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Sex Determination and Dosage
Compensation: Lessons from
Flies and Worms

Susan M. Parkhurst and Philip M. Meneely

In both Drosophila melanogaster and Caenorhabditis elegans somatic sex determination,
germline sex determination, and dosage compensation are controlled by means of a
chromosomal signal known as the X:A ratio. A variety of mechanisms are used for es-
tablishing and implementing the chromosomal signal, and these do not appear to be similar .
in the two species. Instead, the study of sex determination and dosage compensation is
providing more general lessons about different types of signaling pathways used to control

alternative developmental states of cells and organisms.

Sex determination is a particularly appeal-
ing model system in which to study devel-
opmental biology because the developmen-
tal decision is made between only two
alternative states, male or female, each of
which is viable and easily identifiable even
within a single cell or a small group of cells.
The sum of these individual cellular deci-
sions in the soma, referred to as somatic sex
determination, is seen in the whole orga-
nism as the morphological differences be-
tween male and female. There are also
differences in germline sex determination
that give rise to either sperm or oocytes
and, in levels of X-linked gene expression,
a process called dosage compensation.

Although other signals, including envi-
ronmental cues, are used as a signal in some
organisms, the signal for sex determination
and dosage compensation in Caenorhabditis
elegans, Drosophila melanogaster, and in
mammals is chromosomal. The overall
strategy for mammalian sex determination
appears to be relatively simple: the phylo-
genetically conserved Tdy (testes-determin-
ing on Y) locus, identified on the Y chro-
mosome, acts as a positive signal for testes
development and subsequent male sexual
differentiation (I, 2). In an apparently in-
dependent event, the organism recognizes
the number of X chromosomes and inacti-
vates all but one in order to achieve dosage
compensation in females (3).

In contrast to mammals, the chromo-
somal signal for sex determination and dos-
age compensation in Drosophila and C.
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elegans is considerably more elaborate. The
Y chromosome is not an important signal in
Drosophila in which males are XY and is not
even present in C. elegans in which males
are normally X0. Instead, the chromosomal
signal is the ratio of the number of X
chromosomes to the number of sets of
autosomes, referred to as the X:A ratio
(4). Normal animals are diploid, that is,
have two sets of autosomes (A = 2).
Because females have two X chromo-
somes, their X:A ratio is 1, whereas males
with one X chromosome have an X:A
ratio of 0.5. The signal from the X:A ratio

Fig. 1. Summary of the
genes and their interac-
tions governing somatic
sex determination in Dro-
sophila. The primary signal
for sex determination is the
X:A ratio. Three genes that
assess the X component of
this ratio (sis-a, sis-b, and
runt) work in conjunction
with the Da protein to ini-
tiate Sx/ expression at its

da

sis-a ?
sis-by x F--—eme
runt’ __

dpn} A

SxI Pe—>Sxl Pyj tra

is implemented by a hierarchy of a small
number of genes that function to control
somatic sex differentiation, germline sex de-
termination, or X-chromosome dosage com-
pensation. In recent years, molecular and
genetic studies have increased our under-
standing of the means by which the signal
from the X:A ratio is established, main-
tained, and transmitted to downstream ef-
fector genes. In this article, we summarize
recent progress in sex determination and
dosage compensation in C. elegans and Dro-
sophila and compare sex determination and
dosage compensation in these organisms to
these processes in mice and humans.

Somatic Sex Determination

One of the first tasks of a fly embryo is to
assess its chromosomal constitution. ‘Frans-
duction of this X:A signal activates a key
regulatory gene, Sex-lethal (SxI), that in
turn regulates the choice between the fe-
male and male developmental pathways
(5). The sex determination decision is cell-
autonomous: the decision is stably and in-
dependently made by single cells. Sxl also
regulates dosage compensation to increase
X-linked gene expression in males that
have only one X chromosome to the same
level as that of females that have two X
chromosomes. Intermediate X:A ratios
yield intersex flies whose tissues are mosaics
of male and female cells. Females require
continuous SxI activity for proper sexual
development, whereas males do not require
Sxl. Both the lack of SxI expression in
females or the constitutive expression of Sxl
in males results in sex-specific lethality
because of inappropriate X-chromosome
dosage compensation.

snffliz )
fi2)d x
= tra-2 \__ Sexual
dsx differentiation

Sex-specific neural functions

Pu Pg
Early———0_ ————> Active
Late: w

Female—~_ ——_ ——> Active

Male —~_ — ¥~ —————> Inactive
Stop

early promoter, Sx/ P.. Two negatively acting factors, one assessing the autosomal component of
the X:A ratio, dpn, and a maternally required gene, emc, inhibit the activity of the X counting
elements. Once Sx/ expression is initiated, a positive autoregulatory feedback loop is established
through its late, maintenance promoter, Sx/ P,,. The products of the snf/lizand fi(2)d genes appear
to be involved in setting up this autoregulatory pathway. Active SXL protein then directs a cascade
of sex-specific splicing interactions that culminates in the transcriptional regulation of target
differentiation genes that specify male or female morphogenetic products. The inset shows the
relation of the Sx/ P and Sx/ P, promoters. (Only the splicing for relevant exons is shown.) Early
transcripts from the Sx/ P, promoter are produced in animals with a high X:A ratio. These transcripts
are spliced to yield full-length active SXL protein that in turn is needed for productive splicing of the
late transcript in females. Because males do not accumulate full-length active SXL protein from the
SxI P promoter, they do not exclude an exon containing a stop codon and produce truncated,
inactive protein. It is not known how the early transcripts from the Sx/ P promoter are spliced
productively in the initial absence of active SXL protein.
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Sxl encodes an RNA binding protein
(SXL) that regulates sex-specific RNA
splicing of its own RNA, as well as the
splicing of at least one downstream gene
(6). The Sxl gene has separate promoters
that are distinctly regulated and that estab-
lish or maintain SxI activity (7, 8). Initia-
tion of Sxl activity is controlled at the level
of transcription through an early embryonic
promoter, SxI P. (Fig. 1). This early pro-
moter is stably activated only in animals
with a high X:A ratio and is only activated
transiently before cellular blastoderm for-

mation. Processed transcripts from the SxI
Pe promoter encode full-length active SXL
protein. Because this promoter is only ac-
tive in animals with a high X:A ratio, only
embryos with two X chromosomes accumu-
late active SXL protein.

