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Abstract

Genes for major ribosomal RNAs (rDNA) are present in multiple copies organized in tandem
arrays. Number and position of rDNA loci can change dynamically and their re-patterning is
presumably driven by repetitive sequences. We explored a peculiar rDNA organization in
several representatives of Lepidoptera with either extremely large or numerous rDNA
clusters. We combined molecular cytogenetics with analyses of second and third generation
sequencing data to show that rDNA spreads as a transcription unit and reveal association
between rDNA and various repeats. Furthermore, we performed comparative long read
analyses between the species with derived rDNA distribution and moths with a single rDNA
locus, which is considered ancestral. Our results suggest that satellite arrays, rather than
mobile elements, facilitate homology-mediated spread of rDNA via either integration of

extrachromosomal rDNA circles or ectopic recombination. The latter arguably better explains
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preferential spread of rDNA into terminal regions of lepidopteran chromosomes as efficiency

of ectopic recombination depends on proximity of homologous sequences to telomeres.

Introduction

Ribosomal RNAs have a central role in ribosome functions in protein synthesis and thus are a
cornerstone for life as we know it (Noller et al., 2017). They are shared by all eukaryotes and
have been considered the oldest repetitive fraction (Symonova, 2019) as their genes are
present in multiple copies organized in tandem arrays. The genes for major ribosomal RNAs
(rDNA), i.e. 18S, 5.8S, and 28S, form a transcription unit, in which internal transcribed spacers
(ITS 1 and 2) separate individual genes. In eukaryotic genomes (Prokopowich et al., 2003),
there are hundreds or even thousands of rDNA units separated by intergenic spacers (IGS)

(Long and Dawid, 1980).

Sequences of rRNA genes and their transcribed spacers have been used in taxonomy
for species identification (Wu et al., 2015) or to reconstruct phylogenetic relationships (Fiore-
Donno et al., 2012). Moreover, thanks to their cluster organization, the rDNA can be easily
detected on chromosomes by fluorescent in situ hybridization (FISH), which makes it an
important marker in cytogenetic studies (Ferretti et al., 2019; Nguyen et al., 2010; Palacios-
Gimenez et al., 2013; Provaznikova et al.,, 2021). The rDNA clusters can be present on
autosomes, sex chromosomes or even supernumerary chromosomes, i.e. B chromosomes
(Cabral-de-Mello et al., 2011; Poletto et al., 2010; Provaznikova et al., 2021; Silva et al., 2014;
Zrzava et al., 2018). While most animal species have only one rDNA locus, up to tens of loci
were reported in some extreme cases (Eickbush and Eickbush, 2007; Sochorova et al., 2018
and references therein). The active loci are also called the nucleolar organizer regions (NORs)
(Ingle et al., 1975; Kobayashi, 2011), as transcription of major rDNA genes and processing of
primary transcripts give rise to a sub-nuclear compartment known as a nucleolus (reviewed
in Eickbush and Eickbush, 2007). In general, changes in distribution of rDNA genes are
dynamic and rDNA was thus compared to mobile elements (MEs), which, in turn, have been
considered an important driver in rDNA re-patterning (Cabral-de-Mello et al., 2011; de Sene

et al., 2015; Elliott et al., 2013; Ferretti et al., 2019; Scacchetti et al., 2012).
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The order Lepidoptera with its 160,000 species of moths and butterflies represents
one of the largest insect radiations (Van Nieukerken et al., 2011). Their rich species and
ecological diversity contrast with their conserved genome architecture with the ancestral and
the most common chromosome number being n=31 (Ahola et al., 2014; Robinson, 1971; Van’t
Hof et al., 2013). Detailed analyses of advanced ditrysian species, such as the peppered moth
(Biston betularia, n=31; Van’t Hof et al., 2013), the Glanville fritillary (Melitaea cinxia, n=31;
Ahola et al., 2014), and the tobacco cutworm (Spodoptera litura, n=31; Cheng et al., 2017)
showed highly conserved synteny and order of genes between homoeologous chromosomes.
A typical lepidopteran mitotic complement consists of small dot-shape chromosomes (Fukova
et al., 2005; Mediouni et al., 2004; Prins and Saitoh, 2003), which lack localized centromere,
i.e. they are holokinetic (Wolf et al., 1997). Moreover, traditional bending techniques failed
to differentiate individual chromosomes, which has made the classic cytogenetic research in
Lepidoptera rather challenging (Bedo, 1984) and limited it, for long time, only to chromosome
counting (Lukhtanov, 2015; Robinson, 1971). However, the use of various FISH modifications
provided great insight into evolution of lepidopteran karyotypes (Van’t Hof et al., 2013;
Yasukochi et al., 2011), sex chromosomes (Carabajal Paladino et al., 2019; Martina Dalikova
et al., 2017a; Sichova et al., 2015; Vitkova et al., 2007), repetitive sequences (Sichova et al.,
2015, 2013), and gene families such as major rDNA (Nguyen et al., 2010; Provaznikova et al.,
2021).

Number and localization of rDNA loci were determined using FISH with the 18S rRNA
probe in various species sampled across Lepidoptera (Fukova et al., 2005; Nguyen et al., 2010;
Provaznikova et al., 2021; Sichova et al., 2016, 2015, 2013; Vershinina et al., 2015; Zrzava et
al., 2018). The results implied that one terminal rDNA cluster is probably the ancestral state
as it was found across all Lepidoptera. In some ditrysian families, such as Noctuidae and
Erebidae, the rDNA cluster moved to interstitial position, which was conserved in all studied
species. When multiple clusters are present, they are located terminally in majority of species.
Higher numbers of rDNA clusters were observed in representatives of the families Psychidae
(3-4 clusters) and Nymphalidae (7-11 clusters), Biston betularia (3 clusters, Geometridae) and
Hyalophora cecropia (3 clusters, Saturniidae), all having the ancestral haploid chromosome
number n=31. Thus, spread of rDNA clusters is not clearly associated with large scale

chromosome rearrangements such as chromosome fissions or fusions. Unusual distribution
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of rDNA was observed in the ghost moth, Hepialus humuli (Hepialidae), and the horse
chestnut leaf miner, Cameraria ohridella (Gracillariidae), in which signal of the 18S rDNA
probe covered about one half and one fourth of a single NOR-bearing chromosome,
respectively (Provaznikova et al., 2021). It was proposed that the dynamic rDNA repatterning
is due to ectopic recombination, i.e. recombination between non-homologous regions
mediated by ubiquitous repetitive sequences (Nguyen et al., 2010). However, the hypothesis

is yet to be tested.

