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Abstract

Moths of the family Crambidae include a number of pests that cause economic losses to agricultural crops. Despite their
economic importance, little is known about their genome architecture and chromosome evolution. Here, we characterized
the chromosomes and repetitive DNA of the sugarcane borer Diatraea saccharalis using a combination of low-pass genome
sequencing, bioinformatics, and cytogenetic methods, focusing on the sex chromosomes. Diploid chromosome numbers
differed between the sexes, i.e., 2n =33 in females and 2n =34 in males. This difference was caused by the occurrence of
a WZ,Z, trivalent in female meiosis, indicating a multiple sex-chromosome system WZ,Z,/Z,Z,Z,Z,. A strong interstitial
telomeric signal was observed on the W chromosome, indicating a fusion of the ancestral W chromosome with an autosome.
Among repetitive DNAs, transposable elements (TEs) accounted for 39.18% (males) to 41.35% (females), while satDNAs
accounted for only 0.214% (males) and 0.215% (females) of the genome. FISH mapping revealed different chromosomal
organization of satDNAs, such as single localized clusters, spread repeats, and non-clustered repeats. Two TEs mapped
by FISH were scattered. Although we found a slight enrichment of some satDNAs in the female genome, they were not
differentially enriched on the W chromosome. However, we found enriched FISH signals for TEs on the W chromosome,
suggesting their involvement in W chromosome degeneration and differentiation. These data shed light on karyotype and
repetitive DNA dynamics due to multiple chromosome fusions in D. saccharalis, contribute to the understanding of genome
structure in Lepidoptera and are important for future genomic studies.
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Introduction

Repetitive DNA elements are sequences that repeat hun-
dreds or thousands of times and make up a large propor-
tion of the total nuclear DNA in eukaryotic genomes.
These sequences may occur in long tandem arrays of
similar motifs, such as satellite DNAs (satDNAs) and
some multigene families, while others may be scattered
throughout the genome as transposable elements (TEs)
with medium to high repetition rates. All types of repeti-
tive sequences can be enriched and localized in specific
chromosomal regions, mainly in the heterochromatic
regions, including centromeres and telomeres, and they
are important organizational and functional components
of genomes (Charlesworth et al. 1994; Lépez-Flores and
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Garrido-Ramos 2012; Biscotti et al. 2015). Moreover, the
accumulation, expansion, and lability of repetitive DNAs
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contribute to the formation and differentiation of hetero-
morphic sex chromosomes, as described in various spe-
cies from most eukaryote groups (e.g., Charlesworth et al.
1994; Kejnovsky et al. 2013; Chalopin et al. 2015; Hobza
et al. 2015; Dalikova et al. 2017a; Palacios-Gimenez et al.
2017; Ferretti et al. 2020).

The Lepidoptera (moths and butterflies) are an
extremely diverse insect order with more than 160,000
valid species (Van Nieukerken et al. 2011). From a kar-
yotypic point of view, the chromosomes of Lepidoptera
are numerous (with a modal number of 2n=60-62),
small and uniform, without morphological landmarks,
such as centromeres, i.e., holocentric chromosomes
(Robinson 1971; Lukhtanov 2000; Traut et al. 2007;
Sahara et al. 2012). This order represents the largest
group with female heterogamety, with most species hav-
ing a WZ/ZZ sex chromosome system. This differs from
most other insect groups that have male heterogamety,
with the exception of the Trichoptera (caddisflies), a sis-
ter order of Lepidoptera, which also have heterogametic
females (Traut et al. 2007; Marec et al. 2010; Sichova
et al. 2015). Chromosome rearrangements, such as
fusions, fissions, and inversions, have led to the dynamic
karyotype evolution with the occurrence of diverse chro-
mosome numbers and derived sex chromosome systems
in Lepidoptera (Marec et al. 2001; Yasukochi et al. 2006;
Sahara et al. 2007, 2012; Lukhtanov 2015; Sichova et al.
2015; Hill et al. 2019). This is particularly evident in
some groups, such as Agrodiaetus sp. (Lycaenidae) with
n=10 to n=134 (Kandul et al. 2007), Godyris sp. (Nym-
phalidae) with n=13 to n =120 (Brown et al. 2004), and
Lysandra sp. (Lycaenidae) with n =24 to n =93 (Tala-
vera et al. 2013). In the case of Leptidea sp. (Pieridae),
in addition to a large variability in diploid chromosome
number (2n =51 to 2n=208), different but species-
specific systems of multiple sex chromosomes were
found, including W -3Z,-4,/Z-4Z -4, W =32, 3/Z|-3Z -,
W i-4Zy-i/Z21-4Z-4, and W =32 -(/Z-¢Z - (Sichovi et al.
2015, 2016; Yoshido et al. 2020).

Repetitive DNAs may be involved in the organization
of the genome and its plasticity, as they may be frequent
sites for chromosomal rearrangements. Despite the large
number of chromosomal studies conducted in Lepidoptera
and the extensive genome sequencing in this group, under-
standing the chromosomal organization of some repetitive
DNA fractions remains elusive, especially for satDNAs
and TEs. To date, most cytogenetic studies in Lepidoptera
have mapped mainly multigene families, including rDNAs
and H3 histone genes (Nguyen et al. 2010; Provaznikova
et al. 2021), and only 12 satDNAs have been identified
(Cabral-de-Mello et al. 2021). These studies have enabled
the generation of markers for comparative analyses use-
ful for understanding genomic organization and pattern
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changes between species. Specifically for sex chromo-
somes, although the W chromosome is known to be largely
heterochromatic and rich in DNA repeats, the specific con-
tent of this chromosome is poorly understood. Neverthe-
less, some TEs, satDNAs, microsatellites, and, in a few
cases, rDNA clusters have been identified on the W chro-
mosome (Abe et al. 2005; Traut et al. 2013; Véchtova et al.
2016; Dalikova et al. 2017b; Zrzava et al. 2018; Cabral-de-
Mello et al. 2021).

