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Origin of a Spanish population of Fundulus heteroclitus
inferred by cytochrome b sequence analysis

G. B*†, C. F-D‡, M. G-C*
 D. A. P*

*Hopkins Marine Station, Stanford University, Department of Biological Sciences,
Pacific Grove, CA 93950, U.S.A. and ‡Department of Animal Biology, Zoology Section,
Science Faculty, University of Cordoba, San Alberto Magno Avenue, 14004 Cordoba,

Spain

(Received 11 October 1994, Accepted 11 December 1994)

Fundulus heteroclitus in the estuary of the Guadalquivir River in southern Spain competes with
a native killifish, Aphanius iberus. Cytochrome b sequence analysis shows that the Spanish
individuals are derived from the northern of two possible American populations of F.
heteroclitus. ? 1995 The Fisheries Society of the British Isles
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In the last 50 years, interest in the phenomenon of colonization of new habitats by
immigrating organisms has increased considerably. Advances in transportation, con-
struction and industrial technologies have enabled the transfer of plants and animals to
areas not occupied previously. Despite efforts by ecologists and geneticists, no universal
criteria for predicting successful potential colonizers have been formulated (Ehrlich,
1986). Moreover, factors that determine colonization success appear to be so diverse that
the formulation of universal criteria is impossible (Safriel & Ritte, 1980; Golani, 1993). A
unique opportunity for the study of colonization events was the involuntary introduction
of Fundulus heteroclitus L. in southern Spain. The history of F. heteroclitus introduction
in Spain is difficult to retrace. Its introduction might be fairly ancient. Machado-Nunez
as early as 1857 finds a Mediterranean coast species Valencia hispanica in the south of the
Iberian Peninsula. Later, Buen (1930, 1935) renames it Fundulus hispanicus. More
recently, possibly the same species from southern Spain was described as a new species,
Valencia lozanoi (Gomez-Caruana et al., 1984). Valencia lozanoi was finally synonymized
with F. heteroclitus (Fernandez-Delgado et al., 1986). Fernandez-Delgado (1989) pro-
poses a later date of introduction, around 1970, probably when two other American
species were voluntarily introduced in this region: the largemouth bass (Micropterus
salmoides Lacépède) and the crayfish (Procambarus clarki).
F. heteroclitus is a killifish that inhabits the estuary waters of the East Coast of the

United States and Canada. Populations living from the cold waters of Nova Scotia, to
the warmer waters of Florida have been shown to differ at the behavioural, fitness,
physiological, and DNA level (Powers et al., 1993). In this study we have tried to
determine from which of the American populations the Spanish individuals are derived.
Since the American populations were shown to be adaptationally different, our long-
term goal will be to investigate the fitness of the Spanish population relative to its
new environment, and its efficiency to compete with a local killifish Aphanius iberus
(Valenciennes).
Cytochrome b (Cyt b) sequences for North American F. heteroclitus and for its close

relative F. grandis Baird & Girard were taken from the literature (Bernardi et al., 1993;
Bernardi & Powers, 1994). We will refer in this paper to northern population for
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individuals from Nova Scotia and Maine, and southern population for individuals from
Georgia and Florida. Spanish specimens of F. heteroclitus were collected from the
estuary of the Guadalquivir River (Lebrija, Sevilla) in southern Spain. DNA was
extracted from liver tissue of ethanol preserved samples following Bernardi & Bernardi
(1990). The polymerase chain reaction (Saiki et al., 1988) was used to amplify a region of
the Cyt b gene starting at amino acid 34 (human sequence used as a reference). Primers
and protocols were from Kocher et al. (1989) and Palumbi et al. (1991). Approximately
100 ng of DNA were used as template for 100 ìl polymerase chain reactions (PCR) that
contained 10 m Tris HCl (pH 8·3), 50 m KCl, 1·5 m MgCl2, 0·01% (w/v) gelatin,
200 m of each dNTP, 2·5 units of TaqDNA polymerase (Perkin-Elmer, Cetus) and 1 ì
of each amplification primer. PCR products were sequenced directly using the femtomole
sequencing kit (Promega) and dATP33 (NEN) as the radiolabelled nucleotide. Sequenc-
ing primers used were CB2-H, CB1-L, and GLUDG-L (Palumbi et al., 1991). The
sequences presented in this manuscript were deposited in GenBank with the following
accession numbers: L31593 to L31599, and L34411. Sequences were aligned using the
software Geneworks (IntelliGenetics, Mountain View, CA).
Phylogenetic analyses employed maximum parsimony (MP) and neighbour-joining

