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Multiple karyotype differences between populations of the
Hoplias malabaricus (Teleostei; Characiformes), a species
complex in the gray area of the speciation process
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Neotropical fishes exhibit remarkable karyotype diversity, whose evolution is poorly understood. Here, we studied genetic
differences in 60 individuals, from 11 localities of one species, the wolf fish Hoplias malabaricus, from populations that include six
different “karyomorphs”. These differ in Y-X chromosome differentiation, and, in several cases, by fusions with autosomes that have
resulted in multiple sex chromosomes. Other differences are also observed in diploid chromosome numbers and morphologies. In
an attempt to start understanding how this diversity was generated, we analyzed within- and between-population differences in a
genome-wide sequence data set. We detect clear genotype differences between karyomorphs. Even in sympatry, samples with
different karyomorphs differ more in sequence than samples from allopatric populations of the same karyomorph, suggesting that
they represent populations that are to some degree reproductively isolated. However, sequence divergence between populations
with different karyomorphs is remarkably low, suggesting that chromosome rearrangements may have evolved during a brief
evolutionary time. We suggest that the karyotypic differences probably evolved in allopatry, in small populations that would have
allowed rapid fixation of rearrangements, and that they became sympatric after their differentiation. Further studies are needed to
test whether the karyotype differences contribute to reproductive isolation detected between some H. malabaricus karyomorphs.

Heredity; https://doi.org/10.1038/s41437-024-00707-z

INTRODUCTION
The Neotropical region includes vast freshwater ichthyological
biodiversity, with more than 6000 described species (Fricke et al.
2024), in line with the well-established tendency of the tropics to
display higher biodiversity than other latitudes for multiple
otherwise comparable environments (Hillebrand 2004). Recent
evidence suggests that speciation rates have been affected by
tectonic and climatic changes in the Neotropics during the
geologically recent Neogene and Pleistocene periods (Meseguer
and Condamine 2020; Hoorn et al. 2010; Garzón‐Orduña et al.
2014). These changes are likely to cause extinction of populations
and create population subdivision (Albert and Reis 2011; Rull
2020). Indeed, allopatric speciation is often considered the major
speciation process, with reproductive isolation evolving as a by-
product of the genetic divergence of populations isolated by
distance, geographic barriers, or through landscape features
separating populations, combined with adaptation to different
local environments (de Queiroz 2007).
The Characiformes fish group is particularly interesting as it is

one of the largest freshwater fish orders, with approximately
3100 species (see Fricke et al. 2024). It includes the Erythrinidae
family with only three genera, Hoplias Gill (1903); Hoplerythrinus

Gill (1896) and Erythrinus Scopoli (1777), all with multiple species
endemic to Central and South America. Among the 13 currently
accepted Hoplias species, H. malabaricus, is widely distributed in
several South American river basins (Oyakawa 2003). This species
grows to a size of up to 60 centimetres; it is non-migratory and
mainly inhabits still waters, but is also common in rivers. Sexual
maturity is reached in the second year of life, and the growth rate
is slow and constant (Barbieri 1989). Hoplias malabaricus spawns
multiple times, in open nests, and shows parental care, with males
aggressively protecting the nest alone or alongside the females
(Araujo-Lima and Bitencourt, 2001; Prado et al. 2006).
Hoplias malabaricus has at least seven distinct karyomorphs

(Bertollo 2007; Cioffi et al. 2012), which could represent distinct
isolated species (Fig. 1). Descriptions focus on the sex chromo-
somes, because they are most distinctive (Cioffi et al. 2013), but
other chromosomes also differ between the karyomorphs (as
illustrated in Fig. 1, methods section). While the sex chromosomes
always indicate male heterogamety, some karyomorphs have
differentiated XY pairs, while some do not, and some have sex
chromosome-autosome fusions, resulting in different chromo-
some numbers and multiple sex chromosome systems. Based on
previous cytogenetic and FISH analyses of the sex chromosomes,
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karyomorph B is derived from A, and karyomorph D from C
(Bertollo et al. 2000), while the F and G karyomorphs are both
derived from E (Bertollo et al. 2000; de Oliveira et al. 2018).
However, these evolutionary histories were proposed based on
cytogenetics only, and molecular data can provide more details
and further understanding of the evolution of the H. malabaricus
karyomorphs.

Previous studies have shown that the X chromosomes of the
different karyomorphs are not homologs, and at least two sex
chromosome turnovers have occurred (Cioffi et al. 2013).
Karyomorph B has a heteromorphic XX/XY system, with a small
and visibly heterochromatic male-specific chromosome (Born and
Bertollo 2000). This system is probably derived from an ancestral
karyomorph like the present A (Cioffi and Bertollo 2010), whose
chromosomes are similar to those of karyotype B. FISH experi-
ments using karyomorph B X chromosome probe showed that
their sex chromosome pair is homologous, but is homomorphic
(morphologically undifferentiated) in A, versus heteromorphic in B
(Cioffi et al. 2011). The chromosome identified as the X in both
karyomorphs C and D, is not homologous with the X in
karyomorphs A and B (Cioffi et al. 2013). Karyomorph C has
minor Y-X morphological differences (Cioffi and Bertollo 2010), but
D has a Y-autosome fusion (supported by C-banding, whole
chromosome painting, and comparative genomic hybridization,
and repetitive DNA analyses, see Cioffi and Bertollo 2010),
resulting in a large Y plus X1 and X2 chromosomes (Bertollo
et al. 2000). The X of the homomorphic, but little studied,
karyomorph E appears to represent yet another non-homologous
chromosome, and this X seems to have given rise to the XX/XY
and XX/XY1Y2 systems of karyomorphs F and G, respectively,
(Cioffi and Bertollo 2010; de Freitas et al. 2018; de Oliveira et al.
2018). Karyomorph G is formed by an X-autosome fusion involving
an X like that in karyomorph E, creating a large metacentric X and
separating Y1 and Y2 chromosomes in males; in karyomorph F
both X and Y chromosomes are fused with autosomes, resulting in
a large XY metacentric pair, whose Y is similar in size to its X.
Karyomorph E is not included in the present study since its
geographic distribution within the Amazon River basin is very
restricted, and recent collecting efforts failed to find new samples.
Sex chromosome homomorphism in karyomorphs A and E

