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Sulfoxide synthases are enzymes involved in the biosynthesis of small
sulfur-containing natural products. Their enzymatic activity represents a
unique sulfur transfer strategy in nature that is the insertion of a sulfur
atom on the imidazole ring of histidine. To date, only two enzymes are
known to carry out this function: the sulfoxide synthase EgtB, involved
in the biosynthesis of ergothioneine in fungi and bacteria, and the
5-histidylcysteine sulfoxide synthase OvoA, involved in the biosynthesis
of ovothiols, found in the eggs and biological fluids of marine invert-
ebrates, some proteobacteria and protists. In particular, ovothiols, thanks
to their unique redox properties, are probably the most intriguing
marine sulfur-containing molecules. Although they have long been con-
sidered as cellular protective molecules, new evidence suggest that their
biological activities and ecological role might be more complex than orig-
inally thought. Here, we investigate the evolutionary history of OvoA in
Metazoa, reporting its monophyletic ancient origins, which could be
traced back to the latest common ancestor of Choanozoa. Nevertheless,
we show that OvoA is missing in several major extant taxa and we discuss
this patchy distribution in the light of the massive genome reduction
events documented in Metazoa. We also highlight two interesting cases
of secondary acquisition through horizontal gene transfer, which occurred
in hydrozoans and bdelloid rotifers. The evolutionary success of this
metabolic pathway is probably ascribable to its role in the maintenance
of cellular redox homeostasis, which enables organisms to survive in
different environmental niches.
1. Introduction
Small sulfur-containing molecules are endowed with unique and highly special-
ized features that enable them to serve a variety of different functions in the cell.
Diverse redox systems based on low-molecular-weight thiols and their oxidized
disulfide have been independently developed along evolution. The careful
balance between these highly abundant molecules is fundamental to maintain
redox homeostasis in various cellular compartments, to provide protection
towards oxidative and xenobiotic stress and to support redox-regulatory and
signalling processes [1].

Ovothiols are among the most abundant, yet least investigated marine
sulfur-containing metabolites. These π-N-methyl-5-thiohistidines were first
isolated from the eggs of marine invertebrates, including sea urchins, sea
stars and cephalopods [2]. The unique antioxidant properties and broad dis-
tribution of ovothiols among invertebrates, microalgae and proteobacteria
suggest that these molecules play important roles in cellular biochemistry
[3]. In sea urchins, ovothiols are commonly thought to play a protective
role towards the strong oxidative burst occurring at fertilization [4] and in
larvae exposed to environmental stressors [5]. Three different forms of
ovothiols (A, B and C), differing by the degree of methylation at the lateral
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amino acidic chain, have been identified so far. Ovothiol A
has been found in multiple biological sources, such as the
eggs of the sea urchin Paracentrotus lividus, the eggs and
biological fluids of some molluscs, the coelomic fluid of
marine worms, some microalgae and pathogenic protists
[2–7]. On the other hand, ovothiol B and C have been
only described in the scallop Chlamys hastata and in the
sea urchin Strongylocentrotus purpuratus, respectively [2–4].
The desmethylated form of 5-thiohistidine has been so far
identified in larger molecular complexes in cephalopods,
in the sea star Dermasterias imbricata and in the sponge Lan-
truculia brevis [3]. Owing to the presence of a sulfydril group
on the imidazole ring of histidine, ovothiols have long been
considered as modulators of the cellular redox state, and
exhibit a high redox potential compared to other cellular
thiols, glutathione, trypanothione and ergothioneine [8,9].
However, these small molecules are likely to act as signals
to regulate several biological processes not limited to fertili-
zation and larval development [3], as suggested by their
ability to reduce cell proliferation in human liver carcinoma
cells [10], to exert an anti-inflammatory activity in endo-
thelial cells from diabetic patients [11] and to ameliorate
liver fibrosis [12].

