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crimination, anisogamy, sex allocation and sex ratios, 
among others [Williams, 1975; Barton and Charlesworth, 
1998]. The evolution of anisogamy, or the production of 
gametes of different size (large and nutrient rich eggs ver-
sus small and highly mobile sperm), defines the origin of 
male and female functions which are found in separate 
individuals in dioecious species and within the same in-
dividual in hermaphroditic taxa [Williams, 1975].

  For millennia humankind has pondered how males 
and females are produced in species with separate sexes. 
It was not until the early 1900s that an answer to this 
question was found by the discovery of sex chromosomes 
and their association with sex determination [McClung, 
1902; Stevens, 1905; Wilson, 1905; reviewed in Brush, 
1978]. Because all dioecious organisms must produce 
males and females, it is tempting to assume that the 
mechanism underlying the production of such conserved 
phenotypic outcomes is equally conserved. But a century 
after the seminal finding of sex chromosomes, it is now 
recognized that sexually-reproducing organisms employ 
an astonishing diversity of mechanisms to produce males 
and females, ranging from systems under strict genetic 
control (GSD) to systems under strict environmental 
control (ESD) [Bull, 1983; Solari, 1994; Valenzuela et al., 
2003; Valenzuela and Lance, 2004]. GSD mechanisms in-
clude highly dimorphic or undifferentiated sex chromo-
some systems in male (XX/XY) or female (ZZ/ZW) het-
erogamety, which is the most common mechanism 
among animals, but other systems are known as well 
[Bull, 1983]. While XX/XY is found in all mammals with 
some notable exceptions [e.g. Grützner et al., 2004; Just 
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 Abstract 

 The evolution of sex had profound consequences for life on 
earth as it brought about the origin of males and females. 
Yet understanding the amazing variety of mechanisms em-
ployed by organisms to produce males and females has 
evaded scientific explanation. Developmental biology pro-
vides essential insight to understand how the sexes are 
formed, and how the regulatory network underlying sexual 
development changes over evolutionary time. This is a criti-
cal step in revealing why the diversity of mechanisms arose 
in the first place. Here I present significant reciprocal contri-
butions made by evolutionary genetics and developmental 
biology that bear on this question. In particular, I explore 
how changes in the timing of events during development 
can be viewed as heterochronic changes that alleviate the 
strong selection on the master trigger of male and female 
sexual development, enabling the evolutionary transitions 
between genotypic and environmental sex determination. 

 Copyright © 2008 S. Karger AG, Basel 

 The origin of sexual reproduction, or the combination 
of genetic material from two parents in the offspring, 
marked a paramount moment in the history of life on 
earth. This event caused the evolution of a multitude of 
traits, including the evolution of mating types, mate dis-
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et al., 2007], and ZZ/ZW is found in all birds, both sys-
tems coexist among amphibians, fish and reptiles, and 
co-occur with ESD in fish and reptiles [Bull, 1983; Solari, 
1994; Valenzuela and Lance, 2004]. Contrasting sex de-
termining systems of male and female heterogamety can 
be found among closely related species [e.g.  Oryzias  spp., 
Takehana et al., 2007; Reptilia, reviewed in Valenzuela 
and Lance, 2004], or even among populations of the same 
species [e.g.  Rana rugosa , Ogata et al., 2002]. This as-
tounding diversity requires both a functional and an evo-
lutionary explanation. Indeed, the recurrent transitions 
among sex determining mechanisms remains one of the 
most fascinating enigmas in evolutionary biology.

  The difficulty in explaining the repeated evolutionary 
switch among sex determining mechanisms emerges 
from several observations. First, GSD involves a suite of 
correlated traits seemingly under strong selection. The 
same is true for TSD. This implies that both mechanisms 
are strongly adapted for the particular ecological condi-
tions in which they are found. Thus, if GSD and TSD rep-
resent different peaks in the adaptive landscape [Wright, 
1932] and both have evolved repeatedly from each other, 
the question that follows is how were species able to move 
between adaptive peaks? One possibility for such a shift 
to be accomplished is for selective pressures to somehow 
be relaxed, such that taxa can cross the adaptive valley 
and move from one adaptive peak to the other. I argue 
that when viewed from a developmental perspective, sig-
nificant insights and predictions about the evolutionary 
process that allows transitions between mechanisms can 
be made. This happens because in order to understand 
why the recurrent evolutionary transitions between sex 
determining systems have occurred, it is necessary to un-
derstand how these mechanisms work. Describing the 
existence of GSD by sex chromosomes or of ESD by fac-
tors such as temperature (TSD) provides no satisfactory 
answer if one is interested in understanding how  exactly  
males and females are produced. This question is better 
addressed by developmental biology. A definitive re-
sponse will be found in the detailed study of the events 
that take place during the development of model organ-
isms, and in the comparative analysis across model and 
non-model taxa, which allows testing the breadth or lim-
itations of the generalizations discovered in the model 
systems.

  Here I will argue that increased knowledge from a de-
velopmental perspective helps our understanding of sex 
determination at several other levels of organization, 
from molecular evolution within the gene networks un-
derlying sex production, to the regulation and function 

of those networks, to the evolution of sex ratios and the 
dynamics of populations. Thus, by understanding the 
 how  at the proximate level, we should also get closer to 
answering  why  males and females are produced by such 
diverse mechanisms. In this article I will concentrate 
mainly on primary sexual development in vertebrates, or 
the determination and differentiation of the gonads.

