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Abstract

In the animal kingdom, many species with euchromatic heteromorphic sex chromosomes have
developed mechanisms for the equalization of gene products in the homo- and the heterogametic sex.
This mechanism, called dosage compensation, is achieved in Drosophila by the doubling of the
transcriptional activity of X-linked genes in the male, in comparison to the female. Any failure in
achieving dosage compensation causes lethality: haplo-X male individuals that fail to hyperactivate their
single X-chromosome as well as diplo-X female individuals that hyperactivate their X-chromosomes die.
Five genes that are involved in the regulation of this process have been identified. In males, a group of
four genes, the so called male-specific lethals (mlc, msl-l, msl-2, msl-3), must be active in order for
hypertranscription to occur, whereas in females the Sxl gene, the master key gene of sex determination,
has to be active to prevent the msl genes from becoming active. However, XX individuals with mutations
in Sxl cannot be rescued by mutations in the msl genes indicating that at least one member of this group
is yet to be uncovered. Furthermore, the msl gene that is regulated in a sex-specific manner has not yet
been identified. Given that msl-l is transcribed in both sexes but its protein product is nearly absent in
females, we have investigated whether this gene is the target of sex-specific regulation. We have also
carried out extensive genetic screens for the purpose of identifying additional members of the msl group.
These investigations are necessary prerequisites to the development of genetic sexing techniques based
on the constitutive expression of msl genes in females causing female-specific lethality.

1. INTRODUCTION

As a prerequisite for the development of genetic sexing techniques, genes have to be identified
that are expresses in one sex and not in the other. In the case of the dipterans, Drosophila melanogaster
seems to be the model system of choice for this purpose, with the ultimate goal of characterizing
homologous genes in the other species of interest.

One process known in Drosophila, which when disturbed causes sex-specific lethality, is the
mechanism of dosage compensation. Measured at the level of X-linked transcripts or enzyme activities,
males and females are equal in spite of the difference in number of X-chromosomes present in their
karyotypes. This equalization takes place by a twofold enhancement of transcription of the single X-
chromosome in males. The process is initiated in the preblastoderm stage and is maintained throughout
development and in adult stages. Five genes were identified as playing an important role in the regulation
of the process of dosage compensation (for reviews see f 1,2,3]).

In females, the Sex-lethal gene (Sxl) has been shown to be responsible for the repression of X-
chromosome hypertranscription. Any failure to initiate the production of SXL protein causes female-
specific lethality in embryonic stages while failure to maintain this production is lethal throughout
development. Lethality is caused by the hypertranscription of X-linked genes [4].

In males, four genes (mk\ msl-1, msl-2 and msl-3), generally called the male-specific lethals
(ws7). are necessary for the proper hypertranscription of the X chromosome. The lack of
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hypertranscription in mutant animals results in male-specific lethality [5,6,7] throughout larval
development [5,8,9,10,11]. Three of the msl genes have been characterized at the molecular level. The
mle gene encodes the Drosophila analogue of human RNA helicase A [12,13], the msl-1 gene encodes
a novel protein with an acidic N terminus that is characteristic of proteins involved in transcription and
chromatin modeling [14] and the protein encoded by male-specific lethal-3 {msl-3) is novel, as well [3].
Antisera made against these three gene products (MSL-1, MSL-3 and MLE) detect the presence of their
respective antigens at numerous sites along the X-chromosome in males; MSL-1 and MSL-3 are
associated with only a few autosomal sites in males and MLE is associated with some autosomal sites
in males and females. Loss-of-function mutations in any of the four msl genes prevent the binding of the
three identified gene products in mutant males. These results indicate that the preferential association
of each of the msl gene products with the X-chromosome in males depends on the presence of the wild-
type products of the other three msl genes [15,16,17,18]. These observations lead to the important
conclusion that the mslgene products must interact as a precondition to X-chromosome binding in males.

Surprisingly, no sex-specific differences could be detected in the transcripts of any of the three
characterized genes; furthermore, their proteins seem to be present in both males and females
[3,12,14,15,17]. However, in the case of MSL-1, the concentration in females is much lower than in
males [17]. Whether this difference is caused by sex-specific regulation at the translational level or
whether it is the result of decreased stability in females due to the failure of MSL-1 to bind to the X
chromosomes, is the first question asked in this paper.

