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ARTICLE INFO ABSTRACT

Keywords: Nuclear receptors (NRs) are key transcription factors that originated in the common ancestor of metazoans. The
Nuclear receptors vast majority of NRs are triggered by binding to either endogenous (e.g. retinoic acid) or exogenous (e.g. xe-
Genome nobiotics) ligands, and their evolution and expansion is tightly linked to the function of endocrine systems.
Gene loss

Importantly, they represent classic targets of physiological exploitation by endocrine disrupting chemicals. The
NR gene repertoire in different lineages has been shaped by gene loss, duplication and mutation, denoting a
dynamic evolutionary route. As the earliest diverging class of gnathostomes (jawed vertebrates), cartilaginous
fishes offer an exceptional opportunity to address the early diversification of NR gene families and the evolution
of the endocrine system in jawed vertebrates. Here we provide an exhaustive analysis into the NR gene com-
position in five elasmobranch (sharks and rays) and two holocephalan (chimaeras) species. For this purpose, we
generated also a low coverage draft genome assembly of the chimaera small-eyed rabbitfish, Hydrolagus affinis.
We show that cartilaginous fish retain an archetypal NR gene repertoire, similar to that of mammals and co-
incident with the two rounds of whole genome duplication that occurred in the gnathostome ancestor.
Furthermore, novel gene members of the non-canonical NROB receptors were found in the genomes of this
lineage. Our findings provide an essential view into the early diversification of NRs in gnathostomes, paving the
way for functional studies.

Gene duplication

1. Introduction of target genes (Germain et al., 2006; Laudet and Gronemeyer, 2002).

Their specific ligands comprise a vast array of small lipophilic mole-

The homeostatic coordination of biological functions such as de-
velopment or reproduction depends on the action of numerous tran-
scription factors. Among these, Nuclear Receptors (NRs) are abundant
and unique to metazoan genomes (Paps and Holland, 2018; Schmitz
et al., 2016). NR monomers, homodimers or heterodimers typically
triggered by ligand binding, selectively modulate transcription upon
recognition of specific DNA responsive elements in the promoter region

cules from endogenous or exogenous sources, such as hormones (e.g.
thyroid hormones, steroids), morphogens (e.g. retinoic acid) or dietary
components (e.g. fatty acids and vitamins) (Gronemeyer et al., 2004;
Mangelsdorf et al., 1995; Mangelsdorf and Evans, 1995). Thus, NR-
mediated gene expression is tightly controlled by the combinatorial
effect of receptors, ligands and DNA responsive elements. The canonical
NRs are divided into eight subfamilies, NR1 to NR8, and are
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characterized by a structural architecture that includes a DNA-binding
domain (DBD) and a ligand-binding domain (LBD). The exception is the
subfamily NR7 with two DBD (Kaur et al., 2015; Wu et al., 2007). The
non-canonical NRs are grouped in the NRO subfamily and lack the LBD
in invertebrates and the DBD in vertebrates (Germain et al., 2006;
Huang et al., 2015; Laudet and Gronemeyer, 2002). NRs have distinct
binding specificities towards hormonal and non-hormonal compounds
which is corroborated by the moderate conservation of their LBD amino
acid sequences. Nevertheless, there are some ligand-orphan families of
NRs (not exclusively ligand-activated) that exhibit unique structural
adaptations to a redundant ligand-binding pocket (Kliewer et al., 1999).

A characteristic feature of NR biology is their activation or inhibi-
tion by the anthropogenic endocrine-disrupting chemicals (EDCs) (e.g.
pharmaceutical agents, synthetic hormones, biocides, plastics, solvents
and personal care products) (Capitao et al., 2017; Katsiadaki, 2019; le
Maire et al., 2010; Lemaire et al., 2005). Some EDCs mimic or block the
role of endogenous hormones and other signalling molecules, per-
turbing normal endocrine functions and causing physiological im-
balances leading to diseases (e.g. Darbre, 2015). Thus, EDCs represent a
major threat to animal ecosystem health, and understanding their me-
chanisms of action provides clues to anticipate deleterious effects in
humans and wildlife.

