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Abstract

The wolf fish Hoplias malabaricus is a Neotropical species characterized by remarkable
karyotypic diversity, including seven karyomorphs (KarA-G) with distinct sex chromo-
some systems. This study investigated the homologous XY (KarF) and XY1Y2 (KarG) sex
chromosome systems present in this species by integrating cytogenetics and genomics to
examine sex chromosomes’ composition through characterization of repeatome (satellite
DNA and transposable elements) and sex-linked markers. Our analysis indicated that both
karyomorphs are little differentiated in their sex chromosomes content revealed by satDNA
mapping and putative sex-linked markers. Both repeatomes were mostly composed of
transposable elements, but neither intra- (male versus female) nor interspecific (KarF x
KarG) variations were found. In both systems, we demonstrated the occurrence of sex-
specific sequences probably located on the non-recombining region of the Y chromosome
supported by the accumulation of sex-specific haplotypes of HmfSat10-28/HmgSat31-28.
This investigation offered valuable insights by highlighting the composition of homologous
XY and XY1Y2 multiple sex chromosomes. Although homologous, the large Y chromosome
in KarF corresponds to two separate linkage groups (Y1 and Y2) in KarG implying a spe-
cific meiotic arrangement involving the X chromosome in a meiotic trivalent chain. This
scenario likely influenced recombination rates and, as a result, the genomic composition of
these chromosomes.

Keywords: single nucleotide polymorphism; repeatome; multiple sex systems

1. Introduction
Over half of the existing vertebrate biodiversity consists of Teleostei fishes [1,2], which

makes them a particularly appealing group for research across various evolutionary top-
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ics, including genomes and sex chromosome evolution [3]. Fish sex chromosomes are
highly variable, unlike the largely conserved and heteromorphic features of sex chro-
mosomes found in most mammals, birds, and snakes. These variations reflect different
stages of evolutionary degeneration and differentiation [4,5]. Despite only 5% of stud-
ied teleost species displaying heteromorphic sex chromosomes, both female (ZW) and
male (XY) heterogametic systems are present, alongside various multiple sex chromo-
some types, such as X1X1X2X2/X1X2Y, XX/XY1Y2, X1X1X2X2/X1Y1X2Y2, ZZ/ZW1W2, and
Z1Z1Z2Z2/Z1W1Z2W2 [3].

The Neotropical fishes from the family Erythrinidae (Teleostei: Characiformes) are
represented by three genera (Erythrinus Scopoli 1777, Hoplias Gill 1903, and Hoplerythrinus
Gill 1895), with at least 17 valid species [2]. One of its most iconic representatives, the wolf
fish Hoplias malabaricus exhibits a variety of karyotype diversity widespread in seven distinct
karyomorphs, named KarA-G [6]. These karyomorphs are distinguished by differences in
their diploid number (2n), chromosome sizes, morphology, and the presence of distinct sex
chromosome systems (Figure 1). Five out of seven karyomorphs (B, C, D, F, and G) described
so far display morphologically or molecularly differentiated sex chromosomes [6,7]. They
include homomorphic XY systems (KarC and KarF); a heteromorphic XY system (KarB);
and multiple sex chromosome systems (X1X2Y in KarD and XY1Y2 in KarG) (Figure 1).

Figure 1. Geographic distribution and phylogenetic relationships of H. malabaricus karyomorphs. The
map on the left illustrates the hydrographic basins in Brazil, indicating the karyomorph sampling
locations in pink circles. The boxes highlight the corresponding karyomorphs, their distinct 2n, and
sex chromosome morphologies. On the right, a phylogenetic tree proposes the evolutionary trajectory
of the sex chromosome systems in these karyomorphs based on [8], with blue circles denoting key
chromosomal events, following: (1) expansion of the X chromosome by repetitive DNA accumula-
tion [7,9]; (2) sex chromosome–autosome translocation leading to multiple sex chromosomes [6,7];
and (3) conservation of the ancestral rearrangement (sex chromosome–autosome fusion) in a het-
erozygous condition resulting in multiple XX/XY1Y2 sex systems [10]. Legend on the lower right
corner indicates the colors used in the idiograms for linkage groups and ribosomal DNA distribution,
so as the main chromosomal events at the phylogeny branches.

This study focused on KarF and KarG, which underwent a parallel differentiation
from a common ancestor (i.e., putatively similar to KarE) [10] (Figure 1). Conventional and
molecular cytogenetic investigations indicate that in KarF, both the X and Y chromosomes
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fused with an autosomal pair, leading to the formation of a large metacentric XY pair. On
the contrary, the KarG maintained this rearrangement in a heterozygous state, creating
a large metacentric X chromosome, while the unfused homologs are segregated as the
male-exclusive Y1 and Y2 chromosomes [10]. The KarF presents the same diploid number
2n = 40 in both sexes, with a male-specific region highlighted as a prominent interstitial
heterochromatic block on the large metacentric Y chromosome, aligning with a series of
microsatellite motifs and retrotransposons [10,11]. Meanwhile, the KarG presents 2n = 40 in
females and 2n = 41 in males due to its XY1Y2 multiple sex chromosome system [6]. These
karyomorphs are particularly compelling for investigation owing to their distinctive and
divergent sex chromosomal systems, despite their common ancestry.

