PHILOSOPHICAL
TRANSACTIONS

——OF
THE ROYAL
SOCIETY

Phil. Trans. R. Soc. B (2008) 363, 2921-2929
d0i:10.1098/rstb.2008.0048
Published online 3 June 2008

Speciation towards tetraploidization
after intermediate processes
of non-sexual reproduction

Carina Cunha'**, Ignacio Doadrio” and Maria M. Coelho’

' Departamento de Biologia Animal, Faculdade de Ciéncias de Lisboa, Centro de Biologia Ambiental,
Universidade de Lisboa, Campo Grande, Bloco C2, 3° Piso, 1749-016 Lisbon, Portugal
2Departamento de Biodiversidad y Biologia Evolutiva, CSIC, Museo Nacional de
Ciencias Naturales, C/José Guriérrez Abascal 2, 28006 Madrid, Spain

Polyploidy, hybridization and variation in mating systems are central issues for a deeper
understanding of animal evolution. The Iberian species Squalius alburnoides represents an example
combining all three phenomena. Previous studies showed that S. alburnoides populations are mainly
composed of triploid and diploid hybrid forms (mainly females), and that the tetraploid forms are
rare or absent. Both populations from the Douro drainage reveal a distinct scenario: tetraploid
individuals represent 85.6-97.5% of the population, with no sex ratio bias observed. Based on the
flow cytometry measurements of blood and spermatozoa cells, microsatellite loci and experimental
crosses, we describe here, for the first time, two symmetric allotetraploid populations (CCAA) that
resumed normal meiosis after undergoing intermediate processes of non-sexual reproduction to give
rise to a new sexually reproducing polyploid species. Prezygotic (habitat selection and assortative
mating) and postzygotic mechanisms (nonviable embryos) are responsible for the reproductive
isolation from other forms of the S. alburnoides complex (e.g. CA, CAA). This example illustrates
how hybrid polyploid complexes may lead to speciation.
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1. INTRODUCTION

Several studies considered interspecific hybridization and
polyploidization in animal species as key mechanisms for
diversification and the origin of new evolutionary lineages
(Schultz 1969; Dawley 1989; Arnold 1992; Dowling &
Secor 1997; Otto & Whitton 2000; Allendorf ez al. 2001;
Barton 2001; Mallet 2007). Hybridization is an important
event in many taxa, contributing to the adaptation in
plants and animals and sometimes resulting in the
formation of entirely new species (Baack & Rieseberg
2007; Chapman & Burke 2007). Combining the genomes
of two genetically differentiated species may skew the sex
ratio in hybrids towards females (Dawley 1989). Asexual
complexes are frequently considered evolutionary dead
ends, although some of them have existed for longer than
initially expected (Hedges ez al. 1992; Quattro ez al. 1992;
Spolsky ez al. 1992; Schartl ez al. 1995; Cunha et al. 2004).
However these non-sexual taxa may constitute a critical
intermediate step in the formation of even-ploid sexual
lineages (Mable 2003, 2004). Among vertebrates, asexual
forms seem to be restricted to the ‘lower’ vertebrates, for
example, 80 asexual species complexes in fish (e.g. Poecilia
formosa), amphibians (e.g. genus Ambystoma) and reptiles
(e.g. genus Cnemidophorus). These taxa reproduce either
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sperm independently (parthenogenesis) or dependently
(gynogenesis, hybridogenesis; Vrijenhoek ez al. 1989;
Alves et al. 2001 and references therein). Polyploidization
events seem to play an important role in the evolution of
some fish groups, for example, Cyprinidae (David ez al.
2003), Cobitidae (Janko et al. 2003) and Salmonidae
(Phillips & Rab 2001). However, the relative contribution
of sexual versus asexual reproduction in evolution is only
starting to be clarified (Janko ez al. 2005).

