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Abstract

Background: Understanding how plants adapt to changing environments and the potential
contribution of transposable elements (TEs) to this process is a key question in evolutionary
genomics. While TEs have recently been put forward as active players in the context of
adaptation, few studies have thoroughly investigated their precise role in plant evolution. Here
we used the wild Mediterranean grass Brachypodium distachyon as a model species to identify
and quantify the forces acting on TEs during the adaptation of this species to various conditions,

across its entire geographic range.

Results: Using sequencing data from more than 320 natural B. distachyon accessions and a suite
of population genomics approaches, we reveal that putatively adaptive TE polymorphisms are
rare in wild B. distachyon populations. After accounting for changes in past TE activity, we show
that only a small proportion of TE polymorphisms evolved neutrally (< 10%), while the vast

majority of them are under moderate purifying selection regardless of their distance to genes.

Conclusions: TE polymorphisms should not be ignored when conducting evolutionary studies, as
they can be linked to adaptation. However, our study clearly shows that while they have a large
potential to cause phenotypic variation in B. distachyon, they are not favored during evolution

and adaptation over other types of mutations (such as point mutations) in this species.

Key words: Transposable elements, adaptation, Brachypodium distachyon, natural selection,

age-adjusted SFS
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Background

Transposable elements (TEs) are an intrinsic part of eukaryotic genomes and their evolution [1-
12]. In addition to modulating genome size, the ability of TEs to create genetic diversity through
insertion and excision events can lead to new phenotypes on which selection can act. TEs can
alter phenotypes through various mechanisms, including the functional disruption of genes [1,
2], large-scale changes in the regulatory apparatus [3, 4], alteration of epigenetic landscapes [5,
6], ectopic recombination and structural rearrangements [7, 8]. In plants, the dynamics of TE loss
and proliferation play a major role in genome evolution [e.g., 9-12]. TEs therefore constitute

potentially important drivers of plant evolution, both in nature and during domestication [13].

Beyond their influence on genome structure, and given that their transpositional activity
can be stress-inducible [for review 14], TEs are often regarded as more likely than classical point
mutations to produce the diversity needed for individuals to respond quickly to challenging
environments [15-17]. For instance, punctual TE polymorphisms can lead to gains of fitness and
evolve under positive selection [2, 20-25]. TE polymorphisms can even induce more extreme

changes in gene expression than single nucleotide polymorphisms (SNPs) in plants [18, 19].

Despite such evidence, whether TE polymorphisms are major contributors to adaptation
to changing environments is still debated. Indeed, TE transposition can be disruptive, and
purifying selection has been shown to play an important role in TE evolution [e.g., 30, 32]. Based
on simulations, it has been suggested that the persistence of TE polymorphisms within a genome
without an uncontrolled accumulation, can only be achieved if weak purifying selection is the
main force governing TE evolution [33-36]. The uncertainty surrounding this important question

in evolutionary genomics results from the limited number of studies that comprehensively tested


https://doi.org/10.1101/2023.09.15.557873
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.15.557873; this version posted September 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

available under aCC-BY-NC-ND 4.0 International license.

the extent to which selection shapes TE allele frequencies, both in plants [25, 26] and animals
[27-31] and characterized the distribution of fitness effects of new TE insertions. To clarify this
guestion, we used the plant model system Brachypodium distachyon [37] to disentangle the

effects of purifying and positive selection on TE polymorphisms in natural populations.

B. distachyon is a wild annual grass endemic to the Mediterranean basin and Middle East.
Recent genetic studies based on more than 320 natural accessions spanning from Spain to Iraq
(hereafter referred to as the B. distachyon diversity panel) revealed that B. distachyon accessions
cluster into three main genetic lineages (the A, B and C genetic lineages), which further divide
into five main genetic clades that display little evidence for historical gene flow (Fig. 1A; [38, 39]).
Niche modeling analyses suggest that the species moved southward during the last glacial period
and recolonized Europe and the Middle East within the last five thousand years [39].
Consequently, while some B. distachyon genetic clades currently occur in the same broad
geographical areas (Fig. 1A), natural accessions are adapted to a mosaic of habitats [38, 39].
These past and more recent shifts in the species distribution led to clear footprints of positive
selection in the genome [39, 40] and make B. distachyon an ideal study system to investigate the

contribution of TEs to the adaptation of plants in the context of environmental changes.

In B. distachyon, TEs are exhaustively annotated and account for approximately 30% of
the genome [37]. Recent TE activity has been reported for many families, but despite past
independent bottlenecks and expansions experienced by the different genetic clades, no lineage-
specific TE family activity has been observed [32]. Rather, TE activity tends to be homogeneous
throughout the species range and across genetic clades, indicating a high level of conservation of

the TE regulatory apparatus [32]. While purifying selection shapes the accumulation patterns of
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TEs in this species [32], some TE polymorphisms have been observed in the vicinity of genes [32],
potentially affecting gene expression [41]. These early studies, based on a relatively small number
of accessions originating exclusively from Spain and Turkey, suggested that TE polymorphisms

could contribute to functional divergence and local adaptation in B. distachyon [32].

To test this hypothesis, we used the B. distachyon diversity panel to identify TE
polymorphisms in a large set of 326 natural accessions spanning the whole species distribution.
We combined a set of population genomic analyses to assess the proportion of TE polymorphisms
associated with positive or purifying selection as well as neutral evolution. We also quantified
the strength of purifying selection through forward simulations. Altogether, our work provides
the first quantitative estimate of the adaptive, neutral, and disruptive potential of TEs, while
accounting for changes in TE activity, in a plant harboring a relatively small genome. Altogether,

our result advocate against an extended role of TEs in recent adaptation.

