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Abstract  17 

Horizontal transfer of transposable elements (HTT) is an important driver of genome evolution, 18 

yet the factors conditioning this phenomenon remain poorly characterized. Here, we screened 19 

247 animal genomes from four phyla (annelids, arthropods, mollusks, chordates), spanning 19 20 

independent transitions between aquatic and terrestrial lifestyles, to evaluate the suspected 21 

positive effects of aquatic habitat and of phylogenetic relatedness on HTT. Among the 5,952 22 

independent HTT events recovered, the vast majority (>85%) involve DNA transposons, of which 23 

Mariner-like and hAT-like elements have the highest rates of horizontal transfer, and of intra-24 

genomic amplification. Using a novel approach that circumvents putative biases linked to 25 

phylogenetic inertia and taxon sampling, we found that HTT rates positively correlate with 26 

similarity in habitat type but were not significantly higher in aquatic than in terrestrial animals. 27 

However, modelling the number of HTT events as a function of divergence time in a Bayesian 28 

framework revealed a clear positive effect of phylogenetic relatedness on HTT rates in most of 29 

the animal species studied (162 out of 247). The effect is very pronounced: a typical species is 30 

expected to show 10 times more transfers with a species it diverged from 125 million years (My) 31 

ago than with a species it diverged from 375 My ago. Overall, our study underscores the 32 

pervasiveness of HTT throughout animals and the impact of evolutionary relatedness on its 33 

dynamics.  34 
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Significance statement  35 

Genetic material can be transmitted between organisms through other means than reproduction, 36 

in a process called horizontal transfer. The mechanisms and factors underlying this phenomenon 37 

in animals remain unclear, although it often involves transposable elements (TEs). TEs are DNA 38 

segments capable of jumping within genomes, but also occasionally between individuals. Here, 39 

we show evidence for nearly 6,000 transfers of TEs among animals, based on genomic 40 

comparisons among 247 species of annelids, arthropods, chordates and mollusks. Contrarily to 41 

expectations, we found no excess in the rates of transfers in aquatic versus terrestrial animals. 42 

By contrast, most analyzed species appeared engaged in many more horizontal transfers with 43 

close than with distant relatives, highlighting the strong impact of phylogenetic relatedness on 44 

horizontal transfers of TEs.  45 
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Introduction 46 

Transposable elements (TEs), like any other genome component, are primarily transmitted 47 

vertically, from parents to their descendants through reproduction. The ability of TEs to move and 48 

multiply within genomes also makes them particularly prone to horizontal transfer (1). Horizontal 49 

transfer of TEs (HTT) allow these elements to invade new genomes, enhancing their persistence 50 

over evolutionary time (2). This process therefore deeply influences genome evolution, given that 51 

TEs compose a major fraction of the chromosomes of most eukaryotic taxa (3). While their 52 

evolutionary impacts are well identified, the mechanisms by which TEs circulate between 53 

organisms – whether they use vectors such as viruses and extracellular vesicles (4–6) or transfer 54 

more directly during parasitism or predation (7–9) – remain mostly open to speculation. This 55 

limitation stems from the lack of direct observations of ongoing horizontal transfers, which are 56 

only inferred through the traces they leave in genomes. Such traces have been continuously 57 

reported for more than 30 years, and their analysis revealed horizontal transfers among closely 58 

and distantly related species of fungi, plants and animals (10–14). These investigations, however, 59 

did not recover enough transfer events to clarify the evolutionary and ecological factors governing 60 

HTT. Hence, they also could not elucidate its causes and underlying mechanisms (15). 61 

Recent large-scale studies using comparative genomics have revealed that HTT is pervasive in 62 

flowering plants (16), insects (17–20) and several vertebrate groups (21–23). Among the trends 63 

that emerged from the hundreds to thousands of transfers reported in each analysis, a global 64 

positive effect of phylogenetic relatedness on HTT rates was found in insects and plants (11, 16, 65 

17, 19). In other words, a higher number of HTT events was found between closely related species 66 

than between more distant ones. Shared biogeographical origin was also found to correlate with 67 

a higher rate of recent HTT in insects overall (17) [but not among mosquitoes (19)]. Finally, a 68 

strong effect of the taxon hosting TEs was shown in two studies (18, 22), which identified 69 

lepidopterans and ray-finned fishes as hotspots of HTT among insects and vertebrates, 70 
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respectively (18, 22). The large excess of HTT found in ray-finned fishes (22), as well as multiple 71 

individual reports of HTT in other aquatic organisms, have led to the suggestion that TEs may 72 

more frequently transfer in aquatic than in terrestrial environments (24–27). The hypothesis of a 73 

positive effect of the aquatic medium on HTT has also been put forth to explain the over-74 

representation of introns derived from introner TEs in aquatic species (28, 29). The idea that 75 

aquatic environments may foster horizontal transfer stems from the observation that it contains 76 

large amount of circulating DNA, either free or in membrane vesicles, that may be readily available 77 

for uptake by many organisms sharing the same body of water (30–32). Beyond these hints, the 78 

effect of aquatic environment, or of any other ecological trait, on HTT has not yet been formally 79 

tested. Likewise, the influence of phylogenetic relatedness has not yet been quantitatively 80 

assessed in terms of the strength of the effect or its prevalence across species. These 81 

shortcomings partly reflect the difficulty of statistically analyzing HTT events in large datasets due 82 

to the biases related to taxon sampling. As a horizontal transfer is generally inferred from the 83 

sharing of similar TEs by several species (33), its detection depends on the species selection (a 84 

transfer may not be called if too few species share similar TEs). The dataset composition may 85 

also affect estimates of correlations between observed transfer rates and ecological factors, as 86 

the choice of species defines the network of possible ecological interactions. An evolutionary 87 

analysis of phenotypic/ecological traits also faces the non-independence of trait states among 88 

related species, referred to as phylogenetic inertia.  89 

Here we tackled these difficulties by developing a new approach to investigate the global impact 90 

of two factors on HTT at the scale of the metazoan phylogeny. First, we specifically tested whether 91 

aquatic habitats are more conducive to HTT than terrestrial habitats. To do so, we inferred HTT 92 

events among genomes from aquatic and terrestrial metazoan species spanning multiple 93 

independent habitat transitions, accounting for possible correlations between habitat and other 94 

traits along the host phylogeny. Secondly, we precisely characterized the influence of 95 
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phylogenetic relatedness on horizontal transfers. To this end, we developed Bayesian models to 96 

quantify this effect for each species separately and assess its variation across animals.  97 

