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Abstract: Miniature refers to species with extraordinarily small adult body size when adult and can
be found within all major metazoan groups. It is considered that miniature species have experienced
severe alteration of numerous morphological traits during evolution. For a variety of reasons,
including severe labor concerns during collecting, chromosomal acquisition, and taxonomic issues,
miniature fishes are neglected and understudied. Since some available studies indicate possible
relationship between diploid chromosome number (2n) and body size in fishes, we aimed to study
one of the smallest Neotropical fish Nannostomus anduzei (Teleostei, Characiformes, Lebiasinidae),
using both conventional (Giemsa staining, C-banding) and molecular cytogenetic methods (FISH
mapping of rDNAs, microsatellites, and telomeric sequences). Our research revealed that N. anduzei
possesses one of the lowest diploid chromosome numbers (2n = 22) among teleost fishes, and its
karyotype is entirely composed of large metacentric chromosomes. All chromosomes, except for
pair number 11, showed an 18S rDNA signal in the pericentromeric region. 5S rDNA signals were
detected in the pericentromeric regions of chromosome pair number 1 and 6, displaying synteny to
18S rDNA signals. Interstitial telomeric sites (ITS) were identified in the centromeric region of pairs
6 and 8, indicating that centric fusions played a significant role in karyotype evolution of studied
species. Our study provides further evidence supporting the trend of diploid chromosome number
reduction along with miniaturization of adult body size in fishes.

Keywords: neotropical fishes; 2n reduction; karyotype; chromosomal rearrangements

1. Introduction

Miniaturization refers to species with exceptionally small adult body size that have
experienced reduction and severe alterations of various morphological features. Miniature
species are present and widespread across all major metazoan groups, including fishes [1–3].
It is considered that miniature fish species do not exceed 26 mm of standard body length
(SL) and are frequently characterized by morphological modifications of the latero-sensory
canal system of head and body, lower number of fin rays and body scales, as well as less
structured bones [4–6]. With more than 200 described cases, the Neotropical region harbors
the highest number of miniature fish species around the world [4,5,7–13]

When compared to cartilaginous fishes and mammals, teleosts have experienced a
higher rate of chromosomal rearrangements and a faster evolution of protein sequences
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(reviewed in [14]). Such chromosomal rearrangements are known to disrupt some gene-
linkage groups and may lead to alterations of the organism’s morphological traits, including
body size [15]. In wasps, genes evolve faster in miniaturized species when compared to
regular-sized ones [16]. In salamanders, smaller body size, slower cellular differentia-
tion, less complexity of brain, and larger sensory organs are observed in species that are
characterized by larger genomes [17,18]. Although evidence from several animal groups
suggest that adult body sizes and genome organization are somehow linked [1,16,19,20],
few studies have compared chromosome number and animals’ body size in the context of
the karyotype evolution process, so far [19–21].

Lebiasinid fishes are representatives of Lebiasinidae family (Characiformes order)
that are distributed across Central and South America. The family comprises 75 species,
consisting of two subfamilies, namely: (1) Lebiasininae (Derhamia, Lebiasina, and Piabucina),
with small to medium-sized species reaching 60–160 mm SL and (2) Pyrrhulininae (Copeina,
Copella, Nannostomus, and Pyrrhulina), a clade containing small to miniature species, which
attain body size up to 85 mm SL [8,21,22]. Among lebiasinids, pencil fishes (Nannostomus
genus) represented by N. anduzei, N. britski and N. minimus are well known miniature
species that reach maximum 24 mm SL [8,21]. They are popular as ornamental fishes traded
for aquarists because of their bright coloration [21,23].

The small size of lebiasinid fishes hampered their cytogenetic investigations for many
years [24–26]. However, recent progress in cytogenetic techniques has overcome this
issue, broadening our knowledge of the structure and mechanisms of their karyotype
evolution [23,27–32]. Species karyotyped to date by conventional and molecular techniques
have revealed two main scenarios of chromosome evolution within the family [23,27–32].
The first one supposes an ancestral state of chromosome number (2n = 36) that is conserved
among Lebiasininae species, represented by Lebiasina (Lebiasina bimaculata, Lebiasina minuta,
Lebiasina melanoguttata). In turn, the second evolutionary scenario hypothesizes a large drop
out of diploid chromosome number (2n = 22–32) in some Pyrrhulininae species, especially
in Pyrrhulina and Nannostomus via Robertsonian fusions resulting in the presence of large
metacentric chromosomes [23,29].

Due to considerable difficulties in chromosome analysis of pencil fishes, the majority
of cytogenetic studies carried out are limited to Giemsa staining and other conventional
banding methods. So far, the available data show large variation in their diploid chro-
mosome number, ranging from 2n = 22 to 46 (reviewed in [26]). A recent conventional
and molecular study on four Nannostomus species highlighted that their karyotype evo-
lution was predominantly driven by substantial structural changes, with a relatively low
divergence of their repetitive DNA content at the chromosomal level. Among pencil fishes,
N. unifasciatus bears the lowest diploid chromosome number, which is also the smallest
one among Neopterygian fishes [23].

In the present work, we aimed to broaden our understanding of karyotype evolution
of small-sized fishes by examining one of the tiniest Neotropical fishes, the miniature
N. anduzei, a species that does not surpass 16 mm SL [21]. For this purpose, we used
both conventional (Giemsa staining, C-banding) and molecular cytogenetic approaches
(FISH mapping of rDNAs, microsatellites, and telomeric sequences). The cytogenetic study
performed by us provides new useful data on the possible association between the reduction
of diploid chromosome number (2n) and body miniaturization in fish. The present results
are part of our broader cytogenetics and cytogenomics research on Lebiasinidae fishes.