The integration of the cytogenetic and genomic fields proposed as “chromosomics”
by [12] stands out as one of the most promising approaches for genome evolution studies.
Indeed, the comparative analysis of repetitive DNA markers, like satellite DNAs (satD-
NAs) and transposable elements (TEs), has proven to be highly informative, particularly
in the study of sex chromosome evolution [13–16]. In this context, numerous studies
have examined heteromorphic XY or ZW systems focusing on satellite DNAs, as seen in
Triportheus [15], Megaleporinus [17], and Clarias [18], as well as in transposable elements con-
tent in Oncorhynchus and Salmo [19], Megaleporinus and Leporinus [20], and Apareiodon [21].
Those have revealed that specific families of repetitive DNA may preferentially accumulate
on sex-specific chromosomes (Y or W), suggesting their crucial role in chromosomal differ-
entiation. Alongside repetitive DNA investigations, the examination of single nucleotide
polymorphism (SNP) segregation in F1 progeny and its association with the heterogametic
sex has facilitated the discovery of minor sex-linked regions across several species using
cutting-edge genomic methodologies [22].

In fact, despite the identification of several sex chromosomes in fishes, most remain un-
explored via comparative investigations. The effort to search for fish sex-linked sequences
has intensified over the past decade, driven by the rapid advancement of high-throughput
sequencing technologies such as restriction site-associated DNA sequencing (RADseq),
which identifies polymorphic variants adjacent to specific restriction enzyme recognition
sites [23]. The RAD-seq method was successfully applied to the identification of sex-linked
regions in Danio rerio (zebrafish) [24], Oreochromis niloticus (Nile tilapia) [25], Hippoglos-
sus hippoglossus (Atlantic halibut) [26], and Dicentrarchus labrax (European sea bass) [27].
RADseq has shown efficacy in identifying SNPs across diverse plant species, irrespective
of reference genome availability [28]. This approach found 33,757 SNPs in Pistacia vera L.,
including all 38 putative sex-associated loci exhibiting female heterogamety [29]. Similarly,
DArT-Seq (Diversity Arrays Technology, Canberra, Australia) is a proprietary sequenc-
ing pipeline that resembles ddRADseq by using a combination of restriction enzymes to
produce fragments of hypomethylated regions, typically enriched with non-repetitive se-
quences [30]. The enhancement of active genomic regions via this methodology is beneficial
for functional studies concentrating on expressed regions [31,32]. Given the anticipation of
underexpression in certain sex-specific regions, DArT-seq presents a compelling method
for identifying markers [33].

Sex chromosomes derive from a pair of autosomes, irrespective of their ancestral
origins, and usually evolve in a canonical one-way direction of evolution [34,35]. However,
despite significant progress in the study of sex chromosomes, little is known about the
precise mechanisms underpinning their differentiation, especially those that took place
in multiple sex chromosome systems. Aiming to provide insights on sex chromosome
origin, differentiation, and composition, we have conducted a comparative analysis in two
evolutionarily related sex chromosome systems: an early differentiated XY (KarF) and a
multiple XY1Y2 (KarG) of the wolf fish H. malabaricus. We combined low-coverage whole
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genome sequencing techniques to describe the repeatome of both karyomorphs (particularly
transposable elements and satellite DNA sequences), and cytogenetic in situ hybridization
analysis of satDNAs, together with DArT-Seq to uncover putative sex-linked markers, to
provide a comprehensive view on the evolution of these related sex chromosome systems.

2. Results
2.1. Satellitome Characterization

We determined that KarF and KarG each had a total of 56 and 45 satellite DNAs,
respectively. KarF had satDNAs that were noticeably longer and displayed a higher number
of satDNAs with varying abundances compared to KarG (11 satDNAs in KarF compared to
only 8 satDNAs in KarG). Table 1 represents a compilation of the most noteworthy features
of both satellitomes, and Tables S1 and S2 provide the full results.

Table 1. Main satellitome characteristics of both H. malabaricus karyomorphs F and G, including the
number of satellite DNA sequences (N), smallest and largest repeat unit length in bp (SmRUL and
LgRUL, respectively), and approximate representation of the satDNAs in both male (M%) and female
(F%) genomes obtained by the satMiner protocol.

Karyomorph N SmRUL LgRUL M% F%

KarF 56 28
(HmfSat10)

2944
(HmfSat08) 6.1 5.3

KarG 45 21
(HmgSat41)

1380
(HmgSat27) 7.7 7

The examination of satDNA library overlap between KarF and KarG demonstrated a
significant similarity among different satellite families. Eleven satDNA families exhibited
100% sequence similarity, such as HmfSat10-28 and HmgSat31-28. Furthermore, many fam-
ilies had significant similarity without being entirely identical, such as HmfSat02-1894
and HmgSat10-705, which revealed a similarity of 74.51%, and HmfSat16-702 and
HmgSat15-1140, which displayed the lowest similarity of 67.38%. In general, most satDNA
families exhibited significant overlap, indicating that 36 satDNA families are common to
both karyomorphs. Table S3 provides comprehensive details about their relationship, while
Figures S1–S4 illustrate the alignment of all satellite DNA sequences.

