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1.  INTRODUCTION

Domesticated aquaculture species represent an en-
vironmental threat in different ways. The most cited
concerns involve the risks that escapes represent from
an ecological and socioeconomic point of view
(Buschmann et al. 2006, Primavera 2006, Toledo-
Guedes et al. 2014, Edwards 2015, Clavelle et al.
2019, Rennie et al. 2019). However, escapes of domes-
ticated strains of farmed aquatic species can also have
a negative impact on the genetic structure and in-

tegrity of wild conspecific populations (Skaala et al.
1990, 1996, Arnaud-Haond et al. 2004, Naylor et al.
2005, Bekkevold et al. 2006, Glover et al. 2017), affect-
ing their genetic diversity and long-term viability as a
consequence of genetic introgression and potential
loss of genetic variability and adaptations to wild con-
ditions (McGinnity et al. 2003, Arnaud-Haond et al.
2004). The use of triploid organisms, i.e. those having
3 chromosome complements, has been proposed to
prevent interbreeding of farmed and wild conspecifics
(Guo & Allen 1994a, Allen et al. 1999, Yeates et al.
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ABSTRACT: The use of artificially produced triploid (3n) organisms has been proposed as a strat-
egy to produce total or partial sterility in a number of species in order to prevent the potential neg-
ative effects of escapees on the genetic structure and integrity of wild conspecific populations or
to avoid having alien species become feral in a new environment. When infertility is incomplete,
triploid organisms are able to produce gametes that compete with those produced by wild diploid
populations or crops that share the same habitat during reproductive periods, which may
adversely affect the reproductive success of the wild population. In the present study, a model was
developed in order to estimate the effects of the production of gametes by triploid organisms on
the reproductive efficiency of a sympatric diploid population of the same species. The chance of
the production of balanced gametes by triploids rapidly reduced with the increase of haploid num-
ber of the species. It was concluded that, in most aquatic species, this effect depends on the rela-
tive contribution of gametes derived from triploid individuals (pet), which is determined by the
proportion of triploids in the population and their relative fecundity relative to normal diploids.
The variation of the reproductive efficiency in a mixed population of diploids and triploids will be
directly proportional to pet if only one sex is fertile in triploids but will have a logarithmic relation-
ship if both sexes are fertile.
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2014) or to control escapes of genetically modified or-
ganisms (GMOs) (Hew & Fletcher 2001). The presence
of 3 homologous chromosomes sets interferes with the
correct pairing and segregation of the chromosomes
in meiosis, impairing normal gametogenesis and
causing total or partial sterility (Allen & Downing
1986, Purdom 1993) or producing unviable offspring
(Lincoln 1981, Wong & Zohar 2015). Triploids have
been used in several fish and shellfish species and are
widely used in aqua culture (Beaumont & Fairbrother
1991, Beaumont et al. 1995, Maldonado et al. 2003,
Arai 2001, Brake et al. 2004, Maldonado-Amparo et
al. 2004, Piferrer et al. 2009, Fjelldal & Hansen 2010)
because their sexual sterility prevents or reduces the
expression of traits related to sexual maturation and
reproduction that are unfavorable to aquaculture pro-
duction (Allen & Downing 1986).

Experimental results from studies on fish species,
such as carp Cyprinus carpio, have shown that trip -
loids may or may not have partial gonadal develop-
ment, with gonads showing little or no development
(Gervai et al. 1980, Siraj et al. 1993). In females of
some species of catfish (Ictalurus punctatus) and sole
(Pleuronectes platessa and Platichthys flesus), although
triploid females have gonads that are substantially
smaller than the diploids, oocyte development has
been ob served (Lincoln 1981, Wolters et al. 1982). In
triploid females of Cobitis taenia, gonadal develop-
ment and ovules capable of undergoing fertilization
have been observed (Juchno & Boron 2010). In some
fish species (Misgurnus anguillicaudatus, I. puncta-
tus, P. platessa and P. flesus), triploid females show
complete sterility and no observable gonadal devel-
opment (Lincoln 1981, Wolters et al. 1982, Momotani
et al. 2002), but males develop gonads similar in
shape and size to normal diploid individuals, mani-
fest secondary sexual characteristics, and produce
sperm able to fertilize eggs leading to embryos that
die within a short period of time (Lincoln 1981,
Lozano et al. 1987).