  The Basics 

 Sexually reproducing organisms form by the union of 
a male and a female gamete at fertilization and the sub-
sequent formation and growth of tissues and organs that 
gives rise to a fully-developed individual ( fig. 1 ). At the 
developmental level therefore, scientists are concerned 
with cell determination and cell differentiation in order 
to decipher how a unicellular zygote becomes an adult 
male or female. A great deal is known about the control 
of these developmental steps and the involvement of or-
ganizers, fields and morphogens during ontogenetic 
changes [Gilbert, 2000; Carroll et al., 2005]. Gonadogen-
esis in particular, requires a delicate balance between 
short and long-range signaling molecules that are re-
quired for the formation of the bipotential primordia, the 
determination to a male or female developmental fate, 
and the ensuing differentiation into testis or ovaries [Kim 
and Capel, 2006]. These events involve a gene regulatory 
network composed of numerous elements common to all 
vertebrates [Place and Lance, 2004], but whose initial 
triggers vary between and within GSD and TSD sys-
tems. 

  Unambiguous Definitions 

 Although both evolutionary and developmental biol-
ogy use the term ‘sex determination’, the meaning in 
these two fields is not always the same. In developmental 
biology,  sex determination  refers to the commitment of 
cells and tissues to the male or female developmental fate, 
which is followed by  sex differentiation , or the develop-
ment of specialized male and female cells, tissues, and 
organs (e.g. testis or ovaries). By contrast, evolutionary 
geneticists are interested in the level of inheritance, or 
how to distinguish the way in which maleness or female-
ness is transmitted between generations, such as by dif-
ferent sex chromosome systems [Bull, 1983]. Thus, it is 
important to notice that in ecology or at the level of in-
heritance, the term  sex determination  is used to distin-
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guish the mechanisms found in organisms possessing sex 
chromosomes whose sexual identity and fate can be iden-
tified at conception (GSD), from the mechanisms found 
in organisms lacking any consistent heritable genetic dif-
ference between the sexes and whose sexual identity and 
fate is established plastically some time after fertilization 
by an environmental factor (ESD, TSD), and from inter-
mediate GSD mechanisms susceptible to environmental 
effects of various kinds [Bull, 1983; Valenzuela et al., 
2003; Sarre et al., 2004]. To enable the clear communica-
tion between these fields of inquiry, a comprehensive def-
inition of  sex determination  should be used, i.e. ‘the pro-
cess of irreversible commitment to the male or female 
developmental fate, which can be initially triggered by 
genetic factors such as those contained in sex chromo-
somes (GSD) or by environmental factors (ESD) such as 
temperature (TSD)’.

  Developmental Heterochrony between

GSD and TSD 

 Some noticeable discrepancies between GSD and TSD 
become evident when one examines the chronology of 
developmental events under these two mechanisms 
( fig. 1 ). Probably the most distinctive chronological dif-
ference in development between GSD and TSD is in the 
timing of commitment to the male or female develop-
mental fate. Primary sex determination in GSD males 
such as mammals occurs by the expression of  Sry , which 
induces the consequent differentiation of Sertoli cells 

[Kim and Capel, 2006]. After these supportive cells have 
undergone specification, other testis specific cells differ-
entiate. In females (XX), primary sex determination is 
not as well understood but ovary-specific gene activity 
also occurs earlier than morphological differentiation 
[Nef et al., 2005]. Less is known about the control of go-
nadogenesis in ZZ/ZW vertebrates such as birds, and the 
involvement of  Dmrt1  as a master switch similar to  Sry  in 
mammals remains uncertain [Morrish and Sinclair, 2002; 
Zhao et al., 2007]. Although the paucity of data from TSD 
taxa such as reptiles is far greater [Place and Lance, 2004], 
existing information permits important comparisons to 
be made. For example, shift incubation experiments have 
revealed that temperature affects sex determination dur-
ing a specific window of time during embryonic develop-
ment (thermosensitive period or TSP) [Valenzuela and 
Lance, 2004]. The TSP encompasses roughly the middle 
third of incubation in oviparous TSD reptiles, which is 
longer (both in absolute and relative terms) than the pe-
riod needed for sex determination in mammals or birds 
[Pieau, 1996; Morrish and Sinclair, 2002].

  More importantly, unlike in GSD where sex differen-
tiation appears to follow well demarcated sex determina-
tion events, in TSD sex differentiation starts during the 
TSP before sex determination is completed [Pieau, 1996], 
such that there is a significant overlap between the two 
processes [Pieau et al., 1999] ( fig. 1 ). In evolutionary 
terms, this means that considerable heterochronic chang-
es [Alberch et al., 1979] in these developmental steps sep-
arate GSD mammals and birds from TSD reptiles. Since 
in general  determination , or the irreversible commitment 

a

b

c

  Fig. 1.  Ontogenetic events during the life 
cycle of organisms.  a  General steps from 
fertilization to reproduction.  b ,  c  Con-
trast of the timing of events between or-
ganisms with genotypic sex determina-
tion ( b ) and environmental sex determi-
nation ( c ). Chronologically, differences 
between GSD and TSD start at fertiliza-
tion, marked by the lack of sex identity 
in TSD zygotes. This causes the delay in 
the realization of primary sex ratios in 
TSD compared to GSD. Note how the 
sex determination is expanded and 
overlaps with sex differentiation in 
TSD. 
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to a developmental fate, is preceded by the  specification , 
or the labile stage where the commitment is still revers-
ible [Gilbert, 2000], the heterochronic differences be-
tween these groups seem to be caused in part by a longer 
period of specification in TSD reptiles (the TSP) com-
pared to that of GSD mammals and birds. Additionally, 
a more labile onset of gonadal differentiation in TSD taxa 
that can occur prior to the irreversible gonadal determi-
nation (while the TSP is still active) renders the events of 
the developmental sequence less discrete than in GSD 
mammals and birds. Furthermore, sex determination 
may not be fully irreversible in TSD species even after the 
end of the TSP [Dorizzi et al., 1996]. One possible expla-
nation for the relatively early onset of gonadal differen-
tiation in TSD reptiles (i.e. prior to the irreversible com-
mitment to a particular sexual fate) may be that delaying 
the onset of differentiation until the end of determination 
is disadvantageous given the longer absolute time that the 
entire process takes in these taxa, such that a relatively 
earlier start of differentiation might be adaptive. Interest-
ingly, although GSD reptiles appear to follow the same 
general trajectory of differentiation as TSD reptiles 
[Raynaud and Pieau, 1985] gonads of GSD taxa are com-
mitted to their sexual fate at an earlier developmental 
stage than in TSD close relatives [Greenbaum and Carr, 
2001; Neaves et al., 2006]. 

