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Abstract

:

Rainbowfishes (Melanotaeniidae) are the largest monophyletic group of freshwater fishes occurring in Australia and New Guinea, with 112 species currently recognised. Despite their high taxonomic diversity, rainbowfishes remain poorly studied from a cytogenetic perspective. Using conventional (Giemsa staining, C banding, chromomycin A3 staining) and molecular (fluorescence in situ hybridisation with ribosomal DNA (rDNA) and telomeric probes) cytogenetic protocols, karyotypes and associated chromosomal characteristics of five species were examined. We covered all major lineages of this group, namely, Running River rainbowfish Melanotaenia sp., red rainbowfish Glossolepis incisus, threadfin rainbowfish Iriatherina werneri, ornate rainbowfish Rhadinocentrus ornatus, and Cairns rainbowfish Cairnsichthys rhombosomoides. All species had conserved diploid chromosome numbers 2n = 48, but karyotypes differed among species; while Melanotaenia sp., G. incisus, and I. werneri possessed karyotypes composed of exclusively subtelo/acrocentric chromosomes, the karyotype of R. ornatus displayed six pairs of submetacentric and 18 pairs of subtelo/acrocentric chromosomes, while C. rhombosomoides possessed a karyotype composed of four pairs of submetacentric and 20 pairs of subtelo/acrocentric chromosomes. No heteromorphic sex chromosomes were detected using conventional cytogenetic techniques. Our data indicate a conserved 2n in Melanotaeniidae, but morphologically variable karyotypes, rDNA sites, and heterochromatin distributions. Differences were observed especially in taxonomically divergent species, suggesting interspecies chromosome rearrangements.
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1. Introduction


The genomes of teleost fishes display remarkable features (e.g., variability in size or basic chromosome organisation) that might be involved in the formation of their immense species diversity. Access to whole-genome sequences provides important insights into the gene occurrence and organisation within a species, and it revolutionises our understanding of how genetic information is stored and organised in DNA molecules and chromosomes and how it evolved over time. However, even high-quality whole-genome sequencing does not offer a complete picture of the genome. This is mainly caused by difficulties with assembling repetitive DNA, sequences important for the structural and functional organisation of the genome [1]. In this respect, teleost fish cytogenetics and cytogenomics represent powerful tools in determining genome organisation. Repetitive DNA were localised on chromosomes of hundreds of teleost fish species so far, helping to understand chromosomal variation and genome organisation [2,3,4]. Although chromosomes of teleost fish are overall widely studied, the cytogenetic and cytogenomic research of Australian fishes is almost absent. Taking into account the high Australian freshwater fish diversity, the study of chromosomes is important for understanding the role of chromosome evolution in their speciation.



The freshwater fish fauna in Australia and New Guinea consists of approximately 40 families with a total number of species exceeding 500 [5]. Among them, the family Melanotaeniidae, commonly known as rainbowfishes, represents the most speciose family of freshwater fishes in this region with the total number of 112 species [6] and at least an additional 15–20 undescribed species [7]. Along with gobiids (Gobiidae) and eleotrids (Eleotridae), rainbowfishes are one of the most abundant families in Australia and New Guinea [7]. Phylogenetic relationships among rainbowfish species were analysed in several molecular systematic studies so far [7,8,9,10] with nearly concurrent conclusions. Rainbowfishes consist of seven genera, of which three are monotypic (Iriatherina, Pelangia and Rhadinocentrus) and one has two species (Cairnsichthys). The remaining three lineages are more speciose including Melanotaenia (87 spp.), Chilatherina (11 spp.), and Glossolepis (9 spp.) [6,7].



Rainbowfishes are relatively small fishes (mostly <10 cm) which are extremely popular in the aquarium trade due to their bright male colouration and ease of breeding and captive care [11]. They are ecological generalists, which allows them to be one of the most widespread freshwater fish groups in Australia and New Guinea. They occur in virtually all freshwater habitats from large tropical rivers, lowland and medium gradient rainforest streams, lakes, and floodplain wetlands to isolated desert waterholes and more temperate environments. While mostly found in lower elevations up to 1000 m or so (most of Australia lacks elevation >1000 m), a few species occur up to 1800 m [12]. It is not uncommon that up to four rainbowfish species occur sympatrically, while the more arid or temperate parts of their range host mostly only a single species. Active hybridisation between sympatric species is quite rare, although there is plenty of evidence for older introgression between some species [7]. Introgression is only detected between more closely related rainbowfish lineages. Three of the more distantly related genera (Cairnsichthys, Rhadinocentrus, and Iriatherina) were not found to hybridise in wild populations, despite often sharing habitats with another rainbowfish species. This suggests that divergent chromosomal evolution may be playing a role of the postzygotic barrier in hybridisation events (as shown in, e.g., Molina et al. [13]).



