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Phylogenetic relatedness rather than aquatic habitat
fosters horizontal transfer of transposable elements
in animals
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and Clément Gilbert1,7
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Horizontal transfer of transposable elements (HTT) is an important driver of genome evolution, yet the factors conditioning

this phenomenon remain poorly characterized. Here, we screen 247 animal genomes from four phyla (annelids, arthropods,

mollusks, chordates), spanning 19 independent transitions between aquatic and terrestrial lifestyles, to evaluate the suspect-

ed positive effects of aquatic habitat and of phylogenetic relatedness on HTT. Among the 6043 independent HTT events

recovered, the vast majority (>85%) involve DNA transposons, of whichMariner-like and hAT-like elements have the high-

est rates of horizontal transfer and of intragenomic amplification. Using a novel approach that circumvents putative biases

linked to phylogenetic inertia and taxon sampling, we find that HTT rates positively correlate with similarity in habitat type

but are not significantly higher in aquatic than in terrestrial animals. However, modeling the number of HTT events as a

function of divergence time in a Bayesian framework reveals a clear positive effect of phylogenetic relatedness on HTT rates

in most of the animal species studied (162 out of 247). The effect is very pronounced: A typical species is expected to show 10

times more transfers with a species it diverged from 250 million years (My) ago than with a species it diverged from 650My

ago. Overall, our study underscores the pervasiveness of HTT throughout animals and the impact of evolutionary related-

ness on its dynamics.

[Supplemental material is available for this article.]

Transposable elements (TEs), like any other genome component,
are primarily transmitted vertically, from parents to their descen-
dants through reproduction. The ability of TEs to move andmulti-
ply within genomes also makes them particularly prone to
horizontal transfer (Silva et al. 2004). Horizontal transfer of TEs
(HTT) allows these elements to invade new genomes, enhancing
their persistence over evolutionary time (Schaack et al. 2010).
This process, therefore, deeply influences genome evolution, given
that TEs compose amajor fraction of the chromosomes ofmost eu-
karyotic taxa (Gilbert and Feschotte 2018). Whereas their evolu-
tionary impacts are well identified, the mechanisms by which
TEs circulate between organisms—whether they use vectors such
as viruses and extracellular vesicles (Gilbert and Cordaux 2017;
Ono et al. 2019;Widen et al. 2023) or transfermore directly during
parasitism or predation (Dupuy et al. 2011; Kambayashi et al.
2022; Heisserer et al. 2023)—remain mostly open to speculation.
This limitation stems from the lack of direct observations of ongo-
ing horizontal transfers, which are only inferred through the traces
they leave in genomes. Such traces have been continuously report-
ed for more than 30 years, and their analysis revealed horizontal
transfers among closely and distantly related species of fungi,

plants, and animals (Daniels et al. 1990; Bartolomé et al. 2009;
Gilbert et al. 2010;Wallau et al. 2012; Scarpa et al. 2024). These in-
vestigations, however, did not recover enough transfer events to
clarify the evolutionary and ecological factors governing HTT.
Hence, they also could not elucidate its causes and underlying
mechanisms (Carvalho et al. 2023).

Recent large-scale studies using comparative genomics have
revealed that HTT is pervasive in flowering plants (Baidouri et al.
2014), insects (Wallau et al. 2016; Peccoud et al. 2017; Reiss et al.
2019; de Melo and Wallau 2020), and several vertebrate groups
(Ivancevic et al. 2018; Zhang et al. 2020; Paulat et al. 2023).
Among the trends that emerged from the hundreds to thousands
of transfers reported in each analysis, a global positive effect of
phylogenetic relatedness on HTT rates was found in insects and
plants (Bartolomé et al. 2009; Baidouri et al. 2014; Peccoud et al.
2017; deMelo andWallau 2020). In other words, a higher number
of HTT events were found between closely related species than be-
tween more distant ones. Shared biogeographical origin was also
found to correlate with a higher rate of recent HTT in insects over-
all (Peccoud et al. 2017) (but not among mosquitoes [de Melo and
Wallau 2020]). Finally, a strong effect of the taxon hosting TEs was
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shown in two studies (Reiss et al. 2019; Zhang et al. 2020), which
identified lepidopterans and ray-finned fishes as hotspots of HTT
among insects and vertebrates, respectively. The large excess of
HTT found in ray-finned fishes (Zhang et al. 2020), as well as mul-
tiple individual reports of HTT in other aquatic organisms, have
led to the suggestion that TEs may more frequently transfer in
aquatic than in terrestrial environments (Wang and Liu 2016;
Metzger et al. 2018; Galbraith et al. 2020; Hassan et al. 2024).
The hypothesis of a positive effect of the aquatic medium on
HTT has also been put forth to explain the over-representation
of introns derived from introner TEs in aquatic species (Gozashti
et al. 2022, 2025). The idea that aquatic environments may foster
horizontal transfer stems from the observation that it contains
large amounts of circulating DNA, either free or in membrane ves-
icles, that may be readily available for uptake by many organisms
sharing the same body of water (Abe et al. 2020; Pérez-Etayo et al.
2020; Brann et al. 2024). Beyond these hints, the effect of aquatic
environment, or of any other ecological trait, on HTT has not yet
been formally tested. Likewise, the influence of phylogenetic relat-
edness has not yet been quantitatively assessed in terms of the
strength of the effect or its prevalence across species. These short-
comings partly reflect the difficulty of statistically analyzing HTT
events in large data sets due to the biases related to taxon sampling.
As a horizontal transfer is generally inferred from the sharing of
similar TEs by several species (Peccoud et al. 2018), its detection de-
pends on the species selection (a transfer may not be called if too
few species share similar TEs). The data set composition may also
affect estimates of correlations between observed transfer rates
and ecological factors, as the choice of species defines the network
of possible ecological interactions. An evolutionary analysis of
phenotypic/ecological traits also faces the nonindependence of
trait states among related species, referred to as phylogenetic
inertia.