2.2. Chromosomal Distribution of HmfSatDNAs and HmgSatDNAs

In KarF, six out of ten HmfSatDNAs have been successfully amplified. HmfSat07-149
(Figure 2a,e), HmfSat25-941 (Figure 2c,g), and HmfSat38-1394 (Figure 2d,h) all showed
positive hybridization signals, exclusively localizing to autosomes and displaying similar
distribution patterns in both sexes. In contrast, HmfSat10-28 was detected in a pair of
autosomes (in both sexes) and on the Y chromosome (Figure 2b,f). The sequential C-
banding to identify the Y sex chromosome in each HmfSatDNA hybridization experiment
is arranged in Figure S5a–d. A complete list of primers used for amplification of probes is
presented in Supplementary Table S4.

Five out of six HmgSatDNAs in the KarG were successfully amplified and produced
positive results in hybridization assays: HmgSat21-206 (Figure 3a,f), HmgSat28-1312
(Figure 3b,g), HmgSat32-827 (Figure 3d,i), and HmgSat37-467 (Figure 3e,j) were all ex-
clusively located in autosomes and displayed identical distribution patterns in both sexes.
Conversely, HmgSat02-513 was mapped in nine pairs of autosomes and the centromeric
region of the Y2 chromosome (Figure 3a,f). The HmfSat10-28 (HmgSat31-28), which exhib-
ited positive signals on the Y chromosome of KarF, was hybridized in KarG and mapped
in both X chromosomes (female) and one X chromosome (male), in addition to a pair of
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autosomes (Figure 3c,h). Figure S5e–i arranges the sequential whole-chromosome painting
(WCP) to identify the sex chromosomes in each HmgSatDNA hybridization experiment.

 

Figure 2. Female (a–d) and male (e–h) metaphase plates of KarF of H. malabaricus highlighting the
chromosomal location of HmfSatDNAs. While HmfSat07-149, HmfSat25-941, and HmfSat38-1394
showed positive hybridization signals in autosomes, HmfSat10-28 was clustered in the Y chromosome
(f). The satDNA family names are indicated on the left top, in red (Atto550-dUTP-labeled). The
asterisk symbol (*) denotes that HmfSat10-28 and HmgSat31-28 exhibit 100% homology. Bar = 5 µm.

 

Figure 3. Female (a–e) and male (f–j) metaphase plates of KarG of H. malabaricus highlighting the
chromosomal location of HmgSatDNAs. All HmgSatDNAs showed positive hybridization signals in
the autosomes. Additionally, HmgSat02-513 was found in the Y2 (f) and HmgSat31-28 (HmfSat10-28)
found in the X (h). The satDNA family names are indicated on the top left, in green (Atto488-dUTP-
labeled) or red (Atto550-dUTP-labeled). The asterisk symbol (*) denotes that HmgSat31-28 and
HmfSat10-28 exhibit 100% homology. Bar = 5 µm.

2.3. Minimum Spanning Tree (MST)

We selected HmfSat10-28 to construct an MST from the male and female haplotypes
of both karyomorphs. We selected this satDNA due to its location on the Y chromosome of
KarF (Figure 2f) and the X chromosomes of KarG (Figure 3h), along with an autosomal pair
in both karyomorphs. The MST of HmfSat10-28 indicated three prevalent haplotypes, par-
ticularly those associated with KarF, where this satDNA is more abundant (Figure 4). The
three major haplotypes were common to both males and females of the two karyomorphs,
owing to the presence of this satDNA in an autosomal pair. Nevertheless, numerous



Int. J. Mol. Sci. 2025, 26, 6039 6 of 18

haplotypes exhibiting considerable abundance were exclusively identified in the KarF, indi-
cating the accumulation of this sequence on the Y chromosome and implying an absence of
recombination with the X chromosome (Figure 4).

 

Figure 4. (A) Linear MST of HmfSat10-28 obtained from karyomorphs F (pink) and G (green) reads.
Males are represented in dark green and dark pink, and females are represented in light green and
light pink. Three major haplotypes were shared by both sexes of the two karyomorphs. Additionally,
several abundant haplotypes were exclusively identified in KarF, indicating accumulation on the Y
chromosome and lack of recombination with the X chromosome. Black dots indicate one nucleotide
mutational step between each haplotype. (B) Alignment between HmfSat10-28 and HmgSat31-28.

2.4. Repeatome Composition of H. malabaricus Karyomorphs F and G

The average total of repetitive sequences identified in both karyomorphs was approxi-
mately 34% and 38% for KarF (males and females, respectively) and about 37% for both
sexes of KarG. The majority of the repetitive sequences were classified as non-annotated
(Figure 5, Table S4), potentially indicating sequences unique to this species, as we utilized
the DNApipeTE default repeat library without fish-specific annotations. DNA transposons
constituted the most prevalent repetitive class in both karyomorphs, with a special par-
ticipation of Helitron elements. Following, retrotransposons are present, including long
terminal repeats (LTRs) and a higher content of long interspersed nuclear elements (LINEs)
when compared to the short interspersed nuclear elements (SINEs). The detailed results
are provided in Table S4. The comparisons of both sexes in each karyomorph or between
karyomorphs revealed highly similar proportions, since no statistical differences were
detected by the t-test (Table S5).
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Figure 5. Analysis of the DNApipeTE repeatome content in both karyomorphs (F and G) of Hoplias
malabaricus. Distinct coverages of 0.1, 0.25, and 0.5× were employed for each karyomorph. The
legend delineates the color scheme for each repetition class. The comprehensive results are provided
in Table S4.

