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B chromosomes are extra-genomic components of cells found in individuals and in populations of some eukaryotic
organisms. They have been described since the first observations of chromosomes, but several aspects of their
biology remain enigmatic. Despite being present in hundreds of fungi, plants, and animal species, only a small
number of B chromosomes have been investigated through high-throughput analyses, revealing the remarkable
mechanisms employed by these elements to ensure their maintenance. Populations of the Psalidodon
scabripinnis species complex exhibit great B chromosome diversity, making them a useful material for various

analyses.

Astyanax Psalidodon supernumerary chromosome

| 1. Introduction

Small extra fragments of genetic materials have been observed in the cells of some organisms since the first
observations of chromosomes in the early 20th century. In most cases, these elements are lost &, but some,
denoted as B chromosomes, are maintained over generations. However, even after more than a century of

research, many aspects of the biology of these enigmatic elements remain elusive.

B chromosomes can self-originate from the standard chromosomes of a species (intraspecific origin) 28] or from
chromosomes of other species through hybridization or introgression events (interspecific origin) &l The source
of the genetic material may originate from autosomes or sex chromosomes 8. In some cases, their origin can be
delimited to specific chromosomes BRI However, in several species, the origin of the B chromosome cannot
be determined due to the fast evolution of its sequences 21l In most cases, B chromosomes are a mixture of DNA
sequences acquired from several chromosomes of the standard genome 221311141 and/or organelles 22!, Most B
chromosomes have a large repetitive DNA content, such as ribosomal DNA, satellite DNAs, U snRNA genes,
histone genes, amplified telomeric sequences and transposable elements [BIISIL7I18IIN  Eyen though these
elements are frequently heterochromatic, young B chromosomes may show few repetitive DNA sequences, since
they are euchromatic 429, B chromosomes can also harbor protein-coding genes with various functions 131141211
(221 Among them, genes that may benefit the maintenance of B chromosomes and may be related to their
evolutionary success have been detected 311421 Some of these genes are actively expressed and can even be

translated into functional proteins [2311241251[26] regylting in evident phenotypic effects 2311271,
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In recent years, knowledge of B chromosomes has increased significantly with the application of powerful high-
resolution technologies, such as third- and fourth-generation DNA and RNA sequencing. The recently discovered
fascinating aspects of B chromosomes include the presence of an epistatically Y-dominant female sex determinant
gene in cichlids 28: the elimination of B chromosomes only in the roots of Aegilops speltoides during the
embryonic stage [22: the presence of a gene acquired by interspecific hybridization called haploidizer in Nasonia
vitripennis, which causes the sexual conversion of females into males by expelling the entire genome coming from
the sperm [28: the paternal inheritance and escape of the B chromosome from elimination in male meiosis in

mealybugs, in which the entire paternal genome is eliminated during gamete formation B9,

A strong diversity of B chromosomes is present in approximately 70 Neotropical fish species 132 They can be
euchromatic or heterochromatic, from micro to large B chromosomes 283l However, in many cases, these
elements are described with low population frequency or as being mitotically unstable and not uniformly present in
all cells of the organism, hindering various types of analyses [32I33I34135]  Characiformes species belonging to
the Psalidodon scabripinnis complex (28 constitute excellent models for B chromosome studies, as they show
populations with several B chromosome variants (Figure 1), some of which are mitotically stable and have varied
frequencies, enabling a wide range of studies. In recent years, the B chromosomes of these species have been

extensively investigated in several aspects (Figure 2).

Figure 1. B chromosome diversity and distribution of Psalidodon species. 1—Missiones. 2—Foz do Iguacu. 3—
Maringa. 4—Marialva. 5—Bauru. 6—Botucatu. 7—Uberlandia. 8—Araras. 9—Campos do Jorddo. 10—
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Pindamonhangaba. 11—Vitor Hugo. The figure shows the B chromosome variants found in the species from each

region, not considering variants present in close streams.

Recently, Teran et al. B2 recovered the putative monophyletic genus Psalidodon to include more than 30 species
previously belonging to Astyanax. Before the re-division, the genus Astyanax included 11 species carrying B
chromosomes with varying morphologies. Among them, the species that remained in the genus Astyanax carry
only small acrocentric B chromosome variants (review in [2). Therefore, the great diversity of B chromosomes

previously described in Astyanax is now present in eight species of Psalidodon (Figure 1).