New impetus to the research on ovothiols has recently
stemmed from the discovery of their biosynthetic route in
bacteria [13–15]. The key enzyme involved in ovothiol bio-
synthesis is a bifunctional enzyme, which catalyses the
formation of the oxidative C–S bond, an unprecedented reac-
tion in nature that results in the net sulfur transfer from
cysteine to position 5 of histidine. In detail, the enzyme 5-his-
tidylcysteine sulfoxide synthase (OvoA) catalyses the
formation of the 5-histidylcysteine sulfoxide conjugate from
cysteine and histidine [14]. Subsequently, a pyridoxal phos-
phate (PLP)-dependent lyase (OvoB) cleaves this intermediate
product to generate 5-thiohistidine [14,15]. Then, OvoA cata-
lyses the methylation at the imidazole ring to produce
ovothiol A [14,15]. The only other sulfoxide synthase known
in nature is EgtB, which catalyses the insertion of the sulfur
atom in position 2 of histidine, producing the trimethyl-
histidine ergothioneine in some fungi and bacteria. The pri-
mary structures of OvoA and EgtB share a similar central
formyl-glycine (FGE)-sulfatase domain, which differs for the
regioselectivity of the C2 or C5 position of histidine in sulfur
transfer [16]. In addition, OvoA has an S-adenosyl methyl
(SAM)-transferase C-terminal domain, which is responsible
for the imidazolic methylation of 5-thiohistidine [14]. In
ergothioneine biosynthesis, the sulfoxide conjugate intermedi-
ate is cleaved by the PLP-dependent C–S lyase EgtE [17].
While the biosynthesis and biological activity of ergothioneine
have been widely investigated, ovothiols have only recently
attracted the interest of the scientific community because of
their therapeutic potential and the possibility of biosynthetic
production [3,10–12].

In the present study, we explore the evolutionary history
of metazoan OvoA genes by comparative genomics and tran-
scriptomic approaches, extending our investigation to
neglected phyla, which have been so far been the target of
limited -omic studies. We discuss the phylogenetic placement
of these sequences with respect to bacteria and unicellular
eukaryotic microorganisms, highlighting the ancestral origins
of the metabolic pathway and revealing the frequent occur-
rence of lineage-specific gene loss and two independent
horizontal gene transfer (HGT) events.
2. Methodology
(a) Identification of metazoan OvoA from genomic and

transcriptomic resources
The fully sequenced and annotated holozoan genomes available
in Ensembl and NCBI genome databases were screened for the
presence of OvoA based on homology criteria. In detail, the
OvoA protein from the sea urchin P. lividus (PlOvoA) was used
as a query for BLASTp searches against the predicted protein col-
lections of each species, using an e-value threshold of 1 × 10−50

for an initial detection of possible matches. Positive hits were
further inspected with HMMER v. 3.2.1 [18] to assess the pres-
ence of the three expected conserved domains in OvoA, i.e. the
DinB-like domain (PF12867), FGE-sulfatase domain (PF03781)
and methyltransferase 11 domain (PF08241), pertaining to the
SAM-dependent methyltransferase homologous superfamily
(SSF53335), based on the e-value threshold of 1 × 10−3. Multiple
sequence alignments performed with MUSCLE [19] allowed us
to assess the completeness of the inferred encoded protein
sequences. Genes suffering from excessive fragmentation and
incomplete at the 50 or 30-end were discarded, while the full-
length OvoA orthologues were selected for further investigation.

Publicly available transcriptomic resources were screened to
expand the breadth of taxonomical sampling and to cover
phyla with no genomic information. Whenever available,
assembled transcriptomes were downloaded from the NCBI
Transcriptome Shotgun Assembly database or from Dryad (as
in the case of the choanoflagellate transcriptomes from the
study by Richter et al. [20]). Alternatively, raw sequencing data
were downloaded from the NCBI Sequence Read Archive
(SRA) database, imported to the CLC Genomics v. 11 environ-
ment, trimmed by quality and de novo assembled (setting an
automatic selection of word size and bubble size parameters). Tran-
scriptomes were virtually translated using TRANSDECODER v. 5.3.0
(https://github.com/TransDecoder/), setting the minimal open
reading frame length to 100 amino acids. Taking into account
the possible inclusion of exogenous sequences (e.g. derived
from parasites or microorganisms associated with the target
species), positive hits were compared through BLASTn against
non-animal sequences deposited in the NCBI nr/nt databases.
The detection of positive hits with sequence identity greater
than 90% was considered as a strong evidence of exogenous
contamination, and led to the exclusion of such sequences from
further investigation. Full-length sequences were considered for
subsequent analyses, whereas partial matches were only used
to mark the presence/absence of OvoA in given taxa. A detailed
list of OvoA sequences used in this study is provided in the
electronic supplementary material, file S1.