  Additional Discrepancies between GSD and TSD 

 Other important discrepancies between GSD and TSD 
also exist. Chronologically, the first difference between 
GSD and TSD mechanisms appears at fertilization. In-
deed, the notion of primary sex ratio, or sex ratio at con-
ception, is a construct that does not apply to pure TSD 
species because genotypic sex does not exist and the sex 
of individuals is unknown at fertilization given that no 
consistent genetic differences exist between TSD males 
and females [Valenzuela et al., 2003]. A special case is rep-
resented by species possessing sex chromosomes and 
whose sex is reversed or their sex ratios distorted by en-
vironmental factors [e.g. Robert and Thompson, 2001; 
Shine et al., 2002]. In those instances one can distinguish 
the genotypic sex (by the presence of sex chromosomes) 
from the phenotypic sex of individuals and whether or 
not they are consistent [Valenzuela et al., 2003]. Thus, 
primary sex ratio does exist in such taxa. On the contrary, 
in TSD species the primary sex ratio is non existent at 
conception or its realization is delayed until some time 
during development but before birth/hatching, specifi-

cally, until the end of the thermosensitive period. The 
lack of sex identity at fertilization in pure TSD species 
may delay early developmental events that are sexually 
dimorphic in GSD species, such as the expression of im-
portant genes and other physiological traits with fitness 
consequences [e.g. Gutierrez-Adan et al., 2006; Morton et 
al., 2007].

  Likewise, another difference between GSD and TSD 
exists with respect to the notion of secondary sex ratio, 
or sex ratio at birth. Like the concept of primary sex ratio, 
secondary sex ratio does not have a ubiquitous applicabil-
ity. Particularly in fish, sex determination and differen-
tiation is not evident until after posthatching [Devlin and 
Nagahama, 2002] such that in TSD fish in which sex 
identity is lacking prior to sex determination, sex ratio at 
birth is non existent or its realization is delayed for weeks 
or months after hatching. Additionally, fish in general 
possess more labile mechanisms of sex determination 
and a wider array of sex differentiation trajectories than 
other vertebrates [Devlin and Nagahama, 2002].

  At maturity these heterochronic differences disappear 
as the notion of the tertiary sex ratio, or the operational 
sex ratio of adults, applies to all vertebrates, from GSD to 
TSD. Even in sequential hermaphrodites that mature first 
as one sex and suffer a complete reversal to the opposite 
sex, such as occurs in some fish [Sadovy and Shapiro, 
1987], one could examine the existing tertiary sex ratio of 
a population at any given point in time. The difference, 
however, is that in sequential hermaphrodites the tertiary 
sex ratio changes over time by the sex reversal of adults 
in addition to changes due to external factors such as sex-
specific mortality that also affect other non-hermaphro-
ditic species.

  Finally, at gametogenesis we find that again GSD and 
TSD mechanisms differ fundamentally ( fig. 1 ) because 
GSD gametes possess sex chromosomes and thus contain 
information about sex identity (e.g. X-bearing versus Y-
bearing sperm) whereas TSD gametes do not. Whether 
GSD gametes carry one or the other sex chromosome (X/
Y or Z/W) can have important fitness effects, an attribute 
that has been proposed as a mechanism by which GSD 
taxa may adaptively manipulate sex ratio [reviewed in 
Rosenfeld and Roberts, 2004; Alonso et al., 2006].

  Implications 

 The appreciation of differences and similarities be-
tween GSD and TSD mechanisms at various levels of or-
ganization makes evident how developmental biology 



 Valenzuela

 

Sex Dev 2008;2:64–7268

can provide invaluable insight about evolutionary genet-
ics and vice versa. For instance, advances made by evolu-
tionary genetics about sex determination dealing with 
how sex is inherited across generations [Bull, 1983] help 
to understand the inheritance of the initial trigger of the 
male and female developmental programs. In so doing, 
this knowledge helps to resolve the composition, regula-
tion, and evolution of the gene networks underlying sex-
ual development. On the other hand, when developmen-
tal biologists discover a master trigger of male and female 
development, its mapping to a specific genomic location 
reveals the identity of the pair of sex chromosomes. This 
is particularly helpful for GSD species whose sex chro-
mosomes lack gross heteromorphism and pass undetect-
ed by conventional cytogenetic techniques, and for which 
even high resolution methods [e.g. Ezaz et al., 2006; 
Kawai et al., 2007] may fail in identifying the sex chro-
mosomes.

