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ABSTRACT

The hybrid minnow Rutilus alburnoides comprises diploid and polyploid females and males. Previous
studies revealed that diploid and triploid females exhibit altered oogenesis that does not involve random
segregation and recombination of the genomes of the two ancestors, constituting unisexual lineages. In
the present study, we investigated the reproductive mode of hybrid males from the Tejo basin, using
experimental crosses and flow cytometric analysis of blood and sperm. The results suggest that diploid
hybrids produced fertile unreduced sperm, transmitting their hybrid genome intact to offspring. Triploid
hybrids also produced unreduced sperm, but it was not possible to obtain data concerning their fertility.
Finally, tetraploid hybrids produced fertile diploid sperm, which exhibited Mendelian segregation. Tetra-
ploid R. alburnoides may reestablish biparental reproduction, as individuals of both sexes with the appro-
priate constitution for normal meiosis (two haploid genomes from each parental species) are likely to
occur in natural populations. Tetraploids probably have arisen from syngamy of diploid eggs and diploid
sperm produced by diploid hybrid males. Diploid hybrid males may therefore play a significant role in
the dynamics of the complex, starting the evolutionary process that may ultimately lead to a new sexually

reproducing species.

NTERSPECIFIC hybridization generally leads either

to sterile F;’s or to hybrids with some measure of
fertility that exhibit normal meiosis and act, through
backcrossing, as a bridge for the transfer of genetic
material between the parental species (introgression;
reviewed in Arnold 1997). Occasionally, however, hy-
bridization disrupts oogenesis so that hybrids produce
viable eggs without recombination and often without a
reduction in ploidy, founding unisexual lineages (re-
viewed in Dawley 1989). Among vertebrates, this phe-
nomenon is apparently uncommon, with ~70 unisexual
taxa described (Vrijenhoek et al. 1989). The genetic
basis of the origin of unisexuality via hybridization re-
mains uncertain. It has been suggested that hybridiza-
tion brings together specific sets of alleles that, in combi-
nation, cause changes in the regulation of oogenesis,
allowing for unisexual reproduction (“balance hypothe-
sis”; Moritzetal. 1989). Genes seem to be differentially
expressed in oocytes vs. spermatocytes, as rare males of
unisexual lineages are apparently sterile (Cimino and
Schultz 1970; Darevsky et al. 1978; Rasch et al. 1982;
Goddard and Dawley 1990). Rana esculenta is an excep-
tion, because both females and males are hybridoge-
netic (during gametogenesis, one of the parental ge-
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nomes is eliminated without recombination, and only
the other parental genome is retained in mature ga-
metes; reviewed in Graf and Polls Pelaz 1989).

The Iberian minnow Rutilus (a.k.a. Tropidophoxinellus)
alburnoides (Steindachner 1866) comprises diploid and
polyploid forms and is of hybrid origin, incorporating
genomes from Leuciscus carolitertii or L. pyrenaicus and
that from an undescribed species (Alves et al. 1997a,b;
Carmona et al. 1997). Hybrid males are usually rare,
but in some populations they represent about 30% of
total specimens collected (Collares-Pereira 1984,
1985, 1989; Alves et al. 1997a; Carmona et al. 1997).
Previous studies have focused on the reproductive
modes of diploid and triploid females, revealing altered
oogenesis that does not involve random segregation and
recombination between the genomes of the ancestors
(Carmona et al. 1997; Alves et al. 1998). R. alburnoides
females seem to exhibit distinct reproductive modes
according to their geographic origin. Diploid and trip-
loid females from the northern Douro basin reproduce
by hybridogenesis, discarding the L. carolitertii genome
during oogenesis (Carmona et al. 1997). Diploid fe-
males from the southern Tejo basin transmit their hy-
brid genome clonally to the eggs, which upon fertiliza-
tion vyield triploid progeny, whereas triploid females
from the Tejo and Guadiana basins present a modified
hybridogenesis in which the L. pyrenaicus genome is
discarded in each generation, but the remaining ge-
nomes are not transmitted clonally to the eggs as the
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elimination of the unmatched genome permits ready
synapsis of the homospecific genomes (“meiotic hybrid-
ogenesis”; Alves et al. 1998). Whether hybrid males are
fertile and participate in the reproduction within the
complex remained unknown.

