s eLife

Reviewed Preprint
v1 e October 22, 2026

Not revised

For correspondence:

biosunyb@163.com
# These authors contribute equally

Competing interests: No

competing interests declared
Funding: See page 14

Reviewing editor: Diethard Tautz,
Max Planck Institute for Evolutionary

Biology, Germany

© 2026, Liang et al. This article is
distributed under the terms of the
Creative Commons Attribution
License, which permits unrestricted
use and redistribution provided that
the original author and source are

credited.

3'®

Scale dependence decouple life history
traits from transposable element
evolution in sauropsids

Yun Liang™#, Bin Zuo'#, Yan-Bo Sun"-2

Tstate Key Laboratory of Vegetation Structure, Functions and Construction, and Yunnan Key Laboratory of Biological

Adaptation, Conservation and Utilization, School of Ecology and Environmental Science, Yunnan University, Kunming,

China - 2Southwest United Graduate School, Kunming, China

eLife Assessment

The study provides an important empirical assessment of a non-adaptive hypothesis on
transposable element evolution grounded in population genetics principles. The results
suggest that the impact of genetic drift on transposable element amplification is not
global, but depends on the phylogenetic scale being considered and can be overwhelmed
by lineage-specific dynamics. The analyses are mostly appropriate, but currently
incomplete in some aspects. Former conclusions will require additional crosschecks.
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Abstract

The Mutational Hazard Hypothesis (MHH) predicts that reduced effective population size weakens
purifying selection and promotes transposable element (TE) accumulation. Because effective
population size is difficult to estimate across broad taxonomic scales, body mass, generation time,
and dN/dS are often used as proxies. We analyzed TE landscapes across 167 sauropsid genomes to
test whether these proxies predict genomic TE proportion consistently across phylogenetic scales.
All three showed strong scale dependence. Body mass was positively associated with TE
proportion across clades, but this relationship broke down within clades: only snakes retained a
significant negative Pearson correlation after multiple-testing correction, whereas the
corresponding phylogenetically corrected slopes were not significant. Generation time showed a
strong pooled association that disappeared within every major clade in both Pearson and PGLS
analyses. The pooled dN/dS-TE relationship also disappeared after accounting for body mass and
generation time in a structural equation model, with a robust within-clade association retained
only in turtles. Lineage-specific TE dynamics, including LTR expansion in sea snakes, were not
captured by these proxies. These results show that commonly used MHH proxies mainly reflect
clade-level structure rather than consistent within-lineage mechanisms.

Impact statement

Apparent links between life-history traits and transposable element accumulation across
sauropsids arise largely from between-clade differences rather than consistent within-lineage
mechanisms.

Introduction

Evolutionary biology has long debated whether microevolutionary processes operating within
populations can explain macroevolutionary patterns observed across deep phylogenetic
timescales (Erwin, 2000%; Gould, 19807 ; Rolland et al., 20237 ; Simpson, 1944 ). In comparative
genomics, this issue often emerges when cross-species correlations between traits and genome
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features are interpreted as evidence for within-lineage evolutionary mechanisms. This
interpretation implicitly assumes that microevolutionary processes scale up seamlessly to
macroevolutionary patterns. If this assumption fails, such as when the relationship differs
between the pooled cross-species level and within individual clades, the resulting inference can be
misleading. This statistical manifestation of the macroevolution-microevolution gap is known as

Transposable elements (TEs) evolution provides an ideal case study for examining this gap. TE
proportions vary dramatically across vertebrate lineages, from low levels in most bird genomes,
typically around 4-10%, to more than 50% in some non-avian reptiles (Pasquesi et al., 2018 (%;
Sotero-Caio et al., 2017 (%). Mutational Hazard Hypothesis (MHH) (Lynch, 2007 &) offers an
explicitly microevolutionary explanation for this variation, proposing that TE accumulation is
largely a nonadaptive consequence of relaxed purifying selection in lineages with small effective
population sizes (Ne). Because Ne is difficult to measure directly across broad taxonomic scales,
comparative studies often operationalize the MHH using life-history proxies, most commonly body
mass, under the assumption that larger-bodied species have smaller Ne (Lynch, 20077 ; Lynch &
Conery, 20032 ; Marino et al., 2025 ). While the underlying logic operates at the population level,
where variation in Ne should drive differences in selection efficiency against TE insertions,
empirical tests typically rely on species-level averages of body mass and genome-wide TE content,
creating a potential scale mismatch between the proposed mechanism and the evidence used to
test it.

Empirical support for this prediction remains inconsistent across studies. At the broadest
phylogenetic scale, a comparative analysis of 807 animal species found no evidence that proxies of

life-history traits that differ substantially among lineages, including a particularly unexpected
pattern in birds (Figuet et al., 2016 (%). At the population level, experimental evolution in
Drosophila has shown that spatially variable purifying selection can shape the genomic
distribution of P-element insertions (Langmuller et al., 2023 @), but whether this fine-scale process
scales up to explain species differences in total TE burden remains unresolved. These studies span
different phylogenetic breadths, rely on different proxies for selection, and operate at different
biological scales, echoing a broader problem in connecting microevolutionary processes to
macroevolutionary patterns (Rolland et al., 2023 ). Collectively, they point to a structural problem
where the relationship between selection and TE accumulation may depend on the phylogenetic
scale being examined. However, comparative genomic studies rarely test whether a given
predictor-TE association holds consistently within clades, or whether pooled correlations are
driven mainly by between-clade differences. This issue becomes particularly acute when clades
differ systematically in both life-history traits and TE content, creating conditions under which
pooled correlations may arise from compositional differences rather than from repeated within-
lineage evolutionary processes.

Sauropsids, comprising squamates, turtles, crocodilians, the tuatara, and birds, provide an ideal
system for examining this problem directly. The major sauropsid lineages differ markedly in mean
body size, generation time, and TE content (Bird et al., 2020 2; Mancini et al., 2025 3; Moura et al.,

approximately 10% of the genome, although lineage-specific expansions have resulted in TE
content reaching approximately 30% in some Piciformes (Gao et al., 2017 &3; Manthey et al.,
2018(%; Zhang et al., 2014 (%). In contrast, squamate genomes show highly variable repeat content,

ranging from approximately 25% to 73%, reflecting a dynamic repeat landscape (Pasquesi et al.,

7). For instance, interspersed repeats and TEs account for approximately 38% of the genome
in crocodilians (Green et al., 2014 ; Wan et al., 2013). Importantly, these clade-level differences
in life-history traits and TE content are not randomly distributed. Birds are consistently
characterized by compact genomes and relatively short generation times, whereas squamates
span the widest range in both body mass and repeat content. This systematic co-variation among
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clade identity, life history, and TE landscape creates conditions for between-clade patterns to
dominate pooled analyses, potentially masking or reversing within-lineage relationships.
Furthermore, the availability of whole genomes spanning all major lineages makes it possible to
conduct both pooled and within-clade analyses using a single, internally consistent dataset. This
avoids the confounding effects of comparing results across studies with different taxon sampling,
analytical methods, and TE annotation pipelines.

