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Significance statement: Vertebrate animals have multiple copies of the hypoxia inducible
transcription factor, a critical regulator of oxygen-dependent gene expression, but the number of
copies in fishes and their relationships are incompletely understood. This study mines the
genomes of ray-finned fishes, finds evidence of gene duplicates not previously appreciated, and
clarifies the relationships among duplicates that arose early in vertebrate evolution and those

arising from later rounds of genome duplication in fishes.
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Abstract: Two rounds of genome duplication (GD) in the ancestor of vertebrates, followed by
additional GD during the evolution of ray-finned fishes (Actinopterygii), expanded certain gene
families, including those encoding the hypoxia inducible transcription factor (HIF). The present
study analyzed Actinopterygian genomes for duplicates of HIFa, the subunit that confers
oxygen-dependent gene regulation. In contrast to tetrapod vertebrates that retain three HIFa
genes from the ancestral vertebrate GD, four HIFa forms were found in the genomes of primitive
Actinopterygians (spotted gar and Asian arowana). All four forms have been retained in
zebrafish and related species (Otocephala) and salmonids and their sister taxa (northern pike) but
one of them (HIF4a) was lost during the evolution of more derived fishes (Neoteleostei). In
addition, the current analyses confirm that Otocephala retain duplicates of HIF1a and HIF2a
from the teleost-specific GD, provide new evidence of salmonid-specific duplicates of HIF1a,
HIF20, and HIF3a, and reveal a broad distribution of a truncated form of HIF2a in salmonids
and Neoteleostei. This study delivers a comprehensive view of HIFa evolution in the ray-finned
fishes, highlights the need for a consistent nomenclature, and suggests avenues for future

research on this critical transcription factor.
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Introduction

Species richness and ecological diversity of the teleost fishes have been attributed, in part, to the
evolutionary potential that ensued from multiple genome duplication (GD) events that occurred
during the evolution of this group (Volff 2005; Glasauer and Neuhauss 2014; Guo 2017; Ravi
and Venkatesh 2018). Two GD occurred at the base of vertebrate evolution (Ohno 1970; Dehal
and Boore 2005; Sacerdot et al. 2018), and the evolution of ray-finned fishes (Actinopterygii),
which comprise about half of the extant species of vertebrate animals, has been characterized by
additional GD: the teleost-specific genome duplication (TGD) occurred early in the evolution of
teleost fishes (Postlethwait et al. 2000; Volff 2005; Pasquier et al. 2016; Ravi and Venkatesh
2018) and a more recent GD occurred during the evolution of salmonids (SGD) (Berthelot et al.
2014; Macqueen and Johnston 2014). Although the most common fate of gene duplication is
silencing of one copy (nonfunctionalization) (Lynch and Conery 2000; Inoue et al. 2015), a
considerable number of duplicates can be maintained by acquiring a new function
(neofunctionalization) or by sharing the roles, developmental timing, or tissue specificity of the
ancestral gene (subfunctionalization) (Force et al. 1999). Indeed, genomic analyses of teleost
fishes shows a high proportion of gene duplicates have been maintained in certain species (e.g.,
up to 48% in rainbow trout; Berthelot et al. 2014).

The hypoxia-inducible factor (HIF) orchestrates cellular responses to low oxygen in
animals (Kaelin and Ratcliffe 2008; Semenza 2011). The active transcription factor is composed
of an oxygen-dependent alpha subunit (HIFa) and a constitutively expressed beta subunit (HIFp),
also known as the aryl hydrocarbon receptor nuclear translocator (ARNT), both of which belong
to the large family of PAS-domain proteins, so named for conserved domains present in the

