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1 Abstract

Background: Two of the most potent drivers of genome evolution in eukaryotes are whole
genome duplications (WGD) and transposable element (TE) activity. These two mutational
forces can also play synergistic roles; WGDs result in both cellular stress and functional
redundancy, which would allow TEs to escape host-silencing mechanisms and effectively spread
with reduced impact on fitness. As TEs can function as, or evolve into, TE-derived cis-regulatory
elements (TE-CREs), bursts of TE-activity following WGD are likely to impact evolution of gene

regulation. However, the role of TEs in genome regulatory remodelling after WGDs is unclear.
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Here we used the genome of Atlantic salmon, which is known to have experienced massive

=
o

expansion of TEs after a WGD ~100 Mya, as a model system to explore the synergistic roles of

_
_

TEs and WGDs on genome regulatory evolution.

12  Results: We identified 61,309 putative TE-CREs in Atlantic salmon using chromatin
13  accessibility data from brain and liver. Of these, 82% were tissue specific to liver (43%) or brain
14 (39%) and TE-CREs originating from retroelements were twice as common as those originating
15 from DNA elements. Signatures of selection shaping TE-CRE evolution were evident from
16  depletion of TEs in open chromatin, a bias in tissue-shared TE-CREs towards older TE-
17  insertions, as well as tissue-specific processes shaping the TE-CRE repertoire. The DTT elements
18  (Tcl-Mariners), which exploded in numbers at the time of the WGD, were significantly less
19  prone to evolve into TE-CREs and significantly less potent in driving or repressing transcription
20  compared to other TE-derived sequences. A minority of TEs (16% of consensus TEs) accounted
21  for the origin of 46% of all TE-CREs, but these ‘CRE-superspreaders’ were not temporally
22 associated with the WGD. Rather, the majority of TE-CREs, including those found to be
23  significantly associated with gene regulatory evolution and thus found to drive or repress
24 transcription, evolved from TE activity occurring across tens of millions of years following the

25 WGD event.

26  Conclusion: Our results do not support a WGD-associated TE-CRE rewiring of gene regulation.
27 Instead we find that TEs from diverse superfamilies have been particularly effective in
28  spreading TE-CREs and shaping gene regulatory networks under tissue-specific selection

29  pressures, across millions of years following the salmonid WGD.
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31 Introduction

32  The two most influential mutational mechanisms that have shaped eukaryotic genome
33  evolution are whole genome duplications (WGD) and transposable element (TE)
34  activity. Both WGDs and TEs drive genome size evolution. However, as mobile genetic
35 elements with capacity to replicate (Feschotte and Pritham, 2007), TEs also impact
36 genome evolution in numerous other ways, by generating novel genes (Cosby et al,,
37 2021; Diehl et al., 2020; Elisaphenko et al, 2008; Qin et al., 2015), modulating
38  chromatin looping (Diehl et al., 2020), rearranging genome structure (Bourque et al,,
39  2018) as well as supplying “raw material” for gene regulatory evolution in the form of
40  cis-regulatory elements (CREs) (Bourque et al.,, 2008; Chuong et al., 2017; Cosby et al,,
41  2019; Diehl et al., 2020; Feschotte, 2008; Sundaram and Wysocka, 2020; Sundaram et
42 al, 2014).

43  Studies of mammalian genomes have provided deep insights into the role of TEs in CRE-
44 evolution and the potency of TE-derived CREs (TE-CREs) to regulate gene expression
45  (reviewed in Fueyo et al. (2022)). For example, as much as 40% of the mouse and
46  human transcription factor (TF) binding sites have been shown to be within TEs
47  (Sundaram et al, 2014), and as many as 19% of pluripotency factor TFs are located
48  within TEs (Kunarso et al.,, 2010; Sundaram et al,, 2017). Curiously, in mammals TEs
49  associated with gene regulation during development have been shown to be younger
50 than those associated with regulation in adult somatic tissues (reviewed in (Fueyo et al,,
51  2022)), suggesting different evolutionary pressures on TEs with distinct regulatory

52  roles.

53  Genome evolution through TE activity is also likely influenced by WGDs. Because WGDs
54  result in cellular stress, TEs can escape host-silencing mechanisms following WGDs.
55  This is supported by both experimental (Kashkush et al,, 2003, 2002; Kraitshtein et al,,
56  2010) and comparative genomics (Lien et al., 2016; Marburger et al, 2018) studies.
57  Additionally, WGDs result in increased functional redundancy. This will reduce the
58 average negative fitness effects of novel TE insertions and thereby allow for fixation of
59  TE insertions following WGD (Baduel et al.,, 2019), including insertions that influence
60  gene regulation. In line with this, Gillard et al. (Gillard et al., 2021) recently reported

61 that TE insertions in promoters were associated with regulatory divergence of gene
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62  duplicates following WGD in salmonid fish. However, systematic investigations into the
63 role of TEs in CRE evolution and genome regulatory remodelling after WGDs are still

64  lacking.

65 Here we address this knowledge gap regarding the role of WGD in TE-associated
66  genome regulatory evolution using salmonids as a model system. Salmonids underwent
67 a WGD 80-100 Mya (Lien et al., 2016) which coincided with the onset of a burst of TE,
68  particularly featuring elements belonging to the DTT/Tcl-mariner superfamily. This
69 observation has led to the hypothesis that increased TE activity in the immediate
70  aftermath of the WGD was a major driver of genome regulatory evolution. To explore
71  this idea we leverage ATAC-seq data from two tissues (brain and liver) to identify
72 putative CREs that have evolved from TE-derived sequences. We then combine these
73  TE-CRE annotations with analyses of the temporal dynamics of TE activity, analyses of
74  gene-coexpression, and massive parallel reporter assays. Our results support a weak
75 link between WGD and TE-CRE evolution, but cast doubts about the power of
76  synergistic interactions between WGDs and TE activity to drive rapid rewiring of

77  genome regulation.