In this study, we decided to explore a peculiar rDNA organization in H. humuli and C.
ohridella, with extremely large rDNA clusters and nymphalids Aglais urticae and Inachis io
with seven and eleven loci per haploid genome, respectively. We performed FISH with probes
for 18S and 28S rDNA to test whether genes for major rRNAs spread individually or as a
transcription unit. Further, we sequenced genomes of all four species and analysed repetitive
sequences and their co-localization with rDNA using the RepeatExplorer pipeline (Novak et
al., 2013, 2010). We estimated portion of rDNA units associated with identified repeats by
analyses of coverage. The co-localization of several repetitive sequences with rDNA was
verified by FISH and in H. humuli and the nymphalids also by analysis of long reads. The long
reads analysis was further performed also in Phymatopus californicus (Hepialidae), to
compare it with the peculiar H. humuli rDNA organization, and in Lymantria dispar (Erebidae),
Spodoptera frugiperda (Noctuidae), and Plutella xylostella (Plutellidae) to compare rDNA
composition between species with an ancestral and highly derived rDNA distribution. Our
work shows that combining molecular cytogenetic techniques with next generation
sequencing technologies represent a powerful tool to study evolution of genome architecture

in Lepidoptera.
Results
FISH with 18S and 28S rDNA probes

To examine the organization of the rDNA clusters in genomes of four studied species, namely:
H. humuli, C. ohridella, A. urticae, and I. io, FISH with 18S and 28S rDNA gene probes was
carried out. Hybridization patterns of 18S rDNA probe of all four species correspond to
previous results (Nguyen et al., 2010; Provaznikova et al., 2021). Moreover, 28S rDNA probe

colocalized with 18S rDNA probe in all cases which suggests that the observed patterns of
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rDNA distribution are due to spread of the whole rDNA unit. One large major rDNA cluster
covering large portion of one chromosomal bivalent was observed in pachytene nuclei of H.
humuli (Figure 1a) and C. ohridella (Figure 1b). Additionally, a strong DAPI-positive
heterochromatin block colocalized with major rDNA cluster in H. humuli (Figure 1a detail). In
pachytene nuclei of A. urticae and I. io, multiple rDNA clusters were observed as expected.
Seven small terminal clusters in pachytene nucleus of A. urticae did not colocalize with any
heterochromatin blocks (Figure 1c), whereas in pachytene nucleus of /. io, 11 terminal signals
of various sizes were detected and 6 of them colocalizing with small DAPI-positive blocks
(example in Figure 1d detail). Numerous chromosomal bivalents bearing small terminal

heterochromatin blocks seem to be typical feature for /. io karyotype.

Repeat Explorer analysis

To identify repeats associated with 45S rDNA we performed Repeat Explorer (RE) analysis in
all four studied species. Repetitive sequences with frequent colocalization in the genome can
be identified through RE analysis as clusters connected by pair-end reads forming the so-
called superclusters. In C. ohridella, major rDNA genes were split into two clusters.
Surprisingly, these clusters have no connection neither between each other nor to any other
identified repeat. The estimation of genome proportion formed by major rDNA in this species
is about 0.04 % (Suppl. Table S1). In I jo, clusters annotated as 45S rDNA were part of
supercluster 11. This supercluster was formed by 3 clusters which were annotated as 28S and
LINE R2 element (cluster 27), 18S and 5.8S (cluster 35), and putative satellite (liSat, cluster 37)
with predicted monomer length 157 bp (Suppl. Table S1). As cluster 27 was formed by both
28S rRNA gene and LINE R2 elements (liR2), genome proportion of major rDNA cannot be
determined with certainty from the RE results alone; but these genes could comprise 0.12-
0.29% of I. io genome (Suppl. Table S1). In A. urticae, genes for major rDNA were also divided
into several clusters, three clusters 17, 21 and 29 annotated as 45S rDNA formed one
supercluster 8 and were not connected to any other repeat by 10 or more shared pair-end
reads (Suppl. Table S1). However, after further inspection one contig corresponding to cluster
29 contained tandemly repeated sequence suggesting that a satellite repeat (AuSat) with
monomer approx. 400 bp is part of this cluster. Based on RE estimate, the major rDNA clusters
formed 0.59 % of A. urticae genome. In H. humuli, major rDNA genes represented 0.17% of

the genome and were all comprised in the cluster 53 which was part of the supercluster 24
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together with the cluster 67 annotated as ME from Ty3/Gypsy group (Hh Ty3/gypsyA; Suppl.
Table S1).

FISH with 18S rDNA and ME probes

To verify the results obtained from RE analysis, we mapped ME probe together with 18S probe
on chromosome preparations of H. humuli and I. io by double TSA FISH. In H. humuli, both the
18S rDNA probe and the pooled Hh Ty3/GypsyA RT, INT, and RH probes hybridized to the
major rDNA cluster region (Figure 2a) and thus confirmed association between Hh
Ty3/GypsyA and the major rDNA. Similar pattern was observed in /. io, in which both the 18S
rDNA probe and the probe for liR2 RT hybridized to all 11 clusters of major rDNA in pachytene
nuclei (Figure 2b), thus proving an association between rDNA and the liR2 ME. Hybridization
of the liSat probe did not provide any clear signal which was probably caused by low quality
of generated probe. Additionally, to investigate whether liR2 is also present in genome of
closely related A. urticae, we hybridized the 18S rDNA probe and the liR2 probe to pachytene

nuclei of A. urticae. However, no clear hybridization signal was observed (results not shown).
Long read analysis

Long read analysis was used to further verify connection between rDNA and repeats revealed
by RE and FISH results. Output of the H. humuli sequencing run was poor both in overall yield
and read length. After default quality filtering, which was part of the base calling process we
obtained 4 Gb in reads with N50 length 6 kb. Due to low coverage of obtained Nanopore data
we were able to analyse only 567 reads longer than 15 kb with mean quality (Q) > 10
containing major rRNA genes in H. humuli. Most of these reads contained non-functional
short copies of three Ty3/Gypsy elements, two LINE elements (from L2 and RTE-RTE groups),
two PIF elements (Harbinger and Spy group), and a P element in the IGSs. The organisation
and length of the IGSs were highly conserved. Only 18 reads bearing rDNA did not contain any
of the mentioned MEs and around 12 % of the reads exhibited some irregularities in the
observed pattern (Suppl. Figure S1). All reads containing rDNA were used to assemble rDNA
unit including 1GS. The resulting Flye assembly contained single circular contig 77 920 bp long
corresponding to two complete rDNA units with their lengths differing only in 6bp. Although
only one of the observed Ty3/Gypsy elements, Hh Ty3/gypsyA, was detected by the RE

analysis as a part of the supercluster containing rDNA, upon careful examination of RE results,
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all the IGS repeats were connected by shared pair-end reads. Yet these did not suffice to bind

rDNA and all associated MEs in one supercluster (Suppl. Table S1).

To test for the presence of such complex IGS in other representative of the family
Hepialidae, we have analysed also Nanopore reads of P. californicus. After basecalling with
default quality filtration, we obtained 40 Gb of data with read length N50 of 22 kb. Total of
596 reads bearing major rDNA passed the filtering for length > 15 kb and Q > 10. Yet in this
case, the IGSs were much smaller and contained only ca. 800 bp long microsatellite region
(Suppl. Figure S2) consisting of sequence complementary to insect telomeric repeat TTAGG
and 231 bp long region of TTATG microsatellite. The Flye assembly yielded a single 30 616 bp
long circular contig. However, this contig corresponded to three complete major rDNA units
which differed in length of microsatellite region by up to four TTAGG repeats. The major rDNA

unit in P. californicus is thus about 10 kb long including IGS region.

