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Summary. The alcohol dehydrogenase (Adh) gene 
has been isolated from Drosophila simulans and D. 
mauritiana by screening ~, clone libraries of each 
with a previously cloned Adh gene from D. mela- 
nogaster. The isolated k clones were subcloned and 
partially sequenced to determine the relatedness of 
these species and to examine details of evolutionary 
change in the structure of  the Adh gene. We report 
the sequence of the first 704 nucleotides of  each gene 
as well as 127 bases in the 5' untranslated region. 
When these sequences are compared, D. melano- 
gaster differs from D. simulans and D. mauritiana 
by 2.8% and 3.1%, respectively. D. simulans and D. 
mauritiana differ by only 1.8%, implying that they 
are more closely related to each other than either is 
to D. rnelanogaster. This is consistent with phylo- 
genetic relationships established by a variety of ge- 
netic, biochemical, and morphological means and 
illustrates that DNA sequencing of a single gene may 
be used to assess the evolutionary relationships of 
species. 

Key words: Alcohol dehydrogenase -- DNA se- 
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Introduction 

The alcohol dehydrogenase (Adh) gene of D. mel- 
anogaster has been intensively studied and has many 
interesting features. Alcohol dehydrogenase protein 
(ADH) is abundant and has been purified and char- 
acterized (Sofer and Ursprung 1968); its complete 
amino acid sequence has been determined (Thatcher 
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1980). In addition, the gene has been cloned and 
the nucleotide sequence ofintrons, exons, and flank- 
ing DNA determined (Benyajati et al. 1980, 1981; 
Goldberg 1980; C. Benyajati unpublished). The Adh 
gene has been genetically and cytologically mapped 
with considerable accuracy owing to the availability 
of both overproducing and null mutants (e.g., 
O'DonneU et al. 1978; Woodruff and Ashburner 
1979). Expression of  the Adh gene is develop- 
mentally regulated and tissue specific (e.g., Ursprung 
et al. 1970). It has recently been shown that this 
expression is controlled by two promoters, one of 
which is active in early development and the other 
of  which functions at later stages (Benyajati et al. 
1983). 

Our laboratory has been interested in the evo- 
lution of  the Adh gene. Drosophila ADH is quite 
different from those of mammalian liver and yeast. 
The subunit molecular weight is less (25,000 daltons 
in Drosophila, 39,800 daltons in liver, and 35,300 
daltons in yeast) and Drosophila ADH does not re- 
quire Zn z§ for enzymatic activity, as does ADH of 
other species (Benyajati et al. 1980). Moreover, the 
amino acid sequence of Drosophila ADH shows lit- 
tle homology to that of  ADH from liver or yeast. 
Nevertheless, it has been possible to align the amino 
acid sequence of  the three ADH proteins using com- 
puter predictions of secondary structure (Benyajati 
et al. 1980). Based on this analysis, the positions of  
two introns in the D. melanogaster Adh gene (after 
amino acids 33 and 168, numbering ATG as codon 
1) were examined relative to structural "domains" 
of the protein. Interestingly, one intron appears to 
fall between two domains, as predicted by the gene- 
shuffling hypothesis of Gilbert (1978), while the oth- 
er does not. It seems worthwhile to examine Adh 
in other drosophilids to see whether the position of  
one or both of these introns has been conserved 
during evolution. 

We have previously used a cloned fragment of  
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the  D. melanogas ter  A d h  gene  as  a p r o b e  to  q u a n -  
t i t a t e  d i v e r g e n c e  o f  v a r i o u s  spec ies  o f  Drosophi la  b y  
D N A  h y b r i d i z a t i o n  a n d  t h e r m a l  e lu t ion  f r o m  hy-  
d r o x y a p a t i t e  (Zwiebe l  et  al. 1982). In  the  p r e s e n t  
ar t icle ,  we e x t e n d  these  s tudies  b y  r epo r t i ng  the  D N A  
sequences  o f  the  first  704 n u c l e o t i d e s  o f  t he  A d h  
gene f r o m  D. s i m u l a n s  a n d  D. mauri t iana ,  as wel l  
as  o f  127 n u c l e o t i d e s  in  the  5' u n t r a n s l a t e d  reg ion .  

