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Abstract

The sex of birds is determined by inheritance of sex chromosomes at fer-
tilization. The embryo with two Z chromosomes (ZZ) develops into a
male; by contrast, the embryo with Z and W chromosomes (ZW) becomes
female. Two theories are hypothesized for the mechanisms of avian sex
determination that explain how genes carried on sex chromosomes control
gonadal differentiation and development during embryogenesis. One pro-
poses that the dosage of genes on the Z chromosome determines the sexual
differentiation of undifferentiated gonads, and the other proposes that
We-linked genes dominantly determine ovary differentiation or inhibit tes-
tis differentiation. Z-linked DMRT1, which is a strong candidate avian
sex-determining gene, supports the former hypothesis. Although no candi-
date W-linked gene has been identified, extensive evidence for spontane-
ous sex reversal in birds and aneuploid chimeric chickens with an abnormal
sex chromosome constitution strongly supports the latter hypothesis. After
the sex of gonad is determined by a gene(s) located on the sex chromo-
somes, gonadal differentiation is subsequently progressed by several
genes. Developed gonads secrete sex hormones to masculinize or feminize
the whole body of the embryo. In this section, the sex-determining mecha-
nism as well as the genes and sex hormones mainly involved in gonadal
differentiation and development of chicken are introduced.
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The Z and W Chromosomes
in Birds

2.1

The chicken is the most useful experimental
model for birds. Draft genome sequences of
chicken have been available since 2004
(International Chicken Genome Sequencing
Consortium 2004), and the estimated genome
size is approximately 1 billion bp. The chromo-
somes of a female chicken (Gallus gallus domes-
ticus) are shown in Fig. 2.1. The chromosome
number of chickens is 2n = 78, and ten pairs of
macrochromosomes (Chromosomes 1-9, Z, and
W) and 29 pairs of microchromosomes can be
observed. As with the chicken, the typical karyo-
type of birds consists of several pairs of macro-
chromosomes and many microchromosomes.
The macrochromosomes are distinguishable by
their size, morphology, and banding pattern,
which can be obtained by treatment with enzymes
or salt solutions. By contrast, microchromosomes
are too small to distinguish individually.

The sex of birds is genetically determined.
Females have the heterogametic sex chromo-
somes ZW, whereas males have the homogametic
Z7. This sex-determining mechanism is highly
conserved in avians, which include nearly ten
thousand species.

The Z chromosome is relatively large. The
estimated size of the Z chromosome is 82 million
bp, and the number of genes reported on the Z
chromosome is 1137 (NCBI, Gnome: http://
www.ncbi.nlm.nih.gov/genome/111?genome_
assembly_id=22848). The W chromosome has
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Fig.2.1 Giemsa-stained
chromosomes of female
chicken (Gallus gallus

Y

degenerated during evolution, and its estimated
size is 5.16 million bp. At least 50 genes are esti-
mated on the W chromosome.

2.2 Gonadal Development

in Chickens

Development of the chicken embryo takes
21 days. The developmental stage is described by
45 distinct stages under the Hamburger and
Hamilton (HH) system (Hamburger and Hamilton
1951). The development of embryo can also be
staged according to days of embryonic develop-
ment post-lay (embryonic day [E]).

The developmental process of the urogenital
system in chickens is similar to that in other
amniotes. Urogenital tissues arise from the inter-
mediate mesoderm, and the first evidence of
gonadal development is observed at E3.5, charac-
terized by a thickening of the coelomic epithe-
lium ventral to the mesonephros. Until this
embryonic stage, primordial germ cells (PGCs)
of extragonadal origin migrate into the gonads
through the blood stream.