These contents present a comprehensive introduction of the B chromosomes in two sister species belonging to the
P. scabripinnis complex (P. scabripinnis and Psalidodon paranae), as well as perspectives for future studies, and

propose a new hypothesis regarding the role of the B chromosomes in the speciation process.
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Figure 2. Origin, evolution, and effects of Psalidodon scabripinnis complex metacentric B chromosomes. Numbers

in square brackets refer to references. On the right, features involving the B chromosomes that still need further
investigation [B1211[381[39]40][41]

| 2. B Chromosomes in Psalidodon scabripinnis Complex
2.1. Origin

In Psalidodon, the presence of B chromosomes has been widely recorded since its first description in P
scabripinnis 2. P scabripinnis constitutes a species complex with the greatest number of B chromosomes
studied, harboring different morphologies from macro- to microchromosomes (Figure 1,). However, the large
metacentric B chromosome (BM) variant with a similar size to the first autosomal pair is the most frequent in P.
scabripinnis and in other species of Psalidodon (Figure 1). Based on this, Salvador and Moreira-Filho 42

hypothesized that this variant would have originated from the non-disjunction of a chromosome of the first
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autosomal pair. Later, Vicente et al. 43! described a BM variant in P. scabripinnis, in which heterochromatin blocks
are restricted to the interstitial region of the two arms in a pattern that closely resembles the autosomal acrocentric
24th pair. Thus, the authors hypothesized that BM is an isochromosome originating from the long-arm sister
chromatid non-disjunction of this pair (Figure 3). This hypothesis was later confirmed by Mestriner et al. [58
through molecular cytogenetic studies and analyses of chromosome pairing during meiosis, which will be
discussed in the next section of these contents.
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Figure 3. Psalidodon B chromosomes birth and evolution model.

At the same time, Maistro et al. [44] observed contrasting R- and G-banding patterns between the BM chromosome
and the first autosomal pair of P. paranae; therefore, if they originated from the first pair, they would have followed
different evolutionary paths. Subsequently, by employing several banding techniques, such as C-banding,
CMA; staining, incorporation of 5-bromo-2'-deoxyuridine, and chromosome digestion with nine restriction
endonucleases, Maistro et al. 43 reinforced the idea that this variant in this species could originate from an
acrocentric pair by showing that the 21st and 22nd pairs share heterochromatin with the same compositional
features as the B chromosome. This indicated that the BM variants in P. scabripinnis and P. paranae could have

originated from the same ancestral acrocentric chromosome.
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Both studies developed by Maistro et al. 2445 gnalyzed samples from the Cascatinha stream, Botucatu, Brazil.
First, they named the species P. scabripinnis 24 and later P. scabripinnis paranae 43, which was considered to be
a subspecies of the P. scabripinnis complex; however, after the abolishment of this category, it was named P.
paranae [28] the same as other populations of P. paranae from the Botucatu region. Mitochondrial DNA analyses
revealed that the individuals of this population belong to a different species of the P. scabripinnis complex from the

Campos do Jordao region analyzed by Salvador and Moreira-Filho, Vicente et al., and Mestriner et al. [38][421[43],

Despite BM variant predominance, the presence of several B chromosome variants within the same species is an
intriguing point that raises several questions about the evolutionary dynamics of these chromosomes. Néo et al. 47
proposed that the BM and Bmicro (micro-B chromosome) variants may have originated simultaneously via
centromere non-disjunction of the acrocentric 24th pair, followed by chromatid nondisjunction. However, in
populations of P. scabripinnis, these variants were not found together, which would be expected if they had a
simultaneous origin; thus, Moreira-Filho et al. B4 suggested an independent origin for both variants. Therefore, it is
possible that the Bmicro and BM variants were not observed together in P. scabripinnis due to the low frequency of
the Bmicro variant, as this variant occurs in only a few populations 4!, Furthermore, Néo et al. 44 proposed that
other variants, such as BSM (large submetacentric B chromosome) and Bm, would have originated more recently
from chromosomal rearrangements occurring on the B chromosome itself. Considering that the BSM variant is
similar in size to BM, its origin could have been pericentric inversion, whereas the Bm variant could have originated
from deletions of the BM or BSM variants. The low frequency of these variants observed by Ferro et al. 8l
reinforces the idea that they originated recently. An alternative hypothesis is that both variants arose at the same

time, but different B chromosomes were lost in different species/populations.

2.2. Predominance in Females

An interesting aspect of B chromosomes in Psalidodon is the predominance of BM in females. This pattern is
observed even in BM variants with different C-heterochromatin patterns (4. However, the reasons for this
predominance are still unknown. In two cichlid fishes, the female-restricted B chromosomes are involved in the sex

determination [27[28] byt the molecular mechanisms involved are also a mystery.

