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ABSTRACT

The genus Rivulus is currently comprised of two species, R. cylindraceus and R. insulaepinorum, which are
endemic to Cuba. However, the taxonomic status of the latter species remains dubious because of the
poor quality of the original description. In addition, a recent barcoding survey suggests that the two spe-
cies may be conspecific. The aim of this study was to test the hypothesis that the two species represent a
single evolutionary clade. To delimit the species and their evolutionary history, we used a combination of
molecular phylogenetic analyses, with both mitochondrial and nuclear sequences, tests of phylogeo-
graphic hypotheses, combined with morphological measurements and information on known dispersal
barriers and species distribution. None of the data sets support R. insulaepinorum and R. cylindraceus as
separate taxa. However, a new species, restricted to the northwestern part of the main island, was iden-
tified by phylogenetic analyses, body colour pattern and geographical distribution. The evolutionary dis-
tance between the two lineages (cytb, d = 15%; CAM-4, d = 2.5%) indicates a long period of divergence.
Phylogeographic analyses shed light on the dispersal history of R. cylindraceus, which probably originated
on the Isla de la Juventud. They also suggest that each lineage had contrasting histories; Rivulus sp. is
restricted to a relatively small geographic area whereas R. cylindraceus has dispersed considerably and
more than once from its centre of origin, probably facilitated by sea level fluctuations. These results
strengthen previous findings, i.e. that the diversity of Cuban freshwater fishes is far from well-known
and deserves more in-depth studies, and that vicariance and dispersal events have resulted in a complex
biogeographical landscape which has had a significant impact on the freshwater fishes of the Caribbean
islands.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Dubitsky, 1976). At present, two species are recognized (Costa,
2011): R. cylindraceus Poey, 1860 (Green rivulus) endemic to wes-

The genus Rivulus Poey (1860) belongs to the family Rivulidae,
represented by over 350 species occurring between Florida and
northeastern Argentina (Costa, 2003, 2006, 2011; Valdesalici
et al., 2011). Rivulus is endemic to Cuba and is one of the least
diverse and among the more geographically restricted of the 35
genera of freshwater fishes in the archipelago (de la Cruz and
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tern Cuba, and R. insulaepinorum de la Cruz and Dubitsky, 1976
(Isle of Pines rivulus), endemic to Isla de la Juventud. Both species
are restricted to freshwater mountain streams, lowland rivers,
and lagoons (Fig. 1).

The delimitation of R. cylindraceus and R. insulaepinorum was
based on relatively few morphological characters: i.e. the number
of lateral scales and the relative position of the dorsal fin (Poey,
1860; de la Cruz and Dubitsky, 1976). The taxonomic status of the
latter is particularly controversial because of the poor quality of
the original description (Huber, 1992) and remains unresolved.
Moreover, a recent DNA barcoding study suggests that
R. insulaepinorum may be conspecific with R. cylindraceus (Lara
et al., 2010). The estimated COI sequence divergence (1.8 £ 0.4%) is
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Fig. 1. Sampling sites of the genus Rivulus in Cuba. The sampling sites are indicated by stars. Circles indicate the type localities of R. cylindraceus (Mordazo stream) and R.
insulaepinorum (La Fé), and a square indicates the sampling site for Kryptolebias marmoratus. The colour of the stars corresponds to that of the clades in Fig. 3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

low and a COI phylogeny did not indicate reciprocal monophyly
(Lara et al., 2010). A population aggregation analysis (PAA) (Davis
and Nixon, 1992) also failed to find diagnostic nucleotide sites for
R. insulaepinorum.

The delimitation of species has important consequences since
biodiversity assessment and conservation programs are largely
based on species identification (Agapow et al., 2004). The defini-
tion of a species is a contentious field of theoretical discussion in
the evolutionary literature, mainly due to the lack of consensus
about which properties of a species and the speciation process
are universally valid criteria (de Queiroz, 2007). In recent years,
several approaches have been proposed to improve species delim-
itation (Puorto et al., 2001; Templeton, 2001; Wiens and Penkrot,
2002; Sites and Marshall, 2003; Knowles and Carstens, 2007;
Rissler and Apodaca, 2007; La Salle et al., 2009; Puillandre et al.,
2012). The vast majority of authors recognize that species should
be assessed within an explicit statistical framework in which a spe-
cies represents a hypothesis that needs to be corroborated by sup-
plementary data. For instance, the null hypothesis that organisms
being sampled come from a single evolutionary lineage can be
tested using phylogenetic and phylogeographic analysis (e.g.
Templeton, 2001). Mitochondrial DNA (mtDNA) has often been
the marker of choice in spite of controversy about some of its char-
acteristics (Ballard and Whitlock, 2004; Galtier et al., 2009). Spe-
cies delimitation based on mtDNA analysis can then be further
assessed using independent and relevant characters such as
nuclear genes, morphology, behavior, mating preference and dis-
persal ability (Dayrat, 2005; Will et al., 2005; Rissler and
Apodaca, 2007; Yeates et al., 2011; Puillandre et al., 2012).

The distribution of tropical freshwater fishes is a function of
both the current physical characteristics of the habitat, such as,
temperature, water level, and stream order (Moyle and Cech,
1996), as well as the effectiveness of barriers and historical cli-
matic changes. Barrier efficiency appears to vary as function of sev-
eral intrinsic (e.g. tolerance to salinity) and extrinsic (e.g. lack of
corridors, presence of predators, distance between favourable hab-
itats, episodic flooding due to strong rain and storms) factors.
Under certain conditions even highly habitat - specialised species
have been reported to be able to disperse and colonise new territo-
ries (Bossuyt et al, 2004; Bruyn and Mather, 2007; Garcia-
Machado et al., 2011; Walter et al., 2011). Historical variations in
climate and landscape can have profound effects on species distri-
bution and diversification by creating temporary corridors that
promote species dispersion (Iturralde-Vinent and MacPhee, 1999;
[turralde-Vinent, 2006) or by imposing barriers or fragmenting
territories (Jones and Johnson, 2009).

