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The sex of birds is determined by the inheritance of sex chromosomes (ZZ
male and ZW female). Genes carried on one or both of these sex chromo-
somes control sexual differentiation during embryonic life, producing testes
in males (ZZ) and ovaries in females (ZW). This minireview summarizes
our current understanding of avian sex determination and gonadal develop-
ment. Most recently, it has been shown that sex is cell autonomous in
birds. Evidence from gynandromorphic chickens (male on one side, female
on the other) points to the likelihood that sex is determined directly in each
cell of the body, independently of, or in addition to, hormonal signalling.
Hence, sex-determining genes may operate not only in the gonads, to pro-
duce testes or ovaries, but also throughout cells of the body. In the
chicken, as in other birds, the gonads develop into ovaries or testes during
embryonic life, a process that must be triggered by sex-determining genes.
This process involves the Z-linked DMRTI gene. If DMRTI gene activity
is experimentally reduced, the gonads of male embryos (ZZ) are feminized,
with ovarian-type structure, downregulation of male markers and activa-
tion of female markers. DMRTI is currently the best candidate gene
thought to regulate gonadal sex differentiation. However, if sex is cell
autonomous, DMRT1 cannot be the master regulator, as its expression is
confined to the urogenital system. Female development in the avian model
appears to be shared with mammals; both the FOXL2 and RSPO1/WNT4
pathways are implicated in ovarian differentiation.

Introduction

Sex determination can be defined as the earliest devel-
opmental event whereby sex is established. In birds
and mammals, sex determination occurs at fertilization
with the inheritance of the sex chromosomes. Sexual
differentiation subsequently occurs and involves gona-
dal sex differentiation, producing either ovaries or tes-
tes. As a developmental pathway, sex determination
must be a very ancient process, being linked to the sex-
ual reproduction that has been a key driving force of

Abbreviation
DMRT1, Double-sex and Mab-3 Related Transcription Factor #1.

FEBS Journal 278 (2011) 1027-1034 © 2011 The Authors Journal compilation © 2011 FEBS

evolution. The development of a sexual phenotype,
usually male or female, generally occurs during embry-
onic development and is regulated by genetic and hor-
monal pathways. In vertebrates, sex can be determined
by either environmental or genetic factors [1,2].
Genetic sex determination is observed in mammals and
birds, with both groups having defined sex chromo-
somes. However, the ZZ/ZW sex chromosomes of
birds are unrelated to the XX/XY sex chromosomes
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of mammals, having evolved from a different pair of
autosomes. Hence, birds lack SRY, the master testis-
determining gene of therian mammals (marsupials and
‘placentals’) (Fig. 1A). This minireview focuses on
recent advances in our understanding of avian sex
determination and how this has informed our views of
vertebrate sex determination in general. Unresolved
questions associated with avian sex determination are
also considered.

Evidence that sex determination is cell
autonomous in birds

Most of our knowledge of avian sex determination
comes from studies on the chicken (Gallus gallus do-
mesticus), which has long been a key model for devel-
opmental biologists and for which complete genome
sequence is now available [3]. The sex of chickens and
other birds is determined genetically by the inheritance
of sex chromosomes. Males have ZZ sex chromosomes
and females have ZW sex chromosomes. The Z is large
and carries the key candidate testis determinant,
DMRTI. The smaller W has few bona fide genes and
is largely heterochromatic (Fig. 1B). Genes carried on
one or both of these sex chromosomes are thought to
control gonadal differentiation during embryonic life,
producing testes in males (ZZ) and ovaries in females
(ZW). In the chicken, the initially bipotential gonads
commence morphological differentiation into ovaries
or testes from day 6 of the 21-day embryonic period.
In ZZ males, Sertoli cells differentiate in the inner part
of the gonad (medulla) and the outer cortex regresses.
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Conversely, the left female (ZW) gonad becomes an
ovary with thickened cortex and vacuolated medulla,
whereas the right gonad fails to elaborate a thickened
cortex and regresses. Two hypotheses have been
advanced for the mechanism of avian sex determina-
tion: Z dosage and dominant W. According to the for-
mer, sex is determined by the dosage of one or more
Z-linked genes (higher in males), whereas the dominant
W posits that the female sex chromosome carries a
dominant-acting ovary/female determinant [4-6].
Although neither mechanism has so far been definitely
proven, most evidence now favours the Z dosage
hypothesis [7,8].

