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ABSTRACT 
Drosophila  afinidisjuncta and Drosophila hawaiiensis are closely related species that display  distinct 

tissue-specific  expression patterns for their  homologous  alcohol  dehydrogenase  genes (Adh genes). In 
Drosophila  melanogaster transformants,  both  genes are expressed at high  levels  in the  larval  and  adult 
fat  bodies,  but  the D.  afinidisjuncta gene is  expressed  10-50-fold  more  strongly  in the larval  and 
adult  midguts  and  Malpighian  tubules. The present  study  reports  the  mapping of  cis-acting  sequences 
contributing  to  the  regulatory  differences  between  these two genes in transformants.  Chimeric  genes 
were constructed  and  introduced  into  the  germ  line of D. melanogaster. Stage-  and  tissue-specific 
expression  patterns  were  determined by measuring  steady-state RNA levels  in  larvae  and  adults. 
Three portions of the promoter  region make distinct  contributions  to the tissue-specific  regulatory 
differences  between the native  genes.  Sequences  immediately  upstream of the  distal  promoter  have a 
strong  effect in the adult Malpighian  tubules,  while  sequences  between the two promoters are relatively 
important in the larval  Malpighian  tubules. A third  gene  segment,  immediately  upstream of the 
proximal promoter, influences  levels  of the proximal Adh transcript in  all  tissues  and  developmental 
stages  examined,  and  largely  accounts  for the regulatory  difference in the larval  and adult  midguts. 
However,  these  as  well  as other sequences make  smaller contributions  to  various  aspects of the tissue- 
specific  regulatory  differences.  In  addition,  some  chimeric  genes  display aberrant RNA levels  for the 
whole organism,  suggesting  close  physical  association  between  sequences  involved  in  tissue-specific 
regulatory  differences  and  those  important  for Adh expression in the larval  and  adult  fat  bodies. 

N ATURALLY  occurring  regulatory variation is a 
source  of  genetic variability that may contribute 

significantly to interspecific  differences in anatomy 
and physiology (WILSON 1976; WHITT 1983). The 
resultant  temporal  and spatial alterations in patterns 
of  gene  expression  could  be at least as important in 
evolution as changes in the  primary  structures of 
proteins.  Moreover,  contemporary  expression  pat- 
terns  for developmentally  regulated  genes  must  re- 
flect historical contributions  from such inherited al- 
terations in gene  expression. 

Drosophila alcohol dehydrogenase  genes (Adh 
genes)  provide  an ideal model system for studying the 
underlying  genetic bases of regulatory  variation. 
These genes  have  been used extensively in analyses of 
evolutionary patterns of  DNA  sequence  alteration 
(KREITMAN 1983; FISCHER and MANIATIS 1985; Ro- 
WAN and DICKINSON 1988, Menotti-Raymond, 
Starmer  and SULLIVAN 199 1 ; KREITMAN and HUDSON 
1991). Similarly, it is well documented  that  various 
species of Drosophila display complex and distinct 
tissue- and stage-specific patterns of  expression for 
their homologous Adh genes (DICKINSON 1980a; BAT- 
TERHAM et al.  1983; ROWAN and DICKINSON 1986). 
These tissue and stage specificities of Adh expression 
are linked in many, but  not all, species to  the alter- 
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native utilization of  two  promoters,  termed distal and 
proximal,  for a single structural  gene (BENYAJATI et 
al.  1983; BATTERHAM et al.  1984;  BRENNAN et al. 
1984; ROWAN, BRENNAN and DICKINSON 1986; Ro- 
WAN and DICKINSON 1986; SAVAKIS, ASHBURNER and 
WILLIS 1986; LOCKETT and ASHBURNER 1989). 

Experiments  employing interspecific hybrids of Ha- 
waiian picture-winged Drosophila (DICKINSON 1980b; 
DICKINSON and CARSON 1979)  and P element-me- 
diated  transformation of Drosophila  melanogaster 
(FISCHER and MANIATIS 1986;  BRENNAN  and DICKIN- 
SON 1988; BRENNAN, Wu  and BERRY 1988; SULLIVAN 
et al.  1990;  Wu, MOTE and  BRENNAN  1990) have 
demonstrated  that  major differences in the tissue- and 
stage-specific expression  of Adh genes are controlled 
by cis-acting elements  linked  to  the  corresponding 
structural genes. Yet, how the organization and  inter- 
dependence of cis-acting elements  relate to species- 
specific regulatory  patterns  remains  unclear. 

The Adh genes  of the closely related Hawaiian 
picture-winged species, Drosophila  affinidisjuncta and 
Drosophila  hawaiiensis, display both  shared  and spe- 
cies-specific aspects in their  expression  patterns. In 
these species, the larval and  adult fat bodies are  the 
major sites of alcohol dehydrogenase  (ADH)  produc- 
tion-a feature  common  to all species of Drosophila 
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analyzed  thus far. However,  the D. a&nidisjuncta gene 
is expressed  at  high levels in the  midgut and Malpi- 
ghian  tubules  in  both  larvae  and  adults,  but  the D. 
hawaiiensis gene is expressed weakly in  the larval 
midgut  and  at still lower levels in larval and  adult 
Malpighian  tubules and  in the adult  midgut (DICKIN- 
SON 1980a;  ROWAN  and DICKINSON 1986).  Similar, 
gene-specific,  expression  patterns  are  found  when  the 
Adh genes  from  these  two  species are introduced  into 
D. melanogaster (BRENNAN  and DICKINSON 1988; 
BRENNAN, Wu and BERRY 1988;  Wu, MOTE and 
BRENNAN  1990). 

To map  sequences  contributing  to  the  regulatory 
differences  displayed by these  (parental)  genes  in 
transformants, we investigated  the  consequences of 
exchanging  homologous  segments of the  two  genes. 
We  found  that  multiple  sequences are involved  in the 
regulatory  differences  between  the  parental  genes. 
Three  gene  segments  in  the  promoter  region  have 
large  and  somewhat specific  effects,  while other por- 
tions of the  genes  have  smaller,  quantitative  effects. 
Some  gene  fragments,  when  exchanged,  cause  both 
large changes  in tissue-specific RNA levels and small 
but significant  changes  in systemic RNA levels. This 
suggests that cis-acting sequences  important for 
expression in the larval and  adult  fat  bodies  (the  major 
and  common sites  of ADH  production) are closely 
associated  with  those  responsible for evolved, tissue- 
specific  differences. 

MATERIALS AND METHODS 

Drosophila  stocks: The D. afinidisjuncta stock, S36G1, 
and  the D. hawaiiensis stock, J 14B8, were used  as sources of 
genomic DNAs (DICKINSON 1980a). In all  cases, the D. 
melanogaster stock, AdP6cn; rySo6 (constructed and provided 
by J. POSAKONY), was used  as a host for P element-mediated 
transformation. The A d P 6  allele produces a low level  of 
incompletely  processed Adh RNA but  no detectable ADH 
protein (BENYAJATI et al. 1982). All D. melanogaster stocks 
were maintained on Formula 4-24 instant Drosophila  me- 
dium (Carolina Biological  Supply Co.) at 25'. 