Results

Genetic variation in Brachypodium distachyon

Using the B. distachyon diversity panel (Fig. 1A), we identified 97,660 TE polymorphisms in our
B. distachyon dataset, of which 9,172 were retrotransposons, 52,249 were DNA-transposons and
36,239 were unclassified. We also identified 9 million SNPs across the 326 samples, including
182,801 synonymous SNPs. A Principal Component Analysis (PCA) performed either with SNPs or
TE polymorphisms reflects the previously described population structure of B. distachyon [38,
39], with the first two components of the PCA splitting the data according to the demographic

structure (Additional file 1: Fig. S1). Investigating the genetic variation caused by
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99 retrotransposons and DNA-transposons revealed that the observed diversity in retrotransposons
100 strongly correlated with the demographic structure (Mantel test; r = 0.79, p value = 0.001), while
101 the observed diversity in DNA-transposons only had a weaker correlation (Mantel test; r = 0.36,

102 pvalue =0.001) with the demographic structure (Additional file 1: Fig. S2).
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Fig 1. Distribution of the studied accessions and TE polymorphism frequencies. Panel A: Map
showing the geographical distribution of the accessions used in the current study. The
phylogenetic tree illustrates the phylogeny between the five genetic clades. This panel was made
based on the data and results published by Stritt et al. [38] and Minadakis et al. [39]. Panel B:
Observed (blue) and simulated (gray) X'X values of TE polymorphisms in B. distachyon. Dotted
lines show the 2.5% and 97.5% quantiles of the simulated X'X values. Panel C-G: Folded site
frequency spectrum of TE polymorphisms and synonymous SNPs in all clades. C: A_East; D:
A _ltalia; E: B_West; F: B_East; G: C.
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103 From the initial TE and SNP dataset, we could estimate the time of origin in generations
104 (age) of 50,891 TE polymorphisms and 108,855 synonymous SNPs based on pairwise differences
105 inidentity by descent (IBD) regions around the focal mutation (see Materials and methods). The
106 results of the age estimate analysis were checked by contrasting the observed correlation
107 between allele age and frequency of synonymous SNPs to the theoretical predictions of Kimura
108 and Ohta [42] for neutrally evolving mutations. We found that, the observed correlation matched
109 expectations (Additional file 1: Fig. S3), with older alleles found on average at higher frequencies
110 than younger ones. Furthermore, most TE polymorphisms in our dataset were young and only a

111 few were very old (Additional file 1: Fig. S4).

112
113 The overall contribution of TEs to clade differentiation and adaptation is limited

114 To examine the overall contribution of TEs to evolution and adaptation in B. distachyon, we first
115 identified regions of the genomes that were likely affected by recent selective sweeps. The fast
116 increase in the frequency of a beneficial allele is expected to lead to a longer than average
117 haplotype around the mutation under positive selection. Such events (known as selective
118 sweeps) can be identified by computing the integrated haplotype score (iHS) around focal
119 mutations [43]. We therefore computed iHS along the genome for the four derived genetic
120 clades. Regions of the genomes with significantly higher iHS than average are expected to harbor
121  mutations that were under positive selection during evolution and adaptation. We hypothesized
122 that if TEs constitute an important part of the genetic makeup that led to adaptation in a given

123 genetic clade, then they should be more frequently fixed or at higher frequencies in regions with
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124 high iHS than in the corresponding regions that did not experience recent selective sweeps in

125 other clades.

126 First, we tested if more TE polymorphisms were fixed in a specific region of the genome
127 if a genetic clade had a high iHS, and presumably experienced a selective sweep, than in other
128 genetic clades. An analysis of covariance (ANCOVA) revealed that the number of fixed TE
129 polymorphisms per clade did not significantly differ between high iHS regions and the same
130 regions in other clades (Table 1). These results indicate that there is no correlation between the
131 overall number of fixed TE polymorphisms per clade in a region and recent selective sweeps.
132 However, the number of fixed TEs in genomic regions along the genome was significantly affected
133 by the total number of TEs in the region, the TE superfamily, the TE age, the genetic clade and
134 the overall genetic features of the region (e.g., recombination rate, see Materials and methods)
135 but not by the iHS itself (Table 1). Similarly, we tested if the allele frequency of TE polymorphisms
136 was significantly higher in a specific region of the genome if a genetic clade had a high iHS than
137 in other genetic clades. A second ANCOVA revealed that the allele frequency of TE
138 polymorphisms was significantly influenced by the TE superfamily, TE age, clade and overall
139 genetic features of the region but not by the iHS (Table 2). These results indicate that TEs in high
140 iHS regions did not experience a significant increase in their frequency and that TEs in high iHS

141 regions are experiencing the same selective constraints as other TEs.

142

143

144
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145 Table 1 ANCOVA predicting the number of fixed TE polymorphisms per clade in candidate regions

146 under positive selection.

Variable Sum of squares  degrees of freedom  Fvalue P value
Total number of TEs in 28969.6 1 35405.64 <0.001
the region
TE superfamily 887.5 14 77.48 <0.001
Clade 587 3 239.13  <0.001
Genomic region 136.7 80 2.09 <0.001
TE age 45.5 2 27.81 <0.001
High iHS 0 1 0.03 0.869
147
148

149 Table 2 ANCOVA predicting the allele frequency of TE polymorphisms per clade in candidate

150 regions under positive selection.

Variable Sum of squares  degrees of freedom  Fvalue P value
TE superfamily 453.2 14 247.3 <0.001
Clade 17.7 3 45.18 <0.001
Genomic region 147 80 14 <0.001
TE age 2 2 7.7 <0.001
High iHS 0.1 1 0.79 0.374

151
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152 A complementary approach to explore the impact of positive selection on TEs consists in
153 investigating their genetic differentiation among populations. Using the five genetic clades as
154 focal populations, we computed XX values, a standardized measure of genetic differentiation
155 corrected for the neutral covariance structure across populations [44, 45], for each TE
156 polymorphism. Mutations affected by positive selection are expected to be over-differentiated
157 between clades and display significantly higher XX values than other mutations [45]. In contrast,
158 a low X'X value implies that the mutation is less differentiated than other mutations and
159 potentially evolves under balancing selection, whereas purifying selection and a neutral
160 evolution are not expected to impact the differentiation of a mutation among populations [44].
161 We contrasted the observed X'X values computed for each TE polymorphism to a simulated
162 pseudo-observed dataset (simulated observations under the demographic model inferred from
163 the covariance matrix of the SNP dataset, for more details see [45]) and found that only a small
164 fraction of the TE polymorphisms (0.06%) displayed XX values higher than the 97.5% quantile of
165 the simulated values (Fig. 1B). This indicates that only a few TE polymorphisms are over-
166 differentiated among genetic clades and might have been affected by positive selection.
167 However, a relatively larger portion of the TE polymorphisms (4.3%) displayed X'X values smaller
168 than the 2.5% quantile of the simulated values (Fig. 1B), indicating that balancing selection might

169 also shape TE frequency in B. distachyon.