Currently available genomes of bony vertebrates (sarcopterygians
and actinopterygians) show a clear species-dependent pattern in NR
gene content: 48 NRs in humans (Robinson-Rechavi et al., 2001), 49
NRs in mouse and rat, 52 NRs in the Western clawed frog, and 74 and
73 NRs in tilapia and zebrafish, respectively (Zhao et al., 2015). The
number of NR genes is also extremely variable in invertebrate chor-
dates: 17 NRs in sea squirt (urochordate) (Yagi et al., 2003) and 33 NRs
in amphioxus (cephalochordate) (Lecroisey et al., 2012; Schubert et al.,
2008). This variation in NR gene count in chordates has been shaped by
events of gene loss and duplication (tandem or whole genome), de-
noting a flexible evolutionary configuration (Bertrand et al., 2011,
2004; Bridgham et al., 2010).

The extant jawed vertebrates are divided into groups, the bony
vertebrates (Osteichthyes) and cartilaginous fishes (Chondrichthyes).
To date, very few studies have addressed the diversity, function and
ligand specificity of nuclear receptors in cartilaginous fishes (e.g.:
Carroll et al., 2008; Filowitz et al., 2018; Inoue et al., 2010; Katsu et al.,
2019). Cartilaginous fishes occupy an informative position in the evo-
lution of vertebrates (Benton et al., 2009). They are composed of two
subclasses: Holocephali (chimaeras) and Elasmobranchii (sharks and
rays), that diverged approximately 400 million years ago (Ebert et al.,
2013; Inoue et al., 2010). Cartilaginous fishes colonise a wide range of
ecological habitats: while elasmobranchs are distributed from tropical
to polar aquatic ecosystems and tolerate highly contaminated en-
vironments (Katsu et al., 2010), holocephalans are deep-water dwellers,
living at depths of 500 m and deeper, populating all oceans with the
exception of the Arctic and Antarctic oceans (Didier et al., 2012).
Comparative genomic studies have shown that cartilaginous fish gen-
omes are evolving at a slower rate compared to teleost fishes, sharing
many similarities with mammalian genomes (Hara et al., 2018; Marra
et al., 2019; Venkatesh et al., 2007, 2006). Thus, cartilaginous fishes
are central to understand the evolution of vertebrate traits and lineage
specific acquisitions.

Here we interrogated genomes and transcriptomes for the gene re-
pertoire of NRs of five elasmobranch species — whale shark (Rhincodon
typus), brownbanded bamboo shark (Chiloscyllium punctatum), small-
spotted catshark (Scyliorhinus canicula), cloudy catshark (S. torazame)
and little skate (Leucoraja erinacea) — and two Holocephali species, one
with a publicly available genome - the elephant shark (Callorhinchus
milii) - and another the small-eyed rabbitfish (Hydrolagus affinis) for
which a draft genome assembly was generated in the present study.
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2. Material and methods
2.1. Sequence retrieval and phylogenetic analysis

Amino acid sequences for putative NRs were retrieved via blast
searches against publically available genome and transcriptomes ob-
tained from GenBank, Skatebase (http://skatebase.org/), and Figshare
(https://figshare.com/authors/Phyloinformatics_Lab_in_RIKEN_Kobe/
4815111) using human (Homo sapiens) and zebrafish (Danio rerio) NR
protein sequences as reference. Some Chondrichthyes NR sequences
were retrieved via tblastn on Sequence Read Archive (SRA) using
human NR sequences as reference and assembled with Geneious®
(v.7.1.7). The accession numbers are listed in Supplementary Table S1.