2. Materials and Methods
2.1. Samples and Chromosomal Preparation

Fourteen individuals of N. anduzei were collected in the middle part of Negro River at
Zamula stream in Barcelos—AM (Figure 1). The sex of collected fish was determined based
on the body dimorphism expressed by differential coloration and by direct observation
of gonadal morphology. In order to collect tissues of liver, kidney, spleen, and gills, a
stereomicroscope was used. Chromosome isolation from collected tissues was carried
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out in accordance with conventional air-drying technique [33]. Following the dissection,
the complete fish bodies were preserved in 100% and deposited in the tissue bank of the
Laboratório de Citogenética de Peixes of Universidade Federal de São Carlos (São Carlos—
SP, Brazil) with the voucher numbers 23359, 23360, 23361, 23362, 23363, 23364, 23365, and
23366. All individuals were collected under the appropriate authorization of the Brazilian
environmental agency ICMBIO/SISBIO (License number 48628-14) and SISGEN (A96FF09).
The experiments followed ethical standards, and anesthesia in accordance with the Ethics
Committee on Animal Experimentation of the Universidade Federal de São Carlos (Process
number CEUA 1853260315).

Genes 2023, 14, x FOR PEER REVIEW 3 of 12 
 

 

2. Materials and Methods 
2.1. Samples and Chromosomal Preparation 

Fourteen individuals of N. anduzei were collected in the middle part of Negro River 
at Zamula stream in Barcelos—AM (Figure 1). The sex of collected fish was determined 
based on the body dimorphism expressed by differential coloration and by direct 
observation of gonadal morphology. In order to collect tissues of liver, kidney, spleen, and 
gills, a stereomicroscope was used. Chromosome isolation from collected tissues was 
carried out in accordance with conventional air-drying technique [33]. Following the 
dissection, the complete fish bodies were preserved in 100% and deposited in the tissue 
bank of the Laboratório de Citogenética de Peixes of Universidade Federal de São Carlos 
(São Carlos—SP, Brazil) with the voucher numbers 23359, 23360, 23361, 23362, 23363, 
23364, 23365, and 23366. All individuals were collected under the appropriate 
authorization of the Brazilian environmental agency ICMBIO/SISBIO (License number 
48628-14) and SISGEN (A96FF09). The experiments followed ethical standards, and 
anesthesia in accordance with the Ethics Committee on Animal Experimentation of the 
Universidade Federal de São Carlos (Process number CEUA 1853260315). 

 
Figure 1. Collection site of N. anduzei in Barcelos—AM. Scale bar equals 1 cm. 

2.2. Conventional and Molecular Cytogenetics 
Constitutive heterochromatin was revealed by the application of a standard C-

banding procedure [34]. The rDNAs, microsatellites, and telomeric sequences were 
mapped by fluorescence in situ hybridization (FISH) with high stringency conditions [35], 
where metaphase chromosomes were treated with RNAse A (40 μg/mL) for 1.5 h at 37 °C 
and the DNA was denatured in 70% formamide/2× SSC at 72 °C for 3 min. 20 μL of the 
hybridization mixture (2.5 ng/μL probes, 50% deionized formamide, 10% dextran sulfate) 
was then applied, and the hybridization process was performed overnight at 37 °C in a 
moist chamber. The first post-hybridization wash was performed with 1× SSC for 5 min 
at 65 °C in a shaker, followed by 4× SSC/Tween for 5 min at room temperature. 
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2.2. Conventional and Molecular Cytogenetics

Constitutive heterochromatin was revealed by the application of a standard C-banding
procedure [34]. The rDNAs, microsatellites, and telomeric sequences were mapped by fluo-
rescence in situ hybridization (FISH) with high stringency conditions [35], where metaphase
chromosomes were treated with RNAse A (40 µg/mL) for 1.5 h at 37 ◦C and the DNA
was denatured in 70% formamide/2× SSC at 72 ◦C for 3 min. 20 µL of the hybridization
mixture (2.5 ng/µL probes, 50% deionized formamide, 10% dextran sulfate) was then
applied, and the hybridization process was performed overnight at 37 ◦C in a moist cham-
ber. The first post-hybridization wash was performed with 1× SSC for 5 min at 65 ◦C
in a shaker, followed by 4× SSC/Tween for 5 min at room temperature. Chromosomes
were counterstained with DAPI with Vectashield (Vector Laboratories, Burlingame, CA,
USA). The probes of ribosomal 5S and 18S rDNA were isolated from Hoplias malabaricus
genome [36,37]. The 5S rDNA probe included 120 base pairs (bp) of the 5S rDNA gene
coding region and 200 bp of non-transcribed spacer (NTS) [36]. The 18S rDNA probe was
composed of a 1400-bp-long segment of the 18S rDNA coding region [37]. Both probes were
directly labeled with the NickTranslation Mix Kit according to the manufacturer’s instruc-
tions (Jena Bioscience, Jena, Germany), the 18S rDNA probe with Atto488-dUTP and the
5S rDNA with Atto550-dUTP. Microsatellites were also mapped: The (CA)15, (GA)15, and
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(CGG)10 probes were directly labeled with Cy3 during the synthesis [38]. Telomeric regions
were detected using the standard vertebrate telomere sequence (TTAGGG)n, obtained by
PCR in the absence of a template according to [39] and later labeled with Atto550-dUTP
with the Nick-Translation Mix Kit (Jena Bioscience, Jena, Germany).

2.3. Microscopic Analyses and Image Processing

To determine diploid number of chromosomes, karyotype structure, and FISH map-
ping results, at least 20 metaphase spreads per individual were examined. Images were
captured with an Olympus BX50 microscope (Olympus Corporation, Ishikawa, Japan)
equipped with a Teledyne Photometrics CoolSNAP CCD camera (Teledyne Photometrics,
Tucson, AZ, USA), and processed with Image-Pro Plus 4.1 software (Media Cybernetics, Sil-
ver Spring, MD, USA). The chromosomes were classified as metacentric (m), submetacentric
(sm), and acrocentric (a) according to Levan and colleagues’ nomenclature [40].