170 To further examine the contribution of TEs to adaptation, we tested whether and how
171  many TE polymorphisms were significantly associated with environmental factors. If the presence
172 of a TE provides an advantage in a certain environment and contributes to adaptation, we

173 expected a correlation between the environment and the presence/absence of this TE. In this

10
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174 context, we performed genome-environment association analyses (GEA) using all TEs and SNPs
175 identified across the 326 samples and 32 environmental factors associated with precipitation,
176 solar radiation, temperature, elevation and aridity (see in Materials and methods for the full list).
177 The GEA revealed that only nine of the 97,660 TE polymorphisms were significantly associated
178 with some environmental factors (Additional file 2: Table S1), confirming that TEs only had a
179 limited contribution to adaptation in B. distachyon. Importantly, two of these nine TEs were
180 foundin agene, and three were in the vicinity of genes (less than 2 kilobase (kb) away, Additional

181 file 2: Table S1).

182

183 Purifying selection dominates the evolution of TE polymorphisms in B. distachyon

184 To further characterize the forces governing the evolution of TE polymorphisms in B. distachyon,
185 we examined the genome-wide frequency distribution of TEs. We first computed the folded site
186 frequency spectrum (SFS) and found that the folded SFS of TE polymorphisms was shifted toward
187 a higher proportion of rare minor alleles compared to neutral sites in all genetic clades (Fig. 1C-
188 @G). Splitting the TE data into DNA-transposons and retrotransposons resulted in similar folded

189 SFS and shifts in both TE classes (Additional file 1: Fig. S5 and S6).

190 These shifts could be the result of purifying selection as the analyses presented above
191 indicate that positive selection has a negligible effect on TE polymorphism frequencies in
192 B. distachyon. However, in contrast to SNPs, TEs do not evolve in a clock-like manner, as their
193 transposition rate is known to vary between generations [46, 47]. Changes in transposition rate
194 and purifying selection can lead to similar shifts in the SFS but can be disentangled using age-

195 adjusted SFS [48]. In brief, if TE polymorphisms are evolving neutrally, they are expected to

11
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196 accumulate on average at the same rate in a population as neutral SNPs of the same age. Hence,
197 A frequency, the difference between the average frequency of TE polymorphisms and neutral
198 sites in a specific age bin, will remain close to 0 regardless of the polymorphisms’ age. In contrast,
199 if TE polymorphisms evolve under purifying selection, they will tend to occur at lower frequencies
200 than neutral SNPs of the same age, as selection will prevent them from accumulating in the
201 population. Consequently, the A frequency will reach negative values for older TE polymorphisms

202 [48].

203 Because this model does not allow for back mutations, as typically observed for DNA-
204 transposons that can excise from the genome, we primarily investigated the age-adjusted SFS of
205 retrotransposons in the four derived clades. This analysis revealed that retrotransposons are
206 indeed prevented by natural selection from randomly accumulating, as older retrotransposons
207 aresignificantly less frequent than neutral SNPs of the same age (Fig. 2; one-sided Wilcoxon test,
208 Bonferroni corrected p value < 0.01).

209 As previous studies showed that the distance between TE polymorphisms and the next
210 gene can impact the strength of selection affecting TEs [6, 49, 50], we further split our
211 retrotransposon polymorphisms into three categories based on their distance to the next gene:
212 retrotransposons (i) in and up to 1 kb away from genes, (ii) between 1 kb and 5 kb away and (iii)
213 more than 5 kb away. The age-adjusted SFS of all three categories displayed the same pattern as
214 that observed for the whole retrotransposon polymorphism dataset: older retrotransposon
215 polymorphisms were significantly less frequent than neutral sites of the same age regardless of

216 their distance to genes (one-sided Wilcoxon test, Bonferroni corrected p value < 0.01), indicating

12
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217 that retrotransposons more than 5 kb away from genes are also affected by purifying selection

218  (Fig. 2).
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Fig. 2 Age-adjusted SFS of retrotransposons. The top row shows the age-adjusted SFS of all
retrotransposons (colored), non-synonymous SNPs (light gray) and high effect SNPs (dark gray)
in the four derived clades. The bottom row shows the age-adjusted SFS of retrotransposons
based on their distance to the next gene in the four derived clades. The X axes show the age
range of the mutations in each bin, and the age range of each bin was chosen so that each bin
represents the same number of retrotransposon observations in the top row. The different
columns show the four derived clades: A: A_East; B: A_Italia; C: B_West; D: B_East. Boxplots are
based on 100 estimations of A frequency. Significant deviations of A frequency estimates from 0
in the age-adjusted SFS of retrotransposons are shown with asterisks (one-side Wilcoxon tests,
Bonferroni corrected p value < 0.01: ***),
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219 Retrotransposon polymorphisms tended to be more deleterious than SNPs predicted to
220 have a high impact on fitness. Indeed, the age-adjusted SFS of retrotransposons resulted in a
221 larger deviation of A frequency from 0 than for non-synonymous SNPs and high effect SNPs (Fig.
222 2).In addition, A frequency in the oldest (last) age bin was significantly smaller than in all other
223 age binsinthe A_East, B_East and B_west clades (one-sided Wilcoxon test, Bonferroni corrected
224 pvalue < 0.01). In the A_ltalia clades the oldest age bin was not significantly different form the
225 second oldest age bin (two-sided Wilcoxon test, Bonferroni corrected p value N.S.). While older
226 non-synonymous SNPs and high effect SNPs were generally less frequent than neutrally evolving
227 SNPs at the same age, the negative A frequency trend was reversed for the oldest non-
228 synonymous SNPs and high effect SNPs (Fig. 2). In all clades, A frequency in the oldest age bin
229 was significantly higher than at least the lowest A frequency observed in the other age bins for
230 non-synonymous SNPs, as well as high effect SNPs (one-sided Wilcoxon test, Bonferroni
231 corrected p value < 0.01). This might be because not all predicted non-synonymous SNPs and
232  high effect SNPs might result in fitness effects. Those SNPs can therefore evolve neutrally or
233 nearly neutrally and persist as polymorphic SNPs much longer in a population than those
234  affecting fitness negatively. Hence, the last age bin of the non-synonymous and high effect SNP
235 age-adjusted SFS likely harbors mainly neutrally and nearly neutrally evolving mutations, and