Results 98 

Massive horizontal transfer of transposable elements in metazoans 99 

Testing the effect of factors like habitat or phylogenetic relatedness on HTT rates while accounting 100 

for phylogenetic inertia requires a careful selection of taxa that covers multiple independent state 101 

changes over large phylogenetic distances. To fulfill these requirements, we selected genome 102 

assemblies from 126 terrestrial and 121 aquatic species (either fully or semiaquatic) distributed 103 

across 19 taxonomic groups, each of which has undergone at least one habitat transition during 104 

the evolution of animals (Dataset S1). These groups include the transition from water to land at 105 

the origin of amniotes, five secondary transitions from land to water among amniotes, transitions 106 

from water to land in amphibians, the transition from land to water in hemipteran insects, at least 107 

seven transitions from land to semiaquatic lifestyle in insects, and transitions from water to land 108 

in crustaceans, chelicerates, gastropods, and annelids.  109 

We identified TEs in all species via a de novo discovery using the RepeatModeler pipeline (34). 110 

Consensus sequences of TE families generated by this step [284,783 sequences longer than 300 111 

base pairs (bp)] were gathered into a shared library, which was used to annotate individual TE 112 

copies within each genome via the RepeatMasker program (35). This search yielded a total of 113 

111,102,018 TE copies (or fragments of copies) larger than 300 bp in the 247 genomes (Figure 114 

1a). As expected (17, 22), Class 1 TEs (retrotransposons) proved the most abundant in the 115 

analyzed genomes: 56.3% of the TE copies included in the present study are LINE elements and 116 

21.4% are LTR elements. Class 2 elements (DNA transposons) make up 22.3% of the total 117 

number of copies included in the present study. 118 
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 119 

Figure 1. Horizontal transfer of transposable elements in animals. (a) Statistics on TE superfamilies. Bar plots 120 

show the total number of copies of each TE superfamily, the total number of independent transfers recovered for each 121 

superfamily, and the total number of independent transfers per million copies (see also Figure S1). Superfamilies above 122 

the blue dashed line comprise Class 2 elements (DNA transposons), those below comprise Class 1 elements 123 

(retrotransposons). Superfamilies involved in fewer than 50 transfer events are grouped in the “Other” category for 124 

each class. (b) Detected horizontal transfer events. The concave time tree represents the phylogeny of the 247 125 

species analyzed (tree in newick format in Dataset S2). Species are numbered on tree tips according to Dataset S1. 126 

Species living in terrestrial, semiaquatic or fully aquatic habitat have their numbers circled in green, light blue and dark 127 

blue, respectively. The 19 taxonomic groups are highlighted in different colors (silhouettes of representative species 128 

were obtained from PhyloPic.org and cleanpng.com). Concave gray lines at the branch tips encompass “species units” 129 

within which HTT was not studied (due to the difficulty of distinguishing HTT from vertical inheritance of TEs, see 130 

supplementary methods and Figure S2a). Each curve represents one of the 5,952 independent HTT events recovered 131 

and connects the two species involved in the hit of the highest sequence identity in the transfer. Blue curves represent 132 

HTT of Class 1 TEs and red curves HTT of Class 2 TEs.   133 
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We then identified TEs that have horizontally transferred between species by implementing an 134 

established criterion (11) according to which transferred elements should show greater sequence 135 

similarity than would be expected if they were vertically inherited from the species’ last common 136 

ancestor (see methods). To this aim, we extracted TE copies from all 247 genomes and performed 137 

reciprocal similarity searches between these copies within the 30,313 pairs of species sharing a 138 

last common ancestor older than 40 million years. Species that diverged after that time were 139 

considered too closely related for a confident distinction between horizontal transfer and vertical 140 

inheritance from the species’ last common ancestor. Among the resulting hits between TE copies 141 

(hereafter referred to as “TE-TE hits”), we retained those showing ≥75% identity to recover recent 142 

HTT events. Such a high similarity ensures that most recovered transfers occurred after the 143 

evolutionary transitions between aquatic and terrestrial habitats. Therefore, the habitat type of the 144 

analyzed species may be extrapolated to the ancestors or relatives that emitted or acquired 145 

transferred TEs. Among these TE-TE hits, we then selected those involving TE copies that were 146 

more similar than expected under the hypothesis of strict vertical inheritance. Following earlier 147 

studies (18, 22), we compared the synonymous distance (dS) between TE copies to that of core 148 

genes that have been vertically inherited by the corresponding lineages. Specifically, we 149 

considered that a TE-TE hit resulted from HT when its associated dS was lower than at least 150 

99.5% of the dS values measured for these core genes. In addition, we required the dS value to 151 

be below 0.5 (22) to further ensure the recency of the HTT events. Doing so, we retained 152 

17,956,805 TE-TE hits that are expected to result from relatively recent HT. Examining these TE-153 

TE hits, we determined that we could not confidently distinguish HT from vertical inheritance 154 

between clades separated by a median dS of BUSCO genes lower than 0.85 (see supplementary 155 
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methods and Figure S2a). Therefore, we discarded TE-TE hits between these clades, and defined 156 

them as “species unit” (Figure 1b).  157 

To estimate the minimum number of independent HTT events that could explain these patterns 158 

of elevated interspecific TE similarity, we applied the approach developed in Zhang et al. (22). 159 