The orthology of the retrieved sequences was inferred from phylo-
genetic analyses in the context of the NR superfamily. The sequences
were aligned with the multiple alignment using fast Fourier transform
(MAFFT) software (v.7) (Katoh and Toh, 2010) using the FFT-NS-2
model. A first sequence alignment combined all the retrieved NR amino
acid sequences (edited with Geneious® (v.7.1.7), amino acid columns
containing 90% of gaps were removed (alignment available on Figshare
repository (https://figshare.com/s/a46a382a302531c78d9e). The final
alignment containing 706 sequences and 894 positions was used in a
Bayesian phylogenetic analysis with MrBayes (v.3.2.3) found at the
CIPRES Science Gateway (v.3.3) (Miller et al., 2015). The following
parameters were used: generation number = 27000000, rate matrix for
aa = mixed (Jones), nruns = 2, nchains = 6, temp = 0.15, sampling
set to 27,000 and burnin to 0.25. A second and more restricted Bayesian
phylogenetic analysis with 334 sequences (3971 positions) from
human, zebrafish, spotted gar (Lepisosteus oculatus), whale shark
(Rhincodon typus), elephant shark (Callorhinchus milii) and Florida and
European lancelets (Branchiostoma floridae and B. lanceolatum), was
performed using the  following  parameters:  generation
number = 7000000, rate matrix for aa = mixed (Jones), nruns = 2,
nchains = 4, temp = 0.2, sampling set to 5000 and burnin to 0.25. The
phylogenetic trees were edited with iTOLv5 (https://itol.embl.de/).

2.2. Synteny analysis

To further investigate the orthology inferred from phylogenetics,
the genomic location of individual NR genes was extracted from human
(GRCh38), zebrafish (GRCz10 and GRCz11), spotted gar (LepOcul),
whale shark (ASM164234v2) and elephant shark (Callorhinchus_milii-
6.1.3) genome assemblies. The NR-neighbouring genes were collected
from GenBank using the human loci as reference to assemble the syn-
teny maps of the remaining species. The orthology of NRb, one of the
three novel cephalochordate NRs reported in previous studies (NRa,
NRb and NRc) (Lecroisey et al., 2012; Schubert et al., 2008), could not
be confirmed with our phylogenetic approach. Thus, the genomic lo-
cation of this NR was retrieved from cephalochordate (Branchiostoma
belcheri, Haploidv18h27 and B. floridae Version 2 GCA_000003815.1)
genome assemblies; neighbouring genes were also collected and
mapped in acorn worm (Saccoglossus kowalevskii, Skow_1.1) and purple
sea urchin (Strongylocentrotus purpuratus, Spur_4.2) genomes to further
investigate the gene orthology.

2.3. Sampling, DNA isolation and genome sequencing of the small-eyed
rabbitfish

A small-eyed rabbitfish male specimen was collected from the EU-
Spain Groundfish Survey (Gomes-dos-Santos et al., 2020; Roman et al.,
2019) in the NW Atlantic (NAFO Regulatory Area, Div. 3L from
47.3685, —46.6540 at a depth of 1159 m; to 47.3438, —46.6638 at a
depth of 1157 m) (Supplementary Table S2). Small pieces of liver and
gonad tissue were collected immediately after the capture of the spe-
cimen, preserved in RNAlater and stored at —20 °C, and transferred on
arrival at the laboratory to —80 °C freezer, for future RNA extraction.
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Fig. 1. Bayesian phylogenetic analysis of NR amino acid sequences of human, zebrafish, spotted gar, whale shark, elephant shark and Florida and European lancelets;

numbers at nodes indicate posterior probabilities.

Additionally, a portion of muscle was also collected and preserved in
ethanol (99%) and stored at —20 °C for DNA extraction. The integrity
of the DNA was assessed on a 1% agarose TAE gel, stained with
GelRed™ nucleic acid stain (Biotium, Hayward, CA, USA). The DNA
sample was quantified using a Qubit Fluorometer (Invitrogen, USA). To
sequence the paired-end (PE) short reads we used the Illumina
HiSeq X Ten platform (Macrogen, Seoul, Korea) and generated a total of
76.2 Gbp of raw data.

Prior to genome sequencing, the taxonomic status of the specimen
was confirmed by PCR amplification and Sanger sequencing of the
mtDNA COI gene. A fragment of ~599 bp of CO1 gene was amplified by
PCR using the universal primer pair FishF2 and FishR2 (Ward et al.,
2005) (Supplementary Table S2) and later confirmed through the
analysis of the complete mitochondrial genome (Gomes-dos-Santos

et al., 2020).

