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Abstract

MicroRNAs (miRNAs) are central players of the regulation of gene expression in Eukaryotes.
The repertoires of miRNA genes vary drastically even among closely related species,
indicating that they are evolutionarily labile. However, the processes by which they originate
over the course of evolution and the nature of their progenitors across the genome remain
poorly understood. Here we analyzed miRNA genes in Arabidopsis halleri, a plant species
where we recently documented a large number of species-specific miRNA genes, likely to
represent recent events of emergence. Analysis of sequence homology across the genome
indicates that a diversity of sources contributes to the emergence of new miRNA genes,
including inverted duplications from protein-coding genes, rearrangements of transposable
element sequences and duplications of preexisting miRNA genes. Our observations indicate
that the origin from protein-coding genes was less common than was previously considered.
In contrast, we estimate that almost half of the new miRNA genes likely emerged from
transposable elements. Miniature inverted transposable elements (MITE) seem to be
particularly important contributors to new miRNA genes, with the Harbinger and Mariner
transposable element superfamilies representing disproportionate sources for their
emergence. We further analyzed the recent expansion of a miRNA family derived from
MuDR elements, and the duplication of miRNA genes formed by two hAT transposons.
Overall, our results illustrate the rapid pace at which new regulatory elements can arise from
the modification of preexisting sequences in a genome, and highlight the central role of

certain categories of transposable elements in this process.

Keywords: Arabidopsis, evolution, evolutionary novelty, evolution of regulatory systems,

microRNA, transposable elements.
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Introduction

The process by which new genes originate over the course of evolution is a driving
force of evolutionary change and phenotypic innovation. A first scenario of origination is the
modification of sequences that were already genes, and implies various mechanisms such
as gene duplication followed by divergence, gene fusion/fission (after the deletion or
insertion of a genomic region), horizontal gene transfer, or the reverse transcription and
integration of mature messenger RNAs into the genome (reviewed in Van Oss and Carvunis,
2019). Gene duplication is a major mechanism in plants, as is apparent from the observation
that 65% of annotated genes have a duplicate copy. Of these, most derive from whole
genome duplications and/or polyploidization events, which occurred multiple times in plant
evolution (Panchy et al., 2016). Yet, it is now becoming clear that novel genes can also be
formed de novo from previously non-genic regions that have acquired gene-like
characteristics. The mechanisms of de novo gene birth are less well understood, and have
been mostly studied in the case of protein-coding genes. The de novo emergence of a new
protein-coding gene involves the relatively complex process of acquisition of an open
reading frame (ORF) along with the capacity to become transcriptionally active, although
other processes can be envisioned (reviewed in Van Oss and Carvunis, 2019). The
physiological relevance and evolutionary scenarios of de novo gene birth are still debated
(Broeils et al., 2023).

MicroRNAs (miRNAs) are key regulators of gene expression in eukaryotes, and are
produced from a special class of genes that do not encode for proteins, but instead are
transcribed by RNA polymerase Il into short RNA precursors presenting a hairpin-like
structure (Bartel et al., 2004; Voinnet, 2009; Rogers and Chen, 2013). In plants, miRNAs are
produced through the processing of the hairpin precursor by DICER-LIKE (DCL) proteins.
Mature miRNAs are typically 21 nucleotides long and can downregulate gene expression by
binding to ARGONAUTE proteins resulting in either mRNA degradation or translation
inhibition (Zhan and Meyers, 2023). In plants, while some mMIiRNA genes are deeply
conserved, the majority of miRNAs are lineage-specific and thus are evolutionarily young
(Fahlgren et al., 2010; Cuperus et al., 2011; Chavez Montes et al., 2014; Guo et al., 20223;
Pavan et al., 2024).

Similar to protein-coding genes, new miRNA genes can be formed from ancestral
genes or have a de novo origin. The duplication of an existing miRNA gene can expand the
family from which it originated. This process can involve whole-genome duplication,