The evolutionary potential of an organism depends
mainly on the levels and patterns of genetic diversity. The
limited success of asexual species is the consequence of
their inability to generate the necessary genetic variability
to adapt to environmental changes or to compensate for
deleterious mutations through heterozygosity ( Vrijenhoek
1998). Nevertheless, the different reproductive modes
exhibited by such complexes might represent the key
attributes facilitating the formation of new sexually
reproducing polyploid species (Schultz 1969; Mable
2003, 2004), a phenomenon that seems to be extremely
rare in animals. To complete the speciation process, pre-
or postzygotic isolation must occur (Baack & Rieseberg
2007). In consequence, the reproductively isolated hybrid
lineages can escape close competition with their parental
taxa (Chapman & Burke 2007). For instance, due to their
hybrid origin, allopolyploids may exhibit a larger ecologi-
cal differentiation from their parental species and might
avoid intraspecific competition by the colonization of
novel habitats (Baack 2005 and references therein).
However, due to the lack of empirical examples,
tetraploidization remains an evolutionary enigma.

This journal is © 2008 The Royal Society
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Figure 1. Summary of the most probable modes of reproduction of S. alburnoides hybrid females found in northern regions of the
Iberian Peninsula. (@) CA (diploid), (b) CCA (triploid), (c¢) CAA (triploid) and (d) CCAA (tetraploid). Fish forms and pathways
(solid lines) previously described (Carmona ez al. 1997; Pala & Coelho 2005) and hypothetical forms and pathways (dashed
lines). Bold lines indicate crossing experiments. C is the genome of the parental host (S. carolitertrir) and A is the genome of the
‘unknown’ ancestor. Dashed fish symbol with CC’ indicates reconstituted S. carolitertii. Spermatozoid symbol with C indicates
fertilization by C sperm; Spermatozoid symbol with CA indicates fertilization by CA sperm (produced by tetraploid males in our
breeding experiments). G, gynogenesis; 1, hybridogenesis (observed exclusively in the Douro River); 2, unreduced eggs with
high levels of syngamy; 3, meiotic hybridogenesis; and 4, normal meiosis.

Squalius alburnoides, a small endemic cyprinid fish
inhabiting the rivers of the Iberian Peninsula, is among
the most complex polyploid systems known among
vertebrates. As such, it is an excellent model species for
deciphering and understanding the evolutionary
potential of tetraploidization. The complex arose as
the result of interspecific hybridization between Squalius
pyrenaicus females (P genome) and males of an
unknown species closely related to Anaecypris hispanica
(A genome; Alves et al. 1997; Carmona etz al. 1997).
Squalius alburnoides is not truly asexual, being involved
in reproduction mechanisms where individuals of other
species act as sperm donors (S. pyrenaicus in the
southern river basins and Squalius carolitertii in the
northern ones), reproducing without ‘normal’ meiosis,
but frequently with recombination and meiotic
reduction, although genomes may be clonally trans-
mitted either by syngamy or karyogamy (Alves ez al.
2001; Gromicho 2006). Previous studies have shown
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that S. alburnoides populations are mainly composed of
triploid hybrids (mainly PAA and CAA) and diploid
hybrids (PA or CA) and nuclear non-hybrid males (AA,
absent in the northern river basins); tetraploid forms are
scarce or absent (Collares-Pereira 1985; Carmona ez al.
1997; Alves ez al. 2001). The diploid hybrid females in
southern populations transmit the intact genome to
the egg, which develops by gynogenesis (less than 3% of
the cases) or generates triploid progeny if fertilized
(reviewed in Alves er al. 2001). In the Douro River,
diploid and triploid hybrid females reproduce hybrido-
genetically, discarding the C genome (Carmona et al.
1997; figure 1a,b). Triploid hybrid females in southern
Iberian Peninsula and Mondego populations produce
haploid and, occasionally, diploid eggs by ‘meiotic
hybridogenesis’ (Alves er al. 1998; Pala & Coelho
2005; figure 1b,c). Squalius alburnoides males are fertile
and play an important role in the dynamics of the
complex. Diploid S. alburnoides hybrid males produce
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Figure 2. Geographical distribution of the S. alburnoides complex. Map of the Iberian Peninsula indicating the collection area.
The textured area represents the distributional range of the S. alburnoides complex; light grey indicates the distribution area of
the northern S. carolitertii (sperm donor); dark grey indicates the distribution area of the southern S. pyrenaicus (sperm donor).

unreduced fertile sperm, transmitting their intact
hybrid genome to their offspring, whereas tetraploid
S. alburnoides males produce reduced sperm by normal
meiosis (Alves ez al. 1999).

