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Abstract 
Horizontal gene transfer (HGT) is less frequent in eukaryotes than in prokaryotes, yet can have strong functional implications and was proposed as a 
causal factor for major adaptations in several eukaryotic lineages. Most cases of eukaryote HGT reported to date are inter-domain transfers, and few 
studies have investigated eukaryote-to-eukaryote HGTs. Here, we performed a large-scale survey of HGT among 242 species of ray-finned fishes. 
We found multiple lines of evidence supporting 19 teleost-to-teleost HGT events that involve 17 different genes in 11 teleost fish orders. The genes 
involved in these transfers show lower synonymous divergence than expected under vertical transmission, their phylogeny is inconsistent with that 
of teleost fishes, and they occur at non-syntenic positions in donor and recipient lineages. The distribution of HGT events in the teleost tree is 
heterogenous, with 8 of the 19 transfers occurring between the same two orders (Osmeriformes and Clupeiformes). Though we favor a 
scenario involving multiple HGT events, future work should evaluate whether hybridization between species belonging to different teleost 
orders may generate HGT-like patterns. Besides the previously reported transfer of an antifreeze protein, most transferred genes play roles in 
immunity or are pore-forming proteins, suggesting that such genes may be more likely than others to confer a strong selective advantage to the 
recipient species. Overall, our work shows that teleost-to-teleost HGT has occurred on multiple occasions, and it will be worth further 
quantifying these transfers and evaluating their impact on teleost evolution as more genomes are sequenced.
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Introduction
Horizontal gene transfer (HGT) is the passage of genes be
tween organisms through ways other than reproduction 
(Soucy et al. 2015). In archaea and bacteria, where several 
mechanisms and vectors are specifically dedicated to such 
transfers of genetic material (Haudiquet et al. 2022), HGTs 
occur frequently and are key to their rapid adaptation to chan
ging environmental conditions (Arnold et al. 2022). By con
trast, the extent to which HGT has shaped eukaryotic 
genomes and their evolution remains debated (Martin 2017; 
2018; Roger 2018; Leger et al. 2018). The frequency of 
HGT is much lower in eukaryotes than in prokaryotes. In uni
cellular eukaryotes, in which horizontal transfer has been 
more thoroughly studied, only one to a few percent of genes 
have been acquired through HGT (Van Etten and 
Bhattacharya 2020). The proportion of foreign genes is even 
lower in most multicellular eukaryotes investigated so far 
(but see Wilson et al. (2024)). That HGT is rarer in eukaryotes 
than in prokaryotes may be in part explained by differences in 
HGT mechanisms and selection regimes acting on horizontal
ly transferred genes in the two domains of life (Keeling 2024). 
However, although rare, it is likely that HGT substantially im
pacted eukaryote evolution on several occasions, and was even 
instrumental to the adaptation of multiple lineages to new 

ecological niches (Keeling 2009; Danchin 2016). For example, 
in arthropods, HGT from bacteria and other sources likely fa
cilitated the replicate evolution toward herbivory in mites and 
in species belonging to at least five insect orders (Xia et al. 
2021; Gilbert and Maumus 2022; Kirsch et al. 2022; 
Wybouw et al. 2016; Wybouw et al. 2018). Major HGT epi
sodes, again mainly from bacterial sources, may also have fa
cilitated the colonization of land by plants (Ma et al. 2022). 
Another remarkable example is that of the interphotoreceptor 
retinoid-binding protein (IRBP) gene, which is involved in the 
formation of the vertebrate eye, and was acquired by the last 
common ancestor of vertebrates through HGT from bacteria 
(Kalluraya et al. 2023).

HGT detection is difficult to automate in eukaryotes, and 
problems linked to contamination have long plagued the field 
(Bemm et al. 2016; Salzberg 2017). In addition, hypotheses al
ternative to HGT such as incomplete lineage sorting, multiple 
gene losses, duplication followed by differential gene loss, and/ 
or variation in evolutionary rates among lineages are difficult 
to exclude in many cases, especially when taxon sampling is 
sparse (Gabaldón 2020; Cote-L’Heureux et al. 2022). A 
good illustration of this is that several initial reports of HGT 
into the human genome have later been shown to be due to 
technical artifacts (Salzberg et al. 2001; Willerslev et al. 
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2002; Salzberg 2017). Other scenarios involving hybridiza
tion, possibly followed by introgression, might also sometimes 
be difficult to distinguish from HGT. Hybridization between 
closely related species is relatively common in nature, 
and dedicated methods exist to detect and quantify loci with 
a signal of hybridization-mediated interspecific gene flow 
(Edelman and Mallet 2021; Hibbins and Hahn 2022). Here, 
chromosomes of parental species may be sufficiently similar 
to allow chromosomal pairing and recombination to occur 
during meiosis in hybrids. Such hybrids may then backcross 
with parental species, yielding many introgressed genomic re
gions scattered along the genome, with conserved synteny be
tween species (Fontaine et al. 2015; Jones et al. 2018; Edelman 
and Mallet 2021). Hybridization may also occur between 
more distantly related species, leading to the formation of al
lopolyploids containing one or more chromosome sets from 
each parental species. In cases where such hybrids are viable 
and fertile, homology between short chromosome regions 
may be sufficient to allow homeologous exchange through re
combination, which can eventually be followed over multiple 
generations by reduction in chromosome number, chromo
some mosaicism, and diploidization (Deb et al. 2023). 
Finally, cases of hybridization between species diverging doz
ens of millions of years ago have also been reported in some 
taxa, such as plants and fishes (Chen et al. 2018a). It has 
been proposed that such long-distance hybridization could 
lead to situations whereby two genomes from distant parental 
species are transiently in contact in a hybrid embryo, allowing 
some sequences to transfer from one to the other, before the 
chromosomes of one parental species are eliminated during 
early embryogenesis (Pereira et al. 2023). Should such a hybrid 
survive and be fertile, the transferred DNA sequences could be 
stably inherited, potentially mimicking a pattern resulting 
from HGT.

In spite of these limitations, several large-scale studies have re
ported hundreds of solid cases of HGT in multiple eukaryotic 
lineages such as microbial eukaryotes (Van Etten and 
Bhattacharya 2020; Cote-L’Heureux et al. 2022), plants 
(Mahelka et al. 2017; Hibdige et al. 2021; Ma et al. 2022), fungi 
(Marcet-Houben and Gabaldón 2010; Cote-L’Heureux et al. 
2022; Sahu et al. 2023; Ciach et al. 2024), and insects (Li 
et al. 2022). However, most of these studies tended to focus 
on inter-domain HGT rather than within-eukaryote transfers, 
because the power to infer HGT (and discard alternative hy
potheses) increases as the phylogenetic distance between donor 
and receiving lineages augments (Adato et al. 2015). Thus, al
though cases of eukaryote-to-eukaryote HGT have been inferred 
(Gasmi et al. 2015; Szöllősi et al. 2015; Mahelka et al. 2017; 
Hibdige et al. 2021; Gilbert and Maumus 2022; Mishina et al. 
2023; Sahu et al. 2023; Ciach et al. 2024), this type of HGT is 
rarely the subject of large-scale, multi-taxa analyses.

To start filling this gap, we performed a systematic search 
for HGT events within a vertebrate lineage, ray-finned fishes. 
We focused on this group because vertebrates in general, and 
fishes in particular, have never been the subject of large-scale 
HGT surveys and numerous well-annotated fish genomes are 
available. Furthermore, the only known cases of vertebrate-to- 
vertebrate HGT reported so far involve two fish lineages. 
Phylogenetic and comparative genomics analyses revealed 
that the presence of a gene coding a type II antifreeze protein 
(AFP) in species from three fish orders (Osmeriformes, 
Clupeiformes, and Perciformes) was best explained by a scen
ario involving multiple HGT events (Graham and Davies 

2021; Han et al. 2023). Evidence supporting HGT of this 
gene included similarity at the nucleotide level higher than ex
pected under vertical transmission in coding and non-coding 
regions (84% to 95% over > 5 kb) between species separated 
by more than 200 million years (the Atlantic herring [Clupea 
harengus] and the rainbow smelt [Osmerus mordax]), as 
well as absence of synteny at the gene locus in the two species 
(Graham and Davies 2021 ). Remarkably, the presence of co- 
transferred transposable elements (TEs) in the flanking regions 
of the gene that are found hundreds of times in the herring gen
ome but are absent elsewhere in the smelt genome allowed in
vestigators to infer the direction of HGT, which likely 
occurred from herring to smelt (Graham and Davies 2021). 
In addition to this HGT case study, a large-scale survey of 
horizontal transfer of TEs unveiled no less than 975 independ
ent such events among vertebrates, the vast majority of which 
involved teleost fishes (Zhang et al. 2020a). TEs can jump 
from one locus to another and generate many copies of them
selves in a given genome, which might have increased their 
propensity to transfer compared to regular, static genes. In 
any case, these results can be taken as an indication that fish 
might be more prone to horizontal transfer (including HGT) 
than other vertebrates.

Here, we develop a semi-automated, multipronged ap
proach to detect HGT among teleost fishes, excluding hori
zontal transfer of TEs, which has been previously studied 
(Kuraku et al. 2012; Zhang et al. 2020a). We show that, in 
addition to the AFP HGT (that we were able to recover), at 
least 16 different genes have undergone 18 teleost-to-teleost 
HGT events among 11 teleost fish orders separated by ≍ 
140 to 260 million years of evolution. While we cannot totally 
exclude the possibility that some of these transfers occurred 
through some form of long-distance hybridization, we cur
rently favor the hypothesis of HGT events involving some 
kind of viral vectors or sperm-mediated gene transfers, as pro
posed earlier for the AFP HGT (Graham and Davies 2021).