The method deals with the fact that a single HT event can lead to many TE-TE hits, due to TE 160 

replication within genomes, and that fragmentation of TE copies into shorter sequences may lead 161 

to overestimating HTT events. It also removes redundancy in HTT counts by clustering likely 162 

identical HTT events recovered in multiple species (Figure S3). This approach yielded a minimum 163 

of 5,952 independent HTT events among the 247 species (Figure 1b and Dataset S3). We stress 164 

that the studied species may be only indirectly involved in these transfers, as they likely inherited 165 

copies of TEs that were acquired or emitted by more or less distant relatives or ancestors (Figure 166 

S3). Transfers involve all 19 taxonomic groups and 85% of the investigated pairs of taxonomic 167 

groups, confirming that TEs have undergone transfers throughout the animal kingdom, between 168 

lineages separated by various divergence times.  169 

Despite their high abundance in animal genomes, Class 1 TEs only make up 13.66% of the total 170 

number of HTT events (Figure 1), as previously observed (17, 18, 22). Among Class 2 TEs, 171 

Mariner-like and hAT-like TEs make up the highest proportion of transfers (respectively 37.47% 172 

and 29.93% of total transfers). Such a high number of transfers for hAT-like TEs contrasts with 173 

earlier studies in insects and vertebrates, in which Mariner-like TEs appeared to transfer 174 

horizontally at a much higher rate than other TEs (17, 22). Since the number of TE copies in a 175 

genome is the product of both horizontal transfer and within-genome transposition, we assessed 176 

whether different TE superfamilies differ in terms of their per-copy rate of transfer. Once 177 

normalized (Figure 1a), the per-copy transfer rates of Mariner-like and hAT-like TEs (279.2 and 178 

316.8 transfers per million copies, respectively) are in fact lower than those of other TE 179 

superfamilies, such as PiggyBac and Academ (638.9 and 355.6 transfers per million copies, 180 
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respectively). Thus, the higher absolute number of transfers observed for Mariner-like and hAT-181 

like TEs may not reflect a higher propensity of their copies to horizontally transfer, but rather their 182 

abundance within genomes. 183 

No evidence that aquatic habitats foster horizontal transfer of transposable 184 

elements  185 

Investigating factors that may affect HTT rates requires counting transfers in a manner that is not 186 

affected by the number of sampled taxa. The clustering method we used to estimate the minimal 187 

number of horizontal transfer events in the whole dataset does not fulfill this requirement as it is 188 

more likely to detect HTT in clades containing more species. To circumvent this issue, the 189 

17,956,805 TE-TE hits that we selected as resulting from HTT (see previous section) were 190 

clustered for each pair of species (see methods and Dataset S4). This approach yielded a total 191 

of 25,409 transfers summed over all pairs. This number exceeds the one reported in the previous 192 

section because a same event of horizontal transfer can be counted several times in different 193 

pairs of related species (Figure S3). On the other hand, HTT counts in a given species pair are 194 

not affected by HTT detection in other pairs and are therefore also not biased by the composition 195 

of sampled taxa (Dataset S5). The detected transfers are distributed across 6,054 species pairs, 196 

representing ~25% of all the pairs included in our search. Twenty-eight species, belonging to 197 

seven taxonomic groups, were not involved in a single HTT event (Figure S4).  198 

To avoid any further bias that could be caused by our selection of different numbers of aquatic 199 

versus terrestrial species, we developed a repeated random sampling approach. At each 200 

sampling, we drew one species per taxonomic group and habitat type, and we counted only the 201 

transfers detected among the sampled species (Figure 2a). Here, semiaquatic species were 202 

assigned to the aquatic habitat since they develop in, or partially occupy, the medium suspected 203 

to facilitate HTT. The difference between the number of transfers in the aquatic and in the 204 
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terrestrial species was then computed for each of the 19 taxonomic groups, and the median of 205 

this difference was calculated over the groups as an estimator of the overall effect of the habitat. 206 

Since these groups represent independent habitat transitions, the estimator is not affected by 207 

phylogenetic inertia. To derive a p-value, this median was then compared to values of the 208 

equivalent statistic generated through permutations under the null hypothesis of absence of effect 209 

of the aquatic habitat (see supplementary methods). We performed 1000 samplings of species 210 

and calculated a p-value separately for each sampling. The distribution of the median difference 211 

in HTT rates (aquatic – terrestrial) obtained for the 1000 samplings was centered near zero 212 

(Figure 2a) and only 7 of the 1000 samplings resulted in p<0.05 for more HTT in aquatic habitats 213 

(Figure S5a). There is therefore no systematic evidence nor even a trend suggesting more HTT 214 

in aquatic species (Figure 2). We also obtained similar results when semiaquatic species were 215 

removed (p < 0.05 in none of the samplings across the 11 taxonomic groups, Figure S5b).  216 
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 217 

Figure 2. The effect of habitat on horizontal transfer of transposable elements. (left) Principles of the approaches 218 

explained using dummy phylogenetic trees composed of 12 species belonging to two taxonomic groups (A and B). 219 

Aquatic and terrestrial species are indicated with blue and green circles, respectively.  (right) Results of analyses. (a) 220 

The effect of aquatic habitat. For each taxonomic group and habitat, one species (circled in black) is randomly 221 

sampled and its total number of HTT with the other sampled species (here, 3 species) is calculated. The median of the 222 

difference of HTT counts between the aquatic and the terrestrial species is then computed across all taxonomic groups. 223 

This sampling procedure was repeated 1000 times to obtain a distribution of this median (right-hand histogram). (b) 224 