Grass moths of the family Crambidae include a num-
ber of pest species that cause severe economic losses to
agricultural crops (Munroe and Solis 1999). Despite the
economic importance of crambid pests, very little is known
about their genome architecture, as only a few cytogenetic
studies have been carried out. In the few species studied so
far, the haploid chromosome number ranged from n=10
to n=41, the WZ/ZZ sex chromosome system has been
determined for four species, and a chromosome map based
on fluorescence in situ hybridization (FISH) has been con-
structed for Ostrinia nubilalis (Virkki 1963; Robinson
1971; Kageyma and Traut 2004; Nguyen et al. 2010; Yasu-
kochi et al. 2016; Cabral-de-Mello et al. 2021). Recently,
a combination of cytogenetics and genomic approaches
in four Crambidae species revealed differences in gross
genome architecture (including chromosome numbers) and
high variability in repetitive DNAs, which may have con-
tributed to the plasticity of sex chromosomes in this group
(Cabral-de-Mello et al. 2021).

Diatraea saccharalis, commonly known as the sugar-
cane borer, is one of the most important crambid pests
responsible for significant crop damage and economic
losses in maize and sugarcane (Flynn et al. 1984; Reagan
and Mulcahy 2019). This moth is widespread throughout
the Americas, including the Caribbean, South and Cen-
tral America, and the southeastern United States (Myers
1935; Palacio Cortés et al. 2010). Because of this eco-
nomic importance, D. saccharalis has attracted the atten-
tion of the scientific community for population, structural,
and functional genetic studies (e.g., Joyce et al. 2014;
Lopes et al. 2014; Merlin and Consoli 2019; Borges dos
Santos et al. 2020; Noriega et al. 2020), but lacks a com-
plete understanding of genome architecture at the chro-
mosomal level, except for chromosome number, which is
n=17 (Virkki 1963). In this study, we have characterized
the repeat content of the sugarcane borer using a combina-
tion of cytogenetic and bioinformatic methods, allowing a
detailed description of the karyotype, sex chromosomes,
and chromosomal distribution of repetitive DNAs. The
data contribute to the understanding of genome organiza-
tion and sex chromosome evolution in Crambidae and may
assist in future structural and functional genomic analyzes
in D. saccharalis, which could also be useful for pest man-
agement programs.
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Materials and methods
Insects and chromosome preparations

Specimens of Diatraea saccharalis were obtained from the
laboratory culture of the Luiz de Queiroz College of Agri-
culture, University of Sao Paulo — ESALQ/USP (Piracicaba,
S&o Paulo, Brazil). Larvae were fed an artificial diet and main-
tained in a BOD (Bio-Oxygen Demand) incubator (Solab,
Piracicaba, Brazil) under controlled conditions (temperature
25+4 °C, 60% humidity, and a 12 h light/12 h dark regime)
(see King et al. 1975).

Spread chromosome preparations were made as described
in Mediouni et al. (2004) and Sichovi et al. (2013). Meiotic
chromosomes at the pachytene stage were obtained from the
testes of third instar larvae and ovaries of the last instar larvae
and in the initial stage of pupation. Mitotic chromosomes were
obtained from the wing imaginal discs of fifth instar larvae of
both sexes. Briefly, testes and wing imaginal discs were dis-
sected in physiological solution, hypotonized in 75 mM KCI
for 15 min and fixed in Carnoy’s solution (ethanol/chloroform/
acetic acid, 6:3:1) for 15 min. The ovaries were transferred to
Carnoy’s solution without hypotonic treatment to preserve the
heterochromatin pattern of the putative W chromosome. The
fixed tissues were macerated on a slide in a drop of 60% acetic
acid and then spread at 45 °C using a heating plate. Slides of
sufficient quality were dehydrated in an ethanol series (70%,
80%, and 100%, 30 s each) and stored at —20 °C until use. All
bodies of dissected larvae were stored in 100% ethanol in a
freezer at —20 °C until extraction of genomic DNA (gDNA).

Preparation of polyploid nuclei and microdissection
of sex chromatin

Malpighian tubules from the last instar larvae of female
and male individuals were used to obtain polyploid inter-
phase nuclei. After dissection in physiological solution,
the Malpighian tubules were briefly fixed in Carnoy’s fixa-
tive on a slide for about 1 min and then stained with 1.25%
lactic acetic orcein for 5 min. The slides were inspected
under a light microscope for the presence or absence of
female-specific sex chromatin, formed by multiple copies
of the W chromosome (Marec and Traut 1994; Traut and
Marec 1996).

For microdissection of sex chromatin, we used Mal-
pighian tubules dissected from female larvae of the last
instar, swollen for 10 min in hypotonic solution (75 mM
KCI), and fixed in Carnoy’s fixative for 15 min. The
tubules were dissociated with tungsten needles in a drop of
60% acetic acid, spread on coverslips using a heating plate
at 40 °C, and stained with 5% Giemsa for 7 min. A total

of 15 W-chromatin bodies were microdissected manually
using an Eppendorf 5171 micromanipulator coupled to a
Nikon Axiphot inverted microscope.

Low-pass genome sequencing, identification
and analysis of satDNAs and TEs

Genomic DNA (gDNA) was extracted from a female
larva and a male larva of the third instar using the Wizard
Genomic DNA Purification Kit (Promega, Madison, WI)
according to the manufacturer’s protocol. Genomic libraries
were prepared using the NEBNext Ultra DNA Library Prep
Kit (Biolabs, Cambridge, MA). The genomes of both sexes
of D. saccharalis were sequenced by paired-end sequencing
(2% 150 bp) using the Illumina HiSeq 4000 system, per-
formed by Novogene (HK) Co., Ltd. (Hong Kong, China).
Sequencing yielded 1.49 Gb for the female genome and
943 Mb for the male genome, corresponding to coverage
of ~4.15 x for female and ~2.63 X for male genomes, as the
genome of the species is 359 Mb in size (Borges dos San-
tos et al. 2020). The genome reads were deposited in the
Sequence Read Achieve (SRA) under accession numbers
SAMN30196781 and SAMN30196782. Reads were pro-
cessed, filtered, and interlaced using the tools available on
the Galaxy/RepeatExplorer platform (Novak et al. 2013).
Identification of satDNAs was performed separately using
500,000 reads for each sex as input. After clustering with
RepeatExplorer, the satDNAs identified with the TAREAN
tool (Novik et al. 2017) were selected for subsequent analy-
sis. In addition, the tandem arrangement was checked using
dotplot and Tandem Repeats Finder, TRF (Benson 1999).
RepeatMasker (Smit et al. 2017) and the Python script
“rm_homology.py” (https://github.com/fjruizruano/satmi
ner/blob/master/rm_homology.py) were used to perform all-
against-all comparison of monomers of the recovered satD-
NAs to analyze similarities and define all satDNA families.