As a key to exploring the population dynamics and
the evolutionary history of the R. alburnoides complex,
we have investigated the reproductive mode(s) of hybrid
diploid, triploid, and tetraploid males from the Tejo
basin. The present study is based on experimental
crosses and flow cytometric analysis of blood and sperm
and revealed a greater role for hybrid males than ini-
tially suspected.

MATERIALS AND METHODS

Specimens used in this study were collected in 1996 from
the Sorraia River of the Tejo basin (detailed locality data
are available from M.J.C.P.), during the reproductive season
(April-May).

DNA content of erythrocytes and spermatozoa from 31 R.
alburnoides-like males was determined by flow cytometry, using
an EPICS Profile 1l cytometer. Blood samples were drawn
from the caudal vein, and milt samples were collected by
applying light pressure to the abdomen. Both samples were
stabilized in buffer (40 mm citric acid trisodium salt, 0.25 m
sucrose, and 5% dimethyl sulfoxide) and immediately frozen
at —80°. Prior to analysis, samples were diluted at approxi-
mately the same concentration (5 X 10° cells/ml) with the
help of a hemocytometer and stained as described in Dawley
and Goddard (1988) using propidium iodide as fluoro-
chrome. Chicken erythrocytes were used both as an internal
and external standard. The same sample of chicken erythro-
cytes was used throughout the study, and the flow cytometer
was calibrated daily with fluorescent microspheres (DNA-
Check, Coulter, Hialeah, FL). For each sample, two measure-
ments were made at a flow rate of less than 300 events/sec,
using an excitation emission of 488 nm. Approximately 6 X
10 cells were examined per measurement, and only peaks of
the fluorescence histograms with a coefficient of variation
lower than 4% were scored (Dressler and Seamer 1994).
DNA content of erythrocytes and spermatozoa in individual
fish was estimated by calculating the ratio of mean fluores-
cence of fish cells to mean fluorescence of chicken cells and
multiplying by 2.5 pg (the standard DNA content value for
chicken erythrocytes; Tiersh et al. 1989). The data were con-
verted and analyzed using the software Pro2FCS (version 3.2)
and Win MDI (version 1.3.5).

Additional specimens were used in crossing experiments.
Crosses were done blindly without knowledge of the ploidy
level of the mates. For the crosses that involved hybrid males,
progeny were produced by stripping eggs and milt from the
parents simultaneously into a bowl containing aquarium water.
The young hatched in <1 wk and were reared to the age of
9 mo (2-4 cm). High mortality occurred in all broods due to
fungal contamination. Parents and offspring were killed with
an overdose of MS222 and frozen at —80°. Offspring were
sexed by dissection and inspection of gonads. Ploidy of parents
and offspring was determined by flow cytometric measure-
ment of erythrocyte DNA content as described above. Parents
and a subsample of offspring were analyzed by DNA finger-
printing using the human minisatellite probes 33.6 and 33.15
(Jeffreys et al. 1985), as described in Alves et al. (1998). The
number of fragments detected by both probes out of n scored
that were transmitted to a number r of offspring in a sibship

of N was compared with the expected number given by the
binomial distribution ("Cr/2")n assuming 50% transmission
(Jeffreys et al. 1986), using the G-test for goodness of fit
(Sokal and Rohlf 1981).

The hybrid nature of specimens analyzed in this study was
investigated by allozyme electrophoresis at the SAAT* (aspar-
tate aminotransferase, EC 2.6.1.1) and PGDH* (phosphoglu-
conate dehydrogenase, EC 1.1.1.44) loci. These loci have been
found to be diagnostic for the R. alburnoides complex; virtually
all specimens are heterozygous, exhibiting one set of alleles
associated with members of the genus Leuciscus and a second
set that could not be attributed to any described species (Alves
et al. 1997a; Carmona et al. 1997).