In this study, we analyzed TE landscapes across 167 sauropsid genomes to address four main
questions. First, we investigated whether the relationship between body mass and TE content
changes when analyses are partitioned by clade rather than pooled across all species. Second, we
examined the relative contributions of generation time, body mass, and dN/dS to TE variation after
distinguishing between-clade and within-clade components. Third, we tested whether dN/dS,
which is often treated as a direct measure of selection efficiency, exhibits scale dependence
comparable to that of life-history proxies. Finally, we used structural equation modeling (SEM) to
evaluate whether dN/dS retains an independent association with TE content after accounting for
intercorrelated life-history effects, or whether it primarily recapitulates clade-level variation. By
explicitly testing for scale dependence in TE-trait associations, this study aims to provide
substantive insights into sauropsid genome evolution and offer methodological cautions for future
comparative genomic research.

Results

High-quality genomic resource and phylogenomic framework

We compiled 215 sauropsid genomes and retained 167 genomes representing all major sauropsid
lineages, including Squamata, Rhynchocephalia, Testudines, Crocodylia, and Aves. Among these,
149 genomes met our primary quality criteria with BUSCO completeness at or above 85%. An
additional 18 avian genomes with lower completeness (56.8% to 84.2%) were included to improve
phylogenetic representation (Table S1%). We compiled species trait data including maximum

following recent generation-length modelling in amphibians and reptiles and broader evidence
that body size, climate, and island occurrence covary with life-history pace (Healy et al., 2014(#;
Mancini et al., 2025 @ ; Novosolov et al., 2013 & ; Stark et al., 2018 ).

Lineage-specific TE landscapes and phylogenetic signal

TE proportion varied substantially across the 167 sauropsid genomes, ranging from 6.21% to
54.02% (Table S4 ). Mean TE proportion differed markedly among major clades, being highest in
Testudines (49.05%) and lowest in Aves (10.47%). Genome size ranged from 1.30 to 4.27 Gb in non-
avian reptiles and from 1.02 to 1.25 Gb in birds. Across all sampled species, TE proportion was
strongly correlated with genome size (r = 0.76, p < 2.2 x 1016, Figure 1—figure supplement 1),

indicating that TE burden is a major contributor to genome-size variation in sauropsids.

TE composition was also strongly clade-specific (Figure 12 ; Figure 1—figure supplement 2(2).
LINEs were particularly abundant in Serpentes (15.66%-28.74%), whereas DNA transposons were
enriched in Testudines and Crocodylia (15.29%-26.29%). Hydrophis sea snakes additionally
showed markedly elevated LTR proportion (mean 21.05%), with most LTR accumulation
concentrated within the 0%-10% Kimura-divergence range (Figure 1—figure supplement 3). In
contrast, birds exhibited low total TE proportion (mean 10.47%) and generally streamlined repeat
landscapes. Similar lineage-specific and dynamic repeat landscapes have been reported in snake
genomes and across squamate reptiles (Castoe et al., 20112 ; Pasquesi et al., 2018(%).

Low-divergence TE copies with Kimura divergence <5%, used here as an approximate indicator of
recent TE accumulation (Palacios-Gimenez et al., 2020 (%), similarly showed pronounced lineage-
specific patterns (Figure 12 ; Table S5 ). Recent LINE accumulation was prominent in squamates
(average 3.28%). Hydrophis species showed particularly high levels of both low-divergence LINEs
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Figure 1. Phylogenetic tree and TE dynamics across reptilian lineages.

From inner to outer rings: (1) The bubble plot illustrates genome size variation, where larger and darker-colored bubbles
indicate greater genome sizes. (2) Stacked bar chart delineates repetitive sequence and TE proportions. (3) Secondary
stacked bar chart breaks down TE class composition. (4) Tertiary stacked bar chart specifies TE class distribution among
recent insertions (divergence < 5%). SINEs, LINEs, LTRs, and DNA transposons are classified as major TE classes.
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(mean 5.96%) and LTRs (mean 6.86%). In stark contrast, Crocodylia, Pythonidae, and birds
contained relatively few low-divergence TE copies. This paucity is consistent with lineage-specific
genomic contexts reported previously, including exceptionally slow genome evolution in
crocodilians (Green et al., 2014 2), low identifiable repeat content in python relative to some other
snakes (Castoe et al., 2011 @), and efficient DNA removal contributing to compact avian genomes
(Kapusta et al., 2017 @). More generally, lineage-specific differences in host defence, including
piRNA-mediated TE silencing, may also contribute to variation in recent TE activity, although this
mechanism was not directly tested here (Ozata et al., 2019).

All major TE classes exhibited strong phylogenetic signal (Pagel’s A = 0.95-0.99; Ta
Ancestral state reconstruction similarly identified distinct lineage-specific trajectories, including
increased LINE content in snakes, increased LTR content in marine snakes and turtles, and
reductions across major TE classes in birds (Table S72; Figure 1—figure supplements 4-8@).
These results demonstrate that variation in TE abundance and composition is deeply structured by
shared evolutionary history, motivating explicit separation of between-clade and within-clade
relationships in subsequent analyses.

Scale-dependent reversal of the body mass and TE relationship

A cross-clade correlation analysis across 167 sauropsid species revealed a positive relationship
between body mass and TE proportion (r = 0.213, p = 0.0056; Figure 2a @ and Table S8 ). This
initial result suggested that larger species might carry a higher TE proportion. However, this
apparent trend actually stems from pronounced compositional disparities among major clades.
Testudines and Crocodylia are not only massive in size (mean body mass 52.83 kg and 472.64 kg,
respectively) but also possess high TE proportion (mean TE 49.05% and 43.18%, respectively),
whereas birds are small in size (2.17 kg) and possess low TE proportion (mean TE 10.47%). When
the analysis was restricted to individual clades, the pooled positive relationship broke down, with
a robust negative correlation in Serpentes and nominal negative trends in Aves, a pattern
consistent with Simpson’s paradox rather than evidence for a universal within-clade relationship
(Figure 2c @ and Tables S9 and S10(®2).