suggests that their (non-homologous) Ys have no extensive non-
recombining regions, or that recombination has not been
suppressed for a long enough evolutionary time for cytogenetic
differentiation or genetic degeneration to evolve (including
accumulation of repetitive sequences and/or losses of Y-linked
genes and deletions of the region). In contrast, karyomorph B is
strongly heteromorphic (due to shrinkage of the Y). C and F show
minor Y-X morphology differences (Cioffi and Bertollo 2010; de
Freitas et al. 2018), but each has persisted for a long enough
evolutionary time for derived multiple sex chromosome systems
(D and G, respectively) to have evolved.
Among these karyomorphs, some are widely distributed,

while others are endemic to small geographic areas (See Fig. 1,
Table 1 below). Although some are found sympatric with other
karyomorphs, in the same habitat, potentially allowing mating
between different karyomorphs, no hybrids have been detected
(Scavone 1994; Bertollo et al. 1997; Lopes et al. 1998), except for
a single case involving natural triploidy (Utsunomia et al. 2014).
Moreover, the divergence between the cytochrome B sequences
of two karyomorphs collected in a single geographic location (A
and D) is 10.4%, similar to the divergence of 10.7% between H.
microlepsis and H. malabaricus (Utsunomia et al. 2014). Both this
cytochrome B divergence, and the extensive karyotypic evolu-
tion, suggest that the nominal species H. malabaricus is probably
a species complex, with karyotypes representing reproductively
isolated and independently evolving units (Bertollo et al. 2000).

A chief goal of the present study was to initiate a population
genomic study of this neotropical fish, as a step towards
developing this species complex as a model for understanding
the contributions of different processes involved in its speciation,
including geographic isolation and chromosomal rearrangements.
Importantly, samples of at least 9 individuals of each sex per
population indicate that different arrangements are fixed in
different populations, with few exceptions (Table 1, below,
summarizes this information along with the sample sizes used in
the present study). The karyotype variability therefore does not
represent within-population polymorphism such as the inversion
polymorphisms in Diptera, including Drosophila and Coelopa,
which often appear to be maintained by balancing selection
(Schaeffer et al. 2003; Wright and Dobzhansky 1946; Kapun and
Flatt 2019; Mérot et al. 2020). They more closely resemble intra-
species differences between mice from different isolated islands
(Britton-Davidian et al. 2000).
Recent studies of genetic diversity in H. malabaricus (Jacobina

et al. 2018; Cardoso et al. 2018; Pires et al. 2021; Ferreira et al.
2021; Guimarães et al. 2022) mostly used populations without
cytogenetic information and only small numbers of markers. Our
analyses of high-throughput genotyping by sequencing data,
provide the first genome-wide sequence information from
populations with known karyotypes, and from the different
geographic locations where they have been detected. The results
described below yield evidence for geographic separation and the
fixation of chromosome rearrangements, probably in small
isolated populations, which, as discussed below, would not
require a prolonged evolutionary time. This study also prepares
the ground for future research to test whether the karyotype
differences contribute to reproductive isolation, and, if so, whether
the sex chromosome rearrangements play an important role in
such diversification.

MATERIAL AND METHODS
Specimen sampling and cytogenetic analysis
The collection sites, number, and sexes of the specimens investigated are
shown in Table 1 and Fig. 1. Most of the samples were previously
characterized cytogenetically, but two of the three samples of karyotype F
listed in Table 1 are newly described here, using mitotic chromosomes
obtained from kidney cells following Bertollo et al. (2015). Animals were
collected with the authorization of the Brazilian environmental agency
ICMBIO/SISBIO (license n°.48628-14) and SISGEN (A96FF09). Experiments
followed ethical, and anesthesia conducts and were approved by the
Ethics Committee on Animal Experimentation of the Universidade Federal
de São Carlos (process number CEUA1853260315).

