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Analyses of 600+ insect genomes reveal repetitive
element dynamics and highlight biodiversity-scale
repeat annotation challenges
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Repetitive elements (REs) are integral to the composition, structure, and function of eukaryotic genomes, yet remain un-
derstudied in most taxonomic groups. We investigated REs across 601 insect species and report wide variation in RE dynam-
ics across groups. Analysis of associations between REs and protein-coding genes revealed dynamic evolution at the
interface between REs and coding regions across insects, including notably elevated RE-gene associations in lineages
with abundant long interspersed nuclear elements (LINEs). We leveraged this large, empirical data set to quantify impacts
of long-read technology on RE detection and investigate fundamental challenges to RE annotation in diverse groups. In
long-read assemblies, we detected ~36% more REs than short-read assemblies, with long terminal repeats (LTRs) showing
162% increased detection, whereas DNA transposons and LINEs showed less respective technology-related bias. In most in-
sect lineages, 25%-85% of repetitive sequences were “unclassified” following automated annotation, compared with only
~I3% in Drosophila species. Although the diversity of available insect genomes has rapidly expanded, we show the rate of
community contributions to RE databases has not kept pace, preventing efficient annotation and high-resolution study
of REs in most groups. We highlight the tremendous opportunity and need for the biodiversity genomics field to embrace

REs and suggest collective steps for making progress toward this goal.

[Supplemental material is available for this article.]

Repetitive elements (REs) comprise large proportions of eukaryotic
genomes and are fundamental to the evolutionary process
(Bourque et al. 2018; Gilbert et al. 2021). Broadly, REs can be classi-
fied as interspersed or tandem repeats. Interspersed repeats include
transposable elements (e.g., retrotransposons) that encode for pro-
teins that facilitate their movement and proliferation in genomes.
Tandem repeats (e.g., satellite DNAs) can form large blocks (e.g., meg-
abases) of relatively short noncoding sequences in repeated arrays
(for review, see Ugarkovi¢ and Plohl 2002). Together, interspersed
and tandem repeats comprise ~67% of the human genome (de
Koning et al. 2011). Despite their major genomic footprint, REs are
understudied in genome science owing to a history of technical chal-
lenges associated with their sequencing and assembly (Bergman and
Quesneville 2007; Sotero-Caio et al. 2017); however, long-read se-
quencing is ameliorating this challenge through improvements in
genome assembly contiguity (Hotaling et al. 2021b).
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Although understudied, REs can play critical roles in the or-
ganization, stability, regulation, and evolution of genomes
(Bourque et al. 2018; Wells and Feschotte 2020). At broad scale,
REs shape chromatin domains across chromosomes and impact
the three-dimensional organization of DNA (Winter et al. 2018;
Sun et al. 2020). Rapidly evolving blocks of REs are common sites
of recombination and chromosome rearrangements (e.g.,
Caceres et al. 1999; Bennetzen 2000). At finer scale, shifts in RE
location and abundance (e.g., through transposition of retro-
transposons) can alter gene expression and phenotype evolution
(Stuart et al. 2016; Chuong et al. 2017; Schrader and Schmitz
2019). Across evolutionary scales, rapid RE evolution (e.g., tan-
dem repeats) is associated with hybrid incompatibilities between
species (Ferree and Barbash 2009; Jagannathan and Yamashita
2021; Brand and Levine 2022). In short, REs show an array of
structural and evolutionary effects on genome evolution across
species.
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Insect repetitive elements

We have entered the era of biodiversity genomics with avail-
ability and quality of genome assemblies rapidly increasing in
plants and animals (Hotaling et al. 2021a,b; Marks et al. 2021). As
a critical mass of assemblies accumulates within a group, phyloge-
netically informed meta-analyses of REs can illuminate their im-
pact on genome dynamics and evolution (Gilbert et al. 2021).
With more than 1 million described species, insects account for
the bulk of Earth’s animal biodiversity (Stork 2018). Although
some insects have become model genetic organisms (e.g., Drosoph-
ila melanogaster) and thus considerable attention is devoted to
many aspects of their genome biology, including REs (e.g., Kim
et al. 2014; Vargas-Chavez et al. 2022), for the vast majority of in-
sects (and many other taxonomic groups), repetitive genomic com-
ponents remain largely unexplored.

