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Abstract

Despite ongoing efforts to protect species and ecosystems in Cuba, habitat degradation, over-
use and introduction of alien species have posed serious challenges to native freshwater fish
species. In spite of the accumulated knowledge on the systematics of this freshwater ichthyo-
fauna, recent results suggested that we are far from having a complete picture of the Cuban
freshwater fish diversity. It is estimated that 40% of freshwater Cuban fish are endemic; how-
ever, this number may be even higher. Partial sequences (652 bp) of the mitochondrial gene
COI (cytochrome c oxidase subunit I) were used to barcode 126 individuals, representing
27 taxonomically recognized species in 17 genera and 10 families. Analysis was based on
Kimura 2-parameter genetic distances, and for four genera a character-based analysis (popula-
tion aggregation analysis) was also used. The mean conspecific, congeneric and confamiliar
genetic distances were 0.6%, 9.1% and 20.2% respectively. Molecular species identification
was in concordance with current taxonomical classification in 96.4% of cases, and based on
the neighbour-joining trees, in all but one instance, members of a given genera clustered
within the same clade. Within the genus Gambusia, genetic divergence analysis suggests that
there may be at least four cryptic species. In contrast, low genetic divergence and a lack of
diagnostic sites suggest that Rivulus insulaepinorum may be conspecific with Rivulus cylind-
raceus. Distance and character-based analysis were completely concordant, suggesting that
they complement species identification. Overall, the results evidenced the usefulness of the
DNA barcodes for cataloguing Cuban freshwater fish species and for identifying those
groups that deserve further taxonomic attention.
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Introduction

Cuban freshwater ichthyofauna is the richest among the
Antillean islands (Rosen & Bailey 1963; Robins & Ray
1986; Vergara 1992; Burgess & Franz, 1989). They are clas-
sified into 10 orders, 14 families and 35 genera, occurring
in rivers, streams, lakes and coastal regions. A total of 57
species have been identified from Cuban freshwater eco-
systems in some stage of their life, of which 23 (40.35%)
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are endemic (Vales et al., 1998). However, Vergara (1992)
recognized only 38 strictly freshwater dwelling species,
based on their apparent limited dispersal ability and their
occurrence in freshwater during all or most of their life
cycle. In the present study, we follow Vergara’s criteria.
The family Poecilidae is the dominant Cuban fish
fauna in terms of number of species. This group includes
two endemic genera (Girardinus and Quintana) and
distinctive endemic species of the genera Gambusia and
Limia, some of them are widespread while others are
restricted to local or regional areas on the main island
(Rivas 1958; Barus et al. 1980; Rauchenberger 1989;
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Vergara 1992). Girardinus and Gambusia apparently
underwent extensive radiations and the number of recog-
nized species or subspecies in these genera has increased
recently (Rauchenberger 1989; Barus & Wohlgemuth
1994; Lucinda 2003; Doadrio ef al. 2009). Conversely,
Quintana, Limia and some other genera (Agonostomus,
Alepidomus, Anguilla, Atractosteus, Cubanichthys, Cyprin-
odon, Dormitator, Eleotris, Fundulus, Gobiesox, Gobiomorus,
Joturus, Kryptolebias, Ophisternon and Sicydium) are repre-
sented by a single species (Vergara 1992). The remaining
genera are Nandopsis (two endemic species), Lucifuga
(four endemic species) and Rivulus (two endemic spe-
cies). These contrasting patterns of diversification proba-
bly reflect the chronology of colonization events by the
different taxa, or the results of the differential success in
resources exploitation and adaptability (Briggs 1984;
Vergara 1992).

In spite of the accumulated knowledge of the system-
atics of Cuban freshwater ichthyofauna, recent results
suggest that we are far from having a complete picture.
For example, putative new species of the genera Girardi-
nus (Doadrio et al. 2009) and Lucifuga (Garcia-Machado,
Herndndez, Garcia-Debras, = Chevalier-Monteagudo,
Bernatchez, Casane, unpublished results) have recently
been identified. A good understanding of the systematics
of Cuban freshwater fish is important for a number of
reasons. Contamination, habitat degradation, overexploi-
tation and introduction of alien species have impacted
native ichthyofauna at different scales. Any conservation
plan needs to be based on a solid knowledge of the exist-
ing evolutionary units (DeSalle & Amato 2004). In addi-
tion, various species (e.g. killifishes) have been used as
natural controls of insect vectors of disease (Garcia &
Koldenkova 1990; Rodriguez et al., 2004; Menéndez et al.,
2007). However, there is a complete lack of information
on population structure or what independent evolution-
ary lineages are present, which would serve as guidelines
for local introductions.