The current distribution of R. cylindraceus is highly fragmented,
due to human impact as well as natural factors. In the former case,
the destruction of the type locality, the Mordazo stream in Havana
City is an obvious example. To our knowledge, R. cylindraceus and
R. insulaepinorum have low tolerance to salinity. Climate changes
during the last few million years has had a profound impact on
sea levels and the shape of the Cuban archipelago (Iturralde-
Vinent, 2006), resulting in periods where the Isla de la Juventud
has been connected to parts of the main island. The distribution
of R. cylindraceus and R. insulaepinorum on Isla de la Juventud as
well as on the main island probably reflects these past changes
in the landscape. Similarly, low tolerance to salinity may have
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limited dispersal across the Caribbean islands in some freshwater
fishes, such as Girardinus (Rivas, 1958; Doadrio et al., 2009) and
Poecilia (Torres-Dowdall et al., 2013).

Using a combination of approaches, and both morphological and
molecular characters, we test the hypothesis that R. cylindraceus
and R. insulaepinorum represent a single evolutionary lineage. To
estimate the intraspecific diversity of both molecular and morpho-
logical characters and to obtain a better estimate of inter-specific
genetic divergence we collected a comprehensive data set from a
large range of localities, including known and previously unknown
localities for both species. We inferred independent mitochondrial
and nuclear gene sequence phylogenies. The intra and inter lineage
evolutionary distances were estimated and compared with those
estimated from species belonging to the same family and for which
homologous mtDNA sequences were available. Finally, we
tested alternative dispersal pattern hypotheses using Approximate
Bayesian Computation.

2. Materials and methods
2.1. Samples and localities

Two hundred and eighty seven fishes (151 females and 136
males) were collected between 2007 and 2012 using hand nets
at six localities on the main island of Cuba and at three localities
on the Isla de la Juventud (formerly Isla de Pinos). Five of the local-
ities (Cajalbana, the Camarones River, the La Pastora River, Sierra
La Cafiada and the Soroa River) are mountain rivers and four
(Guanimar, Facundo Lagoon, the Itabo River and the La Victoria
River) are within lowland wetlands. The sampling was designed
to cover a representative sample of the natural distribution of
Rivulus (Fig. 1) which is particularly important because the type
localities of both species no longer exist, and the preserved types
were not available for the present analysis. The type locality of R.
cylindraceus (Poey, 1860) was a freshwater channel in Havana
while that of R. insulaepinorum was a rice field in La Fé, Isla de la
Juventud (de la Cruz and Dubitsky, 1976) (Fig. 1). However, one
individual (BC4, MFP 18.000143, Supplementary material 1) was
sampled from the La Victoria River, the original locality of a female
paratype described by de la Cruz and Dubitsky (1976). All fish were
maintained in a 200 L aquarium with live and dry food provided
twice a day. Individuals were collected under field capture permis-
sion numbers CH-40-DB (026) 08, CH-40-AN (80) 2009 and CH-
8116247-5 from the Cuban Center for Environmental Inspection
and Control (CICA).

2.2. Collection of DNA sequence data

Genomic DNA (gDNA) was isolated from 121 individuals,
including individuals which had been previously been DNA bar-
coded (Supplementary material 1). Animals were anesthetized
using Tricaine mesylate (MS 222) (0.75%). Fin clips were taken,
preserved in ethanol 95% and stored at —20°C.

Total gDNA was extracted from fin clips using proteinase K
(100 pg/mL) in 200 pL lysis buffer (100 mM Tris-HCI, pH 8.0,
10 mM EDTA, 100 mM Nacl, 0.1% SDS, and 50 mM DTT) at 50 °C
with slow constant shaking, followed by a phenol:chloroform
extraction and purification using a Phase Lock Gel™ (Eppendorf).

The polymerase chain reaction (PCR) was used to amplify the 5’
domain of the mitochondrial cytochrome b gene (cytb) (754 bp)
using the primers Glufish (5'-CCAATGACTTGAAGAACCACCGTTG)
(Meyer et al, 1990) and CB3 5-GCCAAATAGGAARTATCATTC
(Palumbi, 1996) and the nuclear calmodulin intron 4 (CAM-4)
using the primers CalMex4f (5-CTGACCATGATGGCCAGAAA)
and CalMex5r (5'-GTTAGCTTCTC CCCCAGGTT) (Chow, 1998)

(Supplementary material 1). Five to 50 ng of gDNA was used as tem-
plate in a 25 pl PCR reaction with 1 unit of GoTaq DNA polymerase
(Promega), 0.2 uM of each primer, 200 pM of dNTPs, and 1.5 mM

PCR products were purified using the Illustra ExoStar 1-Step
(General Electric Company) kit following the manufacturer’s
instructions. 0.8 pL of the purified product was sequenced on an
ABI 3100 automated sequencer (Applied Biosystems). Sequences
have been deposited in the EMBL database, accession numbers
are provided in Supplementary material 1.

2.3. Sequence analysis and phylogeny reconstruction

The raw sequences were inspected by eye against the chro-
matogram using Bioedit Sequence Alignment Editor v5.0.9 (Hall,
1999). The alignments were performed with Clustal W
(Thompson et al., 1994) as included in MEGA version 5.10
(Tamura et al., 2011). For the cytb gene, “Rivulus” roloffi (incertae
sedis) (349 bp) (Murphy et al., 1999) (Accession No. RRU41780)
and an Kryptolebias marmoratus individual captured in the Guanab-
o River (BC107, Lara et al., 2010) (Accession No. LK022680) (Fig. 1,
Supplementary material 1) were used as an outgroup. For the CAM-
4 gene, K. marmoratus was used as outgroup (Accession No.
LK022681).