This reversal was particularly pronounced within Serpentes (n = 50), where body mass showed a
strong negative correlation with TE proportion (r =-0.481, nominal p = 0.0004, BH-adjusted p =
0.0025). The corresponding PGLS slope was also negative (f = -0.0169, nominal p = 0.0490), but it
did not remain significant after BH correction (BH-adjusted p = 0.1469). Importantly, this negative
within-clade pattern is unlikely to be explained solely by genome-size fluctuation. For example,
the 197.7 kg Python bivittatus contains only 26.19% TE, whereas the diminutive 70.8 g Pareas
berdmorei snake possesses a TE proportion as high as 46.63%. Despite a 2,790-fold difference in
body mass, their overall genome sizes are remarkably similar (~1.44 Gb vs. ~1.85 Gb,
respectively), meaning the absolute TE payload in P. berdmorei is nearly twice that of the giant
python. Consistent with this, univariate PGLS models incorporating absolute TE amount showed
that body mass fails to provide a stable, independent positive predictor for absolute TE burden
across sauropsids (coefficient = -0.0164, p = 0.0858; conditionally negative when controlling for
genome size, coefficient = -0.0107, p = 0.0364) (Table S11@).

Similar negative or null within-clade patterns exist in other clades. Birds (n = 31) showed negative
nominal associations in both analyses (Pearson r =-0.380, nominal p = 0.0348; PGLS f = -0.0378,
nominal p = 0.0226), but neither association remained significant after BH correction (Pearson BH-
adjusted p = 0.1044; PGLS BH-adjusted p = 0.1355). Crocodilians (n = 5) also displayed a negative
trend (r =-0.557, p = 0.330; PGLS S =-0.046, p = 0.360), though it was statistically insignificant due
to the small sample size. Turtles, lizards and geckos showed no significant correlation. The
significant reversal in Serpentes, together with the disappearance of the pooled positive
relationship in the remaining clades, is consistent with a Simpson’s paradox-like aggregation effect
reflect a universal within-clade mechanism directly linking large body size to TE accumulation.
Rather, it reflects a scale-dependent aggregation effect arising from phylogenetic structure and
compositional differences among clades.
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Figure 2. A Simpson’s Paradox in sauropsid TE evolution.

(a) Cross-clade scatter plot of log10-transformed body mass versus TE proportion for all 167 sauropsids, colored by clade. The
pooled Pearson correlation is positive (r = 0.213). (b) Results of the segmented structural equation model. Fisher’s C = 2.715, p
=0.607; Chi-squared = 1.158, p = 0.56. The black solid line represents a positive correlation, the red solid line represents a
negative correlation, the gray line represents no correlation, and the thickness of the line represents the degree of
correlation. TE proportion and dN/dS jointly explain 54% of the variation in genome size (R2 = 0.54). Weight explains 31% of
the variation in generation time (R2 = 0.31). The explanatory degree of dN/dS is (R2 = 0.05), and the explanatory degree of TE
proportion is (R2=0.01). (c) Forest plot presenting the results of person-related correlation analyses of body mass and TE
proportion in each group. (d) Forest plot presenting the results of person-related correlation analyses of generation time and
TE proportion in each group. (e) Forest plot presenting the results of person-related correlation analyses of dN/dS and TE
proportion in each group.

Liang, Zuo et al., 2026 eLife 15:RP112906. https://doi.org/10.7554/eLife.112906.1 6 of 22


https://doi.org/10.7554/eLife.112906.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/genetics-genomics

= eLife

Genetics and Genomics

Generation time tracks cross-clade TE variation but shows signal
collapse within clades

We next examined generation time, a core life-history trait that is often assumed to relate more
directly to TE dynamics because it influences the number of reproductive cycles per unit
evolutionary time. Across 167 sauropsid species, generation time was positively correlated with TE
proportion (r = 0.517, p < 0.0001) (Table S8 @ and Figure 2—figure supplement 1 @). When major
clades were ranked by mean TE proportion, the ranking broadly tracked their average generation
time: Testudines (29.04 years; 49.05% TE) > Crocodylia (23.0 years; 43.18% TE) > Serpentes (9.08
years; 41.25% TE) > Gekkota (5.03 years, 34.64% TE) > Lizards (5.9 years, 34.35% TE) > Aves (6.28
years; 10.47% TE). Although this macroevolutionary gradient was not perfectly monotonic for
generation time, it clearly indicates that generation time captures a broad cross-clade
macroevolutionary signal of TE accumulation. The most notable deviation from this trend occurs
in birds, which maintain highly streamlined genomes and atypically low TE burdens despite
having generation times comparable to those of small squamates.

To further evaluate the relative contributions of generation time, body mass, and dN/dS to TE
accumulation, we used piecewise structural equation modeling (SEM; Figure 2b @ and Table 1®@).
In the SEM, generation time remained significantly positively associated with TE proportion (8 =
0.089, p = 0.024), indicating that this cross-clade signal persisted after accounting for body mass
and dN/dS. Body mass showed a significant negative direct effect on TE proportion (8 =-0.106, p =
0.015), while also being positively associated with generation time (S = 0.480, p < 0.001). In
contrast, dN/dS did not significantly predict TE proportion in this model (8 = 0.034, p = 0.180).

However, analyses based on absolute TE amounts revealed that this cross-clade signal is largely
indirect and deeply intertwined with genome-size dynamics. In our pooled absolute-TE PGLS
models, log10 generation time alone did not significantly predict log10 absolute TE amount
(coefficient = 0.0324, p = 0.311). When log10 genome size was included as a covariate, the
generation-time coefficient was further reduced and remained non-significant (coefficient =
independently explain absolute TE amount once genome-size variation and phylogenetic non-
independence are taken into account.

Furthermore, the generation time signal proved strongly scale-dependent. When generation time
and TE proportion were analyzed separately within each major clade, the positive cross-clade
signal was not consistently retained. Aves showed nominally significant negative associations in
both the Pearson analysis (r =-0.383, nominal p = 0.0336) and PGLS (5 = -0.295, nominal p = 0.0328),
but neither remained significant after BH correction (BH-adjusted p = 0.2016 and 0.1966,
respectively). No major clade retained a significant generation-time association after multiple-
testing correction (Figure 2d @ and Tables S9 and 510 (). Unlike the body mass-TE relationship,
this pattern does not represent Simpson’s paradox, because there was no consistent reversal in
direction between pooled and within-clade analyses. Instead, it represents a form of signal
collapse: a strong cross-clade association disappears entirely at the within-clade scale. Thus,
generation time does not drive an independent, universal microevolutionary accumulation of TEs;
rather, it serves as a macroevolutionary correlate of broader covariation among life history,
genome size, and deep-time lineage divergence.