(b) Validation of genomic sequences and assessment of
genomic organization

The annotation of OvoA genes was checked by the alignment
between genomic DNA and transcriptome-derived complemen-
tary DNA (cDNA) sequences of the same species. In the
absence of transcriptomes from the same species, the cDNA
sequence from a phylogenetically closely related species was
used. Annotation errors (i.e. exon skipping, incorrect splicing
sites, etc.) were manually corrected, and incomplete sequences,
either derived from the miss-assembly of the locus or from the
presence of large unresolved gaps, were discarded. Intron and
exon boundaries were defined with SPLIGN [21], refining the
exact position of donor and acceptor splicing sites with GENIE

[22]. The possible origin by exogenous genomic DNA contami-
nation of the OvoA sequences found in Hydra vulgaris and
Adineta vaga was evaluated by computing the GC content and
effective number of codons of all the coding sequences obtained
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from the two genomes with the EMBOSS geecee and chips tools,
respectively [23].

(c) Phylogenetic analysis
The full-length OvoA aa sequences were used to generate two
distinct multiple alignments with MUSCLE. The first one (data-
set A) included all OvoA sequences identified in UniProtKB;
sequences sharing pairwise similarity greater than 55% were
clustered with CD-HIT [24]. In this case, the accessory domain
of hydrozoan sequences (see the Results section) was removed.
The second dataset (B) only contained a selection of the
choanozoan OvoA sequences that had been grouped in a mono-
phyletic clade by the previous analysis. These files were
processed with GUIDANCE2 [25] to remove highly divergent
and phylogenetically poorly informative regions and then evalu-
ated with a MODELTEST-NG analysis [26] to detect the best-fitting
model of molecular evolution. This was determined as LG +G + I
[27] for both datasets, based on the corrected Akaike information
criterion [28]. MRBAYES v. 3.2 [29] was used to infer the phyloge-
netic relationships among sequences with a Bayesian approach.
Four independent analyses were run in parallel for 3 000 000
generations, for both datasets, i.e. until the observed average
standard deviation of split frequencies reached values lower
than 0.05, and all estimates for the parameters of the model of
molecular evolution reached an effective sample size higher
than 200. Convergence of runs was evaluated with TRACER

v. 1.6 (http://beast.bio.ed.ac.uk/Tracer). Consensus (50%
majority rule) phylogenetic trees were obtained by discarding
those obtained during the first 25% of the analysis with the
burn-in process. In the graphical representation, poorly sup-
ported nodes (posterior probability < 50%) were collapsed. In
parallel, maximum-likelihood (ML) inference analyses were per-
formed with the same sequence datasets and model of molecular
evolution using RaxML-NG v. 0.9.0 [30].
3. Results
(a) Evolutionary relationship between OvoA from

different kingdoms
To shed light on the origin and distribution of OvoA
metazoan genes, we performed a comprehensive comparative
analysis of all the sequences available in public databases.
Besides animals, OvoA with canonical domain organization
(electronic supplementary material, figure S1) were found in
a large number of prokaryotes (alpha-, beta-, gamma- and
delta/epsilon-Proteobacteria, PVC- and FCB-group bacteria),
a few cyanobacteria and many unicellular eukaryotes. These
included microalgae, such as Haptophyta, Chlorophyta,
Cryptophyta and diatoms (Stramenopiles), flagellate protists
(Euglenozoa, Parabasalia and Apusozoa), Amoebozoa as
well as early-branching holozoan lineages (Ichthyosporea
and Choanoflagellatea). No OvoA orthologues were found
in Archaea and land plants. In fungi, OvoA was limited to a
few species of filamentous ascomycetes.

Bayesian and ML inference produced very similar results,
placing nearly all metazoan OvoA sequences within a single,
highly supported monophyletic group (figure 1a, clade I,
100% posterior probability), well distinct from bacteria and
most unicellular eukaryotes. This clade also included all
choanoflagellates pertaining to the order Acanthoecida, as
well as two species pertaining to the order Craspedida,
permitting us to trace back the origins of the prototypical
metazoan OvoA gene to the latest common ancestor of
Choanozoa. Further attempts made at investigating in more
detail the evolutionary history of metazoan sequences pro-
duced tree topologies characterized by short basal branches,
several polytomies and incongruences with the currently
accepted animal phylogeny. These issues most likely reflect
a combination between stochastic factors [31] (e.g. lack of
phylogenetic signal and inadequate model selection owing
to the low number of phylogenetically informative sites pre-
sent in the multiple sequence alignment), and the rapid
radiation of all metazoans which occurred during the Cam-
brian explosion (electronic supplementary material, figure
S2) [32].

