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how the differences between sexes are determined. Ancient philosophers and middle
age scholars proposed numerous fantastic explanations for the origin of sex differences
in people and animals. However, only the development of the modern scientific methods
allowed us to find, on the scientific ground, the right answers to these questions. In this
review article, we describe the history of these discoveries, and which major discoveries
allowed the understanding of the origin of sex and molecular and cellular basis of the
differentiation of male and female sex characteristics during embryo development and
in the adult.

Abbreviations: TDF: Testis-Determining Factor; ZFY: Zinc-Finger Protein Y-Linked;
BKM: Banded Krait Minor Gene; AMH: Anti-Miillerian hormone; TSD: Temperature Sex
Determination; DHT: Dihydrotestosterone

Introduction

The First Concepts of Sex Determination

In the multicellular organisms, sex is a set of features of the
structure, function, and behavior of the body that allows it to be
classified asamale or female individual. Sex determinationis directly
linked to the determination of the direction of the development of
yet undifferentiated gonads into the testes or ovaries. The sexual
characteristics of the individual are formed during the process
of sexual differentiation. For sexually reproducing multicellular
organisms, the correct structure and function of the reproductive
system is a prerequisite for having a healthy and fertile offspring,
which is the basis of maintaining the continuity of the species. The
emergence of sex turned out to be a significant advancement in
evolution, as the merger of the male and female gametes, resulting
from the existence of sex, provided a high degree of genetic
variability of the offspring.

Thus, in contrast to the asexually reproducing organisms,
the population of sexually reproducing organisms became more
diverse, and as a result, more easily adaptable to the changing
environment. For centuries, humanity has been intrigued by the
nature of sex, the sense of its existence and origin. The issue of
sex already appeared in the book of Genesis (2: 21-24), which tells
about the creation by God of the man (Adam) and the women from
Adam’s rib. Plato, in his work entitled “Symposium”, written around
385-370 BC, presented his vision of the origin of human sex. In
this work, Aristophanes talks about primitive people with round
shapes, two pairs of arms and legs, and two faces. These people had
exerted an extraordinary fear even among the gods. The god Zeus,
to guard against these strong creatures, decided to cut them in half.
This is how men and women were created. Both halves began to
miss each other, showing the need for unity expressed in the form
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of love. In this way, Plato explained the essence of sex inseparable
from the feeling of love.

One of the most mysterious issues remaining for centuries
was what determines the sex of the individual, and thus how the
sex is determined. The Greek philosopher Parmenides (540-470
BC) claimed that the sex of a child is determined by the position
of the fetus in the womb. Male development would be determined
by the position of the fetus on the right side of the womb and the
female on the left. Around 500-428 BC, another Greek philosopher -
Anaxagoras recognized that it is the paternal factor that determines
the sex of the child; namely, the boys develop from the sperm from
therighttesticleand the girls from the lefttesticle. Then, Empedocles
(494-434 BC) claimed that organisms consist of four elements: fire
(heat), water (cold), air (moisture) and earth (dryness), and that
the men have a more warm ingredient [1]. The most outstanding
biologist of the antiquity - Aristotle (384-322 BC) did not agree with
the statements of the above-mentioned thinkers. He believed that
he had evidence that the female and male offspring could develop
on both sides of the womb (uterus) and noted that the men with
only one testicle could conceive both male and female offspring
[2,3]. Similar to Empedocles, Aristotle saw the mechanisms of sex
determination as the predominance of hot or cold ingredients in
the body [1]. In his work, “Historia Animalium”, he pointed out
that males are stronger, which is due to their higher heat, enabling
the transformation of food into the concentrated seed. Females,
on the other hand, in Aristotle’s opinion, were weaker and cooler,
which meant that they could not convert food into sperm, and
instead produced more blood that is excreted during menstruation.
According to Aristotle, the development of fetus sex was dependent
on the connection of sperm with menstrual blood during conception.
Sperm thickening due to the heat was to lead to the development
of the male individual, while liquefaction of the sperm at a lower
temperature, leading to its mixing with the mother’s blood, resulted
in the development of the female individual. He also stated that
both man and woman (through semen and blood) contribute to the
offspring, and thought, which turned out to be true, that male and
female organs develop during development from undifferentiated
buds. Importantly, he stated that the testes are responsible for the
development of male traits, i.e. masculinization since the testis-
deprived eunuchs show feminization features [2]. Thus, among
the ancient thinkers, it was Aristotle who was closest to the truth,
and his observations did indeed contribute to the broadening of
knowledge about gender determination.