Results
Selecting Genes With Very Low Synonymous 
Divergence Between Fish Species
To identify HGT between teleosts, we took advantage of 225 
complete or nearly complete ray-finned fishes’ genomes 
(BUSCO score ≥ 80%) from 48 orders, with available annota
tions on RefSeq or GenBank. We further improved the taxonom
ic coverage of this dataset by annotating 17 additional genomes 
(Fig. 1, supplementary fig. S1, Supplementary Material online, 
supplementary files S1 and S2, Supplementary Material online), 
belonging to 14 orders for which no annotated genomes were 
available. We then applied a multipronged and highly conserva
tive approach to this dataset, largely inspired from published 
HGT detection pipelines and metrics. Our objective was twofol
d:(i) to retrieve only HGT cases supported by multiple lines of 
evidence akin to that of the AFP gene (Graham and Davies 
2021) and (ii) to use a series of filters producing a reasonable 
number of HGT candidates so that manual curation of the phy
logenies of these candidates can be done (see next section). In 
agreement with the hypothesis proposed by Cote-L’heureux 
et al. (2022), we postulated that in instances where multiple 
gene losses mimic a pattern that may be erroneously interpreted 
as HGT, gene divergence should be consistent with vertical 
transmission. In contrast, horizontally transferred genes should 
show a lower divergence than most vertically transmitted genes. 
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To identify the least diverged genes, we classified 5,859,286 
genes extracted from the 242 fish genomes in 75,363 phylogen
etic hierarchical orthologous groups (HOG, see Materials and 
Methods) (that is, 97% of the 6,035,924 annotated teleost 
genes, supplementary fig. S2, Supplementary Material online). 
Among each HOG, dS (number of synonymous substitutions 
per synonymous site) and coding sequence identities were com
puted between all possible pairs of sequences aligned over at least 
100 codons. HOGs appeared to be accurate, as mean dS and 
quantile values computed from these were highly similar to the 
values computed using BUSCO groups, which include only 
single-copy and ultra-conserved genes, that are most likely al
ways vertically transmitted (supplementary fig. S3-a,b, 
Supplementary Material online). Then, for each possible species 
pair, we produced a dS distribution, consisting of all dS values 
computed between the two species across all HOGs 

(supplementary fig. S3-c,d,e,f, Supplementary Material online). 
Considering that the dS values of horizontally transferred genes 
would be located on the left tails of these distributions, we ex
tracted the quantile 0.5% (q0.5). As expected, mean and q0.5 
dS values were strongly correlated to divergence times between 
species, but variances were high, likely reflecting heterogeneity 
in mutation rates across lineages (supplementary fig. S3-c,d, 
Supplementary Material online). At this stage, we kept 
2,558,049 gene pairs, belonging to 6,367 distinct HOGs, which 
had a dS value below q0.5.

Using Lack of Synteny to Support Horizontal 
Transfer
Next, following Adato et al. (2015), we reasoned that it would 
be highly unlikely for a horizontally transferred gene to be 

Fig. 1. HGTs between teleosts. Phylogeny of annotated ray-finned fishes inferred using ASTRAL-III (with 3,584 BUSCO gene phylogenies) and dated 
using the least squares dating method. The same species tree with species name and annotations sources can be found in supplementary fig. S1, 
Supplementary Material online. Alternating shades of color, and silhouettes, represent the different species orders. Orders involved in putative HGTs are 
annotated with numbers. Branches with no color shades represent orders with only one species in our dataset. Species silhouettes were retrieved in 
PhyloPic.org (supplementary file S2, Supplementary Material online). Arrows inside the tree represent putative HGTs and are drawn from one 
representative species of the donor clade to one representative species of the recipient clade. Arrows line type and colors are defined based on the HOG. 
HOG numbers and names (based on the best HHpred match) are indicated.
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located at the same locus, i.e. between the same orthologous 
genes, in the donor and recipient species. For each pair of spe
cies, and for each gene retained above based on low dS and be
longing to the same HOG, we counted how many of the ten 
genes located upstream and the ten genes located downstream 
of the gene in question in the two species belonged to an 
identical HOG. This enabled us to compute a micro-syntenic 
score (akin to the synteny index of Adato et al. 2015), which 
represents the number of genes belonging to an identical 
HOG among the 20 flanking genes. A score of 0 indicates 
the complete lack of microsynteny for a given gene, while a 
score of 20 indicates complete microsynteny conservation 
(supplementary fig. S4-a, Supplementary Material online). 
As expected, the mean micro-syntenic score was highly 
correlated to divergence time, i.e. the more distantly related 
species are, the less conserved microsynteny blocks become 
(supplementary fig. S4-b, Supplementary Material online). 
The annotation method and assembly quality also had an 
impact: genomes with RefSeq annotations (representing high- 
quality annotations) had significantly higher mean micro- 
syntenic scores than other genomes (supplementary fig. S4-b, 
c, Supplementary Material online), and genomes with lower 
scaffold N50 had significantly lower scores (supplementary 
fig. S4-c, Supplementary Material online). Note that these 
micro-syntenic scores are slightly biased and tend to overesti
mate synteny, as two genes in the same HOG, which are ortho
logs at the teleost most recent common ancestor (MRCA) 
level, are not necessarily orthologs at the MRCA of two spe
cies. They could instead be paralogs, if one or more duplica
tions occurred between the teleost MRCA and the MRCA of 
these two species. We discarded gene pairs that had non-null 
micro-syntenic scores, which narrowed down the list of candi
date HGTs to 594,324 gene pairs, belonging to 2,381 distinct 
HOGs.

Detection of HGT based on Alien Indexes
In parallel to this parametric method, we also used similarity- 
based approaches, in ways largely inspired by previous studies 
(Gladyshev et al. 2008; Boschetti et al. 2012; Koutsovoulos 
et al. 2022). For this, we performed all-versus-all gene 
BLASTN searches and the results were filtered using three 
strategies (detailed in Materials and Methods): (i) mismatch 
between a query corresponding species order and the best- 
match order (BLASTN-A), (ii) best-match divergence time 
higher than expected (BLASTN-B), and (iii) matches more 
similar to the query than expected, using the recently described 
HGTindex alien metrics (Yuan et al. 2023) (BLASTN-C). 
Again, after discarding gene pairs with a non-null micro- 
syntenic score, these methods retained 1,000, 1,177, and 
522 gene pairs, belonging to 579, 612, and 283 distinct 
HOGs, respectively.

A total of 3,213 (non-redundant) HOGs showing putative 
evidence of HGT by any of the four methods described above 
(dS, BLAST-A, BLAST-B, or BLAST-C strategies) were re
tained for further analysis. Among them, 139 HOGs with at 
least one candidate transfer were retrieved by all three 
BLASTN strategies, while only 56 HOGs were found in com
mon between our parametric method relying on dS values and 
all three BLASTN strategies (Fig. 2-a). The largest intersection 
was found between the BLASTN-A and the BLASTN-B meth
ods, with 270 retained HOGs in common. This relatively low 
degree of overlap between the results of the different methods 
may be explained by the fact that these methods rely on 

different principles. Thus, they may retrieve different false 
positive HGT candidates, and they may identify different 
true positives that were not validated by manual curation of 
phylogenetic trees (see below).

Phylogenetic Analysis and Manual Curation of 
Candidate Teleost-to-Teleost HGTs
As the phylogeny of horizontally transferred genes is generally 
inconsistent with that of the host taxa (Ravenhall et al. 2015), 
we computed maximum likelihood phylogenies for the 3,213 
retained HOGs and we manually inspected the resulting trees, 
as is commonly done in HGT studies (Jaramillo et al. 2015; 
Shen et al. 2018; Li et al. 2022). We excluded ladder-shape 
trees (Jaramillo et al. 2015) and selected trees consistent 
with a HGT scenario, i.e. trees in which genes from paraphy
letic species in the teleost phylogeny form a strongly supported 
monophyletic group (Fig. 3-b).

In total, we retained 18 HGTs involving 16 distinct HOGs 
(Fig. 2-b, Table 1, supplementary file S1, Supplementary 
Material online). We ensured that the tree topologies of the 
genes involved in transfer remained consistent with an HGT 
scenario when based on the same alignment but trimmed to 
keep the most conserved sites (supplementary file S1, 
Supplementary Material online). We further verified that the 
HGT scenario still holds when reconstructing a phylogeny 
based on an independent alignment, performed with the near
est sequences found in the UniProt database (The UniProt 
Consortium 2021) and in a database of ray-finned fishes’ pro
teins (supplementary file S1, Supplementary Material online). 
These phylogenetic analyses allowed us to infer the direction 
of the transfer (Fig. 3; supplementary File S1, Supplementary 
Material online) based on the premise that the receiving clade 
should appear embedded in the donor clade in the gene tree. 
Many HGT candidates produced phylogenetic topologies 
that were potentially consistent with the HGT hypothesis 
but did not receive sufficient bootstrap support to be included 
in the final list of candidates considered to be solid. It is how
ever noteworthy that the majority of HGT cases considered to 
be solid (15 out of 18) are retrieved by at least two of the meth
ods described in the previous sections (Fig. 2-b, Table 1). Eight 
HGTs, in six distinct HOGs, were detected by all the methods. 
In addition to passing the q0.5 threshold established for all 
HOGs at the level of each pair of species (Fig. 3-a and 
supplementary File S1, Supplementary Material online), the 
dS of HGT candidates are also very low in the dS distribution 
of genes from the same HOG for all pairs of species (Fig. 3-d, 
supplementary File S1, Supplementary Material online). Thus, 
the lower-than-expected dS of these genes cannot be explained 
by a peculiar selection regime acting on some HOGs. 
Furthermore, all transferred genes were found either in two 
different species, for both the donor and recipient clades, or 
in two independent genome assemblies of the species involved. 
It is thus unlikely that the genes uncovered here result from 
contamination rather than HGT.