The traditional view of sexual development in birds
and other vertebrates is that the gonads develop into
either ovaries or testes during embryonic life and the
gonads then release hormones to masculinize or femi-
nize the brain and the rest of the body. However, this
idea has been undermined by studies of gynandromor-
phic birds, which provide evidence that sex determina-
tion is cell autonomous in avians. Zhao et al. [9]
examined three naturally occurring but rare gynandro-
morphic chickens, which are male on one side of the
body and female on the other (Fig. 2). Remarkably,
the male side had greater breast muscle, a wattle and
spur on the leg, whereas the female side had smaller
breast muscle, no wattle and no spur [9]. These birds
were found to have mostly ZZ cells on the male side
and ~ 50% ZW cells on the female side. The mecha-
nism for this sexual mosaicism is thought to be due to
failure of polar body exclusion during female meiosis,
yielding a fertilized egg with both ZZ and ZW pronu-
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Fig. 1. Mammalian and avian sex chromosomes. (A) Schematic illustration of the sex chromosome systems used by mammalians and
avians. Mammalian males are the heterogametic sex (XY) and females are the homogametic sex (XX). In avians, males are homogametic
(ZZ) and females are heterogametic (ZW). The master testis-determining genes, SRY in mammals and DMRTT in avians, are represented by
white bands on the Y and Z chromosomes, respectively. Dosage compensation only occurs in mammals where one X chromosome in
females is randomly inactivated (represented by the faded chromosome). Autosomes are represented by grey chromosomes labelled ‘A", (B)
Features of the Z and W chromosomes of modern avians. The euchromatic (blue in the Z, red in the W) and heterochromatic (yellow in both)
regions are shown. Notably, the DMRT1 gene is located exclusively on the Z chromosome in both ratites and nonratites.
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Fig. 2. Gynandromorphic chicken. The left side of the chicken is
female with brown colouration, small wattle and small leg spur.
The right side of the chicken is male in colouration (predominantly
white) and is characterized by the large wattle, large leg spur and
greater breast musculature. Reprinted by permission from Macmil-
lan Publishers Ltd. Zhao et al., (2010), Nature, 464: 237-42. Copy-
right (2010).

clei and, hence a mosaic embryo with both male and
female cells. The gynandromorphs cannot be explained
by hormones, which would be expected to flow equally
to both sides of the body. Zhao et al. [9] concluded
that the sex differences from one side of the body to
the other must have been determined directly by the
sex chromosomes in each cell (cell autonomous). They
provided further evidence that all cells ‘know’ their sex
early in development by transplanting fluorescently
labelled gonadal cells of one sex into the early gonad
of the same or opposite sex (well prior to gonadal sex
differentiation). When this was done for same-sex
transplants, the donor and host cells integrated. How-
ever, when donor and host cells were of the opposite
sex, no integration occurred [9]. Taken together, these
data strongly suggest that sex in birds is determined by
direct genetic factors operating in each cell throughout
the body. This process appears to predate gonadal sex
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differentiation and the release of gonadal hormones. A
possible alternative explanation for the tissue trans-
plantation experiments could be that cells of one sex
carry a cell-surface antigen that prevents integration
with cells of the opposite sex, akin to the H-Y antigen
of mammals [10]. Indeed, an H-W antigen occurs in
female birds (ZW) [11]. However, this female-specific
antigen appears to be induced by estrogen at the onset
of gonadal sex differentiation (E6.5), and is not
expressed at earlier stages [12-14]. Early expression of
a similar antigen that prevents opposite sex tissue inte-
gration could be unrelated to later gonadal sex differ-
entiation, or it could be part of the cell autonomous
sex-determining process postulated by Zhao er al. [9].

Direct genetic effects of sex have also been inferred
in a gynandromorphic zebra finch, which had male-
type neural song circuitry on one side of the brain and
female on the other [15]. The establishment of somatic
sex independently of the gonads in birds is also sup-
ported by other studies, showing that sexually dimor-
phic gene expression occurs in embryos before the
gonads have differentiated into testes or ovaries and
hence, before sex-specific hormonal signalling [6,16]. In
addition, transplantation studies in quail embryos have
shown that male quails with female brains show female
rather than male behaviour [17]. The authors of the
gynandromorph studies do not preclude a supporting
role for steroid hormones, such as testosterone and
estrogen. Hormones must play some role in early sex-
ual development, because genetically female chicken
embryos will develop as male with testes if the estro-
gen-synthesizing enzyme, aromatase, is experimentally
blocked very early in development (day 3-4) [18-20].
Nevertheless, these most recent findings show that ‘sex
determination’ does not centre solely on the gonads in
birds, but is perhaps best used to describe a genetic
process that occurs throughout the whole embryo.
Similar observations have been reported in mammals.
For example, primary cell cultures of rat and mouse
hypothalamus undergo sexual differentiation in vitro
before the onset of sexually dimorphic gonadal secre-
tions [21,22]. Furthermore, in marsupial mammals, the
differentiation of a pouch in females or a scrotum in
males predates gonad differentiation and is instead
dependent on X chromosome dosage [23,24].

