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Androgenesis among vertebrates is considered a rare
phenomenon, with some cases reported so far, but linked
to experiments involving gamete manipulation (artificial
androgenesis). Herein, we report the first empirical evidence
of the natural occurrence of spontaneous androgenesis in a
vertebrate, the Squalius alburnoides allopolyploid complex.
A genetically screened random sample of a natural population
was allowed to reproduce in an isolated pond without any
human interference, and the viable offspring obtained was
later analysed for paternity. Both nuclear and mitochondrial
markers showed that the only allodiploid fish found among
all the allotriploid offspring was androgenetically produced
by an allodiploid male. This specimen had no female nuclear
genomic input, and the sequence of the mitochondrial fragment
examined differed from that of the male progenitor, matching
one of the parental females available in the pond, probably the
mother. The possible role of androgenesis in the reproductive
dynamics of this highly successful vertebrate complex is
discussed.

1. Introduction
Androgenesis is a reproductive mode in which the offspring
produced lack maternal nuclear genomic contribution, i.e. all
the genetic content of the progeny is inherited from the
father (reviewed in [1–3]). It is considered a quasi-sexual form
of reproduction [1], since, conversely to parthenogenesis and
similarly to gynogenesis [4], it requires fertilization and syngamy,
in which the oocytes serve solely as involucres to host the genetic
nuclear content of the spermatozoa, via multiple mechanisms [1],
being, thus, considered a form of sexual parasitism [5].

Summarizing the literature on the subject, androgenesis
may be divided into two types, according to its form of
occurrence: artificial androgenesis versus natural androgenesis
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(reviewed in [1]). Artificial androgenesis occurs when gametes are manipulated in the laboratory
(a procedure used in animals with external fertilization as fish and molluscs) to produce viable
androgenetic offspring, for instance by fragmenting the pronucleus of oocytes (female genome) prior
to fertilization or blocking the first mitotic division of the egg. Natural androgenesis occurs in natural
contexts, without any kind of manipulative intervention on animals’ reproduction. Individuals derived
from natural androgenesis, with a ‘paternal monopolization of parenthood’ [6], may become clones
of their father after the extrusion of the maternal nuclear genome post-fertilization, typically through
the polar bodies, though they normally retain the cytoplasm, mitochondria and other organelles
from the oocyte [2]. In turn, two sub-types of natural androgenesis can be considered: (i) obligate
androgenesis, which is an integrant part of the reproductive dynamics of certain organisms, being
the main reproductive strategy of some natural populations only producing androgenetic offspring;
and (ii) spontaneous androgenesis, which occurs when parents from species that reproduce sexually
unexpectedly yield a certain proportion, typically low, of descendants only inheriting the paternal
nuclear genome among their mainly sexually derived offspring (reviewed in [1,2]).

Natural androgenesis is considered to be a rare phenomenon, which may or may not be related
to its actual incidence in wild organisms. On the one hand, with the exception of haplodiploid
systems, androgenetic offspring is considered unviable in the vast majority of cases, namely due to the
abnormalities associated with the ‘haploid syndrome’, being, thus, necessary that the zygote comprises
more than one set of parental (in this case, paternal) chromosomes in order to be successful. This can
be accomplished through paternal genome duplication (e.g. diploidization by cell fusion during the first
egg division or by polyspermic fertilization) or through the production of non-haploid spermatozoa
(unreduced gametes), as typically occurs in fertile hybrids or in polyploid organisms (see [1]). Indeed,
most known cases of natural androgenesis involve hybridization and/or polyploidy [1,2,6]. However, on
the other hand, the rarity of reports on natural androgenesis may be related to the difficulty in identifying
androgens in natural populations, namely in hybrid complexes and in those cases arising from
spontaneous androgenesis, since detection procedures require in-depth parentage analyses. Specifically,
it is necessary to confirm a totally unique sperm-derived inheritance in the progeny, using genetic
and/or cytological genomic markers for both maternal and paternal gene pools. Similarly to other quasi-
sexual reproductive modes [7,8], the actual evolutionary impact of spontaneous androgenesis in wild
populations has been overlooked, due to the higher extinction risk of male-cloning systems, and is poorly
understood also due to the lack of data [1,2,5,9].