236 consequently, A frequency in not the smallest in the last age bin in these age-adjusted SFS.

237 To assess whether similar forces may drive retrotransposon and DNA-transposon
238 evolution, we repeated the analysis for DNA-transposons. The age-adjusted SFS of DNA-
239 transposons revealed very similar patterns, with A frequency showing significant deviations from

240 0 in older age bins (one-sided Wilcoxon test, Bonferroni corrected p value < 0.01) and DNA-
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241 transposon polymorphisms being more deleterious than non-synonymous SNPs and high effect

242 SNPs (Additional file 1: Fig. S9).

243

244  Forward simulations allow us to quantify the strength of purifying selection

245 To evaluate to what extent the proportion of neutrally evolving mutations in the focal group of
246 mutations affects the shape of the age-adjusted SFS, we ran forward simulation with mutations
247 under multiple selective constraints, and we tested what ratio of neutral to selected mutations
248 can lead to an age-adjusted SFS similar to that observed for retrotransposons in B. distachyon.
249 Specifically, we investigated the conditions under which we observed a A frequency in the oldest
250 age bin significantly smaller than A frequency in all other age bins. Our simulations revealed that
251 the shape of the age-adjusted SFS of retrotransposons could only be reproduced if less than 10%
252 of the mutations were neutrally evolving for most of the selective constraint investigated

253 (Additional file 1: Fig. S7 and Additional file 2: Table S2).

254 Finally, we used the results from our simulations to narrow down the selection strength
255 affecting retrotransposons in B. distachyon by investigating the age of the oldest
256 retrotransposons in our dataset. The main difference between the age-adjusted SFS of mutations
257 evolving under weak and strong purifying selection is that the oldest mutations are much older
258 in the simulation with weak purifying selection than in the simulation with strong purifying
259 selection. This age difference arises because mutations under strong purifying selection are
260 removed from the population more effectively and, therefore, cannot persist as long in the
261 population. Examining the age of the last retrotransposon bins in the age-adjusted SFS revealed

262 that the ages of the oldest retrotransposons were the most similar to the expected ages of the
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oldest mutations in our simulations, with a scaled selection coefficient (S) of -5 and -8 (Fig. 3),
indicating that retrotransposons in B. distachyon are under moderate purifying selection. In
simulations with a nearly neutral selection coefficient (S = -1), the simulated mutations were
much older than the oldest observed retrotransposons (Fig. 3). Conversely, in simulations with a
strong purifying selection coefficient (S < -10), they were much younger than the oldest observed

retrotransposons (Fig. 3).
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Fig. 3 Relative age difference ((mutation age in simulations - observed mutation age)/maximum
absolute age difference) between simulated and observed data in the last bin of the age-adjusted

SFS. A: 25% quantile; B: 50% quantile; C: 75% quantile.
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272 Discussion

273 B. distachyon is a widely used model species in evolutionary genomics, molecular ecology,
274  developmental biology and crop functional genomics [for review 51, 52] with past and ongoing
275 TE movements in its genome [32]. In this study, we used a diversity panel containing next-
276 generation sequencing data from over 320 individuals sampled across the whole geographical
277 range of B. distachyon to examine the role of TEs during evolution and adaptation. We
278 investigated the frequency with which positive selection led to an increase in the frequency and
279 fixation of TEs and quantified the strength of purifying selection on TE polymorphisms.
280 Accounting for population structure and fluctuant transposition rates, we demonstrate that TEs
281 are rarely part of the genetic makeup that was positively selected during environmental
282 adaptation in B. distachyon. Furthermore, we show that the majority of TE polymorphisms found
283 in the natural population of this model species are under weak to moderate purifying selection,

284  with only a small minority of TE polymorphisms evolving neutrally.

285

286 Rare instances of positive selection on TEs

287 By combining complementary approaches, we were able to demonstrate that TEs are rarely the
288 target of positive selection in B. distachyon. We first probed for footprints of positive selection
289 on TE polymorphisms using the five genetic clades as focal populations. In conducting this
290 analysis, we did not find TE polymorphisms to be at high frequencies or fixed at higher rates than
291 expected, in regions of the genome presumably harboring selective sweeps in at least one of the
292 genetic clades (high iHS regions). This suggested that TEs were rarely the target of positive

293 selection, which we confirmed with a genome-wide scan for overly differentiated TE
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294 polymorphisms using X'X analysis. Indeed, this approach revealed that only a very small

295 proportion of TE polymorphisms are more differentiated than expected under a neutral scenario.

