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In many species of animals, and even a few plants, males and

females differ in their sex chromosomes. For example, male

mammals have one X chromosome and a much smaller Y

chromosome, while females have two X chromosomes. Birds

have a different system: females have one Z chromsome and

a much smaller W chromosome, and males have two Z

chromosomes. Such heteromorphic sex chromosomes are a

great embarrassment to proper gene regulation because they

leave many genes present in a single dose in the hetero-

gametic sex (XY male mammals and ZW female birds). This

causes problems in maintaining a balance of expression

between genes on the autosomes and those on the X or Z

chromosome. Another problem that arises is that the dosage

of genes on the sex chromosomes is different between the

sexes. Mechanisms that compensate for these differences, so-

called dosage-compensation mechanisms, evolved to balance

gene expression between sex chromosomes and autosomes,

and between males and females.

In organisms with XY male heterogamety, gene-dosage

differences between the sexes are compensated by a

variety of mechanisms. In Drosophila, the single X is

upregulated in males but not females. In Caenorhabditis

elegans, the X chromosome is upregulated in XO males

and XX hermaphrodites, and then both X chromosomes are

downregulated in hermaphrodites. In mammals, one of the

two X chromosomes in females is rendered transcriptionally

inactive, and expression from the single active X is up-

regulated in both males and females to match expression

from the autosomes [1]. Given the severe effects of mono-

somy (the presence of only one copy of a chromosome) of

even the smallest human autosome, it has been thought

that dosage compensation of the genes on the X chromo-

some is essential for survival.

Genes borne on the Z chromosome in ZW female:ZZ male

systems of female heterogamety such as birds must, therefore,

surely also be dosage compensated to avoid severe effects of

monosomy for Z-borne genes in females, and a disruptive 2:1

dosage difference between the sexes. It was therefore puzzling

to discover, in the 1970s, that the products of three genes on

the bird Z chromsome are present in double the

concentration in males than in females [2]. We expected that

further studies at the transcriptional level would show that

these genes were exceptional, and that most or all of the 841

protein-coding genes on the 74.6 Mb chicken Z chromosome

(NCBI chicken build 2.1, November 2006) are dosage

compensated. Indeed, a study using real-time PCR showed

Abstract

Mechanisms to compensate for dosage differences of genes on sex chromosomes are
widespread in animals and have been thought to be critical for viability. However, in birds,
compensation is inefficient, implying that for many genes dosage compensation is not critical,
and for some genes, dosage differences have even been selected for.

BioMed Central

Journal of Biology 2007, 6:1

Published: 22 March 2007

Journal of Biology 2007, 6:1

The electronic version of this article is the complete one and can be
found online at http://jbiol.com/content/6/1/1

© 2007 BioMed Central Ltd 



that six out of the nine chicken Z genes studied had

male:female transcript ratios around 1, although both alleles

were transcribed in males, presumably each at a lower level [3].

Nevertheless, a comprehensive study in two bird species of

transcript ratios between Z chromosomes and autosomes,

and males and females, now shows that most genes are not

completely dosage compensated, at least at the

transcriptional level. In this issue of Journal of Biology, a team

from Art Arnold’s laboratory [4] have investigated

male:female expression ratios for more than 1,000 genes on

chicken microarrays, backed up by custom arrays of more

than 100 zebra finch genes. Using this approach, Itoh and

Melamed et al. [4] evaluated global expression of genes on

the Z chromosome versus autosomal genes in both sexes.

Overall, they calculated male-to-female gene-expression

ratios to be between 1 and 2, often showing a distribution

that looks suspiciously bimodal, as would be expected if

some genes were more-or-less compensated and others not.

This contrasts with an average male-to-female expression

ratio of 1 for human and mouse, determined on microarrays

using the same techniques. Z chromosome:autosome ratios

were balanced in male chickens, but were somewhat lower

(around 80%) in females, consistent with partial dosage

compensation by upregulation in the heterogametic sex. In

the homogametic sex the data can be interpreted as complete

absence of dosage compensation, or possibly the partial

repression of each allele. The striking differences between

mammals, Drosophila and birds in male:female expression

ratios are illustrated in Figure 1.

So it looks as if most genes on the bird Z chromosome are

not fully dosage compensated, at least at the transcriptional

level. How can this be? It is difficult to imagine that all these

genes are independently regulated at some posttranscrip-

tional level, but equally hard to imagine any global post-

transcriptional control that affects Z-borne genes

specifically. Besides, the tiny scrap of old isozyme data in

birds shows that there is no dosage compensation at the

protein level for the three genes studied [2].