3. Results

The diploid chromosome number in all analyzed fish was 2n = 22. The karyotype was
exclusively composed of large metacentric chromosomes, with C-positive heterochromatin
blocks found in the pericentromeric region of all chromosomes (Figure 2a,b). Except for
pair number 11, all chromosomes displayed an 18S rDNA signal in the pericentromeric
region, which was found in synteny with 5S rDNA localized on chromosomal pairs number
1 and 6 (Figure 2c).
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Figure 2. Karyotypes of N. anduzei subjected to sequential Giemsa staining (a), C-banding (b), and
FISH (c) with 5S (red) and 18S (green) rDNA probes. Scale Bar = 10 µm.

Chromosome mapping with the (CA)n, (GA)n, and (CGG)n microsatellite probes
displayed a similar pattern for males and females. The microsatellites (CA)n and (GA)n
displayed signals in the terminal region of almost all chromosomes, whereas (CGG)n
motifs are found in the centromeric region of nearly all chromosomes (Figure 3). Telomeric
sequences (TTAGGG)n were found in the terminal regions of all chromosomes. Telomeric
interstitial sites (ITS) were found in four chromosomes of pairs 6 and 8 (Figure 3).
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indicate the interstitial telomeric sites (ITS) observed on pairs 4 and 6. Scale Bar = 10 µm.

4. Discussion
4.1. Chromosomal Characteristics of Nannostomus Anduzei

To date, only 7 out of 20 described Nannostomus species have been karyotyped ([14,26]
and present study). Among them, N. anduzei (present study) and N. unifasciatus [23,26] are
the species that have the lowest diploid numbers ever documented for teleost fishes [26], with
karyotype exclusively composed of large metacentric chromosomes (Figure 1). Due to limited
karyotypic data, the possible mechanisms of the decreased diploid number in Nannostomus
remains a mystery. It is considered that observed large diploid chromosome number decrease
in N. anduzei (2n = 22) and N. eques (2n = 36) when compared to other closely related pencil
fishes, i.e., N. backfordi (2n = 44), N. marginatus (2n = 42), N. unifasciatus (2n = 40) and N. harrisoni
(2n = 40) is the result of centric fusion events of Robertsonian type that most probably played
a substantial role in genome evolution of Lebiasinid fishes [41,42]. Robertsonian fusions are
one of the most prevalent chromosomal rearrangements observed during the karyotypic
evolution of vertebrates (reviewed in [43]). This type of rearrangement can take place in
three ways, namely: (i) The formation of dicentric chromosomes with loss of telomeric
sequence [44], (ii) chromosome fission events [45,46], and (iii) chromosome fusion by retain-
ing (and inactivating) the telomeric region [43]. However, telomere sequences can be further
accumulated in the pericentromeric region of rearranged chromosomes, resulting in an
interstitial telomeric sequence (ITS), as seen here in N. anduzei as well as in other vertebrates
(e.g., [47–50]). Several fish species, including, e.g., Erythrinus erythrinus (Characiformes),
Hoplias malabaricus (Characiformes), Rhodeus ocellatus kurumeus (Cypriniformes), and Harttia
carvalhoi (Siluriformes), have prominent ITS [51–54]. However, the ITS are often lost due to
rearrangement’s repair mechanisms [50], as recorded other Neopterygian fishes [29,55–59].

It is worth noting that, from a cytogenetic standpoint 18S and 5S rDNA regions can
also be involved in centric fusion events because of their susceptibility to promote double-
stranded DNA breakage (e.g., [60–62]). Available studies indicate that the terminal location
of the 18S rDNA loci on the chromosomes, as well as terminal and interstitial localization of
5S rDNA regions are typical characteristics in all lebiasinid species [27–32,63]. Furthermore,
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some members of the family have genomes with multiple rDNA sites [27–32,63], including
the synteny of both 18S and 5S rDNAs localization [27–31,63]. The presence of multiple
rDNA sites differs from the usual pattern of the fish genomes, where most species have a
single pair of 5S and/or 45S rDNA sites [64,65]. Multiple rDNA loci may thus imply high
dynamics of genome rearrangements probably due to ongoing interspecific divergence
or fast fixation caused by genetic drift in small populations [66–68]. Some fish species,
such as the walking catfish Clarias batrachus, have 32 out of the 52 chromosomal pairs
bearing rDNA sequences in the pericentromeric region, including a synteny of both 5S
and 18S rDNAs [69]. In cichlid Cichlasoma amazonarum (Perciformes, Cichlidae—[70]) and
the bank voles Myodes glareolus (Rodentia, Cricetidae—[71]), the spreading of 18S rDNA
was associated with the exposure to environmental contaminants since this sequence is a
component of heterochromatin and acting as a centromere protector [71,72]. N. anduzei, as
well as some Pyrrhulina spp. and L. minuta, have multiple 18S rDNA loci [27–31,63], which
distinguishes them from other previously studied Nannostomus species [73]. Interestingly,
N. anduzei differs from its congeners by having 18S/5S rDNA synthetic association in pairs
1 and 6 (Figure 2c). Despite these findings, a clear relationship between rDNA-bearing
chromosomes and the central fusion process cannot be confirmed.

Microsatellites are repeating sequences that, like rDNA, may be applied to examine
fish genomes in an evolutionary context [74]. Microsatellite clustering can assist in track-
ing the level of subchromosomal dynamics and potentially give vital information on sex
chromosome differentiation processes (e.g., [38,75–77]). Performed by us, microsatellite
DNA chromosomal mapping in the Nannostomus aduzei revealed comparable to other
Lebiasinidae species’ genomic microsatellite DNA distribution [27–32,63]. The (CA)15 motif
shared a similar distribution pattern to Pyrrhulina semifasciata [28] and Pyrrhulina obermul-
leri [29], appearing almost exclusively in telomeric regions, whereas (GA)15 was more
dispersed throughout chromosomes and exhibited a higher affinity in telomeric regions.
Finally, (CGG)10 patterns showed a predilection for centromeric regions, overlapping with
the location of rDNAs, as also observed in other species in the family [29]. Correlations
between (CGG)10 and 18S rDNA distribution have been reported in several fish species,
including, e.g., Hepsetus odoe [78], L. bimaculata [30], and several Siluridae species [79].