Among these HGTs, we retrieved the only 
vertebrate-to-vertebrate HGT event described to date: the 
transfer of an AFP from Clupea harengus (Clupeiformes) to 
Osmeriformes (HOG0001647) (Graham et al. 2008; 
Graham and Davies 2021). Surprisingly, eight HGTs—about 
half of all HGTs detected in this study—occurred between 
these two clades (Fig. 1, Fig. 3, Table 1, supplementary file 
S1, Supplementary Material online). There is no indication 
that these genes were transferred together, as they do not 
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colocalize in the donor and recipient clades (in the two repre
sentative highly continuous genomes Clupea harengus and 
Hypomesus transpacificus, respectively) (supplementary fig. 
S5, Supplementary Material online).

To further verify that these results were not due to contam
ination, we performed competitive mapping of the raw illumi
na reads from the two species against a set of mitochondrial 
genomes. We found that nearly all mapped reads from 
H. transpacificus (99.6% to 100% depending on the sequen
cing run) mapped to its mitochondrial genome, with no or 
very few reads mapping to C. harengus mitochondria (0% 
to 0.002%) (supplementary fig. S6, Supplementary Material
online). The same observation was made using C. harengus 
reads, which nearly all mapped to its mitochondrial genome 
(96% to 100%), but not to H. transpacificus mitochondria 
(0% to 0.03%) (supplementary fig. S6, Supplementary 
Material online). In addition, for each Clupeiformes-to- 
Osmeriformes transfer, we found multiple long reads from 
C. harengus and H. transpacificus that spanned the entire 
transferred genes, including flanking regions, in each genome 
(supplementary fig. S7, Supplementary Material online, 
supplementary file S2, Supplementary Material online). For 
three out of the eight transfers, we could even find multiple 
long reads from H. transpacificus spanning the entire trans
ferred genes when mapped to C. harengus, and vice-versa 
(supplementary fig. S7, Supplementary Material online). 
Similarity between these long reads was restricted to trans
ferred genes and their immediately flanking regions and did 
not extend over their entire length (supplementary fig. S8, 
Supplementary Material online). This pattern mirrored corre
sponding regions of the genome assemblies (supplementary 
File S1, Supplementary Material online). Importantly, no 
long reads from a third species devoid of the transferred genes 
used as control (Borostomias antarcticus, closely related to 
Osmeriformes) spanned any of these genes on the genome of 
C. harengus and H. transpacificus (supplementary file S2, 
Supplementary Material online, supplementary fig. S7, 
Supplementary Material online).

Interestingly, the HOG0019111 phylogeny topology sug
gested that Clupeiformes acquired this gene two times from 
Scombridae, once in the MRCA of Alosa and Sardina species, 
and once in Clupea spp., before its subsequent transfer to 
Osmeriformes (supplementary File S1, Supplementary Material
online, Table 1). Besides these candidate transfers between 

Osmeriformes and Clupeiformes, we found two HGTs from 
Cypriniformes to Pangasiidae, one from Clupeiformes to Caran
garia, one from Clupeiformes to Batrachoididae, one from 
Chanos spp. to Neoarius spp., and one from Megalops species 
to Berycidae species. In addition, we observed a putative transfer 
of HOG0029633 from catfishes (Siluriformes) to Paramormyr
ops species (Osteoglossiformes). While investigating the flanking 
regions of this gene, we found a second likely co-transferred 
HOG, HOG0046344, for which the gene topology was also 
consistent with an HGT scenario, but pairwise dS values were 
slightly above the q0.5 threshold (< q0.6). Despite these two 
genes being next to each other in both the donor and recipient 
clades, null micro-syntenic scores were observed for 
HOG0029633, due to the absence of HOG0046344 in several 
catfish species. Finally, one independent HGT (HOG0010622) 
was additionally retrieved between those two clades. Thus, a to
tal of 19 HGTs (in 17 distinct HOGs) were found across teleost 
species.

Additional evidence supporting these HGTs was retrieved 
and is summarized for each HOG in supplementary file S1, 
Supplementary Material online, with the example of HOG00 
47987 shown in Fig. 3. First, for most HGTs (17 out of 19), we 
were able to observe high sequence similarity at the nucleotide lev
el in flanking regions and/or introns, as reported for the AFP gene 
(Graham et al. 2008; Graham and Davies 2021). The length of re
gions showing similarity at the nucleotide level, and thus, the min
imal length of transferred regions between the donors and 
recipients were between ≍2 kb and ≍15 kb (mean = 6.3 kb; me
dian = 5 kb, supplementary table S1, Supplementary Material on
line). We used these non-coding regions to perform similarity 
searches (BLASTN) against all genome assemblies in our dataset, 
and obtained significant hits only to the corresponding donor and 
recipient clades. Thus, these regions do not correspond to teleost 
conserved non-coding elements (CNEs), in which one would ex
pect high conservation in many species, through purifying selec
tion. Furthermore, for seven HGTs (including the AFP HGT 
reported by Graham et al., here HOG0001647), we found that 
the donor and recipient regions harbored at least one common 
and highly similar TE copy. As reported for the AFP transfer, 
the TEs found in the vicinity of two additional HGTs (HOG0 
047987 and HOG0018901) occurring between Clupea harengus 
and Osmeriformes further supported the Cluperiformes-to- 
Osmeriformes direction of the transfer initially inferred based 
on the HOG topology. Indeed, for each of these three cases, we 

(a) (b)

Fig. 2. HGTs detection methods. Upset plots showing the number of HOGs retained by the parametric procedure (based on dS) and by the three BLAST 
procedures (A, B, and C). a) Number of unique HOG with at least one candidate HGT retained before manual inspection. b) Number of unique HOG with at 
least one HGT discussed in this study (after manual curation).

Multiple Horizontal Transfers of Immune Genes · https://doi.org/10.1093/molbev/msaf107                                                                          5

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf107#supplementary-data


(a)

(b)

(c)

(d)

(f)

(e)

Fig. 3. Multiple lines of evidence supporting HGT in the orthogroup HOG0047987. a) Teleost species tree. Lines inside the tree connect two species if 
they share at least one gene which is less divergent than expected under vertical transmission, i.e. its dS falls below quantile thresholds of the dS 
distribution computed on all genes that could be aligned between the two species. b) Maximum likelihood phylogeny of the HOG0047987 orthogroup. 
The tree was pruned to retain the clade with the transfer, as well as close branches. The complete tree can be found in supplementary file S1, 
Supplementary Material online. Branches are colored according to the species order. Bootstrap values are shown at each node. Here, the tree topology 
indicates a transfer from Clupea spp. to the ancestor of Osmeriformes, followed by a duplication, and a subsequent loss of one duplicate in O. eperlanus. 
c) Micro-synteny plot, showing the region of the transferred genes in the donor and recipient clades (Clupeiformes and Osmeriformes, respectively), as 
well as in closely related species. Red arrows represent the transferred genes, while gray arrows represent neighboring genes. Genes are linked between 
species if they belong to the same HOG. d) Relationship between dS values, computed between all HOG0047987 pairs of genes, and divergence times 
between corresponding species. The linear regression is represented by a line, and its R2, P-value, and equation are indicated. Orange dots correspond to 
pairwise comparisons between C. harengus and Osmeriformes genes. e) Zoom on the regions harboring the transferred gene in C. harengus and 
Hypomesus transpacificus (Osmeriformes). Transposable elements (TEs) found in only one of these regions are indicated by gray arrows, while those 
found in both species’ regions are indicated by yellow arrows. Here, one TE, Togen-1, was found in common. Red arrows correspond to the transferred 
gene exons. Gray boxes indicate regions aligned in f. f) Dot-matrix plot between C. harengus and H. transpacificus regions. Black lines are indicative of 
conserved regions. Regions between red lines are HOG0047987 exons, while the regions between blue lines correspond to Togen-1. Introns and flanking 
regions show strong conservation, and, when searched on all teleost genomes, only matched to Osmeriformes and Clupeiformes species. Such multiple 
lines of evidence, as well as additional analysis (e.g. correction of gene annotations, gene re-annotations, and inspection of alternative genome 
assemblies), are provided for all 19 HGT events discussed in this study, in supplementary file S1, Supplementary Material online.
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found one TE (crack-7, togen-1, and L1-19 respectively), present 
in many copies across the whole genome of C. harengus, but pre
sent as single copies and only next to the transferred genes in 
Osmeriformes.

We next estimated that scenarios alternative to horizontal 
transfer—that would involve vertical transmission of the 19 
HGTs followed by repeated losses—would have required be
tween five and sixteen independent losses across the teleost 
phylogeny, depending on the gene. These numbers were com
puted assuming that the gene appeared in the MRCA of the 
donor and recipient species and corresponded to the minimum 
number of losses needed to retrieve these species in a mono
phyletic gene clade, assuming zero duplication events, and 
without considering the rest of the HOG phylogeny.

