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ABSTRACT Among the mechanisms whereby sex is de-
termined in animals, chromosomal sex determination is found
in a wide variety of distant taxa. The widespread but not
ubiquitous occurrence, not even within lineages, of chromo-
somal sex determination suggests that sex chromosomes have
evolved independently several times during animal radiation,
but firm evidence for this is lacking. The most favored model
for this process is gradual differentiation of ancestral pairs of
autosomes. As known for mammals, sex chromosomes may
have a very ancient origin, and it has even been speculated that
the sex chromosomes of mammals and birds would share a
common chromosomal ancestry. In this study we showed that
the two genes, ATP541 and CHDI, so far assigned to the
female-specific W chromosome of birds both exist in a very
closely related copy on the Z chromosome but are not pseudo-
autosomal. This indicates a common ancestry of the two sex
chromosomes, consistent with the evolution from a pair of
autosomes. Comparative mapping demonstrates, however,
that ATP5A1 and CHDI are not sex-linked among eutherian
mammals; this is also not the case for the majority of other
genes so far assigned to the avian Z chromosome. Our results
suggest that the evolution of sex chromosomes has occurred
independently in mammals and birds.

Although the concept of sexual reproduction is found among
essentially all eukaryotes, the mechanisms whereby sex is
determined are clearly diverse: chromosomal sex determina-
tion (CSD; with male or female heterogamety), mono- or
polyfactorial sex determination not associated with hetero-
morphic sex chromosomes, environmental sex determination,
cytoplasmic sex determination, and arrhenotoky (haplo-
diploidy; ref. 1). The occurrence of these mechanisms is
scattered across different animal groups. For instance, CSD
can be found among as phylogenetically divergent taxa as
Platyhelminthes, Nematoda, Crustacea, Insecta, Teleostomi,
Amphibia, Reptilia, Aves, and Mammalia but is not necessarily
the only mechanism present in the respective taxa. In turtles
and lizards, for example, some species show temperature-
dependent sex determination, whereas others possess CSD. In
yet other taxa, however, such as birds and mammals, CSD is
obligate. The taxonomic distribution of CSD throughout the
animal kingdom strongly suggests that this type of sex-
determining system has evolved independently in many dif-
ferent groups during animal radiation (1-6).

How do sex chromosomes arise? At the beginning of the
century, Muller and Sturtevant (7) developed the theory that,
from an initial state of similarity, sex chromosomes would
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evolve into one active and one degenerate copy. The ancestral
state should hence generally have been that of a pair of
autosomes. Despite being a commonly held view (1-6), the
transition from homology to heteromorphism has only occa-
sionally been supported by empirical data. The most promi-
nent evidence comes from mammalian genome analysis: in
primates and mice, genes or other DNA sequences similar to
those on the non-recombining part of the X chromosome can
be found on the Y chromosome, indicating the common
ancestry of the two chromosomes (reviewed in refs. 8 and 9).
Moreover, the existence of a pseudoautosomal (recombining)
region further points to a common origin of the two chromo-
somes. Evidence from other taxa are only circumstantial: for
instance, the gradual change from an undifferentiated homo-
morphic chromosome pair to highly differentiated Z and W
chromosomes in different snake families (10).

Birds and reptiles are the closest relatives to mammals
among extant taxa. Birds are characterized by female heter-
ogamety: males have two copies of the Z chromosome (hence,
denoted ZZ) and females have one copy of the Z chromosome
and one of the W chromosome (ZW). The W chromosome is
generally much smaller than the Z chromosome and also shows
other typical signs of a degenerated sex chromosome, i.e., a low
gene content that is rich in heterochromatic, repetitive DNA
of the satellite type (11, 12). In this study we addressed the
question of how the avian Z and W chromosomes have
evolved. First, we asked whether the two chromosomes share
a common ancestry, similar to the situation for mammalian sex
chromosomes. Second, by comparative mapping we analyzed
the genetic relationships between the sex chromosomes of
birds and mammals to reveal the evolutionary history of sex
chromosomes among higher animals. The latter issue should
be seen in the perspective of the X chromosome being almost
completely conserved among all eutherian mammals and also
showing strong homology among eutherian mammals,
monotremes, and marsupials (13, 14), indicating an ancient
origin.

