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e Sorbonne Université, CNRS, Biologie Intégrative des Organismes Marins (BIOM), Banyuls-sur-Mer, France
f Department of Chemical Sciences, University of Naples “Federico II”, I-80126 Naples, Italy

A R T I C L E  I N F O

Keywords:
Ovothiol
Antioxidants
Glutathione
Cnidaria
Corals
Redox evolution

A B S T R A C T

Sulfoxide synthase OvoA is the key enzyme involved in the biosynthesis of ovothiols (OSHs), secondary me-
tabolites endowed with unique antioxidant properties. Understanding the evolution of such enzymes and the 
diversity of their metabolites should reveal fundamental mechanisms governing redox signaling and environ-
mental adaptation. “Early-branching” animals such as Cnidaria display unique molecular diversity and symbiotic 
relationships responsible for the biosynthesis of natural products, however, they have been neglected in previous 
research on antioxidants and OSHs.

In this work, we have integrated genome and transcriptome mining with biochemical analyses to study the 
evolution and diversification of OSHs biosynthesis in cnidarians. By tracing the history of the ovoA gene, we 
inferred its loss in the latest common ancestor of Medusozoa, followed by the acquisition of a unique ovoB/ovoA 
chimaeric gene in Hydrozoa, likely through a horizontal gene transfer from dinoflagellate donors. While 
Anthozoa (corals and anemones), bearing canonical ovoA genes, produced a striking variety of OSHs (A, B, and 
C), the multifunctional enzyme in Hydrozoa was related to OSH B biosynthesis, as shown in Clytia hemisphaerica. 
Surprisingly, the ovoA-lacking jellyfish Aurelia aurita and Pelagia noctiluca also displayed OSHs, and we provided 
evidence of their incorporation from external sources. Finally, transcriptome mining revealed ovoA conserved 
expression pattern during larval development from Cnidaria to more evolved organisms and its regulation by 
external stimuli, such as UV exposure. The results of our study shed light on the origin and diversification of OSH 
biosynthesis in basal animals and highlight the importance of redox-active molecules from ancient metazoans as 
cnidarians to vertebrates.

1. Introduction

The animals belonging to the phylum Cnidaria have always capti-
vated scientists and artists due to their astonishing diversity in 
morphology, colors and beauty of life forms. Cnidaria includes two 
major clades of organisms, i.e. Anthozoa (corals, sea anemones, and sea 
pens) and Medusozoa (mainly jellyfish) distinguished by spectacular life 
cycles [1–3]. While Anthozoans’ life cycle involves free-swimming 
planulae, developing into sessile polyps, without a medusa stage [4], 
most Medusozoa alternate the asexual polyps and sexually mature 
medusa stages [4]. Cnidaria are significant for evolutionary studies due 

to their key position in the metazoan tree of life, as a sister group to 
Bilateria, with whom they share many conserved genes with ancient 
origin [5,6]. They are also studied for sensitivity to anthropogenic 
pressure and the extraordinary endosymbiotic relationships with bac-
teria or photosynthetic dinoflagellate algae [7]. Cnidarian-associated 
microbiomes have long been considered the main entities responsible 
for the biosynthesis of many bioactive molecules, including several an-
tioxidants [8,9]. However, recent studies have challenged this view, 
showing that cnidarian hosts also possess the biosynthetic capacity to 
synthesize several secondary metabolites with potential bioactivity 
[10]. In this regard, we have recently reported that most Anthozoans 
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possess the genes responsible for the production of ovothiols (OSHs), a 
class of sulfur-containing histidine derivatives [11], found in nature in 
three different methylated forms, OSH A, B, and C, in the eggs and 
biological fluids of marine invertebrates (echinoderms and mollusks), 
some protozoa (Trypanosoma) and protists (microalgae) [12–15].

The main enzymes responsible for sulfur-containing histidine pro-
duction are sulfoxide synthases, which perform the oxidative C-S 
coupling, leading to the insertion of a sulfur atom on the imidazole ring 
of histidine [16]. The only two sulfoxide synthases known to catalyze 
this type of reaction are EgtB, involved in the biosynthesis of the 
trimethyl-2-thio-histidine, ergothioneine (ERG), mainly in fungi and 
cyanobacteria [17,18], and the 5-histidylcysteine sulfoxide synthase 
OvoA, involved in the biosynthesis of OSHs [19]. OvoA is a bifunctional 
protein comprising a non-heme iron-dependent sulfoxide synthase in the 
N-terminal region and a S-adenosyl methionine-dependent (SAM) 
methyltransferase at the C-terminus [19]. The N-terminal domain of 
OvoA, in the presence of oxygen, catalyzes the formation of the 5-histi-
dyl-cysteine sulfoxide conjugate using cysteine and histidine as sub-
strates. Subsequently, the enzyme pyridoxal phosphate (PLP)-dependent 
lyase (OvoB) cleaves this intermediate to produce 5-thiohistidine [20]. 
Finally, the SAM domain of OvoA catalyzes the methylation at the 
imidazole ring to produce OSH A. OSH B and OSH C differ from OSH A 
due to the presence of additional methylation at the lateral chain of 
histidine, which is catalyzed by unknown enzymes. The 
three-dimensional structures of bacterial OvoA and OvoB from Hydro-
genimonas thermophila and Erwinia tasmaniensis, respectively, have been 
only recently determined [20,21]. While OvoB-like homologous en-
zymes have not been unambiguously identified in animals, ovoA 
orthologous genes are present in several metazoans [22], displaying a 
patchy distribution that highlights a complex evolutionary history [11]. 
Although ovoA has an ancient origin, which can be traced back to the 
latest common ancestor of Choanozoa, its orthologs were lost in several 
major extant taxa, like Ecdysozoa and Vertebrata, or secondarily 
re-acquired through horizontal gene transfer (HGT) in others, such as 
hydrozoans and bdelloid rotifers [11]. The reasons underlying the loss of 
ovoA genes in some phyla and their retention and diversification in 
others remain obscure. However, OSHs probably represent the most 
intriguing marine sulfur-containing secondary metabolites due to their 
unique redox properties. The peculiar position of the thiol group on the 
imidazole ring of OSH results in strikingly different chemical and bio-
logical properties. In fact, the pKa of OSH’s thiol group (~1.4) is 
significantly lower compared to that of other natural thiols, including 
glutathione GSH (usually within a range of 7.0–9.0) [14]. Under phys-
iological conditions, OSH A exists predominantly in the thiolate form 
and functions as a potent radical and peroxide scavenger [23,24]. The 
antioxidant action of OSH A generates OSH A disulfide, which is then 
reduced by intracellular GSH. Therefore, the OSH/GSH system has been 
proposed to protect sea urchin eggs against fertilization-induced 
oxidative stress [25,26]. In contrast, ERG is mainly found in its thione 
form in physiological conditions, and cannot produce a disulfide [18], 
however, it can efficiently scavenge reactive oxygen species (ROS) and 
exerts a protective action also in several human pathologies, such as 
neurodegenerative diseases and cardiovascular disorders [27], to the 
point that it has been recently labeled as a “longevity vitamin” [28]. 
Comparative studies on OSHs have long been neglected, being at their 
early stages. New evidence suggests biological and ecological roles of 
OSH might be more complex than originally thought, going far beyond 
simple cellular protection [14]. Indeed, OSH A can be part of more 
complex structures in the sea star Dermasteria imbricata [29], in the 
sponge Latrunculia brevis [30], and in the venom of the cone snail, Conus 
imperialis [31]. Recent studies have also reported that OSH A exerts 
protective and anti-inflammatory properties in human models of endo-
thelial dysfunction, liver fibrosis, and skin inflammation, through the 
modulation of ROS, NO signaling, and GSH metabolism [32–35]. 
Overall, these findings suggest that OSHs are involved in fine regulation 
of redox-sensitive pathways, and have the potential to ameliorate 