Due to high coverage of available HiFi PacBio reads of /. io, we were able to analyse 3
276 reads containing major rDNA longer than 15 kbp (Suppl. Figure S3). Of these, 2 625
contained at least 200 bp of the satellite recovered by the RE analysis in their IGS. However,
the individual major rDNA units differ in length of this satellite array (Suppl. Table S2). In 946
reads, the R2 element was inserted in major rDNA genes. Surprisingly some of these insertions
were not limited to the 28S rRNA gene, suggesting ongoing degeneration of rDNA units via R2
insertions in /. io. The attempt to assemble the most prevalent variant of complete rDNA unit
in 1. io failed as all assemblies contained more than 300 contigs of variable length, both linear
and circular. However, most of the contigs had very low coverage. Moreover, only 27 contigs
contained more than 200 bp of any rRNA gene. Out of all obtained contigs, only three had
mean coverage over 10% of used PacBio reads and their length varied from aprox. 15.8-33
kb. These three contigs all contained at least some of the major rRNA genes either with or
without R2 element insertion and the satellite array with variable length from 4.5 kb to 17 kb.

This further emphasizes the variability in IGSs in this species.

In A. urticae, the available HiFi PacBio data contained 2 921 reads bearing major rDNA
> 15 kb. The long read analysis confirmed overall lack of MEs associated with rDNA as (Suppl.
Figure S4) only 179 reads contained either LINE or Ty3/Gypsy element adjacent to major rRNA
genes, including R2 element inserted into 28S rDNA. Despite the absence of MEs in IGS of A.

urticae, this region seems to vary in length between major rDNA units (Suppl. Figure S4). The
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variation of IGS was reflected also in assembly results as any assembly produced by Flye
contained over 70 linear contigs in the length ranging 19 — 69 kb. However, only six contigs
contained more than 200 bp of major rDNA and only one of these contigs had mean coverage
over 10% of input reads. This contig is 31 kbp long and contains two complete rDNA units
including IGS regions. One unit contains R2 insertion in 28S gene and based on dot plot both
IGSs contain approx. 2kb of satellite (AuSat) array. Both AuSat IGS satellite arrays contain 6
monomers with variable length from 252 to 408 bp with the last monomer being the shortest
one. This satellite was present in most major rDNA units as it was found in 2805 reads
containing major rDNA (Suppl. Figure S4). After further inspection of previous RE results in
this species, a sequence homologous to the satellite was found among contigs belonging to
the cluster 29 (Suppl. Table S1) which also contained a part of the 28S rRNA gene.
Interestingly, our RE results did not contain any cluster with sequence homologues to the
AuR2 element found in long reads. Considering that samples for RE were sampled from the
Czech A. urticae population while specimen sequenced by PacBio originated from Great
Britain, the R2 insertion into rDNA units may represent inter-population variation in this

species.

To test if the variable and/or long 1GSs are connected with atypical rDNA genomic
organization we performed long read analysis also in species with one major rDNA locus per
haploid genome which is supposedly ancestral in Lepidoptera (Nguyen et al., 2010;
Provaznikova et al., 2021), namely in Plutella xylostella, Spodoptera frugiperda and Limatria
dispar. In P. xylostella, we analysed 419 PacBio reads containing major rDNA with length at
least 15 kb. The rDNA was not associated with any ME, however the IGS contained 850 bp
satellite (PxSat) region (Suppl. Figure S5). This array consisted of four monomers with slightly
variable length between 248-258 bp with the last monomer being incomplete and only 91 bp
long. At least 200 bp of this satellite array was found in 343 reads out of the analysed reads
containing major rDNA. The Flye assembly of all filtered rDNA bearing PacBio reads yielded
one circular contig approximately 21 kb long. This contig consists of two similarly long

complete rDNA units (10.7 and 10.9 kb) which differ in the PxSat array length by 242 bp.

In L. dispar, 242 quality filtered PacBio reads contained major rDNA. Surprisingly,
major rDNA in this species was associated with two different MEs from LINE R1 group specific

for rDNA (Suppl. Figure S6). 51 analysed reads contained at least one of those elements and
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8 reads contained both transposons. Flye assembly contained 2 linear contigs 11 kbp and 9.4
kb long with the latter having approx. 10x higher coverage. Neither of these contigs contained
complete major rDNA unit, the longer contig contained both R1 elements and the shorter one

incomplete major rDNA unit with IGS but only partial 28S rRNA gene.

In S. frugiperda, we analysed 115 quality and length filtered PacBio reads containing
major rDNA. There were no MEs or satellite sequences observed in these reads (Suppl. Figure
S7). Flye assembly consisted of only one circular contig 17.9 kb long which contained two

identical complete major rDNA units.

Satellite DNA arrays contained in IGSs of P. xylostella representing the ancestral rDNA
distribution and both nymphalid species with multiple rDNA clusters seemed to vary in length.
Thus, we further characterised these satellite arrays. All three species have similar most
represented array length in the PacBio reads, as the medians are ranging from 1.74 to 2.21
kb (Suppl. Table S2, Suppl. Figure S8). However, they differ greatly in maximal observed
length, which was 4.67 kb in P. xylostella but over 15kb in both nymphalid species (Suppl.
Table S2, Suppl. Figure S8). Similar differences can be seen in the satellite array length in the
rDNA assemblies. In nymphalid species we obtained multiple contigs with variable satellite
length ranging from less than 1 kb to 2.23 kb in A. urticae and over 17 kb in I. jo. (Suppl. Table
S2). Whereas, in P. xylostella we obtained just one contig with two satellite arrays differing in
length by just 242 bp (see above). These results suggest higher variation in length of 1GS
satellite arrays in A. urticae and I. io compared to P. xylostella (Suppl. Table S2, Suppl. Figure
S8). Moreover, the three species differed in the presence of PacBio reads containing satellite
sequence without any part the rDNA unit. While we found no such reads in P. xylostella, 11
and 30 reads were found in A. urticae and I. jo PacBio data, respectively. As the lengths of
PacBio reads bearing only satellite in both nymphalid species exceed the lengths of observed
satellite arrays in rDNA assemblies (Suppl. Table S2), these reads either come from very large
IGS satellite arrays or they may represent satellite arrays outside the rDNA cluster. The latter
is supported by the recently published A. urticae genome (Bishop et al., 2021), which contains
only 6 terminal rDNA clusters, however, AuSat is found both within the IGS region and right

outside two NORs (Suppl. Figure S9).

Coverage analysis
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Paired-end reads produced by Illumina sequencing provided us with sufficient coverage to
compare per base abundance of reads aligned to the consensus sequences of the whole rDNA
unit of H. humuli obtained via long reads analysis (see above) and the most represented
complete rDNA unit of I. io and A. urticae from rDNA assembled contigs (see above). In case
of H. humuli (Figure 3a, Suppl. Table S3), the repetitive elements associated with major rDNA
are most likely present elsewhere in the genome as we observed a uniform coverage of the
rDNA genes and varying but higher coverage of the intergenic MEs. In I. jo, we observed that
the R2 element is only present in roughly one third of the copies of the 28S rRNA gene (Figure
3b, Suppl. Tab. S3). The coverage of liSat region was approx. two times larger compared to
rRNA genes (Figure 3b, Suppl. Tab. S3), which similarly to the results obtained from PacBio
reads suggest the liSat presence outside of rDNA clusters and/or the variable length of this
satellite array inside IGS regions. Surprisingly, in A. urticae all the rDNA unit elements showed
even coverage including the AuSat region (Figure 3c, Suppl. Tab. S3). This discrepancy
between results obtained through illumina and PacBio reads may represent another inter-

populational variability in this species in the repeat content (see above).
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Discussion

The arrays of major rRNA genes have become a very popular cytogenetic marker in
comparative studies of karyotype evolution. Distribution of major rDNA can be relatively
stable or rather dynamic in various taxa (Cabral-de-Mello et al., 2011; Garcia-Souto et al.,
2016; Nguyen et al.,, 2010; Perumal et al.,, 2017) and even intraspecific variability was
observed (Baumgértner et al., 2014; Ferretti et al., 2019; Sichova et al., 2015). Changes in
number and localization of rDNA loci have been ascribed to sequence homogeneity
maintained by gene conversion (reviewed in Eickbush and Eickbush, 2007) and chromosomal
rearrangements mediated by ectopic recombination (Cabral-de-Mello et al., 2011; Ferretti et
al., 2019; Nguyen et al., 2010), transposition (Raskina et al., 2008, 2004) or integration of

extrachromosomal circular rDNA (ecc-rDNA; Proux-Wéra et al., 2013).

