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Abstract

For aerobic organisms, both the hypoxia-inducible factor pathway and the mitochondrial genomes are key players in regu-
lating oxygen homeostasis. Recent work has suggested that these mechanisms are not as highly conserved as previously
thought, prompting more surveys across animal taxonomic levels, which would permit testing of hypotheses about the eco-
logical conditions facilitating evolutionary loss of such genes. The Phylum Cnidaria is known to harbor wide variation in mito-
chondrial chromosome morphology, including an extreme example, in the Myxozoa, of mitochondrial genome loss. Because
myxozoans are obligate endoparasites, frequently encountering hypoxic environments, we hypothesize that variation in en-
vironmental oxygen availability could be a key determinant in the evolution of metabolic gene networks associated with oxy-
gen-sensing, hypoxia-response, and energy production. Here, we surveyed genomes and transcriptomes across 46 cnidarian
species for the presence of HIF pathway members, as well as for an assortment of hypoxia, mitochondrial, and stress—re-
sponse toolkit genes. We find that presence of the HIF pathway, as well as number of genes associated with mitochondria,
hypoxia, and stress response, do not vary in parallel to mitochondrial genome morphology. More interestingly, we uncover
evidence that myxozoans have lost the canonical HIF pathway repression machinery, potentially altering HIF pathway func-
tionality to work under the specific conditions of their parasitic lifestyles. In addition, relative to other cnidarians, myxozoans
show loss of large proportions of genes associated with the mitochondrion and involved in response to hypoxia and general
stress. Our results provide additional evidence that the HIF regulatory machinery is evolutionarily labile and that variations in
the canonical system have evolved in many animal groups.
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Significance

Typically, in animals, two key molecular players control the response to cellular oxygen levels—the hypoxia-inducible
factor (HIF) pathway and the mitochondria. Despite their importance, multiple instances of evolutionary loss of some
of these components has occurred in certain invertebrate lineages. Cnidarians have a wide variety of mitochondrial
chromosome phenotypes, including wholescale loss of this genome in the parasitic Myxozoa. Here we asked whether
this variation was paralleled by loss of HIF pathway components. By mining genomic and transcriptomic data across 46
different cnidarian species, we found that the myxozoan lineage has an altered HIF pathway composition marked by the
loss of its specific repression machinery, but cnidarian groups with a mitochondrial genome, regardless of shape, re-
tained complete HIF toolkits.
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Introduction

Metazoans have evolved a coordinated set of genes and
pathways that control specialized mechanisms enhancing
the maintenance of oxygen levels—the most prominent
players are the hypoxia-inducible factor (HIF) pathway and
the mitochondrion (Graham and Presnell 2017; Mills, et al.
2018). The roles of the HIF pathway and mitochondria are in-
tertwined with numerous mechanisms by which HIF signaling
is known to affect mitochondrial function, including aspects
of mitochondrial metabolism, biogenesis, and mitophagy
(Freeman, et al. 2006; Lin, et al. 2008; Schénenberger and
Kovacs 2015). Specifically, the mitochondria and correspond-
ing nuclear components of oxidative phosphorylation
(OXPHOS) are responsible for energy production under aer-
obic conditions. While induction of HIF is known to be largely
due to oxygen-sensing hydroxylases, mitochondrial processes
themselves provide another path for sensing changes in oxy-
gen levels (Bell, et al. 2005; Chandel and Schumacker 2000).
This is possible via crosstalk between the HIF pathway and the
mitochondria through the TCA cycle, electron transport sys-
tem components, and mitochondrial respiration (Bao, et al.
2021; Poyton and McEwen 1996). In addition, the HIF path-
way has direct effects on multiple mitochondrial functions,
including mitochondrial oxidative capacity, OXPHQOS, apop-
tosis, fission, and autophagy (Bao, et al. 2021).
Mitochondrial oxygen consumption is thought to be a major
determinant of HIF stability under hypoxia, and thus mito-
chondrial regulation of intracellular O, concentration is con-
sidered a more dominant mechanism regulating the cellular
hypoxic response than previously thought (Chua, et al.
2010; Thomas and Ashcroft 2019).

The major transcription factor components of the HIF
pathway (HIFa, and HIFB/ARNT) belong to a large gene fam-
ily which contains 10 nuclear-encoded genes that have both
bHLH (basic helix-loop-helix) and PAS (PER-ARNT-SIM) do-
mains. Ininvertebrates, this family includes HIFa, Aryl hydro-
carbon receptor nuclear translocator (ARNT), Nuclear
Receptor Coactivator A (NCOA), Aryl Hydrocarbon
Receptor (AhR), Neuronal PAS Domain Protein (NPAST-4),
Single-Minded (S/M), Circadian Locomotor Output Cycles
Kaput (CLOCK) and methoprene-tolerant (Met) (Graham
and Presnell 2017). The HIF pathway comprises a transcrip-
tion factor (the heterodimer formed between HIFo.and HIFB/
ARNT), repression machinery and their downstream target
genes. The repression machinery primarily comprises
EGLNs (Egl-9 Family Hypoxia-Inducible Factor 1 & 3), and
a E3 ubiquitin ligase complex that includes Von
Hippel-Lindau Tumor Suppressor (VHL), Elongin B/C, and
CUL2 (Cullin2) proteins. Prior work suggests that HlFa and
EGLN co-occur in genomes (Rytkdnen et al.,, 2011), but
that the presence of VHL is more evolutionarily labile—spe-
cifically if there is a loss of Hifa, a corresponding loss of VHL
is not typically seen, because it has other protein

interactions beyond the HIF pathway (Graham and Barreto
2020). The beta member, HIFB/ARNT, dimerizes with other
members of the bHLH-PAS gene family and is therefore not
specific to the HIF pathway (fig. 1). However, only recently
has genome-enabled studies examined the phylogenetic dis-
tribution of these genes and revealed that a few well-known
animal lineages have lost the exclusive HIF pathway members
HIFa and EGLN. These include tardigrades (Hashimoto, et al.
2016; Yoshida, et al. 2017), barnacles, and some copepod
orders (Graham and Barreto 2020; Graham and Barreto
2019). These recent discoveries raise the question of what
ecological and life-history conditions promote or permit the
evolutionary loss of such essential cellular pathways. Yet,
this question is unexplored and would benefit from more
widespread sampling of animal taxa.

