












variability for each Cast satDNA. Sequence similarity relationships
between the arrays for each of Cast satDNAs are represented by
graphnetworks (Fig. 4C; Supplemental Data, GraphNetworks), ex-
cept for Cast6 and Cast7, which were not analyzed because of the
small number of arrays. The distance and interconnectivity be-

tween dots correlate with the sequence similarity between arrays,
with closer dots indicating higher similarity ofmonomers between
different arrays. Our assumption is that the relationship between
the arrays reflects their spread throughout genome. Three graphs,
Cast1, Cast2, and Cast3, were selected as illustrative examples
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Figure 2. Distribution evaluation of Cast1–Cast9 satDNAs in TcasONT assembly. (A) Comparison of monomer copy numbers for Cast satDNAs anno-
tated in the reference Tcas5.2 and the TcasONT genome assemblies (see also Supplemental Table S11). The assemblies were mapped with Cast1–
Cast9 satDNA monomeric consensus sequences published previously (Pavlek et al. 2015). (B) Comparison of monomer copy numbers for Cast
satDNAs annotated in the reference Tcas5.2 and the TcasONT genome assemblies (see also Supplemental Table S11). The assemblies were mapped
with Cast1–Cast9 satDNAmonomeric consensus sequences published previously (Pavlek et al. 2015). (C) Circular representation of the TcasONT genome
assembly with annotated Cast1–Cast9 satDNAs, genes, and transposable elements (TEs). The boxes indicate the most prominent regions where the ac-
cumulation of Cast satDNAs correlates positively with gene density and negatively with the TEs density. The position of the (peri)centromere on each chro-
mosome is indicated by a red arrow.
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(Fig. 4C), whereas the other Cast satDNAs arrays networks are pre-
sented in the Supplemental Data, Graph Networks. The Cast3
shows the pattern of array dynamics with a dominant cluster con-
taining relatively closely related arrays from all or almost all chro-
mosomes, and the similar pattern applies to Cast4, Cast8, and
Cast9. In addition to the dominant mixed clusters, Cast4, Cast8,
and Cast9 also have some small distant clusters (up to 10 arrays)
from the same chromosome. The second pattern includes Cast2
with six relatively distant array clusters with related arrays fromdif-
ferent chromosomes, indicating multiple genome events of in-
tense array expansion during Cast2 evolution. Interestingly, only
one of them represents intrachromosomal expansion, whereas
the rest show very extensive interchromosomal exchange. A simi-
lar patternwith several distant clusters containing related sequenc-
es from different chromosomes is also observed in Cast2′ and
Cast5. Finally, the Cast1 network shows clusters with higher dis-
tance between arrays, with some array sets completely separated
owing to their sequence divergence. The Cast1 network also shows
two separate subgroups of sequences representing different vari-
ants, one of them (Fig. 4C, labeled) directly connected to the TE,
Polytron (Supplemental Fig. S9).

Interestingly, these three different patterns of Cast satDNA
propagation events correlatewith the average lengths of the arrays.
For example, satDNAs for which only one expansion event can be
observed (Cast3, Cast4, Cast8, andCast9) have a relatively short ar-
ray length (mostly around 4000 bp). SatDNAs with several expan-
sion events, as seen in Cast2, Cast2′, and Cast5, have a moderate
array length of ∼15,000 bp. Finally, Cast1, for which no recent ex-
pansion centers were observed, intends to have very long arrays
(up to 112 kb).

To gain insight into the spread ofCast1–Cast9 arrays through-
out the genome, the surrounding regions of the Cast arrays were
also analyzed. To address this, regions of 2 kb in length upstream
of and downstream from individual Cast arrays were extracted.
The extracted regions were aligned using the MAFFT program,
and the sequence similarity values were calculated from the align-
ment for each Cast satDNA. The results showed that of the 10 Cast

satDNAs analyzed, only Cast5 and Cast7
show similarity of surrounding regions
for most arrays (Fig. 4B). A detailed anal-
ysis of the surrounding regions for Cast5
arrays revealed two dominant regions
consisting of sequences with high simi-
larity. One of them is the R66-like se-
quence, found as a scattered sequence
in the Cast5 arrays (see Supplemental
Fig. S5C) being also located at one end.
The R66 element overlaps with Cast5
monomers, particularly with divergent
Cast5 monomers. On the other side of
most Cast5 arrays, the R140-like se-
quence was found. Detailed analysis
showed that out of 150 Cast5 arrays,
two-thirds of the arrays had R140-like se-
quences, and one-third of the arrays had
R66-like sequences at the ends of the ar-
rays. Likewise, Cast7 arrays showed that
most of them are surrounded by the
(peri)centromeric TCAST (Supplemental
Fig. S5D). The rest of Cast satDNAs
showed only partial similarities of the
surrounding regions noticed only for a

smaller number of arrays (e.g., Fig. 4B, Cast1 panel). For example, a
high-similarity subset of Cast1 arrays showed that those nine arrays
originate from the same chromosome (LG7), having the same trans-
poson-like sequence at the end of arrays (Supplemental Fig. S9).

For proper examination of the precise Cast array junction re-
gions, their edges need to be precisely defined. Because the mono-
mers at the ends of the arrays have a higher variability owing to
the less efficient recombination at the ends of arrays (for review,
see Lower et al. 2018), we developed a k-mer similarity-based ap-
proach. The results of the analyses did not reveal any part of the
monomer that would be favored at the ends of the Cast arrays
(Supplemental Data, Breakpoint alignment). However, the analyses
of 20 bp sequence motifs near the array boundaries showed that
Cast1, Cast3, and Cast9 have regions in the vicinity of arrays with
significant poly(A)/poly(T) tracts, whereas the other Cast satDNAs
do not share any common motif (Fig. 4D; Supplemental Fig. S10).

