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ARTICLE INFO ABSTRACT

Edited by: Justin Blumenstiel Many gene families are shared across the tree of life between distantly related species because of horizontal gene

transfers (HGTs). However, the frequency of HGTs varies strongly between gene families and biotic realms

Keywords: suggesting differential selection pressures and functional bias. One gene family with a wide distribution are FIC-
AMPylation domain containing enzymes (FicDs). FicDs catalyze AMPylation, a post-translational protein modification con-
\(/)VSSI_;\\]II sisting in the addition of adenosine monophosphate to accessible residues of target proteins. Beside the well-

known conservation of FicDs in deuterostomes, we report the presence of a conserved FicD gene ortholog in a
large number of protostomes and microbial eukaryotes. We also reported additional FicD gene copies in the
genomes of some rotifers, parasitic worms and bivalves. A few dsDNA viruses of these invertebrates, including
White spot syndrome virus, Cherax quadricarinatus iridovirus, Ostreid herpesvirus-1 and the beetle nudivirus,
carry copies of FicDs, with phylogenetic analysis suggesting a common origin of these FicD copies and the
duplicated FicDs of their invertebrate hosts. HGTs and gene duplications possibly mediated by endogenous vi-
ruses or genetic mobile elements seem to have contributed to the transfer of AMPylation ability from bacteria and

Integrated viruses

eukaryotes to pathogenic viruses, where this pathway could have been hijacked to promote viral infection.

1. Introduction

Horizontal gene transfer (HGT) can transfer novel functions to
recipient organisms (Oliveira et al., 2017; Irwin et al., 2022). In other
cases HGT might simply transfer “junk DNA”, making the understanding
of the biological significance of this phenomenon puzzling (Vogan and
Higgs, 2011; van Dijk et al., 2020). Indeed, the functional roles of
widespread transferred genes have remained poorly investigated. One
function that has been transferred between biological domains is post-
translational protein modification by AMPylation (Khater and
Mohanty, 2015), which is gaining attention for its role in neurodegen-
erative diseases, physiology, and host-bacteria interactions (Woolery
et al., 2010; Chambers and Scheck, 2020; Yarbrough et al., 2009;
Truttmann et al., 2018). AMPylation consists in the covalent addition of
5’-Adenosine monophosphate (AMP) to the hydroxyl group of an
accessible Ser, Thr or Tyr residue located on target proteins (Woolery
et al., 2010). The Filamentation-induced-by-cyclic-AMP enzyme (FicD)
was firstly discovered in Escherichia coli as a protein associated with cell

filamentation at elevated temperatures (Utsumi et al., 1982). Bio-
informatic characterization of FicD homologs revealed a conserved
motif (HxFx(D/E)GNGRxxR) associated with AMPylation for, among
others, Vibrio outer protein S (Vops) and Histophilus somni
Immunologlobin-binding protein A (IbpA) (Roy and Mukherjee, 2009).
Bacterial FicD proteins catalyze a broad range of reactions besides
AMPylation, such as phosphorylation, phosphocholination and UMPy-
lation (Castro-Roa et al., 2013; Campanacci et al., 2013), able to affect
translation regulation, host defense suppression, and regulation of
eukaryotic cell processes (Garcia-Pino, Zenkin, and Loris, 2014).
Particularly, bacterial-promoted AMPylation has been shown to induce
cytotoxicity in the infected cells by targeting host proteins of the Rho
GTPase family (Chatterjee and Truttmann, 2021; Harms et al., 2016;
Chambers and Scheck, 2020; Yarbrough et al., 2009).

Metazoan FicDs encode a slightly different FIC motif (HxFx(D/E)GN
(G/K)RxxR) (Roy and Cherfils, 2015), and can also show adenylyl-
transferase activity (Sanyal et al., 2015). In contrast to bacterial FicDs,
knowledge about the FicD range of reactions and functions is scarce
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among metazoans. Among animals, FicDs are generally recognized as
AMP transferases, and were found predominantly involved in the
regulation of the unfolded protein response (UPR) and in the suppres-
sion of Transforming Growth Factors (TGF). In Drosophila, FicD (dFic)
regulates UPR in the endoplasmic reticulum (ER) by reversibly modi-
fying the constitutively-expressed heat shock protein 70 BiP through the
covalent attachment of AMP (Ham et al., 2014). Moreover, C. elegans
FIC-1 was shown to influence pathogen avoidance behavior by sup-
pressing the production of TGF-§ ligands (Hernandez-Lima et al., 2022),
and to affect the dynamics of protein aggregation acting on Heat Shock
Protein families, as well as neuro-development and neuro-degeneration
(Truttmann et al., 2018). Similar functions are hypothesized for HYPE,
the human ortholog of Drosophila and C. elegans FicDs (Moehlman et al.,
2018; Truttmann et al., 2016; Hernandez-Lima et al., 2022). In vitro
studies further added core histones as AMPylation targets of FIC-1
(Truttmann et al., 2016), and provided proof of alternative post-
translational reactions linked to FicD activity, such as GMPylation,
UMPylation and phosphorylation (Cruz et al., 2014; Veyron et al., 2018;
Preissler et al., 2017; Perera et al., 2019).

