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S
ex chromosomes evolve from a
homologous pair of chromosomes
to become cytologically distinct.

Consequently, fertilization produces
one of two different chromosomal com-
binations that will initiate either the
male or female developmental program.
One sex will be heterogametic (have one
of each type of sex chromosome) and
the other sex will be homogametic (have
a pair of one type). In the process of this
evolution, one of the pair of chromo-
somes can become quite degenerative,
leaving its former homolog as the sole
bearer of many genes. This situation
raises the issue of whether the hetero-
gametic sex has reduced expression of
these genes, which might be detrimen-
tal, or whether a process called dosage
compensation sustains their expression.
In humans, males are the heterogametic
sex, having both X and Y chromosomes,
whereas females have two Xs. However,
this state of affairs is not found uni-
versally in all species. For example, in
birds and butterflies females are hetero-
gametic—with Z and W chromosomes;
males have two Z chromosomes.

Recent studies by Mank and Ellegren
(2008) have used global gene profiling
of male and female chickens, in differ-
ent tissues and developmental stages,
to shed light on the unresolved issue
of dosage compensation in birds. They
have established that compensation
occurs on a gene-by-gene basis and that
compensation can come and go for
individual genes during development.
Similar results have also been reported
by Itoh et al. (2007). This distinctive
mode of dosage compensation has
intriguing implications for the evolution
of dosage compensation mechanisms in
general.

The Z chromosome of chickens
contains more than 700 known genes,
whereas the W chromosome is quite
depauperate. Mank and Ellegren exam-
ined 630 Z-linked genes in male and
female brains, the least sex-biased tis-
sue, at four time points in development.
They compared the expression with that
in the gonads, the most sex-biased
tissue, at three time points. When the
average gene expression is calculated
for the Z chromosome, its mean is
indeed greater in males with two Z

chromosomes than in females with
only one, but does not approach the
two-fold level that would indicate the
complete lack of dosage compensation.
The ratio differs between both the two
tissues examined and the developmen-
tal time points, with an indication that
greater compensation occurs during the
embryonic stages than in adults. The
ratios vary gene-by-gene over the length
of the Z chromosome. This piecemeal
pattern of compensation differs from
the three most thoroughly studied
examples of sex chromosome dosage
compensation—flies, worms and mam-
mals (Birchler et al., 2006)—in which
there is a greater percentage of X-linked
genes that are compensated, in these
cases in males.

The dosage compensation in birds is,
however, somewhat similar to that
which occurs in aneuploids (individuals
with either fewer or more chromosomes
than the normal balanced diploid) of
non-sex chromosomes. This intrinsic
type of dosage compensation has been
documented in maize (Birchler, 1979),
flies (Devlin et al., 1982) and humans
(Altug-Teber et al., 2007). It operates on
a gene-by-gene basis, and exhibits
developmental specificity (Guo and
Birchler, 1994). This similarity raises
the possibility that the chicken-sex
chromosome dosage compensation
represents a tweaking of intrinsic com-
pensation. Intrinsic compensation might
occur as a consequence of the stoichio-
metric imbalance in gene-regulatory
processes, (Birchler et al., 2001; Veitia
et al., 2008) causing an inverse dosage
response. However, there are distinc-
tions between the Z-chromosome
compensation and the intrinsic compen-
sation observed in aneuploids in other
species. First, aneuploidy of chromo-
somes as large as the Z chromosome
results in lethality or highly abnormal
phenotypes (Birchler et al., 2001), so one
might expect that selection has occurred
to compensate the Z-linked genes that
are the most detrimental when dosage is
altered. Second, aneuploids often show
some level of trans-acting effects that
modulate genes on other chromosomes,
potentially because of the dosage effects
of regulatory genes that are not com-
pensated (Birchler et al., 2001; Veitia

et al., 2008). Female chickens have only
one Z chromosome, and are obviously
viable. In the experiments, there was no
evidence for significant autosomal mod-
ulations so, if there is a relationship
between intrinsic dosage compensation
mechanisms and that of the Z chromo-
some, then either regulatory genes are
particularly prone to selection for com-
pensation, for which Mank and Ellegren
note there is some rudimentary evi-
dence, or a mechanism has evolved to
prevent any dosage effects of the Z
chromosome on autosomal expression.

Does the compensation in birds
represent a primordial form that is
common to other types of sex chromo-
some dosage compensation? Certainly,
the divergence of the Z and W chromo-
somes is not recent, so one should not
consider the avian mode of dosage
compensation as an ‘early’ step
in compensation evolution. However,
because of the similarities to intrinsic
compensation noted above, avian com-
pensation might present an example
that is instructive for understanding
the evolution of other forms of compen-
sation in flies, worms and mammals.
Recent studies have indicated a com-
mon theme in these three taxa. In each
case, there is a two-fold upregulation of
the single X chromosome despite the
differences in sex-specific chromatin
modifications that are unique to each
species (Gupta et al., 2006; Nguyen and
Disteche, 2006; Birchler et al., 2006).
Indeed, triple X metafemales in flies
show dosage compensation that
requires a downregulation to achieve
expression similar to that in normal
females (Birchler et al., 1989) and there
are no known chromatin differences in
this sex chromosome between aneu-
ploid and diploid females. Also, in
mammals, tissues without an X:auto-
some imbalance, such as haploid cells in
the gonads, show no upregulation of the
X chromosome (Nguyen and Disteche,
2006). The upregulation of the single
active X in mammals is independent of
the process of X inactivation. So, it is
possible that all cases of dosage com-
pensation modify the intrinsic stoichio-
metrically based mechanism to some
degree, for equalization of the expres-
sion of crucial sex-linked genes between
the sexes and with the remainder of the
genome. Different cases of sex chromo-
some evolution might have solved the
issues of critical gene compensation and
trans-acting effects on the autosomes in
different ways. The new results on
chicken dosage compensation add new
data for understanding the similarities
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and differences among sex-chromoso-
mal dosage compensation mechanisms.
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