Alternatively, Rocon-Stange and Almeida-Toledo [“2 described a male-restricted Bmicro in a P
scabripinnis population, a similar scenario recently elucidated by multiple genomic approaches in Astyanax
mexicanus, in which the authors showed a chromosomal drive for males and what they called supernumerary B-
sex B9, Thus, the mechanisms of the sex determination distortion pathways seem to be a frequent factor in these
fish and are associated with the presence of B chromosomes, even in variants that follow different evolutionary
paths. However, this remains an open question requiring further analysis, considering that the B chromosomes can

predominate in males or females depending on the population analyzed.

The effects of B chromosome presence and seasonal variation between sexes can also be highlighted. The
pioneering study by Maistro et al. B revealed that the population of P. paranae from the Cascatinha stream has a

predominance of BM in females (approximately 27% of the analyzed females) compared to males (100% of non-B
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carriers). Later, by reanalyzing the same population, Porto-Foresti et al. B2 observed an increase in BM frequency
in females (57%) and the occurrence of this element in males (8.7%). Recently, Goes et al. 23! carried out a new
survey, in addition to performing a comparative analysis between the data obtained from 2014 to 2017 and from
1994 to 1997 BUB2 with an interval of 20 years between the two samples. They verified an increase in the
frequency of B chromosomes per individual in females (from 51% to 71%) and in males (from 7% to 31%). In
males and females, the frequency of B chromosomes in the P. paranae population from the Cascatinha stream
increased from 35% to 56% in the 20-year interval, indicating a B fixation in this population. Silva et al. & pointed
out that in the P. paranae population from the Capivara River, Botucatu, Brazil, B chromosomes were present in
36.9% of females and only 3.7% of males, showing a clear bias towards a higher frequency in females. Vicente et
al. 43 also reported a significantly higher frequency of B chromosomes in females in three populations of P.
scabripinnis (the Pedras, Casquilho, and Perdizes streams, Campos do Jordao, Brazil), with 95.5%, 45.4%, and
50% of females carrying B chromosomes, respectively. The authors drew attention to the sex ratio bias in favor of
females and its significant association with the occurrence of B chromosomes, with a highly disproportionate
number of males lacking these chromosomes, corroborating the bias observed in other populations

of Psalidodon harboring B chromosomes.

2.3. Geographic Variation

Porto-Foresti et al. 22 also showed different frequencies of B chromosomes in three stretches of the Cascatinha
stream. The higher frequency in the first stretch was attributed to a genetic drift or an adaptive effect conferred by
the presence of B chromosomes. Accordingly, Néo et al. B4 found that B chromosomes are present at high
frequencies in two higher stretches of the Ribeirdo Grande River, Campos do Jordao, Brazil, but absent in the
lower stretch. The studies differed in sample size and altitude range. Néo et al. B4 analyzed 82.6 individuals per
stretch on average and stretched at altitudes of 1920, 1800, and 700 m, whereas Porto-Foresti et al. 22 analyzed
21.6 individuals per stretch on average and stretched at altitudes of 880, 860, and 820 m. Despite these

differences, in both studies, the B chromosome frequencies were higher in the headwaters.

These results are best explained by the parasitic theory €. Considering this theory, B chromosomes could be
maintained by driving in the populations even though they might be harmful for B-carriers. Thus, the presence of B
chromosomes could be more tolerated under favorable environmental conditions because the harmful effects
would be best tolerated. As P. scabripinnis is best adapted to the headwaters of streams or small rivers B3l the
populations inhabiting higher stretches probably occupy the most favorable environmental conditions, which makes
them more tolerant to the presence of B chromosomes, whereas the lowest sites could have certain ecological
conditions incompatible with the presence of harmful B chromosomes. Although no ecological analyses were
performed, Néo et al. B4l highlighted two important ecological differences between the high- and low-altitude sites:
(1) the reduced presence of potential predators in the high-altitude sites and (2) the lower species diversity at the
high-altitude sites compared to the lower ones, which indicates a weaker level of resource competition in the first.
Both differences were also observed between the Cascatinha stream stretches analyzed by Porto-Foresti et al. [22],
in which only two species, P. paranae and Phalloceros sp., were observed inhabiting the first portion of the stream

during decades of sampling, contrary to the greater diversity found in the lower stretches.
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| 3. Transmission of B Chromosomes