The authors of the gynandromorphic chicken study
have suggested that the dosage of Z-linked genes might
underlie sex determination throughout the avian body:
males (ZZ) have two doses of all Z-linked genes, while
females (ZW) have one (Fig. 1A). Hence, the ‘Z tran-
scriptome’ could confer sexual identity to each cell in
the body [9]. It is important to note in this context
that there is no chromosome-wide dosage compensa-
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tion mechanism in birds, as occurs for the X chromo-
some in mammals [25-29]. Hence, on average, male
chickens have double the dosage of most Z-linked
genes compared with females, and this might be the
mechanism that determines whether a cell identifies as
male or female. It is also worth noting that, in ratites
(flightless birds), the Z and W sex chromosomes are
near identical, carrying almost the same suite of genes,
which would presumably undermine a sex-determining
mechanism that relied upon overall Z chromosome
transcript dosage. Hence, if sex is determined cell
autonomously by the same mechanism in all birds, it
may rely on one or a few Z-specific genes, or by a
dominant W gene, present in both ratites and nonra-
tites (flying birds). Regardless of whether sex is cell
autonomous or hormonally influenced in birds, key
genes must control development of the embryonic
gonads into ovaries or testes as part of the sexual
differentiation process. One such gene is Double-sex
and Mab-3 Related Transcription Factor #1 (DM RTI).

The DMRT1 gene and testis differentia-
tion

The chicken Z sex chromosome has over 680 known
protein-coding genes, 49 novel genes and at least 45
noncoding RNA genes (http://www.ensembl.org/Gal-
lus_gallus). Any of these genes could play a role in cell
autonomous sex determination and/or downstream
gonadal sex differentiation. The favoured candidate
Z-linked gene controlling gonadal sex differentiation is
DMRTI. This gene is conserved among vertebrate
embryos and is more highly expressed in male gonads
than female gonads, in the chicken embryo and in
other groups, such as mammals, reptiles and fishes
[30-33].

J. Chue and C. A. Smith

In avians, DMRT] is present on the Z and absent
from the W sex chromosome of all birds, including,
importantly, the flightless ratites. By contrast, most
other Z-borne genes have orthologues on the W in
ratites. DMRTI encodes a transcription factor with a
zinc-finger like DNA-binding domain (the DM
domain). It has been suggested that the higher dose
and higher expression level of DMRTI in male (ZZ)
chicken embryos triggers testicular development,
wheresas a lower dose and lower expression are com-
patible with ovarian development [34]. Consistent with
this idea, recent experimental knockdown of DMRTI
in early chicken embryos resulted in the feminization
of male gonads, affecting tissue organization, gene
expression and germ cell distribution [7]. These find-
ings support the Z dosage hypothesis for avian sex
determination or at least, for gonadal sex development,
because ZZ males would have a higher dosage of
DMRTI which would initiate testicular differentiation
and expression of the key conserved Sertoli cell differ-
entiation factor, SOX9 [35]. Further support for DM
domain genes playing a decisive role in vertebrate
gonadal development comes from the medaka fish
(Oryzias latipes), in which DMY/DmrtlbY operates as
the master testis determinant [36-38]. Interestingly, a
W-linked copy, DM-W, has been implicated in ovarian
development in the African clawed toad (Xenopus laevis)
and is thought to function by interfering with DMRTI
[39,40].