Gene  construction and P element-mediated  transfor- 
mation: DNA and RNA manipulations were done by stand- 
ard methods (MANIATIS, FRITSCH and SAMBROOK 1982). 
Cloning and characterization of the D. afjnidisjuncta and 
the D. hawaiiensis Adh genes have been reported  (BRENNAN 
et al. 1984; RABINOW and DICKINSON 1986;  BRENNAN  and 
DICKINSON 1988). All chimeric genes were constructed from 
these two parental genes. In all  cases,  plasmids bearing Adh 
genes were digested with BglII, treated with the Klenow 
fragment of DNA polymerase to  produce blunt ends, and 
digested with XhoI. Fragments containing parental or chi- 
meric Adh genes were introduced into  the  P element vector, 
Carnegie 20 by directional insertion into  the HpaI and Sal1 
sites (RUBIN and SPRADLING 1983). Transformants carrying 
the D. hawaiiensis gene thus differ from those described 
previously  in that Carnegie 20, rather than pUChs-neo, was 
used as a vector (WU, MOTE and BRENNAN 1990). All 
plasmids  were purified by  CsCl density gradient centrifu- 
gation prior to use for microinjection. 

Each  plasmid (375  rg/ml) was injected into D. melano- 
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0 1 kb r- 
FIGURE 1.-The parental Adh genes introduced  into the germ 

line of D. melanogaster. The genomic regions are aligned in order 
to allow comparison of their organization. Arrows labeled D  and P 
designate, respectively, the distal and proximal promoters for each 
gene. Restriction endonuclease cleavage  sites  used for construction 
of chimeric genes are shown by vertical lines. XhoI linkers were 
added to  the 3' end of the each gene to allow insertion into the P 
element vector. The processing patterns  for  the distal and proximal 
transcripts are shown  below the  gene maps (ROWAN,  BRENNAN and 
DICKINSON 1986; ROWAN and DICKINSON 1988). Dark boxes rep- 
resent exons present in the mature Adh RNAs. The open box below 
the gene maps represents  the anti-sense RNA probe used for 
RNAase protection assays. Fragments protected from RNAase 
digestion are shown  as empty boxes above the transcription maps. 
The RNA fragment  protected by the proximal transcript is 32 
nucleotides longer than the one  protected by the distal transcript. 

gaster embryos with the helper plasmid, pUChsr,  at 100 pg/ 
ml (SPRADLING and RUBIN 1982; RUBIN and SPRADLING 
1982; STELLER and PIRROTTA 1986). The ry' proEeny  of 
injected individuals were mated to flies from the r y 5  stock. 
Further genetic analysis and the construction of homozy- 
gous  lines were as described previously (BRENNAN  and DICK- 
INSON 1988). All stocks carried single, intact transposons in 
autosomal locations  as confirmed by standard genetic analy- 
sis and genomic SOUTHERN (1 975) analysis. Third chromo- 
some integrations that caused  lethality  when  homozygous 
were maintained over the balancer chromosome, TM3 (LIN- 
DSLEY and GRELL  1967). 

RNAase protection  assays: Nucleic  acid  samples  were 
prepared from feeding third instar larvae aged 7-8 days 
post hatching and from adults aged 4-7  days after eclosion. 
Total nucleic  acids were isolated from whole  animals or 
hand-dissected tissues by homogenization in  RNA extrac- 
tion buffer [ 100 mM Tris-HCI, 50 mM EDTA, 1% sodium 
dodecyl sulfate (pH 7.4)], containing 1 mg/ml  freshly added 
proteinase K. Homogenates were incubated for 1-4 hr  at 
37" and extracted twice  with an equal volume of chloro- 
form:isoamyl  alcoho1:phenol  24: 1 :24 (v/v/v) followed by 
ethanol-precipitation. Nucleic  acids  were  dissolved in water 
prior to use. 

Three anti-sense  RNA probes were  used for RNAase 
protection. Different probes were used for genes carrying 
NaeI to NruI fragments from D. afinidisjuncta and D. ha- 
waiiensis. Each is complementary to exon one of the proxi- 
mal transcript and exon two of the distal transcript for  the 
corresponding gene (Figure 1). The third probe is comple- 
mentary to exon two  of the cytoplasmic actin 5C gene 
(BURN, VIGOREAUX and TOBIN 1989). Actin 5C  mRNAs 
carrying this exon are known to be expressed constitutively 
at low levels  in  many  tissues  of D. melanogaster (BOND and 
DAVIDSON 1986; BURN, VICOREAUX and TOBIN 1989). The 
plasmids  used  as templates for synthesis of the anti-sense 
Adh probes were made by inserting PuuII-Sty1 fragments 
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(extending from -67 to +I52 relative to the proximal cap 
site) from the D. afinidisjuncta or D. hawaiiensis  Adh genes 
into the polylinker  of  pBluescript I1 (Stratagene). The tem- 
plate plasmid for synthesizing the actin 5C probe (pE2) was 
provided by S. TOBIN (BURN, VIGOREAUX and TOBIN 1989). 
Transcription of linearized  plasmid DNAs  with T 7  RNA 
polymerase was according to the supplier’s (Stratagene) 
recommendations. Adh RNA probes were purified by  size- 
fractionation on 1.5% agarose gels prior to use. 

Actin and Adh  RNA probes (1 00,000 cpm  of each)  were 
combined in hybridization buffer [80% formamide, 400 mM 
NaCI, 1 mM EDTA and 40 mM PIPES (pH 6.4)] with 
approximately 1 pg  of  total  nucleic  acids.  Hybridization (at 
42O), RNAase  digestion, and sample preparation were as 
described (ZINN, DIMAIO and MANIATIS 1983). Protected 
fragments were fractionated on 8% polyacrylamide-urea 
gels (MAXAM and GILBERT 1980). 

Signal strength was determined by scanning densitometry 
of X-ray  films.  Relative  RNA  levels  were  expressed  as a 
ratio of  Adh-specific to actin-specific protection products. 
Multiple  exposures  were  scanned to insure that the film 
response for both actin and Adh  was within the linear range. 
Because the absolute levels of actin 5C transcripts in various 
tissues are not known,  values obtained by this method for 
different tissues  can not be compared directly. To correct 
for potential  differences in  specific  activity  between the D. 
afinidisjuncta and D. hawaiiensis  Adh probes, RNAase pro- 
tection values  were  normalized by reference to one of  two 
control RNA preparations. The control RNA for genes 
carrying the NaeI to NruI fragment from D. afinidisjuncta 
was made  from  whole adults carrying the D. afinidisjuncta 
gene, and that for genes carrying the corresponding frag- 
ment from D. hawaiiensis  was made from adults carrying the 
D. hawaiiensis gene. These two control RNAs were  inde- 
pendently compared by primer extension, which  employs a 
single  radiolabeled primer for quantitation of  RNAs en- 
coded by both genes and allows direct quantitative compar- 
ison (WU, MOTE and BRENNAN 1990). Endogenous Adh 
transcripts in larvae and adults from the host  were not 
detectable by either RNAase protection or primer exten- 
sion. 

