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Abstract
Background  LTR-retrotransposons are widely distributed among the eukaryote tree of life and have extensive 
impacts on genome evolution. Among the three canonical superfamilies, the Copia superfamily demonstrates the 
lowest abundances and repartitions among metazoans. To better understand their dynamics, we have conducted the 
first large-scale study of LTR-retrotransposon diversity in metazoans and we report on the diversity and distribution of 
the Copia elements.

Results  We have identified over than 2,300 Copia elements from 263 metazoan genomes. The sequences were 
annotated at the clade level based on the classification of their RT/RNaseH domain. Our results confirmed that Copia 
are scarce in metazoans. However, we observed a great variation in Copia abundance between taxa. Surprisingly, 
some genomes, had a record number of copies, especially in Squamata. In contrast, terrestrial Deuterostomia display 
a clear loss of Copia diversity leading to their disappearance in some taxa. Additionally, we identified 18 new clades, 
tripling the number of previously defined clades. By studying more than 50 widespread taxa, we believe that most 
metazoan Copia clades have now been identified. The most striking result is that environment appears to be related 
to Copia distribution. We defined two sets of clades characterizing marine or terrestrial taxa. This two-sided pattern 
could be partially explained by horizontal transfers within both environments.

Conclusions  This research enhances our understanding of transposable element evolution and emphasizes the 
influence of sharing the same ecological contexts on genomic diversity, and highlights the importance of annotating 
them at the clade level to characterize their evolutionary dynamics.
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Background
Transposable elements (TEs) are ubiquitous in eukary-
otic genomes and play a pivotal role in evolution by gen-
erating genetic variation through their mobility [1]. TEs 
exhibit extensive diversity in terms of structural features, 
sequences, and replication mechanisms [2, 3], which 
profoundly influence their dynamics (i.e. their ability 
to invade, maintain themselves, and evolve within host 
genomes at the level of individuals, populations or spe-
cies) and success within genomes (large numbers of cop-
ies in many species). LTR-retrotransposons transpose 
via an RNA intermediate and are similar to retroviruses, 
possessing direct Long Terminal Repeats (LTR) that flank 
the coding sequences [4]. The gag region, at the 5′ end, 
encodes proteins forming virus-like particles. The pol 
region encodes protein domains essential for the trans-
position mechanism, including a reverse transcriptase 
(RT) and an adjacent RNaseH, often grouped together 
in the same RT/RNaseH domain. This domain is conven-
tionally used to reconstruct LTR-retrotransposon phylog-
enies [5]. Since these elements require a multi-compound 
machinery for mobility, genomic copies are likely to be 
inactivated by mutations, leading to sequence divergence.

Despite their sequence, structural, and mechanistic 
similarities, LTR-retrotransposons can be divided into 
three superfamilies (Copia, BEL/Pao, and Gypsy) [6], 
mainly based on the phylogeny of their highly conserved 
domains [6–8]. These superfamilies exhibit uneven rela-
tive abundances and distributions across metazoans 
[6, 9], influenced by both the element type and the host 
taxon. For example, Copia and Gypsy elements seem 
absent in birds and mammals, although traces of Gypsy 
elements persist [10–12]. In mammals, the diversity 
of LTR-retrotransposons is limited to endogenous and 
exogenous retroviruses [13–15]. Among metazoans, 
Gypsy elements are clearly the most abundant, with BEL/
Pao elements frequently exceeding Copia retrotranspo-
sons in abundance [9, 16]. Various criteria can describe 
TE abundance, such as the number of copies within a 
genome, the diversity (i.e., number of different subfami-
lies or clades in a given species or taxon), and the distri-
bution (i.e., distribution of each family or clade among 
different host species or phyla). Herein, we define a TE 
subfamily (an element) as a cluster of very similar cop-
ies within a given genome. Additionally, a TE family com-
prises identical subfamilies shared by different species, 
while a TE clade denotes a monophyletic group of related 
families across several host species.

Copia elements typically exhibit low copy numbers 
in metazoans, being absent in approximately one-third 
of the previously analyzed genomes of metazoan [9, 16, 
17]. Consequently, their diversity in number of families 
and clades is limited. Comprehensive phylogenetic stud-
ies of Copia elements have identified two major branches 

[6]. In metazoans, Branch 1 comprises the GalEa clade, 
which predominates among Copia families in crusta-
ceans but is also widely distributed across metazoans 
(Ctenophora, Cnidaria, Mollusca, Polychaeta, Echino-
dermata, Hemichordata, Tunicata, and Teleostei [18]). 
Branch 2 comprises at least six metazoan clades. The 
Hydra clade has been observed in Cnidaria, Mollusca, 
Polychaeta, Amphipoda, amphibians and teleosts [19, 
20]. The other five Copia clades are labeled Arthropoda 
but contain few insect elements. Potentially, other Copia 
clades may exist, as evidenced by the discovery of a few 
new clades in novel host phyla. For instance, the new 
CoMol clade emerged during investigations of mollusks 
and subsequently polychaetes [17, 21], which highlights 
the importance of diversifying the hosts analyzed to 
obtain the most comprehensive view of the diversity of 
LTR-retrotransposon clades.