Despite the general interest in this group, rainbowfishes are poorly studied cytogenetically. The diploid chromosome number (2n) and karyotypes are known for only nine out of the 112 extant species [14,15,16,17,18]. In these studied species, the diploid chromosome number is reported to be conserved (2n = 48) with the only exceptions being Melanotaenia maccullochi (2n = 46 or 48) and Melanotaenia lacustris (2n = 46) [15,16,17,18]. The karyotypes were mostly studied using conventional cytogenetic techniques, with no images published. In this study, we focused on representatives of five main phylogenetic lineages among rainbowfishes to cover trends in chromosome and genome organisation in this group. Using molecular cytogenetic methods, we examined Running River rainbowfish (Melanotaenia sp.), red rainbowfish (Glossolepis incisus), threadfin rainbowfish (Iriatherina werneri), ornate rainbowfish (Rhadinocentrus ornatus), and Cairns rainbowfish (Cairnsichthys rhombosomoides). Moreover, we reviewed all available cytogenetic data for the representatives of family Melanotaeniidae and combined previous findings with our results to interpret chromosome evolution and speciation.




2. Materials and Methods


2.1. Studied Material


We examined 25 individuals from five species as follows: three males and three females of Melanotaenia sp. (F1 captive bred fish from Running River, Queensland, Australia); five males and two females of I. werneri (obtained via the European aquarium trade); two males and two females from G. incisus (obtained via the Australian aquarium trade); two males and two females from R. ornatus (large captive population originally from Spring Creek, Carindale, Queensland, Australia); two males and two females from C. rhombosomoides (wild fish from Ninds Creek, Queensland, Australia). Wild samples were obtained under state fishery permits, and research was conducted with approval from the University of Canberra Ethics Committee (CEAE.15-05). More information about the number of cells is listed in Table 1.




2.2. Chromosome Preparation and Staining


Metaphase chromosomes were prepared according to Bertollo et al. [19] with slight modifications. Briefly, fish were injected with 0.1% colchicine solution (1 mL/100 g of body weight) 45 min before being sacrificed using an overdose of anaesthetic (clove oil). The kidneys were dissected in 0.075 M KCl at room temperature. The cell suspension free of tissue fragments was hypotonised for 30 min in 0.075 M KCl, fixed in freshly prepared fixative (methanol: acetic acid 3:1, v/v), washed twice in fixative, and finally spread onto slides. Chromosomal preparations from all individuals were stained with conventional Giemsa solution (5%, 10 min) or DAPI (4′,6-diamidino-2-phenylindole) in order to confirm number and morphology of their chromosomes. C banding, visualising blocks of constitutive heterochromatin, was performed according to Sumner [20] with slight modifications described in Pokorná et al. [21]. After C-banding, the chromosomes were counterstained by DAPI to enhance the contrast, and the images were captured in the fluorescent regime and inverted. We applied reversed fluorescent staining with chromomycin A3 (CMA3) specific for GC-rich regions, counterstained with DAPI, with a higher affinity for AT-rich regions [22].




2.3. Fluorescence In Situ Hybridisation (FISH) with Telomeric and rRNA Genes Probes


The organisation of the telomeric motif (TTAGGG)n, as well as rDNA genes, within the genomes was analysed by fluorescence in situ hybridisation (FISH). Telomeric FISH was performed using a Cy3-labelled PNA (peptide nucleic acid) probe according to the manufacturer’s instructions (Telomere PNA FISH Kit/Cy3, Dako). Probes for FISH experiments were produced by PCR with primer pairs and thermal cycling conditions according to Komiya et al. [23] for 5S rDNA and Zhang et al. [24] for 28S rDNA. The PCR reactions were carried out in a final volume of 25 μL consisting of 100 ng of genomic DNA of C. rhombosomoides, 12.5 μL of PPP master mix, 0.01 mM of each primer, and PCR water to complete the volume (all reagents from TopBio, Prague, Czech Republic). Probes were indirectly labelled with biotin-16-dUTP (Roche, Mannheim, Germany) and digoxigenin-11-dUTP (Roche) through PCR reamplification of PCR products. Reamplification was carried out under the same conditions as the previous PCR reaction. Labelled PCR products were precipitated. The hybridisation mixture consisted of hybridisation buffer [25] and differently labelled PCR products of both genes. The hybridisation and detection procedures were carried out under conditions described in Symonová et al. [25]. The biotin-dUTP-labelled probes were detected by the Invitrogen Cy™3-Streptavidin (Invitrogen, San Diego, CA, USA; cat. no. 43–4315), while the digoxigenin-dUTP-labelled probes were detected by the Roche Anti-Digoxigenin-Fluorescein (cat. no. 11207741910). Finally, the slides were mounted with Vectashield DAPI anti-fade medium (Vector Laboratories, Burlingame, CA, USA).