Finally, we investigated the coherence of these HGTs in 
terms of species habitats. We found that HGTs always oc
curred between freshwater species or between marine species, 
but never between freshwater and marine species. Further
more, there were always overlaps, of various sizes, in the 
distributions of donors and recipients (supplementary fig. 
S9, Supplementary Material online). One limitation to reliably 
pointing out the location where these transfers occurred is that 
these distributions correspond to extant species, and they may 
vary from those of ancestor lineages in which the HGTs 
occurred.

Function of Putative Transferred Genes
We then investigated the functions of the 17 transferred genes, 
through inspection of their RefSeq names, by searching for 
known homologous sequences using BLASTP and HHpred 
(Table 1, supplementary table S2, Supplementary Material
online), and by structure similarity searches (supplementary 
fig. S10, Supplementary Material online). We also assigned 
GO terms to each gene according to their best match in 
the UniProt database. We found that HGT genes were 
enriched (False discovery rate [FDR] < 0.05) for the GO terms 
“killing of cells of another organism” (GO:0031640), “extracel
lular region” (GO:0005576), and “interspecies interaction 
between organisms” (GO:0044419) (supplementary File S2, 
Supplementary Material online). These terms were assigned to 
three stonustoxin subunits found among transferred genes 
(HOG0004480, HOG0004450, HOG0004451), which are 
pore-forming proteins (PFPs). Interestingly, two other genes 
were also PFPs, including one natterin (HOG0013500, 
Table 1, Fig. 4), and one Cry6Aa homolog (HOG0034670), 
the latter having been mainly studied in Bacillus thuringiensis 
(Dementiev et al. 2016 ). While stonustoxins and natterins 
have initially been described and studied in toxic species 
(Ghadessy et al. 1996; Magalhães et al. 2006), there is growing 
evidence for their role in defense against pathogens in fishes, 
probably preceding their use in venoms (Ellisdon et al. 2015 ; 
Lima et al. 2021 ; Seni-Silva et al. 2022 ), which is also the 
case for many other PFPs (Galinier et al. 2013; Xiang et al. 
2014; Peraro and van der Goot 2016; Verma et al. 2021 ). 
Interestingly, some natterins have already been proposed to be 
horizontally transferred between two distant clades of eukar
yotes, from fungi to corals (Gacesa et al. 2020 ). In addition, 
these GO terms were also associated with HOG0019111, hom
ologous to the antibacterial enzyme goose-type lysozyme (LyzG) 
(Tullio et al. 2015; Liu et al. 2022), and to HOG0010622. This 
gene was homologous to SAMD9 (sterile alpha motif domain 
containing 9), playing roles in tumor suppressions and the re
sponse to viral infections in humans, and probably also in the 

zebrafish where it is an interferon-stimulated gene (Levraud 
et al. 2019; Nounamo et al. 2017; Ma et al. 2014b; Peng et al. 
2022).

We found three additional genes with a main function related 
to vertebrate immunity: a fish-egg lectin (FEL, HOG0018901) 
which, in several teleost species, is mainly expressed in eggs and 
larvae, binds bacteria and promotes their phagocytosis by mac
rophages (Wang et al. 2016; Zhang et al. 2020b; Qiao et al. 
2022); a nuclear GTPase SLIP-GC (NUGGC, HOG0013514) 
which enhances genome stability of B cells in mice and humans 
(Richter et al. 2009; 2012), but which is lacking any functional 
evidences in fishes; HOG0008885 which was structurally simi
lar to IL-40 (interleukin 40; probability = 0.66 ; e-value = 
0.02), involved in B-cell development and immunoglobulin 
production (Catalan-Dibene et al. 2018; Dabbagh-Gorjani 
2024). While no GO term was assigned by our method (best 
UniProt match) to HOG0008885 and HOG0018901, 
HOG0013514 was associated with the GO terms “somatic 
hypermutation of immunoglobulin genes” (GO:0016446) 
and “immune system process” (GO:0002376). The gene 
HOG0029633, a protease legumain, was also associated with 
“immune system process”, with roles in human and zebrafish 
immunity (Manoury et al. 1998; Dall and Brandstetter 2016), 
but also in several other biological processes such as axon re
generation (Ma et al. 2014a) and bone mineralization (Jafari 
et al. 2017). The other transferred genes were involved in vari
ous biological processes (Table 1, supplementary table S2, 
Supplementary Material online, supplementary fig. S10, 
Supplementary Material online) such as the type II antifreeze 
protein (HOG0001647), allowing fish species to survive in 
icy seawater (DeVries 1971; Graham and Davies 2021).

Finally, to investigate whether horizontally transferred 
genes tend to undergo shifts in selective pressure after integra
tion into the recipient genome, we computed a dN/dS ratio for 
every branches of HOGs containing HGTs and used branch- 
site models to assess the evolutionary regime of transferred 
genes (Fig. 4). First, when looking at dN/dS ratio distributions, 
we observed that transferred sequences did not appear to have 
particularly low or high ratios compared to other sequences 
from the same HOG. For most branches tested (28/41), no 
sign of diversifying or relaxed selection was found. For nine 
HOGs, at least one branch of the recipient clade was evolving 
under diversifying selection. Furthermore, across nine HOGs 
constituted of only one recipient branch, only four were evolv
ing under diversifying selection. One gene (SAMD9; 
HOG0010622) was found to evolve under relaxed selection 
upon reception in the genome of Paramormyrops kingsleyae 
(K = 0.42 ; P-value = 3.5e-5). Thus, these results indicate 
that there is, in some cases, an accelerated evolution of the 
gene upon reception, but this is far from being systematic.

Pseudoparalogs and Post-transfer Duplications
While, among the 17 transferred genes, 14 were completely 
new to the recipient species, three (HOG0019111, 
HOG0028899, and HOG0008885) likely represented pseu
doparalogs (Makarova et al. 2005), as the recipient species al
ready possessed at least one other non-transferred gene in the 
same HOG. Also, in accordance with what has been described 
in other eukaryotes such as nematodes (Paganini et al. 2012) 
and algae (Schönknecht, Weber, and Lercher 2014), we in
ferred that half (9/19) of HGT events were followed by 
lineage-specific gene duplications in the recipient clade 
(supplementary File S1, Supplementary Material online). 
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This concerns three HGT events between Clupeiformes and 
Osmeriformes: (i) HOG0047987 with one duplication in the 
MRCA of Osmeriformes (Fig. 3), (ii) HOG0013514 with 
one duplication specific to H. transpacificus and two duplica
tions specific to Osmerus eperlanus, and (iii) HOG0018901 
with three duplications specific to H. transpacificus. The 
HOG0004450 transferred gene was also duplicated several 
times after the transfer, once in Lates calcarifer and two times 
in Caranx melampygus. In addition, there was one post- 
transfer duplication of HOG0013500 in Thalassophryne 
amazonica, one of HOG0030200 in Pangasius djambal, two 
of HOG0019032 in Neoarius graeffei, two of HOG0019111 
in Clupea harengus, and three of HOG0034670 in the 
MRCA of Pangasianodon species. While we here refer to spe
cific species for which annotated genomes are available, some 
of these duplications may have occurred in common ancestors 
of these and other species not included in this study. These du
plication events might have contributed to expanding the 
newly acquired beneficial functional gain (Schönknecht et al. 
2014).

Discussion
Evidence Supporting Multiple Fish-to-fish HGTs
While increasing numbers of HGTs involving eukaryotes are 
being reported, few studies have investigated eukaryote- 
to-eukaryote gene transfers in general, and even fewer studies 
dealt with HGT between vertebrates. Here, we surveyed 242 

ray-finned fish species and uncovered 19 fish-to-fish HGT 
events supported by multiple lines of evidence and involving 
17 different genes and 11 fish lineages. Among the transferred 
genes is the AFP protein previously shown to have undergone 
an HGT event between Clupeiformes and Osmeriformes 
(Graham et al. 2008; Graham and Davies 2021). All trans
ferred genes were found in multiple independent genomes 
from the donor and recipient fish clades, suggesting their 
presence in distantly related fishes is unlikely due to contam
ination. Phylogenetic analyses of these genes grouped 
distantly related fish species in strongly supported monophy
letic groups, there was no conserved synteny around trans
ferred genes between the donor and recipient lineages, and 
most transfers were also recovered using BLAST-based alien 
index approaches (Koutsovoulos et al. 2022; Yuan et al. 
2023).

Manual curation revealed that in most instances, the high 
nucleotide identity in coding sequences between donor and re
cipient lineages extended to intronic and/or flanking sequen
ces, which sometimes even included shared TEs. It is 
unlikely that these non-coding regions are CNEs evolving 
under purifying selection because they were not recovered in 
any other ray-finned fishes. We even found two cases where, 
as reported earlier for the AFP transfer (Graham and Davies 
2021), the shared TE present in the gene flanking regions 
was present as a single copy in one species and in multiple cop
ies in a second species. This pattern is consistent with the gene 
tree topology in suggesting that the second species is the 

Fig. 4. Putative functional category and selective pressures acting on transferred genes. For each transferred HOG, dN/dS of every extant and ancestral 
sequences (terminal and internal branches, respectively) were computed with HyPhy. dN/dS values computed on branches corresponding to the recipient 
clades are shown with colored symbols. For HOG0019111, where three transfers occurred, dN/dS values on Clupeiformes branches are indicated in blue, 
while the unique Osmeriformes branch is shown in orange. Triangles represent sequences evolving under diversifying selection, while diamonds 
represent sequences evolving under relaxed selection. Symbols indicate genes which have a main function related to immunity or an immunity-related 
GO term, as well as pore-forming proteins. Note that for natterins (PFPs), immune functions have been suggested previously (Jia et al. 2016; Seni-Silva 
et al. 2022). Branches with a saturation of substitutions (dS or dN > 1) or not enough substitutions (dS < 0.01) were discarded.
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donor, in which the TE generated multiple copies of itself, 
while the first species is the recipient, in which the TE has 
not transposed from the horizontally acquired region. 
Finally, we took special care in examining scenarios alterna
tive to HGT that would involve multiple gene losses. First, 
we found that between at least 5 and 17 independent such 
losses would be required, depending on the gene, to explain 
the topology of their phylogeny. These numbers are to be con
trasted with the fact that genes showing high similarity be
tween species at the sequence level (both in the coding 
sequence, introns, and flanking regions) are rather expected 
to show the lowest loss rates (Waterhouse et al. 2010). In 
fact, we show that the 17 transferred genes uncovered in this 
study are characterized by extremely low dS values, not only 
when compared to the distributions of dS values computed 
on all the genes between the species involved, but also when 
compared to dS values computed between all the genes among 
these HOGs (Fig. 3, supplementary fig. S1, Supplementary 
Material online). Thus, the lower-than-expected divergence 
of these genes is inconsistent with them being present in the 
common ancestors of fishes and enduring recurrent losses dur
ing fish evolution (Cote-L’Heureux et al. 2022).