oxidative stress-related pathologies [32,33].
The present manuscript integrates genome and transcriptome data 

mining with biochemical analyses to study the evolution and diversifi-
cation of the enzymes involved in OSHs biosynthesis in Cnidaria. The 
elucidation of the evolutionary origins of the canonical ovoA genes of 
Anthozoa and the unusual chimaeric ovoB/ovoA genes of Hydrozoa, 
together with the identification of diverse OSHs forms in different 
cnidarian species by HPLC and LC-MS highlighted extraordinary mo-
lecular and metabolic complexity in this basally-branching animal 
phylum. This work reveals, for the first time, a new biosynthetic capacity 
for cnidarian hosts, providing new insights into the evolution of sulfur 
redox homeostasis in animals and unlocking the repertoire of bioactive 
antioxidant molecules from these organisms.

2. Results

2.1. Evolutionary history of OvoA: focus on Cnidaria

The considerable increase in sequenced genomes in the phylum 
Cnidaria prompted a much more detailed atlas of genuine ovoA orthol-
ogous genes in these organisms, compared to the previous study [11]. 
First, we confirmed the widespread presence of ovoA genes in all an-
thozoans, both belonging to Hexacorallia and Octocorallia. All antho-
zoan sequences are orthologous to those found in the other metazoans 
(except for the genes of the bdelloid rotifers), as they fall with a high 
probability within the same clade (clade I, see Fig. 1A) according to 
phylogenetic inference analysis. Second, we confirmed the previously 
hypothesized absence of ovoA genes in the genome of three medusozoan 
classes, i.e. Cubozoa, Scyphozoa, and Staurozoa, as well as in the obli-
gate cnidarian parasites of the Myxozoa subphylum (see Fig. 1B). The 
updated comparative genomics analysis clarified the distribution of the 
sequences found in the class Hydrozoa, which display a peculiar struc-
tural organization, unique in metazoan evolution (discussed in detail 
below), and belonging to clade II (see Fig. 1A), along with those of many 
alveolates and photosynthetic protists. The analysis of the recently 
released high-quality hydrozoan genome assemblies [3,36–41] high-
lighted the presence of a single ovoB/ovoA chimaeric gene copy in 
members of the two subclasses Hydroidolina and Trachylinae, living in 
both marine and freshwater environments. A comprehensive list of all 
detected anthozoan and hydrozoan OSH biosynthetic gene sequences in 
available genomes and transcriptomes is reported in SI Table S1.

2.2. OSH biosynthetic genes and protein structure domains in Cnidaria

To better characterize the diversification of OSH biosynthesis in 
cnidarians, we compared the structure of ovoA genes and encoded pro-
teins within this phylum. The ovoA gene of all anthozoan species dis-
played a number of exons (approximately 17–20), most of which had 
highly conserved boundaries, shared with the ovoA orthologues of other 
metazoan phyla [11]. The encoded proteins had a canonical domain 
organization: a DinB superfamily domain, with the highly conserved 
iron-binding motif (HX3HXE) in the N-terminal region; a formyl-glycine 
FGE-sulfatase domain, with the conserved tyrosine (EtTyr417), essential 
for sulfoxide synthase catalytic activity [43] and the residues respon-
sible for binding to cysteine and histidine [21,22]; a single 
SAM-transferase domain in the C-terminal region (SI Fig. 1). On the 
other hand, hydrozoan genes had a different, more complex architec-
ture, characterized by the presence of an additional N-terminal PLP 
dependent β-lyase domain, similar to OvoB, fused at its C-terminus with 
an OvoA-like protein [11]. Therefore, these chimaeric hydrozoan se-
quences may combine the activities of the two enzymes involved in OSH 
biosynthesis within the same polypeptide. Moreover, hydrozoan genes 
contained two C-terminal SAM domains. Consistently with the remark-
able structural differences observed at the protein level with antho-
zoans, hydrozoan OvoA sequences were placed with high confidence in 
a different phylogenetic clade (i.e. clade II, Fig. 1A), and displayed a 
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variable gene architecture, with 4 (in Hydra spp. and Candelabrum coksii) 
to 17 (in C. hemisphaerica) exons, and a few conserved introns that were 
not shared with any other metazoan ovoA gene. In detail, the OvoB-like 
domain, which preserves the residues responsible for PLP binding and 
the key lysine (K240 in EtOvoB) responsible for lyase activity, was 
entirely encoded by the first large 5’ exon in Hydra spp., Turritopsis spp. 
and C cocksii, split between exon 1 and 2 in Hydractinia spp., and placed 
between exons 2 and 7 in C. hemisphaerica (Fig. 2A). In Hydra spp., 
Turritopsis spp. and C. cocksii, the first exon encoded both for the 
OvoB-like and for the DinB and FGE sulfatase domains of OvoA [11], 
while the two SAM domains were encoded by subsequent exons. This 
relatively simple gene architecture was highly modified in other hy-
drozoan species, such as Hydractinia spp. and C. hemisphaerica, where 
multiple additional introns were acquired (Fig. 2A).