First Scientific Evidence of Sex Determination

The belief that the heat, positioning of the fetus in the womb
and food determine sex, nestled in peoples’ minds for a long time,
and survived for nearly two thousand years [3]. In the second half
of the nineteenth century, it was believed that heat and nutrition
affect a child’s sex [4]. This faith resounds even today in folk
beliefs. The milestone in the biological research was the discovery

of chromosomes in 1888 by the German anatomist, physiologist
and pathologist Heinrich Waldeyer (Figure 1) [5]. Already three
years later, in 1891, the German cytologist Hermann Henking,
studying the meiotic division in the nuclei of a wingless blacksmith
(Hemiptera), noticed that some sperm cells of this species have 12
chromosomes, and some 11. He noticed that, during meiosis, one of
the 12 chromosomes behaves differently than others. By naming this
strange chromosome the X chromosome, he wanted to emphasize
its mysterious nature [6,7]. He then searched for the X chromosome
in the grasshopper cells, but to no avail [6]. It wasn’t until 1901 that
American zoologist Clarence Erwin McClung pointed out that the X
chromosome, as an “additional chromosome,” could be associated

with sex determination [8].

In 1905, American geneticist Edmund Beecher Wilson,
studying spermatogenesis of several insect species, showed that
there are two types of sperm, which differ in the presence or
absence of one of the chromosomes (Figure 1) [9]. In the same
year, the American geneticist Nettie Maria Stevens, studying the
gametogenesis of the mealworm beetle, found that in males, but
not females, one chromosome was significantly different in size
[10]. Therefore, Stevens stated that the larger chromosome is
the X chromosome, while the smaller chromosome, which she
called Y, must be responsible for male determination [10]. She
also suggested that there must be some unknown factor in the Y
chromosome that determines male development. Wilson, on the
other hand, believed that both chromosomes, X and Y, determine
sex equally [11]. Stevens died in 1912 without confirming her
hypothesis, and Wilson has been described in scientific literature
as a discoverer of sex-determining X and Y chromosomes [11].
Description of sex chromosomes contributed to the statement that
sex is determined by genes. Around the same period (early 20%
century), chromosomes were found to carry genetic information.
Walter Sutton and Theodor Boveri discovered this, independently,
in 1903 (Figure 1) [12]. The term “gene” was introduced in 1909
by the Danish botanist Wilhelm Johannsen. However, in 1910,
the American geneticist Thomas Hunt Morgan, studying the
inheritance of features in the fruit fly, showed that the genes are
located in the chromosomes where they are linearly arranged, and
occupy strictly defined places, the so-called loci [13]. In addition, he
showed that some features (e.g. eye color) are sex-linked because
their genes are located in the sex chromosomes [14]. Interestingly,
the understanding of the basics of inheritance mechanisms was
possible at the beginning of the 20" century, again, thanks to the
research on insects. Nevertheless, the mechanism by which sex
chromosomes determine sex was to remain unexplained for a
long time. Only a few decades later, in 1956, in the Great Britain,
Charles Ford and John Hamerton, using cytogenetic methods,
determined the number of chromosomes in humans and found that
men have X and Y chromosomes (karyotype 46, XY), and women
two chromosomes X (karyotype 46, XX) (Figure 1) [15]. Three
years after this discovery, the first chromosomal aberrations in
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humans were described. It was noticed that people with Klinefelter

syndrome are men with 47, XXY karyotype [16], while people with  humans determines the male sex.

