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1  |  INTRODUC TION

Defining when metazoans first emerged is crucial to understand-
ing the processes of early animal life. Although pre-Cambrian 
fossil records of animals remain scarce and controversial (e.g., 

debated organic biomarkers of sponges from the Cryogenian pe-
riod (>635 Ma) and Tonian period, >890 Ma (Antcliffe et al., 2014; 
Brain et al., 2012; Love et al., 2009; Turner, 2021; Yin et al., 2015). 
The currently accepted earliest fossil record of an undisputed ani-
mal is from the late Ediacaran period ~571 Ma (Droser et al., 2017; 
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Abstract
Unveiling the tempo and mode of animal evolution is necessary to understand the 
links between environmental changes and biological innovation. Although the earli-
est unambiguous metazoan fossils date to the late Ediacaran period, molecular clock 
estimates agree that the last common ancestor (LCA) of all extant animals emerged 
~850 Ma, in the Tonian period, before the oldest evidence for widespread ocean oxy-
genation at ~635–560 Ma in the Ediacaran period. Metazoans are aerobic organisms, 
that is, they are dependent on oxygen to survive. In low-oxygen conditions, most 
animals have an evolutionarily conserved pathway for maintaining oxygen homeosta-
sis that triggers physiological changes in gene expression via the hypoxia-inducible 
factor (HIFa). However, here we confirm the absence of the characteristic HIFa pro-
tein domain responsible for the oxygen sensing of HIFa in sponges and ctenophores, 
indicating the LCA of metazoans lacked the functional protein domain as well, and 
so could have maintained their transcription levels unaltered under the very low-
oxygen concentrations of their environments. Using Bayesian relaxed molecular clock 
dating, we inferred that the ancestral gene lineage responsible for HIFa arose in the 
Mesoproterozoic Era, ~1273 Ma (Credibility Interval 957–1621 Ma), consistent with 
the idea that important genetic machinery associated with animals evolved much ear-
lier than the LCA of animals. Our data suggest at least two duplication events in the 
evolutionary history of HIFa, which generated three vertebrate paralogs, products of 
the two successive whole-genome duplications that occurred in the vertebrate LCA. 
Overall, our results support the hypothesis of a pre-Tonian emergence of metazoans 
under low-oxygen conditions, and an increase in oxygen response elements during 
animal evolution.
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Narbonne, 2005; Pu et al., 2016; Wood et al., 2019). In contrast, most 
molecular clock estimates agree that the last common ancestor of all 
extant animals emerged ~850 Ma in the Tonian period, before the 
onset of long-term global glaciations (~720–635 Ma) (Cunningham 
et al.,  2017; Dohrmann & Wörheide,  2017; dos Reis et al.,  2015; 
Erwin et al.,  2011). Estimates for the timing of animal diversifica-
tion, using different calibration points and molecular datasets, range 
from 1298 to 615 Ma (Cartwright & Collins,  2007; Dohrmann & 
Wörheide, 2017; dos Reis et al., 2015; Douzery et al., 2004; Erwin 
et al.,  2011; Hedges et al.,  2004; Parfrey et al.,  2011; Peterson 
et al.,  2004). Nevertheless, almost all these molecular estimates 
place the emergence of animals long before the oldest evidence for 
ocean oxygenation pulses at ~635–560 Ma in the Ediacaran period 
(Lenton & Daines, 2017; Sahoo et al., 2012; Tostevin & Mills, 2020; 
Wood et al., 2019; Zhang et al., 2018).

As strictly aerobic organisms, metazoans are dependent on ox-
ygen as the main electron acceptor during oxidative metabolism for 
energy production (Kaelin & Ratcliffe, 2008; Semenza, 2007). Recent 
studies on the geochemistry of the ancient Earth suggest that Cryo-
genian to Ediacaran oceans had no more than 1–10% of modern at-
mospheric oxygen saturation (Lenton, 2020; Lenton & Daines, 2017; 
Liu et al., 2021; Lyons et al., 2014; Mills et al., 2022), environmental 
low-oxygen levels could have limited metazoans by placing energetic 
constraints on the diversity, abundance, and physiology of early ani-
mals (Cole et al., 2020; Fenchel & Finlay, 1995; Reinhard et al., 2016). 
When exposed to hypoxia, most animals have an evolutionarily con-
served pathway for maintaining physiological oxygen homeostasis 
that triggers adaptive changes in gene expression. This pathway is 
mediated by the transcription factor hypoxia-inducible factor 1 (HIF-
1) (Kaelin & Ratcliffe, 2008; Loenarz et al., 2011; Semenza, 2007). 