Here, we tackled these difficulties by developing a new ap-
proach to investigate the global impact of two factors on HTT at
the scale of the metazoan phylogeny. First, we specifically tested
whether aquatic habitats aremore conducive toHTT than terrestri-
al habitats. To do so, we inferred HTT events among genomes from
aquatic and terrestrial metazoan species spanning multiple inde-
pendent habitat transitions, accounting for possible correlations
between habitat and other traits along the host phylogeny.
Secondly, we precisely characterized the influence of phylogenetic
relatedness on horizontal transfers. To this end, we developed
Bayesian models to quantify this effect for each species separately
and assessed its variation across animals.

Results

Massive horizontal transfer of transposable elements in metazoans

Testing the effect of factors like habitat or phylogenetic relatedness
on HTT rates while accounting for phylogenetic inertia requires a
careful selection of taxa that cover multiple independent state
changes over large phylogenetic distances. To fulfill these require-
ments, we selected genome assemblies from126 terrestrial and 121
aquatic species (either fully or semiaquatic) distributed across 19
taxonomic groups, each of which has undergone at least one hab-
itat transition during the evolution of animals (Supplemental
Dataset S1). These groups include the transition from water to
land at the origin of amniotes, five secondary transitions from
land to water among amniotes, transitions from water to land in
amphibians, the transition from land to water in hemipteran in-

sects, at least seven transitions from land to semiaquatic lifestyle
in insects, and transitions fromwater to land in crustaceans, cheli-
cerates, gastropods, and annelids.

We identified TEs in all species via a de novo discovery using
the RepeatModeler pipeline (Flynn et al. 2020). Consensus sequenc-
es of TE families generated by this step were gathered with those
from Repbase (Bao et al. 2015) and from Peccoud et al. (2017) and
Zhang et al. (2020) into a shared library (284,643 sequences longer
than 300 base pairs [bp]), which was used to annotate individual TE
copies within each genome via the RepeatMasker program (Fig. 1;
Smit et al. 2013). This search yielded a total of 111,102,018 TE cop-
ies (or fragments of copies) larger than 300 bp in the 247 genomes
(Figs. 1, 2A). As expected (Peccoud et al. 2017; Zhang et al. 2020),
Class 1 TEs (retrotransposons) proved themost abundant in the an-
alyzed genomes: 56.3% of the TE copies included in the present
study are LINE elements and 21.4% are LTR elements. Class 2 ele-
ments (DNA transposons) make up 22.3% of the total number of
copies included in the present study.

We then identified TEs that have horizontally transferred
between species by implementing an established criterion

Clustering : approach 1 Clustering : approach 2

Transposable elements annotation

284,643 TE consensus >300bp

 217,391 TE consensus 
after clustering

111,102,018 TE copies >300bp 

247,248,663 TE-TE hits showing 
nucleotide identity >75% 

RepeatMasker 

Similarity searches 
(MMseqs2 & BLASTN)

 dS <thresholds

MMseqs2

17,956,805 TE-TE hits 
resulting from HTT 

 Identifying hits resulting from HTT

17,973 confident
hit groups

6043 independent
HTT events

54,156 hit groups

163,993 communities

25,409 confident 
hit groups

Factors tested:
habitats & phylogenetic 

relatedness

96,908 hit groups

218,986 communities

Applying filters A, B and C

Figure 1. Graphical summary of the method used to identify HTT. A
more detailed figure detailing all steps of the method can be found in
Supplemental Figure S1. Two independent clustering approaches were
performed. Approach 1 was applied in a two-step procedure as described
in Zhang et al. (2020). Approach 2 was applied on each species pair sep-
arately and comprised only one step. Filters A, B, and C were applied to
avoid false positives; they are described in Supplemental Figure S2 and
in Supplemental Methods.
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(Bartolomé et al. 2009), according to which transferred elements
should show greater sequence similarity than would be expected
if they were vertically inherited from the species’ last common an-
cestor (see Methods). To this aim, we extracted TE copies from all
247 genomes and performed reciprocal similarity searches be-
tween these copies within the 30,313 pairs of species sharing a
last common ancestor older than 40million years, that is, ignoring
transfers (of any age) between closely related species. Species that
diverged after that time were considered too closely related for a
confident distinction between horizontal transfer and vertical in-
heritance from the species’ last common ancestor. Among the re-
sulting hits between TE copies (hereafter referred to as “TE-TE
hits”), we retained those showing≥75%nucleotide sequence iden-
tity (Fig. 1). Focusing on highly similar TE-TE hits ensures that we
recovered recent HTT events only, which would have mostly oc-
curred after the evolutionary transitions between aquatic and ter-
restrial habitats. Therefore, the habitat type of the analyzed species
may be extrapolated to the ancestors or relatives that emitted or ac-
quired transferred TEs. Among these TE-TE hits, we then selected
those involving TE copies that were more similar than expected
under the hypothesis of strict vertical inheritance. Following earli-

er studies (Reiss et al. 2019; Zhang et al. 2020), we compared the
synonymous distance (dS) between TE copies to that of core genes
that have been vertically inherited by the corresponding lineages.
We rely on synonymous mutations only to account for the fact
that genes and TEs evolve under different selection regimes.
Specifically, we considered that a TE-TE hit resulted from HT
when its associated dS was lower than at least 99.5%of the dS values
measured for these core genes. In addition, we required the dS val-
ue to be below 0.5 (Zhang et al. 2020) to further ensure the recency
of the HTT events. Doing so, we retained 17,956,805 TE-TE hits
that are expected to result from relatively recent HTT (Fig. 1).
Examining these TE-TE hits, we determined that we could not con-
fidently distinguish HT from vertical inheritance between clades
separated by a median dS of BUSCO genes lower than 0.85 (see
SupplementalMethods; Supplemental Fig. S2A). Therefore, we dis-
carded TE-TE hits between these clades and defined such clades as
“species unit” (Fig. 2B).

To estimate the minimum number of independent HTT
events that could explain these patterns of elevated interspecific
TE similarity, we applied the approach developed in Zhang et al.
(2020) (Fig. 1). The method deals with the fact that a single HTT
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event can lead tomany TE-TE hits, due to TE replicationwithin ge-
nomes, and that fragmentation of TE copies into shorter sequences
may lead to overestimating HTT events. It also removes redundan-
cy in HTT counts by clustering likely identical HTT events recov-
ered in multiple species (Supplemental Fig. S4). This approach
yielded a minimum of 6043 independent HTT events among the
247 species (Fig. 2B; Supplemental Dataset S3). We stress that the
studied species may be only indirectly involved in these transfers,
as they likely inherited copies of TEs that were acquired or emitted
by more or less distant relatives or ancestors (Supplemental Fig.
S4). Transfers involve all 19 taxonomic groups and 85% of the in-
vestigated pairs of taxonomic groups, confirming that TEs have
undergone transfers throughout the animal kingdom, between
lineages separated by various divergence times.