The DNA barcoding initiative offers the opportunity
for a standardized system of species identification based
on the analysis of small fragments of DNA (Caterino
et al., 2000; Hebert et al. 2003). The basic rationale for bar-
codes is that intraspecific genetic distances should be
lower than those estimated between congeneric species
(Johns & Avise 1998). A 650-bp segment of the 5" region
of the mitochondrial cytochrome c oxidase subunit I
(COD gene is currently used for cataloguing animal bio-
diversity (Hebert et al., 2003; Hebert et al., 2004; Blaxter
et al., 2005; Barber & Boyce, 2006; Pfenninger et al. 2007;
Hubert et al. 2008; Tavares & Baker 2008). In spite of its
success, this is still much controversy surrounding this
methodology, for example in terms of species definition
(Tautz et al., 2003; Blaxter, 2004; Vences et al., 2005;
DeSalle, 2006; Cognato, 2006; Rubinoff, 2006), data rele-

vance, distance vs. character analysis (DeSalle et al. 2005),
and taxonomical background of the analysed group
(Meyer & Paulay 2005). However, there are a growing
number of examples demonstrating the usefulness of
DNA barcoding in different fields of biological sciences
including assigning individuals to their corresponding
taxa (Hebert et al. 2003; Hebert et al., 2004; Lee & Foighil,
2004; Ward et al. 2005; Barber & Boyce, 2006; Hajibabaei
et al., 2006b,c; Hubert et al. 2008), identification of extinct
specimens or specimens from collection (Hajibabaei et al.,
2006a), forensic analysis (Nelson et al., 2007), detection in
markets and food products of regulated species (Smith
et al. 2007; Yancy et al., 2008) and control of invasive spe-
cies (Chown et al. 2008).

In this study, we use established DNA barcoding
methodology to catalogue the freshwater fishes of Cuba
using distance and character-based criteria for species
identification. We also contribute to the knowledge of
this group of animals in the archipelago by uncovering
potential cryptic variation as well as conflicting pat-
terns of divergence with respect to current taxonomic
designations.

Materials and methods

Males and females, of 27 taxonomically recognized spe-
cies representing 17 genera and 10 families of Cuban
freshwater fishes were collected using hand nets, at dif-
ferent localities across the archipelago (Fig. 1). We also
included two putative new species of the genera Gambu-
sia and Lucifuga and individuals of the species Lophogobi-
us cyprinoides, which inhabit fresh to fully marine waters.
Fish were transported alive to the laboratory, or directly
preserved in 95% ethanol. Species level identification was
carried out using morphological characters according to
original descriptions.

Total DNA was extracted from muscle (~5 mm?) or
small fin fragments using the DNAeasy tissue kit (QIA-
GEN). A 652-bp segment from the 5 region of the mito-
chondrial COI gene was amplified using the following
primers: FishCOIf: 5-AAYCAYAAAGAYGGYACCCT-
3’; FishCOlIr: 5-CNGGRTGNCCRAAGAAYCA-3'. Poly-
merase chain reactions (PCR) were performed in 50 pL of
final volume, containing: 1 pL of total DNA solution, 1X
of amplification buffer [10 mwm Tris-HCI (pH 9.0), 50 mm
KCl, 1% Triton X-100], 200 pum of dNTPs, 200 pum of each
one of the primers, 1.5 mm of MgCl, and a unit of Tag
DNA polymerase (Promega). The thermal cycling profile
was as follows: 94 °C initial denaturing for 5 min; 35
cycles of 94 °C of denaturing during 45 s, 48 °C anneal-
ing for 45 s, and 72 °C extension for 1 min and 30 s; and
a final extension at 72 °C for 10 min.

Polymerase chain reaction products were purified
using the NucleoSpin Extract II kit (Macherey-Nagel),
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Fig. 1 Sampling sites for the species
included in the present study. The num-
bers correspond to the locality names in
Data S1.

85° 84° 83°

and cycle-sequenced in both directions using the primers
described previously and an ABI Prism Big Dye termina-
tor sequencing kit V.3 (PerkinElmer). The fragments were
resolved using an ABI 3100 automated sequencer
(Applied Biosystems).