Sequencing and filtering
DNA was extracted from liver tissue for DArTseq sequencing (by Diversity
Arrays Technology Pty Ltd, Australia). PstI and SbfI enzymes were used to
digest DNA and enrich with sequences in lightly methylated regions, which
should yield data enriched in non-repetitive sequences (Kilian et al. 2012)
known as RADtags. Sequencing was carried out on the Illumina HiSeq 2500
platform. The raw data were processed using pyRAD v3.0.66 pipeline
(Eaton 2014), according to the following procedure. We first trimmed the
sequencing adapters and removed any sequences with more than five low
quality (Q < 33) or undetermined (N) bases. After base calling, consensus
sequences of the loci were clustered within each sample using USEARCH
software (Edgar and Bateman 2010) to create “loci”, defined as short
unannotated genomic regions that may include coding or non-coding
regions. The sequences in each cluster were aligned with MUSCLE (Edgar
2004). Mean frequencies of heterozygosity and error rates were then
estimated by using maximum likelihood (Lynch 2008). Following the
pyRAD pipeline default settings (Eaton 2014), paralogs (which can also
include high copy number DNA regions) were filtered by discarding
consensus sequences containing one or more heterozygous sites shared
across more than 3 individuals; as the sequences are short, a number of
heterozygous sites exceeding this number are expected to be rare (as most
variants are expected to be present at low frequencies), so this should
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largely restrict the subsequent analyses of diversity and divergence
analyses to single-copy sequences, and minimize biases due to paralogs
(see Jaegle et al. 2023). Consensus sequences were again clustered, this
time across all samples, with USEARCH to find orthologs across the
different samples and again aligned to identify and remove any further
paralogs. The final clusters were filtered to exclude sequences shorter than
35 bp and exported in formats suitable for the downstream analyses.
A minimum coverage of 6 was required for statistical base calling at any

site in a locus in a given individual. The similarity threshold for sequence
clustering into loci was set to 0.88 (therefore, up to 12% nucleotide
divergence was permitted between sequences from a given “locus”); this
value would be high for pairwise differences within most species, but was
chosen because it seemed likely that the samples represent multiple
species (see Introduction). Only loci present in all individuals were kept, in
order to allow comparisons of the same sequences between geographic
populations or karyotypes/species. All other parameters were set to their
default values in pyRAD.
Subsequent analyses were carried out with different outputs from the

pyRAD pipeline, which we refer to as four data sets with the following
numbers: (1) the genetic diversity and differentiation analyses described
below used sequences from all individuals for each locus (from the pyRAD
“.alleles” output). (2) A matrix of single nucleotide polymorphisms (SNPs)
coded as 0 for homozygotes for the reference base, 1 for heterozygotes,
and 2 for the alternative base homozygotes (from the .usnps.geno output).
(3) A PHYLIP file with concatenated sequences used to generate a
Maximum Likelihood phylogenetic tree. (4) The .vcf file used in the
Principal Component Analysis (PCA), NeighborNet and STRUCTURE
analyses, and D3 tests (see below).

Detection and exclusion of loci potentially under selection
Analyses for studying relationships require neutral or weakly selected
variants. To test for markers with unusual levels of inter-population
differentiation (either extremely low or high), which might reflect selective
differences such as adaptation in some populations, we searched for
outliers by BayeScan analysis (Foll and Gaggiotti 2008). This analysis used
the SNPs in dataset (2) described in the previous section, pooled across all
samples. The results presented below are based on analyses excluding
these loci, but analyses including those loci yielded very similar results.

Sequence diversity
The DnaSPv.6.12.03 software (Rozas et al. 2017) was used to estimate two
measures of nucleotide diversity per site, π and Watterson’s theta (θW),
taking account of both variable and invariant sites, to reflect genome-wide
diversity levels. This analysis used dataset (1) described above, and was not
confined to a subset of sites, such as fourfold degenerate sites (as there is
currently no annotated assembly for the species); instead, all site types
were included. As many of our sequences are probably in non-coding
regions, our diversity estimates should be comparable with those from
synonymous sites. We also estimated values of Tajimaʼs D, and the similar
indicator of variant frequencies (Δθ) defined as 1− π/θW. This indicator is
preferable to Tajimaʼs D, as it measures departures from the expected
equilibrium neutral variant frequencies in a manner that is less affected by
differences in sequence lengths (Jackson et al. 2017). Although our sample
sizes are small, they are suitable for these measures, as larger sample sizes
provide little additional information for nucleotide diversity (Pons and
Chaouche 1995), and, importantly, our estimates are based on many

Table 1. Individuals analyzed, their karyomorphs, diploid chromosome numbers (2n), sex chromosome system, group identification codes
(indicating the sampling sites and karyomorph names), numbers of individuals analyzed cytogenetically from each site, and numbers of individuals
sequenced.

Number of individuals

Karyomorph 2n Sex
chromosomes

Code Sampling
location

Latitude/
Longitude

In the
cytological
analysis

In the
sequence
analysis

References

A ♀♂
42

No detectable
differentiation

A1 Ribeira de
Iguapé River
(SP)

−24,489,722 09♂ 09♀ 6 Santos et al.
2009−47,836,111

A ♀♂
42

A2 Monjolinho
stream (UFSCar
reservoir) (SP)

−21,985,556 09♂ 09♀ 6 Cioffi et al.
2009−47,881,944

A ♀♂
42

A3 Araguaia River
(GO)

−13,179,504 09♂ 11♀ 8 Blanco et al.
2010−50,583,301

A ♀♂
42

A4 Xingu River
Basin (MT)

−12,404,056 14♂ 11♀ 6 Blanco et al.
2010−56,960,861

B ♀♂
42

XY – Highly
differentiated

B1 Doce River
(MG)

−20,258,019 10♂09♀ 1 Cioffi et al.
2009−42,901,313

C ♀♂
40

XY − Little
differentiation

C1 Poconé River
(MT)

