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ABSTRACT. In Carangidae, Caranx is taxonomically controversial
because of slight morphological differences among species, as well as
because of its relationship with the genus Carangoides. Cytogenetic
data has contributed to taxonomic and phylogenetic classification for
some groups of fish. In this study, we examined the chromosomes of
Caranx latus, Caranx lugubris, and Carangoides bartholomaei using
classical methods, including conventional staining, C-banding, silver
staining for nuclear organizer regions, base-specific fluorochrome,
and 18S and 5S ribosomal sequence mapping using in situ
hybridization. These 3 species showed chromosome numbers of 2n =
48, simple nuclear organizer regions (pair 1), and mainly centromeric
heterochomatin. However, C. latus (NF = 50) and C. bartholomaei (NF
= 50) showed a structurally conserved karyotype compared with C.
lugubris (NF = 54), with a larger number of 2-armed chromosomes.
The richness of GC-positive heterochromatic segments and sites in 5S
rDNA in specific locations compared to the other 2 species reinforce
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the higher evolutionary dynamism in C. lugubris. Cytogenetic aspects
shared between C. latus and C. bartholomaei confirm the remarkable
phylogenetic proximity between these genera.
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INTRODUCTION

The Carangidae family represents one of the most morphologically diverse groups
within the order Perciformes (Nelson, 2006), which includes economically and ecologically
important species such as travellies, moonfishes, and pompanos. The approximately 140 spe-
cies of this family are divided into 4 tribes of 32 genera, some of which have relatively unde-
fined generic boundaries (Smith-Vaniz, 1984; Gushiken, 1988). In fact, the taxonomic rela-
tionships within the family are unclear for some groups, and nomenclature changes are typical
of this family (Laroche et al., 1984; Gunn, 1990; Honebrink, 2000). Taxonomic analysis of the
Caranx genus has shown that some species with a wide geographic distribution and cryptic
taxonomic features constitute species complex (Smith-Vaniz and Carpenter, 2007). Interspe-
cific hybrids have been reported for this genus (Murakami et al., 2007), suggesting genetic
conservation after species diversification. In addition, overlapping intraspecific features are
observed, and Caranx shows morphological similarities that make it difficult to distinguish
from other Carangoides members. Such similarities led various authors to classify these spe-
cies into the same genus (Smith-Vaniz, 1984; Reed et al., 2002). Known as neritic predators,
species in the genera Caranx and Carangoides play an important ecological role in both tropi-
cal and subtropical environments, constituting a significant economic resource throughout the
tropics (Meyer et al., 2001).

Cytogenetic studies constitute auxiliary tools for identifying existing biodiversity and
aiding in taxonomy and phylogeny studies (Dias and Giuliano-Caetano, 2002). Cytogenetic
data are important for identifying evolutionary significant units (Moritz et al., 1996) and have
been employed in recent surveys for diverse groups of Carangidae (Accioly et al., 2012; Jacobi-
na et al., 2012a,b, 2013). The genetic and ecological peculiarities of the family make this group
of marine fish an important model for evolutionary studies. However, despite the evolutionary,
ecological, and economic features of Caranx, chromosomal aspects of the genus are not well
understood. In this study, we present cytogenetic data of the Atlantic species Caranx latus and
Caranx lugubris as well as Carangoides bartholomaei, which were analyzed using standard
cytogenetic techniques, including base-specific fluorochrome CMA,/DAPI mapping of ribo-
somal DNA sequences rDNA 18S, and by dual-color fluorescence in situ hybridization (FISH).

MATERIAL AND METHODS

Cytogenetic analysis was conducted using insular samples of C. lugubris (N =9) col-
lected from the St. Peter and St. Paul Archipelago and C. latus (N = 6) and C. bartholomaei
(N = 5) caught in Rocas Atoll’s, sites located in the Atlantic Ocean across the northeastern
coast of Brazil. Before chromosome preparation, specimens were subjected to in vivo mitotic
stimulation for 24 h by intramuscular and intraperitoneal inoculation of complexes of bacterial
and fungal antigens according to the method proposed by Molina et al. (2010). The specimens
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were anesthetized using clove oil (eugenol) and sacrificed for kidney tissue removal. Meta-
phase chromosomes were obtained from cell suspensions of the anterior kidney fragments
using a short in vitro method (Gold et al., 1990). Cell suspensions were dripped onto slides
coated with a film of distilled water heated to 60°C, from which the best metaphase samples
were photographed under an Olympus BX50 epifluorescence microscope (Olympus; Tokyo,
Japan) with a magnification of 1000X using an Olympus DP73 digital image capture system.