The sex of birds is determined by genes
located on the sex chromosome (see Sect. 2.3). In
chickens, it is thought that sex determination
occurs at E4.5. After sex determination, the
gonads differentiate to testes or ovaries according
to the sex chromosome constitution of cells, ZZ
or ZW. However, until around E6.5, the gonads
are considered “bipotential,” which means they
are able to differentiate into either testes or
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Fig.2.2 A schematic
image of gonadal
development of chicken.
After sex-determining,
bipotential gonads of ZZ
embryos differentiate to
bilateral testes, whereas
ZW embryos appear
asymmetric ovaries
Bipotential gonad

Mesonephros

Fig. 2.3 Histological section of embryonic gonads with
hematoxylin and eosin (HE)-staining. Left: a ZZ male
gonad exhibits a developed medulla characterized by
seminiferous tubules with Sertoli cells and prospermato-

ovaries. After E6.5, histological differentiation of
the gonads can be observed between sexes. In ZZ
embryos, the gonads are differentiated to bilat-
eral testes (Fig. 2.2). The medulla is developed
and is characterized by seminiferous tubules with
Sertoli cells and prospermatogonia (Fig. 2.3).
The pre-Sertoli cells produce anti-Miillerian hor-
mone (AMH), which regresses embryonic ovi-
ducts (Miillerian ducts). Leydig cells adjacent to
the seminiferous tubules in the testicle secrete
testosterone to differentiate around cords
(Wolffian ducts) to internal genitalia. The PGCs
become enclosed in developing seminiferous
cords, and undergo mitotic arrest in males.
Meiosis only occurs after hatching.
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gonia. Right: a left gonad of ZW female exhibits a diag-
nostic thickened cortex and lacunae in the cortex by
becoming vacuolated. Scale bar means 100 pm

The right gonads are gradually depressed and
fail to develop in ZW female embryos. The left
gonads rapidly develop into ovaries with diag-
nostic thickened cortexes (Fig. 2.2). This asym-
metric morphology observed between right and
left gonads in females becomes apparent at E6.5
(Fig. 2.2). The proliferating germ cells exhibit a
cortical distribution and begin to enter meiosis at
E15.5 in the left gonad. PGCs in the right gonad
undergo some proliferation, but do not enter mei-
osis (Ukeshima 1996). The Miillerian duct on the
right side also regresses to form a dysfunctional
vestige (Carlon and Stahl 1985). The medullary
cords in the cortex of the female left gonad form
lacunae by becoming vacuolated during
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development (Fig. 2.3). The left ovary finally
develops into a functional organ, in which folli-
cles are formed.

2.3 TheTwo Hypotheses

for Sex Determination

Two hypotheses have been proposed for the mech-
anism of avian sex determination (Fig. 2.4). One
of them is called the “Z dosage” model. This
model explains that the dosage of a Z-linked gene
mediate sex determination, whereby two copies
are required for male development (ZZ). This

model is supported by the observation that birds
have no dosage compensation system for the Z
chromosome, such as X inactivation observed in
mammals (McQueen et al. 2001; Kuroda et al.
2001; Kuroiwa et al. 2002; Itoh et al. 2010).
Therefore, it is thought that a high expression level
of a Z-linked gene in the gonads of ZZ embryo
triggers testis development. A strong candidate
gene for sex determination under this hypothesis is
the Z-linked DMRTI (doublesex and mab-3-re-
lated transcription factor 1) gene (see Fig. 2.5).
The other hypothesis is the “W dominant” model.
According to this model, the W chromosome car-
ries a dominant-acting ovary determinant or an
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inhibitor of testis differentiation. Two W-linked
genes have been reported as candidate sex-deter-
mining genes in chickens.

HINTW (histidine triad nucleotide-binding
protein W) was reported as the best candidate
W-linked ovary-determining gene (also known as
WPKCI and ASW) at approximately the same
time by two research groups (Hori et al. 2000;
O’Neill et al. 2000). This gene is an ortholog of
HINT] (histidine triad nucleotide binding pro-
tein 1) on autosome in mammals. The HINT
gene encodes an aberrant form of a nucleotide
hydrolase enzyme (HINT). HINT proteins gen-
erally have endogenous adenosine 5’ mono-
phosphoramidate enzyme activity. HINTZ which
is a Z homologue of chicken HINTW, has a func-
tional catalytic domain, the HIT motif, like other
HINT proteins. By contrast, this motif is absent
in HINTW. Several in-vitro biochemical experi-
ments have shown that HINTZ function can be
inhibited via the formation of HINTZ/HINTW
heterodimers (Pace and Brenner 2003). However,
77 embryos that overexpress HINTW develop to
normal males with bilateral testes (Smith et al.
2009a). This provides genetic evidence against a
role for HINTW in avian sex determination.

