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Abstract 37 

Repetitive elements (REs) are integral to the composition, structure, and function of eukaryotic 38 

genomes, yet remain understudied in most taxonomic groups. We investigated REs across 601 39 

insect species and report wide variation in REs dynamics across groups. Analysis of associations 40 

between REs and protein-coding genes revealed dynamic evolution at the interface between REs 41 

and coding regions across insects, including notably elevated RE-gene associations in lineages 42 

with abundant long interspersed nuclear elements (LINEs). We leveraged this large, empirical 43 

data set to quantify impacts of long-read technology on RE detection and investigate 44 

fundamental challenges to RE annotation in diverse groups. In long-read assemblies we detected 45 

~36% more REs than short-read assemblies, with long terminal repeats (LTRs) showing 162% 46 

increased detection, while DNA transposons and LINEs showed less respective technology-47 

related bias. In most insect lineages, 25–85% of repetitive sequences were “unclassified” 48 

following automated annotation, compared to only ~13% in Drosophila species. Although the 49 

diversity of available insect genomes has rapidly expanded, we show the rate of community 50 

contributions to RE databases has not kept pace, preventing efficient annotation and high-51 

resolution study of REs in most groups. We highlight the tremendous opportunity and need for 52 

the biodiversity genomics field to embrace REs and suggest collective steps for making progress 53 

towards this goal.  54 
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Introduction 55 

Repetitive elements (REs) comprise large proportions of eukaryotic genomes and are 56 

fundamental to the evolutionary process (Bourque et al. 2018; Gilbert et al. 2021). Broadly, REs 57 

can be classified as interspersed or tandem repeats. Interspersed repeats include transposable 58 

elements (e.g., retrotransposons) which encode for proteins that facilitate their movement and 59 

proliferation in genomes. Tandem repeats (e.g., satellite DNAs) can form large blocks (e.g., 60 

megabases) of relatively short non-coding sequences in repeated arrays (reviewed in Ugarković 61 

and Plohl 2002). Together, interspersed and tandem repeats comprise ~67% of the human 62 

genome (de Koning et al. 2011). Despite their major genomic footprint, REs are understudied in 63 

genome science due to a history of technical challenges associated with their sequencing and 64 

assembly (Bergman and Quesneville 2007; Sotero-Caio et al. 2017); however, long-read 65 

sequencing is ameliorating this challenge through improvements in genome assembly contiguity 66 

(Hotaling et al. 2021b). 67 

 68 
Although understudied, REs can play critical roles in the organization, stability, regulation, and 69 

evolution of genomes (Bourque et al. 2018; Wells and Feschotte 2020). At broad scales, REs 70 

shape chromatin domains across chromosomes and impact the three-dimensional organization of 71 

DNA (Sun et al. 2020; Winter et al. 2018). Rapidly evolving blocks of REs are common sites of 72 

recombination and chromosome rearrangements (e.g., Bennetzen 2000; Cáceres et al. 1999). At 73 

finer scales, shifts in RE location and abundance (e.g., through transposition of retrotransposons) 74 

can alter gene expression and phenotype evolution (Chuong et al. 2017; Schrader and Schmitz 75 

2019; Stuart et al. 2016). Across evolutionary scales, rapid RE evolution (e.g., tandem repeats) is 76 

associated with hybrid incompatibilities between species (Brand and Levine 2022; Ferree and 77 
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Barbash 2009; Jagannathan and Yamashita 2021). In short, REs exhibit an array of structural and 78 

evolutionary effects on genome evolution across species. 79 

 80 
We have entered the era of biodiversity genomics with availability and quality of genome 81 

assemblies rapidly increasing in plants and animals (Hotaling et al. 2021b, 2021a; Marks et al. 82 

2021). As a critical mass of assemblies accumulates within a group, phylogenetically informed 83 

meta-analyses of REs can illuminate their impact on genome dynamics and evolution (Gilbert et 84 

al. 2021). With more than 1 million described species, insects account for the bulk of Earth’s 85 

animal biodiversity (Stork 2018). While some insects have become model genetic organisms 86 

(e.g., Drosophila melanogaster) and thus considerable attention is devoted to many aspects of 87 

their genome biology, including REs (e.g., Kim et al. 2014; Vargas-Chavez et al. 2022), for the 88 

vast majority of insects (and many other taxonomic groups), repetitive genomic components 89 

remain largely unexplored. 90 

 91 
In this study, we analyzed the RE landscape in genome assemblies of more than 600 insect 92 

species that have diverged from common ancestors over ~400 million years of evolution (Misof 93 

et al. 2014). We used this dataset to gain a broad view of RE dynamics in insects and to assess 94 

how sequencing technology and taxonomic representation in reference databases (e.g., Repbase, 95 

Bao et al. 2015) shapes our ability to identify and classify REs with widely used automated RE 96 

annotation tools in a comparative framework. Given the potential for REs to impact protein-97 

coding genes (e.g., through epigenetic silencing of adjacent DNA sequences), we also 98 

investigated the frequency of associations between REs and protein-coding genes. An inherent 99 

challenge to broad-scale analysis of publicly available assemblies is that variation in the finer 100 

technical details (e.g., specific sequencing platform used, assembly method) can lead to variation 101 
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in per-assembly quality and add noise to results. However, these caveats can be balanced by the 102 

potential for detecting broad-scale trends in signal that are only obvious when sampling many 103 

species within and across lineages. We reduce the impacts of per-assembly quality by filtering 104 

the lowest quality assemblies and identify robust, broad-scale trends by visualizing RE dynamics 105 

across hundreds of species in their phylogenetic context. Our findings yield new insight into the 106 