Sequences were aligned using the sioepiT 5.0.9. (Hall
1999). MEGA version 4 (Tamura et al. 2007) was used to
calculated sequence divergences according to the Kimura
2-parameter (K2P) model (Kimura 1980), and to estimate
a neighbour-joining (NJ) tree (Saitou & Nei 1987) to
provide a graphic representation of species divergence.
Complementary to genetic distance analysis, a popula-
tion aggregation analysis (PAA) (Davis & Nixon 1992)
was carried out for the most species-rich genera (Gambu-
sia, Girardinus) and for Lucifuga and Rivulus.

As complementary information for certain comparisons
and validations, the homologous sequences of 16 species
available from GenBank database were included. These
species were: Anguilla rostrata (Accession no. EU524442),
Atractosteus spatula (Accession no. NC_008131), Cataetyx
rubrirostris (Accession no. AP004407), Cubanichthys pengel-
leyi (Accession no. AY356593), Diplacanthopoma brachysoma
(Accession no. AP004408), Dormitator maculatus (Accession
nos AY722137 and AY722143), Gambusia affinis (Accession
no. NC_004388), Gobiomorus dormitor (Accession nos
AY722134 and AY722144), Kryptolebias marmoratus (Acces-
sion no. AF283503), Lepisosteus oculatus (Accession no.
NC_004744), Lepisosteus osseus (Accession no. NC_008104),
Lophogobius cyprinoides (Accession no. AF391362), Nandop-
sis haitiensis (Accession no. DQ119213), Nandopsis managu-
ensis (Accession no. DQ119203), Nandopsis ramsdeni
(Accession no. DQ119211) and Nandopsis tetracanthus
(Accessionno.DQ119212).

Individual samples were deposited in the collection of
Museum of Natural History ‘Felipe Poey” (MFP) of the
University of Havana. Each studied fish was identified
by a voucher showing species name, date of collection
and locality. Data for each individual [identification, sex,
barcoding number, museum number, sampling location
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and GenBank Accession numbers (544239-544257 and
545579-545685)] are presented in Data S1 and Fig. 1.
Sequences and trace files are also available at Centro de
Investigaciones Marinas, University of Havana under
request to the authors.

Results

Of the 38 ‘true’ freshwater fishes recognized in Cuba
(Vergara 1992), we considered only 35 as valid. We
excluded Girardinus serripenis Rivas, 1958; which is a
synonym of Girardinus creolus Garman, 1895, Lucifuga tere-
sinarum Diaz Peréz, 1988 that represents a synonymy of
Lucifuga subterranea Poey, 1958 (Garcia-Machado, Hernan-
dez, Garcia-Debras, Chevalier-Monteagudo, Bernatchez,
Casane, unpublished results), and Rivulus garciai (de la
Cruz & Dubitsky 1976) that was not found at its single
highly degraded type locality. Similarly, in the case of the
five members of the puncticulata species group, we only
considered Gambusia puncticulata in our study as there is
no consensus about the taxonomic status (species or sub-
species) for the remaining members (baracoana, bucheri,
howelli, monticola). A total of 27 (77.1%) of the 35 species
were included in the present study (Data S1). Nineteen
of these are endemic species, representing 90.5% of Cuba
freshwater fish endemic species. The putative Gambusia
and Lucifuga species, described above, were not included
in the statistics. Three species (Girardinus cubensis, Gobi-
esox nudus and Joturus pichardii) were not available for
analysis, while available individuals for other species
(Eleotris pisonis, Lucifuga simile, Ophisternon aenigmaticum
and Sicydium plumieri) were formalin fixed or pro-
vided low DNA quality resulted in poor or no PCR
amplification.

A 652-bp COI fragment, starting at nucleotide position
6452 of the L-strand of the Cyprinus carpio mitogenome
(Chang et al. 1994), was successfully amplified for 126
individuals. As expected from other fish species studies
(e.g. Hubert et al. 2008), no sequence length differences
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were observed. Translation of sequences did not result in
stop codons indicating that the amplified domains were
functional. In 96.4% of the cases analysis of evolutionary
divergence using the K2P model, and the 3% cut-off crite-
ria suggested for species level divergence (Hebert et al.
2003), indentified clades that were in concordance with
recognized taxonomic units based on morphological
characters.

The level of divergence among congeneric species was
about 10 times higher than among conspecifics, and
divergence levels between confamiliars were about two
times higher than congenerics. Thus, the mean conspe-
cific, congeneric and confamiliar genetic distances were
0.4%, 8% and 20.4% respectively (Table 1). Nevertheless,
category overlap occurred in some cases as the distribu-
tion of the intraspecific K2P distances ranged between
0% and 3.3% and interspecific distances between 1.6%
and 18.1% (Fig. 2, Data S2).