With the exception of the sequence from the ciliate Pseudo-
cohnilembus persalinus, all the other sequences were clustered
with high confidence in two other clades (figure 1a). Clade
II mostly included bacteria, together with a few unicellular
eukaryotes (i.e. Ichthyosporea, Alveolata and Stramenopiles).
Clade III included some bacterial (including Cyanobacteria),
unicellular green algae, most Craspedida choanoflagellates,
fungi and a number of other unicellular eukaryotes). Most
of these sequences conserve the iron binding motif and the
residues known to be involved in the recognition of the sub-
strates [5]. This sequence conservation is predictive of
ovothiol production, as confirmed for different bacteria and
unicellular eukaryotes [6,7,13,14,16] (electronic supplementary
material, figure S1).

Surprisingly, two small groups of metazoan OvoA
sequences were placed in clade II (Hydrozoa) and clade III
(Rotifera Bdelloidea). The phylogenetic placement
(figure 1b,c), unusual gene architecture and unique sequence
features of these genes strongly support their exogenous
origin by HGT (see Discussion).

(b) OvoA underwent multiple lineage-specific gene-loss
events along metazoan evolution

Besides the identification of the ancestral origins of metazoan
OvoA genes to the emergence of Choanozoa, our analyses
allowed the identification of several independent gene-loss
events, often concurrent with well-documented lineage-
specific massive orthologous gene-loss events [33,34], or
with genome reduction linked with a body plan simplification
or with the acquisition of a parasitic lifestyle [35–38] (figure 2).
Two major events targeted Ecdysozoa and vertebrates, after
the split between Chondrichthyes and Teleostomi, which
resulted in the lack of OvoA orthologues in all extant bony
fishes and tetrapods [5]. On the other hand, OvoA gene dupli-
cation events seem to have only seldom occurred in Metazoa,
as most phyla show a single functional OvoA gene (electronic
supplementary material, Data note S3).

We could confirm the presence of OvoA in Demospon-
giae and extend its range of taxonomical distribution to
two other groups of Porifera i.e. Calcarea and Hexactinellida,
whereas no orthologous sequence could be found in Homo-
scleromorpha. OvoA genes are missing in Ctenophora, one
of the most ancient extant animal taxa [39,40], but they are
present in Placozoa, another basal metazoan group, included
within the group Parahoxozoa, together with Cnidaria and
Bilateria [41]. The detailed analysis of genomes and transcrip-
tomes of the phylum Cnidaria highlighted that all
anthozoans have OvoA genes, which on the contrary are
absent in Myxozoa, Scyphozoa, Cubozoa and Staurozoa.
As previously mentioned, Hydrozoa possess largely
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Figure 1. (a) Evolutionary relationship of all OvoA sequences detected in UniProtKB, inferred based on Bayesian inference and an LG + I + G model of molecular
evolution and four independent Markov chain Monte Carlo chains run for 3 000 000 generations. Posterior probabilities support values are shown close to each major
node. Nodes showing posterior probability support lower than 50% were collapsed. Inferred HGT events in Rotifera and Hydrozoa are indicated. Pseper: Pseudo-
cohnilembus persalinus. Choanoflagellate sequences are marked with yellow circles. (b) Detail on tree branches denoting the HGT event inferred in Hydrozoa.
(c) Detail of tree branches denoting the HGT event inferred in Rotifera. The scale bar indicates the number of substitutions per site. Green, clade I sequences;
blue, clade II sequences; light blue, Hydrozoa horizontally transferred sequences; orange, clade III sequences; yellow, Rotifera horizontally transferred sequences.
The multiple sequence alignment, Bayesian and ML tree files are available in the electronic supplementary material, file S2. (Online version in colour.)
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divergent clade II OvoA-like genes, that were not originated
from exogenous DNA contamination (electronic supplemen-
tary material, figure S3) and most likely derived from HGT
(figure 1b).

We found no OvoA orthologues in the transcriptomes of
Xenacoelomorpha (Xenoturbellida +Acoelomorpha), the ear-
liest branching bilaterian phyletic lineage. As previously
mentioned, no orthologues were found in Ecdysozoa, confirm-
ing previous reports about the absence of OvoA genes in
Arthropoda and Nematoda [5] and extending this observation
to Priapulida and Tardigrada. On the other hand, the presence
of OvoA seems to be a distinctive feature of all Lophotrocho-
zoa, as evidenced by its occurrence in Mollusca, Brachiopoda,
Annelida and Nemertea. Transcriptome analysis confirmed
the presence of orthologues also in Entoprocta and Phoronida,
but not in Bryozoa (probably owing to the limited resources
available for this phylum). Although most marginally studied
Spiralian species with debated taxonomical placement [42]
still lack fully sequenced genomes, we could establish that
Platyhelminthes, Mesozoa and Gastrotricha lack OvoA genes.
On the contrary, partial sequences were identified in some
members of Gnathifera (Acanthocephala, Micrognathozoa
and, within Rotifera, Monogononta). As previously mentioned,
all bdelloid rotifers display highly divergent, horizontally
transferred OvoA genes, which pertain to clade III (figure 1c)
and, as in the case of Hydrozoa, were certainly not derived
from the assembly of exogenous contaminant genomic DNA
(electronic supplementary material, figure S3).