Chromosome banding

Heterochromatic regions and ribosomal sites were identified using the methods of
Sumner (1972) and Howell and Black (1980), respectively. In addition, chromosomes were
subjected to double CMA /DAPI staining, using 4',6-diamidino-2-phenylindole (DAPI) for
counterstaining (Barros e Silva and Guerra, 2010). Briefly, slides that had been aged for 3
days were stained with 0.1 mg/mL CMA, for 60 min and stained with 1 ug/mL DAPI for 30
min. Next, the slides were mounted in glycerol: Mcllvaine buffer, pH 7.0, (1:1) and left to age
for 3 days before analysis using an epifluorescence microscope under the appropriate filters.

FISH

FISH was performed using an 18S rDNA probe obtained from the nuclear DNA of
Prochilodus argenteus Spix and Agassiz, 1829 (Hatanaka and Galetti, 2004), the 5S rDNA
probe isolated from the genomic DNA of Leporinus elongatus Valenciennes, 1850 (Martins
and Galetti, 1999), and a probe for the general vertebrate telomeric sequence (TTAGGG), (Ijdo
et al., 1991). Probes were labeled by polymerase chain reaction (PCR) using biotin-16-dUTP
(Roche Applied Science; Upper Bavaria, Germany) for 18S rDNA or digoxygenin-11-dUTP
(Roche Applied Science) for 5S rDNA and (TTAGGG), probes. PCR labeling using primers
was performed for rDNA clones using 20 ng template DNA, 1X Tag Reaction Buffer (200
mM Tris, pH 8.4, 500 mM KCl), 40 mM dATP, dGTP, and dCTP, 28 uM dTTP, 12 mM biotin-
16-dUTP or digoxygenin-11-dUTP, 1 uM primers, 2 mM MgCl,, and 2 U Tag DNA polymerase
(Invitrogen; Carlsbad, CA, USA) under the following conditions: 5 min at 94°C, 35 cycles: 1
min at 90°C, 1 min 30 s at 52°C, and 1 min 30 s at 72°C, and final extension at 72°C for 5 min.
The reaction for labeling the telomeric probe included 1X 7ag Reaction Buffer, 40 uM dATP,
dCTP, and dGTP, 28 uM dTTP, 12 uM digoxygenin-11-dUTP, 0.2 uM primers (TTAGGG),,
0.2 uM primer (CCCTAA),, 2 uM MgCl,, and 2 U Tag DNA polymerase under the following
conditions: the first amplification was performed with low stringency for 4 min at 94°C, 12
cycles of 1 min at 94°C, 45 s at 52°C, and 1 min 30 s at 72°C, followed by 35 high-stringency
cycles: 1 min at 94°C, 1 min 30 s at 60°C, and 1 min 30 s at 72°C.

The overall hybridization procedure has been described by Pinkel et al. (1986) un-
der high stringency conditions (2.5 ng/uL each probe, 50% formamide, 10% dextran sulfate,
2X SSC, pH 7.0-7.2) at 37°C overnight. After hybridization, the slides were washed in 15%
formamide/0.2X SSC at 42°C for 20 min, 0.1X SSC at 60°C for 15 min, and 4X SSC/0.05%
Tween at room temperature for 10 min, the latter consisting of two 5-min washes. Signal
detection was performed using streptavidin-Alexa Fluor 488 (Molecular Probes; Eugene,
OR, USA) for 18S rDNA and anti-thodamine (Roche Applied Science) for 5S rDNA and
(TTAGGG), probes. The 58 and 18S genes were detected using dual-color FISH.
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RESULTS