Statistical methods: With the exception of one gene (Hl) 
for which  we analyzed five independent lines, four different 
transformed lines  were  analyzed for each gene construction 
(see RESULTS). For  each transformed line, RNAase protec- 
tion values  were obtained from three independent nucleic 
acid preparations for total larvae and adults and from two 
independent preparations for each  tissue. For each gene, all 
values for a given stage or tissue  were  pooled.  Pooled 
numbers for different genes  were compared by  two meth- 
ods. The values (for a particular tissue or stage) were ana- 
lyzed  by standard analysis  of  variance  (ANOVA) and by the 
nonparametric Kruskal-Wallis  ANOVA by ranks,  followed 
in each  case by the appropriate test for pairwise differences 
(ZAR, 1984). We present here the more conservative  esti- 
mates of  significant differences between  genes. These were 
obtained from the standard ANOVA  followed either by the 
Tukey test for multiple  comparisons or the two-tailed  Dun- 
nett’s test for comparisons to a control gene (ZAR 1984; 
DUNNETT 1955). As an indication of variation, the extreme 
values due to position  effects, rather than standard devia- 
tions, are presented. 

RESULTS 

Differences  in  the  patterns  of  expression  for  the 
D. affinidisjuncta and D. hawaiiensis genes  map  to 

an  840-bp  region  containing  the  transcription  initi- 
ation  sites: The Adh  genes of D. afinidisjuncta and D. 
hawaiiensis are diagrammed  in  Figure 1. These two 
genes, like the Adh gene of D. melanogaster, have  two 
promoters  that display  distinct  tissue and  stage speci- 
ficity (ROWAN and DICKINSON 1986; ROWAN, BREN- 
NAN and DICKINSON 1986). T h e  RNA arising  from 
the  proximal  promoter  (P  in  Figure 1) is most abun- 
dant in  larvae  (the  proximal  transcript). Conversely, 
the RNA arising  from  the distal promoter (D in  Figure 
1) is most abundant in  adults  (the distal  transcript). 
The genomic  fragments  shown  in  Figure 1 represent 
homologous  regions  from  the  two species. Previous 
studies  have  demonstrated  that  these  cloned  frag- 
ments,  when  introduced  into  the  germ  line  of D. 
melanogaster, direct  donor-specific  expression  patterns 
for  the larval and  adult  midguts and Malpighian tu- 
bules (BRENNAN, Wu and BERRY 1988; WTJ, MOTE 
and BRENNAN 1990). T h e  parental Adh gene segments 
are  5.4 kb for D. afjnidisjuncta and 5.1 kb  for D. 
hawaiiensis. Part  of this  size difference is due  to two 
deletions, one of 135 bp and  one of 41 bp,  between 
the  two  promoters  in D. hawaiiensis relative to D. 
aflnidisjuncta. The  remainder of the  difference  maps 
to the  region  upstream of the PstI site. 

Six conserved  restriction  enzyme  cleavage sites were 
used to  construct  chimeric  genes  exchanging  various 
portions  of  the  two  parental Adh genes. All of  these 
sites, except for the NruI sites, are  located  in the 5‘ 
flanking  region. T h e  NruI sites are  67 bp downstream 
from  the ATG codon  in  each gene. The  coding se- 
quences  in  this  region are  identical  except  for  one 
substitution  that  leads to a  conservative  amino acid 
difference  between  the  two species. The  amino acid 
encoded by the  eighth  codon is valine for  the D. 
afinidisjuncta gene and isoleucine for the D. hawaiien- 
sis gene. 

We first  wanted to  determine if tissue-specific reg- 
ulatory  differences  between  the D. hawaiiensis and D. 
aflnidisjuncta genes  in  transformants,  as  in  the  donor 
species (RABINOW and DICKINSON 1986), are  ex- 
pressed at  the RNA level and  to  roughly  map  the cis- 
acting  sequences involved. T h e  results  of  this analysis 
are  shown in Figure 2, which  shows the stage- and 
tissue-specific RNA levels for the D. afinidisjuncta 
and D. hawaiiensis genes  and chimeric  genes  that 
exchange  either all sequences  upstream of the NruI 
site or those  between  the PstI and NruI sites. 

It is clear that  the  parental (AA and HH) genes 
show tissue-specific expression  patterns  at  the RNA 
level that parallel  those  seen by measuring ADH activ- 
ity (WU, MOTE and BRENNAN 1990). Systemic levels 
of transcripts  in  larvae  and  adults  (primarily  reflecting 
synthesis  in the larval and  adult  fat bodies) are  within 
a factor  of 2.6 for  the  parental genes,  with the D. 
afjnidisjunctu gene  producing  higher RNA levels in 
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FIGURE Z.-Chimeric genes display tissue-specific RNA levels similar to those of the parental gene supplying the  promoter sequences. The 
structure of the parental and chimeric genes (labeled as  in Figure 1 )  are shown in the  middle.  AA  and HH designate the parental D. 
affinidisjuncta and D. hawaiiensis genes, respectively. Chimeric genes are given  a letter designation that indicates the source of the structural 
gene and other downstream sequences,  A = D. affinidisjuncta, H = D. hawaiiensis. Five independent lines were analyzed for H1, and four 
lines were analyzed for all other  genes shown in this and subsequent figures.  Total  and tissue-specific RNA levels (means) are given as 
percents of the D. afinidisjuncta value for  the particular stage or tissue. The range of values due  to position effects is shown in parentheses. 
Values designated ND were not  detectable.  Tissue names are abbreviated as follows: MG, midgut; MT, Malpighian tubules. The D. hawaiiensis 
gene  (HH) served as a control for  H1  and HZ, and  the D. affinidisjuncta gene  (AA) served as a control for A1 and A2. RNA levels for 
chimeric genes were compared to those of the appropriate control gene by ANOVA  followed by the two-tailed Dunnett's test. Asterisks 
designate values that were judged to differ from the controls (P C 0.05, see  text). 

both stages. In larvae, the  amounts of RNA  produced 
by the D. affinidisjuncta gene in the Malpighian tu- 
bules and midgut are much  higher  than  those  pro- 
duced by the D. hawaiiensis gene. The difference is 
about 10-fold for  the larval midgut and  at least 50- 
fold for  the larval Malpighian tubules. Similarly, in 
adults,  the D. afinidisjuncta gene is expressed at least 
20-fold more strongly in Malpighian tubules and  at 
least 50-fold more strongly in the midgut. 