In mollusks, triploidy may or may not produce com-
plete sterility, depending on the species or larger tax-
onomic group (Allen & Downing 1986, Komaru &
Wada 1989, Brake et al. 2004). Cytofluorometry stud-
ies in Pacific oyster Crassostrea gigas have shown
that triploid males can produce aneuploid gametes,
i.e. they do not present an exact multiple chromo-
some complement of the species (Allen 1987, 1988,
Dheilly et al. 2014), and both males and females can
release gametes with fertilization capabilities (Gar-
nier-Géré et al. 2002, Normand et al. 2008). Triploid
males of the freshwater snail Potamopyrgus antipo-
darum produce spermatozoa of normal appearance,

but most of them are aneuploids (Soper et al. 2013).
For example, despite the delay of gonadal develop-
ment in oysters, male and female spawning triploids
have been observed (Allen 1988, Allen & Downing
1990) with gametes fully capable of fertilization,
although the resulting progeny are aneuploid and
therefore unviable (Guo & Allen 1994a). In the pec-
tinid Placopecten magellanicus, the males show total
sterility, whereas the females can produce functional
oocytes. Their fertilization with spermatozoa of dip -
loid males, however, generates mainly aneuploid
 larvae that die within the first 7 d after fertilization
(Meng et al. 2012). In all cases where absence of
sterility has been observed, however, there is some
degree of reduction of gonadogenesis, which is usu-
ally more pronounced in males than in females (Allen
& Downing 1986, Allen 1987, 1988).

In species where triploid sterility is incomplete,
gametes can be released and produce non-viable
progeny (Lozano et al. 1987, Guo & Allen 1994a,
Momotani et al. 2002, Meng et al. 2012, Hamasaki et
al. 2013) or offspring with varying degrees of aneu-
ploidy (He et al. 2004). If one or both sexes in a
triploid population produce functional gametes, they
could interfere with the normal reproductive process
in a conspecific diploid population that shares the
same habitat. This would be attributable, primarily,
to the probability of fusion of normal haploid ga -
metes of the wild population with aneuploid gametes
produced by the triploid individuals. Therefore, it is
necessary to develop tools that allow us to quantify
the environmental risks associated with the introduc-
tion of partially sterile triploid individuals with
diploid populations of the same species. In the pres-
ent study, we derived a model that allows the estima-
tion of this impact and carried out a simulation of the
consequences in a hypothetical species.

2.  THE MODEL

During meiosis, pairs of homologous chromosomes
segregate independently of each other, allowing
genetic recombination by chromosomal permutation.
In diploid species, assuming that each chromosome
of the homologous pair of a complement of one indi-
vidual may be distinguished, 2n different haploid
gametes will be produced, n being the haploid num-
ber of chromosomes in a particular species. In a
hypothetical triploid individual, if all the single chro-
mosomes pass to the same pole and the other 2 chro-
mosomes simultaneously pass to the opposite pole in
meiosis I, the gametes that are produced will be hap-
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loid and diploid. The probability of this type of meio-
sis, which is likely to be low, will be (1/2)n – 1, which is
the proportion of the total gametes produced that will
be chromosomally balanced, half of which will be
haploid and the other half diploid, i.e.:

k = (1/2)n (1)

gametes of each of these categories, where k is the
frequency of chromosomally balanced gametes (hap-
loids or diploids). They will also produce gametes
which will carry chromosome numbers intermediate
between the haploid and diploid number (aneu-
ploids) as the remaining fraction, l:

l = 1 – (1/2)n – 1 (2)

Thus, the proportion of aneuploid gametes produced
by a triploid individual depends on the n of the
 species (Fig. 1). With n = 10, less than 0.2% of the
gametes produced would be chromosomally bal-
anced; half of them diploid and half haploid.

In a population in which all individuals are triploid,
with both sexes fertile, the frequencies of different
types of zygotes (diploid, aneuploid, triploid) pro-
duced in a reproductive event will be:

(2k + l )2 = 1 (3)

where k is the frequency of the haploid and diploid
gametes and l is frequency of the aneuploid gametes,
respectively.

In a mixed population of diploid and triploid organ-
isms, the impact of triploids on the overall reproduc-
tive success of the population will depend on their
ability to contribute functional gametes to the repro-
ductive process. In different groups of organisms,
 fertile triploid individuals have shown lower levels of
fertility than their conspecific diploids (Guo & Allen
1994b, Jouaux et al. 2010, Meng et al. 2012, Zhao et

al. 2014). Thus, the effect of the triploids will be
determined by the proportion they represent in the
population (t) and their fecundity relative to that of
the normal diploids (ft). Indeed, the relative gamete
contribution of the triploids (pet) to the reproductive
process in a mixed population will be:

pet = t × ft (4)

This is assuming that triploids have an equal
sexual proportion, and that both sexes have the same
fecundity.

Based on Eq. (3) and under random mating, it can
be inferred that the frequency of different types of
gametes in a mixed diploid and triploid population
will be:

pet(2k + l ) + ped = 1 (5)

where ped is the relative gamete contribution of
diploids, which exclusively provide haploid gametes.
Then, rearranging the terms:

2petk + petl + ped = 1 (6)

the proportion of haploid gametes, H, is:

H = petk + ped (7)

The different types of zygotes will be formed with
frequencies:

(H + petk + petl )2 = 1 (8)

That is to say, H 2 diploids, (petk)2 tetraploids,
2Hpetk triploids and (p2

etl 2)2 + 2Hpetl + p2
et2kl) aneu-

ploids. The latter would generally be unviable or suf-
fer serious functional impairment during develop-
ment.