296 Importantly, the XX analysis also revealed that a non-negligible fraction of the TE
297 polymorphisms is less differentiated than expected and are shared among genetic clusters. This
298 could be the result of selection favoring the same TE polymorphisms in different accessions to
299 adapt to similar environmental constraints across genetic clades. To test this scenario, we
300 performed GEA with 32 environmental factors, and found only nine TE polymorphisms
301 significantly associated with any of these, and representing a very small proportion (< 0.01%) of
302 allthe TE polymorphisms we identified. Interestingly though, these nine TE polymorphisms were
303 associated with environmental variables pertaining to precipitation, temperature and altitude,
304 which are known to drive adaptation in B. distachyon [39]. Some insertions were found within or
305 in close proximity of genes, making these polymorphisms very good candidates for future

306 functional validation.

307 Single TE insertions can have a drastic impact on phenotypic variation and be affected by
308 positive selection [for review, see 16, 53, 54]. For instance, TEs have increased in frequency
309 through positive selection in humans [23] or during range expansion in Arabidopsis [25] and
310 D. melanogaster [20, 22]. Evidently, B. distachyon exhibits a different pattern, as causal
311 mutations for adaptation in this grass species are rarely TEs. Only a few studies have thoroughly
312 quantified the extent to which positive selection influences the evolution of TEs [25, 26, 28, 30,
313 31]. But two of these drew similar conclusions to us, in the green anole Anolis carolinensis [30]
314 andintheinvasive species Drosophila Suzukii [31]. In addition, a large number of candidate genes

315 for adaptation were identified with a similar approach focusing on SNPs [39], indicating that
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316 population structure or demographic events are not limiting factors for the methods we used.
317 Altogether, these observations call for a closer investigation of which forces, e.g., purifying
318 selection or neutral evolution, are important in shaping TE allele frequency in natural

319 populations.

320

321 Moderate purifying selection is the dominant force during TE evolution

322 Our results suggest that purifying selection is an important factor limiting the ability of TE
323 polymorphisms to fix and increase their frequency in B. distachyon. Indeed, one of the significant
324 explanatory variables in our ANCOVA models was the genetic clade, a proxy for the effective
325 population size (Ne), which affects the efficiency with which selection can fix beneficial mutations
326 and purge deleterious ones. In B. distachyon, the number of fixed TE polymorphisms per clade
327 and the frequency of TE polymorphisms were negatively correlated with N., indicating that the
328 accumulation of TEs is significantly lower in genetic clades with a larger N., potentially because

329 of a greater efficacy of purifying selection.

330 It is widely accepted that most new TE insertions have a deleterious or no effect on the
331 fitness of the host [22, 26, 28, 30, 33-36, 55]. To properly quantify the effect of purifying selection
332 on TE evolution in B. distachyon, we used age-adjusted SFS analyses to evaluate the selective
333 constraint experienced by TE polymorphisms while accounting for previously reported changes
334 in their activity [32]. While this method can only be applied to retrotransposons (because the
335 model does not allow back mutations), it provided a first clue on the importance of purifying
336 selection on TE evolution and revealed that overall, retrotransposons evolved under purifying

337 selectionin all four derived genetic clades. Indeed, the A frequency was significantly smaller than
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338 0, especially for older retrotransposons, meaning that old retrotransposons are less common
339 than neutrally evolving SNPs at the same age. This further demonstrates that even after
340 accounting for the different genetic clades and using a large sample size, retrotransposons evolve
341 under purifying selection in B. distachyon.

342 We also revealed that only a minority of retrotransposons evolved neutrally, as the
343 observed shape of the A frequency curve could only be reproduced in our simulation if the
344 proportion of neutrally evolving mutations in our focal mutations was below 10%. This estimate
345 gives a first glimpse into the distribution of fitness effects of new TE insertions, a fundamental
346 parameter in genetics that describes the way in which new TE insertions can contribute to
347 evolution and adaptation [56]. Here, we show for the first time that new TE insertions have a less
348 than 10% chance to insert into the genome of B. distachyon in a way that will allow them to
349 evolve neutrally, advocating for a large potential of TEs to create, through their movement, new
350 phenotypic variation on which selection can act on. PCAs based on TE polymorphisms allowed us
351 to recover the population structure of B. distachyon, implying that demographic history and
352 hence neutral processes may indeed partially explain the differences in the TE distribution we
353 observed between genetic clades, as shown in Arabidopsis thaliana and Arabidopsis lyrata [26,
354 57], Drosophila melanogaster [58], humans [59] and the green anole (Anolis carolinensis; [30]).
355 However, and in line with our simulations, the first two axes of the PCA explain less than 7% of
356 the variance, indicating that neutrally evolving TEs contribute only mildly to overall TE diversity
357 in our system.

358 Because TEs can cause phenotypic variation through new insertions [1-8], it is not

359 surprising that most new insertions interfere with the function of the genome, especially in a
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360 species with a small genome, such as B. distachyon (272 Mb) [37]. The proportion of neutrally
361 evolving TE polymorphisms is expected to be very small in genes, as insertions in genic regions
362 are likely to result in loss-of-function [1, 2]. Similarly, TE insertions in close proximity to genes are
363 expected to be highly disruptive, as regulatory elements such as cis-regulatory elements are
364 predominantly located in the proximity of genes. In A. thaliana, for instance, TEs located in the
365 vicinity of genes (less than 2 kb) globally result in downregulation [60]. Although only specific
366 families alter gene expression in B. distachyon [41], the observed A frequency for
367 retrotransposon polymorphisms in genes and in their 1 kb surroundings matched our
368 expectations. The fact that TE polymorphisms located more than 5 kb away from genes are also
369 evolving under purifying selection was more surprising. That said, little is known about the
370 distance between cis-regulatory sequences and genes in B. distachyon. In plants, TEs are believed
371 to affect gene expression in trans through the production of small-interfering RNA [61-65].
372 Hence, the fact that only a small proportion of TEs can accumulate neutrally indicates that, in a
373 gene-dense genome such as that of B. distachyon (42.5% of the genome are genes) [65], TE
374 insertions in any genomic compartment may result in some cis- or trans-regulatory effects visible
375 to selection.