RE landscape of insect genomes from a much wider taxonomic perspective than previous 107 

analyses and identify trends that spawn new hypotheses surrounding the role of REs on shaping 108 

genome evolution within lineages. Beyond insects, we use this large, diverse data set to highlight 109 

the opportunities and obstacles for investigating RE dynamics in biodiversity studies with 110 

emphasis on RE annotation bottlenecks. We conclude by describing the ways in which the 111 

biodiversity genomics community can alleviate challenges of RE annotation (e.g., RE database 112 

curation and taxonomy) to build towards a more holistic understanding of genomic natural 113 

history and evolution.  114 

 115 
Results  116 

We assessed RE content for genome assemblies of 601 insect species across a total of 20 orders. 117 

Of the 601 assemblies, 548 and 441 assemblies had BUSCO completeness ≥ 50% and ≥ 90%, 118 

respectively. We report results for three data sets: all assemblies, ≥ 50% BUSCO, and ≥ 90% 119 

BUSCO. For clarity, we used the “all assemblies” data set for analyzing taxonomic 120 

representation in Repbase, the “≥ 50%” data set for assessing overall RE trends in insects, and 121 

the “≥ 90%” for all other analyses.  122 

 123 
The proportion of REs in insect genomes ranged widely from 1.6–81.5% (mean = 30.8%; Figs. 1 124 

& 2). Based on mean genomic proportion of specific RE categories, DNA transposons were the 125 
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most abundant overall and particularly so in Coleoptera (Figs. 1, 2a–d), yet conspicuously 126 

uncommon in Lepidoptera. LINEs were the next most abundant RE type and exhibited wide 127 

variance across and within orders (Figs. 1, 2a–d). For example, within Diptera, LINE abundances 128 

ranged from ~1% in 29 species to ~47% in Hermetia illucens (Fig. 1b). However, LINEs were 129 

notably uncommon in Hymenoptera (1.8% ± 1.7% genomic proportion, n = 157 species).  LTRs 130 

were generally uncommon but were abundant within Drosophila (order Diptera; Fig. 1b). Since 131 

LTRs are particularly difficult to identify due to their size and complexity (Flynn et al. 2020), 132 

and because Drosophila LTRs are better characterized in RE databases than other insect lineages 133 

(see below), this trend may reflect methodology more than biology. Consistent with previous 134 

studies (Cong et al. 2022; Heckenhauer et al. 2022; Petersen et al. 2019), we showed that RE 135 

abundance correlates with genome size (Fig. 2j). Previous studies (Schley et al 2022; Novak et al 136 

2020) have noted an inflection point in this correlation where increasingly large-genome (e.g., 137 

>5–10 Gb) species have lower than predicted genomic proportion of repeats, likely because 138 

remains of retained ancient TE bursts accumulate sufficient mutations that RE detection software 139 

classifies them as unique/low-copy sequences rather than repetitive sequences. We did not find 140 

evidence of such an inflection point in insects (Supplemental Fig. S3a), however we note that our 141 

data set includes a poor sampling of large-genome species (e.g., few assemblies exceed 1 Gb and 142 

none exceed 5 Gb). SINEs showed greatest abundance in Blattodea, Phasmatodea, Lepidoptera 143 

and some dipterans, tandem repeats were most common in Hymenoptera and Diptera, while 144 

“Other” repeats were especially abundant in Lepidoptera reflecting the high number of Helitrons 145 

in some lineages (Supplemental Figs. S1 and S3b–d).  146 

 147 
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Comparison of assembly-based (AB) estimates of RE abundance to assembly-free clustering-148 

based (CB) estimates in dnaPipeTE (Goubert et al. 2015) showed that patterns of relative 149 

abundance in RE categories were broadly consistent across methods (Supplemental Fig. S4). Our 150 

second CB approach using RepeatExplorer2 (RE2) (Novák et al. 2013) also showed general 151 

consistency in patterns, albeit with low resolution in the classification of interspersed repeats – a 152 

pattern that has been noted in other insect studies and is likely related to the general Metazoa 153 

library used by RE2 being poorly suited to insect annotation (Heckenhauer et al. 2022). Both CB 154 

approaches consistently showed higher estimates of tandem repeats than the AB estimates 155 

(Supplemental Figs. S4 and S5), which corroborates the expectation that blocks of highly similar 156 

repeats are underrepresented in assemblies (Novák et al. 2010). When comparing overall repeat 157 

proportion estimates across methods, two patterns emerged. In seven of 15 comparisons, overall 158 

repeat proportion estimates showed minor variation such that genomic proportion of repeats 159 

varied only 1–10% across methods (e.g., see Nicrophorous, Aethinia, and Aphidius, 160 

Supplemental Fig. S4). In the remaining comparisons (i.e., eight of 15), the genomic proportion 161 

of repeats in the AB approach differed by >15% when compared to one or both CB estimates. In 162 

all but one of these cases, the AB approach estimated a notably higher proportion of repeats than 163 

either of the CB approaches, which is counter to the notion that assembly-based approaches often 164 

underestimate repetitiveness. A correlated characteristic in this subset of samples is that in each 165 

case, the AB analysis found notably high proportions of interspersed repeats (e.g., see DNA 166 