segmental duplication and tandem duplication (Sun et al., 2012). Subsequent processes of
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70 genomic diversification may follow, resulting in sub-functionalization or neo-functionalization.
71 For example, the miR166 family in Arabidopsis expanded from whole-genome duplication,
72 segmental duplication and tandem duplication, followed by tissue-specific
73 subfunctionalization (Maher et al., 2006). Similarly, miR169, miR395 and miR845 families in
74 Brassicaceae are tandemly organized and were hypothesized to originate from tandem
75 duplications (Rathore et al., 2016). In contrast, the de novo origination of miRNA genes
76 requires at least two key steps: the creation of a hairpin-like structure and the acquisition of a
77 promoter that makes the transcription of the proto-miRNA gene possible. Three main
78 processes have been hypothesized to allow for this dual acquisition (Nozawa et al., 2012;
79 Cui et al., 2017; Baldrich et al., 2018). The first scenario was inspired by the observation in
80 Arabidopsis thaliana of an extended similarity between the precursor sequences of some
81 young miRNA genes and their corresponding target gene transcripts, leading to the
82 hypothesis that they directly originate from duplications of their target genes (Allen et al.,
83 2004). This hypothesis was later supported by specific examples in Arabidopsis (Fahlgren et
84 al., 2010; He et al., 2014; Zhang et al., 2016), Fragaria vesca (Xia et al., 2015), Solanaceae
85 (de Vries et al., 2015), Antirrhinum (Bradley et al., 2017) and Vitis (Lu et al., 2019). In this
86 model, the inverted duplication gives rise to an initial perfectly complementary hairpin that
87 can produce small interfering RNAs (siRNAs) also with perfect sequence complementarity to
88 the target gene. If the duplication also involves the promoter sequence, the new miRNA
89 gene will be expressed in the exact same tissues and stages as the gene it regulates. Over
90 evolutionary time, the accumulation of mutations can disrupt complementarity between the
91 two arms of the hairpin structure, facilitating recognition by the canonical DCL1 and
92 production of miRNAs (Allen et al., 2004; Voinnet et al., 2009; Baldrich et al., 2018). While
93 this model is particularly elegant, as it explains how new miRNA genes can gain targeting
94  capacity right upon their inception, the proportion of new miRNA genes actually arising
95 through this mechanism remains generally unknown.
96 A second source of new miRNA genes involves stem-loop sequences derived from
97 transposable elements (TEs). This scenario of origination was supported by observations in
98 various species including Oryza sativa, A. thaliana (Piriyapongsa and Jordan, 2008; Li et al.,
99 2011; Sun et al., 2012), Populus trichocarpa (Sun et al., 2012), Sorghum bicolor (Sun et al.,
100 2012), wheat (Poretti et al., 2019; Crescente et al., 2022) and more widely in Angiosperms
101  (Guo et al., 2022b). TEs can be classified into class | retrotransposons, which use RNA
102 intermediates to replicate in genomes, and class Il DNA transposons, which use a “cut and
103 paste” mechanism. Class | retrotransposons are further subdivided into long terminal repeat

104 (LTR) retroelements such as Copia and Gypsy, and non-LTR retroelements such as LINE
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105 and SINE (Mhiri et al., 2022). Under this model, the formation of hairpin precursors can
106 occur through the juxtaposition of two inverted LTR copies of cognate TEs. The transcription
107 of these hairpin precursors potentially leads to the production of siRNAs, some of which may
108 subsequently evolve into bona fide miRNAs (Li et al., 2011). Class Il DNA transposons
109 include various families such as Mariner, Harbinger and MuDR harboring terminal inverted
110 repeats (TIRs) (Mhiri et al., 2022). Miniature inverted-repeat TEs (MITEs) are a special type
111 of non-autonomous element appearing as being especially prone to generate new miRNA
112 genes in some plant species. MITEs are truncated derivatives of autonomous Class || DNA
113 transposons, have a short length (generally 50-800 bp long) and present terminal inverted
114 repeats (TIRs), making them ideal substrates for the production of hairpin precursors (Guo et
115 al., 2022b; Pegler et al., 2023). In Oryza sativa, up to 80% of TE-derived miRNA genes were
116 estimated to derive from MITEs (Li et al., 2011). More recently, a study analyzed
117 representatives from 21 species spanning from green algae to Angiosperms and suggested
118 that 16.2% of the miRNAs loci may derive from MITEs (Guo et al., 2022b). Processing of
119 these MITE-derived precursors by DCL proteins generates 21- or 24-nt miRNAs, which are
120 loaded into AGO proteins and possibly modulate gene expression at either the
121 transcriptional, i.e. AGO4-loaded 24-nt miRNAs, or post-transcriptional level, i.e. AGO1-
122 loaded 21-nt miRNAs (Pegler et al., 2023).

123 A third hypothesis for the de novo origin of miRNA genes implies the random
124 formation of a stem-loop structure, and the subsequent acquisition of the ability to be
125 transcribed. Felippes et al., (2008) detected young miRNA genes in A. thaliana with no
126 sequence similarity to any other region of the genome. Among them, miR823 showed
127 homology to its orthologous intergenic region in A. lyrata, but this region contained two
128 insertions, leading to a modification of the predicted secondary structure, which could
129 explain that the homologous region in A. lyrata is not processed as a miRNA. Formally
130 demonstrating the spontaneous emergence of miRNA genes from random DNA sequence
131 motifs is difficult, and the relative contribution of the three above-described mutational
132 processes to the influx of new miRNA genes remains poorly documented.

133 The Arabidopsis genus represents a unique opportunity to identify the origin of
134 miRNA genes, by allowing the comparison of closely related genomes with a well-defined
135 recent divergence history and solid genomic resources. The possibility to identify young
136 miRNA genes is crucial, since they are more likely than the more anciently emerged
137 elements to have retained nucleotide similarity to their progenitor sequence, and thus
138 provide the “smoking guns” needed to identify the mechanisms by which they were formed.