The effect of habitat similarity. For species that diverged from the same common ancestor (MRCA), the mean number 225 

of HTT events for a pair of species occupying similar habitats (represented by blue dashed lines) is compared to that 226 

measured for a pair of species occupying different habitats (red dashed lines). This comparison can only be made for 227 

the MRCAs numbered in red on the tree. Segments on the right-hand plot connect both means, computed for 47 228 

MRCAs numbered on the Y axis (see Figure S7 for their locations on the time tree). For clarity, only even MRCA 229 

numbers are shown. Blue and red segments denote higher means for species pairs occupying similar and different 230 

habitats, respectively.  231 
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The absence of a trend for higher HTT rates in aquatic habitats contrasts with the high rate of 232 

transfers measured in certain aquatic taxa (22). To investigate this apparent contradiction, we 233 

checked our ability to measure the previously identified excess of HTT in actinopterygians (ray-234 

finned fishes) compared to other vertebrates (22). Applying the procedure used in Zhang et al. 235 

(22) to our data did reveal a similar excess (Figure S6). Importantly, this excess does not 236 

constitute evidence for a positive effect of the aquatic habitat on HTT, since actinopterygians 237 

constitute a single clade subject to confounding factors and phylogenetic inertia. We also tested 238 

our ability to detect the much-expected positive influence of habitat similarity on horizontal transfer 239 

rates. Such a correlation should naturally arise from the greater probability of contact between 240 

organisms occupying similar habitats. For this analysis, all aquatic habitats were considered 241 

“similar” to each other, and “different” from terrestrial ones (themselves considered similar to each 242 

other). We then compared the mean number of transfers per pair of species occupying similar 243 

habitats to that measured per pair of species occupying different habitats. To account for the 244 

confounding effect of species relatedness on transfer rates, comparisons were restricted to pairs 245 

of species that diverged from the same most recent common ancestors (MRCAs). Importantly, 246 

transfers involving species pairs having different MRCAs should not result from the same 247 

underlying events (22) and can be considered independent in that regard. Furthermore, mean 248 

transfer rates are not computed per species, but per species pair, in which HTT was studied 249 

independently. Consequently, the analysis should not be affected by taxon sampling. Among the 250 

47 MRCAs that were amenable to this comparison, 32 (68%) showed a higher mean rate of HTT 251 

between species occupying similar habitats (Figure 2b). These MRCAs are scattered across the 252 

phylogeny (Figure S7). Their proportion significantly exceeds 0.5 (p ≈ 0.009, one-tailed test) 253 

assuming independence of HTT rates measured in different MRCAs. As opposed to the aquatic 254 

medium, habitat similarity thus appears to generally foster horizontal transfers in animals. 255 
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Phylogenetic relatedness is a major factor shaping horizontal transfer of 256 

transposable elements 257 

To globally assess how phylogenetic relatedness promoted HTT among metazoans, we first 258 

grouped species pairs into classes of additive divergence time (“a.d.t.”, which is twice the age of 259 

their last common ancestors). We then computed the per-class proportion of species pairs 260 

involved in at least one HTT event. The result of this approach suggests a strong impact of 261 

phylogenetic distance: the proportion of species pairs not involved in HTT showed a clear positive 262 

correlation with divergence time (weighted Pearson’s r = 0.69, Figure 3a). While roughly 60% of 263 

the pairs of species separated by about 250 million years (My) a.d.t. are not involved in any HTT, 264 

the proportion reaches 90% for the deepest times. Moreover, after removing species pairs not 265 

involved in HTT, the median number of HTT appeared strongly negatively correlated with 266 

divergence time (weighted Pearson’s r = –0.72, Figure 3a). These results suggest that the 267 

tendency to transfer more among closely related species may be widespread among animals.  268 

We next studied each species separately in order to more precisely estimate the prevalence of 269 

the effect across the phylogeny. We adopted a modelling approach because it allowed us to 270 

explicitly quantify the strength of the effect in each species, rather than simply testing whether an 271 

effect was present. The models were formulated in the Bayesian framework, setting a regularizing 272 

prior on the effect of divergence time to avoid overfitting in species that are involved in few 273 

transfers (see methods). For each species, we fit a negative binomial regression model of the 274 

number of transfers as a function of the a.d.t. to each other species (Figure 4 and Figure S4). As 275 

a second covariate, our models also included habitat similarity, as defined in the previous section, 276 

to help mitigate a potential confounding effect. 277 
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Figure 3. Phylogenetic relatedness favors horizontal transfer of transposable elements. (a) Correlation between 279 

divergence time and (i) the median number of HTT events per pair of species, excluding pairs not involved in HTT 280 

(orange circles, left Y axis, r = 0.69), and (ii) the proportion of pairs of species in which no HTT was inferred (turquoise 281 

circles, right Y axis, r = –0.72). Both (i) and (ii) were computed per class of divergence time, which are 100 My a.d.t 282 

wide and overlap by 50 My a.d.t, using one species per species unit (Figure 1). Both correlation coefficients are 283 

weighted using the natural logarithm of the number of species pairs composing each class. Circles are horizontally 284 

located at the median divergence times within classes. (b-g) Estimates from a negative binomial regression model of 285 

the number of HTT events in a focal species as a function of the divergence time from “partner” species. The model 286 

estimates are provided with the assumption of shared habitat. The IDs next to species names correspond to tips in 287 

Figure 1 and to Dataset S1. In (e), Class 1 and Class 2 TEs are modeled separately. Semi-transparent lines correspond 288 

to the expected number of HTT estimated from each of 36,000 Markov Chain Monte Carlo draws. Points represent 289 

observed data and are slightly randomly shifted on the x-axis to minimize overlapping. 290 