Transposons + LINEs in Limonius, Harmonia, and Bemisia, Supplemental Fig. S4). Taken 167 

together, our findings both corroborate the improved estimates of certain repeat classes such as 168 

tandem repeats expected by CB approaches, and present evidence that the same CB approaches 169 
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can be prone to large underestimates of interspersed repeats compared to long-read AB 170 

approaches.   171 

 172 
Sequencing technology influences the study of REs. In insects, long-read assemblies are on 173 

average ~48 times more contiguous than short-read technologies (Hotaling et al. 2021b). For 174 

REs, we identified 36.1% more REs in long-read assemblies versus short-reads (Welch two-175 

sample t-test, P = 0.04; Fig. 2f). Furthermore, this difference in total REs identified was not due 176 

to assembly length, which did not differ between technologies (Welch two-sample t-test, P = 177 

0.42; Fig. 2e), however a positive correlation between repeat abundance and assembly contiguity 178 

(i.e., contig N50) was observed (Welch two-sample t-test, P = >0.001; Fig. 2k). Long-read 179 

assemblies had the greatest influence on LTR detection (162% increase, Welch two-sample t-180 

test, P < 0.001; Fig. 2h), followed by DNA transposons (47% increase; Welch two-sample t-test, 181 

P = 0.03; Fig. 2i). Although LINEs showed increased average detection in long-read assemblies 182 

the difference was not significant (Welch two-sample t-test, P = 0.42; Fig. 2g). These trends set a 183 

general expectation for sequencing technology-related bias, with LTRs being under-detected in 184 

short-read assemblies, whereas DNA transposons, LINEs, and other RE classes, show 185 

moderate/low sensitivity to sequencing technology in assembly-based RE detection (Fig. 2f-i). 186 

As a surrogate measure for associations between REs and protein-coding genes, we quantified 187 

RE presence in BUSCO genes (termed hereafter RE-associated BUSCOs) following 188 

Heckenhauer et al. (Heckenhauer et al. 2022). RE-associated BUSCOs increased with overall 189 

repeat content in assemblies (Spearman’s correlation = 0.74, P < 2 x 1016; Fig. 2l). However, 190 

assembly repeat content alone did not explain increased RE-associated BUSCO abundance. For 191 

example, Lepidoptera and Coleoptera species had 5.8- and 4.4-fold respective average increases 192 

in RE-associated BUSCOs compared to Hymenoptera after correcting for assembly length (Fig. 193 
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2m). Overall, RE-associated BUSCOs were most abundant in species with high proportions of 194 

LINEs (e.g., Hemiptera, Blattodea, Coleoptera, Trichoptera, Lepidoptera) (Figs. 1, 2m, and 195 

Supplemental Fig. S6). In some lineages (e.g., some Blattodea, Coleoptera, and Hemiptera), RE 196 

sequences were detected in upwards of 25% of all BUSCO genes, while RE-associated BUSCOs 197 

averaged ~1-2% of all BUSCOs in Hymenoptera and Diptera. To address whether general trends 198 

in RE-associated BUSCOs could be driven by an artifact of assembly errors (which might simply 199 

be more numerous in larger assemblies), rather than true associations between REs and BUSCO 200 

genes, we predicted that less contiguous, short-read assemblies would show inflated RE-BUSCO 201 

associations compared to more contiguous, long-read assemblies. However, this comparison 202 

revealed the opposite pattern; RE-associated BUSCOs are ~60% more common in long-read 203 

assemblies (Welch two-sample t-test, P = 0.007; Supplemental Fig. S7). 204 

 205 
Since most RE annotation relies on reference databases (i.e., Repbase, Dfam, (Hubley et al. 206 

2016; Jurka et al. 2005), we expected bias in database representation to impact our RE 207 

annotation. The proportion of unclassified REs in a given assembly increased with its genetic 208 

distance from D. melanogaster (Spearman’s correlation = 0.4, P < 2 x 1016; Fig. 3a). For 209 

reference, unclassified repeats comprised only 13.1% of all repeats in the 71 Drosophila species 210 

but accounted for 40.5% total repeats on average in all other taxa. High fractions of unclassified 211 

repeats were especially evident in poorly sampled, early diverging insect orders. For example, in 212 

Thysanoptera and Ephemeroptera, 72.0% and 85.1% of respective REs are unclassified despite 213 

having similar genomic proportions of REs as Drosophila (~25% in all three groups; Fig. 3b). 214 

Unclassified repeats were typically short sequences (mean length = 188.9 bp) and were slightly 215 

longer in long-read compared to short-read assemblies (Supplemental Fig. S8).   216 

 217 
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To clarify the impact of uneven taxonomic representation in reference databases on RE 218 

annotation, we quantified representation of insect orders and families in Repbase (Bao et al. 219 

2015; Jurka et al. 2005). Repbase is the most widely cited repository of RE sequences and is 220 

integral to the standard RE identification and annotation programs RepeatModeler2 (Flynn et al. 221 

2020) and RepeatMasker (Smit and Hubley). Of the 20 insect orders in our data set, 14 are 222 

represented in Repbase, however, of those six are represented by a single family (Fig. 3d, Table 223 

S2). Of 154 insect families in our data set, just over one-third (n = 57) had any representation in 224 