FETI] (female-expressed transcript 1) is
another candidate W-linked ovary determinant
(Reed and Sinclair 2002). This gene is found
only in chicken genome, thus there are no ortho-
logs in another bird species. The expression was
almost exclusively observed in the female uro-
genital system. In particular, it is strongly
expressed in female left gonads leading up to
sexual differentiation, at E4.5-E6.5. However,
genome sequencing analyses revealed that the
gene is located on chromosome 4. Therefore,
there are no candidate W-linked ovary-determin-
ing genes at present.

24 ZOand ZZW Chickens

Abnormal sex chromosome constitutions are use-
ful to understand the sex-determining mechanism
of a species. Very nice examples are mammals and
fruit flies (Drosophila melanogaster). They have
XX/XY sex chromosome constitutions; however,

their mechanism for sex determination differs. To
distinguish between these, sex chromosome aneu-
ploids could be particularly helpful. Mammals
have a male-dominant Y chromosome, whereas the
sex of fruit flies is determined by X chromosome
dosage. Therefore, XO individuals are female in
mammals, but male in fruit flies. By contrast, XXY
animals are male in mammals, but female in fruit
flies. From these findings, distinguishing between
the mechanisms of sex determination in birds
would be straightforward if sex chromosome aneu-
ploids were available (Graves 2003).

Unfortunately, despite intensive studies of
chickens with aberrant sex chromosome constitu-
tions, there are no reports of ZO chickens (Graves
2003). This means that ZO chromosomes may
indeed be embryonic lethal. By contrast, several
reports have described ZZW triploid chickens.
Thorne and Sheldon (1991) reported these chick-
ens were sterile intersex with both ovarian and
testicular tissues. Furthermore, Lin et al. (1995)
gave a detailed description of the gonads of 63
ZZW triploid chickens ranging in age from 1 day
to 4.5 years. ZZW triploid fowls developed simi-
larly to normal ZW hens until about 20 weeks of
age, when their plumage, comb, and wattles
developed like a male (Lin et al. 1995). Both left
and right gonads were found in 59 chickens, and
only a left gonad was found in the remaining four
chickens. The development of right and left
gonads was separately described by Lin et al.
(1995), because they developed differently.

In the right gonads of 1-day-old chickens
(chicks), seminiferous tubules were well devel-
oped, as observed in normal diploid ZZ males.
After 3 months, the development of seminiferous
tubules was retarded in the right gonads. The slow
growth in the diameter of seminiferous tubules up
to 7 weeks of age was associated with a twofold
increase in the number of Sertoli cells from hatch-
ing (Lin et al. 1995). In 6-month-old chickens, few
spermatozoa among a large number of round, con-
densed spermatid nuclei in the seminiferous
tubules were observed. In 9-month-old chickens,
the seminiferous tubules were degenerated.
Primary spermatocytes were found in some tubules
by 9 weeks of age, their formation being retarded
by about 2 weeks by comparison with ZZ males.
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By 15 weeks of age, the most advanced germ cells
were primary spermatocytes, whereas spermato-
zoa were present in ZZ males (Lin et al. 1995).

ZZW triploid chickens differed with respect to
the development of the left gonads. In 1-day-old
chickens, the left gonads showed ovotestis features:
oocytes in the cortex and seminiferous tubules in
the medulla. The cortex was less developed in
77W chickens than in ZW chickens. After 1 week,
more than 50% of oocytes in cortical cords degen-
erated and contained no nucleus or a poorly defined
nucleus. Seminiferous tubules were present in the
medullae of all left gonads. After 3 weeks old, the
cortex was structurally distinct from the medulla.
Seminiferous tubules were developing in the
medulla, whereas the development remained less
advanced than that of those in the right gonads. The
cortex continued to degenerate, and was infiltrated
by leukocytes that were mainly small lymphocytes
in 5-week-old fowls. By 6 months of age, leuko-
cytic infiltration of the cortical region stopped, and
there were no ovarian components in the gonads.
By contrast, the structure of seminiferous tubules
in the medulla was similar to that of those in the
right gonads. A second phase of gonadal degenera-
tion began at 9 months old, and all left gonads
degenerated, leaving a large portion of parenchyma
composed of loose connective tissue. In chickens
older than 1 year, seminiferous tubules could not be
observed in the left gonads.