Despite their high abundance in animal genomes, Class 1 TEs
onlymake up 13.66%of the total number of HTT events (Fig. 2), as
previously observed (Peccoud et al. 2017; Reiss et al. 2019; Zhang
et al. 2020). Among Class 2 TEs, Mariner-like and hAT-like
TEs make up the highest proportion of transfers (respectively,
37.12% and 30.18% of total transfers). Such a high number of
transfers for hAT-like TEs contrasts with earlier studies in insects
and vertebrates, in which Mariner-like TEs appeared to transfer
horizontally at a much higher rate than other TEs (Peccoud et al.
2017; Zhang et al. 2020). We believe that the higher number of
transfers for hAT-like TEs reported in the present study reflects bet-
ter TE annotation methods rather than differences in taxa compo-
sition (Supplemental Methods; Supplemental Fig. S5). Because the
number of TE copies in a genome is the product of incoming TEs
through horizontal transfer, persistence rate, and within-genome
transposition, we assessed whether different TE superfamilies dif-
fer in terms of their per-copy rate of transfer. Once normalized
(Fig. 2A), the per-copy transfer rates of Mariner-like and hAT-like
TEs (273.5 and 328.5 transfers per million copies, respectively)
are, in fact, lower than those of other TE superfamilies, such as
Academ, Ginger, and PiggyBac (638.9, 380.7, and 355.6 transfers
per million copies, respectively). Thus, the higher absolute num-
ber of transfers observed for Mariner-like and hAT-like TEs may
not reflect a higher propensity of their copies to horizontally trans-
fer but rather their abundance within genomes.

No evidence that aquatic habitats foster horizontal transfer

of transposable elements

Investigating factors that may affect HTT rates requires counting
transfers in a manner that is not affected by the number of sam-
pled taxa. The clustering method we used to estimate the minimal
number of horizontal transfer events in the whole data set does
not fulfill this requirement as it is more likely to detect HTT in
clades containing more species. To circumvent this issue, the
17,956,805 TE-TE hits that we selected as resulting from HTT
(see previous section) were clustered for each pair of species (see
Methods; Supplemental Dataset S4). This approach yielded a total
of 25,409 transfers summed over all pairs (Fig. 1). This number ex-
ceeds the one reported in the previous section because a same
event of horizontal transfer can be counted several times in differ-
ent pairs of related species (Supplemental Fig. S4). On the other
hand, HTT counts in a given species pair are not affected by HTT
detection in other pairs and are therefore also not biased by the
composition of sampled taxa. The detected transfers are distribu-
ted across 6054 species pairs, representing ∼25% of all the pairs in-
cluded in our search (Supplemental Dataset S5). Twenty-eight

species, belonging to seven taxonomic groups, were not involved
in a single HTT event (Supplemental Fig. S6).

To avoid any further bias that could be caused by our selec-
tion of different numbers of aquatic versus terrestrial species, we
developed a repeated random sampling approach. At each sam-
pling, we drew one species per taxonomic group and habitat
type, and we counted only the transfers detected among the sam-
pled species (Fig. 3A). Here, semiaquatic species were assigned
to the aquatic habitat because they develop in, or partially occupy,
the medium suspected to facilitate HTT. The difference between
the number of transfers in the aquatic and in the terrestrial species
was then computed for each of the 19 taxonomic groups, and the
median of this difference was calculated over the groups as an es-
timator of the overall effect of the habitat. Because these groups
represent independent habitat transitions, the estimator is not af-
fected by phylogenetic inertia. Thus, this median should only be
affected by differences in habitats, not by biological features specif-
ic to certain lineages (e.g., TE composition and genome size, which
may influence the arrival and retention rates of TEs). To derive a P-
value, this median was then compared to values of the equivalent
statistic generated through permutations under the null hypothe-
sis of absence of effect of the aquatic habitat (see Supplemental
Methods).We performed 1000 samplings of species and calculated
a P-value separately for each sampling. The distribution of the me-
dian difference in HTT rates (aquatic—terrestrial) obtained for the
1000 samplings was centered near zero (Fig. 3A), and only seven of
the 1000 samplings resulted in P<0.05 for more HTT in aquatic
habitats (Supplemental Fig. S8A). There is therefore no systematic
evidence nor even a trend suggesting more HTT in aquatic species
(Fig. 3A). We also obtained similar results when semiaquatic spe-
cies were removed (P< 0.05 in none of the samplings across the
11 taxonomic groups) (Supplemental Fig. S8B).

The absence of a trend for higher HTT rates in aquatic habitats
contrasts with the high rate of transfers measured in certain aqua-
tic taxa (Zhang et al. 2020). To investigate this apparent contradic-
tion, we checked our ability to measure the previously identified
excess of HTT in actinopterygians (ray-finned fishes) compared
to other vertebrates (Zhang et al. 2020). Applying the procedure
used in Zhang et al. (2020) to our data did reveal a similar excess
(Supplemental Fig. S9). Importantly, this excess does not consti-
tute evidence for a positive effect of the aquatic habitat on HTT,
because actinopterygians constitute a single clade subject to con-
founding factors and phylogenetic inertia. Furthermore, we as-
sessed whether the absence of higher HTT rates in aquatic versus
terrestrial habitats could reflect a higher rate of TE loss in aquatic
species but found no evidence for such an effect (Supplemental
Methods). We also tested our ability to detect the much-expected
positive influence of habitat similarity on horizontal transfer rates.
Such a correlation should naturally arise from the greater probabil-
ity of contact between organisms occupying similar habitats. For
this analysis, all aquatic habitats were considered “similar” to
each other and “different” from terrestrial ones (themselves con-
sidered similar to each other). We then compared the mean num-
ber of transfers per pair of species occupying similar habitats to
that measured per pair of species occupying different habitats.
To account for the confounding effect of species relatedness
on transfer rates, comparisons were restricted to pairs of species
that diverged from the same most recent common ancestors
(MRCAs). Importantly, transfers involving species pairs having dif-
ferent MRCAs should not result from the same underlying events
(Zhang et al. 2020) and can be considered independent in that
regard. Furthermore, mean transfer rates are not computed per
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species but per species pair in which HTT was studied indepen-
dently. Consequently, the analysis should not be affected by taxon
sampling. Among the 47 MRCAs that were amenable to this com-
parison, 32 (68%) showed a higher mean rate of HTT between spe-
cies occupying similar habitats (Fig. 3B). These MRCAs are