HIF1 consists of two subunits: an oxygen-regulated HIF1a and a 
constitutively expressed HIF1b (Aryl Hydrocarbon Receptor Nu-
clear Translocator, ARNT). Both subunits are composed of two basic 
helix–loop–helix (bHLH) and Per-ARNT-Sim (PAS) domains that allow 
subunit dimerization when cellular oxygen concentrations are low. 
They promote the transcription of hundreds of genes involved in 
mitochondrial function, energy metabolism, oxygen binding and de-
livery, and hematopoiesis (Kaelin & Ratcliffe, 2008; Semenza, 2007). 
HIFa is continuously synthesized and degraded when oxygen supply 
is sufficient (normoxia; Figure 1). Prolyl hydroxylases (PHD) target 
defined proline residues (called the oxygen-dependent degradation 
domain, ODDD, on the HIF1a subunit (Figure 2a; Hon et al., 2002), 
which are recognized by the von Hippel–Lindau (VHL) protein and 
promote the ubiquitination mediated proteasomal degradation of 
HIF1a (Kaelin & Ratcliffe, 2008; Min et al., 2002; Semenza, 2007). 
Another hydroxylase, FIH1 (factor inhibiting HIF1), prevents the 
transcriptional activity of any HIF1a that has not been degraded 
(Kaelin & Ratcliffe,  2008; Peet & Linke,  2006; Semenza,  2007). 
During hypoxia, PHD and FIH1 are inactivated, and therefore, HIF1a 
is protected from degradation, accumulates within the cell, and di-
merizes with HIF1b forming a heterodimeric HIF1a/HIF1b complex 
(Semenza, 2007). The complex translocates to the nucleus and up-
regulates genes associated with oxygen conservation (Figure 1; Se-
menza, 2007; Kaelin & Ratcliffe, 2008).

Although all animals need oxygen to survive, their demands are 
not the same. Sponges and ctenophores, which are likely sister groups 
to all remaining animal phyla (Halanych,  2016; King & Rokas,  2017; 
Pisani et al., 2015; Whelan et al., 2015), can live under low-oxygen 
concentrations (Levin, 2003; Mosch et al., 2012; Purcell et al., 2001; 
Thuesen et al.,  2005). Experimental outcomes demonstrated that 

F I G U R E  1 Hypoxia-inducible factor pathway. When oxygen levels are sufficient oxygen is available (normoxia), HIF1a subunit is 
continuously synthesized and degraded. Two hydroxylases, prolyl hydroxylases (PHD) and factor inhibiting HIF1 (FIH1), hydroxylate the 
HIF1a subunit (2). The von Hippel–Lindau (VHL) protein recognizes the hydroxyls (3) and promotes the ubiquitination and immediate 
degradation of HIF1a via the proteasome (4). These processes are inhibited when oxygen is low (hypoxia) due to hydroxylase inactivation 
leading to a rapid stabilization of HIF1a, which is protected from degradation, accumulates within the cytoplasm, binds to HIF1b (1), forms 
the transcriptionally active HIF heterodimer, and enters the nucleus. 
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F I G U R E  2 Characteristic HIFa domain in metazoans. (a) Multiple amino acid sequence alignment of positions surrounding the HIFa 
oxygen-dependent degradation domain (ODDD) in metazoans. The domain is indicated by the black bold box. Invariant amino acid residues 
are marked in bold. We do not find the ODDD motif in any sponge or ctenophore sequences. (b) Sequence logo of the position weight matrix 
of the ODDD from our 35 vertebrate sequences. (c) Sequence logo of the position weight matrix of the ODDD from our 47 protostome 
sequences. (d) Sequence logo of the position weight matrix of the ODDD from our 18 cnidarian sequences. (e) Sequence logo of the position 
weight matrix of the ODDD from our two placozoan sequences. Sequence logos were obtained using WebLogo (Crooks et al., 2004). 
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these early-diverging clades lack key components of the HIF pathway, 
implying they have very low-oxygen requirements (Mills et al., 2014; 
Mills, Francis, Vargas, et al., 2018). The last common ancestor of meta-
zoans may also have lacked a functional HIF pathway and maintained 
aerobic metabolism and normal transcription in oxygen-poor environ-
ments (Mills, Francis, Vargas, et al., 2018). In support of this hypothe-
sis, recent works have proposed that early animals were likely small, 
soft-bodied, collagen-poor, and restricted their use of oxygen to high-
priority physiological functions (Cole et al., 2020; Mills et al., 2014).

Molecular dating techniques, which consist of estimating the age 
of internal nodes of a phylogenetic tree based on molecular sequences 
using mainly fossil calibrations (Ho & Duchêne,  2014; Mello, 2018), 
have advanced tremendously in recent years. They are now consid-
ered standard methods to infer dates of divergence essential to eluci-
dating evolutionary processes that led to the diversification of major 
taxa through Earth's geological history (Delsuc et al., 2018; dos Reis 
et al., 2015; Ho & Duchêne, 2014; Irisarri et al., 2017; Misof et al., 2014; 
Wolfe et al., 2019). Divergence time estimates are applied to gene trees 
to infer the origin of various physiological modalities. Consequently, 
our understanding of the tempo and mode of early animal evolution 
can be enhanced by molecular dating of specific genes and proteins 
(Shih & Matzke,  2013; Yu & Li,  2014; Bezerra et al.,  2021; Boden 
et al., 2021; Costa-Paiva et al., 2021).