Materials and Methods 

Isolation of  Adh-Containing ~ Clones. Clone libraries of D. 
simulans and 1). mauritiana were kindly provided by Dr. M. 
Meselson. These were screened by modification of the procedures 
of Benton and Davis (1977) as described previously (Zwiebel et 
al. 1982). Libraries were screened with a D. melanogaster Adh- 
containing clone kindly provided by D. Goldberg. Isolated X 
clones were propagated, and DNA was extracted as described by 
Blattner et al. (1977). Maps of restriction enzyme cleavage sites 
were constructed by digestion, electrophoresis, and Southern 
transfer as described previously (Zwiebel et al. 1982). 

Subcloning, The isolated X clones were digested with Eco RI. 
DNA isolated from the plasmid pBR 325 (chosen because it 
contains a selectable marker interrupted by an Eco RI site) was 
digested with Eco RI and treated with calf intestinal alkaline 
phosphatase (Boehringer Mannheim). The enzyme was suspend- 
ed in 10 mM Tris-HC1, pH 8.0, 50 mM KCI, 1 mM MgCI2, 0.1 
mM ZnCI2, 50% glycerol; added to Eco RI-digested vector DNA 
in 10 mM Tris-HC1, pH 8.0; and incubated for I h at 65~ 
Phosphatased vector DNA was extracted twice with Tris-satu- 
rated phenol and once with Sevag (24:1, ehloroform/isoamyl 
alcohol). Vector and h clone DNAs were combined and copre- 
cipitated. The pellet was resuspended in 5 mM Tris-HC1, pH 
7.6; and ligated in 0.6 mg/ml ATP, 66 mM Tris-HC1, pH 7.6, 
6.6 mM MgCI2, 10 mM dithiothreitol, and 4.5 units ofT4 ligase 
(BRL) for 25 h at 15~ Ligated samples were used to transform 
E. coli strain HB 101 and cells were plated on L-broth agar plates 
containing 25 ~g/ml ampicillin. Colonies were replica plated onto 
chloramphenieol-eontaining plates, and those which failed to grow 
were cultured and screened by Southern Transfer for the presence 
of Adh-conlaining fragments. Positive subclones were grown and 
their DNA was isolated; maps of restriction enzyme cleavage 
sites were constructed as described above. 

DNA Sequencing. DNA sequencing was performed by the 
chemical cleavage method of Maxam and Gilbert (1977). Three 
types of 32p end-labeling were employed: (a) labeling at 3' recessed 
ends with the large fragment of polymerase I (BRL); (b) labelling 
at 5' protruding ends with polynucleotide kinase (P-L Labs); and 
(c) labeling at 3' protruding ends with terminal deoxynucleotide 
transferase (NEN) and cordycepin 5'-triphosphate (aJ2p). Chem- 
ical reactions, electrophoresis, and gel elutions were performed 
using standard methods, Confirmation of sequence was obtained 
by sequencing both strands when possible, by overlapping frag- 
ments (see Fig. 1), and by repeated labelings. 

Results 

T h e  A d h  gene  was  i s o l a t e d  f r o m  g e n o m i c  k c lone  
l i b r a r i e s  o f  D. maur i t i ana  a n d  D. s imu lans  b y  Ben-  
t o n  a n d  D a v i s ' s  (1977)  p l a q u e  h y b r i d i z a t i o n  m e t h -  
o d  us ing  a c l o n e d  D. melanogas ter  A d h  gene  as  the  
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Fig. 1. Restriction enzyme cleavage sites in Adh-containing 
clones from (a) D. simulans and (b) D. mauritiana. The Adh gene 
itself is indicated by a thickened line; the wavy line indicates the 
vector pBR 325. Strategies used in DNA sequencing of the Adh 
gene ofD. simulans and D. mauritiana are shown in (c) and (d). 
The Pst I site in parentheses in the schematic occurs only in D. 
mauritiana. IVSI, Intron 1; IVSII, intron 2; TER, termination 
of translation 