139 Fahigren et al., (2010) compared the A. thaliana and A. lyrata genomes, and estimated that
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140 85.3% of the duplications giving rise to new miRNA genes were portions of protein-coding
141 genes. However, a limitation is that the two species diverged about 5 million years ago,
142  which may be considered an already long time compared to the rapid dynamic of emergence
143 of new miRNA genes. In addition, the annotation of TEs in these species has since been
144 improved (Legrand et al., 2019), revealing a substantially higher TE content than they used,
145 possibly leading to an underestimation of TEs as loci of origin. Finally, the miRNA annotation
146 they used was based on a single sequencing experiment from a single accession, limiting
147 the detection power, especially for the evolutionarily youngest miRNA genes (Pavan et al.,
148 2024). To study more directly the process by which new miRNA genes emerge, it is thus
149 necessary to compare species that are even more closely related. In a previous study, we
150 identified a large number (n = 310) of very recent miRNA genes, specifically unique to A.
151 halleri (Pavan et al., 2024), and absent from all A. lyrata accessions examined, from which it
152 diverged less than one million years ago (Roux et al., 2011). In this study, we took
153 advantage of this large set of very young miRNA genes to explore the mutational
154 process(es) by which they emerged. Comparison of the sequences of the A. halleri-specific
155 miRNA precursors with the different types of possible progenitor loci (i.e. protein-coding
156 genes, TEs and other miRNA genes) revealed that transposons actually represent the most
157 important source of origin of new miRNA genes in A. halleri. In particular, MITEs and certain
158 TE superfamilies such as Harbinger and Mariner, appear to contribute preferentially. We
159 illustrate these mechanisms of formation by documenting in detail the recent expansion of a
160 newly created miRNA family derived from MuDR transposons, and the formation of new

161 miRNAs by a duplication of tandemly duplicated hAT transposons.

162 Results

163 miRNA genes in A. halleri have a diversity of possible origins

164 The A. halleri reference genome (Pavan et al.,, 2024) comprises 34,721 predicted
165 protein-coding genes, whose coding and non-coding fractions represent 16.7% and 20.1%
166 of the total genome space, respectively. We annotated transposable elements using
167 Repeatmasker and the bundle library from Legrand et al. (2019), which is composed of TEs
168 from A. halleri, A. lyrata and A. thaliana. Overall, we identified 104,231 TEs sequences,
169 comprising 31.6% of the assembly (Figure 1), in line with Legrand et al. (2019). The 463
170 miRNA precursor sequences predicted by Pavan et al. (2024) collectively covered 0.04% of
171 the genome. Among them, 310 are specific to A. halleri accessions, as they have not been

172 observed in any of the 13 A. lyrata samples examined or any other plant species (Pavan et
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173 al.,, 2024). These recently emerged miRNA genes may be expected to have retained a trace
174  of their original genomic loci. To determine their progenitors, we aligned each of the 310
175 miRNA precursor sequences to the rest of the genome using BLASTN (Camacho et al.,
176 2009) and cross-referenced the positions of the obtained alignments with those of protein-
177 coding genes, transposable elements and other miRNAs.

178 We observed significant alignments for 229 of the 310 miRNA precursors, indicating
179 that they are indeed recent enough to have preserved a trace of their origin (Figure 1).
180 Among them, six showed similarities with CDS, 19 with intronic and/or untranslated region
181 (UTR) sequences, 22 with other miRNA genes, 128 with TEs and 57 with unannotated
182 regions of the assembly (Figure 1, Supplemental Table S1).

183 For the sake of consistency with the previous analysis by Fahlgren et al. (2010), we
184 ensured that our results were not affected by the use of the BLASTN (Camacho et al., 2009)
185 alignment tool rather than FASTA (Pearson, 2016), which are based on different algorithmic
186 principles (fixed-sized words vs. hashing of the query) and can occasionally find matches
187 that the other misses, and vice versa. We found qualitatively similar results using FASTA
188 instead of BLASTN, j.e. the TE-related miRNAs were still a predominant source of origin
189 (127/310) compared to protein-coding genes (46/310) (Supplementary Figure S1). Hence,
190 we found a clear tendency for these extremely recent miRNA genes to have similarity with
191 TE sequences (p < 2.2e-16), suggesting that TEs represent a major source of miRNA

192 progenitors.