The 3 species analyzed contained 2n = 48 chromosomes with chromosome type varia-
tions. Macrostructural karyotype patterns of the species revealed a first submetacentric chro-
mosome pair of similar size among the species. While C. bartholomaei and C. latus showed
similar karyotypes composed of 46 acrocentric and 2 submetacentric pairs (NF = 50), C. lugu-
bris had 42 acrocentric, 2 submetacentric, and 4 metacentric chromosomes (NF = 54) (Figure
1). In these species, the heterochromatic regions were distributed in pericentromeric positions
in most chromosomes as well as in portions of some telomeric pairs. In C. /ugubris, in addition
to the ribosomal sites, heterochromatic regions were shown to be GC-rich (Figure 2).
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Figure 1. Karyotypes of Carangoides bartholomaei (a), Caranx latus (b), and Caranx lugubris (¢) by Giemsa
staining. The left panel shows the patterns of heterochromatin distribution for each species, respectively. The
nucleolar organizer pairs are highlighted (pair 1). Bar =5 um.

The pair 1, submetacentric, of similar size between species, showed secondary con-
strictions (C +/Ag-NOR+/18S rDNA/GC+) in the subterminal region of the short arm. The 5S
rDNA sites are located in non-syntenic conditions with the 18S genes. In sifu mapping with
5S rDNA probes indicated the presence of these genes in a terminal position on the short arm
of the pair 15 in C. bartholomei and C. latus and in a terminal position on the long arm of the
pair 9 in C. lugubris (Figure 2).
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CMA/DAPI

Figure 2. Chromosome mapping by dual-color FISH with 18S (green) and 5S (red) rDNA probes in Carangoides
bartholomaei (a), Caranx latus (b), and Caranx lugubris (¢). In the same row, results of sequential CMA ,/DAPI
staining are shown. Asterisks indicate the GC-rich regions of the rDNA sites. Bar =5 pum.

DISCUSSION

The carangids C. bartholomaei, C. latus, and C. lugubris, similarly to many other Per-
ciformes species, have a karyotype of 48 chromosomes; this characteristic is considered to be
basal and phylogenetically conserved within the order (Galetti et al., 2000; Molina and Galetti,
2007). In addition to conservation regarding the number of chromosomes, C. bartholomaei
and C. latus share a similar karyotype (NF = 50).

Among species in this family, approximately one-third display the basal karyotype to
Perciformes (2n = 48 acrocentric). With a higher number of acrocentric chromosomes than
C. lugubris (NF = 54), C. bartholomaei and C. latus possess higher numbers of basal chro-
mosomal characteristics. In fact, the presence of a single pair of 2-armed chromosomes in the
karyotypes of 3 other species of Caranx (Chai et al., 2009) indicates that this is typical. The
occurrence of this unique and conserved 2-armed pair among species supports the hypothesis
that C. lugubris, with higher numbers of 2-arm chromosomes (22a and 4m), presents a more
derived pattern than typically observed.
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Pericentric inversions are one of the primary mechanisms responsible for karyotypic
diversification in carangids (Caputo et al., 1996; Sola et al., 1997; Rodrigues et al., 2007; Chai
et al., 2009). In some genera, such as Trachinotus (NF = 52-58) and Trachurus (NF = 50-66),
pericentric inversions have played an important role in the karyotype diversification (Muro-
fushi and Yoshida, 1979; Caputo et al., 1996; Rodrigues et al., 2007, Jacobina et al., 2012a;
Accioly et al., 2012). Moreover, other sporadic mechanisms may have contributed to the chro-
mosomal evolution of this group, particularly Robertsonian translocations, which are found in
Trachurus, Seriola, and Selene (Vitturi et al., 1986; Jacobina et al., 2012b).

The phylogenetic relationship between Caranx and Carangoides is supported not
only by the common karyotypes among C. bartholomaei and C. latus, but also by the presence
of 18S rDNA sites, which appear at equilocal positions on the short arm of the first chromo-
some pair in all 3 species. This condition, as well as reduced heterochromatin and localized
pericentromeric positions, indicates conservation of chromosome structure (karyotypic stasis,
sensu Molina and Galetti, 2007), which is widely disseminated within the Perciformes. The
occurrence of reduced heterochromatization processes, such as those observed in Caranx and
Carangoides, are thought to play a restrictive role in the karyotypic differentiation of species
(Galetti et al., 2000; Molina and Galetti, 2004, 2007).

