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INTRODUCTION
Dosage compensation was discovered by HJ Muller while studying the phenotypes of X-linked hypomorphic mutations in Drosophila melanogaster
(106). Muller found that males, with one copy ofthe mutant allele, and females,
with two copies, had identical phenotypes. However, females with a small
deficiency covering the locus, and thus with only one mutant copy of the gene,
had a more severe phenotype than mutant males. Males with a duplication,
and thus two copies, had a phenotype closer to the wild-type than mutant
females. These results, which were found for most of the X-linked hypomorphs
studied, showed that although the phenotypes of these mutant alleles were
subjected to dosage effects within a sex, a general regulatory mechanism was
operating that equalizes the expression of the genes of the single Xchromosome
of the male to that of the genes found in both X chromosomes of the female.
Muller named this process dosage compensation and offered an explanation
for the advantage of evolving such a mechanism. He argued that, because the
"normal" phenotype that we observe has been modeled by natural selection,
dosage compensation allows similar optimally adaptive phenotypes in both
sexes for those characters that depend on X-linkedgenes. Dosage compensation
would thus be not only a characteristic of certain mutations, but a general
property, to be found also in wild-type alleles (107).
Our understanding of the mechanism of dosage compensation in Drosophila
has progressed substantially in the past few decades. Although we do briefly
consider these early advances, we refer the reader to earlier reviews (6, 61,
85). Our main focus is on the discovery subsequent to the molecular cloning
of three of the male-specific lethal genes, that their products bind specifically
to the male X chromosome, and that the binding of each of these proteins is
dependent on the presence of the products of all these genes. These findings,
together with the discovery that the male X chromosome is enriched in a
particular type of acetylated histone, have suggested an outline of the molecular
mechanism of dosage compensation in Drosophila.

THE PHENOMENON OF DOSAGE COMPENSATION
Evolutionary Origin 01Dosage Compensation
Sex determination in eukaryotes often involves the differentiation of a pair of
chromosomes in such a way that one sex, termed homogametic, retained the
ancestral constitution of two indistinguishable chromosomes, whereas the other
sexotermed heterogametic, has two morphologically different chromosomes.
In D. melanogaster, males are the heterogametic sex; they carry one X and
one y chromosome, whereas females have two Xchromosomes. In this species,
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as has commonly happened in other organisms, morphological change in the
y chromosome is associated with functional differentiation. Most of the genes
once found in this chromosome, which derives from an ancestral X-like chromosome, have been lost, and it retains only a few functions that are specifically
related with male fertility. Although the precise mechanisms that drive the
degeneration of the Y chromosome are debated, a critical step seems to be a
restriction of recombination that favors the close association of a primary
sex-determining gene (which in a X-y system would be Y-linkedand determine
maleness) with genetic functions advantageous to the males, but disadvantageous to the females (25). Once recombination is restricted, mutations in
Y-linkedloci are expected to accumulate (25), an expectation fulfilled in recent
experiments (123). The sex-determination system in Drosophila has evolved
further, and now depends not on a single gene, but on the X:autosome ratio
(reviewed in 6, 32, 118). However, this system can only be established after
the degeneration of the Y chromosome, which creates a functional difference
and thereby allows the number of X chromosomes to be "counted." This
progressive degeneration of the Y chromosome creates a physiological problem; a functional aneuploidy in the heterogametic sexoThe deleterious effects
associated with aneuploidies (for an example in Drosophila see Reí. 80) create
strong selective pressure to develop a compensatory mechanism. Systems have
evolved independently in different organisms to achieve this aim. In mammals, genes on one of the X chromosomes of the female are inactivated (89).
In the nematode Caenorhabditis elegans, where males are XO, compensation
is achieved by down-regulating the level of transcription of genes on both X
chromosomes in the XX hermaphrodite (59) Finally, in Drosophila, as discussed below, the transcription rate of the genes on the male X chromosome
is doubled. Interestingly, data from birds and butterflies suggest that dosage
compensation may not exist in these organisms (7, 64).

Dosage Compensation lnvolves an lncrease of the
Transcription of the Genes on the Male X Chromosome
Dosage compensation in Drosophila occurs at the transcriptional leve!. The
first evidence for this was obtained by Mukherjee & Beermann (103) using
autoradiography. They showed that when salivary glands were exposed to
tritiated uridine for a short period of time, incorporation into nascent transcripts
on the male X chromosome relative to the autosomes was substantially higher
than incorporation into a single female X chromosome, even after correcting
for the increased absorption of particles by the paired female chromosomes.
This difference was not due to an increased degree of polytenization, because
the amount of DNA is identical in the male and a single female X chromosome
(126).
The advent of recombinant technology made it possible to study directly
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the steady-state levels of transcripts of individual genes by quantitation of
hybridization signals. Several studies demonstrated that the amounts of RNA
produced by individual X-linked genes transcribed by either RNA polymerase
II or III were dosage compensated (20, 45, 66).
The hypertranscription of the male X chromosome is correlated with a more
open chromatin structure as evidenced by its more diffuse appearance and
increased width in salivary gland polytene chromosome squashes (42, 109).
As discussed below, there is to date a perfect coupling between this "puffed"
state and the presence of dosage compensation, which suggests a causal relationship between the chromatin structure and hypertranscription. However, the
nature of this relationship, Le. whether the altered chromatin structure of the
male X chromosorne is a cause or a consequence of its higher transcription
rate, is not yet c1ear.

THE REGULATION OF DOSAGE COMPENSATION:
CLASSICAL STUDIES
Most recent work on dosage compensation has focused on the genetic elements that bring about the male-specific hypertranscription of the X chromosorne (for recent reviews see Refs. 50, 55, 74). That dosage compensation
is a sex- and chromosome-specific process implies that the existence of
cis-acting elernents on the X that distinguish it frorn other chromosornes, and
sex- and chrornosorne-specific trans-acting factors. We first discuss the cisacting sequences.