2.5. Sex-Linked Markers

We uncovered 50 putative sex-linked markers for KarG, indicating the occurrence
of a male-heterogametic sex chromosome system (XY), while KarF did not present sex-
linked markers. The statistical analysis suggested for DArTseq sex-linked markers [33]
indicates that our data could present up to 0.189 and 96 sex-linked markers by chance
in karyomorphs F and G, respectively. Consequently, although 50 potential sex-linked
markers were identified in the KarG data, there is no statistical evidence to confirm that
these markers are genuinely sex-linked rather than being found by chance. All the results,
including the analysis through BLAST-2.16.0+, are provided in Table S6.

3. Discussion
Several investigations have been undertaken throughout the years to look at the

Hoplias group and the evolution of its sex chromosome systems [6–8,10,11,36–39]. To
contrast the distinct modes of evolution that might occur in simple and multiple systems,
we concentrated on the XY and XY1Y2 sex chromosomes that are present in two of its
karyomorphs (KarF and KarG, respectively). We focused on analyzing the repeatome
composition of both karyomorphs and on uncovering possible sex-linked markers through
complexity-reduction sequencing. The majority of both repeatomes consisted of TEs
(primarily DNA transposons); however, neither intra- (male versus female) nor interspecific
(KarF x KarG) variations were detected (Table S5). Similarly, the results indicated that
KarF and KarG shared several satDNAs between them, but there are specific satDNAs
for each karyomorph (Table S3). Moreover, a higher number of candidate SLMs and
sex-linked satDNAs are present in KarG compared to KarF, underscoring the contrasting
tempo and mode of evolution undertaken by simple and multiple sex chromosome systems
(Table S6). Regrettably, KarG is a rare karyomorph with a documented distribution limited
to a single locality (Aripuanã River—Mato Grosso state, Brazil); consequently, despite
our efforts in sampling, this research is constrained in increasing the number of sampled
individuals. This impairment hinders the acquisition of reliable sex-linked markers (please
see methods). However, the vast majority of putative identified SLMs point to a male
heterogametic sex chromosome system (XY-based), corroborated by our cytogenetic data.
Given that the XY1Y2 represents an uncommon multiple sex chromosome system in fish [3],
while the findings and discussion concerning the potential SLMs could be enhanced with
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broader sampling, they nonetheless provide significant insights into the composition and
differentiation of this rare sex chromosome system.

3.1. Different Evolutionary Paths of Related Sex Chromosome Systems

Hoplias malabaricus is a model for evolutionary cytogenomic studies, especially re-
garding sex chromosomes, which are present in distinct stages of differentiation (i.e.,
homomorphic, heteromorphic, and multiple sex chromosome systems), with unique
evolutionary pathways [6].

We focused on two distinct sex chromosome systems that share the same ancestral
karyotype [10]. KarF has an early-differentiated XY sex chromosome system, with the Y
chromosome in the nascent phases of differentiation [11]. This Y chromosome contains
an interstitial heterochromatic male-specific region that accumulates the microsatellite
motifs (A)n, (CAT)n, (CAC)n, (CGG)n, and (GAA)n, along with the LTR retrotransposon
Rex1 [11,40], and distinct satDNA families, such as HmfSat10-28 (present study). On the
other hand, a rare XY1Y2 multiple sex chromosome system is found in KarG, distinguished
by the comparative genomic hybridization (CGH) between males and females, along with
the distinct 2n by the two sexes, or by WCP [10]. This wide occurrence of sex chromo-
some systems, along with our findings regarding SLMs and satDNAs, lines up with the
established canonical model of sex chromosome evolution. It posits that sex chromosomes
originate from a pair of autosomes that stop recombining, leading to an accumulation of
repetitive elements and sex-linked genes in the non-recombining regions. This ultimately
results in the genetic and morphological differentiation of the sex chromosomes [41,42].

The common origin between the KarF and KarG is reinforced by the comparison
of repeatomes, where the composition of TEs was similar between both karyomorphs
(Table S5). On the other hand, although satellitomes were shared with a high degree of
similarity between the karyomorphs (Table S3), certain sequences were unique to each
species. Specific satDNAs that are more accumulated in males or females also differ be-
tween the karyomorphs, indicating that distinct amplification events of satDNA sequences
occurred independently in each species due to their karyomorph-specific sex chromosome
evolution, reinforcing the proposal that each karyomorph in H. malabaricus corresponds to
independent evolutionary units [8].

