal 1966). The basic component of a
countercurrent heat exchanger is two closely adjacent blood
vessels, vein and artery, with different directions of blood flow;
the heat is transferred from one vessel to its neighbor (fig. 3A)
(Carey 1982; Brill et al. 1994). Interestingly, two PSGs of the
three most special PSGs in billfishes are related to the genesis
and regulation of the vasculature, respectively. The first PSG,
dapk3, can mediate vascular structural remodeling via stim-
ulation of the proliferation and migration of vascular smooth
muscle cells (Usui et al. 2014). The change in dapk3 may be
associated with the formation of vascular smooth muscle
cells. The second PSG, prkcda, encodes Protein Kinase C delta,
which is a regulator of vascular smooth muscle function and
helps to maintain vascular tone (Malavez et al. 2017;
Carracedo et al. 2014; Ringvold and Khalil 2017). In addition,
for the six billfish-originated CNEs, one is located 13 kb down-
stream of fermt2, which encodes the protein kindlin-2.
Previous work suggested that kindlin-2 interacts with endo-
thelial adherens junctions to support vascular barrier integrity
(Pluskota et al. 2017) and a knockdown of this gene increases
neovascular permeability (Ying et al. 2018). The change in
prkcda and the new CNE at the downstream of fermt2 could
therefore be associated with the regulation of vascular tone
and altered permeability for better heat exchange.

Potential Change in Thermoregulation
Thermoregulation is a key feature in warm-blooded animals.
Without this capacity, they would not be able to cope with
the external temperature changes brought about by the day-
night cycle and environmental changes (Wheeler 1994;
Westhoff et al. 2016). In mammals, the suprachiasmatic nu-
cleus (SCN), a tiny region of the brain, is essential for control-
ling body temperature in response to the day-night cycle
(Guzman-Ruiz et al. 2015). The SCN can regulate body tem-
peratures by releasing different hormones according to the
level of daylight (Guzman-Ruiz et al. 2015). However, in tele-
osts, it remains unclear how endothermic fishes regulate their
body temperature. Coincidentally, the product of the last of
the three special PSGs, rfx4, had been found is localized in the
SCN of mouse (Araki et al. 2004). Although there is currently
no research on this domain of rfx4, it is to be highly conserved
across all the vertebrates investigated, including cartilaginous
fishes and bony fishes. It is possible that the specific change in
billfish rfx4 is related to the independent appearance of ther-
moregulatory  capacity  (supplementary  fig.  S19,
Supplementary Material online). This result implies that
SCN may be an important tissue for thermoregulation not
only in mammals, but possibly also in teleosts, and the func-
tion of rfx4 in thermoregulation merits study in the future.

Characteristics of Aquatic Endothermic Vertebrates

The genetic innovations described above are consistent
insights with previous studies, which have shown that the
well-developed skeletal muscle system, completely closed
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circulatory system, and complex nervous system have laid
the ground for the independent evolution of endothermy
vertebrates (Reiber and McGaw 2009). One of the special
features of aquatic endotherms is that the skeletal muscle
of some lineages, such as billfishes and lamnid sharks, had
evolved into highly efficient specialized heat organs (Ruben
1995; Bernal et al. 2001; Hedrick and Hillman 2016; Nowack
et al. 2017). The other special feature is the special counter-
current exchanger in many aquatic endotherms, such as en-
dothermic teleosts, lamnid sharks, platypus, and leatherback
sea turtle (Scholander 1957; Smith 1964; Grant and Dawso
1978; Bernal et al. 20071; Katz 2002; Davenport et al. 2015). In
addition, compared to aquatic ectotherms, aquatic endo-
therms are usually characterized by a very active lifestyle.
The endothermic teleosts and lamnid sharks are highly spe-
cialized pelagic predators with rapid and sustained swimming
(Dickson and Graham 2004). Some studies on large extinct
marine reptiles, such as mosasaurs, plesiosaurs and ichthyo-
saurs suggested that they also had similar characteristics
(Bernard et al. 2010; Harrell et al. 2016; Fleischle et al. 2018).
This may be an efficient and cost-saving adaptation strategy
for aquatic endothermic vertebrates in response to the high
heat capacity of the aqueous environment and the rapid heat
loss.