Considering the observed extensive inter- and intrachromo-
somal exchanges of all Cast satDNAs, one of the possible mecha-
nisms that influence this phenomenon could be the insertion of
satDNA arrays mediated by extrachromosomal circular DNA
(eccDNA). To test the presence of Cast satDNAs in the eccDNA frac-
tion, we performed two-dimensional (2D) agarose gel electropho-
resis followed by Southern blot hybridization. The hybridization
probes were developed for the most abundant Cast satDNAs,
Cast1, Cast2, Cast5, and Cast6 (0.3%–1.5% of the genome), and
the eccDNAmolecules containing the examined satDNAs were in-
deed detected (Fig. 5).

In general, chromosomal regions with suppressed or without
recombination tend to accumulate satDNAs (Stephan 1986).
Because sex chromosomes represent regions with suppressed re-
combination, we examined the number and length of Cast1–
Cast9 arrays on theXChromosome to compared it with autosomal
chromosomes. This type of analysis would be even more informa-
tive using the Y Chromosome, which is mostly nonrecombining,
but unfortunately, the Y Chromosome was not available in the
former Tcas5.2 nor in the new TcasONT assembly. Mapping
of Cast1–Cast9 arrays to chromosomes disclosed that the

A B

Figure 3. Distribution of genes and TEs in the vicinity of Cast arrays. (A) The number of genes was cal-
culated based on the distribution of gene content in the assembled genome, with the black line repre-
senting the median number of genes in regions of same size (100 kb windows, 5 kb sliding frame)
and the red dotted lines representing the first and third quartiles (Q1 and Q3) of the genome-wide dis-
tribution. Results of the Kolmogorov–Smirnov tests are represented in Supplemental Table S12. (B) The
number of TEs was calculated using the same window size as for the genes, with black and red lines rep-
resenting the same values. All Cast arrays had significantly (Kolmogorov–Smirnov P<0.01) fewer TEs in
their vicinity comparedwith the genome-wide distribution, highlighting the fact that they do not overlap
with TE presence.
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Figure 4. Evolutionary analysis of satDNAmonomers and their junction regions. (A) Principal component analysis (PCA) of aligned Cast1–Cast9 satDNAs
monomer distance matrices. Dots represent a monomer unit. Monomers were colored according to the chromosome of origin. The most prominent and
recent exchange events between different chromosomes are visible in regions with high density of points with different colors. (B) Heatmap visualization of
sequence similarity of 2 kb regions around Cast1–Cast9 arrays throughout the TcasONT assembly. The legend indicates that the sequence similarity of the
surrounding regions increases, with colors going from blue to red. (C) Graph networks of Cast3, Cast2, and Cast1 arrays based on their sequence similarity
relationship. Cast3 shows a cluster containing all arrays. Cast2 shows a pattern with six different clusters containing arrays mixed from different chromo-
somes. Cast1 shows no significant clustering of arrays, except small divergent clusters. (D) Sequence logo of junction regions of Cast1, Cast3, and Cast9
arrays in which an enrichment of poly(T) and poly(A) tracts can be recognized.
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X Chromosome did not have a significantly higher average num-
ber of Cast1–Cast9 arrays per megabase, compared with the others
(Supplemental Table S13). The comparison of the sequence vari-
ability of Cast satDNAmonomers fromXChromosome in contrast
to autosomes did not show significant difference. However, the
analysis of Cast1–Cast9 array length showed a statistically signifi-
cant longer length of arrays on the XChromosome compared with
the others (Wilcoxon test, P<0.05) (Fig. 6). This trend is especially
prominent in Cast 2, Cast2′, Cast5, and Cast9, for which the aver-
age length of the arrays is increased even 10× at the X Chromo-
some (e.g., Cast2′) (Supplemental Fig. S11).

Discussion

New genome assembly enriched in repetitive regions

Despite significant advances in sequencing technologies and
plethora bioinformatics tools, satDNAs are still the most difficult
part of a genome to assemble. The most illustrative example of
the problem with satDNA in the assem-
bly process using long-read sequencing
is found in a recently published work
on holocentric nematodes (Mota et al.
2024). Although these genomes are
small, the assemblies were quite frag-
mented, and the authors pointed out
that abundant and scattered satDNAs oc-
cupying holocentromeres are the main
problem preventing assembly at the
chromosome level (Despot-Slade et al.
2021; Mota et al. 2024). It is clear that
the assembly of satDNA-rich genomes
is challenging, even when long-read
sequencing is used. Previous studies
(Wang et al. 2008; Pavlek et al. 2015) in-
dicated that T. castaneum is one of the
species with a considerable amount of
diverse repetitive sequences, and there-

fore, it is not surprising that the official
reference assembly, although of good
quality in the coding regions, was signif-
icantly deficient in long-range assembly
of repetitive DNAs.