−16,252,905 19♂ 08♀ 6 Cioffi &
Bertollo,
2010

−56,574,296

D ♀ 40
♂ 39

X1X1X2X2 /
X1X2Y

D1 Monjolinho
Stream (SP)

−21,985,556 09♂ 14♀ 6 Cioffi &
Bertollo,
2010

−47,881,944

F ♀♂
40

XY − Little
differentiation

F1 Três Marias
River (MG)

−18,524,139 14♂ 10♀ 6 de Freitas
et al. 2018−45,234,917

F ♀♂
40

F2 Peixe River (GO) −14,358,889 13♂ 06♀ 6 Present
study−49,825,861

F ♀♂
40

F3 Gurupi River
(TO)

−11,691,366 09♂ 12♀ 3 Present
study−48,970,221

G ♀ 40
♂ 41

XX / XY1Y2 G1 Aripuanã River
(MT)

−10,753,389 12♂ 09♀ 6 de Oliveira
et al. 2018−59,259,667

The references indicate the publications where these samples’ karyotypes were described.
GO Goiás, SP São Paulo, MT Mato Grosso, MG Minas Gerais, TO Tocantins Brazilian States.
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diploid sequences genome-wide. We also estimated pairwise FST values
between populations of karyomorphs (calculated as averages of the values
obtained for each individual SNP separately), as well as the raw nucleotide
divergence per site, Dxy, between such pairs of samples, and net
divergence, corrected for variation within the samples analyzed (Da). Da

best reflects the relative times when populations began to evolve
independently (Nei 1975), and can be compared with relative times to
common ancestry within samples, based on diversity estimates.

Analysis of population structure and introgression
To assess how DNA sequence diversity is distributed within and between
karyomorphs (population structure), we carried out a Principal Component
Analysis (PCA), using the ipyrad.pca tool (https://ipyrad.readthedocs.io/en/
latest/API-analysis/cookbook-pca.html), followed by a STRUCTURE analysis
(Pritchard et al. 2000), which applies a Bayesian approach to detect
population structure. Both analyses used dataset (4). We used standard
settings to perform five independent runs of 200,000 MCMC iterations after
burn-in of 100,000 replicates with the maximum number of groups (K) set
to eleven. The Ipyrad cookbook (https://ipyrad.readthedocs.io/en/master/
API-analysis/cookbook-structure.html) was used to implement the STRUC-
TURE analysis and evaluate the best K value following the approach of
Evanno et al. (2005).
To estimate a maximum likelihood phylogeny with dataset (3), we first

carried out ModelTest-NG (Darriba et al. 2020) to determine the
substitution model best fitting our data. The substitution model with the
smallest Bayesian Information Criterion (BIC) was selected as the best

model. We estimated the phylogenetic tree using MEGA v. 11.0.13 (Tamura
et al. 2021) under the General Time Reversible model with the rate among
sites defined as gamma distributed with invariant sites (GTR+ G+ I). The
number of gamma categories was set to 6, and we performed 1000
bootstrap replicates with the same parameters. All other parameters were
left at default.
To test for potential deviations from tree-like evolution of the populations,

we also performed a NeighborNet network analysis with the SplitsTree
software, which can detect potential conflicting signals based on parallel
edges in the resulting graph (Bryant and Moulton 2004). We used a script
deposited in Simon Martin’s GitHub (https://github.com/simonhmartin/
genomics_general/blob/master/distMat.py) to calculate genetic distances
between all individuals in our samples. To test for a statistically significant
signal of non-tree-like structure, we used the D3 test (Hahn and Hibbins 2019).
Like other D statistics, such as from ABBA-BABA tests (Martin et al. 2015), this
relies on the prediction under incomplete lineage sorting that asymmetric
gene tree topologies and branch lengths often reflect introgression. By using
branch lengths, the D3 approach requires only three taxa to distinguish
among topologies, rather than at least four for previous methods; under
incomplete lineage sorting alone, the expectation of D3 is 0, but it can differ
significantly from zero if gene flow occurs (Hahn and Hibbins 2019).
Specifically, given a species tree for three taxa with a ((M:N);O) topology,
introgression or mixing between two taxa, N and O, leads to more sequence
trees having shorter pairwise distance between these two lineages, compared
with taxa M and O, creating negative D3, whereas gene flow between taxa M
and O produces positive values. We applied the D3 statistic to test for
introgression in localities occurring in the same or in geographically close river

Fig. 1 Map of South America indicating the H. malabaricus localities analyzed. The colors indicate the different hydrographic basins in
Brazil listed in the legend and the colored circles indicate the collection sites, with the corresponding karyomorphs found as: A blue, B pink,
C yellow, D red, F green, and G black. The ellipse indicates a site with sympatry for both karyomorphs A and D. The ideograms on the right
represent partial karyotypes of each karyomorph and their sex chromosomes. Pairs of karyomorphs with homologous sex chromosomes are
boxed (see the text). Karyomorphs C and D differ from A and B by micro-rearrangements, though the details are not yet fully clear.
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basins (A4 and G1; A3, F2 and F3; F1 and B1; A2 and D1). To select the three
localities required for each D3 test, for the purpose of implementing the
analysis, we pooled different locations for which STRUCTURE indicated close
genetic relationships, and assumed that the karyotypes are monophyletic and
related to each other as described in the Introduction section (Fig. 1). We used
a script designed for windows in an assembled genome implemented in Platt
et al., (2021; https://github.com/nealplatt/sch_man_nwinvasion/blob/master/
notebooks/10-summary_stats_and_selection.ipynb), modified so that the
bootstrapping resampled 1000 random SNPs, since our sequences are not
mapped to a genome assembly. The analysis generates Z-score tests of
significance, and we considered values higher than 3 (positive or negative) to
be significant. Both the NeighborNet and the D3 tests were carried out with
dataset (4).

