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Abstract 
 

The sex of the offspring is the result of a 
unique process leading, in a binary fate, to the 
development of male or female characteristics. In this 
context, the aim of the present work is to present 
atherinopsid fish as excellent models to study sex 
determination. Here we present two atherinopsid fish 
from South America; one species, Odontesthes 
bonariensis, has a strong temperature-dependent sex 
determination (TSD) and the other, Odontesthes 
hatchery, has a genotypic sex determination (GSD). 
However, the results obtained in the last years from our 
laboratories in both species show that the boundaries 
between these two sex determination mechanisms 
within Atherinopsidae are are not as rigid as previously 
thought and support the notion that TSD and GSD are 
the extremes of a continuum. 
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differentiation, TSD. 
 

Introduction 
 

Sex determination refers to the binary fate 
choice between becoming a male or a female that starts 
with the development of the gonads and sexual 
characteristics in a given organism. In vertebrates, the 
mechanisms that determine the sex of the offspring are 
grouped into two main categories, genotypic (GSD) and 
environmental (ESD) sex determination. In organisms 
with GSD, the primary sex of an individual is 
determined at fertilization by heritable genetic elements 
that differ between sexes and are usually located on the 
sex chromosomes; whereas in ESD sex is induced early 
during ontogeny by environmental factors (Devlin and 
Nagahama, 2002). Thanks to their diversity (Ravi and 
Venkatesh, 2008), fish are an interesting group of 
vertebrates because they exhibit a remarkable variety of 
sex-determining mechanisms (Kobayashi et al., 2013). 
This group presents species with well-characterized 
GSD (Kikuchi and Hamaguchi, 2013), and species with 
TSD (Conover and Kynard, 1981; Strüssmann et al., 
1997; Kitano et al., 1999; Pavlidis et al., 2000). In this 
context, atherinopsid fish provide excellent models to 
study the interaction among GSD/TSD systems because 

members of this family span from a classical TSD to a 
well-known GSD model, and even, with the coexistence 
of both systems. 

 
Environmental sex determination in pejerrey 

(Odontesthes bonariensis) 
 

The best-known environmental factor involved 
in ESD is temperature, and this particular sex-
determining system is known as temperature-dependent 
sex determination (TSD). In this case, the differentiation 
of phenotypic sex is driven by temperature during a 
sensitive period early in larval development 
(Strüssmann and Patiño, 1999). In case of pejerrey, low 
temperatures (17-19ºC) induce 100% females in the 
progeny whereas high temperatures produce 100% 
males (Strüssmann et al., 1997). It is important to note 
that when pejerrey larvae are reared at high 
temperatures they eventually display signs of thermal 
stress, such as changes in their pigmentation pattern 
and progressive germ cell degeneration (Ito et al., 
2008). Furthermore it was then demonstrated that body 
levels of cortisol, the main stress hormone in 
vertebrates (Wendelaar Bonga, 1997), during the 
critical period of sex determination were positively 
correlated with rearing temperatures (Hattori et al., 
2009). Moreover, the supplementation of cortisol in 
the food given to pejerrey larvae reared at intermediate 
temperatures induced significant increases in the 
frequency of males. Similar results were observed in 
the Japanese flounder Paralichthys olivaceus 
(Yamaguchi et al., 2010) and in the medaka Oryzias 
latipes (Hayashi et al., 2010), indicating that cortisol 
also plays an important role(s) in the offspring sex in 
other fish species. This fact suggests that cortisol can 
affect sex determination in fishes. 

The mode of action of cortisol during 
environmental masculinization has been recently 
elucidated. Actually, its action emerges as a sequence or 
combination of at least three effects: (a) cortisol causes 
reduction in the number of primordial germ cells 
(PGCs), (b) cortisol inhibits aromatase expression and, 
(c) cortisol modulates androgen synthesis. The relation 
between number of PGCs and somatic cells (SC) in the 
gonad seems to be critical to direct the sexual 
development (Tanaka et al., 2008). Thus, depletion in
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the number of PGCs/SCs or a delay in the beginning of 
PGC proliferation produces a masculinization of the still 
undifferentiated gonad (Saito et al., 2007; Nakamura et 
al., 2012). In pejerrey larvae, cortisol triggers apoptosis 
among PGCs (Hattori et al., 2009), as observed in 
animals reared at male promoting temperatures 
(Fernandino et al., 2011; Yamamoto et al., 2013). 
Second, it is also well known that the inhibition of 
estradiol synthesis induces a male-biased sex-ratio in 
pejerrey (Karube et al., 2007; Fernandino et al., 2008) 
and that during cortisol-induced masculinization, 
cyp19a1a (gonadal aromatase, the enzyme that converts 
testosterone into estradiol) expression is down-
regulated, with the concomitant inhibition of estradiol 
synthesis (Hattori et al., 2009). Also, in the Japanese 
flounder, cortisol acting on a glucocorticoid receptor, 
suppressed cyp19a1a transcription in vitro by binding to 
a glucocorticoid responsive element in its promoter 
region (Yamaguchi et al., 2010). Finally, and probably 
the first cortisol effect during ontogeny, is the 
modulation of androgen synthesis. In Odontesthes 
bonariensis, cortisol levels were correlated with those of 
the androgens testosterone (T) and 11-ketotestosterone 
(11-KT; Hattori et al., 2009), that have been shown to 
have masculinizing effects in several teleosts (Devlin 
and Nagahama, 2002). In pejerrey larvae, it was 
suggested that the rise of 11-KT can be explained 
through different mechanisms of action, the up-
regulation of the hsd11b2 transcript, the gene that codes 
for 11β-HSD (Fernandino et al., 2012), and/or through 
the hepatic catabolism of cortisol (Kime, 1978; Schulz, 
1986). Thus, the rise of cortisol induced the increase of 
androgen biosynthesis with the concomitant 
masculinization of larvae (Fernandino et al., 2013). 
 