To highlight structural and functional novelties in hydrozoans, we 
predicted the complete three-dimensional structure of the multidomain 
OvoB/OvoA protein from the marine C. hemisphaerica (ChOvoBA), with 
AlphaFold2 [44,45]. The model was predicted with high confidence, 
with an average pLDDT higher than 90 for most of the globular regions 
(Fig. 2B). Notably, three segments characterized by low pLDDT (<40) 
were detected: 1) in the OvoB region (residues 397–449); 2) between the 
DinB and FGE domains (residues 648–658); 3) in the segment con-
necting the two SAM domains (residues 1191–1212). This is most likely 
due to regions characterized by low coverage in the multiple sequence 
alignments, or by actual disordered regions, with specific functional 
relevance [46]. The analysis of the Predicted Aligned Error (PAE) plot 
(Fig. 2C), which provides a measure of the reliability of the reciprocal 
orientation of the individual domains, indicated two independent 
structural blocks: the first one encompassing the N-terminal OvoB, DinB 
and FGE domains, that appear therefore stably structured and oriented; 
the second one comprising the two SAM domains. The relative position 
of these two structural conglomerates in the model seems instead more 
flexible. The only structure of OvoA enzyme available in the PDB 
database from the thermophilic microorganism H. thermophila (OvoAHt2, 

PDB 8KHQ) shows that the functional enzyme is a homodimer assem-
bled through an antiparallel β-sheet formed by the outermost strand in 
the SAM domain of each monomer [21]. Interestingly, in the model of 
ChOvoBA the same architecture would be assembled through the 
interaction of the two SAM domains within a single monomer, pre-
venting the dimerization of the protein similarly (Fig. 2B; SI Fig. 2). A 
comparison of the active site of ChOvoBA and OvoAHt2 highlights the 
conservation of the position of all the residues essential for the catalytic 
activity (Fig. 2D). At the N-terminal of ChOvoBA, the OvoB-like domain 
presents the typical fold of a PLP-dependent lyase. This portion has very 
low sequence homology (13.4 % identity) with OvoB from 
E. tasmaniensis (OvoBEta, PDB 5Z0Q). PLP-dependent enzymes, including 
OvoBEta, are usually dimeric and the catalysis takes place at the interface 
between the two subunits [47]. The model of the dimer for ChOvoB was 
also obtained with AlphaFold2 and, despite its recognizable fold, it 
appeared quite different from OvoBEta, with the most pronounced dif-
ferences localized right at the interface between the subunits (SI Fig. 3). 
This, together with the low sequence homology with OvoBEta, allowed us 
to identify only a few of the residues known to mediate PLP binding and 
catalysis, i.e., K259, Y146 and D231 (Fig. 2E). The other residues 
composing the active site could not be unequivocally identified neither 
by sequence comparison nor by structure superposition. Based on this 
observation, ChOvoBA is likely a dimeric protein, in which the two 
monomers interact through the OvoB-like domain. Thanks to the recent 
introduction of AlphaFold3 [48], we were able to model also the dimeric 
assembly with reasonable confidence (Fig. 2F). This presents a horse-
shoe structure in which, as predicted based on the PAE plot (SI Fig. 4), 
the SAM domains of each subunit are more flexible compared to the rest 
of the structure. This may facilitate the methylation steps during the 
biosynthetic process.

Fig. 1. A) Evolutionary relationship among representative OvoA sequences from animals, bacteria, and protists, and positioning of the hydrozoan HGT event. The 
evolutionary relationship among all OvoA sequences was inferred using Maximum Likelihood inference and an LG + I + G model of molecular evolution. The three 
main sequence clades previously identified by Ref. [11] are indicated with different colors. The subgroup of clade II sequences belonging to Hydrozoa and Alveolata 
is marked in light blue. All dichotomic nodes are supported by posterior probability >0.5 B) Schematic reconstruction of OvoA evolution in Cnidaria phylum, 
inferring the loss of a clade I ovoA gene in the common ancestor of Myxozoa and Medusozoa, followed by the reacquisition of clade II ovoB/ovoA chimaeric gene in 
Hydrozoa by HGT. The evolutionary relationships among the different cnidarian subclasses are based on a previous study [42]. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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2.3. Hydrozoan chimaeric genes likely derive from intracellular 
dinoflagellate parasites

Although different lines of evidence point to an independent evolu-
tionary origin for the chimaeric hyrozoan ovoA genes, compared with all 
the other metazoan sequences, both the timing and the mechanisms 
underpinning the acquisition of these sequence in the latest common 
ancestor of all extant hydrozoan species (light blue clade, Fig. 3) require 
further investigation. Here we report for the first time the presence of 
homologous sequences in the genomes of parasitic dinoflagellates 
belonging to the family Syndiniales, i.e Amoebophyra sp. A120 [49] and 
Amoebophrya ceratii [50], as well as in a metagenome-assembled genome 
[51] that may also derive from an uncharacterized Amoebophrya-related 
organism. The OvoB/OvoA chimaeric sequences from Syndiniales 
formed a sister clade to those of Hydrozoa (red clade, Fig. 3), supporting 

with high confidence (posterior probability = 1) their monophyletic 
origin. Although a few additional sequences were identified in the 
transcriptome assemblies of other free-living dinoflagellate species, as 
well as in a few species of unicellular algae and flagellates with sparse 
phylogenetic placement (green clade, Fig. 3), their presence could not be 
confirmed at the genomic level in any of these organisms. In light of the 
parasitic lifestyle of Syndiniales and their adaptation to a broad range of 
hosts, the most parsimonious interpretation is that these transcripts are 
contaminations from intracellular parasites rather than endogenous host 
gene products. Regardless of their taxonomic origins, phylogenetic 
inference strongly supports (i.e. posterior probability = 1, Fig. 3) the 
monophyly of all chimaeric OvoB/OvoA sequences. Prior to this work, 
the clade II OvoA canonical sequence (i.e lacking the OvoB-like domain) 
most closely related with the hydrozoan sequences had been identified 
in the alveolate V. brassicaformis. Here we can extend similar findings to 