RESULTS
Sequencing, filtering, and detection of markers in sequences
under selection
Our sequencing (see Table 1 for the collection sites, number, and
sexes of the specimens) yielded approximately 2 million reads per
sample, with mean length ~88 bp. After filtering and removing
sequencing adapters (see Methods), 6848 loci with sequence of at
least 68 bp in all of our individuals (including a total of 14,105 SNPs)
remained for analysis. We kept all 6848 loci for datasets (1) and (3),
for datasets (2) and (4) we kept only the unlinked SNPs (6200 loci).
BayeScan analysis of dataset (2) indicated that 73 loci (~1% of the

polymorphic “loci” analyzed) might have been influenced by
selection, rather than evolved neutrally (Tables S1; S2).

Population structure
Nine of the ten localities from which our eleven samples were
obtained included only one karyomorph each (Table 1), and most
karyomorphs were found in only a single geographic location,
though A and F are geographically widespread. Multiple
individuals of 5 of the 6 karyomorphs were sequenced (though
B was represented by a single individual). Initial exploration of
genome-wide sequence variation by PCA analysis indicated
pronounced population structure (Fig. 2A), especially within
karyomorph A, with the samples from localities in three different
river basins forming three distinct groups; A1 and A2, from the
same basin, were less differentiated and appear close to the
B1 sample. Previous work using COI sequence data also suggested
distinct lineages within karyomorph A (Jacobina et al. 2018).
Karyomorphs C and D showed the expected low differentiation,
and samples from karyomorphs F and G also clustered together,
close to the A4 samples. In a maximum likelihood phylogeny
based on the same data (see Methods), each karyomorph formed
a monophyletic clade (Fig. S1). Congruent with the PCA results,
the C+ D and F+ G groups again appeared with high bootstrap
support, while karyotype A samples from different localities are
scattered into other distinct groups.

Fig. 2 Population structure and genetic differentiation in H. malabaricus. A Principal component analysis with individuals from different
karyomorphs represented by the same colors as in Fig. 1. B Structure barplots for K= 3 and K= 5. The top two rows show the barplots for
iterations with K= 3, with those for 3 of the 5 iterations above those from the other 2 iterations; results for K= 5 are shown at the bottom.
Each vertical bar represents an individual, whose karyomorphs and sampling locations, separated by black vertical bars, are shown above each
barplot; the bar colors represent the population clusters into which the program classified each individual. C Violin plots of the Δθ values
calculated for each population. For each sample displayed in the plot, the widths represent the number of loci with the Δθ value indicated on
the left. The plots indicate the distribution and density of loci across Δθ values. The black diamonds indicate mean values for all loci,
horizontal dashes indicate confidence intervals. D NeighborNet network analysis estimated by SplitsTree, confirming strong clustering of
individuals into populations, and showing wide differences between the genotypes from different populations with karyotype A, and a
pronounced split between two subsets of karyotype A4 individuals.
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STRUCTURE supported these conclusions (Fig. 2B). The ΔK
criterion (Evanno et al. 2005) suggested K= 3 as the most likely
value (Fig. S2), again consistent with the results just described. All
K= 3 results clustered A4 clustered with F1, F2, F3 and G1. In three
of 5 runs (major K= 3 result), A3 clustered with C1 and D1, but in
two cases (minor K= 3 result) it formed a separate group with A1,
A2 and B1. Following the suggestions of Meirmans (2015) and
Perez et al. (2018), we also evaluated the results for K= 5, where a
small peak in ΔK is seen (Fig. S2). As with K= 3, karyotype C and D
individuals remained clustered. Also, samples from A1, A2 and the
single B1 individual grouped, separated from A3. The K= 5 results,
however, yielded signs of possible admixture in localities A4, C1
and G1, while F1, F2, F3 and G1 individuals still clustered together,
along with some A4 individuals.

Sequence differentiation and within-population diversity
If within-population diversity is low, differentiation will be high
even if sequence divergence is low (Cruickshank and Hahn 2014;
Charlesworth et al. 1997; Charlesworth 1997). We therefore
estimated within-population nucleotide diversity. Except for
population A4, discussed below, which has exceptionally high
diversity, within-population nucleotide diversity values were all
low (Table 2). The mean π was 0.12% per site, or 0.088% excluding
A4. This is four or five times lower than the mean of 0.48% for
comparable mostly single population estimates from 10 fish
species in the compilation by Buffalo (2021) also based on all site
types. Estimates using pooled samples of H. malabaricus A and F
karyomorphs from different locations are indeed higher (0.69%
and 0.31%, respectively, see Fig. 1 and Table 2 rows with values for
pooled populations with the same karyomorph).
The low diversity in some individual collection sites might