4.2. Chromosomal Reduction and Miniaturization: Cause-Effect Relationship or an
Indirect Association?

For a broad range of reasons, miniature fishes are neglected and understudied since
their study presents significant challenges, including difficulties in their sampling [13],
taxonomic identification [40], and chromosomal preparation [23,29–32], among others.
Irrespective of these, few available studies demonstrate notably lower diploid chromosome
numbers of miniature fish species compared to others [19,20]. However, some species
do not fit this view. For example, N. unifasciatus, that can reach up to 38.5 mm SL, also
holds the same reduced karyotype characteristics [23]. The cut-off limit of 26 mm SL for
“miniatures” may not include all species with morphological and genetic alterations related
to body-size reduction.

Despite their large geographical and phylogenetic distance, it is notable that both N.
anduzei and Paedocypris spp. (Cypriniformes, Cyprinidae) share similar features (Figure 4).
Paedocypris is considered to be the world’s smallest vertebrate, maturing at 8 mm SL [80]
with a striking sexual dimorphism and inhabiting the highly acidic blackwaters of the
peat swamp forests in Southeast Asia [81]. Peat swamp forests were also found in the
Brazilian territory, especially in the middle and upper portions of Negro River [82], where
N. anduzei is distributed. Paedocypris genus is a separate lineage within Cypriniformes
(sometimes recognized as Paedocyprinidae) [83–85] that is represented by a group of
species having reduced chromosome number when compared to other related species
(2n = 50) [19,81,86,87]. It is considered that chromosome fusions of the Robertsonian type
and genome size reduction were responsible for the diploid chromosome number reduction
in the species [19,20]. Available studies indicate that several HOX genes have been lost
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in genomes of Paedocypris species, which may be responsible for their miniaturization
process [20]. The same hypothesis could explain the reduced chromosomal number in
pencil fishes, although research on HOX gene content and genome size should also be
performed. Interestingly, although Paedrocypris spp. present a nuclear DNA reduced in
size, mitochondrial DNA was not affected and has ~17 kb, which fits in the range known
for a typical vertebrate genome of 15–20 kb [85].
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Figure 4. The main similarities between N. anduzei ((A–C) in this research) and Paedocypris spp.
((D–F)—[19]). (A,D) Representation of an adult specimen of N. anduzei with SL = 16 mm and
Paedocypris spp. with SL = 8 mm. (B,E) Geographical maps with the distribution of both species and
peatland forests highlighted in red. (C,F) Idiograms of both species’ chromosomal complements are
dominated by large bi-armed chromosomes, revealing their probable fusion origin.

Decreased diploid chromosome number (2n) has also been reported in other fish
species that are not necessarily miniature ones. Some examples of low 2n and karyotypes
dominated by bi-armed chromosomes include the Asian swamp eel Monopterus albus,
which has two karyomorphs (2n = 18 and 2n = 24) that coexist in peat swamp forests in
Thailand, in contrast to its congeneric and co-familiar species, which have karyotypes
with 2n greater than 42 [86]. Therefore, miniaturization, in some cases, is more likely
related to species’ population dynamics (particularly, small population sizes) because these
species inhabit some marginal and/or extreme habitats [3,80,88,89]. In salmonid fishes, [89]
hypothesized a link between reduced genetic diversity and the anadromous life history
and/or intralacutrine speciation of some species, in which chromosome rearrangement
fixation was favored due to a reduction in breeding population size. As a result, [90]
hypothesis of selection for reduced recombination may have played a role in major genome
reorganization, likely not exclusively in salmonid fishes. However, how could a specific
type of environment have an impact on the miniaturization process? Peat swamp forests are
already known as ecosystems that promote the establishment of small-sized species while
inhibiting the presence of large-sized ones [80]. As a result, the species that reside there face
significant selection pressure, resulting in the prevalence of tiny ones, including miniatures.
Furthermore, because many individuals might be separated in small lakes or marginal
habitats, all the aforementioned species form small populations with small population sizes
that facilitate the fixation of chromosomal rearrangements [88]. For the Paedocypris spp., the
convergent evolution of similar phenotypes to environmental selection was considered to
be the main evolutionary process that generates that miniature species [84]. More research
on the functional genetics, ecology, and evolution of miniature fishes is needed to better
understand the mechanisms that originate and perpetuate such fish diversity.
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5. Conclusions

Working with miniature fishes is obviously a tough task, but research involving
such species is making substantial progress, particularly in chromosomal studies, once
breakthroughs in cytogenetic processes overcome old technological constraints. Here, we
analyzed the miniature species N. anduzei, and besides clarifying its main chromosomal fea-
tures, we discovered another example of severe 2n reduction in fishes caused by numerous
centric fusions, representing the second case in the genus of such extreme chromosomal
reshuffling. Is it a coincidence that every miniature fish species examined so far showed
such a large drop in 2n? The association between such 2n reduction and miniature body
size among fishes is intriguing and deserves further investigation.

Author Contributions: Conceptualization, M.M.F.M. and M.d.B.C.; Data curation, R.L.R.d.M.; For-
mal analysis, R.L.R.d.M. and F.d.M.C.S.; Funding acquisition, M.d.B.C.; Investigation, R.L.R.d.M.,
F.d.M.C.S. and M.d.B.C.; Methodology, R.L.R.d.M. and M.M.F.M.; Project administration, F.d.M.C.S.
and M.d.B.C.; Supervision, M.d.B.C.; Validation, M.M.F.M., P.R., E.F. and M.d.B.C.; Visualization,
R.L.R.d.M., F.d.M.C.S., P.R., J.I.R.P. and E.F.; Writing—original draft, M.M.F.M., R.L.R.d.M. and
F.d.M.C.S.; Writing—review & editing, R.L.R.d.M., F.d.M.C.S., M.M.F.M., P.R., J.I.R.P., E.F. and
M.d.B.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fundação de Amparo à Pesquisa do Estado de São Paulo
(FAPESP), grant numbers 2020/11772-8; 2020/02681-9 and 2019/25045-3 and Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq), grant number 302928/2021-9.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee on Animal Experimentation of the Universidade Federal de São Carlos (Process number
CEUA 1853260315).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful for FAPESP, CAPES and CNPq. We also acknowledge
Mayara de Moura Pereira’s text contributions and reference checking.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Hanken, J.; Wake, D.B. Miniaturization of body size: Organismal consequences and evolutionary significance. Annu. Rev. Ecol.