FicDs are widespread in the domains of life, including a few dsDNA
viruses (Mistry et al., 2020; Gulen and Itzen, 2021). Phylogenetic ana-
lyses suggest that metazoan and archaea FicDs have originated from
multiple HGTs from bacteria (Khater and Mohanty, 2015). Although the
presence of the FIC domain among viruses has been reported for a few
bacteriophages and other DNA viruses, the origin of viral FicDs, their
conservation, and biological function are currently unknown (Gulen and
Itzen, 2021). Beside phages, the FIC domain has been reported in white
spot syndrome virus (WSSV) and Ostreid herpesvirus-1 (OsHV-1)
(Rosani and Venier, 2017; Yarbrough et al., 2009), with the OsHV-1 FIC
encoded within the small ribonucleotide reductase (RDR2) gene (Yar-
brough et al., et al., 2009). Both WSSV and OsHV-1 cause diseases in
crustaceans or bivalves, with detrimental consequences for aquaculture
(FAO, 2020). Although global marine metagenomic projects (e.g. TARA
(Zhang and Ning, 2015; Sunagawa et al., 2020)) are currently expanding
the known gene repertoire of prokaryotes, viruses and protists, together
with their coding genes and phylogenetic connections (Delmont et al.,
2022; Dorrell et al., 2021; Salazar et al., 2019; Schulz et al., 2020; Cheng
et al., 2021), the phylogenetic origin of these viruses remains enigmatic
like in OsHV-1 (Rosani et al., 2023).

Here, we investigated the taxonomic distribution of FicD genes in
eukaryotes and related viruses, highlighting the presence of a few gene
expansion events and HGTs. We also investigated the structural con-
servation of WSSV and OsHV-1 FicDs, as emblematic examples of
functional novelties in highly pathogenic DNA viruses likely introduced
by HGTs.

2. Materials and methods
2.1. Sequence data retrieving and preliminary analysis

Annotated genome assemblies of protostome metazoans (N = 556),
OsHV-1 (N = 7) and WSSV (N = 29) were retrieved from the NCBI da-
tabases (Supplementary Table 1). The collection of 47 million (M) gene
sequences were obtained from the assemblies of 370 metagenomic
samples produced by the TARA ocean consortium (https://doi.
org/10.5281/zenodo.3473199). Similarly, eukaryotic metagenomic-
assembled genomes (MAGs) provided with taxonomic classification
were downloaded from the TARA dataset (Delmont et al., 2022). Pre-
dicted proteomes were obtained by translating the open reading frame
(ORF) of the genomic-annotated features using CLC Genomic Work-
bench v.21 (Qiagen, US). Genomes, metagenomic-derived genes and
proteomes were transformed into nucleotidic and protein blast databases
for gene and protein identification, respectively.
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2.2. Identification of FicD and sequence analysis

HMMer v3.3.2 (Eddy, 2011) was used in combination with the FIC
Hidden Markov Model (Pfam HMM ID: PF02661) to identify putative
FicD hits among the previously described proteomes. FicD genomic loci
were identified in selected species by thlastn searches using the corre-
sponding FicD proteins as queries. To identify FIC-associated conserved
domains, hmmsearch was used in combination with the Pfam-A HMM
dataset v.34 (Mistry et al., 2020). The conserved FIC and inhibitory
motifs were identified using Java regular expression syntax. All the
retrieved FicD sequences were taxonomically classified using DIAMOND
blastp searches (Buchfink et al., 2015) against the NCBI nr database
(downloaded in September 2021). The presence of the FIC domain in
OsHV-1 relatives or in WSSV- and OsHV-1-like sequences putatively
integrated into host genomes (crustacean species,for WSSV, Branchios-
toma spp. and Capitella teleta, for OsHV-1, that have been previously
identified (Rosani et al., 2023; Mushegian et al., 2018; Kawato et al.,
2019), was investigated as described above after obtaining the relevant
genome sequences from NCBI. Additionally, 210 deuterostome FicD
orthologs were retrieved from the Ensembl genome browser (release
109) (https://www.ensembl.org/). The complete set of analyzed se-
quences is provided as Supplementary Data 1.