2.4. Cleaning of raw dataset, de novo assembly and assessment of small-
eyed rabbitfish genome

The small-eyed rabbitfish raw sequencing reads were inspected
using the FastQC software (v.0.11.8) (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) (Andrews et al., 2015), trimmed
with the Trimmomatic software (v.0.38) (Bolger et al., 2014) and cor-
rected to sequencing errors with the Lighter tool (v.1.1.1) (Song et al.,
2014) (See Supplementary Material 1 for detailed methods). Next, the
clean raw reads were used to determine general genome features (e.g.
genome size estimation, heterozygosity and homozygosity rates, among
other), using several software such as GenomeScope2 (v.2.0) (Ranallo-
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Benavidez et al., 2019), KmerGenie (v.1.7048) (Chikhi and Medvedev,
2014), and the Preqc module of SGA software (v.0.10.15) (Simpson,
2014). The de novo assembly of small-eyed rabbitfish genome was
performed using multiple k-mers and two independent software’s,
W2RAP pipeline (v.0.1) (Clavijo et al., 2017) and the SOAPdenovo2
software (v.2.04) (Luo et al.,, 2012). Next, the QUAST (v.5.0.2)
(Gurevich et al., 2013) and Benchmarking Universal Single-Copy Or-
thologs (BUSCO) (v.3.0.2) (Simao et al., 2015) tools were used to
analyse the draft genome assemblies (Supplementary Table S2).

2.5. NRs in the genome of the small-eyed rabbitfish and phylogenetic
analysis

To validate the absence of certain NR in the genome of the elephant
shark and consequently in Holocephali, we performed blastn researches
in the small-eyed rabbitfish genome. The retrieved nucleotide se-
quences were translated and the amino acid sequences were aligned
with MAFFT software (v.7) (https://mafft.cbre.jp/alignment/server/)
(Katoh and Toh, 2010) using the L-INS-i model and the orthologies
were assessed by maximum likelihood under the LG substitution model
for amino-acid sequences using the PhyML (v.3.0) (Guindon et al.,
2010) plugin (v.2.2.4) in Geneious Prime (v.2019.2.3) (https://www.
geneious.com/). Branch support was calculated by bootstrapping using
500 replications; the proportion of invariable sites and the gamma
distribution parameters were estimated.

3. Results and discussion

Previously, various studies indicate that the NR gene super family
composition is rather variable among chordate lineages (e.g. Bertrand
et al.,, 2004; Lecroisey et al., 2012; Campo-Paysaa et al., 2015;
Supplementary Material 2). Yet, a detailed view of the NR repertoire in
cartilaginous fishes is still missing. As the earliest diverging class of
gnathostomes (jawed vertebrates), together with their slowly evolving
genomes (Hara et al., 2018; Marra et al., 2019; Venkatesh et al., 2014,
2007), Chondrichthyes offer an exceptional opportunity to address the
early diversification of NR gene families in jawed vertebrates and the
evolution of the endocrine system (e.g. Fonseca et al., 2017). In this
study, we interrogated publicly available genomes and transcriptomes
of five elasmobranch species: whale shark, brownbanded bamboo shark
(Chiloscyllium punctatum), small-spotted catshark (Scyliorhinus canicula),
cloudy catshark (S. torazame) and little skate (Leucoraja erinacea); and
one Holocephali species: elephant shark. Given the paucity of genomic
data from Holocephali, we additionally generated a draft genome as-
sembly from the small-eyed rabbitfish (see below). Moreover, we
searched for NRs in the reptile green anole (Anolis carolinensis) and in
the non-teleost ray-finned fish spotted gar and we reviewed the NR gene
repertoires previously reported in chicken, sea squirt and amphioxus
(Marlétaz et al., 2018; Putnam et al., 2008; Supplementary Material 2).

3.1. Detailed examination of NRs in Chondrichthyes

Our searches for NR DBDs and LBDs sequences in the genomes and
transcriptomes of whale shark, brownbanded bamboo shark, small-
spotted catshark, cloudy catshark, little skate and elephant shark re-
trieved full or partial open reading frames (ORF) sequences of a total of
52 NRs in elasmobranchs and the elephant shark (Fig. 1). All the NRs
were classified into seven NR subfamilies (NRO-NR6), showing or-
thology with human and actinopterygian species (Fig. 1). For most NRs,
we observed a conservative evolutionary relationship, consistent with
traditional morphological and molecular systematics (Fig. 1;
Supplementary Fig. S1) (Zhao et al., 2015). To support the phylogenetic
analyses and to distinguish between gene loss or absence of sequencing
data, we analysed the genomic location (synteny) of NR loci in human,
zebrafish, spotted gar and elephant shark (Supplementary Fig. S2).
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3.1.1. NR1 subfamily