We used the Bayesian information criterion (BIC; Schwarz,
1978) implemented in the program jModelTest version 0.1.1
(Guindon and Gascuel, 2003; Posada, 2008) to select the nucleotide
substitution model that best fits the data. MEGA 5.10 (Tamura
et al., 2011) and MrBayes 3.2.1 (Ronquist et al., 2012) were used
to infer a maximum likelihood (ML) and Bayesian consensus tree,
respectively. The parameters of the selected model, the nucleotide
substitution matrix and the gamma-distributed rate variation
across sites, were used for tree inference. Stationary base frequen-
cies and substitution rates were optimized during tree inference
for the ML phylogeny, and incorporated as priors in the Bayesian
inference. The ML tree was obtained by heuristic search with Near-
est-Neighbour-Interchange (NNI) algorithm for tree optimization
and a weak branch swap filter for an exhaustive search.

The Bayesian analyses consisted initially of two independent
runs using four Metropolis coupled Monte Carlo Markov chains
for 1.3 x 10° generations, with sampling every 200 generations.
TRACER v 1.5 (http://beast.bio.ed.ac.uk/) was used to inspect
convergence of the distribution of the MCMC and evaluate the effi-
ciency of the posterior sampling distribution with the effective
sample size (ESS). The MCMC chains were then run for a further
5 x 10° generations. The efficiency of the posterior sampling distri-
bution was again evaluated. The first 25% of the sampled trees
were discarded as burn-in. The sampled trees from the second
run were used to construct a consensus tree.

The robustness of the nodes of the ML trees was assessed using
the bootstrap method with 500 replicates. Posterior probabilities
of the nodes in the Bayesian consensus tree was obtained from
the 95% credible set of trees.

2.4. Genetic diversity and dispersal hypothesis testing

For each population cyt b haplotype (h) and nucleotide diversity
(m), as well as 95% confidence intervals for both, were estimated
using DnaSP v. 5.10 with 10,000 coalescence simulations (Librado
and Rozas, 2009). Haplotype relationships were examined by net-
work analysis with the Median Joining (M]) network algorithm
(Bandelt et al., 1999) using Network 4.6.1.1 (Fluxus Technology
Ltd.). These were post processed using maximum parsimony calcu-
lations to reduce the number of superfluous network links.

To explore models that best describe the origin of the geograph-
ical distribution of present-day populations, we evaluated the
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posterior probabilities of historical scenarios using the Approxi-
mate Bayesian Computation approach (ABC) (Beaumont et al.,
2002) as implemented in DIY ABC v. 1.0.4.46 (Cornuet et al., 2008).

We took into account the network topology and inferred diver-
sity parameters to propose two alternative scenarios for the centre
of origin (Fig. 2). In the first scenario (A) the source population was
set as the Guanimar - La Pastora River drainage basin, and in the
second scenario (B), on Isla de la Juventud. For both scenarios,
the Soroa River and Facundo Lagoon populations were set as more
recently derived. We assumed that a bottleneck had occurred for
each founding population since it is expected that they would rep-
resent a fraction of the source population. We also assumed that
the effective number of founders (Nf;) remained small for a few
generations before reaching a larger effective population size (N;).
It was also assumed that the effective size of the ancestral popula-
tion remained constant over time. We chose uniform priors for N;,
Nf; and bottleneck duration (Db) (Supplementary material 2). The
mutation model for the mtDNA sequence was chosen as described
above for phylogenetic analysis, default values were used for the
remaining parameters. The summary statistics used were: the
number of haplotypes, the number of segregating sites, the mean
pairwise differences and variance for each population, the number
of pairwise differences within and between populations, and the
Hudson et al. (1992) estimator of population differentiation (Fsr).
We produced a reference table with four million simulated data
sets. This procedure was repeated three times to test for consis-
tency of the results. The posterior probabilities of the two scenarios
were estimated using the logistic regression method (Fagundes
et al., 2007) from 1% (40,000) of the simulated data sets.

2.5. Meristic and morphometric variables

We measured two meristic and three morphometric variables
that are generally considered reliable characters (Hoedeman,
1959) and commonly used in killifish species descriptions (Costa,
2004; Valdesalici et al., 2011; Valdesalici and Schindler, 2011).
The meristic variables used were: the number of pre-dorsal scales
(NPS) and the number of lateral scales (NLS). The frontal squama-
tion pattern of R. cylindraceus and R. insulaepinorum is d-type
(Hoedeman, 1958). To measure the NPS we followed Hoedeman
(1958) and counted the scales along the mid row between the
cephalic scale b (including b) and the first dorsal fin ray. The mor-
phometric variables used were: Pre-dorsal proportion (PP), that is
the ratio between pre-dorsal length (PDL: from snout to the base of
the first dorsal ray) and Total length (TL); Anal proportion (AP),
that is the ratio between pre-anal length (PAL: from snout to the
first anal ray) and TL; and Inter dorsal-anal Proportion (Id-aP), that

A B

G/LP S I

FL G/LP

is the ratio between inter dorsal-anal distance (IDAL: PDL-PAL) and
TL. These five variables were analysed for a variable number of
male (M) and female (F) individuals from each site: the La Pastora
River (32 M and 35 F), the Soroa River (26 M and 26 F), Guanimar
(8 M and 18 F), Facundo Lagoon (22 M and 23 F), Cajalbana (15 M
and 16 F), Isla de la Juventud (33 M and 33 F). Scale counts were
done with a stereoscopic microscope (40x). All morphological
variables were measured using a Vernier Caliper to the nearest
0.05 mm. Body colour patterns on males and females were also
documented (i.e.: main body colouration, fin colouration, pres-
ence/absence of stripes and spots).

