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Sex bias and dosage compensation in the zebra finch
versus chicken genomes: General and specialized

patterns among birds
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We compared global patterns of gene expression between two bird species, the chicken and zebra finch, with regard to sex
bias of autosomal versus Z chromosome genes, dosage compensation, and evolution of sex bias. Both species appear to lack
a Z chromosome-wide mechanism of dosage compensation, because both have a similar pattern of significantly higher
expression of Z genes in males relative to females. Unlike the chicken Z chromosome, which has female-specific expression
of the noncoding RNA MHM (male hypermethylated) and acetylation of histone 4 lysine 16 (H4K16) near MHM, the zebra
finch Z chromosome appears to lack the MHM sequence and acetylation of H4KI16. The zebra finch also does not show the
reduced male-to-female (M:F) ratio of gene expression near MHM similar to that found in the chicken. Although the M:F
ratios of Z chromosome gene expression are similar across tissues and ages within each species, they differ between the two
species. Z genes showing the greatest species difference in M:F ratio were concentrated near the MHM region of the chicken
Z chromosome. This study shows that the zebra finch differs from the chicken because it lacks a specialized region of
greater dosage compensation along the Z chromosome, and shows other differences in sex bias. These patterns suggest that

different avian taxa may have evolved specific compensatory mechanisms.

[Supplemental material is available online at http:// www.genome.org.]

The recent sequencing of the genome of a second bird species, the
zebra finch (Taeniopygia guttata) (Warren et al. 2010), now allows
important comparative studies to discern patterns of genome or-
ganization that are common to birds and distinct from those of
other taxa. Here we compare patterns of sex bias and sex chro-
mosome dosage compensation in the zebra finch and chicken
(Gallus gallus). The avian chromosomes generally have conserved
gene content (Shetty et al. 1999; Nanda et al. 2008), and the zebra
finch and chicken have similar numbers of macro- and micro-
chromosomes (Pigozzi and Solari 1998; Itoh and Arnold 2005). The
female is heterogametic (ZW) and the male is homogametic (ZZ).
The zebra finch and chicken Z chromosomes have similar sets of
genes, but have experienced a significant rearrangement of gene
order since the two lineages split (Itoh et al. 2006; Warren et al.
2010).

Sex chromosome dosage compensation involves diverse sex-
specific mechanisms that adjust the expressed dose of genes
encoded on heteromorphic sex chromosomes, to offset the sex
difference in expression that would otherwise result from the sex
difference in copy number of sex chromosome genes (Birchler et al.
2006; Chang et al. 2006; Arnold et al. 2008). Dosage compensation
mechanisms operate not only to reduce sex bias in expression of sex
chromosome genes, but also to reduce the disparity of expressed
dose of sex chromosome and autosomal (A) genes (Nguyen and
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Disteche 2005). Three different X chromosome-wide mechanisms
of dosage compensation are reported for Caenorhabditis elegans,
Drosophila melanogaster, and mammals, but all of these mecha-
nisms are effective in reducing the expected sexual disparity of
X gene expression. Birds show no chromosome-wide dosage com-
pensation mechanism, based on small-scale and genome-wide
analyses (Baverstock et al. 1982; Kuroda et al. 2001; McQueen et al.
2001; Kuroiwa et al. 2002; Ellegren et al. 2007; Itoh et al. 2007).
In chickens, expression of Z gene mRNAs are, on average, about
1.4-1.6 times higher in males than females, even before gonadal
differentiation, a remarkable sex difference for an entire sex chro-
mosome (Arnold et al. 2008; Zhang et al. 2010). The lack of ef-
fective dosage compensation is reported also for the silkworm
moth, another ZW system (Zha et al. 2009), suggesting an un-
expected difference in selection pressures on XX/XY versus ZZ/ZW
systems (Mank 2009).