In this study, we found 18 and 21 NRs in elasmobranch species and
the elephant shark, respectively, belonging to the NR1 subfamily. In
detail, two NRIA and three NRIC paralogs were found in all the ex-
amined Chondrichthyes; two NRID paralogs were found in most
Chondrichthyes; three NR1B paralogs were recognized in the whale
shark and little skate, whereas only two were found in the elephant
shark (Fig. 1; Supplementary Fig. S1). The genomic locations of the
human NR1A, NR1B, NR1C and NR1D orthologs were next inspected. In
humans, NR1A1, NR1B1 and NR1D1 genes are located on the same
chromosome (Chr 17), and a cluster with NR1A2, NR1B2 and NR1D2
genes is located on Chr 3. The same pattern was observed for zebrafish
and spotted gar (Supplementary Fig. S2). Our analysis of the elephant
shark genome located the cluster NR1IA2-NR1B2-NR1D2 in the same
scaffold (Sca NW_006890093.1), but NR1A1, NR1B1 and NR1D1 genes
were distributed in three different scaffolds (Sca NW_006891573.1, Sca
NW_006890316.1 and Sca NW_006891334.1, respectively). The human
NRI1C paralogs were located in different chromosomes. In the elephant
shark, the three NR1C paralogs were also recovered at three different
scaffolds displaying a conserved syntenic arrangement to humans. Re-
garding NR1B3, we identified orthologs in the whale shark and little
skate but no sequence was retrieved for the elephant shark (Fig. 1 and
Supplementary Figs. S1 and S2). Yet, orthologs of neighbouring genes
of human NR1B3 were found in three separate scaffolds in the elephant
shark genome (Supplementary Fig. S2). Furthermore, in zebrafish,
spotted gar and green anole, an additional NR1D paralog (NR1D4s),
previously identified in teleosts (Zhao et al., 2015), was also retrieved
(Supplementary Fig. S1). No NR1D4 paralog was found in cartilaginous
fish genomes. In zebrafish and spotted gar, NR1B3 paralogs are fol-
lowed by NR1D4 paralogs (Supplementary Fig. S2). The NR1B3 is found
in elasmobranch genomes (Fig. 1) and we were able to identify
neighbouring genes of NRIB3 in elephant shark genome
(Supplementary Fig. S2).

In the NR1F group, we detected four paralogs in the chimaera and
three in elasmobranchs (Figs. 1, 2). Our blast searches failed to identify
NRI1F3 paralogs in elasmobranchs and we were unable to further con-
firm the putative loss by synteny due to the poor genome assembly of
the whale shark currently available. Moreover, we found a NRI1F2-like
receptor, previously identified in frog, turtle, birds and teleosts (Zhao
et al., 2015), and now uncovered also in green anole, spotted gar and
cartilaginous fish. Thus, it is reasonable to deduce that NR1F2-like was
secondarily lost in the ancestor of mammals (Supplementary Figs. S1
and S2).

In a previous study, we addressed the evolution of NR1H and NR1I
groups, both characterized by independent gene loss events (Fonseca
et al., 2019, 2017). Briefly, we indicated that NR1H2 and NR1H3 are
gnathostome-specific paralogs (Fonseca et al., 2017). Here, we were
able to retrieve the full or near full sequence of these paralogs in all
cartilaginous fish, with the exception of the very short sequence of the
elephant shark NR1H3 paralog (Fig. 1). Similarly, NR1H4 (this study)
and NR1HS5 (this study and Cai et al. (2007)) paralogs were identified in
cartilaginous fish species, indicating that NR1H paralogs are gnathos-
tome-specific (Fonseca et al., 2017). Contrasting with the ubiquitous
occurrence of NRII1 in all studied gnathostome genomes, NR1I3 dis-
plays a tetrapod-specific occurrence. Furthermore, independent losses
of NR1I2 during teleost evolution (Eide et al., 2018) and in Elasmo-
branchii (Fonseca et al., 2019) were suggested, paralleling the scenario
described for the NRI1F3 gene.