Fig. 2. A) Examples of diversified exons organization in representative ovoB-ovoA chimaeric genes from hydrozoans and comparison with the individual domains 
within the protein structure (colored segments on the bottom). B) AlphaFold2 model of ChOvoBA protein. The two enzymatic functions are highlighted and the 
structural domains are colour coded according to their succession within the sequence. The regions that were modeled with low confidence are depicted in yellow. C) 
Map of the PAE for the model of the multidomain ChOvoBA, highlighting the relative positions of the different domains. For clarity, the protein sequence is sketched 
along the axes. Lower values (blue) indicate a more compact arrangement and support the interaction between the OvoB-DinB-FGE domain, whereas a second 
structural block is constituted by the two interacting SAM domains. D) Comparison of the catalytic site of OvoAHt2 (8KHQ, light blue, left) and the corresponding 
portion of ChOvoBA (orange, right). The metal coordination site and the relevant catalytic residues are highlighted. E) Comparison of the PLP binding site in OvoBEta 
(5Z0Q, pink, left) and ChOvoBA (green, right). F) AlphaFold3 predicted structure of the functional dimer of ChOvoBA. The two monomers are indicated in different 
colors. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the genomes of the apicomplexans Nephromyces sp. ex Molgula occi-
dentalis and Cardiosporidium cionae (dark blue clade, Fig. 3), which are 
both associated with tunicate hosts [52,53], further identifying a large 
monophyletic clade of similar sequences in the transcriptomes of para-
sitic Syndiniales (e.g. Hematodinium and Amoebophrya spp.) as well as in 
the transcriptome of other free-living dinoflagellates, where they may 
either represent genuine endogenous gene products or transcripts 
expressed by their parasites (orange clade, Fig. 3). These observations 
support the presence of clade II ovoA genes phylogenetically related with 
those of Hydrozoa and Amoebophrya, but lacking an OvoB-like N-ter-
minal domain, in several distantly related alveolates. As of note, some of 
these species also have ovoB-like genes, which supports the hypothesis 
that ovoA and ovoB, present as two distinct gene products in several 
Alveolata, were fused at some point during the evolution of Syndiniales, 
leading to the chimaeric genes observed in Amoebophrya (red star, 
Fig. 3). Overall, these findings support an ancestral origin of the hy-
drozoan chimaeric sequences by HGT from a symbiotic dinoflagellate 
harboring an intracellular parasite belonging to Syndiniales.

2.4. Identification and characterization of ovothiols in Cnidaria

We aimed to investigate whether the highlighted evolutionary dif-
ferences between anthozoan and hydrozoan OvoA sequences corre-
sponded to a diversification in the composition of the thiol pool in 
several representative species from different classes of Cnidaria. Cellular 
thiols were identified employing HPLC and LC-MS analyses in three 
anthozoan and three medusozoan species: the octocoral Eunicella sin-
gularis, the two Hexacorallia Astroides calycularis (Scleractinia) and 
Actinia equina (Actinaria), the two scyphozoans Aurelia aurita and 

Pelagia noctiluca and the hydrozoan Clytia hemisphaerica. Analyses were 
performed by HPLC analysis and compared with available standards 
after extraction from lyophilized specimens and derivatization with 4- 
bromomethyl-7-methoxycoumarin (BMC). This analysis was further 
complemented by LC-MS runs, to resolve ambiguities. Among Anthozoa 
(Fig. 4A), we detected the presence of OSH A ([M+H]+ = 390 m/z) as 
predominant species in the octocoral E. singularis and in low abundance 
in the hexacoral scleractinia A. calycularis. Notably, in E. singularis traces 
of OSH B ([M+H]+ = 404 m/z) were detectable only by the LC-MS 
analysis), whereas no traces of GSH were observed in this species. 
However, low amount of GSH was detected in A. calycularis ([M+H]+ =

496 m/z). On the other hand, the hexacoral actinaria A. equina contained 
exclusively OSH C, as confirmed by the occurrence of a compound 
characterized by a pseudomolecular ion peak [M+H]+ at 418 m/z, 
corresponding to the BMC adduct of OSH C, in the LC-MS profile. OSH C 
and GSH were present in comparable amounts in this species, with a 
molar [OSH]/[GSH] ratio equal to 0.86. In the analysis of the extracts 
from colorful Anthozoa, several peaks were visible, but not all of them 
could be identified and ascribed to known cellular thiols. This is possibly 
due to the abundance of pigments that were likely retained throughout 
the derivatization procedure. However, no ERG analogues were detected 
in these animals.

Within Medusozoa, analyses on the scyphozoans A. aurita polyps and 
P. noctiluca young medusae highlighted the presence of GSH as the main 
cellular thiol. No trace of OSHs was detected in A. aurita polyps (Fig. 4B; 
SI Fig. 5), as expected based on the observed lack of ovoA gene in this 
lineage. Surprisingly, when analysing samples from adult jellyfish 
P. noctiluca, fed with mollusks, we could also detect the presence of OSH 
A and small traces of OSH B (Fig. 4B; SI Fig. 5). Adult jellyfish of 

Fig. 3. Zoomed-in view of the tree branch marked in light blue in Fig. 1A), showing the details of the evolutionary relationships among the sequences relevant for the 
hydrozoan HGT event. The sequences supported by genomic data, highlighted in yellow, have a certain taxonomic assignment. In contrast, those obtained from 
transcriptome assemblies may derive from associated parasites or symbionts, as discussed in the main text. The numbers shown close to each tree node indicate 
posterior probability support values. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

A. Zuccarotto et al.                                                                                                                                                                                                                             Free Radical Biology and Medicine 227 (2025) 117–128 

121 



A. aurita, fed with Artemia salina confirmed also in this species the 
presence of OSH A, suggesting that Medusozoa can acquire OSHs from 
diet (SI Fig. 5). Finally, OSH B was found to be the predominant ovothiol 
in the hydrozoan C. hemisphaerica (Fig. 4B), with a considerably higher 
abundance than GSH ([OSH]/[GSH] = 3.12).