reflect recent bottlenecks. We therefore used the Δθ to visualize
departures of variant frequencies from the expected distribution
for neutral variants at equilibrium under mutation and genetic
drift. The individual population samples are too small for reliable
estimates of Δθ (or Tajima’s D) for individual loci, but the
distributions of values across many loci are informative. Specifi-
cally, a population recovering from loss of diversity due to a recent
bottleneck is expected to have an excess of low frequency
variants, and a Δθ value > 0 (or negative Tajima’s D). Some H.
malabaricus populations have small positive mean Δθ values
(Table 2), consistent with recovery from bottlenecks (Fig. 2C); large

positive Δθ values suggest an especially recent bottleneck in
population A3. In contrast, the A4 sample shows a large negative
Δθ value. Together with its exceptionally high nucleotide diversity,
this suggests that diverged lineages that evolved in allopatry later
became mixed within the A4 locality, leading to intermediate
variant frequencies. It is important to note that negative values are
also seen when all individuals from the same karyomorph (A or F)
are pooled (Table 2).
Network analysis supports the conclusion that different

populations with the morphologically undifferentiated sex chro-
mosome karyotype A differ in their genotypes (Fig. 2D).
Interestingly, the A3 locality was recovered in a star-like node
together with A1, A2 and samples from karyomorphs B, C and D.
This is in agreement with the different results (major and minor)
obtained for K= 3 in STRUCTURE (Fig. 2B). In the A4 sample, it
detects a pronounced split between individuals belonging to two
very distinct lineages, supporting the conclusion above that this
population’s high diversity reflects mixing of diverged popula-
tions. We cannot definitively identify the sources of these
individuals, though PCA suggests similarities between the A4, G
and F populations, and STRUCTURE (with K= 3 or 5) identifies
some A4 individuals as close to those from population with
karyotypes G and F and, in one case, C (Fig. 2A, B).
Based on these results, we tested for introgression using the D3

test with the following topologies that take account of differences in
geographical distances or river basins (with the ((M;N);O) notation
described in the Methods section): ((C1;D1);A2) to test between D1
and A2 in sympatry, ((A1-2-3;B1);F1) between F1 and B1 in the East
Atlantic and São Francisco basin, ((F1;F2-3);A3) between A3 and F2-3
in the Tocantins-Araguaia basin, ((A4;A1-2-3);F+G) to test for
introgression between A4 and the karyomorphs F and G in the
Amazon river basin, ((G1;F1-2-3);A4) to test introgression between
A4 and G1 (both from Amazon Basin). In order to infer which
individuals from A4 were mixed and with which populations we also
performed the following D3 tests: ((A4i;A1-2-3);F1), ((A4i;A1-2-3);F2),
((A4i;A1-2-3);F3), ((A4i;A1-2-3);G1) (with i being each individual from
A4). The D3 test values can identify populations that have
undergone introgression events, with positive values indicating
events between the taxa indexed as M and O. Taking values higher
than 3 (positive or negative) as statistically significant, introgression
was detected only between the A4 and F+G groups (Table S3) and
between A4 individuals and F or G groups (Table S4), in agreement

Table 2. Estimated genome-wide genetic diversity estimates of H. malabaricus samples from different geographic sampling sites and karyomorphs
(including individual karyomorph A and F samples and also diversity in pooled samples from different localities with the same karyomorphs).

Population code (see Table 1) Sample Size π θW Tajima’s D Δθ

A1 6 0.0007 ± 0.00006 0.0007 ± 0.00006 0.0068 ± 0.041 −0.006 ± 0.017

A2 6 0.0005 ± 0.00005 0.0006 ± 0.00005 0.0188 ± 0.055 −0.011 ± 0.023

A3 8 0.0012 ± 0.00007 0.0015 ± 0.00007 −0.35 ± 0.041 0.17 ± 0.020

A4 6 0.0040 ± 0.00015 0.0027 ± 0.00010 1.23 ± 0.031 −0.49 ± 0.012

Karyotype A populations pooled 26 0.0069 ± 0.00019 0.0054 ± 0.00013 0.5 ± 0.028 −0.29 ± 0.017

B1 1 0.0007 ± 0.00008 0.0007 ± 0.00008 Not calculated (only one individual
sequenced)

C1 6 0.0006 ± 0.00005 0.0006 ± 0.00005 −0.082 ± 0.00005 0.032 ± 0.021

D1 6 0.0013 ± 0.00008 0.0012 ± 0.00007 0.166 ± 0.047 −0.07 ± 0.019

F1 6 0.0009 ± 0.00006 0.0009 ± 0.00006 −0.074 ± 0.052 0.032 ± 0.022

F2 6 0.0009 ± 0.00006 0.0010 ± 0.00006 −0.077 ± 0.049 0.031 ± 0.020

F3 3 0.0011 ± 0.00008 0.0010 ± 0.00007 0.33 ± 0.063 −0.08 ± 0.015

Karyotype F populations pooled 15 0.0031 ± 0.00012 0.0026 ± 0.00009 0.4 ± 0.043 −0.23 ± 0.025

