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ABSTRACT 
The  mutational  effect of the maleless  (rnle) gene  in Drosophila has  been  reexamined.  Earlier  work  had 

suggested  that rnle along  with other male-lethal  genes was responsible for hypertranscription of the X 
chromosome  in  males  to  bring  about  dosage  compensation.  Prompted by studies  on  dosage  sensitive 
regulatory  genes, we tested  for effects of mle” on  the  phenotypes of 16 X or  autosomal  mutations  in  adult 
escapers of lethality.  In  third  instar  larvae,  prior to the  major  lethal  phase of mle, we examined  activities 
of 6 X or  autosomally  encoded  enzymes,  steady  state mRNA levels  of 15 X-linked or  autosomal  genes  and 
transcripts  from two large  genomic  segments  derived  from  either  the  Xor  from  chromosome 2 and  present 
in yeast artificial  chromosomes.  In  contrast  to  the  previously  hypothesized  role, we detected  pronounced 
effects  of rnle on  the  expression of both  X-linked and  autosomal  loci  such  that a large  proportion of the 
tested  genes  were  increased  in  expression,  while  only two X-linked  loci  were reduced.  The most prevalent 
consequence was an  increase of autosomal  gene  expression,  which  can  explain  previously  observed  re- 
duced  Xautosome  transcription  ratios.  These  observations  suggest  that if rnle plays a role  in  the  dis- 
crimination of the X and  the  autosomes, it may  do so by modifkation of the  effects of  dosage  sensitive 
regulatory  genes. 

D OSAGE compensation in Drosophila is the equiva- 
lence of expression of genes on  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX chromo- 

some  despite  their  unequal dosage in  the two sexes 
(MULLER et al. 1931; MULLER 1950).  It is achieved by a 
twofold increase in the transcription of  X-linked genes 
in males (MUKHERJEE and BEERMANN 1965). Several stud- 
ies have demonstrated  that  the ability  of a gene  to dosage 
compensate  can depend  on  either  or both of two broad 
parameters-cis regulatory control and genomic position 
(SPRADLING and RUBIN 1983; HAZELRIGG et al. 1984; 
MCNABB and BECKENDORF 1986; SASS and MESELSON 1991; 
HIEBERT and BIRCHLER 1992 and additional  references 
therein); however, the mechanism for  the  doubling of 
transcriptional rates along the  entire X chromosome is 
unknown. 

A current  model  relating  to dosage compensation 
proposes that a set of genes, identified in screens for 
male-specific lethal  mutations,  encode  products  that 
act to  double  the  transcriptional  rate of the X chromo- 
some in males only (BELOTE and LUCCHESI 1980a). 
These  are male-specific  lethal-1 (ms l - I )  [2-53.31, msl-2 
[2-9.01 (BELOTE and LUCCHESI 1980b), msl-3 [3-25.81 
(UCHIDA et al. 1981), and maleless (mle)  [2-55.2] 
(GOLUBOVSKY and IVANOV 1972; FUKANAGA et al. 1975). 
They are all  recessive male lethal in the  third larval  in- 
star to prepupal stage, and their action depends di- 
rectly or indirectly on  the splicing mode of the sex de- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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termination  gene, Sex-lethal (Sx l )  (for reviews see 
BAKER 1989; HENIKOFF and MENEELY 1993). Of these, 
mle has served a central  role in tests  of the model. A 

reduction in the ratio of  X-1inked:autosomal gene ex- 
pression in rnle male larvae has been  found  and  inter- 
preted  to reflect a lack  of X chromosome hypertran- 
scription. Such ratios have been calculated using the 
techniques of polytene chromosome transcriptional 
autoradiography (BELOTE and LUCCHESI 1980a; OKUNO 

et al. 1984), enzyme  activity measurements of  various 
X- and autosomally encoded enzymes (BELOTE and 
LUCCHESI 1980a), and steady state mRNA measure- 
ments of the X-linked Sgsl and autosomal Sgs3 genes 
(BREEN and LUCCHESI 1986). Consistent with the sex- 
specific phenotype of mle, the MLE protein associates 
preferentially with the X chromosome relative to the 
autosomes in  wild  type males (KURODA et al. 1991). X 
chromosome  binding has been used as an assay to 
demonstrate  interactions  among male-specific lethal 
loci (GORMAN et al. 1993). 

The rationale  for  undertaking a reexamination of mle 
stemmed initially from  the  phenomenon of trans-acting 
regulatory dosage effects, which are observed in  aneu- 
ploidy in a variety  of higher eukaryotes (BIRCHLER 1979, 
1981; BIRCHER and NEWTON 1981; BIRCHLER et al. 1989, 
1990). Such dosage effects occur when a change in copy 
number of a chromosomal segment affects the expres- 
sion of a target  gene elsewhere in the  genome, usually 
by negative (or inverse) regulation but sometimes by 
positive (or  direct) regulation. Only a subset of unlinked 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
e
n
e
tic

s
/a

rtic
le

/1
3
6
/3

/9
1
3
/6

0
1
2
3
0
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



914 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ. C. Hiebert and J. A. Birchler 

genes is affected in a given segmental aneuploid, and  an 
individual target  gene may be affected by more  than  one 
varied segment. Such effects  have been observed in  hu- 
man (WHATLEY et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1984), mouse (REICHERT 1986), 

maize (BIRCHLER 1979, 1981; BIRCHLER and NEWTON 
1981), and Drosophila (BIRCHLER 1984, 1992; BIRCHLER 
et al. 1989,1990; RABINOW et al. 1991; SABL and BIRCHLER 
1993). Single genes have been identified that  appear to 
be responsible for such aneuploid effects, for example 
Inr-a (RABINOW et al. 1991). This gene elevates the ex- 
pression of the white locus approximately twofold, when 
present at one-half of the  normal diploid copy number 
and reduces  the expression of  white to two-thirds, when 
present in three halves the diploid level. Thus,  there is 
an inverse correlation between the  number of func- 
tional copies of Inr-a  and  the expression of white. We 
note  that many regulatory genes identified in higher 
eukaryotes exhibit dosage effects, for example the Dro- 
sophila genes bicoid  (DRIEVER and NUSSLEIN-VOLLHARD 
1989; STRUHL et al. 1989), Kriippel (SAUER and JACKLE 

1993), dorsal as well as other basic helix-loophelix pro- 
teins (WARRIOR and LEVINE 1990; JIANC and LEVINE 1993) 

and  the Polycomb group  genes (MESSMER et al. 1992). 

Dosage-sensitive inverse regulation has been invoked 
to explain the  phenomenon of autosomal dosage com- 
pensation, which is the equivalent expression of genes 
linked to a varied segment of an autosome compared  to 
the  normal diploid. In Drosophila, it was originally de- 
scribed for trisomies of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2L and 3L, in which the majority 
of the  monitored loci were dosage compensated (DEVLIN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
et al. 1982,1988); such compensation occurs at  the tran- 
scriptional level (DEVLIN et al. 1984). Autosomal dosage 
compensation was also found  for  the alcohol  dehydro- 
genase (Adh) locus on chromosome 2 when a large 
chromosomal segment  surrounding  the  gene was varied 
(BIRCHLER et al. 1990). By subdividing this segment, dos- 
age compensation of  Adh  was shown to result from the 
opposing effects  of increased copy number of the Adh 
structural  gene and  an inverse effect exerted by a spe- 
cific neighboring  region,  that was also present on  the 
original varied segment (BIRCHLER et al. 1990). Using a 
reporter  construct,  the inverse effect was shown to re- 
quire  the Adh promoter (BIRCHLER et al. 1990). A similar 
mechanism is responsible for Adh dosage compensation 
on the  long  arm of chromosome 1 in maize (BIRCHLER 
1981). 