The NJ tree (Data S3) based on the K2P distance
matrix essentially illustrates the relationships among the
intrageneric units. In all but one case, species were clus-
tered within their currently accepted genus.

Nowelties and conflicting taxonomical designations

Gambusia. Three Gambusia species are recognized for
Cuba, one of which (Gambusia punctata) is endemic. How-
ever, in the present study, we have provisionally desig-
nated some individuals, collected at La Jenifer hole at
Key Coco, as Gambusia sp., taking in to account that they
show a slender body shape quite different from that of
G. punctata and Gambusia rhizophorae.

Table 1 Summary of genetic divergences (K2P model) for each
taxonomic level of comparison

Comparisons within Taxa (1) Mean Min. Max. SE

0.004 0 0.033 0.001
0.080 0.016 0.181 0.011
0.204 0.125 0.234 0.019

Species* 29
Genus, among speciest 7
Family, among genusf 5

*The GeneBank available sequences of the species Anguilla
rostrata, Dormitator maculatus, Kryptolebias marmoratus, Lophogo-
bius cyprinoides, Nandopsis ramsdeni, and Nandopsis tetracanthus
(see Materials and methods) were included to estimate diver-
gence values (see Data S2 and S3, for details).

tAs above, the species Atrastosteus spatula, Cubanichthys pengel-
leyi, Nandopsis ramsdeni and Nandopsis tetracanthus (see Materials
and methods) were included to estimate divergence values.

1As above, the species Atrastosteus spatula, Lepisosteus oculatus,
Lepisosteus osseus (Lepisosteidae); Kryptolebias marmoratus
(Rivulidae), Cataetyx rubrirostris and Diplacanthopoma brachysoma
(Bythitidae) (see Materials and methods) were included to
estimate divergence values.
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Fig. 2 Distribution of the genetic distances (K2P) within and
between species.

The conspecific genetic distances in G. rhizophorae and
Gambusia sp. showed a mean of 0.1 +0.1% and 0.0
respectively (Data S2). However, G. punctata and Gambu-
sin  puncticulata showed values of 3.1 +04% and
3.3 + 0.4%, near the cut-off for the designated species
limit. The smallest interspecies genetic divergence values
of Gambusia were observed between G. punctata and Gam-
busia sp. (4.9 + 0.8%), and between G. punctata and G. rhi-
zophorae (5.2 + 0.8%), whereas the remaining pairwise
comparisons among species ranged from 6.2% to 11.3%.

The NJ tree (Data S3) also clearly showed genetic sub-
divisions within G. punctata and G. puncticulata. Surpris-
ingly, three individuals of G. punctata sampled at the
Yara River in Guantdnamo province had identical
sequences and clustered together within Gambusia sp.
Hereafter, we include this group within Gambusia sp.
Sequence divergence between G. punctata and the rede-
fined Gambusia sp. was 6.4 = 1.0%, while between
G. punctata and G. rhizophorae, and Gambusia sp. and
G. rhizophorae, it was 4.9 +0.8% and 6.2 *1.0%
respectively.

In the case of G. puncticulata, four clades were identi-
fied, all supported by high bootstrap values: one con-
sisted of samples from the most wide-ranging taxon
recognized as G. puncticulata (sensu stricto); a second one
included samples from Coco Key [hereafter designated
as G. puncticulata (A)]; a third included samples from Rio
Baracoa and Guahanahacabibes [hereafter designated as
G. puncticulata (B)]; and a fourth group included samples
from Manglarito River in Baracoa [hereafter designated
as G. puncticulata (C)] (Data S1, Fig. 1). Based on these
results, these groups were treated as discrete units, and
the pairwise level of divergence was recalculated. The
results showed that the level of divergence among the
new recognized groups was higher than 3% in all
cases: G. puncticulata—G. puncticulata  (A) (7.2 = 1%);
G. puncticulata—-G. puncticulata (B) (4.7 + 0.8%); G. punc-
ticulata—G. puncticulata (C) (6.3 = 1%); G. punticulata (A)-
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G. punticulata (B) (8.0 = 1.2%); G. punticulata (A)-G. pun-
ticulata (C) (3.6 £ 0.7%); and G. puncticulata (B)-G. puntic-
ulata (C) (7.8 + 1.2%). In contrast, intraspecific genetic
distances fell between 0.0% and 0.2% in all four groups.