Syst. 1993, 24, 501–519. [CrossRef]
2. Rundell, R.J.; Leander, B.S. Masters of miniaturization: Convergent evolution among interstitial eukaryotes. Bioessays 2010, 32, 430–437.

[CrossRef] [PubMed]
3. Weitzman, S.H.; Vari, R.P. Miniaturization in South American freshwater fishes: An overview and discussion. Proc. Biol. Soc.

Washingt. 1988, 101, 444–465.
4. Kottelat, M.; Vidthayanon, C. Boraras micros, a new genus and species of minute freshwater fish from Thailand (Teleostei:

CYprinidae). Ichthyol. Explor. Freshw. 1993, 4, 161–176.
5. Conway, K.W.; Moritz, T. Barboides britzi, a new species of miniature cyprinid from Benin (Ostariophysi: Cyprinidae), with a

neotype designation for B. gracilis. Ichthyol. Explor. Freshw. 2006, 17, 73–84.
6. Bennett, M.G.; Conway, K.W. An overview of North America's diminutive freshwater fish fauna. Ichthyol. Explor. Freshw. 2010, 21, 63–72.
7. Marinho, M.M.F.; Bastos, D.A.; Menezes, N.A. New species of miniature fish from Marajó Island, Pará, Brazil, with comments on

its relationships (Characiformes: Characidae). Neotrop. Ichthyol. 2013, 11, 739–746. [CrossRef]
8. Toledo-Piza, M.; Mattox, G.M.T.; Britz, R. Priocharax nanus, a new miniature characid from the rio Negro, Amazon basin (Ostariophysi:

Characiformes), with an updated list of miniature Neotropical freshwater fishes. Neotrop. Ichthyol. 2014, 12, 229–246. [CrossRef]
9. Abrahão, V.P.; Pastana, M.; Marinho, M. On a remarkable sexual dimorphic trait in the Characiformes related to the olfactory

organ and description of a new miniature species of Tyttobrycon Géry (Characiformes: Characidae). PLoS ONE 2019, 14, e0226130.
[CrossRef]

http://doi.org/10.1146/annurev.es.24.110193.002441
http://doi.org/10.1002/bies.200900116
http://www.ncbi.nlm.nih.gov/pubmed/20414901
http://doi.org/10.1590/S1679-62252013000400002
http://doi.org/10.1590/1982-0224-20130171
http://doi.org/10.1371/journal.pone.0226130


Genes 2023, 14, 192 9 of 12

10. Mattox, G.M.T.; Souza, C.S.; Toledo-Piza, M.; Britz, R.; Oliveira, C. A new miniature species of Priocharax (Teleostei: Characiformes:
Characidae) from the rio Madeira drainage, Brazil, with comments on the adipose fin in Characiforms. Verteb Zool. 2020, 70, 417–433.
[CrossRef]

11. Mattox, G.M.T.; Souza, C.S.; Toledo-Piza, M.; Oliveira, C. A new miniature species of Priocharax (Characiformes: Characidae)
from the upper rio Ipixuna, Purus drainage, Brazil. Neotrop. Ichthyol. 2021, 19, e210048. [CrossRef]

12. Rodrigues, E.K.D.Q.; Netto-Ferreira, A.L. A new miniature species of Odontocharacidium (Characiformes: Crenuchidae) from the
Río Orinoco basin, Venezuela. Neotrop. Ichthyol. 2020, 18, e190008. [CrossRef]

13. Perkin, J.S.; Montaña, C.G.; Nogueira, E.J.; Brandão, B.B.; Mattox, G.M.; Conway, K.W. Estimated richness and environmental
correlates of miniature fish assemblages in the rio Jacundá, Brazil. Neotrop. Ichthyol. 2022, 20, e210051. [CrossRef]

14. Ravi, V.; Venkatesh, B. Rapidly evolving fish genomes and teleost diversity. Curr. Opin. Genet. Dev. 2008, 18, 544–550. [CrossRef]
15. Hufton, A.L.; Groth, D.; Vingron, M.; Lehrach, H.; Poustka, A.J.; Panopoulou, G. Early vertebrate whole genome duplications

were predated by a period of intense genome rearrangement. Genome Res. 2008, 18, 1582–1591. [CrossRef]
16. Xu, H.; Ye, X.; Yang, Y.; Yang, Y.; Sun, Y.H.; Mei, Y.; Xiong, S.; He, K.; Xu, L.; Fang, Q. Comparative genomics sheds light on the

convergent evolution of miniaturized wasps. Mol. Biol. Evolution. 2021, 38, 5539–5554. [CrossRef] [PubMed]
17. Sessions, S.K.; Larson, A. Developmental correlates of genome size in plethodontid salamanders and their implications for

genome evolution. Evolution 1987, 41, 1239–1251. [CrossRef]
18. Roth, G.; Rottluff, B.; Grunwald, W.; Hanken, J.; Linke, R. Miniaturization in plethodontid salamanders (Caudata: Plethodontidae)

and its consequences for the brain and visual system. Biol. J. Linn. Soc. 1990, 40, 165–190. [CrossRef]
19. Liu, S.; Hui, T.H.; Tan, S.L.; Hong, Y. Chromosome evolution and genome miniaturization in minifish. PLoS ONE 2012, 7, e37305.