78

79  Results

80 The TE-CRE landscape of Atlantic salmon

81  To investigate the contributions of different TEs to CRE evolution, we first characterised
82  the TE landscape of the salmon genome using an updated version of the existing TE
83 annotation from (Lien et al,, 2016). The total transposable element annotation covered
84  51.929% of the genome. Consistent with previous findings (Goodier and Davidson, 1994;
85 Lienetal, 2016), the dominating TE group was DNA transposons from the Tc1-Mariner
86  superfamily with >655,000 copies, covering 327 million base pairs, just shy of 10% of
87  the genome (Figure 1A-C). In general, the genomic context of TE insertions was quite
88  similar to the genomic baseline (Figure 1D), but with slightly more TEs in intronic
89  regions and slightly less TEs in exons and intergenic regions. Of the well-represented TE
90 superfamilies (>10k insertions) only the Nimb retrotransposon superfamily was an

91  exception to this pattern, for which 18% of the copies were found in promoter regions
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92  (Figure 1D).
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94 Figure 1. Overview of the genomic TE landscape. A) Superfamily level overview of TE annotations in
95 the Atlantic salmon genome. Number of TE subfamilies per superfamily in square brackets. B) TE
96  insertions per superfamily. C) Annotated base pairs at the TE superfamily level. D) TE annotations (bp
97  proportions) overlapping different genomic contexts. Genomic baseline is the proportion of the entire
98 genomic sequence thatis assigned to the four genomic contexts.

99  Active CREs in tissues and cells are associated with increased chromatin accessibility
100  (Buenrostro et al,, 2013; Keene et al., 1981; McGhee et al,, 1981). Thus, to study the
101  contribution of TEs to the salmon CRE landscape, we integrated our TE annotation with
102  annotations of accessible chromatin regions identified using ATAC-seq data from liver
103  and brain. Analysis of the overlap between TEs and accessible chromatin revealed a
104 large depletion of TEs in accessible chromatin. While TEs represent ~52% of the
105 genome sequence, only <20% of the regions of accessible chromatin overlapped with TE
106 insertions (Figure 2A), with liver having a higher proportion of annotated TEs in

107  accessible chromatin than brain.

108 To define a set of TEs that contribute to putative CREs, we narrowed in on those TE
109 annotations overlapping chromatin accessibility peaks (Figure 2B-D). These were
110  defined as putative TE-CREs. Although the majority (55%) of TE annotations (excluding
111 ‘unknown’ repeats without classification) were DNA elements (1,335,051 insertions),
112  TE-CREs from DNA elements were a minority (27%). Both the proportion (Figure 2C)
113 and number (Figure 2D) of putative TE-CREs were higher in the liver compared to the
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114  brain. Of a total of 61,309 TE-CREs, 18% were shared between tissues, 39% were brain-
115  specific, and 43% were liver-specific (Figure 2D). Tissue-shared TE-CREs were
116  overrepresented about 4-fold in promoters compared to the tissue-specific TE-CREs
117  (Figure 2E}. We also found that tissue specific TE-CREs were associated with tissue-bias
118  in gene expression (Figure 2F), supporting a regulatory effect of TE-CREs.

Defining TE-CREs
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120 Figure 2. TE-CRE landscape. A) The proportion of base pairs overlapping TEs, either out of all genome-

121 wide bp or those within an ATAC-seq peak. B-D} Pipeline to define putative TE-CREs. B) Venn diagram of
122 tissue specific and shared ATAC-peaks from liver and brain. C} Cartoon showing how TE-CREs are defined
123 as ATAC-seq peak summits when overlapping with a TE. D) Venn diagram of tissue specific and shared
124 TE-CREs from liver and brain. E) Proportion of shared and tissue-specific TE-CREs in promoter vs.
125  intergenic regions. F) Gene expression levels of genes associated with tissue specific TE-CREs in brain and
126 liver. P-values from Wilcoxon-test indicated above tissues. G) Correlation between the proportion of TFBS
127  motifs found in TEs using FIMO and the genome wide TF footprint signal for the TFs predicted to bind
128  these TFBSs.

129  One reason for TE-CREs tending to be specific to liver rather than brain (Figure 2D)
130  could be due to higher selective constraints on gene regulatory networks important for
131  brain function compared to liver function. One expectation from this hypothesis would
132 be that TFBSs with strong brain bias in TF binding would be depleted in TE sequences.
133  To test this, we first inferred tissue bias in TF binding using genome-wide TFBS
134  occupancy signals through TF-footprinting. We then correlated these signals with the
135 proportion of TFBS motifs found in TE sequences. In line with our expectations, motifs
136  for brain biassed TFs were less frequently found in TEs (regression line in Figure 2G).

137  The most highly liver-biassed TFs, such as HNF1A, were an exception to this general

-
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138 trend, although these liver-biassed TFs were fewer and much less depleted in TEs
139  compared to the most highly brain-biassed TFs (Figure 2G). Taken together, our results
140  support a role of tissue-specific differences in the selective constraints shaping TE-CRE

141  evolution.

142

143 A minority of TEs have CRE superspreader abilities

144  Next we wanted to understand the contribution of specific TE superfamilies to the TE-
145  CRE landscape. Overall, there was a positive linear relationship between the genomic
146  copy number and the number of TE-CRE for TE superfamilies (Figure 3A). However,
147 some superfamilies (Figure 3A, see data points outside 95% CI), contributed
148  significantly less (RIC and DTT) or more (RIN, RLG, DTA, RI]) to the TE-CRE landscape
149  than expected based on the genomic copy numbers (Figure 3A). In particular, DTT
150  superfamily elements, which are dominating in terms of numbers of insertions (~27%

151  ofall TE copies with an assigned taxonomy), represented only ~4% of the TE-CREs.

152  To further characterise the TE-CRE landscape in more detail, we identified TEs enriched
153  in open chromatin at the level of TE consensus sequences (Figure 3B). These TEs are
154  hereafter referred to as ‘CRE-superspreaders’. Among the 1119 TE consensus sequences
155 with >500 genomic copies, only 178 (16%) were defined as CRE-superspreaders
156  (Figure 3B). Forty nine percent of the superspreaders were enriched in open chromatin
157  in both tissues (88), while 39% (69) and 12% (21) were tissue-specific and enriched in
158  accessible chromatin only in the liver or brain, respectively. The proportion of
159  taxonomically unclassified repeats (three-letter code “XXX”) was high among the
160  identified CRE-superspreaders (101 subfamilies). We therefore performed manual
161  curation, resulting in four TEs being discarded from further analyses, and a reduction of

162  taxonomically unclassified TEs to 34 (Supplementary Table 1).