Chimeric genes that  exchange sequences at  the NruI 
site display  tissue-specific expression patterns resem- 
bling the  gene supplying the upstream sequences. 
Thus, when 5' flanking sequences of the D. affinidis- 
juncta gene are replaced by the homologous fragment 
of the D. hawaiiensis gene,  the  pattern of expression 
for  the resulting gene (Al) is similar to  that of the D. 
hawaiiensis gene. That is, RNA levels  in the larval 
midgut drop  about fivefold ( F z , ~ ]  = 10.10, P < 0.001, 
ANOVA; P < 0.01, two-tailed Dunnett's test [DT]); 
those in the larval Malpighian tubules drop approxi- 
mately 20-fold (Fz ,21  = 298, P < 0.0005,  ANOVA; P 
< 0.01,  DT);  and those in the  adult Malpighian tu- 
bules and midgut drop  at least 20-fold ($ AA and 
A l ,  Figure 2). In  addition to these tissue-specific 
differences, A1 also resembles the D. hawaiiensis gene 
in producing RNA levels that are lower than AA  in 
whole larvae and adults  (for larvae: Fz, 33 = 18.19, P 
< 0.0005, ANOVA; P < 0.0 1,  DT;  for adults:  FP, 33 

= 30.14, P < 0.0005,  ANOVA; P < 0.01, DT). 
Consistent reciprocal results are  obtained by replacing 
5' flanking sequences of the D. hawaiiensis gene with 
the homologous fragment  from D. afjnidisjuncta (cf. 
HH and H 1, Figure 2). Relative to  the D. hawaiiensis 
gene (HH) RNA levels for H 1 are  about 10-fold 

higher in the larval midgut ( F z , 2 3  = 18.28, P < 0.0005, 
ANOVA; P < 0 . 0  1,  DT),  about 30-fold higher in the 
larval Malpighian tubules  (Fz, 21  = 6.15, P < 0.01, 
ANOVA; P < 0.05, DT),  at least 30-fold higher in 
the  adult  midgut,  and  at least threefold  higher in the 
adult Malpighian tubules. 

T o  further localize  tissue-specific regulatory ele- 
ments, we investigated the effect of exchanging  5' 
flanking sequences upstream of the distal promoter. 
Substitution of sequences upstream of the PstI site 
(Figure 1) had no significant effect in the  midgut or 
Malpighian tubules in either larval or adult stages 
(data  not shown). 

As the  region  upstream of the PstI site does  not 
significantly contribute  to  the  regulatory  differences 
between the  parental genes, the  840-bp  segment be- 
tween the PstI and NruI sites is presumably important. 
T o  test this, two chimeric  genes  carrying  substitutions 
of this region were constructed and analyzed (H2  and 
A2, Figure 2). As described below, the tissue-specific 
expression levels for  H2  and A2 are similar, but not 
identical, to those of H1  and  AI, respectively. It is 
noteworthy,  however, that tissue-specific  values for all 
of these  chimeric genes tend  to  be  intermediate  to 
those of the two native genes. 

In most respects, the expression pattern of H2 
resembles the  pattern  for H 1.  H2 is expressed about 
eightfold more strongly than  the D. hawaiiensis gene 
in the larval midgut ( P  < 0.01, DT), and  about 30- 
fold more strongly in the larval Malpighian tubules ( P  
< 0.01, DT). Similarly, H2 resembles H1 in producing 
detectable levels  of RNA in the  adult  midgut  and 
Malpighian tubules.  For  intact  organisms,  H2  pro- 
duces  more larval RNA but, surprisingly, less adult 
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RNA  than the D. hawaiiensis gene (F2,36 = 3.44, P < 
0.05, ANOVA; P < 0.05  DT, larval; F2, 36 = 4.82, P 
< 0.025,  ANOVA; P < 0.05,  DT,  adult). 

Consistently, A2 is similar to A1 in terms of tissue- 
specific expression. A2 produces about  13 times less 
RNA  than  the D. affinidisjuncta gene in the larval 
midgut ( P  < 0.01,  DT)  and ten times less RNA in the 
larval Malpighian tubules ( P  < 0.01, DT). In  adults, 
A2 produces no  detectable  RNA in either  the midgut 
or  Malpighian tubules. Total RNA levels  in both 
larvae and  adults  are  about twofold lower for A2 than 
for  the D. affinidisjuncta gene (P < 0.0 1,  DT, larval; 
P < 0.0 1,  DT,  adult). 

Though similar, the genes  carrying the  promoter 
region  from D. affinidisjuncta (i.e., AA, H1,  H2),  do 
produce significantly different  amounts of RNA in 
some cases. AA  is more  strongly  expressed in the 
larval Malpighian tubules  than  either H1  or  H2 (F2,23 
= 33.10, P < 0.001,  ANOVA;  for  both, P < 0.001, 
Tukey). Similarly, in the  adult  midgut, AA produces 
more RNA than  either  H1  or  H2 (F2.23 = 36.68, P < 
0.001, ANOVA;  for  both P < 0.001,  Tukey).  In 
adults,  the total RNA values for all three of these 
genes are  different (F2.36 = 28.5, P < 0.001,  ANOVA; 
AA us. H1 or  H2, P < 0.001,  Tukey;  H1 us. H2, P < 
0.025, Tukey).  Interestingly,  both AA and  H2  pro- 
duce  more RNA in the  adult Malpighian tubules  than 
does  H  1  (F2, 23 = 18.64, P < 0.001,  ANOVA;  for 
both, P < 0.001, Tukey). The reason  for this is not 
clear,  but we see a similar pattern in the  adult Malpi- 
ghian  tubules  for  chimers involving the D. affinidis- 
juncta  and D. grimshawi genes (C.-Y. WU and M. D. 
BRENNAN, unpublished). Despite these  differences in 
RNA levels, AA, H 1,  and  H2 displayed no significant 
differences in the relative  amounts of proximal and 
distal transcripts  for  a given tissue or developmental 
stage  (not shown). 

Fewer and less pronounced  differences  were  found 
between the  three genes  carrying the D. hawaiiensis 
promoter region (HH, A1 and A2).  Generally, Adh 
transcripts in the larval and  adult Malpighian tubules 
and the  adult  midgut were undetectable or barely 
detectable in many cases. The larval midgut values 
are low for all three genes,  but  that  for A1 is somewhat 
higher  than those for either HH  or A2 (F2,21 = 8.41, 
P < 0.005,  ANOVA;  for  both, P < 0.01, Tukey). As 
with the genes  carrying  the D. affinidisjuncta promoter 
segment,  for a given tissue or stage, there  are  no 
significant differences between HH, A1 and A2  in the 
relative levels of the two transcript types (not shown). 

