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  The chicken  (Gallus gallus)  is the foremost model avian 
organism, and has the only fully sequenced avian genome 
(Hillier et al., 2004). The chicken has a diploid number of 
78 (Masabanda et al., 2004). Cytologically, the chicken Z 
chromosome is the fifth largest macrochromosome (Suzu-
ki, 1930). Both the Z chromosome (GGAZ) and W chromo-
some (GGAW) are submetacentric, with GGAZ (76.4 Mb) 
being significantly larger than GGAW (0.026 Mb) (Karol-
chik et al., 2003; NCBI chicken build 2.1, November 2006).

  According to the latest chicken genome assembly draft, 
GGAZ contains a total of 841 protein coding genes, while 
in contrast, GGAW contains only 40 protein coding genes 
(Karolchik et al., 2003; NCBI chicken build 2.1, November 
2006). Even this small number of W genes is questionable 
as there are many database assembly problems with the 
GGAW sequence, especially within the original draft as-
sembly. We have recently mapped 17 of these ‘W’ genes to 
GGAZ (Stiglec et al., 2007). To date only a handful of genes, 
including  HINTW ,  ATP5A1  and  CHD1 , have been physi-
cally mapped to GGAW (Fridolfsson et al., 1998; O’Neill et 
al., 2000; Backstrom et al., 2005); all but three  (ETM1 / FET1, 
2d-2D9, 2d-2F9)  have homologues on GGAZ (Reed and Sin-
clair, 2002; Yamada et al., 2004).

  Abstract.  Birds have a ubiquitous, female heterogametic, 
ZW sex chromosome system. The current model suggests 
that the Z chromosome and its degraded partner, the W 
chromosome, evolved from an ancestral pair of autosomes 
independently from the mammalian XY male heteromor-
phic sex chromosomes – which are similar in size, but not 
gene content (Graves, 1995; Fridolfsson et al., 1998). Fur-
thermore the degradation of the W has been proposed to be 
progressive, with the basal clade of birds (the ratites) pos-
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sessing virtually homomorphic sex chromosomes and the 
more recently derived birds (the carinates) possessing high-
ly heteromorphic sex chromosomes (Ohno, 1967; Solari, 
1993). Recent findings have suggested an alternative to in-
dependent evolution of bird and mammal chromosomes, in 
which an XY system took over directly from an ancestral 
ZW system. Here we examine recent research into avian sex 
chromosomes and offer alternative suggestions as to their 
evolution.  Copyright © 2007 S. Karger AG, Basel 

 The chicken Z and W chromosomes 

 The Class Aves has a consistent karyotype (2 n  =  � 80) 
(Oguma, 1938; Yamashina, 1944; Ohno et al., 1964; Takagi 
and Sasaki, 1974), with the Z chromosome always a similar 
size (7–10% of the genome; Ohno et al., 1964; Takagi et al., 
1972; Schmid et al., 2005) and, depending on the species, 
representing either the fourth or fifth largest chromosome 
pair (Suzuki, 1930; Ohno et al., 1964). The W chromosome, 
however, is very different in size in different bird families, 
being virtually the same size as the Z in ratites, but very 
small and heterochromatic in most carinates (Ohno et al., 
1964; Takagi and Sasaki, 1974) ( Fig. 1 ).

 Manuscript received 3 July 2006; accepted in revised form for publication by J. Smith, 26 July 2006. 
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  In XX female mammals, X chromosome dosage com-
pensation is achieved via the inactivation of one of the X 
chromosomes. There is no equivalent Z-inactivation in ZZ 
male chickens, as biallelic expression of Z-linked genes has 
been observed for two genes (Kuroiwa et al., 2002). How-
ever, comparisons of expression levels of nine Z-borne genes 
between males and females showed that most genes were 
equally expressed between the sexes. At least three genes 
escape dosage compensation (McQueen et al., 2001; Kuroi-
wa et al., 2002). Mechanisms other than Z-inactivation have 
been proposed, including the up-regulation of Z-linked 
genes in females and/or the down-regulation in males; or, 
translational compensation of Z-linked mRNAs in one or 
both of the sexes (Ellegren, 2002). It has been suggested that 
a W-linked locus might control the up-regulation of Z-

linked genes in ZW females (Graves, 2003). This hypothesis 
would also explain why sex chromosome aneuploidy is not 
observed in birds – ZZW birds with twice the amount of Z-
linked gene expression, and ZO birds with only half the 
amount would probably be unviable (Graves, 2003).