In animals, only a few cases of natural androgenesis have been reported (in arthropods and
molluscs) [1,3], and no cases are known among vertebrates. The Hypseleotris carp gudgeons, recently
included in a review about natural androgenesis [1], are actually a case of hybridogenesis, as clearly
stated by the authors. Only two cases of spontaneous androgenesis in vertebrates have been described
so far, also in fishes [10,11], but, since they involved artificial strains and/or the use of fertilization
techniques, they do not represent true cases of natural androgenesis, which by definition occurs in
natural contexts and in wild populations. These two cases were excluded from that recent review on
natural androgenesis [1], since they are more correctly assigned to artificial androgenesis. The first
case of naturally occurring spontaneous androgenesis sensu stricto in vertebrates is here presented and
documented; it was recently found in the allopolyploid fish complex Squalius alburnoides in the frame of
a specific study aiming to compare the reproductive success of distinct genomotypes [12].

This hybrid complex had its origin in intergeneric crosses between Squalius pyrenaicus females
(P genome) and males from an extinct species belonging to the Anaecypris hispanica lineage (A genome).
The hybridization event produced fertile PA hybrids, which, through crosses among themselves and
backcrosses, led to the arising of an allopolyploid complex, composed by diploid (2n = 50), triploid
(3n = 75) and tetraploid (4n = 100) males and females with distinct proportions of the parental genomes
(=genomotypes) (reviewed in [13]). In the breeding system of this fish complex, though natural
populations are highly female-biased, there is a clear sperm-dependency (sensu [14]), with hybrid
individuals reproducing either sexually or nonsexually (sensu [13]). All known genomotypes are
fertile, exhibiting a wide range of reproductive modes, including regular (sexual) meiosis, meiotic
hybridogenesis and clonal gametogenesis (reviewed in [13]). Some allotriploid females can produce both
reduced and unreduced gametes simultaneously [15], and males and females of the same genomotype
may have distinct reproductive modes [16,17]. Moreover, sex ratios vary among genomotypes (e.g.
allotriploids are mostly females) and geographical areas (allodiploids are mostly all male in northern
populations, but all female in southern populations) (see [13]).

The variety of reproductive strategies leads to changes in ploidy level through an intricate
reproductive dynamics between genomotypes and illustrates well the occurrence of sexual parasitism



3

rsos.royalsocietypublishing.org
R.Soc.opensci.4:170200

................................................

3n 2n
n

2n

3n

2n 2n
3n

2n

4n

females malesoffspring

3n
3n

4n
3n

2n

n

n

n

Figure 1. Ploidy level cascade of the reproductive framework of the S. alburnoides allopolyploid complex in the studied stretch of
the Ocreza River (Tagus drainage, Central Portugal), illustrating the typical reproductive dynamics of northern populations dominated
by triploid females. Hybrid males and females are represented in blue and pink, respectively, and males and females of the bisexual
sympatric Squalius species are represented in green. Reproductive modes include (i) regular meiosis in S. pyrenaicusmales and females
(producing haploid P gametes) and in balanced tetraploids (producing diploid PAgametes); (ii)meiotic hybridogenesis in triploid females
(producing haploid A oocytes); and (iii) clonal spermatogenesis in diploid and triploidmales (producing diploid PA and triploid PAA or PPA
spermatozoa, respectively). Diploid nuclear non-hybrid males (AA) are absent in the studied population (as in all northern populations)
and were, thus, not included in the diagram. Both oocytes and sperm are represented in grey. 5n (and higher) offspring are unviable.
The diagram illustrates well the dependence of the hybrid complex on the sympatric bisexual Squalius species, through the production
of allodiploids, essential to the progression of the ploidy level cascade. Note that, since allotetraploids also produce diploid gametes,
they could eventually replace allodiploids in the ploidy level cascade, but they are extremely rare in the vast majority of populations
(see [13]).