cis-Acting Elements Controlling Dosage Compensation
The cis-acting dosage-cornpensation sequences do not produce a global alteration in the chrornosorne, but rather exert their effects on individual genes, or
small groups of adjacent genes. This effect was first shown by examining gene
expression in X-autosome translocations; it was found that the X genes remained cornpensated and the autosomal genes remained uncompensated (for
review see Ref. 85).
Further evidence that the cis-acting dosage-compensation sequences act
10cally carne frorn the finding that not all genes on the X chromosome are
dosage cornpensated (for review see Refs. 6, 85). These exceptions also confirm Muller' s insight as to the selective advantage of dosage compensation
(reviewed in 6). Thus genes whose expression is restricted to one sex, e.g. the
yolk protein genes, or those that are present in both the X and the Y chromosomes, e.g. bobbed, are not cornpensated. The gene (LSP-Ja) coding for the
alpha subunit of the larval serum protein-l is not compensated. However, this
gene seerns to have been transposed to the X chromosome of D. melanogaster
only recentIy (22), and two very c10sely related, and possibly synonyrnous
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autosomal genes exist; their products may mask the differences between the
doses of LSP-la in the two sexes (125). Finally, alleles of the Salivary gland
secretion polypeptide-4 (Sgs-4) gene found in exceptional wild-type strains
are not compensated (71). This case is also obscured by the fact that this gene
acts together with seven other Sgs genes, all of them autosomal, in producing
the larval saliva used for the subsequent attachment of the pupae to the
substrate. Sgs-4 is not absolutely required for this attachment to occur (71).
Consistent with the hypothesis that cis-acting control of dosage compensation
is local, these nondosage-compensated X-linked genes are scattered throughout
the X chromosome and can reside next to dosage-compensated genes. For
example, a transcription unit, named L12, immediately adjacent to the noncompensated LSP-la gene, is compensated (49).
Such a gene-by-gene mechanism for dosage compensation makes sense
when the likely origins of the these cis-acting sequences is considered. Degeneration of the Y chromosome is thought to be progressive and hence the
selective pressure for compensating each gene should arise independently.
Such a progressive acquisition of dosage compensation can be observed in
Drosophila miranda. D. miranda females have the same chromosomal complement as closely related species, such as Drosophila pseudoobscura, which
differ in one X-autosome translocation from the ancestral (six independent
chromosomal arms) Drosophila karyotype. The autosomal arm translocated
to the X, a relatively ancient rearrangement, is totally compensated both in D.
miranda and in D. pseudoobscura (1, 35, 104, 132). In the D. miranda males
an additional translocation has occurred between the Yand another autosome.
One copy of the latter autosome, that involved in the translocation, is thus
transmitted from male to male and, as expected, is degenerating, while the
nontranslocated member of this autosomal pair is transmitted as a second X
chromosome (X2) (91). This situation, relatively recent in evolutionary terms
[at most a few million years (121a)], allows the observation of the acquisition
of dosage compensation in the X2chromosome. This chromosome is a mosaic
of compensated (hypertranscribing) and noncompensated regions (35, 132).
This distribution probably correlates with the variable degrees of degeneration
of the different regions along the homologous chromosome. MacKnight (91)
observed that in the salivary glands the T(Y;A) chromosome is a mosaic of
partially polytenized (probably still active) and partially heterochromatized
regions.
These results suggested that cis-acting sequences that control dosage compensation are distributed along the length of the X chromosome. Further studies,
generally based on the technique of P element-mediated transformation, have
been directed at understanding the distribution, relative to individual X-linked
genes, of these sequences, and how these sequences might exert their effects. The
results of these experiments have not always been easy to interpret, both because
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of the variable extent of dosage compensation of cloned genes inserted in new
locations in the genome (see below), and because twofold differences in
expression can be difficult to assay. On the whole, the data suggest five main
points: (a) Compensatory sequences are often tightly linked to individual
X-linkedgenes. When clonedX-linkedgenes are inserted at autosomallocations,
they are usuaIly dosagecompensated (48, 53, 54, 57, 72, 77,100,120). (b) These
sequences may reside in the flanking sequences, in the transcribed regions of
X-linked genes, or relatively far away. Sequences required for the hypertranscription of the white and Sgs-4 genes are located in the 5' flanking regions
(54,58, 71, 72, 77, 100, 120). Sequences required for hypertranscription ofthe
period gene reside in the first intron, and for the heat shock protein 82 (Hsp82)
gene and Zwischenferment (Zw) of D. pseudoobscura are relatively far from
these genes (greater than 1kb and 5 kb, respectively; cited in 83, 128). (c) When
cloned autosomal genes are moved to X-linked locations, they are often dosage
compensated, which indicates that they have come under the influence of
X-linked cis-acting sequences (for review see Ref. 85). (d) The extent to which
compensatory sequences mediate hypertranscription of genes is dependent on
the chromatin context in which the sequences or genes are placed. For example,
when a transgene containing the Sgs-4 gene plus 2.6 kb of 5' and 1.3 kb of 3'
flanking sequences was inserted at autosomallocations, the male/female protein
ratio ranged from 1.25 to 1.88.The expected ratio for fuIl dosage compensation
was 2.0, and thus this transgene was only partially dosage compensated at aIl
locations (72). In a separate set of experiments, a transgene containing the Sgs-4
gene plus 840 bp of 5' flanking sequences was not dosage compensated at two
locations and fuIlydosage compensated at a third. A transgene that contained the
same genomic fragment inserted into the transformation vector in the opposite
orientation was over-compensated at two autosomallocations (100). The extent
to which autosomal genes translocated to the X chromosome are hypertranscribed in males is also variable (reviewed in 85). (e) Attempts to identify a
compensatory consensus sequence have not been successful. A comparison was
made of the sequences of the 5' 840-bp region, to which dosage-compensation
sequences have been localized, of two compensated and three noncompensated
aIleles of the Sgs-4 gene. No nucleotide changes that were specific to the
noncompensated aIleles were identified (58, 66). An interspecific approach has
also been used. The sequences of the Hsp82 genes from one species in which it
is X-linked and dosage compensated (D.pseudoobscura) were compared with
three species in which it is autosomal and not dosage compensated (15). This
analysis identified a 5' flanking region that is duplicated in D. pseudoobscura,
but not in the other species. Jaffe & Laird then identified a 7-bp consensus
sequence common tothis duplicated regionand the 5' flanking region ofthe white
gene. However, this sequence is also found upstream of at least one autosomal
gene and at the ends of P elements (85). AdditionaIly, Sass & Meselson (128)
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found that a Hsp82-neo gene from D. pseudoobscura that contained the region
where this sequence is located was not dosage compensated at autosomal sites,
in contradiction to previous results (61).
Molecular data indicate that the sequence composition of the X chromosome
and autosomes might be different. It was reported (60, 81, 115) that three
dinuc1eotide repeats, CAffG, CT/AG, and C/G, are present at higher levels
on the X chromosome than on the autosomes. These three sequence families
do not map to the same sites. Two families of repetitive elements are also
localized to the X chromosome (41, 143). There is no evidence that any of
these sequences have a role in dosage compensation.
trans-acting Regulators of Dosage Compensation:
The male-specific lethal Loci
The genes thought to regulate dosage compensation were first identified as
such by Belote & Lucchesi (9, 10). Reasoning that mutations in genes regulating dosage compensation would probably be sex-specific lethals, they carried out a screen for such mutations on the autosomes and identified malespecific lethal mutations in three genes, maIe-specific lethal-l (msl-l), malespecific lethal-2 (msl-2), and maIe lethal (mIe). These three genes and the
subsequently identified maIe-specific lethal-3 (msl-3) gene (88, 139) are collectively referred to as male-specific lethals (msls). Mutations in each of these
genes are lethal to males, which have a protracted larval period and die as late
larvae/earJy pupae. The msls have no overt phenotypic effects in females
(although several of these genes exert maternal effects, see below). Males
mutant at two or three msIloci do not appear to be any worse off than males
mutant at just one msl, which suggests that these genes function in a common
process (5, 8).
Belote & Lucchesi (10) demonstrated that the msls control dosage compensation. They also showed that in mIe, msl-l and msl-2 males the levels of
X-encoded enzymes were reduced to 50-60% of wild-type levels whereas the
levels of several autosome-encoded enzymes were unchanged. In addition,
autoradiography has been used to show that the overall level of nascent X
chromosome transcripts is reduced in mIe (9) and msl-3 (110) mutant males
(msl-l and msl-2 have not been tested because of their sJightly earlier lethal
phases). mIe mutant males also have reduced levels of a specific X-encoded
transcript (20). Fina11y,a11msls are required for the characteristic diffuse,
puffed morphology of the polytene salivary gland X chromosome in wild-type
males (10, 17,51,110).
Although there is no effect of mslmutants on the viability or fertilityof females
(10,88,139), there are maternal effects ofthree ofthe msls. For mIe, msl-l, and
msl-3 homozygous sons of homozygous mutant mothers have sJightly earJier
lethal phases than homozygous msl sons of heterozygous mothers (8, 134),
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whereas there is no such maternal effect for msl-2 mutants (8). A maternal effect
was also detected in experiments designed to investigate whether there are
interactions between the msls and the Sxl gene. Sxl /Sxl-; msl/msl females
sometimes contain patches of male tissue and Sxl /SxZ-;msllmsl daughters of
homozygous mle, msl-l, or msl-3 mothers contain more male tissue than
daughters of heterozygous mothers (30, 31, 87, 141). The data with respect to
whether msl-2 has such a maternal effect are contradictory (130, 141).
The msls are required throughout development in most, if not all, male
tissues (5, 8, 142). An extensive analysis of the lethal phase of msl-l mutant
males indicated that there was no effect on the hatching rate of mutant males,
but that the effects of msl-l mutations were evident in first-instar larvae (10).
No single lethal focus of mle, msl-2, or msl-3 in larval cells was identified in
gynandromorph analyses (8, 142). In addition to being required throughout the
larval stages, clonal analyses demonstrated that the msl-2 and msl-3 genes are
required in imaginal tissues late in development (5, 8).
Although the phenotypes of mutations in the msls are essentially similar,
there are some differences. msl-l and msl-2 males occasionally survive to the
prepupal stages, but never progress further. In contrast, a high percentage of
mle mutant males survive to the pupal stage. Furthermore, mle mutant males
sometimes undergo differentiation of adult structure within the pupal case (10,
134). The msl-3 lethal phase has not been extensively analyzed. However,
msl-3 mutant males sometimes yield good chromosome squashes (51, 110),
and in this sense are more similar to mle mutant males. Whether the differences
in the effects of msl-l and msl-2 vs mle and msl-3 mutant males indicates that
some X chromosome hypertranscription occurs in the latter mutants is not
known. Some evidence suggests that certain msl genes may have functions
besides their role in dosage compensation in somatic cells (4, 111, 112, 140),
and in this regard be similar to many Drosophila regulatory genes that are
reused in multiple developmental processes.
SUMMARYThe effects of the msl mutations on X-chromosome transcription,
together with the data on the cis-acting X-chromosomal sequences discussed
above, suggested the attractive model that the msls encode proteins, one or
more of which may interact with the cis-acting dosage-compensation sequences on the male X chromosome to bring about hypertranscription (but see
Ref. 56). The molecular cloning and characterization of three of the msls has
provided striking support for this hypothesis and is described below.