These data raise questions about the distribution of 
known Copia clades and the potential existence of undis-
covered clades in metazoans. Investigating this will allow 
us to determine whether Copia diversity aligns with the 
dynamic model previously proposed. This model sug-
gests that Copia elements evolve in metazoans not only 
through an arms race but also via the “Domino Day 
Spreading model " [5, 16], in which only a few clades 
persist due to amplification bursts in specific taxonomic 
groups. Despite the increasing number of sequenced 
genomes from species of evolutionary and/or ecologi-
cal significance across various taxa and environments 
(marine, freshwater, and terrestrial ecosystems), trans-
posable elements remain understudied in many of them. 
Leveraging this growing genomic dataset, we conducted 
the first large-scale comparative genomic analysis of 
Copia in metazoans and explored their phylogenetic rela-
tionships and distribution.

Methods
Genomic data
The 263 assemblies (Additional file 1) were obtained 
from the NCBI Assembly database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​
n​l​​m​.​n​i​​h​.​​g​o​v​​/​d​a​​t​a​s​e​​t​s​​/​g​e​n​o​m​e​/). The selection of these 
genomes aimed to comprehensively represent all meta-
zoan phyla while ensuring sufficient assembly quality. 
Genomes assembled at the chromosome level were pri-
oritized. Subsequently, the panel was supplemented with 
genomes from less-studied taxa, while efforts were made 
to adhere to specific criteria wherever possible: an L50 
less than 300, a number of scaffolds below 50,000, and an 
N50 of at least 0.5  Mb (approximately a hundred times 
the maximum size of a canonical Copia element). Ten 
species were selected even if they did not fully meet all 
criteria due to their association with taxa that were less 
widely available and/or considered emblematic (e.g., the 
sponge Aplysina aerophoba or the tardigrade Hypsibius 
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dujardini). Additionally, a few Copia sequences from 
Repbase [22] were added, including 41 elements derived 
from 18 species of insects across various representative 
orders and 18 elements from 12 teleost species selected 
across diverse species.

De Novo Copia element identification
The initial step involved identifying candidate LTR-
retrotransposons in each genome independently using 
LTRharvest [23]. Parameters utilized included a LTR 
length ranging from 100 to 1,200  bp, distance between 
LTRs ranging from 2,500 to 11,000 bp, similarity thresh-
old of 80%. Candidate sequences were subjected to 
BLASTX [24] against an in-house RT/RNaseH protein 
database (40 Copia, 60 BEL/Pao, 68 Gypsy, as well as 
sequences of DIRS elements and polintons as competi-
tors). The aim of these BLAST steps is to discriminate 
LTR elements from artefactual sequences obtained with 
LTRharvest (removal of false positives) and to assign 
the LTR-retrotransposon sequences to one of the three 
superfamilies, Copia, BEL/Pao or Gypsy. We used a 
fairly high e-value (lower than 10E-5), which has been 
defined to be not very stringent to recover as much LTR-
retrotransposon sequences as possible. To the same 
end, the database used contains a limited but sufficient 
number of well-characterized sequences covering all the 
diversity of the main Copia clades of metazoans already 
known. Sequences were assigned to Copia if more than 
8 of the first ten matches were allocated to this super-
family, which corrects the sometimes-high number of 
false positives obtained with LTRharvest. All identi-
fied Copia sequences were clustered within each species 
using the Usearch tool (-cluster_fast -id 0.8 -sort length 
-strand both”) [25]. Orphan sequences were excluded 
from further analysis in species with 200 or more Copia 
copies; otherwise, they were grouped together in a sin-
gle Orphans-cluster. Sequences within each cluster were 
aligned with the E-INS-i iterative refinement configura-
tion of MAFFT version 7 [26] and inserts cleaned using 
an in-house program trimming the nucleotides not con-
served in at least 80%. This clustering process was per-
formed for four rounds, then clusters and orphans were 
recovered for each species, and orphans were excluded 
from classification analysis in species containing ten or 
more clusters.

Classification analyses
We followed procedures outlined in previous studies 
[5, 17–19, 27] to perform classification of RT/RNaseH 
amino acid sequences of newly characterized Copia 
elements. The RT/RNaseH domain was first trans-
lated following the alignment generated by BLASTX 
(e-value < 10E-5) against an in-house database of 40 
Copia RT/RNaseH (boundaries determined according 

to those define in the Gypsy Database [28] (Available: ​h​
t​t​p​​:​/​/​​g​y​d​b​​.​o​​r​g​/​​i​n​d​​e​x​.​p​​h​p​​/​M​a​i​n​_​P​a​g​e) to guide the ​e​x​t​r​a​
c​t​i​o​n of the domain before translation. For each cluster, 
multiple alignments of extracted protein sequences were 
performed using MAFFT, and consensus sequences were 
generated. After last Multiple alignments of consensus 
and orphan protein sequences, the few sequences exhib-
iting too much gaps, stops or frameshift were manually 
removed from the dataset. Classification analyses were 
carried out using Neighbor Joining [29] and the pairwise 
deletion option of the MEGA11 software [30]. Support 
for individual groups was assessed using non-parametric 
bootstrap (100 replicates) [31]. All distance trees include 
the same reference Copia sequences listed in Additional 
file 2. It should be noticed that we made an operational 
classification of the various elements rather than a phy-
logenetic one. For consistency with the ET clades already 
described (e.g., those in the Gypsy Database), we have 
continued to use the term clades, even though they are 
more accurately clans.