G1 6 0.0009 ± 0.00006 0.0009 ± 0.00006 −0.0016 ± 0.048 −0.002 ± 0.020

Sample sizes are shown, as well as nucleotide diversity (π), Watterson’s theta per site (θW), Tajimaʼs D values (D) and values of the Δθ statistic which measures
variant frequencies (see the “Methods” section), and their 95% confidence intervals.
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with the STRUCTURE and Network results. As all the tests in Table S4
indicated introgression, it was not possible to infer with which
groups each A4 individual was mixed. However, it is important to
note that the D3 test, like other D-statistics can produce false positive
results when substitution rates among groups are non-uniform
(Amos 2020; Frankel and Ané 2023; Koppetsch et al. 2023) Since our
results do not support monophyly of karyomorph A from different
geographic localities (Figs. 2D, S1), we also tested a hypothesis with
the topology ((A4; F+G); A1-2-3); this did not indicate significant
introgression (Table S3).
Consistent with all these findings, pairwise FST values between

sampling localities were high (Table 3), ranging from 0.190 for
nearby populations of the same karyomorph to 0.825 between
populations with different karyomorphs. Thirty-six of the fifty-five
comparisons resulted in FST above 0.7 (although values for
comparisons involving the single B1 population individual are
unreliable). For the A4 population, however, all 10 comparisons
yielded FST below 0.7, consistent with the other evidence
suggesting the mixing of distinct populations with this karyo-
morph (which has high intra-karyomorph diversity).
The high diversity estimates when multiple karyomorph A and F

population samples are pooled suggest that the allopatric
populations of these karyomorphs are descended from ancestors
much longer ago than the coalescence time within populations,
allowing inter-population divergence. As explained above, the
high FST between populations with other karyomorphs also
reflects differentiation between samples of individuals from
geographically separated population with generally low within-
population diversity. For instance, the differentiation between A1
and A2 (the geographically closest karyomorph A populations
from the Parana basin) versus other samples with karyomorph A,
indicated by PCA and STRUCTURE analyses, probably largely
reflects this effect of geographic distance. However, net diver-
gence (Da) estimates, which correct for within-population diversity
to reflect fixed differences between different populations, are also
low for these comparisons, and for most others (between 0.5%
and 1%, Table 4). Estimates were also low between the two
karyomorph F populations with the closest geographic locations,
F2 and F3, from the same river drainage. Overall, however, Da

values, even among different A or F karyomorph populations, are
nevertheless several times higher than the within-sample diversity
values (π in Table 2). The highest divergence values involved the
A3 and D1 samples, but the A3 population sequences differ from
sequences from allopatric karyomorph A samples almost as much
as from sequences from other karyomorphs, again consistent with
PCA and STRUCTURE results.
Da is also high between A2 and the sympatric D1 sample,

suggesting that the two karyomorphs are as isolated as most
population pairs from geographically distant sites. Illustrating the
difficulty of separating different processes, we also see that,
despite the geographically separated location of the A4 sample, its
high within-sample diversity reduces its net divergence from other
karyotype A samples, compared with the values between the
other populations. Overall, however, it is clear that divergence
estimates between populations are 5 to 10 times higher than
within-population pairwise sequence divergence (π values).

DISCUSSION
Genetic diversity, population structure, and genetic isolation
The results overall suggest that geographic isolation is a major
contributor to genome-wide sequence divergence in H. malabar-
icus, as differentiation between populations is not restricted to
ones with different karyomorphs, but is also pronounced for the
two cases where we could compare different populations with the
same karyomorph. Nevertheless, between-karyomorph net diver-
gence and FST values place them in the “gray zone” defined by
Roux et al. (2016); using their data estimated that median Da for
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reproductively isolated species is 5.7% (versus an inter-popula-
tion, within-species value of 0.1%), and the respective median FST
values are 0.006 and 0.287. The data are not extensive, and more
data should be collected, but similar results were obtained for
African cichlid fish (Weber et al. 2021).
Given the small Da values, it is surprising that the 7 different

karyomorphs currently known (involving three non-homologous X
chromosomes that must reflect sex chromosome turnovers, two
separate sex chromosome-autosome fusions, and other changes
involving the autosomes) have already evolved. However, esti-
mates of rates of chromosome rearrangements are scanty, and
most rates so far estimated are across large evolutionary distances,
involving different genera, and may not correctly estimate the
numbers of changes (e.g., Olmo 2005; Yoshida and Kitano 2021).
Fixation of chromosome rearrangements are expected to be

rare events, because rearrangements are often disadvantageous
when heterozygous (underdominance, reviewed in Lande 1984
and Mackintosh et al. 2023). Holocentric chromosomes may not
experience this problem, and may thus have fast fixation rates of
chromosome rearrangements, and indeed one of the best
estimates is for Heliconius butterflies, with 10 chromosome fusions
in the 6 million years since the split with its sister genus Eueides
(Davey et al. 2016). Other genomic characteristics that may affect
rates are currently not well understood.
Observations of many rearrangements can, in principle, be

explained if selection favoring the rearrangements is strong
enough to overcome such disadvantages, but this seems
implausible when many changes have been documented in a
group of populations of closely related species. It is more
plausible that underdominant rearrangements can become fixed
in small populations, since small population sizes are permissive
for disfavored changes (Lande 1984). Our data tend to support
this hypothesis, as they demonstrate that H. malabaricus
populations are indeed isolated, and have low within-
population diversity, implying small effective sizes. Isolation is
also important in a species of the butterfly genus with rearranged
chromosomes, Brenthis (Mackintosh et al. 2023), and in the house
mouse (e.g., Britton-Davidian et al. 2007).
The only exception to the generally low within-population