Clade-specific heterogeneity in the dN/dS and TE relationship

Although dN/dS did not independently predict TE proportion in the SEM, it is commonly used as a
molecular proxy for the efficacy of purifying selection. We therefore further examined whether
the relationship between dN/dS and TE proportion remained consistent across phylogenetic scales.
Using a matched dataset of 150 species (FitMG94-derived), we recovered a strong positive pooled
cross-clade correlation between TE proportion and dN/dS (r = 0.616, p < 0.0001; n = 150; Table S8 4

and Figure 2—figure supplement 22), superficially supporting the expectation that lineages under
weaker purifying selection accumulate more TEs.
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Response Predictor Estimate Std.Error DF Crit.Value P.Value Std.Estimate
Genome size TE proportion 0.5991 0.1093 150  5.4809 0.0000 0.5991 *%**
Genome size dN/dS 0.077 0.0342 150  2.2489 0.0260 0.077*
Generation

time Body mass 0.4799 0.0807 150  5.9442 0.0000 0.4799%**
dN/dS Body mass -0.2633 0.139 150  -1.8939 0.0602 -0.2633
dN/dS Generation time  0.0117 0.1272 150  0.0922 0.9267 0.0117

TE proportion ~ Generation time  0.0893 0.0392 150  2.2812 0.0240 0.0893*

TE proportion  dN/dS 0.0342 0.0254 150  1.3472 0.1800 0.0342

TE proportion  Bod ymass -0.1063 0.0433 150  -2.4524 0.0154 -0.1063*

Table 1. Structural equation model results.

Overall goodness-of-fit: Fisher's C = 2.715 (p = 0.607), Chi-squared = 1.158 (p = 0.56), meeting the goodness-of-fit criterion (p >
0.05). The model explained 54% of the variance in genome size, 31% of the variance in generation time, and smaller amounts
of variance: 5% for dN/dS and 1% for TE proportion. All coefficients have been phylogenetically corrected. Significance codes:

0 “***' (0,001 ‘**' 0.01 '*" 0.05.
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However, much like body mass and generation time, this proxy exhibited strong scale dependence
and was closely entangled with genome-size dynamics (Figure 2e @ and Tables S9 and S10 ).
Within-clade analyses revealed strong clade-specific heterogeneity. Only Testudines retained a
significant association after multiple-testing correction (Pearson r = 0.674, nominal p = 6.09 x 1075,
BH-adjusted p = 0.0004; PGLS f = 0.804, nominal p = 0.0016, BH-adjusted p = 0.0095; n = 29). No
significant association was retained in Aves, Serpentes, Lizards, Crocodylia, or Gekkota after BH
correction.

When transitioning to absolute TE amount, a univariate PGLS initially showed a positive
association with dN/dS (coefficient = 0.408, p = 0.0357). However, introducing log10 genome size as
a covariate substantially reduced the dN/dS coefficient, but did not eliminate the association
(coefficient = 0.0747, p = 9.54 x 1075) (Table S11%). These results indicate that the pooled dN/dS-TE

relationship is strongly shaped by genome-size dynamics, although a weak residual positive
association with dN/dS remains.

Taken together, these integrated analyses demonstrate that cross-clade correlations between
biological proxies (body mass, generation time, dN/dS) and TE burden are confounded by
phylogenetic structure and genome-size variation. None of these proxies provides a universal,
clade-consistent explanation for TE accumulation across sauropsids.

Discussion

Analyses of 167 sauropsid genomes show that pooled cross-clade TE correlations do not
necessarily hold within major clades. Cross-clade correlations can reveal broad
macroevolutionary patterns, but they do not automatically represent within-clade evolutionary
mechanisms. Body mass, generation time, and dN/dS therefore appear to capture broad among-
clade differences in TE proportion, but they do not provide scale-consistent predictors of within-
clade TE variation in Sauropsida. Crucially, these life-history traits often covary with genome size
baselines at the macroevolutionary scale, masking lineage-specific dynamics of TE accumulation.
Therefore, research should shift focus from broad life-history associations to the actual lineage-
specific mechanisms driving intra-clade TE variation.

Life-history proxies show scale-dependent and non-independent
effects

Our results indicate that body mass and generation time are positively correlated with TE
proportion at the whole-dataset scale. Larger-bodied species tend to exhibit longer generation
times, lower fecundity, and delayed sexual maturity. Thus, at the inter-clade scale, body mass and
generation time may jointly reflect a macroevolutionary background often associated with
reduced long-term effective population size (Ne) and an increased probability of TE retention.
According to the generation time hypothesis (Lewin et al., 2025 ; Thomas et al., 2010 2), species
with shorter generations typically undergo more germline replication cycles per unit time,
potentially increasing replication-associated mutations. However, TE load is not merely a product
of the de novo insertion rate. It represents the net outcome of new insertions, deletions, epigenetic
silencing (Almeida et al., 2022 (@), and purifying selection (Langmdiller et al., 2023 @).
Consequently, the positive correlation observed at the inter-clade scale is more appropriately
interpreted as a macroevolutionary baseline of long-term TE retention rather than a direct
mechanistic driver.

Crucially, this inter-clade trend collapses at the intra-clade level. Within specific clades, the
opposing forces of generation time likely counteract each other. While longer generations reduce
replication cycles and novel insertions, they also associate with smaller Ne and weaker purifying
selection. Furthermore, intra-clade TE variation is more likely driven by TE family bursts at
specific nodes or horizontal transfers within specific lineages rather than gradual life-history
shifts. For example, Copia and Gypsy LTR elements in Hydrophis curtus expanded independently
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at approximately 7 Ma and 12 Ma, respectively (Peng et al., 2020 ), while Aipysurus laevis
experienced multiple horizontal transfer events of LINEs following its marine transition (Galbraith
etal., 2020@).

The scale dependency was most pronounced for body mass, with negative estimates concentrated
in snakes and birds. However, after BH correction, only the Pearson association in snakes
remained significant; the bird associations and all within-clade body-mass PGLS slopes were not
statistically significant. In snakes, previous studies have revealed highly differentiated repetitive
landscapes where larger-bodied (e.g. Pythonidae) paradoxically contain fewer identifiable repeats
(Ahmad et al., 2021 ). This indicates that divergent histories of TE amplification and deletion
rates override the effects of body mass. In birds, the nominal negative trend, which did not remain
significant after BH correction, may be linked to genomic constraints associated with flight. The
high metabolic rates and small cell sizes associated with powered flight are thought to constrain
genome size, thereby limiting repeat expansion and shaping avian retrotransposon composition (Ji
& DeWoody, 2016 ). Therefore, the lower TE proportions in larger-bodied birds likely reflect an
integrated suite of physiological and genome size constraints rather than a simple body mass
effect.