transcription factors Period, ARNT, and Single-minded (Gu et al. 2000; Mclintosh et al. 2010).
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Tetrapod vertebrates, including humans, have three forms of HIFa encoded by the HIF1A,
HIF2A, and HIF3A loci (see Box 1, Supplementary Material online)(Kaelin and Ratcliffe 2008;
Semenza 2011; Duan 2016). Previous analyses of HIFa evolution among fishes suggested that
most teleost fishes have three forms, which appear to be orthologs of the forms found in
tetrapods (Nikinmaa and Rees 2005; Rytkonen et al. 2011; Rytkdnen et al. 2013; Townley et al.
2017). However, zebrafish and relatives (Cyprinidae) possess six forms and some non-cyprinid
species retain a truncated form of HIF2a (Rytkonen et al. 2013; Graham and Presnell 2017;
Townley et al. 2017). Rytkonen et al. (2013, 2014) provided evidence that the six forms in
Cyprinidae arose from the TGD and were maintained in this lineage by subfunctionalization,
whereas they were lost, or dramatically truncated, in other lineages.

Here, we reexamined the evolution of HIFa in ray-finned fishes using recently sequenced
genomes, including that of spotted gar (Lepiosteus oculatus) to represent a lineage that diverged
prior to the TGD (Braasch et al. 2016). Specifically, we sought to determine (1) whether any ray-
finned fishes retained the four HIFa genes that arose during the two rounds of GD at the base of
vertebrate evolution, (2) whether gene duplicates arising from the TGD are seen in fishes other
than the Cyprinidae, (3) whether HIFa duplicates from the SGD are present in salmonid

genomes, and (4) the phylogenetic relationship and distribution of shortened forms of HIF2a.

Methods

Actinopterygian genomes at NCBI (https://www.ncbi.nim.nih.gov) or Ensemble

(http://www.ensembl.org/) were searched for HIFa genes through June 2020. The corresponding
coding sequences (CDS) were checked to ensure each was complete and, when multiple CDSs

were available for a single locus, the longest sequence was retained. The final sequence list was
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curated to avoid overrepresentation of Neoteleostei and to remove sequences with poor
chromosomal or linkage group assignment (supplementary table S1, Supplementary Material
online).

Multiple sequence alignments (MSA) were made using MAFFT version 7.123b (Katoh
and Standley 2013; Katoh and Standley 2016) implemented through the GUIDENCEZ2 server

with Max-iterate of 20 (http://guidance.tau.ac.il/ver2/). For phylogenetic analysis, we used the

MSA with the default column cutoff of below 0.93 (Penn et al. 2010; Sela et al. 2015). Bayesian

analyses were performed in BEAST 2 v2.6.1 (https://www.beast2.org/) applying an uncorrelated

log normal relaxed molecular clock model (Drummond et al. 2006), a Yule model prior, with
10,000,000 chain-length and 100,000 burn-in (Drummond et al. 2012; Bouckaert et al. 2014).
Nucleotide analysis employed a general time reversible codon substitution model allowing for
invariants and six gamma categories (GTR+I+G). Amino acid analysis employed a JTT matrix-
based model (Jones et al. 1992) allowing for invariants and six gamma categories. The maximum
clade credibility tree was selected using TreeAnnotator v2.6.0. Maximum likelihood analyses
were performed using MEGAX v10.1.8 (Kumar et al. 2018) with 100 bootstrap replicates
(Felsenstein 1985) under the same conditions used in Bayesian analyses. The trees with the
highest log likelihood were visualized and edited in FigTree v1.4.4

(http://tree.bio.ed.ac.uk/software/figtree/).

Shared synteny among representative species was assessed by determining the flanking
deduced open reading frames (ORF) using the NCBI Graphical Sequence Viewer (v3.38.0). If a
putative ORF lacked a clear identification, BLASTP was used to compare the deduced protein
sequence against Actinopterygii. A small number of putative ORFs could not be identified and

were kept in the analysis as “unknowns”. For genes lacking an abbreviation at NCBI, the gene
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name was used in a search of UniprotKB (https://www.uniprot.org), and the corresponding

abbreviation was used.