Mechanisms of HGT Between Fishes
The number of fish-to-fish HGT reported here is low (with 
only 0.02% of ray-finned fishes HOGs containing at least 
one HGT event), but finding that such transfers have occurred 
multiple times is interesting, begging among other questions 
that of the underlying mechanisms. It has previously been pro
posed that the mode of reproduction used by most fish species, 
namely external fertilization, may render their germline more 
susceptible to being colonized by foreign DNA (Huang 2013; 
Graham and Davies 2021). In particular, sperm cells have the 
ability to bind and internalize exogenous DNA and to act as 
vectors of this DNA in the oocyte during fertilization, a pro
cess called sperm-mediated gene transfer (SMGT) that has 
been used in the laboratory to generate multiple genetically 
modified animals (Lavitrano et al. 2013). Should SMGT occur 
under natural conditions, which is currently unknown, its fre
quency might be higher in species using external fertilization, 
which are expected to be exposed to more environmental 
DNA than species using internal fertilization (Smith and 
Spadafora 2005; Graham and Davies 2021). All species found 
involved in HGT in this study use external fertilization. 
However, at least 12 independent transitions from external 
to internal fertilization have occurred in fish (Benun Sutton 
and Wilson 2019), so that as more fish genomes become avail
able, it will be possible to test whether transfers occur more 
often in external versus internal fertilizers. To increase the 
power of such an analysis, horizontal transfers of TEs, which 
seemingly occurred more frequently than HGT among fishes, 
should be included (Zhang et al. 2020). Beside sperm cells, 
another type of HGT vector regularly put forward in the 
literature are viruses (Gilbert and Cordaux 2017). Much 
like other animals, fishes are infected by a large diversity of 
viruses (Costa et al. 2024; Costa and Holmes 2024). These 
include large dsDNA viruses of the Iridoviridae family 
(Leiva-Rebollo et al. 2024), which are considered good candi
date vectors of horizontal transfer because they can capture 
host genes (Filée et al. 2008; Yoxsimer et al. 2024) and TEs 
(Piégu et al. 2014; Loiseau et al. 2021), and they are able to 
infect species that diverged hundreds of millions of years 
ago (MYA) (Chuang et al. 2022). Other potentially good 

candidate HGT vectors are the Teratorn endogenous viral 
elements (EVEs), which result from the fusion of 
Alloherpesviridae genomes and piggyBac DNA transposons 
(Inoue and Takeda 2023). These elements are widespread in 
teleost fishes, are able to transpose and produce multiple cop
ies of themselves in a given genome, and their phylogeny sug
gests they undergo recurrent cross-species transmission (Inoue 
and Takeda 2023). In any case, the HGT events inferred here 
suggest that the species involved in these transfers are or have 
been in direct or indirect contact (e.g. through shared viruses 
or other parasites), which is consistent with the fact that these 
species currently live in similar environments (marine or 
fresh-waters) and overlap, to some extent, in their geogra
phical distribution (supplementary fig. S6, Supplementary 
Material online).

Horizontal Transfer or Long-distance Hybridization?
Given that the mechanisms underlying HGT in most eukar
yotes remain unclear, it is tempting to invoke hybridization 
as an alternative scenario to explain the distribution of genes 
that show a signal of interspecies gene flow among teleosts 
(Gabaldón 2020). Such a scenario could appear more parsi
monious than HGT to account for the eight genes transferred 
from Clupeiformes to Osmeriformes, as one hybridization 
event instead of eight HGTs could be invoked.

Assuming that meiosis was possible in the resulting interspe
cific hybrids, crossing-overs between homeologous chromo
somes could have led to the transfer of one or a few genomic 
regions containing the eight genes from one parental genome 
to the other. Considering one or a few crossing-overs per 
chromosome per meiosis, a single round of meiotic recombin
ation would have led to megabase-sized exchanges between 
homeologous chromosomes. However, the horizontally trans
ferred DNA sequences detected here are relatively short (2.2 to 
15 kb). Such short introgressed segments could have resulted 
from repeated backcrosses in one parental lineage. The cir
cumstances under which such a scenario would have gener
ated sharp (single-gene) introgressed segments, as those we 
observe here, are unclear, given the high genetic distance be
tween the parental chromosomes. While multiple cases of 
long-distance hybridization have been reported in fish species 
diverging by dozens of millions of years (Fig. 5) (Zhang et al. 
2014), proper meiotic pairing and recombination have not 
been observed between chromosomes originating from species 
as divergent as those we report here to be involved in HGT 
(>124 MYA, Fig. 5). Would sufficient homology exist be
tween divergent species, it is more likely to occur within 
gene bodies, which are more conserved than intergenic regions 
and introns (Zhang et al. 2020b). However, none of the trans
ferred segments occur at syntenic positions in the donor and 
recipient fish species, which makes gene bodies unlikely to 
have provided the template for recombination. Nevertheless, 
one can envision a scenario in which transposition of TE cop
ies from one parental genome to the other could distribute 
homologous segments between homeologous regions. Such 
TEs would provide the templates for ectopic recombination 
events bordering the observed exchanged segments. In this 
context, the TEs shown here to be shared between some donor 
and receiving HGT lineages may be viewed as relicts of such 
recombination triggers.

When parental species diverge by evolutionary distances as 
large as those inferred here to be involved in HGT, one would 
expect that hybridization produces allopolyploids (Deb et al. 
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2023). An illustration of this is the striking example of triploid 
and pentaploid hybrids resulting from crosses of the Russian 
sturgeon (Acipenser gueldenstaedtii) and the American 
Paddlefish (Polyodon spathula), which diverged 137 MYA 
(Fig. 5) (Káldy et al. 2020). However, hybrids resulting from 
such long-distance hybridization in fish are generally sterile. 
Their frequency in nature remains unknown, and their genom
ic architecture has not been investigated using whole genome 
sequencing. Furthermore, none of the HGT-receiving lineages 
in our study contain known polyploids (Comber and Smith 
2004), and consistently, the numbers of annotated proteins 
are highly homogenous among the species involved in HGT 
(mean = 24,638; 21,690 to 29,714). In addition, the resulting 
mosaicism would have been extremely unbalanced to retain 
only a few short fragments from one of the parental DNA. 
However, one could invoke a less canonical event involving 
a transient polyploid bridge as proposed in (Pereira et al. 
2023)(see also (Bartolić et al. 2024)).

Overall, we cannot exclude the possibility that some uncon
ventional hybridization scenario would have led to a pattern 
that is difficult, if not impossible, to distinguish from vector- 
mediated HGT. Nonetheless, we tend to favor the HGT scen
ario over hybridization for two reasons. First, there is strong 
evidence that horizontal transfer of genes and TEs has oc
curred between eukaryotes (including between animals) 
(Moran and Jarvik 2010; Gasmi et al. 2015; Szöllősi et al. 
2015; Gilbert and Feschotte 2018; Hibdige et al. 2021; 
Gilbert and Maumus 2022; Heisserer et al. 2023; Mishina 
et al. 2023; Widen et al. 2023), but so far, no study has shown 
that hybridization can yield HGT-like patterns such as those 
we report here in fish. Second, the vast majority of known 
long-distance hybridization cases in fish involve lineages sepa
rated by shorter divergence times than those among which we 
have inferred HGT (Fig. 5). Two cases of successful 

hybridization have been reported that involve lineages sepa
rated by divergence times comparable to those separating 
the lineages involved in HGT here (both about 224 MYA). 
The first one is a cross between Hypophthalmichthys moli
trix and Pagrosomus major. It is listed in a review paper 
(Zhang et al. 2014), but the original article is not published 
in a peer-reviewed journal (Zhang et al. 2014). The second 
one involves crosses between Megalobrama amblycephala 
and Siniperca chuatsi (Wang et al. 2022). The morphology 
and karyotype of the resulting hybrid is identical to that 
of the maternal species and show no sign of paternal traits, 
the 5S rDNA gene is also identical to the maternal species 
and the only investigated microsatellite locus produces an 
unclear pattern (Wang et al. 2022). Furthermore, the study 
does not rule out an alternative scenario involving gynogen
esis, a process of asexual reproduction known to occur nat
urally in fish, which requires the presence of sperm, without 
the DNA of sperm cells actually contributing to the egg cells 
(Schlupp 2005).