Herein, we explored divergence estimates for HIFa genes to elu-
cidate their evolutionary history. Oxygen is crucial for all animals, 
as such, investigating the evolutionary history of a protein involved 
crucially in oxygen homeostasis, namely HIFa (Semenza, 2007), pro-
vides an effective source of knowledge on the emergence and diver-
sification of animals. By applying a Bayesian uncorrelated relaxed 
clock to a HIFa dataset with representative sampling of all major 
animal lineages, our data support a pre-Tonian emergence of the an-
cestral gene lineage that later originated metazoan HIFa, consistent 
with previous molecular clock estimates for an ancient origin of ani-
mals (Dohrmann & Wörheide, 2017).

2  |  METHODS

2.1  |  Data acquisition

Sequences were obtained from three different sources: 1) Worm-
Net II transcriptomes generated by our research group, 2) NCBI da-
tabase, and 3) Mills, Francis, Vargas, et al.  (2018) and Graham and 
Presnell  (2017) (all listed in File S1). First, we used the transcrip-
tomes of 77 metazoan species collected as part of the WormNet 
II project on annelid phylogeny (Weigert et al., 2014). Specimens 
were collected by several techniques, including intertidal sampling, 
dredging and box cores, and preserved either in RNALater or fro-
zen at −80°C. RNA extraction, cDNA library preparation, and high-
throughput sequencing protocols followed Kocot et al.  (2011) and 
Whelan et al. (2015). Subsequently, total RNA was extracted using 
TRIzol (Invitrogen) either from whole animals or from the body walls 
and purified with on-column DNase digestion of the RNeasy kit 

(Qiagen). The SMART cDNA Library Construction Kit (Clontech) was 
used to reverse transcribe the single-stranded RNA templates. The 
Advantage 2 PCR system (Clontech) was used to synthesize double-
stranded cDNA. Barcoding and library sequencing were performed 
with Illumina technology by The Genomic Services Lab at the Hud-
son Alpha Institute. Because transcriptomic sequencing was carried 
out from 2012 to 2015, paired-end runs were of 100 or 125 bp in 
length, using either v3 or v4 chemistry on Illumina HiSeq 2000 or 
2500 platforms. Finally, to facilitate sequence assembly, paired-end 
transcriptome data were digitally normalized to an average k-mer 
coverage of 30 using the script normalize-by-median.py (Brown 
et al.,  2012). Transcriptomes were assembled using Trinity r2013-
02-25 with default settings (Grabherr et al., 2011).

All transcriptomes were annotated using the Trinotate annota-
tion pipeline (http://trino​tate.github.io/) (Grabherr et al., 2011). This 
pipeline uses a BLAST-based method against the EggNOG 4.5.1 v 
(Huerta-Cepas et al., 2016) and KEGG (Kanehisa et al., 2012) data-
bases to provide the gene ontology annotations. Gene ontology is a 
standardized functional classification system for genes that describe 
properties of genes and their products using a dynamic-updated 
controlled vocabulary (Gene Ontology Consortium, 2004). Software 
used with the Trinotate pipeline included HMMER 3.2.1 for protein 
domain identification (Finn et al., 2011); tmHMM 2.0 for prediction 
of transmembrane helices of proteins (Krogh et al., 2001); RNAmmer 
1.2 for prediction of ribosomal RNA (Lagesen et al., 2007); SignalP 
4.1 to predict signal peptide cleavage sites (Petersen et al., 2011); 
GOseq for prediction of the gene ontology (Young et al.,  2010); 
EggNOG 4.5.1 for searching orthologous groups of genes (Huerta-
Cepas et al., 2016).

After Trinotate annotation, retrieved transcriptome sequences 
were verified to select sequences functionally assigned as hypoxia-
inducible factor 1-alpha (HIF1a) genes. Sequences identified as 
HIF1a genes were translated from RNA into amino acids using 
TransDecoder with default settings (https://trans​decod​er.github.
io/). TransDecoder translation can produce multiple open reading 
frames (ORFs); therefore, the homology between sequences was 
confirmed based on structural motif presence, validating the Pfam 
domain (Finn et al.,  2016) of translated protein sequences against 
the EMBL-EBI protein database with an e-value cutoff of 10−5. Se-
quences with a minimum length of 300 amino acid residues with a 
verified bHLH-PAS domain were retained for further analysis. Be-
cause HIF genes are part of the larger bHLH-PAS protein family, we 
only selected sequences that contained this domain.

Our second source of HIF1a sequences was the National Center 
for Biotechnology Information (NCBI) database. We searched for 
protein sequences functionally annotated as hypoxia-inducible fac-
tor 1-alpha on GenBank, focusing mainly on invertebrate sequences. 
“Putative,” “Hypothetical,” “Low-quality,” and “partial” sequences 
were excluded, as well as those with fewer than 300 amino acids. 
Pfam domain validation (Finn et al., 2016) with an e-value cutoff of 
10−5 was performed and the presence of the bHLH-PAS domain was 
verified. To expand our dataset, we obtained 89 HIFa sequences 
from different metazoans, including vertebrates, from Mills, Francis, 
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Vargas, et al.  (2018) using their HIFa project dataset (https://bitbu​
cket.org/molpa​lmuc/spong​e-oxyge​n/src/maste​r/) and Graham 
and Presnell  (2017) (https://doi.org/10.1371/journ​al.pone.01795​
45.s001). All sequence information is detailed in File S1.