Substituting D. afinidisjuncta promoter se- 
quences  with  homologous  fragments  from D. ha- 
waiiensis results in tissue-  and  promoter-specific al- 
terations in RNA levels: Despite quantitative  contri- 
butions  from other sequences, the above  results 
indicate  that the region  between the PstI and  NruI 

sites is important  for  the  regulatory  differences dis- 
played by the D. affinidisjuncta and D. hawaiiensis 
genes in transformants. T o  determine if this segment 
contains  a single sequence  influencing expression in 
the various tissues or if multiple sequences with  dis- 
tinct tissue specificities are involved, three chimeric 
D. affinidisjuncta genes  carrying smaller substitutions 
of homologous sequences from D. hawaiiensis were 
constructed. One of these  carries  the PstI-NaeI frag- 
ment  from  the D. hawaiiensis gene  (A3,  Figure 3). In 
D. afinidisjuncta, this fragment begins 155  bp up- 
stream of the distal RNA cap site and includes se- 
quences  from -7 1  1 to - 17  1 relative to  the proximal 
RNA  cap site. The corresponding D. hawaiiensis frag- 
ment  contains  a  135-bp  deletion  (extending  from  nu- 
cleotides -356  to -222) relative to  the D. affinidis- 
juncta  gene. The second gene  contains the region 
between Sal1 and NaeI from D. hawaiiensis, including 
sequences  from  -544 to - 17  1  upstream of the  prox- 
imal cap site. This  gene  carries  the  135-bp  deletion, 
but  does  not  include D. hawaiiensis sequences up- 
stream of the distal cap site (A4,  Figure 3). The third 
gene  carries D. hawaiiensis sequences between the 
NaeI and  NruI sites. This segment of the D. hawaiiensis 
gene  (from -1 7 1 to  +123 of the proximal cap site) 
contains  a small deletion of 41 bp  (extending  from 
-152 to -1 12)  relative to D. affinidisjuncta (A5, Fig- 
ure 3). 

As can be seen in Figures 3 and  4, these  substitutions 
produce tissue-specific effects on RNA levels. Consid- 
ering larvae first,  note  that Adh expression is relatively 
simple in that  greater  than  98% of the transcripts in 
all  tissues are of the proximal type. For  the genes 
containing the PstI-NaeI or SalI-NaeI fragments  from 
D. hawaiiensis (A3  and A4), the RNA levels  in  larval 
Malpighian tubules drop approximately  1 O-fold (F3, 28 

= 13.71, P k 0.001,  ANOVA; P < 0.01,  DT) while 
the RNA levels  in total larvae remain similar to  that 
for  the D. affinidisjuncta control  gene  (Figure 3). For 
the same genes in the larval midgut,  RNA levels are 
slightly reduced with only the A4 value significantly 
different  form  the  control  (F3, 28 = 10.80, P < 0.001, 
ANOVA; P < 0.01,  DT).  In  contrast,  the  gene with 
the NaeI-NruI  fragment  from D. hawaiiensis (A5)  pro- 
duces  transcript levels  in larval Malpighian tubules 
that are not significantly lower than those of the D. 
affinidisjuncta gene.  However, this gene has RNA 
levels that average  four- to fivefold lower than  the 
control in whole larvae and in the larval midgut  (for 
total larval: FJ, 44 = 15.05, P < 0.001, ANOVA; P < 
0.01, DT, for  both). 

Adh gene expression in adults is more complex. 
Transcripts  initiating  from  the distal promoter  are  the 
predominant,  but  not exclusive, form in the  fat body 
and Malpighian tubules. By contrast, in the  adult 
midgut,  the  transcript  arising  from  the proximal pro- 
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I~ ~, , -   - ,  I . I  ,-  -, I_ .  "_, ~- __, 
FIGURE 3.-D. uffinidisjuncfa genes carrying  pronloter region substitutions from D. haumiiensis sl1ow alterations i n  specific RNA levels. 

Structures of the D. affinidisjunrta gene and chimeric genes are displayed as i n  Figure 2. The broken l i n e  inside the D. hawaiiensis fr;~grnents 
represent deletions i n  this gene r-elativc to D. qffinidisjunrtn. Total and tissue-specific RNA values arc displayed a s  i n  Figure 2 except t h a r  
distal and proxinlal transcript values for adults are given separately. In these cases, the total RNA level  (dist;tl and proxind) for the D. 
qffinidisjuncfa gene i n  whole ;ctlults or the particular tissue was taken a s  100% and a l l  other numbers were norm;llizetl t o  this v ; t l u r .  For ;I 

given  tissue or devclopn~ental stage. results for chimeric genes were conqxtred with t h a t  for the D. qffnidisjunrta control gene by ANOVA 
followed by the two-tailed Dunnett's test. I n  adults. values for distal and proximal transcripts were compared separately. Asterisks dcsignate 
v;tlucs t h a t  were judged to differ frwn the  control ( P  < 0.05. see text). 

FIGURE 4.-RNAase protection assays for representative trans- 
Iorn1ed  lines carrying  the D. affinidisjunrfa gene and derivatives. 
'I'issue names are ahbreviated a s  follow: LMT, larval  Malpighian 
tubules; L M G ,  hrval nlidgut: A M T ,  ;ldult  Malpighian tub~tles: and 
AMG, ;Idult midgut. The fragments protected by the proximal 
tr;lnscript of the D. hauwiiensis gene are labeled as P., and t11;1t 
protected by the proximal transcript of the D. affinidisjunrta gene 
a s  l'>. The probe fragments protected bv the distal transcript 
(I;ll)eled I)) are the same size i n  both cases. The two fragments 
protected by the actin 5C probe are I;tbeled :IS A (BOND and 
I)AVIDSON 1986). 

moter is most abundant (ROWAN and DICKINSON 
1986; BRENNAN and  DICKINSON  1988). 

As Figures 3 and 4 show, replacement of various 
fragments of the D. affinidisjuncta gene with the ho- 
mologous sequences from D.hawaiiensis causes distinct 
tissue-specific and promoter-specific effects in adults. 
For  the  gene  carrying the PstI-NaeI fragment from D. 
hawaiiensis (A3), the  amount of R N A  produced  from 
both  promoters increases modestly, but significantly, 
in  whole adults (F?. 4 4  = 15.35  for distal transcript and 

30.57  for proximal transcript,  for both P < 0.001, 
ANOVA and P < 0.0 1, DT). Making this substitution 
does  not significantly affect R N A  production from 
either  promoter i n  the  adult  midgut  (Figure 3). The 
same gene,  however,  produces no detectable R N A  
from either  promoter in adult Malpighian tubules. 

A distinct pattern is seen for  the  gene  carrying  the 
SalI-NaeI fragment from D. hawaiiensis (A4). This 
gene is similar to  the control in amounts of R N A  
produced from both promoters in whole adults  and 
Malpighian tubules.  Interestingly, in the  adult  midgut, 
the Sall-NaeI fragment influences only those tran- 
scripts arising  from  the distal promoter.  This pro- 
moter-specific effect results in a level  of distal RNA 
for this tissue that is at least four-fold lower than the 
control. 