Is DMRTI the Z-linked factor responsible for sex
determination in birds? This may be true for gonadal
sex differentiation but not other tissues of the body
(Fig. 3). In the embryonic gonads, a higher dose of
DMRTI is required for proper testis formation and
hence, the gene has a key role in the male gonad [7].
However, the cell transplantation experiments of Zhao
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master sex determining gene/s
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Fig. 3. Sex determination and sexual differentiation in the chicken model. Sex determination occurs in the early embryo (E0-E2) in a cell
autonomous manner and is governed by the inheritance of sex chromosomes. Sexual differentiation of tissues such as the soma and gonads
then occurs as development proceeds. Gonadal sex differentiation in ZZ males involves the Dmrt1 gene while the master female sex differ-
entiation gene remains unknown. Because sexual differentiation is at least partly cell autonomous, other currently unidentified sex-linked
genes may control sex differentiation in the brain and other somatic tissues.
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et al. [9] carried out at day 2 (stage 11/12) of develop-
ment imply that the gonadal precursor cells have a
sexual identity before the gonads form. DMRTI is
more highly expressed in male urogenital tissues than
female tissues as early as at least day 3.5 (stage 19),
where it localizes to the coelomic epithelial cells over-
lying the mesonephric kidneys (CA Smith, pers obs).
This is well prior to gonadal sex differentiation. If
DMRTI is expressed even earlier, at day 2, it could
be responsible for, or contribute to, gonadal sexual
identity before morphological differentiation (day 6),
in line with the findings of Zhao et al. [9]. Alterna-
tively, another Z-linked gene, or a W-linked inhibiting
factor, could lie upstream of DMRTI in the gonadal
sex differentiation pathway [9]. The pathway confer-
ring sexual identity outside the gonads, if cell autono-
mous, is unlikely to involve DMRTI which is not
expressed outside the urogenital system. According to
this second alternative, another (unknown) sex-linked
gene is the sex-determining factor in birds and, in the
gonads, this gene directly or indirectly influences sexu-
ally dimorphic DMRTI1 expression. Therefore, if
somatic sex is cell autonomous, another sex-linked
gene is implicated. This could be any one (or more)
of the 600 or so Z-linked genes mapped to the
chicken Z sex chromosome, but, as mentioned above,
the Z gene would presumably need to be absent from
the ratite W. Most are not. Alternatively, sex could
be controlled by a W-linked feminizing factor. Future
studies should focus on expression profiling of non-
gonadal tissues such as the brain to identify sex-linked
regulatory mRNAs.

Conservation of the ovary-determining
pathway in birds

According to the dominant W hypothesis, the W car-
ries an ovary-determining gene that confers female
development (analogous to the mammalian Y chromo-
some which carries the testis-determinant, SRY). How-
ever, no good candidate genes have been mapped to
the W sex chromosome, which is heterochromatic and
largely composed of repetitive DNA [27,41-43]
(Fig. 1B). Some W-linked genes have been identified
and some are expressed in the embryonic gonads, but
there is no direct evidence of any role in ovary forma-
tion [44,45]. One well-characterized W-linked sequence
is HINTW (also known as WPKCI and ASW) [44,46].
This gene encodes an aberrant histidine triad nucleo-
tide-binding protein. It has been suggested that it
might operate as a dominant negative, interfering with
a Z-linked orthologue (called HINTZ) to direct female
development [46,47]. However, misexpression of this
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gene in genetically male embryos (ZZ) does not per-
turb normal testis development [7]. Yamada et al. [48]
carried out a detailed expression screen for novel
W-linked genes that might be activated in early embry-
onic chicken gonads, but no new appealing candidate
genes were identified.

FOXL2, WNT4 and RSPO1 have been proposed as
candidate ovary-determining genes based on loss-of-
function mutants in mammals. FOXL2 mutations were
identified as the underlying genetic cause of blepharo-
phimosis/ptosis/epicanthus inversus syndrome (Online
Mendelian Inheritance of Man: 605597; http://www.
ncbi.nlm.nih.gov/omim), an autosomal disease that is
associated with premature ovarian failure [49]. In fur-
ther support of a role for FOXL2 in ovary develop-
ment, mutations affecting the levels of FOXL2 were
shown to cause female-to-male sex reversal in goats
with polled intersex syndrome [50]. Further analysis of
FOXL2 revealed that it encodes a forkhead/winged
helix transcription factor that is only detectable in XX
gonads and expressed during embryonic development,
postnatally and in adulthood [S1]. Subsequent studies
of FoxI2 mouse models have shown that knockout
mice have phenotypes similar to blepharophimo-
sis/ptosis/epicanthus inversus syndrome in humans
and that ablation in adult ovaries leads to the transdif-
ferentiation of granulosa cells to Sertoli-like cells
[52,53]. Despite the somewhat different effects of
FOXL?2 mutations observed in different mammals, it is
clear that this gene has a role in the development and
maintenance of the mammalian ovary. A conserved
role for FOXL2 is implied in the chicken embryo,
where the gene is activated female-specifically just
prior to gonadal sex differentiation (ES5.5) [54,55]. The
temporal and colocalization profiles suggest that
FOXL2 activates aromatase during chicken ovarian
development [55,56].