Are dosage differences better tolerated in birds than

mammals? There are a few clues that sex-chromosome

dosage is handled differently. For instance, triploid human

fetuses usually do not survive until birth, whereas triploid

chickens can be obtained with ZZZ or ZZW (but never

ZWW) sex-chromosome constitutions [5]. No diploid

chickens with a sex chromosome complement ZZZ or Z0

have been observed, however, and it has been proposed that

a locus on the W chromosome elicits at least partial up-

regulation of the Z chromosome in ZW females [6].

There are two broad alternative explanations for the less

efficient dosage compensation in birds. One is that dosage

differences for many genes really are not as important as we

have believed. Another is that differences in expression of

Z-borne genes between males and females have been

selected for in birds to control sex-specific characters.

Perhaps we should not be surprised to find that we have

overrated the importance of dosage compensation. After all,

some quite large deletions of human chromosomes have a

phenotype equivalent to single gene defects. We have

known since the 1970s that X-chromosome inactivation in

marsupials is incomplete, at least in some tissues [7], and

we now know that approximately 150 of the 1,000 genes on

the human X are not completely silenced by X inactivation

[8]. These escaping genes, expressed from both alleles

(albeit at a reduced level from the inactive X) lie mostly on

the part of the X that was added only during the last

100 million years [9], so may merely represent relics of the

ancient autosomal region that was recently added to the X

and Y. They are being slowly recruited into the X-chromo-

some inactivation system, but there appears to be no

particular hurry, suggesting that their dosage inequality is

not a huge problem that needs to be solved immediately.

Against this laissez faire argument, however, are arguments

that the expression of escaper genes on the inactive X

chromosome are maintained by specific mechanisms such

as insulator elements [10]. This suggests that mechanisms

have evolved to exploit differences in the expression of

some genes between the sexes. There are no genes on the

human X whose dosage-sensitive function is known to be
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Figure 1
Regulation of gene expression on sex chromosomes relative to
autosomes in males (M) and females (F) of mammals and Drosophila
(XX female:XY male), and birds (ZW female:ZZ male). Basal
autosome-equivalent expression level is in light blue; upregulated
regions are represented in dark blue and inactivated regions in white.
Genes on the two Z chromosomes of the male bird are presumed to
have equal expression to the autosomes, but the single Z of female
birds is only partially dosage compensated (orange shading represents a
mixture of genes compensated to various degrees). The
heterochromatic and largely inactive or specialized Y and W
chromosomes are represented in yellow.
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required for sex determination or differentiation, but at

least one gene on the marsupial X seems to have a dosage-

sensitive role in mammary and scrotal differentiation [7].

Perhaps, then, the mammalian X chromosome is a mosaic

of genes that must be dosage compensated, genes that must

be differentially expressed in males and females, and genes

for which dosage really does not matter. Genes that must be

dosage compensated, because they lie in dosage-sensitive

pathways, seeded domains that became subject to X

inactivation, and recruited adjacent genes for which dosage

differences were also deleterious or not critical, or were only

weakly selected against. In contrast, genes for which a sex-

differential role was selected, and thus which needed to

avoid dosage compensation, established domains that are

protected from inactivation. This process may have shaped

the X chromosomes of different mammalian lineages

independently; for instance, genes that escape X inactivation

in humans do not necessarily escape in the mouse.

Is a similar process shaping the transcriptional activity profile

of the bird Z chromosome? Is this chromosome, too, a

mosaic of genes or regions showing equal expression in males

and females (and equivalent expression to autosomes), and

genes or regions that have assumed sex-specific roles? This

would be consistent with data hinting that patterns of dosage

compensation are different in different tissues (in human and

mouse, as well as chicken and zebra finch). At least one gene

on the bird Z chromosome, DMRT1, has a dosage-sensitive

role in sex determination in humans, and its differential

dosage in birds might be critical for sex determination.

Although the mammalian X and the bird Z chromosomes

are genetically non-homologous, and their representation

in the two sexes is reversed in these systems of male

heterogamety and female heterogamety, respectively, and

although the molecular mechanisms of dosage

compensation may be different, the regulation of activity of

the X and Z chromosomes seems to have been shaped by

similar evolutionary forces.
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