2.6. Statistical analysis of morphological data

Meristic and morphometric data do not fulfill the assumptions
of normality and variance homogeneity, even after data transfor-
mation (1/x, Sqr, Log and Sqr (arcsine)), we therefore used non
parametric tests. We compared the central tendency of every
meristic and morphometric variable between sexes of each
population using the Mann Whitney U test. We then used the
Kruskal-Wallis test and a pairwise comparison test (Dunn’s test)
to conduct central tendency comparisons of each variable sepa-
rately for males and females. All these statistical analyses were
done using Statistica 6.1 (Statsoft, 2004, Tulsa, IL, USA). To deter-
mine if individuals from the sampled localities could be differenti-
ated using a combination of morphological characters, a Principal
Components Analysis (Correlation type) was performed using the
program Past 1.99 (Hammer et al., 2001).

3. Results
3.1. Cytochrome b phylogeny

The final cyt b sequence alignment is from 121 individuals and is
754 bp long, with 115 variable sites. Twenty nucleotide mutations
result in inferred amino acid substitutions. Two substitutions are
shared by all individuals from the Cajalbana and Camarones Rivers,
one is unique to samples from the Soroa River, and one is shared by
all individuals from the Isla de la Juventud and Facundo Lagoon.

The HKY + I" evolutionary model was selected by jModeltest and
used in the ML and Bayesian analyses. The gamma shape parame-
ter (o) inferred in the ML tree reconstruction (« = 0.67) was used as
prior for Bayesian analysis.

Both methods resulted in well resolved and fully congruent
trees (Fig. 3). The robustness of the nodes (bootstrap value and
posterior probability) was high (greater than 98 for all the main
nodes). Two major clades were identified. The first is composed

Ll
1
=
g
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L T0
= 10-Db,

s I FL

Fig. 2. Alternative hypotheses tested using the approximate Bayesian computation approach based on cytb sequences of the species R. cylindraceus. Model (A) establishes that
Guanimar-La Pastora drainage basin represents the source population, while model (B) proposes that the point origin was on the Isla de la Juventud. FL, G, IJ, S and LP indicate:
Facundo Lagoon, Guanimar, Isla de la Juventud, Soroa River and La Pastora River, respectively. N; indicates the effective population size of a given population; Db is bottleneck

duration, and Nf; is the effective number of founders after a dispersal event.
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Facundo Lagoon
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Fig. 3. Maximum likelihood phylogenetic tree (LogL = —2407.12) based on partial cytb sequences. Two clades were identified, a smaller clade of R. cylindraceus individuals
endemic to the northwestern region of the main island (Camarones River and Cajdlana), renamed Rivulus sp., and a second, larger, clade of R. cylindraceus and R.
insulaepinorum individuals from the rest of the localities, named R. cylindraceus. The HKY model with gamma correction (o = 0.67) was used. ML bootstrap values and Bayesian
analysis posterior probabilities are represented at each node, in that order. For sake of clarity, the three main clades are collapsed and are represented by triangles whose

width is proportional to the number of individuals.

of individuals identified as Rivulus cylindraceus | R. insulaepinorum
from most of the sampled localities, hereafter the R. cylindraceus
clade. The second is composed of Rivulus cylindraceus samples from
Cajalbana and the Camarones River, hereafter the Rivulus sp. clade.
In the first clade two well supported subclades were recovered, the
first subclade is composed of samples from the La Pastora River,
Guanimar and the Soroa River, and second subclade of samples
from Isla de la Juventud and the Facundo Lagoon (Fig. 1). This sec-
ond subclade has been previously identified by COI sequence anal-
yses (Lara et al., 2010) and indicates a close relationship between
individuals identified geographically as R. insulaepinorum (Isla de
la Juventud) and R. cylindraceus (Facundo Lagoon, Zapata swamp).

Mean evolutionary distances within samples from different
localities (using Tamura-Nei correction) were low and ranged from
0.03% to 0.55% (Table 1). The mean divergence estimates within the
two R. cylindraceus subclades was also low: d=0.3%+0.1 for
Guanimar-the La Pastora River-the Soroa River, and
d=0.5%+0.1 for the Isla de la Juventud - the Facundo Lagoon.
Between the two subclades a d =2.6% + 0.6 was obtained. In con-
trast, the mean sequence divergence between R. cylindraceus and
Rivulus sp. was high, d = 15.0% + 2.5.

3.2. CAM-4 phylogeny

CAM-4 sequences were obtained for a subset of 24 individuals
representing all localities. The sequence alignment was 550 bp
long with 20 variable sites and indels that ranged in length from
2 to 174 bp (Table 2). The 174 bp sequence indel was absent in
individuals from Guanimar, the Soroa River and the Facundo
Lagoon. Several individuals were heterozygous for nucleotide vari-
ants and four for allele size (2 bp indel). For the nucleotide variant,

Table 1

phylogenetic analysis was carried out using a consensus allele in
which the polymorphic sites were replaced by the IUPAC code (A
and G=R; T and C=Y). For the size allele variations the longest
allele was used. Maximum likelihood and Bayesian phylogenetic
reconstructions were conducted for the CAM-4 sequences using
the complete deletion option in MEGA to exclude gap regions.

The TN model was selected by jModeltest. The unrooted ML tree
(Log L=—894.33) has a similar topology to the one obtained with
the cytb sequences (Fig. 4). However the Bayesian inference pro-
duced a basal polytomy (not shown). In the ML tree the first clade,
the R. cylindraceus clade, was recovered with high bootstrap value
(95%), while the second clade, the Rivulus sp. Clade, was recovered
with a relatively low bootstrap support (74%) but high posterior
probabilities (0.97) (Fig. 4). Five nucleotide changes and two indels,
involving two and eight nucleotides respectively, were identified
as diagnostic in distinguishing the two clades. However, it should
be noted that the two individuals from the Camarones River
(Rivulus sp. clade) shared five nucleotide substitutions with
individuals from the R. cylindraceus clade.