scattered across the phylogeny (Supplemental Fig. S7). Their pro-
portion significantly exceeds 0.5 (p∼0.009, one-tailed test), as-
suming independence of HTT rates measured in different
MRCAs. As opposed to the aquatic medium, habitat similarity
thus appears to generally foster horizontal transfers in animals.

Phylogenetic relatedness is a major

factor shaping horizontal transfer

of transposable elements

To globally assess how phylogenetic re-
latedness promoted HTT among metazo-
ans, we first grouped species pairs into
classes of additive divergence time
(“a.d.t.”, which is twice the age of their
last common ancestors). We then com-
puted the per-class proportion of spec-
ies pairs involved in at least one HTT
event. The result of this approach sug-
gests a strong impact of phylogenetic
distance: the proportion of species pairs
not involved in HTT showed a clear pos-
itive correlation with divergence time
(weighted Pearson’s r=0.69) (Fig. 4A).
Whereas roughly 60% of the pairs of
species separated by about 250 million
years (My) a.d.t. are not involved in any
HTT, the proportion reaches 90% for
the deepest times. Moreover, after re-
moving species pairs not involved in
HTT, the median number of HTT ap-
peared strongly negatively correlated
with divergence time (weighted Pear-
son’s r= –0.72) (Fig. 4A). These results
suggest that the tendency to transfer
more among closely related species may
be widespread among animals.

We next studied each species sepa-
rately in order to more precisely estimate
the prevalence of the effect across the
phylogeny. We adopted a modeling ap-
proach because it allowed us to explicitly
quantify the strength of the effect in each
species, rather than simply testing
whether an effect was present. The mod-
els were formulated in the Bayesian
framework, setting a regularizing prior
on the effect of divergence time to avoid
overfitting in species that are involved in
few transfers (seeMethods). For each spe-
cies, we fit a negative binomial regression
model of the number of transfers as a
function of the a.d.t. to each other spe-
cies (Fig. 5; Supplemental Fig. S6). As a
second covariate, ourmodels also includ-
ed habitat similarity, as defined in the
previous section, to help mitigate a po-
tential confounding effect.

Out of the 219 species involved in
transfers, 162 (∼74%) showed a confi-
dent negative effect, that is, a higher esti-
mated HTT rate with closely related

A

B

Figure 3. The effect of habitat on horizontal transfer of transposable elements. (Left) Principles of the
approaches explained using dummy phylogenetic trees composed of 12 species belonging to two tax-
onomic groups (a,b). Aquatic and terrestrial species are indicated with blue and green circles, respective-
ly. (Right) Results of analyses. (A) The effect of aquatic habitat. For each taxonomic group and habitat, one
species (circled in black) is randomly sampled and its total number of HTTwith the other sampled species
(here, three species) is calculated. The median of the difference of HTT counts between the aquatic and
the terrestrial species is then computed across all taxonomic groups. This sampling procedurewas repeat-
ed 1000 times to obtain a distribution of this median (right-hand histogram). (B) The effect of habitat
similarity. For species that diverged from the same common ancestor (MRCA), the mean number of
HTT events for a pair of species occupying similar habitats (represented by blue dashed lines) is compared
to that measured for a pair of species occupying different habitats (red dashed lines). This comparison
can only be made for the MRCAs numbered in red on the tree. Segments on the right-hand plot connect
both means, computed for 47 MRCAs numbered on the y-axis (see Supplemental Fig. S7 for their loca-
tions on the time tree). For clarity, only even MRCA numbers are shown. Blue and red segments denote
higher means for species pairs occupying similar and different habitats, respectively.
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species (Fig. 5; Supplemental Fig. S6). An effect is called “confi-
dent” when the 95% highest posterior density interval (HPDI) of
the regression coefficient of divergence time does not comprise
0. In contrast, only two species showed a confident effect in the
opposite direction, and the remaining species did not show any
confident effect. We note that the models are not mutually inde-
pendent, as the sameHTTevent could be counted in several closely
related species and because of potential phylogenetic inertia.
However, Figure 5 shows that the effect is widespread among al-
most all the metazoan groups studied, underlining its pervasive-
ness across animals. The nonindependence of the models also
prevents us from combining them into a single global model to es-
timate the average effect size. However, the results can be summa-
rized by characterizing the strength of the effect in a typical
species. Themanatee Trichechus manatus (ID 49) sits at themedian
across species regarding the strength of the phylogenetic effect and
is thus representative of the typical effect size (Fig. 4B). This species
is expected to present 9.63 times as many HTT events at 500 My
a.d.t. than at 1300 My a.d.t. (a range of divergence times that en-
compasses most of the observed events).

The effect of phylogenetic relatedness is the strongest in hov-
erflies (Syrphidae), inwhich the detected transfers were restricted to
this family (Figs. 2B, 4C). Numerous other species showed strong
effects (Fig. 4B–G). For example, for the actinopterygianAmia calva
(ID 1), the model predicted, on average, 22.21–92.02 transfers
(95% HPDI) with a species separated by 600 My a.d.t., but only

0.14–0.41 transfers at 1400My a.d.t. (Fig. 4D). Note that for all pre-
dictions, we fixed the habitat to be similar in each transfer tomake
sure that the estimates reflected divergence time alone. The species
involved in the highest number of HTT events (n=1675) is the
actinopterygian fish Erpetoichthys calabaricus (ID 14). Despite no
closely related species in the data set, as the sole polypterid (ID
14 on Figs. 2, 5), it is subject to a strong effect of phylogenetic re-
latedness (Fig. 4E).