  Avian sex determination 

 It is unclear whether avian sex determination is due to a 
W-linked, ovary-determining factor or to a Z-linked, testis-
determining factor that escapes dosage compensation, or an 
interaction of W- and Z-borne factors. There are strong can-
didates for these roles:  HINTW  on the W and  DMRT1  on 
the Z.
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Fig. 1. GGAZ chromosome painting and sex-linked comparative 
gene mapping across several bird species. No cross-species Z chromo-
some painting has been conducted on the duck, thus Z homology can 
only be determined by comparative gene mapping (e.g.  INF1  and 
 INF2 ). The lack of W chromosomes for duck and domestic pigeon is a 
result of insufficient cross-species painting data for these chromo-
somes and does not represent their karyotype.   *   Indicates genes that 

have been localised to a sex chromosome by non-cytological means 
(such as Southern blotting), but whose specific loci are currently un-
known. Adapted from Ogawa et al. (1997, 1998), Nanda et al. (1998), 
Shetty et al. (1999), Nanda et al. (2000), Schmid et al. (2000), Raudsepp 
et al. (2002), Shetty et al. (2002), Shibusawa et al. (2002, 2004a, b), Ka-
sai et al. (2003), Derjusheva et al. (2004), de Oliveria et al. (2005), Itoh 
and Arnold (2005) and Itoh et al. (2006).
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   HINTW  (also known as  ASW  or  PCKI-W)  is one of the 
strongest candidates for an ovary-determining factor in 
birds. It is W-specific in 40 species from several different 
carinate families (O’Neill et al., 2000; Hori et al., 2000) and 
shows female-specific expression in developing genital 
ridges (O’Neill et al., 2000). Although in carinates the Z-
linked homologue of  HINTW  shows little sequence or copy 
number similarity (with the Z-linked homologue usually 
present in a single copy, whilst  HINTW  is present in mul-
tiple copies) the Z and W homologues in ratites appear to be 
identical, insofar as they have a similarly low copy number 
(Hori et al., 2000), making it unlikely to be the primary
sex-determining gene in birds. As neither ratite  HINTW  
nor its Z-linked homologue have been sequenced, we can 
not be sure of the exact level of similarity between the two 
and whether they are more closely related to the carinate 
 HINT-W  or  HINT-Z . Other likely W-linked candidate genes 
are  ETM1 ,  2d-2D9  and  2d-2F9  which do not have homo-
logues on GGAZ (Reed and Sinclair, 2002; Yamada et al., 
2004).

   DMRT1  is the only gene involved in sexual differentia-
tion found in all metazoans, playing an important male-de-
termining role in mammals, birds, amphibians, reptiles, in-
sects and nematodes (Raymond et al., 1999; Kettlewell et al., 
2000; Nanda et al., 2000; Shibata et al., 2002). In eutherian 
mammals,  DMRT1  is autosomal, yet two copies are required 
for testis determination (Raymond et al., 1999, 2000).

   DMRT1  is located on the Z chromosome in six species 
from three representative avian families (galliformes, pas-
serines and ratites) (Nanda et al., 2000; Shetty et al., 2002; 
Itoh et al., 2006) ( Fig. 1 ). Unlike several other chicken Z-
linked genes,  DMRT1  shows no dosage compensation in 
males and has higher expression in males than females be-
fore and during gonadogenesis (Raymond et al., 1999; Smith 
et al., 1999; Oreal et al., 2002), suggesting an important dos-
age sensitive role in male determination and differentiation. 
Perhaps the best evidence that  DMRT1  is the primary avian 
sex-determining gene is that, in emus  (Dromaius novaehol-
landiae) , a ratite with homomorphic sex chromosomes, 
 DMRT1  is located on the Z but not the nearly homologous 
W (Shetty et al., 2002). This is compatible with the hypoth-
esis that  DMRT1 , or a   gene close to it, plays an important 
Z-dosage role in all birds. 

  Sex chromosomes in different avian species 

 The sex chromosomes of different bird species have been 
compared by cytological methods, particularly compara-
tive chromosome painting and gene mapping. Cross-spe-
cies chromosome painting and comparative mapping of sex 
chromosome-linked sequences has demonstrated Z chro-
mosome conservation throughout the Class Aves.

  Chromosome painting refers to hybridization of DNA 
from isolated chromosomes of one species onto the chromo-
somes of another. As the chicken is the best-studied bird 
genome, most comparative studies use chicken chromo-
some paints and genes. 