It is reasonable to suggest that dosage compensation 
of the X chromosome in Drosophila could have arisen 
by a similar mechanism, whereby the difference in 
X-linked gene dosage between the sexes  would be com- 
pensated by the action of dosage sensitive inverse regu- 
lator loci  also present on the X. The inverse effect is  of 
the  appropriate magnitude-i. e. ,  approximately twofold, 
to  account  for such a change in male X chromosome 
activity. This hypothesis predicts dosage compensation 
of  X-linked genes in metafemales (3X2A) by reducing 

the expression of each of the  three X chromosomes to 
the inverse level  of the diploid-i.e., to 2/3. Consistent 
with this hypothesis, dosage compensation of the  Xchro- 
mosome has been  demonstrated in metafemales (Luc- 
CBESI et al. 1974; STEWART and MEW 1975; DEVLIN 
et al. 1985, 1988). In  subsequent  experiments, autoso- 
mal gene expression in metafemales was examined and 
found to be  reduced by the inverse effect (BIRCHLER et al. 
1989; BIRCHLER 1992), presumably accounting for  their 
greatly reduced viability. This example of  inverse regu- 
lation is similar to the effects  of trisomies for 2L and 3L 
on the expression of unlinked genes, including some on 
the X chromosome (DEVLIN et al. 1988). 

If the X carries dosage sensitive regulators that pro- 
duce  an inverse effect on a subset of autosomal genes, 
as do all autosomal arms tested, the question arises  as to 
why autosomal transcription does not double in normal 
males. Some genes do indeed exhibit elevated expres- 
sion in  males, for example glass (SMITH and LUCCHESI 
1969; BIRCHLER 1984), brown (RABINOW et al. 1991), 

purple (YIM et al. 1977), pink (BIRCHLER et al. 1989) and 
light (DEVLIN et al. 1990; J. A. BIRCHLER, unpublished 
data),  but in general only a few approach  the twofold 
level.  Conceivably, a function exists in males to coun- 
teract  the response of the autosomes to X chromosome 
inverse regulation, by altering a rate limiting step of 
gene expression for example. If such a function were  lost 
by mutation,  mutant males would exhibit an increase in 
transcription of certain autosomal genes, due to resto- 
ration of the  rate limiting aspect of  inverse regulation by 
the X chromosome. 

This may be  the case  with mutants of  mle. In  both 
published accounts of polytene chromosome transcrip- 
tional autoradiography of  mle males, involving three ex- 
periments, absolute transcription of autosomes was in- 
creased in rnle males, and X chromosome levels  were 
virtually unaffected (BELOTE and LUCCHESI 1980a; OKUNO 
et al. 1984). In these experiments it was assumed that 
autosomal transcription would be unaffected by  mle, so 
it was measured as an  internal  control on X transcrip 
tion. In  the  context of the time, it was deemed  an a p  
propriate assumption. Thus it was concluded  that X 
chromosome transcription was reduced in mle homo- 
zygous  males. The same assumption was made in a study 
of  mRNA  levels  of  Sgs4 and Sgs3 (BREEN and LUCCHESI 
1986), in which the  data were treated as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan Xautosome 
expression ratio. Therefore,  an alternative explanation 
for the  reduced  Xautosomal transcription ratio in rnle 
males is an increase in autosomal transcription rather 
than a decrease from  the X .  

Moreover, the female lethality of Sxlfwas postulated 
to  be due to a hyperactivation of the X chromosome 
expression by activation in females of the male-specific 
lethal loci (CLINE 1984). If the hyperactivation of the X 
chromosomes in Sxl f  homozygous females could be 
eliminated, one would predict a return to viability. This 
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could  be tested by examining  the viability  of the Sxlf /  
Sxl f ;  mle/mle genotype, which, by this hypothesis, would 
give viable XX males with a combined X chromosome 
expression equivalent to  normal females. However, this 
genotype was constructed and  no amelioration of the 
Sxl  lethality was found zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASKRIPSKY and LUCCHESI 1982). 

To clarify the  role of mle, we sought  to  determine in 
absolute terms its effect on X-linked and autosomal gene 
expression. Both genetic and molecular analyses were 
performed on the mldS allele in homozygous males com- 
pared  to heterozygous male and female siblings. Ini- 
tially, we tested for effects on the  phenotypes of 16 X or 
autosomal mutations in adult escapers of lethality. The 
results of these observations prompted a molecular 
analysis in larvae, where the mle effects  were originally 
studied. We examined enzyme  activities  of  six X- or au- 
tosomally encoded enzymes,  steady state mRNA  levels of 
fifteen X-linked or autosomal genes, and transcripts 
from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo large genomic segments derived from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX and 
autosomal locations and present in yeast artificial chro- 
mosomes. We detected  pronounced effects  of mle on the 
expression of both X and autosomal loci. The majority 
of these changes were increases in expression, with a 
greater  proportion of autosomal loci showing elevated 
expression than X-linked  loci. Only two X-linked loci 
were reduced.  These  data  are inconsistent with the hy- 
pothesis that  Xchromosome transcription is reduced  to 
one-half of normal in homozygous mle males. In view  of 
earlier transcriptional autoradiography  data, and the ex- 
periments  presented  here,  it is more likely that  the ca- 
nonical mutational effect of mle is an elevation of the 
expression of autosomal genes. 

MATERIALS  AND  METHODS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstrains: Stocks  were maintained on cornmeal dextrose 

media at 25". The strain carrying the Adh-w construct was pro- 
vided by JANICE FISHER and  TOM ~ ~ A N I A T I S  (Harvard University), 
and it contains both of the Adh promoters. The stock de- 
scribed in Figure 2 was constructed by crossing mle" vg79d5 
females to T(2;3), Cy0 Tb/+ + males, then backcrossing the 
Cy male  progeny. The mutations used in the phenotypic analy- 
ses (see Figures 1 and 2) are described in LINDSLEY and ZIMM 
(1992). Those mutations located on chromosome zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 were 
made homozygous  in a background of mle" ~ g ~ " ~ / S M 6 a .  The 
two located on chromosome 2-pr and Zf were recombined 
onto  the mle" vg79d5 chromosome. The pr allele was analyzed 
as a homozygote and Zfwas analyzed as a heterozygote. Flies 
were aged 4 days before photographing. 

Enzyme activity and protein  measurements: Enzyme  ac- 
tivity measurements of glucose-&phosphate dehydroge- 
nase  (GGPD), &phosphogluconate dehydrogenase (GPGD), 
Phydroxy acid dehydrogenase (PHAD), alcohol dehydro- 
genase (ADH), isocitrate dehydrogenase (IDH)  and a- 
glycerophosphate dehydrogenase (aGPDH) were performed 
as described by BIRCHLER et al. (1989), with the following  modi- 
fications. Ten sets  of  five wandering third instar larvae for each 
genotype were  collected and stored at -80"  in  250 pl  of  ex- 
traction buffer in 1.5-ml microcentrifuge tubes.  Immediately 
before the assays they  were homogenized using a Teflon pestle 
(Bel-Art) and kept on ice. All  assays were performed within the 

same l&hr period. After 5 min of centrifugation at 10,000 X 
g, 220 pl of supernatant was removed for enzyme  activity and 
protein determinations. After incubations at 30% the appro- 
priate reaction conditions for each enzyme, reduction of  NAD 
or NADP  was measured by determining optical  density at 340 
nm with a Beckman DU-50 spectrophotometer. 

Protein determinations were performed using 10 pl extract 
in 990  pl of  Bio-Rad protein assay  dye reagent concentrate 
(previously diluted with 4 volumes of distilled water). Amount 
of protein, (pg) /larva, was calculated  using the linear OD,,, 
response obtained from  bovine  serum  albumin  in  1.5-pg in- 
crements from 1.5 to 30 pg in 1 ml. 

Total larval  nucleic acid isolation: Total DNA and RNA 
were extracted using a modification of the technique of RAHA 
et al. (1990). Three samples of  five wandering third instar 
larvae for each of the four genotypes shown in Figure 5 were 
collected and stored at -80"in STEL buffer (0.2% SDS,  10 mM 
Tris-C1, pH 7.5, 10 mM EDTA, and 100 mM LiCl). Phenol and 
phenol-chloroform were equilibrated with  STEL until the pH 
was above  7.0.  Larvae  were homogenized, extracted twice  with 
phenol, once with phenolchloroform, once with chloroform- 
isoamyl alcohol (24:1), and precipitated at -80"  with 0.1 vol- 
ume of 5 M LiCl and 2.5  volumes  of cold ethanol. Nucleic  acid 
was resuspended to an approximate concentration of 0.5 
pg/pl as determined by spectrophotometric analysis. Separate 
DNase I and RNase A digestions confirmed that the upper  and 
lower bands on ethidium stained gels corresponded exclu- 
sively to genomic DNA and rRNA,  respectively. 