In contrast with the cytb phylogeny, the two subclades within the
R. cylindraceus clade were not recovered. The Camarones River and
Cajalbana individuals showed a low evolutionary distance
(d =0.7% % 0.2, Tamura-Nei correction), similar to the R. cylindraceus
intraclade divergence (d=0.2%+0.17). However, the sequence
divergence between the R. cylindraceus and Rivulus sp. clades was
relatively high (d = 2.5% + 0.8).

3.3. Morphological analysis

There was no consistent sex difference pattern for the meristic
and morphometric variables analysed (Supplementary material 3).

Estimation of the mean pairwise genetic distance (in %) among the different sampled localities. Below and above the diagonal are Tamura-Nei distance and standard error
estimates. On the diagonal (on blod) are the intra-locality estimates (p). Highlighted on light grey are pairwise inter-locality distances, and in darker grey are pairwise inter-

species distances.

Locality Soroa River La Pastora River Guanimar Facundo Lagoon Isla de la Juventud Cajalbana Camarones River
Soroa River 0.06 0.2 0.2 0.6 0.6 2.6 2.7

La Pastora River 0.31 0.03 0.0 0.6 0.6 2.7 2.9

Guanimar 0.37 0.10 0.16 0.6 0.6 2.7 2.9

Facundo Lagoon 2.54 2.54 2.59 0.08 0.2 2.7 2.6

Isla de la Juventud 2.63 2.64 2.69 0.59 0.55 2.7 2.6

Cajalbana 14.41 14.90 14.92 14.87 15.26 0.22 0.3

Camarones River 15.41 15.91 15.92 15.09 15.47 1.01 0.27
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Table 2
Polymorphism statistics summary.
Clade/locus Sampling location n Sequence length® sP Number of haplotypes” T +SD h+SD k+SD
R. cylindraceus
cytb Guanimar 24 754 11 0.0016 + 0.00054 0.612+0.113 1.217 £0.228
Isla de la Juventud 16 754 17 10 0.0053 +0.00102 0.917 + 0.049 4,000 + 0.743
La Pastora River 25 754 2 4 0.0003 +0.00015 0.230+0.110 0.237 £0.077
Soroa River 18 754 4 4 0.0006 + 0.00030 0.314+0.138 0.444 £ 0.134
Facundo Lagoon 14 754 2 3 0.0008 + 0.00022 0.560 + 0.125 0.626 +0.192
All 99 754 51 30 0.0118 £ 0.00091 0.830+0.032 8.916 + 0.590
CAM-4 All 14 373-550 2 3 0.0023 +0.0004 0.692 + 0.065 0.857 £0.237
Rivulus sp.
cytb Cajalbana 22 754 4 5 0.0013 +0.00024 0.623 +0.080 0.779 £ 0.176
Camarones River 2 754 2 2 0.0027 +0.0013 1.000 + 0.500 2.000 +1.453
All 24 754 9 7 0.0024 + 0.0007 0.685+ 0.077 1.46 £ 0.263
CAM-4 All 10 534-540 9 2 0.0060 + 0.0027 0.356 +0.159 3.20+0.796

n is the number of sequenced individuals; S is the number of segregating sites; 7 is the nucleotide diversity (Nei, 1987); h is the haplotypic diversity; k is the mean number of

differences between haplotypes.

2 Sequence length is the maximum length of the aligned sequences. CAM-4 intron sequences were variable in length.
b § and the number of haplotypes were determined excluding the indels for CAM-4.
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Fig. 4. Maximum likelihood phylogenetic tree (LogL = —894.33) based on CAM-4 sequences. Two clades were identified, a smaller clade of R. cylindraceus individuals endemic
to the northwestern region of the main island (Camarones River and Cajdlana), renamed Rivulus sp., and a second, larger, clade of R. cylindraceus and R. insulaepinorum
individuals from the rest of the localities, named R. cylindraceus. The Tamura-Nei model was used. ML bootstrap values and Bayesian analysis posterior probabilities are
represented at each node, in that order. Only bootstrap values greater than 60% are shown.

The number of lateral scales, number of predorsal scales, dorsal
proportion, anal proportion and inter dorsal and anal proportions
overlap extensively between both sexes within localities (Supple-
mentary material 3.1 and 3.2). For most variables, significant dif-
ferences in median values between sexes were only found for the
La Pastora River samples. The dorsal proportion was significantly
different for the Facundo Lagoon and Guanimar samples, while
samples from most localities showed significant differences
between individuals of both sexes for the anal proportion, except
for those from the Soroa River and Cajalbana (Supplementary
material 3.3). However, there was a high degree of overlap in the

variability of the meristic and morphometric variables analysed
for both male and female among localities (Supplementary mate-
rial 3.1 and 3.2), and consequently, no meristic or morphometric
variable was identified as being diagnostic for the R. cylindraceus
or Rivulus sp. clades.

The results of the Principal Component Analysis (PCA) are
shown in Fig. 5. The first two principal components account
for 64.22% of the total variance. The PCA scatter plot indicates
that most of the individuals distributed are around the PC
intercept, with a marked overlap between the six sampled
localities.
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Body colouration varies significantly among localities (Fig. 6A),
particularly in males, resulting in four well distinguished morphs.
Females showed variation in body colouration, but it much less
pronounced than in males. One morph, characterized by a greenish
pale brown body, with scarce orange dots on the flanks and black
fins edges (Fig. 6A) was found in the La Pastora and Soroa Rivers
(Fig. 6A). Some individuals also have black marks in the mouth.
The second morph was found in the Facundo Lagoon and Guanimar
(Fig. 6A). The males were dark brownish olive green with several
orange dots on the flanks. The third morph was only found on
the Isla de la Juventud (Fig. 6A). Fish were bright yellowish green
with several red dots on the flanks. The fourth morph was found
exclusively in the Cajalbana and the Camarones River (Fig. 6A). In
this case, the individuals presented a black to deep grey stripe
along the median line, and especially in males, pale orange colour-
ation on ventral part of the body from mouth to caudal peduncle,
pelvic and anal fins, and irregular deep orange dots densely spread
on the belly and anal fins.