The frequency of B chromosomes in natural populations is intrinsically correlated with the transmission of these
elements to the offspring. In most cases, B chromosomes do not follow Mendelian laws of inheritance. They can be
transmitted at rates higher than 0.5, which is called drive, and accumulate over generations. In contrast,
transmission rates below 0.5 are also possible, leading to the disappearance of these elements over time €. In a
pioneering study, Goes et al. B2 analyzed B chromosome inheritance patterns in P. paranae., revealing sex-
dependent transmission. More specifically, this study revealed that female-inherited B chromosomes exhibit low
rates of transmission to the offspring (kb = 0.15, on average), whereas those transmitted by males are close to
neutrality (kb = 0.45) 53], These results indicate the absence of a drive in the B chromosome variant in P. paranae.
Despite this, the frequency of these elements has increased in the population (from the Cascatinha stream) in
recent decades. This apparent contradiction suggests a possible mechanism of B chromosome elimination in the
germline of P. paranae females and possible adaptive advantages to their carriers, as they increase in the
population. Alternatively, this B chromosome could lose its capacity to accumulate after suffering an initial drive and
reaching a maximum frequency supported by the population, in accordance with the parasitic theory. Individuals
with two B chromosomes are very rare in the Cascatinha population 23381 indicating that the fertilization between
two gametes harboring B chromosomes is a rare event, or that the survival of 2B individuals is low. Both cases

could be the result of the harmful effects of the B chromosome.

According to 3D cell analysis, the P. scabripinnis B chromosome occupies a peripheral position in the interphase
nucleus BZ, which seems to be common in some types of B chromosomes 281 This peripheral territory is occupied
by chromosomes that tend to be eliminated in hybrids B2 and other organisms 8. Although 3D cell analysis has
not been performed in studies of P. paranae, whole-chromosome painting experiments (with BM probes) mostly
show 2D signs in the peripheral regions of the nucleus &, which could be associated with elimination in female
gametes. Clark and Akera [ postulated that B chromosomes can achieve drive only through random positioning
in dividing cells, as the mitotic spindle is asymmetric, and the B chromosome would always have more chances of
going to the vegetative nucleus. However, if the B chromosome has a specific territory in the dividing cell, it could
have a peculiar behavior, such as elimination. The peripheral position of B chromosomes in the nucleus is related
to their heterochromatic content and activation status 4. Thus, euchromatic B chromosomes in the early stages of
evolution could occupy central regions in the nucleus, which could favor their transmission to germ cells, reaching
the initial drive. Later, these B chromosomes could be modified, for example, via the acquisition of repetitive DNA
sequences, becoming heterochromatic and inactivated. This new status could be responsible for moving them to

peripheral positions, leading to their elimination, as postulated for the B chromosome of P. paranae 531,

This explanation does not consider the possible action of several genes involved in B chromosome transmission.
For example, nusapl is present in the B chromosomes of four Psalidodon species, including P. paranae 21, and
encodes a microtubule-associated protein [l The abnormal expression of this gene is associated with
inappropriate mitotic spindle formation and cell-cycle dysregulation 6283 According to Akera et al. 84l both
processes need to be altered to drive selfish elements. Thus, the B chromosomes of the Psalidodon species could

benefit from the expression of this gene to obtain higher transmission rates in the early stages of evolution.
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Currently, this gene is highly amplified in these B chromosomes [21, which could result in their overexpression,

leading to gamete malformation or B chromosome expulsion via the polar corpuscle.

Studies related to the transmission of B chromosomes in P. paranae present major challenges, such as: (1) the
lack of knowledge about the reproductive behavior of the animals, as they are not model organisms in reproduction
assays; (2) the annual breeding season—despite reports of split spawning in several Psalidodon species, the ideal
reproductive period for the reproduction of animals in captivity is between the months of November and February,
known as piracema; (3) the difficulty in handling—because P. paranae is not a model species, there are no stocks
of domesticated brood stock. Thus, wild animals are collected close to the breeding season, but few can reproduce
in captivity; (4) the difficulty in obtaining males with B chromosomes—despite an increase in males with B
chromosomes in natural populations, as described above, they still represent a minority of individuals. Therefore, a

targeted crossing that depends on males carrying the B chromosome is difficult.

Despite the abovementioned difficulties, assessing the detailed B chromosome transmission
in P. paranae and P. scabripinnis is essential, mainly due to the possible elimination of these elements by females.
B chromosomes are probably eliminated during the formation of the female gametes during the expulsion of the
first or second polar bodies. Furthermore, only one population of P. paranae has known transmission patterns,
making it necessary to compare these indices with populations that have different frequencies of B chromosomes.
Finally, the low transmission rates described by Maistro et al. B3 contrasted with the maintenance of these
elements in the population, making further experiments necessary to better understand the role of B chromosomes

in the population.
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