The aim of our research was a
thorough investigation of satDNAs in
T. castaneum euchromatin, and for this
purpose, we needed an assembly of
reliable quality in repetitive regions.
Unfortunately, the official assembly
Tcas5.2 did not fulfill this criterion, and
we decided to improve the T. castaneum
assembly, focusing on upgrading the
difficult-to-assemble repetitive DNA re-
gions. To this goal, a high-quality T.
castaneum genome assembly at the chro-
mosome level was generated by combin-
ing nanopore long-read sequencing and
a reference-guided approach. The new
TcasONT assembly is nearly 45Mb larger
than the latest version of the Tcas5.2 ref-
erence genome. The achieved better
completeness of genes compared with

the reference Tcas5.2 underlines the credibility of TcasONT for
gene representation. The TcasONT assembled chromosomes lack
only 13 Mb of the estimated T. castaneum genome sequence of
204 Mb, previously determined experimentally (Alvarez-Fuster
et al. 1991) and also in silico in our study. Themissing 13Mb could
primarily be attributed to (peri)centromeric regions, owing to
assembly-impeding highly repetitive TCAST satDNA regions
(Ugarkovic ́ et al. 1996). Despite significant advances in sequencing
technologies and assembly methods, it is not unusual that (peri)
centromeric regions remain still incomplete even in most nano-
pore-based assemblies (Talbert and Henikoff 2022). The only
exceptions are the recently published Telomere-to-Telomere as-
semblies of prominent model organisms such as human and
Arabidopsis that contain the complete (peri)centromere (Naish
et al. 2021; Altemose et al. 2022; Nurk et al. 2022).

In addition to enrichment in the gene regions, TcasONT as-
sembly proved to be highly representative for the study of the re-
petitive regions. Namely, comparison of the assemblies showed a
20-fold enrichment in the repetitive regions of the TcasONT

Figure 5. Detection of extrachromosomal circular DNA (eccDNA) molecules containing Cast1, Cast2,
Cast5, and Cast6 satDNA. Results of T. castaneum genomic DNA separation in 2D electrophoresis are
shown on the left, and Southern blot hybridization with specific probes for each Cast element is shown
on the right. Signals obtained by Southern blots confirm the presence of specific Cast satDNA in chromo-
somal linear double-stranded DNA (linDNA) but also in eccDNA molecules.

Figure 6. Distribution of Cast1–Cast9 satDNA array lengths across chromosomes, LG2–LG10 includ-
ing the X Chromosome (LGX).
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assembly compared with Tcas5.2. In TcasONT, the representation
of TEs has also been increased, in both terms of the number of el-
ements and the abundance. However, the increase is particularly
significant for TRs with a monomer unit length of >50 bp, which
are declared as “classical” satDNA. The enrichment of the propor-
tion of TEs and TRs totals 47.8 Mb compared with Tcas5.2. Our
study proves that the nanopore sequencing approach enables
the resolution of previously difficult-to-assemble regions, most
of which consist of highly repetitive sequences such as satDNAs
and TEs. It is also important to note that TcasONT is larger than
the previous version by 25%, which means that a substantial por-
tion of the genome is now available for further research.

The assembly process often does not assemble the satDNAs
correctly, resulting in collapsed arrays (Tørresen et al. 2019), but
our comparative analyses of the raw data and the TcasONT assem-
bly show that the TcasONT assembly is highly credible in terms
of representativeness of Cast satDNAs. The TcasONT assembly
showed Cast satDNAs abundance of 8.8 Mb, which accounts for
4.6% of the genome, being consistent with their experimentally
confirmed genome abundance (Pavlek et al. 2015). The previous
assembly Tcas5.2 contained only one-tenth of the experimentally
estimated amount of Cast satDNAs. Next, we used the TcasONT as-
sembly provided here as a source for a comprehensive and in-
depth analysis of the 10 most dominant satDNAs in euchromatin,
Cast1–Cas9, previously characterized by Pavlek et al. (2015). Our
genomic analysis of these satDNAs included their distribution, cor-
relations with genes and TEs, genomic dynamics, and possible
mechanisms of spread in euchromatin.

Euchromatic satDNAs reside in gene-rich regions

Interestingly, we found that these 10 “classical” satDNAs (Cast1–
Cast9, including a new version of Cast2, Cast2′) do occur in the
form of long tandem arrays in euchromatin, a region in which
the accumulation of abundant satDNAs is not as common as in
the (peri)centromeric heterochromatin. Moreover, some Cast
satDNAs arrays show a very high average length (Cast6 with 31
kb) andmaximum length (Cast1 with 112 kb). The question arises
whether the presence of such long satDNA arrays in regions that
are not considered suitable for the accumulation of satDNAs is in-
deed a distinctive feature of the T. castaneum genome. We suspect
that the presence of relatively numerous and abundant satDNAs in
euchromatin is not a unique feature of the T. castaneum genome
but that the absence of satDNAs in these regions in some other ge-
nome assemblies is a consequence of significant gaps caused by as-
sembling difficulties. We therefore believe that the strategy of
nanopore sequencing, combined with reference-guided assembly
approach, ensures an enviable representation of satDNAs, which
should be crucial for comprehensive and in-depth satDNA studies
in other species.

Furthermore, one of the important questions that arose from
the observed organization, characterized by long arrays in nonper-
icentromeric regions, is whether Cast1–Cast9 satDNAs were truly
euchromatic. Indeed, it is possible that satDNAs, even if located
outside the (peri)centromeric region, could be localized in gene-
poor regions populated by, for example, transposons or other types
of noncodingDNA (Meštrovic ́ et al. 2015). However, our gene den-
sity analyses showed that the surrounding regions of the arrays of
almost all Cast satDNAs correlated positively with the gene-rich re-
gions compared with the average gene density in the genome.
Moreover, some satDNA arrays were surrounded by extremely
gene-rich regions. It is also interesting that these regions are not

characteristic of short arrays as expected, but long satDNA arrays
(>10 kb) are also found near the genes.