3.1.2. NR2 subfamily

In the NR2 subfamily a total of 14 and 12 NRs were identified in
elasmobranchs and elephant shark, respectively. Cartilaginous fish
display three NR2A paralogs (NR2A1, NR2A2 and NR2A3) similarly to
birds, reptiles, amphibians and teleosts (Figs. 1 and 2). Also, their
genomes encode two paralogs in both NR2C (NR2C1 and NR2C2) and
NR2E (NR2E1 and NR2E3) groups (Figs. 1 and 2). Concerning the NR2B
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gnathostome ancestor, tunicates and chordate ancestor, respectively.

group, we found three paralogs (NR2B1, NR2B2 and NR2B3) in elas-
mobranchs and two in elephant shark (NR2B1 and NR2B3) (Figs. 1 and
2). Similarly, we recovered four NR2F paralogs (NR2F1, NR2F2, NR2F5
and NR2F6) but only three paralogs (NR2F1, NR2F2 and NR2F6) in
elasmobranch and elephant shark genomes, respectively (Figs. 1 and 2).
We next inspected the genomic regions of NR2B2 and NR2F5 in human,
zebrafish and spotted gar to recover the NR2B2 and NR2F5 locations in
elephant shark genome. However, the complete reconstruction of ele-
phant shark NR2B2 and NR2F5 loci was not possible due to fragmen-
tation of this regions in the current assembly (Supplementary Fig. S2).
Thus, the presence or absence of NR2B2 and NR2F5 in the elephant
shark remains inconclusive. Yet, given that the full set of gene paralogs
was retrieved in elasmobranch genomes, we put forward that the all
three NR2B and four NR2F genes were encoded in the gnathostome
ancestor genome (Fig. 2).

3.1.3. NR3 subfamily

Regarding the NR3 subfamily, we recognized 9 NRs in elasmo-
branchs and the elephant shark. The two NR3A paralogs (NR3A1 and
NR3A2) and the four NR3C paralogs (NR3C1, NR3C2, NR3C3 and
NR3C4) found in the studied gnathostomes were also retrieved in our
analysis of cartilaginous fish genomes and transcriptomes (Figs. 1 and
2). Conversely, not all the NR3B gene paralogs were retrieved in our
analysis. We found NR3B2, NR3B3 and NR3B4 gene orthologs. The later
was secondarily lost in reptiles, birds and mammals (Fig. 1,
Supplementary Fig. S1) (Zhao et al., 2015)). Similar to chicken and
spotted gar, no NR3B1 was found in the investigated cartilaginous fish
genomes. The genomic location analysis for this gene paralog suggests
the independent loss of NR3B1 in this lineage and holosteans. However,
the elephant shark NR3B1 neighbouring gene orthologs were found in
different scaffolds and the genomic location of spotted gar NR3BI is
poorly assembled (Supplementary Fig. S2). Therefore, we suggest that
the gnathostome ancestor displayed two NR3A paralogs, four NR3B
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Fig. 3. A draft genome assembly of Hydrolagus affinis. a) Photograph of the sequenced specimen collected in Northwest Atlantic (photograph credits to Nair Arrondo);
b) General statistics of the genome assembly; ¢) GenomeScope2 k-mer frequency distribution profile, showing genome size estimation, heterozygosity, unique content
and repeat content (i.e. len, ab, uniq, dup respectively) for 23 k-mer; d) Stacked histogram showing read k-mer frequency spectrum versus Hydrolagus affinis genome
assembly. Colours represent the frequency of read content present in the final assembly.

paralogs and four NR3C paralogs (Fig. 2).