Repbase. 225 

 226 
Taxonomic bias is more extreme when the number of reference sequences is considered. Just two 227 

families, Drosophilidae and Culicidae (order Diptera), account for ~60% (n = 8,453) of all insect 228 

sequences in Repbase (Fig. 3d) and ~70% of all LTR sequences (n = 5,908). Nearly 75% of all 229 

insect families in Repbase are represented by fewer than 100 sequences and only four families 230 

[Culicidae (Diptera), Drosophilidae (Diptera), Formicidae (Hymenoptera), and Acrididae 231 

(Orthoptera)] have > 1000 sequences (Fig. 3d, Table S3). Species belonging to a family 232 

represented by ≥ 100 sequences in Repbase had, on average, 24.5% unclassified REs, whereas 233 

insects belonging to families represented by ≤ 99 sequences had nearly double the proportion of 234 

unclassified repeats (45.8%). The gap between available genome assemblies for insects and 235 

Repbase representation appears to be increasing. Since insect genome assemblies began to 236 

proliferate on GenBank in ~2010, submissions to Repbase have not exhibited similar growth 237 

(Fig. 3c). 238 

 239 
Discussion  240 

In the present study, we extended previous efforts (e.g., Gilbert et al. 2021; Petersen et al. 2019) 241 

by describing RE dynamics for 600+ insect species. In the process, we evaluated the efficacy of 242 
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automated RE annotation pipelines in a large, taxonomically diverse data set and clarified 243 

expectations for RE annotation success in diverse clades. 244 

 245 
REs in insects: new insight from a broad taxonomic comparison 246 

Insects account for over half of all described animal species (Stork 2018). To understand the 247 

genomic basis of this diversity, we must understand repeat evolution, as repeats comprise major 248 

fractions of nearly all insect genomes. We identified wide variation in RE abundance both within 249 

and among major clades. For example, DNA transposons were generally abundant in most insect 250 

orders yet conspicuously uncommon in Lepidoptera. Similarly, LINEs are abundant in many 251 

orders (e.g., Coleoptera, Trichoptera, Hemiptera) but largely absent in Hymenoptera (Figs. 1–2). 252 

These order-level patterns indicate both deep phylogenetic constraints in RE architecture (e.g., 253 

within orders), as well as major shifts between lineages. For example, in Holometabola, LINEs 254 

shift from low abundance in Hymenoptera to higher abundance in the next-branching lineages 255 

(i.e., Lepidoptera, Trichoptera, Coleoptera), then back to lower abundance in Diptera (Fig. 2m), 256 

suggesting shifts in strategies for maintaining genome stability and TE regulation across groups.  257 

 258 
Our analysis of RE-associated BUSCOs illustrates how the evolution of interspersed repeats 259 

within and around protein-coding genes has evolved dynamically across lineages (Figs. 1C and 260 

2m). Given the strong correlation between LINE abundance and the presence of RE-associated 261 

BUSCOS across insects (Supplemental Fig. S6), lineages with abundant LINEs may experience 262 

elevated rates of evolution in genomic regions, with potentially broad consequences for 263 

phenotype evolution. Genomes suppress RE activity through epigenetic silencing of repetitive 264 

sequences (e.g., heterochromatin formation, Slotkin and Martienssen 2007). Because silent 265 

marks may occur near regulatory gene regions and spread to adjacent sequences (Lee and Karpen 266 
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2017; Wei et al. 2022), movement of REs to new genomic loci can have immediate impact on 267 

expression of nearby genes. Over longer timescales, RE sequences can be co-opted to form 268 

genome-wide regulatory networks of gene expression (Chuong et al. 2017). Although we don’t 269 

present direct evidence of phenotype impacts here, our finding of abundant and dynamically 270 

evolving RE-gene associations in insects identifies new potential for studying RE impacts on 271 

coding regions and phenotype evolution in insects.  272 

 273 
Our broad taxonomic sampling illustrates that non-model insects tend to have larger, more 274 

repeat-rich genomes than the model species (e.g., D. melanogaster) that seeded much of our 275 

present knowledge of RE dynamics (Fig. 1a–b, see also Supplemental Results). While REs can 276 

have both deleterious and adaptive impacts on host genomes (González et al. 2008; Petrov 2002), 277 

their dynamics are understudied in complex, repeat-rich genomes. The few larger-genome model 278 

groups (e.g. >1000 Mb) that have been comprehensively studied for REs (e.g., maize) suggest an 279 

ecosystem-like environment where REs adopt diverse strategies and impacts within their various 280 

niches in the genome (Stitzer et al. 2021). Investigating the diversity of insect models with 281 

varying genome sizes and complexity can expand our perspectives on genome evolution. For 282 

example, in caddisflies (Trichoptera), clades containing relatively larger genomes (e.g., 600–283 

2100 Mb) show higher species diversity and ecological breadth than small-genome lineages 284 

(e.g., >600 Mb), raising the potential for adaptive advantages of maintaining high repeat loads 285 

(Heckenhauer et al. 2022; Olsen et al. 2021). While the current study includes assembly lengths 286 

up to 4100 Mb, flow cytometry data shows evidence of insect genomes exceeding 18,000 Mb 287 

(Bryodemella holdereri, Cong et al. 2022). Insect models have potential to offer new insights on 288 

genome gigantism as assemblies for additional large-genome species become available (Liu et al. 289 