A broader taxonomical sampling of deuterostomes com-
pared to previous studies confirmed the loss of OvoA genes
in the Teleostomi lineage, and their presence in all the
major classes of Ambulacraria (Echinodermata +Hemichor-
data), Cephalochordata and Urochordata, except for the
lineage-specific loss of OvoA in Appendicularia (Oikopleura
dioica). While all Chondrichthyes (including both Holocephali
and Elasmobranchii) retain OvoA, its lack in lampreys and
hagfishes points out that another gene-loss event took place
in Cyclostomata.



gene present

horizontally-transferred gene

gene absent

ancestral choanozoan OvoA gene

inferred gene loss event

inferred HGT event

Figure 2. Taxonomic spread of OvoA in metazoans. The diagram is a representative of OvoA distribution in the currently accepted metazoan tree of life. Presence,
absence, gene loss and HGT events have been inferred through the analysis of genome and transcriptome data. Documented massive gene loss and genome
reduction events are marked with an asterisk and the numbers between square brackets indicate the bibliographic reference. (Online version in colour.)
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(c) The structure of OvoA genes is conserved across
metazoan evolution

The genomic organization of orthologous genes, in terms of
number and position of introns, tends to remain conserved
over very long timescales, even in species separated by sev-
eral hundred million years of divergent evolution [43]. The
rates of intron gain have been generally quite low in eukar-
yotes, while the rate of intron loss has been much higher
and variable across lineages, probably owing to the tendency
of genome compaction in some phyla (e.g. arthropods and
parasitic worms). At the same time, the position of introns
appears to be nearly fixed in all eukaryotes, with intron slid-
ing events considered as extremely rare [44]. Therefore, the
conservation of intron position is a useful tool for compara-
tive genomics and evolutionary studies and for assessing
gene orthology [45]. Owing to the lack of available genomes
for Acanthoecida choanoflagellates, we used the gene struc-
ture of the Amphimedon queenslandica OvoA as a reference
for intron and exon numbering and comparison with other
metazoan phyla (figure 3). The OvoA genes of Porifera are
characterized by 18 protein-coding exons (plus an additional
50 exon containing an untranslated region only, disregarded
in this study) and by 17 introns.

The coding region of OvoA was split among a variable
number of exons depending on the phylum, ranging from
10 (in monogonont rotifers, which have extremely compacted
genomes [46]) to 21 (in Placozoa) (figure 3). Overall, in spite
of several lineage-specific intron loss and intron gain events,
common splicing sites were often conserved among largely
divergent phyla (e.g. from Porifera to Chordata), consistently
with the monophyletic origin of metazoan OvoA genes
evidenced by the phylogenetic analysis (figure 1).

The only two exceptions to this general architecture were
the genes of bdelloid rotifers and hydrozoans, previously
identified as the likely product of HGT (see figures 1b,c and
2). Bdelloid rotifers (i.e. Adineta ssp. and Rotaria spp.) display
intron-less genes (figure 3), encoding for OvoA proteins with
a canonical size and domain organization. The observed lack
of introns, a typical feature of prokaryotic genes, is consistent
with the acquisition of nearly 8% of the bdelloid genes by
HGT from bacteria in relatively recent times [47]. Hydro-
zoans, on the other hand, possess highly modified genes,
with just five introns, placed in different locations compared
to other animals (electronic supplementary material, figure
S4). Moreover, the encoded protein contains a large
additional N-terminal lyase domain, which is entirely
encoded within the first large exon, which may have been
recruited through the fusion with another pre-existing gene
(see the following section).
(d) OvoA is fused with a unique sulfide-lyase domain
in Hydrozoa

All clade I metazoan and choanoflagellate OvoA proteins dis-
play a typical organization, with three conserved domains, i.e.
an N-terminal DinB-like domain, a central FGE-sulfatase



Figure 3. Comparative gene architecture of metazoan OvoA. The A. queenslandica gene was used as a reference for exon (Arabic numerals) and intron (Roman
numerals) numbering. Exons are represented by arrows and introns are indicated by vertical lines. Exons with boundaries similar to AqOvoA are shown in green,
while those with different structure are indicated in light blue. The following representative species were considered: A. queenslandica, T. adherens, Nematostella
vectensis, Crassostrea gigas, Octopus bimaculoides, Lottia gigantea, Capitella teleta, Lingula anatina, Brachionus plicatilis, Adineta vaga, S. purpuratus, Saccoglossus
kowalevskii, Acanthaster planci, Branchiostoma belcheri, Ciona intestinalis and Callorhinchus milii. (Online version in colour.)