3.4. Haplotype relationships

Twenty eight cytb haplotypes were found within the
R. cylindraceus clade and seven in Rivulus sp. clade. A network of
haplotype relationships shows that, in the R. cylindraceus clade, with
the exception of samples from the Guanimar and La Pastora River,
all the localities have unshared (diagnostic) haplotypes, and that
the mean number of differences between haplotypes is relatively
high (k = 8.9 £0.59) (Fig. 6A, Table 2). It is interesting to note that
haplotypes from the Facundo Lagoon are nested within the larger
haplotype diversity of the Isla de la Juventud (Fig. 6A). Haplotype
frequency analysis between Guanimar and the La Pastora River
rejected the expectation of frequency homogeneity between these
two localities (X? = 13.31; d.f. = 10; p = 0.02, using the CHIRXC pro-
gram with 10,000 randomizations (Zaykin and Pudovkin, 1993)),
suggesting some degree of genetic differentiation between these
localities. The long branch connecting the R. cylindraceus and Rivulus
sp. clade haplotypes has a minimum of 61 nucleotide changes.

3.5. Genetic diversity

Estimates of the within sample locality genetic diversity for
both genes is shown in Table 2. Mean values were in general higher

for cytb than for the CAM-4 though estimates of nucleotide diver-
sity and the mean number of haplotypic diversity show an inverse
trend in the case of the Rivulus sp. clade. Samples from the Isla de la
Juventud and Guanimar were remarkable for their high cytb nucle-
otide and haplotypic diversities. In particular, the Isla de la Juven-
tud has the highest values (7 =0.005+0.001, h=0.917 + 0.049)
and the highest mean differences between haplotypes
(k=4 £0.74). The Cajalbana and Camarones River samples show
moderate nucleotide and haplotypic diversity; however there are
only two Camarones River samples.

3.6. Tests of alternative hypotheses on the origin and dispersal of R.
cylindraceus

The Isla de la Juventud and Guanimar have the highest levels of
genetic and haplotype differences. We hypothesized that one of
these may the centre of origin from which R. cylindraceus dis-
persed. In order to simplify evaluation of various scenarios we
pooled together samples from Guanimar and the La Pastora River
because, despite significant differences in haplotypes frequencies
(see above), they share the most common haplotype at each local-
ity, indicating gene flow or recent common ancestry (see
discussion).

An evaluation of the scenarios (Fig. 2) using the ABC approach
suggests with a strong probability (higher than 89% in all three
independent runs) that the centre of origin was the Isla de la Juven-
tud (Fig. 6B). The results also suggest that there were at least two
separate dispersal events from the Isla de la Juventud to the main
island: an earlier one to Guanimar and the La Pastora River and a
second to the Facundo Lagoon. A further, more recent, dispersal
event can be inferred from ABC analysis from Guanimar and the
La Pastora River to the Soroa River.

4. Discussion

We used phylogenetic analysis (mtDNA and nuclear sequences)
as well as phenotypic traits to investigate the systematics, distribu-
tion and diversity of the poorly-understood Rivulus genus. The genus
Rivulus is currently comprised of two species endemic to Cuba,
R. cylindraceus (Poey, 1860) and R. insulaepinorum (de la Cruz and
Dubitsky, 1976). We tested the hypothesis that R. cylindraceus and
R. insulaepinorum represent a single evolutionary lineage. Our
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Fig. 5. Principal component analysis (PCA) based on two meristic (number of lateral scales and number of pre-dorsal scales) and three morphometric variables (dorsal
proportion, anal proportion and inter dorsal-anal proportion) taken from 287 Rivulus individuals (males and females) collected at six localities in Cuba. Symbols for localities:
Cajalbana (open circle); Facundo Lagoon (asterisk); Guanimar (triangle); Isla de la Juventud (diamond); La Pastora River (+); Soroa River (black circle).
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Fig. 6. (A) Haplotype network of cytb partial sequences from Rivulus in Cuba. The size of the circles (haplotypes) is proportional to the frequency of the haplotypes. Thin
vertical lines crossing the connecting lines indicate a single mutation step. The broken line with the 61 next to it indicates the number of changes inferred to connect Rivulus
sp. to R. cylindraceus haplotypes. (B) The most likely hypothesis about the origin and pattern of dispersal events inferred for R. cylindraceus obtained by cytb sequence variation
ABC analysis. (1) First dispersal; (2) Second dispersal. The different colour morphs are depicted using the colour code (boxes) for each haplotype group and geographic
location. Phenotypic variants of Rivulus. R. cylindraceus from La Pastora and Soroa rivers (I); Guanimar and Facundo Lagoon (II); Isla de la Juventud (III). Rivulus sp. from
Cajalbana and Camarones River (IV). Males and females are on the top and the bottom, respectively. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

analyses identified two independent evolutionary lineages within
Rivulus, a smaller clade of Rivulus sp. individuals endemic to the
northwestern region of the main island and a second, larger, clade
of all R. cylindraceus and R. insulaepinorum individuals from the
remaining area of distribution of Rivulus in Cuba. These results
indicate that the smaller clade is a newly identified species while
R. insulaepinorum is not a valid species. We propose using
R. cylindraceus for the larger clade, and Rivulus sp. for the smaller
clade. To distinguish between the two uses of the term R. cylindrac-
eus we will use ‘R. cylindraceus’ to describe prior use of the term, and
R. cylindraceus for the larger clade identified here. We also show that
the complex paleogeographic processes that characterise the forma-
tion of the Cuban archipelago during the last few thousand to million
years has probably shaped the dispersion and colonisation of
R. cylindraceus from the Isla de la Juventud to the main island.