2.2  |  Alignments and phylogenetic reconstructions

Sequences (n = 218) were aligned in MAFFT using the E-INS-I algo-
rithm (Katoh & Standley, 2013), and gap-rich regions were removed 
in trimAl 1.2 (Capella-Gutierrez et al., 2009) using a gap threshold of 
0.75. To remove spuriously aligned sequences based on similarity to 
the alignment, sequences were manually inspected with Geneious 
11.1.2 (Kearse et al., 2012). To eliminate dataset redundancy, identi-
cal sequences were removed. The resulting amino acid alignment of 
136 sequences was analyzed further.

Statistical selection of the best-fit model of protein evolution 
was carried out using the Akaike and Bayesian Information Criteria 
(AIC and BIC, respectively; Darriba et al., 2011) with ModelFinder 
in IQ-Tree software (Kalyaanamoorthy et al., 2017). Two different 
phylogenetic inference methods were employed in our analysis: (1) 
a maximum likelihood routine in IQ-Tree (Nguyen et al., 2015) with 
1000 ultrafast bootstrap replicates (UFBoot; Minh et al., 2013); 
(2) Bayesian inference using MrBayes 3.2.7 (Ronquist & Huelsen-
beck,  2003) with two independent runs, each containing four 
Metropolis-coupled chains of 107 generations that were sampled 
every 500th generation to approximate posterior distributions. 
To confirm whether chains achieved stationarity and to deter-
mine an appropriate burn-in, we evaluated trace plots of all Mr-
Bayes parameter outputs in Tracer v1.6 (Rambaut et al.,  2015). 
The first 25% of samples were discarded as burn-in and a majority 
rule consensus tree was generated using MrBayes. Bayesian pos-
terior probabilities were used to gauge the statistical support of 
each bipartition. Because of the evolutionary time depth of our 
dataset, phylogenetic reconstruction was also performed with a 
mixture model in IQ-Tree to help alleviate the issues related to 
saturation and long-branch attraction by accommodating site-
specific features of protein evolution (Lartillot et al.,  2007; Lar-
tillot & Philippe, 2004). To consider heterogeneity at the site level 
in the Bayesian reconstruction, we ran an analysis in PhyloBayes 
(Lartillot et al., 2009) using the CAT-GTR mixture model. The pro-
gram was run twice to check for convergence of the chains, which 
was accessed by the maxdiff value (maxdiff was <0.1). Trees were 
visualized in FigTree 1.4.3 (Rambaut, 2009) and rooted using two 
bHLH-PAS protein sequences of the single-celled eukaryotic out-
group, Capsaspora owczarzaki (Mills, Francis, Vargas, et al., 2018; 
Suga et al., 2013).

2.3  |  Molecular dating

BEAST 2.4.7 (Bouckaert et al.,  2014) was used to obtain diver-
gence time estimates with an uncorrelated lognormal relaxed clock 

(Drummond et al.,  2006), the LG substitution model (Whelan & 
Goldman, 2001) and a birth–death tree prior with default settings. 
As calibration information derived from fossil data provides informa-
tion regarding the split times between biological lineages (i.e., spe-
ciation events), only speciation nodes were considered to calibrate 
divergence times. Therefore, divergences classified as speciation 
nodes that reflected robust biological clades and were free of du-
plication events were chosen. These were the LCA of seven crown 
nodes: Vertebrata, Actinopterygii, Sarcopterygii (including Tetrap-
oda), Ambulacraria, Mollusca, Pancrustacea, and Cnidaria. For Actin-
opterygii and Sarcopterygii, the requirements cited above were met 
three times (i.e., speciation nodes that included only Actinopterygii 
or Sarcopterygii HIFa sequences were recovered three times each in 
the estimated phylogeny). Therefore, 11 speciation nodes were cali-
brated with uniform distributions with lower and upper boundaries 
based on calibration information from Benton et al. (2015) and dos 
Reis et al. (2015).

The date range (minimum and maximum boundaries of the uni-
form distributions) used to calibrate the time of the Most Recent 
Common Ancestor (tMRCA) for Vertebrata was 457.5–636.1 Ma, 
Actinopterygii was 378.19–422.4 Ma, Sarcopterygii was 408–
427.9 Ma, Ambulacraria was 515.5–636.1 Ma, Mollusca was 534–
549 Ma, Pancrustacea was 514–531.22 Ma, and Cnidaria was 
529–636.1 Ma. All calibration points were obtained from dos Reis 
et al. (2015) and Benton et al. (2015) using coherent criteria accord-
ingly with Parham et al. (2012). Notably, calibrated nodes were con-
strained to be monophyletic, while other phylogenetic relationships 
were estimated in BEAST. Markov Chain Monte Carlo (MCMC) was 
run for 200 million generations with a sampling frequency of 10,000 
and a discarded burn-in period of 20 million generations (10%). To 
access the convergence of chains, two independent MCMC runs 
were performed. In both runs, after discarding the burn-in period, 
effective sample sizes (ESS) values were higher than 200. The result-
ing timetree was plotted using the “geoscalePhylo” function (“strap” 
R v.4.0.3 package; Bell & Lloyd, 2015) and modified using Inkscape 
v1.1.1.