The N-and C- terminal oxygen-dependent degradation domains (NODD and CODD) and
the C-terminal asparaginyl hydroxylation motif (CEVN) were identified from multiple sequence
alignments in Jalview v2.10.5 (Waterhouse et al. 2009). The NODD and CODD included the
canonical LxXLAP sequence targeted by prolyl hydroxylases and adjacent residues known to
play a role in oxygen-dependent regulation of HIFa (Tarade et al. 2019). Consensus sequences

were made using the Skylign server (http://skylign.org/) (Wheeler et al. 2014).

Results and Discussion
Phylogenetic analyses of 114 putative HIFo. homologs from 22 species in 14 orders of
Actinopterygii (supplementary table S1, Supplementary Material online) resolved four distinct
homology groups (fig. 1). This pattern was strongly supported by Bayesian analyses of
nucleotide and deduced amino acid sequences (posterior probabilities > 0.89; supplementary
figs. S1, S3, Supplementary Material online), as well as by maximum likelihood (bootstrap
values > 0.71 for nucleotide analyses and > 0.79 for amino acid analyses; supplementary figs.
S2, S4, Supplementary Material online). The branching patterns of species within each
homology group generally reflected the known phylogeny of fishes (Hughes et al. 2018),
although the relationship of paralogs varied among analyses (see below).

The spotted gar (Lepiosteus oculatus), a basal Actinopterygian that diverged prior to the
TGD, has one homolog in each group. Thus, we infer that the four groups represent products of
the two rounds of GD in the ancestor of vertebrates (i.e., ohnologs, Ohno 1970; Wolfe 2000) and

hereafter refer to these as HIF1o, HIF2a, HIF3a, and HIF4a. The current results support
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previous observations (Graham and Presnell 2017) and suggest that several sequences described
as “HIFa-like” are HIF3a or HIF4a (fig. 1, supplementary table S1, Supplementary Material
online). Like the spotted gar, the Asian arowana (Scleropages formosus) has four HIFa genes,
one in each of the major groups. The arowana is in the Osteoglossiformes (bonytongues), an
ancient order that diverged early from the main branch of teleost evolution (Hughes et al. 2018),
but after the TGD (Bian et al. 2016). In this lineage, therefore, one of each pair of HIFa paralogs
resulting from the TGD appears to have been lost due to nonfunctionalization, as predicted for
other TGD paralogs (Bian et al. 2016).

Our analysis confirms that Cypriniformes (e.g., zebrafish and common carp) have
duplicated forms of HIF 1o (HIF1aa and HIF 1ab) and HIF20 (HIF20a and HIF2ab), which likely
arose during the TGD (Rytkdnen et al. 2013). These duplicates are more broadly distributed than
previously appreciated, being present in all the species in Otocephala that were examined,
including Atlantic herring, Mexican tetra, and channel catfish. More derived fishes appear to lack
HIF1ab, although a truncated version of HIF2a has been retained (see below; Rytkdnen et al.
2013). Otocephala has two other HIFa forms that group with HIF3a and HIF4a from spotted gar.
This placement strongly suggests that these forms represent ohnologs arising from the GD in
ancestral vertebrates, rather than HIF3a duplicates arising from the TGD, as previously proposed
(Rytkdnen et al. 2013).

The current analysis revealed that Salmoniformes have two forms of HIF1a, HIF2a, and
HIF3a (fig. 1). These duplicates are not observed in the sister group Esociformes (pike) and the
branch lengths joining them are very short, consistent with an origin during the SGD. Berthelot
et al. (2014) noted that rainbow trout retained as many as 48% of the gene duplicates, including

an over-representation of transcription factors. Because salmonids generally occur in well-
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oxygenated habitats and have poor hypoxia tolerance, there is no apparent link between HIFa
duplication and hypoxia tolerance in this group. Rather, these duplicates may play other roles in
salmonid physiology or life-history. Alternatively, duplicates may be destined for
nonfunctionalization, a process that is likely still underway in this lineage (Berthelot et al. 2014).
Only one salmonid-specific duplicate of HIF4a was recovered in the current analysis, suggesting
one duplicate has already been nonfunctionalized. In addition, HIF4a appears to be completely
absent in more derived fishes (Neoteleostei).