Although most chicken Z genes are expressed at higher levels
in males than females, some genes show no sex bias, indicating
that some mechanism compensates for the sexual disparity in gene
copy number. Some compensated genes are concentrated in a re-
gion of the short arm of the chicken Z chromosome, near the MHM
(male hypermethylated) locus (Melamed and Arnold 2007; Arnold
et al. 2008; Mank and Ellegren 2009a,b; Melamed et al. 2009). The
MHM locus encodes a non-coding RNA MHM that is expressed
only in females, possibly because of the greater methylation of
DNA near MHM in males (Teranishi et al. 2001). Moreover, the
chromatin near MHM shows female-specific acetylation of his-
tone 4 at lysine 16, a modification that is predicted to increase
gene expression (Bisoni et al. 2005). These findings suggest that
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the ncRNA MHM may participate in a local dosage-compensation
mechanism that increases expression of near-MHM genes in fe-
males. Here we present evidence that the putative MHM mecha-
nism is not common to all birds, and present other evidence that
regulation of sex bias in gene expression differs in zebra finch and
chicken despite their common pattern of ineffective compensa-
tion of Z chromosome gene expression.

Results

Global analysis of gene expression in the zebra finch

We previously reported that M:F ratios of gene expression for Z
genes are significantly greater than those for A genes in both
chicken and zebra finch, based on microarray analysis of more
than 28,000 genes for chicken but only 84 A and 40 Z genes for
zebra finch (Itoh et al. 2007). Here, we extend the previous analysis
considerably by using 20,160 probes to measure transcript levels in
zebra finch telencephalon. At each of four different developmental
stages, the M:F ratios were greater in Z than A genes (Supplemental
Table 1) (Kruskal-Wallace non-parametric test for Zvs. A: P< 2.2 X
107'° for all developmental stages), and the distributions of M:F
ratios for Z genes were shifted significantly to the right (Fig. 1A)
(Kolmogorov Smirnov [KS] two-sample test: P < 2.2 X 107¢ for all
developmental stages).

Similarities and differences between species in patterns of sex
bias in gene expression

In mammals, the level of expression of X chromosome genes is
near that of autosomal (A) genes (Nguyen and Disteche 2005). In
contrast, the mean Z:A ratios of expression (using the expression
level metric) (see Supplemental Methods) for zebra finch samples
were consistently higher in males than females for each de-
velopmental stage, which is a pattern similar to chicken Z:A ratios
(Fig. 1B; Supplemental Table 1). The zebra finch Z:A ratios for tel-
encephalon were closest to those for brain in chick embryos (Itoh
et al. 2007), suggesting that tissue-specific variation in Z:A ratio
might be conserved across bird species (Fig. 1B). The Z:A ratios in
males were near 1 (0.9-1.1) in both chicken and zebra finch, as
expected because males have the same double dose of both Zand A
genes. In females, however, the ratios in females were 0.65-0.9,
above the 0.5 Z:A ratio of number of chromosomes, suggesting that
Z genes are up-regulated in females (Fig. 1B).

A similar conclusion comes from analysis of A versus Z gene
expression levels (Supplemental Fig. 1). Male and female A genes
were expressed at a similar level. In contrast, Z genes showed gen-
erally higher levels of expression in males at all four developmental
stages. Z genes in males had levels of expression similar to those of
A genes, whereas in females Z gene expression was significantly
lower, probably as a result of Z monosomy in females. However,
expression of Z genes in females was greater than half the value
of A gene expression, suggesting that some compensatory mech-
anism works via up-regulation of female genes.

Analysis of levels of gene expression raises the possibility that
the two species achieve partial dosage compensation via different
mechanisms. Z and A genes were categorized into two groups: (1)
unbiased (1/1.3 < M:F < 1.3, t-test: P > 0.05) and (2) male-biased
(M:F > 1.3, ttest: P < 0.05) (Supplemental Fig. 2). In both species,
male-biased Z genes were expressed at higher levels than A genes in
males (Wilcoxon rank-sum test: P < 0.05), suggesting that male bias
of these genes is not simply the result of the 2:1 difference in
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Figure 1. (A) Distributions of log, male-to-female (M:F) ratios of gene
expression ratios for zebra finch telencephalon at four ages. Autosomal (A)
genes (solid line) have a distribution around a mode of 1 (log, ratio of 0),
showing that average autosomal genes are not sex-biased. The width of
the distribution is a measure of overall sex bias, which is smallest in
adulthood. In contrast, the distribution for Z genes (dotted line) is shifted
significantly to the right, indicating that there is an overall male bias of Z
genes. Nevertheless, some Z genes show no sex bias, indicating that some
process compensates for the sex difference in Z copy number for those
genes. Bin size = 0.1. (B) Z:A ratios of expression for each individual zebra
finch (left), compared to published values for chicken embryo (ltoh et al.
2007). In general, Z:A ratios were comparable in the two species, with
values in male near 1 and values in females near 0.8.