2.5. OvoA gene expression profiling in Cnidaria

To gather information about a conserved biological role of OSH 
biosynthesis at the stem of animal evolution, the expression of ovoA was 
analysed in different stages of cnidarian development, including em-
bryos, larvae, and adult phases, exploiting the availability of RNA-seq 
data from N. vectensis (Anthozoa, Actinaria), M. capitata (Anthozoa, 
Scleractinia), and C. hemisphaerica (Medusozoa, Hydrozoa). In 

N. vectensis, significant ovoA expression was observed in unfertilized 
eggs, followed by a visible decrease after fertilization, in the zygote and 
early- and mid-blastula stages (Fig. 5A). Another peak of ovoA expres-
sion emerged during the gastrula stage and gradually declined in the 
planula and polyp stages. In adults, ovoA was more expressed in females, 
with barely detectable expression levels in males. In M. capitata, ovoA 
mRNA expression was also observed in the eggs, with a slight decrease in 
the embryo after fertilization (Fig. 5B); these stages were followed by a 
new surge of ovoA expression from the blastula to the prawn chip stages, 
and a significant increase in the planula. Finally, the expression levels of 
ovoA exhibited great fluctuations throughout development in the hy-
drozoan C. hemisphaerica (Fig. 5C). Three major peaks of gene expres-
sion levels were visible, the first starting at the early gastrula to the early 
planula stage, the second at the gonozoid stage and the third at the 

Fig. 4. Analysis of the cellular thiols in different Cnidaria: A) Comparison of the HPLC profiles from Anthozoa: A. calycularis (yellow), A. equina (pink) and 
E. singularis (light blue). B) Comparison of the HPLC profiles from Medusozoa: P. noctiluca adults (light blue), A. aurita polyps (dark blue) and C. hemisphaerica (red). 
C,D,E). MS spectra of OSH A (E. singularis), OSH B (C. hemisphaerica), and OSH C (A. equina), respectively. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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female baby medusa, with a slight decrease in the mature medusa. This 
pattern reflects the two distinct life cycles of hydrozoan species. A 
similar pattern of ovoA expression profile is conserved along metazoan 
evolution (SI Fig. 6), in echinoderms, urochordates, and amphioxus, 
highlighting the importance of ovoA regulation during animal 
development.

To assess whether OSH biosynthesis could be regulated by external 
stimuli, the analysis of ovoA expression profiles was extended to publicly 
available RNA-seq data in two anthozoan species exposed to different 
environmental stressors. A significant overexpression of ovoA transcript 
was observed in adults of N. vectensis exposed to weathered oil and ul-
traviolet (UV) rays [54], compared to the control (Fig. 5D). In the stony 
coral P. damicornis, a pronounced increase in ovoA expression levels was 
observed in coral nubbins exposed to heat stress (32 ◦C for 24 h) or to a 
combination of heat and ammonium stress (10 μmol L− 1) [55], 
compared to the control (Hexacorallia, Scleractinia) (Fig. 5E). Further-
more, P. damicornis also displayed increased ovoA expression levels after 
heavy metals (Cd) exposure (110 nmol L− 1, 12 h) [56].

3. Discussion

Cnidaria are at the crossroads of metazoan evolution and are 
astonishingly diverse in body form and lifestyle, as exemplified by the 
jellyfish stage in medusozoans [57]. From an ecological point of view, 
coral reefs represent a hotspot of biodiversity and an extraordinary 
reservoir of symbiosis with bacteria and microalgae, whereas jellyfish 
are the top plankton’s predators [7,58]. Some corals and sea anemones 
lack genes involved in the biosynthesis of amino acids and secondary 

metabolites, which are provided by microbial symbionts [58]. On the 
other hand, some corals’ genomes have acquired genetic material from 
algal and bacterial endosymbionts, including genes producing antioxi-
dants and UVR-protective molecules [7,58], while just a limited number 
of HGT events have been reported in Hydrozoa [59]. However, the 
molecular machinery that regulates sulfur redox homeostasis and the 
biosynthesis of secondary metabolites in these basal metazoans is largely 
unexplored, and its study is expected to provide insights into the evo-
lution of natural products and redox biochemistry control.

This work focused on the almost unexplored molecular machinery 
involved in OSH biosynthesis, which represents an example of biosyn-
thetic process encoded by animal hosts, challenging the most common 
view that secondary metabolites in sessile marine animals, such as 
corals, are mainly produced by bacterial symbionts [60–62]. In this 
context, OSHs are secondary metabolites produced by marine animals, 
which are receiving significant attention due to their unique antioxidant 
and anti-inflammatory properties [14]. In this work, we have recovered 
ovoA sequences from the recently released genomes and transcriptomes 
of multiple cnidarian species and protists associated with these organ-
isms, performing an in-depth phylogenetic analysis to elucidate the 
complex evolutionary history of ovoA in basal metazoans. We high-
lighted clear molecular differences between anthozoan and hydrozoan 
ovoA sequences, confirming the presence of genes and proteins with 
canonical (clade I) structure in the former, and unveiling the presence of 
peculiar chimaeric ovoB/ovoA sequences (clade II) in the latter. These 
hydrozoan sequences represent unique cases of multidomain proteins 
within the metazoan lineage combining all three enzymatic activities 
responsible for OSH biosynthesis in a single polypeptide.