MATERIALS AND METHODS

Chicken Linkage Mapping. Genetic mapping was done in
one of the two internationally recognized chicken mapping
populations, the East Lansing reference family. The family is
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built up by a cross between a Jungle Fowl sire and a White
Leghorn dam, followed by backcross between one F; male and
four White Leghorn females (15). Fifty-two F, progeny from
this backcross were genotyped with markers described in this
study, and linkage analysis was performed with MAP MANAGER,
version 2.6.5 (16), and MAPMAKER, version 3.0 (17), against a
set of some 890 markers already typed in the pedigree (18).
Restriction fragment length polymorphism (RFLP) analysis of
the CHDI1Z gene was done with a probe from Jungle Fowl
DNA, amplified by PCR, by using primers 2895 (CG-
GCTAGTCACAAAAGGATC) and 3225 (TTGAACTGT-
GAAAGCAACTC) that were hybridized to HindIII-digested
DNA. Length polymorphism in a poly(A) mononucleotide
repeat present in intron 10 (GenBank accession no. AJ223297)
of the chicken ATP541Z gene was scored by using exon-
flanking primers 489 (TGCTGGGCCGTGTTGTAGAT) and
616 (GGTTCCCGCACAGAGATTC). One primer was fluo-
rescently labeled, and the length variation was detected on an
ABI377 sequencing instrument (Perkin—Elmer).

Murine Linkage Mapping. Interspecific backcross progeny
were generated by mating (C57BL/6J X Mus spretus) F;
females and C57BL/6J males as described (19). This interspe-
cific backcross-mapping panel has been typed for more than
2500 loci that are well distributed among all of the autosomes
as well as the X chromosome (19). A total of 205 F, mice were
used to map the Chdl and AtpSal loci. DNAs were digested
with several enzymes and analyzed by Southern blot hybrid-
ization (20) for informative RFLPs by using mouse cDNA
probes. The ChdI probe, a 1.7-kb EcoRI-HindIII fragment of
mouse cDNA (21), revealed the presence or absence of 9.0-
and 3.2-kb Xbal M. spretus-specific fragments, which cosegre-
gated and were followed in backcrossed mice. The Atp5al
probe, a 1.7-kb EcoR-Xhol fragment of mouse cDNA (22),
detected 5.6-, 1.9-m and 1.5-kb BamHI fragments in C57BL/6J
DNA and a major 6.8-kb BamHI fragment in M. spretus DNA.
The presence or absence of the M. spretus-specific 6.8-kb
BamHI fragment was followed in backcrossed mice. A descrip-
tion of the probes and RFLPs for the loci linked to Chdl,
including Masl and Nkx2-5, has been reported (23); those
linked to Atp5al include Dcc and Mbp (24). Recombination
distances were calculated by using MAP MANAGER. Gene order
was determined by minimizing the number of recombination
events required to explain the allele distribution patterns.

Fluorescent irn Situ Hybridization (FISH) in Chickens. For
physical assignments of chicken genes, the following probes
were used: a 1.8-kb fragment prepared by PCR amplification
of CHDI1Z from male genomic chicken DNA by using primers
2895 and 3555 (AAAGGATTTAGCGATGCAGA); 2.3- and
1.8-kb fragments PCR amplified from ATP541Z of male
genomic chicken DNA by using primers 141 (TTGCTGCAA-
GAAACATCCATGC) and 616 and primers 965 (GACAAT-
GGAAAACATGCGTTG) and 1389 (CCACTTCACGG-
TACTGAGC), respectively. Probes were labeled with biotin-
14—-dATP or digoxigenin-11-dUTP via nick translation
(BioNick labeling system, Life Technologies, Grand Island,
NY). Chromosome preparations were made from chicken
bone marrow by using standard methods (25). Slides were
treated with RNase before hybridization, which was carried
out overnight in a moist chamber at 37°C in a mixture of 50%
formamide, 10% dextran sulfate, 1 ug chicken genomic DNA,
and 100 ng labeled probe. The preparations were washed in
50% formamide/2X standard saline citrate (1X = 0.15 M
sodium chloride/0.015 M sodium citrate, pH 7.0) and 4X
standard saline citrate at 40°C. Specific hybridization signals
were detected with avidin—fluorescein isothiocyanate (biotin-
labeled probes) and anti-digoxigenin—rhodamine (digoxige-
nin-11-dUTP-labeled probes) by using standard procedures.
Finally, chromosomes were counterstained with 4’,6-
diamidino-2-phenylindole, and metaphases were analyzed by
using a BX60 fluorescence microscope (Olympus, New Hyde
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Park, NY) equipped with appropriate filters. Images were
captured with an IMAC-CCD S30 video camera (Metasystems
GmbH, Altlussheim, Germany) and analyzed by using ISIS,
version 1.65 (Metasystems), software.