Another gene implicated in ovarian development is
WNT4, which is upregulated in female gonads of
chicken [57]. In mammals, Wnt4 activates canonical
B-catenin signalling, which is required for proper ovary
formation [58,59]. Most recently, a novel activator of
the Wnt/B-catenin signalling pathway known as
R-spondin 1 (RSPOI) was identified. In the chicken
embryo, as in mammals, RSPOI is female upregulated.
RSPOI and WNT4 are expressed in the cortex to
outer medulla of the gonads, whereas FOXL2 and aro-
matase are present only in the medulla (at least at the
time of sex differentiation) [57]. Thus, although there
may be interaction between the two (for example, Wnt
signalling influencing FOXL2 expression), the two
pathways have distinct roles in ovarian development
and it is hypothesized that experimental knockdown
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Sex determination in birds

DMRTl —  Sox9 Testis
FoxI2 —— Aromatase—» Estrogen

\ AQ 8! >_’ Ovary
Rspol ——  Wnt4 — Stabilised

Bipotential
gonads B-catenin

Fig. 4. Molecular factors hypothesized to be involved in avian sex
determination and gonadal sex differentiation. Schematic model of
the genetic cascades thought to control sex determination and dif-
ferentiation of the embryonic gonads into testes (represented in
blue) or ovaries (represented in red). Components and several
aspects of this interplay are based on current knowledge in both
avian and mammalian sex determination.

of both genetic cascades might induce testicular
development in birds, as implied in masculinized
FoxI2~"~ Wnt4~"~ double knockout mice [60].

Conclusion

The process of sex determination is essential to repro-
duction and is dependent on the proper development
of the embryonic gonads. Significant progress in
understanding the mechanism of avian sex determina-
tion has been made in recent years, leading to the iden-
tification of genes and regulatory networks that govern
the fate of the gonads (Fig. 4). In the embryonic
chicken gonad, Z-linked DMRT] is required for testis
development and is likely to be the master regulator of
testis differentiation. However, proof of this awaits
overexpression studies in ZW embryos. We hypothe-
size that DMRTI activates SOX9, probably indirectly
or with other factors, given that DMRTI 1is first
expressed well before SOX9 (day 3.5 versus day 6).
Alternatively, high levels of DMRTI expression may
act to inhibit the female pathway. In normal females
(ZW), a lower level of DMRTI may be insufficient to
repress ovarian development genes. If sexual fate of
the embryonic chicken gonad depends on the dosage
of Z-linked DMRTI, its regulation must be very
important, because males have twice the dose of
females, at least initially. Although DMRTI is clearly
important for testicular differentiation, cell transplan-
tation studies suggest that other sex-linked genes may
operate upstream of DMRTI and cell autonomously
to determine sex. DMRTI is a likely target of these
other undefined genes in the gonad, but the targets in
other tissues of the avian body are completely
unknown.

In females, the key ovary determinant is unclear, but
it involves activation of both FOXL2 and RSPOI!. In
this sense, avian gonadal (ovary) development is con-
served with mammals. Several outstanding questions
remain. What is the nature of the sex determinant that
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operates cell autonomously throughout the body in
early embryos? What activates DM RTI and what are
its target genes? These will be fruitful areas of research
in the coming years.

References

1 Barske LA & Capel B (2008) Blurring the edges in
vertebrate sex determination. Curr Opin Genet Dev 18,
499-505.

2 Guiguen Y, Fostier A, Piferrer F & Chang CF (2009)
Ovarian aromatase and estrogens: a pivotal role for
gonadal sex differentiation and sex change in fish. Gen
Comp Endocrinol 165, 352-366.

3 Hillier LW, Miller W, Birney E, Warren W, Hardison
R, Ponting CP, Bork P, Burt D, Groenen MAM &
Delany ME (2004) Sequence and comparative analysis of
the chicken genome provide unique perspectives on
vertebrate evolution. Nature 432, 695-716.

4 Clinton M (1998) Sex determination and gonadal
development: a bird’s eye view. J Exp Zool 281,
457-465.

5 Ellegren H (2000) Evolution of the avian sex chromo-
somes and their role in sex determination. Trends Ecol
Evol 15, 188-192.