Out of the 219 species involved in transfers, 162 (~74%) showed a confident negative effect, i.e. 291 

a higher estimated HTT rate with closely related species (Figure 4 and Figure S4). An effect is 292 

called “confident” when the 95% Highest Posterior Density Interval (HPDI) of the regression 293 

coefficient of divergence time does not comprise 0. By contrast, only two species showed a 294 
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confident effect in the opposite direction, and the remaining species did not show any confident 295 

effect. We note that the models are not mutually independent, as the same HTT event could be 296 

counted in several closely related species, and because of potential phylogenetic inertia. 297 

However, Figure 4 shows that the effect is widespread among almost all the metazoan groups 298 

studied, underlining its pervasiveness across animals. The non-independence of the models also 299 

prevents us from combining them into a single global model to estimate the average effect size. 300 

However, the results can be summarized by characterizing the strength of the effect in a typical 301 

species. The manatee Trichechus manatus sits at the median across species regarding the 302 

strength of the phylogenetic effect and is thus representative of the typical effect size (Figure 3b). 303 

Strikingly, this species is expected to present 9.63 times as many HTT events at 500 My a.d.t 304 

than at 1300 My a.d.t (a range of divergence times that encompasses most of the observed 305 

events). 306 

The effect of phylogenetic relatedness is the strongest in hoverflies (Syrphidae), in which the 307 

detected transfers were restricted to this family (Figure 1b and Figure 3c). Numerous other 308 

species showed strong effects (Figure 3). For example, for the actinopterygian Amia calva (ID 1), 309 

the model predicted on average 22.21-92.02 transfers (95% HPDI) with a species separated by 310 

600 My a.d.t, but only 0.14-0.41 transfers at 1400 My a.d.t. (Figure 3d).  Note that for all 311 

predictions, we fixed the habitat to be similar in each transfer to make sure that the estimates 312 

reflected divergence time alone. The species involved in the highest number of HTT events (n = 313 

1675) is the actinopterygian fish Erpetoichthys calabaricus. Despite no closely related species in 314 

the dataset, as the sole polypterid (ID 14 on Figure 1 and 4), it is subject to a strong effect of 315 

phylogenetic relatedness (Figure 3e).  316 
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 317 

Figure 4. Modelling the effect of phylogenetic relatedness. The 95% Highest Posterior Density Interval (HPDI) of 318 

the effect of divergence time on horizontal transfer rate, computed for each species, is represented by a horizontal 319 

segment next to the corresponding tip of the tree (species are numbered as in Figure 1). To save space, only one 320 

species per “species unit” was randomly chosen (see Figure S4 for the complete figure). Black, orange and grey colors 321 
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of segments and tree tips signify that the HPDI is below, above, or comprises zero, respectively, denoting a confidently 322 

negative, confidently positive or non-confident effect. Colors behind tree branches and in bar plots correspond to 323 

taxonomic groups, as in Figure 1. Absence of the HPDI segment indicates that no HTT events were observed for the 324 

species in question. The left-hand bar plot shows the observed log10 count of HTT events involving each focal species, 325 

separately for Class 1 (left-hand bars) and Class 2 (right-hand bars) TEs. The right-hand bar plot is equivalent but 326 

shows the log10 number of HTT events expected by the model when the time of divergence with the partner species 327 

is fixed at 500My a.d.t and a shared habitat is assumed (based on the median of the posterior distribution). Values of 328 

both bar plots can be recovered in Dataset S6. 329 

Importantly, the phylogenetic relatedness effect is widespread for both Class 1 and Class 2 330 

elements (supplementary methods and Figure S4). Nonetheless, in many species, Class 1 TEs 331 

seem to show a stronger effect (see supplementary methods and Figure S4). For example, in the 332 

moth Dendrolimus kikuchii [ID 177], no HTT is detected past 216 My a.d.t for Class 1 elements, 333 

whereas Class 2 elements transfer between lineages separated by a much wider range of 334 

divergence times (Figure 3f). However, the low number of transfers of Class 1 TEs limits the 335 

power of our modelling approach, so that statistically solid conclusions cannot be drawn regarding 336 

the relative strength of the effect in the two classes.  337 

A benefit of the modelling approach is its ability to predict the number of transfers whilst keeping 338 

the divergence time fixed at a value of our choosing. This enables fair comparisons of the HTT 339 

rate between species that differ with regards to how many close relatives they have in the dataset. 340 

Given the strength of the phylogenetic relatedness effect, we used this approach to re-test the 341 

effect of aquatic habitat, this time controlling for species relatedness. For each species, we 342 

estimated the expected number of HTT given a partner species that shares the same habitat and 343 

is separated by 500 My a.d.t (Figure S8). We then calculated the median predicted number of 344 

HTT for each habitat type in each taxonomic group (as detailed in the methods section). No 345 

systematic tendency for a higher HTT rate in either habitat was observed at this phylogenetic 346 

distance (p = 0.29, two-tailed paired t-test on the natural logarithm of the counts, sample size = 347 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 21, 2024. ; https://doi.org/10.1101/2024.12.18.629015doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.18.629015
http://creativecommons.org/licenses/by-nc/4.0/


17 pairs of taxonomic groups). To summarize, neither the Bayesian models accounting for the 348 

effect of phylogenetic relatedness nor the previous approach accounting for phylogenetic inertia 349 

and sampling bias could detect any evidence that aquatic habitat promotes HTT between 350 

metazoans. 351 

Finally, our model also included habitat similarity as a predictor (Figure S9). In accordance with 352 

our previous results (Figure 2b), a trend for greater HTT rates within similar habitats emerged: 353 

among the 219 species involved in HTT, 73% showed higher HTT rates with species occupying 354 

similar habitats (i.e., the median of the posterior distribution of the coefficient was positive). 355 

However, the effect can be confidently called in only 59 species (95% HPDI entirely above 0). 356 

The statistical evidence for a widespread effect of habitat similarity is therefore weaker than the 357 

evidence for the effect of phylogenetic relatedness. 358 

Discussion 359 

We have estimated that the 247 metazoan species included in our study were involved in at least 360 