Effects of Aneuploidy on X Chromosome Expression
Up to this point we have developed the onloffview of dosage compensation
that emerged from the discovery and characterization of the msls and the
upstream genes, in particular Sxl, that regulate msl function. However, it was
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recognized almost from the discovery of the msls that the picture they gave of
dosage compensation was very different from what had been inferred from
earlier studies of X-chromosome expression in a variety of chromosomal aneuploids (for early and still-relevant considerations of this dichotomy see Refs.
6, 82). Here we (a) briefly summarize the view of dosage compensation
provided by the early aneuploid studies (for more detailed considerations see
Refs. 6, 85); (b) discuss more recent related observations; and (e) suggest that
the results from chromosomal aneuploids are compatible with the onloff view
of dosage compensation developed from Sxl and the msls.
CLASSICAL
ANEUPLOID
EXPERIMENTS
X expression was examined in diploid
males (1X2A), females (2X2A), metafemales (3X2A), metamales (1X3A), triploid intersexes (2X3A), and triploid females (3X3A) (for reviews see Refs. 6,
85). Despite some discrepancies in the data, the basic results are as follows:
Within a given autosomal constitution (diploid or triploid), changing the number of X chromosomes does not alter the amount of product produced per cell
by X-linked genes. However, a comparison of individuals with two vs three
sets of autosomes shows that, per cell, triploid individuals have 1.5 times the
amount of X products as diploid individuals. Finally, when the amount of
product per X-chromosomal gene is ca1culatedfive different levels of X transcription are found. It is the X-chromosomal transcription rates seen in
metafemales, metamales, and triploid intersexes that must be accounted for if
one is to retain the onloff view of dosage compensation.
Metafemales Most studies of X-chromosomal expression in metafemales
(3X2A) found that, per gene, X-linked genes in metafemales are two thirds as
active as the corresponding genes in diploid females. That the mechanism
responsible for the reduced level of X chromosome expression in metafemales
is distinct from the process of dosage compensation that equates the expression
of the X chromosomes in diploid males and females is suggested by studies
on gene expression in flies trisomic for single autosomal arms (36-38, 40).
These studies are relevant to what happens in metafemales because a single
autosomal arm has about the same gene content as an X chromosome. Thus
the effects of equivalent amounts of aneuploidy are being examined in the two
situations. Devlin et al (37, 38) found that most, but not all, genes in the
trisomic arm were expressed, per gene, at two thirds of the diploid level-the
same phenomenon as is seen for Xexpression in metafemales-and sometimes
referred to as autosomal dosage compensation.
It seems exceedingly unlikely that autosomal dosage compensation reflects
a process that has evolved to cope with autosomal aneuploid because such
aneuploidy is not normally encountered in the course of evolution. More likely
it reflects processes that have evolved to regulate gene expression in diploids.
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Devlin et al (40) suggested that what is being revealed in the trisomics are the
effects of dosage-sensitive regulatory genes whose product levels modulate,
in a concentration-dependent manner, the expression of the genes being assayed. Because such dosage-sensitive regulatory genes would not necessarily
be on the same chromosome arm as the genes whose expression they modulated, researchers compared the effects of trisomies for autosomal arms and
the X (14, 39, 40) on the expression of genes in regions outside, as welLas
within, the duplication. These experiments are in general agreement and indicate the following. In about two thirds of the gene-trisomy pairs examined,
the expression level of the gene was affected and genes outside of the duplication were affected nearIy as frequently as genes within the duplication (58%
vs 68%, respectively) (40). In nearIy a11regards the effects of X and autosomal
trisomy were the same, which suggests that the same phenomenon is responsible for the reduction in both X and autosomal gene expression in trisomics.
The phenomenon responsible for the reduced levels of gene expression in
metafemales and autosomal trisomics seems to be distinct from the process of
dosage compensation that equates the expression of X-linked genes in diploid
males and females. First, the process of dosage compensation by the msls
appears to be global and affects expression of a11genes on the X, whereas the
experiments on trisomics suggest that the expression of different genes is
modulated by distinct sets of regulators. Second, dosage compensation does
not appear to be disrupted in autosomal trisomics: the level of expression in
some X-linked loci is reduced to two thirds of normal in the presence of certain
autosomal trisomics, but the amount of product remains equal in males and
females, which suggests that these two regulatory mechanisms operate by
different mechanisms. Third, dosage compensation is correlated with a change
in the chromatin structure of the male's X chromosome, whereas in metafemales the Xs have the same morphology as the Xs of diploid females,
although gene expression is only two thirds of that, per gene, in metafemales.
Fourth, Devlin et al (39) showed that an alcohol dehydrogenase gene placed
on the X that was dosage compensated in diploids, nonetheless showed dosage
effects in diploid females vs metafemales. SimilarIy, the LSP-la gene, which
is not dosage compensated in diploids, has its expression reduced in metafemales to two thirds the level, per gene, in diploid females (39). In both cases,
the cis-acting sequences necessary for responding to the two regulatory phenomena appear to be distinct. Two white a11elesin which the response to both
dosage compensation in diploid males and females and to increased X dosage
in metafemales appears to be disrupted have been described by Birchler (13).
This author reports that the w and wi mutations, long known not to be dosage
compensated, also show a dosage effect in diploid females vs metafemales,
whereas the wild-type w gene is dosage compensated in normal diploids and
has its expression reduced in metafemales. However, both the we and wi
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mutations are the result of substantial DNA rearrangements (67, 108) and it
is therefore not c1ear that just one type of cis-acting regulatory sequences is
affected in these mutations.
Taken together, the above data provide substantial evidence that the reduction in X-linked gene expression seen in metafemales is due to a process distinct
from that responsible for dosage compensation in diploid males and females.
Metamales The activity of the X chromosome is higher in metamales than in
diploid males, and the X chromosome has an even wider, more puffed appearance than a normal male X chromosome (84). These properties have been
interpreted to mean that in diploid males some component of the X-transcriptional machinery appears to be rate limiting, perhaps the products of the msl
loci themselves (6, 85). If this rate-limiting component is autosoma11yspecified, then the elevation of X activity in a metamale can be viewed as a
consequence of the extra copy of the rate-limiting locus in metamales, and
thus does not reflect in any fundamental sense variability in the levels of X
transcription that can be achieved by the dosage compensation machinery.
Triploid lntersexes In triploid intersexes (2X3A) the average level of X activity per gene is intermediate between that of males and females. There are
two fundamenta11ydifferent ways to view this finding. The first is that the
ce11sof triploid intersexes are homogeneous and a11ce11sexpress their Xs at
the same intermediate rate (85). An altemative view derives from the finding
that, in terms of their sexual differentiation, triploid intersexes are mosaic,
being composed of coarse-grain patches of male and female tissues (131). The
finding that the earIy steps in the sex-determination hierarchy controlled both
sex determination and dosage compensation,led Baker & Belote (6) to propose
that the mosaicism seen in triploid intersexes should be paralleled on a cellby-cell basis by mosaicism with respect to dosage compensation: male cells
showing hypertranscription of the X chromosomes, and female cells a basal
level of X transcription. Under this view the intermediate level of X expression
seen in triploid intersexes would be the result of averaging across cells expressing at the male and female rates. Two papers have been published that
bear on whether triploid intersexes are mosaic in terms of X-linked gene
expression. Both papers conc1ude that triploid intersexes are not mosaic in
terms of X expression, but we do not believe this conc1usion is warranted.
The first set of data are based on autoradiographic measurements of the rate
of nascent transcript synthesis on the X relative to the autosomes in salivary
gland cells. These experiments (2, 95), in agreement with other assays of X
activity in triploid intersexes, found that the average transcriptional activity
per X chromosome is intermediate between the values obtained in males and
females. Maroni & Plaut (95) used their data to examine whether triploid