Turner syndrome are women with 45, X0 karyotype [17]. This was

Jacobs and Ross found that short arm of Y chromsomes determines male sex

1888 Waldayer discovered chromosomes
1891 Henking discovered X chromosome in the firebug
McClung found that X chromosome is linked to sex
1901 . . ]
1903 Sutton and Boveri found that chromosomes carry genetic information
1905
R Wilson and Stewens found that sperm differ with X and Y chromsome
1910 Johannsen introduced _gene” term
Morgan formulated the chromosomal theory of inheritance
1935 David and coworkers isolated testosterone
1948 Jost performed microsurgical experiments on rabbit fetuses
1956 Ford and Hamerton observed human XX and XY chromosomes
1959 Ford found that Y chromosome determines male sex in humans
1966
1971 Pieau descibed temperature sex determination
1973 Josso discovered AMH factor
1990 Lovell-Badge and Koopman discovered SRY gene in human and mouse
1994 Foster found that SOX9 participates in male sex determination

the first scientific evidence confirming that the Y chromosome in

2006 Parma and coworkers found that RSPO1 plays
a pivotal role in female sex determination

Figure 1: Chronology of principal discoveries in the studies of sex determination.

Searching for the Factor Determining Male Sex

The discovery of the function of the Y chromosome in the
determination of the male sex in humans initiated the search
for a hypothetical factor determining this particular sex. This
hypothetical factor was named TDF (Testis-Determining Factor) in
humans, and Tdy (testis-determining factor on the Y chromosome)
in mice. At that time, the most informative objects of research on
sex determination were patients with sex reversal symptoms, i.e.
incompatibilities between the presence of sex chromosomes and
phenotypic features. The analyzes of chromosomal aberrations,
such as translocations and fusions, indicated that it is the short arm
of the Y chromosome that is responsible for male determination
[18]. Also, the search area for the TDF factor has been gradually
narrowing. Among the genes of the smaller arm of the Y
chromosome, the first candidates were the H-Y antigen and BKM
genes (Banded Krait Minor Gene), but their involvement in sex

determination has not been demonstrated [3]. The next gene tested
was ZFY (Zinc-Finger Protein Y-Linked). It turned out that this
gene also does not determine sex because it is not expressed in the
mouse gonads. In addition, it was observed that the male patients
with karyotype 46, XX developed male traits despite the absence of
the ZFY gene (Palmer 1989).

Patients described by Palmer and colleagues (four men
with karyotype 46, XX) had in their genome a small, 35,000 base
pair, Y chromosome-specific region [19]. This Y chromosome
region was isolated, divided into fragments and compared with Y
chromosome fragments of other mammals in Southern blotting
analysis. It turned out that there is only one conserved fragment
of the Y chromosome in mammals, which also does not show
much variation between species. Thus, it was assumed that this
fragment of the Y chromosome must contain the sex-determining

gene. Sequencing of this fragment indicated only one Open Reading
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Frame (ORF) coding for the gene consisting of a single exon. This
gene was called “sex determining region on the Y chromosome”
(SRY in humans and Sry in mice) (Figure 1) [20,21]. RT-PCR gene
expression analysis showed that the Sry gene is expressed in
developing gonads of XY mice at embryonic day 11.5, just before
the first signs of testicular sexual differentiation [20]. The final
evidence confirming the determination of male sex by the Sry
gene was provided through the study of XX transgenic mice into
which the Sry transgene was introduced. These individuals, despite
having the female karyotype XX, developed into typical males with
normally developed testes (sex reversal), but they were sterile due
to the lack of Y chromosome, which, as it turned out, also contains
genes responsible for the proper course of spermatogenesis [22].
These studies proved that the Sry gene is both necessary and
sufficient to determine male sex. In addition, it was shown that the
Sry gene is present only in marsupials and placental mammals, i.e.

in all mammals except monotremes [23,24].