Triplicate isolations of the four larval genotypes shown  in 
Figure 3 were subjected  to electrophoresis in 1% agarose. In 
the same  gel, a dilution series of identically prepared nucleic 
acid was electrophoresed, and the gel was stained with 
ethidium bromide and destained. Two Polaroid  negatives 
(type 55  Polaroid  film) were prepared identically of the two 
sets of lanes.  Lanes  were scanned with the LKB  2202 Ultroscan 
laser scanning densitometer at the slowest scanning speed in 
order to obtain the most information from the bands, and 
analyzed  with LKB  GelScan interface and software  package. 
The densitometer parameters, including absorbance range, 
speed, reference absorbance, and background curve  were the 
same for each scan. The integration values of the peaks of the 
dilution series were plotted against concentration to obtain a 
standard curve. Relative quantification of DNA compared to 
RNA  was performed on lanes containing 1.5 pg of total  nucleic 
acid, an amount which fell  within the linear response range. 

RNA isolation: RNA was extracted by the guanidine-HC1 
method (COX 1968). Briefly, wandering third instar larvae 
were  harvested and frozen at -80"  in 8 M guanidine-HC1  (Ul- 
trapure, Schwarz/Mann)  in 1.5-ml microcentrifuge tubes. Lar- 
vae  were homogenized in 8 M guanidine-HCl  using a powered 
tissue homogenizer (Tekmar); RNA  was precipitated in 0.5 
volume ethanol. Four more extractions with 4 M guanidine- 
HCl and ethanol precipitations followed.  Finally the RNA was 
extracted from the pellet three times  with  sterile  water, the 
second time at 56".  After ethanol precipitation from the 
pooled water extractions, the RNA  was  dissolved in sterile wa- 
ter at a concentration of  4.0 pg/pl and stored at -80". 

Northern analysis: Total RNA  was separated on formal- 
dehyde-agarose  gels (1.5%) (LEHRACH et al. 1977) at 10 pg/ 
lane. Gels  were run at approximately 50 V for 18 h. Formal- 
dehyde was present in the tank  buffer at the same 
concentration as in the gel (6.7%). The RNA  was capillary 
transferred to  Biotrans  nylon membrane overnight using 20 x 
SSC, then W cross-linked  to the filter (CHURCH and GILBERT 
1984). Hybridizations  were performed as described (BIRCHLER 
and HIEBERT 1989). 
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Band intensities were determined by laser scanning densi- 
tometry. A dilution series of total RNA  was prepared to  test 
whether rRNA would  provide an accurate control for loading 
differences  between lanes containing 10  pg  total RNA. A gel 
containing four replicas of a series of 5,  10 and 20 pg was 
blotted and hybridized with an antisense  "P-labeled rRNA 
probe. The blot was exposed on Kodak X-AR film for a length 
of time that did not saturate the film. A densitometric scan of 
the autoradiogram gave linear increases in band density with 
amount of sample loaded. The data in  Table 3 are from scans 
of autoradiograms with non-saturating exposures. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

RNA probes: Northern blots  were probed with 32P-labeled 
antisense RNA probes made with T3,  T7 or SP6  RNA  poly- 
merases from the linearized constructs described below. 
Clones obtained that lacked promoters for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin  v i t ro transcrip- 
tion were reinserted into appropriate vectors  as described be- 
low. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn vitro transcription was performed as described by 
BIRCHLER and HIEBERT (1989). 

A construct of the w gene (GOLDBERG et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1982), pIBIw- 
cDNA, provided by R. LEVIS (Fred Hutchinson Cancer Re- 
search Center, Seattle), contains exons 3 through 6 inserted 
into pIBI76. A genomic clone of Adh, pSPZlAdhS',  consists 
of a 2-kb  BamHI-EcoRI fragment from the 3' end of the 
gene (GOLDBERG 1980), inserted into the pSPZl  vector. A 
construct of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp Tub56D gene (BIALOGAN et al. 1985), pro- 
vided by M. MORTIN (NIH, Bethesda, Maryland), consists  of a 
0.2-kb  BamHI fragment containing coding sequences in- 
serted into pBluescript. The Rp49 clone (KONGSUWAN et al. 
1985), provided by  L. RABINOW (Waksman Institute, Piscat- 
away,  New Jersey), contains coding sequences inserted into 
pBluescript. A construct of the r cDNA, pcrud5 (SEGRAVES 
et al. 1984), provided by W. ZERGES (Princeton University), 
contains a 5-kb EcoRI fragment in pGEM2. A construct of 
the bw cDNA (DREESEN et al. 1988), pVZlbw+, was provided 
by S. HENIKOFF (Fred Hutchinson Cancer  Research Center). 
The st construct, pGlstXB0.9  (TEARLE et a l .  1989), provided 
by A. HOWELLS (The Australian  National  University),  con- 
tains a 0.9-kb  XhoI-BamHI fragment inserted in pGEM1. The 
v construct, spv8.7 (SEARLES and VOELKER 1986), provided by 
L. SEARLES (University of North Carolina), consists of a 
1.9-kb fragment containing most of the coding region in- 
serted in pGEM1. A construct of the y cDNA (GEYER and 
CORCES  1987)  consists of a 5.0-kb fragment containing the 
entire cDNA, provided by  P.  GEYER (University of Iowa), in 
the SalI site of pBluescript IIKS(+). It is designated 
pBSIIKS(+)ycDNA. A construct of the sis-b gene (synony- 
mous with the ASC T4 transcription unit of the achaete-scute 
complex) (CAMPUZANO et al. 1985), provided by J. MODOLLEL 
(University of Madrid), consists of a 1.5-kb EcoRI genomic 
fragment containing the entire coding region subcloned 
into pBluescript. A subclone of the Sgs4 gene (MUSKAVITCH 
and HOGNESS 1982) was provided by S. BECKENDORF. It is  des- 
ignated pGEMSgs4 and consists of the pGEMl  vector (Pro- 
mega) with a 0.7-kb insert of the Sgs4 coding region. A con- 
struct containing the Sgs3 gene, pBSIIKS( +)Sgs3, was made 
by subcloning a l.&kb SalI-XhoI fragment from hcDm2008 
(MEYEROWITZ and HOGNESS 1982), provided by S. BECKENDORF 
(University of California,  Berkeley), into pBluescript 
IIKS( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+). A construct, pBSIIKS(+)Zw, containing a genomic 
segment of the Zw gene, encoding G6PD (GANGULY et al. 
1985) was made from a pUC9 construct provided by R. GAN- 
GULY (University of Tennessee, Knoxville). It consists  of a 
1.4kb PstI fragment containing most of exon 4 inserted in 
Bluescript IIKS+ (Stratagene). A genomic clone of Gpdh, 
encoding aGPDH (VON KALM et al. 1989), was provided by 
D. SULLWAN (Syracuse  University). It contains a 2-kb  XhoI- 
Hind111 fragment containing exons 3 and 4 inserted into 

pBluescript SK( +). It is designated pBSSK( +)aGPDH. A 
construct of the Pgd gene encoding 6PGD (SCOTT and 
LUCCHESI 1991), was provided by  M:SCOTT and J. LUCCHESI 
(Emory University, Atlanta). It contains a 1.7-kb fragment of 
cDNA in  pBluescript KS(-) . It is designated pBSKS(-)  1.7A.S. 
The construct pSPZ2Dmry22c#l,  consists of a 0.9-kb 
Hind111 fragment of the 28s rRNA repeat (DAWID et al. 
1978) inserted into the pSPZ2 vector. 