2.4. Microscopy and Image Analyses


Chromosomal preparations were examined using an Olympus Provis AX 70 epifluorescence microscope (Olympus, Tokyo, Japan). Images of metaphase chromosomes were recorded with a cooled Olympus DP30BW CCD camera. The IKAROS and ISIS imaging programs (Metasystems, Altlussheim, Germany) were used to analyse grey-scale images. The captured digital images from FISH experiments were pseudocoloured (red for Anti-Digoxigenin-Rhodamine, green for Invitrogen FITC-Streptavidin) and superimposed using Adobe Photoshop software, version CS5. In the case of CMA3/DAPI staining, the CMA3 signal was inverted into the red and the DAPI signal into the green channel to enhance the contrast between these two types of signals. Chromosomes were ordered within each group (sm = submetacentric, st = subtelocentric, a = acrocentric) in decreasing size order.





3. Results


3.1. Karyotypes


Karyotypes of all five species examined possessed the diploid chromosome number 2n = 48 (Figure 1, Table 2). However, species differed in chromosome morphology and fundamental number (NF). Melanotaenia sp., G. incisus, and I. werneri possessed the same karyotype composed of exclusively 48 subtelo/acrocentric chromosomes and NF = 48, while the karyotype of R. ornatus was composed of six pairs of submetacentric and 18 pairs of subtelo/acrocentric chromosomes with NF = 60. C. rhombosomoides karyotype was composed of four submetacentric and 20 subtelo/acrocentric pairs of chromosomes with NF = 56. No intraspecific numerical or structural polymorphisms between males and females were observed in any of the study species (Figure S1, Supplementary Materials). We noticed differences in size of the first chromosome pair between C. rhombosomoides male and female, possibly associated with different accumulation of 28S rDNA copies in the p-arms of these chromosomes (Figure S1, Supplementary Materials).




3.2. rDNA Chromosome Mapping


The FISH (fluorescence in situ hybridisation) experiments with 5S and 28S rDNA probes showed specific signals on non-homologous chromosomal pairs among the studied species. The 28S rDNA probe hybridised at the pericentromeric regions of one subtelo/acrocentric chromosomal pair in all species. The number of the 5S rDNA loci differed among studied species. Melanotaenia sp., G. incisus, I. werneri, and R. ornatus possessed a total four hybridisation signals of 5S rDNA, two on the telomeric region of one subtelo/acrocentric chromosomal pair, and two signals in the centromeric regions of the another subtelo/acrocentric chromosomal pair. Cairnsichthys rhombosomoides possessed the highest number of 5S rDNA copies (eight signals in total), with two signals located in the telomeric region of one subtelo/acrocentric chromosomal pair and six interstitial (between the telomeres and centromeres) signals on three other subtelo/acrocentric chromosomal pairs (Figure 2 and Figure 3).




3.3. Telomere Mapping


In order to document interstitial telomeric sequences (ITSs) as remnants of chromosomal rearrangements, we performed FISH with the conserved vertebrate telomeric repeat (TTAGGG)n. We detected signals at the termini of all chromosomes but did not detect any ITSs in any species examined (Figure 2 and Figure 3).




3.4. CMA3/DAPI Staining


Reversed fluorescence staining (CMA3/DAPI) revealed homogeneous staining patterns across chromosomes with a moderately GC-rich centromeric and telomeric regions. Extremely GC-rich signals were found in the centromeric region of one subtelo/acrocentric chromosomal pair in all but R. ornatus. In R. ornatus, strong GC-rich signals were located in the telomeric region of one subtelo/acrocentric chromosomal pair, corresponding to the signals revealed also by C banding (Figure 3). In addition to signals in telomeric regions, several CG-rich signals were observed in pericentromeric regions in both male and female R. ornatus (Figure 3).




3.5. C Banding


C banding revealed interspecies differences of constitutive heterochromatin among species. In Melanotaenia sp., we observed approximately 32 C-positive bands in centromeric regions, while, in G. incisus, there were 14 C-positive bands in centromeric regions. I. werneri displayed 36 C-positive bands in pericentromeric regions and four interstitial C-positive bands (Figure 2). In R. ornatus 28 C-positive bands in centromeric regions, in addition to two C-positive bands in telomeric regions of subtelo/acrocentric chromosomes, were observed. In C. rhombosomoides C banding showed eight C-positive bands in centromeric regions together with four interstitial C-positive bands and two subtelo/acrocentric chromosomes with large heterochromatin blocks (Figure 3). No sex-specific C banding pattern was observed in any species.