Experimental crosses (Alves et al. 1999, 2004) have
revealed two possible routes to tetraploidy in the
S. alburnoides complex: one resulting from syngamy of
diploid hybrid eggs with diploid clonal sperm from
hybrid males and the other from syngamy of triploid
eggs with reduced sperm.

To understand how even-ploid lineages in non-
sexual complexes may be the stepping stones to
biparental reproduction and speciation, we examined
the genomic composition, genetic diversity and repro-
ductive modes of two populations of S. alburnoides
from the Douro basin, where the tetraploid form is
predominant. We describe, for the first time, the
existence of symmetric allotetraploid populations that
resumed normal meiosis after intermediate processes
of non-sexual reproduction to give rise to a new,
sexually reproducing, polyploid species.

2. MATERIAL AND METHODS

(a) Sample collection

All samples were collected from two tributaries of the Douro
basin (Lodeiro and Paiva Rivers) located on the northern
distribution area of the S. alburnoides complex (figure 2). The
tetraploids were found in this region during a population
survey performed along the Douro River in the Iberian
Peninsula from 2004 to 2005. Permission for sampling in this
area was obtained from the Portuguese Ministry of
Agriculture, Rural Development and Fisheries.

(b) Ploidy and sex determination

The ploidy of 230 individuals (193 S. alburnoides and 37
S. carolitertii) was determined through flow cytometry of
blood cells as described previously (Dawley & Goddard
1988; Collares-Pereira & Moreira da Costa 1999). Blood
samples were drawn from the caudal vein, stabilized in buffer
(40 mM citric acid trisodium salt, 0.25 M saccharose and 5%
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DMSO) and immediately frozen at —80°C. Chicken
erythrocytes were used as both an internal and external
standard. Only peaks of the fluorescence histograms with a
coefficient lower than 5% were scored. The DNA content of
erythrocytes was estimated by calculating the ratio of mean
fluorescence between the blood cells and the mean fluor-
escence of chicken cells, and multiplying by the standard
DNA content value for chicken erythrocytes, 2.5 pg (Tiersch
et al. 1989). All specimens were killed with an overdose of
anaesthetic MS222. The sex of each fish was determined by
examining the gonads using a dissection microscope.
Deviations in the sex ratio were determined using the x? test.

(¢) Microsatellite typing

The total genomic DNA of 150 individuals (115
S. alburnoides and 35 S. carolitertii) was extracted from fins
preserved in absolute ethanol or from frozen muscle tissue
using standard methods (Sambrook ez al. 1989). Out of eight
tested PCR primers, four isolated from the Luxilus genus
(Turner et al. 2004) and four from the Squalius genus
(Mesquita er al. 2003; Pala & Coelho 2005), only six (n7/4,
elg6, Icol, lco3, lco4 and lco5) were used to amplify
polymorphic microsatellite loci. PCRs were performed in
10 ul volumes, containing 25-50 ng of template DNA,
0.2mM each dANTP, 2mM MgCl,, 1 unit Tag DNA
polymerase (Invitrogen) and 0.2 uM of each primer or
using the Multiplex PCR Kit (Qiagen), using the reverse
primer labelled with fluorescence and fitting the following
profile: 94°C (2 min), 35 cycles at 94°C (305s), 50-57°C
(30s), 72°C (1 min). The PCR products were electro-
phoresed in an automatic sequencer CEQ 2000XL. (Beckman
Coulter) and the molecular weights of alleles were
determined with CEQ FRAGMENT ANALYSIS Software.