Yeast artificial chromosomes: The two YACs,  N23-10 and 
R1441 (a gift of the laboratory of D. HARTL, Haward Univer- 
sity),  were prepared from cultures in YCD/AHC selective  me- 
dia [per liter: 1.7 g yeast nitrogen base  without amino acids and 
without (NH.J2S0, (Difco), 5 g (NH,),SO,,  10 g casein hy- 
drolysate (US. Biochemical Gorp.), 15 mg adenine hemisul- 
fate (Sigma), 20 g glucose, pH adjusted to 5.81. Cultures were 
grown for 2 days at 30".  Cells  were pelleted at 1500 x gfor 10 
min, rinsed in distilled  water, pelleted again, and resuspended 
in 5 ml spheroplasting solution [ 5  ml  SCE (1 M sorbitol, 0.1 M 

sodium citrate, 60 mM EDTA, pH 7.0), 125  pl 
kmercaptoethanol, 1 mg  Zymolyase  (ICN Immunobiologi- 
cals)],  and mixed with an equal volume of 1% low melting 
point agarose  in SCE. After  gelling at 5", plugs  of  cells  were 
lysed for 36 hr at 55"  in  12  ml  of  lysing solution (0.5 M EDTA, 
1 % Sarcosyl, 10 mM Tris-C1, pH 8.0,0.5 mg/ml Proteinase K) . 

Lysed plugs  were fractionated on 1 % agarose  using OFAGE 
(PC  750  Pulse Controller, Hoeffer Scientific Instruments), 
with the following parameters: 200 V for 16 hr with 45sec 
switch time, then 15-sec  switch  time for 10 hr. The CHEF sys- 
tem  (Bio-Rad) was also used, with parameters zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas follows:  switch 
time = 30 s, no ramp; start ratio = 1;  voltage = 200 V; duration 
= 24 hr. Individual YAC bands were  excised and DNA isolated 
by treatment with kagarase (New England  Biolabs) or Gene- 
Clean  (Bio 101). DNA probes labeled with 32P were prepared 
as described (FEINBERG and VOGELSTEIN 1983). 

RESULTS 

Effects of mle" on X and autosomal  mutant pheno- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
types: A preliminary test of the effect of mle on gene 
expression was done by analyzing  its  ability to modify the 
phenotypes of  various X and autosomal mutations. 
Stocks were constructed  that would segregate for mle'", 
the same allele used in most previous studies, in a back- 
ground of other mutations having  visible adult  pheno- 
types. The mle" allele produces homozygous adult male 
escapers of lethality at a rate of approximately 1/150 

males at 18". The mutations were chosen on the basis of 
the ability to  detect changes in  their expression levels by 
inspection of phenotypic severity4 e., hypomorphs and 
neomorphs. Phenotypes were examined in males and 
females of  homozygous and heterozygous mle'", al- 
though in no case was a major effect observed in females. 
Stocks  were screened  until at least two escapers, but of- 
ten more, were examined. Sixteen experiments were 
performed,  nine involving  X-linked mutations, and 
seven  involving mutations on chromosomes 2 or 3 [see 
LINDSLEY and ZIMM (1992) for descriptions]. 

Figure 1 shows representatives of the effects  of mle" on 
various  X-linked mutant phenotypes. The Bar mutation 
is a dominant  neomorph, causing a reduction in the 
number of ommatidia, and resulting in a bar-shaped eye. 
Bar is dosage compensated  at  the phenotypic level,  as 
hemizygous males and homozygous females are  both zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaf- 
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABl+ BIB 

E 
+/Y 

P BN; m/etS BN; m/e@. 
I" 

C W a n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Gene  Expression  in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmaleless 

D w%- m d s  w%; m/e?/+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA917 

FIGURE 1.-The  effect of mle" in 
1 males  with  X-linked  hypomorphic 

and neomorphic  mutations. 
Genotypes  are  given  beside  each 

F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs p i f f ;  mle's 'PIff; mlet5+ In (B), the  chromosome  contain- 
mutant. See  text  for  descriptions. 

ing Bar is the  balancer, FM7, y3'* 
sc8 v B. In (F), the spl chromo- 
some  contains v Z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsbZ. The  het- 
erozygous mle" genotypes  are  all 
mle"/SMGa. . 

G rS% m/+P rS%: m/etSI+ 

fected  to a similar degree,  and heterozygous Barfemales 
are less affected than hemizygous males (Figure 1A). 

Therefore, if the  mutant effect of mZefs were a twofold 
reduction in Bur gene expression, then homozygous 
mZetS males would have larger,  more  normal eye mor- 
phology than  their heterozygous brothers. In fact, the 
opposite was found. Homozygous mZets males ( n  = 6, 

where n equals the  number of homozygous mZe males 
observed) that were also  hemizygous for Bur had even 
narrower eyes (Figure lB),  a more severe phenotype 
that resembles that of  flies carrying three copies of the 
Bur mutation,  and presumably derives from a greater 

level  of expression. The X-linked mutation, white- 
apricot (w') is hypomorphic, resulting in an  interme- 
diate eye color between the wild-type and  null alleles  of 
the white ( w )  locus. The W' allele is dosage compen- 
sated, with  hemizygous males and homozygous females 
being equally pigmented, whereas hemizygous females 
are one-half zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas pigmented (Figure 1C). There was  very 
little effect of mZetS on the dosage compensation of wa. 
The homozygous males were slightly darker  than  their 
heterozygous brothers (Figure 1D). More than 50 ho- 
mozygous males have been observed. Another allele of 
w,  w-eosin ( w e ) ,  is hypomorphic and lacks dosage com- 
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918 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ. C. Hiebert  and J. A. Birchler zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApr m d S  pr m/e'?pr+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

F mdS vdW males mdS v t P 5  females 

FIGURE 2.-The effect of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmle" in males with autosomal  hypomorphic  and  neomorphic  mutations.  Genotypes  are  given  beside 
each  mutant.  See  text for descriptions. In (A), the  homozygous  genotype  is Tft p r  m l 8  ~ g " ~ ' / p r  mle" ug79d5 and  the  heterozygous 
genotype is Tft p r  mle" ~ g ~ ' ~ ' / p r  cn. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn (B-E), the  heterozygous mle" constitution is mle"/SMGa. 

pensation. Thus, females  have  twice the eye pigmenta- 
tion of  males.  Because  of this,  it was tested  whether mle" 
would  af€ect we differently than other w alleles. There 
was no effect of mle" on eye pigmentation in the pres- 
ence of this  allele ( n  = 2) (Figure 1E). The split locus 
is an X-linked hypomorph and causes the eye to appear 
rough and small. The effect of mld" is apparently an 
increase in the expression of split because  eye  size  was 
increased in mld" males ( n  = 2) as compared to  het- 
erozygotes  (Figure IF).  The recessive  X-linked  hypo- 
morphic rudimentary-spl mutation ( @ ) ,  has  a trun- 
cated wing phenotype. In mld" males ( n  = 3), rSP' is 
increased in expression as evidenced by a less  severe 
rudimentary phenotype compared to  heterozygous 
brothers (Figure lG).  

Several  autosomal mutations were  tested for interac- 
tion with mle" (Figure 2). The hypomorphic purple ( pr) 
mutation is on chromosome 2 and causes  a reduction in 
the amount of pteridines, or red pigments in the eyes  of 
homozygotes.  This mutation is  sexually dimorphic such 
that males exhibit more red pigmentation than females. 
In mlets males ( n  = 12), expression of pr is decreased, 
resulting in a darker brown  eye color  (Figure 2A).  A 
dominant neomorphic mutation on chromosome 2, 

Irregular  facets zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( I f ) ,  gives an  eya phenotype character- 
ized by reduction of area to one half  of normal, and 
fused or absent facets. The effect of mle" is  to increase 
the expression of If, as evidenced by a more severe phe- 
notype ( n  = 4) (Figure 2B). The hypomorphic glass- 
60 j9  ( g16'j9) mutation on chromosome 3 causes  smaller 
eye area, reduced pigmentation, and fused  facets. The 
eye area phenotype was more variable than eye color, so 
the latter was used  as the gauge of expression  level. It was 
found that in rnle'" males ( n  = 5 )  eye pigmentation was 
darker than in heterozygotes, indicating a greater ex- 
pression  level  (Figure 2C). The hypomorphic pink- 
peach ( p P )  mutation on chromosome zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 gives a  pink  eye 
color.  Expression  of pink is increased in mlets males 
( n  = 7) as  evidenced by their darker eye pigmentation 
(Figure 2D). A transformed  fusion construct, Adh-w on 
chromosome 3, links the autosomal Adh promoter with 
the w structural gene. This insertion produces an inter- 
mediate level  of the w gene product in a  background 
that is null for w. Therefore, any modulation  in 
phenotype is attributable to an effect on the Adh pro- 
moter. The effect of mlelS was a reduction of expression 
( n  = 2) (Figure 2E). The autosomal vestigzal-79d5 
(vg79d") allele,  which produces an abnormal wing 
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Gene Expression in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmaleless 919 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mle'svg79d5/+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+; T(2;3), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACy0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI + + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 m/e'svgWd5/ m/e'svgnd5 