Radiation Hybrid Mapping. Primers A1 (ATCACCCAGC-
CCAAGAATCAT) and A2 (GGCACTCCTCCCCATA-
CACC) were selected to amplify a 297-bp PCR product from
intron 3 of human ATP5A1 (GenBank accession no. D28126).
No products were obtained from amplification of rodent DNA
with the amplification conditions used. The PCR assay was
used to score arrayed templates from the Genebridge4 radi-
ation hybrid-screening panel in duplicate. Results were sub-
mitted to the server implemented at http://www-genome.wi.
mit.edu/cgi-bin/contig/rhmapper.pl, for placement on the
framework radiation hybrid map.

Comparative Mapping. Map data for chicken and bovine
genes were obtained from The Roslin Institute Online web
pages (http://www.ri.bbsrc.ac.uk/genome_mapping.html). Map
data for human genes were extracted from the Genome Data
Base (http://www.hgmp.mrc.ac.uk/gdb/gdbtop.html), and data
for mouse genes were extracted from the Mouse Genome
Database (http://www.informatics.jax.org/mgd.html).

Sequence and Phylogenetic Analysis. Ostrich (Struthio cam-
elus) mRNA was prepared from blood of an adult female with
a Quick Prep mRNA purification kit (Pharmacia). The Access
RT-PCR system (Promega) was used together with different
sets of primers to amplify parts of the ostrich CHDI gene: 1105
(GTGGAATATTATAATTGCCAGCA) and 2128 (GAC-
CAAAGCTCTTTGAGG), 1628 (ACTGAACTGGCTT-
GCTCA) and 2469 (CTGGTGGTTTAATGAGGTAA), 2895
and 3681 (GTAACTCTTGATAAATCGTCTA), and P3
(AGATATTCCGGATCTGATAGTGA) and 4104 (TCAG-
TAATTTAATGAGGTAGT). Amplification products were
gel purified, cycle sequenced with dye terminator chemistry,
and analyzed on an Applied Biosystems 377 instrument. In
total, 1492 bp of the ostrich CHDI gene sequence was obtained
(GenBank accession nos. AF059276 and AF060700-2), and
this was used for phylogenetic analysis together with human
and murine CHDI and chicken CHDIZ and CHDIW se-
quences. A phylogenetic tree was constructed with the maxi-
mum parsimony method by using PAUP, version 3.1.1.

RESULTS

Z and W Chromosome Homology. The first known gene
shown conclusively to segregate with the female sex of birds,
i.e., being located on the W chromosome, is a member of the
chromo-helicase-DNA-binding protein family, CHD1IW (W
denoting its chromosomal location; refs. 26 and 27). Hybrid-
ization studies indicated that the gene is present on the W
chromosome of probably all avian species, with the exception
of ratites, and that the gene also exists in a second, very similar,
but not W-linked, copy in the non-ratite bird genome (26, 27).
We used a probe derived from this latter CHDI copy to detect
an HindIIl RFLP in the East Lansing reference pedigree for
chicken genome mapping (Fig. 1). Linkage analysis assigned
the gene to the q arm of the Z chromosome, with a maximum
logarithm of odds score of 15.7 at a distance of 0 centimorgan
(cM) from the markers MSU0057, MSU0070, MSU0392,
LEIOI21, and LEIOI44. We hence termed this gene CHDIZ,
to distinguish it from CHDIW. It is important to point out that
CHDIW and CHDIZ do not recombine and thus cannot be
pseudoautosomal (28). Although they obviously originate
from a common ancestral gene, sequence data confirm that
they now evolve independently (28).