2022). With high species diversity and broad distributions in nearly all habitat types, insects may 290 
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be particularly useful for understanding factors driving temporal dynamics of TE activity 291 

including population demographics (Schrader et al. 2014) and environmental stress (Horváth et 292 

al. 2017; Signor et al. 2022). In addition, a “many-model” phylogenetic framework offered by 293 

insects may be key to connecting patterns of genome size, REs, and developmental constraints 294 

with ecological factors (Blommaert 2020). 295 

 296 
Sequencing technology and RE analysis 297 

Our analyses showed that sequencing technology influences RE detection. Specifically, long-298 

read assemblies contain 36% more REs than short-read assemblies. LINEs and DNA transposons 299 

showed low or modest impact from technology differences (e.g., differences in LINEs detection 300 

were non-significant, Fig. 2g). This, combined with their overall genomic abundance, even in 301 

lineages with poor representation in RE databases (e.g., Coleoptera, Blattodea; Figs. 1, 3d), 302 

suggests robustness to both technology differences and limited database representation for 303 

LINEs and DNA transposons. By contrast, LTRs showed 162% increase in long-read assemblies. 304 

LTRs are difficult to identify with standard approaches due to their length and sequence 305 

complexity (Flynn et al. 2020) and this finding suggests technology advances are closing the 306 

assembly and annotation gaps for historically problematic elements. Other recent studies that 307 

report telomere-to-telomere assemblies (e.g., Miga et al. 2020) and improved contiguity through 308 

combining data from multiple sequencing strategies (e.g., Peona et al. 2021) further illustrate the 309 

impact of technology advances in resolving assemblies at repetitive regions.  310 

 311 

Tandem repeats may now be the last RE type for which assembly remains largely intractable. 312 

Although long-read assemblies showed modest gains in tandem repeat detection (~25% 313 

increase), large blocks (e.g., megabases) of tandem repeats such as satellite DNAs are common 314 
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in insects and other groups (Ugarković and Plohl 2002) and will remain unresolved in assemblies 315 

for the near future. Assembly-free approaches that estimate RE abundance from raw reads (e.g, 316 

through clustering algorithms like RepeatExplorer2, Nóvak et al. 2010) remain important tools 317 

for estimating abundance of repeats that may be collapsed in assemblies -- especially tandem 318 

repeats or TEs with a recent history of expansion. Indeed, our comparison of RE estimates 319 

between long-read assemblies and cluster-based methods corroborate the importance of these 320 

programs, as our cluster-based analysis consistently showed increased detection of tandem 321 

repeats over the long-read assembly estimates (Supplemental Figs. S4 and S5). Our analysis 322 

offers an additional insight that clustering-based programs may also be prone to large 323 

underestimates of interspersed repeats that appear to be much better detected by assembly-based 324 

approaches. These trends illustrate how the repeat architecture of specific repeat categories 325 

within a given genome are likely to impact which analysis approach is most effective and 326 

reinforce the importance of applying multiple orthogonal methods. 327 

 328 
Our findings complement studies that report within-species comparisons of the impact of 329 

sequencing technology (Solares et al. 2018; Rech et al. 2022) on TE detection by leveraging 330 

insect diversity to provide a broad perspective informed by hundreds of species. In addition to 331 

general trends in long-vs short-read assemblies reported here, finer layers of technology-related 332 

factors such as the impact of specific sequencing platforms (e.g., PacBio CLR vs PacBio HiFi) 333 

(Chu et al. 2021), genome assembly algorithms (Chang et al. 2019), and genome assembly/TE 334 

detection tools (Bergman and Quesneville 2007; Goerner-Potvin and Bourque 2018) are 335 

expected to impact TE detection on a per-assembly basis. Ongoing studies designed to identify 336 

technical protocols that maximize resolution of TEs in assemblies are needed to guide best 337 

practices in the face of constantly changing sequencing and assembly technology. 338 
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 339 
Challenges and opportunities for RE biology in biodiversity genomics 340 

We provide an empirical illustration of fundamental challenges that limit thorough RE 341 

annotation in all but a few model species and their close relatives. Given the scale of repeats that 342 

could not be annotated in many lineages (i.e., unclassified repeats, Figs. 1, 3a–b) we show how 343 

deep insights into RE dynamics across phylogenetic scales remain impractical until we can map 344 

the finer details of RE landscapes in any species. 345 

 346 
To realize the potential that biodiversity genomics offers for the study of REs in insects and 347 

beyond, we must be able to efficiently study homologous REs across clades. Two main 348 

challenges have slowed progress toward this goal: assembly fragmentation in repetitive regions 349 

and comprehensive RE annotation. The rise of long-read sequencing technology has improved 350 

assembly of repetitive regions (e.g., Hotaling et al. 2021b) and largely ameliorated this first 351 

challenge. This advance has been driven primarily by industry research and incentives paired 352 

with buy-in from the genomics community, including consortia (e.g., Earth BioGenome Project, 353 

(Lewin et al. 2018). However, advances in RE annotation rely largely on the academic 354 

community with fewer financial or related incentives. Although many tools for automated 355 

identification and annotation of REs exist (Bergman and Quesneville 2007; Goerner-Potvin and 356 

Bourque 2018), annotation tools are limited by the quality of reference databases and specifically 357 

the breadth of known REs that can be used to annotate unknown REs in focal assemblies. 358 