To gain some insight into mechanism of spread of major rDNA in genomes of moths
and butterflies, we examined four lepidopteran species with peculiar distributions of 18S
rDNA (Nguyen et al., 2010; Provaznikova et al., 2021) namely H. humuli and C. ohridella with
large rDNA locus covering up to half of the chromosome, and A. urticae and 1. io, in which
multiplication of rDNA loci occurred, and compared them to three control species, namely P.
xylostella, S. frugiperda and L. dispar, with a single major rDNA locus. In addition, H. humuli
was compared to another hepialid, P. californicus. Combining molecular cytogenetics and
sequencing of both second and third generation, we explored co-localization of 18S and 28S
rDNA, association of major rDNA units with repetitive sequences, and their potential

influence on evolution of major rDNA.

To determine the position and number of rDNA clusters, only one probe, often 18S
rDNA, is hybridized on chromosomes as a representative of the whole major rDNA unit. It is
usually assumed that major rDNA units spread as a whole (Bueno et al., 2013). However,
Ferretti et al., (2019) discovered high intraspecific and interspecific variability and
independent mobility of each component of the major rDNA unit (18S, ITS1, 5.8S, ITS2, and
28S) in the genome of six different populations of a grasshopper Abracris flavolineata. Similar
pattern was also observed in Coregonus fishes where both complete and partial rDNA units
were detected by FISH mapping of individual rRNA genes (Symonova et al., 2013). Therefore,
we physically mapped partial sequences of 18S and 28S rDNA to test whether rDNA spreads
as a whole unit in the studied species. In H. humuli and C. ohridella, both 18S and 28S rDNA


https://doi.org/10.1101/2022.03.26.485928
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.26.485928; this version posted March 27, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

signals co-localized and covered significant portion of one chromosome pair (Figure 1a, b) as
reported earlier (Provaznikova et al., 2021). Seven and eleven rDNA loci were highlighted by
both probes in A. urticae and |I. io, respectively (Figure 1c, d), which is in agreement with
known distribution of their major rDNA (Nguyen et al., 2010; Provaznikova et al., 2021). Thus,
it is reasonable to conclude that a complete major rDNA unit was amplified or spread into
new loci in the species under study. This is further corroborated by coverage analyses carried
out in H. humuli, A. urticae and /. io, which showed similar read depth across their rDNA units

(Figure 3 a, b, ¢, Suppl. Table S3).

For its dynamic evolution, rDNA has been often compared to repetitive sequences as
arrays of rDNA are often found within heterochromatin (Lohe and Roberts, 2000). Fragments
of rDNA can be amplified into satellite-like tandem arrays (Lohe and Roberts, 2000) and were
found to be associated with satellites and other repeats (Barbosa et al., 2015; Jakubczak et
al.,, 1991; Raskina et al., 2008; Sember et al., 2018; Symonova et al., 2013) which could
mediate their spread (cf. Raskina et al., 2008; Nguyen et al., 2010; Proux-Wéra et al., 2013).
Therefore, we clustered paired-end illumina reads of species under study using the RE
pipeline (Novak et al., 2010) and searched for association of identified repeats with major
rRNA genes. The paired-end reads did not link major rDNA with any other clustered repeats
in C. ohridella and A. urticae, although we could not have excluded that such repeats are
present either in low frequencies or distance bigger than the library insert size (see below).
Yet, the association was recovered between major rDNA and Ty3/gypsy retrotransposon in H.

humuli (Hh Ty3/gypsyA), and R2 element (liR2) and a satellite (liSat) in /. io (Suppl. Table S1).

Third generation sequencing technologies have recently provided and unprecedented
insight into organisation of repetitive sequences including rDNA genes (e.g. Belser et al., 2021;
Sims et al., 2021; Sproul et al., 2020; Vondrak et al., 2021). We took advantage of A. urticae
and /. io PacBio data recently released by the Darwin Tree of Life project and analysed long
reads, which contained major rDNA. The /. io data confirmed our previous results as the /. io
long reads contained both the liR2 and liSat sequences (Suppl. Figure S3, Figure 4). Both
proportion of long reads (Suppl. Figure S3) and coverage analysis (Figure 3c, Suppl. Table S3)
suggest that liR2 is present in about one third of rDNA units, which is in agreement with
findings from other species (cf. Jakubczak et al., 1991; Zhou et al., 2013). In accordance with

the results of RE, we found no MEs associated with rDNA in vast majority of reads in A. urticae.
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Small fraction of reads, which contained retrotransposon sequences of Ty3/Gypsy, R1 and R2
(Suppl. Figure S4), most likely corresponds to pseudogenes resulting from birth-and-death
process (cf. Marti et al., 2021). Yet in contrast to the RE analysis, we found also satellite arrays
(AuSat) in the IGS regions in majority of the A. urticae long reads bearing major rDNA (Suppl.
Figure S4, Figure 4). Surprisingly, different satellites are associated with major rDNA in the
two closely related nymphalids. In both species, spacers notably varied in their length which
points to a possible lack of concerted evolution. We hypothesize this is due to high number
of major rDNA loci, which are not all transcriptionally active. Thus, they do not associate in
nucleolus and evolve independently. Alternatively, the observed variation could be ascribed
to rDNA subtypes with tissue specific expression or to mutations impairing chromatin

modification enzymes (cf. Havlova et al., 2016).

In H. humuli, the Hh Ty3/gypsyA retrotransposon was inserted at the very end of rDNA
unit, at the junction between 28S rDNA gene and external transcribed spacer (Suppl. Figure
1, Figure 4). Mapping of its partial sequence by TSA FISH revealed its clear co-localization with
rDNA (Figure 2a-d). Although we did not detect any other Hh Ty3/gypsyA loci, we cannot
exclude it is present elsewhere in the genome as interspersed repeats as combined length of
used probes is still under ca. 1300 bp detection limit of the TSA FISH protocol used (cf.
(Carabajal Paladino et al., 2014). Indeed, the coverage analysis suggests that abundance of
MEs associated with rDNA is higher than abundance of rRNA genes themselves (Figure 3a,
Suppl. Table S3). Furthermore, the Hh Ty3/gypsyA copy associated with major rDNA is non-
autonomous. It represents only a portion of the corresponding RE cluster, which can be
assembled into a complete retrotransposon with LTR repeats. Yet the Hh Ty3/gypsyA
sequences in IGS lack long terminal repeats and most of protein coding domains (Suppl. Figure
1, Figure 4). Similar association between major rDNA and the Ty3/gypsy retrotransposon
Beon1 (Galadriel clade) was observed also in the beet Beta vulgaris where, however, the ME

is inserted into 18S rRNA genes (Weber et al. 2013).