163  We find that CRE-superspreaders were taxonomically diverse, belonging to 18 different
164  TE superfamilies, but that very few DTT elements evolved into CRE-superspreaders
165  (Figure 3C). Note that superfamilies consisting only of CRE-superspreader TEs is a
166  technical artefact stemming from the manual curation of the taxonomically unknown

167  (three-letter code XXX) superspreaders.
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169 Figure 3. TE subfamilies enriched in open chromatin. A) The number of insertions per superfamily
170 plotted against the number of CREs in each superfamily. The shaded area is a 95% confidence level
171 interval. B) TE consensus sequences plotted according to fold-enrichment within ATAC-seq peaks in brain
172 and liver. TE subfamilies are assigned into categories based on enrichment in liver, brain or both. C} TE
173 consensus sequences enriched in open chromatin after manual curation of significant TEs in enrichment
174 tests. Only TE consensus sequences with > 500 insertions have been included. Percent enriched TE
175 consensus sequences are indicated above bars. D-G) Proportion of bp overlapping TEs from each
176 enrichment category around peak summits in intergenic or promoter regions (summit within 500 bases
177 of TSS). Peaks in promoter regions are oriented according to the corresponding TSS with gene bodies to
178  therightin figures.

179  Next we explored the local TE landscape around the open chromatin peaks in various
180  genomic contexts (intergenic and promoters) and tissues (Figure 3 D-G}). We find that in
181 promoters the proportion of TEs in open chromatin decreases towards TSS and the
182  gene body, reflecting increased purifying selection pressure (less tolerance for TE-
183  insertions). Furthermore we find that close to genes (i.e. in promoters), TE proportions
184  were higher for tissue-shared (Figure 3G) compared to tissue-specific (Figure 3E-F) TE-
185 CREs. In intergenic regions (i.e. enhancers} we find very strong tissue-specific TE
186  enrichment signals not present in promoter TE-CREs (Figure 3 E-F). In sum, we find
187  that CRE-superspreader TEs are biassed towards certain taxonomic groups of TEs and
188  that these TEs are enriched in accessible chromatin with distinct patterns and effect

189  sizes across tissues and genomic contexts.
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190 The temporal dynamics of TE-CRE evolution

191  The main hypothesis we set out to test in this study was whether the increase in TE-
192  activity associated with salmonid WGD was instrumental in driving TE-CRE evolution.
193  To explore this hypothesis we calculated sequence divergence between TE insertions
194  and their consensus sequence, used this as a proxy for time, and compared it to the
195 expected ~87% sequence similarity between genomic regions arising from the
196  salmonid WGD event (Lien et al,, 2016). One challenge with such sequence similarity
197 based comparisons is the intrinsic connection between sequence similarity and
198  purifying selection pressure can bias our results. Here we used the entire TE insertion
199  (not only the part that is in open chromatin) to estimate divergence to consensus, hence
200 we expect this bias to be negligible. Nevertheless, we first analysed the sequence
201  similarity distributions of different classes of TE-CREs as well as TE sequences not in
202  accessible chromatin (Figure 4A). As expected, we do not find that TE-CREs are more
203  similar to their consensus than other TE insertions, supporting that putative purifying
204  selection on TE-CRE function does not transfer to our sequence similarity based age-
205  proxy. If anything, the TE sequences giving rise to tissue-shared CREs are older than TEs
206 notgivingrise to TE-CREs (see ‘both’ in Figure 4A).

207  Next we stratified the TE-CREs on their transposition age-proxy relative to the WGD and
208  their taxonomic order (Figures 4B and 4C). Twelve percent (136) of TE consensus
209  sequences had a mean sequence similarity to TE insertions reflecting activity at the time
210  of, or shortly after the WGD (87-88%). Among the TE consensus sequences with CRE-
211  superspreader ability, a similar proportion of DNA (17.1%) and retroelements (15.2%)
212 were active around the time of the WGD (Figure 4B). However, in absolute numbers
213 retroelements were dominating as CRE-superspreaders (twice as many as DNA-
214  elements) both in terms of the number of consensus TEs (Figure 4B), and the number of

215  TE-CREs originating from these CRE-superspreaders (Figure 4C).
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220 superspreader ability subdivided into DNA- and retroelements. Colours represent the age proxy calculated as mean
221 similarity between genomic insertions and their consensus TE sequence. Post-WGD = >88% similarity, WGD = 87-
222 88% similarity, pre-WGD = <87% similarity. C) Number of TE-CREs from TEs with a taxonomic classification
223 (excluding unknown) subdivided into DNA- and retroelements. Colours represent the age proxy as defined by
224 similarity to TE consensus sequence. D) Heatmap of the similarity distributions of TE-CRE insertions to their
225 consensus sequence. TE consensus sequences are ordered based on mean similarity to their consensus. E)
226 Cumulative distribution of CRE-superspreader consensus TEs ordered by mean similarity between genomic copies
227 and TE consensus sequence. Colours represent age proxy as defined by mean similarity to TE consensus sequence F,
228 1) Distribution of sequence similarity between TE-CRE insertions and their consensus TE sequence aggregated at the
229 level of superfamily taxonomy. Colours represent if TE-CRE are from TE consensus sequences with superspreader

230 ability (liver, brain, or both) or not (grey). G, H, ]) Cumulative distribution of TE-CREs from superspreader families
231 within single superfamilies (DTT, DTA, and RLG).

232

233  To understand temporal dynamics of TE-CRE evolution in more detail we then analysed
234  the temporal dynamics of all TE consensus sequences (>500 genomic copies, Figure 4D).