We also used RepeatMasker to calculate the abundance
for each satDNA, comparing the female and male genomes.
We used the calcDivergenceFromAlign.pl script from the
RepeatMasker utilities tool (Smit et al. 2017) to estimate
the average Kimura 2-parameter (K2P) distances. The K2P
model (Kimura 1980) takes into account transition and trans-
version substitution rates and assumes that the four nucleo-
tide frequencies are the same and that substitution rates do
not vary between sites. To do this, we randomly selected
approximately 2.65 million previously preprocessed read
pairs per library obtained using seqtk (https://github.com/
lh3/seqtk) and aligned them against dimers of consensus
satDNA sequences. For normalization, the abundance of
each satDNA family was estimated as a genome fraction
calculated from the number of nucleotides mapped rela-
tive to the library size. We also compared the divergence of
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satDNAs between sexes and created repeat landscapes rep-
resenting the relative abundance of repeat elements on one
axis and the K2P distance from consensus on the other axis.
The satDNAs families were named according to descending
abundance, taking into account the mean value of abundance
between the sexes. The satDNAs presumed to be associ-
ated with the W chromosome of females were examined by
looking for bias in the female/male abundance ratio for each
satDNA family.

We identified and quantified TEs in both sexes using dna-
PipeTE (Goubert et al. 2015). dnaPipeTE relies on Trin-
ity (Grabherr et al. 2011) to assemble the most abundant
sequences (i.e., repetitive sequences), followed by homol-
ogy-based characterization (Goubert et al. 2015). For auto-
mated homology-based annotation of contigs, we used a cus-
tom TEs library as described elsewhere (Marti et al. 2021).
TEs superfamilies were then aligned to Illumina libraries of
both sexes using RepeatMasker (Smit et al. 2017), and K2P
divergence and normalization for both sexes were estimated
as described above. To detect TEs superfamilies poten-
tially associated with the W chromosome, we estimated the
female/male abundance ratio for each TE group.

We checked the similarity of the identified satDNAs with
previously described sequences by a comparative analysis
with nucleotide sequences deposited in the Repbase/GIRI
or NCBI databases. Finally, to verify whether the genome
of D. saccharalis harbors the two satDNA families Dpos-
Sat01 (GenBank accession number MW369068) and Dpos-
Sat02 (GenBank accession number MW369069) present in
the genome of its sister species D. postlineella (Cabral-de-
Mello et al. 2021), we mapped them to the genome of D.
saccharalis using RepeatMasker (Smit et al. 2017).

DNA probes and chromosomal mapping
by fluorescence in situ hybridization

We used non-species-specific probes to localize conserved
sequences, including telomeric repeats using the (TTAGG),
probe and major ribosomal DNA using the 18S rDNA probe.
We also prepared specific probes, such as the W-chromo-
some painting probe, male and female gDNA probes, satD-
NAs probes, and TE-derived probes. For TEs, we chose
the most representative superfamily of TEs in the species
genome and the most enriched TEs in the female library
compared to the male library. For satDNAs, we chose the
five most abundant families in the D. saccharalis genome,
as well as sequences enriched in the female genome. These
probes were isolated and mapped to chromosomes of D. sac-
charalis by fluorescence in situ hybridization (FISH).

18S rDNA and satDNA probes were amplified by PCR
from female gDNA and labeled by nick-translation with
biotin-14-dATP (Invitrogen, San Diego, CA). The 18S
rDNA probe was obtained using primers described in
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Cabral-de-Mello et al. (2011). For amplification of satDNAs
and TEs, we designed primers manually or using Geneious
software with the consensus sequence of each satDNA
(Supplementary Table 1). Each PCR was performed using a
mixture of 10 X PCR Rxn Buffer, 0.2 mM MgCl,, 0.16 mM
dNTPs, 2 mM of each primer, 1 U of Tag Platinum DNA
Polymerase (Invitrogen), and 50-100 ng/uL of template
DNA. PCR conditions included an initial denaturation at
94 °C for 5 min and 30 cycles at 94 °C (30 s), 55 °C (30 s),
and 72 °C (80 s), with a final extension at 72 °C for 5 min.
PCR products were separated on a 1% electrophoretic aga-
rose gel. For seven satDNAs, we used synthetic oligonu-
cleotides directly labeled with biotin-14-dATP at the 5° end
designed in conserved and exclusive regions of the satDNAs
(Supplementary Table 1).

Genomic DNA extracted from male and female larvae
was labeled by nick translation with digoxigenin-11-dUTP
(Roche, Mannheim, Germany) for male DNA or biotin-
14-dATP (Invitrogen) for female DNA or vice versa.
Labeled gDNA probes were used for comparative genomic
hybridization, which was performed according to the pro-
tocol described in Traut et al. (1999), with modifications
described in Dalikova et al. (2017a). W-chromosome paint-
ing probes were prepared as described in Fukové et al.
(2007). Samples of manually microdissected W chromatin
were subjected to PCR amplification using the Genome-
Plex Single Cell Whole Genome Amplification Kit, WGA4
(Sigma-Aldrich, St. Louis, MO). The amplified product was
labeled with either digoxigenin-11-dUTP (Roche) or biotin-
14-dATP (Invitrogen) by PCR using the GenomePlex WGA
Reamplification Kit, WGA3 (Sigma-Aldrich). In addition,
we used a W-chromosome painting probe from D. postli-
neella, previously prepared by Cabral-de-Mello et al. (2021).
We also combined W-painting with a (TTAGG),, telomeric
probe to check for the presence or absence of interstitial
telomeric sequences (ITS). The insect telomeric probe was
synthesized by non-template PCR according to Ijdo et al.
(1991) using the self-complementary primers (TTAGG);
and (CCTAA); and labeled with digoxigenin-11-dUTP by
nick translation.