502

BAKER ET AL

intersexes were mosaic by examining the distribution across cells of the level
of expression of the X chromosomes relative to the autosomes, and comparing
this distribution with the same one in control triploid females. If dosage
compensation is intermediate in each cell, a unimodal distribution is expected,
with a mean identical to that of triploid females. If the intermediate value is
the product of mosaicism, a bimodal distribution is expected, with some cells
showing a value equivalent to 2/3 of that found in triploid females (Le. those
cells where the dosage compensation machinery is not acting, and therefore
their chromosomes are not hyperactivated) and some cells showing a value of
4/3 of the triploid female value. Maroni & Plaut (95) plotted this distribution
and interpreted their results as showing a unimodal distribution. Unfortunately,
their mathematical analysis is flawed. 1This reanalysis shows that their data
are compatible with both the mosaic and uniform intermediate models for X
expression in triploid intersexes.
The second set of data indicating an absence of mosaicism in triploid
intersexes is the failure to detect mosaicism for the dosage-compensated hypomorphic white apricot mutation in the eye of triploid intersexes (93). However, other studies have detected mosaicism in similar triploid intersexes (2,
102, 119). Moreover, because the probability of a given tissue being male
varies greatly from tissue to tissue in triploid intersexes (reviewed in Ref. 6),
the fact that Mann et al (93) did not observe mosaicism in the eye of their
particular intersexes does not provide a compelling argument for the absence
of such mosaicism in general.

MOLECULAR ANALYSES OF THE msl GENES
The mle, msl-l, and msl-3 genes have been cloned and molecularly characterized. These analyses have provided insights into both how the MSL proteins
IIn Figure 5 (pg. 371) of their paper, Maroni & Plaut (95) tried to establish the expected
distribution under the mosaic model, but made three independent mistakes. First, the 2/3 value of
the logarithm of the activity of the X chromosomes relative to the autosomes in triploid females is
wrongly estimated to be -0.97 when in fact it is -0.03 (= log (2/3 antilog 0.150». Second, in the
figure, this 2/3 vallle is sh ifted from -0.97 to some indeterminate point near -0.1. Finall y, the heights
of the 2/3 and 4/3 peaks lIsed to ca1clllate the expected distribution under the mosaic model are
different; they assume, withollt any reason, a larger number of cells with increased transcriptional
activity. From this figure, we have estimated the expected distribution as follows: The average value
of X incorporation relative to the autosomes is 1.41 (= antilog 0.150) in triploid females. The values
expected for noncompensating and compensating cells are therefore 0.94 (= 2/3 x 1.41) and 1.88
(= 4/3 x 1.41), respectively. The mean vallle for triploid intersexes is 1.16 (= antilog 0.063). If we
denote the freqllencies ofnoncompensating
and compensating cells as x andy, respectively, we can
estímate

them by solving

the eqllation

system

x + y

= 1 and

0.94 x + 1.88 y

= 1.16.

The values

of x

and y are then 0.83 and 0.17. This means that the expected curve is practical1y indistinguishable
from a unimodal curve, becallse only 17% ofthe cells contribute to the 4/3 peak. Maroni & Plaut's
results are thlls compatible with both the mosaic model and the intermediate model.
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may function and how the dosage compensation process is regulated. Studies
examining the presence and intracellular location of the MSL proteins have
been the most revealing because they suggested that the MLE, MSL-l, and
MSL-3 proteins may all function together as direct mediators of dosage compensation.

Pattern and lntracellular Distribution of the MSL Proteins
Antibodies directed against the MLE, MSL-l, and MSL-3 proteins have allowed the intracellular locations of these proteins to be examined and compared
in males and females. By Westem analysis, the MLE protein is expressed in
both sexes (73). Palmer et al (114) reported that the MSL-l protein is absent
or severely reduced in amount in females. Gorman, Franke & Baker (unpublished data) were able to reproducibly detect the MSL-l protein in females;
the level of MSL-l protein in females is about 5% of that in wild-type males.
Similarly, the MSL-3 protein is also expressed in both sexes, but in females
is reduced to approximately 10% of the male level (M Gorman, A Franke &
BS Baker, unpublished). Data discussed below suggest that the reduced amount
of the MSL-l and MSL-2 proteins seen in females is due to their being unstable
in females, rather than to direct sex-specific regulation of their expression.
When the intracellular distribution of the MSL proteins was examined in
polytene larval salivary gland cells it was found that these proteins are distributed in dramatically different ways in males and females. The MLE, MSL1,
and MSL3 proteins associate with hundreds of specific sites along the length
of the male, but not the female, X chromosome (73, 113; M Gorman, A Franke
& BS Baker, unpublished). Coimmunolocalization experiments indicated that
in males they are associated with the same sites (17; M Gorman, A Franke &
BS Baker, unpublished). These results suggest that the MSL-l, MSL-3, and
MLE proteins are direct mediators of dosage compensation and that they
regulate the same set of X-linked genes, as opposed to regulating separate
subsets of X-linked genes.
The MSL proteins also bind to a limited number of autosomal sites. MLE
binds to 30-40 sites on the autosomes in both sexes as well as to a small
number of sites on the X chromosome in females (73). The MSL-l and MSL-3
proteins are colocalized at 10-20 autosomal sites in males, but no anti-MSL-l
or anti-MSL-3 staining is detected in females (113; M Gorman, A Franke &
BS Baker, unpublished). In males, all the sites of MSL-l and MSL-3 association are also sites ofMLE association (17; M Gorman, A Franke & BS Baker,
unpublished). These data suggest that the MSL proteins may function similarly
at X-linked sites and at these autosomal sites. In both males and females, MLE
is present at some autosomal sites without the other MSLs. Whether there is
a function of MLE at these sites is not known. Note in this regard that the
interaction of a particular neomorphic mle allele (mlenap)with the sodium
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channel structural gene paralytic (para) (70) suggests a direct effect of the
MLEnapprotein on the expression of para, and perhaps other genes, in both
sexes. However, such functions, if they do indeed exist, are not essential in
females, because homozygous mle mutant females are viable and fertile.
The pattern of association of the MSL proteins with the X chromosome is
reproducible and inc1udes not only the many sites with which they are associated along the length of the chromosome, but also gaps, most notably 3C3EIF, where no anti-MSL staining is detected (114; M Gorman, A Franke &
BS Baker, unpublished). The apparent absence of MSL protein in the 3C-3EIF
is worthy of note, because this region contains genes known to be dosage
compensated. The MSL proteins may be present in this region, but below the
level of detection.