(a)

(b) (c)

PLP-dependent transferase DinB-like FGE sulfatase
SAM-dependent
methyltransferase

Figure 4. Schematic domain organization of hydrozoan OvoA proteins (a) and comparison between the three-dimensional structure of E. tasmaniensis OvoB (PDB ID:
5Z0Q), as experimentally determined by X-ray diffraction (b), and the model of the H. vulgaris N-terminal sulfide-lyase domain, obtained through a threading
approach with I-TASSER (c). (Online version in colour.)
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domain and a C-terminal methyltransferase domain (figure 3;
electronic supplementary material, figure S1). While the
horizontally transferred clade III OvoA of bdelloid rotifers
display the same architecture, the clade II OvoA proteins of
hydrozoans include an additional N-terminal PLP-dependent
transferase domain (IPR015424) and amuch longer C-terminal
methyltransferase domain (figure 4a). The additional
N-terminal domain is approximately 350-amino acids long
and only shows limited homology with a few other metazoan
sequences with a much more simple architecture (i.e. contain-
ing only an IPR015424 domain), which share similarity
with plant mitochondrial cysteine desulfurases. To gather
information about the possible function of the N-terminal
extension of hydrozoan OvoA, we performed a structural
prediction analysis using two different threading/fold-
recognition approaches, i.e. PHYRE 2 [48] and I-TASSER [49].
The two methods produced similar results, with the former
detecting the most significant structural similarities with cya-
nobacterial L-cystine C–S lyases [50], and the latter finding as
the optimal template (confidence > 99.9%) the PLP-dependent
C–S lyase Egt2 from Neurospora crassa, which is known to
mediate the cleavage of the sulfoxide C–S bond during
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ergothioneine biosynthesis [51]. The modelled three-dimen-
sional (3D) structure of this domain in H. vulgaris was finally
compared with the recently determined crystallographic
structure of OvoB, the PLP-dependent C–S lyase involved in
ovothiol biosynthesis from Erwinia tasmaniensis (PDB ID:
5Z0Q), which lacked significant primary sequence homology
with the Hydra N-terminal domain of OvoA. The superimpo-
sition of the two structures through the FATCAT pairwise
alignment tool, run in a flexible mode [52], revealed a signifi-
cant structural match (e-value = 3.87 × 10−6, 296 equivalent
positions and an root-mean-square deviation = 3.04 Å). This
is consistent with the visible overlap between the backbone
structure of both proteins and with the similar arrangement
of secondary structural features (figure 4b,c; details of the
structural alignment are provided in the electronic
supplementary material, File S3). Hence, the hydrozoan
OvoA-like gene appears to have been fused with an OvoB-
like gene, and may therefore encode a protein that potentially
combines three enzymatic activities (sulfoxide synthase and
methyl transferase from OvoA and PLP-lyase from OvoB)
within the same polypeptidic chain.
1812
4. Discussion
Ovothiols are small sulfur-containing natural products that
are supposed to have played a pivotal role in the evolution
of redox homeostasis, providing an adaptive value for the
response of animals to challenges posed by the environment.
Little is known about the biological function of these com-
pounds [3]. They are supposed to protect eggs and early
embryos from oxidative burst occurring at fertilization in sea
urchins [4], thanks to their ability to scavenge peroxides and
make redox exchange with glutathione. They have been also
suggested to act as redox regulators in chloroplasts of microal-
gae and to play a defence role from the immune response of
the host in Trypanosoma species [6,7]. Although ovothiols are
present in a broad range of organisms, their biosynthetic path-
ways have been so far characterized in detail only in a few
microorganisms [14,53,54] and the key enzyme involved in
this process, OvoA, has been the subject of limited study in
animals [5]. In the present study, through an in-depth genomic
investigation, we shed light on previously unknown aspects
related to the evolution of ovothiol biosynthesis in Metazoa.
We revealed that the taxonomic spread of OvoA genes is
much more complex and discontinuous than previously
thought, owing to the occurrence of several lineage-specific
gene-loss events and two independent HGT events in Bdelloi-
dea and Hydrozoa, paired with the recruitment of an
additional functional domain in the latter case.