376 To further ascertain the strength of purifying selection, we used forward simulation and
377 showed that simulations assuming a moderately weak selection pressure (S=-5 or S =-8) against
378 TE polymorphisms best fitted our observed data. In theory, no TE polymorphisms under strong
379 purifying selection should be present in a natural population, as such mutations are expected to
380 be quickly lost, especially in a predominantly selfing species where most loci are expected to be

381 homozygous. Therefore, it is not surprising that TE polymorphisms in B. distachyon are under
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382 weak to moderate selection, as also shown, for example, for the L1 retrotransposons in humans
383 [27] or the BS retrotransposon family in Drosophila melanogaster [58].

384 While some of the parameters we chose for our simulations, such as the dominance or
385 selfing rate, can affect the efficiency of TE purging, it is unlikely that discrepancies in the true and
386 assumed values for these parameters would have led to drastically different results. For example,
387 we assumed codominance for all mutations, which might not hold true for each TE
388 polymorphism. However, because of the high selfing rate observed in B. distachyon [38],
389 heterozygous loci are expected to be rare, and dominance is unlikely to have a strong impact on
390 our observations. Similarly, with a higher selfing rate, deleterious TE polymorphisms should be
391 removed more efficiently by purifying selection. To check whether a lower selfing rate could
392 allow a higher proportion of TE polymorphisms to evolve neutrally, we reran the simulations
393 assuming fully outcrossing individuals. This also resulted in simulation with weak to moderate
394 selection strength on TE polymorphisms best fitting the observed data, further strengthening our

395 results.

396 While the analyses of positive selection and GEA were based on both DNA-transposons
397 and retrotransposons, we only used retrotransposons to assess the strength of selection on TE
398 polymorphisms, as the age-adjusted SFS was developed with the assumption of no back
399 mutations [48]. Yet, DNA-transposons do not solely transpose through cut and paste mechanisms
400 as they would otherwise not be so abundant in Eukaryotic genomes. DNA-transposons can also
401 create extra copies of themselves by transposing during chromosome replication or repair from
402 a position that has already been replicated, or repaired [66]. We therefore repeated the age-

403 adjusted SFS analyses using DNA-transposons to evaluate whether DNA-transposons were
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404 affected by similar selective constraints. The folded SFS of DNA-transposons and
405 retrotransposons display similar shifts toward high proportions of rare alleles and A frequency
406 deviations from 0 in the age-adjusted SFS of DNA-transposons and retrotransposons are
407 comparable. Hence, we argue that the conclusion drawn for retrotransposons also holds for DNA-

408 transposons, and that purifying selection affect TEs broadly.

409

410 Conclusion

411 Adaptation to different environmental conditions is a complex process that involves various
412 mutation types. Here, we show that the vast majority of TE polymorphisms are under purifying
413 selection in the small genome of B. distachyon. Conversely, only a very small proportion of TEs
414 seem to have contributed to adaptation. The observed lack of neutrally evolving TE
415 polymorphisms in B. distachyon advocates for a large potential of TE polymorphisms to
416 contribute to the genetic diversity and phenotypic variation on which selection can act and
417 highlights the need to consider TE polymorphisms during evolutionary studies. Finally, our work
418 shows that the ability of TEs to cause phenotypic variation does not necessarily translate into
419 being favored during evolution and adaptation over other mutations with more subtle effects,

420 such as SNPs.

421

422

423

424
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425 Materials and methods

426 Whole-genome resequencing data

427 In this study, we analyzed a total of 326 publicly available whole-genome sequencing data from
428 Brachypodium distachyon accessions sampled around the Mediterranean Basin (Fig. 1A;
429 Additional file 2: Table S3). Our B. distachyon dataset consisted of 47 samples published by
430 Gordon et al. [8], 57 samples published by Skalska et al. [67], 65 samples published by Gordon et
431 al. [68], 86 samples published by Stritt et al. [38] and 71 samples published by Minadakis et al.
432 [39], covering all five genetic clades previously described in this species [38, 39]. Each sample was

433 assigned to a genetic clade based on previously published results [39].

434

435 Data processing

436 Raw reads were trimmed using Trimmomatic 0.36 [69] and mapped to the B. distachyon
437 reference genome version 3.0 [37] using bowtie2 [70] and yaha [71], and TE polymorphisms were
438 identified using the TEPID pipeline [72] and the recently updated TE annotation by Stritt et al.
439 [73] and Wyler et al. [65]. TE polymorphisms include both TE insertion polymorphisms (TIPs;
440 insertions absent from the reference genome but present in at least one natural accession) and
441 TE absence polymorphisms (TAPs; insertions present in the reference genome but absent from
442 at least one natural accession). The class, superfamily and family of each TE call were assigned
443 based on the TEPID results and the TE annotation from the reference genome. TIPs that were
444 less than 100 base pairs (bp) apart in different samples and assigned to the same TE family were

445 merged.
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446 Single nucleotide polymorphisms (SNPs) were called using GATK v.4.0.2.1 [74] using
447 HaplotypeCaller [75] following Minadakis et al. [39]. The SNP calls were hard filtered using the
448 following conditions: QD < 5.0; FS > 20.0; SOR > 3.0; MQ < 50.0; MQRankSum < 2.5; MQRankSum
449 > -2.5; ReadPosRankSum < 2.0; ReadPosRankSum > -2.0. Because B. distachyon displays a high
450 selfing rate [33], most genetic variants are expected to be homozygous within an individual.
451 Hence, all TE calls were treated as homozygous, and heterozygous SNP calls were removed from
452 our dataset to reduce false variant calls. Additionally, all sites with multiallelic TE and SNP calls
453 were removed. SNPs were classified as synonymous, non-synonymous and of high fitness effect
454  using SnpEff [76]. SNPs and TE polymorphisms were merged into a single vcf file using custom

455  scripts provided in github (see section Availability of data and materials).