In contrast to the initiation of Sxl activ-
ity which is regulated by transcriptional
control of the Sxl P; promoter, the main-
tenance of Sxl activity is regulated posttran-
scriptionally through the maintenance or
late promoter, SxI Py, which is regulated at
the level of RNA splicing (6-9). Both sexes
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begin transcription of SxI from Sx P, at the
cellular blastoderm stage, the time at which
the Sxl P promoter is turning off (8). The
transcripts from this late promoter are alter-
natively spliced to either include or exclude
an exon that contains an in-frame transla-
tional stop codon and therefore encodes a
truncated inactive protein. Removal of this
exon requires Sxl activity. Because females
accumulate active SXL protein derived
from the early promoter, they splice the late
transcript to make full-length active SXL
protein. Thus, a positive autoregulatory

Table 1. Genes involved in Drosophila somatic sex determination. Blank spaces indicate unknown or unpublished data; aa, amino acid.

Gene Phenotype Product and homology Regulation and function References
Sxi Loss-of-function: Multiple sex-specific RNAs. Embryo-specific promoter, P, activates Sx/ 5-9
XX: masculinized, lethal Active protein products in response to high X:A ratio.
XY: no effect have homology to RNA
binding proteins.
Gain-of-function: Non-sex-specific promoter, P,,, produces
XX: no effect alternatively spliced male and female
XY: feminized, lethal transcripts. Female protein active and
required for splicing of its own transcripts
and those of fra. Male protein truncated
and inactive.
sis-b Zygotic bHLH transcriptional Numerator. Functions in all somatic nuclei 13, 14
XX: embryonic lethal activator to activate Sx/ transcription.
XY: no effect
sis-a Zygotic bZIP transcriptional Numerator. Functions in all somatic nuclei 11, 12
XX: embryonic lethal activator to activate SxI/ transcription.
XY: no effect
runt Zygotic Runt domain (heterodimeric Numerator. Weaker than sis genes. 16, 17
XX: embryonic lethal transcription factor) Activates SxI/ transcription in a spatially
XY: no effect restricted domain in female embryos.
da Maternal effect bHLH transcription factor Maternally supplied activity required in 19
XX: embryonic lethal female embryos as a positive activator
XY: no effect of Sxi.
dpen Zygotic bHLH transcriptional Denominator. Inhibits Sx/ activation in males. 18
Reduced male viability repressor
emc Maternal effect HLH transcriptional Maternal activity inhibits Sx/ activation in 21
Reduced male viability repressor males.
snfor No effect in presence of two Maternal effect. Positive regulator of Sx/ 50
liz SxI* genes. functions in females. Affects late, but not
Transheterozygous with early, female-specific spliced Sx/ RNAs
SxI mutation leads to and proteins. Possibly involved in Sx/
somatic sex autoregulatory féedback loop.
transformation and
reduced viability.
fle)d XX: lethal Interacts with Sx/. Mutant females express 51
XY: semi- to fully lethal male-spliced Sx/ transcripts. Possibly
involved in Sx/ autoregulatory feedback
loop.
tra XX: pseudomales Two classes of transcripts Required in conjunction with tra-2 to 5, 29
XY: no effect that differ in 3’ splice regulate dsx in females. Inactive in males.
acceptor after first intron: Requires active Sx/ protein for its proper
0.9 kb female-specific, splicing.
functional; 1.1 kb
non-sex-specific,
nonfunctional.
tra-2 XX: pseudomales Multiple transcripts and Required in conjunction with tra to regulate 5 29
XY: males, but sterile proteins. Homology to dsx in females. Inactive in males.
RNA binding proteins.
dsx Null alleles transform XX Several sex-specific RNAs Bifunctional. Female product represses male 5 29
and XY to sterile via alternative splicing differentiation in females. Male product
intersexes. Some yielding 427-aa represses female differentiation in males.
alleles affect only one female-specific and
sex. 549-aa male-specific
protein products.
ix XX: intersex Required in conjunction with dsx to repress 5 29
XY: intersex male differentiation.
SCIENCE ¢ VOL. 264 13 MAY 1994 925




feedback loop at the level of RNA splicing
is established, which allows females to sta-
bly maintain SxI in an ON state. Because
males do not accumulate active SXL pro-
tein from the Sx! P; promoter during the
short time it is active, they cannot exclude
the exon with the stop codon or activate
productive Sx! splicing from either promot-
er. The truncated protein they produce is
inactive in splicing, hence males stably
maintain SxI in an OFF state. Consistent
with their requirement for Sxl, females con-
tain high amounts of full-length SXL pro-
tein from the blastoderm stage onwards,
whereas males have none (7).

A number of loci have been implicated
in the activation of SxI but not in directly
reading the X:A ratio. These are summa-
rized in Table 1, but additional work is
needed to establish their exact role in reg-
ulating SxI.

X:A signaling in flies. In the soma, the
X:A ratio is assessed by means of dispersed
chromosomal genes termed counting ele-
ments; X-chromosomal genes are referred to
as numerators, and the autosomal genes are
referred to as denominators (4). Numera-
tors behave as feminizing elements because
they increase the probability of activating
Sxl expression from the SxI Py promoter.
Reducing the dosage of numerator genes
leads to female lethality because of failed
Sxl expression, whereas increasing the dos-
age of such genes activates Sxl inappropri-
ately, leading to male lethality. The lethal-
ity is not a consequence of choosing the
wrong sex but rather is a consequence of
inappropriate dosage compensation. De-
nominators, on the other hand, behave as
autosomal masculinizing genes that antago-
nize feminizing numerators. Significant in-
sight has been gained into the mechanism
of X:A signal trandsuction through the
molecular cloning and characterization of
several counting elements. The properties
and phenotypes of genes involved in fly
somatic sex determination are summarized
in Table 1. A number of these genes are
also utilized in neural development, sug-
gesting some common regulatory mecha-
nisms exist for the two processes.

Three genes have been identified in flies
that fit the criteria for numerators: sister-
less-a (sis-a), sisterless-b (sis-b), and runt. A
weaker fourth numerator, sis-c, has also
been identified, but its properties have not
yet been published (10). The sis-a gene was
the first female-specific X-linked mutation
to be identified that functions as a positive
regulator of Sxl (11, 12). The sis-a gene
encodes a protein with homology to the
basic-leucine zipper (bZIP) family of tran-
scriptional regulators (10). A second nu-
merator locus, sis-b, was identified by vir-
tue of its genetic interaction with sis-a.
Simultaneous duplication of sis-b* and
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Table 2. Genes involved in C. elegans sex determination and dosage compensation. Blank spaces
indicate unknown or unpublished data; aa, amino acid.