Because endothermy is likely the evolutionary byproduct
of many independent characters (Hayes and Garland 1995;
Seebacher 2020), some adaptation strategies may differ be-
tween lineages. Taking body size as an example, while the
endothermic capacity is enhanced by body size reduction
in birds, endothermic teleosts, and chondrichthyans usually
have large body sizes (Block 1991; Tullis et al. 1991; Dickson
and Graham 2004). Recent studies on bird endotherms have
revealed that a number of constraints might affect the endo-
thermy strategy in birds, such as small body size, reduction in
genome size and intron size, smaller cell size, and higher aer-
obic capacity (Waltari and Edwards 2002; Lee et al. 2014;
Benson et al. 2018; Rezende et al. 2020). This implies that
although we identified convergent evolution between two
endothermic teleost lineages, this would not necessarily apply
to other lineages. Further studies are still required to give a
comprehensive understanding of aquatic ectotherms.

Enhanced Visual System in Billfishes and Pacific Bluefin
Tuna
As the top predators in the pelagic ocean, billfishes, and pa-
cific bluefin tuna have large eyes and excellent vision, both of
which are vital for hunting (Fritsches et al. 2003; Matsumoto
et al. 2012; Nakamura et al. 2013). In the dim light, rhodopsin
(RH1) is the main receptor for acquiring visual information
(Musilova et al. 2019), which is activated by phosphorylation
of the 11-cis-retinal, and its sensitivity is affected by mutation
(Berry et al. 2016, 2019). The convergent Y274W AA replace-
ment in rh1 may promote their sensitivity under low light.
A previous study indicated that the high density and large
dimensions of cone photoreceptors is one of the driving
forces for the optical sensitivity of billfishes (Fritsches et al.
2003). The gene prdm1, which encodes Blimp1, controls the
decision of cell fate in nascent photoreceptor cells. The
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bipolar cells are generated precociously in the absence of
blimp1 (Brzezinski et al. 2010). We observed a gene duplica-
tion event for prdm1 in the common ancestor of billfishes
(supplementary fig. S26, Supplementary Material online), and
this may have helped billfishes to acquire a higher density of
photoreceptor cells as compared to other more bipolar cells.
Moreover, the PSG rp2, which can affect the development of
photoreceptor cells (Li et al. 2015), was found to have two
billfish-specific AA replacements which may be related to the
large size of cone photoreceptors in these species.

Specialization of Bill and Fins in Billfishes

The most notable feature of billfishes is their spear-like snout
or bill, which is a powerful weapon in predation. Combined
with their distinctive swimming speed, the sharp bill can help
them to pierce the bodies of agile prey (Kurvers et al. 2017).
The bill of billfishes results from the specialization of the up-
per jaw bone. Previous studies have found that the gene runx2
was a major driver of craniofacial evolution in mammals,
while chd9 was found to be a potential regulator for runx2
(Newton and Pask 2020). Interestingly, among the two CNEs
with billfish-specific deletions, one (UCE-1582) is located
172 kb upstream of chd9 and they are also in the same
TAD (fig. 4B and C, supplementary fig. S23, Supplementary
Material online). It is possible that this deletion is related to
the elongated bill in billfishes. Furthermore, the bill is vulner-
able to damage during the capture of prey (supplementary
fig. 527, Supplementary Material online), and billfishes have
the ability to fully regenerate the bill (Atkins et al. 2014).
Consistent with a previous study which reports that inhibi-
tion of ggps1 can accelerate the healing of bone fractures by
activating the Bmp2-dependent Runx2 pathway (Dai et al.
2018), we also observed that ggpsT in billfishes was under
positive selection. The three positively selected sites (28"
and 204" to 205™) (supplementary fig. S21, Supplementary
Material online), which are also conserved among vertebrates
but billfishes, are on the “polyprenyl_synt” domain of ggps1,
and this may be correlated with bill regeneration.