4. Discussion


Rainbowfishes represent one of the most widespread and abundant freshwater families in Australia and New Guinea. They became very popular among aquarium hobbyists such that they are now available in pet stores around the world [11]. Similarly, they attract the attention of the scientific world with wide-ranging studies focused on their ecology, biology, phylogeny, and conservation (e.g., McGuigan et al. [26], Page et al. [27], Colléter and Brown [28]). Despite the fact that cytogenetics provides a valuable source for understanding genome evolution using information undetectable by molecular genetics (e.g., Dion-Côté et al. [29]), chromosome studies of rainbowfishes are scarce. In five studies published so far, the chromosome number of nine species was reported, namely, M. duboulayi (2n = 48a) [17], M. maccullochi (2n = 46 or 2n = 48) [15,18], M. fluviatilis (2n = 48) [14], M. goldiei (2n = 48a) [14], M. cf. splendida (2n = 48) [16], M. bosemani (2n = 48) [18], M. lacustris (2n = 46) [18], M. praecox (2n = 48) [18], and G. incisus (2n = 48) [18]. Unfortunately, none of these studies included any images of karyotypes or detailed information on other chromosomal characteristics. Thus, it was not possible to compare these data with our results in more detail. Here, we described the chromosome number of five species representing the five major lineages of this family [7]. The Running River rainbowfish (Melanotaenia sp.) is representative of the “Australis” phylogenetic lineage which was until recently included within the M. splendida (eastern rainbowfish) complex [30]. Nevertheless, recent genetic analyses (P. Unmack unpub. data) using single-nucleotide polymorphisms (SNPs) determined that the Running River rainbowfish is an undescribed species. Glossolepis incisus, representing the northern lineage, is the only species in this study with known chromosome number as reported by Said [18]. However, this research was not published in English and provides only a statement about the chromosome number with no images of karyotypes depicting detailed chromosomal characteristics. I. werneri, R. ornatus, and C. rhombosomoides represent early branching lineages within the phylogeny of the family [7].



Previous cytogenetic analyses revealed uniform chromosome numbers across rainbowfish species (2n = 48) as the most parsimonious ancestral state for major teleostean clades [31,32]. The diploidy in rainbowfishes was probably maintained over long evolutionary time. In addition to the stable 2n, similarities in other chromosomal characteristics are presented in our study. The most closely related species, Melanotaenia sp. and G. incisus, with an estimated divergence from each other between 23.6 and 37.3 Mya [7] possessed similar karyotype characteristics, as did I. werneri, one of the early branching lineages with estimated divergence that pre-dates ~40 Mya [7]. These three species possessed the same karyotypes (Figure 1 and Figure S1, Supplementary Materials) and the same numbers of clusters of 5S and 28 rDNA genes (Figure 2). Moreover, other chromosomal markers displayed similar patterns, i.e., constitutive heterochromatin regions were located mostly in the centromeric regions and interstitial positions of chromosomes, mainly those associated with NOR (nucleolar organizer region) signals (Figure 2, Table 2). These phylogenetically shared chromosomal features can indicate similar levels and patterns of chromosomal evolution within a clade [33]. The hybridisation of species in the genera Melanotaenia and Glossolepis in captivity, and a lack of significant barriers to introgressive hybridisation [34] suggest that hybridisation may also be linked with karyotype stasis among these clades. There are examples of active hybridisation of representatives from these clades in nature where different widespread species are coming into reproductive contact at their boundaries with a mix of parental species, F1 hybrids, and backcrosses present [35]. Moreover, there are a number of examples where mitochondrial DNA (mtDNA) introgression was demonstrated without evidence of nuclear introgression. This usually occurs between sympatric species from different rainbowfish lineages [7]. The two other species under this study, R. ornatus and C. rhombosomoides, displayed species-specific differences at both karyotype and chromosomal marker levels, which could represent evidence of the chromosomal background of speciation. Specifically, they differ in the chromosomal morphology or in the number of rDNA sites; both species possess two pairs of 28S rDNA but four (R. ornatus) and eight signals of 5S rDNA (C. rhombosomoides) (Figure 3, Table 2). It is commonly accepted that major 28S rDNA clusters of teleostean fishes are GC-rich and, thus, can also be identified by CMA3 staining (e.g., Mayr et al. [36], Amemiya and Gold [37], Schmid and Guttenbach [38]). The same situation was observed in all species under this study with the exception of R. ornatus. In this species, the 28S rDNA clusters were only moderately GC-rich in addition to GC-rich signals located on non-homologous chromosomes. The lack of correspondence between CMA3+ regions and 28S rDNA loci may be explained by the lower copy number of rRNA genes, as already reported in fishes (e.g., Gromicho et al. [39], Sola et al. [40]). We observed no intraspecific numerical or structural polymorphisms between males and females, suggesting a lack of heteromorphic sex chromosomes (Figure 2, Figure 3 and Figure S1, Supplementary Materials). The only polymorphism was observed in the size of p-arms in the first chromosome pair in C. rhombosomoides, where unequal accumulation of 28S rDNA copies possibly led to slightly different size of chromosomes (Figure S1, Supplementary Materials). In all studied species, no ITSs were observed. ITSs sites are usually considered as relicts of the ancient chromosomal rearrangements, namely, centric fusions and tandem fusions [41]. Such rearrangements were previously detected in various teleost species (reviewed in Ocalewicz [42]). However, many cases of ancestral chromosome fusions may not have the expected ITS, probably due to loss or drastic reduction of the telomeric DNA during the rearrangements that followed these events [43]. The absence of ITSs and the same 2n in studied species may indicate the absence of structural rearrangements involving terminal regions in Melanotaeniidae karyotype evolution.