Chromosome preparations from ovaries were used for
single or two-color FISH performed according to the pro-
tocol described by Cabral-de-Mello and Marec (2021).
Probes labeled with digoxigenin-11-dUTP were detected
using anti-digoxigenin-rhodamine (Roche), whereas probes
labeled with biotin-14-dATP were detected with Alexa-
Fluor 488-conjugated streptavidin (Invitrogen). In all FISH
experiments, chromosomes were counterstained with DAPI
(4°,6-diamidino-2-phenylindole; Sigma-Aldrich) and slides
were mounted in VECTASHIELD (Vector, Burlingame,
CA). Images were captured in grayscale using a cooled
DP70 digital camera coupled to the Olympus BX51 fluo-
rescence microscope equipped with appropriate filter sets.
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Images were pseudocolored, merged (chromosomes and
probe signals), and optimized for brightness and contrast
using Adobe Photoshop CC6. To characterize the patterns
of repetitive DNA distribution, at least 10 pachytene were
analyzed for each probe combination.

Results

Karyotype characteristics and multiple sex
chromosomes of Diatraea saccharalis

The diploid chromosome number was determined by analysis
and repeated counting of pachytene complements from testes
and ovaries and mitotic metaphases from testes, ovaries, and
wing imaginal discs. To facilitate identification of individual
chromosomes, we used FISH with telomeric probes. Mitotic
karyotypes consisted of chromosomes of different sizes, such
as large, medium, and small. We found differences in chromo-
some number between sexes, i.e., 2n =34 in males (Fig. 1a)

and 2n=33 in females (Fig. 1b). In some metaphases of both
sexes, we detected two small chromosomes with a constric-
tion that colocalized with the hybridization signals of the 18S
rDNA probe (Fig. 1c), suggesting that the constriction repre-
sents the nucleolus organizer region. No condensed segments
were observed in pachytene bivalents, indicating low abun-
dance of heterochromatin and non-enrichment of the repetitive
DNA fraction in certain regions of the genome. The excep-
tion was a chromosome highlighted with DAPI, corresponding
to the W chromosome, which was clearly seen in pachytene
oocytes (Fig. 1d). Besides the occurrence of canonical telo-
meric repeats in the terminal regions of the chromosomes, an
interstitial signal was clearly observed in the putative W chro-
mosome, indicating the presence of ITS (Fig. 1b, d—h). In
addition, the difference in diploid number between males and
females indicated the presence of a multiple sex chromosome
system in the species, consisting of one W chromosome and
two Z chromosomes (Z, and Z,), i.e., the WZ,Z, system. The
multiple sex chromosomes and the ITS site in the W chromo-
some were confirmed by more detailed analysis (see below).

Fig.1 Karyotype analysis of Diatraea saccharalis. Chromosomes
were stained with FISH probes (red), either with the (TTAGG),
telomeric probe (a, b, d, f, g) or with the 18S rDNA probe (¢) and
counterstained with DAPI (gray). Mitotic metaphase chromosomes
from wing discs of male (a) and female (b) larvae labeled with the
telomeric probe, showing 2n =34 and 2n =33, respectively. In (b), the
W chromosome is indicated and another W is magnified in the inset.
Note interstitial hybridization signals indicating the presence of ITS
on this chromosome. (¢) Mitotic metaphase from ovary probed for
18S rDNA. Note two small autosomes identified by the probe and the

large W chromosome. The inset shows two rDNA-bearing autosomes,
each containing an apparent constriction (white dots). (d) Female
pachytene with FISH-labeled telomeric sequences. Note interstitial
signals of the telomeric probe in the sex chromosome trivalent, sche-
matically shown on the right. In the WZ,Z, trivalent, the W chromo-
some is deeply stained with DAPI. (e-h) Sex chromosome trivalent
showing the distribution of hybridization signals of the telomeric
probe: (e) DAPI, (f) (TTAGG),, signals indicated by red arrowheads,
(g) merged image, (h) schematic representation. Bar=10 um
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Preparations of polyploid nuclei from the Malpighian
tubules of female larvae revealed a single conspicuous
sex chromatin body of regular spherical shape, confirming
the presence of the W chromosome. As expected, no sex
chromatin was found in the polyploid nuclei of Malpighian
tubules from males (Supplementary Fig. 1).

Fig.2 Analysis of sex chro-
mosomes of Diatraea saccha-
ralis. (a—e) Sex chromosome
trivalent from pachytene oocyte
stained by comparative genomic
hybridization. (a) DAPI stain-
ing; (b) female-derived genomic
probe (green); (¢) male-derived
genomic probe (red); (d)
merged image; (e) schematic
representation of the WZ,Z,
trivalent. (f-1) Pachytene oocyte
stained by two-color FISH with
the W-painting probe (green)
and the (TTAGG),, telomeric
probe (red). (f) Complete
pachytene; the inset shows a
selected WZ,Z, trivalent from

a nurse cell of female ovary.

(g) WZ,Z, trivalent shown

in (f) stained with DAPI, (h)
W-painting probe, (i) telomeric
probe (hybridization signals
located on sex chromosomes are
indicated by red arrowheads),
(j) merged image of W-painting
and telomeric signals, (k)
merged image of both probes
and DAPI counterstaining, (1)
schematic representation of the
WZ,Z, trivalent. (m—o0) Cross
hybridization of W-painting
probe from D. postlineella in
female pachytene of D. sac-
charalis. (m) Chromosomes
counterstained with DAPI; (n)
W-painting probe from D. sac-
charalis; (0) W-painting probe
from D. postlineella. Note weak
signals of the W-painting probe
from D. postlineella along the
entire length of the D. sacchara-
lis W chromosome. Bar=10 um
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Comparative genomic hybridization used to examine
and characterize the gross molecular differentiation of the
W and Z chromosomes showed strong hybridization of the
female gDNA-derived probe along the entire length of the
W chromosome, whereas the hybridization signals of the
male gDNA-derived probe were very weak (Fig. 2a—e). This
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suggests that the W chromosome of D. saccharalis consists
mainly of female-specific DNA sequences.