 359 
As such, community led RE database curation is not trivial. Two specific obstacles to effective 360 

annotation exist: (1) RE taxonomies are in early stages of curation such that redundantly 361 

described, or undescribed REs are both common; and (2) taxonomic representation in existing 362 

RE databases is woefully incomplete (Fig. 3d). Although these issues have been raised in the RE 363 
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community for more than a decade (Bergman and Quesneville 2007; Elliott et al. 2021; Hoen et 364 

al. 2015; Piégu et al. 2015), our results add quantification to an abstract challenge and highlight 365 

that despite major progress in biodiversity genomics overall, the RE “database issue” is growing 366 

worse rather than improving (Fig. 3c). As it stands, an average of 40.5% of total repeats could 367 

not be classified with our automated classification approach in all non-Drosophila taxa, while 368 

just 13.1% are unclassified on average in the 71 Drosophila species sampled (Fig. 3b). The 369 

numbers are much worse in early diverging insect orders such as Thysanoptera and 370 

Ephemeroptera (72.0% and 85.1% unclassified, respectively) despite their having similar 371 

genomic proportions of REs as Drosophila (~25% in all three groups; Fig. 3b). Without a 372 

concerted effort to improve RE curation and annotation, we expect unclassified percentages of 373 

REs to increase as additional assemblies are sequenced from new species. These problems are 374 

not likely specific to insects and present a fundamental challenge that impedes deep 375 

understanding of genomes that genomicists seek. 376 

 377 
To be clear, we applaud the efforts of many groups that develop, maintain, and curate RE 378 

repositories such as Repbase and Dfam (Bao et al. 2015; Hubley et al. 2016; Jurka et al. 2005; 379 

Storer et al. 2021; Wheeler et al. 2012). We also acknowledge the valuable efforts from research 380 

groups studying classical model species (e.g., Drosophila melanogaster) whose contributions 381 

form a basis of broad understanding about RE biology. As biodiversity genomics continues to 382 

grow and diversify, concerted efforts should be made to support RE research and make the 383 

importance of their annotation central to broader goals of the field (i.e., similar to generating new 384 

genome assemblies or gene annotation tools).  385 

 386 

 Cold Spring Harbor Laboratory Press on July 16, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 

17 

We view biodiversity science as a large-scale solution to many challenges facing RE biology. 387 

With a long history of deep expertise in phylogenetics, taxonomy, and specimen acquisition, the 388 

infrastructure, experience, and human resources within biodiversity science could be a boon for 389 

improving RE taxonomy, curation, and taxonomic representation. However, we emphasize the 390 

need for care when embracing this challenge. A primary lesson learned from decades of 391 

taxonomy and phylogenetic inference is that thorough taxon sampling is critical to avoid 392 

mistakes in both endeavors. Thus, a stable RE taxonomy hinges upon the mapping of REs in 393 

taxonomically diverse groups, establishing homology through robust phylogenetic analysis of 394 

specific elements within and across groups, and submitting curated RE sequences to existing 395 

databases (Bao et al. 2015; Hubley et al. 2016; Jurka et al. 2005; Storer et al. 2021; Wheeler et 396 

al. 2012). In turn, studying REs in diverse clades can offer reciprocal benefits to biodiversity 397 

science in that repetitive elements are an underutilized source of signal that can add resolution to 398 

evolutionary studies (Dodsworth et al. 2015; Negm et al. 2021; Sproul et al. 2020).  399 

 400 
As we move forward in this new era of biodiversity genomics, we need to simultaneously meet 401 

the challenge of studying RE dynamics across broad taxonomic scales. To bridge this gap, we 402 

offer three ways for the genomics community to contribute: 403 

 404 
(1) Embrace RE biology. Rather than viewing REs as nuisance sequences to be masked 405 

(Slotkin 2018), seek to understand their interesting and diverse roles in genome biology. 406 

Many excellent, accessible reviews exist (e.g., Bourque et al. 2018; Wells and Feschotte 407 

2020) and more RE literacy and interest will no doubt improve RE science. 408 

 409 
(2) Document REs in new (and existing) genome assemblies. Whether generating a 410 

new genomic resource or evaluating one as a reviewer, editor, or peer, encourage 411 
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reporting and documentation of REs. This will add to the RE knowledge base and 412 

accelerate literacy of both REs and the software tools available for their study. 413 

 414 
(3) Invest in RE library curation and database submission within your area of 415 

taxonomic expertise. To meet the challenge of RE annotation with accelerating 416 

availability of genome assemblies, RE library curation and database submission needs to 417 

become a mainstream step in data archiving. There are many resources designed to 418 

streamline contribution and data sharing, including RE curation guidelines (Goubert et al. 419 

2022), descriptions of Repbase and Dfam databases and submission (Kohany et al. 2006; 420 

Storer et al. 2021), TE library curation tools (e.g., Ou et al. 2019), and group-specific RE 421 

resources (Elliott et al. 2021).  422 

 423 
From single, difficult-to-obtain genome assemblies ~20 years ago to dozens of new, highly 424 

contiguous assemblies being published every day, an exciting, new discipline of biodiversity 425 

genomics has emerged. By investing in solutions to address bottlenecks for studying REs and 426 

any similar challenges, we can build the foundation for unprecedented new understanding of 427 

genome biology in insects and across the tree of life. 428 

 429 
Methods 430 

An extended version of Materials and Methods with additional details of phylogenetic inference, 431 

and RE-gene associations, and statistical analysis is provided in Supplemental Materials. 432 