100%
C
O 75%
E TE
5 W cDs
S 50% non CDS
© MiRNA
-g unannotated
% 25% no hit (FDR > 0.05)
h'ed

0%
genome miRNA gene
193 composition similarities

194 Figure 1 : miRNA genes originate from a diversity of sources. Left : composition of the
195 A. halleri reference genome. Right: relative contribution of the different sources to miRNA
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196 origination, calculated from coverage in base pairs. Each miRNA precursor sequence was
197 compared to the A. halleri reference genome with BLASTN (Camacho et al. 2009) and the
198 significant alignments (false discovery rate < 0.05) were selected. The colors represent the
199 nature of the blast hit (existing miRNA gene, protein-coding gene, i.e CDS and non-CDS,
200 and transposable element). Non-CDS annotations include introns and 5’ and 3’ untranslated
201  regions.

202

203 The Harbinger, Mariner transposon superfamilies and MITEs contribute to the birth of new
204 miRNA genes

205 To investigate whether particular TE sequences predominantly contribute to the
206 origin of new miRNA genes in A. halleri, we compared the proportions of each TE
207 superfamily within the set of TEs potentially associated with new miRNA origins to those in
208 the entire annotated set of TEs in the genome assembly. In the A. halleri reference genome,
209 the five most represented superfamilies are Gypsy (32.7%), Copia (19.8%), Helitron
210 (10.9%), MuDR (10.9%) and LINE (9.2%) (Figure 2). This result is consistent with Legrand et
211 al. (2019), who identified the same five superfamilies as the most represented in the genome
212 of another accession (PL22). Within the set of TEs potentially associated with new miRNA
213 origins, the most represented sequences were classified as MuDR (26.1%), MITEs (16.8%),
214  Harbinger (9.5%) and hAT (8.1%) (Figure 2, Supplemental Table S1). In particular, while
215 some superfamilies were underrepresented among TE-related miRNA genes such as
216 Gypsy, Copia, SINE, and LINE (p < 2.2e-16), others were overrepresented such as MITE
217 (8.5-fold higher), Harbinger (4.5-fold higher), Mariner (4-fold higher), hAT (3-fold higher) and
218 MuDR (2.4-fold higher) (p < 2.2e-16), suggesting that these particular superfamilies are

219 favored contributors to miRNA origin.
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221 Figure 2 : Main TE superfamilies contributing to miRNA gene birth in A. halleri. Left :
222 relative proportions of the different TE superfamilies in the A. halleri reference genome.
223 Right: relative proportions of the different TE superfamilies among the TE-related miRNA
224 genes, calculated from coverage in base pairs. TE superfamilies were classified as class |
225 retrotransposons, class || DNA transposons or unclassified transposons. Hits overlapping
226 two or more TEs superfamilies were added to each category.

227 We then clustered the new miRNA genes into families based on precursor sequence
228 similarity, and explored the distribution of the number of members (i.e. paralogs) in each
229 family. The majority of the 310 new miRNA genes (n = 232) were classified as singletons
230 (families of just one member). Forty miRNA genes formed clear families with two members,
231 twenty one formed families with three members each, and a few families contained four and
232 five members, respectively (Supplemental Figure S2). The largest family was formed by
233 eight miRNA precursors that we named Aha-miR13a to Aha-miR13h.

234

235 A new A. halleri-specific miRNA family derived from a MuDR transposon sequence

236 We first focused on the large eight-members family of A. halleri-specific miRNAs (the
237 Aha-miR13 family). Nucleotide sequences of these miRNAs showed similarity with TEs from
238 two different subfamilies of MuDR transposons (B-R528-Map7 and B-R2167-Map9) (Figure
239 3A), suggesting one, perhaps two recent expansions from this TE superfamily. Aha-miR13d,
240 Aha-miR13f and Aha-miR13g precursors presented a large indel compared to the other
241 members of the family. However, in spite of this relatively large indel, the secondary
242  structure of the precursors remained largely similar (Figure 3A). Strikingly, the indel spanned
243 the predicted miRNA-miRNA* duplex of Aha-miR13c, Aha-miR13f and Aha-miR13g (Figure
244  3A), but does not seem to affect the capacity of the precursor to be cleaved by DCL proteins.
245 Most precursors produced a 21 nt-long mature miRNA sequence, suggesting that their
246 Dbiosynthesis is DCL1-dependent (Figure 3B). Two precursors (Aha-miR13c and Aha-
247 miR13d) produced mature miRNA sequences with a length of 23- and 24-nt, respectively,
248 possibly indicating that other DCL proteins may be involved in their processing (Figure 3B).
249 In Pavan et al. (2024) we determined the preferential loading in AGO proteins of the A.
250 halleri miRNAs by immunoprecipitation of AGO1 and AGO4 proteins. Interestingly, we
251 observed that the mature miRNAs produced from the three precursors exhibiting the large
252 indel were loaded in AGO4, while those produced by the other precursors were loaded in
253 AGO1 (Figure 3B), suggesting a possible change of the mode of action of the family