  The first of the chromosome painting studies was the 
most dramatic since it compared the chromosomes of the 
chicken with the distantly related emu (Shetty et al., 1999). 
Cross-species chromosome painting of emu chromosomes 
with chicken chromosome paints demonstrated strong ho-
mology between all nine macrochromosomes of the two 
species. The only difference was that the chicken chromo-
some 4 (GGA4) paint also hybridises to a pair of microchro-
mosomes: it turns out that the short arm of GGA4 (ortholo-
gous to human Xq) is equivalent to a microchromosome in 
all birds other than the chicken. The GGAZ paint complete-
ly hybridises to the emu Z, showing that the two chromo-
somes are homologous. Painting with the chicken Z also 
produced signal all along the homomorphic emu W, except 
for a small region on the short arm that corresponds with 
the  DMRT1  locus, as well as a centromeric region. This 
demonstrates that the emu Z and W chromosomes are near-
ly homologous (Shetty et al., 2002), and suggests that
they undergo Z-W recombination at meiosis except for 
these two regions that might contain a sex-determining 
gene, e.g.  DMRT1  ( Fig. 1 ). 

  These chicken/emu painting results have since been con-
firmed by comparative gene mapping. The orthologues of 
several GGAZ sequences have been mapped to the emu and 
ostrich  (Struthio camelus)  sex chromosomes. The chicken 
Z-linked genes  IREPB  and  ZOV3  along with the W-linked 
EE0.6 marker all localise to both the emu and ostrich Z and 
W chromosomes (Ogawa et al., 1998), further demonstrat-
ing the homology between these two homomorphic sex 
chromosomes.  DMRT1 , on the other hand, has been shown 
to localise to the emu Z chromosome, on the distal region 
of the short arm, but not on the emu W (Shetty et al., 2002) 
( Fig. 1 ). 

  Among the carinate birds, strong sex chromosome di-
morphism is observed between the Z and W chromosomes. 
Intra-species comparisons show that the Z chromosome is 
similar in size throughout all lineages, although centromere 
positions vary between species (Takagi and Sasaki, 1974). In 
contrast, the W chromosomes show major differences in 
size between species. In some rare cases, like the eagle owl 
 (Bubo bubo) , there is Z chromosome heteromorphism due 
to differing amounts of constitutive heterochromatin (Gut-
tenbach et al., 2003).

  Cross-species chromosome painting, using the GGAZ 
paint as a probe, has been conducted on several galliformes 
(Schmid et al., 2000; Shibusawa et al., 2002, 2004a, b; Kasai 
et al., 2003) three passeriformes (Derjusheva et al., 2004; 
Itoh and Arnold, 2005), and single species of columbiformes 
(Derjusheva et al., 2004), ciconiiformes (Raudsepp et al., 
2002) and falconiformes (de Oliveira et al., 2005). In all cas-
es, the GGAZ paint entirely hybridised the Z chromosome 
( Fig. 1 ), demonstrating a remarkable conservation of Z 
chromosome homology throughout the avian lineage. In a 
few species the GGAZ paint also hybridised to parts of the 
W chromosome ( Fig. 1 ); to the entire W of the Harpy eagle 
 (Harpia harpyja) , to the entire W short arm in the Califor-
nia condor  (Gymnogyps californianus) , and to the terminal 
region of the W long arm in the redwing  (Turdus iliacus)  
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and chaffinch  (Fringilla colelbs) . In the most comprehensive 
avian cross-species chromosome painting study to date 
(Guttenbach et al., 2003) chicken macrochromosome paints 
were hybridized to the macrochromosomes of nine birds 
species from six different orders. It is surprising, and disap-
pointing, that the Z chromosome was not analysed during 
this study.

  Comparative gene mapping of chicken Z-linked genes 
helped to confirm these cross-species Z-paint results (Nan-
da et al., 2000; Shibusawa et al., 2001, 2002, 2004b), and has 
also demonstrated Z chromosome homology in species that 
have not yet undergone cross-species Z painting, such as the 
anseriformes ( Fig. 1 ) (Nanda et al., 1998; Nanda and Schmid, 
2002). 

  Evolution of the avian Z and W 

 The remarkable conservation of the avian Z chromo-
some as demonstrated by cross-species chromosome paint-
ing and gene mapping supports Ohno’s (1967) hypothesis of 
a single ancestral avian Z chromosome. Changes in gene 
order attest to several intra-chromosomal rearrangements 
(inversions), but an absence of inter-chromosomal rear-
rangements. Comparative chromosome painting and gene 
mapping, showing varying degrees of Z-W homology, also 
support Ohno’s (1967) hypothesis that the W chromosome 
represents a degraded and differentiated Z chromosome. 