  Thus, the merging of these two fields of research that 
resulted in the advent of modern evolutionary develop-
mental biology has enabled important discoveries. For 
instance, up until the late 1990s, all evidence indicated 
that the well characterized GSD mechanisms of model 
invertebrates such as  Drosophila  and  Caenorhabditis el-
egans  had independent evolutionary origins than those of 
vertebrates, as no element was known in common be-
tween their underlying gene regulatory networks [Capel, 
1998]. Furthermore, the realization that sexual dimor-
phism is ancient, dating back to the last common ances-
tor of coelomate bilaterians, posed a problem in light of 
how diverse the genetic control of sex specification is 
known to be [Haag and Doty, 2005]. And it was the find-
ing of the DM gene family across vertebrates and inver-
tebrates [Raymond et al., 1998, 1999; Miller et al., 2003] 
showing that their sex determining mechanisms may de-
rive from a shared common ancestor that helped to solve 
this apparent dilemma [Haag and Doty, 2005]. A similar 
question about homology and common ancestry relates 
to the sex chromosome systems found in vertebrates (XY 
or ZW). Ohno [1967] speculated that mammalian and 
bird sex chromosomes might derive from a common pair 
of autosomes, but evidence until now contradicted this 
idea and supported the widely-accepted notion that the 
mammalian XY and avian ZW systems evolved indepen-
dently from different autosomal pairs [Fridolfsson et al., 
1998; Nanda et al., 1999; Ellegren, 2000; Ezaz et al., 2006; 
Kohn et al., 2006]. Furthermore, avian ZW and serpent 
ZW systems also appear to have independent evolution-
ary origins [Kawai et al., 2007], counter to Ohno [1967]. 
However, new data has challenged this widely held view 

as amphibian orthologs of genes found in avian and 
mammalian sex chromosomes map to a single chromo-
some in amphibians [Smith and Voss, 2007], supporting 
a common ancestry for mammalian XY and avian ZW 
systems.

  Most importantly however, the discovery of the con-
served DM gene family and of the purported common 
autosomal origin to vertebrate sex chromosomes opens a 
new conundrum. Namely, why has the genetic control of 
sex specification [Haag and Doty, 2005] and the chromo-
somal system of inheritance of the initial trigger of that 
specification, diverged so much from its common ances-
tor? The answer to this question will come by integrating 
data obtained from evo-devo and evolutionary ecology 
studies.

  For instance, genes of the network that regulates sex-
ual development suffer higher rates of molecular evolu-
tion relative to other non-sex related genes [Civetta and 
Singh, 1998]. Additionally, elements of these pathways 
were gained or lost and their connections or mode of ac-
tion altered in some lineages [Haag and Doty, 2005; Va-
lenzuela and Shikano, 2007; Valenzuela, 2008]. The high 
rates of molecular evolution of sex related genes may be 
the result of sexual selection acting at the population lev-
el, and thus they would be the genetic signature of a pro-
cess that could result in speciation [Civetta and Singh, 
1998; Borge et al., 2005]. On the other hand, sex chromo-
somes that bear the master trigger for sexual develop-
ment in GSD taxa have another powerful property. 
Namely, the initial step of sex chromosome evolution 
from a pair of autosomes by the appearance of a sex-
determining mutation is followed by the accumulation
of additional mutations with sex-specific advantage and 
by decreased recombination [Bull, 1983; Ohno, 1967; 
Charlesworth, 1991]. This process may generate two mor-
phologically distinct sex chromosomes that differ in their 
pattern of heterochromatin accumulation and deletions, 
and may cause the degeneration of the non-recombining 
heterogametic sex chromosome (Y or W) [Ohno, 1967; 
Vallender and Lahn, 2004; Waters et al., 2007] and even 
its ultimate extinction [Graves, 2002, 2006]. A new pair 
of sex chromosomes may be formed de novo by the reit-
eration of the same process [Charlesworth et al., 2005; 
Just et al., 2007], or by the translocation of an ancestral 
sex determining gene onto an autosome resulting in a 
neo-sex chromosome that can become fixed in popula-
tions by selection acting on sexually antagonistic genes 
linked to it [Van Doorn and Kirkpatrick, 2007]. Further-
more, the hemizygosity and reduced recombination char-
acteristic of sex chromosomes is predicted to affect the 
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mechanism of natural selection and consequently the 
patterns of molecular evolution of genes contained in sex 
chromosomes compared to their autosomal orthologs 
[Rice, 1984; Vicoso and Charlesworth, 2006]. The pattern 
varies depending on the type of mutation (new or stand-
ing, dominant or recessive), its chromosomal location 
(autosomal, X-linked, Y-linked), and the selection regime 
(i.e. whether the mutation is beneficial to one or both sex-
es) [reviewed in Charlesworth et al., 1987 and Mank et al., 
2007]. These and other examples illustrate how the evolu-
tion of the master regulator of the gene network underly-
ing sexual development and its mode of inheritance has 
profound consequences on the evolution of sexual selec-
tion, sexual dimorphism, sexual conflict, sex ratio, and 
ultimately, speciation and extinction [e.g. Berry and 
Shine, 1980; Rice, 1984; Lindholm and Breden, 2002; 
Fitzpatrick, 2004; Pomiankowski et al., 2004; Edwards et 
al., 2005; Saether et al., 2007; Vuilleumier et al., 2007].

  For instance, a corollary derived from those observa-
tions is that since pure TSD taxa lack sex chromosomes 
[Valenzuela et al., 2003], one may predict that the number 
of genes with sex-specific advantage is higher in GSD than 
in TSD because the presence of sex chromosomes in the 
former favors their accumulation. Alternatively, the evo-
lutionary rates of genes that confer a sex-specific advan-
tage and are autosomal in TSD taxa but linked to sex chro-
mosomes in GSD taxa should differ, because selection op-
erates differently on genes that have intralocus conflict 
generated from sexual antagonisms depending on the 
type of chromosomes in which such genes are located
[e.g. Gibson et al., 2002; Lindholm et al., 2004; Pischedda 
and Chippindale, 2006]. Finally, the delay in the realiza-
tion of the primary sex ratio in TSD taxa and of secondary 
sex ratio in fish, imply that the time at which selection 
operates can differ between GSD and TSD taxa.