Genomic analysis also supports the broad distribution of a truncated form of HIF2aq,
occurring in Salmoniformes and all Neoteleostei examined. The deduced protein sequence
corresponds to the N-terminal half of HIF2a, containing the basic helix-loop-helix and PAS
domains, which are important for DNA-binding and protein dimerization, but lacking sites for
oxygen-dependent regulation of protein stability and gene activation (Rytkdnen et al. 2013;
Townley et al. 2017). Although speculative, this truncated form of HIF2a might act as a negative
regulator by dimerizing with other HIFa subunits and preventing their transcriptional activity, as
demonstrated for similarly truncated forms of HIF3a that arise from alternative splicing in
mammals (Makino et al. 2002). Alternatively, this form may be undergoing
nonfunctionalization, particularly in Salmonifomes in which even shorter forms are present in
species not included in this genomic analysis.

Because the relationship of paralogs arising from the TGD based upon sequence analyses
alone can be ambiguous (supplementary figs. S1-S4, Supplementary Material online; Parey et al.
2020), we used shared synteny among species representing major fish lineages to clarify the
relationships among HIFa paralogs (fig. 2; supplementary table S2, Supplementary Material

online). For HIF1a, several flanking genes are conserved from spotted gar (L. oculatus) through
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Neoteleost (represented by X. maculata). A subset of up to eight neighboring genes is shared
among HIF1oa in Otocephala (represented by D. rerio) and HIF1a in other fishes, but not found
for Otocephala HIF 1ab. This pattern supports the view that HIF 1aa of Otocephala is orthologous
with HIF1a in other fishes, whereas HIF 1ab was lost in those lineages (Rytkonen et al. 2013).

Although the ancestral gene order flanking HIF2a is not as highly conserved across
species, up to 10 genes are shared among one of the forms found in Otocephala and the truncated
form found in more derived species (yellow arrows, fig. 2B). Rytkonen et al. (2013) originally
proposed that this form be recognized as HIF2ab, a convention we previously endorsed
(Townley et al. 2017) and maintain here (supplementary table S1, Supplementary Material
online). Thus, the other paralog, which includes the first, full-length HIF2a. described in fishes
(Powell and Hahn 2002; Rojas et al. 2007), corresponds to HIF2aa. In current databases,
however, the names of HIF2a paralogs are reversed: that is, the full-length and presumably
functional form of HIF2a is listed as hif2ab or epaslb, whereas the other form, which is
truncated in most fishes, is hif2aa or epasla. Until there is consensus, great care will be needed
when interpreting reports of paralog-specific differences in HIF2a.

Mining of fish genomes yielded only one form of HIF3a and HIF4a, and the latter was
completely missing in more derived fishes (see above). The most parsimonious evolutionary
scenario is that one paralog of each gene was lost shortly after the TGD, with the remaining form
of HIF4a subsequently lost in Neoteleost (fig. 2C, D). An alternative hypothesis is that different
teleost lineages retained different paralogs after the TGD (i.e., divergent silencing; Lynch 2002).
This possibility is supported by the strong conservation of gene order flanking HIF3a within

Otocephala, with very little shared synteny between Otocephala and other teleost lineages (fig
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2C; supplemental table S2, Supplementary Material online). Further analyses will be required to
confidently assign orthology of HIF3a and HIF4a in extant fishes.

As mentioned above, Salmoniformes have duplicates of HIF1a, HIF2a, and HIF3a
arising from the SGD. We tentatively group these as “s1”” and “s2” based upon sequence
similarity within Salmoniformes and the observation that one of these (s1) shows greater shared
synteny with the corresponding gene in Esociformes, the sister group of Salmoniformes
(supplementary table S2, Supplementary Material online).