(reviewed in [5,13]). Most genomotypes are reproductively interdependent, meaning their persistence
in natural populations depends on crosses involving other genomotypes (figure 1). Moreover, the
production of allodiploids is entirely dependent on crosses with bisexual species of the Squalius genus.
Since allodiploids are crucial for the persistence of natural populations, being indispensable for the
continuity of the ploidy level cascade (figure 1) and responsible for the production of allotriploids (the
most common genomotype in natural populations), the persistence of S. alburnoides complex as a unit is,
in turn, entirely dependent on the sympatric bisexual Squalius species.

As explained above, the production of unreduced gametes by hybrid organisms increases the
likelihood of the occurrence of quasi-sexual successful reproduction, such as gynogenesis and
androgenesis, which turns S. alburnoides complex into an excellent model to look for the existence
of these unorthodox reproductive modes in the context of wild populations. Herein, using the
same dataset previously published [12], which was obtained from an empirical study of a random
sample from a natural population that was transferred to a pond and allowed to reproduce without
any human interference, a new reproductive mode for S. alburnoides complex was discovered—
spontaneous androgenesis—representing the first documented report of its natural occurrence among
vertebrates.

2. Material and methods
2.1. Fish sampling and laboratory procedures
A random sample of S. alburnoides (N = 33) and S. pyrenaicus (N = 19) was captured in Ocreza River
(Tagus drainage, Central Portugal) with short pulse and moderate voltage electrofishing (300 V, 2–4 A),
during the reproductive season (April 2010), when mature individuals could be easily sexed by applying
a mild pressure on the abdomen and observing the discharge of gametes. Because most S. alburnoides
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genomotypes are morphologically similar, the ploidy and genome combination of each individual were
assessed in the laboratory. Individuals were anaesthetized (0.1 g l−1 MS-222, 0.2 g l−1 NaHCO3) and
photographed on the left and right sides to be individually recognized when needed [18]. Small clips
of the caudal fin were collected for genomotype assessment through flow cytometry [19] and Sanger
sequencing of the β-actin gene (PCR conditions: 35 cycles of 94°C, 30 s; 55°C, 40 s; 72°C, 90 s) [20]. DNA
extraction followed an adapted phenol-chloroform protocol [21].

All sampled fishes (S. alburnoides hybrids and S. pyrenaicus, PP; N = 52), composed of PAA (N = 23)
and PP (N = 9) females, and by PA (N = 6), PAA (N = 1), PPA (N = 2), PPAA (N = 1) and PP (N = 10)
males, were translocated to an exterior pond, under natural light and temperature conditions, in January
2011. This pond had a volume of 4200 l [300 cm length × 200 cm width × 50 cm mean depth (25–90 cm)]
and was enhanced with macrophytes and with a bottom cover of small and large cobbles (2–15 cm), to
provide adequate habitat conditions for the fish [22]. Two pumps and a UV lamp were used to prevent
water stagnation and quality deterioration throughout the study period. Overall, habitat conditions in
the pond were close to those found in Iberian rivers during seasonal drought, when fish concentrate
in isolated pools [23]. Fish were fed twice a day with commercial flakes during the first month to
prevent eventual lows in prey availability and facilitate adaptation to the pond conditions. The pond
was monitored weekly for water pH (7–10) and inspected for dead fish (never detected) and larvae
(first spotted in April). In October, parental fish and offspring were captured using electrofishing
and transported to the laboratory in aerated vats. The pond was emptied to assure complete fish
collection.