The presence of ribosomal sites in 2-armed chromosomes, possibly from mechanisms
of pericentric inversion and Robertsonian translocation, suggests that these sites have diver-
sified functions. In this respect, the frequent occurrence of equilocal heterochromatin in the
nuclear organizer regions (CG+) reinforces the hypothesis that repetitive DNA favors the oc-
currence and retention of chromosomal rearrangements (Redi et al., 1990; Fujiwara et al.,
1998; Jacobina et al., 2012a,b; Accioly et al., 2012). In fact, C. lugubris that are GC-rich in
most chromosomes show the most cytogenetic differences among the 3 species. High GC+
content dispersed throughout all chromosomes, although uncommon, has been identified in
some marine families such as Tetraodontidae and Grammatidae (Martinez et al., 2011; Molina
etal., 2012).

In groups of fish with conserved chromosomal characteristics, the mapping of 18 and
5S sequences using dual-color FISH, as used for C. bartholomei, C. latus, and C. lugubris
allows analysis of karyotype evolution, rearrangements involved in diversification, and dis-
crimination of species or populations (Accioly et al., 2012; Jacobina et al., 2013). The pres-
ence of 18S rDNA sites on the same homeolog pair (pair 1) and 5S rDNA sites located at the
same position (short arm) of pair 15 in C. bartholomei and C. latus reinforce the conservation
and phylogenetic proximity among the species in these 2 genera (Carangoides and Caranx),
which are considered by some authors to belong to the same genus (Smith-Vaniz, 1984; Reed
et al., 2002).

In marine Perciformes, greater diversification of 5S ribosomal sequences compared
to 18S rDNA sites has been observed, making them efficient chromosomal markers for evo-
lutionary studies and species discrimination (Motta-Neto et al., 2011). With a higher level of
chromosomal diversification, C. lugubris shows 5S rDNA sites exclusively on the chromo-
some pair 9 in the terminal portion of the long arm, supporting a more derived condition
compared to other species.

The cytogenetic patterns of the species C. bartholomei, C. latus, and C. lugubris sup-
port the phylogenetic proximity of C. bartholomaei to species of the genus Caranx, widening
the issues to the real systematic positioning among these genera and highlighting the derived
condition of C. lugubris compared to other species of this genus.

Genetics and Molecular Research 13 (4): 9628-9635 (2014) ©FUNPEC-RP www.funpecrp.com.br



U.P. Jacobina et al. 9634

ACKNOWLEDGMENTS

We would like to thank Instituto Brasileiro do Meio Ambiente e dos Recursos
Naturais Renovaveis (Process #19135/1) and Universidade Federal do Rio Grande do Norte
for providing the means to conduct this study. Research supported by Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq) (grant #556793/2009-9), Instituto Nacional
de Ciéncias e Tecnologia Ambientes Marinhos Tropicais, and FAPESB (#565054/2010-4 and
#8936/2011).

REFERENCES

Accioly IV, Bertollo LAC, Costa GWWF and Jacobina UP (2012). Chromosomal population structuring in carangids
(Perciformes) between the north-eastern and south-eastern coasts of Brazil. Afr. J. Mar. Sci. 34: 383-389.

Barros e Silva AE and Guerra M (2010). The meaning of DAPI bands observed after C-banding and FISH procedures.
Biotech. Histochem. 85: 115-125.

Caputo V, Marchegiani F and Olmo E (1996). Karyotype differentiation between two species of carangid fishes, genus
Trachurus (Perciformes: Carangidae). Mar. Biol. 127: 193-199.

Chai X, Lu LR and Clarke S (2009). Karyotype analysis of the yellowtail kingfish Seriola lalandi lalandi (Perciformes:
Carangidae) from South Australia. Aquacult. Res. 40: 1735-1741.