254 associated with the mutational event. Indeed, AGO4 generally directs DNA methylation,
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255 regulating TEs (sometimes genes) at the transcriptional level (Zhan and Meyers, 2023).
256 Some miRNAs have been shown to be directly involved in the regulation of TEs. In A.
257 thaliana, Borges et al., (2018) showed that one particular miRNA (miR845) is capable of
258 regulating the transposon from which it is derived by cleaving TE transcripts, and initiating
259 the production of epigenetically activated siRNAs (easiRNAs). In line with this model, we
260 confirmed the presence of predicted targets of the AGO4-loaded 24-nt miRNAs onto the
261 homologous MuDR sequences and other members of this superfamily. In addition, some
262 mature miRNAs of the family are loaded in AGO1 (Pavan et al. 2024), suggesting that they
263 could regulate mRNA targets at the post-transcriptional level. Accordingly, we observed that
264 miRNAs produced by Ah-miR13a were predicted to be able to target the coding sequence of
265 two protein-coding genes (Ah6g725047, related to A. thaliana OTU1, a deubiquitinase
266 involved in the endoplasmic reticulum-associated degradation, Zhang et al., (2020) and
267 Ah8g676367, homologous to a A. lyrata predicted protein with unknown function). Ah-
268 miR13e was predicted to be able to target the same two genes (Ah6g725047 and
269 Ah8g676367), plus Ah1g889505 (predicted to contain a Ribonuclease H domain related to
270 LTR retroelements, Malik and Eickbush, 2001). Hence, members of this TE-derived miRNA
271 family seem to have gained the capacity to target genes from the host genome in addition to

272 target the TE superfamily from which they derive.

10
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274 Figure 3: Recent expansion of a new miRNA family (Aha-miR13a-h) derived from
275 MuDR transposon sequences. (A) Sequence alignment of the eight miRNA precursors and
276 their homologous MuDR transposon sequences, aligned with MUSCLE (Edgar, 2004) and
277 visualized with Jalview v2.11.3.2 (Waterhouse et al., 2009). Mature miRNA and miRNA*
278 sequences are indicated by red rectangles. The color of the nucleotides represents the level
279 of conservation, i.e. white for poorly conserved sites and dark blue for highly conserved
280 sites. (B) Phylogenetic relationship of miRNA precursors constructed using the neighbor-
281 joining algorithm implemented in MEGA v11.0.13 (Tamura et al., 2007). Scale bar
282 represents genetic distance and the node numbers the bootstrap values calculated from
283 10,000 replicates. Alongside the phylogenetic tree, the secondary structure of miRNA
284 precursors was generated and displayed using structVis v0.4, with a color scale indicating
285 the read depth. The miRNA-miRNA* duplex predicted by mirkwood is indicated by a black
286 rectangle, labeled with its size and preferential AGO protein loading (as determined in Pavan
287 et al. 2024). “NA” indicates that the mature miRNAs were not detected in the input of AGO1
288 and AGO4 immunoprecipitation experiments.

289

290 A new A. halleri-specific miRNA resulting from the tandem duplication of a hAT transposon

291 We then focused on a family (Aha-miR52) containing three paralogous miRNA
292 precursors, Aha-miR52a, Aha-miR52b and Aha-miR52c. The sequences of these precursors
293 overlapped with pairs of transposons from the hAT superfamily located head-to-head
294  (Supplementary Figure S3). Aha-miR52a was shared with A. lyrata, in which it is present as
295 a single copy, while Aha-miR52b and Aha-miR52c are specific to A. halleri (Pavan et al.,
296 2024), suggesting that they emerged from duplication after the divergence between the two
297 species. The secondary structure of the three miRNA precursors, notably Aha-miR52b and
298 Aha-miR52c, appears fairly conserved, and all share the same mature 24-nt miRNA
299 sequence. In addition, the mature miRNAs are loaded in AGO4 (Pavan et al., 2024) and
300 have a predicted target site in the hAT sequence from which they originated, as well as in
301 other transposons from the hAT superfamily (Figure 4A). These mature miRNAs have no
302 target predicted in the protein-coding genes (Pavan et al., 2024). To further understand
303 whether the miRNA precursors originated 1) from independent juxtapositions of pairs of
304 unrelated transposons, 2) from independent tandem duplications of initially unrelated
305 isolated transposons or 3) from the subsequent duplication of a single initial pair of
306 transposons, we constructed a phylogenetic tree with the six transposon sequences from
307 which Aha-miR52a, Aha-miR52b and Aha-miR52c could have derived. In scenario 1) we
308 expect no clear phylogenetic structure. In scenario 2) we expect that the pairs of juxtaposed
309 transposons form three independent phylogenetic clusters, while in scenario 3) we expect
310 that members from each of the three pairs group together in the phylogenetic tree, hence

311 forming two separate clusters. Our results showed that the two transposons forming the
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312 miRNA precursors fall into separate groups (Figure 4B), suggesting that the three members
313 of this family represent paralogs from one single ancestral copy rather than independent
314 juxtaposition of unrelated TEs or separate duplications of independent copies. Interestingly,
315 the sRNAs produced by these hairpins are 24nt-long, are loaded in AGO4 and have
316 potential targets to regulate the transposon they originated from, as well as other members
317 of the same superfamily (Figure 4C). These observations support the possibility that TE-
318 related miRNA genes can originate from an inverted duplication event of a transposon or