Studies on The Male Sex Determination Pathway

Identification of the main function of the SRY gene was,
undoubtedly, next to the discovery of the sex chromosomes, the most
important discovery in the study of sex determination. However, the
development of the testis, an organ with a complicated structure,
had to, certainly, be controlled by several different genes besides the
Sry gene, which probably just initiates subsequent changes during
testis development. Further research revealed these additional
genes involved in the control of gonadal development. New genes
involved in sex determination have been discovered mainly owing
to patients with impaired sexual development. In 1994, the cases of
children with campomelic dysplasia were described, which is one of
the syndromes of skeletal development disorders that may coexist

XY

Gata4 wit1

with abnormal sex determination and female sexual characteristics
in the fetuses with male karyotype 46, XY (feminization) [25]. In
these cases, SOX9 (SRY-box transcription factor 9) gene appeared
to be mutated. It turned out that the SOX9 gene is involved in bone
development and sex determination. Subsequent studies have
shown that the Sox9 gene is key for a male determination as it is
expressed in developing testes, and specifically in future Sertoli
cells in all vertebrates, examined so far. Moreover, switching off
Sox9 expression leads to a complete reversal of male to female
sex [26-29]. In contrast, increased expression of Sox9 in XX mice
causes their gonads to develop into testes. Thus, this gene proved
necessary and sufficient to induce the development of male gonads.
In mammals, SRY directly increases the expression of the Sox9 gene,
and Sry and Sox9 are two genes occupying a key place in the cascade
of genes responsible for male sex determination. Sry, present only
in males, is a type of inducer triggering the expression of Sox9,
which then triggers the expression of several genes involved in the
development of male gonads (Figure 2). These are the fibroblast
growth factor (FGF9), prostaglandin D2 synthase (Ptgds), and
anti-Miillerian hormone (AMH) [30-32]. FGF9 is important for
accelerating cell divisions in growing male gonads, prostaglandin
D2 maintains high Sox9 expression in the developing XY gonad,
and AMH leads to the loss of fallopian tubes in males. Switching off
the Fgf9 or Ptgds expression in mouse gonads results in a male-
to-female reversion, indicating that these genes are involved in
male sex determination. For a relatively long time, the question
of how the expression of the Sry gene itself is triggered had not
been clarified. Now, it is known that the transcription factors such
as WT1 (Wilms factor 1), SF1 (Steroidogenesis Factor 1), GATA4
(GATA-binding protein 4) and IGF1 (Insulin-Like Growth Factor 1)
are important in this process (Figure 2) [33].

Sf1 Igf1

Sry

|

Sox9
/
Fgf9

~N

testis development

Ptgds

Rspo1 Wnt4

\ /

B—catenin

‘ovary development

Figure 2: A simplified model of the interactions between the principal genes in the mouse sex determination. In XY gonads,
the expression of Sf1, Gata4, Wt1, and Igf1 triggers the expression of Sry, which in turn upregulates the expression of Sox9. Sox9
upregulates the expression of a series of genes, including Fgf9 and Ptgds, which drive testis development. In XX gonads, in
a lack of Sry expression, there is an upregulation of Rspol and Wnt4 which stabilizes p -catenin leading to the expression of a

series of genes driving the ovary development.
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Searching for the Factors of Female Sex Determination

Initially, ovarian development was thought to be a passive
process occurring by default, in the absence of factors that
trigger testes development. However, at some point, research
began to show an increasing number of genes involved in ovarian
development, indicating that the control of the female gonadal
development is a fully active process. Initially, transcription
factors DAX1 (Dosage-sensitive sex reversal, adrenal hypoplasia
congenita, a critical region on the X chromosome, gene 1), FOXL2
(Forkhead box L2), and growth factor WNT4 (Wnt4 wingless-type
MMTYV integration site family, member 4) were the candidates for
the female determination genes [34]. In goats, the mutation of
the Foxl2 gene led to a female-to-male reversal, which indicated
the involvement of Foxl2 in a female determination in this species
[35]. In mice, on the other hand, disabling FoxI2 expression did not
result in complete sex reversal, but disrupted ovarian development
and caused testis-specific structures to appear in murine neonatal
ovaries. This, in turn, suggested some involvement of FoxI2 in

maintaining ovarian structure [36].