6 Smith CA, Roeszler KN, Hudson QJ & Sinclair AH
(2007) Avian sex determination: what, when and where?
Cytogenet Genome Res 117, 165-173.

7 Smith CA, Roeszler KN, Ohnesorg T, Cummins DM,
Farlie PG, Doran TJ & Sinclair AH (2009) The avian
Z-linked gene DM RT1 is required for male sex determi-
nation in the chicken. Nature 461, 267-271.

8 Nanda I, Schlegelmilch K, Haaf T, Schartl M &
Schmid M (2008) Synteny conservation of the Z chro-
mosome in 14 avian species (11 families) supports a role
for Z dosage in avian sex determination. Cytogenet
Genome Res 122, 150-156.

9 Zhao D, McBride D, Nandi S, McQueen HA, McGrew
MJ, Hocking PM, Lewis PD, Sang HM & Clinton M
(2010) Somatic sex identity is cell autonomous in the
chicken. Nature 464, 237-242.

10 Wachtel SS (1981) Conservatism of the H-Y/H-W
receptor. Hum Genet 58, 54-58.

11 Wachtel SS, Wachtel GM, Nakamura D & Gilmour D
(1983) H-Y antigen in the chicken. Differentiation
23(Suppl), S107-S115.

12 Koo GC, Allen HL, Long RA, Serio-Dunn R, Goggin
B & Weppelman RM (1985) Effect of tamoxifen on
H-Y antigen expression and gonadal development in
chicken embryos. Differentiation 29, 140—144.

13 Muller U, Zenzes MT, Wolf U, Engel W & Weniger JP
(1979) Appearance of H-W (H-Y) antigen in the gonads
of oestradiol sex-reversed male chicken embryos. Nature
280, 142-144.

1032 FEBS Journal 278 (2011) 1027-1034 ® 2011 The Authors Journal compilation ® 2011 FEBS



J. Chue and C. A. Smith

14 Ebensperger C, Drews U, Mayerova A & Wolf U
(1988) Serological H-Y antigen in the female chicken
occurs during gonadal differentiation. Differentiation
37, 186-191.

15 Agate RJ, Grisham W, Wade J, Mann S, Wingfield J,
Schanen C, Palotie A & Arnold AP (2003) Neural,
not gonadal, origin of brain sex differences in a
gynandromorphic finch. Proc Natl Acad Sci USA 100,
4873-4878.

16 Scholz B, Kultima K, Mattsson A, Axelsson J, Brun-
strom B, Halldin K, Stigson M & Dencker L (2006)
Sex-dependent gene expression in early brain develop-
ment of chicken embryos. BMC Neurosci 7, 12.

17 Gahr M (2003) Male Japanese quails with female brains
do not show male sexual behaviors. Proc Natl Acad Sci

USA 100, 7959-7964.
18 Elbrecht A & Smith RG (1992) Aromatase enzyme

activity and sex determination in chickens. Science 255,

467-470.

19 Vaillant S, Dorizzi M, Pieau C & Richard-Mercier N
(2001) Sex reversal and aromatase in chicken. J Exp
Zool 290, 727-740.

20 Smith CA, Katz M & Sinclair AH (2003) DMRTI is
upregulated in the gonads during female-to-male sex
reversal in ZW chicken embryos. Biol Reprod 68, 560—
570.

21 Reisert I & Pilgrim C (1991) Sexual differentiation of

monoaminergic neurons — genetic or epigenetic? Trends

Neurosci 14, 468-473.

22 Pilgrim C & Reisert I (1992) Differences between male
and female brains — developmental mechanisms and
implications. Horm Metab Res 24, 353-359.

23 Renfree MB & Short RV (1988) Sex determination in
marsupials: evidence for a marsupial-eutherian dichot-
omy. Phil Trans R Soc Lond B 322, 41-53.

24 Glickman SE, Short RV & Renfree MB (2005) Sexual

differentiation in three unconventional mammals: spot-

ted hyenas, elephants and tammar wallabies. Horm
Behav 48, 403-417.

25 Kuroda Y, Arai N, Arita M, Teranishi M, Hori T,
Harata M & Mizuno S (2001) Absence of Z-chromo-
some inactivation for five genes in male chickens.
Chromosome Res 9, 457-468.

26 Ellegren H (2002) Dosage compensation: do birds do it

as well? Trends Genet 18, 25-28.