The distribution of homologous satDNA also reflects this independent evolution of
sex chromosomes. The HmfSat10-28, which presents 100% homology with HmgSat31-28,
was identified on the X rather than in both Y chromosomes on KarG (Figure 3c,h). WCP
experiments using HMF-Y (Y chromosome of KarF) and HMG-X/HMG-Y1 probes (X
and Y1 chromosomes of KarG, respectively) have confirmed the homology between these
chromosomes [10]; however, the two karyomorphs likely underwent distinct evolutionary
trajectories. Our results show that the HmfSat10-28 in KarF (Y-distributed), have male-
specific haplotypes, suggesting a contribution to the Y differentiation and indicating that it
is putatively located in the non-recombining region. Conversely, its arrangement in KarG (X
chromosome) may suggest that this satDNA precedes the degeneration of sex chromosomes
and the formation of the non-recombining region, supporting the hypothesized creation
of this multiple-sex chromosome system via Y fission [10]. Notably, a pair of autosomes
was also detected by FISH with the HmfSat10-28/HmgSat31-28, revealing that most of the
shared haplotypes indicated in Figure 4 might correspond to the autosomal variants. The
MST analysis of HmfSat10-28 (Figure 4) indicated an abundance of haplotypes in the Y
chromosome of KarF (in a total of 1519 haplotypes, 500 were exclusive to H. malabaricus
KarF males), implying that an important portion of haplotypes are located in the non-
recombining region (likely those in a large cluster detected by FISH in Figure 2), while most
are present in the autosomes (see the shared haplotypes in males and females in Figure 4),
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thereby illustrating the differentiation and subsequent degeneration of the Y chromosome.
However, the mechanism by which the sequences spread from the autosomes to the sex
chromosomes or vice versa remains unclear.

TEs may significantly contribute to the dispersal of sequences within the genome and
the emergence of novel tandem repeats, since a large percentage of the H. malabaricus KarF
and KarG genome is composed of TEs, mainly DNA transposons (Figure 5, Table S5). So
through TE duplication followed by unequal crossing-over or repair mechanisms activated
by the transposase, the TEs could contribute to the emergence of new tandem repeats [43,44].
This evidence indicates that these sequences may play an important role in the genome of
H. malabaricus, potentially contributing to the formation of novel satDNA sequences and to
their dispersion on the genome.

The HmgSat02-513, located on many autosomal pairs, was further found in the ter-
minal region of the Y2 sex chromosome of KarG (Figure 3f), which is proposed to have
an autosomal origin by WCP experiments [10]. This configuration is atypical for satellite
distribution in multiple sex chromosome systems, as, following the establishment of the
heterozygous form of the rearrangement in KarG that resulted in the emergence of Y1 and
Y2, only a limited number of sequences amplified their clusters. Comparatively, a satellit-
ome analysis of the XY1Y2 system in the catfish Harttia carvalhoi has revealed three distinct
patterns of accumulation: (i) sequences present on the X chromosome and retained on both
Y1 and Y2; (ii) sequences found on the X and Y2, but absent in the Y1; and (iii) sequences
exclusively located on the X chromosome, with no presence in the Y1 and Y2 [45], poten-
tially reflecting common patterns seen in this rare multiple sex chromosome system. This
configuration may indicate that HmgSat02-513 either dispersed after the chromosomal
rearrangement associated with the emergence of this system or that it was present on
the autosome prior to the rearrangement but is located in the non-recombining region,
thereby preventing its transmission to the other sex chromosomes. When treating the Y1

and Y2 chromosomes as independently evolving entities, the probability of the emergence
of chromosome-specific sex sequences rises, thereby promoting the differentiation of the
sex chromosomes within these karyomorphs. Disparities between the satDNA catalogs of
males and females are also evident in the percentage contribution of these elements to the
genome. The satMiner protocol utilized in this study for constructing the satDNA library
indicates that these elements constitute 6.1% (KarF) and 7.7% (KarG) of male genomes,
whereas female genomes comprise 5.3% (KarF) and 7% (KarG) of satDNAs. Despite being
low, this variation between sexes may be attributable to sex-specific haplotypes accumu-
lated in the sex chromosomes. Indeed, the low degree of difference between males and
females is expected, since the early evolved and/or multiple sex chromosomes usually
have a high recombination rate, avoiding the accumulation of deleterious sequences in
heterogametic chromosomes [revised in 41]. The repetitive DNA annotation performed
in DNApipeTE identified particular patterns, with satDNAs comprising 0.15% in KarF
males, 0.1% in KarF females, 0.13% in KarG males, and 0.14% in KarG females. The reduced
amount of satDNAs generated by DNApipeTE, compared to the results from satMiner
(TAREAN), was expected, since the latter applied a successive iteration strategy to un-
cover satDNA content, thus providing a more thorough methodology for constructing
satDNA libraries [13].

3.2. Insights on Sex Chromosome Differentiation Through Repetitive DNAs and Putative
Sex-Linked Markers

Following earlier ddRAD methods, we used DArTseq (Diversity Arrays Technology),
which combines reducing genome complexity with restriction enzymes (one that cuts fre-
quently and another that targets less methylated areas) and next-generation sequencing to
create high-quality markers. Lambert et al. [33] highlight that DArTseq is a useful method
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for finding sex-linked markers in species that are not commonly studied, like H. malabaricus,
because it is less costly, easier, and more reliable than other methods such as RFLP and
AFLP [46]. Consequently, it has been effectively used in several species, encompassing
plants [47,48] and animal species [33,49], precisely finding loci associated with sex chromo-
somes and demonstrating effectiveness in elucidating sex-determination mechanisms.