On the other hand, duplications of the DAXI and WNT4 genes
have been reported in humans, leading to a male-to-female
reversion [37,38], indicating that in humans these genes are
involved in female sex determination. Disabling Dax1 expression in
mice did not result in sex reversal, but only the sterility of mutants,
while disabling Wnt4 expression resulted only in a partial reversal
of female to male sex, indicating that there are certainly interspecies
differences in the sex determination cascades and that this process
is guided by the cascade of gene expression undergoing rapid
changes during evolution [39,40].

An extremely important event in the studies of female
determination was a case of an Italian family described in 2006
whose members had hyperkeratosis as well as male infertility
(Figure 1). Genetic studies have shown that these men had a typical
female genotype, i.e. 46, XX without the SRY gene [41]. This indicated
that, probably, a certain gene determining female sex was mutated
here, and that this mutation disrupted ovarian development and
caused its development into testes (total sex reversal, called XX
testicular DSD - a disorder of sex development). Genetic analysis
indicated a mutation in the RSPO1 gene coding for R-spondin 1
growth factor. This was the first human case in which a single
gene mutation resulted in a complete female-to-male reversal.
The Rspol gene was found to be expressed in the differentiating
ovaries of mice at an early stage of development, which confirmed
the role of this gene in the control of the development of female
gonads [42]. However, the inactivation of this gene in mice led only
to a partial female-to-male reversal [42]. R-spondin 1 together
with the WNT4 factor bind to the membrane receptors, which
results in the stabilization of B-catenin, which in turn protects
against its degradation in the cell cytoplasm (Figure 2). As a result,
[-catenin goes to the cell nucleus, where it acts as a regulator of
gene expression. It silences the expression of genes involved in the

development of male gonads and thereby causes the development
of female gonads [34]. This pathway plays a central role in the
determination of the female sex not only in mammals but also in
birds and possibly also in other vertebrates [43,44]. The concept
developed on the basis of many experiments that had taken place
in the last three decades shows that sex determination, occurring in
developing gonads, is based on the complex interactions between
many genes. In mammals, the Sry gene product, which is present
only in the genetic males (XY), increases the expression of the Sox9
gene, and high expression of the latter gene is maintained by FGF9
and prostaglandin D2. Both these factors simultaneously inhibit the
expression of female determination genes Rspo1 and Wnt4, and as a

result, the gonad differentiates into testes [45].

In contrast, in the genetic females (XX), in the absence of the
Sry gene, Sox9 achieves a low level of expression, whereby the ex-
pression of the female determination genes Rspol and Wnt4 is not
sufficiently inhibited. This, in turn, leads to an increase in the level
of B-catenin in the cytoplasm, which in turn triggers gonad differen-
tiation into the ovaries [34]. Thus, there are two antagonistically in-
teracting pathways for sex determination, male and female [34,45].
The fate of gonad development is determined by the predominance
of the male or female pathway of gene expression.

The Role of Hormones in Sex Determination

Another important issue of sex determination is the role of
factors creating secondary sex characteristics. The ancients were
already aware of the role of the testes in the formation of male sex
features. They knew that the castration led to the loss of these qual-
ities. The first documented scientific attempt to explain the role of
gonads in sexual development dates back to 1849 when the German
physiologist and zoologist Arnold Berthold castrated four roosters
and re-implanted the testicles into two of them [46]. Roosters with
implanted testes behaved, in contrast to the castrates, like the typi-
cal males, they crowed, fought with each other and showed interest
in females. Forty years later, in 1889, French physiologist and neu-
rologist Charles Brown-Séquard injected himself with a mixture of
sperm, blood, and fluid obtained from the testes of dogs and guinea
pigs [47]. He maintained that this procedure rejuvenated him and
extended his life. It was probably a placebo effect because the meth-
od of aqueous extraction he used eliminated hydrophobic andro-
gens that could have some beneficial effect [48].