  However, because the master trigger for sexual devel-
opment might be linked to other sex-related traits, strong 
selection on these traits acting at the individual and pop-

ulation level will exert a significant effect on the evolution 
of the genetic regulation of sexual development as well 
[e.g. Wilkins, 1995; Pomiankowski et al., 2004]. Indeed, 
perhaps the best example of such bidirectional influence 
is exemplified in the evolution of environmental sex de-
termination (ESD). Here, the potential selection for phe-
notypic plasticity acting at the individual and population 
level favors the evolution of a regulatory system of sexual 
development that enables the embryo to assess its envi-
ronment and differentiate into the sex that will attain the 
maximum potential fitness given the external conditions 
[Charnov and Bull, 1977; Bull, 1983; Valenzuela, 2004].

  A Model of the Evolutionary Transitions between 

GSD and TSD 

 In light of the similarities and differences between 
GSD and TSD mechanisms described here, what can be 
said about the repeated transitions between them? How 
can one make sense of the observations from develop-
mental biology to explain such recurrent evolution? Al-
though a definitive answer awaits further research, I pro-
pose that part of the solution to this long standing riddle 
lies in the differences in the timing of events between 
GSD and TSD previously identified. Specifically, heter-
ochronic changes [Alberch et al., 1979] in the develop-
mental timing of sex specification and determination, 
and the overlap of sex differentiation with those steps in 
TSD taxa ( fig. 2 ) may confer developmental flexibility to 
the embryo, allowing it enough time to assess its environ-
ment before it commits to a sexual fate. As such, these 
heterochronic changes are adaptive because they enable 
a phenotypically plastic embryonic response to an unpre-
dictable environment [Charnov and Bull, 1977; Moran, 
1992]. The heterochronic changes in these developmental 
windows alleviate the strong selection on the GSD trig-
ger, allowing the possibility of ESD mutations to spread. 

  Fig. 2.  Heterochrony in the developmental 
windows of sex specification, determina-
tion and differentiation between tempera-
ture-dependent and genotypic sex deter-
mination, causing a significant overlap of 
these windows in TSD and a more sequen-
tial development in GSD. 
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Since overlapping developmental windows enable addi-
tional environmental feedback to the developmental pro-
cess, the combination of overlapping developmental win-
dows with an ESD ‘trigger’ would then be selectively fa-
vored.

  Conversely, a heterochronic shift from overlapping to 
discrete developmental events, in a selective background 
of genotypic sex determination, would also be favored. In 
GSD, the sequential nature of the steps of specification, 
determination, and differentiation ( fig. 2 ) would allow 
the earlier expression of sexually dimorphic traits that 
increase fitness [e.g. Gutierrez-Adan et al., 2006; Morton 
et al., 2007].

  As proposed, this developmental heterochrony model 
is not mutually exclusive with, but rather complementary 
to existing hypotheses attempting to explain the evolu-
tionary transitions between sex determining mecha-
nisms. From the perspective of evolutionary theory, the 
origin, divergence, or loss of GSD and TSD, and therefore 
the transitions between GSD and TSD could be neutral 
or adaptive, and the evolutionary forces acting at each 
step may differ [reviewed in Valenzuela, 2004]. Such 
models concentrate on the level of inheritance of the mas-
ter trigger of sexual development and thus, on the condi-
tions under which the regulation of the genetic network 
under strict genetic control or environmental control 
may be favored. Other models concentrate on explaining 
the evolutionary transitions between GSD mechanisms 
as between male and female heterogamety [e.g. Charnov 
and Bull, 1977; Bull, 1983; Ogata et al., 2003; Vuilleumier 
et al., 2007], and thus, they also focus on the master trig-
ger of sexual development. In contrast, the developmen-
tal heterochrony model focuses on changes in develop-
mental timing primarily and the indirect changes in the 
initial trigger of sexual development that may have oc-
curred as a consequence. Another explicit developmental 
model of the evolution of sex determination proposes 
that the hierarchy of its genetic pathway evolves from the 
bottom-up, as a series of evolutionary steps that favor the 
addition of neomorphic regulators upstream of the cas-
cade each responding to frequency-dependent sex ratio 
selection at the population level [Wilkins, 1995]. To ex-
plain the transitional steps in this evolutionary process, 
Wilkins [1995] proposed that the fixation in the popula-
tion of each of these novel regulators in the genetic path-
way will be possible by their linkage to another gene un-
der positive selection, or by their role in another biologi-
cal function for which they are positively selected. 

  Under the scenario proposed here, selection operating 
on the developmental heterochronic changes may be 

stronger than the selection acting on the nature of the 
master trigger of the gene regulatory network that con-
trols sexual development. In other words, this model pro-
poses that it is the developmental shifts in the timing of 
events per se that are selected  for  and that allow a subse-
quent shift in the master trigger of sexual development 
[selection  of;  sensu Sober, 1984]. Alternatively, these het-
erochronic changes may result in a shallowing of the 
adaptive valleys, such that they facilitate the evolutionary 
transitions proposed by Wilkins’ [1995] model. Further 
research is needed to distinguish among these hypothe-
ses. If these heterochronic changes are truly significant, 
transitions between GSD and TSD mechanisms would be 
less restricted than previously anticipated and the lability 
of sex determination more easily explained.