Product and Regulation and Refer-
Gene Phenotype homology function ences
xol-1 XO: lethal, feminized 26
XX: no effect
sdc-1 XO: no effect 12083-aa protein with maternal, not 26, 27
XX: masculinized and seven zinc fingers. sex-specific?
high X-linked gene
expression
sdc-2 Like sdc-1 but more severe. 26
Some alleles lethal in XX.
sdc-3 XO: no effect 250-kD protein with maternal, not 28

XX: sex determination and
dosage compensation
defects genetically
separable. Null alleles
have no overt sex
determination defects.

two zinc fingers and
a cofactor binding
motif.

sex-specific?

sis-a™ activates SxI* activity in males
(12), causing male lethality as a result of
disruption of dosage compensation. The
sis-b gene corresponds to the scute-a/T4
gene, one of several genes that encode
basic-helix-loop-helix (bHLH) proteins
within the achaete-scute complex (AS-C).
Mutations in the T4 gene affect sex deter-
mination, and P-element transformation
of a wild-type T4 gene rescues sis-b muta-
tions. In addition, T4 overexpression ac-
tivates SxI expression in male embryos
(13-15). We refer to the sis-b/scute-a/ T4
gene as sis-b in this review in recognition
of its sex determination activity. Both sis
genes are expressed transiently throughout
the embryo during the early syncytial stag-
es before the initiation of expression from
the SxI P; promoter, and these genes
activate Sxl transcription from this pro-
moter in all somatic cells. There is some
redundancy in these loci because duplica-
tions of sis-b™ partially rescue sis-a muta-
tions (12, 14, 15).

A third numerator locus, runt, has weak-
er effects on chromosome counting than the
sis genes (16). Unlike the sis genes, runt
only affects sex determination in the central
trunk region of the embryo. This gene
encodes a nuclear protein that shares ho-
mology with a family of transcriptional
regulators, which includes the a subunit of
the heterodimeric polyoma enhancer
binding protein (PEBP2) and the human
acute myeloid leukemia gene AMLI. The
homology of runt and PEBP2 lies in re-
gions of PEBP2a that are responsible for
DNA binding and dimerization (17). This
suggests that runt may also form protein
heterodimers or bind to DNA or both.

Bridges postulated the existence of de-
nominator elements because flies with two
X chromosomes and three sets of autosomes
(2X:3A = 0.67) develop as intersexes rath-
er than as females (4). Only one candidate
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for a denominator has been identified to
date, the neural gene deadpan (dpn). It
encodes a negatively acting HLH protein
that behaves as a dosage-sensitive masculin-
izing element required for inhibiting SxI
activation in males (18). It seems likely
that other genes fulfilling the criteria for
denominator elements exist and remain to
be found.

In addition to the numerator and de-
nominator elements described, which en-
code proteins expressed in the zygote, both
positively and negatively acting maternal
factors are required for the transduction of
the X:A signal and the establishment of Sxl
expression. The neural gene daughterless
(da), a bHLH transcription factor, is re-
quired maternally to activate SxI (19). Fe-
male progeny of da mothers die, whereas
male offspring survive because they do not
require Sxl. HLH proteins work as het-
erodimers, and the Da protein interacts with

_other bHLH proteins, in particular, with

Sis-b. Consistent with this, Da-Sis-b pro-
tein heterodimers bind DNA in vitro and
also activate transcription in yeast (20).
The maternal product of another neu-
ral gene extramacrochaetae (emc) can act as
a negative regulator of SxI (18). The Emc
protein contains an HLH motif needed for
protein dimerization but lacks the con-
served adjacent basic residues required for
DNA binding (21). Such HLH proteins
may negatively regulate other bHLH pro-
teins by forming nonfunctional het-
erodimers that do not bind DNA (22).
X:A activation of Sxl. The molecular
characterization of the first numerator ele-
ment, sis-b, suggested a model for regula-
tion in which heterodimers between the Da
and Sis bHLH proteins activate transcrip-
tion of Sx from the Sx! P; promoter (8, 13,
14). The da RNA is contributed maternally
and translated equally in early 1X and 2X
embryos. Thus, the likelihood of activating



. sdc-1 fem-1 Femal
X:A ratio xol-1 { sdc-2 1 her-1 | tra-2 4 fem-2 | tra-1 —> FeMmale
sdc-3 fem-3 soma
tra-3
high inactive active inactive active inactive active ON
low active inactive active inactive active inactive OFF
Type of Transcriptional Ligand ” ” Transcriptional
regulation initiation binding : f initiation

Fig. 2. Summary of the genes and their interactions governing somatic sex determination in C.
elegans. The pathway regulating somatic sex determination is described by a series of negative
regulatory interactions, as depicted by 4. The order of the genes in this pathway and the nature of
the interactions has been determined by the construction of double and multiple mutant strains
[reviewed in (26)]. Genes shown together apparently control the same process and may work as a
complex, although the nature of their interactions has not yet been solved. Molecular analysis has
suggested the type of regulation employed for several steps, although these have not been proved
in any case. These postulated types of regulation are shown beneath the interaction.

Sxl transcription must depend on limiting
concentrations of Sis proteins that are ex-
pressed at twofold higher amounts in 2X
embryos. Sis amounts in 1X embryos would
not be sufficient to activate the SxI P
promoter. In such a model, denominator
proteins such as Dpn and negatively acting
maternal proteins such as Emc are present
in equal amounts in male and female em-
bryos. These proteins act by reducing the
effective concentration of numerator pro-
teins, possibly by forming heterodimers that
cannot activate SxI Py (Fig. 1).

By extension, the other numerator ele-
ments are postulated to be dosage-sensitive
activators of the Sxl Py promoter. In agree-
ment with this model, all of the X:A
signaling loci characterized to date encode
subunits from different families of het-
erodimeric transcription factors. These pro-
teins may interact with other members of
their own family or even with members of
other families. For example, Da protein
may bind to non-bHLH proteins such as
Sis-a and Runt. Interactions have been
demonstrated between different families of
transcription regulators, for example, be-
tween the MyoD bHLH domain and the
c-Jun bZIP domain and between the MyoD
bHLH domain and the retinoblastoma
pocket domain (23). There may also be
unidentified partners for Sis-a and Runt
within their respective families. Because
they contain both positive and negative
transcriptional regulators, these hetero-
dimeric families may compete with each
other or work cooperatively, and these in-
teractions could occur either on or off the
DNA. This model assumes that all positive
and negative factors act simultaneously to
result in SxI being ON or OFF. Alternative-
ly, the denominator elements may act later
to ensure that the SxI Py promoter is not
activated in males even when numerator
expression peaks (10).