t L 3 J U m Z A  

non-tubby  females mle'svg"d5/mle'svg"d5 

tubby  males = m l e ' s ~ g ~ ' ~ ~ / +  +; T(2;3), Cy0 Tbl + + 
tubby  females = ~nle'svg*~~/+ +; T(2;3), Cy0 T b l +  + 

m ~ e " v g ~ ~ ~ /  m/dSvg" males:  lethal 

mle'svg"d5/+ +; T(2;3), Cy0 Tb I + + females:  discard 

m/e'svg"d5/+ +; T(2;3), Cy0 T b l +  + males:  select 

m ~ e ~ v g ~ ~ / r n ~ e ~ ~ v g ~ ~ ~  females:  select 

adults zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 3.-Stock description of mle". To use the larval 

marker, Tb, on  chromosome 3, the translocation heterozygote 
shown was used as the male parent.  Centromeres  are desig- 
nated with numbers according  to their chromosome of origin. 
Filled bars represent  the Cy0 balancer  chromosome; shaded 
bars represent  the mle" ug7y"5 chromosome. The stock is main- 
tained by transferring all males and mle" ugi9"' females, but 
discarding the translocation heterozygous females to avoid re- 
combination between Tb and Cy. 

margin phenotype, served  as a marker for mle" homo- 
zygotes  in this study, and provided another autosomal 
locus to observe for interaction with mle". Comparing 
male and female homozygotes, it was found  that vg79d5 
had a less severe phenotype in  males, potentially due to 
a higher expression level (Figure 2F). 

Five other mutations were tested for  their response to 
mlefs (data  not  shown). Two  were nondosage compen- 
sating w alleles: w-apricot-like ( w@') ( n  = 3) and w-ivory 
( w') ( n  = 2).  There was no effect of mle'" on the phe- 
notypes of these. The  other  three included a w gene 
construct (F42) truncated 360 bp upstream of the  start 
site and  present in a P element vector on chromosome 
2 (LEVIS et al. 1985) ( n  = 2),  the hypomorphic 
w-apricot-2 (211"') ( n  = 2), which is a point  mutation in 
the  coding  sequence of w, and a duplication of w+ se- 
quences, Dp(I;I), w6Irl9 (GREEN 1963) ( n  = 2) in com- 
bination with zeste-1 which reduces expression from w+ 
when the  latter is in a paired or duplicated configura- 
tion. None of these genotypes showed an eye pigmen- 
tation response to rnle'". 

In total, the phenotypic analyses revealed three 
X-linked mutations were elevated in expression in mle" 
homozygotes, and six different w alleles were un- 
changed. Regarding autosomal mutations, four were el- 
evated, two were reduced, and  one was unchanged. 
While such assays are  more qualitative than quantitative, 
they  have the advantage of being an absolute, as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo p  
posed to a relative, measure of expression of  specific 
genes. The collective results served as an  impetus for the 
following molecular study. 

Effects  of mle& on enzyme  activities: The phenotypic 
observations were  of adult escapers of lethality. Earlier 

ADH IDH aGPDH GGPD 6PGD p-HAD 

FIGURE 4.-Effects of mle on larval enzyme activities.  Mean 
values ( n  = 10) are given in OD,,, spectrophotometric  units 
from enzyme activity  assay divided by ODs9, units from protein 
determination assay.  Bars represent 95% confidence intervals. 
mlefS homozygotes were of the genotype, mle" ugi9"' (see Fig- 
ure 2 for stock description). CS refers to Canton S strain. 

work on mle had tested for effects prior to the major 
lethal phase in late larvae to early pre-pupae. Accord- 
ingly, we repeated  the  earlier studies on enzyme  activi- 
ties. A stock was constructed  for this purpose  that in- 
cludes a dominant larval marker mutation, Tubby ( T b )  
on chromosome 3, linked to the chromosome 2 Cy0 
balancer by a reciprocal translocation (Figure 3). One- 
half  of the larvae from this stock are heterozygous for the 
translocation that carries ml& and the Tbmarker,  while the 
other half are mZ& homozygotes. The translocation was 
used  in order to include the Tbmarker  which gives a readily 
apparent larval phenotype. All data on enzyme  activities 
and RNA, described  below,  derive  from  this  stock. 

A previous report of the effects  of mle" on the activities 
of  several  enzymes  in  larvae  showed that mle" causes an 
activity reduction of  X-encoded  enzymes and has little 
effect on autosomally encoded  ones (BELOTE and Luc- 
CHESI 1980a). To examine  the enzyme expression in  ab- 
solute terms, we repeated six  of eight of these enzyme 
activity measurements relative to total protein on mle" 
males and females compared to Canton S wild-type 
males and females (Figure 4), and also determined total 
protein  per larva (see below). Three autosomally en- 
coded enzymes  were tested-alcohol dehydrogenase 
(ADH), isocitrate dehydrogenase (IDH) , and 
a-glycerophosphate dehydrogenase (aGPDH) . Each 
showed  statistically indistinguishable activity  levels  be- 
tween mle'" males and females; however, there were de- 
viations from the  Canton S values.  For  ADH, the mle" 
values were higher  than  Canton S in both sexes, and for 
IDH the values for  both sexes  were  lower, but changed 
from sexually dimorphic expression in Canton S to 
sexual equivalence in mle". 

Three X-encoded  enzymes  were tested: GGPD,  6PGD 
and &HAD. In two cases,  G6PD and GPGD, mle" male 
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920 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ. C. Hiebert andJ. A. Birchler zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TABLE 1 

Total protein  comparisons  between  Canton S and homozygous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mle" males and females 

Strain Sex zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn Mean SE M/F  ratio 

Canton S M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10  159.4 2.3 0.745 
F 10 214.0 2.2 

mk" M 10  148.7 2.0 
F 

0.789 
I O  188.5 2.5 

Mean values are in micrograms of total protein/larva.  Calculations 
were made  from OD,, spectrophotometric  units of n number of 
protein extram of five larvae each. Homozygous mle" were of the 
genotype mle" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvg"'''. Protein determinations were made  from a 
standard curve, generated  under identical conditions using bovine 
serum  albumin. 

levels  were reduced to approximately one-half the value 
in females. In the case of PHAD, mlefs male levels  were 
reduced relative to the elevated, overcompensated Can- 
ton S level  which  is  usually the case for this enzyme 
(BIRCHLER et d l .  1989),  thus  bringing its activity  down to 
the level  of dosage compensation between mle" males 
and females. These enzyme data,  both  Xand autosomal, 
are in  basic agreement with the previous enzyme  analysis 
of mle". 

In these enzyme activity determinations,  an  aliquot of 
each sample was diverted to an assay for total protein, to 
be used as a  standard in individual samples. The same 
data were pooled to determine  whether mle" male/ 
female total protein ratios were changed relative to 
those of the wild-type strain Canton S. Between strains, 
total protein per male or female larvae was significantly 
different  at  the 95% level,  as  were the male/female ra- 
tios (Table 1). These differences were not of a magni- 
tude sufficient to account  for  the observed effects of mle" 
on enzyme activities. 

Effects of mle" on Xand autosomal mRNA levels: To 

take the analysis  of mZe'" closer to  the level  of transcrip 
tion, steady state RNA levels were measured on  northern 
blots of total RNA from larvae, using arbitrarily selected 
probes for 15 X-linked or autosomal loci. To control  for 
differences in RNA hybridizations and preparations, 
each probe was used on multiple blots, and with  RNA 
from at least three  separate  preparations. 