319 from the juxtaposition of two transposons of the same family (Pegler et al., 2023).
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320
321
322

Figure 4: Emergence of new miRNA genes from the juxtaposition of two hAT
transposons. (A) The secondary structures of Aha-miR52a, Aha-miR52b and Aha-miR52c

323 precursors were obtained using structVis v0.4 and the color scale indicates the read depth.
324 The miRNA-miRNA* duplex is indicated by a black rectangle, labeled with its size and AGO
325 protein preferential loading. (B) Phylogenetic relationship of the six hAT transposons from
326 which Aha-miR52a, Aha-miR52b and Aha-miR52c originated. The tree was constructed
327

using MUSCLE and the neighbor-joining algorithm of MEGA v11.0.13. Scale bar represents
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328 genetic distance and bootstrap values are calculated from 10,000 replicates. (C) Model of
329 emergence of new miRNA genes from hAT transposons. 1) The inverted duplication or
330 juxtaposition of hAT transposons enables the formation of a hairpin structure. 2) Over the
331 course of evolution, the hairpin is processed by DCL proteins and produces 24 nt-miRNAs.
332 3) Duplication of the region to another location in the genome expands the miRNA family. 4)
333 The 24 nt-miRNAs produced by the hairpin are loaded in AGO4 proteins and have predicted
334 target sites on the DNA sequence of the transposon from which they originate, as well as on
335 those of other transposons from the same family.

336

337 New miRNA genes can arise from the inverted duplication of a part of a coding gene

338 Allen et al., (2004) proposed that coding gene-derived miRNAs can arise from the
339 reverse duplication of part of a coding gene or from a reverse intralocus duplication followed
340 Dby direct duplication, and several examples of this process were reported by Fahlgren et al.
341 (2010) in Arabidopsis. We thus looked whether some of the A. halleri-specific miRNA genes
342 could have arisen this way. To illustrate this possibility, we focused on the sequence
343 similarity we had detected between Aha-miR217 and the Ah7g813868 gene (homologous to
344  a F-box/RNI superfamily protein-coding gene in A. thaliana, a large gene family with diverse
345 roles in cell cycle transition, transcriptional regulation and signal transduction, Kuroda et al.,
346 2002). A recent duplication of this gene giving rise to miRNA genes has been documented in
347 Fragaria Vesca (Xia et al,. 2015). We compared the extended sequence of the Aha-miR217
348 miRNA precursor (1,000 nucleotides on each side of the loop) with the sequence of
349 Ah7g813868. The precursor sequence was very similar to a 66 bp region in the first exon of
350 Ah79g813868, duplicated directly, and to the same region extended to 263 bp duplicated in
351 reverse orientation (Figure 5). This suggests that Aha-miR217 is derived from an inverted
352 duplication of part of the Ah7g813868 gene to form a hairpin-like structure. The mature
353 miRNA produced by the precursor (21-nt) had a predicted target site in the first exon (Figure
354 5), suggesting its potential to regulate its expression.

355 More generally, only six of the A. halleri-specific miRNA precursors have sequence
356 similarity to CDS, and we identified inverted duplications in a very limited number of cases
357 (only two with our criteria; Supplementary Figure S4), suggesting that this scenario of

358 origination remains relatively rare overall.
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Ah7g813868
1831 bp

miRNA binding site

stem loop stem
400 bp 400 bp
359 Aha-miR217

360 Figure 5: Inverted duplication of a portion of the coding sequence of a gene giving
361 rise to a new miRNA gene. Sequence alignment between a 2000 bp region centered on the
362 loop of the miRNA precursor Aha-miR217 and the Ah7g813868 gene using YASS (Noe and
363 kucherov, 2005). The three exons of the gene are represented in light gray and the miRNA
364 predicted binding site in red. The stem and the loop of the precursor are indicated in two
365 shades of green and the miRNA and miRNA* in red. The e-value of the direct duplication is
366 indicated in blue and the one of the inverted duplication in orange.