number of Z chromosomes. Interestingly, unbiased Z genes appear
to be expressed significantly lower than A genes in both sexes in
chickens (Supplemental Fig. 2; Ellegren et al. 2007), suggesting
some down-regulation of Z genes in males to achieve dosage
compensation. In contrast, in zebra finches, unbiased Z genes are
expressed at the same level as A genes in males but at a significantly
lower level than A genes in females (Wilcoxon rank-sum test, P <
0.05), suggesting mostly female-specific up-regulation of Z gene
expression to achieve compensation. At each age in the zebra
finch, in males the expression level of male-biased Z genes was
significantly higher than that of unbiased Z genes (Wilcoxon rank-
sum test: P < 0.05, except at day 45) (Supplemental Fig. 2A),
whereas in females the expression level of male-biased Z genes was
significantly lower than that of unbiased Z genes (Wilcoxon rank-
sum test: P<0.05) (Supplemental Fig. 2A). In chicken, the male and
female expression of male-biased Z genes was significantly higher
than those of unbiased Z genes in both sexes (Wilcoxon rank-sum
test: P < 0.05) (Supplemental Fig. 2B). These patterns suggest that
the compensation status of Z genes may result from different
patterns of male- and female-specific regulation in the two species.
Because these species differences in level of expression could have
been influenced by differences in array platform or by species
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differences in the genes that comprise male-biased or unbiased
categories, further work is needed to evaluate this possibility.

The number of sex-biased genes changed dramatically as
a function of age and tissue (Supplemental Table 2A,B) and was
highest at day 25. Using either of two statistical criteria (t-test, P <
0.05; false discovery rate [FDR], P < 0.1), A and Z genes were clas-
sified as male- or female-biased (Supplemental Table 2). The re-
duction in number of sex-biased genes caused by use of the more
stringent criterion (FDR) was much greater among A genes than
Z genes, indicating that Z genes are more reliably sex-biased than
A genes. The age-related change in number of sex-biased genes
appears to be the result of fluctuations in the number of sex-biased
A genes rather than Z genes, since the number of sex-biased Z
genes was relatively constant across ages (Supplemental Table 2A).
We further compared gene groups based on the time of develop-
ment at which they showed sex bias (Supplemental Table 3). Many
Z genes were consistently male-biased at all ages (Supplemental
Table 3, Group A). A large number of A genes were specifically
biased at certain ages, especially at earlier developmental stages
such as day 1 or day 25 (Supplemental Table 3, groups E, F, G, H).
In addition, ~40%-50% of the unbiased Z genes were unbiased
(P>0.05, 1/1.3 < M:F < 1.3) consistently at all ages.

We asked if the dosage-compensated genes, those showing
a similar level of expression in the two sexes (Ellegren et al. 2007;
Itoh et al. 2007), were the same in the two species. We classified
genes as compensated or not, and measured the overlap of the two
populations in the two species (Table 1). Through all four de-
velopmental stages, compensated Z genes in zebra finch tended to
be compensated in chicken more often than they were uncom-
pensated. This result suggests that the dosage sensitivity of specific
sets of Z genes is somewhat evolutionarily conserved.