235  We then plotted the cumulative sum of TE-CRE superspreaders against all TEs ordered
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236 by mean similarity to consensus (Figure 4E). If WGD were associated with a general
237  burst of CRE-superspreader activity we expect to see a steeper slope in the cumulative
238  sum distribution around the 87-88% consensus sequence similarity interval. Although
239  we find a slight change in CRE-superspreader accumulation rates around this similarity
240  range (Figure 4E), most of the data points lie on or close to the dotted line (null model)
241  and the age distribution of CRE-superspreaders TE was not significantly different from
242 other TEs (two sided Kolmogorov-Smornov test, p-value = 0.15). Nor did we find a
243  significant increase in the ratio of TE-CRE superspreader consensus sequences to
244  normal TEs in the 87-88% consensus similarity range (Fisher test, p-value = 0.45).
245  Taken together, these results do not support a model whereby the WGD caused a
246  dramatic shift in the transposition activity of TE-CRE superspreaders.

247  When these results are broken down to TE-superfamily resolution (Figure 4 F and I}, we
248  see a clearer picture of the temporal heterogeneity emerge. Only a few DNA transposons
249  (DTT and DTA in Figure 4F) and retroelements (RLG in Figure 4I) appear to have a
250 similarity profile that reflect origins at, or just after, the WGD. The TE-CREs from DTT
251  superspreaders seemed to have originated from TEs having a consensus similarity close
252 to the 87-88% range, around the time of the WGD (Figure 4F). In depth analysis
253  confirmed that TE insertions from the DTT CRE-superspreaders giving rise to TE-CREs
254  accumulated at an uneven rate, increasing shortly after the WGD (Figure 4 G). TE-CREs
255  from retroelement superfamilies temporally associated with the WGD (Figure 41), such
256 as DTX and RLG superspreaders did however not show this tendency (Figure 4 G
257  compared to H and ]). Hence, our results do not reflect that TE-CREs in general have a
258  propensity to originate from TE activity around the time of the salmonid WGD (Figure
259 4D}, but those TE insertions from DTT CRE-superspreaders giving rise to TE-CREs were
260  biassed towards transposition events happening after the WGD (Figure 4G).

261

262  Co-expression analysis support TE-CRE driven regulatory network evolution

263  If TEs are spreading CREs with sequences that either have a potent TF binding motif or are
264  prone to mutate into a TF motif, we expect different genes with similar TE-CREs (TEs insertions
265  belonging to the same consensus sequence) to be more similarly regulated than random gene

266  pairs. To identify such putative cases of TE-CRE driven evolution of gene regulation, we
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267  assigned each TE-CRE to the closest gene and tested if genes with similar TE-CREs were more

268  co-expressed than expected by chance.
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270  Figure 5. TE-CREs driving co-expression. Top row A-C shows results from liver co-expression.
271 Bottom rows D-F shows results from tissue atlas co-expression. A and D) Significance (FDR-adjusted
272  p-values) plotted against effect size (standard deviations) for each TE consensus sequence,
273  indicating the strength of co-expression of their associated genes in the liver (B) and tissue atlas (D)
274  co-expression networks, respectively. Points with fdr-adjusted p-value < 0.05 are labelled with
275  superfamily names (unknown/XXX superfamilies are not labelled). B,E) Distribution of significant TE
276  consensus sequences on superfamilies in liver (B) and tissue atlas (E) data sets. C and F)
277  Cumulative distribution of TE consensus sequences with significant effect on gene co-expression in
278  liver (C) and tissue atlas (F) data sets. Temporal classification was based on the median similarity
279  of all TE insertions to their TE consensus sequence where post-WGD was defined as >88% similarity,
280  WGD 87-88% similarity and pre-WGD <87% similarity.

281  We first used RNA-seq data from the liver of 112 individuals spanning different ages, sex and
282  different diets in fresh water. In the context of this liver co-expression network, significant co-
283  expression (low p-values) indicate that TE-CREs from one particular TE consensus are
284  candidates for modulating the gene regulation in the liver depending on developmental and
285  physiological states. Using only TE-CREs from liver, 42 TE consensus sequences (42 of 1395 =
286  3%) were associated with genes that were significantly co-expressed (FDR-corrected p-value <
287  0.05) (Figure 5A). Of the significant TE consensus sequences, 23 (55%) were CRE
288  superspreaders. The significant TE consensus sequences came from 11 TE superfamilies, with

289  TEs of unknown origin (XXX) accounting for 43% (Figure 5B). The cumulative distribution of
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290 TE-CREs associated with gene co-expression did not suggest a temporal co-occurence of WGD

291  and the TE-CREs with putative gene regulatory effects (Figure 5C).

292  TE-CREs are also known to induce tissue-specific regulatory effects (Karttunen et al., 2023). We
293  therefore conducted the same analyses using RNA-seq data from 13 different tissues. Using TE-
294  CREs from both the liver and brain, 80 TE consensus sequences (80 of 1470 = 5.5%) were
295  associated with significant co-expression (Figure 5D), of which 38 (48%) were superspreaders.
296  The significant TE consensus sequences came from 15 TE superfamilies (Figure 5E). Each
297  significant TE consensus sequence was associated with a tissue TE-CRE-profile (fraction of TE-
298  CREs found in liver, brain or both), and these profiles generally agreed with the tissue
299  expression profiles of the associated genes (RNA-seq expression values across 13 tissues), thus
300  corroborating that our approach indeed identified regulatory-active TE-CREs. Similar to the
301  liver co-expression analyses, the cumulative distribution of TE-CREs impacting tissue-regulation
302  did not suggest any link between the WGD and the TE-CRE evolution shaping gene co-
303  expression (Figure 5F). Taken together, we find evidence for a small proportion (3-5%) of TE
304  consensus sequences spreading CREs that regulate nearby genes by either by modulating their

305  expression in liver or driving tissue-specific expression.