  The most basal bird Order, the ratites, possess Z and W 
chromosomes that are not only morphologically identical, 
but genetically homologous, except for a small region around 
the W centromere, as shown by comparative gene mapping 
of both GGAZ- and W-linked sequences to both of the sex 
chromosomes. In contrast, carinate birds generally have 
strongly differentiated Z and W chromosomes. Although 
the Z chromosome is highly conserved across all birds, the 
W chromosome is not – chromosome painting and gene 
mapping do confirm some homology though. For instance, 
GGAZ paint hybridises to parts of the W chromosome of 
many Neoaves species (i.e. redwing, chaffinch, Californian 
condor and the Harpy eagle). However, no GGAZ paint ho-
mology was noted in the W chromosome of any of the Gal-
loanserae, including the chicken itself. GGAW paints have 
been found not to hybridise across avian species (Raudsepp 
et al., 2002). This is a situation parallel to the lack of homol-
ogy of the Y chromosome, even between closely related spe-
cies (e.g. Toder et al., 2000), which is due to rapidly evolving 
repetitive sequences (Itoh et al., 2006) on the heterochro-
matic regions of the W chromosome. However, several 
chicken W-linked sequences have been localised to the ze-
bra finch W (Agate et al., 2004; Itoh and Arnold, 2005), 
demonstrating some conservation of the avian W. 

  Comparative sequence analysis of intron regions of genes 
with Z- and W-linked homologues in twelve avian species 
from four representative avian orders (galliformes, anseri-
formes, passeriformes and strigiformes) allows for the cal-
culation of an approximate timescale for the termination of 
Z-W recombination; the longer the time since Z-W recom-

bination ceased, the larger the sequence differentiation be-
tween the Z- and W-linked homologues. These calculations 
also reveal the formation of two Z chromosome strata, as 
recombination continued in one region (stratum 2) after it 
had stopped in another (stratum 1) (Handley et al., 2004). 
Thus the avian ZW pair, like the mammal XY pair, differ-
entiated in fits and starts (Graves, 1995, 2006). Stratum 1 
appears to have been created by a single inversion on the W 
chromosome, disrupting its homology to the long arm of 
the Z, and resulting in the suppression of recombination. 
This occurred 102–170 MYA, prior to the major avian ra-
diation (Handley et al., 2004). Stratum 2 continued to re-
combine until after the divergence of extant avian orders. 
Independent cessation of Zp-W recombination occurred 
among the different avian lineages between 58 and 85 MYA. 
The stratum 2 data indicates that Z/W divergence occurred 
discontinuously, and suggests that fully differentiated avian 
sex chromosomes evolved independently within different 
lineages. Fully differentiated avian Z/W sex chromosomes 
must therefore represent a converged state and not a com-
mon ancestral one (Handley et al., 2004). This conclusion 
appears to be supported by the cross-species Z chromosome 
painting, which shows GGAZ homology, of varying de-
grees, to the W chromosome in several carinate species (e.g. 
Californian condor and the Harpy eagle). This corroborat-
ing data, however, might just be superficial, demonstrating 
only a common GGAZ-linked repeat that is also present in 
these W chromosomes. Cross-species mapping of W-linked 
genes in these species is required to resolve this.

  Do the avian ZW and the mammal XY share a common 
ancestry? 

 The observation that no genes are shared between the 
avian ZW and the mammal XY led to the wide acceptance 
of the hypothesis that the two sex chromosome systems 
evolved independently from different autosomes, probably 
from an ancestor with no sex chromosomes that determined 
sex via environmental cues (Graves and Shetty, 2000). How-
ever, two recent results lead us to query this assumption.

  Monotremes (egg-laying mammals), such as the platy-
pus, are the most basal group of mammals. These extraor-
dinary egg-laying mammals prove to have extraordinary 
sex chromosomes that appear to link the avian ZZ/ZW and 
the mammalian XX/XY systems. 