2.3. Phylogenetic analysis

A subset of the FIC domains were used to build a phylogenetic tree.
Redundant sequences (>99 % identity) were removed using CD-HIT v4.7
(Fu et al., 2012) and the remaining hits were aligned with the G-INS-i
algorithm of MAFFT v7.490 (Katoh and Standley, 2013). Sites with more
than 80 % gap and sequences containing more than 50 % of gaps were
trimmed using Goalign v0.3.1 (Lemoine and Gascuel, 2021). Tree
reconstruction was done with IQ-TREE v1.6.12 (Nguyen et al., 2015)
with the LG + R10 substitution model, as determined to be most suitable
for the analysed data using ModelFinder (Kalyaanamoorthy et al., 2017).
The branch supports were computed using the SH-aLRT test (Guindon
etal., 2010, 0) and ultrafast bootstrap estimation (Hoang et al., 2018, 2).
The alignment in fasta format and the phylogenetic tree are available as
Supplementary Data 2 and Supplementary Data 3, respectively. To
integrate our analysis with a previous report of the phylogenesis of FicD
proteins (Khater and Mohanty, 2015), 1,345 hits were downloaded from
the supporting files associated to that study, combined with the ones
described in this work, and used for a second phylogenetic analysis.

2.4. Genomic context of FicD genes

To investigate the presence of conserved genes flanking FicDs in
selected Bivalvia, Gastropoda and Crustacea species (reported in
Table 1), the 60 kb genomic regions upstream and downstream of FicD
genes were considered. The conserved domains were identified on the 6-
frame translations using hmmsearch. To investigate the nucleotidic
conservation of FicD among strains of OsHV-1 and WSSV, 29 complete
genome sequences of WSSV (NCBI IDs: NC_075105.1, NC_003225.3,
AP027278.1, AP027279.1, AP027280.1, AP027281.1, AP027282.1,
AP027283.1, AP027284.1, AP027285.1, AP027286.1, AP027287.1,
AP027288.1, AP027289.1, AP027290.1, MN840357.1, MH090824.1,
KX686117.1, MG702567.1, MF768985.1, KY827813.1, KU216744.2,
KT995470.1, KT995471.1, KT995472.1, JX515788.1, AF440570.1,
AF332093.3, AF369029.2) and 30 of OsHV-1 (NCBI IDs: NC_005881.2,
0Q101585.1, OM811577.1, OM811578.1, OM811579.1, OM811580.1,
OM811581.1, 0M811582.1, OM811583.1, OM811584.1, OM811585.1,
M811586.1, OM811587.1, OM811588.1, OM811589.1, OM811590.1,
OMS811591.1, OM811592.1, OM811593.1, OM811594.1, OM811595.1,
OM811596.1, OM811597.1, MW412420.1, MF509813.1, MG561751.2,
KY242785.1, KY271630.1, KP412538.1, AY509253.2) were retrieved
from NCBI and the FicD loci were extracted and aligned using MUSCLE.
The resulting two alignments were inspected for the presence of single-
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Table 1

Summary of the FicD genes of bivalves, crustaceans and dsDNA viruses infecting
these species. Subphylum, species name and family and the number of FicD

genes divided between multi-exons and single exon genes are reported.