In conclusion, our study provides the first cytogenetic analyses of representatives of all five lineages of the family Melanotaeniidae by combining conventional and molecular cytogenetic approaches. Despite the conservatism in chromosome number, cytogenetic differences in the topology of chromosome markers (constitutive heterochromatin regions, rDNA sites, GC-rich regions) were found among different genera. The observed differences correlate with the degree of species divergence and might be associated with chromosomal rearrangements, known to play a fundamental role in speciation [44,45]. Nevertheless, additional detailed cytogenetic studies on a wider taxonomic scale are still needed for detailed description of the karyotype evolution in the family Melanotaeniidae.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4425/11/7/818/s1: Figure S1. Male and female karyotypes of all studies species.





Author Contributions


Conceptualization, P.J.U., T.E., and P.R.; methodology, Z.M.; validation, Z.M., P.J.U., and T.E.; formal analysis, Z.M.; investigation, Z.M., F.S., and T.P.; resources, P.J.U.; data curation, P.J.U.; writing—original draft preparation, Z.M.; writing—review and editing, Z.M., P.J.U., T.P., F.S., K.S., P.R., and T.E.; visualization, Z.M.; supervision, P.J.U. and T.E.; project administration, T.E.; funding acquisition, Z.M. and P.R. All authors read and agreed to the published version of the manuscript.




Funding


This research was funded by the Czech Academy of Sciences, grant number MSM200451701, and the Project EXCELLENCE CZ.02.1.01/0.0/0.0/15_003/0000460 OP RDE, RVO: 67985904 and PPLZ L200451951.




Acknowledgments


Thanks to Keith Martin, Rob Wager and Aquarium Industries who provided fish and to Šárka Pelikánová and Petra Šejnohová for lab assistance. Many thanks to Radka Bošková for fish drawings.




Conflicts of Interest


The authors declare no conflicts 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


	



Biemont, C.; Vieira, C. Genetics—Junk DNA as an evolutionary force. Nature 2006, 443, 521–524. [Google Scholar] [CrossRef] [PubMed]

	



Gornung, E. Twenty years of physical mapping of major ribosomal RNA genes across the Teleosts: A review of research. Cytogenet. Genome Res. 2013. [Google Scholar] [CrossRef] [PubMed]

	



Cioffi, M.B.; Camacho, J.P.M.; Bertollo, L.A.C. Repetitive DNAs and differentiation of sex chromosomes in neotropical fishes. Cytogenet. Genome Res. 2011, 132, 188–194. [Google Scholar] [CrossRef] [PubMed]

	



Martins, C. Chromosomes and Repetitive DNAs: A Contribution to the Knowledge of the Fish Genome. Fish Cytogenet. 2007, 421, 452. [Google Scholar]

	



Allen, G.R.; Midgley, S.H.; Allen, M. Field Guide to the Freshwater Fishes of Australia; Western Australian Museum: Perth, Australia, 2002. [Google Scholar]

	



Fricke, R.; Eschmeyer, W.N.; van der Laan, R. Eschmeyer’s Catalog of Fishes: Genera, Species, Rederences. Available online: http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp (accessed on 26 May 2020).