RESULTS

Flow cytometric analysis of blood and sperm: Flow
cytometric measurement of DNA content in erythro-
cytes revealed that the 31 R. alburnoides-like males sam-
pled in the Sorraia River comprised 21 diploids (mean
DNA content of 2.43 =+ 0.07 pg/cell), 2 triploids (mean
DNA content of 3.64 = 0.16 pg/cell), and 8 tetraploids
(mean DNA content of 4.83 + 0.08 pg/cell; Table 1).
Ten diploid males produced sperm that showed DNA
values ranging from 1.11 to 1.21 pg/cell, with a mean
of 1.16 + 0.03 pg/cell. The ratio of erythrocyte to sper-
matozoon DNA content per male varied from 1:0.44 to
1:0.50, averaging 1:0.48 * 0.02. The remaining 11 dip-
loid males produced sperm with DNA content ranging
from 2.25 to 2.43 pg/cell, and the mean was 2.34 =
0.06 pg/cell. Erythrocyte and spermatozoon DNA con-
tent ratio varied from 1:0.88 to 1:1, with a mean of 1:0.96
+ 0.03. Sperm produced by triploid males also exhibited
DNA values similar to those of the erythrocytes (mean
ratio 1:0.95 = 0.03), averaging 3.44 = 0.04 pg/cell. The
DNA content of sperm produced by tetraploid males
was from 2.19 to 2.57 pg/cell, with a mean of 2.34 + 0.13
pg/cell. The ratio of the erythrocyte and spermatozoon
DNA values ranged from 1:0.45 to 1:0.54, averaging 1:
0.48 + 0.03.

Allozyme electrophoresis revealed that the diploid
males with ratios of somatic cell and gamete DNA con-
tent of about 1:1 were all heterozygous at the diagnostic
SAAT* and PGDH* loci, whereas the remaining diploids
with ratios of about 1:0.5 were homozygous for alleles
presumably attributed to the undescribed parental spe-
cies (Alves et al. 1997a; Carmona et al. 1997). All trip-
loid and tetraploid males showed heterozygous patterns
at the diagnostic loci.

The additional specimens used in the crossing experi-
ments reported here included two diploid and four
tetraploid males and one diploid and seven triploid
females. All specimens were heterozygous at the diag-
nostic loci.

Crosses involving diploid hybrid males: Diploid 8121
crossed to diploid ?122 yielded apparently all male
tetraploid progeny (four fish were not sexed), whereas
diploid 3117 and & 121 mated to triploid females pro-
duced triploid progeny of both sexes (Table 2).
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TABLE 1

DNA content of erythrocytes and spermatozoa of R. alburnoides-like males collected
from the Tejo basin

Erythrocytes (pg/cell)

Spermatozoa (pg/cell)

No. of
individuals Mean = SD CV range Mean = SD CV range
2n 10 2.43 = 0.06 1.64-2.27 1.16 = 0.03 2.45-3.61
11 2.44 + 0.08 1.57-2.63 2.34 + 0.06 1.64-2.55
3n 2 3.64 = 0.16 3.56-3.78 3.44 = 0.04 2.56-2.96
4n 8 4.83 = 0.08 1.30-1.59 233 £ 0.14 1.73-2.73

SD, standard deviation per group of males; CV, within-sample coefficients of variation.

DNA fingerprinting analysis of cross 122 X 4121
(Figure 1a, Table 3) revealed that all offspring exhibited
identical patterns, having coinherited all scorable ma-
ternal DNA fragments and almost all scorable paternal
fragments. Probe 33.15 detected polymorphisms in the
region around 9.4 kb, as one paternal fragment was
transmitted to no offspring, and one fragment observed
in four young could not be traced back to either parent.