Although both the sailfish and swordfish are among the
fastest teleosts at swimming short distances (Dickson 1995;
Watanabe et al. 2009; Lam et al. 2016), each has a specific
pattern of fin modifications; the sailfish has an unusually large
dorsal fin, and the swordfish has lost its pelvic fin. The dorsal
fin has been described as a stabilizer during steady swimming,
as well as a pivot point when turning (Drucker and Lauder
2001). Pelvic fins are used as control surfaces during move-
ment, combining with the anal and dorsal fin during turning
or braking (Don et al. 2013). We have systematically scanned
the hox gene clusters, which determine the anterior to pos-
terior (A-P) polarity of early tetrapod limb buds or the fin
buds of teleosts (Goodman 2002; Tarchini et al. 2006). While
the genes and most CNEs of hox clusters in ray-finned fishes
are conserved (supplementary fig. S24, Supplementary
Material online), we found that a CNE about 2 kb upstream
of hoxd3a and a CNE about 3 kb upstream of hoxd4a were
absent from swordfish and sailfish respectively, deletions
which may be correlated with the specific changes in the
fin patterns (fig. 4D, Supplementary Material online). In

addition to hox genes, the gene rpz has found to be vital
for fin growth, and mutation of this gene results in zebrafish
developing fin overgrowth (Goldsmith et al. 2003; Perathoner
et al. 2014; Daane et al. 2018). We found that rpz is under
positive selection in sailfish, with three species-specific AA
mutations. And a CNE (~190 bp) upstream of rpz was also
found to be lost in the sailfish (supplementary fig. S25,
Supplementary Material online). These genetic changes may
be associated with the enlarged dorsal fin of sailfishes.

Conclusion

The endothermy in vertebrates is a typical case of convergent
evolution and is crucial for species to overcome environmen-
tal constraints. Although there are plenty of studies related to
terrestrial endothermy vertebrates, including mammals and
birds, studies on aquatic endothermy vertebrates are still in-
adequate. In this study, the high-quality genome sequences of
two billfishes validated the independent evolution of endo-
thermy in billfishes and tunas, and also demonstrated evi-
dence of convergent evolution at molecular level.
Combining the convergent genes and lineage-specific inno-
vations in billfishes, we found genetic changes associated with
heat production, conservation and regulation might be es-
sential for the endothermy of billfishes (supplementary fig. 28,
Supplementary Material online). Meanwhile, we also revealed
genetic changes underlying the specific bill, fins and eyes of
billfishes. In future studies, the similarities and differences of
different endothermy lineages and whether the convergent
evolution of endothermy at molecular level is widespread
among more distant lineages are worth to be explored.

Materials and Methods

Genome Sequencing and Assembly

Genomic DNA was extracted from the muscle and liver of a
male swordfish and a male sailfish. A total of 52.51 gigabases
of Nanopore reads, 36.50 gigabases of lllumina reads, and
62.90 gigabases of Hi-C reads for sailfish and 92.25 gigabases
of Nanopore reads, 66.74 gigabases of lllumina reads, and
75.32 gigabases of Hi-C reads for swordfish were generated
(supplementary table S1, Supplementary Material online).
The Nanopore reads were obtained from the Oxford
Nanopore Gridlon platform. The Illumina reads (150 bp
pair-end) were performed on a BGlI MGISEQ-2000 with librar-
ies produced using a TruSeqDNA PCR-Free kit. Hi-C reads
were obtained on an lllumina HiSeq X Ten platform.