(d) Microsatellite data analysis

The alleles scored for S. caroliterrii and the diploid hybrids
enabled the identification of diagnostic alleles for both
genomes and genotyping of the individuals. To examine
possible scoring errors due to stuttering, large allele dropouts
or the occurrence of null alleles, the program Micro-
CHECKER v. 2 was used (Oosterhout ez al. 2004). The
genotypic diversity of the hybrid polyploids was estimated
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Figure 3. Histograms of fluorescence values of erythrocytes cell
DNA standard. Black bars, maximum; grey bars, average; whi

using SPAGeDi v. 1.1 (Hardy & Vekemans 2002). Because
allotetraploids show disomic inheritance, the two genomes
were analysed separately, since they contain the genetic
information arising from the two diploid progenitor
species. The allelic frequencies per locus for S. carolitertii
and for the tetraploid S. alburnoides populations were
determined using GeNEror v. 3.4 (Raymond & Rousset
1995). This software was also used to test for linkage dis-
equilibria and deviations from Hardy—Weinberg equili-
brium (HWE). The ‘exact HW test’ was used to test the
null hypothesis of a random union of gametes for each breed
analysed. Significance of the obtained values was tested by
1000 permutations.

(e) Experimental crosses

To obtain further confirmation of the existing reproductive
modes, parallel measurements of the DNA contents of
erythrocytes and spermatozoa were made by flow cytometry
in 42 male specimens (34 S. alburnoides and 8 S. carolitertit).
Sperm was collected and flow cytometry measurements were
conducted as previously described (see Alves er al. 1999).
Experimental crosses were performed immediately after sample
collection. Females were stripped and their eggs exposed to
sperm on a Petri dish. Gametes were gently mixed with a brush
and water was added. Fertilized eggs were laid on a mesh
installed in an aquarium. The processes of egg fertilization and
development of progeny were monitored using a dissection
microscope. To reveal the particular features of reproduction
and gametogenesis, eight crosses were performed: three crosses
between tetraploid S. alburnoides females and S. carolitertit, or
triploid or tetraploid S. alburnoides males; and five crosses
between triploid S. alburnoides females and S. carolitertii or
triploid or tetraploid S. alburnoides males (figure 1b,d).
Crosses involving hybrid diploid forms were not performed
due to their absence or scarcity in those populations.

3. RESULTS

(a) Population composition

Squalius alburnoides individuals represent 83%, while
S. carolitertii represents only 17% of all the animals
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Figure 4. Population composition indicating the percentage
of S. carolitertii (CC) and of the several ploidy forms of
S. alburnoides (2N, 3N and 4N) determined by flow cytometry.
Indicated also are the percentages of males (black bars) and
females (grey bars) in the Lodeiro and Paiva Rivers.

studied. Flow cytometric measurements of DNA content
in the erythrocytes (figure 3) revealed that 88.1% of all
S. alburnoides sampled were tetraploids (mean DNA
content 4.99+0.16 pg per cell), 10.8% were triploids
(mean DNA content 3.61 £0.11 pg per cell) and only
1% were diploids (mean DNA content 2.4110.01 pg
per cell). All specimens identified as S. carolitertii
comprised only diploids (mean DNA content of 2.43 +
0.07 pg per cell). Also, according to flow cytometry data,
the tetraploid individuals represent 85.6% of the total
population in the Lodeiro River and 97.5% of the total
population in the Paiva River (figure 4). Triploid and
diploid forms were scarce or absent, only representing 13
and 1% of the population in the Lodeiro River and 2.5
and 0% in the Paiva River, respectively. Over a one-year
monitoring period, the population composition
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Figure 5. Allele frequencies of the six polymorphic microsatellite loci used to genotype S. alburnoides. In the x-axis are
represented all diagnostic alleles scored for each microsatellite in each genome (C and A) and in the y-axis are indicated the

allelic frequencies for each locus across both genomes.

remained the same. Both males and females are
represented in almost all ploidy levels. Among tetraploid
forms, in the Lodeiro River, 58% were males and 42%
were females (figure 4). In the Paiva River, 53% of the
tetraploids were females and 47 % were males. Among the
triploid forms in the Lodeiro River, 65% were males and
35% were females and in the Paiva River the triploid
forms were all males (figure 4). In the diploid forms, only
males were found. The x? test indicated no significant
differences between the proportions of each sex in the
tetraploids from the Lodeiro (x§_05,1=3.41) and Paiva
Rivers (X%.OS,I =0.11; figure 4). For the triploids the X2
test indicated a significant difference between the
proportions of each sex with a higher frequency towards
males (X%.05,1 =9.79).