Given that ped = 1 – pet, H takes the form:

H = 1 + pet((1/2)n – 1) (9)

As can be seen in Fig. 1, in a species with a diploid
number greater than 6 chromosomes, the proportion
of haploid gametes produced by triploid individuals
is minimal, such that Eq. (9) can be approximated to:

H ≈ 1 – pet (10)

and the proportion of normal diploid  zygotes, D,
will be:

D ≈ (1 – pet)2 (11)

In other words, if the percentage of
triploids and their relative fecundity
are known in a population with random
reproduction, the impact of the intro-
duction of these triploids on the repro-
ductive efficiency of the wild diploid
population with which they interact
can be estimated.
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If each sex is at a different frequency in the popu-
lation, or if the sexes differ in fecundity relative to the
diploids, the relative contribution of the gametes of
the females (petd) and males (pets) in the reproductive
process will be, for females:

petd = td × ftd (12)

and for males:

pets ≈ ts × fts (13)

where td and ts are the proportions of female and
male triploids in the population, respectively, and
ftd and fts are the respective relative fecundities. If
female triploids show null gonadal development, as
observed in some species of fish, their relative contri-
bution of gametes during the reproductive process in
a mixed population is petd = 0. Thus, the frequency of
female diploid gametes is kd = 1, and that of haploid
sperm will be ks ≈ 1 – pets. Therefore, the proportion
of normal diploid zygotes will be:

D ≈ kd × ks ≈ 1 – pets (14)

That is, the effect of the presence of triploid males on
the average biological fitness of the population will
be directly proportional to their gametic contribution
during reproduction.

3.  DISCUSSION

The haploid number of chromosomes that have
been described for different species of Actinopterygii
fish typically ranges from 22 to 250, with most of the
species to displaying 48 or 50 chromosomes (Mank &
Avise 2006). In mollusks, the number of haploid chro-
mosomes varies between 6 and 52 for different spe-
cies (Thiriot-Quievreux 1994). On the basis of Eq. (1),
it can be estimated that in a fertile triploid population
of a species with a haploid number of n = 10, as in
most oyster species (Nakamura 1985), the frequency
of haploid gametes will be

k = (1/2)10 = 9.76 × 10–4 (15)

such that H2 (Eq. 9) of the zygotes will be diploids.
From this, it can be inferred that the use of triploids in
species with diploid number 2n ≥ 20 has a low prob-
ability of producing viable offspring because the
number of chromosomally balanced gametes is nega-
tively corre lated with the haploid number of chromo-
somes (Fig. 1). However, given the high fecundity
observed in many mollusk species, it is likely that
some normal diploid zygotes will be randomly gener-
ated. If, as usually occurs in fish species, females do

not develop gonads and are completely sterile, the
use of 100% triploid populations would be a good
strategy to minimize the risks if an introduced spe-
cies became feral due to escape from fish farms
(Kerby et al. 2002 Taylor et al. 2012, Yeates et al.
2014). However, it is necessary to study every species
individually, since, in triploid individuals of the orna-
mental carp koi Cyprinus carpio, females with
gonadal development and egg production have been
observed (Gomelsky et al. 2015).

In diploid farmed salmon in Norway, it has been
observed that the frequency of spontaneous triploids
is as low as 2%, and that the frequency of triploids in
fish escaped from cages does not exceed 1% (Glover
et al. 2015). It has been hypothesized that the release
of triploid fish in natural ecosystems will likely have
lower ecological and genetic impacts than the re -
lease of their domesticated diploid congeners. For
example, triploid Atlantic salmon Salmo salar released
into the natural environment are able to return to
their native birth place, but at a lesser proportion
than their diploid congeners (Cotter et al. 2000). This,
coupled with its low fertility, reduces the probability
of miscegenation. Thus, triploidization alone, or com-
bined with the use of mono sex populations, could
significantly decrease the effects of farmed fish on
wild populations (Piferrer et al. 2009).

However, triploid Atlantic salmon males exhibit
reproductive behaviors similar to that of their diploid
congeners and are able to stimulate spawning in
diploid females (Fjelldal et al. 2014). Moreover, some
autotriploid male fishes can produce aneuploid sper-
matozoa capable of activating oocytes. Studies in
triploid koi carp have demonstrated not only that
triploid females can develop their gonads almost
identically to diploid females, but are also able to
produce viable offspring with diploid and aneuploid
genotypes (Gomelsky et al. 2015). Therefore, the risk
of escape and colonization using triploids of an alien
species would come mainly from the presence of
diploid organisms in a supposedly all triploid popula-
tion, the existence of heteroploid mosaic individuals
(Allen et al. 1999), or the presence of triploids capa-
ble of producing viable zygotes.