Results
Copia abundance
Using LTRharvest, putative Copia elements were 
detected in only 167 out of the 263 analyzed genomes 
(Additional file 1). At this point, we do not exclude 
that some ancient or remnant sequences of Copia were 
undetected by our methods. Taxonomy influences the 
presence of Copia elements, as certain taxa are predomi-
nantly devoid of Copia elements, while most species of 
other taxa possess them (Fig. 1, left). Turtles, flatworms, 
tardigrades and jawless fishes showed no Copia elements. 
Copia elements were detected in only a few species of 
Nematoda, Chondrichthyes, or Echinodermata (Addi-
tional file 3). In contrast, Copia elements were found 
in the majority of Cnidaria (18/25), Acari (16/18), and 
especially Squamata (23/24). The number of detected 
copies varied considerably ranging from 1 (Polyodon 
spathula, Eleutherodactylus coqui) to over 7,000 in the 
snake Hydrophis curtus (Additional file 3). The number of 
Copia elements per genome is typically low, with three-
quarter of species harboring Copia elements having 
fewer than 100 copies and only 1/10 having more than 
500. The relationship between the number of species ver-
sus the number of Copia copies in their genome shows a 
clear decline, with no particular differences across taxo-
nomic groups (Additional file 4), in other words, for all 
taxonomic groups, the number of Copia copies is high 
only in a few species and most species have few Copia 
copies. This decline is also observed in the 25 species 
containing 100 to 500 copies, suggesting a copy number 
limit for certain groups such as Cnidaria or Spiralia. One 
Gymnophiona, two spiders and 13 Squamata exhibit an 
impressive number of copies; especially snakes averaging 

http://gydb.org/index.php/Main_Page
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over 2,500 copies per genome (compared to only 740 for 
spiders, the second-best endowed taxon), constituting 
more than half of the 49,920 Copia copies detected in 
all the analyzed species (66% considering all Squamata). 
The two Hydrophis snakes, fully marine species since 
their divergence from terrestrial relatives (~ 20Mya) [32], 
contain the highest number of Copia elements. There is 
indeed a 7-fold increase in Copia number compared to 
their closest sequenced terrestrial relative, Notechis scu-
tatus. Additionally, a high increase in copy number could 
be also underlined between the sea snake Laticauda col-
ubrina (2,121 copies) and its closest terrestrial relatives 
Naja naja and Notechis scutatus (621 and 989 copies, 
respectively).

All the identified copies were distributed either in 
a cluster, representing a subfamily, or as an orphan 
sequence (copy not included in a cluster). As expected, 
the number of clusters generally increases with the num-
ber of copies detected by LTRharvest in each species. 
However, because Copia elements are rare, the num-
ber of copies is often low, resulting in a limited num-
ber of clusters. Notably, 80% of species have fewer than 

10 clusters. Only 16 species have more than 40 clusters. 
The two snakes of the Hydrophis genus have about the 
same number of clusters (111 and 91 clusters, respec-
tively, for approximately 7,000 copies) and exhibit several 
very large clusters with over 500 copies each (the larg-
est clusters in H. curtus contain 2,227, 1,086, 807, 686, 
and 539 copies). For other species, the size of the larg-
est clusters remains more limited, with clusters contain-
ing 313, 232, and 186 copies in the snake Arizona elegans, 
and 165 and 75 copies in the spider Dolomedes plantar-
ius. The amphibian Microcaecilia unicolor (4,102 cop-
ies grouped into 14 clusters) and the shark Scyliorhinus 
canicula (719 copies grouped into 8 clusters) have a very 
low number of clusters relative to their number of copies 
as they possess a very large cluster containing 95% and 
44% of the copies, respectively. Overall, in the remain-
ing species, Copia copies were grouped into small clus-
ters, with less than 10 sequences. The number of orphans 
is quite high, accounting for approximately 19% of the 
Copia sequences and representing, on average, 35% of 
the copies in each genome (Additional file 3). Some spe-
cies have very few orphan sequences (e.g., less than 6% in 

Fig. 1  Distribution of Copia clades among metazoan taxa. Taxa are separated by their overall environment. Left: Number of species with (color) or without 
(white) Copia elements per taxon, with species considered as harboring Copia elements even if their elements could not be annotated in distance trees. 
Right: Number of species presenting different clades within each taxon. Since a species may contain multiple clades, the cumulative number may logi-
cally be larger than the number of species analyzed
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the spider Hylyphantes graminicola, the cnidarian Hydra 
vulgaris, the barnacle Sacculina carcini or the snake H. 
curtus) while others exhibit a high proportion of orphan 
sequences (e.g., 87% in the squamate Phrynosoma plat-
yrhinos or 71% in the great white shark Carcharodon 
carcharias).