In this study, we analyzed the RE landscape in genome as-
semblies of more than 600 insect species that have diverged
from common ancestors over ~400 Myr of evolution (Misof
et al. 2014). We used this data set to gain a broad view of RE dy-
namics in insects and to assess how sequencing technology and
taxonomic representation in reference databases (e.g., Repbase)
(Bao et al. 2015) shape our ability to identify and classify REs
with widely used automated RE annotation tools in a compara-
tive framework. Given the potential for REs to impact protein-
coding genes (e.g., through epigenetic silencing of adjacent
DNA sequences), we also investigated the frequency of associa-
tions between REs and protein-coding genes. An inherent chal-
lenge to broad-scale analysis of publicly available assemblies is
that variation in the finer technical details (e.g., specific sequenc-
ing platform used, assembly method) can lead to variation in per-
assembly quality and add noise to results. However, these caveats
can be balanced by the potential for detecting broad-scale trends
in signal that are only obvious when sampling many species
within and across lineages. We reduce the impacts of per-assem-
bly quality by filtering the lowest-quality assemblies and identify
robust, broad-scale trends by visualizing RE dynamics across hun-
dreds of species in their phylogenetic context. Our findings yield
new insight into the RE landscape of insect genomes from a
much wider taxonomic perspective than previous analyses and
identify trends that spawn new hypotheses surrounding the
role of REs in shaping genome evolution within lineages.
Beyond insects, we use this large, diverse data set to highlight
the opportunities and obstacles for investigating RE dynamics
in biodiversity studies with an emphasis on RE annotation bot-
tlenecks. We conclude by describing the ways in which the bio-
diversity genomics community can alleviate challenges of RE
annotation (e.g., RE database curation and taxonomy) to build
toward a more holistic understanding of genomic natural history
and evolution.

Results

We assessed RE content for genome assemblies of 601 insect spe-
cies across a total of 20 orders. Of the 601 assemblies, 548 and
441 assemblies had “benchmarking universal single copy ortho-
logs” (BUSCO) completeness >50% and >90%, respectively. We re-
port results for three data sets: all assemblies, >50% BUSCO, and
>90% BUSCO. For clarity, we used the “all assemblies” data set
for analyzing taxonomic representation in Repbase, the “>50%"
data set for assessing overall RE trends in insects, and the
“>90%” for all other analyses.

The proportion of REs in insect genomes ranged widely from
1.6% to 81.5% (mean =30.8%) (Figs. 1, 2). Based on the mean ge-

nomic proportion of specific RE categories, DNA transposons were
the most abundant overall and particularly so in Coleoptera (Figs.
1, 2A-D), yet conspicuously uncommon in Lepidoptera. LINEs
were the next most abundant RE type and showed wide variance
across and within orders (Figs. 1, 2A-D). For example, within Dip-
tera, LINE abundances ranged from ~1% in 29 species to ~47% in
Hermetia illucens (Fig. 1B). However, LINEs were notably uncom-
mon in Hymenoptera (1.8%+1.7% genomic proportion, n=157
species). LTRs were generally uncommon but were abundant with-
in Drosophila (order Diptera) (Fig. 1B). Because LTRs are particularly
difficult to identify owing to their size and complexity (Flynn et al.
2020) and because Drosophila LTRs are better characterized in RE
databases than other insect lineages (see below), this trend may re-
flect methodology more than biology. Consistent with previous
studies (Petersen et al. 2019; Cong et al. 2022; Heckenhauer et al.
2022), we showed that RE abundance correlates with genome
size (Fig. 2J). Previous studies (Novak et al. 2020; Schley et al.
2022) have noted an inflection point in this correlation, at which
increasingly large-genome (e.g., >5-10 Gb) species have a lower
than predicted genomic proportion of repeats, likely because re-
mains of retained ancient TE bursts accumulate sufficient muta-
tions that RE detection software classifies them as unique/low-
copy sequences rather than repetitive sequences. We did not
find evidence of such an inflection point in insects (Supplemental
Fig. S3A); however, we note that our data set includes a poor sam-
pling of large-genome species (e.g., few assemblies exceed 1 Gb and
none exceed 5 Gb). SINEs showed greatest abundance in Blattodea,
Phasmatodea, Lepidoptera, and some dipterans. Tandem repeats
were most common in Hymenoptera and Diptera, whereas “other”
repeats were especially abundant in Lepidoptera, reflecting the
high number of Helitrons in some lineages (Supplemental Figs.
S1, S3B-D).

Comparison of assembly-based (AB) estimates of RE
abundance to assembly-free clustering-based (CB) estimates in
dnaPipeTE (Goubert et al. 2015) showed that patterns of relative
abundance in RE categories were broadly consistent across
methods (Supplemental Fig. S4). Our second CB approach using
RepeatExplorer2 (RE2) (Novék et al. 2013) also showed general
consistency in patterns, albeit with low resolution in the classifica-
tion of interspersed repeats, a pattern that has been noted in other
insect studies and is likely related to the general Metazoa library
used by RE2 being poorly suited to insect annotation (Heckenha-
uer et al. 2022). Both CB approaches consistently showed higher
estimates of tandem repeats compared with the AB estimates (Sup-
plemental Figs. S4, S5), which corroborates the expectation that
blocks of highly similar repeats are underrepresented in assemblies
(Novéket al. 2010). When comparing overall repeat proportion es-
timates across methods, two patterns emerged. In seven of 15 com-
parisons, overall repeat proportion estimates showed minor
variation such that genomic proportion of repeats varied only
1%-10% across methods (e.g., see Nicrophorous, Aethinia, and
Aphidius) (Supplemental Fig. S4). In the remaining comparisons
(i.e., eight of 15), the genomic proportion of repeats in the AB ap-
proach differed by >15% compared with one or both CB estimates.
In all but one of these cases, the AB approach estimated a notably
higher proportion of repeats than either of the CB approaches,
which is counter to the notion that AB approaches often underes-
timate repetitiveness. A correlated characteristic in this subset of
samples is that in each case, the AB analysis found notably high
proportions of interspersed repeats (e.g., see DNA transposons
and LINEs in Limonius, Harmonia, and Bemisia) (Supplemental
Fig. S4). Taken together, our findings both corroborate the
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Figure 1. The repetitive element (RE) landscape of insects. Left bars with alternating shades of gray in-