Importantly, the phylogenetic relatedness effect is wide-
spread for both Class 1 and Class 2 elements (Supplemental
Methods; Supplemental Fig. S6). Nonetheless, in many species,
Class 1 TEs seem to show a stronger effect (see Supplemental
Methods; Supplemental Fig. S6). For example, in the moth
Dendrolimus kikuchii (ID 177), no HTT is detected past 216 My
a.d.t. for Class 1 elements, whereas Class 2 elements transfer be-
tween lineages separated by a much wider range of divergence
times (Fig. 4F). However, the low number of transfers of Class 1
TEs limits the power of ourmodeling approach, so that statistically
solid conclusions cannot be drawn regarding the relative strength
of the effect in the two classes.

A benefit of themodeling approach is its ability to predict the
number of transfers while keeping the divergence time fixed at a
value of our choosing. This enables fair comparisons of the HTT
rate between species that differ with regard to howmany close rel-
atives they have in the data set. Given the strength of the phyloge-
netic relatedness effect, we used this approach to retest the effect of
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Figure 4. Phylogenetic relatedness favors horizontal transfer of transposable elements. (A) Correlation between divergence time and (i) themedian num-
ber of HTT events per pair of species, excluding pairs not involved in HTT (orange circles, left y-axis, r=0.69), and (ii) the proportion of pairs of species in
which no HTT was inferred (turquoise 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.
wide and overlap by 50My a.d.t., using one species per species unit (Fig. 2B). Both correlation coefficients are weighted using the natural logarithm of the
number of species pairs composing each class, to account for more precise estimates when many species pairs compose the median or proportion (here,
the higher the a.d.t., the more species pairs are in the class of additive divergence time). Circles are horizontally located at the median divergence times
within classes. (B–G) Estimates from a negative binomial regression model of the number of HTT events in a focal species as a function of the divergence
time from “partner” species. IDs of the focal species are indicated in each panel; they correspond to tips in Figure 2B and their corresponding species names
can be found in Supplemental Dataset S1. The model estimates are provided with the assumption of shared habitat. In F, Class 1 and Class 2 TEs are mod-
eled separately. Semitransparent lines correspond to the expected number of HTT estimated from each of 36,000Markov chainMonte Carlo draws. Points
represent observed data and are slightly randomly shifted on the x-axis to minimize overlapping.
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aquatic habitat, this time controlling for species relatedness. For
each species, we estimated the expected number of HTT given a
partner species that shares the same habitat and is separated by
500My a.d.t. (Supplemental Fig. S10). We then calculated the me-
dian predicted number of HTT for each habitat type in each taxo-

nomic group (as detailed in the Methods section). No systematic
tendency for a higher HTT rate in either habitat was observed at
this phylogenetic distance (P=0.29, two-tailed paired t-test on
the natural logarithm of the counts, sample size = 17 pairs of taxo-
nomic groups). To summarize, neither the Bayesian models
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accounting for the effect of phylogenetic relatedness nor the pre-
vious approach accounting for phylogenetic inertia and sampling
bias could detect any evidence that aquatic habitat promotes HTT
between metazoans.

Finally, ourmodel also included habitat similarity as a predic-
tor (Supplemental Fig. S11). In accordance with our previous
results (Fig. 3B), a trend for greater HTT rates within similar habi-
tats emerged: Among the 219 species involved in HTT, 73%
showed higher HTT rates with species occupying similar habitats
(i.e., the median of the posterior distribution of the coefficient
was positive). However, the effect can be confidently called in
only 59 species (95% HPDI entirely above 0). The statistical evi-
dence for a widespread effect of habitat similarity is therefore
weaker than the evidence for the effect of phylogenetic
relatedness.

Discussion

We have estimated that the 247 metazoan species included in our
studywere involved in at least 6043 independent transfers of trans-
posable elements. This number is three to six times higher than
those reported in previous large-scale studies, despite including a
similar number of species (2248 transfers among 195 insects
[Peccoud et al. 2017] and 995 among 307 vertebrates [Zhang
et al. 2020]). Part of the difference could be attributed to the broad-
er phylogenetic scale of this study, which reduced the proportion
of pairs of species which are too related to identify HTT. Another
factor could be the improvements we achieved in HTT detection
(Supplemental Methods). One of these improvements consisted
in using the same, very large TE consensus library to annotate TE
copies in all genomes, instead of a smaller, specific library for
each species, as was done previously. Among other benefits, this
large database allowed annotating many more hAT-like elements
compared to our previous study (Supplemental Fig. S5; Zhang
et al. 2020), leading to the discovery that these TEs were horizon-
tally transferred at a rate similar to Mariner-like elements. When
expressing HTT numbers relative to TE copy numbers, Class 2
TEs remain much more frequently transferred among metazoans
than Class 1 elements, as already observed in insects and verte-
brates (Peccoud et al. 2017; Reiss et al. 2019; Zhang et al. 2020).
Among Class 2 TEs, however, Mariner-like and hAT-Like TEs ap-
pear to transfer at rates that are similar to other superfamilies.
The overall evolutionary success of these two families among
Class 2 TEs, as estimated by their number of copies, would thus re-
sult from a higher capacity tomultiply and persist in genomes, not
from greater rates of horizontal transfer.