Our findings indicate that KarG displayed greater satDNA accumulation in its sex
chromosomes and higher levels of potential SLM in comparison to KarF (Table S7); however,
the results on this matter lack statistical confidence to assess if the markers are truly sex-
linked ones (please see the Section 2). The observed discrepancies with satDNAs may
suggest that evolutionary processes operated in KarG for longer periods or at a higher
rate, resulting in the accumulation of repetitive sequences. This accumulation could have
contributed to the differentiation of its sex chromosomes. Genetic drift may also contribute
by randomly establishing certain variations throughout the population over time [50],
resulting in the accumulation of both repetitive sequences and putative SLM.

We selected the putative SLM uncovered by DArT-sex for BLAST searches against the
NCBI non-redundant nucleotide collection to seek evidence of sex linkage (i.e., sequences
situated on sex chromosomes or sex-related genes). The results indicated sequences linked
to various biological processes, such as regulation, transport, RNA processing, hormone
reception, and enzyme activity; however, with the exception of Regulatory Factor X4
(RFX4), no findings demonstrated a definitive relationship between the SLM and a sex
chromosome (Table S6).

Among our BLAST matches, RFX4 is indeed the most intriguing discovery. Transcrip-
tion factors (TFs) possess a conserved DNA-binding domain (DBD) of the winged-helix
type, allowing them to control several genes [51]. These RFX have shown essential functions
in several species by regulating fundamental processes like cell cycle progression, DNA re-
pair, and cellular differentiation [52–54]. This gene is shown to affect swim bladder inflation
and shape, along with body growth and spinal curvature in several fish groups [55], while
also being crucial for human testis development [56]. RFX4, sometimes referred to as testis
development protein NYD-SP10, has been implicated in the regulation of spermatogenesis
and male sexual development, as shown by prior research [57], and may contribute to sex
chromosome differentiation. Regrettably, a chromosome-level genome assembly for H.
malabaricus karyomorphs F or G was unavailable during this study; hence, we were unable
to link this sequence to the genome to confirm its position on the sex chromosomes.

The striking similarity of repetitive DNA catalogs observed in both DNApipeTE
results and the satDNA libraries suggests that the major rearrangement event involving
the Y chromosome in KarG did not result in significant alterations to its repetitive DNA
composition. The unique arrangement of certain satDNAs, like HmgSat02-513, shown by
FISH, indicates that more changes happened after the original Y chromosome split into
the Y and Y in KarG. Indeed, previous repetitive DNA FISH mapping using probes from
microsatellites and the 5S rDNA [10,11] indicates a differential distribution of repetitive
DNA sequences at the Y1 and Y2 of KarG, which does not occur in the metacentric Y of KarF.
When the proposed rearrangement of the ancestral XY of both karyomorphs occurred, the Y
from KarF was turned into a single linkage group, forming a large metacentric chromosome,
while in KarG the Y1 remained as an acrocentric chromosome and the Y2 in a submetacentric
chromosome [10]. In this way, with an exception for the pseudoautosomal region that both
Y1 and Y2 have with the X, the male-specific chromosomes can present an independent
arrangement of repetitive sequences without an impairment of their pairing with the X.
The only condition for this independent accumulation of repetitive sequences in Y1 and Y2

in KarG when compared with its homologous Y of KarF is that it has occurred after the
rearrangement and the establishment of the karyomorphs; otherwise, it would be visualized
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also in KarF. The canonical model of sex chromosome evolution, as reviewed in [58], states
that multiple sex chromosomes emerge following the establishment of the non-recombining
region, during the degeneration process, and either subsequent to rearrangements with
autosomes or through fissions/fusions of the ancestral sexual pair. In H. malabaricus, the
proposed mechanism for the emergence of the homologous XY and XY1Y2 observed in KarF
and KarG, respectively, likely did not involve a turnover of the sex determination region.
The disparities in the chromosomal distribution of repetitive sequences may be associated
with the pseudoautosomal region, which functions like autosomes during crossing-over,
facilitating the exchange of sequences between sex chromosomes and potentially other
autosomes, as previously demonstrated for human chromosomes of analogous shape and
size [59]. Furthermore, the existence of two Y chromosomes in KarG establishes a novel
and partially autonomous component implicated in meiotic exchange, which elucidates
the unique distribution of satDNAs noted in each karyomorph.

Although homologous, the fact that the large Y chromosome in KarF corresponds to
two separate linkage groups (Y1 and Y2) in KarG implies a specific meiotic arrangement
involving the X chromosome in a meiotic trivalent chain. This scenario probably influenced
recombination rates and, as a result, the genomic composition of these chromosomes, as
herein indicated by the variations observed related to satDNAs, potential sex-linked SNPs,
and other classes of repetitive DNA. Additional research involving other H. malabaricus
karyomorphs with standard (KarA, B, C, E) and multiple (KarD) sex chromosome systems
may yield additional information needed to clarify this concept. Further investigations also
require an expanded sampling size on each karyomorph to minimize potential batch effects
created during sequencing and to allow deep comparisons among karyomorphs and sexes.