Crosses involving tetraploid hybrid males: Tetraploid
3130 and diploid 2122 produced one brood of 24
tetraploid and 1 diploid young. Tetraploid offspring
included both females and males; the single diploid
was a female (Table 2). DNA fingerprinting analysis
revealed that all tetraploid offspring exhibited bands
associated with the male parent, but the diploid off-
spring displayed only bands that could be traced back
to the mother (Figure 1b, Table 3). All scorable mater-
nal DNA fragments were coinherited by all tetraploid
and diploid progeny, indicating that the female hybrid

TABLE 2

Laboratory crosses involving diploid and tetraploid
hybrid males and diploid and triploid females of
R. alburnoides collected from the Tejo basin

Analyzed progeny

Sex

Crosses Ploidy Q 3 ?
2n 2 X2n &
#122 #1221 4n — 9 4
3n? X2nd
#116  #117 3n 1 — 1
#132 #1221 3n 4 3 —
#136 #121 3n — 4 —
2n @ X4n &
#122  #130 2n 1 — —

4n 3 6 15
3n @ X4n &
#110 #112 3n 2 1 —
#111 #1122 3n 2 4 1
#114  #115 3n 10 — 2
#133 #134 3n 1 4 —

genome was transmitted intact to the eggs. The observed
distribution of the paternal bands in the tetraploid off-
spring followed the expected binomial distribution for
alleles showing Mendelian inheritance (0.25 < P <
0.50). Probe 33.15 detected in four tetraploid progeny
a fragment with length >9.4 kb that could not be attrib-
uted to either parent (Figure 1b).

Tetraploid 3112, 3115, and & 134 crossed to triploid
females resulted in only triploid progeny. Crosses ¢ 110
X 3112, 2111 X 4112, and 2133 X 8134 produced
offspring of both sexes, whereas cross 2114 X 3115
yielded apparently all female progeny (two fish were
not sexed; Table 2). Families fathered by 3115 and
3134 were analyzed by DNA fingerprinting (Table 3).
In each cross, sets of five and six maternal minisatellite
bands, respectively, were transmitted to no offspring.
The remaining maternal fragments and the paternal

Offsprin,
Offspring 4n PHOE
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Figure 1.—DNA fingerprints of parental fish and offspring
of crosses 2122 X 3121 (a), and 2122 X 3130 (b), as ob-
tained with probe 33.15 after Mbol digestion. The arrowed
fragments in offspring are present in neither parent and are
probably new mutants; the arrowed fragment in female of
cross #121 is present in no offspring and probably it was lost
due to mutation.
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TABLE 3

Segregation of hypervariable single fragments produced by the minisatellite probes 33.6 and 33.15
(Jeffreys et al. 1985) in the experimental families

Observed single fragments transmitted to r offspring

Q122 X 8 121 ? 122 X & 130 ? 114 X & 115 ? 133 X & 134
(N=7) (N = 8) (N = 8) (N = 5)
No. of
offspring (r) Maternal  Paternal Maternal Paternal Maternal Paternal Maternal Paternal
0 1 0 0 5 0 6 1
1 0 0 0 0 1 1 3 0
2 0 0 0 1 1 4 2 5
3 0 0 0 3 3 2 4 5
4 0 0 0 9 2 5 2 2
5 0 0 0 2 6 2 0 0
6 0 0 0 3 2 6
7 19 18 0 2 1 0
8 16 0 0 0
Total no.
of bands (n) 19 18 16 20 21 20 17 13

Fragments transmitted to all offspring may be from homozygous loci and were ignored in all but the diploid
males and females. All but one of each set of linked or pair of apparently allelic fragments were excluded.
Linkage may result from the cutting of a single minisatellite allele at internal recognition sites, generating two
or more fragments which are always coinherited; alternatively, two distinct minisatellite regions may be situated
close together on a chromosome so that recombination between them occurs infrequently (Bruford et al.
1992). Bands codetected by both probes were not observed. N, number of offspring analyzed in each brood.

fragments were inherited by the triploid offspring fol-
lowing the binomial distribution for alleles segregating
in Mendelian fashion (P > 0.1).