To verify the robustness of the divergence times estimates 
generated in BEAST, we performed molecular dating analyses 
using different parameters in MCMCTree (Yang, 2007). MCMC-
Tree analyses were performed using the fixed topologies obtained 
in BEAST and IQ-Tree. We considered independent and correlated 
evolutionary rates, and an additional calibration at the root, which 
was a soft maximum of 833 Ma, based on dos Reis et al.  (2015) 
and Benton et al. (2015). All MCMCTree analyses were conducted 
under the approximate likelihood calculation method (dos Reis 
and dos Reis & Yang, 2011), with at least two chains to check for 
convergence.

3  |  RESULTS

The final dataset consisted of 134 HIFa sequences (File S1) from 115 
metazoan species and two bHLH-PAS sequences (outgroup) from 
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the unicellular eukaryotic filozoan Capsaspora owczarzaki (Mills, 
Francis, Vargas, et al., 2018; Suga et al., 2013). After alignments and 
trimming, the final alignment had a maximum sequence length of 
416 amino acids (File S2, and https://figsh​are.com/s/54350​fa8b7​
57395​1990b). Untrimmed sequences are available in File S3 and 
at https://figsh​are.com/s/f14d2​2a30c​b636d​0bd93. The 33 se-
quences obtained from the WormNet II database were deposited 
at GenBank under accessions OQ354979–OQ355011. The best fit-
ting standard substitution model for both Bayesian and maximum 
likelihood analyses according to ModelFinder was WAG (Whelan & 
Goldman, 2001). The best maximum likelihood mixture model was 
LG + C40 + F + G. Phylogenetic reconstructions performed with mix-
ture models (IQ-Tree mixture model tree file available at https://
figsh​are.com/s/0369c​ceffa​0947d​93ca8 and PhyloBayes mixture 
model tree file available at https://figsh​are.com/s/a6b98​a40d0​
949dc​60750) were in agreement with Bayesian and maximum likeli-
hood phylogenies based on site-homogeneous substitution models 
(Files S4 and S5). All datasets, alignments, and tree files used in this 
work are publicly available at https://figsh​are.com/proje​cts/Diver​
gence_time_estim​ates_for_the_hypox​ia-induc​ible_facto​r-1_alpha_
HIF1_reveal_an_ancie​nt_emerg​ence_of_anima​ls_in_low-oxygen_
envir​onmen​ts/164017.

All HIFa proteins have a characteristic motif with a key proline 
residue (preceded by an alanine) that signals the protein for degrada-
tion, this region is called the oxygen-dependent degradation domain 
(ODDD) (Figure 2a; Tarade et al., 2019). The motif varies between 
clades, where the LAPY motif in vertebrate HIFa is instead RAPY 
in most protostomes, RAPY or RAPF in cnidarians, and LAPF in pla-
cozoans (Figure 2b–e). None of these motifs were found in the five 
sponge and single ctenophore homolog sequences retrieved from 
the transcriptomes we queried.

Bayesian and maximum likelihood inferences generated similar 
tree topologies with several strongly supported clades (Figure  3; 
Files S4 and S5). The main difference was the Bayesian tree pre-
sented some poorly resolved nodes in Arthropoda and Mollusca (File 
S4), whereas the maximum likelihood inference recovered strongly 
supported nodes in those clades. The position of both sponges and 
ctenophore in the tree suggests that sequences of sponges and 
ctenophore are sisters to all HIFa proteins (Figure 3). Although all 
metazoan sequences formed a monophyletic group, the absence of 
the characteristic HIFa domain in the five sponge and single cteno-
phore sequences suggests they are not true HIFa due to the absence 
of an ODDD motif, as previously suggested by Mills, Francis, Vargas, 
et al. (2018).

HIFa sequences that clustered into monophyletic groups, rep-
resenting recognized phyla, with strong statistical support were 
the placozoans (100%; PP = 1; clade XII; Figure 3), cnidarians (100%; 
PP = 1; clade XI; Figure 3), arthropods (93%; clade X; Figure 3), pho-
ronids (100%; PP = 1; clade IX; Figure  3), brachiopods (86%; clade 
VIII; Figure  3), mollusks (96%; clade VII; Figure  3), hemichordates 
(87%; PP = 1; clade VI; Figure 3), echinoderms (100%; PP = 1; clade 
V; Figure  3), and cephalochordates (100%; PP = 1; clade IV; Fig-
ure 3). A single nemertine sequence fell within annelids rendering 

Annelida non-monophyletic (Figure 3). Notably, the Ciona intestinalis 
sequence fell in an odd position within the tree (Figure 3). However, 
we chose to maintain this sequence because other works analyzed it 
and yielded similarly unusual results (Graham & Presnell, 2017; Mills, 
Francis, Vargas, et al., 2018). We considered the position of C. intes-
tinalis as an artifact that needs further investigation (Figure 3). Im-
portantly, tunicate sequences have high rates of substitution (Berná 
& Alvarez-Valin, 2014; Tsagkogeorga et al., 2009, 2012).