The mitochondrial component of oxygen homeostasis
also shows wide genomic variation. Bilaterian mitochon-
drial DNA (mtDNA) is generally described as circular with a
uniform size and gene content. However, there is consider-
able diversity in animal mitochondrial genome (mt-genome)
organization, especially in nonbilaterian animal phyla like
Cnidaria, Ctenophora, and Porifera (Lavrov and Pett
2016). Cnidarians have been shown to harbor a wide-range
of mt-genome phenotypes, including the “traditional” sin-
gle circular chromosome, multiple circular chromosomes, a
single linear chromosome, or a highly fragmented genome
(fig. 2) (Bridge, et al. 1992; Kayal, et al. 2012; Novosolov,
et al. 2022; Osigus, et al. 2013; Smith, et al. 2012;
Yahalomi, et al. 2017). The mitochondrion is also typically
described as being essential and omnipresent in contem-
porary eukaryotes, but mitochondrial genomes in “early-
branching” eukaryotes are frequently reduced (Santos,
et al. 2018), or lost altogether (John, et al. 2019;
Karnkowska, et al. 2016). Recently, a cnidarian clade
(Myxozoa) was shown to harbor one species that complete-
ly lost their mitochondrial genome (Yahalomi, et al. 2020),
perhaps mediated by portions of their life-stages occurring
within anoxic tissues (Famme and Knudsen 1985; Fish
1939; Johnston, et al. 1975; Yahalomi, et al. 2020).
Therefore, we hypothesize that this clade may have lost
key metazoan genes involved in oxygen-sensing and re-
sponse, including the master regulators of the HIF pathway.
Documenting variation in mitochondrial and HIF pathway
structure broadly across animal taxa is an important step
for testing predictions about how environmental pressures
affect genome evolution.

Here, we mined for the presence of key HIF pathway mem-
bers (HIFe, EGLN, and VHL) across 46 publicly available
Cnidaria genomic and transcriptomic resources (Table 1).
We also sought to quantify how other hypoxia-related,
mitochondria-related and stress-related nuclear genes were
represented across Cnidaria. Ultimately, we found the HIF
pathway to be fully retained in most cnidarian groups, includ-
ing Anthozoa, Cubozoa, Hydrozoa, Scyphozoa and
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Fic. 1.—An overview of the HIF pathway under normoxia and hypoxia (adapted from Liao and Zhang 2020). Under normoxia, the HIFa subunit is hydro-
xylated by EGLN and unbiquinated by VHL + E3 ubiquinase ligase complex/ECV (dotted box). Under hypoxia, the HIFa subunit dimerizes with ARNT and binds
to promoter regions affecting transcription. The proteins HIFa, EGLN, and VHL were surveyed in this study.

Staurozoa, but not in the Myxozoa, in which all representa-
tives examined appear to have lost both oxygen-sensing
HIFa repressors (EGLN and VHL). We also detected an appar-
ent loss of EGLN but not HiFe or VHL in the parasitic
Polypodium hydriforme, but this finding is more uncertain
because this is the only one species in this class. In addition,
myxozoans, regardless of mt-genome presence or absence,
seem to have lost several other hypoxia and oxygen-related
toolkit genes, as well as a significant subset of genes related
to general mitochondrion function. Silhouette images are
from Phylopic (CC BY-SA 3.0).

Results

De Novo Assembly Quality Assessment

Among the 46 protein sequence datasets we used in our ana-
lyses, 27 were assembled de novo from lllumina paired-read
data obtained from NCBI. We assessed the quality of the tran-
scriptomes that we assembled de novo to avoid biases in our
power to detect loss or retention across groups. Based on
BUSCO scores calculated for all 46 protein datasets, those
based on transcriptomes we assembled showed no significant
difference in proportions of complete genes (C) and of missing
genes (M) compared to datasets from published genomes
(supplementary Table S6, Supplementary Material online;
Mann-Whitney U tests; C: W=216, P=0.372; means:
transcriptomes=85.5%, genomes=76.6%; M: W=281,
P=0.592; transcriptomes=_8.8%, genomes=17.6%).

Myxozoa data sets had significantly more missing genes
than the rest of cnidarians (supplementary Table S6,
Supplementary Material online; M: W=363, P=1.2x 107>
means. Myxozoa=36.9%, others=4.8%). Nevertheless,
myxozoan transcriptomes we assembled had better recovery
of BUSCO gene content than those from myxozoan genomes
(supplementary Table S6, Supplementary Material online;
M: W=28, P=0.0106; means: transcriptomes=22.6%,
genomes=61.9%).

Based on mapping of original paired-reads to their re-
spective transcriptome assemblies, we observed a high level
of concordant read-pair alignments across the 27 de novo
assemblies (supplementary Table S2, Supplementary
Material online; range: 70.4-97.9%; mean: 90.9%).
Myxozoa assemblies had similar levels of read-pair align-
ments (range: 80-97.4%; mean: 89.6%) compared with
those from the other taxonomic groups (range: 70.4—
97.9%: mean: 91.5%; W=28, P=0.39). Overall, these as-
sessments suggest that the transcriptome assembly pipe-
line we employed generated high-quality transcript
sequences across all groups, and that BUSCO scores in
the Myxozoa data are likely reflective of true widespread
gene loss instead of poorer assemblies.