These observations in ZZW triploid chickens,
which are complete triploids with all autosomes
present in triplicate, indicated that the W chro-
mosome is associated with ovarian development
to some degree; however, ovarian features are
ultimately overridden by two Z chromosomes
(reviewed in Lambeth and Smith 2012).
Interestingly, chimeric chickens with a mixture
of diploid and triploid cells are also informative.
Although the estimated ratio of 2AZZ/3AZZW
chimeras (2A: two sets of autosome, 3A: three
sets of autosome) is only 5%, the left gonads con-
sistently develop to an ovary (Thorne and Sheldon
1993). This means that the ovary-determining
gene is located on the W chromosome, because a
small number of cells including the W chromo-
some is sufficient to induce ovarian development
(reviewed in Lambeth and Smith 2012). This
observation supports the “W dominant” model.

2.5 DMRT1: A Z-Linked
Candidate for Sex

Determination in Avians

In birds and lower vertebrates, DM domain genes
that encodes transcription factors with a zinc-
finger-like DM domain are highly conserved.
One of these genes, DMRTI located on the Z
chromosome in birds, is a strong candidate avian
sex determinant under the “Z dosage” model.
This gene is highly conserved in vertebrate and
non-vertebrate species, and is involved in the
development of male reproductive organs
(Raymond et al. 1999). In vertebrates, DMRT1
expression is essential for testis differentiation.
The overexpression of DMRTI in XX mouse
fetal gonads drives the development of testes and
represses the expression of key markers of ovar-
ian development (Zhao et al. 2015). DMRT] par-
alogs were identified as sex-determining genes in
medaka (Oryzias latipes, DMY/Dmrt1bY in the Y
chromosome) (Matsuda et al. 2002, 2003; Nanda
et al. 2002) and African clawed frogs (Xenopus
laevis, DMW in the W chromosome) (Yoshimoto
et al. 2008). These DM domain genes have
acquired new roles in gonadal sex differentiation
via gene duplication and translocation (medaka),
duplication and truncation (African clawed
frogs), or loss of function of one allele (birds)
(Cutting et al. 2013).

The chicken homolog of DMRT1 is located on
the Z chromosome. It is expressed more highly in
male undifferentiated gonads than in females
(Smith et al. 1999). DMRT1 knockdown via RNA
interference results in the feminization of embry-
onic gonads in genetically male (ZZ) embryos
(Smith et al. 2009b). The feminized left gonad
shows female-like histology, disorganized testis
cords, and a decline in the testicular marker SOX9
(SRY-box 9). The ovarian marker aromatase is
ectopically activated. The feminized right gonad
shows a more variable loss of DMRT1 and ectopic
aromatase activation, suggesting differential sensi-
tivity to DMRT 1 between the left and right gonads.
Germ cells also show a female pattern of distribu-
tion in feminized male gonads. Furthermore, over-
expressing of DMRT1 by infection of retroviruses
in the left and right gonads of ZW embryo induces
masculinization, characterized by increased
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expression of male marker genes and reduced
expression of female marker genes (Lambeth et al.
2014). These reports indicate that DMRTI is a
master regulator for testis determination in the
chicken and also support the “Z dosage” model for
avian sex determination.