5,952 independent transfers of transposable elements. This number is three to six times higher 361 

than those reported in previous large-scale studies, despite including a similar number of species 362 

(2,248 transfers among 195 insects (17) and 995 among 307 vertebrates (22)). Part of the 363 

difference could be attributed to the broader phylogenetic scale of this study, which reduced the 364 

proportion of pairs of species which are too related to identify HTT. Another factor could be the 365 

improvements we achieved in HTT detection (supplementary methods). One of these 366 

improvements consisted in using the same, very large TE consensus library to annotate TE copies 367 

in all genomes, instead of a smaller, specific library for each species, as was done previously. 368 

Among other benefits, this large database allowed annotating many more hAT-like elements 369 

compared to our previous study (22) (Figure S10), leading to the discovery that these TEs were 370 

horizontally transferred at a rate similar to Mariner-like elements. When expressing HTT numbers 371 
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relatively to TE copy numbers, Class 2 TEs remain much more frequently transferred among 372 

metazoans than Class 1 elements, as already observed in insects and vertebrates (17, 18, 22). 373 

Among Class 2 TEs, however, Mariner-like and hAT-Like TEs appear to transfer at rates that are 374 

similar to other superfamilies. The overall evolutionary success of these two families among Class 375 

2 TEs, as estimated by their number of copies, would thus result from a higher capacity to multiply 376 

and persist in genomes, not from greater rates of horizontal transfer. 377 

Our results also highlight the importance of quantifying HTT in a way that is amenable to 378 

hypothesis testing, which has historically been challenging. Rates of gene HT are elevated in 379 

marine bacteria (36) and in marine unicellular eukaryotes (37), and aquatic habitats have been 380 

repeatedly proposed as facilitating HT among eukaryotes, based on ad hoc interpretations (24–381 

29). There is also evidence supporting transfers of natterin-like toxin encoding genes involving 382 

marine animals (38), and the only known case of gene HT between vertebrates involves marine 383 

teleost fishes (39, 40). However, our study on 19 taxonomic groups, representing independent 384 

transitions between aquatic and terrestrial habitats along the evolutionary history of metazoans, 385 

revealed no evidence that animal-borne TEs transfer more frequently within than outside water. 386 

Because the sampling procedure picked only one species per habitat and taxonomic group at 387 

each iteration, it did not consider transfers within groups, hence missing transfers between more 388 

closely related species. However, we do not expect this limitation to affect our conclusions, unless 389 

if the effect of phylogenetic relatedness was stronger for aquatic species than for terrestrial ones, 390 

causing them to be affected disproportionately by our failure to consider very close transfers. 391 

Currently, we have no reason to believe such a bias could be present. Thus, while previous 392 

observations of HTT among aquatic species (22, 26, 28, 29) indicate high transfer rates within 393 

certain specific aquatic taxa, they may not necessarily reflect a general positive effect of the 394 

aquatic medium on HTT. In this regard, the excess of HTT in teleost fishes observed here and 395 

previously (22) would not result solely from their aquatic lifestyle but from other features. One 396 
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possibility is that external fertilization, used by most fish lineages, may increase the exposure of 397 

their germline genome to foreign DNA (39). In addition, teleost fishes harbor endogenous 398 

herpesvirus-like elements called Teratorn (41). These elements, which generally constitute a 399 

fusion between herpesviruses (Alloherpesviridae) and Piggybac transposons, are able to multiply 400 

in fish genomes and their distribution in the fish phylogeny is suggestive of recurrent cross-401 

species transmission (42, 43). Much like baculoviruses have been suggested to foster HTT 402 

among lepidopterans (18, 44), Teratorn may have acted as vectors of HTT among teleost fishes. 403 

The approach developed here could be used to investigate whether patterns of Teratorn 404 

presence/absence among teleost fishes, as well as other factors such as fertilization modes, 405 

covary with HTT rates. 406 

Regarding the effect of phylogenetic relatedness on HTT, our modeling approach produced 407 

results at an unprecedented resolution by explicitly quantifying the strength of the effect and its 408 

variability between lineages. The true effect may be even more widespread and stronger than 409 

estimated by our models, as HTT detection is negatively affected by taxon relatedness (33) and 410 

was not even attempted between species that were too closely related. In addition, the 411 

regularizing prior used biases towards an underestimation of the effect size. The fact that closely 412 

related lineages incur higher rates of HTT is consistent with studies of other types of horizontal 413 

transfer, such as gene transfers among viruses and prokaryotes, as well as cross-species 414 

transmission of viruses within ecosystems (25–30). The effect of phylogenetic relatedness can be 415 

explained by two factors: (i) a higher exposure of recipient hosts to TEs coming from closely 416 

related species, due to more frequent interspecific interactions (50) and (ii) a higher probability 417 

that TEs persist in a new host that is closely related to their emitter, since they rely on host 418 

components to transpose (51–53). Our results support a moderate contribution of the first factor, 419 

given that habitat similarity, hence potentially engagement in more frequent interspecific 420 

interactions, induces higher HTT rates, as found in bacteria exchanging genes (54, 55). 421 
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Regarding the second factor, compatibility between TEs and recipient hosts may indeed play a 422 

role in conditioning horizontal transfers, as previously proposed (17, 56, 57). Under this 423 

hypothesis, our results suggest that molecular or physiological compatibilities modulate horizontal 424 