(NJ). The most parsimonious trees were obtained using the Branch and Bound option of
PAUP (Swofford, 1993). The NJ tree (Saitou & Nei, 1987) was generated using PHYLIP
(Felsenstein, 1989). The degree of confidence assigned to nodes in trees obtained by MP
or NJ was determined by bootstrapping (Felsenstein, 1985) with 2000 replicates (Hedges,
1992).
Nucleotide sequences for ingroup and outgroup taxa for a 268 bp segment of the Cyt

b gene were aligned. Of 268 aligned positions, 27 were variable, and five were
phylogenetically informative. Transitions were more frequent than transversions with an
average transition/transversion ratio of 4·4. This ratio indicates that the sequences
compared are not deeply within the multiple-hit zone (Brown et al., 1982; Meyer &
Wilson, 1990) and can be used for phylogenetic analysis. Cyt b sequences from Spanish
individuals had an average similarity of 97·5% with the F. heteroclitus sequences and
were found within the F. heteroclitus clade (Fig. 1). Thus confirming the renaming of
V. lozanoi into F. heteroclitus (Fernandez-Delgado et al., 1986). No variable sites
were found between the three sequences from the Spanish individuals. A contamina-
tion during the amplification procedure is unlikely since negative and positive controls
were always used, and that the three individuals were amplified at intervals of several
weeks.
A single most parsimonious tree was found by MP and was identical to the tree

obtained using NJ (Fig. 1). The MP tree had a length of 27 steps and a consistency index
of 1·0. Both methods of phylogenetic reconstruction (MP and NJ) grouped the Spanish
individuals with the northern population (Fig. 1) with a high statistical support. This
grouping was found in 90 and 100% of bootstrap replicates for the MP and NJ methods,
respectively.
The introduction of exotic species is usually associated with risk of environmental

disturbance. Such was the case for the introduction of the red swamp crayfish in the
estuary of the Guadalquivir River, possibly concomitantly with F. heteroclitus (Delibes &
Adrian, 1987). Three small fish species coexist with F. heteroclitus in the Guadalquivir
estuary, Aphanius iberus, Gambusia affinis (Baird & Girard), and Atherina boyeri Risso
(Fernandez-Delgado, 1989). F. heteroclitus is now thriving in the hypersaline waters of
the estuary, and is likely to compete only with the native A. iberus. Whether the alien
species affects the A. iberus population is not known at present.
Several features of the northern population might have been conserved or lost after

their introduction in Spain, including the following:
(i) Genetic variability. The northern population has a lower genetic diversity than the

southern population (Gonzales-Villasenor & Powers, 1990; Bernardi et al., 1993). Our
results seem to indicate a low genetic diversity for the Spanish population as well.
However, the reduced sample size, the type of sequence analysed, the possible founder
effect, might be evoked to explain this result. Further analysis with a larger sample size
will determine the degree of homogeneity of the Spanish population.
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(ii) Meristics, morphometrics, and egg size. Northern and southern populations show
differences at the morphological, meristic, and egg size level (Able & Felley, 1986).
Morphological and meristic descriptions of F. heteroclitus from Spain (Gomez-Caruana
et al., 1984) are unfortunately not comparable with the results obtained from American
individuals (Able & Felley, 1986). Egg sizes have been scored from both Spanish and
American populations. Average egg sizes from northern and southern populations were
1·89 and 2·18 mm, respectively (Marteinsdottir & Able, 1988). The average egg size from
the Spanish population was 1·90 mm (Drake et al., 1987). The Spanish fish seem to have
retained the egg size characteristics from their original population.
(iii) Physiological and molecular adaptation. Northern and southern populations

were physiologically different (Powers et al., 1993). Their swimming abilities at cold
temperatures, egg development timing, and metabolic enzyme levels were shown to be
genetically determined. The study of these characteristics in the newly introduced
Spanish population will be the subject of our future investigations.
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F. 1. Tree derived from 268 bp of the cytochrome b gene from Fundulus heteroclitus. Five localities were
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