FISH with the CHD1Z probe showed a strong signal on the
distal part of Zq (Fig. 2a), assigning the gene to bands
7q16-qg21, i.e., at the border of the distal heterochromatic band
of Zq (Fig. 3). This was somewhat surprising because linkage
analysis had placed CHD1Z 60 cM away from the IREB1 gene
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FiG. 1. An HindIIl RFLP in the chicken CHDIZ gene demon-
strating Z chromosome linkage JF, Jungle Fowl; WL, White Leghorn.

(Fig. 3), which has been physically mapped to the same
chromosomal region (29). Repeated FISH analysis with probes
derived from other parts of CHDIZ, however, consistently
gave the same localization (data not shown). Possibly, these
observations could be explained by the region being a hot spot
for recombination or one that is unusually contracted in
metaphase. In some metaphases, the probes also hybridized to
CHDI1W. This signal was on the distal part of one of the arms
of the W chromosome; the two arms are nearly indistinguish-
able with standard staining techniques.

Dvorak et al. (30) reported an anonymous cDNA clone
derived from turkeys that hybridized to the W chromosome of
a wide variety of bird species (but not ratites). As for CHDI,
this clone also hybridized to a second, non-W-linked copy in all
non-ratite birds investigated. The two gene copies have been
sequenced and identified as avian homologs of the ATP
synthase a-subunit, ATP5A1 (International Patent Publication
no. WO 94/07907). By using primers derived from the turkey
sequence, we amplified the two gene copies in chickens and
identified a length polymorphism in an intronic (A), repeat in
the non-W copy of the gene, providing a means for linkage
mapping. An assignment was made to the distal part of the p
arm of chromosome Z, with MSU(0342 as the closest marker at
0 cM (logarithm of odds score of 15.7). Hence, the two avian
ATP5A1 gene copies are hereafter denoted ATP541Z and
ATP5A1W. Physical mapping with FISH placed the ATP541Z
gene close to the telomere of Zp (Fig. 2b). As for CHDI, in
some metaphases the ATP5A1 probe also gave a signal from
the end of one of the arms of the W chromosome. We used
two-color FISH to address whether ATP5AIW and CHDIW
were located on the same arm of the W chromosome, but we
failed to obtain any clear signals when both probes were
applied together.

Comparative Mapping. To comparatively address the chro-
mosomal locations of the sex-linked avian genes in mammals,
we sought map data for the genes in humans and mice. In
humans, there are at least four related CHD genes (CHD1-4);
phylogenetic analysis shows clearly that CHD1 corresponds to
avian CHDI1Z and CHDIW (31). In humans, CHDI has been
mapped to HSA5q15-21 (31). The genomic localization of the
cloned, but previously unmapped, human ATP5A41 gene was
determined by placing an intronic sequence-tagged site cor-
responding to ATP5A1 on the Genebridge4 radiation hybrid-
mapping panel. By using this assay we assigned the human
ATP5AI gene to a region between markers WI-2986 and
D18S72 on HSA18q11-12.