Fig. 5. Comparison of the ovoA expression profiles in the eggs and during the development of the cnidarians. A) N. vectensis, B) M. capitata, and C) C. hemisphaerica. 
Values are expressed as TPM. OvoA expression profiles in response to environmental stressors. D) weathered oil and UV rays in N. vectensis E) heat, ammonium, and 
cadmium exposure in P. damicornis. Values are expressed in fold changes compared to the control using TPM. Data were analysed by One-way ANOVA followed by 
Dunnett post-test. Bars represent mean ± s.d. ** and *** indicates values significantly higher than ovoA expression level in Ctrl- (** p-value <0.01; *** p- 
value <0.001).
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We further investigated the closest relatives to the hydrozoan genes, 
identifying the most likely source of the HGT event that led to the 
acquisition of clade II ovoB/ovoA sequences in Hydrozoa. Our working 
hypothesis implies a first ovoA gene loss event in the common ancestor 
of Medusozoa, followed by a re-acquisition in the hydrozoan ancestor by 
HGT before the split between Trachylinae and Hydroidolina (i.e. 512 
Mya), but after the divergence between Hydrozoa and other Meduso-
zoan groups, i.e. 559 Mya [63]. This event is likely to be placed at a time 
when an ancestral symbiont, living in close association with an ancestor 
of the hydrozoan lineage, contributed as a donor for the HGT. Intrigu-
ingly, the identification of a phylogenetically related sequence in 
V. brassicaformis, a coral-associated apicomplexan parasite belonging to 
the superphylym Alveolata [64], led us to hypothesize that the 
chimaeric hydrozoan ovoB/ovoA genes were indeed xenologs, acquired 
through an HGT event from an alveolate symbiont or parasite (Fig. 1B). 
Nevertheless, the lack of a N-terminal OvoB-like domain in the sequence 
of V. brassicaformis still could not fully explain the chimaeric structure of 
the hydrozoan genes [11]. The updated results obtained by the in silico 
analysis of available omic resources allowed us to infer with high con-
fidence that the most likely donor source in the HGT event that led to the 
acquisition of chimaeric ovoB/ovoA genes in Hydrozoa was an ancient 
symbiont/parasite belonging to Alveolata, and most specifically to 
Syndiniales. This idea is supported by: 1. the placement of the sequences 
from Hydrozoa and Syndiniales in the same clade by phylogenetic 
inference; 2. the presence of genes with a shared chimaeric ovoB/ovoA 
architecture in Hydrozoa and Syndiniales, along with the identification 
of similar sequences in the transcriptomes of other photosynthetic pro-
tists that likely host Syndiniales parasites. The presence of these genes in 
Amoebophyra, an endoparasitic dinoflagellate that infects a number of 
free-living marine dinoflagellates, cnidarians, and some fish, confirmed 
our hypotheses. Syndiniales are widespread intracellular parasites with 
a relatively broad host range in marine environments [65], and Amoe-
bophrya in particular is frequently associated with dinoflagellates, 
among other alveolate taxa [66]. As of note, symbioses between di-
noflagellates and cnidarians have great ecological importance [67] and, 
albeit mostly studied in anthozoans, they are also widespread in 
Hydrozoa [68,69], thereby providing an opportunity for HGT in a 
context of proximity between an hypothetical gene donor (i.e. a 
dinoflagellate-associated Syndiniales parasite) and the ancestral hy-
drozoan host. Moreover, the presence of distinct ovoA and ovoB-like 
genes in other Alveolata supports the hypothesis that the two genes were 
fused at some point during the evolution of Syndiniales, leading to the 
chimaeric genes observed in Amoebophrya. The importance of this 
ancient HGT event and its contribution to the diversification of OSH 
metabolic pathway is also emphasized by its persistence to the present 
day. Intriguingly, we found that the marine hydrozoan C. hemisphaerica 
stands out for its predominant production of OSH B over GSH. Curiously, 
some photosynthetic protists like the centric and pennate diatoms 
S. marinoi and P. tricornutum (belonging to the same clade II) have been 
recently reported to produce exclusively OSH B [15,70]. This could be a 
characteristic feature of stramenopiles (heterokonts) and alveolates, 
which strictly link the world of protists to that of basal animals. Inter-
estingly, P. tricornutum strains overexpressing OvoA display a relative 
decrease of GSH levels [15], suggesting a negative regulation of the two 
pathways for OSH and GSH production, whose enzymes compete for the 
same substrate cysteine. Besides presenting the distinctive fusion ovo-
B/ovoA genomic arrangement, hydrozoan sequences also display two 
SAM domains at the C-terminal position, which are predicted to 
dimerize in the structural model of the protein from C. hemisphaerica 
(Fig. 2C/F). This type of rearrangement leaves the SAM domains quite 
flexible and may facilitate the acceptance of previously methylated 
histidine during OSH B production.

On the other hand, protozoan parasites and human pathogens such 
as Leishmania major and Trypanosoma cruzi, and the most closely related 
Euglena gracilis, are known to produce OSH A. According to our theory of 
an HGT event from an endoparasitic dinoflagellate to hydrozoan species, 

symbiotic and parasitic interactions have played a key role in the evo-
lution and diversification of thiol species.

The presence of OSHs in basal metazoans had never been reported 
before this work. The genetic diversity observed through in silico 
genomic and transcriptomic analysis reflected the occurrence of diverse 
forms of OSHs in cnidarians. We discovered that among Hexacorallia 
(Anthozoa), the Scleractinia A. calycularis produced exclusively OSH A, 
while the Actinaria A. equina produced OSH C, besides GSH. Notably, in 
the octocoral E. singularis, the presence of OSH A and small traces of OSH 
B, together with the complete absence of GSH, indicate again a negative 
regulation for the genes involved in GSH biosynthesis. The production of 
OSH B or OSH C, in addition to OSH A, may be inferred by the pro-
miscuity of OvoA in accepting different methylated histidines, likely 
available in the environment, as already reported for bacterial EtOvoA 
[71]. However, to date, no homolog of histidine methyltransferase has 
been identified in animals as cnidarians.

Among Medusozoa, the sessile polyps of A. aurita contain GSH but no 
OSHs, as expected due to the lack of the ovoA gene in Scyphozoa. The 
surprising finding that free-swimming jellyfish stage of both A. aurita 
and P. noctiluca species, besides GSH, also contains OSHs inevitably 
spurs discussions regarding the source of these molecules in adult 
medusozoans. Alternative hypothesis can be formulated for ovoA-lack-
ing organisms, as they may have evolved: 1. membrane transporters to 
acquire OSHs from the diet, as previously documented for the analogous 
ERG in humans [72]; 2. symbiotic or parasitic associations with mi-
crobial organisms providing OSHs [73]; 3. alternative metabolic stra-
tegies to support OSH production. Most likely, P. noctiluca acquires OSHs 
from its diet, which is highly varied thanks to the free-swimming 
behavior of the adult stage and its appetite for several organisms pro-
ducing OSHs, such as phytoplankton and mollusks, which are rich in 
OSH A [74]. The occurrence of OSH A also in the adults of the 
free-swimming jellyfish A. aurita, fed with A. salina, suggests that the 
accumulation of OSHs through the diet is a common trait of the medusa 
stage.