dicate taxonomic boundaries and track across plots. (A) Total genome assembly length. (B) Overall RE
abundance followed by LINEs, LTRs, and DNA transposons all as a percentage of the overall genome as-
sembly. Totals for DNA transposons reported include TIR, Crypton, and Helitron/Polinton elements, re-
flecting the classification scheme of RepeatMasker, although the large majority in all cases are TIR (for a
finer breakdown of these three categories, see Supplemental Fig. S2). One species (Hermetia illucens) ex-
ceeded the scale for LINEs (indicated at 47%). Any REs that could not be classified (“unclassified”) are
shown as a percentage of all repeats identified for a given species. (C) Abundance of RE-associated
BUSCOs. For A and B, all assemblies with BUSCO completeness >50% were included (n=548). For C,
because we were concerned that BUSCO completeness would alter our capacity to detect RE-associated
BUSCOs, we only included assemblies with BUSCO completeness >90% (n=493). A summary of less
abundant repeat categories is shown in Supplemental Fig. ST and the Supplemental Materials.
Assemblies that were excluded in Care indicated with white bars. To the right of the plots, the phylogeny
inferred in this study that was used to place species in their phylogenetic context is shown.

bly length, which did not differ between
technologies (Welch two-sample t-test,
P=0.42) (Fig. 2E); however, a positive cor-
relation between repeat abundance and
assembly contiguity (i.e., contig NS50)
was observed (Welch two-sample t-test,
P=>0.001) (Fig. 2K). Long-read assem-
blies had the greatest influence on LTR
detection (162% increase, Welch two-
sample t-test, P<0.001) (Fig. 2H), fol-
lowed by DNA transposons (47% in-
crease; Welch two-sample t-test, P=
0.03) (Fig. 2I). Although LINEs showed
increased average detection in long-read
assemblies, the difference was not signifi-
cant (Welch two-sample t-test, P=0.42)
(Fig. 2G). These trends set a general
expectation for sequencing technology-
related bias, with LTRs being underde-
tected in short-read assemblies, whereas
DNA transposons, LINEs, and other RE
classes show moderate/low sensitivity to
sequencing technology in AB RE detec-
tion (Fig. 2F-I). As a surrogate measure
for associations between REs and pro-
tein-coding genes, we quantified RE
presence in BUSCO genes (termed hereaf-
ter RE-associated BUSCOs) following
the method of Heckenhauer et al
(2022). RE-associated BUSCOs increased
with overall repeat content in assemblies
(Spearman’s correlation=0.74, P<2x
10'%) (Fig. 2L). However, assembly repeat
content alone did not explain increased
RE-associated BUSCO abundance. For ex-
ample, Lepidoptera and Coleoptera spe-
cies had 5.8- and 4.4-fold, respectively,
average increases in RE-associated
BUSCOs compared with Hymenoptera af-
ter correcting for assembly length (Fig.
2M). Overall, RE-associated BUSCOs were
most abundant in species with high
proportions of LINEs (e.g., Hemiptera,
Blattodea, Coleoptera, Trichoptera, and
Lepidoptera) (Figs. 1, 2M; Supplemental
Fig. $6). In some lineages (e.g., some Blat-
todea, Coleoptera, and Hemiptera), RE se-
quences were detected in upward of 25%
of all BUSCO genes, whereas RE-associated
BUSCOs averaged ~1%-2% of all BUSCOs
in Hymenoptera and Diptera. To address
whether general trends in RE-associated

improved estimates of certain repeat classes such as tandem repeats
expected by CB approaches and present evidence that the same CB
approaches can be prone to large underestimates of interspersed re-
peats compared with long-read AB approaches.

Sequencing technology influences the study of REs. In insects,
long-read assemblies are on average about 48 times more contigu-
ous than short-read technologies (Hotaling et al. 2021b). For REs,
we identified 36.1% more REs in long-read assemblies versus
short-reads (Welch two-sample t-test, P = 0.04) (Fig. 2F). Further-
more, this difference in total REs identified was not owing to assem-