456 To estimate the age of each SNP and TE polymorphism, the SNPs and TEs found in the
457 A _East, A_ltalia, B_East and B_West clades were polarized using the C clade, which was identified
458 as the most ancestral B. distachyon clade [38] and used as the outgroup throughout this study.
459 An estimate for the time of origin of all SNPs and TE polymorphisms was calculated with GEVA, a
460 nonparametric approach that relies on pairwise differences in identity by descent (IBD) regions
461 around the focal mutation to estimate the time of origin [77]. GEVA was run separately for each
462 clade using the genetic map produced by Huo et al. [78] and a mutation rate of 7x10°
463 substitutions/generation. The theoretical prediction of the correlation between allele age and
464 allele frequency of neutrally evolving mutations based on N, [42] was compared to the observed
465 correlation between allele age and frequency of synonymous SNPs to check the sanity of the age

466 estimates.
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467 The observed SNP and TE diversity was first examined using a principal component
468 analysis (PCA), and correlations between TE diversity and genetic clades were tested with a
469 mantel test using the ade4 package version 1.7-22 [79] in R version 4.1.2 [80]. The folded site
470 frequency spectrum (SFS) was computed for TE polymorphisms and SNPs using the minor allele
471 frequency in R version 4.1.2 [80]. Finally, the map of the geographical distribution of the used

472 accessions was done in R using the rnaturalearth package 0.3.3 [81].

473

474  Analyses of positive selection

475 Regions of the genome affected by positive selection were identified using the integrated
476 haplotype score (iHS), a measure of the amount of extended haplotype homozygosity along the
477 ancestral allele relative to the derived allele for a given polymorphic site [82]. iHS was calculated
478 using the SNP dataset, and regions displaying longer haplotypes and hence high iHS were
479 identified in R using the rehh package [83, 84]. The threshold to distinguish between regions of
480 high iHS and other regions was selected such that less than 5% of the B. distachyon genome was
481 classified as high iHS regions in each clade (Additional file 2: Table S4). Candidate regions under
482 positive selection were defined as all regions that were found to have high iHS in each clade

483 separately.

484 A first ANCOVA was used to model the number of fixed TE polymorphisms in each clade
485 found in the candidate region under positive selection based on the following genetic features:
486 total number of TEs, TE superfamily, TE age (split into three categories: young: age < 10,000
487 generations; intermediate: age between 10,000 generations and 60,000 generations; old: age >

488 60,000 generations), clade, genomic region (a unique ID for each candidate region under positive
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489 selection) and iHS classification of the regions in each clade (high or average). A second ANCOVA
490 was usedto model the allele frequency of TE polymorphisms found in the candidate region under
491 positive selection based on the following genetic features: TE superfamily, TE age, clade, genomic
492 region and iHS classification of the regions in each clade. The TE superfamily was included to
493 account for different evolutionary behaviors of TEs from different superfamilies. Age accounted
494 for differences in the fixation rate and frequency distribution between young and old TEs. The
495 clade was included to account for clade-specific differences such as differences in Ne. Finally, a
496 unique ID for each candidate region under positive selection was included to account for region-
497 specific differences such as differences in the recombination rate and GC content. In the end,
498 regions that were found to have a high iHS in some clades were compared to the same regions

499 in the other clades. All ANCOVAs were run in R using the car package [85].

500 The standardized allele frequency of a mutation across populations (X'X) values [44] were
501 computed for the combined TE and SNP dataset using Baypass version 2.3 [45, 86]. The X'X values
502 were used to identify over- and under differentiated TE polymorphisms between clades. A
503 pseudo-observed dataset (POD) of 100,000 SNPs was simulated under the demographic model
504 inferred from the covariance matrix of the SNP dataset. The POD was then used to determine the
505 97.5% (over-differentiated polymorphisms) and 2.5% (under differentiated polymorphisms)

506 quantiles.

507

508 Genome-environment association analyses

509 We identified TE polymorphisms significantly associated with environmental factors using

510 genome-environment association analyses (GEA) following Minadakis et al. [39]. GEAs were run
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511 with GEMMA 0.98.5 [87] using the combined TE and SNP vcf file against the following 32
512 environmental factors extracted by Minadakis et al. [39]: altitude, aridity from March to June,
513 aridity from November to February, annual mean temperature, mean temperature of warmest
514 quarter, mean temperature of coldest quarter, annual precipitation, precipitation of wettest
515 month, precipitation of driest month, precipitation seasonality, precipitation of wettest quarter,
516 precipitation of driest quarter, precipitation of warmest quarter, precipitation of coldest quarter,
517 mean diurnal Range, isothermality, temperature seasonality, maximum temperature of warmest
518 month, minimum temperature of coldest month, temperature annual range, mean temperature
519 of wettest quarter, mean temperature of driest quarter, precipitation from March to June,
520 precipitation from November to February, solar radiation from March to June, solar radiation
521 from November to February, mean temperature between March and June, mean temperature
522 between November and February, maximum temperature between March and June, maximum
523 temperature between November and February, minimum temperature between March and June
524 and minimum temperature between November and February. We applied a False Discovery Rate

525 (FDR, [88]) threshold of 5% to control for false positive rates.

526

527 Age-adjusted frequency spectra and analyses of purifying selection

528 Footprints of purifying selection on TE polymorphisms were first evaluated using folded SFS. An
529 age-adjusted site frequency spectrum (age-adjusted SFS) approach was used to further
530 investigate the impact of purifying selection on retrotransposons while accounting for
531 nonconstant transposition rates. Briefly, the age-adjusted SFS is a summary statistic that

532 describes the difference between the average frequency of TEs at a specific age and the average
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533 frequency of neutral sites of the same age [48]. Therefore, the TE dataset was sorted by age and
534 split into equally large bins with respect to the number of observations in each age bin. Neutral
535 sites were then randomly down-sampled to match the number of observations in the TE dataset

536 and its age distribution [48].