4. Materials and Methods
4.1. Chromosome Preparation, DNA Extraction, and Low-Coverage Genome Sequencing

Fifteen individuals (seven males and eight females) of karyomorph F and six individu-
als (three males and three females) of karyomorph G of H. malabaricus were analyzed in this
study: KarF (XY sex system) from São Francisco River, Minas Gerais state (18◦31′26.9′′ S /
45◦14′5.7′′ W) and KarG (XY1Y2) from Aripuanã River, Mato Grosso state (10◦45′12.2′′ S
/ 59◦15′34.8′′ W), both in Brazil. The specimens were collected from wild populations
with authorization from the National System for the Management of Genetic Heritage
and Associated Traditional Knowledge (SISGEN-A96FF09), the Chico Mendes Institute for
Biodiversity Conservation (ICMBIO), and the System of Authorization and Information
about Biodiversity (SISBIO) under license numbers 10538-3 and 15117-1. The experiments
followed the ethical standards set by the Federal University of São Carlos Ethics Committee
on Animal Experimentation (CEUA) under process number 7994170423.

Mitotic chromosomes were obtained from kidney cells according to Bertollo et al. [60].
The specimens were treated with a 0.005% colchicine solution for 30 min, followed by
anterior kidney extraction and hypotonic treatment with 0.075M KCl. The tissue was
carefully fragmented to obtain a homogeneous cell suspension, incubated at 37 ◦C for
20 min, and fixed with methanol-acetic acid (3:1). After three fixation cycles, the final sus-
pension was stored at −20 ◦C. Additionally, liver samples were used to extract the genomic
DNAs (gDNAs) following the phenol-chloroform method according to Sambrook and
Russell [61]. Each sample was processed separately, and one male and one female sample
were sequenced utilizing the BGISEQ-500 platform (paired-end 2× 150 bp). The obtained
reads were deposited in the Sequence Read Archive (SRA-NCBI) and are available under
accession numbers SRR31316061 (KarF female); SRR31316062 (KarF male); SRR31316059
(KarG female); and SRR31316060 (KarG male).
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4.2. Characterization of the Satellitome

Initially, we performed quality and adapter trimming using Trimmomatic v. 0.33 [62]
for each library. After that, we used Tandem Repeat Analyzer (TAREAN) (Galaxy Version
2.3.12.1) [63] to characterize their satellitomes, using 2 × 500,000 reads in each iteration.
Tandem sequences were filtered using DeconSeq (version 0.4.3) [64], and the process was
repeated until no low- or high-confidence satDNA remained. Then, we identified and
removed other usual output tandemly repeated sequences, such as multigene families (rD-
NAs and U snDNAs), from the catalog. Finally, we performed a similarity search with Re-
peatMasker (version 4.1.9) using a custom Python (version 3.12) script (accessed on 13 April
2024 https://github.com/fjruizruano/ngs-protocols/blob/master/rm_homology.py) to
detect redundancies in the catalog and classify the isolated satDNAs as the same vari-
ant, different variants of the same family, or superfamilies (similarities greater than
95, 80, and 50%, respectively) [13]. The abundance of each satDNA was estimated
with RepeatMasker [65], using a custom Python script (accessed on 17 April 2024 https:
//github.com/fjruizruano/ngs-protocols/blob/master/repeat_masker_run_big.py). We
utilized 2 × 5,000,000 randomly selected reads, and genomic abundance was given as
the number of mapped reads in each satDNA divided by the number of analyzed nu-
cleotides. Kimura’s divergence was obtained with the Kimura 2-parameter model from
the script calcDivergenceFromAlign.pl of the RepeatMasker suite [65]. The satDNAs were
classified in decreasing abundance order and named according to [13], with the species
abbreviation and the letter of each karyomorph (Hmf and Hmg), in addition to the term
“Sat” and the catalog number. Considering the sex chromosome systems, we calculated
the ratio between the abundance of each satDNA in male and female libraries to search
for potential satDNAs that are accumulated in the sex chromosomes. The catalogs were
deposited on GenBank (NCBI) with the accession numbers PQ062407-PQ062462 for KarF
and PQ062463-PQ062507 for KarG.

We also extracted monomers from male and female genomic libraries of both kary-
omorphs to calculate abundance and monomer diversity scores for satDNAs accumulated
in the sex chromosomes. We selected HmfSat10-28 due to its accumulation in chromosome
Y in KarF and in the X in KarG (see results). For this, we collected monomers using a ran-
dom subsample of 2 × 500,000 reads for each sample. Then, we aligned the isolated reads
against the satDNA sequence to extract only the region corresponding to one monomer.
After that, we discarded monomers found only once (singletons) with CD-HIT [66] to
avoid sequencing errors. Finally, a minimum spanning tree (MST) was constructed using
PHYLOVIZ (version 2.0) [67]. We used MegaBLAST [68] to compare the satDNA sequences
with the NCBI collection.