Whereas neither numerators nor de-
nominators have been shown to act directly

by binding to the Sxl P; promoter, expres-
sion of this promoter is the first difference
seen between males and females, so it seems
likely that this is their mode of action. An
immediate task is to determine the interac-
tions of these various transcriptional regu-
lators with each other and their role in
transducing the X:A signal to the Sxl P
promoter.

X:A signaling in worms. Although there
are genes with functional similarities, no
unifying gene like SxI has been identified in
C. elegans, and some have questioned
whether such a gene exists (24). In addi-
tion, true numerators, that is, X-linked loci
with dosage-sensitive effects on sex deter-
mination and dosage compensation in dip-
loids, have not been reported in C. elegans,
although about 20% of the X chromosome
remains to be tested for numerator activity
(25). Nevertheless, work with polyploid
animals has shown that there is an X:A
ratio, and four genes that respond to it to
control both dosage compensation and sex
determination have been identified (26).
The phenotypes and properties of these
genes are summarized in Table 2. Three of
the four genes, xol-1, sdc-1, and sdc-2, are
X-linked. However, none of these genes is
normally dosage-sensitive, at least at the
physiological levels of one functional copy
or two. In addition, wild-type xol-1 activity
is needed for male, but not for female,
development. Therefore, these genes are
unlikely to be numerators. The sdc-1 gene
encodes a protein with zinc fingers and is
probably involved in regulating transcrip-
tion (27). The molecular characterization
of the other two X-linked genes, xol-1 and
sdc-2, has not yet been reported.

The fourth gene, sdc-3, is autosomal and
encodes a protein with two zinc fingers near
the COOH-terminus (28). Mutations in
the zinc fingers result in dosage compensa-
tion defects, whereas mutations with sex
determination defects map to a different
region of the protein that has limited ho-
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mology to cofactor binding domains. One
explanation of the means by which sdc-3
regulates both sex determination and dos-
age compensation is that the DNA binding
specificity of the zinc fingers depends on the
presence or absence of a sex-specific cofac-
tor. In this hypothesis, the sex-specific co-
factor could simply be the product of an
X-linked gene that is present at higher
amounts in XX animals than in X0 animals,
a protein functionally equivalent to Dro-
sophila numerators.

Transduction of the X:A signal to down-
stream effector genes. The products of the
genes that respond to the X:A ratio suggest
the means by which this signal is transmit-
ted to downstream effector genes. The SXL
protein is an RNA binding protein that
controls the splicing of its own messenger
RNA (mRNA) and that of the downstream
gene tra that is involved in somatic sex
determination. The entire Drosophila path-
way downstream of Sxl that controls somat-
ic sex determination is regulated by alter-
native splicing (Fig. 1). The pathway
branches after the tra and tra-2 genes and
ends with specific terminal regulators (29).
For somatic sexual differentiation, the cas-
cade ends with doublesex (dsx), a bifunc-
tional gene that regulates the transcription
of sex-specific effector genes such as the
yolk proteins in females. Readers are re-
ferred to current reviews that present this
splicing cascade in depth (5, 29, 30).

Although the mutant phenotypes of the
genes that control somatic sex determina-
tion in C. elegans are superficially similar to
those in Drosophila, molecular analysis of
these genes has demonstrated that the reg-
ulation is probably accomplished by a path-
way combining both transcriptional regula-
tion and ligand-receptor interactions. The
properties of seven genes implicated in so-
matic sex determination are summarized
(Table 3 and Fig. 2). At the top of this
group of genes is her-1, whose expression is
transcriptionally regulated, presumably by
the sdc genes (31). The functional Her-1
gene product is likely to be a secreted
protein and requires an NH,-terminal sig-
nal sequence to specify male development
(24). The her-1 gene may encode the ligand
for a receptor encoded by tra-2, because the
major tra-2 product is predicted to be an
integral membrane protein (32). Thus, the
putative Her-1 ligand is made and secreted
in X0 animals in which it binds to the Tra-2
receptor and turns off tra-2 function (24,
32). This extracellular effect of her-1 is
consistent with the genetic demonstration
that her-1 is not cell-autonomous (33). The
cellular nonautonomy of her-1 function is
very different from the cell autonomy of the
somatic sex determination process in Dro-
sophila. Whereas this model of somatic sex
determination in C. elegans is certainly plau-
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sible on the basis of sequence comparisons,
many aspects remain to be demonstrated,
such as membrane localization of the Tra-2
protein or a direct physical interaction be-
tween the her-1 and tra-2 gene products. If
Tra-2 protein is membrane-bound, its activ-
ity must be relayed from the cell surface to
the nucleus. The activity of the Tra-2 pro-
tein is negatively regulated through three
fem genes, but their molecular analysis has
not yet elucidated the means by which this
regulation is achieved (34).

The final regulatory gene in the somatic
sex determination pathway in C. elegans is
the autosomal gene tra-1 (35). When tra-1
is active, hermaphrodite (female) develop-
ment occurs; when tra-1 is inactive, male
development occurs. The tra-1 gene pro-
duces two transcripts, the larger of which is
predicted to encode a protein, Tra-1L, with
five zinc fingers that is clearly essential for
tra-1 activity (36). The smaller transcript
terminates after the first two zinc fingers; its
product is called Tra-1S. The zinc fingers of
Tra-1L bind to DNA in vitro, whereas the
zinc fingers of Tra-1S do not (37). Further-
more, removal of the first two zinc fingers
from Tra-1L does not affect its ability to
bind DNA. Therefore, Tra-1S may act as a
bodyguard and titrate negative regulators of
Tra-1L, for example, the products of the
fem genes, thereby enhancing Tra-1L ex-
pression (36, 37). Because the final gene in
the pathway for somatic sex determination
is a DNA binding protein that would be
active when the X:A ratio is high, it is
appealing to imagine that Tra-1L is a tran-
scription factor for downstream female-spe-
cific genes. However, the targets of Tra-1L
have not yet been identified.