While short paired-end reads revealed only association between rDNA and Hh
Ty3/gypsyA retrotransposon in H. humuli, long ONT reads showed that fragments of eight
different elements were inserted in IGS (Suppl. Figure 1, Figure 4). Like the Hh Ty3/gypsyA
(see above), none of the major rDNA associated repeats is autonomous and thus cannot

multiply on their own. However, their transmission is ensured by hitchhiking along with the
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indispensable rRNA gene family. It is not clear how expansion of IGS effected transcription of
major rRNA genes. The IGS expanded to ca. 39 kb and it is roughly on par with 45 kb long I1GS
of mouse (Grozdanov et al., 2003) and thus not necessarily detrimental. If the IGS expansion
decreases expression of major rRNA genes, increase of copy number would be favoured,
which would explain the extraordinary size of the H. humuli major rDNA cluster. Moreover, it
is possible that rDNA did not actually spread along the chromosome. Rather the total size of
the array could have increased as major rDNA unit expanded due to insertion of repeats into
IGS. Comparison of rDNA sequences between H. humuli and another hepialid P. californicus,
showed that the expansion of IGS is not shared across the family Hepialidae. P. californicus
IGS and major rDNA transcription unit have in total only ca. 10 kb. Surprisingly, the IGS
contains an array of insect telomeric motif TTAGG(,) and TTATG microsatellite (Suppl. Figure
2, Figure 4; cf. Ruiz-Herrera et al., 2008; Scali et al., 2016; Sember et al., 2018). IGSs are known
to contain repetitive motives, which usually do not correspond to MEs (Grozdanov et al.,
2003; Havlova et al., 2016). However, association between rDNA and MEs has been reported
with 5S being involved more often than 45S rDNA (da Silva et al., 2016; Yano et al., 2020).
Insertions of MEs into IGS observed in H. humuli thus represents interesting case of complex

repeat organization (cf. Vondrak et al., 2021).

To pinpoint a mechanism responsible for changes in distribution of major rDNA in
Lepidoptera, we took advantage of available long read sequencing data and compared
structure of major rDNA units between species with the highly derived rDNA distribution (see
above) with three species with a single rDNA locus, namely P. xylostella, L. dispar, and S.
frugiperda (Nguyen et al., 2010; Provaznikova et al., 2021). While we found MEs and/or
satellite arrays at least in part of the IGS in all species with extraordinary major rDNA patterns
but C. ohridella for which long reads have not been available, no repetitive sequences were
associated with major rDNA in S. frugiperda (Suppl. Figure S7, Figure 4). However, satellite
arrays (PxSat) of variable size were found in IGS region in P. xylostella (Suppl. Figure S5, Figure
4) and analysis of L. dispar long reads revealed two types of R1 retrotransposon (Suppl. Figure

S6) with 52.3 % nucleotide identity in small fraction of reads.

The R1 and R2 non-LTR retrotransposons are, along with the Pokey DNA transposon,
among the few known rDNA-specific elements with insertion sites in the gene for 285 rRNA

(Eickbush and Eickbush, 2007, Elliott et al., 2013). The R elements represent one of the oldest
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groups of metazoan MEs (Kojima and Fujiwara, 2005). They were described for the first time
in a fruit fly, D. melanogaster, by Roiha et al., (1981) and afterwards reported in many other
animal phyla (reviewed in Eickbush and Eickbush, 2015). Within the order Lepidoptera, the
R1 and/or R2 elements have so far been detected only in several species, namely Bombyx
mori and B. mandarina (both Bombycidae), Manduca sexta (Sphingidae), four representatives
of the family Saturniidae, and L. dispar (Erebidae) (Fujiwara et al., 1984; Jakubczak et al., 1991,
Kierzek et al., 2009). The latter is of particular interest as our observation of the two R1
retrotransposons and no R2 element in the same species suggests interpopulation differences
and rapid turnover of the R1 and R2 retrotransposons. This is further supported by the
absence of the R2 element in the Czech A. urticae compared to the British population. The R
elements were found also in the nymphalids A. urticae and /. io with seven and eleven rDNA
loci, respectively. It was proposed that the R2 retrotransposon plays an important role in
maintaining rDNA copy numbers in Drosophila (Nelson et al., 2021). Yet, their absence in S.
frugiperda and P. xylostella does not destabilize their rDNA loci and it seems unlikely that the
R1 and R2 retrotransposons could mobilize rDNA in species under study. Although it was
shown that the R1 and R2 retrotransposons can insert in target site outside 28S rDNA in B.
mori (Xiong et al., 1988), the liR2 elements were not detected outside the major rDNA loci in
l. io (Figure 2b, 3b). Moreover, insertion of the R1 and R2 elements into the 28S rDNA cause
pseudogenization of the corresponding rDNA units (Long and Dawid, 1979). The only other
MEs associated with major rDNA were observed in H. humuli. However, these were not
autonomous and their sequence diverged from those found in the rest of the genome. Thus,
it seems unlikely that MEs could mediate spread of rDNA observed in some Lepidoptera

(Provaznikova et al., 2021) via transposition.

On the contrary, satellite arrays such as those found in IGS of nymphalids with high
number of rDNA loci, A. urticae and I. io (Figure 4), could facilitate homology-mediated spread
of rDNA via either ectopic recombination or integration of extrachromosomal rDNA circles
(Muirhead and Presgraves, 2021; Nguyen et al., 2010; Proux-Wéra et al., 2013; Sproul et al.,
2020). Yet, satellite arrays were associated with rDNA also in P. xylostella (Figure 4), which
has only one rDNA locus. There is a difference between satellite DNA associated with rDNA in
P. xylostella and the two nymphalids. In P. xylostella, we did not find any long reads bearing

the PxSat without rDNA or at least partial IGS sequence. In both nymphalids, however, we
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identified more than 10 long reads bearing only the satellite arrays, with mean IGS and filtered
read lengths being similar in all species which points to a presence of the satellites outside
rDNA arrays. Unfortunately, coverage analyses are uninformative for satellites as there is a
considerable variation in number of their monomers per rDNA unit (Suppl. Figure S5).
Inspection of the A. urticae genome assembly suggests that the AuSat is localized only in rDNA
clusters and arrays adjacent to rDNA (Suppl. Figure S4), which suggests that rDNA spread into

the AuSat loci.

We cannot distinguish with certainty whether the rDNA spread occurred via ectopic
recombination or integration of ecc-rDNA. Yet we argue that preferential spread of rDNA into
terminal regions of lepidopteran chromosomes (Nguyen et al., 2010; Provaznikova et al.,
2021) favours ectopic recombination as its efficiency depends on proximity of homologous
sequences to telomeres (Goldman and Lichten, 1996; Nguyen et al., 2010), whereas ecc-rDNA
could be integrated anywhere in the genome as long as a homologous sequence is present.
Little is known about satellite DNA in Lepidoptera, which has been studied in detail only in a
dozen of species (Lu et al., 1994; Mandrioli et al., 2003; Mahendran et al., 2006; Véchtova et
al., 2016; M. Dalikova et al., 2017b; Cabral-de-Mello et al., 2021). Yet, it seems that abundance
of satellite DNA in lepidopteran genomes is very low with scattered distribution and possible
enrichment on sex chromosomes (Cabral-de-Mello et al., 2021). This does not reflect
distribution of rDNA in Lepidoptera (Nguyen et al., 2010; Provaznikova et al., 2021). Yet we
cannot exclude those satellites associated with major rDNA are limited to chromosome ends

similar to P. californicus, which contains telomeric repeats in its IGS (Suppl. Figure S2).