Taking the above into account, and assuming that
fertilization occurs at random, from Eq. (8) it can be
inferred that the reproductive efficiency of a diploid/
triploid mixed population would decrease as a func-
tion of pet. Fig. 2 illustrates the expected increase in
chromosomally imbalanced zygotes with the in -
crease in pet in a population with n = 10, with both
sexes fertile and random fertilization. If pet >0.9, the
proportion of normal diploid zygotes in the progeny
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will be <1%. This figure does not vary markedly be -
tween hypothetical species with half or twice the
number of chromosomes used in the example. The
frequency of triploid and tetraploid zygotes, on the
other hand, is negligible (<2.9 × 10–6), and, although
these individuals are likely to be viable, their prog-
eny will have little chance of surviving or producing
viable offspring. Consistent with this prediction, the
reproduction of triploid females of Patinopecten
yessoensis with diploid males can produce offspring
with a viability of 4 × 10–6% lower than crosses
between diploid individuals (Meng et al. 2012).

Furthermore, it is evident that the figure resulting
from the application of Eq. (11) (Fig. 3; fertile triploid
males and females) does not show significant dif -
ferences compared to those obtained with Eq. (8).
Therefore, it is possible to use the latter as a reason-
able approximation to estimate the possible impact of
fertile triploids on the relative fecundity of a mixed
diploid/triploid population.

If only one of the triploid sexes is fertile, the impact
of their introduction on the overall reproductive suc-
cess of the receiving diploid population will be
directly proportional to pet during the reproductive
process (Fig. 3). When triploids of both sexes have
different relative contributions of gametes, D will
vary within the area between the 2 curves indicated
in Fig. 3. If haploid and aneuploid gametes have dif-
ferent fertilization capabilities, the curves in Fig. 3
will have a different shape and the magnitude of
those differences can be estimated based on the bias
in comparison with the model. Until this study, there
was  little information in the literature about the rela-
tive fertilization capacity of triploid ga metes vs.
gametes produced by diploids. This could be mean-

ingful information, because if the gametes’ ploidy
affects the relative fertilization capacity, the potential
impact of fertile triploids on the reproductive success
of a diploid population could be lower or greater than
what the model predicts.

In the Pacific oyster Crassostrea gigas, triploids
present gonadal development that is more delayed
than the diploids (Nell 2002) and are less fertile, with
41 to 46% and 20 to 26% lower fecundity in females
and males, respectively (Guo & Allen 1994b, Gong et
al. 2004, Normand et al. 2008, Jouaux et al. 2010).
The sex ratio in triploids of this species is about 1.6:1
males to females, similar to that observed in normal
diploid populations (Allen 1987). Thus, the relative
fecundity of a mixed population containing 90%
triploids in this species will be approximately 10%
lower than that of a population formed only by di -
ploids (Fig. 4).

Thus, the proposed model is able to offer a quanti-
tative estimation of the possible impact of the intro-
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Fig. 2. Expected frequency of di ploids, aneuploids, triploids
and tetraploid  zygotes of a species with n = 10 as a function
of the relative contribution of triploids (pet). Fertilization is
assumed to be random, with equal fecundity for both kinds 

of karyotype

Fig. 3. Proportion of diploid zygotes produced in a mixed
population of diploid and triploid brooders with one or both
triploid sexes fertile, as a function of the relative contribu-

tion of triploids (pet)

Fig. 4. Frequency of diploid zygotes expected in a popula-
tion of Pacific oysters Crassostrea  gigas (2n = 20) with dif -
ferent  relative fecundities between males and females as a 

function of the proportion of triploids
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duction of triploid organisms on the reproductive
success of a wild diploid population. Simulations
 suggest that the reduction in fecundity of the wild
diploid population due to unbalanced gametes pro-
duced by triploids could be very small if their fecun-
dity or their proportion in the spawning population is
low. However, the evaluation could be somewhat
more complex in the case of fish, as their reproduc-
tive behavior may play a relevant role in the fitness of
the individual as well as in the overall fecundity of a
mixed population. Moreover, the model can be used
to evaluate if euploid and aneuploid gametes have
similar relative fecundation capacities.

In a scenario of increasing aquaculture production,
it is important to have a more objective vision of the
potential effects of triploid organisms on natural
 populations and their use as a strategy to control the
spread of alien species in new environments. As a
corollary, our results suggest that partially fertile
triploids could be used to control alien species’ popu-
lations due to their potentially negative reproductive
effects; the model presented here allows us to deter-
mine the optimal conditions under which such a sce-
nario would be successful.
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