The W-painting probe strongly highlighted the entire W
chromosome, which allowed easy identification of this sex
chromosome and confirmed the molecular differentiation of
the W chromosome from other chromosomes as well as the
Z chromosome (Fig. 2f). In addition, W-painting combined
with the telomeric probe revealed a strong interstitial signal
of the telomeric probe in the W chromosome, confirming
the presence of ITS on this chromosome. Near the ITS site
of the W chromosome, we observed two additional telom-
eric signals corresponding to the ends of the two Z chro-
mosomes, confirming the presence of the WZ,7Z, trivalent
(Fig. 2g—1). In nurse cells, the W chromosome was clearly
associated with two Z chromosomes that differed slightly in
size (Fig. 2f, inset).

Cross-hybridization with a W-painting probe derived
from the W chromatin of the sister species Diatraea postli-
neella showed hybridization signals along the entire length
of the W chromosome of D. saccharalis. The intensity of
the signals was similar along the entire W chromosome,
but much weaker compared to the signals of the W-painting
probe from D. saccharalis (Fig. 2m—o).

Genomic and chromosomal characterization
of satDNAs and TEs

By clustering analysis in RepeatExplorer using the TAR-
EAN report, we identified a total of 14 putative satDNAs on
D. saccharalis, including male and female genomic librar-
ies (GenBank accession numbers OP172884—-0P172897).
We did not find any relevant similarity with the previously
described repetitive elements, not even in RepBase/GIRI or
NCBI. Two satDNA repeats previously identified in the D.

postlineella genome were also found in the D. saccharalis
genome. The identified satDNA sequences represent only
a small fraction of the male and female genomes, 0.214%
and 0.215%, respectively. The monomers of these satDNAs
were highly variable in size, ranging from 12 to 1327 bp,
mostly with A+ T rich content ranging from 39.4 to 72.5%
(Table 1). Considering the mean between sexes, the abun-
dance of different satDNA families in the D. saccharalis
genome ranged from 0.0002 to 0.0570% and the K2P dis-
tance from 3.96 to 17.85%. The satellite DNAs landscape
(abundance vs. divergence), considering both sexes, showed
a higher peak of abundance at low divergence (around zero)
and a smaller peak of abundance between 6 and 10% of
divergence. Repeats with higher divergence tended to
decrease in amounts from 10% of K2P (Fig. 3a).

Eight of 14 satDNAs families (DsaSat01-30, Dsa-
Sat04-901, DsaSat07-294, DsaSat08-338, DsaSat10-84,
DsaSat11-12, and DsaSat13-134) were slightly enriched in
the female genome (Fig. 3b), indicating possible enrichment
on the W chromosome. However, the enrichment of these
repeats on the W chromosome was ruled out by FISH, as
with DsaSat01-30 (Fig. 3¢) and DsaSat04-901 (Fig. 3e), one
autosomal cluster was observed, terminally and interstitially
located, respectively. The other female-enriched satDNAs
(DsaSat07-294, DsaSat08-338, DsaSat10-84, DsaSat11-12,
and DsaSat13-134) showed no visible FISH signals, and
FISH signals were also absent for DsaSat03-32 (results not
shown). Finally, DsaSat02-774 and DsaSat05-1327 showed
scattered signals in all chromosomes, without clear evidence
of enrichment in specific chromosomes or chromosomal
regions (Fig. 3d, f).

TEs were much more abundant than satDNAs in the
genome of D. saccharalis. They made up about 41.35%
of the female genome and 39.18% of the male genome

Table 1 General characteristics

e satDNA ID Size (bp) A+T (%) Abundance (%) Abundance ratio  Divergence (%)

of the 14 satDNA families R

N P . female/male

identified in the Diatraea Female Male Female Male

saccharalis genome, including

satDNA name, monomer size, DsaSat01 30 53.4 0.0570 0.0524 1.0878 9.44 9.03

A+T content, abundance, DsaSat02 774 67.3 0.0504 0.0553 09114 17.85 17.6

abundance ratio between DsaSat03 32 53.1 00425 00436 09748 12.41 12.39

female/male genomes, and

divergence DsaSat04 901 59.4 0.0184 0.0155 1.1871 3.96 6.05
DsaSat05 1327 66.7 0.0174 0.0196 0.8878 6.98 6.07
DsaSat06 182 70.3 0.0082 0.0087 0.9425 7.10 7.75
DsaSat07 294 70.5 0.0050 0.0045 1.1111 4.22 3.56
DsaSat08 338 61.8 0.0036 0.0023 1.5652 8.81 4.34
DsaSat09 59 47.5 0.0036 0.0035 1.0286 8.73 8.59
DsaSat10 84 72.5 0.0035 0.0030 1.1667 17.92 18.04
DsaSatl1 12 50.0 0.0020 0.0017 1.1765 9.45 8.58
DsaSat12 179 62.0 0.0016 0,0025 0.6400 4.82 4.04
DsaSat13 134 67.9 0.0016 0.0013 1.2308 10.26 8.96
DsaSat14 94 394 0.0002 0.0002 1.0000 4.95 4.57
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Fig.3 SatDNAs in the genome of Diatraea saccharalis, genomic
characteristics (a, b) and chromosomal mapping (c—f). (a) satDNAs
landscape (mean of abundance versus K2P divergence of male and
female genomes). Note two peaks of abundance, one with K2P diver-
gence of 0 and the other between 6 and 10. (b) Comparative abun-
dance of each satDNA family in male and female genomes. Note the
slightly higher abundance of eight satDNA families in the female

and included at least 123 elements, taking into account
unknown (not annotated) elements. LINEs and Helitrons
were the most representative TEs (about 10% each), fol-
lowed by LTR, which accounted for about 6% of the
D. saccharalis genome. However, retroposons were
extremely underrepresented (mean of 0.0047% of abun-
dance). The number of elements for the different types
of TEs correlated with their abundance (Table 2, Supple-
mentary Table 2). Almost no differences in abundance
were observed between male and female genomes and
the number of elements for the different classes of TEs
(Table 2). However, four elements showed enrichment in
the female genome, with an abundance ratio > 2, namely
Helitron-2, TcMarStowaway, Maverik, and TcMar-Sagan
(Supplementary Table 2). The comparative TE landscape
between female and male genomes clearly showed a
recent amplification of some TEs in the female genome,
with the occurrence of some elements with higher abun-
dance and low divergence (Fig. 4a). FISH mapping of the
most abundant TEs, i.e., Helitron/Unknown (GenBank
accession numbers OP172899) with a mean abundance
in the genome of 10.774% and DNA/TcMar-Stowaway
(GenBank accession numbers OP172898), DNA TE ele-
ments enriched in the female genome showed similar