In mice only one full-length CHD gene, Chdl, has been
cloned (20); however, murine homologs of human CHD1-4 are
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present in dbEST, a database of expressed sequence tagged
sites. Phylogenetic analysis shows that mouse Chdl, human
CHDI, and avian CHDI1Z and CHDIW are more closely
related to each other than to any other known CHD gene and
that they are likely to be derived from a single ancestral gene
(31). The mouse chromosomal location of Chdl was deter-
mined by interspecific backcross analysis by using progeny
derived from matings of [(C57BL/6J X M. spretus)F; X
C57BL/6J] mice. The mapping results indicated that Chdl is
located in the proximal region of the mouse chromosome 17
linked to MasI and Nkx2-5. The ratios of the total number of
mice exhibiting recombinant chromosomes to the total number
of mice analyzed for each pair of loci and the most likely gene
order are: centromere-MasI-0/164—ChdI-3/129-Nkx2-5.
The genetic distances (in cM = SEM) are: [MasI, Chd1]-2.3 =
1.3-Nkx2-5. No recombinants were detected between Masi
and Chd1 in 164 animals typed in common, suggesting thar the
two loci are within 1.8 ¢cM of each other (upper 95% confi-
dence interval). A 6.8-kb BamHI M. spretus RFLP (see Ma-
terials and Methods) was used to follow the segregation of the
Atp5al locus in backcrossed mice. AtpSal mapped to the distal
region of mouse chromosome 18, linked to Dcc and Mbp. The
ratios of the total number of mice exhibiting recombinant
chromosomes to the total number of mice analyzed for each
pair of loci and the most likely gene order are: centromere—
Dcc-8/169-Atp5al-4/133-Mbp. The corresponding distances
(cM =+ SEM) are: -Dcc-4.7 = 1.6-Atp5al-3.0 = 1.5-Mbp.

Human and murine map data for CHDI and ATP5A1 thus
show that none of these genes are sex-linked in mammals. In
Fig. 3 we have summarized mammalian map locations for other
genes assigned to the chicken Z chromosome. Presently, there
are six such genes, all of which have been mapped in humans,
six in cattle, and five in mice. As yet, there is only one example
of a chicken Z chromosome gene, ornithine transcarbamylase
(OTC), that is sex-linked in mammals (humans, cattle). Other
Z chromosome genes are spread over different mammalian
autosomes, e.g., in the case of humans, on five autosomes
(CHD1 and ATP5A1 included). The largest conserved syntenic
group contains three genes, ALDOB, GGTB2, and IREBI,
which are all on HSA9, MMU4, and BTAS, respectively. The
genetic distance of this conserved group in chickens is 36 cM.

Dating Avian Sex Chromosome Evolution. As mentioned
before, neither the CHDI or the ATP5A1 gene shows any
evidence of sex linkage in ratites, i.e., the ostrich and its allies
(26-27, 30). Given that the divergence of ratites may represent
the deepest branch among extant bird lineages, a possible
explanation for the failure to detect sex linkage of the CHDI
and ATP5A1 genes in ratites is that the sex chromosomes of
non-ratite birds began to differentiate after the split of the
ratites. To address this, we sequenced part of the single CHDI
gene found in ostriches and constructed a phylogenetic gene
tree based on this sequence, chicken CHDIW and CHDIZ
sequences, with human and murine CHDI as an outgroup.
Surprisingly, the ostrich CHDI gene clustered with chicken
CHD1W, suggesting that the chicken CHDIZ branched off
before the split of the former two genes (Fig. 4). The topology
of the tree has strong bootstrap support.

DISCUSSION

The mammalian X and Y chromosomes share several homol-
ogous regions. There are two pseudoautosomal segments, the
largest at the ends of Xp and Yp (32) and a second and smaller
region at the Xq and Yq telomeres (33). In addition, there are
at least ten different regions spread over both arms of the X
and Y chromosomes that are homologous, but not involved, in
chromosome pairing at meiosis, thus being truly sex-linked (9).
It is reasonable to see these regions of homology as vestigial
remnants of an ancestral pair of autosomes, and this is indeed
a commonly held view. Our data show now that a similar
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FiG. 2. Fig. 2. FISH localization of the chicken CHDI1Z (a) and ATP5A1Z (b) genes. (Left) Hybridization signal. (Right) 4',6-Diamidino-2-
phenylindole-banding pattern (in black and white) of the corresponding metaphases.

relationship between the sex chromosomes of birds might exist.
Two genes (ATP5AIW and CHDIW) from the chicken W