Copia diversity
In order to identify new Copia clades and to define which 
Copia clades are present in the various species and taxa, 
all Copia elements were annotated using distance trees 
based on translated RT/RNaseH domain. In addition to 
the analyzed sequences, each tree includes the same 134 
reference Copia elements, representing all the major 
Copia clades currently known for the metazoans (Addi-
tional file 2). For 21 species, which contain only orphan 
sequences or a single cluster, RT/RNaseH sequences were 
too corrupt to be included in the tree (Additional file 3). 
The Copia content in these species therefore remains to 
be determined, for example, by studying the Integrase 
[21]. Consequently, more than 2,300 Copia elements 
from 146 genomes were annotated. For illustrative pur-
poses, several trees were first constructed by separating 
species based on their taxonomy (Fig.  2 and Additional 
file 5). For seven species having a large number of clus-
ters, specific trees were constructed beforehand (Addi-
tional file 6) to select a few representative clusters, which 
were then integrated into the general trees. Finally, a tree 
covering all the metazoans was created (Fig. 3).

From all sequences, 24 Copia clades have been identi-
fied in metazoans. Clades were defined using the same 
two criteria as in our previous studies [17, 21]: they must 
be shared by at least 3 species and have a bootstrap value 
of at least 70. A detailed description of the diversity of 
Copia elements observed in each of the different taxa 
groups represented in the eight trees is presented in the 
Additional file 7, and for each species a summary of the 
distribution of Copia elements by clade was compiled in 
Additional file 3. In most cases, the different clades are 
easily identifiable and well-supported. The Chelicerata 
taxa (without the mites) provide a good representa-
tion of Copia diversity, since they alone account for 13 
clades (Fig. 2A). In total, seven new clades (CoMar, CoL-
and, CoProto, CoEcdy, CoEuar, CoEuar2, and CoArac) 
were characterized across multiple taxa. The CoMol and 
CoMar clades can sometimes be grouped together with 
a high bootstrap value, for example for the cnidaria or 
mandibulate trees (see Additional file 5, trees 1 and 6). 
However, this is not the case in the chelicerates (trees 
5). As these two clades are always clearly individualized, 
we have chosen to define them as two distinct close sis-
ter clades. Although we only have the single Mtanga ele-
ment from Anopheles gambiae as the initial reference, 
this clade is clearly distinguishable in numerous trees. 

Furthermore, six other new clades appear to be more 
specific to a single taxon (CoCnid of Cnidaria, CoRot 
of Rotifera, CoAcari1&2 of Acari, CoAran of Araneae, 
CoBran of Branchiopoda, and CoCol of Collembola). 
Two types of taxon-specific clades can be distinguished: 
those that appear in addition to classical clades, and 
those that completely differentiate Copia elements of a 
taxon such as CoRot or CoCol. Apart from the annotated 
elements, isolated sequences or those forming monospe-
cific monophyletic groups (annotated as ‘out of clade’) 
remain few and mostly limited to particular taxa, espe-
cially Acari and Insecta.

In order to confirm the diversity established from all 
eight trees (Additional File 5), a distance tree based on 
all metazoan Copia sequences was constructed, with 
sequences labeled either by their clade or as out-of-clade 
(Fig. 3). The tree obtained does not substantially change 
the results. Major clades and taxon-specific clades remain 
well-supported, with only minor changes involving the 
integration of rare sequences previously annotated out-
of-clade: a few Copia of a scorpion and an insect in the 
Coproto clade, and a few sequences of a myriapod and 
an insect in the CoEuar2 clade. The main contribution of 
this new tree, encompassing all metazoans, is the charac-
terization of 4 minor clades (i.e., with fewer than 12 clus-
ters observed across a maximum of 4 species) from the 
grouping of additional out-of-clade sequences: CoEcdy2 
(2 nematodes and 2 mites), CoEuar3 (2 scorpions and 2 
insects), CoEuar4 (2 mites and 1 insect), CoEuar5 (2 spi-
ders and 2 insects). Apart from that, the majority of out-
of-clade sequences, particularly from mites and insects, 
remained ungrouped.

Copia distribution
Seventeen metazoan clades show varied distributions 
among metazoans, which may partly be linked to each 
clade’s representativeness in terms of the number of 
clusters within different taxa (Fig. 4). Overall, the clades 
can be divided into four categories: < 10 clusters in total 
(CoEcdy2, CoEuar3-5, 1731 and Copia), 10 to 20 clusters 
(CoProto, CoEuar & CoEuar 2, CoArac), several dozen 
clusters (GalEa, CoMol, CoMar, and CoLand), and > 100 
clusters (Hydra, Mtanga, CoEcdy). There is not necessar-
ily a direct relationship between the number of clusters 
and the clade’s distribution. Despite being represented 
by over 160 clusters, the CoEcdy clade has a distribution 
similar to CoEuar and less extensive than CoProto, which 
are ten times less diverse in term of clusters. Similarly, 
the Mtanga clade does not exhibit a significantly broader 
distribution despite having a record number of clusters, 
as 90% of them originate from squamates.