Removal of Host Contaminants From Parasite
Transcriptomes

All 11 myxozoan and the Polypodium protein assemblies
showed evidence of host contamination. Using the e-value
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Fic. 2.—Variation in mitochondrial genome (mtDNA) phenotypes among Cnidaria, including linear, fragmented linear, single circular, or multiple circular.
The Cnidaria phylogenetic tree is based on several sources (Kayal, et al. 2018; Okamura and Gruhl 2016) and the mtDNA phenotypes are from a variety of
studies (Bridge, et al. 1992; Kayal, et al. 2012; Lavrov and Pett 2016; Novosolov, et al. 2022; Okamura and Gruhl 2016; Osigus, et al. 2013; Smith, et al. 2012;

Yahalomi, et al. 2017).

cutoff of 1e-75, a portion of the transcriptomes matched
sequences from hosts, including Tetracapsensis bryosal-
monae (45.4% of its transcripts), Sphaerospora molnari
(30.5%), Ceratonova shasta (12.9%), followed by
Buddenbrockia plumatellae (10.2%), Kudoa iwatai
(8.2%), the three Myxolobus species (< 2.3%),
Henneguya salminocola (2.3%), Thelohanellus kitauei
(1.2%) and Polypodium (0.26%). These were removed
from their respective gene assemblies before the HIF search
analyses. However, even after this initial filter, there was evi-
dence that some host proteins were still found in the assem-
blies; in the final phylogenetic trees of bHLH-PAS and P4HC
proteins, some myxozoan proteins that grouped with HIFa
or EGLN were subjected to additional BLAST interrogations,
and all showed >90% identity with bony fishes—these
were thus removed from the alignments and the trees esti-
mated again. Future protocols for assembling transcriptomes
from parasitic taxa should assess an appropriate e-value cut-
off for efficient removal of contaminant host reads.

Retention of HIF Pathway Members

The HIF pathway was identified via the presence of the three
regulatory gene members (HIFa, EGLN, and VHL) with a com-
plementary combination of homology and motif searches as
well as phylogenetic clustering. We detected the clear pres-
ence of HIFa protein sequence and at least one of the

repressors across all representative species examined of
Anthozoa, Cubozoa, Hydrozoa, Scyphozoa, and Staurozoa
(supplementary Table S6, supplementary figs. S1-S8,
Supplementary Material online). Therefore, the canonical
mechanism of the HIF pathway appears to be conserved in
these groups. Within the Myxozoa, in contrast, we detected
the presence only of HIFa. Eight of the eleven species exam-
ined exhibited HIFa (fig. 3; supplementary Table S6,
Supplementary Material online), so this gene may be consid-
ered present in this group. However, we found no evidence
for the presence of either EGLN or VHL in any of the eleven
myxozoan species examined through any of the methods
we used, except for the malacosporeans (fig. 4,
supplementary Table S6, Supplementary Material online).
The eight myxozoans in which HIFo was identified
were Henneguya salminicola, Sphaerospora molnari,
Tetracapsuloides bryosalmonae, Thelohanellus kitauei,
Ceratonova shasta, Myxobolus cerebralis, M. pendula, and
M. honghhuensis (fig. 3; supplementary Table S6,
Supplementary Material online). These were not the result
of host contamination, since the taxonomy of significant
BLAST hits were cnidarian in origin (e.g., top hit for H. salmi-
nicola was Exaiptasia diaphana HIFa; for S. molnari was
Hydra vulgaris HIFa; for M. cerebralis was E. diaphana
HIFa). The protein alignments and phylogenetic clustering
of Myxozoa also include proteins from Polypodium hydri-
forme, which is the only species in the class Polypodiozoa
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Table 1

List of Taxa Used in This Study. “G" and “T" Next to Species Names Denote, Respectively, Whether Protein Sequences Were Obtained From Publicly

Available Genome Resources or Were Assembled de Novo in This Study Using raw Data Available From NCBI

Taxonomic classification

Species

Number of proteins in assembly

Anthozoa; Hexacorallia
Anthozoa; Hexacorallia
Anthozoa; Hexacorallia
Anthozoa; Hexacorallia
Anthozoa; Hexacorallia
Anthozoa; Hexacorallia
Anthozoa; Hexacorallia
Anthozoa; Hexacorallia
Anthozoa; Octocorallia
Cubozoa; Carybdeida
Cubozoa; Carybdeida
Cubozoa; Carybdeida
Cubozoa; Carybdeida
Cubozoa; Chirodropida
Hydrozoa; Anthoathecata
Hydrozoa; Anthoathecata
Hydrozoa; Anthoathecata
Hydrozoa; Anthoathecata
Hydrozoa; Anthoathecata
Hydrozoa; Leptothecata
Hydrozoa; Leptothecata
Hydrozoa; Leptothecata
Hydrozoa; Siphonophorae
Hydrozoa; Siphonophorae
Hydrozoa; Siphonophorae
Myxozoa; Myxosporea
Myxozoa; Myxosporea
Myxozoa; Myxosporea
Myxozoa; Myxosporea
Myxozoa; Myxosporea
Myxozoa; Myxosporea
Myxozoa; Myxosporea
Myxozoa; Myxosporea
Myxozoa; Myxosporea
Myxozoa; Malacosporea
Myxozoa; Malacosporea
Polypodiozoa; Polypodiidea
Scyphozoa; Rhizostomeae
Scyphozoa; Rhizostomeae
Scyphozoa; Rhizostomeae
Scyphozoa; Semaeostomeae
Scyphozoa; Semaeostomeae
Scyphozoa; Semaeostomeae
Staurozoa; Stauromedusae
Staurozoa; Stauromedusae
Staurozoa; Stauromedusae