Thus, the final gene in the regulatory
cascade in both flies and worms is a DNA
binding protein and is likely to be a
transcription factor. Ten years ago it
would not have been naive to predict that
the entire regulation of somatic sex deter-
mination was accomplished by means of a
series of transcription factors. Therefore,
one of the more surprising conclusions
from the molecular analysis of this process
is that few steps are controlled at the
initiation of sex-specific transcription. In
most cases, the genes are transcribed in
both sexes but produce sex-specific protein
products or protein products functional in
only one sex, indicating that their func-
tions are controlled by posttranscriptional
processes.

Germline Sex Determination

Drosophila. The precursors of the Drosophila
germline are the first cells formed in the
embryo. These cells, known as pole cells,
form at the posterior end of the preblasto-
derm embryo. At this early stage, they can
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be transplanted from donor embryos into
host embryos in which they will later be
integrated into the developing gonad. Such
germ cell transplantation experiments have
shown that like their somatic counterparts,
Drosophila germ cells require Sxl activity to
undergo female development (Fig. 3) (38,
39). However, although both somatic and
germ cells require the cell autonomous X:A
signal, female (2X:2A) germ cells also re-
quire inductive signals from the surround-
ing soma to activate Sxl: The 2X:2A germ

Fig. 3. Summary of germline sex determination
in Drosophila females. Sex determination in the
germline (box) requires both the cell-autono-
mous X:A signal and an inductive signal from the
soma. It is not yet clear if the target of the X:A
signal is the Sx/ gene (dashed line). However,
Sxl is the target of the inductive signal. The
downstream regulatory genes from the somatic
sex determination pathway (tra, tra-2, and dsx)
are required in the soma for the production of the
inductive signal. Target genes downstream of
Sxl have yet to be identified. Several genes have
been identified that are needed in this pathway,
although their exact roles have yet to be defined.

cells develop according to the sex of the
surrounding soma, whereas the 1X:2A germ
cells enter the male developmental pathway
independent of the sex of the surrounding
somatic cells (40). The influence of the
surrounding soma on female germ cells sug-
gests that inductive signals are required
from the soma, whereas the ability of XY or
X0 germ cells to undergo spermatogenesis
regardless of the sex of the surrounding
soma provides evidence for a cell autono-
mous X:A signal (41).

tra, tra-2, dsx

Inductive signal

I Soma
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Three of these (snffliz, fi(2)d, and otu) may be involved in the establishment of the Sx/ positive

autoregulatory feedback loop.

Table 3. Genes involved in C. elegans sex determination, but not dosage compensation. Blank
spaces indicate unknown or unpublished data; aa, amino acid.

Product and Regulation and Refer-
Gene Phenotype homology function ences
her-1  Recessive alleles cause  Two transcripts. Larger Male-specific 24, 31
XO animals to encodes a secreted transcription.
become fertile protein of 175 aa. Possible ligand?
hermaphrodites.
Dominant alleles
masculinize XX.
tra-2 Recessive alleles Three transcripts. Possible sex differences 32, 59
transform XX into Largest protein likely in transcript
pseudomales, with membrane bound abundance.
no effect on XO. protein of 1475 aa. Possible receptor?
Dominant alleles
affect germline.
tra-3 Maternal effect. Maternal activator of 26
Recessive alleles tra-2 function?
like weak tra-2
recessive alleles.
fem-1  XO: females Protein of 656 aa with No sex differences in 34
XX: females six ankyrin repeats. transcript levels.
Maternal.
fem-2  XO: females Maternal. 26
XX: females
fem-3  Recessive alleles like Protein of 388 aa. Maternal, regulated 34, 58
fem-1 and fem-2. posttranscriptionally.
Dominant alleles
masculinize
germline.
tra-1 Recessive alleles Two proteins. Tra-1S Large protein binds 35-37
transform XX into has two zinc fingers, DNA. Small protein
mating males, Tra-1L has five zinc does not; role in
minor effects on fingers. Homology to autoregulation?
gonad in XO. human GL1 and GLS3.
Dominant alleles
feminize XO and
XX. Genetically
complex.
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Inductive signal. The inductive signal that
emanates from the soma to XX germ cells
is established during embryogenesis after so-
matic sex determination has taken place.
This signal is dependent on the downstream
sex determination functions including tra,
tra-2, and dsx in the soma and appears to
regulate the expression of Sxl in the germ-
line (39, 40, 42—45). The inductive signal
from somatic cells could regulate Sxl in
either of two ways: XX germ cells undergo
spermatogenesis unless they receive a fem-
inizing signal from the female soma that
leads to SxI activation, or XX germ cells
undergo oogenesis unless they receive a
masculinizing signal from the male soma
that leads to the repression of SxI (40, 45).

Cell-autonomous X:A signal. Although
both the X:A signal and Sxl activity are
required for sex determination in the germ-
line, the mechanism by which Sxl is acti-

vated is different from that in somatic cells.
In the soma, the X:A signal is transduced
by a number of transcription factors that
lead to the activation of Sxl expression at
the early Sxl Py promoter. Female germ
cells, like their somatic counterpart, require
sex-specific processing of their SxI tran-
scripts and a positive autoregulatory feed-
back loop to maintain productive SxI splic-
ing (44, 46, 47). The SXL protein needed
for this splice in the soma comes from the
Sxl P promoter. However, this promoter is
not active in germ cells (8), and it is
unknown how productive Sxl splicing is
initially achieved in germ cells.
Consistent with the lack of activity of
Sxl Pg, sis-a, a component of the somatic
X:A signaling system, is not required for
oogenesis (10). In addition, Sxl is not acti-
vated in somatic cells mutant for the sis-b
gene or simultaneously heterozygous for sis-

Table 4. Genes involved in Drosophila germline sex determination. Blank spaces indicate unknown

or unpublished data; aa, amino acid.

Product and Regulation and Refer-
Gene Phenotype homology function ences
Sxi Tumorous ovary (ovaries RNA binding protein with Requires X:A signal and 46, 47
filled with cysts of two RNP domains inductive signals from
small undifferentiated soma.
cells) Germline-specific
transcripts. No
downstream target
genes identified to
date.
snfor Tumorous ovary Active SXL protein 44,
liz expression reduced. 47, 50

otu Tumorous ovary

150 aa.

fle)d  Tumorous ovary

bam  Tumorous ovary

fu Tumorous ovary

ovo Germ cells absent

Cytoplasmic proteins of
98 kD and 104 kD
from alternatively
spliced RNAs. Weak
similarity to bam in
three regions spanning

Protein of 442 aa with
weak similarity to otu
in three regions
spanning 150 aa.