 433 
Data acquisition 434 

Following Hotaling et al. (2020), we used the assembly-descriptors function in the NCBI 435 

datasets command line tool to download metadata for all nuclear genomes available for insects 436 

on GenBank (accessed 2 November 2020; (Sayers et al. 2021). We then culled our data set to 437 
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include only one representative genome per taxon (species or subspecies) by selecting the 438 

assembly with the highest contig N50 (the mid-point of the contig distribution where 50% of the 439 

genome is assembled into contigs of a given length or longer). Using provided NCBI metadata 440 

on the sequencing read technology used for assembly, assemblies were classified as “short-read”, 441 

“long-read”, or “not provided” based on whether only short-reads (e.g., Illumina) were used, any 442 

amount of long-read sequences (e.g., PacBio) were used, or no information was provided. After 443 

identifying our focal genome set, we downloaded the relevant genomes for downstream analysis. 444 

Analysis scripts used in this study, including those that were used for data collection, are 445 

included in this study’s GitHub repository. A full list of the genome assemblies used in this study 446 

are provided in Supplemental Table S1 (Supplemental Material). 447 

 448 
Quantifying assembly completeness and phylogenetic inference 449 

To assess gene completeness, we ran “Benchmarking Universal Single Copy Orthologs” 450 

(BUSCO) v.4.1.4 (Seppey et al. 2019) on each assembly using the 1,367 reference genes in the 451 

OrthoDB v.10 Insecta gene set (Kriventseva et al. 2019) and the “--long” analysis mode. We 452 

divided our data set into three subsets: (1) the full data set with no filtering, (2) only assemblies 453 

with BUSCO gene content ≥ 50%, or (3) only assemblies with BUSCO gene content ≥ 90%. To 454 

organize our results in a phylogenetic framework, we then estimated a species tree for our full 455 

data set using single-copy orthologs resulting from the BUSCO analyses.  456 

 457 
Repeat element identification and annotation 458 

We identified REs in genome assemblies using RepeatModeler2.0 (Flynn et al. 2020) with 459 

search engine “ncbi”, which also generates a library of repeat consensus sequences. We 460 

annotated repeats in assemblies through two rounds of annotation with RepeatMasker4.1.0 (Smit 461 
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and Hubley), the first round used custom repeat libraries generated by RepeatModeler2 for each 462 

respective assembly and with search engine “ncbi” and option -xsmall. We then converted the 463 

softmasked assembly resulting from the first RepeatMasker round to a hardmasked assembly 464 

using the lc2n.py script (https://github.com/PdomGenomeProject/repeat-masking), and re-ran 465 

RepeatMasker on the hard-masked assembly with RepeatMasker’s internal arthropod repeat 466 

library and species “Arthropoda”. RepeatMasker’s internal library, RepeatMaskerLib.embl 467 

combines elements from Repbase, Dfam, and Artefacts data repositories per software 468 

documentation. (Based on our analysis of repository composition, the large majority of insect 469 

models in public repositiories at the date of this research are in Repbase.) We then merged 470 

RepeatMasker output tables from both runs to summarize the abundance of RE categories. We 471 

studied patterns of repeat dynamics within and across taxonomic groups by parsing 472 

RepeatMasker output tables and visualizing the distribution and abundance of major RE 473 

categories using custom Python and R scripts.  474 

 475 
As an orthogonal approach to identifying repetitive elements with our assembly-based analysis, 476 

we explored genome repetitiveness and RE abundance with assembly-free approaches based on 477 

clustering of low-coverage short-read data as implemented in both dnaPipeTE v1.3.1 (Goubert et 478 

al. 2015) and RepeatExplorer2 (Novák et al. 2013). The former program relies on similar 479 

dependencies (e.g., RepeatMasker and Dfam and Repbase repeat databases) as our assembly-480 

based approach and is thus well suited to exploring the effects of a clustering-based approach on 481 

RE estimates, while reducing potential noise introduced by program-specific software and 482 

database dependencies. RepeatExplorer2 provides a reference point for a similar tool that uses a 483 

different underlying repeat database (i.e., Metazoa 3.0) and dependencies, including TAREAN 484 

(Novák et al. 2017) which specializes in identification of satellite DNAs. Samples for these 485 
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analyses were chosen both to spread taxonomic representation across multiple insect orders, and 486 

to minimize potential noise introduced by variation in technical details surrounding data 487 

generation. Additional details for clustering-based analyses are provided in Supplemental 488 

Materials. 489 

 490 
Correlation analyses 491 

We tested for correlations between RE abundance and a range of aspects for each genome 492 

assembly, including sequencing technology, using R version 3.6.3 (R Core Team 2013). These 493 

included a comparison of total REs identified as well as specific classes (e.g., LINEs) versus the 494 

primary sequencing technology used (short- or long-reads). For all correlation analyses, we 495 

tested for normality in our data sets with a Shapiro-Wilk test and since the null hypothesis was 496 

rejected for all data sets (P < 0.05), we used Spearman’s rank correlation tests. 497 

 498 
Repetitive element and protein-coding gene associations 499 

For all assemblies with ≥ 90% BUSCO gene content, we measured RE-gene associations (i.e., 500 

RE sequences inserted within or adjacent to protein-coding genes) following Heckenhauer et al. 501 