Genes Involved in Male
Sexual Differentiation

2.6

DMRT] expression begins at ~E3.5. The expres-
sion is observed in the medulla of gonads and is
higher in ZZ males than in ZW females. After high
DMRT1] expression, SOX9 functions in testis devel-
opment in ZZ chicken embryos (Fig. 2.5). In pla-
cental mammals, the sex determination gene SRY
(sex-determining region Y) directly activates SOX9
expression by binding to the SOX9 enhancer
together with the NR5A1 (nuclear receptor sub-
family 5, group A, member 1) protein in the undif-
ferentiated gonads of XY embryos (Sekido and
Lovell-Badge 2008). However, in chickens, there is
atime-lag between the initial expression of DMRT]
and SOX9, which occur at days 3.5 and 6.5 respec-
tively. Therefore, other factors, which are probably
chicken-specific, must be components of the
molecular cascade between DMRT1 and SOX9.
HEMGN (hemogen) was firstly reported as a
chicken-specific factor for testis differentiation
that mediates SOX9 regulation under DMRT1
(Nakata et al. 2013, Fig. 2.5). In mice, Hemgn
(also known as EDAG in humans) is a recently
characterized hematopoietic tissue-specific gene
encoding a nuclear protein (Yang et al. 2001).
Hemgn expression is restricted to the blood
islands of the yolk sac and the fetal liver during
embryogenesis, the adult spleen, and bone mar-
row. EDAG shows a similar expression pattern in
humans. High EDAG expression is observed in
bone-marrow cells in acute myeloid leukemia,
suggesting that EDAG plays a regulatory role in
acute myeloid leukemia (An et al. 2005). However,
the gene is not expressed in the gonads during
embryogenesis in  mammals. In chickens,
HEMGN is located on the Z chromosome and
expressed not only in hematopoietic tissues, but
also in the early embryonic gonads of male chick-
ens (Nakata et al. 2013). Male-specific expression

has been observed in the nuclei of (pre-)Sertoli
cells after the sex determination period and prior
to the expression of SOX9. In ZW embryonic
gonads masculinized by aromatase inhibitor treat-
ment (see Sect. 2.8), the expression of HEMGN
was induced. ZW embryos overexpressing
HEMGN, generated by infection with a retrovirus
carrying HEMGN, had masculinized gonads: the
expressions of male marker genes, DMRTI and
SOX9, are increased, whereas female marker
genes, aromatase and FOXL?2 (forkhead box L2)
(see Sect. 2.7) are decreased. Furthermore, distri-
bution of germ cells showed a testis-like pattern.
These findings suggest that HEMGN is a tran-
scription factor that is specifically involved in
chicken sex determination.

AMH is a glycoprotein belonging to the trans-
forming growth factor-p (TGF-) superfamily. This
hormone is secreted by the gonads, and plays a role
in sexual differentiation of reproductive organs.
AMH is synthesized and secreted by Sertoli cells
of the embryonic testis, and directly acts to regress
the paired Miillerian ducts of males (Josso and
Picard 1986; Josso et al. 1993; Vigier et al. 1983).
In mammals, SOX9 directly regulates Amh tran-
scription together with NR5A1, GATA4 (GATA
binding protein 4), and WT1 (Wilms tumor protein
homolog). However, in chickens, AMH mRNA
expression is expressed prior to SOX9 mRNA
(Fig. 2.5). AMH mRNA is also present in the
female gonads of embryonic chickens, and acts to
regress the right female Miillerian ducts (Hutson
et al. 1981). It is thought that estrogens protect the
left duct from regression by AMH (Josso et al.
2001; Hutson et al. 1982; Tran and Josso 1977).
However, the exact mechanism is not known.