To predict the genome sizes of sailfish and swordfish, we
firstly used SOAPec v2.0 (Luo et al. 2012) to count the kmer
frequency with a kmer size of 17. The predicted genome size
was around 598 Mb for sailfish and 704 Mb for swordfish
(supplementary fig. S3, Supplementary Material online). The
contigs were assembled by wtdbg?2 v2.4.1 (Ruan and Li 2020)
with standard parameters. The lllumina reads were aligned
with BWA-MEM v.0.7.12-r1039 (Li 2013) with standard
parameters and then polished with two rounds of
NextPolish v1.0 (Hu et al. 2020), using the aligned files, which
had been compressed, sorted and indexed by BWA. Finally,
the assembled genomes were anchored by Hi-C reads via
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Juicer v1.5 (Durand, Shamim, et al. 2016) and 3 D-DNA
(Dudchenko et al. 2017). Juicebox Assembly Tools (Durand,
Robinson, et al. 2016) was then used to improve assembly
quality. Finally, BUSCO v3.0.2 (Simao et al. 2015) was used
with the library “actinopterygii_odb9”to analyze and evaluate
the completeness of the gene set in our draft genome.

The mitochondrial genomes of sailfish and swordfish were
assembled by NOVOPlasty v3.6 (Dierckxsens et al. 2017),
based on the lllumina reads. The COI sequence of sailfish
downloaded from NCBI (NC_012677) was used as the seed
for the assembly.

Conservation and Syntenic Relationship with the
Stickleback Genome

To evaluate the conversation and quality of the two assem-
bled billfish genomes, we used the stickleback genome as a
reference to study the synteny among these fishes. First, 24
chromosomes for both billfishes and 21 chromosomes for
stickleback were aligned by LAST v942 (parameters: -E0.05)
(Kielbasa et al. 2011). Second, the start and end positions of all
the matching chromosomes were plotted by the python ver-
sion MCscan (Tang et al. 2008).

Genome Annotation

We annotated the genomes of the two billfishes using a com-
bination of ab initio gene predictions and homologous gene
predictions (Wang et al. 2019). First, repeat sequences were
annotated as follows: RepeatModeler v1.0.8 (Saha et al. 2008)
was used to construct the de novo repeat library,
RepeatMasker v3.3.0 (Tarailo-Graovac and Chen 2009) was
used to construct the homology repeat library, and Tandem
Repeats Finder v4.07 (Benson 1999) was used to match tan-
dem repeat elements with the parameter “2 7 7 80 10 50 500 -
d -h -ngs.”

After the repeat sequences had been annotated, we took
the two genomes with repeat sequences soft-masked and
used them to determine the coding gene structure of each.
To begin with, Augustus v3.2.1 (Stanke et al. 2008), GenelD
v1.4 (Alioto et al. 2018), and GlimmerHMM v3.0.4 (Majoros,
Pertea and Salzberg 2004) were used to generate ab initio
predictions with internal gene models. Next, the protein-
coding sequences from seven species, turbot, tongue sole,
yellowtail amberjack, barramundi perch, fugu,stickleback,
and zebrafish (supplementary table S8, Supplementary
Material online), were used to align genome sequences
with tBLASTN (Altschul et al. 1990) to obtain the rough
positions of homologous genes, and wise2.4.1 (Birney et al.
2004) was used for accurate positioning on the assembled
genomes.Moreover, EVidenceModeler v1.1.1 (Haas et al.
2008) was run with default parameters to integrate the ab
initio gene predictions and homologous gene prediction
results. Finally, the gene set integrated by EVidenceModeler
was translated into amino acid sequences, which were used
to search for functional domains in the InterPro database
with InterProScan v5.15 (Jones et al. 2014) to get Gene
Ontology and PANTHER information. Then the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database

2422

(Kanehisa and Goto 2000) was used for annotation of these
gene sets.