An Acetylated lsoform of Histone H4 ls Also Associated With
the Male X Chromosome
The MSLs are not the only proteins preferentialIy associated with the male X
chromosome. An acetylated isoform of histone H4, acetylated at lysine 16
(H4Ac 16), is also associated with hundreds of sites on the male X chromosome
(138). H4Ac16 is additionalIy associated with 30-40 autosomal sites in both
sexes, and with a smalI number of X chromosome sites in females (17, 138).
The sites of H4Ac 16 and MLE or MSL-l association on the male X are
coincident, except for a few sites where MSL-l but not H4Ac16 is found (17).
On the autosomes in males, alI sites of MSL association are also sites of
H4Ac16 association (17). The colocalization of the MSL proteins and an
acetylated histone on the male X chromosome suggested a link between MSL
function, alterations in chromatin structure, and hypertranscription. This issue
is discussed more fulIy below.
lnteractions

Between

the msls

The availability of antibodies against the MSL proteins and H4Ac16 histone
alIowed two important questions about dosage compensation to be addressed.
The first is whether there are regulatory interactions between the msl genes.
This question was not addressable by c1assical genetic means because msl
mutant males alI have essentialIy the same lethal phenotype and thus epistasis
tests were not informative. The second question is whether there is any interdependence to the binding of these proteins to the X chromosomes.
Western analyses showed that the MSL-1, MSL-3, and MLE proteins are
expressed in alI other msl mutant backgrounds (51, 114; M Gorman, A Franke
& BS Baker, unpublished). However, the MSL-1 and MSL-3 proteins are
reduced in amount to reproducible, but varying, extents in different msl mutant
backgrounds. Specifically, the MSL-3 protein is reduced to roughly 25% of
the wild-type level in mle males and to the level detected in wild-type females

DOSAGE COMPENSA TION IN FUES

505

in msl-l and msl-2 males (M Gorman, A Franke & BS Baker, unpublished).
The MSL-l protein is reduced slightly in mle and msl-3 males and to the level
detected in wild-type females in msl-2 males (M Gorman, A Franke & BS
Baker, unpublished). In contrast to the latter result, Palmer et al (114) were
unable to detect MSL-l protein in msl-2 mutant males, presumably due to a
less sensitive assay.
The finding that the MSL-l, MSL-3, and MLE proteins are localized to the
same sites on the male X chromosome raised the question of whether the
association of these proteins at these sites is interdependent. A priori, one could
envision that these proteins either (a) bound independently to the chromosomes, (b) bound to the same site in a prescribed order, or (e) formed a complex
that then associated with the chromosomes. To distinguish between these
possibilities, the ability of each of these proteins to associate with the X
chromosome in the presence of mutations in the other msl genes was examined.
However, because msl homozygous males are not healthy and it is difficult to
obtain good chromosome squashes from them, a less direct approach was
adopted. This approach used mutations in Sxl, the master regulatory gene that
controls both somatic sex and dosage compensation. In particular, advantage
was taken of the finding (51) that in one heteroallelic combination of Sxl alleles,
(Sxlfl/SxlfhvI),chromosomally female individuals develop as mosaics in which
some cells express SXL and are "female" with respect to dosage compensation
(the MLE, MSL-l, and MSL-3 proteins are not associated with the X chromosomes), whereas other cells do not express SXL and are "male" in terms of
dosage compensation (the MLE, MSL-l, and MSL-3 proteins are associated
with the X chromosomes) (51, 114; M Gorman, A Franke & BS Baker,
unpublished). These two types of cells can be distinguished by anti-SXL
antibody staining. Hence by double irnmuno staining salivary gland chromosomes of SxPI/SxlfhvI;msl/msl females, cells that were not expressing SXL
could be identified and examined to ascertain whether the association of the
MLE, MSL-l, and MSL-3 proteins depended on the msl gene that was mutant.
These experiments indicated that the wild-type pattem of X-chromosome
binding of the MLE, MSL-I, and MSL-3 proteins requires the presence of the
functional products of all the msls, although a small number of sites of MSL-l
staining can be detected in mle or msl-3 mutant backgrounds (see below).
These data suggest that rather than binding independently to the X chromosomes, the MSL proteins may associate with one another in a heteromeric
complex. The simplest model is that they associate with one another before
associating with the X chromosome. However, it is also possible that the MSL
proteins associate with the X in a defined order, but that the binding of the
first proteins is stabilized by the subsequent binding of later proteins.
Because the H4Ac16 histone also colocalizes with the MSL proteins on the
X chromosome, the question of whether the association of H4Ac16 with these
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sites depends on the presence of functional products of the msl genes was also
investigated. This investigation also used SxP1/Sx[fhvl;msVmslindividuals. The
results show that the association of H4Ac16 with the X chromosome is dependent on the presence of functional products from all four msl genes (17). This
finding greatly strengthens the inference that H4Ac16 is involved in dosage
compensation, but does not distinguish between the possibilities that the MSL
proteins regulate the synthesis, stability, or localization of H4Ac16.
The data discussed above indicate that the wild-type function of each of the
MSL proteins requires all the other msls. However, the effects of mutations in
the msls are not all equivalent. Rather, in both Western blots and chromosome
stains, the effects of msl-l and msl-2 mutations are more severe than the effects
of msl-3 and mle mutations. Specifically, in Western analyses, the amount of
MSL-l and MSL-3 proteins is reduced to a greater extent in msl-l and msl-2
mutants than in m/e and msl-3 mutants. Similarly, in chromosome stains, no
anti-MSL X-chromosome staining is detected in msl-l or msl-2 mutants, but
a small amount of X-chromosome binding can be detected in mle and msl-3
mutants: MSL-l and MSL-3 are colocalized at approximately 40 sites in mle
mutants, and MSL-l and MLE are colocalized at 40-50 sites in msl-3 mutants
(114; M Gorman, A Franke & BS Baker, unpublished results). [It was originally reported that the MLE protein did not associate with the X chromosomes
in msl-3 mutants (51). However, subsequent studies indicated that it is weakly
associated with 40-50 sites.] These sites do not correspond to the brightest
sites seen in wild-type males (114). It is not known whether the residual
X-chromosome binding detected in mle and msl-3 mutants is of functional
significance.
It is important to address whether the more severe effects of msl-l and msl-2
mutations compared to msl-3 and mle mutations are the result of the mle and
msl-3 mutations not being null mutations. The mle allele examined in these
experiments results in a truncated MLE protein that is almost certainly nonfunctional (73, 114). The molecular nature of the msl-3 mutation is not known.
However, no protein is detected in Western analyses, nor is any anti-MSL-3
staining detected in chromosome stains (M Gorman, A Franke & BS Baker,
unpublished). It nevertheless remains possible that some MSL-3 protein is
produced that is below our capability of detection.