Still a  different tissue-specific and promoter-specific 
pattern in adults is seen for  the  gene  carrying  the 
NaeI-NruI fragment from D. hawaiiensis (A5). In 
whole adults and Malpighian tubules,  the distal R N A  
level is similar to that of the D. af$nidisjuncta gene, 
while the proximal RNA level drops  three-  to fourfold 
(for total adult, Fs. 4 I  = 30.57, I' < 0.00 1 ,  ANOVA: 
P < 0.01,  DT;  for Malpighian tubules, I.'?..] = 5.81, 
P < 0.01,  ANOVA; P < 0.01,  DT). The strongest 
effect is i n  the  adult  midgut,  where  the level  of R N A  
arising from the proximal promoter decreases approx- 
inlately 30-fold (F:%,:32 = 24.96, P < 0.001,  ANOVA; 
P < 0.0 1, DT) accompanied by a  decrease of at least 
fourfold  for  the distal transcript. 

Three  gene segments contribute to the major  reg- 
ulatory differences between the parental genes: The 
above results are consistent with the presence of at 
least three tissue-specific or promoter-specific regula- 
tory  elements in the region between the PstI and NruI 
sites. However,  the  reductions in specific R N A  levels 
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LARVAL ADULT 

Total ffi 
IIT =hawallens's - affind~,mcta Di.ral  Tot:foximal iiE?GGi t i E F E x Z  

39 D P 

Pst I Nul 
( 2 9 - 4 7 )  (S-'ll) (<:-2) w @ $ v & b . - a - e \ \ O  ( 2 0 - 6 2 )  (6-'ll) ( < I )  

35 ND  ND  AD 
( < I )  ( < 4 )  ( < 4 )  

ND 

4 
( 8 - 2 4 )   ( 1 7 - 2 9 )   ( 1 1 - 4 7 )  H3 o\-FO\O ( 3 9 - 4 3 )  (3 -5)  

18 22'  23' 4 1  ND 
( < I )   ( < 1 )   ( 2 2 - 8 3 )   ( < 4 )  

ND 4s ND 

M S l  

36 8 12' 14' 6 ND  ND  ND  ND 
H4 Oy\!---\\o (8-18) ( 4 - 8 )  0 1 - 1 7 )   ( 6 - 9 )   ( 9 - 1 8 )   ( < I )  ('1) ( < 4 )   ( < 4 )  

sa l  I 

( 6 0 - 1 6 8 )   ( 3 0 - 6 4 )   ( 3 - 1 0 )  H5 O\\-"-\\O ( 4 8 - 1 2 0 )   ( 2 6 - 5 3 )  (3-512) (32 -105)   (<4)  ( < 4 )  
109' 57' 6' 80' 41' 4 9  ND ND 

FIGURE 5.-D. hawaiiensis genes carrying  promoter region substitutions from D. afinidisjuncta confirm specific effects on RNA  levels. 
Gene  structure and RNA levels are shown  as in Figure 3. Statistical analysis was  as described for Figure 3 except that  the D. hawaiiensis gene 
served as the  control. Asterisks designate values that were judged  to differ  from the control ( P  < 0.05, see text). 

for genes carrying sequences from D. hawaiiensis could 
be  due simply to artificial juxtaposition of sequences 
from two different Adh genes. If, in fact,  particular 
sequences  contribute  to specific aspects of the  regu- 
latory  differences between the  parental  genes,  then 
reciprocal constructions in  which sequences of the D. 
hawaiiensis gene  are replaced by segments of the D. 
afjnidisjuncta gene  should  result in corresponding 
tissue- and promoter-specific increases in RNA levels. 
To test this, chimeric D. hawaiiensis genes  carrying 
substituted D. affinidisjuncta sequences  from the PstI 
to NaeI (H3), Sal1 to NaeI (H4), or NaeI to NruI (H5) 
sites were constructed and analyzed. As described 
below, the observed results are consistent with the 
existence of at least three separable  regulatory ele- 
ments  that  contribute to  the tissue-specific regulatory 
differences between the  parental genes. 

The PstI to NaeI segment influences the RNA levels 
in larval and  adult Malpighian tubules.  A D. hawaiien- 
sis gene  carrying this fragment  from D. affinidisjuncta 
(H3) is expected to  produce  increased  RNA levels  in 
these two tissues, but  not in other tissues. As Figure  5 
shows, relative to  the D. hawaiiensis control  gene, H3 
displays sharp increases in RNA levels  in larval Mal- 
pighian tubules  (approximately 20-fold; E3, 26 = 10.87, 
P < 0.001, ANOVA; P < 0.01, DT)  and in adult 
Malpighian tubules  (at least 10-fold). Although the 
increased  RNA levels  in the larval midgut are statis- 
tically significant (F3, 28 = 80.25, P < 0.001, ANOVA; 
P < 0.0 1, DT), in this and in all other tissues analyzed, 
the RNA levels for H3 are within 2.5-fold of control 
values. 

A D. hawaiiensis gene  carrying  the smaller SalI to 
NaeI segment  from D. afjnidisjuncta would be ex- 
pected  to display increased  RNA levels  specifically  in 
the larval, but  not in the  adult, Malpighian tubules. 
Consistently, insertion of the SalI to NaeI fragment 
from D. affinidisjuncta (H4, Figure  5) increases RNA 
levels approximately 1 O-fold  in the larval Malpighian 
tubules ( P  < 0.01, DT). In the  other tissues, there is 

no measurable  change in the level of RNA with the 
curious  exception of approximately  a twofold de- 
crease in the distal transcript level in whole adults 

As described  above, the NaeI to NruI fragment 
influences production of proximal  transcript in  all 
tissues expressing  detectable levels of this transcript. 
This effect is most dramatic in the  adult  midgut.  A D. 
hawaiiensis gene  carrying the NaeI to NruI fragment 
from D. afjnidisjuncta (H5) gives results that  are 
consistent with expectations  (Figure 5). Relative to 
the D. hawaiiensis gene,  RNA levels increase approxi- 
mately threefold in whole larvae (F3,44 = 18.03, P < 
0.001, ANOVA; P < 0.01, DT)  and severalfold in 
larval midgut and Malpighian tubules  (for both, P < 
0.01, DT). Interestingly,  substitution of the NaeI to 
NruI segment  from D. affinidisjuncta affects the RNA 
produced  from  both  promoters in whole adults and 
adult  midgut. In whole adults,  RNA  arising  from  the 
distal promoter increases approximately twofold ( P  < 
0.01, DT), but  that  from  the proximal promoter 
shows a  larger increase of approximately  fourfold 

As expected,  the largest effect is  in the  adult  midgut 
where the proximal RNA increases at least 50-fold 
accompanied by an increase of at least fivefold for  the 
distal transcript. 

(F3,44 = 13.67, P < 0.001, ANOVA; P < 0.05, DT). 