A total of 132 variable sites were identified amongst
the Gambusia spp. Following PAA, four sites were inden-
tified as diagnostic for G. punctata, five for G. rhizophorae,
10 for Gambusia sp. and 26 for G. puncticulata (sensu lato).
However, iterative grouping further identified four sub-
groups within G. puncticulata, in concordance with those
identified by genetic distance analysis. G. puncticulata
(sensu stricto) was differentiated from the other Cuban
Gambusia by three diagnostic sites, G. puncticulata (A) by
11 sites, G. puncticulata (B) by 11 sites, and G. puncticulata
(©) by six sites (Fig. 3).

Rivulus. The two Cuban species of Rivulus (Rivulus cyl-
indraceus and Rivulus insulaepinorum) were analysed in
the present survey. The estimated level of sequence
divergence (1.8 + 0.4%) between these species was simi-
lar to that observed at the intraspecific level for R. cylind-
raceus (1.6 + 0.4%). In addition, the NJ tree did not show
reciprocal monophyly for these species, and a similar
result was obtained by PAA. Only 25 variable sites were
found for Rivulus and none of them was diagnostic for
species identification. However, using distance analysis,
two subgroups were observed within R. cylindraceus
(d = 3.0 £ 0.6%) (Data S3), differentiated by 17 sites. One
subgroup consisted of the samples from Havana and
Pinar del Rio localities, while the second one included
those from Zapata swamp. Rivulus insulaepinorum had
eight polymorphism sites but none of the sites as diag-
nostic. One individual of this species clustered within
R. cylindraceus group from the Zapata swamp.

Cubanichthys. In Cuba, the genus Cubanichthys is
represented by a single endemic species, Cubanichthys
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cubensis Eigenmann, 1903. A second species, Cubanichthys
pengelleyi Fowler, 1939 has been identified in Jamaica.
Comparison of the sequence divergence between these
species was estimated to be 18.1 + 1.9%, which is the
maximum sequence divergence found in this study
among congeneric species (Table 1, Data S2). This value
was only approached by Lucifuga species (11.1%).

Lucifuga. Of the seven recognized species for this
genus, four are endemic to Cuba. Here, we analysed two
of them, Lucifuga dentata and Lucifuga subterranea, as well
as a putative new species from a locality at the Western
extreme of the island. The level of sequence divergence
between the three taxa was amongst the highest observed
between species within genera (mean 11.1%, range 10.8—
11.5%). Correspondingly, the number of diagnostic char-
acters was relatively high for all three taxa (L. dentata, 36
sites; L. subterranean, 33 sites; Lucifuga sp. n., 32 sites).

The two endemic genera

Girardinus and Quintana. Six of the seven recognized
species of Girardinus were included in the present study
(Data S1). It should be noted that although we made an
effort to collect G. cubensis at its type localities we failed
to find this species. Distance analysis was in complete
concordance with current classification based on mor-
phological characters. The highest intraspecific diver-
gence was found among Girardinus denticulatus
conspecifics (2.3 + 0.5%), followed by Girardinus micro-
dactylus (1.9 + 0.4%), while congeneric divergences ran-
ged from 4.1 + 0.8% between Girardinus falcatus and
Girardinus uninotatus, and 14.7 + 1.5% between G. falcatus
and G. denticulatus. A total of 147 variable sites were
observed between Girardinus sequences, five were diag-
nostic for G. uninotatus, six for G. creolus, six for G. micro-
dactylus, 11 for Girardinus metallicus, 10 for G. falcatus and

Fig. 3 Diagnostic sites defining the dif-

Nucleotide position

ferent evolutionary partitions inside
Gambusia genus in Cuba. When a given

site was polymorphic inside a given taxa, Species

11111111112222233334444445555555556
33568999900125566790147711675788890025556794
824512348906511734562111423464806732603698729

conventional designations (R =G or A,
Y = Cor T) were used to indicate the type
of nucleotide base observed at the site.

G. punctata

G.puncticulata
G.puncticulata

G.puncticulata

G.rhizophorae

Gambusia sp.