Overall, both phylogenetic evidence (figure 1) and the
remarkable conservation of intron position in the animal tree
of life (figure 3) support the monophyly of metazoan OvoA
sequences, which probably derive from an ancestral gene
present in the latest common ancestor of Choanozoa and
subsequently rapidly underwent molecular diversification
along with the radiation of Metazoa. In fact, clade I OvoA
sequences were identified in some (but not all) choanoflagel-
lates, namely all the members of the Acanthoecida and two
Craspedida species (Salpingoeca dolichothecata and Codosiga
hollandica). The other chonaoflagellates and another group of
early-branching holozoans (Ichthyosporea) possess OvoA
genes pertaining clade II and III, respectively (figure 1a).
In spite of the monophyletic origin of all metazoan OvoA
genes, their evolution did not proceed linearly. While the
ability to produce ovothiols has been previously speculated
as a beneficial trait for marine life [5], the numerous gene-
loss events that we have evidenced (figure 2) do not coincide
with the adaptation to terrestrial life. Indeed, numerous
examples of large marine taxa lacking OvoA (e.g. Crustacea),
as well as of animals living in terrestrial or freshwater
environments (e.g. land snails, freshwater bivalves and
earthworms) exist.

One of the most innovative results provided by this study
was certainly the identification of two distinct cases where an
ancestral loss of the OvoA gene was followed by its second-
ary re-acquisition by HGT. The first of such events occurred
in bdelloid rotifers, unusual pseudocoelomate metazoans.
The OvoA genes from Adineta spp. and Rotaria spp. were
placed with high confidence within clade III, together with
sequences from Bacteria and various unicellular eukaryotes
(figure 1a), consistently with the report that rotiferan gen-
omes harbour up to 8% genes acquired through HGT from
bacteria, fungi and plants [55]. The intron-less nature of the
A. vaga gene matches the typical organization of prokaryotic
genes, further supporting its exogenous origins (figure 3).
From a phylogenetic perspective, bdelloid OvoA sequences
shared the highest similarity with Pseudohongiella spp. and
other unclassified Gammaproteobacteria (50% similarity,
58% posterior probability) (figure 1c), coherently with the
observation that most horizontally transferred rotiferan
genes derive from eubacterial donors [56].

Besides these canonical OvoA genes, bdelloid rotifers
also possess a second type of highly divergent intron-less
OvoA-like sequences. Compared with canonical OvoA, the
encoded proteins possess a different C-terminal domain,
i.e. a SAM-dependent histidine-specific methyltransferase
(PF10017), shared by bacterial EgtD proteins, which suggests
that these organisms may possess two alternative thiol-
biosynthetic pathways, a hypothesis which will certainly
require additional investigation in the near future (see the
electronic supplementary material, Data note S6). Consider-
ing the presence of clade I OvoA genes in monogonont
rotifers, the HGT event which led to the acquisition of
OvoA and OvoA-like genes of bdelloid rotifers needs to be
placed before the radiation of this group, estimated at more
than 60 Ma [56], but after the split between Bdelloidea and
Monogononta (figure 2).