Given the evidence that Sxl represses msl gene functions either directly or indirectly, and given
that loss of Sxl function in females results in lethality because of hypertranscription of their two X
chromosomes, one could expect that XX animals mutant for Sxl could be rescued by mutations in any
of the msl genes. However, this is not the case [4,19]. Additionally, it has been show that the
transcription rate of the X-linked gene runt {run), transcribed at the blastoderm stage, is not affected by
msl mutations, whereas it is affected by Sxl mutations defective in the initiation process [20,21].
Moreover, the failure to achieve hypertranscription due to the constitutive expression of Sxl in haplo-X
animals causes lethality in embryogenesis, while mutations in mle, msl-1, msl-2 or msl-3 (or any
combination of these) result in a much later lethal period [5,8,9,10,11]. These observations indicate that
there must exist at least one undiscovered gene responsible for dosage compensation in males. Here, we
describe two extensive screens performed to identify genes located on the X-chromosome that are
involved in the process of dosage compensation.

2. MATERIALS AND METHODS

2.1. Fly stocks and culture conditions
Unless noted otherwise, all crosses were done at room temperature that ranged from 22°C to

25°C on standard food (corn meal, sugar, yeast, agar, and molt inhibitor). For genetic symbols see [22].

2.2. Construction of a truncated msl-1 gene and germline transformation
with msl-l/E3'
A 15 kbp Sal I genomic DNA fragment containing the msl-1 gene [14] was digested with Ace

1. A 5.9 kbp fragment containing approximately 2 kbp of upstream sequences and lacking the putative
SXL binding site and the two most distal polyadenylation signal sites at the 3' end was selected (see
Figure 1 A, B and C). The ends of this fragment were filled in and it was inserted by blunt end ligation
into the EcoRV site of pBluescript, recovered as a Kpn I - Not I fragment and subcloned into the
transformation vector pCaSpeR4 [23] marked with the w' minigene. This construction was co-injected
with the helper plasmid pUChsl A2-3 into host embryos of genotype w using standard techniques
[24]. Transformants were recovered according to their colored eye phenotype. The construction of
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Figure 1: - Structure of the msl-1 gene (A). Situation of the Ace I sites in the 15kbp Sal 3 fragment, which
provides fully rescue when introduced in msl-1 mutant males (B). Sequence homologies between the
SXL binding sites of the tra and Sxl pre-mRNA compared with the trailer sequence of msl-1 (C).



homozygous transformant lines, the identification of the chromosome containing the insertion and the
introduction of the transgene into msl-lY " mutant lines were performed using standard genetic
procedures.

2.3. EMS mutagenesis
The two genetic screens utilized are illustrated in Figures 2 and 3. In both cases, the EMS

treatment was performed according to the method of Lewis and Bacher [25]. Note that the females with
the treated X-chromosome used in the F| cross need not be virgins because the only male offspring
produced by the previous cross are of FM6 genotype for the X-chromosome.

2.4. Flipase expression during early development
Virgin females heterozygous for a new lethal mutation induced on the X-chromosome of

genotype y w Pjry =neoFRTJ 19A/FM6, y B were crossed to males of genotype
P!ry+=neoFRT}19A/Y; MKRS, P{ry =hsFLP}3, M(3)76A' kar' ry2 Sb'/+. Eggs were collected for
three days and the adults transferred into a new vial for an overnight collection. Immediately after
removal of the adults, both egg collections were placed in a waterbath for 1 hr at 37°C. This treatment
is expected to produce flipase activity causing mitotic recombination at the base of the X-chromosomes
in region 19A (Figure 4; [26]). Adults of phenotype y , non-5 and Sb, were then screened
microscopically fory or w clones in the cuticula and eyes, respectively.

2.5. Localization of males-absent-on-the-X (max)
The y ct vfos chromosome was used to obtain a coarse localization of the map position of

max. Since the data indicated that max is located between y and ct, a second mapping experiment was
carried out with a cm ct sn chromosome.

2.6. Western blotting
Proteins were extracted from ten third instar larvae of genotype Base, y /Y, Base, y /y max and

V max/Y, using the color of the mouth hooks and gonad size for identification. Preparation of the extracts,
SDS-PAGE and transfer of the proteins to nitrocellulose were performed according to Bopp et al. [27].
Following blocking, the blots were treated with anti-SXL polyclonal serum (diluted 1:500) followed by
alkaline phosphatase-conjugated goat anti-rabbit secondary antiserum.