It has not been seen before that satDNAs in euchromatin, in-
cluding those with long arrays, were mostly integrated into an en-
vironment rich in genes and poor in transposons. Contrary to
expectations, we found that the occurrence of Cast1–Cast9
satDNAs and TEs often do not overlap. This fact clearly speaks of
the ability of Cast satDNA to invade euchromatic regions and indi-
cates the flexibility of euchromatin, that is, gene-rich regions, to
tolerate and accommodate these sequences. Previous models sup-
port the fact that the accumulation of satDNA is characteristic of
regions where recombination is suppressed, such as (peri)centro-
meric heterochromatin (Charlesworth et al. 2005). In addition, a
commonly accepted view is that genome recombination events ul-
timately result in array loss, and therefore, satDNAs mainly persist
in heterochromatic regions (for review, see Lower et al. 2018).
However, from our study, it appears that gene-rich euchromatin,
in which recombination is expected to occur, may tolerate the
accumulation of satDNA. Further, comparative analysis of Cast
satDNA arrays between the X and autosomal chromosomes
showed that suppressed recombination on the X Chromosome
stimulates the propagation of satDNAs into longer arrays.
However, it has no significant impact on the number of arrays
and sequence variability. We propose that recombination in the
euchromatin does not prevent the satDNA extensive spread but
discourages array elongation. This impact on the arrays’ length
in euchromatin is probably caused by rearrangement potential of
satDNAs elongation, which can affect neighboring regions.

Considering that previous studies havemainly reported short
satDNA arrays in euchromatin regions, our finding of “classical”
satDNAs, widely present across the euchromatin in the form of
long arrays in gene-rich regions, provides new insights into the
genomic distribution of satDNAs. Previous studies were based
on euchromatic satDNA with short arrays, suggesting that these
satDNAsmay play roles in gene regulation by acting as “evolution-
ary tuning knobs” (Naish et al. 2021), regulating chromatin
(Brajkovic ́ et al. 2012; Feliciello et al. 2015), and facilitating X
Chromosome recognition/dosage compensation (Joshi and
Meller 2017). SatDNAs located in euchromatic regions could also
regulate gene expression bymodulating local chromatin structure,
or by transcripts derived from the repeats. For example, contrac-
tions of the human subtelomeric satellite D4Z4 alter the chroma-
tin state of nearby genes, causing muscular dystrophy (Zeng
et al. 2009). Recent studies disclosed that expression of euchromat-
ic satDNA-derived transcripts control embryonal development in
the mosquito via sequence-specific gene silencing (Halbach et al.
2020). Being in the gene-rich regions, epigenetic histone marks
of satDNAs in euchromatin could also influence surrounding
gene regions. For example, human genome-wide analysis of
satDNAs in euchromatin has shown their association with repres-
sive histone mark H3K9me3, suggesting that they may affect the
expression of neighboring genes (Vojvoda Zeljko et al. 2021). In
addition to the direct impact on genes, large-scale rearrangements
that involve the long Cast1–Cast9 arrays scattered throughout the
genome are also highly probable. The ability of euchromatic
satDNA to undergo high evolutionary turnover may also contrib-
ute to the rapid change of gene landscape across the genome
and, consequently, on gene function (Sproul et al. 2020). In sum-
mary, the presence of such a substantial portion of Cast1–Cast9
satDNAs in euchromatin regions of the T. castaneum genome can
strongly influence both gene expression and the dynamics of ge-
nome evolution.
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Extensive expansion of satDNAs occurs through recurrent burst

events

Another important emerging issue, given the widespread distribu-
tion of Cast1–Cast9 satDNAs in euchromatin and their putative
impact on the genome evolution, is the way in which these
satDNAs are propagated. Although themechanisms of TE propaga-
tion are well known and depend on the type of TEs (Kelleher et al.
2020), the propagation of satDNA, especially in euchromatin re-
gions, is still quite a mystery. Given that we know little of the ge-
nome dynamics and molecular mechanisms that shape the
distribution of euchromatic satDNA on the genome scale, we car-
ried out analysis of the distribution pattern, genome dynamics, as
well as analysis of surrounding and junction regions of Cast1–
Cast9 satDNAs. The results mainly show arrays dispersed on all
chromosomes and along their entire chromosome length without
regional preference. Interestingly, the results of the sequence sim-
ilarity relationships between arrays analyzed at the genome level
for each Cast satDNAs showed grouping of Cast satDNAs in three
characteristic patterns (shown in Fig. 4C). If we assume that the ob-
served patterns of satDNA behavior are events captured at a specif-
ic and distinct point of “satDNA life” in the genome, here we
propose a course of events that can explain the genome dynamics
of euchromatic satDNAs over time. The timeline of possible events
is presented in a simplified form, as shown in Figure 7. The first
event could be extensive expansion from one center, when short
arrays dramatically spread and shuffled among different chromo-
somes (t1). After expansion, the arrays of the satDNAs diverged
in sequence owing to their different localization and the reduced
effect of homogenization. At the same time, if arrays are located
in a stimulating environment for the propagation, their arrays
become lengthened (t2). After this phase, some of the arrays,

probably short ones, could be roused and formnewexpansion cen-
ters, characterized again by a rapid spread to different chromo-
somes (t3). After many expansion events, satDNA could enter a
dormant state in terms of spreading but continue to extend arrays
(t4). In a favorable environment, the arrays can be subjected to ex-
tensive elongation and homogenization. It is difficult to deter-
mine what causes a particular sequence to become a promoter of
dispersal. However, the observed pattern of euchromatic satDNA
genome dynamics suggests an efficient mechanism of their exten-
sive and efficient spread on different chromosomes.