@ Springer

genome. (c—f) FISH mapping of four satDNAs (green) and W-paint-
ing probe (red) on female pachytene complements. Mapped satDNAs
are indicated directly in each panel. White arrows point to the W sex
chromosome and green arrowheads in (c, €) to a single cluster for two
satDNAs. Note in (d, f) two satDNAs virtually homogeneously dis-
tributed in all chromosomes. Bar=10 pym

patterns on pachytene chromosomes from oocytes. Both
TEs were distributed as small dots along virtually the
entire length of all chromosomes, but hybridization sig-
nals on the W chromosome were more intense compared
to other chromosomes, especially compared to the Z
chromosome (Fig. 4b—e).

Table2 Main TEs classes recovered from the genome of Diatraea
saccharalis and their characteristics, including number of elements,
genome abundance, and abundance ratio between female/male

genomes

TE class Number of Genome abundance  Abundance
elements (%) ratio (female/

male)

Female Male Female Male

LINE 3179 3156 11.41721 10.,37860 1.10007

Helitron 2295 2294 10.79105 10.75878 1.00299

DNA 1921 1916  7.07904 6.87058 1.03034

LTR 2139 2098  6.67902 5.58523 1.19584

SINE 380 381 3.39406  3.50060 0.96957

Unknown 391 388 1.98161 2.08621 0,94986

Retroposon 1 1 0.00448  0.00492 0.91057
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Fig.4 TEs in the genome

of Diatraea saccharalis. (a)
Subtractive landscape (mean

of abundance versus K2P
divergence) obtained from
female and male genomes.
Abundance values are the differ-
ence between female and male
genomes. Positive values indi-
cate overabundant sequences in
the female genome and negative
values overabundant sequences
in the male genome. Note over-
abundance of some TEs with
low divergence in the female
genome, suggesting recent
amplification. (b, d) FISH
mapping of two TEs elements
(red) and W-painting probe
(green) on pachytene oocytes.
White arrows point to the sex
chromosome trivalent. (c, €) Sex
chromosome trivalents from

1.50

1.00 ¢

0.50—

genome abundance (%)

0.00+

pachytene oocytes showing in
detail the distribution of the two

TEs. Bar=10 um TEs
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Discussion

To date, few data have been published on genomes and kar-
yotypes of Crambidae in general and the genus Diatraea in
particular, although it is economically very important. To
our knowledge, besides D. saccharalis (Virkki 1963), the
only other member of the genus with a known karyotype
is D. postlineella (Cabral-de-Mello et al. 2021). While the
ancestral chromosome number in Lepidoptera is 2n =62
(Lukhtanov and Puplesene 1996) and most species have
2n=60-62 chromosomes (Robinson 1971), both Diatraea
species show a large reduction in chromosome number,
2n=42in D. postlineella (Cabral-de-Mello et al. 2021) and
2n =34 (male) and 2n =33 (female) in D. saccharalis (this
study). This feature suggests chromosome fusions that have
shaped the karyotypes of these species. However, with the
exception of the W chromosome, we did not find any inter-
stitial telomeric sites, suggesting their elimination. Species
with chromosome numbers that deviate from the ancestral
number are not uncommon in Lepidoptera, but surprisingly
large deviations are not that common either (Robinson
1971), although lepidopteran chromosomes should be able

RN

20 30 40
Kimura substitution level (%)

DNA/Sola B DNA/Zisupton LINE/CRE-Odin LINE/R2-NeSL Retroposon
DNA/Sola-1 B DNA/hAT LINE/Dong-R4 | LINEIRTE SINE/5S-Deu
DNA/Sola-2 I DNA/AT-Ac LINE/Dualen 5] LINERTE-BovB SINE/Alu
DNA/Sola-3 B DNA/hAT-Blackjack [l LINE/ I LINE/RTE-RTE SINE/B2
DNA/TcMar-Ant1 B DNA/hAT-Charlie 1 LINE/l-Jockey [l LINE/RTE-X SINE/ID
DNA/TcMar-Cweed B DNA/hAT-Tip100 1 LINE/I-Nimb B LINE/Rex-Babar SINEARNA
DNA/TcMar-Fot1 DNA/AT-hAT19 [ LINE/Jockey M LINE/Tad1 SINEARNA-Deu
DNA/TcMar-ISRm11 [l DNA/AT-hATS | LINE/L1 LTR SINEARNA-Deu-|
DNA/TcMar-Mariner [ DNA/hAT-hATm ! LINEL1-DRE Ml LTR/Caulimovirus SINEARNA-Deu-L2
DNA/TcMar-Pogo DNA/hAT-hATX . LINE/L1-Tx1 B LTR/Copia SINEARNA-I

I DNA/TcMar-Sagan DNA/hAT-hobo LINE/L2 M LTRDIRS Bl SINEARNA-Meta

| DNA/TcMar-Stowaway DNA/hAT? LINE/L2? B LTRERV1 [ SINEARNA-RTE

[ ]
[ ]
[ ]
[ |
[ |

DNA/TcMar-Te1 DNA? LINE/Penelope Bl LTR/ERVK B SINEARNA-V-CR1
DNA/TcMar-Te2 Helitron/unknown LINE/Proto2 | LTR/Gypsy M sINE?
DNA/TcMar-Tc4 LINE/CR1 LINE/R1 5 LTRNgaro