Compared to other regions of rDNA arrays, |GS are rarely studied, and we thus cannot
tell whether the observed complex association between rDNA and repetitive sequences
(Figure 4) represent a common phenomenon. Our results show that long read sequencing is
a valuable tool to study association of repeats including major rDNA as it provided more
detailed information about major rDNA associated repeats than analysis of short reads limited
by library insert size. Moreover, the long read analysis provided better genomic
representation compared to the genome assembly based on these long reads as seen in the
A. urticae example (Suppl. Figure 4 and 9). Available target enrichment of major rDNA and
other repeats for long read sequencing (McKinlay et al., 2021) could provide further insight

into formation of complex repeat structures involving rDNA.
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Material and methods
Material

Specimens of all studied species were collected from wild populations. Females of Hepialus
humuli were collected in Bochov, Czech Republic and let lay eggs in plastic containers.
Hatched larvae were transferred and extensively reared in outdoor pots with planted carrot
(Daucus carota). Larvae of Cameraria ohridella were collected in Ceské Bud&jovice, Czech
Republic, from leaves of the horse-chestnut, Aesculus hippocastanum. Specimens of C.
ohridella were processed immediately after collection. Larvae of two nymphalids, Inachis io
and Aglais urticae, were collected near Vrabce, Czech Republic. They were kept on the
common nettle (Urtica dioica) in ambient conditions. Larvae of Phymatopus californicus were
collected from the yellow bush lupine, Lupinus arboreus, in the Bodega Marine Reserve
(California, USA). Larvae were used for chromosomal preparations and extraction of genomic

DNA (gDNA) shortly after collection.
Chromosomal preparation

Chromosomal preparations were prepared by a spreading technique as described in Mediouni
et al., (2004) and Dalikova et al., (2017a) with 10 min hypotonization of tissue. Meiotic and
mitotic preparations were obtained from gonads of late larval instars of all four species.
Afterwards, prepared slides were dehydrated in an ethanol series (70, 80 and 100% ethanol,
30 sec each) and stored at -20 and -80 °C until further use. Remaining tissues were frozen for

subsequent gDNA extraction.
Genomic DNA extraction

For downstream applications such as PCR, gDNA was extracted from larvae using NucleoSpin
DNA Insect (Macherey-Nagel, Diren, Germany) according to manufacturer’s protocol. To
obtain high-molecular-weight gDNA for NGS sequencing, gDNA was extracted from larvae
using MagAttract HMW DNA Kit (Qiagen, Hilden, Germany) or Nanobind Tissue Big DNA kit
(Circulomics Inc, Baltimore, MD, USA) according to manufacturer’s protocol. Concentration
of extracted samples was measured by Qubit 3.0 Fluorometer (Invitrogen, Carlsbad, CA, USA)
and visualized on agarose gel. A single male larva was used as input material for all species

but C. ohridella, for which 5-10 individuals (larvae and pupae) of both sexes were pooled
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because of their small size. A single male adult was used for extraction for Nanopore

sequencing.
Repeat Explorer analysis

For analysis of repetitive DNA content, whole gDNA was sequenced on the Illlumina platform
generating either 150 bp pair-end reads from library with mean insert size 450 bp (Novogene
Co., Ltd., Beijing, China) or 250 bp PE reads with the mean insert size 700 bp in case of C.
ohridella (Genomics Core Facility, EMBL Heidelberg, Germany). The raw reads were quality
filtered and trimmed to uniform length of 120 bp (230 bp for C. ohridella) by Trimmomatic
3.2 (Bolger et al., 2014). Random sample of two million (one million for C. ohridella) trimmed
PE reads was analysed by RE pipeline (version cerit-v0.3.1-2706) implemented in Galaxy

environment (https://repeatexplorer-elixir.cerit-sc.cz/galaxy/) with automatic annotation via

blastn and blastx using the Metazoan 3 Repeat Explorer database. The resulting html files

were searched for clusters annotated as major rDNA and their connection to other clusters.
Probes for FISH experiment

All mapped sequences were amplified by PCR using specific primers (for details see in Table
1), purified from agarose gel, and cloned into Promega pGem T-Easy Vector (Promega,
Madison, WI, USA). Selected clones were isolated using Nucleo Spin Plasmid kit (Macherey-

Nagel) and verified by sequencing (SEQme, Dobfis, Czech Republic).

Fragments of 18S and 28S rRNA genes were amplified from gDNA of codling moth,
Cydia pomonella (Tortricidae) (cf. Nguyen et al., 2010). To obtain probes, these fragments
were re-amplified by PCR from plasmids using specific primers (Table 1), purified by Wizard®
SV Gel and PCR Clean-Up System (Promega), and labelled using nick translation protocol by
(Kato et al., 2006) with modifications described in (Martina Dalikova et al., 2017a). The 20uL
labelling reaction contained 1 pg DNA; 0.5 mM each dATP, dCTP, and dGTP; 0.1 mM dTTP;
20 uM labelled nucleotides; 1x nick translation buffer (50 mM Tris—HCI, pH 7.5; 5 mM MgCl2;
0.005% BSA); 10 mM B-mercaptoethanol; 2.5 x 10™* U DNase |,and 1 U DNA polymerase
| (both ThermoFisher Scientific, Waltham, MA). The reaction was incubated at 15 °C for 45
minutes and enzymes were inactivated at 70 °C for 10 minutes. The 18S rDNA probe was

labelled either with biotin-16-dUTP (Roche Diagnostics, Basel, Switzerland) or DNP-11-dUTP
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(Jena Bioscience, Jena, Germany) and 28S rDNA probe was labelled by digoxigenin-11-dUTP

(Roche Diagnostics) or fluorescein-12-dUTP (Jena Bioscience).

Three sequence fragments of Hh Ty3/GypsyA (CL67 contig 3 and 10) found in H. humuli
and one of R2 element (CL27contig8) and satellite (CL37 contigd4) found in /. io, were
separately labelled by PCR using plasmid DNA as template according to Provaznikova et al.,
(2021). The 25uL labelling reaction contained 1 — 10 ng template plasmid DNA, 1x Ex Taq
buffer, 1 mM each dATP, dCTP, and dGTP; 0.36 mM dTTP; 0.62 mM labelled nucleotides of
Fluorescein-12-ddUTP (Jena Biosciences), 5 umol of each specific primer (Table 1), and 0.25
U TaKaRa Ex Tag DNA polymerase (TaKaRa, Otsu, Japan). The resulting labelled probes were
purified using Sephadex gel filtration (lllustra Sephadex G-50 fine DNA grade).