Absence of regional dosage compensation in zebra finch
Z chromosome

The distribution of M:F ratios for Z and A genes was quite similar in
zebra finch and chicken; a minority of Z genes appeared to be
dosage-compensated, but many were not (Fig. 1A; Itoh et al. 2007).
However, in the chicken Z chromosome, dosage-compensated
genes are particularly concentrated in a region (27-30 Mb) near the
location of expression of the noncoding RNA MHM (male hyper-

Table 1. Fisher’s exact test for compensated
(comp)/uncompensated (uncomp) Z chromosome genes
in chicken and zebra finch

Chicken brain

Comp Uncomp Fisher’s exact test
Zebra finch (d1)
Comp 48 34 0.003515
Uncomp 41 70
Zebra finch (d25)
Comp 51 38 0.009003
Uncomp 39 65
Zebra finch (d45)
Comp 53 36 0.001454
Uncomp 37 65
Zebra finch (adult)
Comp 54 45 0.0207
Uncomp 35 59

Compensated genes: M/F < 1.3, uncompensated genes: M/F > 1.3.
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Figure 2. Sex bias in gene expression along the zebra finch Z chro-
mosome. (A) Plot of M:F ratios of expression ratios of individual Z genes as
a function of Z chromosome gene position using data from day 45 zebra
finch telencephalon. (B) Graph of the running average of 30 M:F ratios of
expression (data from A) plotted at the median gene position along the
zebra finch Z chromosome.

methylated) (Melamed and Arnold 2007; Melamed et al. 2009)
that has been suggested to be involved in dosage compensation
(Teranishi et al. 2001; Bisoni et al. 2005). To determine whether
zebra finch Z genes show regional differences in dosage compen-
sation, we mapped M:F ratios of Z genes along the chromosome
(Fig. 2A). In general, genes with high or low M:F ratios were found
along the entire chromosome. The running average of M:F ratios
had similar valleys and peaks along the chromosome, irrespective
of the age of the sample and the width of the averaging window
(Fig. 2B; Supplemental Fig. 3 for sliding window of 30 genes; data
not shown for other windows in the range of 10-60 genes; Warren
et al. 2010). Unlike chicken, which has a statistically significant
valley near MHM and a significant peak on Zq, none of the dips or
peaks in the running average curve for zebra finch is unlikely to
occur by chance. Thus, we detect no region of unusual sex bias.

Absence of MHM sequence and associated histone modification
in zebra finch

We aligned the 27.8-28.1-Mb region around the MHM locus in
chicken with the corresponding region of the zebra finch Z chro-
mosome (bl2seq: http://blast.ncbi.nlm.nih.gov/Blast.cgi). Although
the chicken gene order was completely conserved in the zebra
finch and the regions had a linear alignment over most of the
300-kb region, the 40-kb region surrounding the MHM locus in
chickens was absent from the current draft of the zebra finch se-
quence (Fig. 3). Furthermore, several probes (genomic and cDNA)
encoding the MHM locus did not recognize any sequence of the
zebra finch genomic DNA on a Southern blot (data not shown),
confirming the apparent absence of an MHM homologous se-
quence in the zebra finch. Previously, Teranishi et al. (2001)
reported that MHM transcripts accumulate in female chicken nu-
clei near the MHM locus, and Bisoni et al. (2005) found accumu-
lation of acetylated histone H4K16 at the same site in metaphase
Z chromosomes. We confirmed that similar co-accumulation of
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Figure 3. Alignment of the chicken genome sequence near the MHM
locus (27.8-28.1 Mb) on Zp, with the corresponding zebra finch genome
sequence at 64.0-64.3 Mb on Zq. The region encoding the MHM non-
coding RNA is not present in the current draft of the zebra finch genome.

both the MHM transcript and H4K16Ac occurs on the chicken Z
chromosome in interphase nuclei of female chicken fibroblasts
(Fig. 4A), but found no strong accumulation of acetylated H4K16
in zebra finch cells (Fig. 4B). As a group, these results support the
conclusion that the MHM locus is absent in zebra finches and
that zebra finches lack chromatin specializations found near the
chicken MHM locus. The absence of MHM in zebra finch correlates
with the absence of the “MHM valley” or cluster of genes with
lower M:F ratios found near MHM in chickens.