  Conclusions 

 Explaining the remarkable diversity of mechanisms 
employed by organisms to produce males and females re-
mains an unconquered frontier in evolutionary biology. 
Here I discuss the significant reciprocal contributions 
made by evolutionary genetics and developmental biology 
about the function and evolution of sex determining 
mechanisms, particularly vertebrate GSD and TSD. By 
looking at these two perspectives a model and predictions 
are proposed about the gene regulatory network underly-
ing sexual development and the evolutionary transitions 
among sex determining mechanisms. Significant differ-
ences are discussed ranging from the use of terms such as 
‘sex determination’, to the applicability of concepts such 
as primary or secondary sex ratio. Most importantly, it is 
noted that modifications in the timing of events during 
development can be viewed as heterochronic changes be-
tween GSD and TSD that alleviate the strong selection on 
the master trigger of male and female sexual development, 
enabling the evolutionary transitions between genotypic 
and environmental sex determination. Therefore, inte-
grating the extensive knowledge gained from evolution-
ary genetics and developmental biology should provide a 
more comprehensive view about how males and females 
are produced as well as why such variety evolved in the 
first place.

  Acknowledgments 

 Special thanks to D.C. Adams for his critical comments. This 
work was sponsored in part by National Science Foundation 
Grant IOS 0743284 to Nicole Valenzuela.
 



 Developmental Evolution of Sex 
Determination 

Sex Dev 2008;2:64–72 71

 References 

 Alberch P, Gould SJ, Oster GF, Wake DB: Size 
and shape in ontogeny and phylogeny. Paleo-
biology 5:   296–317 (1979). 

 Alonso D, Etienne RS, McKane AJ: The merits of 
neutral theory. TREE 21:   451–457 (2006). 

 Barton NH, Charlesworth B: Why sex and
recombination? Science 281:   1986–1990 
(1998). 

 Berry JF, Shine R: Sexual size dimorphism and 
sexual selection in turtles (Order Testudi-
nes). Oecologia 44:   185–191 (1980). 

 Borge T, Webster MT, Andersson G, Saetre GP: 
Contrasting patterns of polymorphism and 
divergence on the Z chromosome and auto-
somes in two Ficedula flycatcher species. Ge-
netics 171:   1861–1873 (2005). 

 Brush SG: Nettie M. Stevens and the discovery of 
sex determination by chromosomes. Isis 69:  
 162–172 (1978). 

 Bull JJ: Evolution of Sex Determining Mecha-
nisms (Benjamin/Cummings, Menlo Park 
1983). 

 Capel B: Sex in the 90s: SRY and the switch to the 
male pathway. Ann Rev Physiol 60:   497–523 
(1998). 

 Carroll SB, Grenier JK, Weatherbee SD: From 
DNA to Diversity: Molecular Genetics and 
the Evolution of Animal Design (Blackwell 
Publishing, Malden 2005). 

 Charlesworth B: The evolution of sex chromo-
somes. Science 251:   1030–1033 (1991). 

 Charlesworth B, Coyne JA, Barton NH: The rel-
ative rates of evolution of sex chromosomes 
and autosomes. Am Nat 130:   113–146 
(1987). 

 Charlesworth D, Charlesworth B, Marais G: 
Steps in the evolution of heteromorphic sex 
chromosomes. Heredity 95:   118–128 (2005). 

 Charnov EL, Bull JJ: When is sex environmen-
tally determined? Nature 266:   828–830 
(1977). 

 Civetta A, Singh RS: Sex-related genes, direc-
tional sexual selection, and speciation. Mol 
Biol Evol 15:   901–909 (1998). 

 Devlin RH, Nagahama Y: Sex determination and 
sex differentiation in fish: an overview of ge-
netic, physiological, and environmental in-
fluences. Aquaculture 208:   191–367 (2002). 

 Dorizzi M, Richard-Mercier N, Pieau C: The 
ovary retains male potential after the ther-
mosensitive period for sex determination in 
the turtle  Emys orbicularis . Differentiation 
60:   193–201 (1996). 

 Edwards SV, Kingan SB, Calkins JD, Balakrish-
nan CN, Jennings WB, et al: Speciation in 
birds: Genes, geography, and sexual selec-
tion. Proc Natl Acad Sci USA 102:   6550–6557 
(2005). 

 Ellegren H: Evolution of the avian sex chromo-
somes and their role in sex determination. 
TREE 15:   188–192 (2000). 

 Ezaz T, Valenzuela N, Grutzner F, Miura I, 
Georges A, et al: An XX/XY sex microchro-
mosome system in a freshwater turtle,  Chelo-
dina longicollis  (Testudines: Chelidae) with 
genetic sex determination. Chromosome Res 
14:   139–150 (2006). 

 Fitzpatrick MJ: Pleiotropy and the genomic loca-
tion of sexually selected genes. Am Nat 163:  
 800–808 (2004). 

 Fridolfsson AK, Cheng H, Copeland NG, Jen-
kins NA, Liu HC, et al: Evolution of the avian 
sex chromosomes from an ancestral pair of 
autosomes. Proc Natl Acad Sci USA 95:   8147–
8152 (1998). 

 Gibson JR, Chippindale AK, Rice WR: The X 
chromosome is a hot spot for sexually antag-
onistic fitness variation. Proc R Soc Lond B-
Biol Sci 269:   499–505 (2002). 

 Gilbert SF: Developmental Biology (Sinauer As-
sociates, Inc., Sunderland 2000). 

 Graves JAM: The rise and fall of SRY. Trends 
Genet 18:   259–264 (2002). 

 Graves JAM: Sex chromosome specialization 
and degeneration in mammals. Cell 124:  
 901–914 (2006). 