Table 1: Primers used for PCR amplification of FISH probe templates and labelling.
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GTAAACTTCGATTCCACAATACACGA
lio
Inachis io / 58°C  This study
satellite
CTGTTATATTTCAAATGCAATGATCGA

FISH with 18S and 28S rDNA probes

Indirect FISH was carried out according to Fukova et al., (2005) and Zrzava et al., (2018) with
some modifications and using two probes, biotin-labelled 18S rDNA probe and digoxigenin-
labelled 28S rDNA probe, simultaneously. This technique was used to localize 18S and 28S
rDNA genes in genome of H. humuli, C. ohridella, and A. urticae. The slides were dehydrated
in an ethanol series (70, 80, and 100% ethanol, 30 sec each) and pre-treated with RNase A
(200 ng/uL) in 2x SSCat 37°C for 1 h, washed twice in 2xSSC at RT for 5 min each and incubated
in 5xDenhardt’s solution at 37°C for 30 minutes. After, slides were denaturated in 70%
formamide in 2x SSC at 68°C for 3.5 minutes and immediately dehydrated in an ethanol series
(cold 70% for 1 min, 80 and 100% for 30 sec each). Hybridization probe mix containing 10%
dextran sulfate, 50% deionized formamide, 25 pug of sonicated salmon sperm and 50 ng of
each probe in 2x SSC in final volume of 10 ul was denaturated at 90°C for 5 minutes and
immediately placed on ice for 2 minutes. Afterwards, hybridization probe mix was applied on
the slide, covered by cover slip, and placed into a humid chamber. Hybridization was carried

out at 37°C overnight (12-16 h).

Next day, slides were incubated three times in 50% formamide in 2x SSC and followed
by three washes in 2x SSC, both at 46°C for 5 minutes. Slides were then washed three times
with 0.1x SSC at 62°C for 5 minutes and once in 1% Triton X in 4x SSC at RT for 10 minutes.
The slides were blocked with 2.5% BSA in 4x SSC at RT for 30 minutes, incubated with anti-
DIG1 (mouse anti-digoxigenin, 1:100, Roche Diagnostics, Basel, Switzerland) and streptavidin
Cy3 conjugate (1:1000, Jackson ImmunoRes. Labs. Inc, West Grove, PA, USA) in 2.5% BSA in
4x SSC at 37°C for 1 hour and washed three times with 1% Triton X in 4x SSC at 37°C for 3
minutes each. To amplify the signals, last three steps were repeated twice, firstly with anti-
DIG2 (sheep anti-mouse Ig digoxigenin conjugate, 1:200, Merck Millipore, Billerica, MA, USA)
and antistreptavidin (1:25, Vector Labs. Inc, Burlingame, CA, USA) and secondly with anti-DIG3
(sheep anti-digoxigenin fluorescein conjugate, 1:200, Roche Diagnostics) and streptavidin-Cy3
conjugate (1:1000, Jackson ImmunoRes. Labs. Inc). After the last washing step, slides were

incubated in 1% Kodak PhotoFlo at RT for 1 minute and counterstained with 0.5 mg/mL DAPI
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(4',6-diamidino-2- phenylindole, Sigma-Aldrich, St. Louis, MO, USA) in antifade based on
DABCO (1,4-diazabicyclo(2.2.2)-octane; Sigma—Aldrich).

Double TSA FISH

Double FISH with tyramide signal amplification (double TSA FISH) was performed according
to Carabajal Paladino et al., (2014) with some modifications. Due to its high sensitivity, double
TSA FISH was employed to localize 185 and 28S rDNA genes in /. io genome, and ME sequences
and 18S rDNA gene in genomes of /. io and H. humuli. Briefly, slides were dehydrated in an
ethanol series (70,80 and 100% ethanol, 30 sec each) and pre-treated with 50 ug/mL pepsin
in 0.01 M HCl at 37°C for 10 min, 1% H,0; in 1x PBS at RT for 30 min, and in RNase A (100
pug/mL) in 1x PBS at 37°C for 1 hour. After each pre-treatment, the slides were washed three
times in 1x PBS at RT for 5 min each washing. After the last washing, slides were incubated in
5x Denhardt’s solution at 37°C for 30 minutes. Directly after the last incubation, 50 ul of
hybridization probe mix containing 10% dextran sulphate, 50% deionized formamide, and 10-
20 ng of each probe in 2x SSC was applied onto the slide, covered by cover slip, and incubated
at 70°C for 5 minutes. Afterwards, slides were placed into the humid chamber and hybridized
at 37°C overnight (12-16 h). In I. io experiments, the 18S rDNA probe (10-20 ng) labelled with
dinitrophenyl (DNP) was used with fluorescein-labelled R2 probe (10-20 ng), or fluorescein-
labelled 28S rDNA probe (10-20 ng). In case of H. humuli, combination of three fluorescein-
labelled ME probes (Hh Ty3/GypsyA 1-3, 5-10 ng each) and 18S rDNA probe (10-20 ng) was

used.

The next day, slides were incubated three times 5 min in 50% formamide in 2x SSC at
46°C each, washed three times in 2x SSC at 46°C for 5 minutes each and in 0.1x SSC at 62°C
for 5 minutes each, and washed once in 1x TNT at RT for 5 minutes. The slides were blocked
in TNB buffer at RT for 30 minutes and incubated with antifluorescein-HRP Conjugate
(PerkinElmer) in TNB (diluted 1:1000) at RT for 1 hour. Afterwards, the slides were washed
three times in 1x TNT at RT for 5 minutes each and incubated with TSA Plus Fluorescein
(PerkinElmer) according to the manual at RT for 3-15 minutes (3-5 min in H. humuli and C.
ohridella, 10-15 min for l.io) and washed again three times in 1x TNT at RT for 5 minutes each.
To perform the second round of detection and to quench peroxidase activity from previous
steps, slides were incubated in 1% H;0; in 1x PBS at RT for 30 min. Next, the slides were

washed three times in 1x TNT at RT for 5 minutes each and the amplification steps were
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repeated using anti-DNP-HRP Conjugate (PerkinElmer) and TSA Plus Cyanine 3 (PerkinElmer).
After the last washing step, the slides were incubated in 1% Kodak PhotoFlo at RT for 1 minute

and counterstained with 0.5 mg/mL DAPI (Sigma—Aldrich) in antifade DABCO (Sigma—Aldrich).
Microscoping and image processing

Chromosome preparations from FISH experiments were observed by Zeiss Axioplan 2
microscope (Carl Zeiss, Jena, Germany) equipped with appropriate fluorescence filter sets. An
Olympus CCD monochrome camera XM10 equipped with cellSens 1.9 digital imaging software
(Olympus Europa Holding, Hamburg, Germany) was used to record and capture black-and-
white pictures. Images were captured separately for each fluorescent dye and then

pseudocoloured and superimposed with Adobe Photoshop CS4, version 11.0.
Long read sequencing and analysis

High molecular weight DNA from H. humuli was enriched for fragments longer than 10 kbp by
Short Read Eliminator (Circulomics Inc). The library was prepared by Ligation Sequencing Kit
SQK-LSK110 (Oxford Nanopore Technologies, Oxford, UK) according to the manufacture’s
protocol and therein recommended third party consumables. The library was snap-frozen and
stored over night at -70°C and then sequenced using flowcell R10.3 and MinlON Mk1B (Oxford
Nanopore Technologies). Reads were basecalled by guppy 4.4.1. with high accuracy flip-flop
algorithm. The data was filtered for reads 15kbp and longer with quality score over 10 using

NanoFilt (De Coster et al., 2018).