Subphylum Species name Family No. of FicD genes
multi- single
exon exon
Conchifera Scapharca broughtonii Arcidae 1
Panopea generosa Hiatellidae 1
Lutraria rhynchaena Mactridae 1 1
Bathymodiolus Mytilidae 1
platifons
Limnoperna fortunei Mytilidae 1 2
Modiolus Mpytilidae 1
philippinarum
Mytilus coruscus Mytilidae 1 6
Miytilus edulis Mytilidae 1 5
Mytilus Mytilidae 1 6
galloprovincialis
Crassostrea gigas Ostreidae 1
Crassostrea virginica Ostreidae 1
Ostrea edulis Ostreidae 1
Saccostrea glomerata Ostreidae 1
Mizuhopecten Pectinidae 1 1
yessoensis
Pecten maximus Pectinidae 1
Sinonovacula Solecurtidae 1
constricta
Cyclina sinensis Veneridae 1 2
Mercenaria Veneridae 1 1
mercenaria
Ruditapes Veneridae 1 2
philippinarum
Archivesica Vesicomyidae 1
marissinica
Pomacea caniculata Ampullariidae 1
Gigantopelta aegis Peltospiridae 1
Haliotis rufescens Haliotidae 1
Haliotis diversicolor Haliotidae 1

Crustacea Armadillidium vulgare ~ Armadillidiidae 1 8
Armadillidium Armadillidiidae 1
nasutum
Panaeus japonicus Penaeidae 1
Panaeus vannamei Penaeidae 1
Panaeus monodon Penaeidae 1
Lepeophtheirus Caligidae 1
salmonis
Homarus americanus Nephropidae 1
Hyalella azteca Hyalellidae 1

dsDNA Ostreid herpesvirus-1 Malacoherpesviridae 1

viruses

White Spot Syndrome  Nimaviridae 1
Virus
Cherax Iridoviridae 1
quadricarinatus
iridovirus
Oryctes rhinoceros Nudiviridae 1
nudivirus

nucleotide variations.

2.5. Structural analysis

The OsHV-1 and WSSV FIC protein structures were modeled by
AlphaFold2, using YP_024565.1 and YP_009220606.1 sequences as
queries, respectively, and restricting the homology search to the 70 % of
the PDB. The AlphaFold model structure of human protein adenylyl-
transferase FICD was downloaded from Uniprot (ID AOA024RBM8). The
structural comparison was performed using UCSF Chimera, limited to
the two catalytic motifs of the FIC domains.
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3. Results

3.1. Tracing FicD genes revealed conservation in eukaryotes and scarcity
among viruses

The FIC domain associated to a transmembrane region and to tet-
ratricopeptide helical domains (Uniprot ID: IPR011990) is a protein
architecture described as FIC-domain containing protein (FicD) in verte-
brates (Chatterjee and Truttmann, 2021). Screening the genome anno-
tations of 556 protostomes we identified at least one FicD gene in 501
genomes, for a total of 752 hits. Seventy-five percent of these protostome
species encoded a single-copy FicD gene, as previously described for
deuterostome metazoans, and 16 % possessed two gene-copies (Fig. 1a).
Multiple FicD gene copies are present in the bivalves Mya arenaria and
Mytilus californianus (17 and 9 copies, respectively), in the spiders
Nephila pilipes and Trichonephila clavata, in the flatworm Macrostomum
lignano, in the rotifer Rotaria sp. Silwood 1 and in some fruit flies
(Fig. 1b). Redundancy removal revealed that some of these expanded
FicD genes are identical, as for M. arenaria or Drosophila spp. (Fig. 1c).

We then searched the FIC domain in genes predicted from 370
globally distributed ocean metagenomic assemblies and in the paired
eukaryotic Metagenomic Assembled Genomes (MAGs) (Salazar et al.,
2019; Delmont et al., 2022). Proteomes derived from metagenomic as-
semblies included 1,360 FicDs, collapsed into 387 non-redundant pro-
teins and taxonomic analysis indicated that most of them correctly
referred to microbes, namely bacteria (76 %) or archaea (19 %), whereas
a minority of them is likely part of eukaryotic genomes (3 %) or
remained unclassified. By mining 130 eukaryotic MAGs we obtained
264 FicDs, with a maximum of 6 genes per MAG (Fig. 1¢). To update the
distribution of the FIC domain among viruses, we interrogated the NCBI
nt database using the 68 viral hits available from the PFAM database.
Only two additional hits were identified, referring to slightly divergent
sequences of Cherax quadricarinatus iridovirus (CQIV). As result, the
FIC domain was only detectable in phages, in the bivalve Mala-
coherpesviridae (OsHV-1, but not in its nearest relative, the abalone
herpesvirus), in two crustacean viruses of the Nimaviridae (WSSV) and
Iridoviridae (CQIV) families and in the beetle Oryctes rhinoceros nudi-
virus (OrNV, Nudiviridae). Viral FicD proteins mostly encoded the FIC
domain alone or associated to the N-terminal FIC (FIC_N) or the Helix-
turn-helix (HTH) domains among phages. A unique exception is the
FIC of OsHV-1, since the domain is encoded within the ribonucleotide
reductase small subunit gene (RNR2). Overall, we considered 1,649 FicD
sequences (Supplementary Data 1).