 Greenbaum E, Carr JL: Sexual differentiation in 
the spiny softshell turtle ( Apalone spinifera ), 
a species with genetic sex determination. J 
Exp Zool 290:   190–200 (2001). 

 Grützner F, Rens W, Tsend-Ayush E, El-Moghar-
bel N, O’Brien PCM, et al: In the platypus a 
meiotic chain of ten sex chromosomes shares 
genes with the bird Z and mammal X chro-
mosomes. Nature 432:   913–917 (2004). 

 Gutierrez-Adan A, Perez-Crespo M, Fernandez-
Gonzalez R, Ramirez MA, Moreira P, et al: 
Developmental consequences of sexual di-
morphism during pre-implantation embry-
onic development. Rep Dom Anim 41:   54–62 
(2006). 

 Haag ES, Doty AV: Sex determination across 
evolution: Connecting the dots. Plos Biol 3:  
 21–24 (2005). 

 Just W, Baumstark A, Sub A, Graphodatsky A, 
Rens W, et al:  Ellobius lutescens : sex determi-
nation and sex chromosome. Sex Dev 1:   211–
221 (2007). 

 Kawai A, Nishida-Umehara C, Ishijima J, Tsuda 
Y, Ota H, et al: Different origins of bird and 
reptile sex chromosomes inferred from com-
parative mapping of chicken Z-linked genes. 
Cytogenet Genome Res 117:   92–102 (2007). 

 Kim Y, Capel B: Balancing the bipotential gonad 
between alternative organ fates: A new per-
spective on an old problem. Dev Dyn 235:  
 2292–2300 (2006). 

 Kohn M, Högel J, Vogel W, Minich P, Kehrer-
Sawatzki H, et al: Reconstruction of a 450-
My-old ancestral vertebrate protokaryotype. 
Trends Genet 22:   203–210 (2006). 

 Lindholm A, Breden F: Sex chromosomes and 
sexual selection in poeciliid fishes. Am Nat 
160:S214–S224 (2002). 

 Lindholm AK, Brooks R, Breden F: Extreme 
polymorphism in a Y-linked sexually select-
ed trait. Heredity 92:   156–162 (2004). 

 Mank JE, Axelsson E, Ellegren H: Fast-X on the 
Z: Rapid evolution of sex-linked genes in 
birds. Genome Res 17:   618–624 (2007). 

 McClung CE: The accessory chromosome: sex 
determinant? Biolog Bull 3:   43–84 (1902). 

 Miller SW, Hayward DC, Bunch TA, Miller DJ, 
Ball EE, et al: A DM domain protein from a 
coral,  Acropora millepora , homologous to 
proteins important for sex determination. 
Evol Dev 5:   251–258 (2003). 

 Moran N: The evolutionary maintenance of al-
ternative phenotypes. Am Nat 139:   971–989 
(1992). 

 Morrish BC, Sinclair AH: Vertebrate sex deter-
mination: many means to an end. Reproduc-
tion 124:   447–457 (2002). 

 Morton KM, Herrmann D, Sieg B, Struckmann 
C, Maxwell WMC, et al: Altered mRNA ex-
pression patterns in bovine blastocysts after 
fertilisation in vitro using flow-cytometri-
cally sex-sorted sperm. Mol Rep Dev 74:   931–
940 (2007). 

 Nanda I, Shan Z, Schartl M, Burt DW, Koehler 
M, et al: 300 Million years of conserved syn-
teny between chicken Z and human chromo-
some 9. Nat Genet 21:   258–259 (1999). 

 Neaves L, Wapstra E, Birch D, Girling JE, Joss 
JMP: Embryonic gonadal and sexual organ 
development in a small viviparous skink,  Ni-
veoscincus ocellatus . J Exp Zool A-Comp Exp 
Biol 305A:74–82 (2006). 

 Nef S, Schaad O, Stallings NR, Cederroth CR, 
Pitetti JL, et al: Gene expression during sex 
determination reveals a robust female genet-
ic program at the onset of ovarian develop-
ment. Dev Biol 287:   361–377 (2005). 

 Ogata M, Lee JY, Kim S, Ohtani H, Sekiya K, et 
al: The prototype of sex chromosomes found 
in Korean populations of  Rana rugosa . Cyto-
genet Genome Res 99:   185–193 (2002). 

 Ogata M, Ohtani H, Igarashi T, Hasegawa Y, 
Ichikawa Y, et al: Change of the heteroga-
metic sex from male to female in the frog. 
Genetics 164:   613–620 (2003). 

 Ohno S: Sex Chromosomes and Sex-linked 
Genes (Springer-Verlag, Berlin 1967). 

 Pieau C: Temperature variation and sex deter-
mination in reptiles. BioEssays 18:19–26 
(1996). 

 Pieau C, Dorizzi M, Richard-Mercier N: Tem-
perature-dependent sex determination and 
gonadal differentiation in reptiles. Cell Mol 
Life Sci 55:   887–900 (1999). 

 Pischedda A, Chippindale AK: Intralocus sexual 
conflict diminishes the benefits of sexual se-
lection. Plos Biol 4:   2099–2103 (2006). 



 Valenzuela

 

Sex Dev 2008;2:64–7272

 Place AR, Lance VA: The temperature-depen-
dent sex determination drama – same cast, 
different stars, in Valenzuela N, Lance VA: 
Temperature Dependent Sex Determination 
in Vertebrates, pp 99–110 (Smithsonian 
Books, Washington 2004). 

 Pomiankowski A, Nöthiger R, Wilkins A: The 
evolution of the  Drosophila  sex-determina-
tion pathway. Genetics 166:   1761–1773 
(2004). 