Limits of dN/dS as a proxy for TE accumulation

The dN/dS ratio is widely used as a molecular proxy for the efficacy of purifying selection. While
FitMG94-derived dN/dS showed a significant positive correlation with TE proportion across the
entire dataset (r = 0.616, p < 0.0001), superficially supporting the Mutational Hazard Hypothesis
(MHB), this relationship weakened under multivariate and scale-explicit scrutiny. In the structural
equation model (SEM), dN/dS failed to independently predict TE proportion after accounting for
body mass and generation time. Furthermore, within-clade analyses showed that the TE
proportion-dN/dS relationship remained significant after BH correction only in turtles in both
Pearson and PGLS analyses, whereas no association was retained in the other major clades. These
results indicate that dN/dS is not a universal, clade-consistent predictor of TE proportion across
sauropsids.

Existing theoretical frameworks suggest that reduced Ne compromises the selective removal of
weakly deleterious TE insertions (Bourgeois & Boissinot, 2019 % ; Lynch & Conery, 20032 ; Mérel et
5). However, large-scale comparative studies increasingly suggest that Ne alone does not
stably explain long-term variation in genome size or TE content (Marino et al., 2025 (%). For
instance, according to the nearly neutral theory, larger-bodied, longer-lived birds should possess
smaller Ne and experience reduced purifying selection, which would manifest as elevated dN/dS
values; yet, this expected trend is not observed (Figuet et al., 2016 ). This highlights that the
theoretical link between life-history-mediated selection efficacy and dN/dS is not universally
conserved across deeply diverged amniote lineages.

The results from crocodilians further underscore the limitations of using dN/dS as a standalone
predictor for TE accumulation. Despite sharing trait profiles typically associated with relaxed
selective constraints, such as long generation times, slow life histories, and high overall TE
content, crocodilians exhibit no significant dN/dS-TE association within their clade. While this null
result may be partly attributable to limited sample sizes and a narrow range of intra-clade
variance, a plausible biological explanation lies in the exceptionally slow genomic evolution of
crocodilians. Genomic studies have highlighted that crocodilian exhibit exceptionally slow
evolutionary rates across multiple dimensions, including nucleotide substitutions, indels, TE

covariation between dN/dS and TE proportion.

In summary, the apparent positive cross-clade correlation between dN/dS and TE proportion is
best interpreted as a scale-dependent macroevolutionary association rather than direct evidence
for a universal mechanism of relaxed purifying selection driving TE accumulation. Conversely, the
association that remained significant after multiple-testing correction uniquely in turtles more
likely represents a case of historical covariation rather than a ubiquitous mechanistic rule.
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Methodological Insights in Comparative Genomics

Previous comparative studies have typically employed global PGLS models or pooled correlations
to examine the TE-trait relationships (Felsenstein, 1985 Ji et al., 20227 ; Lartillot & Poujol,
20102 ; Marino et al., 20252 ; Mérel et al., 2025 % ; Szitenberg et al., 2016 3 ; Wu & Lu, 20192).
While these methods provide an important framework for identifying macroevolutionary
patterns, a critical issue must be explicitly acknowledged: cross-clade correlations do not
necessarily equate to within-clade mechanisms. Although PGLS corrects for phylogenetic non-
independence among species caused by shared ancestry, a single global PGLS model still estimates
an average slope across the sampled phylogeny and may obscure heterogeneity among major
lineages. Our within-clade PGLS estimates were often directionally consistent with the Pearson
correlations, but the statistical support was substantially weaker after multiple-testing correction.
No body-mass or generation-time PGLS association remained significant after BH correction,
whereas the dN/dS association was retained only in Testudines, indicating that phylogenetic
correction alone does not restore a universal relationship between MHH-related proxies and TE
proportion. Together, these results reinforce the absence of scale-consistent relationships across
clades, while identifying a single robust clade-specific dN/dS signal in Testudines. Relying solely on
global correlations or single-slope PGLS models therefore risks interpreting historical baseline
differences among clades as evidence for universal mechanisms.

Future comparative genomic studies must prioritize slope heterogeneity and scale consistency.
Researchers should routinely report within-clade slopes and explicitly test for predictor-by-clade
interactions. More importantly, future studies should not rely on TE proportion alone. Because TE
proportion is a ratio determined jointly by absolute TE length and total genome size, it is
inevitably coupled to genome-size dynamics. Comparative genomic analyses should therefore also
incorporate absolute TE abundance in base pairs or megabases and treat total genome size as a
key genomic constraint. Finally, distinguishing between long-term retention and recent expansion
requires high-resolution metrics such as TE age structure (Kimura divergence) and family-specific
analyses, shifting the field’s focus toward the actual epigenetic and genomic defense mechanisms
that shape lineage-specific evolution.

Materials and Methods

Data collection and genome completeness assessment

Genome assemblies of sauropsids were obtained from the National Center for Biotechnology
Information (NCBI), the National Genomics Data Center (NGDC), and the Bird Genome 10K Project
database (B10K). The dataset spans the major sauropsid lineages, including Squamata (lizards,
snakes, and geckos), Rhynchocephalia (Sphenodon punctatus), Testudines (turtles), Crocodylia
(crocodilians), and Aves. A total of 215 candidate genome assemblies were initially collected.
Genome quality was evaluated using two complementary metrics: (1) completeness, assessed
using BUSCO v5.5.0 (Seppey et al., 2019 @) with the vertebrata_odb10 dataset (Kriventseva et al.,

continuity, measured by scaffold N50 and contig N50 statistics. Assemblies with BUSCO
completeness >85% were generally retained, and this threshold was met by 149 species. To
preserve broad phylogenetic representation of Aves, an additional 18 avian assemblies with
BUSCO completeness of 56.8-84.2% were retained and explicitly identified in Table S1 . Scaffold
N50 and contig N50 were used as descriptive measures of assembly continuity rather than as
independent exclusion criteria. The final dataset comprised 167 sauropsid species for downstream

analyses.

Species specific trait data were compiled from several authoritative databases and literature
sources. These data were obtained from the Reptile Database (MUetz et al., 2024 %), Animal
Diversity Web (Myers et al., 2024 (@), the IUCN Red List, and peer-reviewed studies (Bird et al.,

20203 ; Moura et al., 2024 (% ; Oskyrko et al., 2024 ). For 21 species lacking reported generation
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time, values were estimated using phylogenetic generalized least squares (PGLS) with body mass,
climatic factors, and insularity as predictors, following the methodology of Mancini (Mancini et al.,
2025%). The collected datasets are available in Table S22

Transposable element annotation

For each of the 167 genomes, TEs were annotated using a combined de novo and homology-based
pipeline. De novo species-specific consensus repeat libraries were identified using RepeatModeler
v2.0.5 (Flynn et al., 2020 @) with default parameters. Subsequently, the library was merged with
Repbase v2018 (Bao et al., 2015 ) and Dfam v3.8 (Storer et al., 2021 (%) databases to create a

classes: SINEs (short interspersed nuclear elements), LINEs (long interspersed nuclear elements),
LTRs (long terminal repeats), and DNA transposons. TE copies with Kimura divergence <5% were
treated as an approximate indicator of recent TE accumulation.