Although satDNAs were considered less mobile compared
with TEs, which move extensively throughout the genome, ulti-
mately forming interspersed repeats, our study showed that
satDNAs also have very high capacity to spread throughout the ge-
nome. It is common for TEs to spread through the genome in re-
current bursts, which is characterized by the movement of many
TEs through the genome within a short evolutionary time (Mérel
et al. 2020). Our results show that euchromatin satDNAs exhibit
a similar pattern of genomic dynamics, which includes the cycles
of repeated bursts. Although it is assumed that spreading bursts of
TEs can occur for no apparent reason, it has been shown that they
are often associated with stressful situations such as extreme tem-
peratures, radiation, chemical exposure, or viral infections (Mérel
et al. 2020). In a view of a similar expansion pattern with TEs, it
can be speculated that euchromatic satDNAs can also enter in ex-
pansion cycles triggered by an external cause such as stressful liv-
ing conditions. Another indication that stress can affect satDNAs
in euchromatin of T. castaneum is the finding that euchromatic
counterparts of pericentromeric TCAST satDNAs aremore strongly
expressed in response to the heat stress (Feliciello et al. 2015).

To date, three mechanisms have been proposed to be in-
volved in the propagation of satDNA through the euchromatin:
(1) dispersion in a form of short arrays integrated as central repeats
of nonautonomous TEs (Dias et al. 2014), (2) the spread of
satDNAs across long physical distances in euchromatin through
eccDNAs (Cohen et al. 2003), and (3) interlocus gene conversion
events via 3D interactions between loci in interphase nucleus
(Lee et al. 2020).

There are a few examples in which dispersed satDNAs have
been found in the form of short arrays integrated as central repeats
of nonautonomous TEs (Macas and Neumann 2007; Dias et al.
2014; Vojvoda Zeljko et al. 2020). Moreover, TRs within Tetris
transposon DNA have been reported to be the basis for generating
long satellite arrays in Drosophila virilis, which eventually
lose transposon features in adjacent regions (Dias et al. 2014).
Considering that most of the Cast5 arrays have transposon-like se-
quences in adjacent regions, one of which shows low similarities
with the Mariner element, it is highly probable that Cast5
satDNA owes its expansion to this element. However, other Cast
satDNAs, except in some subsets, did not show a tendency to asso-
ciatewith othermobile elements but show very extensive propaga-
tion, indicating an efficient self-propagation mechanism that
operates at the inter- and intra-chromosome level. Mechanisms
that have recently been highlighted in Drosophila as possible
drivers of satDNAs spread throughout euchromatin in the X
Chromosome are eccDNA reintegration and interlocus gene con-
version (Sproul et al. 2020). To disclose the putative mechanisms
involved in the spread of euchromatin of satDNA, we analyzed
junction regions. The ends of the arrays, which could represent a
critical sequence for the insertion of the array into the environ-
ment, did not show a regular pattern, suggesting that gene conver-
sion does not represent mechanisms primarily involved in the

Figure 7. The most parsimonious scenario of genome dynamics of eu-
chromatic Cast satDNAs. The multiple expanding lines extending from a
single genomic locus represent a sudden burst event in which satDNA
spreads on different chromosomes, followed by a second expansion event
that leads to further propagation of satDNA. Evidence of such behavior in
T. castaneum is shown on top of the figures with three different examples of
euchromatic satDNA. The timeline depicts the main events in different col-
ors. Expansion is described as multiple sudden bursts denoted by a sudden
increase in intensity and subsequently followed by a slow decrease. The
divergence event lasts longer, and its effect is more prominent with
time. Elongation has an even later onset with a similarly increasing effect
over time. Homogenization is a permanent process affecting all
satDNAs; however, the impact of homogenization is the strongest on
the longest arrays.
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spread.We found, however, that someCast satDNAs have a prefer-
ential insertion site in regions characterized by the presence of
poly(A)/(T) tracts with microhomology. On the other hand, Cast
satDNAs were shown to be present in the eccDNA fraction, sug-
gesting that the spread of Cast satDNA may be mediated by
eccDNA. Based on the analyses of neighboring regions, junctions,
and eccDNA fractions and considering the observed extensive
spread of satDNA, we proposed the two mechanisms responsible
for euchromatin satDNAs genome dynamics and evolution: trans-
position and eccDNA insertion.

In conclusion, this work has achieved two important accom-
plishments: (1) a high-quality reference genome TcasONT of the
insect model organism T. castaneum and (2) an in-deep genome-
wide analysis of the dominant euchromatic satDNAs using the
newT. castaneum assembly. First, by usingONT long-read sequenc-
ing, wehave produced themost contiguous genome assemblyofT.
castaneum to date, with significant improvement in the representa-
tion of the repetitive genome portion,making a significant step to-
ward completing the genome assembly of this scientifically and
economically important model organism. Our reference genome
assembly has a great potential to be an important genomic re-
source for future research of both genes and various repetitive frac-
tions of the genome. Second, using the new assembly, our
comprehensive analyses of the satDNAs, embedded in euchromat-
ic regions, revealed their massive spread and proliferation in gene-
rich regions, challenging the current hypothesis of a precluded co-
existence of genes and abundant satDNA. Based on the analyzed
dynamics of satDNA spreading through the euchromatin, we sug-
gested the evolutionary scenario characterized by the recurrent
burst, implying movement on the different chromosomes within
a short evolutionary time. Then, we propose two mechanisms
that are most likely involved in efficient propagation of satDNAs
in euchromatin: transition by TEs and/or insertion by eccDNA.
In summary, such dynamical sequences embedded in euchroma-
tin, which are subject to changes and rearrangements, would
have an extraordinary potential for rapid evolution of the genome
and, consequently, of the species itself. This opens a new perspec-
tive on satDNAs by considering them as inevitable components of
euchromatin, thus stimulating new research involving transcrip-
tomic and epigenetic studies, which could disclose their role and
putative influence on gene content.