Exaiptasia pallida (G)

Actinia tenebrosa (G)
Acropora millepora (G)
Pocillopora damicornis (G)
Montipora capitata (G)
Stylophora pistillata (G)
Orbicella faveolata (G)
Acropora digitifera (G)
Dendronephthya gigantea (G)
Alatina alata (T)

Morbakka virulenta (G)
Tripedalia cystophora (T)
Copula sivickisi (T)

Chironex yamaguchii (T)
Podocoryna carnea (T)
Ectopleura larynx (T)

Hydra vulgaris (G)
Hydractinia polyclina (T)
Hydractinia symbiolongicarpus (T)
Dynamena pumila (T)
Aequorea victoria (T)

Clytia hemisphaerica (G)
Athorybia rosacea (T)
Craseoa lathetica (T)
Nanomia bijuga (T)
Myxobolus cerebralis (T)
Myxobolus pendula (T)
Myxobolus squamalis (G)
Myxobolus honghuensis (G)
Henneguya salminicola (G)
Thelohanellus kitauei (G)
Ceratonova shasta (T)
Sphaerospora molnari (T)
Kudoa iwatai (T)
Buddenbrockia plumatellae (T)
Tetracapsuloides bryosalmonae (T)
Polypodium hydriforme (T)
Cassiopea xamachana (G)
Nemopilema nomurai (T)
Stomolophus meleagris (T)
Pelagia noctiluca (T)

Sanderia malayensis (T)
Aurelia aurita (G)

Calvadosia cruxmelitensis (G)
Craterolophus convolvulus (T)
Lucernaria quadricornis (T)

27753
27037
35355
25183
41863
33252
32587
33878
28741
77006
28983
48 205
113030
44573
70805
22753
21990
94528
49635
28302
29698
25087
56 888
80100
94103
31114
80650

5589
11071

7999
14848
74774
54847
74070
22810
46784
34620
337695
77952
19942
35998
26147
38007
74577
40661
38721

and is considered asister clade to Myxozoa (Novosolov et al.
2022). This species showed no evidence for the presence of
EGLN, but there were sequences which we identified as like-

ly HIFe and VHL.

Within bHLH-PAS-containing families, gene loss within
Myxozoa was not restricted to the HIF pathway. Additional

losses, based on phylogenetic clustering, include AhR/AHRR
(Aryl hydrocarbon receptor), ARNTL (Aryl Hydrocarbon
Receptor Nuclear Translocator), CLOCK (circadian rhythm),

NCOAT1/2/3 (Nuclear Receptor Coactivator), NPAS1/2/3/4

(Neuronal PAS Domain Protein), SIM1/2 (Single-Minded),
and MET (Methoprene-tolerant) (fig. 3).
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straps). Myxozoa taxa are labeled with “MYXO" and abbreviated with the first letter of the genus followed by species epithet. Additional “anchor” sequences
(in blue or red font) include known bHLH-PAS-containing proteins from insects (Api = Acyrthosiphon pisum, Dme = Drosophila melanogaster, Ame = Apis
mellifera, Nvi=Nasonia vitripennis, Tca= Tribolium castaneum, Dpon = Dendroctonus ponderosae), the cnidarian Nematostella vectensis, and human.
Grouping of HIFe.and ARNT protein are shown in boxes. Numbers next to branches are bootstrap support values. See Table 1 for complete list of cnidarian

species sampled.

Abundance of Stress and Mitochondrion-related Genes

Of the 50 “response to hypoxia” genes enumerated from
the N. vectensis genome, myxozoans have retained on aver-
age 72% (52-88%) compared to an average of 98% (90%
—100%) in the rest of the Cnidaria groups (supplementary
Table S6, Supplementary Material online). Four of those genes
were lost in all myxozoan species examined, while two of

those were present in Polypodium. These genes encode mito-
chondrial import inner membrane translocase subunit (TIM44;
Q8IHE3_DROME), and complex | intermediate-associated pro-
tein 30 (CIA30; CIA30_DROME) (supplementary Table S3,
Supplementary Material online).

Of the 692 “mitochondrion” genes, myxozoans have
retained on average 47.8% (16.9-69.7%) compared to
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Fic. 4—Maximum-likelihood phylogenetic tree of PAHC proteins from Myxozoa (n = 11 species) and Polypodium hydriforme (RAXML; 1 000 bootstraps).
Myxozoa taxa are labeled with “MYXO" and abbreviated with the first letter of the genus followed by species epithet. Additional “anchor” sequences (in
purple font) include known P4HC-containing proteins from insects (Api=Acyrthosiphon pisum, Dme = Drosophila melanogaster, Ame =Apis mellifera,
Nvi = Nasonia vitripennis, Tca = Tribolium castaneum, Dpon = Dendroctonus ponderosae), the cnidarian Nematostella vectensis, and human. Grouping of
EGLN is shown in the box. Numbers next to branches are bootstrap support values. See Table 1 online for complete list of cnidarian species sampled.

an average of 92.5% (79.3-96.7%) in the rest of the cni-
darian groups (supplementary Table S6, Supplementary
Material online). Seventy-five of those genes were lost
in all of the Myxozoa species examined. Of those missing
in myxozoans, 53 were missing from Polypodium; there
were also 40 instances of loss in Polypodium which
were found at least once in Myxozoa, although this

may be due to only one Polypodium representative being

available. The GO terms associated with the missing
genes were mitochondrial fission, mitochondrial DNA
replication, protein insertion into mitochondrial inner
membrane, and protein import into mitochondrial matrix
Supplementary Material

(supplementary Table 54,
online).
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Finally, of the 576 “response to stress” genes, myxozoans
retained on average 46% (20-83%) of genes while the
other cnidarian groups retained an average of 97% (86—
99%) of genes (supplementary Table S6, Supplementary
Material online). Thirty-six of those genes were not present
in any representative myxozoan we examined but were pre-
sent in Polypodium. While 102 were lost in both Myxozoans
and Polypodium (supplementary Table S5, Supplementary
Material online). The groups of genes lost in Myxozoa in-
cludes genes encoding various KICSTOR complex proteins,
GATOR complex proteins, INSIG2 (insulin-induced gene 2
protein), NBN (Nibrin), among others.