G.puncticulata

cgcggtgagatctcttagaYaccctcgcatcaagRagaYtaYcaa
* * * *

cgtgatgtgatcacttagagaccatcgcatcaaacagaacaacaa
* * *

(A) catgacagagccacttagacaccattgcgttaaatgtaacaccaa
* * ok k ok * * ok * Kk k

(B) tgggacgggattatctaagaatcatcgaatctaacagaacaccaa
* ok * Kk x * Kk k Kk * *

(C) cgtgacggcctcacttagacactatcacatcagacagagcaccaa
* * * * * *

cgcgaagggatctcttagataccgccgcatcaaacagatcattag
* * % *  kx

cgcaatgggatccctaggacgccctcgcaccaaaaagttcggecga
* * * % * * * * Kk x

© 2009 Blackwell Publishing Ltd
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26 for G. denticulatus. Finally, Quintana atrizona, the other
Cuban member of the tribe Girardininii sensu Rosen &
Bailey (1963), showed a mean divergence value of
20.0 + 1.8% (range 19.3 +1.8% to 21.1 +2.0%) with
respect to Girardinus (Data S2).

Discussion

The present study represents the first molecular survey
of Cuban freshwater ichthyofauna. Amplification of the
COI 5’ region (652 bp) was successful for all assayed indi-
viduals. We did not detect nuclear copies of COI gene,
either as frame shifts in the inferred protein sequence, or
as mutation bias. Taxonomical confusion because of
hybridization did not appear to be a problem; however,
as will be noted below, in one case this could not be com-
pletely ruled out.

The level of genetic variation observed for the COI
gene fragment was highly congruent with the taxo-
nomic level. Thus, a 3% of cut-off appears generally
adequate to discriminate species of Cuban freshwater
fishes. In general, the average conspecific, congeneric
and confamilial K2P distances were within the range
observed among the Canadian freshwater fishes (0.27%;
8.37%, and 15.38% respectively) (Hubert et al. 2008)
and Australian marine fishes (0.39%, 9.93%, and 15.46%
respectively) (Ward ef al. 2005). The character-based
analysis results were completely in agreement with the
genetic distance approach for species identification in
all cases when both approaches were used. This sup-
ports the idea that both approaches used together can
complement and facilitate species identification (Waugh
et al. 2007).

Overlapping of conspecific and congeneric levels of
divergence was minimal. Only two genera, Atrastosteus
(i.e. between the Cuban gar Atrastosteus tristoechus and
the Alligator gar Atfrastosteus spatula) and Rivulus,
showed interspecific divergences that fell below the
threshold chosen to differentiate inter and intraspecific
divergences. Mutation rate variation among genes and
species has been recognized as a major problem for
sequence divergence estimation and phylogenetic recon-
structions (Ayala 1997; Johns & Avise 1998; Baer et al.
2007), and may sometimes hinder the use of the DNA
barcoding for cataloguing species diversity (Stoeckle
2003; DeSalle et al. 2005; Smith et al. 2007). This appears
to be the reason for low levels of sequence divergence
that characterizes most comparisons of congeneric Lepis-
osteids, because a similar estimate (0.9 + 0.4%) was
obtained among the sequences of Lepisosteus oculatus and
Lepisosteus osseus (this study). In addition, the family Lep-
isosteidae showed the smallest confamiliar divergence
levels (Atractosteus vs. Lepisosteus, 12.5 + 1.5%) (Data S2).
Bermingham & Avise (1986) found that low levels of

sequence divergence characterized geographic subdi-
vided populations of the bowfin Amia calva (Aiiformes),
compared with teleost fish species with similar geo-
graphic distributions. Similarly, Krieger & Fuerst (2002)
showed that mutation rates are consistently lower for
nuclear and mitochondrial genes in Acipenceriforms
(sturgeons and paddlefish). Lower rates of sequence
divergence in lepisosteids strengthens the suggestion that
differences in mutation rates and/or historical effective
population sizes may exist between teleost and nontel-
eost fishes (Bernatchez & Wilson 1998). Nonetheless,
some teleost fishes also show very low interspecies diver-
gence. For example, tunas of the genus Thunnus have a
mean interspecies distance of only 1.04% (Ward et al.
2005), probably due to a recent radiation of this genus.

However, a similar argument cannot apply to the case
of Rivulus. The two Cuban sister species Rivulus cylindrac-
eus and Rivulus insulaepinorum showed a sequence diver-
gence of 1.8%, similar to the 1.6% intraspecific
comparisons of R. cylindraceus. Character-based analysis
also failed to distinguish the two species, and suggests a
closer relationship between R. insulaepinorum and R. cyl-
indraceus from the Zapata swamp locality. In contrast to
the situation in the Lepisosteids, an increase in substitu-
tion rates has been reported for mitochondrial genes in
annual Rivulids relative to nonannual Rivulus species
(Murphy et al. 1999). The sequence divergence observed
between the nonannuals, Rivulus and Kryptolebias, was
23.1%, an estimate that was among the highest observed
for confamilial comparisons in this study (Data S2).
Moreover, Johns & Avise (1998) in an analysis of all avail-
able cytochrome b genetic distance data, found that for
98% of sister species the genetic divergence was >2%.
Although fishes showed a large range in variation, the
minimum estimate for Rivulus species in their study was
>3%.