In the laboratory, a sample of 100 youngs-of-the-year (YOYs) was randomly selected for sex
determination and paternity assessment, sacrificed with an overdose of anaesthetics (MS-222) and
dissected for gonad examination, as described in [24]. Paternity was assessed through microsatellite
genotyping, using nine microsatellites with high variability among cyprinids [25–27]. An extra
microsatellite was haphazardly found after sequencing a genomic fragment containing the intron region
of the aminomethyltransferase gene (AMT) (MM Coelho et al. 2013, unpublished data), from which the
primers were designed [12]. Excepting LCO1, LCO3 and LCO4, all microsatellites were genotyped using
primers with an M13 tail, as described in [28]. Complete information on the ten microsatellites used
is shown in electronic supplementary material, table S1. Moreover, a mitochondrial fragment of the
D-loop/control region [29] was amplified (PCR conditions: 35 cycles of 94°C, 30 s; 50°C, 30 s; 72°C, 90 s)
and sequenced. Sequences were analysed in software MEGA6 [30].

3. Results and discussion
All 261 YOYs obtained in the pond were morphologically identified as S. alburnoides, with no S. pyrenaicus
(PP) found. Flow cytometry revealed that only one of the YOYs randomly sampled (N = 100) was
diploid, with all the others being triploid (for more results and details, see [12]), and the sequence of
the β-actin gene revealed that the diploid individual, with 5.1 cm of standard length, was an allodiploid
(PA genomotype). Further flow cytometry analyses of all the remaining YOYs (N = 161) revealed only
triploid individuals. According to present knowledge, the only way to obtain allodiploid offspring
in populations where AA males are absent (i.e. all northern populations) is through crosses between
allotriploid females (which generally produce haploid A oocytes by meiotic hybridogenesis) and males of
the sympatric Squalius species (which produce haploid sperm by regular meiosis) (figure 1), emphasizing
the reproductive dependence of the hybrid complex towards the sympatric bisexual species of the
Squalius genus. However, paternity assessment using microsatellites revealed that the nuclear P genome
present in the only PA YOY found was not inherited from a PP individual (table 1). Instead, its nuclear
PA genome was an exact copy of one of the S. alburnoides allodiploid male progenitors (PA genomotype)
present in the original random sample of the natural population transferred to the pond, with all alleles
from all microsatellites being a match (named PA6 in table 1). Indeed, the allodiploid YOY was male,
which is consistent with an androgenetic origin.

However, the referred allodiploid YOY did not share the mitochondrial DNA with his father.
All SNPs present in the sequenced fragment matched one of the parental allotriploid females in
the pond, probably its mother (named PAA♀1 in figure 2). It is important to note that this pair of
parental fish (PAA female × PA male) produced more offspring that followed the expected reproductive
modes (figure 1). They were all allotriploids (PAA), resulting from haploid oocytes (A) fertilized by
unreduced spermatozoa (PA) [12]. As a side outcome from mitochondrial DNA analysis, haplotypes from
S. alburnoides and S. pyrenaicus showed marked differences (figure 2), suggesting that, currently, PP
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Table 1. Allele comparison between the PA YOY and all PP (N= 10), PA (N= 6) and PPAA (N= 1) parental males present in the pond.
Highlighted alleles in the list correspond to PA YOY alleles, and matching alleles with each possible parental male are shown in green.
Match percentage represent the proportion of microsatellites sharing alleles between the PA YOY and each possible parental male. Male
reproductive modes were taken into account when calculating match percentages: (i) PP males produce haploid sperm (P genome),
meaning they would only pass half of their genome (one allele per microsatellite) to the descendant; (ii) PA males produce unreduced
clonal diploid sperm (PA genome), meaning they would pass their entire genome (two alleles per microsatellite) to the descendant;
and (iii) PPAA males produce reduced diploid sperm (PA genome), meaning they would pass half of their genome (two alleles per
microsatellite) to the descendant.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 2. The number of base differences between the mitochondrial sequence of the androgenetic PA YOY and the mitochondrial
sequences of all possible parental PAA (PAA♀1–PAA♀23; pink bars) and PP (PP♀1–PP♀9; yellow bars) females and of the PA male
progenitor (PA♂; blue bar). Females were ordered according to the number of base differences towards the androgenetic PA YOY (see
text for further details).

females tend not to cross with hybrid males in the studied population, thus hampering mitochondrial
gene flow into the hybrid complex.