The first valuable evidence for the role of hormones in sexual
development was provided by the observations of bovine fetuses,
commonly known as freemartins [49,50]. Freemartinism is a
phenomenon of masculinization of the reproductive system in
a female fetus in twin pregnancy with an associated male fetus.
Because the blood of both fetuses is mixed it results in normally
developing male individual and the female one, masculinized,
with fallopian tubes atrophy and ovarian development disorders.
On this basis, it was concluded that certain hormones derived
from the male fetuses cause masculinization of the female ones.
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In 1929, American physiologists T.F. Gallagher and Fred C. Koch
injected castrated roosters (so-called capons) with bull testicles
extract that restored the rooster behavior, such as crowing, in
the capons [51]. This indicated that the male gonads from bulls
produce a factor, responsible for the male traits, which is also active
in birds. In 1935, a Swiss group of endocrinologists isolated 10 mg
of hormone from the bull testes, which was called testosterone
(Figure 1) [52]. In the same year the first synthetic testosterone
was produced [53]. Some disorders in humans help explain the role
of hormones in the formation of secondary sexual characteristics.
For example, patients with congenital adrenal hyperplasia have an
overproduction of androgens, which in individuals with the female
karyotype 46, XX can lead to the development of male secondary
sexual characteristics (masculinization). In contrast, patients with
karyotype 46, XY and Partial Androgen Insensitivity (PAIS), despite
androgen production, show abnormalities in genital development,
which demonstrates the role of androgens in the differentiation of
male genitals [54]. The possibility of development features of the
opposite sex in the reproductive system is due to the bipotential
nature of the genital primordia called the genital ridges. Initially,
the genital primordia, called the Miillerian ducts and Wolffian ducts,
appear in fetuses of both genetic sexes. During the development of
the male individual, Wolffian ducts develop into the vas deferens,
and Miillerian ducts disappear. In contrast, during the development
of the female individual, the Miillerian ducts develop into the
fallopian tubes, and the Wolffian ducts disappear.

One of the most significant achievements in studying the role
of hormones in sexual development were the experiments of Alfred
Jost (Figure 1). This French endocrinologist, in the 40s of the 20th
century, microsurgically removed undifferentiated gonads from the
rabbit early fetuses and described the impact of this surgery on
further development [55].Itturned out thatin the absence of gonads,
reproductive tract pathways had developed in the female direction,
i.e. the fallopian tubes developed from the Miillerian ducts, while
Wolffian ducts disappeared. In contrast, the removal of gonads at
a later stage of development did not disrupt the differentiation of
the reproductive system, which showed that the developing male
gonads cause masculinization of the reproductive system. Jost then
implanted the developing testes into female fetuses of a rabbit.
This resulted in the development of the male reproductive system,
i.e. the disappearance of Miillerian ducts and the development of
Wolffian ducts into the vas deferens. Another experiment consisted
of implanting a testosterone propionate crystal into fetuses after
gonadal removal. It turned out that testosterone caused the
development of the vas deferens (from Wolffian ducts), and male
genitalia but did not inhibit the development of the fallopian
tubes [56]. Jost concluded that testosterone produced in the
testes is responsible for the development of the male reproductive
system, vas deferens, and male genitals, while some additional
hypothetical substance, also produced in the fetal testes, inhibits
the development of the fallopian tubes (from Miillerian ducts). This

substance was called MIF (Miillerian-inhibiting factor), but it took
many years to discover its identity. It was in the 1970s when the
French endocrinologist Nathalie Josso isolated a protein that was
called Anti-Miillerian hormone (AMH) (Figure 1) [57]. Later, it
turned out that the male determination gene - Sox9 directly activates
the expression of the AMH gene in the testes, whose product, the
AMH hormone, diffuses into the neighboring tissues and causes
apoptosis (programmed cell death) in the Miillerian ducts [58].
This prevents the development of the female reproductive system

in males.

To sum up, two hormones are most important for the
development of male sex characteristics: the first is the testosterone
synthesized through the cooperation of fetal Leydig cells and fetal
Sertoli cells, and the second is the AMH secreted by fetal Sertoli
cells [59]. However, hormonal control of the development of
secondary sexual characteristics is more complicated. Already in
the 1960s, it was found that testosterone secreted by the testes is
transformed in the target organs into a very active androgen called
the Dihydrotestosterone (DHT), which is primarily responsible for
the development of the penis and scrotum [60]. Recent studies
shed new light on the understanding of sexual development,
indicating that not only gonads but other androgen sources such
as the placenta, liver, and adrenal cortex are important for the

development of male sex characteristics [61].