TE transfer in most animal lineages. Our findings also hint at a stronger effect of phylogenetic 425 

relatedness for Class 1 TEs, in line with the higher reliance on host factors of these TEs, 426 

compared to Class 2 TEs (58, 51, 52, 56, 57, 53). Thus, while Class 1 TEs are more numerous 427 

in genomes, their overall lower HT rate could in part be explained by stronger inter-host genetic 428 

barriers than for Class 2 TEs. Beyond these general trends, our fine-scale approach revealed 429 

several atypical taxa, such as the polypterid fish Erpetoichthys calabaricus, which shows a 430 

particularly high rate of transfers, even with distantly related species, and the syrphid flies, which 431 

did not show any transfers with any other groups of animals. In-depth investigation of these taxa 432 

might improve our understanding of the factors underlying HTT.  433 

In conclusion, our study has fundamental implications not only for understanding the determinants 434 

that shape HTT, but also from a methodological viewpoint. If the taxonomic scale and the structure 435 

of the phylogeny is not considered, differences in HTT rates between taxa may simply reflect the 436 

varying proportion of close relatives included in the dataset. The strength of the phylogenetic 437 

relatedness effect might make the analysis of other predictors particularly challenging. This 438 

challenge should motivate the development of novel statistical approaches to unravel the 439 

mechanisms that underly, and the factors that shape, the horizontal transfer of transposable 440 

elements.  441 

Methods 442 

Selecting genome assemblies 443 

In the NCBI database, as of January 2022, we identified 19 taxonomic groups for which genome 444 

assemblies were available both for aquatic (or semiaquatic) and terrestrial animal species. While 445 
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17 of the 19 taxonomic groups contain both aquatic and terrestrial species, the two remaining 446 

groups (fishes and Palaeoptera) only comprise aquatic (or semiaquatic) species.  447 

To limit computational workload and reduce pseudo-replication, we selected a single species per 448 

genus, the one comprising the most contiguous genome assembly, as estimated by the N50 449 

metric. We also selected a maximum of ten genera per group (except for fishes for which we 450 

selected 15 genera), favoring taxonomical diversity, a consistent assembly size, and a high N50.  451 

This strategy yielded a dataset of 247 animal species (Dataset S1), on which we built a dated 452 

phylogenetic tree (supplementary methods and Dataset S2). We ran BUSCO v.5.4 on the 247 453 

genomes to assess their completeness and to extract core genes for downstream analyses, using 454 

the most specific BUSCO dataset for each genome (option -l, Dataset S1). See Figure S11 for 455 

results.  456 

Transposable element annotation 457 

We de novo annotated TEs in the 247 genomes (Figure S12) with RepeatModeler v2 (34) using 458 

the option LTRStruct. Annotation failed on two genomes: Trachelipus rathkii and Armadillidium 459 

vulgare. The TE consensus library of A. vulgare was taken from Chebbi, et al. 2019 (59). We 460 

concatenated TE consensus sequences from the 246 species with those obtained on 195 insects 461 

and 307 vertebrate genomes (17, 22) and those from Repbase (downloaded in February 2022), 462 

excluding SINEs, satellites, and tandem repeats. Keeping only TE consensus sequences longer 463 

than 300 bp and classified in a superfamily resulted in a single database of 284,783 TE consensus 464 

sequences. Clustering this database with MMseq2 (60), using options –cluster-reassign, -c 0.8, 465 

and –min-seq-id 0.8, yielded 217,391 TE consensus sequences. We used this large library to 466 

annotate TE copies in all 247 genomes, using RepeatMasker with the options -nolow, -no_is, -467 

norna, and -engine ncbi (35). Using a unique library helps annotating TEs in genomes where de 468 

novo TE detection was less effective, either because of a lower genome quality or because the 469 
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TE burst did not happen yet in the recipient genome (61). Copies, or fragments of copies, shorter 470 

than 300bp and those included in a higher-scoring match by RepeatMasker were discarded. 471 

Doing so, we extracted a total of 111,102,018 TE copies, or fragments of copies, from the 247 472 

assemblies. 473 

Identifying hits resulting from horizontal transfer 474 

To identify and count HTT events, we used the approach we developed previously (22), to which 475 

we made a number of improvements (see Figure S12 and supplementary methods). Reciprocal 476 

sequence similarity searches of extracted TE copies were performed for the 30,313 pairs of 477 

species (see supplementary methods). Filtering out alignments shorter than 300 bp, with 478 

nucleotide sequence identity <75%, and with quality score <200 resulted in 247,248,663 TE-TE 479 

hits (corresponding to 47,844,407 TE copies). Of these, 97,187,587 hits involved a protein-coding 480 

region long enough (≥300 bp) to calculate dS. To reduce the workload, redundant hits were 481 

discarded (see supplementary methods). dS values between copies involved in the retained hits 482 

were calculated following Zhang et al. (22). We then selected hits (n = 17,983,960) whose dS was 483 

<0.5 and lower than the 0.5% quantile of the distribution of dS expected under vertical inheritance 484 

in the appropriate clade (see supplementary methods). 485 

Clustering of hits between transposable elements  486 

We clustered selected TE-TE hits using the approach developed in (22), with some improvements 487 

(see supplementary methods). This approach considers two cases where several TE-TE hits can 488 

result from the same HT event. The first case is due to TE duplication within genomes. For such 489 

hits, we expect the sequence identity between TE copies of different species to be lower than the 490 

identity of TE copies in the recipient taxon. This criterion allows clustering hits between two taxa, 491 

each taxon corresponding to a species or a larger clade, depending on the analysis (see below). 492 

In practice, any two hits whose sequence identity was equal to or lower than the within-taxon 493 
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identity of TE copies involved (for at least one taxon) were connected to constitute a graph, on 494 

which a clustering algorithm was applied (see supplementary methods). This generates 495 

“communities”, ideally representing different transfer events. A second case where a single HTT 496 

event can lead to several hits is when annotated copies are fragmented. Our approach thus 497 

considers that TE-TE hits involving non-overlapping parts of the same TE would be erroneously 498 

assigned to two transfers. It measures protein sequence identity between TEs of different 499 

communities to aggregate them into larger “hit groups” (see supplementary methods).  500 