3.2. Phylogenetic analysis of the FIC domains revealed a limited
distribution of HGTs

We performed multiple sequence alignment and phylogenetic anal-
ysis of FIC domains obtained from protostome, deuterostome, viral,
Wolbachia and marine microbial sequences (derived from TARA data-
base), for a total of 1,269 non-redundant (>99 %) hits. The refined
alignment included 102 informative positions referring to 1,251 se-
quences (Supplementary Data 2) and was used to generate a consensus
phylogenetic tree (Fig. 2a, Supplementary Data 3 and https://itol.embl.
de/shared/umbe1984). The tree was split into two halves. The first half
formed a more derived clade including most of the FicDs of metazoan
species and had a similar topology to the phylogenetic relationships
among taxa, with a subclade including deuterostome FicDs (green tax-
onomy labels in Fig. 2a) and one including protostome ones (orange
labels). Among the latter group, we found a separate clade referring to
FicD sequences from Hexanauplia arthropods obtained from the
eukaryotic MAGs (violet taxonomy labels, indicated as I in Fig. 2a). As
expected, these hits clustered together with the few copepod FicDs ob-
tained from genomic datasets. A second group of eukaryotic MAG-
derived hits clustered together with bacterial and tardigrada hits (indi-
cated as II in Fig. 2a). At the base of the whole clade, we found two
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Fig. 1. Identification of FicD genes. a. The abundance of FicD genes in the analyzed species is reported. b. The species with the highest number of FicD gene copies is
reported, (c) as well as the species with the highest number of non-redundant FicD gene copies.
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Fig. 2. Phylogenetic tree of the FIC domain. a. The phylogenetic tree was obtained from the 1,251 aligned FIC domain. The circular annotations referred, from the
most inner to the outer circle, to the taxonomic annotation of the hits (green, deuterostome; orange, protostomes; violet, eukaryotic MAGs; red, bacteria; yellow,
archaea; light blue, viruses; red, Wolbachia and to the conservation of the FIC enzymatic motifs. The 11 most conserved motifs are reported in order of abundance
using a color-code (referred both to the legend on the left and to panel c). A few clades mentioned in the results have been highlighted (I, II, III and IV). b.
Magnification of the clade referring to eukaryotic MAGs (highlighted with green branches in panel a). The circular annotations are maintained consistent with panel
a. c. The sequences of the 11 most-represented enzymatic motifs have been reported together with their abundance. Lines in the consensus motif sequences referred
to conserved residues. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

groups of arthropod and bacterial hits (orange and red labels, indicated
as III in Fig. 2a). The good match between FIC and species phylogenies
along with the short branch lengths indicate that this part of the tree did
not see frequent HGT. The second half of the tree included the majority
of FicDs found in bacteria (light red labels), Wolbachia hits (dark red
labels), archaea (yellow labels, indicated as IV in Fig. 2a), all the viral
hits (blue labels), and a clade containing the micro-eukaryotic Chro-
mista and Protozoa MAG-derived hits (violet labels) clustering together
with the extra copies of FicDs described for some protostome metazoans
(orange labels). This clade denoted by green branches in Fig. 2a

(magnified in Fig. 2b), included one first group of FicDs of platy-
helminthes (Macrostomum lignano) and coleopteran hits (Holotrichia
oblita, Tenebrio molitor, Zophobas morio and Ignelater luminosus), together
with the Oryctes rhinoceros nudivirus FicD and bacterial hits. A second
group included bivalve and crustacean hits (e.g. Armadillidium vulgare
OJH30677), the FicD of the annelid Owenia fusiformis, and WSSV and
CQIV FicDs. As an outgroup of this clade, we found a group of Chromista
FicDs clustered together with bacterial hits, phages and with the OsHV-1
FicD (Fig. 2b). Among the archaea (yellow labels) and bacteria (red
labels) we also found sequences classified as rotifers, as well as the
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spider Trichonephila spp. associated with Wolbachia spp. FIC sequences.
The high number of discrepancies between gene and species phylogenies
in this part of the tree and especially the close association of hosts and
their virus and associated bacteria could indicate frequent HGTs.