Cross-species perspective on sexually dimorphic expression
near MHM

To gauge the variability of sex bias in gene expression across tis-
sues, developmental ages, and species, we first correlated M:F ratios
of expression among different tissues (brain, heart, and liver in
chicken) or developmental stages (days 1, 25, 45, and adult in zebra
finch) within species (Supplemental Table 4). In all comparisons
within a species across tissues or ages, the M:F ratios of Z genes were
well correlated. M:F ratios of A genes were poorly or not correlated
across tissues in chick embryo, but were moderately correlated
across age for zebra finch brain samples (Fig. 5; Supplemental Table
4). This pattern suggests that the degree of sex bias of A gene ex-
pression is altered by tissue- or age-specific factors within each
species, but sex bias of Z genes is less affected by such factors. In
contrast, in cross-species comparisons, the sex bias of Z gene ex-
pression was weakly correlated, and bias of A genes was un-
correlated (Fig. 5; Supplemental Table 4).

We investigated the characteristics of Z chromosome genes
that differed in their sex bias across species. Z genes were separated
into three groups: (1) M:F ratios chicken > zebra finch; (2) M:F
ratios chicken = zebra finch; and (3) M:F ratios chicken < zebra
finch. Group 2 comprises more than 85% of genes (Fig. 6A). Genes
were denoted as higher or lower in chicken relative to zebra finch if
their log, M:F ratio was 0.25 more or less than that for zebra finch,
respectively (Fig. 6A). Genes in these three groups were distributed
nonrandomly along the chicken Z chromosome (Fig. 6B,C). Genes
with C>Z M:F ratios in chicken (group 1, blue in Fig. 6) occurred
more frequently than C<Z genes along most of the Z chromosome
(Fig. 6B). This relationship was reversed in the region between 20
and 40 Mb (Fig. 6B,C). The plot of the ratio of the number of C>Z
genes in group 1 to C<Z genes in group 3 showed a minimum near
31-32 Mb on the chicken Z chromosome (Fig. 6D), near the MHM
locus at 27.9 Mb. Thus, the species difference of M:F ratios sup-
ports the idea that the MHM region of chicken is unusual in its M:F
ratios.

The relationship between sexual dimorphism of gene
expression and dy/ ds for A and Z chromosomes

We asked if sexually biased Z genes differed from others in their
rate of evolution, based on dy/ds values estimated between
chicken-zebra finch gene pairs (http://www.ensembl.org/biomart/
index.html) (Supplemental Table 5). At all four ages in zebra finch,
the median dy/ds values of Z chromosome genes were higher in
male-biased gene groups (0.119-0.134 for P <0.05, 0.120-0.142 for
FDR < 0.1) than in the unbiased group (0.095-0.115 for P < 0.05,
0.097-0.115 for FDR < 0.1). Similarly in chicken samples (brain,
heart, and liver), the dy/ds values are always higher in biased genes
than unbiased genes (Supplemental Table S5). Thus the median
dn/ds values of male-biased Z chromosome genes are consistently
higher than unbiased genes in both chicken and zebra finch (bi-
nomial test: P = 0.0078) using either criteria for classifying biased
versus unbiased. On the other hand, the median dy/ds values of A
genes were consistently lower than that of Z genes in both species
(Supplemental Table 5; Mank et al. 2007). The results suggest that
male-biased Z genes have evolved more rapidly than unbiased Z
genes or A genes.

Discussion

Our global analysis of zebra finch gene expression confirms, in
a second avian species, a pattern of ineffective Z chromosome
dosage compensation, comparable to that previously reported for
chicken (Ellegren et al. 2007; Itoh et al. 2007). The distribution of
M:F ratios of Z and A genes is comparable across species, tissues,
and ages. Although most Z genes have higher expression in males
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Figure 4. (A) Colocalization in interphase chicken fibroblasts of the
MHM RNA and histone 4 acetylated at lysine 16. (Left) DAPI-stained nuclei.
(Second panel from left, green) RNA FISH showing the accumulation of
MHM RNA near the MHM locus in females only. (Third panel from left, red)
The accumulation of H4K16Ac at the same location. (B) The H4K16Ac
staining of zebra finch cells does not have any specific pattern of signal
accumulation. DNA was DAPI-counterstained. The signal strength of
H4K16Ac staining in chicken (A) and zebra finch (B) is not comparable; the
H4K16Ac signal in zebra finch was overexposed to illustrate the absence of
even weak signal.
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Figure 5. Scatterplot showing M:F ratios of gene expression in zebra
finch and chicken for autosomal (A) (red) and Z genes (green). M:F ratios
were compared in zebra finch telencephalon in day 45 versus adult
samples (A), in chicken embryonic brain versus zebra finch adult brain (B),
and in chicken embryonic heart versus brain samples (C). Within species
(A,C), M:F ratios were more correlated for Z genes than for A genes. Be-
tween species (B), Z gene M:F ratios were only weakly correlated, and
A gene M:F ratios were uncorrelated. Correlation coefficients were: (A)
Z genes, r=0.91; A genes, r=0.35; (B) Z genes, r=0.16; A genes, r =
0.05; (C) Z genes, r=0.79, A genes, r=10.29.