Discussion

The key mechanisms associated with oxygen-sensing and
homeostasis have largely been thought to be conserved
within Metazoa. At the center of these cellular processes
is the HIF pathway. Recent work has shown various in-
stances of organismal lineages which have lost this crucial
pathway yet are still able to modulate response to oxygen
levels (Graham and Barreto 2020; Graham and Barreto
2019). Another key, but parallel cornerstone of these cellu-
lar processes is the mitochondrion and its associated ma-
chinery. Loss of mitochondrial genomes had previously
been documented in specific protist groups (Santos, et al.
2018), with no Metazoan examples until recently (fig. 2)
—a myxozoan species, H. salminicola, was shown to have
lost the mitochondrial genome and portions of the nuclear
genome associated with  mitochondrial  functions
(Yahalomi, et al. 2020). In lineages that have reduced or
lost their mitochondrial genome, these evolutionary events
have been attributed to pressures from their environment,

@ @ @

[ Anthoathecata Y Y Y
Hydrozoa Leptothecata Y Y Y
| Siphonophorae Y Y Y
scyph Semaeostomeae Y Y Y
Rhizostomeae Y Y Y
Staurozoa [ Stauromedusae Y Y Y
[ Carybdeida Y Y Y

Cubozoa
| Chirodropida Y Y Y
Polypodiozoa [ Polypodium Y N Y
M Malacosporea Y N Y
Myxosporea Y N N
Octocorallia Y Y Y

Anthozoa
Hexacorallia Y Y Y

Fic. 5.—Summary of results of our scan for HIF pathway genetic ele-
ments based on HMMR, BLAST, and phylogenetic grouping. Presence and
absence of these genes are denoted with Y (Yes) or N (No), with results for
Myxozoa + Polypodium in bold font.

which is largely anoxic (Maguire and Richards 2014; Stairs,
et al. 2015). For H. salminicola specifically, their parasitic
life-stages occur within anoxic tissues (Fish 1939;
Johnston, et al. 1975; Yahalomi, et al. 2020).

Using genomes and transcriptomes of 46 different cni-
darians across the 7 major classes of the phylum, our results
suggest that alteration of the HIF pathway and loss of asso-
ciated toolkit genes is restricted to the Myxozoa (fig. 5). We
show evidence that all cnidarian groups have retained HiFa
and at least one of its repressors, but that the Myxozoa ap-
pear to have lost both repressors EGLN and VHL as well as a
large proportion of genes associated with stress response
and oxygen homeostasis. Given the incomplete nature of
and variation across transcriptomic data, “missing” genes
in some of these species are artifacts of potential data in-
completeness; therefore, our approach was to deem evolu-
tionary loss of a HIF pathway gene only when all sampled
species of a subgroup failed to reveal a gene sequence.
This was the case for EGLN and VHL in Myxozoa, and we
hence conclude that these repressors were evolutionarily
lost in this clade. The singular member of the monotypic
genus Polypodium (P. hydriforme) is also missing EGLN.
Polypodium has both a free-living and parasitic life stage,
which ultimately infects eggs within mature fish species
of Acipenseriformes (Raikova, et al. 1979; Raikova 1994).
Hence our finding may suggest that switching to a parasitic
lifestyle facilitated initial alteration of the HIF pathway,
which was then further modified in the Myxozoa.

Our results also indicate that HIFa is encoded in Myxozoa
genomes, including the species known to have lost its full
mitochondrial genome (H. salminicola). Although three
sampled myxozoan species had a large amount of host con-
tamination, the putative HIFa protein sequence from each
were not of host origin and were most similar to myxozoan
and other cnidarian sequences found in public databases.
All of the putative HIFa sequences were confirmed through
InterproScan annotations and phylogenetic grouping with
invertebrate HIFa sequences (including that of the model
anemone N. vectensis). This suggests that HIFe and HIFB/
ARNT, which is also present in Myxozoa, may still be able
to dimerize. However, without its associated repression ma-
chinery (EGLN and VHL), it is uncertain how active or func-
tional the canonical HIF pathway is in the clade.

We also assessed the degree to which gene groups func-
tionally associated with the HIF pathway were retained across
groups, including genes involved in “response to hypoxia”,
“mitochondrion” and “response to stress” (supplementary
Tables S3-S6, Supplementary Material online). In myxozoan
genomes, prior work has documented depletion of genes as-
sociated with development, cell differentiation, and
cell-to-cell communication, including hallmark pathways like
the Wht, Hedge and TGFB (Chang, et al. 2015). In addition,
H. salminicola showed wholescale loss of mtDNA-encoded
subunits, as well as major reductions in corresponding nuclear
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subunits for most OXPHOS complexes (Complex |, lll, IV), but
largely retained associated metabolic mitochondrial path-
ways, including those involved in amino acid, carbohydrate,
nucleotide metabolism (Yahalomi, et al. 2020). In our assess-
ment of eleven myxozoan species for “mitochondrial” genes,
most were mitochondrially-embedded by nuclearly encoded
members and a variety of mitochondrial ribosomes
(supplementary Table S4, Supplementary Material online).
On average, only 72% genes typically associated with “hyp-
oxia" were retained in myxozoans compared to other cnidar-
ians. In this dataset, across myxozoans, we found evidence of
potential wholescale loss of four genes, among which both
TIM44 and NDUFAFT are directly associated with the mito-
chondria by providing protein transport into the mitochon-
drial matrix (Chacinska, et al. 2002; Williamson, et al. 2008)
and assembly of NADH dehydrogenase, respectively (Cho,
et al. 2012; Gaudet, et al. 2011). The other three genes are
more indirectly related to the mitochondria and are largely in-
volved in regulating other pathways related to hypoxia and
stress (DeYoung, et al. 2008; Jha, et al. 2016; Mossman,
et al. 2017; Papaconstantinou, et al. 2005; Woodford, et al.
2017). However, for these sets of genes, we did not employ
the same set of stringency metrics as we did for Hifa, EGLN
or VHL (See "Abundance of hypoxia, mitochondrion and
stress-related gene groups” in Methods). In addition, myxozo-
ans are known to have rapidly evolving genes which may
hamper our ability to properly identify their presence or ab-
sence (Chang, et al. 2015; Evans, et al. 2008; Lavrov and
Pett 2016; Takeuchi, et al. 2015). Thus, additional analyses
may need to be performed to reveal the extent to which spe-
cific “hypoxia”, “mitochondrion”, or “stress” genes aren’t
present.