3.3. The FIC enzymatic motif showed taxa-specific patterns of
conservation

Next, we searched for the conserved enzymatic and inhibitory motifs
in the 1,649 FicD sequences. The enzymatic FIC motif (HxFx(D/E)GN
(G/K)RxxR) is present in 84 % of FicD proteins, whereas the motif
responsible for the inhibitory activity of the alpha helix ((S/T)xxxE(G/
N), a-inh) was detectable in 77.5 % of the sequences. Considering
metazoan FicDs, the a-inh motif was detectable in at least one FicD gene
copy per species, but it was absent in some duplicated FicD genes. We
identified 214 different combinations of this 12-residues long FIC motif,
but only 11 of them were found more than 20 times (Fig. 2c¢). These
frequent motifs only showed variation in three positions with the 4th
position being the most variable, whereas in the 11th position we found
an Alanine with high frequency (Fig. 2c). Except for sporadic cases (21
hits), we always identified the conserved enzymatic motif on metazoan
FicDs (Fig. 2a, outer circle with white labels). The cases of missing
motifs were distributed randomly across the tree and were only more
frequent in a MAG-derived FicDs clustering within arthropods and for
the bacterial hits clustering with tardigrada (indicated as 1 and 2 in
Fig. 2a). Considering the clades of metazoan hits clustering in the second
main clade, we noticed that most of the coleoptera FicDs did not encode
a conserved enzymatic motif and should likely be considered as inactive
proteins. The enzymatic motif is conserved in WSSV, CQIV and OsHV-1
FicDs.

3.4. Genomic landscape of selected mollusk and crustacean FicDs

The bivalve, gastropod (N = 53) and crustacean FicDs (N = 16) re-
ported in Table 1 were selected to investigate the genomic landscape
around FicD genes. Most of the bivalve and crustacean FicDs, which
clustered within the main metazoan clade, were made up from multiple
exons, whereas the extra numeral FicD genes identified in bivalve spe-
cies are characterized by a single exon, suggesting a bacterial origin.
Conserved flanking genes were identified only for the multi-exon FicD
genes in some species, e.g. bivalves, Haliotis spp. and the malacostracan
crustaceans considered in this study (decapods and A. vulgare; Supple-
mentary Fig. 1). In detail, at the 3-ends of FicD genes, a helicase domain
sometimes associated with a DEAD domain is present in all the tested
mollusk species (except for Lottia gigantea). In contrast, at the 5"-ends of
FicD genes, we observed a higher variability, with clear family-specific
patterns among bivalves. In fact, in species of the Pectinidae and Arcidae
there is a conserved Transcription initiation factor TFIID subunit 8 (TAF8),
whereas species of the Heteroconchia clade displayed a Myelin regulatory
factor gene (Supplementary Fig. 1). Among gastropods, Haliotis spp. and
Gigantopelta aegis conserved the 5 TAF8 gene, with the latter species
encoding a helix-turn-helix DNA binding domains (HTH_Tnp_Tc3_2) at
both sides of FicD. Among crustaceans, the decapods and the isopod
A. vulgare shared a 5-end neighboring gene (BAH), whereas no other
conserved flanking genes were evident (Supplementary Fig. 1). The
presence of 3 nearly identical M. coruscus FicDs on the same scaffold
and, similarly, two M. edulis FicDs likely indicating recent duplications,
possibly mediated by transposable elements. Indeed, transposable ele-
ments are found at the flanks of the FicDs of C. sculpturatus (RNAse T),
M. edulis (integrase, HTH_Tnp_Tc3_2 and reverse-transcriptase RNAseH)
and L. fortunei (DUF1759, gag-polyprotein). One hit identified as Wol-
bachia endosymbiont of A. vulgare (OJH30677.1) is likely part of a
Nimaviridae-like integrated virus, due to the presence of multiple flank-
ing proteins showing a moderate similarity with WSSV hits.
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3.5. OsHV-1 and WSSV FicDs are conserved between strains and
structurally related to human FicDs

We investigated the nucleotidic conservation of OsHV-1 and WSSV
FicDs between viral strains. By aligning available genomic scaffolds of
29 WSSV and, separately, of 30 OsHV-1 isolates, we could show that the
FicD gene regions appeared conserved at the nucleotide level for each
virus (100 % of ANI). We could identify only one deletion involving the
third-last coding triplet of WSSV FicD, and only two variations
impacting the RDR part of the OsHV-1 gene. We further searched for
WSSV and OsHV-1 FicD loci in genomic assemblies of host/reservoir
species, which included partial viral scaffolds referring to viral in-
tegrations or co-sequencing, but no match was found.