367

368 Discussion

369 The role of transposons in the emergence of mMiRNA genes

370 Novel miRNA genes have been proposed to arise from the duplication of protein-
371 coding genes, from transposable elements, from the duplication of preexisting miRNAs or
372 from a region of genome able to form hairpin precursor that gain the ability to be transcribed
373 (Nozawa et al., 2012; Cui et al.,, 2017; Baldrich et al., 2018). Fahigren et al. (2010)
374 concluded that, in A. thaliana and A. lyrata, the majority of new miRNA genes derive from
375 protein-coding genes, with only a few with clear relation to TEs. Here, we identified a much
376 lower fraction of miRNA genes related to protein-coding genes and instead evaluated that up
377 to 40% of the A. halleri-specific miRNA genes have emerged from TEs. This difference may
378 Dbe due to several reasons. First, our annotation strategy was based on the comparison of a
379 large number of distinct accessions (Pavan et al.,, 2024), while Fahlgren et al. (2010)
380 predicted miRNA genes from a single sequencing experiment from a single accession. As
381 detailed in Pavan et al., (2024), this is expected to result in a low power to detect the most
382 recent category of miRNA genes. Second, the comparison of A. thaliana and A. lyrata is
383 inherently limited by the relatively ancient divergence between these two species, as
384 compared to our comparison of a pair of more closely related species, allowing for the
385 identification of even more recent miRNA genes, providing more power to track their locus of

386 origin. Third, TEs, due to their repetitive nature, are challenging to identify. While Fahlgren et
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387 al. (2010) used a library based on A. thaliana alone, our TE annotation is based on a more
388 comprehensive library combining the repeats from A. thaliana, A. lyrata and A. halleri
389 (Legrand et al., 2019). It is thus possible that Fahlgren et al. (2010) missed a number of
390 sequence similarities between miRNAs and TEs. Fourth, the TE content in A. thaliana and
391 A. lyrata is slightly lower than that of A. halleri. Legrand et al. (2019) used an unbiased
392 estimation procedure (remapping of raw illumina reads on a joint TE library combined across
393 the three species) and estimated the TE content in A. thaliana and A. lyrata at around 19.1%
394 and 25.2% respectively, while in A. halleri it was up to 32.7% and 30.2% in the two
395 accessions they sequenced. The estimation in our newer reference genome (31.6%) is
396 consistent with a higher TE content in A. halleri, which may also contribute to explain why we

397 identified TEs as such predominant progenitors of miRNA genes.

398 Interplay between transcriptional and post-transcriptional silencing pathways

399 The regulation of gene expression and gene silencing can occur at two levels.
400 Transcriptional gene silencing (TGS) allows a control of gene expression through directed
401 methylation of the DNA sequence, while post-transcriptional gene silencing (PTGS) allows a
402 control of gene expression through degradation of the mRNA molecules. siRNAs are main
403 actors of TGS, while miRNAs typically function in PTGS. However, crosstalks between these
404 two pathways have been proposed to be common and could fine-tune gene expression over
405 the short and long terms. In Pavan et al. (2024) we showed that “young” miRNA genes tend
406 to be produced from more “perfect” hairpins, to have a length of 24-nt, and be loaded in
407 AGO4. Here, we show that they disproportionately stem from TE-related sequences.
408 Collectively, these features are reminiscent of the TGS pathway. Pavan et al. (2024) further
409 showed that, over time, the accumulation of mutations in the precursor sequence leads to
410 the production of 21-nt miRNAs loaded in AGO1, suggesting a progressive evolution toward
411 the PTGS pathway. In line with this scenario, we observed that the Aha-miR52 precursors
412 potentially stemming from the duplication of hAT transposons produced 24-nt miRNAs that
413 are loaded in AGO4 and target the transposons from which they originated. In contrast, the
414 Aha-miR13 precursors, which probably derived from MuDR transposons, produced mainly
415 21-nt miRNA loaded in AGO1 and AGO4. These miRNAs target the transposon from which
416 they originate, and in addition have gained the ability to target sites in the CDS of protein-
417 coding genes. These two examples highlight the possible transition from the TGS to the
418 PTGS pathways over the course of evolution: new miRNA loci predominantly derived from
419 TE-related sequences would initially be either neutral or participate in the regulation of their

420 progenitor TEs, as previously suggested for one particular miRNA gene from A. thaliana by
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421 Borges et al. (2018). The accumulation of mutations along the miRNA sequence may
422 eventually confer the ability to target genes from the host genome. Depending on the
423 functional importance of the newly targeted genes, such targeting may be neutral or
424  deleterious or, under rare circumstances it may be beneficial and retained over the long run,
425 eventually shifting to a PTGS regulatory pathway. Transitions between PTGS and TGS have
426 been observed in other contexts. For instance, Mari-Ordonez et al. (2013) proposed that the
427 de novo silencing of TEs involves an immediate PTGS response based on 21-22 nt siRNA,
428 which is later replaced after a number of generations (eleven generations in their
429 experiment) by a more stable, long-term TGS repression involving 24-nt sSRNA molecules.
430 Hence, TGS and PTGS mechanisms may act in concert and eventually replace each other

431 over short and long evolutionary time scales.