Phylogeny Reconstruction

In addition to the two billfishes, another nine teleosts, turbot,
tongue soles, yellowtail amberjack, barramundi perch, fugu,s-
tickleback, zebrafish, medaka (all downloaded from ENSEMBL
v98), and tuna (downloaded from http://nrifsfraaffrcgojp;
last accessed February 11, 2021) (supplementary table S5,
Supplementary Material online), were used to reconstruct
the phylogenetic relationships. First, OrthoFinder v2.3.4
(Emms and Kelly 2015) with default parameters and RBH
method were used to cluster the homologous genes. In total,
4150 one-to-one orthologous genes were identified and
aligned with MAFFT v7 (Katoh and Standley 2013), and the
protein-coding sequences were also aligned by the program
MAFFT to generate different sequence sets. Second, the as-
sembled genome was divided into three datasets, the
fourfold-degenerate sites (4D sites), the full amino acid
sequences and the corresponding coding sequence align-
ments were used to construct the phylogeny trees by
RAXML v82.4 (Stamatakis 2014). DiscoVista (Sayyari et al.
2018) was used to compute the frequency of the three to-
pologies of ASTRAL species trees.

The mitochondrial genome sequences were divided into
four groups, including the COI set, two rRNAs set, 13 amino
acids set, the first base and second base of each codon set.
Then all these datasets were used to construct the phyloge-
netic tree by RAXML v8.2.4 (Stamatakis 2014) with parame-
ters “-m GTRGAMMA -f a -x 271828 -N 100 -p 12345.” Third,
to calculate the time of divergence of both sailfish and sword-
fish from their relativess MCMCTree was determined by
PAML (Yang 2007) with the calibration time taken from
www.timetree.org. Three softbound calibration time points
were applied: tongue sole-turbot (49-81 Mya), medaka-
stickleback (113-140 Mya), and medaka-zebrafish (205-255
Mya).

Demographic History

The demographic history of sailfish and swordfish was in-
ferred with pairwise sequential Markovian coalescent
(PSMC) analysis (Li and Durbin 2011),based on a substitution
rate of 1.2 ° per generation for swordfish and 2.2e~° per
generation for sailfish. We used the MEM algorithm of BWA
v0.7.15 (Li 2013) to align the lllumina reads to the assembled
genome with default parameters. Then the consensus diploid
sequences were obtained by SAMtools and BCFtools (Li et al.
2009) with the parameters recommended by PSMC. Finally,
100 bootstraps were used to plot the effective population
history.

Convergence with Tunas

To detect whether convergent signatures between billfishes
and tunas could be found at the genome level, we used the
dataset of aligned 4,150 one-to-one orthologues dataset to
search the potential convergent amino acid replacements.
The convergence at conservative sites (CCS) method (Xu
et al. 2017) was used to detect the convergent sites at AA
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level by using the species tree of 11 teleosts. And then 10,000
simulations by PAML v4.9 (Yang 2007) were used for the
ancestral sequence to eliminate the random convergence.
We further applied the BUSTED model (Murrell et al. 2015)
of HyPhy v2.5.15 (Pond et al. 2005) with the parameters “—
code Universal —branches —tree —output” to detect the pos-
itively selected lineage for billfishes and tunas. Genes with
convergent positive selection signals were selected when
the adjusted P-value of the likelihood ratio tests (LRTs) for
billfishes and tunas with less than 0.01. Then the w value
(non-synonymous/synonymous) of the selected gene sets
was calculated by the ABSREL model with parameters “—
code Universal —tree —output” based on the above tree.

Gene Family Expansion/Contraction

We used CAFE v3.1 (De Bie et al. 2006) with default param-
eters and the results from OrthoFinder to analyze the expan-
sion and contraction of gene families in the two billfishes.
Then the P-value of each gene family was calculated based
on the results from CAFE. If the number of genes in one gene
family was greater than 100, it was filtered. If the P-value was
lower than 0.01, the gene family would be taken as having
undergone significant expansion or contraction and others
would be filtered. Pfam (Finn et al. 2016) with default param-
eters was used to annotate the protein-coding sequences for
expanded domain analyzes. GO enrichment and KEGG en-
richment were performed for the further functional analysis
of these expanded and contracted gene families.