Opportunity for Transfer, Retention Rate, and 
Functional Impact of HGT in Teleosts
According to Keeling (2024), opportunities for HGT may not 
be that rare in eukaryotes but it is rather the very low likeli
hood for a horizontally transferred gene to be retained in the 
receiving host that may largely explain the lower HGT rates 
observed in eukaryotes compared to prokaryotes. Such a 
low retention rate in eukaryotes could be due to the lower 
probability for a gene acquired through HGT to be beneficial 
in eukaryotes compared to prokaryotes. The number of HGTs 
that we can observe today in eukaryotes would thus corres
pond to a small fraction of a wider foreign gene pool, the ma
jority of which would bring no benefit to the receiving host 

Fig. 5. Divergence between species involved in HGTs or in known distant hybridization. Violin plot showing the divergence times between (i) reported 
case of distant hybridization in the literature (circles [Chen et al. 2018; Zhang et al. 2014; Liu et al. 2020; 2021; Káldy et al. 2020; Wang et al. 2017; Wang 
et al. 2022]) or (ii) species with genes showing much higher similarity than expected in this study (triangles), and for which our main hypothesis is a 
horizontal transfer. Colors represent the taxonomic difference between the two species. For cases involving species from two different orders or families, 
the two species names are indicated.
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and be lost through drift or purifying selection. In apparent 
agreement with this prediction, the number of teleost-to- 
teleost transfers of TEs (910 among 64 species; [Zhang et al. 
2020a]) is much larger than that of genes (19 among 247 spe
cies; this study), indicating that the number of opportunities 
for transfer might be much higher than what the number of 
HGTs uncovered in this study suggests. While the capacity 
of TEs to transpose might, to some extent, result in a higher 
number of transfer opportunities for these elements compared 
to genes, there is no doubt that the capacity of TEs to generate 
multiple copies of themselves strongly increases their retention 
rate once transferred. In any case, following Keeling (2024)’s 
argument, horizontally acquired genes are either the result of 
a recent transfer and did not have time yet to decay (which 
could be the case of SAMD9, evolving under relaxed selective 
constraints in the unique recipient species, relative to other 
fishes), or they were retained because of the strong selective ad
vantage they conferred to the recipient species. Here, we found 
that several transferred genes were likely involved in fishes’ im
munity. Indeed, we observed the transfer of six genes with es
tablished roles in the vertebrate immune system, as well as five 
PFPs, that might also be involved in the innate immunity of 
fishes (Fig. 4). This pattern suggests that immune and PFP 
genes may be preferentially retained after HGT, and thus 
more often beneficial to the host than other genes, enhancing 
and/or diversifying the species’ defense repertoire. This is in 
line with many recent studies showing that, across vertebrates, 
genes under positive selection are often enriched for immune 
functions, highlighting their rapid evolution and impact on 
species’ fitness (Limborg et al. 2012; Xiao et al. 2015; 
Vinkler et al. 2023; Rincon-Sandoval et al. 2024). This also 
fits well with previous HGT studies in eukaryotes, in which 
transferred genes were often found to be involved in the im
mune system (Ciach et al. 2024; Keeling 2024; Bai et al. 
2016; Li et al. 2022; Tarnopol et al. 2025), but also in host– 
parasite interaction (Yang et al. 2016; Gasmi et al. 2021; 
2015; Xia et al. 2021; Gilbert and Maumus 2023; Keeling 
2024; Nowell et al. 2024).

Uncertainties, Limitations, and Perspectives
Our results are consistent with previous studies of HGT in eu
karyotes, which all suggest that the number of horizontally ac
quired genes is many folds lower than in prokaryotes (Danchin 
2016; Martin 2017; Van Etten and Bhattacharya 2020; 
Keeling 2024). Yet, as a first step in evaluating HGT among 
relatively closely related eukaryote lineages (i.e. among verte
brates), we used stringent criteria to filter very large gene data
sets and favored a manual curation to retain HGT cases that 
appeared supported by multiple lines of evidence. On one 
hand, we acknowledge that there is a possibility that rather 
than resulting from HGT, some genes reported here might re
sult from unknown, biologically improbable events, or rare ar
tifacts. On the other hand, it is also possible that the 19 HGTs 
we inferred only represent a fraction of the total number of 
gene transfers that have occurred among the fish species in
cluded in our dataset. Furthermore, we have not investigated 
HGT between fish and non-fish species. Our study included 
233 out of the >30,000 known teleost species (Near et al. 
2012), and the inclusion of many more genomes will allow 
us to more precisely constrain the timing of HGT events and 
the development of more powerful, unsupervised automatic 
methods to detect HGT. One area of improvement would be 
to automate, at least to some extent, the filtering of candidate 

HGT trees in order to assist the selection of solid HGT cases, 
which is so far done manually (this study, [Li et al. 2022]). 
This would allow screening of many more candidate HGT 
trees obtained by releasing the stringency of upstream filters, 
such as the one imposing strict absence of synteny between do
nor and receiving lineages. Such an approach might help assess 
whether, in some cases, larger genomic regions containing sev
eral genes have been transferred horizontally, either through 
bona fide HGT or via long-distance hybridization. The extent 
to which numbers of HGT among fish might inflate as more 
genomic data are available is difficult to predict, as the distri
bution of these transfers appears highly heterogeneous in the 
fish phylogeny. A striking pattern is that among the 58 teleost 
orders included in our study, only 11 were found to be in
volved in HGT and 8 of the 19 HGT cases occurred between 
two of these orders (Clupeiformes and Osmeriformes), with 
no evidence from the genomic location of transferred genes 
in favor of a single co-transfer (supplementary fig. S5, 
Supplementary Material online). To some extent, the unbal
anced distribution of HGT cases among fishes is reminiscent 
of that observed in insects, in which horizontally transferred 
plant genes are only found in 14 out of 218 surveyed species, 
with the whitefly, Bemisia tabaci concentrating most of these 
genes (135 out of 156) (Gilbert and Maumus 2023). We 
have no good explanation for these patterns and can only 
speculate that shedding light on the mechanisms involved in 
HGT may help resolve them. Most relevant to HGT in fish, 
it will be interesting to evaluate the genomic consequences of 
long-distance hybridization in this group using whole genome 
sequencing to assess whether this process can produce 
HGT-like patterns like those observed here.

Materials and Methods
Genome Data and Annotations
About 230 annotated (annotations from RefSeq or GenBank) 
and 1,200 non-annotated ray-finned fishes’ genomes were 
downloaded using genome_updater (https://github.com/pirovc/ 
genome_updater) with the option -T “7898” (taxonomic identi
fier of ray-finned fishes), as of March 9, 2024. We used BUSCO 
v5.1.274 (Manni et al. 2021) to assess the completeness of each 
genome (supplementary File S2, Supplementary Material on
line), using the Actinopterygii odb10 gene database; 842 ge
nomes with a BUSCO score ≥ 80% were retained, among 
which 225 had previously been annotated. The species order 
of these 842 genomes was extracted using Entrez (Maglott 
et al. 2007) and the NCBI taxonomy database (Schoch et al. 
2020; supplementary File S2, Supplementary Material online). 
For each retained annotated genome, we used agat (Dainat 
2022) to keep only the longest transcript per gene and to extract 
the corresponding coding sequence. Coding sequences with at 
least one internal stop codon were discarded. All coding sequen
ces from these 225 species were combined and translated into 
proteins using EMBOSS transeq (Rice et al. 2000) to build a ray- 
finned fishes’ protein database.

We identified 14 orders for which no annotated genomes 
were present, but which contained at least one non-annotated 
genome with a BUSCO score ≥ 80%. We annotated 17 repre
sentative species from these 14 orders as follows. First, for 
each of these species, a de novo repeat library was generated 
using RepeatModeler2 (Flynn et al. 2020). This library was 
combined with ray-finned fishes’ repeats extracted from 
Dfam (Storer et al. 2021), and used as input to soft-mask 
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the corresponding genome assembly using RepeatMasker 
(Smit et al. 2013). In addition, we used the Sequence Read 
Archive (SRA) toolkit to download RNA-seq reads from 
twelve species with at least one RNA sequencing run present 
in the SRA database. Finally, these 17 soft-masked genome as
semblies were annotated with BRAKER (Gabriel et al. 2024 ), 
using as input: (i) our ray-finned fishes’ protein database, (ii) 
representative ray-finned fishes proteins extracted from 
OrthoDBv11 (Kuznetsov et al. 2022 ), (iii) RNA-seq reads 
when available (supplementary File S2, Supplementary 
Material online). Resulting gene models not supported by 
any hints were discarded using the “selectSupported 
Subsets.py” script provided in BRAKER. We further filtered 
BRAKER annotations by retaining only the longest transcript 
per gene and discarding genes with at least one internal stop 
codon. Thus, our final species dataset comprised 242 anno
tated ray-finned fishes, among which 233 were teleosts and 
nine were non-teleosts.

Species Phylogeny
3,584 BUSCO proteins present in at least half of the annotated 
species (≥ 121) were aligned using MUSCLE v5.1 (Edgar 
2022) and trimmed using trimAl (Capella-Gutiérrez et al. 
2009) with the option “-automated1.” A maximum likelihood 
phylogeny was reconstructed for each alignment using 
IQ-TREE2 (Minh et al. 2020), with the optimal model found 
by ModelFinder (Kalyaanamoorthy et al. 2017) and with 
1000 ultrafast bootstraps to evaluate the robustness of the no
des (Hoang et al. 2018). Nodes with a low support (< 10% 
bootstrap support) were collapsed using the R package ape 
v5.0 (Paradis and Schliep 2019). The 3,584 unrooted gene 
trees were used as input in ASTRAL-III (Zhang et al. 2018) 
to compute an unrooted species tree. This tree was then rooted 
and dated using the least squares dating method (To et al. 
2016) implemented in IQ-TREE2, with three calibration 
dates, on deep and strongly supported nodes (Near et al. 
2012), retrieved on TimeTree.org (Kumar et al. 2022): (i) 
250 million years for the split between Danio rerio and 
Megalops atlanticus; (ii) 396 million years between Danio 
rerio and Polypterus senegalus; and (iii) 224 million years be
tween Danio rerio and Takifugu bimaculatus.