Genotypic sex determination in Patagonian pejerrey 

(Odonthestes hatcheri) 
 

In contrast to the TSD of pejerrey, the 
congeneric species, the Patagonian pejerrey O. 
hatchery, has a clear GSD system (Hattori et al., 2013). 
The first attempts to look for a genetic marker of sex in 
this species led to the discovery of a sex-linked single 
nucleotide length polymorphism (SNP) marker 
(Koshimizu et al., 2010); however, the analysis of 
sequences up- and down-stream of this SNP showed no 
difference between sexes. However, recently, a sex 
determining gene (amhy) was described in this species 
(Hattori et al., 2012). The amhy gene is a Y 
chromosome-specific duplicated copy of the amh gene 
(hence the name amhy, in contrast to the autosomal 
amh; Hattori et al., 2012). The Anti-Müllerian hormone 
is responsible for the regression of the Müllerian ducts 
during male fetal development in mammals, birds and 
reptiles but it is not considered as the major sex 
determinant gene (Josso et al., 2001). Before our 
discovery, all sex-determining genes identified in 
mammalian and non-mammalian vertebrates were 

restricted to either transcription factors with Zinc finger 
or DM domains (see references in Hattori et al. 2013), 
respectively. In contrast, the amhy gene is a member of 
the TGF-beta superfamily. Thus, our findings 
demonstrated that switches of gonadal fate may not 
necessarily be confined to genes with DNA-binding 
motifs. Similar autosomal paralogs, generated by gene 
duplication or element transposition of genes involved 
in gonadal differentiation, have been also characterized 
in other fish species (Matsuda et al., 2002; Nanda et al., 
2002; Hattori et al., 2012; Myosho et al., 2012). Also, it 
should be noted that accumulations of mutations either 
on the promoter or in the transcriptional unit of other 
master-gene determining gene have been observed in 
other species (Kamiya et al., 2012; Yano et al., 2012; 
Takehana et al., 2014). However, although it has been 
observed that amhy is necessary for testicular formation 
in Patagonian pejerrey (Hattori et al., 2012), its 
mechanism of action is still unclear. 
 

Coexistence of ESD and GSD in Atherinopsids 
 

As discussed above, sex determination in 
pejerrey is characterized by a strong temperature 
dependence whereas in Patagonian pejerrey it is highly 
dependent on the genotype, hence the classification of 
the two species as TSD and GSD, respectively. 
However, it is now clear that the boundaries of these 
two sex determination mechanisms within 
Atherinopsidae are not as rigid as previously assumed 
(Fernandino et al., 2013). In the Patagonian pejerrey, for 
example, extreme temperatures can override GSD in 
spite of the existence of amhy (Strüssmann et al., 1997; 
Hattori et al., 2012, 2013). Similar effects of extreme 
temperatures have been found also in the medaka (Sato 
et al., 2005; Hattori et al., 2007) and rainbow trout 
Oncorhynchus mykiss (Magerhans et al., 2009; 
Magerhans and Hörstgen-Schwark, 2010) and several 
other species which have identified or presumed 
genotypic sex determinants. On the other hand, we have 
recently discovered a homolog of the aforementioned 
master sex-determining gene amhy of Patagonian 
pejerrey in the pejerrey (Yamamoto et al., 2014). More 
importantly, our research shows that amhy plays a 
significant role in testis detemination in the latter 
species whitin the intermediate range of temperature 
where individuals of both sexes are formed. 
Collectively, these phenomena suggest that the limit 
between TSD and GSD is blurred, and that both systems 
can, at least in part, stably and simultaneously exist 
(Mork et al., 2014). These findings support the notion 
that TSD and GSD are the extremes of a continuum 
(Strüssmann and Patiño, 1999). 
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