Methods

Insect sample and DNA preparation

Laboratory cultures of the red flour beetle T. castaneum, highly cul-
tured strain Georgia 2 (GA2), were routinely reared in whole wheat
flour with the addition of whole rye flour and oats under condi-
tions favoring fastermultiplication (32°C and 70% relative humid-
ity) in the dark. Selection of the different life stages of the insects
was performed by sieving through a 0.71 mm sieve and picking
the beetles individually with tweezers. Larvae and pupae were col-
lected to achieve the most efficient DNA isolation efficiency. The
collected number of beetles had to be sufficient to perform the iso-
lation with 200 mg for pupae and 500 mg for larvae as starting
samples for each DNA isolation. DNA isolation was performed fol-
lowing a protocol described previously (Volaric ́ et al. 2021). Briefly,
to isolate DNA of sufficient quality and quantity, nuclei were first
isolated using a nuclei isolation buffer (NIB) and then lysis and
were finally transferred to a Qiagen genomic tip 100/G column.
Pure DNA was spooled from eluates and precipitated in isopropa-

nol. In total, we have performed eight of the described isolations:
four for larvae and four for pupae.

Library preparation and sequencing

TheONT library was prepared using a SQK-LSK110 library prepara-
tion kit. Preparation was performed according to the manufactur-
er’s instructions with the modifications described below. Prior to
sequencing, DNA was sheared 30× times using a 30-gauge needle
and purified of short fragments using the short-read eliminator
(SRE) XS kit (Circulomics) according to the manufacturer’s proto-
col. The sheared and purified DNA was then used in library prepa-
ration protocols in amounts 2× larger than the ONT protocol
recommendation. Additionally, all recommended elution and in-
cubation times were extended to twice the length. These steps
were performed to avoid library loss and to increase final library
concentration sufficient to load multiple MinION flow cells (final
concentrations of the library were >100 ng/µL, allowing multiple
loads from a single library). The flow cells were washed and reload-
ed two to five times to maximize the output. A total of seven
MinION 10.3.4 and 9.4.1 flow cells were used to obtain the data
with a total cumulative output of 89.9 GB and an N50 of 20.1
kb. The software used for sequencing was the Oxford Nanopore
MinKNOW 20.10.3.

Genome assembly

Data obtained from all sequencing runs were base-called using
Oxford Nanopore base-calling software Guppy 5.0.1 with parame-
ters as listed in Supplemental Table S14. The base-called reads were
then used in the assembly process, using Canu v2.2 (Koren et al.
2017) with the parameters listed in Supplemental Table S14.
According to Canu documentation, the parameters were adjusted
for high repetitiveness of the genome (Wang et al. 2008) and the
high observed AT content in the reference Tas5.2 genome assem-
bly (Herndon et al. 2020). The reads were filtered to >20 kb to
reduce the computational intensity needed to perform the
assembly, given the amount of data and the relatively small ge-
nome of the beetle. Incorporating only those reads that had a
mean quality score of more than seven and a length >20 kb, a total
of 44 Gb was used for the new genome assembly, representing ge-
nome coverage of 224× (Supplemental Table S1). Selected reads
were up to 500 kb in length, with a mean read length of 47 kb
and mean quality score per read of 12.8. Canu assembly was per-
formed using the resources of computer cluster Isabella based in
the university computing center (SRCE), University of Zagreb.

Filling the gaps

To successfully arrange the Canu contigs into chromosomes based
on the Tcas5.2 (GCF_000002335.3) assembly, pre-existing gaps in
the Tcas5.2 assembly needed to be bridged. This was done using
the TGS-GapCloser software (Xu et al. 2020) with the default for
gap-filling settings (Supplemental Table S14), using corrected
reads generated as the output of the Canu pipeline. Gap filling
was used to bridge small andmedium gaps in the Tcas5.2 assembly
to prevent nanopore-based long contigs from being interrupted
owing to discontinuity of the previous assembly.

Contig orientation

After filling the gaps in the Tcas5.2 assembly chromosomes, the
RagTag collection of software tools (Alonge et al. 2022) was used.
The contigs obtained with Canu were used as the query sequence,
and the gap-filled Tcas5.2 assembly was used as the reference se-
quence with the “scaffold” parameter (Supplemental Table S14).
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RagTag uses the reference sequence (gap-filled Tcas5.2 assembly)
as a guide to which it aligns and places the input sequences
(Canu contigs) to create the new assembly and fill the gaps in
the subject assembly with new successfully aligned contigs.
Because the highly repetitive regions are, in majority, lacking
from the Tcas5.2 assembly, this approach allowed incorporation
of a new region of repetitive elements in the TcasONT assembly.
RagTag maps the high-confidence genomic regions on chromo-
somes, and then if a contig ends or begins with a repetitive region,
it is placed in the gap, giving us insight into previously unknown
regions. The output of the RagTag tool is the unpolished assembly
that is used as a template for polishing (Supplemental Fig. S1).