(b) Genomic compostition

Diagnostic alleles for each genome were determined
through the analysis of alleles identified in S. carolitersii
and in the diploid hybrids. In the C genome we
identified 36 diagnostic alleles and in the A genome
we only identified 16 diagnostic alleles across all loci
(figure 5).

All loci were demonstrated to be polymorphic for
both genomes (C and A), the lol was the most
polymorphic locus (24 alleles scored) and n7;4 the
least polymorphic one (two alleles scored). According to
the results obtained with MicRO-CHECKER v. 2.2 soft-
ware, only the 77j4 locus might exhibit null alleles, as
suggested by the general excess of homozygotes in both
populations. Pala & Coelho (2005) reported two alleles
for locus e2f8, a 106 bp fragment attributed to the C
genome and a 138 bp fragment to the A genome. Here
only the 106 bp allele was amplified, suggesting that for
these populations this locus has suffered a mutation
in the flanking primer region of the A genome. For the
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reasons mentioned above, these two loci were aban-
doned. In the six microsatellite loci examined, no null
alleles were found, and all the specimens of
S. alburnoides analysed were heterozygous for all loci.
Out of the six microsatellite loci, four (Ilcol, lco3, lco4 and
elg6) were found to be useful for discriminating the
genotypes, providing the indication of the absence of
asymmetrical tetraploids. All triploids exhibited a
CCA genome, whereas other forms such as those
carrying a CAA genome or non-hybrid forms (AA)
were not found.

(c) Genetic diversity

Average genotypic diversity across all loci was higher in
the tetraploids (0.591-0.656) than in the triploids
(0.344-0.404) of both populations. By juxtaposition-
ing the C and A tetraploid genomes, it can be observed
that the A genome exhibits a lower number of alleles
(figure 5). The tetraploids show disomic inheritance,
with their homologous pairs of chromosomes forming
bivalents during meiosis, just like any diploid.
Thus, the observed and expected heterozygosities
were separately calculated for each genome within the
Lodeiro (C genome Ho=0.241, He=0.242;
A genome Ho=0.124, He=0.132) and Paiva Rivers
(C genome Ho=0.175, He=0.174; A genome Ho=
0.123, He=0.132). Hardy—Weinberg and linkage
equilibria across the polymorphic loci were also
calculated for each genome and no significant
deviations were observed (p>0.05).

(d) Experimental crosses

The average of erythrocytes and spermatozoa DNA
content ratio of hybrid males ranges from 1:0.99
(£0.00) to 1:0.48 (£0.04). Flow cytometry
measurements of spermatozoa DNA content revealed
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that tetraploid hybrid males of the Douro River basin
produce reduced sperm; 1 : 0.48 (£0.04). The diploid
and triploid hybrid males produce unreduced sperm
(1:0.99 (£0.00) and 1:0.96 (+0.02), respectively).
The results of the crosses involving tetraploid
S. alburnoides showed evidence of normal meiosis
(table 1). The combined analysis of the six micro-
satellite loci (especially lcol) and the measurement of
the DNA content of erythrocytes and spermatozoa
indicated that the tetraploids carried a CCAA genome
and that males produced diploid gametes (CA). We
crossed a CCAA female with a CCAA male and
obtained only tetraploid offspring (figure 1d, table 1).
Moreover, the analysis of microsatellite variation
indicates that females produce reduced eggs and
transmit their diploid genome to the progeny, resulting
in symmetric tetraploids (cross type I, table 1). If we
cross a tetraploid female (CCAA) with a S. carolitertii
(CQ), all individuals in the progeny are triploid CCA.
The female produces CA gametes and the S. carolitertii
produces haploid C gametes (cross type II, table 1).
In the six crosses performed involving triploids
(CCA), fertilization occurred but no development
was observed.