According to our gene genealogy obtained for the HIFa fam-
ily, vertebrate HIFa arose from a series of duplication events that 
brought about three distinct vertebrate HIFa clades: HIF1a, HIF2a, 
and HIF3a (Clades I, 100%; PP = 1; II, 100%; PP = 1; III, 100%; PP = 1; 
Figure 3). Up to five HIFa protein sequences were identified in ver-
tebrate specimens (e.g., zebrafish Danio rerio), and these paralogs 
most likely resulted from multiple genome duplication events that 
occurred in the vertebrate stem lineage, and signatures of the two 
rounds of vertebrate genome duplication can be clearly seen in the 
HIFa gene tree (arrows and asterisks, Figure  3). Additional paral-
ogs seen in D. rerio were most likely a result of the teleost-specific 
whole-genome duplication (Glasauer & Neuhauss, 2014).

The tree topology estimated by BEAST was mostly congruent 
with those obtained by IQ-Tree and MrBayes (Figure  4, tree file 
available at https://figsh​are.com/s/72173​e8c3b​390ac​9c55a). The 
posterior distributions of estimated node ages were wide, probably 
due to the short alignment length. Therefore, all the estimated times 
are reported along with their credibility intervals (CrIs). The esti-
mated age for the LCA gene that later gave rise to the gene lineage 
including metazoan HIFa genes, sponge homologs, and ctenophore 
homologs was ~1273 Ma (Credibility Interval (CrI) 957–1621 Ma) 
in the Mesoproterozoic (Figure  4). Cnidarian and placozoan HIFa 
sequences diverged from sponges and ctenophores homologs at 
1218 Ma (CrI 760–1331 Ma). The bilaterian HIFa lineage originated 
at 959 Ma (CrI 801–1122 Ma) in the Neoproterozoic Era (Figure 4). 
The estimated time of the emergence of cnidarian HIFa was 594 Ma 
(CrI 541–636 Ma) in the Ediacaran Period. The divergence time esti-
mated for the appearance of arthropodan HIFa occurred at 651 Ma 
(CrI 522–788 Ma) in the Cryogenian Period, with mollusk HIFa 
emerging at 541 Ma (CrI 534–548 Ma) in the Ediacaran Period. The 
deuterostome HIFa lineage originated at 748 Ma (CrI 652–842 Ma) 
in the Cryogenian Period. Two duplication events occurred in the 
vertebrate HIFa lineage (gray circles, Figure 4), both in the Ediacaran 
Period. The first event gave rise to vertebrate HIF2a and the lineage 
that would originate HIF1a + HIF3a occurred at 595 Ma (CrI 550–
636 Ma). Subsequently, the second duplication event at 558 Ma (CrI 
500–604 Ma) led to the appearance of vertebrate HIF1a and HIF3a.

Divergence time estimates obtained in MCMCTree using distinct 
fixed topologies (from BEAST and IQ-Tree), substitution rate mod-
els and the inclusion of a soft maximum calibration at the tree root 
showed high congruence with those obtained originally in BEAST 
(File S6). Divergence dates inferred for relevant nodes such as the 
root, the divergence of sponge and ctenophore homologs from all 
other animals, and the gene duplication events in vertebrates were 
mostly congruent among all analyses. Estimates obtained with 
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F I G U R E  3 HIFa gene tree rooted with two capsasporan bHLH-PAS protein sequences. Clade I contains vertebrate HIF1a sequences. 
Clade II is composed of vertebrate HIF3a sequences. Clade III is formed by vertebrate HIF2a sequences. Clade IV represents 
cephalochordate HIFa genes. Clade V is composed of hemichordate HIFa sequences. Clade VI contains echinoderm HIFa genes. Clade VII 
represents mollusk HIFa sequences. Clade VIII is formed by brachiopods HIFa sequences. Clade IX contains phoronids HIFa genes. Clade 
X represents arthropods HIFa genes. Clade XI is composed of cnidarian HIFa genes. Clade XII represents placozoan HIFa genes. Black 
arrows and dots indicate gene duplication events. Bootstrap support values (in black) obtained from the maximum likelihood and the 
Bayesian posterior probabilities values (in red) shown (BP/PP). Support values >80 or 0.8 are shown. Sequences in bold represent the two 
capsasporan bHLH-PAS proteins used to root the tree. Inset; small topology showing branch lengths with the same color scheme. 
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8 of 14  |     BELATO et al.