The distribution of Copia clades among metazo-
ans does not seem to strictly follow species phylog-
eny. Indeed, the distribution of each clade is dispersed 
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throughout the host taxonomy. However, when examined 
taxon by taxon, a clear dichotomy is observed (Fig.  4): 
the GalEa, Hydra, CoMol and CoMar clades form a first 
set because they are similar in their distribution, since 
they are most often found together in given taxa; while 
the other clades are also grouped together in different 
taxa, forming a second set. To relate this clade division 
to an external factor, each taxon was annotated accord-
ing to the environment most representative of its evolu-
tionary history, i.e., the predominant environment since 
radiation (Fig. 4, see discussion). Indeed, the dichotomy 

is not linked to the habitat of each species, as for exam-
ple the two hydrophis sea snakes appear to only possess 
Copia from the Mtanga clade like all related terrestrial 
squamates. However, their taxa can be generally affected 
to the terrestrial environment due to its evolutionary 
history. Even among taxonomically close taxa, such as 
within Chelicerata or Mandibulata, the dichotomy is con-
sistent with this parameter, indicating that the distribu-
tion of Copia clades among metazoans is correlated to 
the environment. The GalEa, Hydra, CoMol, and CoMar 
clades are almost exclusively associated with marine taxa. 

Fig. 2  Classification of Copia retrotransposons. Trees are based on Neighbor-Joining analysis of RT/RNaseH domain amino acid sequences. The Copia 
clades observed in a taxon are represented by different colors and labelled with their names. ‘Out-of-clade’ sequences are represented by yellow branch-
es. When a clade contains only Copia reference elements and appears to be absent from the taxon, the resulting sub-tree has been collapsed into a single 
line, whose color corresponds to that used in the rest of the manuscript. However, taxon-specific clades are all color-coded in light blue. Refence Copia 
clades from plants are represented by grey lines. Extended representations of these trees are available in the supporting information text, with node 
statistical support values from non-parametric bootstrapping using 100 replicates. (A) Chelicerata (see Additional file 5, tree 5); (B) Deuterostomia except 
Amniota (see Additional file 5, tree 7); (C) Amniota (see Additional file 5, tree 8). Drawings were made by Laure Lamothe
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Conversely, the other clades are mainly linked to terres-
trial taxa. Among the 40 taxa showing clade diversity, 
only freshwater ones exhibit a mixture of clades from 
both sets with the three leeches (Hirudinea), the bichir 
(Cladistia), and five out of eight frog species (Anura).

The overall representativeness of each major clade 
in terms of the number of taxa, species, or clusters was 
compared (Fig.  5). In the case of the marine/brackish 
environment, the relative importance of the four clades 
is roughly the same for all three estimators. The sister 

groups CoMol and CoMar, and the two clades GalEa 
and Hydra each represent a third of the taxa and species 
where they are observed. However, the GalEa and Hydra 
clades appear slightly more important and predominant 
in terms of the number of clusters. In the freshwater envi-
ronment, despite the limited number of available species 
and taxa, GalEa, Hydra, and Mtanga hold comparable 
importance in terms of taxa representation. However, 
the importance of the CoLand and especially Mtanga 
clades increases in terms of the number of species and 

Fig. 3  Diversity of Copia retrotransposons among all metazoans. These distance tree highlight all the elements considered as ‘out-of-clade’ (tagged with 
‘ooc-’) in previous distance trees (Addfile 3 and 5). Yellow branches represent sequences that are still ‘out-of-clade’. For clades containing only correctly 
annotated Copia elements, the sub-tree has been collapsed into a single-colored line (with light blue representing all the different taxon-specific clades). 
The CoEuar3, CoEuar4, CoEuar5 and CoEcdy2 are four new minor Copia clades. The tree is based on Neighbor-Joining analysis of RT/RNaseH domain of 
1,081 amino acid sequences. Node statistical support values (> 70%) come from non-parametric bootstrapping using 100 replicates
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Fig. 4 (See legend on next page.)
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clusters. These results appear entirely different for the 
terrestrial environment with much more clade diversity. 
In terms of number of taxa and species, the main clades 
are Mtanga, followed by CoLand, CoProto and CoEcdy. 
However, there is a wide variation in relative abundances 
depending on the criterion studied, with an explosion 
of the number of clusters for the Mtanga and CoEcdy 
clades. This important variability in the terrestrial envi-
ronment is also reflected in two other results. First, most 
taxon-specific clades are found in terrestrial taxa such as 
in mites, spiders, and collembolans; while only the cni-
darian taxon-specific clade was found in the marine envi-
ronment. Second, the out-of-clade sequences are almost 
exclusively found in terrestrial taxa, with nearly 95% of 
the clusters (49/50) and orphan sequences (42/51) con-
cerned, particularly for mites and insects (Fig. 4).