27 Ttoh Y, Melamed E, Yang X, Kampf K, Wang S,
Yehya N, Van Nas A, Replogle K, Band MR et al.
(2007) Dosage compensation is less effective in birds
than in mammals. J Biol 6, 2.

28 Melamed E & Arnold AP (2007) Regional differences

in dosage compensation on the chicken Z chromosome.

Genome Biol 8, R202.

29 Arnold AP, Itoh Y & Melamed E (2008) A bird’s-eye
view of sex chromosome dosage compensation.
Annu Rev Genomics Hum Genet 9, 109—-127.

FEBS Journal 278 (2011) 1027-1034 © 2011 The Authors Journal compilation © 2011 FEBS

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Sex determination in birds

Smith CA, McClive PJ, Western PS, Reed KJ &
Sinclair AH (1999) Conservation of a sex-determining
gene. Nature 402, 601-602.

Raymond CS, Kettlewell JR, Hirsch B, Bardwell VJ &
Zarkower D (1999) Expression of Dmrtl in the geni-
tal ridge of mouse and chicken embryos suggests a role
in vertebrate sexual development. Dev Biol 215,
208-220.

Kim S, Kettlewell JR, Anderson RC, Bardwell VJ &
Zarkower D (2003) Sexually dimorphic expression of
multiple doublesex-related genes in the embryonic
mouse gonad. Gene Expr Patterns 3, 77-82.

Murdock C & Wibbels T (2003) Expression of Dmrtl in
a turtle with temperature-dependent sex determination.
Cytogenet Genome Res 101, 302-308.

Smith CA & Sinclair AH (2004) Sex determination:
insights from the chicken. Bioessays 26, 120—-132.
Jakob S & Lovell-Badge R (2011) Sex determination
and the control of Sox9 expression. FEBS J.

Matsuda M, Nagahama Y, Shinomiya A, Sato T,
Matsuda C, Kobayashi T, Morrey CE, Shibata N,
Asakawa S, Shimizu N ez al. (2002) DMY is a
Y-specific DM-domain gene required for male develop-
ment in the medaka fish. Nature 417, 559-563.
Matsuda M, Shinomiya A, Kinoshita M, Suzuki A,
Kobayashi T, Paul-Prasanth B, Lau EL, Hamaguchi S,
Sakaizumi M & Nagahama Y (2007) DMY gene
induces male development in genetically female

(XX) medaka fish. Proc Natl Acad Sci USA 104,
3865-3870.

Herpin AS & Schartl M (2011) DMRT! genes at the
crossroads: a widespread and central class of sexual
development factors in fish. FEBS J 278, 1010-1019.
Yoshimoto S, Okada E, Umemoto H, Tamura K,

Uno Y, Nishida-Umehara C, Matsuda Y, Takamatsu
N, Shiba T & Ito M (2008) A W-linked DM-domain
gene, DM-W, participates in primary ovary
development in Xenopus laevis. Proc Natl Acad Sci
USA 105, 2469-2474.

Yoshimoto S & Ito M (2011) A ZZ/ZW-type sex
determination in Xenopus laevis. FEBS J 278, 1020~
1026.

Tone M, Nakano N, Takao E, Narisawa S & Mizuno S
(1982) Demonstration of W chromosome-specific
repetitive DNA sequences in the domestic fowl,

Gallus g. domesticus. Chromosoma 86, 551-569.

Saitoh Y, Saitoh H, Ohtomo K & Mizuno S (1991)
Occupancy of the majority of DNA in the chicken W
chromosome by bent-repetitive sequences. Chromosoma
101, 32-40.

Mizuno S, Kunita R, Nakabayashi O, Kuroda Y, Arai
N, Harata M, Ogawa A, Itoh Y, Teranishi M & Hori T
(2002) Z and W chromosomes of chickens: studies on
their gene functions in sex determination and sex differ-
entiation. Cytogenet Genome Res 99, 236-244.

1033



Sex determination in birds

44 O’Neill M, Binder M, Smith C, Andrews J, Reed K,
Smith M, Millar C, Lambert D & Sinclair A (2000)
ASW: a gene with conserved avian W-linkage and
female specific expression in chick embryonic gonad.
Dev Genes Evol 210, 243-249.

45 Reed KJ & Sinclair AH (2002) FET-1: a novel W-linked,

female specific gene up-regulated in the embryonic
chicken ovary. Mech Dev 119(Suppl 1), S87-S90.