F I G U R E  4 Timetree of the HIFa genes. Clade I contains vertebrate HIF1a sequences; Clade II is vertebrate HIF3a sequences; Clade 
III is vertebrate HIF2a sequences; Clade IV represents cephalochordate HIFa sequences; Clade V is hemichordate HIFa sequences; Clade 
VI is echinoderm HIFa genes; Clade VII represents mollusk HIFa sequences; Clade VIII is brachiopods HIFa sequences; Clade IX contains 
phoronids HIFa sequences; Clade X represent arthropod HIFa; Clade XI is cnidarian HIFa sequences; Clade XII represents placozoan HIFa; 
Black arrows and circles indicate gene duplication events. Black diamonds indicate calibration nodes. Node ages are plotted, blue node bars 
are displaying 95% CrI and above them density plots highlighting the posterior distribution of node age estimates are shown for key nodes. 
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MCMCTree validated those retrieved by BEAST, which demon-
strates the consistency of our results (regardless of the selected 
models).

4  |  DISCUSSION

Our results demonstrate the ancestral gene lineage that origi-
nated the metazoan HIFa emerged at approximately 1273 Ma (CrI 
957–1621 Ma) in the Mesoproterozoic Era (Figure  4), earlier than 
the dawn of metazoans. Additionally, we unveiled two duplica-
tion events in the evolutionary history of HIFa, ~595 Ma (CrI 550–
636 Ma) and ~ 558 Ma (CrI 500–604 Ma) (Figure 4), generating three 
vertebrate HIFa paralogs. Although a functional HIFa appeared 
after the split of all other animals from sponges and ctenophores 
(Mills, Francis, Vargas, et al., 2018), as corroborated by our results, 
the molecular toolkit of HIFa was most likely present in metazoan 
ancestors. An important fraction of the molecular genetic toolkit 
required for animal development evolved much earlier in their eu-
karyotic unicellular ancestors (de Mendoza et al., 2013; Sebé-Pedrós 
et al.,  2011, 2012). In fact, homologs of bHLH-PAS proteins were 
already present in the LCA of Capsaspora, choanoflagellates, and 
metazoans (Opisthokonta) between 1389 and 1240 Ma (Degnan 
et al., 2009; Parfrey et al., 2011; Sebé-Pedrós et al., 2011, 2012; Si-
mionato et al., 2007), which complements with our results. During 
metazoan evolution, bHLH-PAS proteins were cooptated, result-
ing in new cellular pathways and function (Kaelin & Ratcliffe, 2008; 
Rodriguez-Pascual & Slatter,  2016; Rytkönen et al.,  2011; Sebé-
Pedrós et al., 2011).

A functional HIFa emerged most likely in the Mesoproterozoic 
Era, as showed by both BEAST (Figure 4) and MCMCTree divergence 
estimates (node 8 in File S6). HIFa proteins have their availability 
and therefore activity regulated by oxygen variation within the cells 
(Kaelin & Ratcliffe, 2008; Min et al., 2002; Semenza, 2007). They are 
sensitive to oxygen due to their unique oxygen-dependent degrada-
tion domain (ODDD), which has a key proline residue (preceded by 
an alanine) that signals the HIFa protein for degradation in the pres-
ence of oxygen (Figure 2a; Hon et al., 2002; Tarade et al., 2019). We 
did not find the characteristic HIFa motif (ODDD) in ctenophore and 
sponge sequences, which corroborate the reports of Mills, Francis, 
Vargas, et al. (2018) who suggest the organisms are not expected to 
respond to oxygen availability, and therefore, HIFa protein absence 
is expected.

Although atmospheric oxygen accumulated during the Great Ox-
idation Event (2.5–2.3 billion years ago (Ga; Kump, 2008), it remained 
at low levels throughout the Paleoproterozoic and Mesoproterozoic 
Eras (2.5–1.0 Ga; Farquhar et al.,  2000). Before rising to modern 
oxygen levels in the Neoproterozoic (1.0–0.54 Ga; Och & Shields-
Zhou, 2012). Recent proxy records of atmospheric oxygen and ma-
rine redox states suggest dynamic pulses of oxygenation against a 
background of gradually rising oxygen levels through this Era (Neo-
proterozoic Oxygenation Windows—NOW; Wood et al., 2019; Toste-
vin & Mills, 2020), instead of a single oxygenation event as proposed 

before (Canfield et al.,  2007; Sperling et al.,  2015). These events 
generated oxygen concentration levels that facilitated the metabolic 
needs of larger, more complex animals (Canfield et al., 2007). Larger-
bodied animals have higher oxygen demands, but interestingly, re-
gions of the body where embryonic and progenitor cells occur are 
generally hypoxic (Hammarlund et al., 2018; Nakamura et al., 2021). 
To meet the energetic and structural demands of larger animals, oxy-
gen is necessary to maintain ATP production through the mitochon-
drial respiratory chain, and to synthesize collagen (Mills & Canfield, 
2014; Semenza, 2007; Sperling et al., 2013). Hypoxic periods in an-
imal evolution—generated by changes in the carbon cycle and oce-
anic redox conditions of the Cryogenian–Cambrian interval (Canfield 
& Farquhar, 2009; Lenton & Daines, 2017, 2018; Li et al., 2015)—may 
have resulted in driven distinct adaptations to regulate aerobic me-
tabolism, which is consistent with the emergence of a bilaterian HIFa 
ca. 959 Ma (CrI 801–1122 Ma) in the Neoproterozoic Era (Figure 4).