306

307 Functional validation of TE-CREs using massively parallel reporter assay

308  To be able to directly assess regulatory potential of TE-CREs in Atlantic salmon we performed
309 an ATAC-STARR-seq experiment in salmon primary liver cells (Figure 6A). This method
310  assesses the ability of random DNA fragments from accessible chromatin to modulate
311  transcription levels (Wang et al., 2018). In total, 4,267,201 million unique DNA fragments from
312  open chromatin in liver were assayed. Thirty four percent of these fragments (1,456,914) could
313  be assigned to one specific TE insertion site (>50% overlap with a TE annotation) (Figure 6B).
314  Of the TE-derived sequence fragments assayed, 1.2% had transcriptional regulatory activity, a
315  slightly lower proportion than non-TE fragments (1.6%) and, TE-derived regulatory active
316  fragments were more likely to induce transcription compared to non-TE sequences (see “Up” in

317  Figure 6C).
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319 Figure 6. Massive parallel reporter assay screening of regulatory activity. A) schematic overview of
320  the ATAC-STAR-seq MPRA experiment. B} Barplot of the origin of sequence fragments included in the
321 analyses. C) Regulatory activity (inducer or repressor) of MPRA sequence fragments from TE and non-TE
322 sequences. D) Fisher test results for enrichment of transcriptional inducing MPRA fragments within a TE-
323 superfamily compared to all other TEs. Unknown taxonomy and DNA/retrotransposons of unknown
324 origin (DTX/RLX) are considered separate groups. E-G) TFBS motif enrichment in transcriptionally
325 inducing MPRA fragments from TE superfamilies enriched in regulatory active fragments. Number of
326 regulatory active fragments are given for each category (n). H) Fisher test results for enrichment of
327  transcriptional repressing MPRA fragments within a TE-superfamily compared to all other TEs. Unknown
328 taxonomy and DNA/retrotransposons of unknown origin (DTX/RLX) are considered separate groups.
329 Number of regulatory active fragments are given for each category (n).

330  To test if CRE-sequences from particular TEs were more likely to increase gene expression (i.e.
331  act as enhancers) we compared the ratio of regulatorily active vs inactive fragments at the TE-
332  superfamily level (including groups with partially assigned- and unknown taxonomy). These
333  analyses revealed clear differences between superfamilies (Figure 6D). Three retrotransposon
334  superfamilies were significantly enriched for regulatorily active fragments (Fisher test, fdr-
335  corrected p-value < 0.05). Two of these were LTRs (RLC and RLX) which had >2-fold higher
336  ratio of fragments acting as enhancers, while another SINE superfamily (RST) was significantly
337  enriched but with a much lower effect size estimate (Figure 6D). The transcriptionally inducing

338  fragments from these three superfamilies were enriched for a total of 38 unique TFBS (RLC=12,
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339  RST=8, and RLX = 19) (Figure 6E-G). Many of these top-enriched TFBS motifs are known to be
340 bound by liver active TFs (i.e. SREBF2, KLF15, FOXA2, THRB) (Chaves et al., 2021; Lau et al,,
341 2018; Tao et al,, 2013; Yerra and Drosatos, 2023), including the tfcp211 motif (Wei et al., 2019)
342  which were enriched in all three superfamilies (Figure 6E-G). We also tested for enrichment of
343  transcriptionally repressing activity and found 6 superfamilies (in addition to the XXX and DTX

344  groups) that were enriched for transcription repressing fragments (Figure 6H).

345  Interestingly, fragments from the WGD-associated DTTs were significantly less likely to be
346  regulatorily active (both to induce and repress transcription) compared to other TE-derived
347  sequences in the MPRA experiment (i.e. odds ratio < 1 in Figures 6 D and H). This is consistent
348  with our findings that DTTs are depleted in TE-CREs compared to random expectations (Figure
349  3A).

350
351 Discussion

352 The Atlantic salmon TE-CRE landscape

353  Most in-depth characterizations of TE-associated CREs have so far been carried out in
354  mammalian cells and tissues. Our investigations into the Atlantic salmon genome revealed
355  similarities with mammals, but also highlighted some unique features of the salmonid TE-CRE
356 landscape. About ~15-20% of CREs were derived from TE-sequences (Figure 24, 2C), which is
357  in the lower bound of what has been found in mammals using similar methods to identify TE-
358 CREs (Bourque et al., 2008; Kunarso etal., 2010; Sundaram et al., 2014). Consistent with studies
359  of mammalian genomes (Nishihara, 2019; Simonti et al., 2017), the majority of putative TE-CREs

360  in Atlantic salmon were associated with enhancer function rather than promoters (Figure 2E).

361 Mammalian TE repertoire (Feschotte and Pritham, 2007) and TE-CRE landscapes (Nishihara,
362 2019; Pehrsson et al,, 2019; Roller et al,, 2021) are dominated by retroelements. In most fish
363  (Shao et al, 2019), including Atlantic salmon (Figure 1, DNA transposons = 55% of the TEs),
364  DNA transposons are the dominating TEs. However, similar to mammals the majority of Atlantic
365  salmon TE-CREs (73%/45,419) were derived from retroelements (Figure 4C). Our MPRA data
366  (Figure 6) also pointed to retroelements being more likely to induce transcription compared to
367  DNA transposons (Figure 6 D) and that transcription-inducing fragments from these TEs were
368  enriched for TF binding motifs known to be bound by liver-active TFs (Chaves et al., 2021; Lau
369 et al, 2018; Tao et al, 2013; Yerra and Drosatos, 2023). Only one TFBS, the tfcp2l1, was

370  enriched across all three superfamilies enriched for transcription-inducing fragments (Figure 6
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371  E-QG). Tfcp2l1 has previously been found to bind LTRs in human stem cells (Wang et al., 2014)
372  and is proposed to be a top regulator of human hepatocyte differentiation (Wei et al., 2019).
373  Hence the tfcp2l1 stands out as a key player in shaping evolution of retroelement-associated TE-

374  CRE landscapes in Atlantic salmon.

375  Although retroelements dominate the salmon TE-CRE landscape, the role of DNA elements in
376  TE-CRE evolution cannot be neglected. The TE superfamily contributing to the highest numbers
377  of TE-CREs was in fact the DTA (hATs) DNA elements (Figure 3A). DTAs have also been found
378  important for TE-CRE evolution in several other species. Enrichment of DTA element-insertions
379  in accessible chromatin has also been found in maize (Noshay et al., 2021), and DTA elements
380  make up a significant proportion (15%) of the TE-derived CTCF sites associated with TAD loop
381  anchoring in certain human cell types (Choudhary et al,, 2023). Here we find DTA elements to
382  be the second most important superfamily in driving rewiring of tissue gene regulatory
383  networks (Figure 6D). Furthermore, even though DTA sequences were not significantly more
384  likely to drive transcription compared any other TE superfamily (fdr-corrected p-value = 0.18,
385  Figure 6D), DTA sequences were more likely to induce transcription (0.72% of fragments were
386  up-regulatory active) compared to sequence fragments derived from DNA transposons in
387  general (0.51% up-regulatory active). Hence, the DTA group of TEs is a considerable source of
388  CRE sequences that have likely played an important role in the evolution of genome regulation

389  in Atlantic salmon.
390
391 Selection on TE-CRE repertoire

392  Studies of the how evolutionary forces shape the TE landscape highlight strong purifying
393  selection on TE accumulation within protein-coding gene sequences (Bartolomé et al.,, 2002;
394  Rizzon et al, 2003), but also in non-coding regions (Bergthorsson et al., 2020; Hollister and
395  Gaut, 2009; Langmiiller et al., 2023). These selection signatures on TE insertions in non-coding
396 regions indicate selective forces on TE-CRE evolution, which is also evident from several

397  analyses in our study.