In these experiments, the central question was 
whether  the  abundance of  specific transcripts per  unit 
DNA template was altered in the mZefs mutant larvae. 
Pertinent to this objective was the choice of ribosomal 
RNA as a  control  for  loading differences between lanes. 
Because the vast majority of RNA species in a total prepa- 
ration is  rRNA, i t  was possible to address the question of 
whether equivalent amounts of total RNAfrom different 
genotypes reflect the  contribution of equivalent 
amounts of DNA.  We answered this by measuring total 
DNA/rRNA ratios of the  four genotypes using a tech- 
nique  for  the simultaneous recovery  of DNA and RNA 
(see MATERlALS AND METHODS). A photographic negative 
of an  ethidium stained gel containing triplicate prepa- 

A 

B 
0.5 1.0 1.5 2.0  2.5 3.0 3.5  4.0  4.5  5.0 

FIGCRE 5.- Determination of  DNA/KNA ratios in mle" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
71g'"'~ males and females, and in mk" 7~g"" '~ /++;  T(2;3), 
Cy0 T b / + +  males and females. (A) Photograph of the 
ethidium bromide-stained agarose gel used to generate  the 
data in Table 2. Three replicate total nucleic acid extractions 
are shown for  each  genotype. The  amount loaded in each 
lane is 1.5 pg. The  top  band is genomic DNA, the lower bands 
are 28s rRNA, as  confirmed by  DNase I and RNase A diges- 
tions. Relative quantification was made by laser scanning den- 
sitometry of a photographic negative at low scan speed. Only 
the most predominant rRNA band was measured. (B) Linear 
dilution series of total nucleic acid, from 0.5 to  5 pg in in- 
crements of 0.5 pg. Densitometric scanning established a lin- 
ear response range in  which  1.5 pg occupied  a  central po- 
sition. These samples in both (A) and (B) were 
electrophoresed in the same gel. 

rations (Figure 5A) was analyzed by laser scanning den- 
sitometry, as was a  linear dilution series in the same gel 
(Figure 5B) to establish the  standard curve. The results 
of this analysis are shown  in Table 2. Between  sexes  of 
either genotype there were  only slight differences in 
DNA/RNA ratios; however,  between genotypes ( T b / +  
vs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+/+) the differences were greater. Comparing ho- 
mozygous  males to heterozygous males, it was found  that 
heterozygotes had 12.2% more RNA per  unit DNA than 
homozygotes (significant at  the 95% level), presumably 
the effect of the Tb marker. This factor was used to con- 
vert band densities, after adjusting for loading, in the 
analysis  of northern  data (see below). 

Figure 6 shows representative northern blot autora- 
diograms of 8 X-linked and 7 autosomal probe hybrid- 
izations. The X-linked white gene showed no difference 
between homozygous and heterozygous males (Figure 
6A), a result consistent with phenotypic data (Figure 
lD), while on  the same blot the autosomal Adh gene was 
markedly increased in  homozygous  males (Figure 6A). 
The autosomal p I-tubulin ( p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATub56D) and  Rp49gene 
transcripts were not significantly affected between het- 
erozygous and homozygous  males (Figure 6B). The 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

DNA/RNA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAratios in homozygous and heterozygous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd e "  males 

and females 

Genotype Sex zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn Mean ratio SE 

mld'/mle" M 3 0.402 0.008 
F 3 0.412 0.014 

mle"/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ M 3 0.358 0.030 
F 3 0.371 0.004 

Ratios were calculated from values obtained by scanning laser den- 
sitometry of a negative of the ethidium stained gel  shown  in  Figure 
5A, based on  the linear response obtained by scanning the gel  shown 
in  Figure 5B. Homozygous mld' were of the genoty e mld' vgi9'". 
Heterozygous mle" were of the genotype mle" ug7"'/++; T(2;3), 
Cy0 T b / + + .  

X-linked rudimentary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( r )  gene transcript was apparently 
increased in homozygous males relative to heterozygotes 
(Figure 6C),  but differences in band densities between 
these genotypes were not significant at  the  95% level 
(Table 3), although at  the phenotypic level r expression 
showed an increase (Figure 1 G )  . On the same blot, the 
autosomal brown ( b w )  transcript was markedly reduced 
in homozygous males relative to heterozygotes. The 
sexual dimorphism of b w ,  evident  in the heterozygotes,  in 
which the male level of transcript is approximately twice 
that of  females,  has been noted previously (&INOW et al. 
1991). The transcripts of the autosomal suzrkt (s t )  gene 
and  the X-linked vermilion ( v )  gene were both greatly 
increased in abundance in homozygous males (Figure 
6D). The X-linked yellow ( y )  gene was virtually unaf- 
fected in homozygous males compared to heterozy- 
gotes, whereas the  transcript of the X-linked sisterless-b 
(sis-6) gene was reduced (Figure 6E). Probes of the 
X-linked Sgs4 and  the autosomal Sgs3 genes served to 
repeat  an  earlier  experiment  on  the effect of mle'" in 
which it was found  that  the  former was reduced relative 
to  the  latter ( BREEN and LUCCHESI 1986).  Here a similar 
result was found; while Sgs3 was not affected in homo- 
zygotes, Sgs4 was reduced (Figure 6F). 

The genes  encoding  the dehydrogenases, GGPD, 
(YGPDH and GPGD, are designated Zw,  Gpdh and Pgd, 
respectively. Togetherwith Adh, they correspond to four 
of the six enzyme activity measurements  presented 
above. The steady state RNA responses of these enzyme 
loci to mle" did not correlate with the responses of their 
respective  activity  levels (Figure 4). In the case  of Adh, 
its RNA level was greatly increased in homozygous males 
(Figure 6A), whereas at  the enzyme level there was no 
significant difference. The Gpdh probe also  gave a result 
different from that of its enzyme product; instead of 
equivalence between homozygous males and females, 
there was an increase in homozygous males and a de- 
crease in homozygous females, while the heterozygotes 
were equivalent (Figure 6G).  In  the case  of GPGD, the 
Pgd probe  did  not  detect a reduction in RNA (Figure 
6G), as observed at  the enzyme  level.  Similarly,  enzyme 
activity  of  G6PD was reduced in mle" males relative to 

m/e" m d k  

@ Q @ Q  
" 

(X-linked) 

(autosomal) 
Adh - 

rRNA - 

r 
(X-linked 

bw - 
tautosoma 

'. .. " 

rRNA 

E m/d' m/e"/+ 

@ Q @ Q  
- - - a m  

(X-linked) 

rRNA - 

SiS-b 
(X-linkel 

rRNA 

(X-linked) 
sgs4 - 

B " @ Q @ Q  
m3' m/e'*/+ 

(autosomal) 
p Tub560 - 

rRNA -- 

D " m/d' m/e"/+ 
@ Q @ Q  

st - 
(autosomal) 

(X-llnked) v - p m *  
rRNA- w. 

3 9 8 9  
m/d" m/e'k 

Pgd -. 
(X-linked) 

sgs3 - 
(autosomal) 

rRNA - 
FIGURE 6.-Northern  analysis  of X and autosomal loci 

in mle" vg"" males and females, and in mle" vgi9d5/+ +; 
T(2;3), C y 0  Tb /+  + males and females. See  text  for descrip 
tions. The locus from which the  probe was derived is indicated 
along with  its genomic position, either X-linked or autosomal. 
Below each  panel is the  corresponding rRNA loading  control. 
Blots were hybridized with antisense RNA probes and each 
lane  contains 10 pg total RNA. 

females, but its mRNA  was unaffected as shown by the 
Zw probe,  and a higher molecular weight RNA species 
was greatly increased in abundance (Figure 6G). There- 
fore, for these loci there  are incongruities between en- 
zyme and mRNA  levels for the same gene. The larvae for 
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TABLE 3 

Transcript  abundance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAratios of male zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmle" homozygotes/ 

heterozygotes 

Locus  Chromosome n Ratio SE 

zuhile X 5 0.98 0.05 

m d i m e n / n ~  X 3 1.53 0.37 
vermil ion X 3 6.05* 0.32 

%7u (G6PD) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" X 3 0.98 0.13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Pgd (6PGD) '' X 6 0.82 0.06 

sis-6 X 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.61* 0.03 

yrllo711 X 3 0.90 0.21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A d h  2 I ,  4 4.52* 0.39 

Gpdh (aGPDH) " 2 I ,  4 2.25* 0.23 

bromn 2R 5 0.05* 0.02 
p 7'1I h5 61) 2 R 3 1.01 0.08 
smrld 3 I ,  3 7.31* 0.40 

Rp4 9 3R 5 1.24 0.16 

Rand densities were measured by scanning laser densitometry. 
Homozygote/heterozygote ratios are  means of' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn number of ratios, 
obtained by scanning  multiple  northern  blot  autoradiograms of the 
type shown in Figure 6. Prior to determining ratios, band  density 
\dues  were adjusted for loading  differences,  and for different  DNA/ 
RNA ratios in mld' homozygotes relative to heterozygotes  (Table 2). 
T o  qlrantitate RNA data, densitometry was performed  using autora- 
diograms with non-saturating  exposure levels. The suitability of rRNA 
as a control for loading  differences was determined by scanning 
rRNA bands in serial dilutions, which established a linear  response 
range for amount of RNA loaded  per  lane, in which 10 pg  occupied 
a central position  (see MATERIAIS ,wn METHODS). Homozygous mld' 
were of the  genotyye mle" vgiWr. Heterozygous mle" were of the 
genotype mle" 71g""' /++; T(2;3), Cy0 T b / + + .  