Dias AL and Giuliano-Caetano L (2002). Citogenética de Alguns Grupos de Peixes da Bacia do Rio Tibagi. In: Bacia do
Rio Tibagi (Medri ME, Bianchini E, Shibata OA and Pimenta JA, eds.). Fundagao Araucaria, Londrina, 473-531.

Fujiwara A, Abe S, Yamaha E, Yamazaki F, et al. (1998). Chromosomal localization and heterochromatin association
of ribosomal RNA gene loci and silver-stained nucleolar organizer regions in salmonid fishes. Chromosome Res. 6:
463-471.

Galetti PM Jr, Aguilar CT and Molina WF (2000). An overview of marine fish cytogenetics. Hydrobiologia 420: 55-62.

Gold LC, Shipley NS and Powers PK (1990). Improved methods for working with fish chromosomes with a review of
metaphase chromosome banding. J. Fish Biol. 37: 563-575.

Gunn JS (1990). Revision of selected genera of the family Carangidae. Rec. Austral. Mus. 12: 1-77.

Gushiken S (1988). Phylogenetic relationships of the Perciform genera of the family Carangidae. Jpn. J. Ichthyol. 34:
443-461.

Hatanaka T and Galetti PM (2004). Mapping of the 18S and 5S ribosomal RNA genes in the fish Prochilodus argenteus
Agassiz, 1829 (Characiformes, Prochilodontidae). Genetica 122: 239-244.

Honebrink RR (2000). A Review of the Family Carangidae, With Emphasis on Species Found in Hawaiian Waters. DAR
Technical Report (Honalulu: Department of Land and Natural Resources). 20-01: 1-43.

Howell WM and Black DA (1980). Controlled silver-staining of nucleolus organizer regions with a protective colloidal
developer: a 1-step method. Experientia 36: 1014-1015.

Ijdo JW, Wells RA, Baldini A and Reeders ST (1991). Improved telomere detection using a telomere repeat probe
(TTAGGG)n generated by PCR. Nucleic Acids Res. 19: 4780.

Jacobina UP, Vicari MR, Bertollo LA and Molina WF (2012a). Discriminatory profile of rDNA sites and trend for
acrocentric chromosome formation in the genus 7rachinotus Lacepede, 1801 (Perciformes, Carangidae). Comp.
Cytogenet. 6: 359-369.

Jacobina UP, Martinez PA, Vicari MR and Cioffi MB (2012b). Atlantic moonfishes: independent pathways of karyotypic
and morphological differentiation. Helg. Mar. Sci. 67: 499-506.

Jacobina UP, Martinez PA, Cioffi MB and Garcia J Jr (2013). Morphological and karyotypic differentiation in Caranx
lugubris (Perciformes: Carangidae) in the St. Peter and St. Paul Archipelago, mid-Atlantic Ridge. Helg. Mar. Sci.
Doi: 10.1007/s10152-013-0365-0.

Laroche WA, Smith-Vaniz WF and Richardson SL (1984). Carangidae Development. In: Ontogeny and Systematics of
Fishes (Moser HG, ed.). Am. Soc. Ichthyol. Herpetol. 510-522.

Martins C and Galetti PM Jr (1999). Chromosomal localization of 5S rDNA genes in Leporinus fish (Anostomidae,
Characiformes). Chromosome Res. 7: 363-367.

Martinez PA, Jacobina UP and Molina WF (2011). Comparative cytogenetics and heterochromatic patterns in two species
of the genes Achanthostration (Ostraciidae: Tetraodontiformes). Mar. Genom. 4: 215-220.

Meyer CG, Holland KN, Wetherbee BM and Lowe CG (2001). Diet, resource partitioning and gear vulnerability of

Genetics and Molecular Research 13 (4): 9628-9635 (2014) ©FUNPEC-RP www.funpecrp.com.br



rDNA genes in the chromosomes of Caranx and Carangoides spp 9635

Hawaiian jacks captured in fishing tournaments. Fish. Res. 53: 105-113.

Molina WF and Galetti PM Jr (2004). Karyotypic changes associated to the dispersive potential on Pomacentridae (Pisces,
Perciformes). J. Exp. Mar. Biol. Ecol. 309: 109-119.