4.1. Rivulus insulaepinorum is not a valid species
The original description of the species R. insulaepinurum was

based solely on morphological analysis of four female individuals
from the Isla de la Juventud (de la Cruz y Dubitsky, 1976). Huber

(1992) and Murphy and Collier (1996) considered that this species
was probably conspecific with R. cylindraceus and suggested that
the species needed verification. At present, one of the major diffi-
culties in approaching this problem is the loss of the type locality,
a rice field on Isla de la Juventud.

Our mtDNA cytb sequence analyses indicate that Rivulus sam-
ples from the Isla de la Juventud are genetically similar to some
samples from the main island (i.e. those from the Facundo Lagoon
in the Zapata swamp). The cytb divergence (2.6%) was lower than
values for congeneric species pairwise comparisons for several
genera of rivulids. To establish a range of sequence divergence
between species and genera, we constructed a ML phylogenetic
tree from 67 reported cytb nucleotide sequences of rivulids, includ-
ing two Rivulus, from the Guanimar and from the Cajalbana. As all
genera were not monophyletic in the ML tree, for each genus we
identified the clade which contained most of the species and dis-
carded the few, if any, species which were outside the clade. We
estimated cytb sequence divergence between species for 13 genera
[Anablepsoides (n =9), Atlantirivulus (n = 3), Austrofundulus (n = 2),
Austrolebias (n =2), Cynodonichthys (n=7), Campellolebias (n =2),
Gnatholebias (n=2), Hypsolebias (n=2), Laimosemion (n=10),
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Leptolebias (n = 2), Melanorivulus (n = 2), Moema (n = 2), Trigonectes
(n=2)] (data not shown). The Tamura-Nei corrected distance (dty)
estimates ranged from a minimum of dy=4% to a maximum of
drn=36.5% (uncorrected distances: p=3.9 and p=27.2,
respectively). For Rivulus we estimate an overall mean dyy = 5.6%
(uncorrected distance: p =4.7), which is higher than the lowest
limit estimated above. Lara et al. (2010), using COI sequences,
found that the genetic divergence between ‘R. cylindraceus’ and
R. insulaepinurum (d =1.8% with K2P correction) was below the
2-3% threshold that is used to delimit many freshwater fish sister
species (Hubert et al., 2008; April et al., 2011) and similar to the
divergence observed at the intraspecific level in R. cylindraceus
(1.6 £ 0.4%).

The nuclear CAM-4 sequences and morphological data also failed
todistinguish R. insulaepinorum from ‘R. cylindraceus’, but in contrast
to the cytb tree, the CAM-4 tree did not identify subclades within
R. cylindraceus associated with locality (Fig. 4). A similar result has
been previously reported based on allozyme loci (Rodriguez,
2009). Neither meristic nor morphometric variables discriminated
between ‘R. cylindraceus’ and R. insulaepinorum (Fig. 5). All these
results support the hypothesis that R. insulaepinorum should be con-
sidered a synonym of the more widely distributed ‘R. cylindraceus’
(Huber, 1992; Murphy and Collier, 1996; Lara et al., 2010). However,
the level of divergence of cytb sequences (drn = 2.6%) between the
two subclades of R. cylindraceus approaches that of subspecies level.
The Facundo Lagoon and Isla de la Juventud individuals could also
therefore be considered ‘R. insulaepinorum’ with a larger geographic
distribution than previously thought.

4.2. A new species in the north of Pinar del Rio

Based on molecular data the Cajalbana and Camarones River
lineage, Rivulus sp., is reciprocally monophyletic (“exclusive” sensu
Wiens and Penkrot, 2002) with respect to R. cylindraceus (Figs. 3
and 4). These lineages show 15% cytb and 2.5% CAM-4 sequence
divergence, which is more than three times the minimum diver-
gence observed between cytb sequences of rivulid sister species
(see above). Additionally, although Rivulus sp. cannot be distin-
guished from ‘R. cylindraceus’ based on most morphological vari-
ables, they can be distinguished on adult male body colour
pattern (Fig. 6). Finally, the non-overlapping geographic distribu-
tions of R. cylindraceus and Rivulus sp, the separate phylogeograph-
ic history of R cylindraceus (see below), morphological features
found in Rivulus sp. that are not found in R. cylindraceus, such as
the dark stripe in both sexes, also found in juveniles, and the pale
orange colouration on the ventral part of the body, all indicate that
Rivulus sp. should be considered a new species and that R. cylind-
raceus and Rivulus sp. have a relatively long history of allopatric
divergence.

4.3. Origin and dispersal of R. cylindraceus

Phylogeographic analyses can shed light on gene flow barriers
and past events that may have influenced the present geographic
distribution of species and populations (Templeton, 1998; Puorto
et al.,, 2001; Gifford et al., 2004). In both R. cylindraceus and Rivulus
sp. individuals from geographically close drainage basins have clo-
sely related haplotypes (Fig. 1 and Fig. 6) suggesting recent ances-
try, followed by geographic isolation, complete allele sorting and
limited or no gene flow after colonisation (Avise et al., 1987). The
only gene flow detected was between Guanimar and the La Pastora
River individuals. Guanimar, a lowland wetland, and the La Pastora
River, a mountain river, are on the same (South) slope and during
strong rains or hurricanes they could become confluent. However,
it should be noted that other data suggest that gene flow is limited,
only one high frequency haplotype is shared by both localities, dif-

ferences in haplotype frequencies are statistically significant and
there are also differences in colouration.

Two waves of dispersal and colonisation were inferred from the
pattern of geographic distribution of haplotypes and from the test
of phylogeographic hypotheses. The Isla de la Juventud as the
source population for R. cylindraceus in the Cuban archipelago
was strongly supported. The differentiation observed between
groups of haplotypes of both islands appears to result mostly from
the barrier represented by the sea that separates the Isla de la
Juventud and the main Cuban island. To our knowledge
R. cylindraceus has low salt water tolerance, which would effec-
tively reduce its dispersal ability across marine barriers. The Cuban
archipelago was formed during the latest Eocene-early Oligocene
(35-33 Ma). During most of this time the western part of Cuba
was two major lands masses which today are the Isla de la Juven-
tud and the Guaniguanico mountain range. These territories have
varied widely in size over time but remained unconnected until
3-2Ma when the low lands between them were periodically
exposed. During the last several thousand years there have been
several glacial and interglacial cycles with repeated low- land
exposure and inundation. The maximum land area exposed during
this time was 25-20 ka (Iturralde-Vinent, 2003, 2006).