Orthologous Groups Identification, Alignment and 
Pairwise Metrics
We used OrthoFinder (Emms and Kelly 2019) with (i) the pro
teomes of our 242 species (for a total of 6,263,181 ray-finned 
fishes’ protein sequences), (ii) the rooted species tree, and (iii) 
non-teleost species as outgroups. HOG, as defined in this 
study, correspond to groups of genes which share a unique ori
gin in the MRCA of teleost species (node 5 of the species tree, 
N5). For each HOG, protein sequences were aligned using 
MUSCLE v5.1, and the alignments were trimmed and back- 
translated to codon alignments using trimAl and the options 
“-automated1” and “-backtrans.” We then computed four 
metrics, using the R (R Core Team 2018) packages “seqinr” 
(Charif and Lobry 2007), “bio3d” (Grant et al. 2006), and 
“MSA2dist” (Ullrich 2024), between every possible pairs of 
sequences among each orthogroup: (i) dS, (ii) dN, (iii) number 
of aligned nucleotides, and (iv) sequence identity. In addition, 
the same alignment procedure and metrics computation were 
used for BUSCO genes.

Candidate Horizontal Gene Transfers Identification 
Using dS Values
For each possible teleost species pair (27,028 pairs), we com
puted a distribution of all dS values obtained between genes 
from these two species (only if the genes belonged to the 
same HOG), by first discarding (i) genes matching to any 
transposable element present in the RepeatPeps library of 
RepeatMasker or RepBase (Bao et al. 2015) (identified using 
BLASTP implemented in BLAST+ (Camacho et al. 2009) or 
Diamond (Buchfink et al. 2021)), (ii) genes for which less 
than 100 codons were aligned, and (iii) saturated dS values 
(value of 9.999). Using these distributions, we then computed 
the 0.5%, 0.4%, 0.3%, 0.2%, and 0.1% dS quantiles using 
the “stat” package in R (R Core Team 2018), as well as the 
mean and median dS values (supplementary fig. S11, 
Supplementary Material online). The same procedure was 
used to compute dS quantiles, mean, and median from 
BUSCO genes. 2,558,049 gene pairs with a dS value below 
q0.5 were kept, in a total of 6,367 distinct HOGs.

In addition, for each species pair, and for every gene belonging 
to the same HOG, we computed micro-syntenic scores, similar 
to the k-synteny index previously described by Adato et al. 
(2015). Considering the orthologous gene Gi (defined by its 
presence in the same HOG) present in two species, Sa and Sb, 
the micro-syntenic score represents the number of orthologous 
genes among the 20 flanking genes between Sa and Sb (ten genes 
upstream and ten genes downstream Gi). Thus, each pair of 
genes had a score between zero (if no common HOG were re
trieved among flanking genes) and twenty (if all the flanking 
HOGs were in common). Microsynteny plots presented in this 
study were generated using gggenomes (Hackl et al. 2024).

We then removed gene pairs with a micro-syntenic score ≥ 1, 
as well as genes present on a scaffold containing only that gene. 
This led to a final dataset of 594,324 gene pairs belonging to 
2,381 distinct orthogroups. Maximum likelihood phylogenies 
were computed for these 2,381 orthogroups, using IQ-TREE2, 
and the optimal model found by ModelFinder (using both non- 
trimmed and trimmed alignments). These trees were plotted us
ing ggtree (Yu et al. 2017) and manually inspected to find topolo
gies consistent with a horizontal gene transfer scenario. We 
also discarded HOGs for which multiple gene pairs were consist
ently showing low dS values and for which the phylogenetic 
tree was ladder-shaped, suggesting selection on synonymous 
sites and a lack of informative sites (supplementary fig. S12, 
Supplementary Material online, (Jaramillo et al. 2015)).

Finally, for each retained gene, we performed two BLASTP, 
using one protein sequence representative of the transfer as 
query, against (i) a database of all ray-finned fishes’ proteins 
and (ii) the Uniprot database devoid of ray-finned fishes’ pro
teins (UniProt Consortium 2021). The 50 and 10 best matches 
were retained, respectively. These protein sequences were 
aligned using MUSCLE v5, trimmed using trimAl, and a max
imum likelihood phylogeny was computed with IQTREE2. 
This allowed us to ensure the robustness of the potential 
HGT topology, independently of prior OrthoFinder classifica
tions, and computed from an independent alignment.

Further Inspections of Putative Horizontal Gene 
Transfers
We further manually inspected putative horizontal gene trans
fers. First, we verified the quality of protein alignments using 
the “msaplot” function in ggtree. Then we ensured that among 
each orthogroup, where one transfer event was inferred, there 
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was a positive correlation between pairwise genes dS values 
and the divergence time between corresponding species. As ex
pected, the dS values between transferred genes always ap
peared as outliers, i.e. showed low dS values compared to 
other pairwise comparisons with the same divergence time.

Furthermore, we selected one representative species from 
the two clades involved in the gene transfer. For these two spe
cies, the transferred gene(s) and flanking regions (5,000 bp up
stream and 5,000 bp downstream) were extracted. These 
regions were aligned using dotter-plot matrices and the seqinr 
R package, allowing the identification of similarity at the nu
cleotide level in introns or in flanking regions. Any similar 
non-coding region identified on these dotter-plot matrices 
was extracted from the genomes using SAMtools (Danecek 
et al. 2021 ) and aligned using Needle (Rice et al. 2000). 
These regions were then searched in the genome assemblies 
of all teleost species using BLASTN. Transposable elements 
present in these regions were identified through a TBLASTN 
using a transposable element protein database (combination 
of RepeatMasker and RepBase databases) as a query. 
Redundancy of this TE database was first reduced by cluster
ing similar proteins with cd-hit (Fu et al. 2012) and a similarity 
threshold of 80%. Finally, non-overlapping best-hit regions 
were extracted and used as queries in a BLASTX against the 
TE database, and these regions were assigned to a transpos
able element based on the best BLASTX match. TEs found 
in common between the donor and recipient species were 
used as queries in a TBLASTN against these species’ genome 
assemblies, as well as against the genome assemblies of closely 
related species. Again, non-overlapping best-hit regions were 
extracted, and the best TE match against these regions was 
identified using BLASTX. Donor and recipient clades were as
signed based on the HOG tree topology and were, in some 
cases, further supported by neighboring transposable ele
ments, which were present in multiple copies around the do
nor genome while appeared only in one copy near the 
transferred gene in the recipient genome.

To rule out contamination as an alternative hypothesis to 
HGT, we ensured that transferred genes were present in at 
least two donor and two recipient species. If not, we ensured 
that these genes were present in another and independent gen
ome assembly of these species. Finally, we systematically veri
fied that the transferred genes were completely absent from 
species closely related to the donor and recipient clades, using 
a combination of TBLASTN and Exonerate (Slater and Birney 
2005). In some cases, the same strategy was used to correct or 
complete partial annotations of genes. Detailed analysis re
sults, for each HGT, can be found in supplementary file S1, 
Supplementary Material online.

Geographical distributions of species involved in HGT 
events were extracted from the OBIS and GBIF databases, ac
cessed through the R packages “robis” (Provoost and Bosch 
2022) and “rgbif” (Chamberlain and Boettiger 2017). 
Locations of transferred genes in the genome of Clupea hare
ngus and Hypomesus transpacificus were represented using 
the R package “circlize” (Gu et al. 2014).

Candidate Horizontal Gene Transfers Identification 
Using BLAST
We assessed if we could retrieve potential transfers identified 
using our dS procedure (see above) with another and inde
pendent method, relying on BLAST and which is commonly 
used to find horizontal transfers across the tree of life 

(supplementary fig. S13, Supplementary Material online; 
(Koutsovoulos et al. 2022; Dutton and Reiter 2023; Yuan 
et al. 2023)). First, each coding sequence of each teleost species 
was used as a query in a BLASTN against all coding sequences 
from other teleost species, and we discarded genes matching 
transposable elements. We then only retained matches if the 
BLAST alignment had a length ≥ 300 nucleotides and ≥ 85% 
of the query length.

For the first BLASTN filtering strategy (referred to as strat
egy A in this study), we retained 44,360 queries for which the 
best match (defined by the lowest e-value), did not belong to 
the same species order, which we only applied to orders 
with at least two species.

A second filtering strategy was applied (strategy B). For each 
species, only the best blast match (defined by the lowest e- 
value) per gene was retained. Then, for each species, we com
puted an inverse cumulative distribution of divergence times 
(which are pseudo-continuous) between this species and spe
cies corresponding to the best blast matches. We retained di
vergence time values for which ≤ 10% of blast matches were 
found, allowing us to identify outliers, i.e. the best blast match 
for which the target species was more distant than expected 
from the query species.