The second case of HGT involves Hydrozoa, that have
OvoA genes that clearly pertain to clade II (figure 1), together
with OvoA genes from bacteria and some unicellular eukar-
yotes. Hydrozoan OvoA genes were much larger than those
of other metazoans, they had a significantly lower number of
exons (i.e. electronic supplementary material, figure S4) and
encoded proteins with an additional N-terminal PLP-
dependent transferase domain (figure 4a). The relevant length
of this region, which is entirely encoded by the first exon,
suggests that its acquisition is the result of a gene fusion
event. Modelling approaches highlighted a surprising struc-
tural similarity between this N-terminal domain and OvoB
from E. tasmaniensis, the β-lyase responsible for the cleavage
of the sulfoxide conjugate intermediate produced by OvoA
[16]. To the best of our knowledge, this is the first report of a
single polypeptide chain that combines all the three enzymatic
activities (sulfatase, lyase and methyltransferase) responsible
for ovothiol biosynthesis in metazoans.
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In stark contrast with bdelloid rotifers, the most obvious
source of exogenous genetic material for HGT in Hydrozoa
would not be bacteria, but endosymbiotic dinoflagellates,
which live in close association with many type of corals
[57,58]. While just a limited number of HGT events has
been reported in Hydrozoa [59], the acquisition of genetic
material from algal and bacterial endosymbionts provides a
significant contribution to the genomes of other cnidarians,
such as stony corals [60,61]. The in-depth phylogenetic analy-
sis of clade II OvoA sequences revealed that the closest
relative to the hydrozoan genes was a sequence from the
chromerid Vitrella brassicaformis (100% posterior probability,
figure 1b), a species of photosynthetic protists associated
with the corals of the Great Barrier Reef [62]. Altogether,
these pieces of evidence suggest that the highly modified
hydrozoan OvoA genes have been horizontally transferred
from an ancestral chromerid or apicomplexan symbiont
[63], which might have lived in close association with an
ancestor of the hydrozoan lineage. This HGT event needs to
be placed, hundreds of million years ago, before the split
between Trachylinae and Hydroidoline, because both
groups possess OvoA, but after the separation between
Hydrozoa and all the other major cnidarian lineages
(figure 2). Considering the fact that no significant homology
could be detected between the hydrozoan OvoB-like domain
and sequences encoded by the genome of V. brassicaformis
and other alveolates, this secondary acquisition event has
probably been followed by the fusion with a second gene
encoding a β-lyase, possibly pre-existing in the ancestral
hydrozoan genome.

Overall, the reasons behind the broad taxonomic spread
of OvoA genes, their loss in some phyla and secondary re-
acquisition by HGT in others are the likely product of mul-
tiple independent factors, which may have acted with
different relative pressure in different metazoan lineages.
First, the evolutionary success of OvoA may be related to
its ability to provide an efficient regulation of redox-sensitive
pathways, whose modulation is fundamental in the
rearrangements of body plan during larval development
and key life cycle transitions [64,65]. On the other hand,
genome reduction and simplification are now well recog-
nized as prevailing processes in genome evolution [34]. For
example, the lack of OvoA in organisms that underwent
genome reduction along with the simplification of the body
plan (e.g. Mesozoa [38]) or in obligated parasites which lost
primary metabolic pathways provided by the host (e.g. Platy-
helminthes [35,36] and Myxozoa [37]), is perhaps not
surprising. Similarly, OvoA might have been lost along
with several thousand other genes in taxa such as Ecdysozoa,
where massive lineage-specific gene-loss events have been
documented [33]. In other cases, the loss of the ability to pro-
duce ovothiols may be related to the independent evolution
of alternative and more sophisticated mechanisms for con-
trolling redox homeostasis. These might involve glutathione
metabolism, which in mammals can be affected by exogenous
ovothiols produced by invertebrates [66]. Additional in silico
analyses aimed at studying the coevolution between OvoA
and other pathways involved in the biosynthesis of thiols
may shed light on these aspects in the near future. The
appearance of molecular systems to acquire ovothiol from
diet might be considered as another plausible cause of
OvoA gene loss, as it would have made the presence of
enzymes involved in the biosynthesis of these molecules
unnecessary. Interestingly, some metazoans, including
humans, can accumulate ovothiol-related molecules (i.e.
ergothioneine) thanks to the activity of a specific membrane
transporter [67].
5. Conclusion
Although the ability to synthesize ovothiols is a biological
trait shared by several diverse groups of prokaryotes and
eukaryotes, we highlight here for the first time, to our knowl-
edge, the monophyly of metazoan OvoA genes, which
appear to share distinctive molecular and phylogenetic signa-
tures compared with the OvoA sequences from bacteria and
most unicellular eukaryotes. We revealed that the origins of
the prototypical metazoan OvoA gene can be traced back to
the latest common ancestor of Choanozoa, and that OvoA
genes have been lost on multiple occasions along evolution.
While the loss of OvoA is often paired with well-known
genome reduction events, the possibility that this trait
might have been lost in parallel with the development of
alternative redox homeostasis control mechanisms, or with
the ability to acquire ovothiol-related molecules from the
diet remains to be investigated. Finally, our -omic approach
enabled us to pinpoint two independent HGT events that
have targeted bdelloid rotifers and hydrozoans. In particular,
the chimeric hydrozoan genes hold interesting premises for
acquiring new knowledge about alternative ovothiol biosyn-
thetic pathways, owing to the combination of OvoA and an
OvoB-like lyase domain within the same protein. We expect
that the extension of genomic studies to additional animal
taxa, together with the elucidation of the crystal structure of
OvoA will provide a striking contribution towards an
improved understanding of the evolutionary and ecological
significance of this metabolic pathway in the near future.
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