Serine-threonine kinase

At least a 1209-aa

Mutant ovaries exhibit
high amounts of
male-spliced Sx/ RNA.
Possibly required for
Sxl autoregulation.

Active SXL protein 44,
expression reduced. 47, 49
Mutant ovaries exhibit
high amounts of
male-spliced Sx/ RNA.

Possibly required for
SxlI autoregulation.

Mutant ovaries exhibit 51
high amounts of
male-spliced Sx/ RNA.

Possibly required for
SxI autoregulation.

High amounts of SXL 44,
protein. SXL 47, 52
intracellular protein
distribution altered.

Possibly involved in
control of cystocyte
divisions.

High amounts of SXL 44,
protein. SXL 47, 63
intracellular protein
distribution altered.

Required in XX germ cells 44,

protein with four zinc from late blastoderm 54, 55
fingers (transcription stage onwards.
factor). Probably does not act
through SxI.
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b, sis-a, and runt (a condition that is more
severe than homozygosity for the individual
mutations), yet germ cells of these geno-
types produce functional oocytes when
transplanted into female hosts (45, 48).
Together, these results suggest that da,
sis-a, sis-b, and runt are not required for
germline sex determination.

The targets of Sxl regulation are different
in the germline and soma because tra, tra-2,
dsx, and ix, target genes identified in the
somatic pathway and needed for the somat-
ic inductive signal to the germline, are
dispensible in the germ cells themselves
(43). However, no targets of Sxl specific to
the germline have been identified.

Despite the fact that the known somatic
regulators and targets of Sxl are not in-
volved, it is presumed that Sxl is the target
of the X:A ratio in the germline. However,
constitutive expression of Sxl in the germ-
line with the use of a strong constitutive
mutant of SxI, SxM?*, does not drive XY
germ cells into oogenesis (48). Two inter-
pretations have been put forward to explain
this observation: Either the SxIM* allele is
not constitutive for all aspects of SxI func-
tion (that is, it does not express SxI func-
tions in XY germ cells), or SxI expression is
not sufficient for germ cells to undergo
oogenesis. Further experiments are needed
to distinguish between these possibilities
and determine if the X:A signal works in
parallel or synergy with the inductive signal
to initiate germline sexual differentiation.

Although the majority of somatic sex
determining genes are not required in germ
cells, several genes involved in germline sex
have been identified (Table 4). These genes
are members of the ovarian tumor group
and fall into several phenotypic classes (41,
44). One class, including the genes sans fille
or liz (snf/liz), f1(2)d, and some alleles of the
ovarian tumor (otu) locus, form ovaries with
multicellular cysts, a phenotype similar to
that caused by Sxl germline-specific muta-
tions (49-51). In the wild-type ovary, Sxl
RNA and protein are distributed in highly
dynamic patterns. In addition to the spatial
and temporal regulation of the protein,
dramatic changes in SXL subcellular local-
ization also occur. In ovaries from mutants
of the ovarian tumor group of genes, no
SXL protein is detected, and mutant ova-
ries contain high amounts of SxI RNA
spliced in the male mode. Thus, this class
of genes may be needed for Sxl autoregula-
tion (44, 47).

A second class of genes involved in germ-
line sex determination includes bag-of-mar-
bles (bam) and fused (fu). Analysis of the
bam mutation has suggested that it is in-
volved in early cystocyte divisions, whereas
the fu mutant encodes a serine-threonine
kinase implicated in cell-cell interactions
(52, 53). S« splicing is predominately in the
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female mode in both of these mutants (47).
The tumorous ovaries of bam and fu mutants
have normal amounts of SxI protein, but the
protein is not localized properly, leading to
the suggestion that this signaling system
might mediate communication between the
interconnected cells of the cystocyte or be-
tween somatic and germ cells (47).

The ovo mutation belongs to a third
class because, in contrast to the mutations
listed above which produce tumorous germ-
lines, ovo mutant mothers develop rudi-
mentary germlines that later degenerate
and yield no functional eggs (54). The ovo
gene has been characterized molecularly
and encodes a transcription factor with a
zinc finger motif (55). A role for ovo in
dosage compensation of germ cells has been
proposed (44). However, additional studies
are needed to further define what processes
the ovo gene affects.

Thus, although Sxl is a key regulatory
gene for both somatic and germline sex
determination, the genes needed in the
soma and germline for Sxl regulation are
different. The means by which these differ-
ent classes of genes carry out their functions
awaits additional genetic and molecular
characterization.

Nematodes. There appears to be little
similarity between germline development
in Drosophila and C. elegans. Among other
differences, XX animals in C. elegans are
hermaphrodite rather than female. (Her-
maphroditism is probably a secondary evo-
lutionary modification of a basic XX fe-
male—XO male system). In these animals,
the same pool of meiocytes gives rise first to
sperm and then to ova (56). Thus, germ
cells can follow one of three developmental
pathways: oogenesis, hermaphrodite sper-
matogenesis, or male spermatogenesis.
Spermatogenesis in males and hermaphro-
dites is largely controlled by the same
genes, suggesting that hermaphrodites are
somatic females that turn on the male
spermatogenesis pathway for a brief time
before beginning oogenesis.

In contrast to Drosophila, all of the genes
that affect somatic sex determination in C.
elegans also affect the germline. The switch
between spermatogenesis and oogenesis is
accomplished by regulation of the activity
of tra-2 and fem-3 (Fig. 4) (57). When tra-2
is inactive, fem-3 (and the other fem genes)
is active and spermatogenesis occurs. This
is the permanent situation in males and a
transient situation in hermaphrodites. Con-
versely, when tra-2 is active, fem-3 is inac-
tive and oogenesis ensues. There are con-
stitutive alleles of these two genes that
escape inactivation. Thus, the tra-2 consti-
tutive mutants produce only oocytes, and
the fem-3 constitutive mutants produce
only sperm (57). Although the regulation
of these genes might be complex, one
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Fig. 4. Summary of germline sex
determination in C. elegans her-
maphrodites. The hermaphrodite

makes first sperm and then
oocytes within the same gonad
from the same pool of meiocytes.