432 Evolution of miRNA targeting

433 The repertoire of targets of a miRNA gene can change over the course of evolution
434 due to the accumulation of mutations in the miRNAs or in their mRNA target sequences.
435 Pavan et al. (2024) observed that the number of mRNA targets tends to increase over the
436 course of evolution, with an average of 5.4 targets for the most ancient miRNA genes, but
437 only 0.9 for the A. halleri-specific miRNA genes. While TEs and protein-coding genes
438 represent approximately similar overall fractions of the total genome, in this study, we
439 observed that almost half of the very young miRNA genes originate from TEs, with a low
440 proportion deriving from duplications of protein-coding genes. This observation helps to
441 understand why the number of targets tends to increase over the course of evolution.
442 Indeed, a miRNA gene that emerges from a protein-coding gene can immediately target the
443 gene from which it originated. In most cases this may have deleterious consequences for the
444  individual carrying this new miRNA gene, leading to its rapid elimination by natural selection.
445 In contrast, a miRNA gene that emerges from a transposon is able to target the transposon
446 from which it originates. Such a miRNA gene may be either neutral or slightly beneficial,
447 since active transposons can invade the genome with deleterious consequences for the
448 host. Thus, a miRNA emerging and leading to a reduction of the expression of the
449 transposon can be retained by natural selection, at least for some time. This extension of the
450 residence time of newly emerged miRNA genes when they arise from TEs may provide
451 opportunity for the acquisition of new target sites in protein-coding gene through the
452 apparition of mutations in miRNA sequence or through the insertion of the transposon of
453 origin in a protein-coding gene leading to the creation of a new exon (exonization), a new

454 gene or a new promoter (Etchegaray et al., 2021).

18


https://doi.org/10.1101/2024.07.25.605110

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.25.605110; this version posted July 25, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

455 Material and methods

456 TE annotations in the A. halleri genome

457 TEs in the A. halleri Auby1 genome assembly were annotated using Repeatmasker (v 2
458 4.14, Smit, A.; Hubley, R.; Green, P. RepeatMasker http://www.repeatmasker.org) with the
459 bundle library produced by Legrand et al., (2019), composed of TEs from A. halleri, A. lyrata
460 and A. thaliana. Briefly, the library is composed of consensus sequences representative of
461 TEs identified in the three species using the TEdenovo pipeline of the REPET package
462 (Quesneville et al., 2005). Each consensus sequence was then classified into TE

463 superfamilies and repeat types using PASTEC (Hoede et al., 2014).

464 Identification of the progenitor loci
465 The 310 A. halleri-specific miRNA precursor sequences identified by Pavan et al. (2024)
466 were aligned with BLASTN (Camacho et al. 2009) and FASTA (Pearson 2016) against the
467 A. halleri reference genome assembly (Auby1 v1.3). We ignored self-alignements, and
468 retained best-hits longer than 40 bp for further analysis. The e-values were converted to p-
469 values using the relationship p = 1-e¥, and an FDR cutoff point was determined using the R
470 (v4.1.2; R Core Team 2023) Q-VALUE package (v1.0; Storey, 2002, as in Fahlgren et al.,
471 2010). Each significant alignment (FDR < 0.05) was intersected with protein-coding genes,
472 TEs and miRNA gene annotations. In case the alignment overlapped with a TE within an
473 intron, we considered that the progenitor locus was the TE. The relative proportions of the
474  different sources of origin were normalized by base pair. Differences in the proportions of the
475 different sources of origin between genome vs. miRNA-related loci and in the proportions of
476 the TEs superfamilies between genome vs. miRNA-related superfamilies were tested using
477 a x?test.

478 Identification of miRNA families

479 We used BLASTN (Camacho et al. 2009) to compare the sequences of the miRNA
480 precursors among them. We selected alignments with at least 80% identity, 80% coverage
481 and an e-value < 1e-10.

482 Secondary structures of the miRNA precursors and their mapping density (from Pavan et al.

483 2024) were visualized by structVis v0.4 (github: https://github.com/MikeAxtell/strucVis).

484 Phylogenetic tree
485 We aligned the precursor sequences with MUSCLE (Edgar, 2004) and constructed
486 phylogenetic trees using the Neighbor Joining algorithms implemented in MEGA4 v11.0.13

487 (Tamura et al., 2007). Support for the nodes of the tree was evaluated with a bootstrap test
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488 (10,000 replicates).

489

490 Target prediction

491 We identified the potential miRNA targets in the genome of A. halleri using TargetFinder (Bo
492 and Wang, 2005) with default parameters, which provide the best balance between
493 specificity and sensitivity (Srivastava et al., 2014). We applied a cut-off penalty score of < 3

494 as recommended in Fahlgren et al. (2007) for reliable miRNA-mRNA target interactions.

495 Origin via coding gene duplication

496 A region of 2kb centered on the loop of the miRNA precursor sequence was aligned to the
497 DNA sequence of the coding gene from which it may have emerged using YASS (Noe and
498 kucherov, 2005). Putative inverted duplications of the coding gene were inspected based on
499 dotplots in YASS.
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501 The supplementary data set (annotation of transposable elements in A. halleri Auby1
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