Phylogenetic inference and dN/dS calculation

For phylogenetic reconstruction, OrthoFinder v3.0.1b1 (Emms & Kelly, 2015 ) was implemented
with the -S diamond_ultra_sens parameter to cluster protein sequences from 167 species. Given
that merely 36 single-copy orthologs were detected across all taxa, we selected 1,193 orthogroups
that were represented by single-copy genes in at least 160 of the 167 species (>95.8% taxon
occupancy) to enhance phylogenetic resolution and accuracy. The concatenated alignment of these
1,193 orthogroups was subsequently employed to reconstruct the species tree using FastTree
v2.1.11 (Price et al., 2010 %).

To assess selection pressure on protein-coding genes, the longest transcript of each species was

& Standley, 2013 @), and the resulting amino acid alignments were converted back to codon
alignments with PAL2NAL v14.1 (Suyama et al., 2006 %). After excluding low-quality genes based
on gap-free criteria, 1,047 high-quality orthologous genes were retained for subsequent analyses.
Branch-specific dN/dS ratios (w) were estimated using the FitMG94 model implemented in HyPhy
v2.5.94 (Kosakovsky Pond et al., 2020 2). To mitigate biases arising from alignment errors, taxon
misassignment, or unstable parameter estimates (Alba & Castresana, 2005 ; Zuo et al., 2024 (%),
we applied stringent filters: only values within the biologically interpretable range (0 < w < 1) were
retained, while non-positive values or values >1 were censored. Subsequently, branches with
fewer than 155 valid w estimates, corresponding to the first quartile (Q1) of valid gene counts
across branches, were excluded to enhance statistical power. For each species, genome-wide dN/dS
was calculated as the arithmetic mean of valid gene-specific w estimates from the corresponding
terminal branch. The resulting FitMG94-derived estimates were used as the primary metric of
background selective pressure in downstream comparative analyses (Figure 2—figure supplement
3@ and Table S123®).

Ancestral State Reconstruction and Phylogenetic Signal

Ancestral states of TE proportions (SINEs, LINEs, LTRs, and DNA transposons) were reconstructed
based on the percentage of the genome occupied by each TE category using maximum-likelihood
estimation implemented with the fastAnc function in phytools v2.3.0 (Revell, 20112) in R v4.5.2.
To evaluate phylogenetic signals in major TE categories, Pagel’s (A) was estimated for the genomic
proportion of each TE category using the phylosig function in phytools, with (A=1) indicating a
phylogenetic covariance structure consistent with Brownian-motion evolution and (A=0) indicating
no phylogenetic signal. Evolutionary patterns were visualized using the contMap function, which
generated phylogeny-anchored color-gradient maps showing lineage-specific variation in TE
genomic proportions.
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Cross-scale analyses of MHH-related predictors of TE proportion

To test whether commonly used Mutational Hazard Hypothesis (MHH)-related proxies provide
scale-consistent predictors of genomic TE proportion, we analyzed the relationships between TE
proportion and three predictors: body mass, generation time, and genome-wide dN/dS. TE
abundance was analyzed as genomic TE proportion and expressed as percentage values in the
Pearson correlation analyses. Body mass and generation time were obtained from the species-level
trait table, whereas dN/dS values were obtained from FitMG94-derived branch-specific estimates.
For dN/dS analyses, only species with both TE proportion and dN/dS estimates were retained.

We first performed cross-scale Pearson correlation analyses to compare the direction and strength
of trait-TE relationships between analytical scales. Analyses were conducted at two scales: the
pooled cross-clade scale, using all available sauropsid species, and the within-clade scale, using
major sauropsid clades separately. Within-clade analyses were performed for Serpentes, Lizard,
Gekkota, Testudines, Crocodylia, and Aves. Rhynchocephalia was retained in summary tables but
excluded from within-clade interpretation because it was represented by a single species. Body
mass and generation time were log10-transformed in both pooled and within-clade analyses,
whereas dN/dS was analyzed without log transformation. For each predictor, within-clade p-values
were adjusted across the six major clades using the Benjamini-Hochberg procedure. Both nominal
and adjusted p-values were reported, and adjusted p-values were used for inference.

To account for phylogenetic non-independence, we further performed within-clade phylogenetic
generalized least-squares analyses as phylogenetically corrected robustness tests. PGLS models
were fitted separately for clades containing at least five species, including Serpentes, Lizard,

natural-log-transformed, body mass was log-transformed, generation time was log10-transformed,
and dN/dS was analyzed without transformation. The focal predictor p-values were adjusted
across clades using the same Benjamini-Hochberg procedure.

To determine whether associations based on TE proportion were influenced by genome-size
variation, we also performed pooled PGLS analyses using absolute TE amount as the response
variable. Absolute TE amount was calculated as the summed length of SINEs, LINEs, LTRs, and
DNA transposons. Absolute TE amount, genome size, body mass, and generation time were log10-
transformed, whereas dN/dS remained untransformed. For each predictor, models were fitted
with and without genome size as a covariate.

Finally, we used a phylogenetically informed piecewise structural equation model, implemented
using the piecewiseSEM v2.3.1 (Lefcheck, 2016 () in R v4.5.2, to evaluate the joint relationships
among body mass, generation time, dN/dS, TE proportion, and genome size. Model adequacy was
evaluated using Fisher’s C statistic and tests of directed separation. Body mass, generation time,
and genome size were log10-transformed, and all variables were standardized before analysis.
Component models were fitted using generalized least squares with a Brownian phylogenetic
correlation structure. The SEM included 150 species with complete dN/dS estimates. This combined
framework allowed us to distinguish three cross-scale patterns: sign reversal between pooled and
within-clade relationships, interpreted as Simpson’s paradox; disappearance of a pooled
association within clades, interpreted as signal collapse; and clade-restricted significance,
interpreted as clade-specific heterogeneity.