Molina WF and Galetti PM Jr (2007). Early replication banding in Leporinus species (Osteichthyes, Characiformes)
bearing differentiated sex chromosomes (ZW). Genetica 130: 153-160.

Molina WF, Alves DE, Araujo WC, Martinez PA, et al. (2010). Performance of human immunostimulating agents in the
improvement of fish cytogenetic preparations. Genet. Mol. Res. 9: 1807-1814.

Molina WF, Costa GWF, Cioffi MB and Bertollo LAC (2012). Chromosomal differentiation and speciation in sister-
species of Grammatidae (Perciformes) from the Western Atlantic. Helgol. Mar. Res. 66: 363-370.

Moritz C, Worthington-Wilmer J, Pode L and Sherwin WB (1996). Applications of Genetics to the Conservation and
Management of Australian Fauna: Four Case Studies from Queensland. In: Molecular Genetics Approaches to
Conservation (Smith TB and Wayne RK, eds.). Oxford University Press, New York, 442-456.

Motta-Neto CC, Cioffi MB, Bertollo LAC and Molina WF (2011). Extensive chromosomal homologies and evidence of
karyotypic stasis in Atlantic grunts of the genus Haemulon (Perciformes). J. Exp. Mar. Biol. Ecol. 401: 75-79.
Murakami K, James SA, Randall JE and Suzumoto AY (2007). Two hybrids of carangid fishes of the genus Caranx, C.

ignobilis x C. melampygus and C. melampygus x C. sexfasciatus, from the Hawaiian Islands. Zoo. Stud. 46: 186-193.

Murofushi M and Yoshida TH (1979). Cytogenetical studies on fishes. II. Karyotypes of four carangid fishes. Jpn. J.
Genet. 54:367-370.

Nelson JS (2006). Fishes of the World. John Wiley and Sons, New York.

Pinkel D, Straume T and Gray JW (1986). Cytogenetic analysis using quantitative, high-sensitivity, fluorescence
hybridization. Proc. Natl. Acad. Sci. U. S. A. 83:2934-2938.

Redi CA, Garagna S and Zuccotti M (1990). Robertsonian chromosome formation and fixation: the genomic scenario.
Biol. J. Linnean Soc. 41: 235-255.

Reed DL, Carpenter KE and deGravelle MJ (2002). Molecular systematics of the Jacks (Perciformes: Carangidae) based
on mitochondrial cytochrome b sequences using parsimony, likelihood, and Bayesian approaches. Mol. Phylogenet.
Evol. 23: 513-524.

Rodrigues MM, Baroni S and Almeida-Toledo LF (2007). Karyological characterization of four marine fish species,
genera Trachinotus and Selene (Perciformes: Carangidae), from the Southeast Brazilian Coast. Cytologia 72: 95-99.

Smith-Vaniz WF (1984). Carangidae: Relationships. In: Ontogeny and Systematics of Fishes (Moser HG, Richards W1,
Cohen DM, Fahay MP, et al, eds.). Am. Soc. Ichthyol. Herpetol. 522-530.

Smith-Vaniz WF and Carpenter KE (2007). Review of the crevalle jacks, Caranx hippos complex (Teleostei: Carangidae),
with a description of a new species from West Africa. Fish. Bull. 105: 207-233.

Sola L, Cipelli O, Gornung E and Rossi AR (1997). Cytogenetic characterization of the greater amberjack, Seriola
dumerili (Pisces: Carangidae), by different staining techniques and fluorescence in situ hybridization. Mar. Biol.
128: 573-577.

Sumner AT (1972). A simple technique for demonstrating centromeric heterochromatin. Exp. Cell Res. 75: 304-306.

Vitturi R, Mazzola A, Macaluso M and Catalano E (1986). Chromosomal polymorphism associated with Robertsonian
fusion in Seriola dumerili (Risso, 1810) (Pisces: Carangidae). J. Fish Biol. 26: 529-534.

Genetics and Molecular Research 13 (4): 9628-9635 (2014) ©FUNPEC-RP www.funpecrp.com.br