Subsequently, we used AlphaFold2 to model the structure of the 579-
residues long OsHV-1 RDR2 (Supplementary Data 4). The secondary
structure is composed of 33 helices and one antiparallel beta sheet. The
protein comprises the RDR2 domain (Ala72- Asn339) and the FIC
domain that extends from Val435 to Ile545 and it includes the catalytic
motif (His527-Arg538), responsible for the AMPylation activity
(Fig. 3a). The OsHV-1 protein sequence retains the conserved a-inh
motif from Ser427 to Gly432, located between helix 25 and 26. After we
assured the presence of the conserved enzymatic FIC motif in the protein
sequence, we investigated the structural conservation of the catalytic
domain by comparing it with the human FicD (Supplementary Fig. 2a).
The catalytic motif of OsHV-1 FicD, located from residue His527 to
Arg538, resulted highly conserved with the human one (His363 to
Arg374, with a RMSD value of 0.262, Supplementary Fig. 2b). Using the
same approach, we modeled the 259 residues long WSSV FicD protein
(Supplementary Data 5), which was composed of 12 helices and one
antiparallel beta sheet. The protein comprises the FIC domain, extended
from Met104 to Leu213, and including the catalytic motif from His195
to Arg206. Similar to the OsHV-1 protein, the WSSV FicD protein con-
tains the a-inh motif in helix 3 from Thr46 to Asn51 (Fig. 3b). Both the
OsHV-1 and the WSSV protein cover the FIC catalytic motif and were
highly conserved between both species (RMSD = 0.193, OsHV-1 from
His527 to Arg538 and WSSV from His195 to Arg206, Fig. 3c,).

4. Discussion

FicDs have been reported as highly mobile genes, associated with
transposable elements and frequently exchanged through HGTs (Khater
and Mohanty, 2015; Veyron et al., 2018). Bacterial FicDs are often
associated with pathogenic islands, also representing rapidly mobilizing
elements, supporting the virulence of bacterial strains (Veyron et al.,
2018; Ma et al., 2013).

In this study, we updated the phylogenetic distribution of FicDs
beyond bacteria and deuterostomes by considering protostome and
metagenomic-derived eukaryotic genomes. A remarkable conservation
of a single-copy FicD gene is present in metazoans, with a relevant
exception consisting in multiple FicDs found in parasitic worms (e.g.,
Trichinella spp.). Here, the FIC domains are organized in different pro-
tein architectures but, nevertheless, these FicDs showed high domain
similarities to the main metazoan cluster of FicDs. This suggests that the
extra numeral FicD genes in Trichinella probably originated from gene
duplications and neofunctionalization, which is often reported during
radiations of parasitic lineages to explore new host exploitation strate-
gies (Zajac et al., 2021; Lespinet et al., 2002). The conservation of the
enzymatic and inhibitory motifs of FicDs as well as the good correlation
to the species phylogeny possibly suggested a preserved mode-of-action
among metazoans, although experimental support is largely lacking and
only available for a few species, like for C. elegans, Drosophila spp. and
humans (Truttmann et al., 2016; Ham et al., 2014; Broncel et al., 2016).
Notably, the cluster of single-copy metazoan FicDs appeared not
impacted by HGTSs, since co-clustered bacterial hits are absent. Indeed,
the presence of a cluster of bacterial FicDs in a basal position of the
protostome clade with poorly conserved enzymatic motifs, suggested
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ARG 538

ARG 206

HIS 527
HIS 195

Fig. 3. AlphaFold models of OsHV-1 and WSSV FicDs. a. The OsHV-1 FIC protein structure modelled by Alphafold. the RDR2 domain (Ala 72- Asn 339) is depicted in
violet-red, the FIC one (Val435- Ile 545) in gold, the catalytic site (His 527-Arg 538) in cornflower blue and the inhibitory helix (Ser427- Gly432) in cyan. b. The
WSSV FIC protein structure modelled by Alphafold. The FIC domain is depicted in green (Met104- Leu213), the catalytic motif (His195 Arg206) in violet and the
inhibitory one (Thr46-Asn51) in yellow. c. Structural comparison between the OsHV-1 and the WSSV FIC domain. The color code is the same as in the panel A and B.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

that, if HGT has occurred, this likely was from eukaryotes to bacteria,
leading to non-conserved and likely non-functional FicDs.