Chicken W Chicken Z Human Mouse Cattle
p F—ATPA1Z  e18g 18
- GR ®5p * 15 ®20
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F16.3. A summary of genetic, physical, and comparative map data
for the chicken Z and W chromosomes. Note that the orientation of
the W chromosome is not known; the signals of CHDIW and
ATP5AIW are both from one of the chromosome ends. The location
of Z chromosome genes have been drawn to scale according to the
recombination distances separating them in the linkage map derived
from the East Lansing reference population. A large number of
anonymous markers placed between the genes are not included in the
figure. Also note that the OTC gene has not been genetically mapped
in chickens. The curved lines next to the ALDOB-GGTB2-IREBI1
linkage groups in mice and cattle indicate rearranged gene orders.

chromosome, so far the only genes that have been mapped to
this gene-poor chromosome, are both present in copies also on
the Z chromosome. The regions of homology are two parts of
the Z chromosome, one close to the Zp telomere and one near
the border of distal heterochromatin on Zq, and either one or
both ends of the small W chromosome (Fig. 3). Because both
ATP5A1 and CHDI have been found to be W-linked as well as
being present in another genomic copy in numerous species

Mouse Chd1

Human CHD1

Chicken CHD1Z

100

Chicken CHD1W
97

Ostrich CHD1

FiG. 4. A tree depicting the phylogenetic relationship among
chicken CHD1Z, chicken CHD1W, ostrich, human, and murine CHD1
gene. Figures indicate bootstrap support for branches (1,000 repli-
cates). The total tree length was 242 steps, the consistency index =
0.781, the retention index = 0.701, and the homeoplasy index = 0.219.
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throughout avian phylogeny (26, 27, 30), it appears likely that
the observed Z and W chromosome homology in chickens is
characteristic of non-ratite birds in general. This is corrobo-
rated by the fact that all other chicken Z chromosome genes,
which also have been mapped in other bird species, are
consistently Z-linked (34-36).

Several other observations support a homology of the avian
Z and W chromosomes. First, and importantly, the terminal,
nonrepetitive part of one of the W chromosome arms pairs
with the terminal part of chromosome Zp during pachytene
and diplotene of female meiosis (37-40). Because pairing is
associated with an obligate chiasmata, the region should be
regarded as pseudoautosomal and must contain homologous,
but as yet uncharacterized, sequences. Second, anonymous but
sex-linked genomic clones from both chickens and geese have
been found to cross-hybridize between the Z and W chromo-
some (41, 42). Third, by using starch gel electrophoresis of
muscular creatine kinase (CKMM) in a hawk species, Morizot
et al. (43) found a preliminary association of enzyme pheno-
types and sex, interpreted as one gene copy on the W chro-
mosome and one on the Z chromosome. Although this obser-
vation has to be confirmed by more detailed genetic studies, if
correct, it may represent yet another homology between the
region common to the avian Z and W chromosomes and
mammalian autosomes; CKMM is on HSA19q and on MMU7,
respectively.

The gene content of the eutherian X chromosome is con-
served essentially in foto, as predicted by Ohno (2). The q arm
of the eutherian X is also conserved in marsupials (dasyurids
and kangaroos) and monotremes (platypus and echidna), and
comparative gene-mapping data suggest that the marsupial X
chromosome represents that of an early mammalian ancestor,
which in the monotreme and eutherian lineages subsequently
gained different chromosomal segments through transloca-
tions with autosomes (44-47). Hence, large parts of the
mammalian sex chromosomes have an ancient origin
(monotremes diverged from other mammals approximately
150 million years ago). Independently of these observations,
Ohno (2) raised the provocative idea that the X-Y and Z-W
sex chromosomes of mammals and birds would in fact be
derived from the same pair of autosomes in an ancestral
vertebrate. However, our data (Fig. 3) suggest that the evo-
lution of sex chromosomes in mammals and birds represent
independent events. Importantly, the autosomal location in
mammals of the genes found to be contained within the region
of Z and W chromosome homology indicates that the ances-
tral, protoavian autosome pair harboring these genes was not
homologous to the protomammalian pair giving rise to X and
Y chromosomes. Moreover, the eight genes now assigned to
the chicken Z chromosome (Fig. 3) are found on six different
human autosomal arms, clearly demonstrating the absence of
significant homology to the X chromosome. One of these
genes, OTC, is, however, X-linked in eutherian mammals.
Although it cannot be formally excluded that its chromosomal
location in the two taxa is indicative of common ancestry, the
most plausible interpretation of this single observation would
be that one or more chromosomal rearrangements during
vertebrate evolution placed the gene on the chromosomes that
subsequently evolved into the sex chromosomes of the respec-
tive taxa. This is further suggested by the fact that OTC is
autosomal in marsupials and monotremes (14).