DISCUSSION

The measurement of DNA content in erythrocytes
and spermatozoa demonstrated that some diploid R.
alburnoides-like males produced haploid sperm (ratios
of somatic cell and gamete DNA content of about 1:0.5),
whereas others produced unreduced sperm (ratios of
about 1:1). Allozyme analysis suggested that the former
males possessed nonhybrid nuclear DNA, whereas the
latter exhibited hybrid nuclear DNA. The origin of the
nonhybrid diploid males lacks consensus among au-
thors. Taking into account that the Hardy-Weinberg
analysis of polymorphic loci revealed no significant devi-
ations from random expectations, Carmona et al.
(1997) suggested that nonhybrid specimens correspond
to a sexually reproducing diploid form, which most
likely was the maternal ancestor of the complex. Alves
et al. (1998; M. J. Alves, M. J. Collares-Pereira, T. E.
Dowling and M. M. Coelho, unpublished data), con-
sidering that nonhybrid specimens exhibit L. pyrenaicus-
like mitochondrial DNA and show highly male-biased
sex ratios, suggested that they probably were reconsti-
tuted from R. alburnoides hybrids. Previous studies re-
vealed that nonhybrid males exhibit normal Mendelian
meiosis (Alves et al. 1998), which is consistent with
either of the above hypotheses.

DNA fingerprinting of progeny fathered by the dip-
loid hybrid revealed that each inherited the almost in-
tact genome of the male. These data together with the
flow cytometry data clearly show that, like the diploid
hybrid females from the Tejo basin (Alves et al. 1998),
diploid hybrid males produced unreduced clonal ga-
metes. Although it has been hypothesized for Rana escu-
lenta (GUnther 1970; Uzzell et al. 1977), production
of fertile unreduced sperm by natural diploid hybrid
vertebrates has never before been confirmed.

Triploid R. alburnoides males produced unreduced
sperm (ratios of somatic cell and gamete DNA content
of about 1:1). However, due to their low number in
natural populations, they were not used in the crossing
experiments, and no data concerning their fertility was
obtained. There are reports of fertile triploid hybrid
males in amphibians, but they all produced reduced
sperm (Heppich et al. 1982; Nishioka and Ohtani
1984; Shen et al. 1984; Vinogradov et al. 1990; Berger
and Gunther 1991-1992; Sumida and Nishioka 1993).

Tetraploid R. alburnoides males produced reduced
sperm (ratios of somatic cell and gamete DNA content
of about 1:0.5) that exhibited Mendelian segregation
at the minisatellite markers. Therefore, these males
seem to have undergone normal meiosis. Theoretically,
R. alburnoides tetraploids have three possible combina-
tions of parental genomes: PPAA, PAAA, and PPPA,
where P is the L. pyrenaicus genome and A is the genome
of the other ancestor. Only in the first of these is normal
meiosis likely to occur, as the presence of two haploid
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genomes from each parental species permits ready syn-
apsis (Vasil’ev et al. 1989). We may, therefore, expect
that the tetraploid males presently analyzed had a PPAA
constitution.

The inheritance patterns of the maternal bands of
both the diploid and triploid females used in the present
study followed the patterns described in Alves et al.
(1998). Diploid females from the Tejo basin transmit
clonally their hybrid genome to the eggs, whereas trip-
loid females present a modified hybridogenesis in which
the L. pyrenaicus genome is discarded in each genera-
tion, but the remaining genomes undergo meiosis (mei-
otic hybridogenesis). According to Alves et al. (1998),
eggs produced by both diploid and triploid females
needed syngamy to initiate development. However, the
present study revealed that a small proportion (3% in
the present example) of the diploid eggs produced by
diploid females may develop directly without syngamy
into diploid clones. In fact, diploid ¢ 122 produced one
diploid female young that inherited the intact hybrid
genome of the female parent but exhibited no DNA
fingerprinting bands that could be traced back to the
father. Such young seems to have originated by gynogen-
esis, where sperm only stimulates development of the
egg. This is the first direct evidence for gynogenesis in
the R. alburnoides complex, constituting the third mode
of reproduction described for diploid females (Car-
mona et al. 1997; Alves et al. 1998).