46 Hori T, Asakawa S, Itoh Y, Shimizu N & Mizuno S
(2000) Wpkci, encoding an altered form of PKCI, is
conserved widely on the avian W chromosome and
expressed in early female embryos: implication of its
role in female sex determination. Mol Biol Cell 11,
3645-3660.

47 Pace HC & Brenner C (2003) Feminizing chicks: a

model for avian sex determination based on titration of

Hint enzyme activity and the predicted structure of an
Asw-Hint heterodimer. Genome Biol 4, R18.

48 Yamada D, Koyama Y, Komatsubara M, Urabe M,
Mori M, Hashimoto Y, Nii R, Kobayashi M,
Nakamoto A, Ogihara J et al. (2004) Comprehensive
search for chicken W chromosome-linked genes
expressed in early female embryos from the female-

minus-male subtracted cDNA macroarray. Chromosome

Res 12, 741-754.
49 Crisponi L, Deiana M, Loi A, Chiappe F, Uda M,
Amati P, Bisceglia L, Zelante L, Nagaraja R, Porcu S

et al. (2001) The putative forkhead transcription factor

FOXL?2 is mutated in blepharophimosis/ptosis/epican-
thus inversus syndrome. Nat Genet 27, 159-166.

50 Pailhoux E, Vigier B, Chaffaux S, Servel N, Taourit S,
Furet JP, Fellous M, Grosclaude F, Cribiu EP, Cotinot
C et al. (2001) A 11.7-kb deletion triggers intersexuality

and polledness in goats. Nat Genet 29, 453—458.
51 Nef S, Schaad O, Stallings NR, Cederroth CR, Pitetti
JL, Schaer G, Malki S, Dubois-Dauphin M, Boizet-

Bonhoure B, Descombes P er al. (2005) Gene expression
during sex determination reveals a robust female genetic
program at the onset of ovarian development. Dev Biol

287, 361-377.

1034

52

53

54

55

56

57

58

59

60

J. Chue and C. A. Smith

Schmidt D, Ovitt CE, Anlag K, Fehsenfeld S, Gredsted
L, Treier AC & Treier M (2004) The murine winged-
helix transcription factor Foxl2 is required for granu-
losa cell differentiation and ovary maintenance. Devel-
opment 131, 933-942.

Uda M, Ottolenghi C, Crisponi L, Garcia JE, Deiana
M, Kimber W, Forabosco A, Cao A, Schlessinger D &
Pilia G (2004) FoxI2 disruption causes mouse ovarian
failure by pervasive blockage of follicle development.
Hum Mol Genet 13, 1171-1181.

Loffler KA, Zarkower D & Koopman P (2003) Etiology
of ovarian failure in blepharophimosis ptosis epicanthus
inversus syndrome: FOXL2 is a conserved, early-acting
gene in vertebrate ovarian development. Endocrinology
144, 3237-3243.

Govoroun MS, Pannetier M, Pailhoux E, Cocquet J,
Brillard JP, Couty I, Batellier F & Cotinot C (2004)
Isolation of chicken homolog of the FOXL2 gene and
comparison of its expression patterns with those of aro-
matase during ovarian development. Dev Dyn 231,
859-870.

Hudson QJ, Smith CA & Sinclair AH (2005) Aromatase
inhibition reduces expression of FOXL2 in the embry-
onic chicken ovary. Dev Dyn 233, 1052-1055.

Smith CA, Shoemaker CM, Roeszler KN, Queen J,
Crews D & Sinclair AH (2008) Cloning and expression
of R-Spondinl in different vertebrates suggests a con-
served role in ovarian development. BMC Dev Biol 8,
72.

Moon RT, Brown JD, Yang-Snyder JA & Miller JR
(1997) Structurally related receptors and antagonists
compete for secreted Wnt ligands. Cell 88, 725-728.
Wodarz A & Nusse R (1998) Mechanisms of Wnt sig-
naling in development. Annu Rev Cell Dev Biol 14,
59-88.

Ottolenghi C, Pelosi E, Tran J, Colombino M,
Douglass E, Nedorezov T, Cao A, Forabosco A &
Schlessinger D (2007) Loss of Wnt4 and Fox/2 leads to
female-to-male sex reversal extending to germ cells.
Hum Mol Genet 16, 2795-2804.

FEBS Journal 278 (2011) 1027-1034 © 2011 The Authors Journal compilation © 2011 FEBS