BUSCOs could be driven by an artifact of assembly errors (which
might simply be more numerous in larger assemblies) rather than
true associations between REs and BUSCO genes, we predicted that
less-contiguous short-read assemblies would show inflated RE-
BUSCO associations compared with more contiguous long-read as-
semblies. However, this comparison revealed the opposite pattern:
RE-associated BUSCOs are ~60% more common in long-read assem-
blies (Welch two-sample t-test, P=0.007) (Supplemental Fig. S7).
Because most RE annotation relies on reference databases (i.e.,
Repbase, Dfam) (Jurka et al. 2005; Hubley et al. 2016), we expected
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Figure 2. Statistical summaries of insect RE dynamics and technology impacts. (A-D) Genomic propor-

tion of all repeats (A), LINEs (B), LTRs (C), and DNA transposons (D) across insect orders in the data set.
Note that to improve visualization, y-axis scales differ between A and C,D. (E-/) Sequencing technology
comparisons for assembly length (E), all repeats (F), LINEs (G), LTRs (H), and DNA transposons (/). Totals
for DNA transposons reported include TIR, Crypton, and Helitron/Polinton elements, reflecting the clas-
sification scheme of RepeatMasker, although the large majority in all cases are TIR (for a finer breakdown
of these three categories, see Supplemental Fig. $2). Significance was assessed with Welch two-sample t-

tests.

(ns) Not significant at P<0.05. (J-L) Spearman’s correlations between genomic proportion of re-

peats versus assembly length (J), contig N50 (K), and number of RE-associated BUSCO genes (L). (M)
Normalized abundances of RE-associated BUSCOs across orders and organized by the phylogeny shown
in Figure 1. For all plots, log-transformed data were used for visualization, whereas statistics were per-
formed on the untransformed data.

=0.4, P<2x 10'%) (Fig. 3A). For reference,
unclassified repeats comprised only
13.1% of all repeats in the 71 Drosophila
species but accounted for 40.5% total re-
peats on average in all other taxa. High
fractions of unclassified repeats were es-
pecially evident in poorly sampled, ear-
ly-diverging insect orders. For example,
in Thysanoptera and Ephemeroptera,
72.0% and 85.1% of respective REs are
unclassified despite having similar geno-
mic proportions of REs as Drosophila
(~25% in all three groups) (Fig. 3B). Un-
classified repeats were typically short se-
quences (mean length=188.9 bp) and
were slightly longer in long-read com-
pared with short-read assemblies (Supple-
mental Fig. S8).

To clarify the impact of uneven tax-
onomic representation in reference data-
bases on RE annotation, we quantified
the representation of insect orders and
families in Repbase (Jurka et al. 2005;
Bao et al. 2015). Repbase is the most
widely cited repository of RE sequences
and is integral to the standard RE identi-
fication and annotation programs
RepeatModeler2 (Flynn et al. 2020) and
RepeatMasker (Smit and Hubley 2019).
Of the 20 insect orders in our data set,
14 are represented in Repbase; however,
of those, six are represented by a single
insect family (Fig. 3D; Supplemental Ta-
ble S2). Of 154 insect families in our
data set, just over one-third (n=57) had
any representation in Repbase.

Taxonomic bias is more extreme
when the number of reference sequences
is considered. Just two families, Droso-
philidae and Culicidae (order Diptera),
account for ~60% (n=38,453) of all insect
sequences in Repbase (Fig. 3D) and ~70%
of all LTR sequences (n=>5,908). Nearly
75% of all insect families in Repbase are
represented by fewer than 100 sequenc-
es, and only four families (Culicidae
[Diptera], Drosophilidae [Diptera], For-
micidae [Hymenoptera], and Acrididae
[Orthoptera]) have more than 1000 se-
quences (Fig. 3D; Supplemental Table
S3). Species belonging to a family repre-
sented by 100 or more sequences in
Repbase had, on average, 24.5% unclassi-
fied REs, whereas insects belonging to
families represented by 99 or fewer se-
quences had nearly double the propor-
tion of unclassified repeats (45.8%). The
gap between available genome assemblies
for insects and Repbase representation

bias in database representation to impact our RE annotation. The
proportion of unclassified REs in a given assembly increased with
its genetic distance from D. melanogaster (Spearman’s correlation

appears to be increasing. Since insect genome assemblies began to
proliferate on the NCBI GenBank database around 2010, submis-
sions to Repbase have not shown similar growth (Fig. 3C).
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were present, they are listed with a line encompassing them to the /eft.

Discussion

In the present study, we extended previous efforts (e.g., Petersen
et al. 2019; Gilbert et al. 2021) by describing RE dynamics for
600+ insect species. In the process, we evaluated the efficacy of au-
tomated RE annotation pipelines in a large, taxonomically diverse
data set and clarified expectations for RE annotation success in
diverse clades.

REs in insects: new insight from a broad taxonomic comparison

Insects account for more than half of all described animal species
(Stork 2018). To understand the genomic basis of this diversity, we
must understand repeat evolution, as repeats comprise major frac-
tions of nearly all insect genomes. We identified wide variation in
RE abundance both within and among major clades. For example,
DNA transposons were generally abundant in most insect orders
yet conspicuously uncommon in Lepidoptera. Similarly, LINEs
are abundant in many orders (e.g., Coleoptera, Trichoptera, Hemi-
ptera) but largely absent in Hymenoptera (Figs. 1, 2). These order-

D

level patterns indicate deep phylogenetic
constraints in RE architecture (e.g., with-
in orders), as well as major shifts between
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LINEs shift from low abundance in Hy-
menoptera to higher abundance in the
next-branching lineages (i.e., Lepidop-