Positive Selection Analysis

To detect the evolutionary features of the billfish lineage, we
used 11 teleosts (sailfish, swordfish, turbot, tongue sole, yel-
lowtail amberjack, barramundi perch, fugu,stickleback, zebra-
fish, medaka, pacific bluefin tuna) to identify positive
selection. All the orthologues from the results of the recipro-
cal best hit (RBH) method were used to test for positive
selection for both sailfish and swordfish. The pipeline was
as follows: one-to-one orthologues for the 11 species were
aligned by PRANK v140603 (LOytynoja 2014) with parameters
“-codon -f=fasta” and gaps were removed by Gblocks v0.91b
(Talavera and Castresana 2007) with the parameter “-t =c.”
Alignments with < 50 codons were discarded. Then sequen-
ces were converted to PAML format by a Perl script. Finally,
PAML 4.9i (Yang 2007) was used for positive selection analysis
with the maximum-likelihood method. The species tree gen-
erated by RAXML was used as the input tree for CodeML, with
sailfish and swordfish selected as one clade. The branch-sites
model in PAML was used to look for positive selection. The
significance of differences between two models was evaluated
using likelihood ratio tests (LRTs) by calculating twice the log-
likelihood (2DL) of the difference following a chi-square dis-
tribution. Degrees of freedom were the differences in the
number of free parameters between models. When the P-
value of LRTs < 0.01 and at least one site had a posterior
probability >0.8 according to Bayes Empirical Bayes (BEB)
analysis of a gene, it would be selected as a candidate gene.
Then we used the post hoc corrections for multiple testing for

all the candidate genes by Benjamini and Hochberg’s False
Discovery Rate to decreases the false discovery rate.

Protein Structure Simulation

We first downloaded the protein structure files for the prod-
uct of the human orthologue of each candidate gene from
the PDB database (protein data bank, https://www.rcsb.org/;
last accessed February 11,2021). Then the relevant amino acid
was modified to be that in our target gene without modifi-
cation of other sites. After that, the modified sequences were
simulated by Phyre2 (Kelley et al. 2015). Finally, the predicted
result with the maximal score was selected as the best struc-
ture and visualized by UCSF Chimera (Pettersen et al. 2004).

Identification of Conserved Non-Coding Elements

Using the stickleback genome as a reference, whole genome
alignments for 11 teleosts were generated. The genome data
were downloaded from ENSEMBL (see phylogeny reconstruc-
tion for detail). First, the whole genome aligned result from
LAST was submitted to the subprogram “maf-swap” of LAST
(Kielbasa et al. 2011) to change the order of sequences in
MAF-format alignments, then the subprogram “roast” of
MULTIZ v3 (Blanchette et al. 2004) was used to extract the
alignment of sequences at the same position on a chromo-
some in different species. Subprograms of PHAST (Siepel et al.
2005) were run for further analyzes. “msa_view” was used to
identify aligned 4D sites of alignments with parameters “~in-
format MAF -4d —features.”“phyloFit” (Zhou et al. 2011) was
used to estimate a phylogenetic model for the 4D site data-
sets. “phyloBoot” (Zhou et al. 2011) was used to combine the
separately estimated parameters by bootstrapping and sup-
port averaging of model parameters with parameters “~read-
mods”. “phastCons” was used to estimate a model for con-
served regions with parameters “—estimate-rho —no-post-
probs —most-conserved —score”. After the conserved regions
had been identified, ANNOVAR (Wang et al. 2010) was used
to separate the coding regions and non-coding regions of
each gene based on the GFF3 file of the stickleback genome.
Then a series of python scripts were used to detect the di-
vergent CNEs and divergent coding genes. The judgment
criteria for the billfish specific CNEs is as follows. Firstly,
CNEs with length less than 30 bp and similarity of all the 11
sequences less than 75% were filtered. For each site, if it was
the same in sailfish and swordfish, and different from the
corresponding site in the other nine teleosts which was the
same in those species, it would be considered to be a diver-
gent site. If the total value of the divergent site was more than
0.05%, it would be considered to be a potentially divergent
CNE in sailfish and swordfish (billfis-specific CNE).
Furthermore, six vertebrates (human, mouse, cat, chicken,
coelacanth, and elephant shark) were used to check for con-
servation according to the above criteria; if the sequence was
conserved in these species and all other teleosts but not sail-
fish and swordfish, then it would be considered to be a di-
vergent CNE in the billfishes. Finally, we manually checked the
candidate CNEs for accuracy; if the distance between the
candidate CNE and the closest gene was less than
200,000 bp and the gene adjacent to the candidate CNE
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was the same gene in all the species, we considered the can-
didate CNE to be a potential cis-regulatory element for the
adjacent gene.