Because there is significant variation in mitochondrial
genome phenotype within Cnidaria, we initially hypothe-
sized that such variation, especially reduction or loss of
mtDNA, could be useful to predict differential loss or alter-
ation of HIFa and other HIF pathway-associated genes.
However, there was no reduction or change in their HIF
pathway composition across Cnidaria regardless of mito-
chondrial phenotype, with the exception of Myxozoa.
Thus, with putative alteration of HIF pathway functionality
restricted to one class, it is clear that such losses do not oc-
cur in parallel to changes in mitochondrial chromosome
morphology. Our results also revealed wholescale losses
of other major transcription factors and enzyme groups in
Myxozoa, including most members of the bHLH-PAS do-
main family and PAHC domain containing proteins. The po-
tential losses of these other genes (CLOCK, Met, NCOA,
NPAS, AhR, SIM) are not the focus of this paper, but poten-
tially warrant additional study. Overall, these losses are like-
ly associated with a reduction in genome size, potentially
connected to typical genome contractions when evolving
a parasitic lifestyle (Jackson 2015; Lu, et al. 2019;
Slyusarev, et al. 2020). However, the retention of Hifa

and  HIFB/ARNT, despite the loss of all other
bHLH-PAS-containing protein family members, might re-
present evidence of their importance.

In addition, the putative myxozoan HIFa sequences are not
monophyletic, while the other cnidarian groups consistently
are (fig. 3, supplementary figs. S1-S4, Supplementary
Material online). This may be due to lineage specific sequence
divergence of HiFa, which is largely consistent with known
highrates of substitution (Chang, et al. 2015; Evans, et al.
2008; Lavrov and Pett 2016; Takeuchi, et al. 2015).
Nevertheless, the loss of HIF-specific repression machinery
suggests two scenarios: (1) that both HIFa and HIFB/ARNT
are nonfunctional and were retained by chance, or (2) that
HIFa and HIFB/ARNT are functional, can dimerize and affect
transcription unabated by normal feedback from repression
machinery that would occur during normoxia. Regardless
of scenario, without EGLN, HIFa is not hydroxylated and
thus not degraded through usual mechanisms. The activity
of the HIF dimer could easily be ascertained by assessing tran-
scription factor binding activity through CHIP-seq (Schodel
et al. 2011). Our findings are potentially consistent with
the general hypothesis that constant hypoxia or anoxia stress
in their environment (i.e., within host tissues) may have con-
tributed to dramatic changes in mitochondrial and nuclear
genome composition, although it is important to point out
that not all myxozoans reside solely in hypoxic tissues
(Hartigan, et al. 2020).

Ultimately, our results strengthen the notion that loss (or
alteration) of a once-thought crucial pathway is not unusual,
and likely has occurred many times within invertebrate
lineages. Such assessments can only be performed with an
expansion of sequence data across a wider spectrum of or-
ganisms. Although we were unable to reconcile consistent
changes to the HIF pathway correlated with mitochondrial
phenotypes because there was little variation in the former,
there are numerous questions which our results raise.
Specifically, given how we understand the role of the HIF
pathway and mitochondrial metabolism, it is unclear if myx-
ozoans are using the HIF pathway in the expected manner,
or whether their hypoxia-response mechanism is more simi-
lar to that of lineages that lost HIF completely (tardigrades,
barnacles, and some copepods (Graham and Barreto
2020). The discovery of additional taxonomic groups lacking
key metazoan genes will also permit inquiries regarding eco-
logical or life-history correlates that may have facilitated such
major evolutionary events.

Materials and Methods

Sequence Resources and Transcriptome Assemblies

Of the 35 genome assemblies publicly available for
Cnidaria, 19 had annotated protein sequence files that
were used in this study. These included classes Anthozoa
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(n=9), Cubozoa (1), Hydrozoa (2), Myxozoa (4), Scyphozoa
(2), and Staurozoa (1) and were downloaded directly from
their respective repositories (supplementary Table ST,
Supplementary Material online). To increase taxon sam-
pling, transcriptomic data (lllumina paired-end mRNA
reads) from an additional 27 species were downloaded
from the NCBI Sequence Read Archive (SRA) and assembled
de novo. Among these were species in the classes Cubozoa
(4), Hydrozoa (9), Polypodiozoa (1), Myxozoa (7), and
Scyphozoa (4) and Staurozoa (2) (supplementary
Table S2, Supplementary Material online). Thus, the final
“groups” included in this study were Anthozoa,
Cubozoa, Hydrozoa, Scyphozoa, Staurozoa, Myxozoa,
and Polypodiozoa. Transcriptome data available in the
SRA often varied in tissue source and developmental stage.
Whenever possible, we combined reads from a variety of
these sources in order to improve the breadth of transcripts
assembled for each taxon. Full list of species and their clas-
sification is found on Table 1.