Carabidae {
Coccinellidae |
Curculionidae |

Silphidae {

Tenebrionidae |
Entomobryidae

Isotomidae -
Neanuridae

Coleoptera

*

Collembola

)

B \ *
Phasmatodea a Lepi

Insect representation in RE databases and effects on RE detection. (A) A comparison of the
proportion of total repeats that are unclassified in each insect’s genome assembly versus its genetic dis-
tance from Drosophila melanogaster. (B) The same data presented in A but grouped by order except for
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flects insect family-level representation of 100 or more sequences in Repbase. (C) Unique entries at
the insect family-level submitted to Repbase or GenBank from 1995-2020. Data for GenBank submis-
sions were taken from Hotaling et al. (2021b). Of note, for 2020, only GenBank submissions through
October 2020 were included. (D) Heatmap showing the abundance (count) of RE sequence entries in
Repbase by order (bold) or family. Of the 154 insect families in our data set, roughly one-third, those list-
ed here, have any representation in Repbase. Of those, many are represented by few RE sequences; for
example, essentially white boxes indicate only one to 10 sequences are present. If a single insect family
was present, it is labeled with the broader order name; if two or more insect families from the same order
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tera, Trichoptera, and Coleoptera) and
then back to lower abundance in Diptera
(Figs. 1B, 2M), suggesting shifts in strate-
gies for maintaining genome stability
and TE regulation across groups.

Our analysis of RE-associated
BUSCOs illustrates how the evolution
of interspersed repeats within and
around protein-coding genes has evolved
dynamically across lineages (Figs. 1C,
2M). Given the strong correlation be-
tween LINE abundance and the presence
of RE-associated BUSCOS across insects
(Supplemental Fig. S6), lineages with
abundant LINEs may experience elevated
rates of evolution in genic regions, with
potentially broad consequences for
phenotype evolution. Genomes suppress
RE activity through epigenetic silencing
of repetitive sequences (e.g., heterochro-
matin formation) (Slotkin and Martiens-
sen 2007). Because silent marks may
occur near regulatory gene regions and
spread to adjacent sequences (Lee and
Karpen 2017; Wei et al. 2022), move-
ment of REs to new genomic loci can
have an immediate impact on the expres-
sion of nearby genes. Over longer time-
scales, RE sequences can be co-opted to
form genome-wide regulatory networks
of gene expression (Chuong et al
2017). Although we do not present direct
evidence of phenotype impacts here,
our finding of abundant and dynami-
cally evolving RE-gene associations in
insects identifies new potential for study-
ing RE impacts on coding regions and phenotype evolution in
insects.

Our broad taxonomic sampling illustrates that nonmodel in-
sects tend to have larger, more repeat-rich genomes than the mod-
el species (e.g., D. melanogaster) that seeded much of our present
knowledge of RE dynamics (Fig. 1A,B, see also Supplemental
Results). Although REs can have both deleterious and adaptive im-
pacts on host genomes (Petrov 2002; Gonzalez et al. 2008), their
dynamics are understudied in complex, repeat-rich genomes.
The few larger-genome model groups (e.g., >1000 Mb) that have
been comprehensively studied for REs (e.g., maize) suggest an eco-
system-like environment in which REs adopt diverse strategies and
impacts within their various niches in the genome (Stitzer et al.
2021). Investigating the diversity of insect models with varying ge-
nome sizes and complexity can expand our perspectives on ge-
nome evolution. For example, in caddisflies (Trichoptera), clades
containing relatively larger genomes (e.g., 600-2100 Mb) show
higher species diversity and ecological breadth than small-genome
lineages (e.g., >600 Mb), raising the potential for adaptive
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advantages of maintaining high repeat loads (Olsen et al. 2021;
Heckenhauer et al. 2022). Although the current study includes as-
sembly lengths up to 4100 Mb, flow cytometry data show evidence
of insect genomes exceeding 18,000 Mb (Bryodemella holdereri)
(Cong et al. 2022). Insect models have the potential to offer new
insights on genome gigantism as assemblies for additional large-
genome species become available (Liu et al. 2022). With high spe-
cies diversity and broad distributions in nearly all habitat types, in-
sects may be particularly useful for understanding factors driving
temporal dynamics of TE activity, including population demo-
graphics (Schrader et al. 2014) and environmental stress
(Horvath et al. 2017; Signor et al. 2022). In addition, a “many-
model” phylogenetic framework offered by insects may be key to
connecting patterns of genome size, REs, and developmental con-
straints with ecological factors (Blommaert 2020).