" The  corresponding  enzyme  name is given in parentheses follow- 

ing its structural gene  name. 
* T h e  indicated ratios were determined to differ from 1.0 with 

greater than 9.3% confidence. 

Sgs 4 X 5 0.54* 0.03 

sg.s3 3 I .  4 0.84 0.06 

both  the enzyme and RNA analyses were collected in an 
identical manner, so these differences cannot  be attrib- 
uted to collection procedures.  This situation is discussed 
further below. 

Male homozygote/heterozygote ratios of  mRNA  ac- 
cumulation  are  presented in Table 3. Of the  eight 
X-linked  loci tested, two showed significant reduction 
below 1.0-Sgs4 and si-b. One Xlinked locus, v, was sig- 
nificantly increased. Of the seven autosomal loci tested, 
three were  significantly  increased-Adh, Qdh and st. One 
autosomal  locus, hru, was significantly decreased. 

Another test of the effect of mlefs on steady state RNA 
levels was done by probing  northern blots with two large 
genomic  segments  present in yeast artificial chromo- 
some (YAG) constructs (CAW. et al. 1989). These were 
used to test for  a  generalized effect of mle" on many 
autosomal or X-linked  loci by assaying large segments of 
the respective chromosomes. One of these, N23-10, con- 
tains X  chromosome  sequences covering the cytological 
position 8E3-9B12 (210-kb insert).  The  other, R14-41, 

contains  chromosome 2 sequences covering the posi- 
tion 47A1-16  (210-kb insert). Figure 7  (left  panel) shows 
that  the N23-10 probe hybridized more strongly to the 
homozygous male lane  than any of the others.  This hy- 
bridization apparently derives from a single high mo- 

m/e" m/etS/+ 
" 

YAC N23-10 
X-linked 

rRNA 

m/ets m/ets/+ 

c r 9 d 9  
" 

I 
YAC R14-41 
Autosomal 

rRNA 

FIGURE 7.-Northern analysis using DNA probes  from 
210-kb X-linked and  autosomal yeast artificial  chromosomes 
(YAG).  (Left)  The  probe was N23-10, an X-linked YAC at 
cytological position 8E39B12.  (Right) The probe was R14-41, 
an autosomal YAC on chromosome 2 at position 47A1-16. 

lecular weight RNA that is present in high abundance 
and  that obscures the  detection of  lesser  species. The 
R14-41 probe showed a similar, but  more dramatic dif- 
ference in signal, with homozygous males  showing a 
much  greater level  of hybridization than  the other geno- 
types for two different high molecular weight RNAs (Fig- 
ure 7, right  panel). In neither of these experiments is 
generalized RNA degradation responsible for the dif- 
fuse hybridization within lanes; re-probings with  rRNA 
(see Figure 7) and  other single copy probes  (data not 
shown) demonstrated  that  the RNA in the lanes was in- 
tact. In addition to the strongly hybridizing bands de- 
tected by R14-41, there were at least five other faintly 
hybridizing RNAs, four of  which appeared to be in- 
creased in mle',!'" homozygous males. The YAG undoubt- 
edly contain  sequences  homologous to many transcripts, 
but it was not possible to determine from these autora- 
diograms exactly  how  many transcripts contributed  to 
the overall signal. 

DISCUSSION 

We have analyzed the expression of X and autosomal 
loci at  three levels-phenotypic, protein and steady state 
mRNA, showing that mle" has effects at each. Pheno- 
typically, three of four X-linked  loci were slightly  in- 
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creased in expression while one was unchanged; expres- 
sion of autosomal mutations was elevated in four cases, 
reduced in two, and  unchanged in one. Of the  eight 
X-linked loci tested at  the RNA level, two showed sig- 
nificant reduction, one was significantly increased, and 
five were unchanged; of the seven autosomal loci tested, 
three were  significantly increased in expression, one was 
significantly decreased, and  three were unchanged. The 
autosomal YAC gave a  larger increase than  the  one de- 
rived from  the X. Also,  in some cases, an effect in ho- 
mozygous females was detected. Overall, these data  are 
inconsistent with the hypothesis that  the effect of the 
mlefS mutation is to eliminate dosage compensation. 

Previously, the  lethal effect of  mle  was attributed to a 
reduction of X  chromosome expression to one-half the 
normal level in males. The positive and negative effects, 
on  both X-linked and autosomal gene expression re- 
ported  here, were largely restricted to homozygous 
males. Thus,  the male lethality of  mle"  is likely caused by 
male-limited effects related to those described here. 

The MLE and  MSLl proteins  bind to the  X  chromo- 
some in males (KURODA et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1991; PALMER et al. 1993). 
In  the case  of MLE, this process depends on the func- 
tions of the msl-1,  msl-2 and msl-3 loci (GORMAN et al. 
1993). Because  of these interactions,  it is possible that 
the products of  all  of these loci, as  well as the male X 
chromosome-specific acetylated form of histone H4 
(TURNER et al. 1992), act together in producing  the ef- 
fects reported  here. 

Besides the  present  experiments, one  other study has 
tested for  an effect of mle on an X-linked mutant phe- 
notype. GERGEN (1987) showed that dosage compensa- 
tion is operative at  the blastoderm stage of embryogen- 
esis, and demonstrated  that mle, msl-1 and msl-2 each 
had no effect on  the X-linked runt mutant  phenotype. 
The results were interpreted to suggest that  at this de- 
velopmental stage a  separate mechanism operates  to 
achieve dosage compensation. In  the  present study, later 
developmental stages  have been tested, during which 
several X-linked genes were found to be similarly unaf- 
fected by  mle. 

Previous studies of gene expression in mle larvae em- 
ployed polytene chromosome transcriptional autoradi- 
ography, enzyme  activity measurements, and mRNA 
analysis  of two loci (see  Introduction).  The conclusion 
in each of these was that mle caused a decrease of 
X-linked gene expression to one-half of normal, and 
therefore  represented  a  function directly involved  in the 
hyperactivation of the male Xchromosome.  In  the tran- 
scriptional autoradiography studies involving the alleles, 
mle' or mle" (BELOTE and LUCCHESI 1980a; OKUNO et al. 
1984), however, inspection of the absolute data indi- 
cates that  the  reduced X:autosome transcription ratio in 
each of three  experiments derived not from  reductions 
in  Xactivity  values but from elevations of autosomal Val- 
ues. The same is true in a  separate  experiment involving 

a heteroallelic combination at the msl-3 locus (OKUNO 
et al. 1984). Since only  relative Xautosome ratios were 
sought in those experiments,  controls on absolute grain 
count variation between males and females or between 
heterozygotes and homozygotes were not imposed. Nev- 
ertheless, a  unanimous  trend is apparent  that autosomal 
transcriptional activity  is increased in males  homozygous 
for male-specific-lethal mutations. Because our results 
show  several  cases  of increased expression of autosomal 
genes, it is formally  possible that  the  reduced  Xauto- 
some ratios reported previously resulted from overall 
elevations in autosomal gene expression. Although ef- 
fects in both  directions were found  on  both  the  X  and 
the autosomes, a  greater  proportion  of autosomal loci 
showed elevations as compared  to X-linked  loci  showing 
reductions. Thus,  the cumulative effect, as measured by 
polytene chromosome  autoradiography, could be in- 
creased autosomal transcription. 