Our results also highlight the importance of quantifying HTT
in a way that is amenable to hypothesis testing, which has histor-
ically been challenging. Rates of gene HT are elevated in marine
bacteria (McDaniel et al. 2010) and in marine unicellular eukary-
otes (Van Etten and Bhattacharya 2020), and aquatic habitats
have been repeatedly proposed as facilitating HT among eukary-
otes, based on ad hoc interpretations (Wang and Liu 2016;
Metzger et al. 2018; Galbraith et al. 2020; Gozashti et al. 2022,
2025; Hassan et al. 2024). There is also evidence supporting trans-
fers of natterin-like toxin encoding genes involving marine ani-
mals (Gacesa et al. 2020), and the only known case of gene HT
between vertebrates involves marine teleost fishes (Graham and
Davies 2021; Han et al. 2023). However, our study on 19 taxonom-
ic groups, representing independent transitions between aquatic
and terrestrial habitats along the evolutionary history of metazo-
ans, revealed no evidence that animal-borne TEs transfer more fre-

quently within compared to outside water. Because the sampling
procedure picked only one species per habitat and taxonomic
group at each iteration, it did not consider transfers within groups,
hence missing transfers between more closely related species.
However, we do not expect this limitation to affect our conclu-
sions, unless the effect of phylogenetic relatedness was stronger
for aquatic species than for terrestrial ones, causing them to be af-
fected disproportionately by our failure to consider transfers be-
tween very close species. Currently, we have no reason to believe
such a bias could be present. Thus, whereas previous observations
of HTT among aquatic species (Galbraith et al. 2020; Zhang et al.
2020; Gozashti et al. 2022, 2025) indicate high transfer rates with-
in certain specific aquatic taxa, they may not necessarily reflect a
general positive effect of the aquatic medium on HTT. In this re-
gard, the excess of HTT in teleost fishes observed here and previ-
ously (Zhang et al. 2020) would not result solely from their
aquatic lifestyle but from other features. One possibility is that ex-
ternal fertilization, used bymost fish lineages,may increase the ex-
posure of their germline genome to foreign DNA (Graham and
Davies 2021). In addition, teleost fishes harbor endogenous her-
pesvirus-like elements called Teratorn (Inoue et al. 2017). These el-
ements,which generally constitute a fusion betweenherpesviruses
(Alloherpesviridae) and Piggybac transposons, are able to multiply
in fish genomes, and their distribution in the fish phylogeny is
suggestive of recurrent cross-species transmission (Inoue et al.
2018; Inoue and Takeda 2023). Much like baculoviruses have
been suggested to foster HTT among lepidopterans (Gilbert et al.
2016; Reiss et al. 2019), Teratorn may have acted as vectors of
HTT among teleost fishes. The approach developed here could be
used to investigate whether patterns of Teratorn presence/absence
among teleost fishes, as well as other factors such as fertilization
modes, covary with HTT rates.

Regarding the effect of phylogenetic relatedness on HTT, our
modeling approach produced results at an unprecedented resolu-
tion by explicitly quantifying the strength of the effect and its var-
iability between lineages. The true effect may be even more
widespread and stronger than estimated by our models, as HTT
detection is negatively affected by taxon relatedness (Peccoud
et al. 2018) and was not even attempted between species that
were too closely related. In addition, more divergent species have
had more time to exchange TEs, producing an opposite phyloge-
netic effect, which is mitigated by the fact that we mostly recov-
ered recent transfers. Finally, the regularizing prior used biases
towards an underestimation of the effect size. The fact that closely
related lineages incur higher rates of HTT is consistent with studies
of other types of horizontal transfer, such as gene transfers among
viruses and prokaryotes, as well as cross-species transmission of vi-
ruses within ecosystems (Groussin et al. 2021; Sheinman et al.
2021; French et al. 2023;Wu et al. 2024). The effect of phylogenet-
ic relatedness can be explained by two factors: (i) a higher exposure
of recipient hosts to TEs coming fromclosely related species, due to
more frequent interspecific interactions (Venner et al. 2017); and
(ii) a higher probability that TEs persist in a newhost that is closely
related to their emitter, because they rely on host components
to transpose (Levin and Moran 2011; Peddigari et al. 2013;
Protasova et al. 2021). Our results support amoderate contribution
of the first factor, given that habitat similarity, hence, potentially,
engagement in more frequent interspecific interactions, induces
higher HTT rates, as found in bacteria exchanging genes (Popa
andDagan 2011; Dmitrijeva et al. 2024). Regarding the second fac-
tor, compatibility between TEs and recipient hosts may indeed
play a role in conditioning horizontal transfers, as previously
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proposed (Palazzo et al. 2017, 2019; Peccoud et al. 2017). Under
this hypothesis, our results suggest thatmolecular or physiological
compatibilities modulate horizontal TE transfer in most animal
lineages. Our findings also hint at a stronger effect of phylogenetic
relatedness for Class 1 TEs, in line with the higher reliance on host
factors of these TEs, compared to Class 2 TEs (Lampe et al. 1996;
Levin and Moran 2011; Peddigari et al. 2013; Palazzo et al. 2017,
2019; Protasova et al. 2021). Thus, although Class 1 TEs are more
numerous in genomes, their overall lower HT rate could, in part,
be explained by stronger interhost genetic barriers than for Class
2 TEs. To some extent, the lower rate of HTT detected here and
in earlier studies for Class 1 TEsmight partly be due to a highermu-
tation rate, as Class 1 TEs undergo error-prone reverse-transcrip-
tion. Higher mutation rates are expected to cause horizontally
transferred Class 1 TEs to exceed divergence thresholds used for
HTT detectionmore rapidly thanClass 2 elements. This could low-
er our power to detect ancient HTT events for these TEs compared
toClass 2 TEs. However, a study comparing daughter LINE 1 copies
to their progenitor sequence suggests that the error rate is rather
low during reverse-transcription (≃1 misincorporated nucleotide
per LINE 1 copy) (Gilbert et al. 2005). Furthermore, a lower HTT
rate for Class 1 compared to Class 2 TEs was measured in insects
(Peccoud et al. 2017). In that study, most detected HTT events oc-
curred relatively recently, that is, within the last 10 million years.
There is thus no reason to think that our ability to detect such re-
cent horizontal transfers of Class 1 TE would be lower between dis-
tantly related lineages than between closely related ones. Beyond
these general trends, our fine-scale approach revealed several atyp-
ical taxa, such as the polypterid fish Erpetoichthys calabaricus,
which show a particularly high rate of transfers, even with distant-
ly related species, and the syrphid flies, which did not show any
transfers with any other groups of animals. In-depth investigation
of these taxa might improve our understanding of the factors un-
derlying HTT.

In conclusion, our study has fundamental implications not
only for understanding the determinants that shape HTT but
also from a methodological viewpoint. If the taxonomic scale
and the structure of the phylogeny are not considered, differences
in HTT rates between taxa may simply reflect the varying propor-
tion of close relatives included in the data set. The strength of the
phylogenetic relatedness effect might make the analysis of other
predictors particularly challenging. This challenge should moti-
vate the development of novel statistical approaches to unravel
themechanisms that underlie, and the factors that shape, the hor-
izontal transfer of transposable elements.