Data availability

The newly generated gene structure annotations for 130 species, functional annotations for 167
species, whole-genome alignment MAF files for 138 species, and the associated analysis code have
been deposited in Zenodo (https://zenodo.org/records/17301220 2).
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Peer reviews
Reviewer #1 (Public review):
Summary:

In this study, Liang et al. characterize the genomic composition of transposable elements
(TEs) in 167 sauropsid species, with the aim of testing whether increased TE accumulation is
modulated by reduced selection efficacy (Mutational Hazard Hypothesis, MHH), and whether
this relationship is recursively observed at multiple scales within the group. By employing
life history traits (body mass and generation time) and genetic parameters (dN/dS) as proxies
of effective population size, they observe a positive relationship between drift levels and TE
content across all species. This relationship, however, fades out in most of the clades within
sauropsids.

On one hand, this study highlights that diverging patterns of TE accumulation are modestly
but still appreciably driven by differences in selection efficacy across sauropsids, providing
support for the MHH within this long-diverged vertebrate group. On the other hand, this
same general principle fails to explain TE content variation when closely related species
within the same clade are considered. The data presented suggest that TE accumulation is
dictated by other lineage-specific mechanisms, and/or that differences in effective population
size that emerged later in these clades are not relevant enough to drive divergent TE
contents.

Overall, the study provides a further empirical test of the MHH, joining an increasing
collection of studies that reject its global validity at macroevolutionary scales. The analysis
leverages the plethora of genomic data now available for a previously poorly sampled
vertebrate group, and adds insightful points of view on the nearly-neutral evolution of the
genome in sauropsids.

Strengths:

The paper is well written, and the dataset is appropriate to test the predictions of the MHH.
Sauropsids are characterized by highly diversified life history traits and strategies, likely very
diverse effective population sizes, and very wide genome size and TE content ranges. This
makes them an ideal group to investigate whether the divergent TE contents and landscapes
of different lineages emerged due to differences in purging selection.

A few TE-focused comparative studies already covered squamates and birds separately
(Pasquesi et al. 2018; Ji et al. 2022), or included a limited number of sauropsid species in
analyses of much wider phylogenetic breadth (Weinstein & Roy, 2026; Lewin & Eyre-Walker,
2026). This work is a first explicit attempt to incorporate them together in one analysis to
investigate the determinants of TE dynamics and genome size variation. Given the large
comparative dataset, it also represents a considerable effort in terms of data compilation,
annotation and analysis, integrating life-history and genomic traits together, and can serve as
a resource for future studies.

While most of the methods employed are appropriate, the robustness of some aspects of the
analysis could be improved, and interpretation of some results would benefit from a
reformulation more aligned with what the data suggest (see just below).

Weaknesses:
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Conclusions made on the pooled dataset are partially, sometimes solely, based on Pearson's
correlations. This is not a solid practice, as results are affected by the phylogenetic structure
of the data. Mentioning that a correlation is initially strong but loses signal when accounting
for phylogeny is fine if used to highlight the need for accounting for phylogenetic non-
independence. However, phylogenetic correlations should be those on which the conclusions
are drawn, and the authors should be clear in their formulations that there is no association
when PGLS or SEM suggests so, even though Pearson's correlations would suggest otherwise.
For instance, the abstract reads that a correlation is found between generation time and TE
content across all species, although this is not supported by PGLS. Or the claim that there is a
strong positive association between dN/dS and TE proportion is, although still present,
significantly downsized under phylogenetic correlation. These are just a couple of examples,
but several conclusions throughout the text should be reformulated or rescaled to fit
phylogenetically corrected results.

This is particularly pertinent given the problem of scale dependence that the authors
highlight: the significance of a given predictor (selection efficacy) of TE accumulation can not
only change according to the phylogenetic scale under consideration, but is also sensitive to
compositional differences between clades, which are very pronounced here given the strong
phylogenetic inertia displayed by both life-history traits and TE amounts. The purpose of
phylogeny-aware methods is precisely to "discriminate conditions under which pooled
correlations may arise from compositional differences rather than from repeated within-
lineage evolutionary processes", so should not be regarded as a secondary result.

Since the study is based on the quantification of multiple Ne proxies, the authors could
expand a bit more on that and check their expected reciprocal relationships. For example, in
the SEM, body mass and generation time are untied from dN/dS variation, but an explicit test
outside of it would be required. If these different indicators actually go in the same direction,
it would add a support layer to them, capturing differences in selection effectiveness. In non-
avian sauropsids, for example, body mass was not a predictor of dN/dS and longevity (Figuet
et al. 2016): the wider dataset gathered here notably increases the sampling power to assess
whether/which LHTs are concordant with dN/dS.

Connected to the point above, retrieval of expected correlations between dN/dS and life-
history traits in birds has been more challenging, but this has been attributed to the presence
of a substitution bias (GC-biased gene conversion). Because of this, dN/dS can become an
imprecise Ne proxy if some methodological precautions are not integrated (see Bolivar et al.
2016; https.//doi.org/10.1186/s13059-018-1613-z(3). At the same time, the avian dataset used in
Marino et al. does display some expected correlations between dN/dS and several LHTs, while
still calculating the metric without correction for substitution biases, but across a much
higher number of species (~200). So I wonder whether the combination of substitution noise
in dN/dS and less abundant sampling (and maybe less contrast in Ne?) in birds might
contribute to confounding the relationships between Ne proxies and a potential correlation
of those with TE content.

https://doi.org/10.7554/eLife.112906.1.sa2

Reviewer #2 (Public review):

Summary:

This study aims to assess the drivers of the interspecific distribution of transposable elements
(TEs), using genomes from the Sauropsids clade. In particular, the authors test the mutational
hazard hypothesis (MHH), which stipulates that slightly deleterious TEs should preferentially
accumulate in populations with smaller population sizes, where purifying selection is
weaker.
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Strengths:

The manuscript is clearly written, and the underlying concepts (MHH, Simpson's paradox)
are well introduced and discussed. In that respect, the manuscript is highly didactic and an
enjoyable read. The authors employ state-of-the-art phylogeny-aware statistical procedures,
including structural equation modeling to infer causal relationships. The results are of high
interest: the authors report that correlations between TE frequencies and proxies of
population size (life-history traits - such as body mass, and molecular traits - such as the
dN/dS ratio), which appear at large evolutionary scales, disappear when within-clade
relationships are examined. The authors discuss these results and propose that at shorter
time scales, clade- and TE family-specific bursts dominate the dynamics of TE dynamics.

Weaknesses:

While I generally agree with the authors' interpretation and find these results of great
interest, I have several concerns about the underlying statistical analyses and think that some
possible alternative explanations of a methodological nature should be checked to confirm
the results.