than females, some Z genes are expressed at similar levels in the
two sexes, indicating that some compensatory process operates on
those genes. Thus, even if there are species differences in putative
compensation mechanisms, the overall pattern of ineffective
dosage compensation is similar in the two species.

The two species show some important differences. The sex
bias (M:F ratio) of A genes was uncorrelated in the two species,
indicating that different sets of A genes were sex-biased in zebra
finch and chicken. Although the poor correlation probably stems
in part from differences in tissue type or age, there also seems to be
a general lack of correlation attributed to the species difference
itself. For Z chromosome genes, however, the M:F ratios were
weakly correlated across species. Thus, although the forces that
regulate sex bias of Z genes were weakly conserved in the two
species, they were not conserved for A genes. This result also sug-
gests that the forces regulating sex bias of Z and A genes are
somewhat different, even though Z and A genes interact with each
other in the same gene networks. The correlation of M:F ratios
among Z genes means that the degree of compensation among Z
genes is somewhat conserved (Fig. 5; Supplemental Table 4). One
conservative force may be that similar sets of Z genes in the two
species are particularly dosage-sensitive because of their common
functions in gene networks, and, thus, are under common selec-
tion pressure to reduce sex bias in expression. Therefore, the data
are compatible with the idea that dosage compensation has
evolved for genes with the greatest dosage sensitivity, in which an
inherent sex bias would be deleterious in at least one sex.

Another important difference between species is that the ze-
bra finch Z chromosome appears not to contain the MHM locus
found in chicken and lacks specialized properties of the near-MHM
region including chromatin modifications and a dearth of genes
with high M:F ratios. Thus, if MHM ncRNA plays a role in dosage

compensation in chickens, that mechanism appears not to be
a general property of birds.

Why might there be regional dosage compensation only in
chicken, but not zebra finch? Besides the difference in presence
of MHM in the genome, the two species differ in the relative po-
sitions of Z genes along the chromosome, because the Z chromo-
some has experienced inversion and other rearrangements since
the divergence of the two lineages (Itoh et al. 2006; Nanda et al.
2008). Another potential difference is in the composition of the W
chromosomes. For example, zebra finches, but not chickens, have
aremnant of the FEM1C (fem-1 homolog c [C. elegans] gene on the
W chromosome) (Itoh et al. 2009). Considering these differences,
the rearrangement of the Z chromosome may have changed the
architecture of the chromosome sufficiently to undermine the
selection pressures favoring an MHM-mediated compensatory
mechanism. Alternatively, a different set of Z genes in zebra
finches may possess paralogous W genes, which could alter se-
lection pressures for compensation of Z genes. Resolution of
these questions requires more information about both the Z and
W chromosomes.

The sequencing of the zebra finch genome provides impor-
tant perspective on the pattern of sex bias along the chicken Z
chromosome. Using the species difference in M:F ratio as metric,
we find that the region near MHM in chicken has a dispropor-
tionate number of genes for which the M:Fratio is lower in chicken
than in zebra finch. This species difference supports the previous
inference, based solely on expression patterns in chickens, that the
MHM region is unusual.

The amount of sex bias, measured by the number of sexually
dimorphic genes, reached its maximum at day 25 in zebra finch
telencephalon. Thus, adults seem not to be more sexually di-
morphic than juveniles at day 25. The number of Z genes showing
sex bias was relatively constant across ages, suggesting that the
factors controlling sex bias in Z gene expression differ from those
controlling A gene sex bias. Perhaps the sex difference in copy
number of Z genes, which operates at all ages, tends to make the
sex bias in Z genes less variable across ages.