Meyer & Paulay (2005), applying barcoding methods
to a well-studied group of cypraeid marine gastropods,
demonstrated that well-defined species can show K2P
estimates as low as 1.2%. The authors concluded that
barcoding can only be reliable if based on solid taxo-
nomic foundations. However, the original description of
R. insulaepinorum was based on the analysis of only four
adult females and two juveniles, and a very limited
number of morphological diagnostic characters were
described (de la Cruz & Dubitsky 1976). Moreover, the
new species was reported in sympatry with respect to the
more widely distributed R. cylindraceus. The lack of a
clear molecular distinction between these species could
have three possible explanations: (i) the time since the
separation of populations has been too short for reciprocal
monophyly; (ii) the occurrence of relatively recent intro-
gressive hybridization among sympatric populations; (iii)
or, simply, an erroneous taxonomic designation. While
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the first two explanations cannot be ruled out, a critical
reanalysis of the morphological characters together with
the evaluation of ecological, reproductive and ethological
data is necessary to determine the taxonomic status of
R. insulaepinorum. In addition, analysis of both nuclear
and mitochondrial genetic markers is essential to test
whether there has been introgressive hybridization
between these species.

In an opposite extreme from the genera discussed
above, which have reduced levels of inter-specific diver-
gence; we found that the genus Cubanichthys is composed
of two unusually highly divergent species: Cubanichthys
cubensis and Cubanichthys pengelleyi, from Cuba and
Jamaica respectively. The level of divergence estimated
between them (18.1 + 1.9%) was the highest of all conge-
neric comparisons made in this study, as well as much
higher than the mean estimates for Canadian freshwater
fishes (mean = 8.37%) (Hubert ef al. 2008), and Austra-
lian marine fishes (mean = 9.93%) (Ward ef al. 2005). This
value was also higher than the maximum value observed
among the Cuban Gambusia and Nandopsis sequences and
the available sequences of congenerics (Gambusia affinis,
Nandopsis haitiensis and Nandopsis managuensis) from Cen-
tral and North America, and Haiti (Data S2). We further
checked the sequences for nucleotide composition bias
and there were no significant differences among them.
On the other hand, all nucleotide substitutions (99 in
total) were conservative, showing a moderate transi-
tion/transversion rate (2.4). A maximum of 19.3% of
divergence for congeneric comparisons has been
reported (Stoeckle 2003; DeSalle et al. 2005; Smith et al.
2007; Hubert et al. 2008). Although we cannot rule out an
accelerated rate of sequence evolution in these species,
our result strongly suggests that the taxonomy of this
genus deserves further attention, particularly the possi-
ble assignment of the Jamaican species to a new genus.

Of all the genera in this study, Gambusia is the most
speciose. In addition to the three nominal Cuban species
of the genus (Gambusia punctata; Gambusia puncticulata
and Gambusia rhizophorae), four new evolutionary distinct
entities were indentified by both distance and character-
based analysis of the COI sequence.

An a priori morphologically distinctive group, desig-
nated here as Gambusia sp., was collected for the first
time, in a brackish water pond at Key Coco locality and
identified as a separate evolutionary lineage from the
three species above by distance (range 6.2-13.8%) and
PAA (10 diagnostic nucleotide sites) analysis. However,
the most remarkable result was that it is indistinguish-
able, at the sequence level, from other Gambusia individu-
als sampled at River Yara (Eastern Cuba) which are
characterized by a G. punctata-like morphology. These
two localities are separated by about 300 km and are
completely unconnected at the present time (Coco key is
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in the Northeastern archipelago and the Yara River flows
southwards through the Gramma province and sur-
roundings) (Fig. 1). As far as we know, G. puntata is a
strictly freshwater fish, so a possible translocation of this
species to a brackish water environment appears unlikely
a priori. However, this possibility cannot be ruled out
because, in this study, we also report Nandopsis tetracan-
thus from Coco key. Disentangling this unexpected pat-
tern of relationships is necessary, and may reveal
historical connections related to the complex geological
formation of Cuba.