To better understand the diversity and the relative 
importance of each clade in terms of species, their dis-
tribution within each taxon was mapped, considering 
the three environments while maintaining the taxon 
organization (Fig. 1, right). As expected, the contrast in 
the repartition of the different clades between terres-
trial and marine taxa appears clearly, with freshwater 
taxa being somewhat intermediate. The noticeable dif-
ference between the high diversity observed in most 
terrestrial taxa and the more homogeneous appearance 
of the marine taxa is still obvious. When the number of 
species is considered as a whole (Fig. 5), the total values 
obtained may only result from the effect of certain taxa 
that are particularly rich in a type of clade. This is clearly 
not the case for the marine environment, which shows a 
certain balance as all marine clades are distributed well 
within the different taxa. For freshwater taxa, except 
those represented by very few species or taxon-specific 
clades, the remaining three taxa are highly mixed. Finally, 
seven of the terrestrial taxa show huge diversity without 
any truly dominant clades, which is particularly striking 
for spiders (Araneae). However, there is a sharp change in 
amniotes, where diversity seems to decrease significantly 
since there are no Copia observed in the 20 Testudines or 
the Chinese alligator; and among the Lepidosauria, only 
Mtanga is found.

Discussion
Copia clades in metazoans
One of the crucial points when studying the diversity of 
a type of TEs within a large group like metazoans is the 
selection of genomes. This choice depends on a balance 

between the number of genomes studied, their assembly 
quality, and a sampling that is representative of various 
taxa; the latter being our main criterion. We compiled a 
list of taxa based on “The Tree of Life - A Phylogenetic 
Classification” [33] and selected the most complete 
assemblies available on NCBI while limiting the num-
ber of species to about ten to maintain a balanced dis-
tribution among taxa. In cases where a large number of 
well-assembled genomes were available, we attempted to 
account for the phylogenetic diversity within the taxon. 
For some emblematic large taxa that have been poorly 
studied regarding Copia elements (e.g., Cnidaria, Echino-
dermata), we increased the number of analyzed species. 
Three types of taxa were considered separately: (i) Birds 
and mammals were not included as they do not have 
Copia elements [6]. (ii) Mollusks and polychaete anne-
lids genomes have recently been deeply studied for LTR-
retrotransposons [5, 16]. So, we focused our analyses 
on phylogenetic groups that have been poorly analyzed 
(e.g., cephalopods for Mollusca). (iii) Insects and fish 
have been extensively studied regarding TEs [34–38] and 
hundreds of genomes are available. Therefore, they will 
be the subject of two independent studies at a later date 
and are instead represented in this study with selected 
Copia sequences from Repbase. For insects, the 41 cho-
sen elements span five major terrestrial clades, and five 
minor ones, making it the second most diverse taxon in 
our study after the Araneae, probably covering a greater 
diversity than would have been possible with a limited 
sample of 5 or 6 species.

This analysis of LTR-retrotransposon diversity focuses 
on elements whose sequences are not excessively 
damaged indicating recent transposition activity. An 
approach based on LTR recognition seems well-suited, 
and LTRharvest is known to yield very good results [39, 
40]. The number of copies obtained with LTRharvest is an 
estimate and should only be considered as an indication 
of the order of magnitude of the number of Copia cop-
ies. To maximize the clades detection, we also included 
orphan sequences, even though many of them appeared 
very close to cluster sequences, and can therefore provide 
redundant information. Thus, while orphan sequences 
may provide important information at the species level, 
our data show that their usefulness may be much more 
limited in a broader study. It may therefore be far more 
interesting to increase the number of genomes analyzed 
rather than to use orphan sequences for identifying dif-
ferent clades within taxa.

(See figure on previous page.)
Fig. 4  Dispatching of Copia clusters in clades among metazoan taxa and their environment. Taxa are arranged according to a simplified classification 
shown on the left (C = Chelicerata, D = Deuterostomia, S = Sarcopterygii, A = Amniota) and their global environment is indicated by colour (marine/brack-
ish in blue, freshwater in green, and terrestrial in brown). The number of genomes represents those with at least one Copia RT/RNaseH sequence identifi-
able in distance trees out of the total number of species studied. The clades are organized into 2 sets according to their comparable distribution among 
taxa. Clades represented only by orphan sequences are illustrated with a 0
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The characterization of most of the major Copia clades 
in metazoans provides a valuable tool for refining the 
annotation of Copia in eukaryotes, thanks to more than 
1,200 annotated reference sequences (provided in Addi-
tional file 8). We have doubled the number of widely 
distributed clades described within the metazoans. It is 
therefore likely that most of the clades that remain to be 
defined are either taxon-specific, or correspond to minor 
clades with a reduced distribution that remain undefin-
able at our sampling scale, being represented only by 
out-of-clade sequences. This underscores the informa-
tion provided, especially by terrestrial taxa for which the 
diversity of clades defined until now outside insects was 
very limited [6]. It seems puzzling that the Mtanga clade 
has been so far underestimated outside of insects, even 
if Mtanga-like elements were previously described in the 
reptilian tuatara [41].