	



Unmack, P.J.; Allen, G.R.; Johnson, J.B. Phylogeny and biogeography of rainbowfishes (Melanotaeniidae) from Australia and New Guinea. Mol. Phylogenet. Evol. 2013, 67, 15–27. [Google Scholar] [CrossRef]

	



Zhu, D.; Jamieson, B.G.; Hugall, A.; Moritz, C. Sequence evolution and phylogenetic signal in control-region and cytochrome b sequences of rainbow fishes (Melanotaeniidae). Mol. Biol. Evol. 1994, 11, 672–683. [Google Scholar] [CrossRef]

	



McGuigan, K.; Zhu, D.; Allen, G.R.; Moritz, C. Phylogenetic relationships and historical biogeography of melanotaeniid fishes in Australia and New Guinea. Mar. Freshw. Res. 2000, 51, 713–723. [Google Scholar] [CrossRef]

	



Campanella, D.; Hughes, L.C.; Unmack, P.J.; Bloom, D.D.; Piller, K.R.; Ortí, G. Multi-locus fossil-calibrated phylogeny of Atheriniformes (Teleostei, Ovalentaria). Mol. Phylogenet. Evol. 2015, 86, 8–23. [Google Scholar] [CrossRef]

	



Tappin, A.R. Rainbowfishes, Their Care and Keeping in Captivity, 2nd ed.; Available online: http://rainbowfish.angfaqld.org.au (accessed on 26 May 2020).

	



Allen, G.R. Rainbowfishes: In Nature and In the Aquarium; Tetra-Verlag: Velten, Germany, 1995; ISBN 978-1-56465-149-5. [Google Scholar]

	



Molina, W.F.; da Costa, G.W.W.F.; de Bello Cioffi, M.; Bertollo, L.A.C. Chromosomal differentiation and speciation in sister-species of Grammatidae (Perciformes) from the Western Atlantic. Helgol. Mar. Res. 2012, 66, 363–370. [Google Scholar] [CrossRef]

	



Hinegardner, R.; Rosen, D.E. Cellular DNA Content and the Evolution of Teleostean Fishes. Am. Nat. 1972, 106, 621–644. [Google Scholar] [CrossRef]

	



Scheel, J.J. Rivuline Karyotypes and their evolution (Rivulinae, Cyprinodontidae, Pisces). J. Zool. Syst. Evol. Res. 1972, 10, 180–209. [Google Scholar] [CrossRef]

	



Arai, R. Chromosomes of two species of Atherinoid fishes. Bull. Natl. Sci. Mus. Ser. A (Zool) 1978, 4, 147–150. [Google Scholar]

	



Carey, G.; Mather, P. Karyotypes of four Australian fish species Melanotaenia duboulayi; Bidyanus bidyanus, Macquaria novemaculeata and Lates calcarifer. Cytobios 1999, 100, 137–146. [Google Scholar]

	



Said, D.S. Kekerab atan beberapa spesies Ikan Pelangi Irian (Famili Melanotaeniidae) berdasarkan karyotipe [The closely related of some Rainbow Fishes (Melanotaeniidae) from Irian based of caryotipe]. J. Iktiologi Indones. 2005, 5, 31–38. [Google Scholar] [CrossRef]

	



Bertollo, L.A.C.; de Cioffi, M.B.; Moreira-Filho, O. Direct Chromosome Preparation from Freshwater Teleost Fishes. In Fish Cytogenetic Techniques; Ozouf-Costaz, C., Pisano, E., Foresti, F., Foresti de Almeida-Toledo, L., Eds.; CRC Press, Inc.: Enfield, NH, USA, 2015; pp. 21–26. [Google Scholar]

	



Sumner, A.T. A simple technique for demonstrating centromeric heterochromatin. Exp. Cell Res. 1972, 75, 304–306. [Google Scholar] [CrossRef]

	



Pokorná, M.; Rens, W.; Rovatsos, M.; Kratochvíl, L. A ZZ/ZW sex chromosome system in the thick-tailed Gecko (Underwoodisaurus milii; Squamata: Gekkota: Carphodactylidae), a member of the ancient gecko lineage. Cytogenet. Genome Res. 2014, 142, 190–196. [Google Scholar] [CrossRef] [PubMed]

	



Sola, L.; Rossi, A.R.; Iaselli, V.; Rasch, E.M.; Monaco, P.J. Cytogenetics of bisexual/unisexual species of Poecilia. II. Analysis of heterochromatin and nucleolar organizer regions in Poecilia mexicana mexicana by C-banding and DAPI, quinacrine, chromomycin A3, and silver staining. Cytogenet. Cell Genet. 1992, 60, 229–235. [Google Scholar] [CrossRef] [PubMed]