Significant discrepancies were observed between the 
enzyme  activity data of ADH, GGPD,  GPGD and  aGPDH, 
and  the mRNA  levels  of their respective structural 
genes-Adh, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZw, Pgd and Gpdh. The enzyme  activity data 
agreed generally with that from four male-specific lethal 
loci  analyzed  previously-mle", msl-I, msl-2 and msl-3 
(BELOTE and LUCCHESI 1980a) in that X-encoded en- 
zymes  were reduced; however, the mRNA levels  gave a 
different response. As alluded to above, this difference 
was also found between enzyme  activities and absolute 
autoradiography  data in the original study (BELOTE and 
LUCCHESI 1980a).  These discrepancies are not attribut- 
able to any  lack  of  sensitivity  of the enzyme  activity  meas- 
urements, because the assays  have been optimized for 
linear responsiveness under  the conditions used in these 
experiments (BIRCHLER et al. 1989). Unlike the situation 
with  larval expression of  X-encoded  enzymes, the  adult 
phenotypic responses of certain X-linked  loci to mle" 
showed a  direct  correlation with their respective mRNA 
responses. These loci include w (Figures lD, 1E and 6A) 
and T (Figures 1G and  6C). These phenotypic effects 
would be  determined at the  pupal stage. Although in 
general  a  correlation between enzyme  activity and  phe- 
notypic expression would be expected as  well, the dif- 
ferent types  of effect observed might depend  on  the de- 
velopmental stage. The activity  levels  of the X-encoded 
enzymes, GGPD,  GPGD, and PHAD were examined in 
adult males and  found to be unaffected by  mle" com- 
pared to heterozygous controls (data  not  shown).  Thus 
the enzyme reductions  are specific to the larval stage. We 
have  shown that total protein level  between  males and 
females is changed only  slightly by mle" (Table l ) ,  and 
that  the total RNA/DNA ratio is unchanged  (Table 2), 
permitting speculation that because an  apparent in- 
crease in mRNA does  not result in increased protein, 
factors required  for translation could be limiting in  mletS 
larvae. If autosomal gene expression is generally in- 
creased in mlelS males and  X expression more  or less 
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unchanged (see above),  then competition for transla- 
tion would result in an overall reduction of  X-encoded 
enzyme  activities per total protein  in homozygous males 
relative to  the other genotypes, whereas mRNA  levels  of 
Xlinked genes relative to rRNA  would be nearly equal. 
Since the bulk of the data implicating the four male- 
specific lethal mutations in hyperactivation of the male X 
chromosome comes from enzyme  studies, our results  sug- 
gest a reinterpretation of their mutational effects. Further 
study will be required to understand this  situation. 

Male-specific  lethal  genes and the  evolution of sex 

chromosomes: Dosage compensation may be viewed 
from the  standpoint of the evolution of  sex chromo- 
somes and the effects  of aneuploidy on gene expression. 
The evolution of heteromorphic sex chromosomes from 
originally homologous pairs is considered to have  oc- 
curred repeatedly in higher eukaryotes, and  the exist- 
ence of numerous species that display intermediate 
stages  suggests that  the transition to heterogamy is 
gradual (CHARLESWORTH 1991). The transition to dosage 
compensation  should likewise take place in a stepwise 
manner, especially in Drosophila for which  whole arm 
monosomy, a condition equivalent in chromosome con- 
stitution to males, is an embryonic lethal  condition 
(FITZ-EARLE and HOLM  1979). Consistent with this idea, 
incomplete dosage compensation has been observed for 
the evolving  X’sex chromosome ofDrosophila miranda 
(STROBEL et zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAal. 1978). 

The effects of monosomy on  gene expression are 
more complicated than a simple twofold reduction of 
linked gene expression in light of studies on whole arm 
trisomy and segmental aneuploidy. In trisomies of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2L 
and 3L, most genes monitored  on  the varied arms were 
found  to  be dosage compensated, with others showing 
dosage effects (DEVLIN et al. 1988). Most unlinked  genes 
that were monitored were reduced in expression, ex- 
hibiting an inverse response to the trisomics. Other ex- 
periments on segmental aneuploids have demonstrated 
inverse and  direct effects on the expression of genes 
unlinked to the varied segments (O’BRIEN and GETHMAN 
1973; RAWS and LUCCHESI 1974; HODGETTS 1975; HALL 
and KANKEL 1976; PIPKIN et al. 1977; DETWILER and 
MACINTYRE 1978; MOORE and SULLIVAN 1978;  OLIVER et al. 
1978; KENNISON and RUSSELL  1987; SABL and BIRCHLER 
1993).  Thus,  the  lethal effect of monosomy is  likely due 
to changes in expression levels of genes  both linked and 
unlinked to the varied chromosome. 

As the  chromosome  destined to form the Y becomes 
more  degenerate, trans-acting dosage effects on X and 
autosomal gene expression would become more preva- 
lent in males due to an effective change in X dosage. 
During the evolution of  sex chromosomes, we hypoth- 
esize a tendency toward suppression of these effects 
given the usual near equality of both X-linked and au- 
tosomal gene expression between males and females. 
While  inverse regulation could have been  recruited as a 

mechanism to compensate the expression of  X-linked 
genes by X-linked regulatory loci, inverse and direct ef- 
fects of the X chromosome  upon  the autosomes would 
need to be ameliorated. Such refinement would require 
a function to distinguish between the X and autosomes. 
The  product of mle along with other male-specific lethal 
loci may serve such a function as evidenced by results 
showing  its preferential localization to  the male X chro- 
mosome (KURODA et al. 1991),  the mechanism for dis- 
tinction being as  yet unknown. 

It  perhaps  could  be  argued  that  the MLE protein, hav- 
ing homology with nucleic acid helicases (KURODA et al. 
1991),  might  interact directlywith the loci examined in 
these experiments  at  the level of transcript elongation 
or pre-mRNA processing. This is suggested by the fact 
that many of its effects are  greater  than twofold and 
dosage-sensitive  effects are usually  within the twofold 
range. Also, the mle mutational effect does not equal that 
of “monosomy” for the X chromosome, because mb mu- 
tants die during the third lmal instar or early pupal stages 
and  not during embryogenesis as do autosomal  whole zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAarm 
monosomics. Therefore, m b  mutants do not mimic  com- 
pletely the simple predictions of  loss  of dosage compen- 
sation or loss of modification of dosage  effects. 

Nevertheless, there  are several observations that  argue 
that  the MLE protein is involved in X and autosomal 
distinction. First, the  autoradiographic  data repeatedly 
exhibit an  altered X to autosomal ratio with the auto- 
somal levels  showing an absolute elevation in  the ho- 
mozygous mle males. Also the enzyme  analyses  show a 
differential effect of X and autosomally encoded  prod- 
ucts with the X products being reduced  per total protein 
in  larvae. This difference, however, appears to be due to 
a generalized increase in autosomal expression with a 
limitation on translation, as evidenced by the northern 
analysis of the RNA from the same genes with absolute 
standardization, via ribosomal RNA, to the DNA con- 
tent. Overall, on the RNA level, few X-encoded products 
are  reduced,  but several  of the autosomal ones  are el- 
evated. Last, there is a preferential association of the 
MLE protein with the  Xchromosome in wild-type males 
(KURODA et al. 1991), suggesting a chromosome specific 
basis for its  effects, either by its presence on the X, its 
absence from the autosomes, or both. The  group of 
male-  specific lethal genes  might have been  recruited 
during evolution for a chromosome-specific modifica- 
tion of inverse and direct effects produced by the re- 
duced dosage of the X chromosome in males. 

The various subclones used to generate RNA probes were  kindly 
provided by S. BECKENDOW, R. GANGULY, P. GEYER, S. HENIKOFF, A. HOW- 
ELLS, R. LEVIS, J. LUCCHESI, J. MODOLLEL, M. MORTIN, L. RABINOW, L. 
SEARLES, D. SULLNAN and W. ZERGES. The mle” stock  was provided by 
J. LUCCHESI. We thank U. BHADRA, C. CARSON, A. CSINK, M. G~LOMB and 
M. Guo for critical reading of the manuscript. Stocks  were obtained 
from the Indiana Drosophila Stock Center, Indiana University, and  the 
Bowling Green Drosophila Stock Center, Bowling Green, Ohio. This 
work  was supported by grants from the National Science Foundation. 
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