The conservative nature of the avian Z chromosome resem-
bles that of the mammalian X chromosome. As mentioned
above, however, ratites probably constitute an exception. The
divergence of ratites from other birds constitute one of the
deepest branches among extant bird lineages, possibly the very
deepest (48, 49). Most ratite species, such as ostriches, emus,
and kiwis, do not possess clearly heteromorphic sex chromo-
somes: the size of the Z and W chromosome differs only
slightly, and they show strong banding homology and are both
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euchromatic, in contrast to the situation for most non-ratite
birds (50). Hybridization with CHDI (26, 27) and ATP5A1 (30)
probes does not reveal sex-specific RFLP patterns in ostriches.
There are at least two possible explanations for this situation.
One is that the sex chromosomes of ratites and non-ratite birds
originate from different pairs of autosomes. This would be
compatible with ratites branching off before all other extant
avian orders diverged and would imply that the sex chromo-
somes of non-ratite birds started to differentiate after the split
of ratites, i.e., about 60—100 million years ago (48, 51, 52).
Alternatively, the sex chromosomes of all birds could be
derived from the same ancestral pair of protoavian autosomes.
If this were the case, the full sex chromosomal differentiation
leading to independent evolution of the two Z- and W-linked
genes analyzed in this study must still have occurred after the
split of ratites from other birds. An important consequence of
these two scenarios is that we would expect all CHDIW genes
to be more closely related to all CHDI1Z genes than to any
ratite CHDI gene. However, a phylogenetic analysis placed the
ostrich CHDI gene together with chicken CHDIW, with
chicken CHDIZ on a more distant node (Fig. 4). How can this
be explained? One possibility is that the avian sex chromo-
somes started to differentiate close in time to the basal
radiation of major extant bird lineages. If the sequence, ratite
split-sex chromosome differentiation—basal radiation of other
lineages, occurred within a limited evolutionary period, a
phylogenetic analysis may fail to derive the correct topology of
the CHDI gene tree. This would be because CHDIW evolves
at a much slower tempo than CHDIZ, an effect of the
male-biased mutation rate demonstrated for birds (28). In-
deed, simulations show that topological errors in parsimony
trees may be hard to avoid when branch lengths are short and
the rate of evolution differs significantly between lineages (P.
Pamilo, personal communication). Also, results of several
genetic studies have suggested that the basal radiation of major
extant avian lineages has the character of a star phylogeny (48,
49). The conclusion from this would be that the avian sex
chromosomes evolved at approximately the Cretaceous-
Tertiary boundary, approximately 60-100 million years ago.
Chromosomal sex determination would in such a case have a
more recent origin among birds than among mammals (46—
47).

In summary, we asked in this study whether the avian sex
chromosomes share a common ancestry and whether this
ancestry is also common to the mammalian sex chromosomes.
The answers appear to be yes and no, respectively. Genes and
DNA sequences present on the W chromosome of chickens
and other birds can also be found on the Z chromosome,
although not in a pseudoautosomal fashion. The homology
involves two segments at the terminal part of Zp and at the
border of the distal heterochromatin of Zq, respectively. Genes
from these regions are not sex-linked in mammals, as is also not
the case for the majority of genes so far mapped to other parts
of the Z chromosome. The evolution of the avian sex chro-
mosomes from a pair of autosomes, possibly dating from
60-100 million years ago, would thus seem to represent an
independent event in vertebrate genome evolution.
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