Finally, for Strategy C, we adapted the HGTindex metric 
described in (Yuan et al. 2023), which was originally designed 
to detect HGT events between highly distant species, i.e. be
tween life domains or between phyla. For each BLASTN 
query, we first retained the best match belonging to the same 
order, thereafter called BMingroup, as well as the best match be
longing to another order, thereafter called BMoutgroup. Then, 
we computed the HGTindex per query, defined as the 
BMoutgroup bitscore divided by the BMingroup bitscore. For 
each species, we only retained queries with an HGTindex ≥ 
0.85 and extracted the species corresponding to the 
BMoutgroup, thereafter called the outgroup species.

Then, for each query species, we computed the distributions 
of HGTindex values between this species and all retained out
group species (one HGTindex distribution per outgroup spe
cies). Each of these HGTindex distributions was computed 
retaining the best matches belonging to the same order 
(BMingroups) and the best matches belonging to the corre
sponding outgroup species (i.e. constraining BMoutgroups to be
long to this species). As described above, HGT indexes were 
defined as the BMoutgroups bitscores divided by the BMingroups 

bitscores. Finally, genes were kept if meeting two criteria: (i) 
passed the initial HGTindex threshold (≥ 0.85) and (ii) ex
ceeded the 99.5th percentile of the HGTindex distribution 
for the corresponding outgroup species.

Again, for these three strategies, we discarded gene pairs (a 
query and its best match) with a micro-syntenic score ≥ 1 as 
well as genes present on a scaffold containing only that 
gene. Maximum likelihood phylogenies of corresponding 
HOGs were computed with IQTREE2, as described above.

Genes GC Content and Codon Usage Bias
We investigated whether we could use coding sequence com
positions to infer transferred genes across teleost species, as 
in bacteria (Ravenhall et al. 2015; Dutton and Reiter 2023). 
For each teleost species, we computed the effective number 
of codons used per gene, while accounting for the nucleotide 
composition, thereafter called ENCprime (Novembre 2002). 
The ENCprime value per species was computed as the mean 
ENCprime across all genes, by first discarding coding 
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sequences smaller than 100 codons. If each amino acid is en
coded by each of its corresponding codons at an equal fre
quency, ENCprime would have a value of 61. On the other 
hand, if each amino acid is encoded by a single codon, 
ENCprime would be equal to 20. It is generally assumed 
that ENCprime values above 35 indicate a weak codon usage 
preference, while ENCprime values below 35 indicate codon 
usage preferences (Gao et al. 2024; Zhang et al. 2024). We 
found that all teleost species have a very weak codon usage 
bias, with ENCprime values comprised between 52.4 and 
58.3 (mean = 57 [supplementary fig. S14-b, Supplementary 
Material online]).

We then selected a set of seven representative teleost species 
across our species tree: Clupea harengus, Paramormyrops king
sleyae, Megalops cyprinoides, Danio rerio, Hypomesus trans
pacificus, Pangasianodon hypophthalmus, and Oreochromis 
niloticus. Five of these species were involved in transfers de
scribed in this study (detected with the dS and BLAST strat
egies), except the zebrafish, D. rerio, and the Nile tilapia, O. 
niloticus. For each species, we computed the GC3 content per 
gene using seqinr (GC content of third-codon position), by first 
discarding sequences smaller than 100 codons. We observed 
large overlaps in the GC content of genes from teleost species, 
preventing our ability to detect outlier genes in each genome 
(supplementary fig. S14-a, Supplementary Material online).

For each of these seven species, we also computed the relative 
synonymous codon usage (RSCU) of each codon (Sharp and Li 
1986), using seqinr. This allowed us to build a codon usage bias 
profile per species, defined by 64 RSCU values. Codon usage bias 
profiles between species were compared using pairwise 
Pearson’s correlations. We found that codon usage profiles, de
fined by RSCU values of all codons, were highly similar between 
species (supplementary fig. S14-c, Supplementary Material on
line), and thus not suited to find transferred genes between 
teleosts.

Contamination Assessment Using Mitochondrial 
Genomes
The mitochondrial genome of C. harengus, of H. transpacificus, 
of nine control species (all with the same divergence time to 
C. harengus than H. transpacificus) and of the non-teleost fish 
Lepisosteus oculatus were retrieved from the RefSeq database 
(supplementary File S2, Supplementary Material online). We ex
tracted the 13 mitochondrial genes from each of these mitochon
drial genomes using RefSeq annotations. For B. antarcticus, as 
no RefSeq annotation was available for its mitochondrial gen
ome, we manually annotated these 13 genes. Their locations 
were found through TBLASTN using the mitochondrial genes 
of the other species as queries, and their coding sequences 
were retrieved using EMBOSS getorf. The protein sequences 
of the 13 genes were aligned using MUSCLE v5.1, and these 
alignments were concatenated using AMAS (Borowiec 2016). 
A maximum likelihood phylogeny was computed from this con
catenated protein alignment with IQ-TREE2, using empirical 
base frequencies, the mtVer matrix (Le, Dang, and Le 2017), 
and a discrete gamma model with four rate categories 
(mtVER + F + G4). The resulting phylogeny was rooted using 
Lepisosteus oculatus as outgroup.

The raw reads used to assemble the genome of H. transpaci
ficus and of the ten control species were retrieved from the SRA 
database (supplementary File S2, Supplementary Material on
line). Short reads were cleaned using fastp (Chen et al. 2018b) 
and aligned, using bwa-mem2 (Vasimuddin et al. 2019) to a 

FASTA file containing the eleven mitochondrial genomes. 
The same procedure was followed for long reads, but using 
fastplong for cleaning and minimap2 for mapping (Li 2021). 
Resulting Sequence Alignment Map (SAM) files were sorted 
and converted to Binary Alignment Map (BAM) files using 
SAMtools sort, and the number of reads mapped to each mito
chondrial genome was recorded using SAMtools idxstats.

Mapping Long Reads From H. transpacificus and 
C. harengus to Validate Assemblies at Horizontally 
Transferred Gene Loci
Long reads data of C. harengus, H. transpacificus, and 
B. antarcticus were retrieved from the SRA database 
(supplementary File S2, Supplementary Material online). 
Reads were cleaned using fastplong and mapped to the gen
ome assemblies of C. harengus and H. transpacificus using 
minimap2. We then used SAMtools view to extract the exact 
location of each mapped reads (scaffold, start and end of the 
alignment) and counted the number of long reads entirely 
spanning the horizontally transferred genes, including their 
species-specific duplicates (start of the alignment ≤ coding se
quence start and end of the read alignment ≥ coding sequence 
stop, supplementary File S2, Supplementary Material online).

For each HGT, we extracted the longest read from 
H. transpacificus and C. harengus spanning the entire transferred 
gene. The genes’ and exon locations on these two long reads were 
retrieved using EXONERATE, and the similarity between these 
two reads was assessed and visualized using a dotter plot.

Genes Functions and Selection Analysis
For each transferred gene, we performed homology searches, 
through profile hidden Markov models, using HHpred (Söding 
2005; Zimmermann et al. 2018) and three databases, PDB, 
Pfam, and SMART. One representative protein sequence 
of each transfer was used: HOG0046344, XM_023822671; 
HOG0010622, XM_023831520; HOG0047987, XM_047 
020147; HOG0013514, XM_047045767; HOG0018901, 
XM_047023826; HOG0008885, XM_047048755; HOG0004 
480, XM_062453720; HOG0028899, XM_047031800; HOG 
0004450, XM_042704194; HOG0029633, XM_046853148; 
HOG0013500, XM_034166331; HOG0019032, XM_0609 
38829; HOG0004451, XM_036520634; HOG0030200, XM_ 
026945431; HOG0034670, XM_053236679; HOG0019111, 
XM_047049897; and HOG0001647, XM_047032478. Gene 
names were attributed based on the best hit (highest probability). 
The 3D structure of the same proteins was predicted using 
AlphaFold3, on the AlphaFold server (Abramson et al. 2024). 
Resulting crystallographic information files (CIF) were used as in
put in FoldSeek (van Kempen et al. 2024) (AFDP-SwissProt and 
PDB100 databases) to find structurally similar proteins, and the 
best hit was retained (highest probability).

For each HOG, we used the standard MG94 fit program of 
HyPhy, with the coding sequence alignment and the unrooted 
maximum likelihood phylogeny as input, to compute one dN/ 
dS value per branch (Kosakovsky Pond et al. 2019). Branches 
with a dN or dS saturation (≥1) or with too few synonymous mu
tations (dS < 0.01) were discarded. We then used aBSREL (Smith 
et al. 2015) to infer if internal and terminal branches of recipient 
clades were evolving under diversifying selection. Each branch 
for which aBSREL detected a signal of diversifying selection 
(Holm–Bonferroni corrected P-value < 0.05) were further as
signed as a test branch in RELAX (Wertheim et al. 2015). A 
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branch was considered under relaxed selection if the RELAX 
P-value was inferior to 0.05 and if the parameter K (relaxation 
parameter) was inferior to 1.

Gene Ontology Mining and Analysis
For each HOG, the longest sequence was extracted and used 
as a query in a BLASTP against the UniProt database. We re
tained the best match, if it had an e-value ≤ 1e-5, and extracted 
associated GO terms using the R package “UniprotR” (Soudy 
et al. 2020). We identified over-represented GO terms associ
ated with at least two horizontally transferred genes using 
Fisher’s Exact tests. As backgrounds, we used either all genes 
(every HOGs), or 5,616 genes passing the dS q0.5 filter, but 
having a non-null microsynteny score. A GO term was consid
ered as over-represented when it had FDR-corrected P-value ≤ 
0.05. The results using the two background gene lists were simi
lar, with the same three significant GO terms (supplementary 
File S2, Supplementary Material online).

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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