Methods

Selecting genome assemblies

In the NCBI database, as of January 2022, we identified 19 taxo-
nomic groups for which genome assemblies were available both
for aquatic (or semiaquatic) and terrestrial animal species.
Whereas 17 of the 19 taxonomic groups contain both aquatic
and terrestrial species, the two remaining groups (fishes and
Palaeoptera) only comprise aquatic (or semiaquatic) species.

To limit computational workload and reduce pseudoreplica-
tion, we selected a single species per genus, the one comprising
the most contiguous genome assembly, as estimated by the N50
metric. We also selected a maximum of 10 genera per group
(except for fishes, for which we selected 15 genera), favoring taxo-
nomical diversity, a consistent assembly size, and a high N50.
This strategy yielded a data set of 247 animal species

(Supplemental Dataset S1), on which we built a dated phylogenetic
tree (Supplemental Methods; Supplemental Dataset S2). We ran
BUSCO v.5.4 (Manni et al. 2021) on the 247 genomes to assess their
completeness and to extract core genes for downstreamanalyses, us-
ing the most specific BUSCO data set for each genome (option -l,
Supplemental Dataset S1). See Supplemental Figure S12 for results.

Transposable element annotation

We de novo annotated TEs in the 247 genomes (Fig. 1;
Supplemental Fig. S1) with RepeatModeler v2 (Flynn et al. 2020)
using the option LTRStruct. Annotation failed on two genomes:
Trachelipus rathkii and Armadillidium vulgare. The TE consensus li-
brary of A. vulgarewas taken fromChebbi et al. (2019). We concat-
enated TE consensus sequences from the 246 species with those
obtained on 195 insects and 307 vertebrate genomes (Peccoud
et al. 2017; Zhang et al. 2020) and those from Repbase (Bao et al.
2015) (downloaded in February 2022), excluding SINEs, satellites,
and tandem repeats. Keeping only TE consensus sequences longer
than 300 bp and classified in a superfamily resulted in a single da-
tabase of 284,643 TE consensus sequences (223,414 of which are
available in Supplemental Dataset S7). Clustering this database
with MMseqs2 (Steinegger and Söding 2017), using options
–cluster-reassign, -c 0.8, and –min-seq-id 0.8, yielded 217,391 TE
consensus sequences. We used this large library to annotate TE
copies in all 247 genomes, using RepeatMasker with the options
-nolow, -no_is, -norna, and -engine ncbi (Smit et al. 2013). Using
a unique library helps annotating TEs in genomes where de
novo TE detection was less effective, either because of a lower ge-
nome quality or because the TE burst did not happen yet in the re-
cipient genome (Le Rouzic and Capy 2005). Copies, or fragments
of copies, shorter than 300 bp and those included in a higher-scor-
ingmatch by RepeatMasker were discarded. Doing so, we extracted
a total of 111,102,018 TE copies, or fragments of copies, from
the 247 assemblies. Although this approach is not an exhaustive
detection of TEs, it allowed to automatically recover most TE cop-
ies from all genomes, as reflected by TE contents listed in
Supplemental Dataset S1, which are similar to TE contents ob-
tained in previous studies. For example, we found that nearly
23% of the macaque genome is made of LINEs, a figure typical of
primate genomes. Furthermore, using BLASTN (Camacho et al.
2009), we confirmed that our library of TE consensus contains
members of TE families that were subjected to recent detailed char-
acterization and analysis such as DD34E, Hiker, and DD37D
(Supplemental Dataset S8;Wang et al. 2021, 2024; Shi et al. 2023).

Identifying hits resulting from horizontal transfer

To identify and count HTT events, we used the approach we devel-
oped previously (Zhang et al. 2020), towhich wemade a number of
improvements (see Supplemental Fig. S1; Supplemental Methods).
Reciprocal sequence similarity searches of extracted TE copies
were performed for the 30,313 pairs of species (see Supplemental
Methods). Filtering out alignments shorter than300 bp, withnucle-
otide sequence identity <75%, and with quality score <200 resulted
in 247,248,663 TE-TE hits (corresponding to 47,844,407 TE copies).
Of these, 97,187,587 hits involved a protein-coding region long
enough (≥300 bp) to calculate dS. To reduce the workload, redun-
dant hits were discarded (see Supplemental Methods). dS values be-
tween copies involved in the retained hitswere calculated following
Zhang et al. (2020).We then selected hits (n=17,956,805) whose dS
were <0.5 and lower than the 0.5%quantile of the distribution of dS
expected under vertical inheritance in the appropriate clade (see
Supplemental Methods).

Horizontal transfer of transposable elements

Genome Research 2019
www.genome.org

 Cold Spring Harbor Laboratory Press on June 10, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280432.125/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


Clustering of hits between transposable elements

We clustered selected TE-TE hits using the approach developed in
Zhang et al. (2020), with some improvements (see Supplemental
Methods). This approach considers two cases where several TE-
TE hits can result from the same HTT event. The first case is due
to TE duplication within genomes. For such hits, we expect the se-
quence identity between TE copies of different species to be lower
than the identity of TE copies in the recipient taxon. This criterion
allows clustering hits between two taxa, each taxon corresponding
to a species or a larger clade, depending on the analysis (see below).
In practice, any two hits whose sequence identity was equal to or
lower than the within-taxon identity of TE copies involved (for at
least one taxon) were connected to constitute a graph, on which a
clustering algorithm was applied (see Supplemental Methods).
This generates “communities,” ideally representing different
transfer events. A second case where a single HTT event can lead
to several hits is when annotated copies are fragmented. Our ap-
proach thus considers that TE-TE hits involving nonoverlapping
parts of the same TE would be erroneously assigned to two trans-
fers. Itmeasures protein sequence identity between TEs of different
communities to aggregate them into larger “hit groups” (see
Supplemental Methods).