	



Komiya, H.; Takemura, S. Nucleotide sequence of 5S ribosomal RNA from rainbow trout (Salmo gairdnerii) liver. J. Biochem. 1979, 86, 1067–1080. [Google Scholar] [CrossRef]

	



Zhang, Q.; Cooper, R.K.; Tiersch, T.R. Chromosomal location of the 28S ribosomal RNA gene of channel catfish by in situ polymerase chain reaction. J. Fish Biol. 2000, 56, 388–397. [Google Scholar] [CrossRef]

	



Symonová, R.; Sember, A.; Majtánová, Z.; Ráb, P. Characterization of fish genomes by GISH and CGH. In Fish Cytogenetic Techniques; Ozouf-Costaz, C., Pisano, E., Foresti, F., de Almeida, L., Eds.; CRC Press: Boca Raton, FL, USA, 2015; pp. 118–131. ISBN 978-1-4822-1198-6. [Google Scholar]

	



McGuigan, K.; Franklin, C.E.; Moritz, C.; Blows, M.W. Adaptation of rainbow fish to lake and stream habitats. Evolution 2003, 57, 104–118. [Google Scholar] [CrossRef]

	



Page, T.J.; Sharma, S.; Hughes, J.M. Deep phylogenetic structure has conservation implications for ornate rainbowfish (Melanotaeniidae: Rhadinocentrus ornatus) in Queensland, eastern Australia. Mar. Freshw. Res. 2004, 55, 165–172. [Google Scholar] [CrossRef]

	



Colléter, M.; Brown, C. Personality traits predict hierarchy rank in male rainbowfish social groups. Anim. Behav. 2011, 81, 1231–1237. [Google Scholar] [CrossRef]

	



Dion-Côté, A.-M.; Symonová, R.; Lamaze, F.C.; Pelikánová, Š.; Ráb, P.; Bernatchez, L. Standing chromosomal variation in Lake Whitefish species pairs: The role of historical contingency and relevance for speciation. Mol. Ecol. 2016, 26, 178–192. [Google Scholar] [CrossRef]

	



Unmack, P.J. Update on the running river rainbowfish. Fishes Sahul 2016, 1025–1032. [Google Scholar]

	



Mank, J.E.; Avise, J.C. Phylogenetic conservation of chromosome numbers in Actinopterygiian fishes. Genetica 2006, 127, 321–327. [Google Scholar] [CrossRef] [PubMed]

	



Arai, R. Fish Karyotypes: A Check List; 2011 edition; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2011; ISBN 978-4-431-53876-9. [Google Scholar]

	



Barby, F.F.; Bertollo, L.A.C.; de Oliveira, E.A.; Yano, C.F.; Hatanaka, T.; Ráb, P.; Sember, A.; Ezaz, T.; Artoni, R.F.; Liehr, T.; et al. Emerging patterns of genome organization in Notopteridae species (Teleostei, Osteoglossiformes) as revealed by Zoo-FISH and Comparative Genomic Hybridization (CGH). Sci. Rep. 2019, 9, 1112. [Google Scholar] [CrossRef]

	



Moy, K.G.; Unmack, P.J.; Lintermans, M.; Duncan, R.P.; Brown, C. Barriers to hybridisation and their conservation implications for a highly threatened Australian fish species. Ethology 2019, 125, 142–152. [Google Scholar] [CrossRef]

	



Unmack, P.J. Historical Biogeography and a Priori Hypotheses Based on Freshwater Fishes; Arizona State University: Tempe, AZ, USA, 2005. [Google Scholar]

	



Mayr, B.; Rab, P.; Kalat, M. Localization of NORs and counterstain-enhanced fluorescence studies in Perca fluviatilis (Pisces, Percidae). Genetica 1985, 67, 51–56. [Google Scholar] [CrossRef]

	



Amemiya, C.T.; Gold, J.R. Chromomycin A3 stains nucleolus organizer regions of fish chromosomes. Copeia 1986, 1986, 226–231. [Google Scholar] [CrossRef]

	



Schmid, M.; Guttenbach, M. Evolutionary diversity of reverse (R) fluorescent chromosome bands in vertebrates. Chromosoma 1988, 97, 101–114. [Google Scholar] [CrossRef]

	