Polishing

To improve the quality of the assembly and reduce the error ratio,
correction of Canu contigs was performed. To polish the assembly,
two separate rounds of Racon (Vaser et al. 2017) polishing were
performed using reads excluded from the initial assembly (<20
kb). These short reads used for polishing involved significant addi-
tion of genomic region information as the excluded data were ∼50
Gb. Polishing was performed according to the instructions within
the Racon documentation. The Racon workflow consists of map-
ping the reads onto the assembled genome with minimap2
(Li 2018) and then using the information about the mapped refer-
ence reads to perform polishing. The produced assembly, named
TcasONT, was used for downstream analysis.

BUSCO analysis

BUSCO (Simão et al. 2015) analysis was performed using the
BUSCO v5.0.0 module on the Galaxy web platform (usegalaxy
.org). The same settings as listed in Supplemental Table S14 were
repeated for all assembly validations.

Repeat detection

RepeatMasker is a widely used tool for finding and masking differ-
ent repeat elements within a given target sequence (Smit et al.
2015). RepeatMasker was used to get the GFF/GTF formatted
data with the position and orientation of classified RepBase repeat
elements. This was a base for the information about the quantity,
size, and distribution of different elements within the examined
genome assemblies. Assemblies were annotated with different ele-
ments using the RepeatMasker program on the Galaxy web plat-
form (usegalaxy.org) with different repeat elements from the
latest RepBase database (RELEASE 20181026) of repeats and the
“Hexapoda” species listing for clade specific repeats. We also reran
RepeatMasker for the Tcas5.2 assembly to update the repeat anno-
tations, as it was created using previous version of RepBase data-
base. For the quantification of three satDNAs classes (with
defined monomer length >50, 50–500, and >500 bp) in the
TcasONT and Tcas5.2 assembly, the TRF program (Benson 1999)
was used with default parameters.

Gene annotation

To map genes in the Canu contigs (filtering) and in the TcasONT
assembly, we used the novel Liftoff package (Shumate and Salzberg
2021) using gene annotations from the Tcas5.2 assembly. Liftoff
first maps the newly created TcasONT assembly to the reference
Tcas5.2 and then uses these overlaps to accurately align genes
from a reference Tcas5.2 assembly to a target TcasONT. This ap-
proach was limited to finding possible new genes in the improved
version of the TcasONT assembly, but because the Tcas5.2 assem-
bly was annotated based on a large database of RNA-seq reads com-

bined with gene and general trait prediction methods, this
approach ensures gene completeness.

Identification of Cast1–Cast9 satDNAs

Annotation of satellite repeats within the genomes was performed
using the standalone NCBI’s BLAST algorithm and the interface to
the R programming language packagemetablastr (Benoit andDrost
2021). The subject sequences were the different analyzed assem-
blies (Tcas5.2 and TcasONT), whereas the queries were the previ-
ously characterized Cast1–Cast9 (Pavlek et al. 2015). Postanalysis
included filtering BLAST hits in the genome to discover the
Cast1–Cast9 trends and arrays. BLAST proved to be the best ap-
proach for satDNA detection as it provided the flexibility to adjust
the parameters for optimal accuracy, which was crucial owing to
the complex nature and abundance of satDNA sequences.

Analysis of Cast1–Cast9 satDNA arrays

All Cast1–Cast9 monomers were defined from the BLAST result ta-
ble, filtered according to the parameters described in Supplemental
Figure S2. Next, it was crucial to define optimal parameters for
satDNA arrays detection to avoid fragmentation owing to putative
short different sequence(s) incorporated into the arrays. Total ar-
rays of particular Cast satDNA were analyzed to evaluate the best
neighboring window length that ensures the connection of the
continuous repeating monomers into one array (Supplemental
Fig. S3). This approach to array definition was introduced to allow
for errors and array insertions and to correctly link all existing
monomers of a given satellite as accurately as possible.
Afterward, we performed basic filtering to “define arrays and re-
move short, interspersed monomers using the following parame-
ters:

(array! = “Cast2−mix”&width . 530)|
(array == “Cast2−mix”&width . 2000)

These parameters ensured arrays with three or more repeat
units for each satDNA. The exception was the Cast2′ array (Cast2
monomer interspersed with the newly discovered sequence
Cast2′), in which three different length monomers were included,
out of which 1100 bp Cast2′ is mixed with 170 bp Cast2.

Analysis of gene content in vicinity of Cast1–Cast9 arrays

A region of 50 kb upstream of or downstream from the arrays was
selected to define gene profiles around the different Cast1–Cast9
arrays. In these 100 kb regions, 100 equal bins of 1 kb size (50 up-
stream of and 50 downstream from a particular array) were created,
and the number of exons was counted in each of them. This al-
lowed gene profiling around different Cast1–Cast9 arrays.
Expected exon densities were calculated by computing median,
1Q, and 3Q exon densities across the entire genome in 100 kbwin-
dows using a custom R script.

Multiple sequence alignment and PCA

We used MAFFT (Katoh and Standley 2013) to create multiple se-
quence alignments of Cast1–Cast9 monomers in the assembly.
After alignment we used the “F81” genetic distance evolutionary
model from the package ape (Paradis and Schliep 2019) in R to gen-
erate genetic distance matrices, which were subsequently used in
the PCA analysis. PCA was performed using the FactoMineR (Lê
et al. 2008) package PCA function, and the first two dimensions
for each satDNA were visualized using ggplot2 (Wickham 2016).
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Tandem array region detection

To determine exact edges of Cast1–Cast9 arrays in the genome, we
employed a specific strategy. Conventional monomer detection
strategy uses a hard cutoff, based onmonomer similarity, to deter-
mine their relative positions. As edges of the arrays often contain
degeneratemonomers, discovery of small homology and potential
junction regions is often very difficult. Therefore, our strategy was
based on several steps. First, a database of all monomers of partic-
ular satDNA in the genomewas created together with a database of
all arrays with their flanking regions (500 bp). To encompass all
possible variations of satDNA sequences, all k-mers (32 bp) were
extracted from monomers. Also, k-mers were extracted based on
position in extracted arrays with flanks. For each position in the
extended array of the k-mer from themonomer database, the clos-
est match based on Hamming distancewas found and the score re-
corded. Next, the rollingmean position score was calculated based
on the mean of ±5 position scores. Real edges were determined by
finding the minimum and maximum position for each array with
a distance lower than five. Based on these new edges, we extracted
the surrounding and microhomology regions.