To our knowledge, this is the first report of naturally occurring spontaneous androgenesis among
vertebrates. Similarly to this case, both descriptions of androgenesis in vertebrates, though occurring
in artificial contexts, concerned teleost fishes [10,11]. They involved hybridization and/or genome
polyploidization, which facilitate the (artificial) development of androgenesis, and the observed
frequency of androgenetic offspring was very low (1% and 5% [10,11]). Regarding our data, the single
androgenetic individual found represented 1.0% of the total offspring genetically screened, 1.3% of the
offspring of its male progenitor, 4.2% of the offspring of its female progenitor and 4.3% of the offspring
of its male and female progenitors’ pair (for data on other crosses, see [12]).

Although S. alburnoides, similarly to other hybrid complexes, undergo significant population
variations regarding sex ratios, ploidy and genomotype composition, the vast majority of natural
populations share their dependence on the bisexual Squalius species to persist. Hybrids sexually
parasitize these sympatric species to produce allodiploids, being, thus, able to proceed with the
ploidy level cascade to form allotriploids (figure 1) [13], the genomotype dominating most natural
populations. However, recent data showed that the occurrence of natural crosses between S. alburnoides
and S. pyrenaicus individuals does not seem as likely as expected, either in free-access or directional
crosses [12], despite offspring production being viable in forced (totally artificial) experimental crosses
(e.g. [16]). Herein, our findings report, for the first time, a route to produce allodiploid males without
the involvement of the sympatric bisexual Squalius species, i.e. via androgenesis. Though rare, this
alternative reproductive mode may guarantee the production of a sufficient proportion of allodiploid
males to assure the persistence of northern populations (where most allodiploids are males; see [13]),
since even a low frequency of allodiploid males seems enough to stabilize genomotype composition at
an equilibrium [31]. Moreover, the androgenetic male was produced by a particular allodiploid male
showing an astonishingly high reproductive success (fathering 77% of the total offspring analysed;
see [12] for further details), meaning this ‘super-male’ produced a copy of himself. Being a clone, the
androgen probably shared the same reproductive traits leading to the high fitness of his father, meaning
that spontaneous androgenesis, even occurring at a low frequency in natural populations, may lead to
the emergence of extremely successful lineages of males. This finding highlights the relevance that single
individuals may have to the overall dynamics of an entire population, and challenges the view that
spontaneous androgenesis, due to its low incidence, is probably insignificant to the whole reproductive
dynamics of natural populations.
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Regarding S. alburnoides hybrid complex, our findings raise the question of how frequent is this

quasi-sexual reproductive mode in northern populations, which depend mainly on allodiploid males to
persist. On the other hand, in most southern populations, where all allodiploids found so far are females
(see [13]), the putative incidence of gynogenesis (rarely observed in artificial crosses [13]) should also be
investigated, since this equivalent quasi-sexual reproductive mode for females would also make these
populations become independent from the sympatric bisexual Squalius species. Through a combination
of sexual and quasi-sexual reproductive modes, S. alburnoides complex would become an autonomous
evolutionary unit, independent from any parental species, being able to still keep its hybrid profile and
to maintain a high genetic variability.

In hybrid complexes, a remarkable diversity of reproductive strategies that overcome meiotic
constraints may well be the rule and not the exception, and, thus, all such truly ‘open-systems’ pose
as excellent models to study unusual reproductive systems [6,13,32]. Whenever organisms are known to
produce unreduced gametes in natural populations [33], an opportunity for the emergence of quasi-
sexual reproduction is settled, since the offspring may directly get the minimum double genome
(diploid condition) required in the absence of the genome of the other parent (gamete). Therefore, such
organisms represent valuable windows-of-opportunity to reassess the actual expression of quasi-sexual
reproduction, such as spontaneous androgenesis [1,3] in natural populations, especially in taxa in which
a high incidence of natural hybridization is well known and typified.
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