(F3.44 = 41.19, P < 0.001, ANOVA; P < 0.01, DT). 

DISCUSSION 

Table 1 summarizes the results of mapping  natu- 
rally occurring tissue-specific regulatory  differences 
for  the D. affinidisjuncta and D. hawaiiensis Adh genes. 
As discussed below, these  data indicate that tissue- 
specific regulation of Adh gene expression is under 
complex  genetic  control. The production of chimeras 
between closely related  genes followed by functional 
in vivo analysis is a powerful strategy  for  mapping 
sequences involved in naturally  occurring tissue-spe- 
cific regulatory  differences. Potentially, this approach 
reveals regulatory  features  that would be missed by 
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TABLE 1 

Changes in mean tissue-specific RNA levels for chimeric  genes 

D. hawaiiensis genesa 
(-fold increase) 

AMG AMT AMG AMT 

D. aflnidisjuncta genesb 
(-fold decrease) 

LMG LMT D P D P Gene Substitution Gene LMG LMT D P D P 

10 29 >5c >32 1 3  ND H1 5’ ofNruI A1 5 17 >6 >50 >18 >8 
8 33 >5 >28 >25 >3 H2 Pst I to NruI A2 13 11 >6 >50 >18 >8 
3  23 ND ND >11 ND H3 Pst I to NaeI A3 1.5 9  0.7 1.4 >18 >8 
1  12 ND ND ND ND H4 Sal1 to NaeI A4 2 10 >6 1.2 2 1.6 
7 6 >5 >49 ND ND H5 NaeI toNruI A5 6 2 >6 31 0.9 3 

Changes in RNA levels displayed by chimeric genes in selected tissues are shown. Abbreviations of  tissue names are as given  in Figure 4. 

a Numbers are for D. hawaiiensis genes carrying the indicated substitutions from D. affinidisjuncta and  are expressed as experimental 

Numbers are for D. aflnidisjuncta genes carrying the indicated substitutions from D. hawaiiensis and  are expressed as parental  control 

Ratios preceded by ‘ 5 ”  are minimum estimates. The actual numbers could be much higher,  but the sensitivity of the RNase protection 

For adult tissues, both distal (D) and proximal (P) transcript levels are given. Values designated “ND” were not detectable. 

value/parental control value. 

value/experimental value. 

assay  in these cases  makes  it  impossible to determine absolute value of the denominator. 

analysis of gene fusions involving unrelated  genes  that 
may  lack relevant  interacting  components.  Previous 
studies involving gene fusions between Adh and P- 
galactosidase have failed to demonstrate  regulatory 
sequences  that  act in different tissues when physically 
separated (FISCHER and MANIATIS 1988; CORBIN and 
MANIATIS  1990).  However, our strategy, by defini- 
tion, is limited in that it focuses on  and is most sensitive 
to only those sequences that differ in structure  or 
function between the parental genes. 

Separable  and  specific  elements  account  for  major 
regulatory  differences: Exchange of homologous 
fragments between parental  genes reveals separable, 
tissue- and promoter-specific cis-acting elements. One 
of these, located from  -544 to -171  relative to  the 
proximal  RNA  cap site (between the  SalI and NaeI 
sites), has the strongest effect in the larval Malpighian 
tubules. This same gene  fragment,  however,  does 
display weaker effects on proximal transcript levels  in 
the larval midgut and  on distal transcript levels  in the 
adult midgut ($. AA and A4  Figure  3, Table 1). 
Another tissue-specific element,  between - 155 and 
+ 12 of the distal promoter  (between the PstI and  SalI 
sites), influences expression in the  adult Malpighian 
tubules. This conclusion is based upon the observation 
that exchanging  a  large  fragment  containing se- 
quences between the PstI and NaeI sites (A3  and  H3, 
Figures  3 and 5) affects RNA levels  in both larval and 
adult Malpighian tubules, but exchanging  a  fragment 
containing sequences between the  SalI  and NaeI sites 
(A4 and  H4, Figures 3 and 5) affects RNA levels in 
only the larval Malpighian tubules. Thus,  the se- 
quences between the PstI and  SalI sites are necessary, 
though possibly not sufficient, to  account for  the large 
difference in  levels of distal transcript in the  adult 
Malpighian tubules. 

As an evolutionary  comparison, the present study 
has dealt with the separateness and  arrangement of 
the sequences involved in naturally  occurring  regula- 
tory  variation.  It has not directly addressed the mech- 
anisms responsible for this variation. When  fragments 
from D. hawaiiensis are inserted  into the D. affinidis- 
juncta  gene, they lower RNA levels  in  specific  tissues 
(Figures  3 and 4, Table 1). Conversely, the reciprocal 
insertions of D. affinidisjuncta fragments  into  the D. 
hawaiiensis gene  increase  RNA levels  in the same 
tissues (Figure 5,  Table 1). The regulatory  differences 
may be due  to positive effects of sequences from  the 
D. affinidisjuncta gene or  to negative effects of  se- 
quences  from the D. hawaiiensis gene.  Either  binding 
of specific trans-acting  factors or changes in spacing 
of sequences could  account  for  these results. Regard- 
less  of the mechanistic details, however, the findings 
strongly suggest that  the  gene  segments  identified  are 
important in the tissue specificities of the conspecific 
parental  genes. 

Sequence comparisons show that, relative to D. 
afinidisjuncta, there is a 135  bp deletion between the 
SalI and NaeI sites for  the D. hawaiiensis gene (P. 
THORPE and W. J. DICKINSON, personal communica- 
tion). Thus,  for example, the segment between the 
Sal1 and NaeI sites from D. hawaiiensis  may  lack one 
or  more sequences  that  interact with trans-acting fac- 
tors  that  stimulate  transcription  from  the proximal 
promoter in the larval Malpighian tubules. By con- 
trast,  the sequences between the PstI and  SalI sites 
(affecting levels  of distal transcript in the  adult Mal- 
pighian tubules) are  90% homologous and contain no 
large  insertions or deletions in relative comparisons 
of the  parental genes. Most nucleotide  substitutions 
in this region are point  mutations  scattered  through- 
out  the interval. The two genes  carry identical TATA 
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boxes,  but  interestingly  have 5 substitutions within 
the 12  nucleotides  immediately  upstream  of the distal 
RNA  cap site (P. THORPE and W. J. DICKINSON, per- 
sonal  communication). This sequence  difference is an 
obvious  candidate  for  future mechanistic investiga- 
tion. 