This clustering scheme was used for two independent analy-
ses to (i) estimate the minimal number of HTT events across ani-
mals, and (ii) to count HTT events independently in each species
pair (Fig. 1). In the first analysis, clustering was applied in a two-
step procedure described in Zhang et al. (2020), where taxa corre-
spond to young clades (of <80 My) in the first step, then to deeper
sister clades in the second step (Supplemental Methods).
This yielded 55,156 “hit groups,” of which 17,973 were retained
after applying stringent filters to avoid false positives (see
Supplemental Methods; Supplemental Fig. S2). One of these filters
is based on the expectation that Class 2 TEs evolve neutrally
within genomes (nonautonomous copies can be transposed by
proteins encoded by others), whereas only autonomous TEs can
successfully transfer horizontally, inducing purifying selection
(Supplemental Fig. S3B; Zhang et al. 2020). It turns out that, for
species separated by a median dS of BUSCO genes lower than
0.85, the Class 2 TEs originally selected as resulting from HTT
showed a lower signal of purifying selection (higher dN/dS)
(Supplemental Fig. S2A). This pattern suggested that the diver-
gence of some TE copies belonging to genetically related species
(median dS of BUSCO genes <0.85) may not have involved hori-
zontal transfer. We therefore decided to ignore all HTT events
inferred in these species pairs. In the second analysis, the cluster-
ing scheme was applied on each species pair separately and com-
prised only one step. This yielded 96,908 “hit groups,” of which
25,409 were retained after applying the same stringent filters as
in the previous analysis. Retained “hit groups” can be found in
Supplemental Datasets S3 and S4 for the first and second analysis,
respectively.

Counting independent horizontal transfer events

Counting HTT events among more than two lineages must take
into consideration that a horizontal transfer between taxa A
and B and another between taxa A and C might lead to counting
a third transfer between taxa B and C, which never took place.
To avoid this, we applied the method detailed in Zhang et al.
(2020) on the 17,973 “hit groups,” which is illustrated in their
Supplemental Figure 8 (Zhang et al. 2020). Briefly, this method re-
lies on sequence identities between TE copies hosted by species
composing the different taxa to conservatively identify apparent
transfers that may be explained by others. These nonindependent

transfers were removed from counts and are not shown on
Figure 1.

Testing the effect of phylogenetic relatedness

To test the effect of phylogenetic relatedness on HTT rates, we fit-
ted a negative binomial regression model with a logarithmic link
to each species involved in at least one HTT (219 out of 247 spe-
cies). For clarity, we will refer to the species being modeled as the
focal species, and to the species with which there has been an
HTT event as the partner species. As the method is agnostic as to
the direction of the transfer, it counts both the events where the
focal species is the recipient as well as the ones where it is the
source of the transfer. The same HTT event could also be counted
several times if some of the partner species are closely related to
each other (Supplemental Fig. S4). To avoid this issue, we grouped
partner species that were too closely related into “units.”We chose
a relatedness threshold corresponding to an average dS of BUSCO
genes of <0.85. We considered such a unit as a single partner spe-
cies in the model, taking the median of the number of HTT events
between the focal species and such a group.

The likelihood was of the form:

nsp � NegativeBinomial(msp, fs),

lnmsp = b0s + b1s ∗ dsp + b2s ∗hsp,

where nsp is the number of HTT events for focal species swith part-
ner species (or species unit) p, µsp is the mean number of HTT
events expected for focal species s with partner species p, and ϕs
is the negative binomial shape parameter for this focal species.
β0s corresponds to the regression intercept in focal species s. β1s
is the regression coefficient for the divergence time dsp, and β2s is
the regression coefficient for shared habitat hsp (encoded as 1
when habitat is shared and 0 when it is not). Before modeling,
divergence times were centered and scaled by subtracting the
mean and dividing by the standard deviation, both computed
over the whole data set. β0s thus corresponds to the log number
of transfers expected in a given species when the divergence
time with the partner species corresponds to the mean of the
data set and habitat is not shared. Fairly loose priors were used
for the intercept (β0s∼Normal (0, 10)) and the shape (ϕs∼
Gamma (0.001, 0.001)), as well as the regression coefficient of
shared habitat (beta2s∼Normal [0, 3]). A stricter prior was used
for the regression coefficient of divergence time, (β1s∼Normal
(0, 1)), to help avoid overfitting and make conclusions more con-
servative. We used a weaker prior for the effect of habitat because
this predictor was included primarily as a potential confound for
phylogenetic relatedness and it was therefore more conservative
to risk overestimating the effect than to risk underestimating it.
We also fitted the models separately for Class1 and Class2 TEs
(Supplemental Methods). Each model was fitted in R 4.4.1 (R
Core Team 2024) with brms 2.21.0 (Bürkner 2017) using four
Markov chain Monte Carlo chains with 10,000 iterations per
chain, 1000 of which for warm-up. This yielded 36,000 post-
warmup draws per model. adapt_delta was set to 0.99 in the brm()
function. Rhat values did not exceed 1.01, indicating that the
chains converged successfully. Bulk and tail effective sample size
(ESS) values were at least 2000, suggesting that posterior estimates
are reliable. The rethinking 2.40 R package (McElreath 2020) was
used to calculate highest posterior density intervals. All ranges of
parameter estimates and posterior predictions that are presented
correspond to 95%HPDIs; that is, themodel gives 95% confidence
that the population parameter value is within the range.

To determine the median effect of the divergence time (see
Results), we used the brms posterior_epred() function to estimate
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the average number of HTT events expected at 500 My a.d.t., as
well as 1300 My a.d.t., for each species separately. This calculation
was performed for each post-warmup Markov chain Monte Carlo
draw, after which the median across the draws was taken.
Finally, the species medians at 500My a.d.t. were divided by those
at 1300My a.d.t. to obtain a fold difference, themedian ofwhich is
reported in the Discussion.

Data access

All the scripts used in this study were written in R (R Core Team
2024) and can be found in Supplemental Code S1 and at GitHub
(https://github.com/HeloiseMuller/HTvertebrates). All Supple-
mental Datasets are available at Zenodo (https://doi.org/10.5281/
zenodo.15297793). Supplemental Datasets S1, S2, S5–S8 are also
available as Supplemental Data. Legends for all Supplemental
Datasets can be found in the Supplemental Information file,
which also contains Supplemental Methods and Supplemental
Figures S1–S12.
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