Probe 33.15 detected polymorphisms at crosses ¢ 122
X d121 and 2122 X 3130 that are probably accounted
for by germ line mutation. Mutations in minisatellites
can involve gain or loss of numbers of repeat units,
originating new length alleles (Jeffreys et al. 1988). In
cross 122 X 3121, one paternal fragment was trans-
mitted to no offspring, while one fragment observed in
some young could not be traced back to either parent.
Incross 122 X 3130, a new fragment was also observed
in some offspring. According to Bruford et al. (1992),
typical apparent mutation rates in fingerprints are of
the order of 102 per fragment per gamete. Evidence
for genomic variability in as short a time as one genera-
tion has also been found in one diploid R. alburnoides
female (Alves et al. 1998).

The mechanism of sex determination in the R. albur-
noides complex is not well understood. Although cytolog-
ical data indicated that the parental species L. pyrenaicus
has a ZW female/ZZ male sex chromosome heteromor-
phism (Collares-Pereira et al. 1998), the sex ratio of
offspring mothered by triploid R. alburnoides females
(Alves et al. 1998) has suggested that non-W-linked
genes, expressed differently depending on the species
and the population to which parents belong, are in-
volved in sex determination. The present data are also
not consistent with a simple ZW/ZZ sex-determining
mechanism. According to this model, all progeny pro-
duced in cross 2122 X 3121 should have been female
and not male, because they have received both a Z and

W chromosome from their diploid mother. In fact, the
occurrence of apparently all male progeny suggests an
XX female/ XY male sex chromosome heteromorphism.
Male heterogamety would also explain the production
of female and male offspring in the cross ? 122 X &130:
because tetraploid males seem to undergo normal meio-
sis, we may expect that some spermatozoa carried two
X chromosomes producing females, whereas others car-
ried X and Y chromosomes producing males. However,
this mechanism of sex determination does not explain
the sex ratio of progeny of crosses 2116 X 3117 and
?132 X d121, which involved diploid hybrid males
and triploid females: according to this model, having
received both an Xand Y chromosome from their father,
no female young should have been observed. Therefore,
sex determination in R. alburnoides can be fully ex-
plained neither by a ZW female/ZZ male nor by an XX
female/XY male sex-determining system.