Gromicho, M.; Ozouf-Costaz, C.; Collares-Pereira, M.J. Lack of correspondence between CMA3-, Ag-positive signals and 28S rDNA loci in two Iberian minnows (Teleostei, Cyprinidae) evidenced by sequential banding. Cytogenet. Genome Res. 2005, 109, 507–511. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Meyne, J.; Ratliff, R.L.; Moyzis, R.K. Conservative of the human telomere sequences (TTAGGG)n among vertebartes. Proc. Natl. Acad. Sci. USA 1989, 86, 7049–7053. [Google Scholar] [CrossRef] [PubMed]

	



Ocalewicz, K. Telomeres in Fishes. Cytogen. Genome Res. 2013, 141, 114–125. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Mayr, E.; White, M.J.D. Modes of Speciation. Syst. Biol. 1978, 27, 478–482. [Google Scholar] [CrossRef]

	



King, M. Species Evolution: The Role of Chromosome Change; Cambridge University Press: Cambridge, UK, 1995; ISBN 978-0-521-48454-1. [Google Scholar]








[image: Genes 11 00818 g001 550] 





Figure 1. Phylogenetic relationships and karyotypes of studied species. Truncated phylogeny representing five species under study and their Giemsa-stained karyotypes. Phylogenetic relationships follow Unmack et al. [7]. sm, submetacentric; st/a, subtelocentric-acrocentric chromosomes. Bar = 10 µm. 
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Figure 2. Comparative chromosome analyses of Melanotaenia sp., G. incisus, and I. werneri. First column: DAPI (4′,6-diamidino-2-phenylindole)-stained chromosomes (blue), 28S rDNA (red, indicated by arrowheads), 5S rDNA (green, indicated by arrows) hybridisation signals; second column: DAPI-stained metaphases (blue), telomere repeat hybridisation signals (red); third column: DAPI-stained metaphases (green), signals of GC-rich regions (red); fourth column: inverted DAPI-stained C banding pattern. Bar = 10 µm. 
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Figure 3. Comparative chromosome analyses of R. ornatus and C. rhombosomoides. First column: DAPI-stained metaphases (blue), 28S rDNA (red, indicated by arrowheads), 5S rDNA (green, indicated by arrows) hybridisation signals; second column: DAPI-stained metaphases (blue), telomere repeat hybridisation signals (red); third column: DAPI-stained metaphases (green), signals of GC-rich regions (red); fourth column: inverted DAPI-stained C banding pattern. Bar = 10 µm. 
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Table 1. Number of individuals and metaphases analysed in this study.
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Species

	
No. of Individuals

	
No. of Metaphases Examined




	
Giemsa

	
C Banding

	
CMA3

	
Telomeres

	
FISH






	
Melanotaenia sp.

	
3 [image: Genes 11 00818 i001]; 3 [image: Genes 11 00818 i002]

	
50

	
13

	
31

	
10

	
15




	
Glossolepis incisus

	
2 [image: Genes 11 00818 i003]; 2 [image: Genes 11 00818 i004]

	
22

	
21

	
13

	
12

	
16




	
Iriatherina werneri

	
2 [image: Genes 11 00818 i005]; 5 [image: Genes 11 00818 i006]

	
25

	
35

	
30

	
35

	
28




	
Rhadinocentrus ornatus

	
2 [image: Genes 11 00818 i007]; 2 [image: Genes 11 00818 i008]

	
40

	
14

	
10

	
59

	
22




	
Cairnsichthys rhombosomoides

	
2 [image: Genes 11 00818 i009]; 2 [image: Genes 11 00818 i010]

	
80

	
40

	
15

	
14

	
28








CMA3—chromomycin A3, FISH—fluorescence in situ hybridisation.
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Table 2. Summary of cytogenetic results. NF—fundamental number; rDNA—ribosomal DNA.
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	Species
	2n
	Karyotype Composition
	NF
	28S rDNA Clusters
	5S rDNA Clusters
	Telomeres
	AT-Rich/GC-Rich Regions
	Heterochromatin Regions





	Melanotaenia sp.
	48
	48st/a
	48
	2
	4
	no ITS
	2 pericenromeric
	32 centromeric



	Glossolepis incisus
	48
	48st/a
	48
	2
	4
	no ITS
	2 pericenromeric
	14 centromeric



	Iriatherina werneri
	48
	48st/a
	48
	2
	4
	no ITS
	2 pericenromeric
	36 centromeric

4 interstitial



	Rhadinocentrus ornatus
	48
	12sm + 36st/a
	60
	2
	4
	no ITS
	2 telomeric
	28 centromeric

2telomeric



	Cairnsichthys rhombosomoides
	48
	8sm + 40st/a
	56
	2
	8
	no ITS
	2 pericenromeric
	8 centromeric

4 interstitial

2 large clusters











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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