DNA/TcMar-Tigger LINE/CR1-Zenon LINE/R1-LOA LTR/Pao

DNA/TcMar-m44 LINE/CR1? LINE/R2 LTR/Unknown

DNA/Zator LINE/CRE LINE/R2-Hero RC/Helitron-2

to fuse and break up easily due to their holokinetic nature
(Murakami and Imai 1974), without adverse consequences
from the presence of di- or acentric chromosomes (reviewed
in Wrensch et al. 1994; Zedek and BureS 2018). Neverthe-
less, there are lepidopteran taxa whose karyotypes are excep-
tionally chromosome-poor or -rich, such as the Pieridae and
Lycaenidae (Robinson 1971; Kandul et al. 2007). One pos-
sible trigger for chromosome rearrangements could be the
activity of mobile elements (Zhang et al. 2011; Chénais et al.
2012). Interestingly, in Leptidea juvernica (Pieridae), a spe-
cies from the genus known for sex chromosome rearrange-
ments and karyotype variability, high TE genome content
(38%), and activity were found (Talla et al. 2017). In D.
saccharalis, the proportion of TEs in the genome is even
higher (39.18% in males and 41.35% in females), making it
and its relatives an excellent model for future studies on the
potential role of TEs in chromosome rearrangements.

The six species of the Pyraloidea (Pyralidae and Crambi-
dae) studied to date show great diversity in the number and
location of major rDNA clusters. While one terminal cluster
of tDNA is considered an ancestral feature in Lepidoptera
(Provaznikova et al. 2021), the Pyraloidea have either one
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interstitial cluster (both Diatraea species), one terminal plus
one interstitial cluster, or multiple terminal clusters (Nguyen
et al. 2010; Provaznikova et al. 2021; Cabral-de-Mello et al.
2021; this study). Because the single interstitial cluster is
located on a small chromosome in both Diatraea species, we
hypothesize that the chromosome carrying this rDNA cluster
was involved in an inversion that led to its placement at the
interstitial position, as has been proposed for other few Lepi-
doptera species (Nguyen et al. 2010). Fusion involving the
rDNA-bearing chromosomes in the two Diatraea species is
less likely, as these smallest chromosomes in the karyotype
were probably not involved in fusions. In addition, ectopic
recombination, a mechanism involved in the restructuring of
rDNA chromosome in insects (Nguyen et al. 2010; Cabral-
de-Mello et al. 2011; Panzera et al. 2012; Gunderina et al.
2015; Bardella et al. 2016; Ferretti et al. 2020), may also
have occurred.

Regarding the sex chromosomes in D. saccharalis, the
combination of ITS in the W chromosome together with
one chromosome less in females indicates the presence of
a neo-W chromosome, i.e., the W,Z,Z, (female)/Z,Z,Z2,Z,
(male) sex chromosome system. This system most likely
arose from the fusion of the W chromosome with an auto-
some, making the autosome homolog the Z, chromosome.
Although most Lepidoptera species have a WZ/ZZ or Z0/
77 sex chromosome system (Traut et al. 2007), neo-sex
chromosomes have been repeatedly observed in Lepidop-
tera (reviewed in Marec et al. 2010; Yoshido et al. 2011;
Sahara et al. 2012), and the growing number of Lepidop-
tera species with neo-sex chromosomes suggests that this is
not an exceptional trait (e.g., Nguyen et al. 2013; Carabajal
Paladino et al. 2019; Yoshido et al. 2020; Hejni¢kova et al.
2021). The parsimony chain of events in the genus Diatraea
is that the reduction in diploid number to 2n =42 occurred
in the common ancestor of D. postlineella and additional
fusions occurred independently in the karyotype of D. sac-
charalis, which could also be shared with other species in
the genus, but this requires further analysis.

Fusion of an autosome with the W chromosome, as
observed in D. saccharalis, could play an important role in
adaptive potential, contributing to ecological specialization
and the formation of reproductive barriers, and eventually
leading to speciation (Yoshido et al. 2011, 2020; Nguyen
et al. 2013; Sichovi et al. 2015; Carabajal Paladino et al.
2019). One such example has been described in the family
Tortricidae, where the origin of a neo-sex system included
an autosome rich in genes that allow detoxification of
insecticides and plant metabolites, linking these genes to
sex inheritance and increasing the adaptive potential of tor-
tricid moths (Nguyen et al. 2013). In D. saccharalis, it is
particularly important to investigate the composition of the
Z, chromosome, a homolog of the autosome involved in the
formation of the neo-W to test for the possible presence of
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genes on this chromosome that may be related to the species’
performance as a sugarcane and maize pest.

Although some information has been collected on the
content of the W chromosome in Lepidoptera, providing
insights into its evolution (reviewed in Traut et al. 2007;
Nguyen and Carabajal Paladino 2016), the specific molecu-
lar composition of the W chromosome remains largely unre-
solved. There are several reasons for this. First, the major
components of the W chromosome are clearly repetitive, as
the W chromosome is typically rich in heterochromatin, as
shown in pioneering studies that have examined the W chro-
mosome in only a few species (Abe et al. 2005; Fukova et al.
2007; Traut et al. 2013). Because early genome sequencing
platforms based on short reads did not allow assembly of
repeat-rich regions, genome sequencing projects focused on
male genomes to avoid the repeat-rich W chromosome. In
addition, the high cost of sequencing mostly limited early
genome sequences to model species. Second, unlike the Z
chromosome, which is highly conserved between distant
lepidopteran clades (Dalikova et al. 2017a), the W chromo-
some evolves rapidly and the randomness of degenerative
processes leads to highly variable W chromosome com-
positions even in related species (e.g., Vitkova et al. 2007;
Zrzavé et al. 2018). Any study of the W chromosome in a
new species is therefore uncharted territory with unpredict-
able results.