Schultz (1969) postulated that hybridization and
unisexuality provide a path to evolution by polyploidy.
Restoration of an even ploidy value in tetraploids would
allow a return to normal meiosis, serving as a stepping-
stone to biparental reproduction (Schultz 1977, 1980,
1989). The typical route to tetraploidy in clonal verte-
brates seems to be the syngamy of unreduced triploid
eggs and haploid sperm produced by a male of a related
bisexual species (Dawley 1989). This pathway could
yield tetraploids with several possible combinations of
parental genomes, though only one (two haploid ge-
nomes from each bisexual parental species) is optimal
for meiotic reproduction (Vasil’ev et al. 1989). The
formation of such tetraploids is, however, apparently
not possible in many clonal vertebrates, as only one
parental species is present (e.g., Bogart et al. 1987). In
fact, although tetraploids are abundant in some unisex-
ual complexes, namely in Ambystoma (Bogart 1989),
Carassius auratus langsdorfii (Kobayasi and Kawasima
1972) and Cobitis (Vasil’ev et al. 1989), all females
seem to exhibit unisexual reproduction and the males,
when they exist, are sterile. The R. alburnoides complex
presents an alternative route to tetraploidy, where tetra-
ploids may have originally arisen from syngamy of dip-
loid eggs and diploid clonal sperm produced by a dip-
loid hybrid male. At least two types of diploid eggs occur
in the R. alburnoides complex, depending on their origin
(Alves et al. 1998): clonal eggs with PA constitution, if
they are originated by diploid female hybrids; or recom-
bined eggs with AA constitution, if they are produced
by PAA triploid females. Fertilization of the former by
clonal sperm yields isogenic tetraploids with PPAA con-
stitution, whereas fertilization of the latter leads to ge-
netically diverse tetraploids with PAAA constitution. The
occurrence of matings between female and male diploid
hybrids is restricted by the low frequency of these forms
in natural populations, and we may speculate that PPAA
tetraploids were initially infrequent. However, once they
arose, they also produced fertile diploid gametes, yield-
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Figure 2—Summary of the
putative reproductive modes
and interrelationships between
the different forms of the R.
alburnoides complex in the Tejo
basin (Alves et al. 1998; pres-
ent study). (—) Forms and
pathways confirmed experi-
mentally; (---) hypothetical
forms and pathways. P is the
genome of L. pyrenaicus, and
A is the genome of the other
ancestor. (1) Fertilization by P
sperm, produced by normal
meiosis by L. pyrenaicus; (2) fer-
tilization by A sperm, produced

by normal meiosis by nonhybrid males; and (3) fertilization by PA sperm, produced either clonally by diploid hybrid males or
by normal meiosis by tetraploid males. (G) Occurrence of gynogenesis.

ing more tetraploids with the appropriate constitution
for normal meiosis, either through backcrossing to dip-
loid hybrids or through mating to other symmetric tetra-
ploids. Symmetric tetraploids produced in both of these
ways are genetically diverse, in contrast with clonal tet-
raploids whose parents are both diploid hybrids. Oc-
currence of PPAA tetraploids of both sexes in natural
populations is the necessary condition for achieving bi-
parental reproduction. The experimental hybridization
between diploid hybrids reported here (cross 2122 X
4121, Table 2) produced apparently all male PPAA
progeny. However, the cross involving a diploid female
and a tetraploid male produced tetraploid females
(cross 2122 X 3130) that should also present PPAA
constitution, because they received a clonal PA genome
from their mother and a recombined PA genome from
their father. Therefore, we may expect that PPAA tetra-
ploids of both sexes occur in nature, and that they may
occasionally mate, leading to biparental reproduction.

Tetraploids seem to occur only in the central and
northern part of the distribution area of the R. albur-
noides complex, apparently being absent in the Guadi-
ana and Sado basins (Alves et al. 1997a,b; Carmona et
al. 1997; Martins et al. 1998). One explanation is the
apparent absence of diploid hybrid males in the latter
basins (Alves et al. 1997a; Carmona et al. 1997; M. J.
Alves, M. M. Coelho and M. J. Collares-Pereira,
unpublished data). Therefore, in these basins, the only
possible route to tetraploidy would involve the fertiliza-
tion of triploid eggs. However, if such a phenomenon
occurs, it seems to be very rare or localized.

The present study and the previous studies of Car-
mona et al. (1997) and Alves et al. (1998) suggest that
hybridization in R. alburnoides has apparently “opened”
many novel reproductive pathways, altering both oogen-
esis and spermatogenesis (see Figure 2 for summary of
the putative reproductive modes of the different forms
of the R. alburnoides complex in the Tejo basin). Con-
trasting with most unisexual vertebrates, hybrid R. albur-
noides males are fertile and participate in the perpetua-

tion of the Iberian complex. Among the known hybrid
complexes, only in R. esculenta are hybrid males fertile
(reviewed in Graf and Polls Pelaz 1989). Diploid hy-
brid males seem to have played a particularly important
role in the dynamics and evolution of the R. alburnoides
complex, as they might have initiated tetraploidization,
starting the evolutionary process that may ultimately
lead to a new sexually reproducing polyploid species.
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