diversity in H. malabaricus is the A4 sample (whose within-
population nucleotide diversity is still only 0.4%, see Table 2).
Analyses described above suggest that this sample’s slightly
higher diversity, compared with that of the other samples, reflects
mixing of diverged A4 populations, which is plausible, given the
wide geographic distribution of the A karyotype and A4 inter-
population sequence differences. Indeed, our D3 tests showed a
significant result for introgression involving locality A4 and
karyomorphs F and G (Tables S3; S4), which are presumably not
closely related to karyomorph A (Fig. 1). Mixing could occur after
changes in river courses, which have been suggested for the
Araguaia-Tocantins (Rossetti and Valeriano 2007) and the Amazon
basins (Albert et al. 2018), from which our A karyotype populations
were sampled. Moreover, some populations of this karyotype may
have become extinct. These, or unsampled populations, could
represent “ghost populations” (Slatkin 2005) that could have
contributed to the mixed A4 population. An alternative hypothesis
would be that karyomorph A is not monophyletic and that some
individuals of population A4 are more related to karyomorphs F
and G, as suggested by the phylogeny (Fig. S1). In this case there is
no signal of introgression with A4 (Table S3).
The positive Δθ values (Table 2, and negative Tajima’s D in

Fig. 2C) in most samples are consistent with their generally low
diversity, and suggest that they are still recovering diversity after
bottleneck events, so that variants are often still below equilibrium
frequencies. Low diversity can explain the observed high between-
population differentiation.
The clusters suggested by the population structure and

network analyses (Fig. 2B, D), and our phylogeny, are generallyTa
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consistent with the relationships proposed for these karyomorphs
in Fig. 1. Specifically, karyomorph B is derived from A, and both
PCA and network analyses suggested that population B1 is closely
related to A1. Similarly, karyomorph D was thought to be derived
from C (Bertollo et al. 2000), and these are close in the PCA and
clustered by STRUCTURE. The F and G karyomorphs both derive
from E (Bertollo et al. 2000; de Oliveira et al. 2018), and all our
analyses clustered the F karyomorph localities and G1. As the sex
chromosomes of karyomorph A are undifferentiated, this karyo-
morph could reflect an ancestral state before an extensive non-
recombining region evolved (Bertollo et al. 2000).

The possible involvement of the sex chromosomes in
speciation
The rearrangements between the karyomorphs might contribute
to the genome-wide genetic isolation reflected in high FST values
between different karyomorphs. Multiple sex chromosome
systems such as those in this species complex are expected to
lead to isolation. When species differ by such rearrangements,
trivalents form in the heterozygotes, causing irregular segregation
and unbalanced gamete production, potentially leading to post-
zygotic isolation (reviewed in Zhang et al. 2021). The Hoplias
malabaricus complex is therefore suitable for testing whether
rearrangements contribute, and whether the sex chromosomes
are especially important.
Moreover, other chromosome rearrangements, including auto-

somal ones, can also contribute to suppressing recombination,
preventing introgression and reducing gene flow, albeit mainly in
the rearranged genome regions (Machado et al. 2007; Yannic et al.
2009; McGaugh and Noor 2012; Ostberg et al. 2013), and acting
along with other reproductive barriers (Ostevik et al. 2016).
The H. malabaricus sex chromosomes are also suitable system for

estimating the sizes of genome regions affected by recent genome
rearrangements such as sex chromosome-autosome fusions. These
are interesting for asking whether the newly sex-linked arms have
evolved suppressed recombination or continue to recombine with
their non-fused autosomal counterparts. The physical sizes of such
neo-sex chromosome regions are small in the few species so far
studied, including the threespine stickleback, Gasterosteus aculeatus
(Schultheiß et al. 2015) and great reed warbler, Acrocephalus
arundinaceus (Ponnikas et al. 2022). Larger regions may be
discovered when different systems are studied in the future.
The Hoplias malabaricus karyomorphs can contribute valuable

data about rates of chromosomal evolution within evolutionary
time scales that can be related to those likely to be involved in
speciation. Such information, together with emerging estimates of
karyotype evolution rates, can help understand the extent to
which chromosome changes contribute to speciation. Genome
assemblies will allow future investigations in H. malabaricus, along
with studies of genomic patterns of introgression (e.g., Yamasaki
et al. 2020). Two recent studies illustrate the value of identifying
and studying markers on individual chromosomes in species
complexes such as H. malabaricus. In a plant, Rumex hastatulus,
neo-X chromosome SNPs showed significantly steeper clines than
the genome-wide average in a hybrid zone between populations
with and without an X-autosome fusion, suggesting that the neo-
sex chromosome affects reproductive isolation between the
cytotypes (Beaudry et al. 2022). In an experimental hybrid
population between two recently diverged Drosophila species, D.
nasuta and D. albomicans, whose sequence divergence is similar
to that between H. malabaricus populations, an autosome is fused
with the ancestral X and Y, and a block of overlapping inversions
on the neo-sex chromosome stood out as the strongest barrier to
introgression (Wang et al. 2022). Introgression of the neo-sex
chromosome showed asymmetry, with female hybrids showing an
excess of the D. albomicans neo-X, while males showed an excess
of heterozygous genotypes (Wang et al. 2022). Even if artificial
hybrids cannot be bred, population genomic approaches have the

potential to detect the involvement of rearranged chromosomes
in the speciation process, if complete chromosome sequence
assemblies can be made.

Data archiving
All data have been archived at Dryad: https://doi.org/10.5061/
dryad.sbcc2frgc.
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