This clustering scheme was used for two independent analyses to (i) estimate the minimal number 501 

of HTT events across animals and (ii) to count HTT events independently in each species pair. In 502 

the first analysis, clustering was applied in a two-step procedure described in Zhang et al. (22), 503 

where taxa correspond to young clades (of less than 80 My) in the first step, then to deeper sister 504 

clades in the second step (supplementary methods). This yielded 69,317 “hit groups”, of which 505 

18,094 were retained after applying stringent filters to avoid false positives (see supplementary 506 

methods and Figure S2). In the second analysis, the clustering scheme was applied on each 507 

species pair separately and comprised only one step. This yielded 96,908 “hit groups”, of which 508 

25,409 were retained after applying the same stringent filters as in the previous analysis. Retained 509 

“hit groups” can be found in Dataset S3 and S4 for the first and second analysis, respectively. 510 

Counting independent horizontal transfer events 511 

Counting HTT events among more than two lineages must take into consideration that a 512 

horizontal transfer between taxa A and B and another between taxa A and C might lead to 513 

counting a third transfer between taxa B and C, which never took place. To avoid this, we applied 514 

the method detailed in Zhang et al. (2020) on the 18,094 “hit groups”, which is illustrated in their 515 

supplementary Figure 8 (22). Briefly, this method relies on sequence identities between TE copies 516 

hosted by species composing the different taxa to conservatively identify apparent transfers that 517 
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may be explained by others. These non-independent transfers were removed from counts and 518 

are not shown on Figure 1.  519 

Testing the effect of phylogenetic relatedness 520 

To test the effect of phylogenetic relatedness on HTT rates, we fitted a negative binomial 521 

regression model with a logarithmic link to each species involved in at least one HTT (219 out of 522 

247 species). For clarity, we will refer to the species being modelled as the focal species, and to 523 

the species with which there has been an HTT event as the partner species. As the method is 524 

agnostic as to the direction of the transfer, it counts both the events where the focal species is 525 

the recipient as well as the ones where it is the source of the transfer. The same HTT event could 526 

also be counted several times if some of the partner species are closely related to each-other 527 

(Figure S3). To avoid this issue, we grouped partner species that were too closely related into 528 

“units”. We chose a relatedness threshold corresponding to an average dS of BUSCO genes of 529 

<0.85. We considered such a unit as a single partner species in the model, taking the median of 530 

the number of HTT events between the focal species and such a group. 531 

The likelihood was of the form:  532 

𝑛!"	~	𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝐵𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝜇!", 𝜙!)	533 

ln 𝜇!" 	= 	𝛽#! 	+ 	𝛽$! 	 ∗ 	𝑑!" + 𝛽%! ∗ ℎ!"	534 

where nsp is the number of HTT events for focal species s with partner species (or species unit) 535 

p, μsp is the mean number of HTT events expected for focal species s with partner species p, and 536 

ϕs is the negative binomial shape parameter for this focal species. β0s corresponds to the 537 

regression intercept in focal species s. β1s is the regression coefficient for the divergence time dsp 538 

and β2s is the regression coefficient for shared habitat hsp (encoded as 1 when habitat is shared 539 
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and 0 when it is not). Before modelling, divergence times were centered and scaled by subtracting 540 

the mean and dividing by the standard deviation, both computed over the whole dataset. β0s thus 541 

corresponds to the log number of transfers expected in a given species when the divergence time 542 

with the partner species corresponds to the mean of the data set and habitat is not shared. Fairly 543 

loose priors were used for the intercept (𝛽#!	~		𝑁𝑜𝑟𝑚𝑎𝑙(0,10)) and the shape 544 

(𝜙!	~	𝐺𝑎𝑚𝑚𝑎(0.001, 0.001)), as well as the regression coefficient of shared habitat (beta2s ~ 545 

Normal (0, 3)). A stricter prior was used for the regression coefficient of divergence time, 546 

(𝛽$!	~		𝑁𝑜𝑟𝑚𝑎𝑙(0,1)), to help avoid overfitting and make conclusions more conservative. We used 547 

a weaker prior for the effect of habitat because this predictor was included primarily as a potential 548 

confound for phylogenetic relatedness and it was therefore more conservative to risk over-549 

estimating the effect than to risk under-estimating it. We also fitted the models separately for 550 

Class1 and Class2 TEs (supplementary materials).  Each model was fitted in R 4.4.1 (62) with 551 

brms 2.21.0 (63) using four Markov Chain Monte Carlo chains with 10,000 iterations per chain, of 552 

which 1000 for warm-up. This yielded 36,000 post-warmup draws per model. adapt_delta was set 553 

to 0.99 in the brm() function. Rhat values did not exceed 1.01, indicating that the chains converged 554 

successfully. Bulk and tail Effective Sample Size (ESS) values were at least 2000, suggesting 555 

that posterior estimates are reliable. The rethinking 2.40 (64) R package was used to calculate 556 

Highest Posterior Density Intervals (HPDIs). All ranges of parameter estimates and posterior 557 

predictions that are presented correspond to 95% HPDIs, i.e. the model gives 95% confidence 558 

that the population parameter value is within the range.  559 

To determine the median effect of the divergence time (see Results), we used the brms 560 

posterior_epred() function to estimate the average number of HTT events expected at 500 My 561 

a.d.t, as well as 1300 My a.d.t, for each species separately. This calculation was performed for 562 

each post-warmup Markov Chain Monte Carlo draw, after which the median across the draws 563 
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was taken. Finally, the species medians at 500 My a.d.t were divided by those at 1300 My a.d.t, 564 

to obtain a fold difference, the median of which is reported in the Discussion. 565 

Data availability 566 

All the scripts used in this study were written in R (62) and can be at 567 

https://github.com/HeloiseMuller/HTvertebrates.  Datasets S1 to S6 can be found in Zonedo (DOI: 568 

10.5281/zenodo.14514502). 569 
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