  Unlike therian mammals (i.e. marsupials and euthe-
rians), which possess an XX/XY male heterogametic
sex chromosome system, the platypus has ten sex chromo-
somes that form a translocation chain at male meiosis. 
 Female platypuses have ten X chromosomes (X 1 X 1 X 2 X 2 X 3 
X 3 X 4 X 4 X 5 X 5 ), and males have five X chromosomes and five 
Y chromosomes (X 1 Y 1 X 2 Y 2 X 3 Y 3 X 4 Y 4 X 5 Y 5 ), which pair in an 
alternating arrangement at meiosis, and segregate into 
sperm with either X 1 X 2 X 3 X 4 X 5  (female producing) or 
Y 1 Y 2 Y 3 Y 4 Y 5  (male producing). Extensive gene mapping of 
human X-linked genes onto the platypus genome has dem-
onstrated homology with the largest X chromosome (X 1 ) (as 
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well as some platypus autosomes) (Grützner et al., 2003). 
However,  DMRT1 , the Z-linked, putative avian sex-deter-
mining gene, is found at the other end of the chain (on X 5 ) 
(Grützner et al., 2004; Rens et al., 2004; El-Mogharbel et al., 
2006 ) .  DMRT1  is part of a conserved gene complex with 
 DMRT2  and  DMRT3 , both of which also map to X 5  ( Fig. 2 ). 
Recent mapping of platypus sex chromosomes (Rens et al., 
unpublished; Veyrunes et al., unpublished) suggests that 
many Z-linked genes lie on the platypus sex chromosomes. 
Further comparative gene mapping with other Z-linked 
genes would clarify this picture. 

  Intriguingly,  SRY , the Y-linked mammalian testes-deter-
mining gene, has not been found in platypus (Grützner et 
al., 2004), so some other sex-determining gene must act as 
the testes-determining factor. Although  DMRT1  would be 

an obvious candidate, its function would be paradoxical 
compared to birds, as male platypuses would receive only 
one copy (X 5 Y 5 ), and female platypuses two (X 5 X 5 ). Unless 
platypus sex is determined by an as yet unidentified gene, it 
is possible that  DMRT1  works in a novel, non-dosage-re-
lated way.

  The location of  DMRT1  to a sex chromosome in the 
platypus, whether it plays an important role in sex determi-
nation or not, links the mammalian and avian sex chromo-
some systems, and suggests that the ancestral mammal 
might have possessed a ZZ/ZW system similar to that of 
birds. The mechanisms of how the 5X/5Y chain evolved 
from a ZZ/ZW system are reviewed in Ezaz et al. (2006).

  This study therefore provides challenges to the accepted 
hypothesis that the mammalian XX/XY system and the avi-

chicken platypus human
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      Fig. 2.  Chicken (Z) and human (X) sex chromosome homology to the platypus meiotic sex chromosome chain sug-
gests a link between the two systems. Human X is homologous to the largest platypus X chromosome (X 1 ) as well as to 
several platypus autosomes (chromosomes 1, 2 and 6). Chicken Z demonstrates homology with X 5 , on the opposite end 
of the chain. Adapted from Nanda et al. (2000), Grützner et al. (2003, 2004), Rens et al. (2004) and El-Mogharbel et al. 
(2006). 



Cytogenet Genome Res 117:103–109 (2007)108

an ZZ/ZW system evolved independently from two sepa-
rate autosomal pairs in a reptilian ancestor with tempera-
ture-dependant sex determination (Graves, 1995; Fridolfs-
son et al., 1998); reviewed in Ezaz et al. (2006).

  Conclusion 

 The ruling hypothesis for the evolution of avian and 
mammal sex chromosomes is poetically simple – avian and 
mammalian sex chromosomes evolved independently, but 
in parallel, from different ancestral autosomes, and the 
rules of progressive differentiation of the heteromorphic 
partner ensured the subsequent degradation of one of the 
sex chromosomes; the W in birds, the Y in mammals. 

  Only recently has modern biotechnology provided tech-
niques, such as cross-species chromosome painting and 
comparative gene sequence analysis, appropriate for exam-

ining in detail these hypotheses. In addition, it was not un-
til more exotic species could be studied, like the Californian 
condor, the Harpy eagle and the platypus, that we could put 
together a broader picture of vertebrate sex chromosome 
evolution, demonstrating the significance of non-model or-
ganisms in developing and analyzing important biological 
models and hypotheses. 

  These new techniques have raised further questions 
about the process of vertebrate sex chromosomes. Sequence 
comparisons between paralogous genes on the Z and W 
show that ZW differentiation (like XY differentiation in 
mammals) proceeded in fits and starts, and that differenti-
ated Z/W chromosomes represent a converged state rather 
than an ancestral one. Of the greatest interest is that these 
new techniques, combined with work on some exotic mate-
rial (condors, emus, platypus), pose some challenges to the 
central hypothesis that mammalian and avian sex chromo-
somes evolved independently.  
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