4. DISCUSSION

Ancient polyploidy has been found at the root of
many animal groups; however, present examples of
polyploids are relatively rare among animals. Also,
polyploid speciation is apparently very rare when
compared with other speciation modes (Otto &
Whitton 2000). Here, we describe an example that
appears to lead to allopolyploid speciation after
intermediate processes of non-sexual reproduction in
the S. alburnoides complex (Cyprinidae).

Asexual reproduction is often associated with
polyploidy (Bullini 1994; Otto & Whitton 2000) and
even-ploidy is required to self-sustain polyploid strains
in bisexual animals. Previous studies have shown that
tetraploid forms are scarce or absent in S. alburnoides
populations (Collares-Pereira 1985; Alves et al. 1997;
Martins er al. 1998; Pala & Coelho 2005). According to
previous studies (Collares-Pereira 1985; Carmona et al.
1997; C. Cunha er al. 2005, unpublished data) and
similar to other basins (Pala & Coelho 2005),
S. alburnoides populations from the Douro River
basin are mostly composed of triploids (mainly CAA
females). In the present study, however, flow cytometry
data have indicated that the northern Douro basin
exhibits a distinctly different population composition
scenario compared with the other basins; in the two
populations analysed here, tetraploid individuals rep-
resent 88% of the collected samples. How can we
explain the differences observed in the composition of
the different forms in S. alburnoides populations?
Specific habitat preferences of this tetraploid lineage
could be one explanation for its occurrence in nature.
Shallow waters, gravel and cobble beds as well as fast
stream flow characterize the habitat of these two
tetraploid populations. This habitat type is not shared
by other hybrid forms sampled in other locations
(Martins et al. 1998), indicating divergent habitat
preferences. Adaptation to this habitat that is also used
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as a mating site not only reduces competition with
other forms, but also allows for assortative pairing,
since it diminishes the possibility of cross-ploidy mating
helping to form these large tetraploid populations and
resulting in effective prezygotic isolation. However, it is
legitimate to question whether the high frequency of
S. alburnoides triploids observed in nature (mainly CAA
females) could be a result of crosses where allotetra-
ploids are involved. Under such a scenario, it would be
expected that hybrid speciation would occur immedi-
ately by reproductive isolation through ploidy
(reviewed by Mallet 2007). Triploids would, at least
in an initial period, be a consequence of sympatry
between tetraploids and their progenitors. However,
according to previous studies, this hypothesis is
unlikely because diploid females in the Douro River
do not seem to produce clonal eggs. Thus, the only
route to tetraploidy in this river would be the syngamy
of unreduced triploid eggs and haploid sperm. More-
over, it seems that the origin of this hybrid complex is
not recent (Cunha ez al. 2004), which is in contrast to
an apparently more recent origin of these two tetraploid
populations. Microsatellite data from Douro River
basin indicate that these two tetraploid populations
have arisen from other neighbouring polyploid popu-
lations. The reduction in the number of alleles, the
increased frequency of some of them, and the loss of
variability observed in these two populations, when
compared with the adjacent ones, could be a conse-
quence of the founder effect (C. Cunha ez al. 2005,
unpublished data). Moreover, the contribution of
tetraploids to the origin of the most common form of
the complex, the CAA triploids, would be very difficult to
explain not only due to the extinction of the paternal
species, which might have resulted from genetic assimila-
tion due to an extensive gene flow between hybrids and
the paternal species, but also due to the scarcity or
inexistence of allotetraploids in other river basins.

High abundance of tetraploids has previously been
reported among asexual species (Bogart 1989; Vasil’ev
et al. 1989). However, males are sterile, if present, and
all females seem to propagate via asexual reproduction
(Bogart 1989; Vasil’ev ez al. 1989). Only the isogenic
tetraploid forms (CCAA) allow stable meiosis, since
intergenomic recombination compromises conserva-
tion of the two parental chromosomal complements
(Comai 2005) and our data indicate the absence of
asymmetrical tetraploids (figure 4).