3. RESULTS

From 560 embryos injected with the truncated msl-1 gene lacking the putative SXL binding site
and two poly A signal sites, 204 survived to adulthood and 144 were fertile when crossed to w
partners. Five independent transformant lines were established from that cross with insertion sites on the
X-chromosome (2), second chromosome (1) and third or fourth chromosome (2). No reduction in
viability of females heterozygous or homozygous for the transgene was observed in any of the
transformant lines. Proof that the transgene is actually transcribed and translated is provided by the
observation that it rescues male flies mutant for msl-1 . The absence of any effect of the msl-1 A3'
transgene in females indicates that the msl-1 gene cannot be the msl gene that is regulated in a sex-
specific manner or that it is not the only gene that is regulated in this manner.

As mentioned before, several genetic observations indicate that there are additional genes, that
are involved in the process of dosage compensation [21]. We chose to search for these on the X-
chromosome. Such a search had not been undertaken because of an operational difficulty: in order to
demonstrate that a mutation is male-specific, homozygous mutant females must be shown to survive and
their synthesis is not trivial in the absence of mutant males. The mutation mei-S332 causes a high
frequency of nondisjunctions in the second meiotic division [28] and provides, therefore, an optimal tool
to generate females with both X-chromosomes derived from their mother.
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In the first screen some 2400 lines were successfully checked for the presence of females
homozygous for the mutagenized X-chromosome (Figure 2). Seven putative male-specific mutations
were found. However, six of these mutations have not produced any homozygous mutant (non-
disjunctional) females since the original test progeny. One line continues to produce non-disjunctional
homozygous females and is the basis for further investigations.

In a first genetic mapping experiment the mutation responsible for the male-specific lethality was
placed close to the cut gene(cO- This mutation, named males-absent on the X {max), was mapped more
precisely at 1-13.8. The lethal phase of males mutant for max was determined by isolating, using the
color of their mouth hooks, y max mutant male larvae from among the progeny of y max/Base females
crossed to Basc/Y males {Base is a balancer that is wildtype for the y gene). The development of the
mutant larvae was found to be similar to that previously described for the msl mutants [11]. Male larvae
mutant for max reach the third larval instar, but arrest there for up to two days, form prepupae and die.
Nevertheless, one cannot conclude from these results that the max product is not needed in
embryogenesis. Homozygous y max females are not able to produce sons even if the latter carry a wild
type allele-bearing paternal X-chromosome derived by nondisjunction; furthermore such females crossed
to wild type males produce few female larvae with y mouth hooks. Therefore, we expect to find a strong
maternal effect in our subsequent investigations.

Could max be lethal in males because it causes SXL function to occur? We tested this possibility
by performing a Western blot of crude protein extract of male larvae mutant for max . The results showed
that there is no SXL protein present in these males and that max is not a mutation in a gene which leads
to the constitutive expression of Sxl.

In our second screen, we tried to circumvent the labor intensive care of the mei-S332 stocks
(Figure 3) by using FRT-FLP system found in yeast and introduced in Drosophila by Golic and Lindquist
[29] and Golic [30]. We wanted to test female viability in large cell clones homozygous for a X
chromosome carrying a lethal factor (Figure 3 and 4). Approximately one quarter of 10,000 successful
single crosses seemed to have a newly induced lethal mutation on the treated X chromosome. Two
hundred of these lines were exposed to heat shock as described in material and methods. Lines that
produced v w FRT males and were therefore not carrier of a lethal factor on the X-chromosome served
as controls. Unfortunately, no clones that were induced during embryonic development could be found
in any of the lines although small clones that were induced later in development were present, indicating
the functionality of the flipase system per se. Even the extension of the heat shock period to four hours,
while causing much higher mortality, did not help in generating early clones.

Some 7,500 lines with no apparent lethal factor on the X-chromosome were used to set up
maternal effect test crosses. Approximately 200 of these lines carried a female-sterile mutation, 500 were
male-sterile, 100 were female-lethal or just subvital in both sexes and 40 produced no or just low
numbers of sons. The last group is of special interest since they resemble the phenotype of the sonless
{snt) mutation [31,32] that was lost several years ago. However most of these lines can be qualified as
representing maternal-effect embryonic lethal mutations that allow a zygotic rescue by the paternal
chromosome. Since only female zygotes receive a paternal X-chromosome only sons were killed.
Nevertheless, this is a very interesting group of mutations that will be the target of further investigations.