(Heckenhauer et al. 2022). Their study validated a new approach to quantifying RE sequences 502 

associated with BUSCOs. In some cases, RE fragments are embedded within BUSCOs, and in 503 

others, REs with open reading frames that are immediately adjacent to BUSCOs are 504 

inadvertently classified by the BUSCO algorithm as being part of the BUSCO. They showed that 505 

quantifying such instances of RE sequences in BUSCOs can serve as a proxy for genome-wide 506 

RE-gene associations. Our approach adapted theirs to suit a higher throughput analysis, as 507 

described in more detail in Supplemental Materials. 508 

 509 
Investigating the effects of taxonomic sampling bias 510 
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We investigated effects of taxonomic sampling bias on our understanding of REs in insects by 511 

analyzing the composition of the Repbase repository for RE sequences and the resulting impact 512 

on repeat annotation in our assemblies. We used custom scripts to parse the Repbase database 513 

and quantify the taxonomic representation of insect orders and families included in our data set, 514 

as well as the rate of insect repeat submissions over time.  515 

 516 
Data access  517 

Species-specific repeat libraries generated by RepeatModeler2 and summary tables are available 518 

on FigShare (https://doi.org/10.6084/m9.figshare.c.6024905.v1) and Supplemental Materials and 519 

have been submitted to Dfam (accessions: DR2407971–DR3440067). All scripts used in 520 

analyses are available on GitHub (https://github.com/johnssproul/Insect_REs) and Supplemental 521 

Materials. 522 
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Figure Legends: 741 
 742 
Figure 1. The repetitive element landscape of insects. Left bars with alternating shades of gray 743 
indicate taxonomic boundaries and track across plots. (A) Total genome assembly length. (B) 744 
Overall RE abundance followed by LINEs, LTRs, and DNA transposons all as a percent of the 745 
overall genome assembly. Totals for DNA transposons reported include TIR, Crypton, and 746 
Helitron/Polinton elements, reflecting the classification scheme of RepeatMasker, although the 747 
large majority in all cases are TIR – see Supplemental Fig. S2 for a finer breakdown of these 748 
three categories. One species (Hermetia illucens) exceeded the scale for LINEs (indicated at 749 
47%). Any REs that could not be classified (“unclassified”) are shown as a percentage of all 750 
repeats identified for a given species. (C) Abundance of RE-associated BUSCOs. For (A) and 751 
(B), all assemblies with BUSCO completeness ≥ 50% were included (n = 548). For (C), because 752 
we were concerned that BUSCO completeness would alter our capacity to detect RE-associated 753 
BUSCOs, we only included assemblies with BUSCO completeness ≥ 90% (n = 493). Summary 754 
of less abundant repeat categories is shown in Supplemental Fig. S1, Supplemental Materials. 755 
Assemblies that were excluded in (C) are indicated with white bars. To the right of the plots, the 756 
phylogeny inferred in this study that was used to place species in their phylogenetic context is 757 
shown. 758 
 759 
Figure 2. Statistical summaries of insect repetitive element dynamics, technology impacts. 760 
(A–D) Genomic proportion of all repeats (A), LINEs (B), LTRs (C), and DNA transposons (D) 761 
across insect orders in the data set. Note: To improve visualization, y-axis scales differ between 762 
(A) and (C–D). (E–I) Sequencing technology comparisons for (E) assembly length, (F) all 763 
repeats, (G) LINEs, (H) LTRs, and (I) DNA transposons. Totals for DNA transposons reported 764 
include TIR, Crypton, and Helitron/Polinton elements, reflecting the classification scheme of 765 
RepeatMasker, although the large majority in all cases are TIR – see Supplemental Fig. S2 for a 766 
finer breakdown of these three categories. Significance was assessed with Welch two-sample t-767 
tests. ns: not significant at P < 0.05. (J–L) Spearman correlations between genomic proportion of 768 
repeats versus (J) assembly length, (K) contig N50, (L) and number of RE-associated BUSCO 769 
genes. (M) Normalized abundances of RE-associated BUSCOs across orders and organized by 770 
the phylogeny shown in Fig. 1. For all plots, log-transformed data were used for visualization 771 
while statistics were performed on the untransformed data. 772 
 773 
Figure 3. Insect representation in repetitive element databases and effects on RE detection. 774 
(A) A comparison of the proportion of total repeats that are unclassified in each insect’s genome 775 
assembly versus its genetic distance from Drosophila melanogaster. (B) The same data 776 
presented in (A) but grouped by order except for Diptera which are divided into family 777 
Drosophilidae and all other Diptera. In both (A) and (B), a “yes” reflects insect family-level 778 
representation of 100 or more sequences in Repbase. (C) Unique entries at the insect family-level 779 
submitted to Repbase or GenBank from 1995–2020. Data for GenBank submissions were taken 780 
from Hotaling et al. (2021). Of note, for 2020, only GenBank submissions through October 2020 781 
were included. (D) Heatmap showing the abundance (count) of RE sequence entries in Repbase 782 
by order (bold) or family. Of the 154 insect families in our dataset, roughly one third, those listed 783 
here, have any representation in Repbase. Of those, many are represented by few RE sequences, 784 
e.g., essentially white boxes indicate only 1–10 sequences are present. If a single insect family 785 
was present, it is labeled with the broader order name, if two or more insect families from the 786 
same order were present, they are listed with a line encompassing them to the left. 787 
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