Sequences  between the NaeI and  NruI sites influ- 
ence  the levels of  proximal  transcripts in all tissues, 
but  to varying extents.  In  the larval and  adult midguts, 
most of the Adh RNA  (>go%)  arises from  the proxi- 
mal promoter (Figures  3 and 4). The strong influence 
of this element  on  the level of  proximal  transcript 
largely accounts for  the significant regulatory  differ- 
ence between the  parental genes in these  two tissues. 
Notably, the large  effect in the  adult  midgut  (more 
than 30-fold) relative to  the  other tissues well illus- 
trates  the complexity of Adh regulation.  It is possible 
that a single element,  analogous to  the box  A  sequence 
of Drosophila mulleri, influences  transcription  from 
the proximal promoter in all tissues (FISCHER and 
MANIATIS 1988).  If this is the case, the element  iden- 
tified in the  present  study  differs  from  box  A in that 
i t  functions to widely different levels in various tissues. 
At  present, we cannot  eliminate the possibility that 
there  are multiple  elements,  each with distinct tissue 
specificities, located in this region  of the D. affinidis- 
juncta  gene.  Sequence comparisons  of the  parental 
genes  indicate that  the sequences  between the NaeI 
and  NruI sites are nearly  identical with the exception 
of a 4 l-bp  deletion  (from - 152  to - 1 12  upstream of 
the proximal promoter) in the D. hawaiiensis gene. 
Thus, this deletion is likely to be  responsible for  the 
regulatory  differences attributable  to  the NaeI to  NruI 
fragment. 

It is of interest  to  note  that  the levels of  proximal 
and distal transcripts are  not reciprocally related in 
adults.  In  fact, in no case is a statistically significant 
rise in the level of distal transcript  accompanied by a 
lowering  of  proximal  transcript level (Figures 3 and 
5) .  Rather, it appears  that significant alterations  in 
proximal  and distal transcript levels are, if anything, 
positively correlated.  Indeed, the levels of proximal 
transcript in various adult tissues are most responsive 
to sequences  downstream  of  the distal promoter. We 
see  no  evidence that  transcription at  the distal pro- 
moter  interferes with transcription  from  the  proximal 
promoter in adults.  Thus,  the  phenomenon of tran- 
scriptional  interference  proposed  for  the D. melano- 
gaster  gene in adults (CORBIN and MANIATIS 1989) 
does  not seem to apply to  the similarly organized D. 
affinidisjuncta and D. hawaiiensis genes.  However, our 
results are consistent with a mode of  expression in 
which the two promoters  either  compete  for  or  share 
one  or  more limiting components  of  the  transcrip- 
tional  apparatus. 

Multiple  sequences  contribute  to  tissue-specific 

differences: As can be seen in many cases, chimeric 
genes  carrying  substituted 5' fragments  produce in- 
termediate  transcript levels in the  midgut  and Malpi- 
ghian  tubules  (Figures  2,  3  and 5 ;  Table 1). With few 
exceptions,  chimeric  genes  exhibit  a systematic pat- 
tern: D. hawaiiensis genes  containing  upstream  frag- 
ments  from D. affinidisjuncta qualitatively resemble 
the D. affinidisjuncta gene in their  patterns of tissue- 
specific expression, but  produce lower RNA levels. 
Similarly, the D. affinidisjuncta genes  carrying homol- 
ogous  segments  from D. hawaiiensis resemble the D. 
hawaiiensis gene,  but usually produce  RNA levels that 
are higher in the midguts and Malpighian tubules. 
The contribution to tissue-specific RNA levels is not 
proportional to  the size of the  fragments  exchanged, 
suggesting that a small number of discrete  elements 
may be  responsible. 

These results  provide  evidence for  quantitative con- 
tributions  from  multiple  sequences  that  combine  to 
produce  large tissue-specific differences in expression 
for Drosophila Adh genes. Although cis-acting ele- 
ments  in the  promoter  region  determine major 
expression pattern differences for  the  parental genes, 
other  portions of the  genes  are  required  for  the fully 
parental  patterns.  These effects are consistent with 
previous  results  indicating that multiple  sequences 
downstream of the two  promoters  influence  gene 
expression in the larval midgut  and Malpighian tu- 
bules (FANG, WU and  BRENNAN  1991).  Thus  our 
retrospective,  quantitative analysis of evolved regula- 
tory  variation for homologous  genes that show large 
differences in tissue-specific expression has revealed 
contributions  from  multiple  sequences  that  behave as 
classical quantitative  genetic  components. 

Parental genes may  have  different  sets of regula- 
tory  sequences affecting systemic levels of Adh 
expression: Systemic RNA  production  responds in a 
complicated manner  either  to sequences that have 
large  effects on  RNA levels  in the  midgut  and Malpi- 
ghian  tubules or  to closely linked sequences. For  ex- 
ample,  A3  and H5  produce exceptionally high RNA 
levels from  both  promoters in total  adults  (Figures  3 
and 5).  In  fact, all genes  carrying D. hawaiiensis  se- 
quences  between the Sal1 and NaeI sites and D. afjn- 
idisjuncta sequences  between the NaeI and  NruI sites, 
show high levels of  expression in total  larvae and 
adults.  Conversely,  some  chimeric  genes that  repre- 
sent  reciprocal  constructions produce  RNA levels in 
total  larvae or adults  that are lower than  either  paren- 
tal gene (A5, H3  and H4, Figures  3 and 5). 

These findings suggest that  there is an intimate 
relationship  between the sequences involved in tissue- 
specific expression  differences and those  responsible 
for  shared aspects of Adh expression (i.e., expression 
in the larval and  adult fat bodies). This may reflect 
the evolutionary recruitment in different lineages of 
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distinct  regulatory sequences functioning in the fat 
body but  interacting with trans-acting factors  shared 
by other tissues. If so, naturally  occurring  regulatory 
variation for Adh in the Hawaiian flies  may have arisen 
as  a consequence of selective pressure to maintain a 
proper systemic level of ADH.  Note that even a  mod- 
est difference in Adh expression in the fat body (rep- 
resenting 75-95% of the total  ADH synthesis in larvae 
and more  than  95% of ADH synthesis in adults) is 
likely to significantly affect the utilization and  detox- 
ification of environmental  ethanol  (GEER, DYBAS and 
SHANNER  1989; ANDERSON and BARNETT 199 1 ; 
CHAMBERS  199  1). 

A different,  but  not mutually exclusive, explanation 
for these results is that sequences important  for 
expression in the larval and  adult fat bodies are dif- 
ferently arranged  on  the two parental genes. Hence, 
construction of chimeric  genes  could  result in the 
enrichment or loss of functionally equivalent, possibly 
redundant, sequences, thus  accounting  for  chimeric 
genes  that are expressed more  or less strongly  than 
either native gene. This is consistent with studies on 
other Adh genes indicating  that many sequences influ- 
ence  the expression of these  genes in the larval and 
adult fat bodies (Wu, MOTE and  BRENNAN  1990; 
SULLIVAN et al.  1990;  AQUADRO et al. 1990; CORBIN 
and MANIATIS 1990). 

We thank S. TOBIN for providing the plasmid that was used for 
preparing  the actin 5C probe and W. J. DICKINSON and P. THORPE 
for sharing unpublished sequence information. This work was sup- 
ported by National Institutes of Health grant  GM34961. 
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