Finally, we exploited the increasing availability of RNA-seq data for 
different metazoan species, to comparatively investigate the regulation 
of ovoA transcript during early embryonic development and in response 
to different environmental stressors in several animal phyla. This 
comparative in silico analysis unveiled a conserved regulation of ovoA 
gene expression in the eggs, embryo, and in different larval stages across 
a broad taxonomic range (See SI Fig. 5). These data highlighted a 
conserved role of ovoA in safeguarding eggs against excessive ROS 
production occurring during fertilization and the progression of the 
correct embryo and larval development in seawater [22,75,76]. 
Furthermore, the ovoA gene regulation observed in coral species upon 
the exposure to UV and metals is particularly intriguing and may point 
to the photoprotective and metal chelating properties of OSH. To date, 
coral-associated photosynthetic symbionts have been considered as key 
players in the production of mycosporines, photoprotective molecules 
able to counteract UVA rays reaching seawater and contribute to defense 
from coral bleaching [77]. To the best of our knowledge, the discovery 
of OSH biosynthesis in coral animal hosts may represent the first 
endogenous production of natural products with photoprotective prop-
erties in these organisms. Indeed, OSHs display typical antioxidant and 
UV absorption properties due to the aromaticity of the imidazole ring 
and the position of the sulphydrylic group [78]. An intriguing aspect is 
represented by the presence of OSHs in the lenses of fish lacking the 
ovoA gene [79]. Therefore, although OSHs may resemble 
mycosporine-like amino acids, they would be more widespread due to 
their origin from a biosynthetic machinery conserved in a broad range of 
higher eukaryotes.

In conclusion, this study provides novel insights into the evolu-
tionary history and diversification of the molecular players involved in 
the biosynthesis of OSHs in Cnidaria, contributing to a better under-
standing of this secondary metabolic pathway across metazoans. The 
work presented herein provides for the first time evidence of the 
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biosynthesis of OSHs in cnidarian hosts, enlarging the metabolic 
complexity of these organisms, and formulate a well-supported hy-
pothesis concerning the genesis and timing of the HGT event that 
occurred in Hydrozoa.

4. Materials and methods

4.1. Recovery and bioinformatics analysis of cnidarian OvoA amino acid 
sequences

An updated collection of full-length OvoA protein sequences from 
cnidarian species was obtained by screening all available de novo 
assembled genomic and transcriptomic datasets deposited in the NCBI 
public repositories as of May 2024, using previously identified OvoA 
sequences [11] as queries for homology searches against the protein nr 
(using BLASTp), the Whole Genome Shotgun (WGS) and Transcriptome 
Shotgun Assembly (TSA) sequence databases, using BLASTp and 
tBLASTn, respectively. Searches, initially carried out using a p-value 
threshold equal to 1e-5, were restricted to Cnidaria, and all positive 
matches were manually screened to assess the completeness of se-
quences and the consistency of domain organization with InterProScan 
[80], allowing to discriminate genuine OvoA proteins from other related 
sequences sharing the same domains. Transcripts extracted from TSA 
were virtually translated using the translate tool of Expasy portal [81]. 
OvoA sequences obtained from genomes lacking annotations were 
recovered by manually annotating exon sequences based on the com-
bination between sequence homology evidence and computational 
prediction. In detail, genomic DNA was aligned with 
transcriptome-derived complementary DNA (cDNA) sequences obtained 
from the same species, whenever this was available, by Muscle [82] 
using permissive gap extension parameters (to take into account the 
presence of introns). Whenever a transcriptome from the same species 
was unavailable, the cDNA sequence from a phylogenetically closely 
related species was utilized as a substitute for the alignment and veri-
fication process. Errors leading to incorrect predictions of OvoA coding 
sequences linked with automated gene model annotation processes, 
such as exon skipping and incorrect splicing sites, were rectified during 
the manual curation process. Intron and exon boundaries were deter-
mined using SPLIGN (https://catalog.data.gov/dataset/splign), and the 
precise locations of donor and acceptor splicing sites were further 
refined through the use of GENIE [83], assuming the presence of ca-
nonical splicing sites [11]. This process also allowed to reconstruct the 
architecture of OvoA gene, disregarding the 5′ and 3’ UTR regions, due 
to the focus placed on coding sequences in this study. A similar approach 
was used, in non-metazoan organisms, to investigate the presence of 
sequences similar to those of Hydrozoa. In this case, besides the afore-
mentioned nr protein and WGS/TSA nucleotide databases, sequence 
homology searches were also carried out against the nucleotide database 
associated with metagenomes (taxonomy ID 408169), to identify se-
quences associated with uncharacterized organisms sequenced in the 
context of environmental sequence analysis. Based on the presence of 
multiple lineages using non-standard nuclear codes within Alveolata, all 
matching sequences associated with these organisms were translated 
using the most appropriate codon tables. All validated full-length pro-
tein sequences from non-metazoan species were subjected to pairwise 
alignments with CD-HIT [84], to reduce redundancy, following the same 
criteria used in our previous study (i.e. based on a 55 % sequence 
identity threshold) [11]. To maintain a higher resolution in subsequent 
analyses, a slightly higher threshold (i.e. 75 %) was used for hydrozoan 
sequences. All selected sequences were added to the dataset used for the 
generation of the OvoA phylogenetic tree in our previous study and a 
multiple sequence alignment (MSA) was generated using Clustal Omega 
[85]. The MSA was manually refined by removing the N-terminal 
OvoB-like domain (whenever present) and by trimming all aligned po-
sitions characterized by gaps in more than 50 % of the sequences 
belonging to any of the three previously defined OvoA clades. The 

resulting trimmed MSA was used as an input for a Maximum Likelihood 
phylogenetic analysis using IQ-TREE [86], which was run with 1000 
ultrafast bootstrap replicates [87] by implementing the best-fitting 
model of molecular evolution, identified by ModelFinder [88] as LG 
+ I + G4 (a LG model with unequal base frequencies and four rate 
categories for the discrete gamma distribution of rates among sites [89,
90], based on the Bayesian Information Criterion [91]. The tree was 
graphically represented with FigTree. The conservation of structural 
domains DinB-like domain (PF12867), FGE-sulfatase domain 
(PF03781), methyltransferase 11 domain (PF08241) and catalytic resi-
dues responsible for OvoA activity were assessed using InterProScan and 
Clustal Omega tools.