In zebra finches, male-biased Z genes were expressed at a
higher level than A genes. That suggests that copy number is not the
only factor contributing to sex bias and that male-biased Z genes
are up-regulated in males rather than just being passively higher
because of copy number. Sexually unbiased Z genes tended to have
lower expression in males (relative to male-biased Z genes) and
higher expression in females (relative to male-biased Z genes), sug-
gesting that male bias of Z genes is the result of both up-regulation of
Z genes in males and down-regulation in females. These patterns
differ somewhat from the patterns found in chicken, in which
unbiased Z genes were expressed at a lower level than both auto-
somal and biased Z genes in both sexes, and male-biased genes
were expressed at higher levels relative to unbiased genes in both
sexes (Supplemental Fig. 2). These differences might reflect dif-
ferences in the mechanisms of dosage compensation and sex bias
in the two species.

In general, zebra finch and chicken share a generally in-
efficient pattern of Z chromosome dosage compensation in which
some genes are compensated by some mechanism. On the other
hand, regional dosage compensation, possibly caused by MHM,
occurs in chicken but not in zebra finch. Thus, an additional
(nonregional) dosage compensation mechanism may be common
to both species, possibly the result of network regulatory in-
fluences that are gene-specific (Birchler et al. 2006; Arnold et al.
2008).
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Figure 6. Categorizing chicken Z gene M:F ratios by their degree of difference from zebra finch. (A)
Genes were categorized into group 1 with M:F ratios greater in chicken than zebra finch (C>Z, blue),
group 2 with M:F ratios similar in the two species (green, >85% of genes), and group 3 with M:F ratios
lower in chicken than in zebra finch (C<Z, red). Genes higher in one species were those for which the
log, M:F ratio was =0.25 more in that species than the other. (B) Graph of the three classes of genes by
gene order along the Z chromosome of chicken. The region 20-40 Mb was abundant in red spots (C<Z)
but lacking in blue spots (C>Z). (C) The proportion of the three classes of genes in four major divisions
of the chicken Z chromosomes. Along most of the chromosome regions, red genes (C<Z) were less
abundant than blue genes (C>Z), except for the region 20-40 Mb. When gene order was randomized
1000 times, the large difference in proportion of red and blue genes in this interval was found to occur
rarely by chance (P < 0.05), whereas the difference in other chromosome regions was not unlikely. The
patterns shown here are common to all 12 chicken versus zebra finch comparisons for the three chicken
tissues of Itoh et al. (2007) and the four zebra finch telencephalic samples measured here. (D) The ratio
of the number of blue (C>Z) to red (C<Z) genes is plotted as a moving average across a window 20 Mb
wide (step size 1 Mb) graphed by window center along the Z chromosome. The curve minimum is at
31-32 Mb, near the MHM locus. Thus, the MHM region is unusual because its genes tend to have lower

M:F ratios in chicken than zebra finch.

Methods

Data analysis

The microarray data for zebra finch are from Tomaszycki et al.
(2009) (GEO accession no. GSE20035) and for chicken are from
Itoh et al. (2007) (GEO accession nos. GSE6843, GSE6844,
GSE6856). Statistical analyses, including FDRs (Benjamini and
Hochberg 1995), were performed in R. dn/ds values were obtained
from Ensembl (http://www.ensembl.org).

To calculate whether the distribution of M:F ratios along the Z
chromosome was random, we used the method of Melamed and
Arnold (2007). We calculated Cyow, the longest run of consecutive
positions of the running average curves in Figure 2B and Supple-
mental Figure 3 that stayed below the 40th percentile of Z gene
M:F ratios; and Cy;gp,, the longest run of consecutive positions that
stayed above the 60th percentile. We then shuffled the M:F ratios
of Z genes randomly 1000 times, calculating Ciow and Cpgn €ach
time (using Resampling Stats; http://www.resample.com), to de-
termine if either run was unlikely by chance. For all ages, none of
the observed runs was unlikely (P > 0.15).

See Supplemental Methods for sample collection, RNA iso-
lation, Zebra finch microarray, immunostaining, and fluorescent
in situ hybridization (FISH).
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