THE REGULATION OF DOSAGE COMPENSATION:
MOLECULAR STUDIES
The primary sex-determination signal in flies is the ratio of X chromosomes
to autosomal sets (X:A ratio) and controls both somatic sexual differentiation
(21) and dosage compensation (86, 94). The X:A ratio is assessed by the
interactions of a number of both maternally and zygotically specified gene
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products (for recent reviews see Refs. 32, 118). In females (X:A ratio = 1) the
assessment of the X:A ratio leads, at about blastoderm, to the transient transcriptional activation of an earIy "establishment" Sxl promoter and the generation of functionalSXL protein, whereas in males (X:A ratio = 0.5) the
establishment Sxl promoter is not activated. A short time later the late "maintenance" Sxl promoter is activated in both sexes. The Sxl pre-rnRNA produced
by the maintenance promoter contains an exon with stop codons, which if
inc1udedin the mature rnRNA prevents the formation of Sxl protein. In females
the protein produced by expression of the establishment Sxl promoter directs
the splicing of the initial maintenance Sxl pre-rnRNA so as to exclude the exon
with stop codons from the mature mRNA, which therefore encodes more Sxl
protein. The consequence of these events is the establishment in females of a
positive autoregulatory loop in which Sxl protein directs the splicing of Sxl
pre-mRNA so that it encodes functional Sxl protein. In males, on the other
hand, no Sxl protein is present and so the late pre-mRNA is spliced in its
default pattem, which inc1udesthe exon with stop codons in the mature mRNA,
and hence Sxl protein is never produced.
In addition to regulating the splicing of its own pre-mRNA, the Sxl protein
also controls the expression of downstream regulatory genes that separately
govem somatic sexual differentiation and dosage compensation. That Sxl regulates dosage compensation was initially inferred from the reciprocal femaleand male-specific lethal phenotypes of loss-of-function and gain-of-function
Sxl alleles (29). The link between Sxl function and dosage compensation was
fOLged more tightly by the finding (87) that in a leaky Sxl genotype
(Sxlfl/Sxlfhvl),which permitted survival of Sxl mutant females to the end of
the larval period, the X chromosomes in these females were hypertranscribed.
Correlated with this increase in transcription, the X chromosomes in at least
some cells in these females had a more puffed, open chromatin structure
analogous to that seen in wild-type males.
With respect to somatic sexual differentiation the immediate target of Sxl
is the transformer gene, whose female-specific functioning is also controlled
at the level of pre-mRNA splicing (16). Although the immediate dosage-compensation target(s) of Sxl is not known, it is expected that Sxl negatively
regulates dosage compensation at the level of splicing. In its simplest form,
this model envisages the direct dosage-compensation target of Sxl as the
pre-mRNA of one or more of the msls genes that Sxl directs to be spliced in
females in a manner that does not encode functional MSL protein. In males,
an altemative, default pattem of splicing leads to the production of functional
msl mRNA. Altematively, Sxl may regulate the msls indirectly.
A direct prediction of this model is that there should be a precise inverse
correlation between the functioning of Sxl and the functioning of the msls.
This correlation has been strikingly demonstrated in recent experiments that
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made use of the finding that Sxlfl/SxlfhvIfemales are mosaic for Sxl expression (described above; 51). In double antibody stains of Sxlfl/SxlfhvIsalivary
gland chromosomes with antisera directed against SXL and MSL or H4Ac16,
the MSL and H4Ac16 proteins were found associated with the two X
chromosomes in those cells that did not express SXL (M Gorman, A Franke
& BS Baker, unpublished; 17,51, 114). The pattem of MSL X-chromosome
association was identical to the pattem of their X-chromosome association
in wild-type males (M Gorman, A Franke & BS Baker, unpublished). The
morphology of the X chromosomes in these cells was also similar to the
morphology of the X chromosomes in wild-type males. These results directly
demonstrated that Sxl prevents the hypertranscription of the female X chromosomes by preventing the MSL and H4Ac16 proteins from associating with
them.
If, as we argued above, the published data are compatible with triploid
intersexes being mosaic with respect to dosage compensation, then, if such
mosaicism exists, it should be possible to observe it at the cellular level with
anti-SXL and anti-MSL antibodies. In particular, the inverse correlation expected between the expression of SXL and the binding of the MSL proteins
to the X chromosome would predict that triploid intersexes would be composed
of female cells with SXL protein and lacking MSL proteins bound to the Xs,
and male cells lacking SXL and having the MSL proteins bound to the Xs in
the male pattem. Preliminary results using double antibody staining for SXL
and MSL-3 proteins in salivary glands of triploid intersexes suggest that this
is indeed the case (S Driscoll Plump & BS Baker, unpublished results). In
genetic backgrounds that produce triploid intersexes displaying obvious mosaicism in their external sexual differentiation (in many backgrounds triploid
intersexes are comprised largely of cells following the male pathway), there
is also mosaicism with respect to dosage compensation in the salivary glands:
Some cells lack SXL and exhibit MSL-3 binding to the X chromosomes in the
male pattern, whereas in other cells SXL is expressed and there is no binding
of MSL-3 to the X chromosomes.
The processing of the pre-mRNAs of the inJe;msl-l or msl-3 genes has been
compared in males and females to address whether Sxl might regulate these
genes directly. The m/e gene encodes multiple transcripts that are expressed
throughout development (73). Northern analysis revealed no sex-specific differences in the m/e transcripts at any of the developmental stages examined
(second instar through adult). The msl-l gene encodes three transcripts that
are produced throughout development and are also equivalent in males and
females by Northern analysis (113). The msl-3 gene likewise encodes at least
three transcripts, which by both Northem and RNAse protection analyses are
equivalent in both sexes in adults (M Gorman, A Franke & BS Baker, unpublished). These data suggest that the pre-mRNAs of these genes are not pro-
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cessed sex specificalIy, and these genes are therefore unlikely to be direct
targets of Sxl.

A Model for the Regulation of Dosage Compensation
Although the molecular details of how the sex-specificity of the dosage-compensation process is achieved have not been elucidated, sufficient data exist
to provide the basic outline of this process. Key features for any model are:
First, Sxl negatively regulates dosage compensation in females by preventing
the MLE, MSL-l, MSL-3, and H4Ac16 proteins from associating with the
female X chromosomes. Second, the SXL protein regulates both of its identified targets by controlling the splicing of their pre-mRNAs. Third, the mle,
msl-l, and msl-3 genes do not appear to be regulated sex specifically at the
level of RNA processing, which suggests that negative regulation by Sxlof
the X-chromosome binding of these MSL proteins is indirect. Fourth, the
wild-type X-chromosome binding of the MSL proteins requires the functions
of the other msls, which suggests that the MSL proteins may associate with
one another in a heteromeric complex. Fifth, the X-chromosome binding of
the H4Ac16 protein requires the functions of alI the msls. And finally, the
MSL-l and MSL-3 proteins are reduced in amount in females and in msl
mutant backgrounds.
The simplest model consistent with these data, and therefore the model that
we favor, is shown in Figure l. This model states that the MLE, MSL-l, and
MSL-3 proteins are expressed in both sexes. However, Sxl directly negatively
regulates another gene at the level of RNA processing such that no functional
protein product of that gene is produced in females. In the absence of this
protein, the MLE, MSL-l, and MSL-3 proteins cannot associate with one
another in a stable heteromeric complex on the X chromosome. AdditionaJIy,
the presence of H4Ac 16 on the X chromosome requires the functions of all
the msls. In this model, the reduced amounts of MSL-l and MSL-3 in females
and msl mutant backgrounds would be the result of degradation of these
proteins when they cannot associate with the other MSL proteins in a stable
heteromeric complex. The MSL-I protein contains PEST sequences (114),
which are often found in proteins that are rapidly degraded. The association
of the the MSL-I protein with the other MSL proteins may mask these sequences and thereby stabilize the protein.
The direct target of Sxl is not known. A possible candidate, however, is the
msl-2 gene, whose function is required both for wild-type MSL-l and MSL-3
protein levels and for MLE, MSL-l, and MSL-3 X-chromosome binding.
Altematively, Sxl may also directly negatively regulate another, as yet unidentified, gene.
As stated above, altemative, but more complex models can be envisioned
(114). For example, Sxl may directly negatively regulate either the msl-l or
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Figure 1 Model for the regulation of dosage compensation. The MLE, MSL-l, and MSL-3 proteins
are produced in both sexes. The Sxl gene negatively regulates some other gene, possibly msl-2, such
that no functional protein is produced in females. In the absence of this protein, the MLE, MSL-l,
and MSL-3 proteins cannot associate in a stable heteromeric complex with the X chromosome. We
have drawn the MSL-2 protein as a member of the putative male-specific complex in this model,
but there are currently no data directly bearing on whether it is in the complex. In males the complex
of MSL proteins is associated with sites on the X chromosome that have histone H4 acetylated at
Iysine 16 (H4Ac 16).