AMH is widely conserved in vertebrates. Its
function is primarily related to Miillerian duct
regression, whereas Y-linked duplicated AMH
functions in male sex differentiation in the
Patagonia pejerrey (Odontesthes hatcheri). In
chickens, AMH expression precedes that of SOX9,
indicating that AMH plays a more central role in
avian testis development, similar to fish species.
Lambeth et al. (2015) suppressed AMH expression
in embryonic gonads of chickens using RNA inter-
ference, and did not observe an effect on the
expression of the key testis pathway genes DMRT]
and SOX9; and male embryos exhibited normal
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testicular structure. However, the sizes of the
mesonephros and gonads were reduced, with nor-
mal phenotypes in male and female embryos.
These findings indicate that AMH is required for
proper cell proliferation and urogenital system
growth, irrespective of sex, whereas AMH does
not directly contribute to testicular or ovarian dif-
ferentiation (Lambeth et al. 2015). The same
research  group continuously characterized
embryos overexpressing AMH generated by infec-
tion with a retrovirus carrying AMH (Lambeth
et al. 2016). The embryos overexpressing AMH
showed small and undeveloped structures in
gonads of both sexes at embryonic and adult
stages. ZW female gonads developed to testis-like
cords lacking Sertoli cells, and were incapable of
steroidogenesis. In ZZ males, a similar phenotype
is observed: complete loss of both Sertoli cells and
gonadal steroidogenesis. These observations sug-
gest that AMH does not operate as an early testis
activator in the chicken but can affect sex hormone
production (Lambeth et al. 2016).

Genes Involved in Female
Differentiation

2.7

In most vertebrates including birds, gonadal sex
differentiation in females is sensitive to the sex
steroid hormone estradiol. This hormone is only
detected in female embryonic gonads, and is
required and sufficient for ovarian development
(Elbrecht and Smith 1992). The enzyme aroma-
tase is responsible for converting androgens to
estradiol. The aromatase protein is expressed in
the medullae of female gonads from E6.5
onwards, and its expression increases during
ovarian development (Smith et al. 2005).
Unfortunately, there are no candidates for
Wk-linked ovary-determining genes. However, sev-
eral genes of autosomes have been known to be
involved in female sex determination. FOXL2 is an
essential factor that is widely conserved in verte-
brates, including chickens (Loffler et al. 2003;
Wang et al. 2007; Pisarska et al. 2011, Fig. 2.5).
The expression patterns of FOXL2 and aromatase
transcripts are highly correlated in the developing
ovary at E4.7-12.7 (Govoroun et al. 2004). The
proteins encoded by both genes are colocalized in

the nuclei of medullar cord cells, and FOXL?2 is
mainly expressed in the granulosa cells of devel-
oping follicles. The expression timing of FOXL2 is
just prior to that of aromatase, suggesting that
FOXL2 directly or indirectly regulates aromatase
transcription. The FOXL2 expression is reduced
by aromatase inhibitor treatment in vivo, suggest-
ing that there is a feedback regulator loop between
FOXL?2 and aromatase (Hudson et al. 2005).

RSPOI (R-spondin 1) and WNT4 (wingless-
type MMTYV integration site family, member 4)
activation of B-catenin signaling plays an impor-
tant role in the developing ovary in several verte-
brate species (Biason-Lauber and Konrad 2008;
Liu et al. 2010; Chue and Smith 2011), including
chickens (Fig. 2.5). RSPOI mRNA is expressed
in the left and right gonads of ZW chicken
embryos from E4.5, and increases strongly from
E8.5 onward (Smith et al. 2008). By contrast, its
expression remains low in the gonads of ZZ
embryos. WNT4 expression is observed in the
bipotential gonads of ZZ and ZW embryos at
E4.5. However, in the left gonads of ZW embryos,
it is upregulated during sexual differentiation, at
E6.5-8.5. RSPOI and WNT4 are strongly
expressed in the cortex of the developing ovary
(Ayers et al. 2013). They may act synergistically
to activate f-catenin.

2.8 SexReversalinBirds

Sex-reversed animals have been particularly
found in many species of fishes. Both cases, that
of male-to-female and female-to-male, have been
reported in wild fish species. The phenomenon of
sex-reversal had also often observed in birds.
Aristotle (384-322 BC) seems to have been the
first to record the phenomenon of abnormal sex
development in poultry. He observed hens that
changed into cockerels (reviewed in Taber 1964).
Examples of spontaneous sex reversal in chick-
ens and many other bird species have been
reported. Interestingly, only the masculinization
of female birds (i.e., female-to-male) has been
documented, and there are no reports of male-to-
female sex reversal. Aristotle recorded the recip-
rocal event, cockerel to feminine behavior, but
this has not been confirmed (Taber 1964).
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Sex-reversed chickens can be generated exper-
imentally. ZZ embryos treated with exogenous
estrogen prior to gonadal differentiation show
feminization of the left gonads, resulting in ova-
ries or ovotestes. Additionally, the administration
of the anti-estrogen tamoxifen disturbs normal
female development (Scheib 1983). Aromatase
inhibitors, such as fadrozole, can effectually lead
to feminization in ZW embryos (Elbrech and
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Smith 1992). These inhibitors induce female-to-
male sex reversal in ZW females when applied
between EO and E7.5. Bilateral gonads develop,
and a testis-like structure with a thick cortex and
dense medulla is observed, although the embryo
is genetically female (ZW) (Fig. 2.6). Furthermore,
genes involved in testis differentiation are unregu-
lated; by contrast, female marker genes are
downregulated.