398  We find clear underrepresentation of TE sequences in accessible chromatin (Figure 24), and in
399  particular near the peaks in accessible chromatin in promoters and intergenic regions (Figure
400  3D), consistent with purifying selection against TE accumulation in regulatory active regions

401  (Bergthorsson et al,, 2020; Langmiiller et al., 2023).
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402  In mammals, TEs-CRE are typically from older TE insertions (Pehrsson et al., 2019; Simonti et
403  al, 2017) suggesting that selection pressure on TEs depend on TE insertion age, which is likely
404  related to deterioration of transposition ability as TEs age and accumulate mutations. In Atlantic
405  salmon however, we do not find a general trend of older TE-sequences giving rise to TE-CREs
406  (Figure 4A). This could be linked to a general relaxation of purifying selection pressure after
407 WGD (Baduel et al., 2019; Ronfort, 1999), see section below for in depth discussion. However,
408  we do find that tissue-shared TE-CREs clearly have an older origin compared to tissue specific
409  TE-CREs (Figure 4A), which is difficult to attribute to the WGD. One way to interpret this age
410  bias is that tissue-specific TE-CREs have on average more neutral fitness effects. Conversely,
411  older and tissue-shared TE-CREs are more likely to be advantageous, fixed by selection, and
412  maintained for longer under purifying selection. Under this model we expect higher TE-CRE
413  turnaround rates (loss and gain) for tissue-specific compared to tissue-shared TE-CREs, which
414 has been described in mammals (Roller et al.,, 2021). Higher evolutionary turnaround rates of
415  tissue-specific TE-CREs is also expected if tissue- or cell-type specific CREs is ‘easier’ to evolve

416  than tissue-shared CREs, which has recently been suggested to be the case (Luthra etal., 2022).

417  Since gene regulation is under tissue-specific selection pressure (Berthelot et al, 2018;
418  Brawand et al,, 2011), we expect CRE-evolution to be under different selection pressures in
419  different tissues. From mammalian studies we know that purifying selection on gene regulation
420  is stronger in the brain than liver (Wang et al,, 2020), hence we expect TE-CRE evolution to
421  reflect this asymmetry in selection pressure. COnsistent with this expectation we find clear
422  tissue differences in TE-CRE numbers (Figure 2 D) and that TE sequences were consistently
423  depleted in highly brain biassed TFBS (Figure 2G). We propose that these results may be related
424 to the evolutionary arms race between genomic ‘parasites’ and the host, and reflect selection
425  pressure to “avoid” having sequences that function as, or can evolve into CREs that can impact

426  brain-specific gene regulatory networks under strong purifying selection pressure.

427

428 TE-CRE evolution in aftermath of the WGD

429  The whole genome duplication in the ancestor of salmonids resulted in large scale gene
430  regulatory rewiring (Lien et al.,, 2016; Varadharajan et al., 2018). These novel gene regulatory
431  phenotypes have been partly linked to divergent TE-insertions in promoters of gene duplicates
432 (Gillard et al., 2021; Sahlstréom et al., 2023), but the link between WGD and TE-CRE evolution
433  has remained elusive. One hypothesis is that WGD induce a genomic shock which results in

434  bursts of TE activity (the ‘genomic shock’ model (McClintock, 1984)), and that these novel TE
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435  insertions allow for rapid TE-CRE evolution and rewiring of gene regulatory networks in the
436  initial aftermath of a WGD. Another hypothesis is that relaxed purifying selection in polyploids
437  allows for higher rates of TE accumulation (Baduel et al., 2019), which in turn will lead to higher
438 rates of neutral and nearly-neutral TE-CRE evolution. In this scenario, however, there is no

439  expectation of a temporal link between bursts of TE-activity and bursts of TE-CRE evolution.

440  Our results are more consistent with the ‘relaxed selection’” model than the ‘genomic shock’
441  model, as there was little evidence for a temporal co-occurrence between TE-CRE evolution and
442  WGD (Figure 4, Figure 5C, F). In fact, the TEs with the highest activity following the WGD, the
443  DTTs (Tc1-Mariner superfamily) (Lien et al., 2016), has contributed significantly less to the TE-
444  CRE landscape than expected (Figure 2G) and is also significantly less likely to impact
445  transcription compared to other TEs (Figure 5D, H). This is in line with other studies showing
446  that the DTT superfamily does not contain many TBFSs (Simonti et al., 2017; Zeng et al., 2018).
447  Beyond the DTTs, many individual TEs, including those with CRE-superspreader capabilities,
448  have been active long after the salmonid-specific whole genome duplication (Figure 4E). These
449  include TEs impacting gene regulatory networks (Figure 5) and those enriched for
450  transcriptional modulatory capabilities (RLX, RLC, RST in Figure Figure 6E-G).

451  In conclusion, our results cast doubts about the role TE-activity bursts at the time of the WGD in
452  TE-CRE driven gene regulatory evolution. However, we find that certain TEs have been
453  particularly effective in spreading TE-CREs, and regulating gene transcription, but that many of
454  these TEs remained active long after the initial ‘genome shock’ following WGD. To further
455  quantify the importance of selection on TE-CRE evolution, a need for a larger comparative

456  approach (Andrews etal., 2023) is warranted.