Quality and length filtered reads were searched for presence of major rDNA using
blastn. Reads containing at least 1000 bp of H. humuli major rDNA unit were assembled by
Flye 2.8 (Kolmogorov et al., 2019) using minimal overlap 8 kbp. The annotation of MEs was
done by RepeatMasker 4.1.2-p1 (Smit et al., 2013) protein-based masking. Tandem repeats
were identified based on self Dotplot implemented in Geneious 11.1.5. Consensus sequences
of all identified ME fragments together with major rDNA unit were mapped to individual rDNA
bearing nanopore reads using minimap2 (Li, 2018) with appropriate pre-set. The presence
and relative localization of individual elements was evaluated via R script (R version 4.0.3 in

Rstudio version 1.4.1103). Only regions with mapping quality at least 20 were considered.
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Phymatopus californicus gDNA was sequenced on Oxford Nanopore platform in
Novogene Co.,Ltd. PacBio HiFi reads of I. io (project PRIEB42130) and A. urticae (project
PRJEB42112) were obtain through the Darwin Tree of Life project

(http://www.darwintreeoflife.org). PacBio CLR data were obtained from Sequence Read

Archive (SRA) database (S. frugiperda SRR12642577; L. dispar SRR13505170-6, SRR13505182-
3, and SRR13505187; P.xylostella SRR13530960). Further, the reads were processed same as

in H. humuli except for the HiFi reads, which were not quality filtered.

Similar approach to detect rDNA and associated repetitive DNA was used also in A.

urticae chromosomal level genome assembly (Bishop et al., 2021) (ENA acc. No. PRJEB41896).
Coverage analysis

Coverage analysis was done by aligning genomic lllumina sequencing reads from H. humuli, I.
io, and A. urticae to consensus sequences, which were generated by overlapping the contigs
from RE in Geneious 11.1.5 or by Flye 2.8 assembler, using Bowtie2 aligner (Langmead et al.,
2019; Langmead and Salzberg, 2012). Coverage values were obtained using samtools depth
(v 1.10) (Li et al., 2009) and plotted using a script in R (R version 4.1.0 in Rstudio Workbench
Version 1.4.1717-3). Mean coverage of defined annotation blocks as seen in Figure 3 was

computed using R and is in Suppl. Tables 3.
Data availability

Sequencing data generated in this study was deposited in the NCBI Sequence read archive
under Bioproject reg. no. PRINA737195. Long reads bearing rDNA of species under study,
assemblies of their rDNA units and R codes used for analyses were deposited in the Dryad

Digital Repository under doi: 10.5061/dryad.gmsbcc2q;j.
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Figure legends

Figure 1: Major rDNA clusters detected by fluorescence in situ hybridization (FISH) on
pachytene nuclei of studied species. The 18S rDNA probe (red) and 28S rDNA probe (green),
chromosomes are counterstained with DAPI (blue). Major rDNA clusters indicated by
arrowheads. a — male pachytene nucleus of H. humuli (Hepialidae) with detail of the major
rDNA cluster colocalizing with heterochromatin blocks in the inset, b — male pachytene
nucleus of C. ohridella (Gracillariidae), ¢ — male pachytene nucleus of A. urticae
(Nymphalidae), d — female pachytene nucleus of I. jo (Nymphalidae) with detail of one of
major rDNA clusters colocalizing with a small heterochromatin block in the inset. * clusters

colocalizing with DAPI positive heterochromatin. Scale 10 um

Figure 2: Co-localization of major rDNA and ME sequences of interest as detected by
fluorescence in situ hybridization (FISH) on pachytene nuclei of studied species. 18S rDNA
probein red (b, d, f, h) and HhTy3/GypsyA (c, d) and liR2 probes (g, h) in green, chromosomes
are counterstained with DAPI (blue; a, d, e, h). Hybridization signals indicated by arrowhead.
a-d — male pachytene nucleus of H. humuli (Hepialidae), e-h — female pachytene nucleus of /.

io (Nymphalidae). Arrow indicates DAPI positive heterochromatin. Scale 10 um

Figure 3: Coverage plot of rDNA units in H. humuli (a), I. io (b), and A. urticae (c). Smoothed
(LOESS) counts of aligned sequencing reads for each nucleotide position of the major rDNA
cluster. Coloured bars on the bottom represent regions of repetitive elements and position

of rDNA genes.

Figure 4: Schematic representation of most observed rDNA unit based on long read analysis.
Black line represents the length of rDNA unit and coloured blocks position of rDNA genes and

the repetitive elements.
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Supplemental material legends

Figure S1: Visualization of major rDNA genes and associated repeats on H. humuli Oxford
Nanopore reads. Only matches longer than 200 bp and with mapping quality over 20 were
considered. Gray line represents the read length, coloured boxes correspond to the rDNA

genes or individual detected repeats.

Figure S2: Visualization of major rDNA genes and associated repeats on P. californicus Oxford
Nanopore reads. Only matches longer than 200 bp and with mapping quality over 20 were
considered. Gray line represents the read length, coloured boxes correspond to the rDNA

genes or individual detected repeats.

Figure S3: Visualization of major rDNA genes and associated repeats on /. io HiFi PacBio reads.
Only matches longer than 200 bp and with mapping quality over 20 were considered. Gray
line represents the read length, coloured boxes correspond to the rDNA genes or individual

detected repeats.

Figure S4: Visualization of major rDNA genes and associated repeats on A. urticae HiFi PacBio
reads. Only matches longer than 200 bp and with mapping quality over 20 were considered.
Gray line represents the read length, coloured boxes correspond to the rDNA genes or

individual detected repeats.

Figure S5: Visualization of major rDNA genes and associated satellite on P. xylostella PacBio
reads. Only matches longer than 200 bp and with mapping quality over 20 were considered.

Gray line represents the read length, coloured boxes correspond to the rDNA genes or PxSat.

Figure S6: Visualization of major rDNA genes and associated repeats on L. dispar PacBio reads.
Only matches longer than 200 bp and with mapping quality over 20 were considered. Gray
line represents the read length, coloured boxes correspond to the rDNA genes or individual

detected repeats.

Figure S7: Visualization of major rDNA genes S. frugiperda PacBio reads. Only matches longer
than 200 bp and with mapping quality over 20 were considered, no associated repeats were

detected. Gray line represents the read length, coloured boxes correspond to the rDNA genes.

Figure S8: Distribution of AuSat (in A. urticae), liSat (in I. io), and PxSat (in P. xylostella) arrays

lengths in PacBio reads containing at least 500bp of major rDNA genes. Bold line represents
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median value, box corresponds to interquartile range, and the outlier values are represented

by individual dots.

Figure S9: Visualization of major rDNA genes and associated repeats from the current A.
urticae genome assembly. Only matches longer than 200 bp and with mapping quality over
20 were considered. Gray line represents the chromosomal length scaffolds with detected

rDNA clusters, coloured boxes correspond to the rDNA genes or individual detected repeats.

Table S1: Summary of basic characteristics of selected clusters from Repeat Explorer analysis

in H. humuli, A. urticae, I. io, and C. ohridella

Table S2: Length characterisation of PacBio reads and satellite arrays in A. urticae, . io, and

P. xylostella

Table $3: Summary of coverage analysis of individual elements in rDNA units in H. humuli, A.

urticae, and I. io
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