Atmospheric oxygen levels may have provided a selection force 
on the development of cellular oxygen-sensing pathways (Mills, 
Francis, Vargas, et al.,  2018; Taylor & McElwain,  2010). Hypoxia 
influences gene expression, the level of epigenetic modifications 
in cells, and is considered to play an essential role in early embryo 
development, cell differentiation, stem cell renewal, and cellular re-
programming (Alderman et al., 2019; Dunwoodie, 2009; Nakamura 
et al., 2021; Song et al., 2021; Tsuji et al., 2014; Wang et al., 2016). 
In plants and animals, low levels of oxygen are required to maintain 
the undifferentiated state of cells and influence their proliferation 
and cell fate (Nakamura et al., 2021; Simon & Keith, 2008; Weits 
et al., 2019), therefore, HIFa is hypothesized as essential for the evo-
lution, and control of stem cells during the origin and evolution of 
metazoans (Hammarlund, 2020; Hammarlund et al., 2018). Although 
all metazoans—except Ctenophora and Porifera—express HIF1a, 
PHD, and VHL (Tarade et al., 2019), the presence of stem cells in low-
oxygen environments in the bodies of marine invertebrates is largely 
undocumented. Investigating whether these animal cell types have 
retained a symplesiomorphic state of early primordial metazoan 
cell types, which presumably evolved a capacity to replicate and 
differentiate into cells that are more complex during hypoxic peri-
ods of the Neoproterozoic, would be the next step to advance this 
topic (Hammarlund et al.,  2018; Mills, Francis, & Canfield,  2018; 
Nakamura et al., 2021). Sponge, cnidarian, and other marine inver-
tebrate can de-differentiate or trans-differentiate (Adamska, 2018; 
Ferrario et al., 2020; Gold & Jacobs, 2013); therefore, it has been 
hypothesized that hypoxia and HIFa are involved in the fine-tuning 
of stem cell plasticity and development (Hammarlund, 2020).

Up to three HIFa proteins were identified in vertebrates, with D. 
rerio having five HIFa genes (File S1, Figure 3). Herein, the gene ge-
nealogy of HIFa (Figures 3 and 4) supports the existence of three HIF 
paralogs in extant vertebrates that are most likely products of the 
two successive whole-genome duplications (WGD) events from 700 
to 450 Ma in the LCA of vertebrates (Kuraku et al., 2008; Panopou-
lou & Poustka, 2005; Sacerdot et al., 2018; Simakov et al., 2020). 
Estimated ages for the duplication events that originated the three 
vertebrate paralogs, ~595 Ma (CrI 550–636 Ma) and ~ 558 Ma (CrI 
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500–604 Ma) (Figure 4), coincide with both WGD events. The addi-
tional paralog seen in D. rerio may be a result of the teleost-specific 
WGD, 450–300 Ma (Crow et al., 2006; Desvignes et al., 2021; Hoegg 
et al., 2004; Panopoulou & Poustka, 2005).

Our findings differ somewhat from Rytkönen et al. (2011), Gra-
ham and Presnell  (2017), and Mills, Francis, Vargas, et al.  (2018), 
which describe HIF1a and HIF2a as more closely related to each 
other than HIF3a. Our phylogeny (Figure 3) indicates the ancestral 
HIFa first duplicated to preHIF1/3 and HIF2a. In the second round, 
preHIF1/3 duplicated to HIF1a and HIF3a. Uncertainties in the 
evolutionary origin of genes that were duplicated in the vertebrate 
WGDs have already been observed in other proteins, for example, 
fibrillar collagens and lysyl oxidases (Rodriguez-Pascual & Slat-
ter, 2016), and just like HIF, they linked intimately to oxygen metab-
olism (Cole et al., 2020; Mills & Canfield, 2014; Rodriguez-Pascual 
& Slatter, 2016). A fourth HIFa paralog (HIF4a) has been described, 
mostly for fishes (Graham & Presnell, 2017; Law et al., 2006; Ryt-
könen et al. 2008). However, given the absence of a clear phyloge-
netically related HIF4a group in our gene tree, it can be hypothesized 
the HIF4a paralog was most likely pseudogenized and then lost at 
some point in vertebrate evolution. Such steps are common in gene 
duplication events, where some duplicates may undergo neofunc-
tionalization, subfunctionalization, or gene loss (Mighell et al., 2000; 
Zhang, 2003).

5  |  CONCLUSIONS

Our results support the hypothesis of a pre-Tonian emergence of 
metazoans when low-oxygen conditions prevailed. The emergence 
of metazoan HIFa in the Mesoproterozoic Era implies that the mo-
lecular toolkit encoding hypoxia-response elements like HIF was 
already present in the ancestors of metazoans. We demonstrate 
that at least two duplication events took place along the evolution-
ary history of HIFa, generating HIF1a, HIF2a, and HIF3a in verte-
brates. Those paralogs probably originated from the multiple rounds 
of genome duplications in the vertebrate stem lineage. Our study 
highlights the importance of molecular dating estimates of proteins 
as a powerful tool for understanding the evolution of these crucial 
ancient protein families which are intertwined with early major 
lineages.
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