4.3. Satellite Amplification, Labeling, and Fluorescence In Situ Hybridization (FISH)

Subsequent to the characterization of both satellitomes, we developed primers for
satDNAs that shown relevant disparities in abundance between males and females in both
karyomorphs. We developed primers for six HmgSatDNAs in KarG, while 10 primers were
formulated for KarF HmfSatDNAs. These satDNAs were amplified using the conditions
described by [15], and the resulting products were analyzed through a 2% agarose gel
electrophoresis. For the labeling process, we used the Nick-Translation Labeling Kit (Jena
Bioscience, Germany) with Atto488-dUTP (green) or Atto550-dUTP (red), according to
the manufacturer’s instructions. For the HmfSatDNA10-28, which presented a low repeat
unit length (RUL), we directly labeled it with Cy3 at the 5′ end during the synthesis by
ThermoFisher (ThermoFisher Scientific—Waltham, MA, USA). Finally, the FISH procedures
were conducted under high-stringency conditions, as described by [69].

https://github.com/fjruizruano/ngs-protocols/blob/master/rm_homology.py
https://github.com/fjruizruano/ngs-protocols/blob/master/repeat_masker_run_big.py
https://github.com/fjruizruano/ngs-protocols/blob/master/repeat_masker_run_big.py
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To properly identify the sex chromosomes, we used two different strategies: for the
KarF, C-positive heterochromatin was detected following the protocol described by [70].
This procedure allowed us to identify the Y chromosome by its distinctive interstitial
C-positive band present on the long arms [11]. Conversely, identification of the sex chromo-
somes of KarG were performed using whole-chromosome painting probes (HMG-X and
HMG-Y1), previously obtained by microdissection [10]. The FISH conditions employed
were the same as those previously described.

4.4. Repeatome Analysis

To access the whole repetitive DNA composition (repeatome) of our samples, we
conducted the DNApipeTE (version 1.4) pipeline, which is optimized for classifying and
annotating repetitive DNA in low-coverage data (<1×) without requiring genome assem-
bly [71]. The primary objective is to construct a representative repeat library while also
detecting, quantifying, and estimating the relative abundance of transposable elements
(TEs), thereby serving as a complementary approach to our RepeatExplorer2 analysis,
which specializes in identifying satellite DNAs (satDNAs). We ran DNApipeTE on single-
end forward reads for males and females of karyomorphs F and G. We used the reference
genome size of H. malabaricus (1.2 Gb) (GCF_029633855.1) for all samples, assuming that
genome size does not vary among the analyzed karyomorphs, and used as genome cov-
erage (0.1×, 0.25× and 0.5×) and sample_number: 2. Note that this genome belongs to a
distinct karyomorph and thus was not used for additional comparisons. We performed
a paired t-test on R version 4.4.3 [72] to compare the male and female catalogs of each
karyomorph. The entire catalogs were compared, as specific comparisons for each repeat
class are indeterminate due to division by zero. We employed a 95% confidence threshold
to identify significant variations.

4.5. Genotyping by Sequencing (GBS) and Sex-Linked Markers Analysis

The DNA extraction was performed on liver tissue of all sampled individuals from
both karyomorphs. The DNA samples were sequenced on the Illumina HiSeq 2500 platform
by DArT-Seq (Diversity Arrays Technology Pty Ltd., Canberra, Australia), a complexity
reduction method that generates ~69 bp reads. All sequences were processed with the
pyRAD v3.3.0.66 pipeline [73]. After trimming sequence adapters, reads were filtered by
quality. Sequences with more than five undetermined bases or low-quality bases (Q < 33)
were removed from the dataset. Filtered sequences were aligned and clustered for each
individual to define the loci. Following the estimation of error rates, the mean frequencies
of heterozygosity loci are clustered across individuals. Sequences shorter than 35 base pairs
are removed, and a final dataset of sequences is generated. These data were created by [8]
from the F1, F2, F3, and G1 sampling sites and are used here to find possible sex-linked
markers (SLM) following the standard method for DArTseq data [33]. We first organized
the columns in male and female groups, then used the “countif” function in Microsoft
Excel v. 2505 (Office 365, Microsoft Corporation) to count all heterozygous results (2) for
males or females, using as a counterpart the counting of homozygous results (either for
the reference “0” or the SNP “1”). Those SNPs presenting a heterozygous state for all
males and homozygous for all females were treated as indicative of a male-linked sex
determination system (XY), whereas the inverse indicates a putative female-linked (ZW)
sex determination system. To test the statistical significance of the obtained SLMs, we
performed the calculation suggested by Lambert et al. [33]. This calculation estimates
the number of SLMs found by mere chance, making it possible to assess if the dataset is
suitable for the identification of SLMs. The putative sex-linked SNPs were then arranged
in a “fasta” file and BLAST-searched against the NCBI collection to check for identity
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with sequences deposited in the database [68]. For this, we used Blast2GO [74] with the
following parameters: blastn-short, e-value = 1 × 10−5, database = NR, and taxonomy
filter = Actinopterygii. We also checked for possible homology between the SLM of each
karyomorph using UGENE 50.0 [75]. Putative SLMs were mapped against the satDNA list
obtained, but no positive matches were found.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms26136039/s1.
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