457

458 Methods

459  TE annotation

460  The TE library (ssal_repeats_v5.1) used to annotate TEs in this study is described in detail in
461  (Richard Minkley, 2018). To generate a TE annotation of the salmon genome (ICSASG v2
462  assembly) we used RepeatMasker version 4.1.2-p1 (Smit et al., 2015) under default settings
463  with the ssal_repeats_v5.1 library. RepeatMasker takes a library of TE consensus sequences and
464  detects whole and fragmented parts of these consensuses across the genome using a BLAST-like
465  algorithm. The output file contains the genomic coordinates of the annotation, and various

466  quality measures such as completeness, and divergence from consensus. The latter measure
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467  was used to estimate relative ages of TE activity. TE superfamilies were assigned a three letter
468  tag based on the classifications from Figure 1 in (Wicker et al., 2007). Where there was no
469  obvious categorisation, a literature review was conducted to determine the taxonomic status of
470  a superfamily, and a new tag name introduced based on available letters (so e.g. Nimb is here

471  called RIN as a superfamily of LINE elements).

472 Manual curation of specific TE subfamilies was done following an adapted version of Goubert et
473  al’s process (Goubert et al.,, 2022), under inspiration from Suh (Suh et al,, 2018): Using BLASTn
474 (Altschul et al, 1990), we aligned each transposable element consensus to the genome,
475  extracted the twenty best matches and extended them by 2000bp upstream and downstream.
476  We checked the extended matches against the RepBase (Bao et al., 2015) database using
477  BLASTn and xBLAST with standard settings, before we aligned them using MAFFT’s ‘einsi’
478  variant (Katoh and Standley, 2013) . Then, we inspected these alignments for structural features
479  in BioEdit (Hall, 1999) and, if conservation across the sequence was deemed interesting, in
480  JalView (Waterhouse et al, 2009) . In addition, we ran the TE-Aid package

481  (https://github.com/clemgoub/TE-Aid) on each consensus to help guide curation efforts and

482  check each consensus according to its annotation profile and self-alignment. This helped screen
483  for technical noise such as microsatellite sequences near sites of local annotation enrichment. If
484  the annotating consensus was deemed to be incomplete (i.e. if parts of the extended sequence
485  aligned well outside of the consensus), we used Advanced Consensus Generator

486  (https://www.hiv.lanl.gov/content/sequence/CONSENSUS /AdvCon.html) to generate a new

487  consensus from the most complete of the extracted alignments for classification.

488

489  ATAC-seq peak calling

490  To annotate regions of accessible chromatin we used ATAC-seq data from four brains and livers
491  from Atlantic salmon (ENA project number PRJEB38052). The ATAC-seq reads were mapped to
492  the salmon genome assembly (ICSASG v2, refseq ID: GCF_000233375.1) using BWA-MEM.

493  Genrich v.06 (https://github.com/jsh58/Genrich) was then used to call open chromatin regions

494  (also referred to as ‘peaks’) with default parameters, apart from “m 20 -j' (minimum mapping
495  quality 20; ATAC-Seq mode). Genrich uses all four replicates to generate peaks, resulting in one
496  set of peaks for each tissue. The summit of each peak is identified as the midpoint of the peak

497  interval with highest significance.

498
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499  TE-CRE definition

500 To define TE-CREs we combined the ATAC-seq peak set with our TE annotations and classified
501 an ATAC-seq peak as a TE-CRE if the peak summit is inside a TE-annotation. TE-CREs were
502  defined as shared between tissues if (i) the brain ATAC-seq peak summit was within the liver
503  ATAC-seq peak interval and (ii) both the liver and brain peak summits are inside the same TE

504 annotation.

505

506 Defining genomic context

507  Based on the NCBI gene annotation (refseq ID: GCF_000233375.1), each part of the genome was
508  assigned as promoter, exon, intron or intergenic. For Figure 1D the promoter was defined as
509 1000 bp upstream to 200 bp downstream of each transcription start site (TSS). Gene
510 annotations can overlap, e.g. because of multiple transcript isoforms, so overlapping
511 annotations were merged by prioritising promoter > exon > intron > intergenic. For TE-CREs
512  (Figure 2E and 3D-G) each peak was classified as promoter if the summit is less than 500bp
513  upstream or downstream from start of gene (i.e. first TSS per gene) or intergenic if summit is
514  more than 500bp from any gene (exon and intron TE-CREs are not specifically mentioned).

515

516 Identification of TE subfamilies enriched in open chromatin

517  To identify TE subfamilies which had contributed more to TE-CREs than expected by chance we
518  counted the number of ATAC-seq peak summits that are inside an annotated TE for each
519  subfamily and compare that with the total number of bases covered by that TE subfamily
520 genome wide. The enrichment value for each subfamily was calculated as the proportion of
521  summits in TEs divided by the proportion of basepairs in the genome that is annotated as TE.
522  Subfamilies with less than 500 insertions were excluded. We defined TE subfamilies enriched in
523  open chromatin as those containing more ATAC-seq peak summits than chance (binomial,

524  p<0.05), either in the ATAC-seq peak set from liver, brain, or in both tissues.
525

526  Estimating evolutionary timing of TE activity

527 To temporal activity of TEs, we used the sequence divergence between insertions and
528  consensus TE. Divergence from consensus for each insertion was extracted from RepeatMasker
529  software output (Smit et al,, 2015).
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530

531  Transcription factor binding and footprinting

532  We annotated transcription factor binding sites (TFBS) in two different ways. First, we used
533  FIMO (Grant et al., 2011) on the whole genome with the JASPAR CORE vertebrates non-

534  redundant motif database (https://jaspar.genereg.net). Secondly, we used the TOBIAS software,

535  which uses a FIMO-like TFBS scan but also integrate ATAC-seq data to detect signals of local TF
536  occupancy (i.e. a sudden, local drop in chromatin accessibility) and assigns each TFBS motif a
537  “bound” or “not bound” status. We used the TOBIAS software to estimate a single genome wide

538  TF binding score for each TFBS in liver and brain tissues (Bentsen et al., 2020).

539

540 Testing TE-TFBS enrichment

541  For each TE subfamily we counted the number of overlaps between each jaspar-TFBS motif (i.e.
542  the entire motif within the annotated TE) and calculated these numbers for TFBSs “bound” by
543  TFs and those “ not bound” by TFs as according to the TOBIAS software (Bentsen et al.,, 2020)
544  results. We then did the same counting for all TFBS instances outside the particular TE
545  subfamily in question, and used this 2*2 contingency table (Table 1) in a Fisher exact test in R
546  using the fisher.test() function in R (R Core Team, 2021).