For de novo transcriptome assemblies, downloaded
reads were trimmed for base quality (>Q30) and adapters
using BBDuk (Bushnell, et al. 2017), and transcripts as-
sembled with Trinity v2.9.1(Haas, et al. 2013) using default
parameters. The assembled transcripts were then trans-
lated to protein sequences using Transdecoder v5.5.0,
which included steps for predicting all open reading frames
(ORFs), BLASTing of ORFs against the Uniprot/Swissprot
database (release date March 2021), and retaining the
best protein model for each transcript. For transcriptome
assemblies from the endoparasitic myxozoan species and
Polypodium, contamination from host tissue (fish, annelid
or bryozoan) is likely to be present in the pool of reads, as
observed for mRNA-based assemblies from parasitic cope-
pods (Graham and Barreto 2020). We hence filtered the
myxozoan and Polypodium assemblies by identifying pro-
teins assembled from potential host tissue. We prepared
a custom BLAST database containing protein sequences
from three fish, one bryozoan and one annelid obtained
from Ensembl. These were Oncorhynchus mykiss (assembly
Omyk_1.0, accession GCA_002163495.1), Cyprinus carpio
(common_carp_genome, GCA_000951615.2), Sparus aur-
ata (SpaAur1.1, GCA_900880675.1), Capitella teleta
(Capitella telata v1.0, GCA_000328365.1) and Bugula ner-
itina (ASM1079987v2, GCA_010799875.2). We then per-
formed BLASTP (blast +v2.10) searches of our assembled
myxozoan sequences against this database. Hits that had
a match within these potential host sequences, with
e-value < 1e-75 and percent identity > 85, were considered
contaminant and removed from the assemblies, as done in
Yahalomi, et al. (2020).

To examine overall quality of de novo assembled tran-
scriptomes, we used two complementary approaches. To
assess completeness, we used a benchmarking universal
single-copy orthologs (BUSCO) analysis using BUSCO v3

(Simdo et al. 2015; Waterhouse, et al. 2017). The
Metazoan database provided by the software website
(http:/busco.ezlab.org; metazoa_odb9) was used for the
assessment with default settings (e-value of 1e-3). The
BUSCO analysis was performed on all 46 protein sequence
data sets. Finally, we quantified read representation and
pairing by mapping the read pairs to their respective assem-
blies using Bowtie2 (Langmead and Salzberg 2012) and
counting the proportion of reads that map in proper pairs
and those that are “broken” or orphan during alignment.
Assemblies with high proportion of broken read pairs
tend to be highly fragmented. The read mapping analysis
was performed for the 27 transcriptomes we assembled
de novo from SRA data.

Identification of HIF Complex Members

The sequence data for the 46 species used in our analyses
were generated by multiple research groups under variable
conditions, and hence likely vary in the completeness of
their gene content. Our approach to minimize false nega-
tive findings (i.e., false gene losses) was to examine multiple
species within each group when possible, and to conserva-
tively claim loss of a HIF gene only when it was not detected
in all species examined within the respective group
(Graham and Barreto 2020). In all groups, the presence of
three key elements of the HIF pathway were assessed—
the transcription factor subunit, HIFa, and its repression
machinery (the proteins EGLN and VHL)—as a way to evalu-
ate the extent to which the canonical oxygen-sensing and
-responding HIF pathway was retained or lost.

We used the hmmsearch command from the HMMER
3.0 program (Eddy 2011, 1998) to identify proteins that
contained [1] the PAS domain (PF00989.24) to identify
HIFa, [2] PAHC domain (PF13640.5), to identify EGLN, [3]
and VHL domain (PF01847) to identify VHL. Proteins that
had a positive match in HMMR motif searches were then in-
terrogated via BLASTP (blast +v2.10) to a custom database
of previously identified invertebrate gene members
(Graham and Barreto, 2020), and via InterProScan annota-
tion v81 (Blum, et al. 2021; Jones, et al. 2014); this method
has been used in prior studies of this pathway (Graham and
Barreto 2020; Graham and Barreto 2019; Graham and
Presnell 2017). For InterProscan, multiple levels of annota-
tion needed to be present for HIFa verification, including
“Hypoxia-Inducible Factor 1a” and “Similar (sima)-like”,
as well as appropriate combinations of canonical domains
(bHLH, PAS, NTAD, CTAD, ODDD, depending on protein
“completeness”). For the myxozoans, due to the potential
from host contamination even after the filtering steps em-
ployed in preprocessing, any putative HIFa, EGLN or VHL
proteins passing filters above were then subjected to a
BLASTP (blast +v2.10) comparison to the full GenBank non-
redundant “nr” database and identified top 10 candidates
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—if a candidate had all top hits matching a known host
(i.e., fish, annelid), then they were not considered a myx-
0zoan protein.

Ultimately, our identification of a HIFa was contingent
upon the protein sequence having a (1) significant BLAST
hit, plus InterProScan identification as HIFo. and/or (Il) group-
ing with HIFa. “anchors” in a phylogenetic analysis. At both
steps, InterProScan was used to annotate protein domains
for detection of HIFa by having consistent annotations to
“Hypoxia-Inducible Factor 1a” and “Similar (sima)-like”, as
well as appropriate combinations of canonical domains
(bHLH, PAS, NTAD, CTAD, ODDD, depending on protein
completeness). Any sequence with InterproScan annotation
to “Hypoxia-Inducible Factor 1a”, in combination with
equally supported annotation to other members of the
bHLH-PAS gene families (e.g., single-minded/SIM) were ul-
timately not classified as a HIFa. We classified a sequence
as a HIFo member if it met either criteria | or Il above.