It is notable that among Deuterostomia, the Mtanga 
elements remain the only terrestrial Copia clade (Fig. 2B 
and C). There is thus a drastic drop in Copia diversity 
especially among Sarcopterygii, which seems to accom-
pany the disappearance of Copia elements in many 
taxa (Additional file 9). In addition to birds and mam-
mals, Copia seem also absent in the coelacanth, turtles, 
and crocodilians (no Copia elements in data from three 
crocodiles in Repbase). This absence remains con-
firmed, and also includes Dipneusti (lungfish), following 
a BLAST search on the nr/nt and tsa NCBI databases 
(RT/RNaseH sequences of the Mtanga, GalEa1 and 
Hydra1-1 elements were mapped against the databases). 
The evolutionary history of this disappearance is not 
easy to imagine, because the majority of other deutero-
stome taxa are marine. Based on the study of complete 
vertebrate mobilomes a strong reduction of TE diversity 

Fig. 5  Relative proportion of major Copia clades among metazoans. The figure presents the number of taxa and species in which each clade occurs for 
three types of environments, along with the distribution of clusters in different clades. Taxon-specific clades were not considered
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was previously described in mammals and birds, even if 
some other vertebrate lineages contain many TE super-
families. These results suggest a reduction of TE diversity 
through elimination of TE superfamilies in the sarcop-
terygian lineages having led to mammals and birds [14]. 
The loss of Copia among Sarcopterygii could be linked 
to the decrease in their diversity, while their mainte-
nance would result only from the remarkable success of 
Mtanga elements within Lissamphibia and Lepidosauria 
(Additional file 9). This success could be linked to one or 
several episodes of strong amplifications, either following 
the reactivation of rare still active copies or horizontal 
transfers. So far, among Deuterostomia, only one Mtanga 
element has been detected outside of Sarcopterygii in the 
Cladistia Polypterus senegalus. This single occurrence 
is insufficient to conclude that the clade was present in 
the common ancestor of Deuterostomia. An alternative 
hypothesis is that Copia elements were acquired hori-
zontally by Sarcopterygii after they had already diverged 
from a common ancestor. In this scenario, Copia HT 
would not have occurred in crocodilians turtles, or 
coelacanths.

Environmental impact
The major outcome of our study is based on the char-
acterization of the overall environment of each taxon, 
which was conducted a priori and independently of our 
findings. The difficulty lies in not just making a simple 
tally of the habitats of the studied species but in consider-
ing the evolutionary history of the taxon to which they 
belong, i.e., the predominant environment since radia-
tion, which ultimately corresponds to the majority of spe-
cies or sub-taxa. Sequencing project choices may focus 
on uncommon species and be biased for comparative 
purposes, meaning that the habitats of sequenced spe-
cies may not necessarily reflect the environment of the 
taxon. For example, one of the two sponges (Porphira) 
we analyzed has a freshwater habitat, whereas only one of 
twenty-nine orders in this phylum includes a few fresh-
water species.

For numerous taxa, there is no ambiguity about the 
environment, for which the information is commonly 
known. Some taxa are either marine/brackish (e.g., 
Ctenophora, Brachiopoda, Priapulida, Pycnogonida, 
Xiphosurida, Echinodermata) or terrestrial (Scorpio-
nes, Opiliones). Other taxa are easily assignable to an 
environment: many taxa are almost exclusively marine, 
such as Cnidaria, Polychaeta or Chondrichthyes; the 
vast majority of leeches (Hirudinea) are freshwater, even 
though there are terrestrial species and other parasites 
of marine fish; Arachnids, hexapods, Sphenodontia or 
Squamata are largely terrestrial, although rare species 
inhabit coasts or intertidal zones. Dominance of the 
environment can also be reflected at a higher taxonomic 

level, with some taxa having almost exclusively marine 
families, such as Thecostraca (12 marine families out of 
13), Acoelomorpha (16 out of 18), or Tunicata (34 out of 
35). Defining a global environment can sometimes seem 
more difficult because there is a large number of spe-
cies that have colonized different habitats. If we take the 
example of decapods, many terrestrial and freshwater 
species are described. However, the number of terrestrial 
species remains marginal, and most freshwater species 
are restricted to crayfish (2 superfamilies mainly fresh-
water), crabs (but 81% of Brachyura are marine [42]), or 
shrimp (but 78% of Caridea are marine [43]). Therefore, 
decapods can be labeled as predominantly marine.

The impact of sharing the same environment on the 
distribution of Copia elements can be revealed at two 
levels: the marked separation between clades of marine 
and terrestrial taxa, and twice as many clades identified 
in terrestrial taxa. This high diversity can be explained 
by the fact that “land environments tend to incorporate a 
wider range of environmental heterogeneity (e.g., a wider 
range of microclimates and microenvironmental condi-
tions; varying levels of restrictions in water supply)” [44]. 
Additionally, it has been estimated that more than 70% 
of the planet’s species are terrestrial [45], a prevalence 
that persists even without counting arthropods. In con-
trast, due to the likely marine origin of life, marine envi-
ronments have a deeper taxonomic diversity, with many 
taxa that have not transitioned to terrestrial environment 
but this does not seem to increase the diversity of Copia 
clades.