The switch frpm spermatogenesis tra-2 Inactive 5 tra-2 Active
to oogenesis can be accom- fog-2 177
f ‘ fem-1 mog fem-1
plished by regulation of the genes fen-2!| x . \/ fon-2 .
tra-2 and fem-3. Sperm produc- fem-3 | Active fom-g | Inactive
tion requires that tra-2 be inacti- fog-1, fog-1
vated; one means by 'whlch this tra-2 mRNA
may occur is a translational block N M
in the 3 untranslated region of the 5’ 3 5'
tra-2 mRNA, indicated at the bot-
tom of the figure. The fem genes fem-3 mRNA W\/‘/"@“‘“
and fog-1 are active when tra-2 is SM 5 3

inactive. The gene fog-2 is re-

quired for spermatogenesis in the hermaphrodite, either by inactivating tra-2 or by activating the
fem genes and fog-1. Once sperm are produced and stored, spermatogenesis is shut off and
oogenesis begins. It is not clear if tra-2 is reactivated (59), but the fem genes and fog-1 are
functionally inactivated, a process requiring mog-1. Inactivation could involve any or several of the
fem genes and fog-1, although only fem-3 has been shown to be involved, and the inactivation of
fem-3 is sufficient to shut off spermatogenesis. Inactivation of fem-3 may also be achieved by
translational regulation by a protein ‘distinct from the one regulating tra-2.

means by which both genes are regulated is
by translational control which requires spe-
cific sequences in the 3’ untranslated re-
gions of their transcripts (58, 59). An
activity that binds to a specific sequence in
the 3’ untranslated region of the tra-2
transcript and regulates its expression has
been identified (59). This activity is not
germline specific, indicating that it may
also regulate other genes. This activity does
not bind to the fem-3 RNA, so the factor
that regulates fem-3 has yet to be identified.

In addition to tra-2 and the fem genes,
which affect both somatic and germline sex
determination, three other genes (fog-1,
fog-2, and mog-1) affect germline sex deter-
mination specifically. A fourth gene, fog-3,
has been identified but its properties have
not been published (60). Fog mutants do
not produce sperm, whereas the Mog mu-
tant does not produce oocytes. The fog-1
gene is thought to act in concert with the
fem genes to establish and maintain sper-
matogenesis in both sexes (61). In contrast,
fog-2 is likely to be an important and
possibly specific activator of hermaphrodite
spermatogenesis. The fog-2 gene appears to
be a main regulator of the choice between
sperm and oocytes and could function ei-
ther by inactivating tra-2 or by activating
fog-1 or the fem genes (62). The mog-1 gene
is a candidate for a negative regulator of
fem-3 (63). The negative regulation of
fem-3 need not be direct, because the neg-
ative regulation of any of the fem genes or of
fog-1 is sufficient to effect the switch from
spermatogenesis to oogenesis. Nonetheless,
an appealing hypothesis is that mog-1 di-
rectly regulates the sperm to oocyte switch
by blockage of the translation of fem-3 in
the germline. A maternal mog-1 activity is
also needed during embryogenesis, al-
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though this may well be independent of its
effect in the germline (63). The mog-1 gene
may block the translation of a variety of
stored mRNAs, such as maternal mRNAs
in the embryo and fem-3 (or other) mRNAs
in the hermaphrodite germline.

Although germline sex determination
and somatic sex determination must corre-
spond, flies and worms differ fundamentally
in the means by which this is accomplished.
For worms, all of the genes that regulate
somatic sex determination also control
germline sex determination. Worm germ-
line sex determination also has additional
controls, perhaps as a result of the existence
of hermaphrodites rather than females. For
flies, concordance between germline sex
and somatic sex probably arises because the
major genes involved in somatic sex deter-
mination, namely tra, tra-2, and dsx, estab-
lish an inductive signal from the soma to
the germline. This signal acts in some way
on Sxl; however, the control of SxI expres-
sion in the germline remains to be clarified.

Dosage Compensation

In addition to controlling both somatic and
germline sex determination, the X:A ratio
also controls the intimately linked process
of dosage compensation (64). Dosage com-
pensation refers to the equalization of
X-linked gene expression between 1X and
2X animals. Dosage compensation is wide-
spread among animals and nearly universal
among animals with heteromorphic sex
chromosomes. However, the means by
which dosage compensation is accom-
plished varies widely from species to spe-
cies, with the net effect being the compen-
sation for a mere twofold difference in
expression. Such a twofold difference is



more subtle than amounts generally ana-
lyzed for gene regulation and is hard to
measure reliably by most experimental pro-
cedures currently in use. Mechanisms that
could compensate for a twofold difference
might include slight adjustments in the
initiation of transcription, the rate of tran-
scriptional elongation, the stability of the
mRNA, the transport of the mRNA to the
ribosomes, and so on. This compensation
could occur in either sex or in both. In fact,
although the outcome is the same, flies
compensate by increased X-linked gene ex-
pression from the single X chromosome of
males, whereas nematodes compensate by
decreased gene expression from the two X
chromosomes of hermaphrodites.

For the X:A ratio to function, it is
crucial that the embryo can distinguish
between one X chromosome and two X
chromosomes. For Drosophila, in which the
initial steps in the X:A ratio have been
described in detail, the dosage-dependence
of sis-b and probably other numerators is a
consequence of being expressed before dos-
age compensation is established. Although
the numerators are unknown in C. elegans,
it is possible that they too will not be
subject to dosage compensation. In flies,
once the numerators activate SxI, dosage
compensation is established and differences
in X-linked gene expression are eliminated.

The maintenance of dosage compensa-
tion in flies requires four autosomal genes:
male-specific lethal (msl)-1, -2, and -3, and
maleless (mle) (65). These genes are under
the control of Sxl, but exactly how this
control is exercised is not understood be-
cause neither of the cloned dosage compen-
sation genes (msl-1 and mle) appears to be
regulated by differential splicing (66). The
mle and msl-1 genes are expressed in both
sexes, yet their protein products associate
with the X chromosome only in males (66).
This chromosome-specific localization, but
not the expression of the genes themselves,
is dependent on the function of the other
dosage compensation genes and is prevent-
ed by functional SxI product (67, 68).
Although the significance of the difference
is not clear, Mle and Msl-1 appear to differ
in their localization in females (66). Mle is
found dispersed at a number of consistent
but low-level sites on both the autosomes
and the X chromosome, whereas Msl-1 does
not appear to bind to the polytene chromo-
somes in females at all. Although msl-1
encodes a previously uncharacterized pro-
tein, the mle product is likely to be an RNA
helicase. This may indicate an effect on
transcriptional elongation or translational
initiation, but the exact physiological role
of RNA helicases is unclear (69). Given
that the absence of any one of the male-
specific lethal genes causes a defect in dos-
age compensation and a failure of Mle to

associate with the male X chromosome, a
plausible postulate is that the four gene
products work together in a chromosomal
transcription complex (66, 67). Molecular
analysis of other dosage compensation
genes may help resolve this, although some
of the answers may result from an under-
standing of X-chromosome structure in
males and females.