[CrossRef]
20. Malmstrøm, M.; Britz, R.; Matschiner, M.; Tørresen, O.K.; Hadiaty, R.K.; Yaakob, N.; Tan, H.H.; Jakobsen, K.S.; Salzburger, W.;

Rüber, L. The most developmentally truncated fishes show extensive Hox gene loss and miniaturized genomes. Genome Biol. Evol.
2018, 10, 1088–1103. [CrossRef]

21. Weitzman, M.; Weitzman, S.H. Family Lebiasinidae. In Check List of the Freshwater Fishes of South and Central America; Edipucrs:
Porto Alegre, Brazil, 2003; pp. 241–250.

22. Fricke, R.; Eschmeyer, W.N.; van der Laan, R. Eschmeyer’s Catalog of Fishes: Genera, Species. Available online: http://
researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp (accessed on 25 October 2022).

23. Sember, A.; de Oliveira, E.A.; Ráb, P.; Bertollo, L.A.C.; de Freitas, N.L.; Viana, P.F.; Yano, C.F.; Hatanaka, T.; Marinho, M.M.F.;
Moraes, R.L.R.; et al. Centric Fusions behind the Karyotype Evolution of Neotropical Nannostomus Pencilfishes (Characiforme,
Lebiasinidae): First Insights from a Molecular Cytogenetic Perspective. Genes 2020, 11, 91. [CrossRef] [PubMed]

24. Scheel, J.J. Fish Chromosomes and Their Evolution; Danmarks Akvarium: Charlottenlund, Denmark, 1973.
25. Oliveira, C.; Andreata, A.A.; Almeida-Toledo, L.F.; Toledo-Filho, S.A. Karyotype and nucleolus organizer regions of Pyrrhulina cf.

australis (Pisces, Characiformes, Lebiasinidae). Rev. Bras. Genet. 1991, 14, 685–690.
26. Arai, R. Fish Karyotypes: A Check List; Springer Science & Business Media: Tokyo, Japan, 2011.
27. Moraes, R.L.R.; Bertollo, L.A.C.; Marinho, M.M.F.; Yano, C.F.; Hatanaka, T.; Barby, F.F.; Troy, W.P.; Cioffi, M.B. Evolutionary

relationships and cytotaxonomy considerations in the genus Pyrrhulina (Characiformes, Lebiasinidae). Zebrafish 2017, 14, 536–546.
[CrossRef]

28. Moraes, R.L.R.; Sember, A.; Bertollo, L.A.C.; de Oliveira, E.A.; Ráb, P.; Hatanaka, T.; Marinho, M.M.F.; Liehr, T.; Al-Rikabi,
A.B.H.; Feldberg, E.; et al. Comparative cytogenetics and neo-Y formation in small-sized fish species of the genus Pyrrhulina
(Characiformes, Lebiasinidae). Front. Genet. 2019, 10, 678. [CrossRef] [PubMed]

29. Moraes, R.L.R.; Sassi, F.D.M.C.; Bertollo, L.A.C.; Marinho, M.M.F.; Viana, P.F.; Feldberg, E.; Oliveira, V.C.S.; Deon, G.A.; Al-
Rikabi, A.B.H.; Liehr, T.; et al. Tracking the evolutionary trends among small-size fishes of the genus Pyrrhulina (Characiforme,
Lebiasinidae): New insights from a molecular cytogenetic perspective. Front. Genet. 2021, 12, 769984. [CrossRef]

30. Sassi, F.M.C.; de Oliveira, E.A.; Bertollo, L.A.C.; Nirchio, M.; Hatanaka, T.; Marinho, M.M.F.; Moreira-Filho, O.; Aroutiounian, R.;
Liehr, T.; Al-Rikabi, A.B.H.; et al. Chromosomal evolution and evolutionary relationships of Lebiasina species (Characiformes,
Lebiasinidae). Int. J. Mol. Sci. 2019, 20, 2944. [CrossRef]

31. Sassi, F.M.C.; Hatanaka, T.; Moraes, R.L.R.; Toma, G.A.; Oliveira, E.A.; Liehr, T.; Ráb, P.; Bertollo, L.A.C.; Viana, P.E.; Felberg, E.;
et al. An Insight into the Chromosomal Evolution of Lebiasinidae (Teleostei, Characiformes). Genes 2020, 11, 365. [CrossRef]

32. Toma, G.A.; Moraes, R.L.R.; Sassi, F.M.C.; Bertollo, L.A.C.; de Oliveira, E.A.; Ráb, P.; Sember, A.; Liehr, T.; Hatanaka, T.; Viana, P.F.;
et al. Cytogenetics of the small-sized fish, Copeina guttata (Characiformes, Lebiasinidae): Novel insights into the karyotype
differentiation of the family. PLoS ONE 2019, 14, e0226746. [CrossRef]

33. Bertollo, L.A.C.; Cioffi, M.B.; Moreira-Filho, O. Direct chromosome preparation from Freshwater teleost fishes. In Fish Cytogenetic
Techniques (Ray-Fin Fishes and Chondrichthyans), 1st ed.; Ozouf-Costaz, C., Pisano, E., Foresti, F., Toledo, L.F.A., Eds.; CRC Press:
Boca Raton, FL, USA, 2015; Volume 1, pp. 21–26.