547  Table 1. Example of a 2*2 contingency table for fisher exact tests for TFBS-TE associations.

TE subfamily All other genomic positions
Not bound TFBS X y
Bound TFBS z w

548

549  Co-expression analysis

550 We used two RNA-seq expression data sets to analyse the effect of TE-CREs on gene expression:
551 (1) A liver data set comprising 112 samples spanning different diets and life stages in fresh-
552  water (Gillard et al, 2018) and (2) a tissue atlas comprising 13 different tissues (Lien et al,,
553  2016).

554

555  TE-CREs in liver, brain or both (the ATAC-seq peak summits of the liver and brain TE-CREs
556  reciprocally overlapped the peak in the other tissue) were assigned to genes with the closest

557  transcription start site (TSS). For each TE consensus sequence, we computed the network
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558  density of the associated genes (mean pairwise Pearson correlation). False Discovery Rate
559  (FDR)-corrected p-values were obtained by comparing these network densities to those of
560 randomly selected genes. We ran 100 000 simulations drawing the same number of genes,
561  containing the same number of WGD-derived duplicates (which are often co-expressed), as
562  found in the original data. Effect sizes were calculated as the number of standard deviations
563  away from the mean of randomised network densities.

564

565 Massive parallel reporter assay

566  Transcriptional regulatory potential of TE-CREs in Atlantic salmon was assessed using ATAC-
567  STARR-seq as previously described in Wang et al. (2018). We used the pSTARR-seq reporter
568  plasmid with the core promoter of Atlantic salmon elongation factor 1 alpha, EFla
569  (NC_027326.1: 7785458-7785702) instead of the super core promoter 1 (SCP1) originally
570  adapted in human cells (Arnold et al.,, 2013). ATAC DNA fragments were extracted from Atlantic
571  salmon liver cell nuclei following the OmniATAC protocol (Corces et al., 2017). A clean-up step
572  was performed using Qiagen MinElute PCR purification kit and PCR-amplified using NEBNext
573  Ultra Q5 DNA polymerase master mix (New England Biolabs®) with forward primer (5'-
574  TAGAGCATGCACC GGCAAGCAGAAGACGGCATACGAGAT[N10JATGTCTCGTGGGCTCGGAGATGT-
575  3', where N10 corresponds to a random 10 nucleotide i7 barcode sequence) and reverse primer
576  (Rv:5'-GGCCGAATTCGTCGATCGTCGGCAGCGTCAGATGTG-3'). Thermo cycling conditions were
577 72 0C for 5 min, 98 °C for 30 sec, 8 cycles of 98 °C for 10 sec, 63 °C for 30 sec and 72 °C for 1 min.
578  PCR products were purified using Qiagen MinElute PCR purification kit and size-selected (~30-
579 280 bp) using Ampure XP beads (Beckman Coulter). Reporter plasmid libraries were made by
580  cloning amplified ATAC fragments into Agel-HF- and Sall-HF-linearized pSTARR-seq plasmid
581  using InFusion HD cloning kit (Takara) and then propagated in MegaX DH10B T1R
582  electrocompetent bacteria. Plasmids were isolated using the NucleoBond® PC 2000 Mega kit
583  (MACHEREY-NAGEL). An aliquot of plasmid library was PCR-amplified with i5 and i7 primers
584  and sequenced on Novaseq (150 bp Paired-end) and aligned to salmon genome to ensure
585  sufficient complexity and proportions of cloned fragments within open chromatin region.
586  Plasmid library was electroporated into primary salmon hepatocytes as previously described
587  (Datsomor et al., 2022). Total RNA was isolated 24 hours post-transfection using the Qiagen
588  RNeasy Midi columns. Poly A+ RNA from total RNA was extracted using the mRNA isolation kit
589  (Roche). Remaining genomic DNA in isolated mRNA were digested with Turbo DNase (Thermo
590  Fisher). Complementary DNA (cDNA) from mRNA was generated using the Superscript III
591  Reverse transcriptase (Thermo  Fisher) with a  gene-specific primer (5-

592  CAAACTCATCAATGTATCTTATCATG-3E). Sequencing-ready libraries from cDNA and the input
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593  (reporter plasmid library) were prepared as previously described by Wang et al. (2018) and
594  Tewhey etal. (Tewhey etal., 2016).

595  Sequenced reads were mapped to the salmon genome assembly (ICSASG v2, refseq ID:
596  GCF_000233375.1) using BWA-MEM. The number of read-pairs mapped to each unique location
597  was counted. Each unique location, i.e. having a specific start and end, was assumed to come
598 from a unique fragment. These counts were fed into DESeq2 using the DNA (input plasmid
599  library) as control and contrasted with the RNA (cDNA) samples. Fragments with significant
600  RNA to DNA ratio were used to define fragments with significant regulatory activity. Prior to

601  DESeqZ2 the fragment counts were split into bins by length.

602

603  Data availability and code

604  We produced plots using base R’s (R Core Team, 2021) plot function, as well as the packages
605  ggplot2 (Wickham, 2016) and cowplot. Both the Tidyverse (Wickham et al, 2019) and

606  data.table packages were used for analysis, summary statistics and data management. All scripts

607  to reproduce figures and analyses are available at GitLab repo: https://gitlab.com/sandve-
608 lab/TE-CRE. Raw data used in the analyses can be downloaded here:
609  https://arken.nmbu.no/~lagr/share/TE-CRE-DATA.zip.

610 Raw sequencing data from the ATAC-STARR-seq experiment will be deposited to ENA
611  (accession number PRJEB71627) prior to publication. Until then, this data can be acquired from

612 corresponding authors upon request.
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627  Table S1: Curation notes and classification. Every CRE-superspreader TE-consensus has been
628  inspected manually as per the procedure in Materials and Methods. ‘consensus_TE’ is the ID of
629  the annotating consensus in question, ‘original annotation’ is the automatic classification,
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