3.1.4. NR4, NR5 and NR6 subfamilies

The three NR4A paralogs (NR4A1, NR4A2 and NR4A3), two NR5A
paralogs (NR5A1 and NR5A2) and the NR6A1 ortholog were recovered
in all examined genomes (Figs. 1 and 2). Additionally, orthologs of
zebrafish NR5A5 were also identified in the spotted gar and cartilagi-
nous fish genomes, having been secondarily lost in tetrapods (Fig. 1 and
Supplementary Fig. S1). However, neither phylogenetics nor the syn-
teny analyses were sufficiently robust to support the accurate orthology
of NR5A5 (Fig. 1; Supplementary Figs. S1 and S2). Importantly, we
deduced the existence of a NR6A1-like gene ortholog located next to
NR5A2 in the elephant shark genome (Fig. 1; Supplementary Figs. S1
and S2). The analyses of the human, zebrafish and spotted gar NR5A2
locus allowed us to corroborate the loss of NR6AI-like gene in these
species. The elasmobranch NR5A2 locus is dispersed into several scaf-
folds (data not shown), impeding a stronger support to the conclusion
about NR6A1-like gene loss in these species.

3.1.5. NRO subfamily

NROB genes are non-canonical receptors which lack a DBD (Laudet
and Gronemeyer, 2002). Until the present study only two gene paralogs
(NROBI1 and NROB2) had been described in vertebrates (Zhao et al.,
2015). Our searches into cartilaginous fish genomes and transcriptomes
retrieved two novel NROB paralogs, which we name NROB3 and NROB4
respectively (Figs. 1 and 2). Furthermore, by examining the genomic
location of NROB3 and NROB4 loci in human, zebrafish and spotted gar
(Supplementary Fig. S2), we were able to deduce the secondary loss of
these genes in the Euteleostomi lineage. Interestingly, we were able to
show that the previously named NROB2 ortholog in frog is a NROB4
gene (Supplementary Fig. S2). In effect, the analyses of NROB gene loci
in this lineage (data not shown) supports that NROB2 and NROB3
paralogs were lost, while NROB1 and NROB4 paralogs were retained.
Therefore, we propose that gnathostome ancestor had four NROB
paralogs (Fig. 2).

3.2. De novo genome assembly of the small-eyed rabbitfish

Our analysis of publicly available (or published) cartilaginous fish
genomes allowed the identification of a total of 52 NR. Yet, in 5 cases
we were unable to confirm the presence of a given NR in the available

genome of the elephant shark — Holocephalii. To further clarify if these
cases of NR gene absence in the elephant shark (or cartilaginous fish)
are due to lineage-specific losses or result from missing sequencing data
or assembly gaps, we generated a draft genome assembly of second
chimaera species, the small-eyed rabbitfish (Fig. 3a). The sequencing
produced approximately 205 M of paired end raw reads that, after
trimming and quality control resulted in about 184 M reads to use for
further analyses (Fig. 3b). We estimated a genome size between 1.08
and 1.27 Gb for the small-eyed rabbitfish (Fig. 3b). These values are
smaller than genome size estimations for Chimaeriformes present in
Animal Genome Size Database (AGSD - http://www.genomesize.com),
ranging between 1.51 Gb (spotted ratfish, Hydrolagus colliei) and
2.01 Gb stipulated for these species. In addition, the GenomeScope2
analyses allowed the determination of the rate of heterozygosity of the
small-eyed rabbitfish between 0.37 and 0.48 % (Fig. 3c and
Supplementary Table S3). Interestingly, the only Chimaeriformes spe-
cies with an available genome assembly, the elephant shark (NCBI —
GCA_000165045.2) (Venkatesh et al., 2014), has a genome size of
0.937 Gb Mb, slightly smaller than the estimated for the small-eyed
rabbitfish. Following the pre-established criteria (See Supplementary
Material 1), we selected the Haf 172k version of the draft genome as-
sembly of the small-eyed rabbitfish with an N50 contig and scaffold
values of 15.857 and 19.535 kb, respectively, a total length of 1.117 Gb
and a percentage of 76.3, 83.1, 86.1% of BUSCOS found in the three
BUSCO libraries (Fig. 3b, Supplementary Table S4). Additionally, the
KAT analysis showed that the major part of read k-mer content is
present in the assembly (red colour of the histogram), mainly in the
homozygotic peak ( + 34x; k-mer multiplicity), while the k-mer content
missing (black colour of the histogram), is mainly present in the het-
erozygotic peak ( = 18x; k-mer multiplicity) (Fig. 3d).