msl-3 genes at a level other than the RNA processing such that less protein is
produced in females. It is also possible that there are regulatory interactions
between the msls. To give just one of many examples, msl-2 may positively
regulate MSL-l protein expression, and then MSL-l may, in tum, regulate
MSL-3 protein expression.
The Mechanism

01 Dosage

Compensation

There are two ways to think about how the MSL proteins might function. The
first is that they have direct effects on the transcription process, for example
they may interact with the basal transcription machinery. The second is that
the MSL proteins function to affect local alterations in X chromosome structure, and hypertranscription of X-linked genes results from this altered chromatin structure.
THE MLE PROTEIN IS SIMILAR TO RNA HELICASE-LIKE PROTEINS

The sequences

of the MLE, MSL-l, and MSL-3 proteins have been compared with sequences
in the protein databases in the hope that these analyses might provide insights
into their functions. Neither the MSL-l nor MSL-3 proteins are similar to
other known proteins, although the MSL-l protein contains two acidic regions
in its N terminus. MLE shows sequence similarity to four RNA helicase-like
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proteins (73): It is similar throughout its entire length to the human RNA
helicase A protein [49% identity; 85% similarity; (76)], and in its central
domain to members of the DEAH family of RNA helicase-like proteins. This
family is composed of the PRP2, PRPI6, and PRP22 proteins of S. cerevisiae
(24, 27, 33, 129).
The sequence similarity of MLE to the human RNA helicase A protein and
to the DEAH proteins suggests that it may function similarly. RNA helicase
A catalytically displaces dsRNA in a 3' to 5' direction in vitro (76). The DEAH
proteins are required for different steps of rnRNA splicing (33, 79, 129). RNA
helicase activity has not yet been reported for any of these proteins. The PRP16
protein, however, has been shown to have RNA-dependent ATPase activity
(129). MLE may likewise function either as an RNA helicase or as an RNAdependent ATPase.
The most obvious candidate RNA molecules for MLE to interact with are
nascent transcripts. MLE may increase the rate of transcription by increasing
the rate of elongation of transcripts or removing RNA from the transcription
start site (55, 74). An alternative possibility is that the MSLs are associated
with one another in a heteromeric complex whose members include an RNA
molecule, similar to the small nuclear RNAs (snRNAs) that are components
of spliceosomes. There is no evidence for this possibility.
THE ROLE OF H4AC16 IN HYPERTRANSCRIPTION

OF THE MALE

X

CHROMOSOME

The colocalization at most X-linked sites of an acetylated form of histone H4
and the MSLs raised the possibility of a link between MSL function, hypertranscription, and chromatin structure. The finding that the X-chromosome
association of H4Ac16 requires the functions of the msls has suggested more
specific models. The MSL proteins may function to acetylate or prevent the
deacetylation of histone H4 on the X chromosome, or to target a sex-nonspecific acetylase to the X chromosome or stabilize its association with the X
chromosome.
There are both biochemical and genetic data that support the hypothesis that
acetylation of lysines in the N-terminal tails of core histones can affect gene
transcription via alterations in chromatin structure. In general, acetylated histones are associated with actively transcribed genes (for review see Ref. 52,
136, ]37). Further, in Drosophila histones specifically acetylated at different
lysines are preferentially associated with distinct regions of the genome (138).
Genetic data in yeast suggest a role for acetylation of lysine 16 in histone H4
in up-regulating the transcription of a specific group of genes, the silent mating
type loci. Mutation of lysine 16 to the neutral amino acid glycine results in a
change in chromatin structure and derepression of these genes (63, 69, 116).
Because acetylation of lysine 16 may be similar to a glycine substitution, these
data suggest that acetylation of lysine 16 may likewise result in derepression
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of the silent mating loci. Moreover, mutations in three of the other acetylatable
lysines in the N-tenninal tail of histone H4 have no obvious effects (63, 69,
116).
The link between histone acetylation and hypertranscription of the X chromosome is not known. It probably involves either (a) changes in the local
chromatin structure that facilitates the access of transcription factors or other
proteins ofthe transcriptional machinery to promoters, or (b) direct interactions
of the acetylated histone tails with proteins that are required for this hypertranscription to occur.

Is There More Than One Process 01Dosage Compensation in
Drosophila?
Several lines of evidence indicate that the control of dosage compensation is
probably more complex than just an o%ff control of one or more of the msl
loci by Sxl. This complexity first became evident from the lethal phases of Sxl
and msl mutations. Sxl- homozygous females die around the end of the embryonic period, whereas homozygous msl males die days later, around the
larval-pupal transition. More direct evidence for complexity in the regulation
of dosage compensation carne when Sxl;msl double mutants were constructed
to test the prediction that, if the female-Iethality of Sxlloss-of-function mutations was due to the inappropriate occurrence of msl-mediated dosage compensation, then msl mutations should allow Sxl homozygous females to live.
However, homozygosity for single or multiple msl mutations fails to rescue
the lethality of null Sxl mutations. This result has led to the idea that there is
some other vital process, in addition to negative regulation of msl-mediated
dosage compensation, that is controlled by Sxl in females.
It has been speculated that this other female-specific process might be the
negative regulation of an "early" dosage compensation process that occurred
in the embryo prior to when the msl genes became functional and mediate
"late" dosage compensation. That dosage compensation occurs in the early
embryo is supported by the results ofPolito et al (121), who demonstrated that
two X-linked genes are dosage compensated in blastoderm-stage embryos. To
examine how dosage compensation in the early embryo is regulated, Gergen
(46) made use of hypomorphic alleles of the X-linked, pair-rule segmentation
gene runt to develop a phenotypic assay for dosage compensation at blastodenn. He showed that an Sxlloss-of-function allele disrupted runt dosage
compensation, but that mutations at the three msl genes tested had no effect
on runt dosage compensation, supporting the idea that there might be two
temporally distinct processes of dosage compensation.
Bernstein & Cline (11) recently employed the runt assay to examine whether
it was the products of the early establishment Sxl promoter or the late maintenance Sxl promoter that were required for runt dosage compensation. They
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showed that the effects of Sxl alleles on runt dosage compensation occurred
through the product of the establishment promoter. However, the story may
not be as simple as the product of the Sxl establishment promoter regulating
early dosage compensation and the product of the Sxl maintenance promoter
regulating msl-mediated late dosage compensation. For example, Sxlfl, an
allele that does not appear defective in early dosage compensation by the runt
assay, and is thus a candidate for an allele specific to the maintenance Sxl
function, is not rescued by homozygosity for mle or msl-l (11, 87, 130).
Some possible concerns about the experiments that assay dosage compensation based on the runt phenotype are raised by the finding (43, 135) that
runt normally functions in the activation of the Sxl establishment promoter, as
well as in embryonic segmentation. Thus, examining the segmentation phenotype of runt mutations may not be an entirely neutral assay of dosage compensation. For example, at the time when the effects on the phenotype of runt
mutations are occurring, runt is part of an autoregulatory loop where functional
runt product is required for Sxl activation (at least in some areas of the embryo
(43), which, in turn, appears to regulate the level of runt producto A related
concern stems from the fact that the runt protein is a transcriptional regulator
(65), in which case there could conceivably be specific interactions with Sxl
alleles that affected the DNA sequences through which runt protein functions
in Sxl activation. However, Bernstein & Cline (11) argue that these concerns
are not relevant to the particular cases they examined.
There are two reasons why members of other classes of dosage compensation genes may not have not been genetically identified. First, they may be on
the X chromosome, which has not been screened for male-specific lethals
because this is technically difficult. The second reason is that the members of
the other c1assesmay have additional, sex-nonspecific functions. In this case,
a mutation in one of these genes would not have a sex-specific lethal phenotype. There is ample precedent for this phenomenon: Most notably, all but one
of the genes involved in activating Sxl, which is a sex-specific function, are
also required for neurogenesis in both sexes.
In terms of the possibility of an early dosage-compensation process in
Drosophila separate from that mediated by the msls, we note an intriguing
series of reports characterizing a "mutation" whose properties seem compatible
with the hypothesis that it is involved in early dosage compensation. The
mutation in question is the inversion ln( 1)BM2(breakpoints 16AI-20F), which
moves the 16A region c10seto the centromeric heterochromatin. In male larvae
carrying the ln( 1)BM2inversion the X chromosome, in some salivary gland
cells, has what is termed a "flabby" morphology-i.e. it is even wider and
more diffusely stained than the normally hyperactive male X chromosome (47,
75,92, 105). The salivary glands of In(1)BM2are actually mosaic with respect
to the morphology displayed by the X chromosome, with some Xchromosomes