Sequencing technology and RE analysis

Our analyses showed that sequencing technology influences RE
detection. Specifically, long-read assemblies contain 36% more
REs than short-read assemblies. LINEs and DNA transposons
showed low or modest impact from technology differences (e.g.,
differences in LINEs detection were nonsignificant) (Fig. 2G).
This, combined with their overall genomic abundance, even in lin-
eages with poor representation in RE databases (e.g., Coleoptera
and Blattodea) (Figs. 1, 3D), suggests robustness to both technolo-
gy differences and limited database representation for LINEs and
DNA transposons. In contrast, LTRs showed a 162% increase in
long-read assemblies. LTRs are difficult to identify with standard
approaches owing to their length and sequence complexity
(Flynn et al. 2020), and this finding suggests technology advances
are closing the assembly and annotation gaps for historically prob-
lematic elements. Other recent studies that report telomere-to-
telomere assemblies (e.g., Miga et al. 2020) and improved contigu-
ity through combining data from multiple sequencing strategies
(e.g., Peona et al. 2021) further illustrate the impact of technology
advances in resolving assemblies at repetitive regions.

Tandem repeats may now be the last RE type for which assem-
bly remains largely intractable. Although long-read assemblies
showed modest gains in tandem repeat detection (~25% increase),
large blocks (e.g., megabases) of tandem repeats, such as satellite
DNAs, are common in insects and other groups (Ugarkovi¢ and
Plohl 2002) and will remain unresolved in assemblies for the near
future. Assembly-free approaches that estimate RE abundance
from raw reads (e.g., through clustering algorithms like RE2)
(Novék et al. 2010) remain important tools for estimating the abun-
dance of repeats that may be collapsed in assemblies, especially tan-
dem repeats or TEs with a recent history of expansion. Indeed, our
comparison of RE estimates between long-read assemblies and clus-
ter-based methods corroborate the importance of these programs, as
our cluster-based analysis consistently showed increased detection
of tandem repeats over the long-read assembly estimates
(Supplemental Figs. S4, S5). Our analysis offers an additional insight
that CB programs may also be prone to large underestimates of in-
terspersed repeats that appear to be much better detected by long-
read AB approaches. These trends illustrate how the repeat architec-
ture of specific repeat categories within a given genome is likely to
impact which analysis approach is most effective and reinforce
the importance of applying multiple orthogonal methods.

Our findings complement studies that report within-species
comparisons of the impact of sequencing technology (Solares
et al. 2018; Rech et al. 2022) on TE detection by leveraging insect

diversity to provide a broad perspective informed by hundreds of
species. In addition to general trends in long-read versus short-
read assemblies reported here, finer layers of technology-related
factors such as the impact of specific sequencing platforms (e.g.,
PacBio CLR vs. PacBio HiFi) (Chu et al. 2020), genome assembly al-
gorithms (Chang and Larracuente 2019), and genome assembly/
TE detection tools (Bergman and Quesneville 2007; Goerner-
Potvin and Bourque 2018) are expected to impact TE detection
on a per-assembly basis. Ongoing studies designed to identify tech-
nical protocols that maximize resolution of TEs in assemblies are
needed to guide best practices in the face of constantly changing
sequencing and assembly technology.

Challenges and opportunities for RE biology in biodiversity
genomics

We provide an empirical illustration of fundamental challenges
that limit thorough RE annotation in all but a few model species
and their close relatives. Given the scale of repeats that could not
be annotated in many lineages (i.e., unclassified repeats) (Figs. 1,
3A,B), we show how deep insights into RE dynamics across phylo-
genetic scales remain impractical until we can map the finer details
of RE landscapes in any species.

To realize the potential that biodiversity genomics offers for
the study of REs in insects and beyond, we must be able to efficiently
study homologous REs across clades. Two main challenges have
slowed progress toward this goal: assembly fragmentation in repet-
itive regions and comprehensive RE annotation. The rise of long-
read sequencing technology has improved assembly of repetitive re-
gions (e.g., Hotaling et al. 2021b) and largely ameliorated this first
challenge. This advance has been driven primarily by industry re-
search and incentives paired with buy-in from the genomics com-
munity, including consortia (e.g., Earth BioGenome Project)
(Lewin et al. 2018). However, advances in RE annotation rely largely
on the academic community with fewer financial or related incen-
tives. Although many tools for automated identification and anno-
tation of REs exist (Bergman and Quesneville 2007; Goerner-Potvin
and Bourque 2018), annotation tools are limited by the quality of
reference databases and specifically the breadth of known REs that
can be used to annotate unknown REs in focal assemblies.

As such, community-led RE database curation is not trivial.
Two specific obstacles to effective annotation exist: (1) RE taxono-
mies are in early stages of curation such that redundantly described
orundescribed REs are both common, and (2) taxonomic represen-
tation in existing RE databases is woefully incomplete (Fig. 3D). Al-
though these issues have been raised in the RE community for
more than a decade (Bergman and Quesneville 2007; Hoen et al.
2015; Piégu et al. 2015; Elliott et al. 2021), our results add quanti-
fication to an abstract challenge and highlight that despite major
progress in biodiversity genomics overall, the RE “database issue”
is growing worse rather than improving (Fig. 3C). As it stands, an
average of 40.5% of total repeats could not be classified with our
automated classification approach in all non-Drosophila taxa,
whereas just 13.1% are unclassified on average in the 71 Drosophila
species sampled (Fig. 3B). The numbers are much worse in early-di-
verging insect orders such as Thysanoptera and Ephemeroptera
(72.0% and 85.1% unclassified, respectively) despite their having
similar genomic proportions of REs as Drosophila (~25% in all three
groups) (Fig. 3B). Without a concerted effort to improve RE cura-
tion and annotation, we expect unclassified percentages of REs
to increase as additional assemblies are sequenced from new spe-
cies. These problems are not likely specific to insects and present
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a fundamental challenge that impedes deep understanding of ge-
nomes that genomicists seek.