Sex Determination - Environmental Factors or Genes?

In the 1960s, scientific evidence began showing that the
environmental factors are involved in sex determination. However,
this only applied to certain species, which indicated that in different
species sex is determined by two mechanisms: the information
stored in the genes or the effect of the environmental factors.
Madeline Charnier from the University of Dakar in 1966 described
the first case of Temperature Sex Determination (TSD). She showed
that in the progeny of red-headed agama (Agama agama) the ratio
of males to females (sex ratio) depends on the temperature at which
the eggs are incubated [62]. In 1967, Susumo Ohno published a
book called Sex Chromosomes and Sex-Linked Genes, in which he
summarized knowledge on sex determination in various species.
The author postulated that sex is genetically determined and that
the reports of the effects of temperature on sex ratio should be
considered only as a disorder of this process [63]. This point of view
contributed to the slowing down of the research on the temperature
sex determination. In 1971 and 1972, a French researcher from
the University of Paris, Claude Pieau, published the results of the
studies on the effect of temperature on the sex of Greek turtle
(Testudo graeca), and European pond turtle (Emys orbicularis)
(Figure 1) [64,65]. In the Greek turtle, the eggs incubated at a lower
temperature (25-30°C) almost exclusively developed to males, and
at a higher temperature (31-35°C) almost exclusively to females.
Similarly, in the European pond turtle, incubation below 28°C
induced males hatchling and above 29°C females, while both sexes
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hatched at an intermediate temperature. This was the first well
documented and published, report of temperature determination

in certain species.

Although it was the Pieau who pointed out that there are two
types of sex determination: the genetic sex determination, in most
species and the temperature sex determination in some species,
it was the Charnier (1966) who discovered the temperature sex
determination. The Pieau also pointed out that there is a specific,
narrow time window in the fetal development of turtles, during
which the temperature can determine sex. Further studies revealed
the existence of the temperature sex determination in many
different reptiles. The well-documented example is the American
alligator (Alligator mississippiensis) in which the lower and higher
temperature determines the female sex, and the intermediate
temperature determines the male sex [66]. For many years it
was not known how the temperature affects sex. Only the use of
the advanced methods of gene expression analysis showed that,
in developing gonads of red-eared turtle (Trachemys scripta),
the temperature affects the expression of the gene encoding
KDM6B histone demethylase [67]. This demethylase removes the
methyl groups (-CH3) from the histone, thus locally affecting the
expression of genes contained in the area of demethylated DNA.
In the red-eared turtle, the KDM6B demethylase is expressed at a
lower temperature and triggers the expression of the Dmrtl gene
responsible for the development of male gonads.

In 1995, a group from the University of Austin in Texas, showed
that the Polychlorinated Biphenyls (PCBs) polluted water causes
turtles and other aquatic reptiles to suffer sexual development
disorders [68]. Thus, it has been shown that there are chemical
compounds, including pollutants, that affect sexual development
and led to the disorders of sex determination, such as total sex
reversal or intersex features. These observations initiated large-
scale studies on the effects of various pollutants and chemicals,
such as contraceptive hormones, which enter the environment with

urine, on sex differentiation and gonads development.

Conclusion

Sex differences have puzzled humanity for a very long time in
both scientific and social contexts. A thorough understanding of the
mechanisms determining sexual development has been achieved
through the use of advanced scientific techniques developed in
the 20th century. However, surprisingly, the network of genes
that control sex determination is still incomplete, and relatively
poorly understood. Further research is likely to find novel genes
involved in gonadal development and to show the complexity of the
mechanisms controlling sexual development. It appears that the
cascade of events leading to the sex determination is much more
complicated than originally imagined. In addition, in many cases
of human sex disorders, their source remains unknown, indicating
that the research on the genes involved in gonadal development has

a long way to go.
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