(1) Three types of statistical analyses are employed: Pearson correlation coefficient,
phylogenetic generalised least-squares (PGLS), and structural equation modelling (SEM). Both
the Pearson correlation test and the PGLS assume normality (binormality in the case of
Pearson's correlation) and linearity (and this is very likely the case for SEM as well, although
it depends on the exact method employed). Deviation from these hypotheses can create
erroneous P-value computations (in both directions). I could not find any assessment of how
well the data fit these hypotheses in the manuscript; differences in significance could reflect
differences in how the data fulfil these assumptions across time scales. Figure 2a suggests at
least a deviation from normality, be it because of the Aves clade alone. A non-parametric
correlation (such as Kendall's tau) should be used instead of Pearson's correlation, as it
assumes neither normality nor linearity. The PGLS analysis is trickier in that respect: the
authors should check the normality and independence of the model residuals (and likely
homoscedasticity too, unless the underlying model allows for lineage-specific variance). An
alternative would be to transform the variables using phylogenetic independent contrasts
(PIC, which still assumes a Brownian model - as does the PGLS) and use a non-parametric
correlation on the resulting PICs. I don't have expertise in SEM, but a quick search suggests
that non-parametric (or at least non-linear) SEM implementations are available.

(2) The positive correlation (1208, 1299) with generation time should be further commented
on, as it has the opposite direction as expected. Following the proposed rationale, species with
shorter generation times should have more TEs, shouldn't they? Unless "generation time"
here actually refers to the number of generations per year, instead of the duration of a
generation, as the text suggests?

https://doi.org/10.7554/eLife.112906.1.sa1

Author response:

Thank you very much for your constructive assessment and the thoughtful comments
provided by both reviewers. We greatly appreciate their valuable and insightful suggestions,
which will help us strengthen the analyses and interpretation of our study. We are pleased to
provide the following provisional responses outlining our planned revisions. A fully revised
manuscript, together with detailed point-by-point responses to all reviewer comments, will
be submitted in due course.

Responses to Reviewer #1:
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Phylogenetically informed statistical analyses. We fully agree that phylogenetically informed
analyses should take precedence when interpreting cross-species associations. In the revised
manuscript, we will reorganize the Results to present PGLS and SEM findings as the primary
evidence. We will also carefully revise the Abstract, Results, and Discussion to ensure that our
conclusions are consistent with the phylogenetically corrected results, particularly regarding
the relationship between generation time and TE content across all species and the strength
of the association between dN/dS and TE content.

Assembly quality as a potential confounding factor. We will examine whether BUSCO
completeness scores and contig N50 are associated with genome size and TE content. Where
appropriate, we will incorporate assembly quality metrics as covariates in the PGLS and SEM
models or perform additional sensitivity analyses. We will also consider conducting separate
analyses for avian and non-avian sauropsids to evaluate the robustness of our findings and
further explore their phylogenetic scale dependence.

SEM methodology. We will expand the Methods section to provide a clearer explanation of
how the piecewise SEM was constructed, the biological rationale underlying the proposed
pathways, and the criteria used for model evaluation and selection, including comparisons of
alternative model configurations where appropriate. We will also explore the feasibility of
conducting separate SEM analyses for avian and non-avian sauropsids.

Residual support for the MHH and contrast dependence. We agree that the weak but
persistent associations between TE content and proxies of effective population size (Ne) in
the pooled dataset deserve greater emphasis. We will discuss these relationships more
explicitly, including the association between dN/dS and genome size. We will also expand our
discussion of contrast dependence, particularly the possibility that reduced variation in life-
history traits and TE content, together with differences in sample size and lineage-specific
evolutionary dynamics, may contribute to the weakening of associations at smaller
phylogenetic scales.

dN/dS estimation. We will clarify the procedures used for gene-level filtering and dN/dS
estimation, particularly the treatment of genes with very low dS values, and evaluate the
potential influence of alternative estimation approaches. We will also further examine the
relationships among body mass, generation time, and dN/dS to assess the consistency of these
variables as indirect proxies of Ne and selection efficacy. In addition, we will discuss the
potential influence of GC-biased gene conversion (gBGC) on dN/dS estimates in birds, with
reference to the relevant literature.

Recent TE elements. We agree that examining recently accumulated TEs would provide a
valuable additional perspective. We plan to investigate whether the abundance of recent TEs
(Kimura divergence <5%) is associated with life-history traits or dN/dS and present the results
in the supplementary materials.

We will also address all minor comments, including moving interpretive statements from the
Results to the Discussion, incorporating the suggested references (including
doi:10.1111/mec.70265 and RepeatMasker), applying log transformations to genome size
where appropriate, correcting the order of figure citations, defining the abbreviation "RE",
clarifying or removing the unexplained close-up in Figure 1, and refining the relevant
wording throughout the manuscript.

Responses to Reviewer #2:

Statistical assumptions (normality, linearity, and homoscedasticity). We will systematically
evaluate the statistical assumptions underlying our analyses, including the distributional
properties of the data and the residuals of the fitted models. Specifically, we will (i)
complement Pearson correlations with non-parametric alternatives, such as Kendall's tau, to

Liang, Zuo et al., 2026 eLife 15:RP112906. https://doi.org/10.7554/eLife.112906.1 21 of 22


https://doi.org/10.7554/eLife.112906.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/genetics-genomics

7 eLife

Genetics and Genomics

assess the robustness of the observed associations; (ii) examine PGLS residuals for normality,
homoscedasticity, and remaining phylogenetic dependence, and consider non-parametric
correlations based on phylogenetic independent contrasts (PIC) as an additional sensitivity
analysis; and (iii) assess the assumptions and goodness of fit of the SEM component models
and explore alternative modeling approaches where appropriate.

Direction of the generation time correlation. We will clarify the definition and units of
generation time used in the dataset (duration of a generation, in years) and discuss this
counterintuitive positive association explicitly, relating it to the expectation under the MHH
and to previous findings.

Reproducibility. We will improve the reproducibility of our analyses by providing the input
datasets alongside the corresponding R scripts, detailed README files, and relevant software
and package information. We will also make the analysis code available under an
appropriate open-source license to facilitate the reproduction of our statistical models and
figures.

Minor comments. We will provide additional justification for selecting Sauropsida as the
phylogenetic scope of our study, clarify the definition of the "matched" dataset, revise the use
of "superficially", and further explain the interpretation of body mass as a potential
physiological factor or an indirect proxy for population density across different taxonomic
groups.

We have no factual concerns regarding the eLife Assessment or the public reviews.

Thank you again for the opportunity to strengthen our work. We believe that these revisions
will improve the statistical robustness of our analyses and provide a more nuanced
interpretation of the associations between TE accumulation, life-history traits, and molecular
evolutionary indicators across phylogenetic scales.

https://doi.org/10.7554/eLife.112906.1.sa0
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