We next investigated the NR gene catalogue in this draft genome
assembly, focusing on genes missing in the elephant shark current as-
sembly. In this species, NR1D4, NR1B3, NR2B2, NR2F5 and NR3BI
genes are not found (Fig. 1; Supplementary Fig. S2). Thus, we con-
ducted blastn searches on the small-eyed rabbitfish genome, and as-
sessed the orthology of the retrieved sequences with phylogenetic
analyses (Fig. 4). Our analyses retrieved the three paralogs of both
NR1B and NR1D subfamilies (Fig. 4a and b; Supplementary Table S5).
Thus, we propose that the gnathostome ancestor genome encoded three
NRI1B and three NR1D paralogs (Fig. 2). Nevertheless, we failed to re-
covered NR2B2, NR2F5 and NR3B1 gene orthologs (Fig. 4c, 4d and 4e;
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Fig. 4. Phylogenetic trees of NRs recovered from small-eyed rabbitfish genome. a) NR1B; b) NR1D; ¢) NR2B; d) NR2F; e) NR3B. Bootstrap values below 50% are not

shown.

Supplementary Table S5). Overall, we found 54 NRs in the two Holo-
cephali species genomes and our results suggest that the genome of the
gnathostome ancestor encoded at least 58 NRs (Fig. 2).

3.3. NR gene repertoire in Chondrichthyes: functional considerations

The evolution of the Metazoa coincided with the appearance of
numerous novelties at the genome level, including NRs (e.g. Paps and
Holland, 2018). In effect, NRs are an important family of transcription

factors found in extant metazoan genomes (Mangelsdorf et al., 1995;
Schmitz et al., 2016). As transcription factors, NRs regulate the ex-
pression of genes involved in biological process, such as, reproduction,
development, metabolism and immunity, being prime targets for hor-
mones of the endocrine system (Evans and Mangelsdorf, 2014). Over
the past decade, some studies have been conducted in cartilaginous
fishes to elucidate the evolution of signalling pathways involving NRs.
With the present work we took advantage of a new and several existing
genomic datasets to gain insight into the emergence and evolution of
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vertebrate signalling pathways involving NRs. Regarding cartilaginous
fish, we were able to determine that the NR repertoire is relatively
stable and the number of genes and their syntenic distribution are
comparable to the ones of mammalian NR gene repertoire; despite the
novelties described in the sections above (NROB3, NROB4 and NR6A1-
like genes). Yet, repertoire stability does not necessarily imply func-
tional conservation. In fact, NR-mediated gene transcription operates
within complex interaction networks including NRs and partner NRs,
ligands, and DNA-binding sites, a network which is further entangled by
the transcriptional modulation of NRs, their expression patterns, as well
as downstream target genes and physiological processes: establishing
the so called “NR ring of physiology” (Bookout et al., 2006; Siddiq et al.,
2017). Although not exhaustive, some studies have provided clues on
the functional evolution of cartilaginous fish NRs: highlighting cases of
conserved responsiveness (estrogen receptors, (Katsu et al., 2010)
(Filowitz et al., 2018); liver X receptors, (Fonseca et al., 2017)) or weak
activity towards typical mammalian ligands (farnesoid X receptor f3
(Cai et al., 2007)); and also, lineage-specific specializations including
interactions with elasmobranch-specific hormones (mineralocorticoid
receptor and glucocorticoid receptor (Carroll et al., 2011, 2008)) or
distinct activation and tissue expression profiles (pregnane X receptor,
(Fonseca et al., 2019). Still, the current knowledge on NR function and
evolution in this vertebrate lineage is still sparse and further studies are
required to illuminate NR-dependent networks within this group. Im-
portantly, and given their phylogenetic placement, the assessment of
NR function in cartilaginous fish is crucial to decipher how mechanisms
of receptor promiscuity, hormone exploitation or co-evolution of me-
tabolic signalling pathways emerged in gnathostome history (Carroll
et al., 2008; Thornton, 2001).

4. Conclusions

Overall, the investigation of cartilaginous fish genomes allowed the
identification of the complete repertoire of NRs in this early branching
lineage of jawed vertebrates offering a valuable resource for under-
standing the evolution of endocrine systems and physiology of gna-
thostomes.
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