34. Sumner, A.T. A simple technique for demonstrating centromeric heterochromatin. Exp. Cell Res. 1972, 75, 304–306. [CrossRef]
35. Yano, C.F.; Bertollo, L.A.C.; Cioffi, M.B. Fish-FISH: Molecular cytogenetics in fish species. In Fluorescence in Situ Hybridization

(FISH)—Application Guide, 2nd ed.; Liehr, T., Ed.; Springer: Berlin, Germany, 2017; pp. 429–444.
36. Pendás, A.M.; Moran, P.; Freije, J.P.; Garcia-Vazquez, E. Chromosomal Mapping and Nucleotide Sequence of Two Tandem Repeats

of Atlantic salmon 5S rDNA. Cytogenet. Cel Genet. 1994, 67, 31–36. [CrossRef]

http://doi.org/10.26049/VZ70-3-2020-11
http://doi.org/10.1590/1982-0224-2021-0048
http://doi.org/10.1590/1982-0224-2019-0008
http://doi.org/10.1590/1982-0224-2021-0051
http://doi.org/10.1016/j.gde.2008.11.001
http://doi.org/10.1101/gr.080119.108
http://doi.org/10.1093/molbev/msab273
http://www.ncbi.nlm.nih.gov/pubmed/34515790
http://doi.org/10.2307/2409090
http://doi.org/10.1111/j.1095-8312.1990.tb01974.x
http://doi.org/10.1371/journal.pone.0037305
http://doi.org/10.1093/gbe/evy058
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://doi.org/10.3390/genes11010091
http://www.ncbi.nlm.nih.gov/pubmed/31941136
http://doi.org/10.1089/zeb.2017.1465
http://doi.org/10.3389/fgene.2019.00678
http://www.ncbi.nlm.nih.gov/pubmed/31428127
http://doi.org/10.3389/fgene.2021.769984
http://doi.org/10.3390/ijms20122944
http://doi.org/10.3390/genes11040365
http://doi.org/10.1371/journal.pone.0226746
http://doi.org/10.1016/0014-4827(72)90558-7
http://doi.org/10.1159/000133792


Genes 2023, 14, 192 10 of 12

37. Cioffi, M.B.; Martins, C.; Centofante, L.; Jacobina, U.; Bertollo, L.A.C. Chromosomal variability among allopatric populations of
Erythrinidae fish Hoplias malabaricus: Mapping of three classes of repetitive DNAs. Cytogenet. Genome Res. 2009, 125, 132–141.
[CrossRef]

38. Kubat, Z.; Hobza, R.; Vyskot, B.; Kejnovsky, E. Microsatellite Accumulation on the Y Chromosome in Silene latifolia. Genome
2008, 51, 350–356. [CrossRef] [PubMed]

39. Ijdo, J.W.; Wells, R.A.; Baldini, A.; Reeders, S.T. Improved Telomere Detection Using a Telomere Repeat Probe (TTAGGG)n
generated by PCR. Nucl. Acids Res. 1991, 19, 4780. [CrossRef] [PubMed]

40. Levan, A.; Fredga, K.; Sandberg, A.A. Nomenclature for centromeric position on chromosomes. Hereditas 1964, 52, 201–220.
[CrossRef]

41. Marinho, M.M.F. Relações filogenéticas e revisão taxonômica das espécies do gênero Copella Myers, 1956 (Characiformes:
Lebiasinidae). Ph.D. Thesis, Universidade Estadual Paulista Julio de Mesquita Filho, São Paulo, Brazil, 2014.

42. Netto-Ferreira, A.L. Revisão taxonômica e relações interespecíficas de Lebiasininae (Ostariophysi: Characiformes: Lebiasinidae).
Ph.D. Thesis, Universidade de São Paulo, São Paulo, Brazil, 2010.

43. Bolzán, A.D. Interstitial telomeric sequences in vertebrate chromosomes: Origin, function, instability and evolution. Mutat. Res.
/Rev. Mutat. Res. 2017, 773, 51–65. [CrossRef]

44. Barra, V.; Fachinetti, D. The dark side of centromeres: Type, causes, and consequences of structural abnormalities implicating
centromeric DNA. Nat Commun. 2018, 9, 4340. [CrossRef]

45. Garagna, S.D.; Broccoli, C.A.; Redi, J.B.; Searle, H.J.; Cooke, E. Robertisonian metacentrics of the house mouse lose telomeric
sequences but retain some minor satellite DNA in the pericentromeric area. Chromosoma 1995, 103, 685–692. [CrossRef]

46. Nanda, I.S.; Schneider-Rasp, H.; Winking, M. Schmid Loss of telomeric sites in the chromosomes of Mus musculus domesticus
(Rodentia: Muridae) during Robertsonian rearrangements. Chromosome Res. 1995, 3, 399–409. [CrossRef]

47. Glugoski, L.; Deon, G.; Schott, S.; Vicari, M.R.; Nogaroto, V.; Moreira-Filho, O. Comparative cytogenetic analyses in Ancistrus
species (Siluriformes: Loricariidae). Neotrop. Ichthyol. 2020, 18, e200013. [CrossRef]

48. Guzmán-Markevich, K.; Roco, Á.S.; Ruiz-García, A.; Bullejos, M. Cytogenetic Analysis in the Toad Species Bufo spinosus, Bufotes
viridis and Epidalea calamita (Anura, Bufonidae) from the Mediterranean Area. Genes 2022, 13, 1475. [CrossRef]

49. Cappelletti, E.; Piras, F.M.; Sola, L.; Santagostino, M.; Abdelgadir, W.A.; Raimondi, E.; Lescai, F.; Nergadze, S.G.; Giulotto, E.
Robertsonian fusion and centromere repositioning contributed to the formation of satellite-free centromeres during the evolution
of zebras. Mol. Biol. Evol. 2022, 39, msac162. [CrossRef]

50. Ocalewicz, K. Telomeres in fishes. Cytogenet. Genome Res. 2013, 141, 114–125. [CrossRef]
51. Cioffi, M.B.; Martins, C.; Bertollo, L.A.C. Chromosome spreading of associated transposable elements and ribosomal DNA in the

fish Erythrinus erythrinus. Implications for genome change and karyoevolution in fish. BMC Evol Biol. 2010, 10, 271. [CrossRef]
[PubMed]

52. Cioffi, M.B.; Bertollo, L.A.C. Initial steps in XY chromosome differentiation in Hoplias malabaricus and the origin of an X(1)X(2)Y
sex chromosome system in this fish group. Heredity 2010, 105, 554–561. [CrossRef]