 Raymond CS, Shamu CE, Shen MM, Seifert KJ, 
Hirsch B, et al: Evidence of evolutionary con-
servation of sex-determining genes. Nature 
391:   691–695 (1998). 

 Raymond CS, Kettlewell JR, Hirsch B, Bardwell 
VJ, Zarkower D: Expression of Dmrt1 in the 
genital ridge of mouse and chicken embryos 
suggests a role in vertebrate sexual develop-
ment. Dev Biol 215:   208–220 (1999). 

 Raynaud A, Pieau C: Embryonic development of 
the genital system, in Gans C, Billet F (eds): 
Biology of the Reptilia, pp 151–300 (John 
Wiley & Sons, New York 1985). 

 Rice WR: Sex-chromosomes and the evolution 
of sexual dimorphism. Evolution 38:   735–742 
(1984). 

 Robert KA, Thompson MB: Viviparous lizard 
selects sex of embryos. Nature 412:   698 
(2001). 

 Rosenfeld CS, Roberts RM: Maternal diet and 
other factors affecting offspring sex ratio: A 
review. Biol Rep 71:   1063–1070 (2004). 

 Sadovy Y, Shapiro DY: Criteria for the diagnosis 
of hermaphroditism in fishes. Copeia:136–
156 (1987). 

 Saether SA, Saetre GP, Borge T, Wiley C, Svedin 
N, et al: Sex chromosome-linked species rec-
ognition and evolution of reproductive isola-
tion in flycatchers. Science 318:   95–97 
(2007). 

 Sarre SD, Georges A, Quinn A: The ends of a 
continuum: genetic and temperature-depen-
dent sex determination in reptiles. BioEssays 
26:   639–645 (2004). 

 Shine R, Elphick MJ, Donnellan S: Co-ocurrence 
of multiple, supposedly incompatible modes 
of sex determination in a lizard population. 
Ecol Lett 5:   486–489 (2002). 

 Smith JJ, Voss SR: Bird and mammal sex-chro-
mosome orthologs map to the same autoso-
mal region in a salamander  (Ambystoma) . 
Genetics 177:   607–613 (2007). 

 Sober E: The Nature of Selection (The University 
of Chicago Press, Chicago 1984). 

 Solari AJ: Sex Chromosomes and Sex Determi-
nation in Vertebrates (CRC Press, Boca Ra-
ton 1994). 

 Stevens NM: Studies in Spermatogenesis with 
Special Reference to the ‘Accessory Chromo-
somes’ (Carnegie Institution of Washington, 
Washington 1905). 

 Takehana Y, Naruse K, Hamaguchi S, Sakaizumi 
M: Evolution of ZZ/ZW and XX/XY sex-de-
termination systems in the closely related 
medaka species,  Oryzias hubbsi  and  O. dan-
cena . Chromosoma 116:   463–470 (2007). 

 Valenzuela N: Evolution and maintenance of 
temperature-dependent sex determination, 
in Valenzuela N, Lance VA (eds): Tempera-
ture Dependent Sex Determination in Verte-
brates, pp 131–147 (Smithsonian Books, 
Washington 2004). 

 Valenzuela N: Relic thermosensitive gene ex-
pression in genotypically-sex-determined 
turtles. Evolution 62:   234–240 (2008). 

 Valenzuela N, Lance VA: Temperature Depen-
dent Sex Determination in Vertebrates 
(Smithsonian Books, Washington 2004). 

 Valenzuela N, Shikano T: Embryological ontog-
eny of Aromatase gene expression in  Chrys-
emys picta  and  Apalone mutica  turtles: com-
parative patterns within and across 
temperature-dependent and genotypic sex-
determining mechanisms. Dev Genes Evol 
217:   55–62 (2007). 

 Valenzuela N, Adams DC, Janzen FJ: Pattern 
does not equal process: exactly when is sex 
environmentally determined? Am Nat 161:  
 676–683 (2003).  

 Vallender EJ, Lahn BT: How mammalian sex 
chromosomes acquired their peculiar gene 
content. BioEssays 26:   159–169 (2004). 

 Van Doorn GS, Kirkpatrick M: Turnover of sex 
chromosomes induced by sexual conflict. 
Nature 449:   909–912 (2007). 

 Vicoso B, Charlesworth B: Evolution on the X 
chromosome: unusual patterns and process-
es. Nat Rev Genet 7:   645–653 (2006). 

 Vuilleumier S, Lande R, Van Alphen JJM, See-
hausen O: Invasion and fixation of sex-rever-
sal genes. J Evol Biol 20:   913–920 (2007). 

 Waters PD, Wallis MC, Graves JAM: Mamma-
lian sex – Origin and evolution of the Y chro-
mosome and SRY. Sem Cell Dev Biol 18:   389–
400 (2007). 

 Wilkins AS: Moving up the hierarchy – a hy-
pothesis on the evolution of a genetic sex de-
termination pathway. BioEssays 17:   71–77 
(1995). 

 Williams GC: Sex and Evolution (Princeton 
University Press, Princeton 1975). 

 Wilson EB: The chromosomes in relation to the 
determination of sex in insects. Science 22:  
 500–502 (1905). 

 Wright S: The roles of mutation, inbreeding, 
crossbreeding, and selection in evolution. 
Proc 6 th  Int Congr Genet 1:   356–366 (1932). 

 Zhao Y, Lu H, Yu HS, Cheng HH, Zhou RJ: Mul-
tiple alternative splicing in gonads of chicken 
DMRT1. Dev Gen Evol 217:   119–126 (2007). 

  