Aromatase inhibitor
treated ZW
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Fig. 2.6 The gonads of ZW female embryo, ZZ male
embryo, and masculinized ZW embryo induced by aroma-
tase inhibitor treatment. Upper: gonads on top of the meso-
nephros of female, male, and masculinized ZW embryos at
E10.5. The gonads of masculinized ZW embryos showed
bilateral development, similar to male gonads. Dashed lines
indicate gonads. Scale bar means 1 mm. Middle: HE-staining
of gonad sections from female, male, and masculinized ZW
embryos. The left masculinized ZW gonad has a testis-like

phenotype with a dense medulla and thin cortex, although a
slightly fragmented medulla was observed. The dashed line
indicates the border between the cortex and medulla in the
female gonad. Scale bar means 100 pm. Lower: aromatase
and SOXY in situ hybridization in male, female, and mascu-
linized ZW gonad frozen sections at day 10.5. Aromatase is
detected in female gonads, but no expression is observed in
male or masculinized ZW gonads. By contrast, SOX9
expression is not detected in female
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Evidence obtained from experimental sex-
reversed chickens suggests that sex hormones
and their enzymatic pathway are very important
for ovary development in chickens, and poten-
tially in all bird species. Furthermore, there are
no examples of male-to-female sex reversal in
birds under natural conditions, indicating that
birds cannot be female without the W chromo-
some. This inference strongly supports the “W
dominant” hypothesis, which maintains that
We-linked genes dominantly determine ovary dif-
ferentiation (or inhibit testis differentiation).

Sex Chimera Birds:
Gynandromorphs—Genes
or Hormones?

2.9

Gynandromorphs have been generally observed
in insects and crustaceans. The individuals have
the physical characteristics of both genders, usu-
ally displaying a bilateral difference. Interestingly,
gynandromorphs are found only in birds in verte-
brates; one side of the animal appears male and
the other female. These birds are rare, but
researchers have focused on this interesting phe-
nomenon as a “genetic mosaicism” (Hollander
1944). Gynandromorph birds have been observed
in pigeons, zebra finches, and especially domes-
tic fowls (Hollander 1975; Agate et al. 2003;
Cock 1955), among other species. A long-
standing theory on the etiology of gynandro-
morphs proposes that a single sex chromosome is
lost at the two-cell stage on one side of the animal
(Cock 1955). However, it is now understood that
gynandromorph birds arise as a result of a failure
in the extrusion of a polar body during meiosis
and subsequent fertilization of both a Z- and
W-bearing female pronucleus (Hollander 1975;
Zhao et al. 2010).

Gynandromorphs are spontaneously gener-
ated, namely the experimental samples are rare.
Zhao et al. (2010) reported valuable data exam-
ined three lateral gynandromorph chickens. All
chickens were ISA brown commercial hybrids
with sex-linked coloration in which males show
white plumage and females show brown plumage.
Gynandromorph chickens show a marked bilat-
eral asymmetry: half of the body is phenotypi-

cally female and the other side is phenotypically
male. The female side with brown plumage
appears a small wattle and small leg spur. By con-
trast, the male side, which is white, shows like a
typical cockerel with a large wattle, a large leg
spur, a heavier leg structure, and an obviously
greater mass of breast muscle (Zhao et al. 2010).