53. Sola, L.; Gornung, E.; Naoi, H.; Gunji, R.; Sato, C.; Kawamura, K.; Arai, R.; Ueda, T. FISH-mapping of 18S ribosomal RNA genes
and telomeric sequences in the Japanese bitterlings Rhodeus ocellatus kurumeus and Tanakia limbata (Pisces, Cyprinidae) reveals
significant cytogenetic differences in morphologically similar karyotypes. Genetica 2003, 119, 99–106. [CrossRef]

54. Blanco, D.R.; Vicari, M.R.; Lui, R.L.; Bertollo, L.A.C.; Traldi, J.B.; Moreira-Filho, O. The role of the Robertsonian rearrangements in
the origin of the XX/XY 1 Y 2 sex chromosome system and in the chromosomal differentiation in Harttia species (Siluriformes,
Loricariidae). Rev. Fish Biol. Fish. 2012, 23, 127–134. [CrossRef]

55. De Marco Ferro, D.A.; Moreira-Filho, O.; Bertollo, L.A.C. B chromosome polymorphism in the fish, Astyanax scabripinnis. Genetica
2003, 119, 147–153. [CrossRef] [PubMed]

56. Gromicho, M.; Coutanceau, J.P.; Ozouf-Costaz, C.; Collares-Pereira, M.J. Contrast between extensive variation of 28S rDNA and
stability of 5S rDNA and telomeric repeats in the diploid-polyploid Squalius alburnoides complex and in its maternal ancestor
Squalius pyrenaicus (Teleostei, Cyprinidae). Chromosome Res. 2006, 14, 297–306. [CrossRef] [PubMed]

57. Wang, S.; Su, Y.; Ding, S.; Cai, Y.; Wang, J. Cytogenetic analysis of Orange spotted grouper, Epinephelus coioides, using chromosome
banding and fluorescence in situ hybridization. Hydrobiologia 2010, 638, 1–10. [CrossRef]

58. Malimpensa, G.C.; Traldi, J.B.; Toyama, D.; Henrique-Silva, F.; Vicari, M.R.; Moreira-Filho, O. Chromosomal mapping of repeat
DNA in Bergiaria westermanni (Pimelodidae, Siluriformes): Localization of 45S rDNA in B chromosomes. Cytogenet. Genome Res.
2018, 154, 99–106. [CrossRef]

59. Soares, L.B.; Paim, F.G.; Ramos, L.P.; Foresti, F.; Oliveira, C. Molecular cytogenetic analysis and the establishment of a cell
culture in the fish species Hollandichthys multifasciatus (Eigenmann & Norris, 1900) (Characiformes, Characidae). Genet. Mol. Biol.
2021, 44, e20200260. [CrossRef] [PubMed]

60. Barros, A.V.; Wolski, M.A.V.; Nogaroto, V.; Almeida, M.C.; Moreira-Filho, O.; Vicari, M.R. Fragile sites, dysfunctional telomere
and chromosome fusions: What is 5S rDNA role? Gene 2017, 608, 20–27. [CrossRef]

61. Cavalcante, M.G.; Eduardo, C.; Carvalho, M.; Nagamachi, Y.; Pieczarka, J.C.; Vicari, M.R.; Noronha, R.C.R. Physical mapping of
repetitive DNA suggests 2n reduction in Amazon turtles Podocnemis (Testudines: Podocnemididae). PLoS ONE 2018, 13, e0197536.
[CrossRef]

http://doi.org/10.1159/000227838
http://doi.org/10.1139/G08-024
http://www.ncbi.nlm.nih.gov/pubmed/18438438
http://doi.org/10.1093/nar/19.17.4780
http://www.ncbi.nlm.nih.gov/pubmed/1891373
http://doi.org/10.1111/j.1601-5223.1964.tb01953.x
http://doi.org/10.1016/j.mrrev.2017.04.002
http://doi.org/10.1038/s41467-018-06545-y
http://doi.org/10.1007/BF00344229
http://doi.org/10.1007/BF00713889
http://doi.org/10.1590/1982-0224-2020-0013
http://doi.org/10.3390/genes13081475
http://doi.org/10.1093/molbev/msac162
http://doi.org/10.1159/000354278
http://doi.org/10.1186/1471-2148-10-271
http://www.ncbi.nlm.nih.gov/pubmed/20815941
http://doi.org/10.1038/hdy.2010.18
http://doi.org/10.1023/A:1024446910161
http://doi.org/10.1007/s11160-012-9283-5
http://doi.org/10.1023/A:1026086501252
http://www.ncbi.nlm.nih.gov/pubmed/14620954
http://doi.org/10.1007/s10577-006-1047-4
http://www.ncbi.nlm.nih.gov/pubmed/16628500
http://doi.org/10.1007/s10750-009-9980-9
http://doi.org/10.1159/000487652
http://doi.org/10.1590/1678-4685-GMB-2020-0260
http://www.ncbi.nlm.nih.gov/pubmed/33877256
http://doi.org/10.1016/j.gene.2017.01.013
http://doi.org/10.1371/journal.pone.0197536


Genes 2023, 14, 192 11 of 12

62. Glugoski, L.; Giuliano-Caetano, L.; Moreira-Filho, O.; Vicari, M.R.; Nogaroto, V. Co-located hAT transposable element and 5S
rDNA in an interstitial telomeric sequence suggest the formation of Robertsonian fusion in armored catfish. Gene 2018, 650, 49–54.
[CrossRef]

63. Leite, P.P.D.M.; Sassi, F.D.M.C.; Marinho, M.M.F.; Nirchio, M.; Moraes, R.L.R.; Toma, G.A.; Bertollo, L.A.C.; Cioffi, M.B. Tracking
the evolutionary pathways among Brazilian Lebiasina species (Teleostei: Lebiasinidae): A chromosomal and genomic comparative
investigation. Neotrop. Ichthyol. 2022, 20, e210153. [CrossRef]

64. Gornung, E. Twenty years of physical mapping of major ribosomal RNA genes across the teleosts: A review of research. Cytogenet.
Genome Res. 2013, 141, 90–102. [CrossRef] [PubMed]
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