Among all species examined, the number of exons and length of deduced proteins are
highly conserved within each HIFa type, with the notable exception of the truncated form,
HIF2ab (fig. 3A, B; supplementary table S3 Supplementary Material online). We also analyzed
variation in the amino acid sequences of putative functional domains, including the N-terminal
and C-terminal oxygen dependent degradation domains (NODD and CODD) that are potential
targets of regulation by prolyl hydroxylases (Epstein et al. 2001) and the extreme C-terminal
CEVN motif targeted by asparaginyl hydroxylase (Lando et al. 2002) (fig. 3C). In general, the
CODD is more highly conserved than the NODD, which is absent in HIF4a.. These observations
support suggestions that the CODD is more critical in determining the oxygen-dependence of
HIFa subunit degradation (Epstein et al. 2001; Zhang et al. 2014). Within the CODD, however,
sequence variation among forms of HIFa may be a source of functional divergence among
ohnologs. For example, Mn.3 is found in HIF 1o and HIF3a and G+ is found in HIF2a and
HIF4a (where n is the P that is putatively hydroxylated), and both residues are important in
mediating HIFa degradation (Tarade et al. 2019). Finally, the lack of the CEVN sequence in
HIF3a (Gu et al. 1998; Duan 2016) and lack of the critical asparagine in salmonid HIF4a

suggests that these subunits are not subject to regulation by asparaginyl hydroxylation.
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Conclusions

Here, we provide evidence that basal Actinopterygians retain four copies of HIFa that arose from
the two rounds of GD at the base of vertebrate evolution. We advocate that a growing number of
“HIFa-like” genes be recognized as HIF3a or HIF4a, as deduced by sequence analysis and
shared synteny. The TGD and SGD in more derived fishes, followed by gene truncation and
losses, resulted in the current diversity of HIFo among ray-finned fishes. Future research may
better define the phylogenetic distribution and timing of gene loss events and determine whether
different fish lineages retained different paralogs of HIF3a and HIF4a. In addition, functional
analyses of HIFa paralogs, including truncated forms of HIF2ab, could illuminate the
contribution of these duplicates to the oxygen relations and the general biology of ray-finned
fishes. Hypotheses that the presence of gene duplicates confers enhanced tolerance of hypoxia,
for example in cyprinids, should be re-examined in light of gene duplicates in closely related
taxa (e.g., herring) or separate lineages (e.g., Salmoniformes) that are not particularly tolerant of
low oxygen. It is plausible that these transcription factor duplicates have taken on functions apart
from oxygen regulated gene expression (neofunctionalization) that may have contributed to the

evolutionary and ecological success of Actinopterygii.
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395 Box 1. HIF gene symbols

396
397  Symbols for the hypoxia inducible factor alpha subunit follow the format:

1

HIF 2 (A) a

398 (hif) 3 /\a (b)

4
399  Generally, the following conventions apply:
400
401 1. The Human Genome Consortium Gene Nomenclature Committee specifies that gene
402 symbols be all capital letters. The Zebrafish Nomenclature Conventions specifies
403 lowercase Latin letters for gene symbols. For other species, uppercase, lowercase, or
404 both have been used. The current study follows the convention for humans which has
405 been broadly applied to other vertebrates and invertebrates (e.g., Graham and
406 Presnell, 2017).
407 2. Paralogs that arose during two rounds of genome duplication at the base of vertebrate
408 evolution are indicated by Arabic numbers (1-4).
409 3. Because electronic databases are not uniformly compatible with Greek letters, Latin
410 letters (upper case in humans, lowercase in zebrafish) are used to distinguish the a
411 subunit from the B subunit, which was originally described as the aryl hydrocarbon
412 receptor nuclear translocator.
413 4. Paralogs that arose from the teleost-specific genome duplication are indicated by
414 lowercase Latin letters (a or b).
415 5.

416  Thus, the gene encoding the a subunit of the hypoxia inducible factor 1 is HIF1A in humans, but
417  the two paralogs in zebrafish that arose from the TGD are hiflaa and hiflab. Also, because the o
418  subunit of the hypoxia inducible factor 2 was initially described as endothelial PAS-domain

419  protein, this gene is also known as EPAS1 in humans and epasla or epaslb in zebrafish.