Our comparative genomic hybridization analysis revealed
that the W chromosome in D. saccharalis is well differ-
entiated from the Z chromosome and consists mainly of
sequences enriched in the female genome, in contrast to
species in which the W chromosome consists of sequences
abundant in both the male and female genomes (e.g., Vit-
kova et al. 2007; Hejnickova et al. 2021). Enrichment of
the W chromosome with repeats derived from the female
genome has been reported for other Crambidae (Cabral-de-
Mello et al. 2021) and many other Lepidoptera (Yoshido
et al. 2006; Dalikova et al. 2017a; Hejnickova et al. 2021),
including species with neo-sex chromosome systems
(Yoshido et al. 2011; Sichové et al. 2016; Carabajal Pala-
dino et al. 2019). This mainly reflects an accumulation of
repetitive sequences, TEs in the case of D. saccharalis (this
study) and probably satDNAs and/or TEs on the W chromo-
some in other species (Sahara et al. 2003; Mediouni et al.
2004; Abe et al. 2005; Dalikova et al. 2017b). In addition,
cross-hybridization experiments have shown that the W
chromosome of D. saccharalis shares at least some repetitive
sequences with its congeneric species, D. postlineella. The
complete painting of the W chromosome of D. saccharalis
with the W probe of D. postlineella also suggests that repeti-
tive sequences from the ancestral W chromosome shared by
the two Diatraea species have populated the new portion of
the W chromosome of D. saccharalis corresponding to the
ancestral autosome involved in the fusion. Some degree of
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W sequence conservation has been observed in other Cram-
bidae species (Cabral-de-Mello et al. 2021) and in Pyralidae
species (Vitkova et al. 2007), in contrast to two congeneric
geometrid species of Abraxas, which exhibited high molec-
ular divergence between W chromosomes (Zrzava et al.
2018), suggesting that the rate of molecular differentiation
of W chromosomes varies between Lepidoptera groups.

Our combined analysis of low-pass genome sequencing,
computational tools, and chromosome mapping provided a
deeper understanding of the repeat content composition and
chromosome structure in D. saccharalis. Because we were
interested in the sequences responsible for sex chromosome
differentiation, we performed a comparative analysis of the
male and female genomes to identify the sequences whose
abundance differed between the two sexes, thus revealing the
composition of the W chromosome in this particular species.
Our analysis of the sex chromosomes revealed that the W
chromosome of D. saccharalis is heterochromatic, as in most
Lepidoptera (Traut et al. 2007), but is not highly enriched
in satDNAs compared to other chromosomes. Although we
identified eight satDNAs that are slightly overrepresented
in the female genome compared to the male genome, these
repeats did not show any obvious enrichment on the W
chromosome. Therefore, the observed variation in genome
abundance might represent only interindividual variability
and might not be related to sex. On the other hand, two TEs
identified as female-enriched in silico hybridized strongly
on the W chromosome of D. saccharalis compared to other
chromosomes and decorated its entire length. This suggests
that TEs are involved in the degeneration of the W chromo-
some and its differentiation from the Z chromosome in this
species. An abundance of TEs on W chromosomes was also
found in other lepidopteran species, Bombyx mori (Abe et al.
2005) and Ephestia kuehniella (Traut et al. 2013).

The presence of satDNAs in low abundance in the
genome of D. saccharalis (0.214% in males and 0.215%
in females) is apparently a common feature in Crambidae
(Cabral-de-Mello et al. 2021) and is consistent with the low
heterochromatin content observed in D. saccharalis and
most Lepidoptera species, in which heterochromatin is pre-
sent mainly on the W chromosome (Traut et al. 2007). This
could also be due to the small genome size of this group
(Gregory 2020) and the predominance of interspersed ele-
ments, i.e., TEs (Talla et al. 2017). This last assumption
is supported by the large number of TEs identified in the
D. saccharalis genome, representing approximately 40% of
the species’ genome. The number of interspersed repeats
identified here is similar to those described in the first draft
genome of D. saccharalis (Borges dos Santos et al. 2020).

The species studied so far in which more than one
satDNA was mapped showed exclusively scattered or
singly localized signals (Cabral-de-Mello et al. 2021).
The situation in D. saccharalis is different because the

chromosome organization of the repeats identified here
(satDNAs and TEs) was variable. The location of satDNAs
suggests that they had either (i) scattered signals decorat-
ing all chromosomes, as in most Lepidoptera (Mahendran
et al. 2006; Véchtova et al. 2016; Cabral-de-Mello et al.
2021), (ii) were arranged in a single cluster, as in D. post-
lineela, Plodia interpunctella, and Mamestra brassicae
(Mandrioli et al. 2003; Dalikova et al. 2017b; Cabral-de-
Mello et al. 2021), or (iii) had no obvious signals on the
chromosomes, i.e., non-clustered patterns or quite small
clusters, below the resolution of FISH. This is the first
intragenomic variation in the chromosomal distribution
of satDNAs discovered in Lepidoptera. The reasons could
be that this variability reflects the usual situation and was
uncovered here due to the number of satDNAs described
and mapped, which is the highest published to date in
any Lepidoptera species. Alternatively, the variability of
repeats could actually indicate unusual whole-genome
dynamics, also suggested by chromosomal rearrange-
ments. To confirm either of these possibilities, additional
satDNAs from genomes of species with ancestral chromo-
some numbers need to be examined.

In summary, we present new comprehensive informa-
tion on the karyotype, sex chromosomes, and repeat con-
tent of D. saccharalis, a pest that causes major economic
losses in sugarcane. Overall, our data reveal a dynamic
karyotype and repetitive DNAS in the genome of D. sac-
charalis. The occurrence of fusions in the karyotype of
D. saccharalis also led to the emergence of the multiple
neo-sex chromosome system W,Z,Z, (female)/Z,Z,Z,Z,
(male), in which the W chromosome degenerated and
differentiated from the rest of the genome essentially by
the accumulation of TEs, providing new insights into the
evolution of sex chromosomes in Lepidoptera. To do this,
we used a chromosomics approach, a combination of bio-
informatic genome analysis followed by in situ mapping
of sequences of interest using molecular cytogenetics
methods (Deakin et al. 2019). This approach, while labo-
rious, provides a comprehensive view of the genome or
a selected portion of it, such as the sex chromosomes, as
in silico genomic analysis provides a wealth of potential
markers that are then confirmed and localized directly on
chromosomes. Because this workflow requires knowledge
of both cytogenetics and bioinformatics, this type of study
is still rare despite the enormous number of sequenced
genomes. Since repetitive DNA is a difficult part of the
genome to assemble, our data will contribute to future
improvements in the assembly of genomic sequences of
this important pest species, which could also be relevant
for pest control programs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00412-022-00781-4.
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