4.2. AlphaFold2 protein modelling

The structure of full length, monomeric OvoBA from C. hemisphaerica 
and of the dimer of the OvoB-like domain were modeled using the 
Colabfold implementation of AF2, which uses mmseq2 to generate the 
multi-sequence alignment (MSA) between the primary amino acid 
sequence of the target proteins and the sequence of homologs as inputs 
[44,45]. The AF2-ptm and AF2-multimer algorithms were used and 5 
models were generated with 3 recycles. Amber minimization was 
excluded to optimize computational cost. The model of the full length 
dimer of ChOvoBA was built with AlphaFold3 [48]. Analysis and visu-
alization of the models and figure preparation was realized with Chi-
meraX [92].

4.3. Transcriptome mining of RNAseq data

The raw RNAseq data deriving from different studies exploiting 
Illumina paired-end sequencing were obtained by downloading from the 
NCBI Sequence Read Archive (SRA) database (Supplementary Table 2). 
The initial raw reads underwent quality assessment and were subse-
quently trimmed to eliminate sequencing adapters and low-quality bases 
using fastp version 0.20.0 (Chen 2023). Gene expression levels were 
calculated as Transcript Per Million (TPM) based on the back-mapping 
of the original reads to the assembled contigs. This metric ensures the 
comparability of gene expression levels both within (i.e. among genes) 
and between samples, since it represents the frequency of transcription 
of a given gene, assuming the production of a total of 1 million mRNA 
molecules per biological sample. The presence of authentic ovoA se-
quences in target species was meticulously assessed through a tBLASTn 
approach, by using previously validated ovoA protein sequences as 
queries. All hits underwent a careful screening to verify the complete-
ness of inferred protein sequences, thanks to the analysis of associated 
conserved protein domains through InterProScan analysis.

4.4. Cnidarian specimens collection

For the analysis of cellular thiols, cnidarian species with available 
genomic or transcriptomic data were selected within the Anthozoa class: 
Actinia equina, Astroides calycularis, and Eunicella singularis. Specimens 
were collected from Punta Scanella in Ischia island by underwater diving 
conducted by the SCUBA divers of the Core Facility of the Department of 
Infrastructure for Marine Research (RIMAR) at SZN. Subsequently, 
within 1 h from the time of collection, they were carefully transported in 
insulated containers to the laboratory. In more detail, we analysed, three 
distinct individuals of A. equina, three separate colonies of A. calycularis 
and a small fragment of E. singularis. Within the Medusozoa class, we 
analysed a pool of polyps and a mid-size medusa of A. aurita, a pool of 6 
young medusae (1 cm in diameter) and two full-grown samples of jel-
lyfish Pelagia noctiluca, and a pool of adult medusae of Clytia hemi-
sphaerica from the aquarium of Banyuls-sur-Mer, France. Collected 
samples were lyophilized and freeze-dried tissues were used for thiol 
qualitative and quantitative analysis.
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4.5. Thiols extraction and derivatization

Prior to HPLC and LC-MS analyses, cellular thiols were converted 
into their BMC-derivatives according to the procedure previously re-
ported [15]. Briefly, 10 mg of freeze-dried and pulverized tissues were 
rehydrated with 20 μL of water, spiked with 10 μL of 1 mM N-Ace-
tyl-cysteine (NAC) as internal standard, and lysed by extensive vortexing 
with 90 μL of extraction buffer (Acetonitrile: 0.75 M HClO4, 1: 2 v/v). 
The samples were centrifuged (5 min, 16000×g) to remove insoluble 
cellular debris and 100 μL of cleared lysate were neutralized by the 
addition of 15 μL of 2 M K2CO3. The mixture was centrifuged (2 min, 
16000×g) to remove excess potassium perchlorate and 100 μL of su-
pernatant were basified with 10 μL of 50 mM Li2CO3. Cellular thiols 
were reduced with 3 μL of 200 mM DTT (5 min) before adding 25 μL of 
20 mM BMC in dimethyl sulfoxide (DMSO) (30 min, in the dark). The 
mixture was acidified by the addition of 10 μL of 10 % formic acid and 
vortexed extensively to remove CO2 and excess BMC before HPLC and 
LC-MS analysis.

4.6. HPLC and LC-MS analysis

The samples (20 μL) were examined by reversed-phase HPLC utiliz-
ing an Agilent Infinity 1260 apparatus equipped with a Poroshell 120-C 
18 column (4 μm, 150 × 4.6 mm, Agilent). Detection of thiol-BMC 
conjugates was accomplished by measuring absorbance at 330 nm. 
The column was equilibrated with a mixture of 98 % solvent A (0.1 % 
formic acid in water), and 2 % solvent B (0.1 % formic acid in aceto-
nitrile), at a flow rate of 0.8 mL/min. The following gradient was used: 
0.0–2 min, 2 % B; 2.0 min, 3 % B; 2–6min, 3–9% B; 6–21 min, 9–45 % B; 
21–23 min, 45–90 % B; 23–26 min, 90 % B; 26–27 min, 90–2% B; 27–34, 
2 % B. Standards of 5-thiohistidine, OSH A, GSH, and ERG, were 
employed to assess the presence or absence of these compounds in the 
samples. LC-MS analyses were performed on an Agilent ESI-TOF 1260/ 
6230DA instrument, in positive ion mode under the following condi-
tions: nebulizer pressure 35 psig; drying gas (nitrogen) 5 L/min, 325 ◦C; 
capillary voltage 3500 V; fragmentor voltage 175 V. An Eclipse Plus C18 
column (150 × 4.6 mm, 5 μm) was used, with the same mobile phases as 
above at a flow rate of 0.4 mL/min to ensure compatibility with the ESI 
source. The gradient was adjusted to account for the slower flow rate as 
follows: 0–2 min, 2 % B; 2–6 min, 2–9 % B; 6–24 min, 9–90 % B; 24–29 
min, 90 % B; 29–31 min, 90-2 % B; 31–36 min, 2 % B. Thiol identifi-
cation was conducted by comparing the peaks observed in the MS 
spectra of the samples with the calculated mass of BMC-alkylated stan-
dards, which are reported in Supplementary Table 3, along with their 
brute formula and observed RT obtained with the gradient used in HPLC 
and LC-MS, respectively. In the absence of a pure standard for OSH B, we 
employed the thiol extract from a culture of the engineered diatom 
P. tricornutum overproducing this metabolite [15]. To estimate the ratio 
between cellular thiols in the different species, OSHs and GSH were 
quantified based on the area of the corresponding peaks in the HPLC 
chromatogram, using a calibration curve built with external standards of 
OSH A and GSH.
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