In their report, to identify the sex chromosome
constitutions of somatic cells, fluorescence
in-situ hybridization using Z and W chromosome
probes was performed using chromosome prepa-
rations obtained from cells in blood and skin
samples from both sides of three gynandromorph
birds. All three birds were composed of a mixture
of normal diploid male and female cells. Tissues
of the male side were mainly composed of ZZ
(male) cells, whereas tissues of the female side
mainly contained ZW (female) cells.

Understanding gonadal differentiation in
gynandromorph chickens is highly complicated,
because gonadal structure does not correspond
to external appearance (Zhao et al. 2010). Two
gynandromorph chickens (G1 and G2) appeared
female on the left side and male on the right,
whereas the remained one, G3, showed the
reverse external appearance, left is male and
right is female. The left gonad differed in appear-
ance between these three gynandromorph chick-
ens. G1 contained a testis-like gonad composed
primarily of sperm containing seminiferous
tubules. G2 had an ovary-like gonad composed
predominantly of large and small follicles. G3
showed an ovotestis comprised of a mixture of
empty tubules and small follicular-like struc-
tures. The morphological appearance of the
gonads reflected the cellular composition (ZZ or
ZW) of the individual organs. Testis-like and
ovary-like gonads were composed principally of
Z7- and ZW-containing cells respectively,
whereas the ovotestis comprised a mixture of
Z7- and ZW-containing cells.

In the traditional view of sexual development
in vertebrates including birds, the gonads develop
into either ovaries or testis during the embryonic
stage, and then release sex hormones to mascu-
linize or feminize the rest of the body. However,
the phenomenon of gynandromorphy cannot be
explained by this process, because hormones are
expected to flow equally to both sides of the
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body. Nevertheless, the organs exhibit male or
female phenotypes depending on the cellular
composition, ZZ or ZW.

Gonadal chimeras generated by transplanta-
tion of presumptive mesoderm exhibit a similar
pattern. Zhao et al. (2010) transplanted sections
of presumptive mesoderm from green fluorescent
protein (GFP)-expressing embryos at develop-
mental stage 12 to the equivalent tissue on non-
GFP embryos at the same stage of development
between sexes. The transplanted embryos were
allowed to develop until stage 35, and the expres-
sion patterns of the male marker AMH and female
marker aromatase were examined. Interestingly,
donor male cells expressed AMH and donor
female cells expressed aromatase in mixed-sex
chimeras. Donor cells appear to be incapable of
contributing to specialized compartments of the
host gonad. Female donor cells in the testis of a
male host cannot be recruited into the functional
male Sertoli cell compartment, and male donor
cells in the ovary of a female host are excluded
from the functionally female compartment.

These observations seem paradoxical. Hormones
must play arole in early sexual development because
genetically female chicken embryos develop as
males with testes when treated with an aromatase
inhibitor (see Sect. 2.8). However, studies on gynan-
dromorphy and gonadal chimeras provide evidence
that all somatic cells recognize their sex, ZZ male or
ZW female. This observation led to the idea that
male and female chicken somatic cells possess a
cell-autonomous sex identity (CASI) (Zhao et al.
2010; Clinton et al. 2012). Based on gynandro-
morph chicken studies, Zhao et al. (2010) proposed
that Z-linked genes underlie sex determination
throughout the avian body. This idea is supported
by the fact that birds have no chromosome-wide
dosage compensation mechanism (see Fig. 2.3).
The dosage of most Z-linked genes is twofold,
higher in male than in female cells, and this might
determine the sex identities of each cell.

Conclusion

The sex-determining process is essential for
reproduction. In recent years, understanding
the molecular mechanism of sex-determina-
tion in birds has been progressed, however, it
is lagging behind that of mammals and fishes.

Although genes and regulatory networks that
govern the fate of gonads were recently identi-
fied, many gaps in knowledge remain. There is
conflicting evidence concerning the impor-
tance of sex hormones in sex differentiation.
Additional investigations of the role of genes
involved in sex determination and differentia-
tion, and the relative contribution of the genetic
sex of each somatic cell and hormones to sex-
ual differentiation, are expected in the future.
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