The idea of an influence of sharing the same envi-
ronment on the presence of a clade has already been 
mentioned. For example, among all the features of the 
GalEa-like elements, one of the most striking features 
was their complex distribution apparently limited to 
marine environments. This suggested that the “aquatic 
environment may facilitate horizontal transfers or that 
some specific evolutionary forces may act in such eco-
systems” [9]. By creating genetic homogeneity within 
these two physically distinct environments, the influ-
ence of horizontal Copia transfers could partly explain 
the dichotomy between the marine and terrestrial clades. 
This is even more evident given that there does not seem 
to be any link with the phylogeny of the elements, as the 
marine clades GalEa and Hydra belong to branches 1 and 
2 of the Copia, respectively [6].

Horizontal transfer of transposable elements (HTT) is 
an important process shaping eukaryote genomes [46–
48]. In arthropods, numerous HTT of Copia elements 
have been detected [49, 50]. Ray-finned fishes (Acti-
nopterygii) contribute to the majority of transfer events 
in vertebrates (~ 94%), but there is little evidence that 
aquatic environments favor HTT [51]. It has been pro-
posed that horizontal transfer of transposons in aquatic 
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taxa contributes to the distribution of intron-generating 
transposable elements, known as Introners, which are 
disproportionately common in the genomes of aquatic 
organisms [52, 53]. Indeed, Transposable elements and 
marine taxa are associated with high rates of horizontal 
gene transfer [54, 55]. The marine environment appears 
more conducive with lateral mixing processes of water 
masses, possibly facilitated by ocean currents [51]. For 
example, it has been demonstrated that the transmission 
of cancer cells in the marine environment has originated 
multiple times within and across various species [56]. 
HTT could thus help in maintaining the four marine 
Copia clades across metazoans. The presence of HTT 
in terrestrial environments could likewise support the 
maintenance and distribution of other clades, potentially 
with less homogeneity, as observed in collembolans or 
sarcopterygians, where diversity loss may be apparent.

The effect of horizontal transfers could be reinforced 
by the dynamic model attributed to Copia elements, the 
‘domino days spreading’ branching process, in which 
successive amplifications may interact positively. Follow-
ing this model, even if they are affected by “arms race”, 
Copia elements have dynamics where only a few clades 
are maintained due to amplification bursts in specific 
taxonomic groups [16, 18]. The possible role of horizon-
tal transfers in the domino days model has already been 
suggested as helping to maintain and ensure the success 
of a certain elements and clades, acting as rescue paths 
when classical transmission of Copia elements fails due 
to their low number of copies and diversity.

These results provide a solid basis for studying Copia 
diversity in metazoans. However, further studies are nec-
essary to elucidate the relation between clades presence, 
host phylogeny and environment. It would be interest-
ing to analyze additional taxa or delving deeper into oth-
ers through complementary approaches. In particular, it 
would be useful to have more freshwater taxa, more diag-
nostic groups with bi-environments comprising marine 
and terrestrial taxa, and potentially to target specific 
taxa. For example, analyzing new taxa phylogenetically 
close or internal to Hexapoda (e.g., Remipedia, Diplura) 
could provide a better understanding of the significant 
difference in clade diversity between insects and col-
lembolans, despite being phylogenetically and ecologi-
cally similar. To reinforce our hypotheses, it will also be 
necessary to integrate the results obtained from ongoing 
analyses on the diversity of other LTR-retrotransposons, 
knowing that they are not expected to follow the same 
dynamics as Copia. Already, the diversity of Copia clades 
described here appears to be greater than that of BEL/
Pao and equal to that of Gypsy (9 and 23 clades described 
at present, respectively [16]),. However, the diversity of 
clades described for these superfamilies has only been 
established in a limited number of taxa and not yet across 

all metazoans. More anecdotally, it is interesting to note 
that the nature of Copia elements could provide insights 
into the evolutionary history of certain taxa, such as Tar-
digrada, which do not currently display a dominant type 
of environment.

Conclusion
This research presents the first large-scale study of Copia 
LTR-retrotransposon diversity in metazoans. By identi-
fying 18 distinct new Copia clades, we likely character-
ized the majority of the large Copia clades in metazoans, 
offering a valuable tool for refining Copia annotation in 
eukaryotes. We revealed significant variability in clade 
distribution among different taxa, particularly across 
environments. The overall distribution of each clade is 
strongly related to the taxa environment, with a clear 
contrast between terrestrial and marine taxa, while 
freshwater taxa exhibit intermediate characteristics. 
This dichotomy between marine and terrestrial clades 
may suggest a strong influence of horizontal transfer of 
TEs, with HTT being more prevalent within environ-
ments than between them. Our findings enhance the 
understanding of transposable element evolution and 
underscore the impact of ecological contexts on genomic 
diversity.
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