Visualizations and calculations

All plots and calculations were produced in R (R Core Team 2022)
using custom made data processing notebooks. Apart from the
standard libraries, we also used the circilize (Gu et al. 2014) package
to create the circular visualization plots of global genome patterns.
To create the complex heatmaps used in the characterization of
neighboring regions similarity, we used theComplexHeatmap pack-
age (Gu et al. 2016). Utilizing a graph-based visualizationmethod,
we addressed the challenge of low variation among satDNAmono-
mers and their tendency for intra- and interchromosomal ex-
change and homogenization, as illustrated by the mixing
observed in the PCA plots. For each monomer in each array, we
found the closest five monomers that do not belong to the same
array using the dist.dna function from the ape package in R and
“F81” genetic distancemodel. Afterward,we produced a graphnet-
work visualization using the networkD3 package. Clustered and
connected dots in the network represent possible satDNA arrays
involved in frequent exchange via some of the proposed mecha-
nisms contrary to the disconnected nodes. Homology of 20 bp re-
gions before and after arrays was visualized using ggseqlogo package
in R, after alignment with MAFFT.

eccDNA analysis on 2D agarose gel electrophoresis

2D agarose gel electrophoresis was performed according to the
method of Cohen and Lavi (1996), with modifications. Total
DNA was isolated from 500 mg T. castaneum pupae by standard
phenol–chloroform extraction and dissolved in Tris-EDTA buffer
(pH 8.0). The concentration was measured with the Qubit 4 fluo-
rometer (Invitrogen). Twenty micrograms of DNA was passed 25
times through a 0.33 mm hypodermic needle to shear the linear
DNA. Given that the proportion of linear double-stranded DNA
(dsDNA) fragments in the total genomicDNA (gDNA) isolate great-
ly exceeds the amount of potential extrachromosomal DNA
(eccDNA) molecules, we treated the total gDNA isolate with exo-
nuclease V, which cleaves linear dsDNA in both directions starting
at both 5′ and 3′ termini of linear dsDNA. The sheared DNA was
digested with exonuclease V (New England Biolabs) overnight at
37°C to remove as many linear dsDNA fragments as possible and
keep the circular DNA intact. The reaction was stopped by adding
11mMEDTA (pH8.0) and incubated for 30min at 70°C . TheDNA
was then purified using the Monarch PCR & DNA cleanup kit
(NEB). The first-dimensional electrophoresis was run in 0.7%

agarose in 1×TBE buffer at 0.7 V/cm for 18 h. After electrophoresis,
the agarose gel was stained with 1×TBE buffer containing 0.2 µg/
mL ethidium bromide. The lane with the separated DNA was cut
out, and the 1.5% agarose in 1×TBE containing 0.2 µg/mL ethid-
iumbromidewas poured around the lane, whichwas positioned at
a 90° angle to the first electrophoresis. The second dimension was
run at 4 V/cm for 3 h.

Southern blot hybridization

To ensure effective transfer ofDNA from the agarose gel to themem-
brane, the gel was rinsed with 0.25MHCl for 30min and thenwith
0.4MNaOH for a further 30min. TheDNAwas transferred to a pos-
itively charged nylon membrane (Roche Life Science) overnight by
capillary transfer. Hybridization probes for the Cast1, Cast2, Cast5,
and Cast6 satDNA were labeled by biotin-16 dUTP (Jena
Biosciences) using PCR amplification of the cloned plasmids con-
taining specific satDNA sequences. Amplification was performed
with satellite-specific primers (Cast1: 5′-AAGTCGGCTACGACTAA
CCGTTC-3′ and 5′-TTGCAAATTTGGATTCCGCCCGG-3′; Cast2:
5′-TATACGCAAAATGAGCCGC-3′ and 5′-AAAGTCGTAGAGCAAT
GCGG-3′; Cast5: 5′-GGTGTTGAAAAGTCATAARTTGAGTG-3′ and
5′-AGAGCCGGTGTACACAACATT-3′; Cast6: 5′-CGACGCATGGG
TCAATCTAAGACA-3′ and 5′-ATTCGAAACTTTTCAAAAAAATTG
G-3′). Hybridization was performed as described by Pavlek et al.
(2015). Signals were detected using streptavidin–alkaline phospha-
tase and the chemiluminescent substrate CDP-star (Roche Life
Science), and blots were visualized using the Alliance Q9 Mini
(Uvitec) imager.

Data access

The T. castaneum genome assembly TcasONT data generated in
this study have been submitted to the Europoean Nucleotide
Archive (ENA; https://www.ebi.ac.uk/ena/) under project number
PRJEB61413with accession number GCA_950066185. The genome
annotation and SupplementalData presented in this studyare avail-
able at Figshare (10.6084/m9.figshare.22683325), as well as in the
Supplemental Material. R Scripts that were used to analyze data
are available as Supplemental Code and at GitHub (https://github
.com/mvolar/tcasont_assembly).
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