Cryptic diversity was identified within what, a pri-
ori, was identified as G. puncticulata. Four groups with
genetic divergences between 3.6% and 8.0%, and a rela-
tively large number of diagnostic sites, were identified.
As expected, G. puncticulata sensu stricto showed the
widest distribution across Cuba, while G. puncticulata
A, G. puncticulata B, and G. puncticulata C may repre-
sent new unnamed taxa with more restricted distribu-
tions (Data S1, Fig. 1). This finding was not surprising
as five species or subspecies have been recognized in
Cuba, most of them described for single localities in
Eastern Cuba and the Isle of Pines (Rivas 1944; Rosen
& Bailey 1963; Rauchenberger 1989). Vergara (1992) has
suggested that in Cuba the G. puncticulata group shows
a complex pattern of relationships highly consistent
with a common, central species and several derived
peripheral species which may have originated in allop-
atry because of the eustatic fluctuations that occurred
during quaternary glaciations. However, it should be
noted that we collected samples from Miel River, the
type locality of Gambusia baracoana Rivas, 1944; and we
identified these individuals as G. puncticulata (BC 117
and 118, Data S1) using morphological and nucleotide
sequence characters (COI). Similarly, a specimen from
Isla de la Juventud, which is within the physical range
of G. howelli fell within the morphology and molecular
range of G. puncticulata. The results suggest that the
G. puncticulata species group also deserves further sys-
tematic attention.

Among the Cuban poecilids, Girardinus is the richest
genus in terms of species. Its taxonomy had also been
rich in disagreements, with some authors suggesting
that Girardinus is really several genera (Eigenmann 1903;
Rivas 1958) while others (i.e. Rosen & Bailey 1959, 1963)
recognize it as a single genus (Girardinus). Recently,
Doadrio et al. (2009), using cytochrome b genetic uncor-
rected p-distances, concluded that the observed esti-
mates [mean 9.6% (7.1-12.9)] justify a re-splitting of
Girardinus into the previously described genera: Dactylo-
phallus, Girardinus, Glaridicththys and Toxus. However,
such a recommendation may be premature without a cri-
tical comparative appraisal of genetic divergences.
Namely, the authors did not use the available information
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from other close-related groups, which were included
as outgroups in their study. For instance, from Doadrio
et al. (2009; Figure 6), representatives of the monophy-
letic genus Limia (Hamilton 2001) show higher intra-
specific divergence levels than those estimated among
some of the above-mentioned genera. We recalculated
the levels of divergence from the available sequences
(Limia dominicensis Accession no. EF017533, Limia
melanogaster Accession no. EF017534, Limia tridens Acces-
sion no. EF017535, Limia vittata Accession nos FJ178765
and FJ178766). Interspecific divergence estimates ranged
from 6.2% to 11.1%. Our COI sequence results show that
the range of genetic divergence (4.4-14.6%) among
Girardinus spp. is similar to that observed among the
Cuban Gambusia (3.6-13.8%) and from other fish barcod-
ing studies (Ward et al. 2005; Hubert et al. 2008) and is
consistent with a single genus. We agree with the state-
ment of Rosen & Bailey (1963) that ’...the genus can and
should serve to express relationships...” In our view
then, the generic name Girardinus better expresses the
evolutionary distinctiveness of this endemic group of
poecilids.

Lucifuga is another genus for which this study sug-
gests a need for new taxonomic designations. Although
not all species were included in this survey, our analysis
of COI sequence from Lucifuga dentata and Lucifuga sub-
terranea was in complete concordance with those from
morphological analyses A third new entity was also iden-
tified, which had a level of genetic divergence as high as
that observed between L. dentata and L. subterranea. This
individual has unique morphological attributes (e.g. the
occurrence of relatively well-developed eyes together
with a lack of palatine teeth) that distinguish it from the
rest of the described Cuban species.

In summary, the present study provides a clear exam-
ple of the usefulness of barcoding for cataloguing the
diversity of Cuban freshwater fishes. The discovery of
several putative new species for several genera suggests
that our current knowledge of Cuban ichthyofauna is far
from being complete. Admittedly, this study is not suffi-
cient in itself to solve those taxonomic issues. However, it
serves to pinpoint those taxa requiring further analysis,
as well as providing the basic information on those spe-
cies that may represent good models for comparative
phylogeographic studies. A better knowledge of the sys-
tematics of Cuban native freshwater fishes may also con-
tribute to improving conservation programmes, as well
as monitoring the impact of ecological changes. For
example, the introduction of alien species in freshwater
ecosystems has been a common practice in Cuba for the
last two centuries. At present, around 28 introduced spe-
cies have been reported, and there are no published stud-
ies critically evaluating their impact on native
ichthyofauna.
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