To be clear, we applaud the efforts of many groups that
develop, maintain, and curate RE repositories such as Repbase
and Dfam (Jurka et al. 2005; Wheeler et al. 2012; Bao et al. 2015;
Hubley et al. 2016; Storer et al. 2021). We also acknowledge the
valuable efforts from research groups studying classical model spe-
cies (e.g., D. melanogaster) whose contributions form a basis of
broad understanding about RE biology. As biodiversity genomics
continues to grow and diversify, concerted efforts should be
made to support RE research and make the importance of their an-
notation central to broader goals of the field (i.e., similar to gener-
ating new genome assemblies or gene annotation tools).

We view biodiversity science as a large-scale solution to many
challenges facing RE biology. With a long history of deep expertise
in phylogenetics, taxonomy, and specimen acquisition, the infra-
structure, experience, and human resources within biodiversity
science could be a boon for improving RE taxonomy, curation,
and taxonomic representation. However, we emphasize the need
for care when embracing this challenge. A primary lesson learned
from decades of taxonomy and phylogenetic inference is that
thorough taxon sampling is critical to avoid mistakes in both en-
deavors. Thus, a stable RE taxonomy hinges upon the mapping
of REs in taxonomically diverse groups, establishing homology
through robust phylogenetic analysis of specific elements within
and across groups, and submitting curated RE sequences to exist-
ing databases (Jurka et al. 2005; Wheeler et al. 2012; Bao et al.
2015; Hubley et al. 2016; Storer et al. 2021). In turn, studying
REs in diverse clades can offer reciprocal benefits to biodiversity
science in that REs are an underused source of signal that can
add resolution to evolutionary studies (Dodsworth et al. 2015;
Sproul et al. 2020; Negm et al. 2021).

As we move forward in this new era of biodiversity genomics,
we need to simultaneously meet the challenge of studying RE dy-
namics across broad taxonomic scales. To bridge this gap, we offer
three ways for the genomics community to contribute.

1. Embrace RE biology. Rather than viewing REs as nuisance se-
quences to be masked (Slotkin 2018), seek to understand their
interesting and diverse roles in genome biology. Many excel-
lent, accessible reviews exist (e.g., Bourque et al. 2018; Wells
and Feschotte 2020), and more RE literacy and interest will no
doubt improve RE science.

2. Document REs in new (and existing) genome assemblies. Whether
generating a new genomic resource or evaluating one as a re-
viewer, editor, or peer, encourage reporting and documentation
of REs. This will add to the RE knowledge base and accelerate lit-
eracy of both REs and the software tools available for their
study.

3. Invest in RE library curation and database submission within your
area of taxonomic expertise. To meet the challenge of RE annota-
tion with accelerating availability of genome assemblies, RE li-
brary curation and database submission need to become
mainstream steps in data archiving. There are many resources
designed to streamline contribution and data sharing, includ-
ing RE curation guidelines (Goubert et al. 2022), descriptions
of Repbase and Dfam databases and submission (Kohany et al.
2006; Storer et al. 2021), TE library curation tools (e.g., Ou
et al. 2019), and group-specific RE resources (Elliott et al. 2021).

From single, difficult-to-obtain genome assemblies ~20 yr ago
to dozens of new, highly contiguous assemblies being published
every day, an exciting, new discipline of biodiversity genomics

has emerged. By investing in solutions to address bottlenecks for
studying REs and any similar challenges, we can build the founda-
tion for an unprecedented new understanding of genome biology
in insects and across the tree of life.

Methods

An extended version of Methods with additional details of phylo-
genetic inference, RE-gene associations, and statistical analysis is
provided in the Supplemental Materials.

Data acquisition

Following the method of Hotaling et al. (2020), we used the assem-
bly-descriptors function in the NCBI data set command-line tool
to download metadata for all nuclear genomes available for insects
on GenBank (accessed November 2, 2020) (Sayers et al. 2021). We
then culled our data set to include only one representative genome
per taxon (species or subspecies) by selecting the assembly with
the highest contig N50 (the midpoint of the contig distribution
at which 50% of the genome is assembled into contigs of a given
length or longer). Using provided NCBI metadata on the sequenc-
ing read technology used for assembly, assemblies were classified
as “short-read,” “long-read,” or “not provided” based on whether
only short-reads (e.g., [llumina) were used, any amount of long-
read sequences (e.g., PacBio) were used, or no information was pro-
vided. After identifying our focal genome set, we downloaded the
relevant genomes for downstream analysis. Analysis scripts used in
this study, including those that were used for data collection, are
included in this study’s GitHub repository (see Data access). A
full list of the genome assemblies used in this study are provided
in Supplemental Table S1 (Supplemental Material).