Both venerable and recent cytological
evidence has shown that the X chromo-
some in many species has distinct cytolog-
ical properties. For example, the polytene X
chromosome in Drosophila is more diffuse in
males than in females (65). In addition,
antibodies that recognize a specific acety-
lated isoform of histone H4 stain the poly-

‘tene X chromosome in males but not in

females (70). This chromosome-specific
staining requires the wild-type products of
the male-specific lethal genes, suggesting
that the msl gene products are responsible
for localizing the acteylated histone isoform
(68). The acetylated histone may itself
result in a chromatin conformation more
accessible to transcription or it may serve as
a recognition site for other proteins that
increase transcription. This observation
still does not explain how the msl gene
products become localized to the X chro-
mosome initially; that is, what molecular
properties distinguish the X chromosome
from the autosomes in the first place?

In nematodes, the reduction in the level
of X-linked gene expression in 2X animals
requires four autosomal genes, dpy-21, dpy-
26, dpy-27, and dpy-28 (26). A fifth gene,
dpy-30, has also been identified, but its
properties have not been published (28).
Although the molecular analysis of these
genes is still in progress, one possibility is
that these genes also encode chromosomal
proteins that are either expressed only in
2X animals or localized to the X chromo-
some only in 2X animals. A peculiarity of
these genes is that four of them, the excep-
tion being dpy-21, have very strong mater-
nal effects on both gene expression and
viability. This implies that these gene prod-
ucts are present, but inactive, during the
time in which the X:A ratio is being read
and are then activated in 2X animals for
dosage compensation. An additional unex-
plained feature is that the maternal absence
of dpy-21, dpy-26, dpy-27, or dpy-28 causes
triploids with two X chromosmes to develop
as hermaphrodites rather than as males (25,
71). This sex determination effect on trip-
loids may arise from the overexpression of
some (unidentified) X-linked numerator
(25, 71) or from a feedback from dosage
compensation to sex determination (28).

The mutants of Drosophila and C. elegans
that fail to compensate appear to offer the
best opportunity for insight into the process
of dosage compensation, which in turn

SCIENCE ¢ VOL. 264 ¢ 13 MAY 1994

ARTICLES

seems likely to reveal widespread aspects of
gene regulation that are otherwise difficult
to detect.

Mammals

How similar are mammalian sex determina-
tion and dosage compensation to what has
been found in flies and worms? It is clear
that a mammalian counterpart of the X:A
ratio exists and plays a role in dosage
compensation (72). In contrast to flies and
worms, mammalian dosage compensation
results in inactivation of all but one X
chromosome in diploid individuals, with
the other X chromosomes inactive and
visible cytologically as Barr bodies (3). On
the other hand, polyploid cells.can have
more than one active X chromosome, indi-
cating that the signal to count the chromo-
somes for inactivation is dependent on the
X:A ratio (73). The active and inactive X
chromosomes differ in many properties, in-
cluding methylation patterns and timing of
replication. The inactive X chromosome is
also lacking in acetylated histone H4 (74).
Any of these properties could be the cause
of dosage compensation or may simply be
consequences of the overall dosage com-
pensation mechanism.

Inactivation of the X chromosome de-
pends on a particular region of the X chro-
mosome termed the inactivation center or
Xic (75). The Xic region of the inactive X
produces a large transcript Xist (76), an
RNA with very limited protein coding ca-
pacity (76, 77). Xist RNA is stable and is
associated with Barr bodies in the nucleus,
which has led to the hypothesis that the
functional Xist product is its RNA rather
than a protein (78). The role of Xist RNA
in X-chromosome inactivation is not clear,
although it could initiate X-chromosome
inactivation, interact with a protein that
controls inactivation, or merely be a reflec-
tion of unique chromosomal properties of
the Xic region on the inactive X chromo-
some.

It is not so obvious, however, that the
X:A ratio plays a critical role in mammalian
sex determination, but there is some evi-
dence that it may. Mammalian embryos
have bipotential gonadal primordia. Germ-
line sex differentiation depends primarily
on a dominant Y-linked gene Sry that
triggers formation of the testis (I, 2, 79).
Without a Y chromosome, female develop-
ment ensues. The Sry gene encodes a pro-
tein with high-mobility group (HMG) do-
mains and binds to DNA, suggesting that
transcriptional regulation is important in
testis differentiation (1, 79). However,
whether Sry works alone or is at the head of
a hierarchy is not yet known, nor are any
targets of Sry regulation.

Once Sry induces its differentiation, the
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Sertoli cells, specialized somatic cells of the
testis, synthesize male-promoting hormones
that provide an inductive signal to the
surrounding somatic cells. Because the sig-
nal for mammalian somatic sex determina-
tion is an inductive one, concordance be-
tween germline sex and morphological sex
is usually achieved. However, examination
of individuals with gonadal dysgenesis has
raised the possibility that sex determination
may rely on X-linked genes in addition to
Sry (80). For example, chromosomal dupli-
cations that include region Xp21-Xp22.3 of
the X chromosome cause XY humans to
develop as females, despite having an intact
Sry gene and an apparently normal Y chro-
mosome. Duplication of this chromosomal
region does not inhibit male development,
as XXY humans are males. Thus, mamma-
lian germline sex determination is affected
by the dosage of critical X-linked genes.
This region may contain a target of Sry
regulation, or it may be involved in sex
chromosome counting.

Although flies, worms, and mammals
make straightforward decisions between
two alternative states, namely female and
male, the overall mechanisms of sex deter-
mination do not appear to be conserved. In
fact, the mechanisms used run the gamut of
types of regulation used in cells. Hence, the
study of sex determination has yielded in-
sight on two levels: (i) on the overall
mechanisms of sex determination itself
within these species, and (ii) on particular
aspects of gene regulation. The lessons for
which sex determination have been most
instructive include the importance and role
of heterodimeric transcription factors and
the mechanisms of alternative splicing.
More recent analysis will undoubtedly yield
important new information on the regula-
tion of gene expression by 3’ untranslated
regions and inductive signaling pathways.
Because aspects of sex determination and
dosage compensation remain unexplained
in all of these organisms, the future prom-
ises more lessons to come.
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