4. DISCUSSION

The discovery of a key gene, Sex-lethal {Sxl), the master regulatory gene that controls both sex
determination and dosage compensation in Drosophila melanogaster, was the starting point of the belief
that highly effective genetic sexing techniques should become available soon for the biological control
of pest insects. However, it is becoming increasingly apparent that, in all Dipteran insect species checked
to date, an SXL homologous protein is present in both sexes and that its function may not be that of a
developmental switch in the control of sex differentiation. Therefore, the search for the appropriate genes
to be used in genetic sexing approaches is still open.
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Figure 4: - Genetic system for the production of v w I clones. The scheme represents XX cells and
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and is thus homozygous fory w and /. The other daughter cell is homozygous for the vvildtype alleles.

We believe that the process of dosage compensation in Drosophila is intimately related to the
general process of transcriptional control and gene regulation and that it should be, therefore, well
conserved among different Dipteran species. However, to use its genetic elements as tools for the
development of genetic sexing techniques, all attributes of these elements and their functions must be
thoroughly understood.
In this paper, we report a further step in our attempts to elucidate the process of the genetic control of
dosage compensation. Since this process is regulated sex-specifically, at least one of its genetic
components has to be differentially expressed in one of the two sexes. To date, although mle, msl-1 and
msl-3 have been cloned, the data pertaining to the molecular characterization of MLH and MSL-1 have
been published. MLE is expressed in both males and females [12]. In contrast, although the msl-1 gene
is transcribed in both sexes, the MSL-1 product is almost absent in females [17]. Whether this difference
is to due to instability of the unbound protein or whether it is due to sex-specific regulation at the
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translational level remains to be determined. Three msl-1 mRNA's, differing at the 3' untranslated trailer
because of the use of three different polyadenylation signals, are produced (Figure 1 A). Two of these
mRNA's have a consensus SXL binding site. We wished to test if, in females, the SXL protein binds to
the two longer forms of mRNA in the nuclei thus inhibiting their transport into the cytoplasm and their
translation with the consequence that the amount of MSL-1 protein would be below a certain threshold
needed for X-chromosomal binding and hypertranscription. We constructed a transgene with a truncated
3' end such that the putative SXL binding site and two polyadenyiation signal sites have been removed
(Figure 1 A, B and C). Mutant msl-1 males carrying one copy of the transgene are fully viable; everything
else being equal, the level of functional mRNA in these males is sufficient to allow hypertranscription.
Since the same amount would be present in females, the simple threshold model is insufficient to explain
the sex specific inhibition of hypertranscription in females. However, Western blots have revealed the
surprising information that females carrying the transgene have substantially higher levels of MSL-1
protein than control females (Y.Yang, unpubl. results). In any case we cannot rule out that the putative
SXL binding site present on two of the msl-1 transcripts does have a function without performing an
important control: additional copies of an msl-1 gene bearing the SXL consensus binding site and a
single polyadenylation site (downstream from the SXL site) must be introduced in females and shown
to have little or no effect on the level of MSL-1. At least our results suggests that there are other
components of the regulatory mechanisms that are sex-specifically regulated.

Since in past years, large scale mutagenesis screens have been undertaken for these and other
purposes, one can wonder why some elements of the dosage compensation process are still missing.
Firstly, it is possible that the gene(s) of interest have multiple functions and that their inactivation would
result in non sex-specific lethality. This is actually true for a few genes known to be involved in the
initiation and maintenance of the Sxl gene function that are also involved in vital processes in both sexes
(for reviews see [33,34,35]). The genetic identification of such genes would depend on the recovery of
a hypomorphic allele. Secondly, as mentioned above, it is difficult to identify genes of interest on the
X chromosome. Since this chromosome represents 20% of the haploid genome of D. mclanogaster or
an estimated number of 2000 genes, we decided to perform a mutagenesis screen for mutations
interfering either zygotically or maternally with male viability. The results are promising in that we
found at least one additional locus that causes male-specific lethality when mutated. Whether this
lethality is the result of a defect in dosage compensation has yet to be determined.
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