We also used AVID v2.1 (Bray et al. 2003) to carry out
alignments between each reference and query sequence with
the parameters “-nm=both” to detect the lost CNEs. The
input sequences were prepared by extending 50,000 bp up-
stream and downstream of the full-length gene. Then VISTA
(Frazer et al. 2004) was used to plot the alignments. Finally,
the interaction between CNEs and their nearby genes was
plotted by HiCPlotter, with parameters “-pptd 1 -ptd 1,” to
predict the TAD (Akdemir and Chin 2015).

Newly Original Elements

The gene sets for sailfish and swordfish were used as a query
to align against 15 other vertebrate gene sets by BLASTP; if
coverage > 50%, identity > 30%, or e value <e > was found
in any gene set, the query gene was considered to have ho-
mologous ancestral sequences. After filtering, common genes
for billfishes were checked against a transcriptome data set
from a relative of swordfish (downloaded from http://www.
swordfishomics.com/; last accessed February 11, 2021).

New CNEs were also detected by these methods. First,
based on the results from LAST, these sequences conserved
only for sailfish and swordfish, with > 95% identity and length
> 50bp, were used as a query to align with the other 15
vertebrate assembly genomes by BLASTN with the parameter
“-word_size 6. If coverage > 50%, identity > 30% or e value
< e was found in any genome, it was filtered. Then to
exclude alignment errors, we extended by 100 bp at the start
and end of the candidate UCE to align with more of the
referencegenome using the BLASTN engine at NCBI. If the
corresponding sequence could be found in this way, it was
filtered.

Pkmb Protein Expression and Enzymatic Activity

Three pkmb protein sequences, pkmb-billfish, pkmb-flatfish
and pkmb-replaced, were synthesized with codon optimiza-
tion by FriendBio Technology Co.,, Ltd. (Wuhan, Hubei, China)
(supplementary table S10, Supplementary Material online).
The expression vectors, Frd-HIS-6736, Frd-HIS-6736M, and
Frd-HIS-flatfish, which contain the coding regions of the
above three sequences, respectively, were constructed using
Nde | and EcoR | as described by Parkison et al. (1991) and
Israelsen et al. (2013). Single colonies were picked into LB
medium containing kanamycin, and 0.8 mM IPTG was used
to induce expression when OD600= 0.6 (37°C, 4h), with
uninduced Frd-HIS-6736 BL21 (DE3) and the induced Frd-
HIS empty vectors as control. After centrifugation at
12,000g for 1min, the bacterial precipitate was collected,
then an equal volume of 2x SDS-PAGE loading buffer was
added and the sample was heated prior to analysis ofexpres-
sion by SDS-PAGE. Pyruvate kinase activities were measured
using an NADH-LDH coupled assay with the Pyruvate Kinase
Assay Kit from Beijing Solarbio Science & Technology Co,, Ltd.
with the addition of 10mM fructose 1,6-bisphosphate
(Ashizawa et al. 1997; Parkison et al. 1991). A spectrophotom-
eter type 1510 from Thermo Fisher was used to measure the
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absorbance of a 200 ul reaction system, containing 6 ul
0.5mg/ml pkmb protein, 20 ul fructose 1,6-bisphosphate
and 174 ul buffer. The absorbance values A; at 340 nm after
20s and A, after 2 min 20's were recorded.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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