












regardless of their different types of sex chromo-
some inheritance. This matches theoretical pre-
dictions that interference effects between linked
loci (Hill-Robertson effects), which are ultimately

driving Y/W degradation, diminish over evolu-
tionary time owing to the decrease in the number
of functional genes that are targets for selection
in older strata (49).

Discussion
Our results (Fig. 1, summarized in fig. S23) allow
us to reconstruct a likely evolutionary forma-
tion trajectory of avian sex chromosome strata

1246338-6 12 DECEMBER 2014 • VOL 346 ISSUE 6215 sciencemag.org SCIENCE

Ma Ma Ma

MaMaMa

Ma Stratum age (log10 Ma)

M
a

Fig. 4. Evolution of avian W-linked genes. (A to G) For each stratum of the
example species, we show a pie chart of gene composition on the W with
regards to whether their open reading frames (ORFs) are predicted to be
intact or not.The x axis is the estimated age, and y axis is the Z/Wdivergence
level of each stratum. Within each pie chart, we show W-linked genes that
cannot be found within the assembled sequences (gray), genes with dis-
rupted ORFs that contain premature stop codons or frameshift mutations
(blue), and genes with intact ORFs (red). Note that the number of missing
genes may be overestimated, owing to the difficulty of assembling W-linked

genes surrounded by repetitive sequences. (H) Comparison of gene ex-
pression between Z and W linked gametologs in ostrich brain and liver
samples, relative to their autosomal lizard orthologs. We show significance
level of Wilcoxon test comparing the gametolog expression versus that of
lizard (**P < 0.01). Wgametologs show a significant down-regulation of gene
expression. (I) Correlation between gene loss rate and age of stratum. Each
data point represents a stratum of a certain bird species (dot) in Fig. 1 or
human (triangle). The data for the human Y chromosome are derived from
(49, 51).
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(detailed in Fig. 5). We hypothesize that genetic
sex determination involving DMRT1 originated
in an ancestor of all birds, and aZ-linked inversion
suppressing recombination between chrZ and
chrW may have been selected by the accumu-
lation of sexually antagonistic alleles nearby
DMRT1, forming S0, the only stratum shared
among all bird species. This event was followed
by numerous independent inversions along the
proto–sex chromosome pair accompanying var-
ious speciation events. Each event resulted in
spreading recombination suppression across ge-
nomic regions adjacent to the non-recombining
region and decreasing the size of the PAR. Sep-
arate evolutionary strata emerged among the
different Palaeognathae species. We propose that
Neognathae stratum S1 emerged in the ancestor
of Neognathae, possibly involving the trans-
location of the Z-linked DMRT1 gene toward the
center of the Z chromosome. This was followed
by the independent formation of stratum S2 in
Galliformes, Anseriformes, and the ancestor of
Neoaves. Finally some, but not all, Neognathae
lineages formed independent S3 strata.
Several general patterns also emerge from com-

paring the evolutionary history of avian andmam-
malian sex chromosomes. Unlike in mammals,

no sex-autosome fusions contributed to the forma-
tion of ancestral avian evolutionary strata, but
recombination became abolished in a similar
stepwise manner in both birds and mammals.
The observation that recombination suppres-
sion gradually spreads outwards from the re-
gion containing the putative sex-determining
gene DMRT1 (Fig. 1 and fig. S9) in birds mimics
patterns of strata formation in mammals, where
the oldest stratum contains the sex-determining
SRY gene. We infer that if inversions caused re-
combination suppression in birds, they must
have occurred on both the Z andW chromosomes
(Fig. 5). In contrast, all the inversions suppressing
recombination in mammals probably occurred
on the Y (13).
This different pattern is consistent with amod-

el in which sexual antagonism drives the evolu-
tion of suppressed recombination between sex
chromosomes (8, 50). Assuming that most sexual
antagonism is caused by sexual selection inmales,
alleles that are beneficial tomales but detrimental
to females may be more common than female-
beneficial male-detrimental mutations (8, 50). In
XY systems, Y-linked inversions that trap such
male-beneficial female-detrimental alleles into
themale-limited region along the Ywill be imme-

diately selected for. In ZW systems, however,
neither Z- nor W-linked inversions can restrict
such alleles to males, but either can be favored
by preventingmale-beneficial sexual antagonistic
alleles from recombining onto the female-specific
W chromosome. In the chicken, male function
genes are accumulating on the Z chromosome,
including a large array of testis-expressed genes
termed “Z amplicons” (3), providing empirical sup-
port for the accumulation of sex-specific genes
along the sex chromosomes (table S7).
In conclusion, our results provide a detailed

view of the evolutionary history of avian sex chro-
mosomes, involving both shared and lineage-
specific recombination suppression events. These
events differ by their emergence times, the ge-
nomic regions spanned, and the tempo of Z/W
differentiation within the affected region, which
together underlie the diversity of avian sex chro-
mosome composition. Even within homologous
strata of the same age and size, we find marked
variation in the extent to which they have lost
theirW-linked genes in different lineages. It is not
entirely clear why rates of avian sex chromosome
evolution should differ so dramatically, and
whether, or to what extent, this can be attributed
to sexual selection, which is widely manifested
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Fig. 5. Hypothesized formation scenarios of avian evolutionary strata. We designate DMRT1 on the chromosome with the red bar, and homologous
recombination between proto–sex chromosomes at PAR (in green) with intersecting lines. Gray or black regions on the W chromosome represent the female-
specific region lacking recombination, with darker color representing higher level of differentiation between Z/W.We also show inferred Z- or W-linked inversions
that have led to the formation of certain evolutionary strata on the tree.



in birds. Surprisingly, several Neognathae species
have retained a large number of genes within the
nonrecombining segment of theirWchromosome
(Table 1), contrary to the general assumption that
ancient sex-linked regions invariably degenerate
almost completely.
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