514

BAKER ET AL

being of normal morphology, some flabby, and others of an intermediate
morphology. That such a mosaic phenotype is being manifest by a heterochromatic-euchromatic rearrangement suggests that it is due to position-effect
variegation as was demonstrated by Bose & Duttaroy (19). That the gene whose
variegation is being seen resides in or near 16A is strongly suggested by the
finding that the same mosaicism with respect to male X chromosome morphology is displayed by a chromosome that is a reinversion of In(1)BM2.At the
cytological level this reinversion reconstitutes the wild-type gene order, but
probably retains some heterochromatic material close to 16A, since there is
frequent ectopic pairing of this region with the chromocenter. Strikingly, in
the salivary glands of females homozygous for either In(1)BM2,or the reinverted derivative, the X chromosomes of all cells are morphologically normal.
Mukherjee & Ghosh (105) found that, in the reinverted stock, the flabby
morphology is associated with an increase in the transcriptional activity of the
X chromosome, without an increase in its DNA contento However, Bose &
Duttaroy (19) did not find any increase in transcription using the same stock,
so this result is controversial. If hypertranscription indeed exists, it could be
interpreted as the result of the lack of inactivation of the early dosage compensation system, whose effects would be added onto those of the msls-mediated hypertranscription. Two other intriguing and possibly related points are:
(a) Two independent descriptions of male-specific cold-sensitive lethal mutations that map close to 16A (44, 96, 117), and (b) The description of a similar
flabby phenotype associated to a lethal mutation in Drosophila hydei (26).

DROSOPHlLA AS A MODEL FOR UNDERSTANDING
DOSAGE COMPENSATION IN OTHER ORGANISMS
The molecular mechanism of dosage compensation in D. melanogaster is the
product of a complex evolutionary process. At first glance, one would expect
to find a similar mechanism only in very c10selyrelated species, since dosage
compensation derives from the particular evolution of the sex chromosomes,
and the sex-determination systems probably have evolved independently in
different groups. Consistent with this view, it seems likely that the dosagecompensation mechanisms found so far in insects, nematodes, and mammals
do not share a common ancestry.
However, the system of dosage compensation in Drosophila could be one
example of a common molecular solution to the problem caused by the degeneration of one chromosome. We discuss this possibility in a phylogenetic
perspective. First, the msl-based system of dosage compensation is likely
common to the whole Drosophila genus. Evidence of hyp~rtranscription of
the male X chromosome are known for different species of the Sophophora
subgenus other than D. melanogaster, (e.g. D. pseudoobscura and D. miranda,
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of the obscura group, and Drosophila willistoni, of the willistoni group) (1,
132). Moreover, the msl-3 gene of Drosophila virilis, a Drosophila subgenus
species separated from D. melanogaster roughly 60 million years ago (12),
has been cloned in our laboratory (1 Marín & BS Baker, unpublished). The
situation is less clear outside of the genus, even in other dipterans, due to fue
small number of studies addressing this question. The description of highly
decondensed male chromosomes in Hessian flies (133) and the indirect evidences of male X-chromosome hypertranscription in orthopterans (3, 122) are.
however. suggestive.
For some insect species with heteromorphic chromosomes, even fue occurrence of dosage compensation is in doubt. Johnson & Turner (64) point to the
lack of dosage compensation in a sex-linked enzyme in Heliconius butterflies.
In those organisms where the number of active genes in the sex chromosomes
is low, and/or sexual dimorphism is conspicuous, the selective pressure that
drives the evolution of a dosage-compensation mechanism would be attenuated. In lepidopterans. for example. the haploid number of chromosomes is
usually around 30. However. the fact that at least the cis-acting dosage-compensation sequences appears to have evolved in a gene-by-gene basis. as
discussed above. suggests that even in these cases. a number of sex-linked
genes could be dosage compensated.
Outside of the insects the situation is no less obscure. Practically nothing
is known. except in C. elegans and marnmals. and the apparent absence of
dosage compensation in birds (7). The molecular data available in the two
former groups, however. show interesting parallels with Drosophila.
In both C. elegans and mammals there is evidence for cis-acting dosagecompensation sequences; the C. elegans data are reviewed in (59). The apparent global inactivation of the X chromosome in eutherian marnmals may have
also evolved in a gene-by-gene manner [as suggested by McBurney (97)]. Thus
inactivation is partial in marsupials (34). In addition, some genes. scattered
through the X chromosome. escape inactivation in humans (reviewed in 18,
23). Moreover. a human gene that is normally inactivated remains so when
translocated to a region that escapes inactivation (101). a clear indication of
local cis-acting control. A number of trans-acting genes that regulated dosage
compensation. some possibly acting by modifying chromatin structure. have
been identified in C. elegans (reviewed in 59). RecentIy, Chuang. Albertson
& Meyer (personal communication) reported the specific association of the
product of one dosage compensation gene of C. elegans , dpy-27, with the X
chromosomes in XX but not XO individuals. Other dosage-compensation related genes affect this association of the DPY-27 protein with the X.
In eutherian mammals. the inactivated female X chromosome shows a lack
of histone H4 acetylation compared to the active X chromosome (62). This
result suggests that the mechanisms that can evolve to bring about dosage
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compensation may be less varied than might be expected a priori, and that the
control of histone acetylation may playa central part of these mechanisms.
Lyon (90) speculated about the possible origin of the dosage compensation as
a derivative of the process of X-chromosome inactivation in primary spermatocytes found in a large number of organisms (78, 99). It is interesting to note
that there is increasing evidence that relates both processes in marnmals (68,
98, 124, 127). Moreover, hypertranscription of the X chromosome before
meiosis to compensate for the subsequent inactivation has been described in
insects (28). Although somatic dosage compensation and X-chromosome inactivation in the germ line of the heterogametic sex may have evolved as
independent solutions to the problem of the Y chromosome degeneration in
different tissues, the possibility cannot be excluded that the different systems
of dosage compensation found today are refinements of a primary biochemical
process of X chromosome activity regulation that is used along the whole
animal phylogenetic scale.
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