Diploid females, which exhibit different reproduc-
tive modes (co-varying with geographical region),
reproduce in the Douro River by hybridogenesis
(Carmona et al. 1997) and are present at a very low
frequency. Accordingly, the most probable route to
tetraploidy here was through clonal CAA eggs fertilized
by C-reduced sperm. In contrast to what has been
frequently observed in other S. alburnoides populations,
all the triploids analysed display a CCA composition.
These triploids are the result of the fertilization of CA
oocytes from symmetric tetraploid females (CCAA)
with C sperm from S. carolitertii males, which was
confirmed with breeding experiments (table 1). The
low percentage of triploid forms and the rarity of
diploid hybrids indicate that tetraploids do not return
to triploidy. Therefore, for some generations, they must
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have subsisted through cross events among themselves
by normal sexual reproduction. The crossing of triploid
CCA females and males with tetraploids in breeding
experiments resulted in the non-development of
embryos. These results do not seem to be a constraint
of our experimental crosses, since CCC, CCCA or
CCCCA forms have not been observed in nature. This
means that tetraploids are being reproductively isolated
from the other forms through postzygotic isolation.

Flow cytometry measurements of erythrocyte and
spermatozoa DNA contents indicate that tetraploid
hybrid males from the Douro River basin produce
reduced sperm with the ratio of erythrocytes and gamete
DNA content being approximately 1: 0.5 and micro-
satellite markers segregated according to Mendelian
expectations. In addition, the other hybrid forms (2N
and 3N) produce unreduced sperm showing ratios
around 1 : 1. Crosses involving tetraploid S. alburnoides
(cross type II, table 1) showed evidence of normal meiosis
as noted in the southern populations (Alves et al. 2001).
Microsatellite loci (especially Icol) and the DNA
contents of erythrocytes and spermatozoa indicated
that tetraploids exhibit the CCAA genome and produce
diploid CA gametes. These results not only reveal that
the tetraploid forms are symmetric and fertile, but also
that by restoring even-ploidy, normal meiosis can take
place in this complex, leading to biparental reproduction.

Asexual organisms normally show abnormal sex ratios
(Dawley 1989), as has been shown for the S. alburnoides
complex (imbalanced towards females; Alves ez al.
2001). However, a x> test indicated no significant
differences between the proportions of each sex in tetra-
ploids from the Lodeiro and Paiva Rivers (figure 4).

Our data on sex ratios, spermatozoa DNA contents,
genome composition and Mendelian segregation at
the microsatellite markers revealed through experi-
mental crosses indicate that these tetraploid lineages
are not clonal and represent convincing cases of
bisexual reproduction.

The observed higher average genotypic diversity
across all loci in the tetraploids when compared with
the CCA triploids was expected, since bisexuality
allows existing gene combinations to break up and
recombine. The lower allelic genetic diversity found for
the A genome may be explained by the founder effect
during the formation of this complex, since the paternal
species is extinct and nuclear non-hybrid males are
absent from the northern rivers and there was no
further introduction of this genome.

If these populations were partially sexual, departures
from HWE would persist over time (Otto & Lenormand
2002). The absence of significant deviations from
Hardy—Weinberg and linkage equilibria across the
polymorphic loci reinforces the idea of random mating
in the population, with genotype frequencies having
remained unchanged in the past generations and random
assortment of alleles resulting in equal proportions of
each allele combination in the population.

5. CONCLUSIONS

Through recombination, sexual reproduction among
the tetraploid forms of S. alburnoides has given rise to
genetic variability and allowed the adaptation and
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long-term evolution of these fish. Our data suggest that
we witness an ongoing process of speciation in
tetraploids as a consequence of their evolution in isolation
from the other forms of S. alburnoides complex. This
process may occur via prezygotic (habitat selection
and assortative mating) and possibly postzygotic
mechanisms (non-viable embryos), and illustrates how
these hybrid polyploid complexes can lead to speciation
and highlights their important role in animal evolution.
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