537 The difference between the average TE and neutral site frequency, or A frequency, was
538 computed for each age bin [48]. This method allows for an unbiased comparison between the
539 allele frequencies of TEs and neutral sites, and is robust to transposition rate changes and
540 demographic changes [48]. However, the theory behind this method was developed assuming
541 no back mutations and is therefore best suited for retrotransposons, as DNA-transposons can
542 exit an insertion site [48]. We used the synonymous SNPs identified with SnpEff as the neutrally
543 evolving sites. However, because estimating the population wide frequency of TEs is more
544  challenging than estimating SNP frequencies, putative biases in frequency estimates need to be
545 assessed before performing age-adjusted SFS analyses. To do so, the SNP dataset was resampled
546 so that the SNP dataset used in the age-adjusted SFS had a frequency distribution that matched
547 the observed TE frequency distribution. The age-adjusted SFS of retrotransposons was
548 contrasted against the age-adjusted SFS of non-synonymous, as well as against high fitness effect
549 SNPs. Therefore, 10,000 non-synonymous and high fitness effect SNPs were randomly selected
550 for each clade to reach approximately the same number of retrotransposon polymorphisms, non-
551 synonymous and high fitness effect SNPs for final comparisons. To estimate the variation in A
552 frequency estimates, all age-adjusted SFS were computed 100 times. All Wilcoxon tests and

553 Bonferroni p value corrections were done in R version 4.1.2 [80].

554
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555 Forward simulation

556 We used SLiM 4.0.1 [89, 90] to run forward simulations and assess the proportion of neutrally
557 evolving retrotransposons and the average selection strength affecting them. The simulations
558 were designed to reflect the population size and demographic history of B. distachyon. The
559 simulated genomic fragment was 1 megabase (Mb) long and included neutral (synonymous)
560 mutations as well as focal mutations that evolved under different selective constraints. The focal
561 mutations were a mix of neutrally evolving mutations and mutations evolving under a constant
562 selection pressure. Therefore, the ratio (r) of focal mutations that evolved neutrally was either
563 0%, 5%, 10%, 25% or 50%. The scaled selection coefficient (S, defined as Nes, with s the strength
564 of selection and N, the effective population size) affecting the remaining focal mutations was set
565 at the beginning of the simulation to be either -1, -5, -8, -10, -12, -15, -20 or -50 to cover
566 effectively neutral (0 > S > -1), intermediate (-1 > S > -10) and strongly deleterious (-10 > S)
567 selective constraints. The selfing rate was set to 70%, as B. distachyon is a highly selfing species
568 with occasional outcrossing [38, 39]. In addition, a high recombination rate was chosen to
569 minimize the effects of linked selection in the small genomic fragment simulated. Simulations for
570 each combination of these two parameters were run 20 times to assess the variation in the
571 resulting age-adjusted SFS. The shape of the resulting age-adjusted SFS was used to narrow down
572 the ratio of neutrally evolving TE polymorphisms. Similarly, the age distribution of the mutations
573 in the oldest bin of the age-adjusted SFS was used to narrow down the strength of selection

574 affecting TE polymorphisms.

575

576
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577 Supplementary Information

578 Additional file 1: Supplemental Figures. Figure S1. Principal Component Analyses using TE (left
579 panel) and SNP (right panel) polymorphisms. Figure S2. Principal Component Analyses using
580 retrotransposon (left panel) and DNA-transposon (right panel) polymorphisms. Figure S3.
581 Observed correlation between age in generations and frequency of synonymous SNPs in the four
582 derived genetic clades. The red points show the expected age of a neutrally evolving mutation at
583 a specific frequency based on the predictions of Kimura and Ohta (1973). Panel A: clade A_East;
584 panel B: clade A_ltalia; panel C: clade B_West and panel D: clade B_East. Figure S4. Distribution
585 of the observed TE age scaled by the effective population size (Ne) in the four derived genetic
586 clades of B. distachyon. Figure S5. Folded site frequency spectrum of DNA-transposons and
587 synonymous SNPs in all genetic clades. Panel A: A_East; panel B: A_lItalia; panel C: B_West; panel
588 D: B_East; panel E: C. Figure S6. Folded site frequency spectrum of retrotransposons and
589 synonymous SNPs in all genetic clades. Panel A: A_East; panel B: A_lItalia; panel C: B_West; panel
590 D: B_East; panel E: C. Figure S7. Age-adjusted SFS of simulated mutations under negative
591 selection in the four derived clades. The four columns show the results for the A_East, A_ltalia,
592 B_West and B_East genetic clades, respectively. Each line shows the results for the different
593 scaled selection coefficients (S). The five colored curves in each plot show the shape of the age-
594 adjusted SFS with varying ratios of neutrally evolving mutations, and the gray curves show
595 variation within one standard deviation based on the 20 runs for each simulation. The X axes
596 show the age bin from the youngest to the oldest, with each age bin including the same number
597 of observations for each simulation. Figure S8. Relative age difference ((mutation age in

598 simulations - observed mutation age)/maximum absolute age difference) between simulated
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599 data assuming fully outcrossing individuals and observed data in the last bin of the age-adjusted
600 SFS. A: 25% quantile; B: 50% quantile; C: 75% quantile. Figure S9. Age-adjusted SFS of DNA-
601 transposons (colored), non-synonymous SNPs (light gray) and high effect SNPs (dark gray) in the
602 four derived clades. The X axes show the age range of the mutations in each bin, and the age
603 range of each bin was chosen so that each bin represents the same number of DNA-transposons
604 observations. A: A_East genetic clades; B: A_ltalia genetic clades; C: B_West genetic clades; D:

605 B_East genetic clades. Boxplots are based on 100 estimations of A frequency.

606 Additional file 2: Supplemental Tables. Table S1. List of TEs significantly associated with at least
607 one environmental factor in the GWAS. Table S2. Difference in A frequency between the oldest
608 and second oldest age bin in the different simulations Table S3. List of published samples used in
609 this study. Table S4. List of thresholds used and percentage of the genome classified as high iHS

610 regions in the four derived clades.
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