During periods of low-land exposure the connection between
Isla de la Juventud and the Guaniguanico mountain range
(Furrazola-Bermudez et al., 1964) could have allowed the dispersal
of R. cylindraceus to the southern part of the western Cuba (i.e. Gua-
nimar) and more recently from Isla de la Juventud to the south of
the Matanzas province (i.e. Facundo Lagoon). This second event
appears to correlate with the more recent emergence of the Zapata
swamp basin (Iturralde-Vinent, 2003). Additionally, these dispersal
events appear to have occurred only once since there is no evi-
dence of intermixing (reciprocal monophyly) of haplotype lineages
at any of these localities. Some authors have proposed similar sce-
narios based on observed inter-basin exchanges and patterns of
phylogenetic relationships between populations of some freshwa-
ter vertebrate species in the Caribbean. Alexander et al. (2006)
(Poecilia reticulata), and Walter et al. (2011) (Anablepsoides hartii)
have suggested that the close relationship between haplotypes
from neighbouring territories is most likely related to cycles of
gene flow and isolation events as a consequence of glacial/intergla-
cial cycles and associated sea level fluctuations during the Pleisto-
cene. Alonso et al. (2012) suggests that the observed recent and
widespread gene flow within P. peltocephala, including expansion
into formerly inundated areas, and the presence of this species
on the Isla de la Juventud, may be the result of the separation of
the island from mainland Cuba during the Pleistocene or Holocene.

The investigation of the geographic pattern of speciation
involves information on phylogeny, divergence times and species
distribution (Barraclough and Vogler, 2000). Theoretically, species
that have diverged allopatrically should show a higher level of geo-
graphic overlap as time from divergence increases, while species
that have diverged sympatrically should show lower geographic
overlap as time increases from divergence (Lynch, 1989). Although
in this case no information is available about the ancestral distri-
bution of the two lineages, haplotype divergence and the inferred
progression of the dispersal of R. cylindraceus from Isla de la Juven-
tud to the Cuba main island then to the west of the island suggests
long term allopatric divergence between the two main lineages (R.
cylindraceus and Rivulus sp.). A similar scenario has been observed
for the blind cavefish genus Lucifuga, in which several evolutionary
lineages are confined to narrow allopatric geographic areas (e.g. L.
simile, L. dentata holguinensis) while others (i.e. Lucifuga dentata)
show progressively long range dispersal events that have resulted
in geographical overlap with other highly divergent species
(Garcia-Machado et al., 2011). A complex pattern of population
differentiation was also shown for A. hartii across Trinidad
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(Jowers et al., 2007; Walter et al., 2011), suggesting that post-col-
onisation diversification on islands may be more common than
thought. The fragmented nature of freshwater ecosystems may
prevent gene flow between populations, thereby increasing popu-
lation differentiation overtime (April et al., 2011).

The Rivulus sp. lineage is found in the north-western region of
Cuba, which is a relatively narrow area of the north drainage slope
delimited in the south by the Guaniguanico mountain range (see
Fig. 1). However, its distribution does not seem to be determined
by the direction of water flow within the drainage basins across
the island, since R. cylindraceus was first recorded from the Mor-
dazo stream, in the north of La Havana, and more recently was
found by the authors at two localities: San Claudio river and Las
Terrazas, both from the northern slope in the eastern part of the
Guaniguanico mountain range. Historical factors other than the
direction of water flow within the drainage basins may have deter-
mined its isolation and divergence.

We lack data (i.e. mutation rates, fossil or biogeographical
events) to calibrate sequence divergence, but the 1-2% mutation
rate per one million years widely used for fish (Brown et al.,
1979; Bermingham et al, 1997; Near and Benard, 2004;
Garcia et al., 2012) would place the split between Rivulus sp. and
R. cylindraceus to 4 and 8 Ma, during the late Miocene. Assuming
that at that time the distribution of Rivulus sp. was restricted to
the north of the Guaniguanico mountain range, and R. cylindraceus
to the Isla de la Juventud, it seems likely that a common ancestor
colonised both territories during this period. However, the high
genetic divergence estimated between these lineages raises the
possibility that there may have been more than one independent
colonisation event. This has been described for A. hartii for which
multiple intra and inter-island colonisation best explains haplo-
type relationships between different Caribbean islands and South
America (Jowers et al., 2007; Walter et al., 2011).

5. Concluding remarks

Based on the analysis of several data sets and independent of
the criteria used to delimit species, we have demonstrated the
invalidity of R. insulaepinorum and, have identified Rivulus sp. as
a new species. High genetic divergence, differences in body
colouration, non-overlapping geographic distributions, and
patterns of population dispersion, all support the hypothesis that
R. cylindraceus and Rivulus sp. are independent evolutionary units
with no evidence of gene flow between them, and thus should be
recognised as separate species.

Our results are also consistent with a growing body of evidence
suggesting that complex biogeographical scenarios resulting from
a combination of both vicariance and dispersal events have had
an important impact on the freshwater fishes of the Caribbean
islands (Murphy and Collier, 1997; Chakrabarty, 2006; Jowers
et al.,, 2007; Doadrio et al., 2009; Costa, 2010; Hulsey et al., 2011;
Garcia-Machado et al., 2011; Walter et al., 2011), and have pro-
moted diversification at different taxonomic and geographical
scales. This study is concordant with a previous analysis of the
freshwater fishes of Cuba (Lara et al., 2010), indicating that the bio-
diversity of freshwater fishes in this archipelago is poorly
understood.
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