420
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Fig. 1. Phylogeny of Actinopterygian HIFa reconstructed by Bayesian inference using full-length
coding sequences. Analyses used the General Time Reversible model (GTR) with 6 gamma
categories (+G) and allowing for invariants (+1). The tree with maximum clade credibility and
mean heights is shown and the nodes are colored by posterior probability values. HIFo homology
groups are shown on the periphery and the following taxa are color coded within each group:
Otocephala (green); Salmoniformes (orange); Neoteleostei (blue). The outgroup, Ciona
intestinalis, basal Actinopterygian (spotted gar, Lepisosteus oculatus), basal teleost (Asian
arowana, Scleropages formosus), and sister taxa to Salmoniformes (Northern pike, Esox lucius),
are not color coded. Sequences are identified by the first letter of the genus and species followed
by the last four digits of the NCBI or Ensemble reference gene accession number (see
supplementary table S1, Supplementary Material online for a full list of genes).
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Fig. 2. Synteny analysis of Actinopterygian HIF1a. The ten flanking genes on either side of each
HIFa subunit (grey arrows) are compared among spotted gar (L. oculatus), Asian arowana (S.
formosus), zebrafish (D. rerio), rainbow trout (O. mykiss), and southern platyfish (X. maculatus).
A. Flanking genes shared between spotted gar HIF1a and both HIF 1a paralogs in more derived
fishes are shown as dark blue arrows, genes shared between spotted gar HIF 1o and HIF 1aa are
shown as medium blue arrows, and genes shared between spotted gar HIF1a and HIF 1 ab are
shown as light blue arrows. B. Flanking genes shared between spotted gar HIF2a and both
HIF2a paralogs in more derived fishes are shown as dark green arrows, genes shared between
spotted gar HIF2a and HIF2aa are shown as medium green arrows, and genes shared between
spotted gar HIF2a and HIF2ab are shown as light green arrows. In addition, genes shared among
HIF2ab, but not present in spotted gar, are shown as yellow arrows. For HIF3a (C) and HIF4a
(D), flanking genes shared between spotted gar and more derived species are shown as orange
and purple arrows, respectively. The relationships among fishes is from Hughes et al (2018) and
branch lengths do not indicate divergence times. The teleost-specific genome duplication is
indicated by the blue diamonds, and putative losses of specific HIFa forms are shown by the
yellow crosses. For abbreviations of flanking genes, see supplementary table S2, Supplementary
Material online.
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455  Fig. 3. Exon number (A), deduced protein length (B), and consensus sequences for putative

456  hydroxylation domains (C) for teleost HIFa subunits. Median values for exon number and amino
457  acid number were as follows: HIF1aa = 15 exons, 759 amino acids (n=26); HIF1ab, 15 exons,
458 777 amino acids (n=5); HIF20a, 16 exons, 853 amino acids (n=26); HIF3a, 15 exons, 646 amino
459  acids (n=25); HIF4a, 14 exons, 716 amino acids (n=12). For HIF2ab, the distributions were

460  bimodal, with median values of 16 exons and 816 amino acids for Otocephala (n=5) and 9 exons
461  and 370 amino acids for other teleost (n=11). Exon number and deduced protein lengths for

462 individual sequences are shown in supplementary table S1, Supplementary Material online, and
463  summary statistics for major taxonomic groups are shown in supplementary table S3,

464  Supplementary Material online. Consensus sequences for the N-and C- terminal oxygen-

465  dependent degradation domains (NODD and CODD) and the C-terminal asparaginyl

466  hydroxylation motif (CEVN) were identified from multiple sequence alignments and visualized
467  with Skylign. The absence of a consensus sequence indicates that domain was not conserved for
468  the respective HIFa subunit. Data for spotted gar (Lepisosteus oculatus) are not included.
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