For P4HC domain containing proteins, our identification
of an EGLN was contingent upon the protein sequence hav-
ing a (I) significant BLAST hit, plus InteProScan identification
as EGLN and/or (Il) grouping with EGLN “anchors” in a
phylogenetic analysis. The specific annotation classification
necessary to be considered an EGLN is “EGL Nine Homolog”
and/or “HIF proyl hyroxylase” from InterproScan, but not the
general annotation of “Proyl hydroxylase related”. For VHL
seguences, our identification was based on a sequence hav-
ing (l) a significant VHL domain via HMMR and (1) a signifi-
cant BLAST hit, plus InterproScan identification as VHL. The
specific accepted annotation classifications to be classified
as a VHL were “VHL", “pVHL", and/or “Von Hippel-Lindau
Protein”.

As mentioned above, variation across genome or tran-
scriptome sequencing efforts likely affected downstream
assembly and annotation. Thus, we took a conservative ap-
proach and called presence/absence of genes of interest
based on collective results across species within a particular
group. Ultimately, we classified presence or absence of the
HIF pathway largely based on HIFa; thus, if HIFo was absent,
we would classify the pathway as having been lost, and
conversely if HIFa was present (regardless of repressor ma-
chinery presence or absence) we would classify the path-
way as having been retained. Nevertheless, results
indicating a loss of both repression machinery genes con-
sistently within a group, when HIFa is present, would sug-
gest that the HIF pathway, while present by our criteria
above, may not function in the canonical manner.

Phylogenetic Analysis of Cnidarian HIFa and EGLN

After screening based on functional motifs and BLAST, we
performed phylogenetic analyses with the identified pro-
tein sequences containing bHLH-PAS and PAHC domains,
with a separate analysis for each domain. These analyses

provide an additional level of assessment, permitting pos-
sibly incomplete or fragmented sequences to still be de-
tected as HIFa (in the bHLH-PAS tree) or EGLN (in the
PAHC tree) even if there were missed in our first set of
searches above.

Part of our gene-identification pipeline for the HIF
pathway uses the concept of phylogeny-based orthology
(Altenhoff and Dessimoz 2009; Fang, et al. 2010). In or-
der to facilitate further identification, putative se-
guences are aligned with already known priors (i.e.,
anchors) for each gene family, which in our case in-
cludes several insects (Api=Acyrthosiphon pisum,
Dme = Drosophila melanogaster, Ame =Apis mellifera,
Nvi= Nasonia vitripennis, Tca=Tribolium castaneum,
Dpon = Dendroctonus  ponderosae), the cnidarian
Nematostella vectensis (Nve), and human (Hsa). These
have been included as unambiguous indicators of gene
identify during phylogenetic analyses of this gene family
in previous work (e.g., Graham and Presnell, 2017;
Graham and Barreto, 2019, 2020).

Of those sequences with significant HMMR hits, redun-
dant sequences were purged using CD-HIT v4.8.1(Fu,
et al. 2012; Huang, et al. 2010). Due to the large number
of sequences, a separate phylogenetic analysis was per-
formed for smaller sets of cnidarian taxa, with one tree
each for anthozoans (9 species), hydrozoans (11 species),
cubozoans and staurozoans (8 species combined), scy-
phozoans (6 species) and myxozoans + Polypodium (12
species). For each domain set in each cnidarian group, a
multiple sequence alignment was built with MUSCLE
v3.8.425 using the default parameters (Edgar 2004), and
no additional edits performed by hand. Maximum-
likelihood analyses were performed using RAXML-VI-HPC
(version 2.2.3) with bootstraps (1,000 replicates), using
the model VT + G for both bHLH-PAS and P4HC trees, after
this models was determined to be best fit for the alignment
via Modeltest in IQtree v1.6.12 (Nguyen, et al. 2014,
Stamatakis 2014). Final phylogenetic tress were visualized
using iTOL v6 (Letunic and Bork 2006; Letunic and Bork
2016) through their online portal (https:/itol.embl.de/).
No phylogenetic trees were created for VHL sequences be-
cause the VHL domain is present only in VHL sequences and
is not present in any other gene family.

Abundance of Hypoxia, Mitochondrion and
Stress-related Gene Groups

With the potential loss of the HIF regulatory machinery, we
also assessed the retention of genes involved in response to
stress (including hypoxia) as well as those targeted to the
mitochondrion. While the HIF pathway is controlled by
the few genes targeted above, response to hypoxia stress
includes many genes that are downstream targets of HIF
pathway activation.
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From Uniprot, we downloaded all genes from
Nematostella vectensis that are associated with hypoxia, in-
cluding the gene ontology term “mitochondrion” (Cellular
Component, GO:5739, n=692), and “response to stress”
(Biological Process, GO:6950, n=576). There are currently
few annotated genes associated with any hypoxia GO term
category— thus, we next used the D. melanogaster se-
guences to help create a cnidarian-specific database using
proteins from the model cnidarian Nematostella vectensis
—"response to hypoxia” (Biological Process, GO:1666,
n =96 genes]). For this, we performed a batch search of
D. melanostaster sequences against a custom database of
all predicted protein sequences from N. vectensis—genes
that received a significant BLASTP (blast+v2.10, e-value >
1e-10) hit were retained. This resulted in 50 “response to
hypoxia” proteins which had counterparts in N. vectensis
(supplementary Tables S3-S5, Supplementary Material
online).

These N. vectensis proteins were compiled into
BLAST-able databases, and all cnidarian protein sequences
from our target taxa were then compared to the N. vecten-
sis database lists using BLAST for group-level identification.
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Supplementary data are available at Genome Biology and
Evolution online (http:/www.gbe.oxfordjournals.org/).
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