Quantifying assembly completeness and phylogenetic inference

To assess gene completeness, we ran BUSCO v.4.1.4 (Seppey et al.
2019) on each assembly using the 1367 reference genes in the
OrthoDB v.10 Insecta gene set (Kriventseva et al. 2019) and the
“--long” analysis mode. We divided our data set into three subsets:
(1) the full data set with no filtering, (2) only assemblies with
BUSCO gene content >50%, or (3) only assemblies with BUSCO
gene content >90%. To organize our results in a phylogenetic
framework, we then estimated a species tree for our full data set us-
ing single-copy orthologs resulting from the BUSCO analyses.

Repeat element identification and annotation

We identified REs in genome assemblies using RepeatModeler2.0
(Flynn et al. 2020) with the search engine “ncbi,” which also gen-
erates a library of repeat consensus sequences. We annotated re-
peats in assemblies through two rounds of annotation with
RepeatMasker v4.1.0 (Smit and Hubley 2019); the first round
used custom repeat libraries generated by RepeatModeler2 for
each respective assembly and with the search engine “ncbi” and
option -xsmall. We then converted the softmasked assembly
resulting from the first RepeatMasker round to a hardmasked
assembly wusing the Ic2n.py script (https://github.com/
PdomGenomeProject/repeat-masking), and reran RepeatMasker
on the hard-masked assembly with RepeatMasker’s internal
arthropod repeat library and the species “Arthropoda.”
RepeatMasker’s internal library, RepeatMaskerLib.embl, combines
elements from the Repbase, Dfam, and Artefacts data repositories
per software documentation. (Based on our analysis of repository
composition, the large majority of insect models in public reposi-
tories at the date of this research are in Repbase.) We then merged
RepeatMasker output tables from both runs to summarize the
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abundance of RE categories. We studied patterns of repeat dynam-
ics within and across taxonomic groups by parsing RepeatMasker
output tables and visualizing the distribution and abundance of
major RE categories using custom Python and R scripts.

As an orthogonal approach to identifying REs with our AB
analysis, we explored genome repetitiveness and RE abundance
with assembly-free approaches based on clustering of low-coverage
short-read data as implemented in both dnaPipeTE v1.3.1
(Goubert et al. 2015) and RepeatExplorer2 (RE2) (Novék et al.
2013). The former program relies on similar dependencies (e.g.,
RepeatMasker and Dfam and Repbase repeat databases) as our AB
approach and is thus well suited to exploring the effects of a CB ap-
proach on RE estimates, while reducing potential noise introduced
by program-specific software and database dependencies. RE2 pro-
vides a reference point for a similar tool that uses a different under-
lying repeat database (i.e., Metazoa 3.0) and dependencies,
including TAREAN (Novék et al. 2017), which specializes in iden-
tification of satellite DNAs. Samples for these analyses were chosen
both to spread taxonomic representation across multiple insect or-
ders and to minimize potential noise introduced by variation in
technical details surrounding data generation. Additional details
for CB analyses are provided in Supplemental Materials.

Correlation analyses

We tested for correlations between RE abundance and a range of
aspects for each genome assembly, including sequencing technol-
ogy, using R version 3.6.3 (R Core Team 2023). These included a
comparison of the total REs identified as well as specific classes
(e.g., LINEs) versus the primary sequencing technology used
(short- or long-reads). For all correlation analyses, we tested for
normality in our data sets with a Shapiro-Wilk test, and because
the null hypothesis was rejected for all data sets (P<0.05), we
used Spearman’s rank correlation tests.

RE and protein-coding gene associations

For all assemblies with >90% BUSCO gene content, we measured
RE-gene associations (i.e., RE sequences inserted within or adja-
cent to protein-coding genes) following the method of
Heckenhauer et al. (2022). Their study validated a new approach
to quantifying RE sequences associated with BUSCOs. In some cas-
es, RE fragments are embedded within BUSCOs, and in others, REs
with open reading frames that are immediately adjacent to
BUSCOs are inadvertently classified by the BUSCO algorithm as
being part of the BUSCO. They showed that quantifying such in-
stances of RE sequences in BUSCOs can serve as a proxy for ge-
nome-wide RE-gene associations. Our approach adapted theirs
to suit a higher throughput analysis, as described in more detail
in the Supplemental Materials.

Investigating the effects of taxonomic sampling bias

We investigated effects of taxonomic sampling bias on our under-
standing of REs in insects by analyzing the composition of the
Repbase repository for RE sequences and the resulting impact on
repeat annotation in our assemblies. We used custom scripts to
parse the Repbase database and quantify the taxonomic represen-
tation of insect orders and families included in our data set, as well
as the rate of insect repeat submissions over time.

Data access

Species-specific repeat libraries generated by RepeatModeler2 and
summary tables are available on FigShare (https://doi.org/10
.6084/m9.figshare.c.6024905.vl) and in the Supplemental

Materials and have been submitted to Dfam (accession nos.
DR2407971-DR3440067). All scripts used in analyses are available
on GitHub (https://github.com/johnssproul/Insect_REs) and as
Supplemental Code.
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