In other clades we highlighted some possible evidence of HGTs, as
previously reported (Khater and Mohanty, 2015). Beside a well-defined
clade mostly composed by MAG-derived FicDs of Protozoa and Chro-
mista, we found another small clade combining eukaryotic, bacterial
and viral FicDs. The metazoan hits clustering in these clades were multi-
copy FicDs described for a few species, and sometimes encoded less-
conserved or rare enzymatic motifs. A different situation characterized
the cluster of bivalve, crustacean, WSSV and CQIV FicDs. Notably, one
Wolbachia/A. vulgare FicD present in this group contains a part of a
Nimaviridae-like integrated virus, and at the base of that clade we also
found OsHV-1 FicD. All these hits maintained the enzymatic motif, likely
suggesting a recent mobilization of the FicD gene possibly facilitated by
viruses and other mobile genetic elements. However, the enzymatic
motif found in OsHV-1 appeared identical to the one found in some
arthropods, while WSSV and CQIV motifs included some mutations.
Despite huge phylogenetic divergence between these viruses, their FIC
domains are somewhat similar, suggesting recent HGT. Moreover, the
absence of FIC domains in genomic scaffolds of integrated WSSV-like
viruses found in crabs or in OsHV-1-like viruses found in Capitella tel-
eta and Branchiostoma floridae (Davison et al., 2005; Bao et al., 2020)), as
well as in the nearest OsHV-1 relative (Haliotid herpesvirus-1) and in
other malacoherpes-like viruses recently identified (Rosani et al., 2023),
further suggested a recent transfer. A direct virus-to-virus HGT is un-
likely to occur, although we cannot exclude this possibility for WSSV
and CQIV (Nimaviridae-Iridoviridae) since co-infection in decapod crus-
taceans has been reported (Bateman and Stentiford, 2017). In addition

to symbiont/bacteria/host interactions, in the marine environment the
predatory interaction between crustaceans and bivalves might have
further contributed to connecting their microbiomes and viromes.
More interestingly, the FicD genes of invertebrate viruses showed
conserved enzymatic motifs and structural features, suggesting a pre-
served AMPylation ability, which raises the question about its involve-
ment in viral pathogenesis mechanisms. Subversion of host AMPylation
by pathogenic bacteria has been shown as a strategy to promote infec-
tion (Yarbrough et al., 2009; Roy and Mukherjee, 2009). Recently, a FIC
gene has been identified in a putative virulence plasmid of an Arcobacter
strain isolated from New Zealand mussels (On et al., 2019), postulating a
role of AMPylation during pathogenesis also in marine invertebrates.
Arguably, WSSV and OsHV-1 FicDs seem to become firmly integrated
into the viruses’ replication cycle, suggesting an evolutionary advantage
in maintaining this gene/domain. The peculiar protein construction of
OsHV-1 FicD, which is associated with the RDR2 gene, is of particular
interest in this context. The small and big subunits of RDR enzymatically
convert ribonucleotide diphosphates to corresponding de-
oxyribonucleotides, allowing virus replication in non-dividing cells
(Goldstein and Weller, 1988), and have been reported as “early genes” in
several herpesviruses infections (Dufour et al., 2011). One could spec-
ulate that the association of RDR2 with the FIC enzyme can represent a
trojan horse strategy to hijack host defenses at an early stage of infec-
tion. However, experimental evidence is required to test this hypothesis.

5. Conclusions and future perspectives

Complex interactions occurring between animals and their
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microbiomes and viromes have likely shaped the extant distribution of
FicDs, with the effect of HGTs further amplified by intra-species dupli-
cation possibly facilitated by mobile genetic elements and integrated
viruses. In this context, the shift of AMPylation capability from bacteria
to viruses can provide an example of pathogen evolution, highlighted
through the lens of evolutionary genomics. Disrupting AMPylation in
the early stage of viral infection could strategically help a productive
infection, whereas, later in the infection, the same mechanism can
promote apoptosis and viral spread. To evaluate this hypothesis, dedi-
cated studies to determine the enzymatic activity through recombinant
protein production and the identification of AMPylation targets in in-
vertebrates are necessary to reveal evolutionary trajectories leading to
post-translational protein modification in these viruses.
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