p r o b e .  R e s t r i c t i o n  m a p s  were  c o n s t r u c t e d  us ing 
s t a n d a r d  techniques .  T h e  k c lones  were  d iges ted  wi th  
Eco R I  a n d  the  r e s u l t a n t  f r a g m e n t s  s u b c l o n e d  in to  
the  p l a s m i d  p B R  325. T h e  s u b c l o n e s  were  ex ten-  
s ive ly  m a p p e d  for  r e s t r i c t i o n  si tes ,  a n d  t hen  reg ions  
c o n t a i n i n g  the  A d h  gene  were  s e q u e n c e d  us ing  the 
p r o c e d u r e  o f  M a x a m  a n d  G i l b e r t  (1977).  T h e  se- 
q u e n c i n g  s t ra tegy ,  w h i c h  e m p l o y e d  o v e r l a p p i n g  
f r a g m e n t s  a n d  b o t h  3' a n d  5' l abe l ing ,  is o u t l i n e d  
in  Fig.  1. C o n f i r m a t i o n  o f  s e q u e n c e  was  o b t a i n e d  
b y  s e que nc ing  b o t h  s t r a n d s  w h e n e v e r  poss ib l e ,  a n d  
b y  r e p e a t e d  labe l ings .  T h e  sequences  o f  831 nu-  
c l eo t ides  w i t h i n  a n d  5' to  the  A d h  genes  o f D .  s im-  

ulans a n d  D. maur i t iana  were  d e t e r m i n e d  a n d  are  
s h o w n  in Fig.  2. T h e  s e q u e n c e s  i nc lude  D N A  5' to 
the  gene,  the  first two  exons ,  a n d  b o t h  i n t rons ,  as 
wel l  as  a p o r t i o n  o f  e x o n  3. T h e  D. melanogas ter  

A d h  sequence  d e t e r m i n e d  b y  C. B e n y a j a t i  (1981 a n d  
u n p u b l i s h e d  d a t a )  is s h o w n  for c o m p a r i s o n .  

T h e  d e t e r m i n e d  s e q u e n c e  s t a r t s  127 n u c l e o t i d e s  
u p s t r e a m  f r o m  the  A T G  s ta r t  s i te  o f  t r a n s l a t i on .  
T w o  d e l e t i o n s / i n s e r t i o n s  o f  a s ingle base  occu r  in 
the  5' f l ank ing  r eg ion  o f  the  gene.  102 n u c l e o t i d e s  
u p s t r e a m  f r o m  the  A T G  c o d o n  is an  A T - r i c h  reg ion  
( T A T A A A T A ) ,  i d e n t i c a l  in  al l  t h r e e  species ,  tha t  
m a y  c o r r e s p o n d  to the  T A T A  o r  G o l d b e r g - H o g n e s s  
b o x  c o m m o n l y  f o u n d  5' to  e u c a r y o t i c  genes  ( G o l d -  
berg  1979). T h e  d i s t a n c e  b e t w e e n  th i s  r eg ion  a n d  
the  A T G  si te  is a p p r o x i m a t e l y  t ha t  e x p e c t e d  b a s e d  



-120 -90 
2. simu~n$ AAGCTTCTGCNGTACGGAT~CTTCCTATAAATACGGGGCCGACACGAA 

mour i i~na AAGCTTCTGCI IGTACGGAT~CTTCCTATAAATACGGGGCCGACACGAA 
O. me~nogoslerAAGCTTCTGCTITW_J3TACGGAT~CTTCCTATAAATACGGGGCCGACACGAA 

-6o 
C T G G A A A C C A A C A A C T A A C G G A G C C C T C T T C C C A T T G A A A C A G A T C G A A  
C T G G A A A C C A A C A A C T A A C G G A G C C C T C T T C C C A T T G A A A C A G A T C G A A  
CTGGAAACCAACAACTAACGGAGCCCTCTTCC~]ATTGAAACAGATCGAA 

-30 -i 
A G A G C C T G C T I ~ A G C A A A A A A G A A G T C A C C  ATG GGG TTT ACT TTG 
AGAGCCTGCTAAAGCAAAAAAGAAGTCACC ATG GCG TTT ACT TTG 
AGAGCCTGCTAAAGCAAAAAAGAAGTCACC ATG [ ~ G  TTT ACT TTG 

31 
ACC AAC AAG AAC GTG ATT TTC GTT GCC GGT CTG GGA GGC 
ACC AAC AAG AAC GTG ATT TTC GTT GCC GGr CTG GGA GGC 
ACC AAC AAG AAC GTG ATT TTC GTT GCC GGT CTG GGA GGC 

61 91 
A T ~  GGT CTG GAC ACC AGC AAG GAG CTG CTC AAG CGC GAC 
ATT GGT CTG GAC ACC AGC AAG GAG CTG [~]"rc AAG CGC GAC 
ATT GGT CTG GAC ACC AGC AAG GAG CTG CTC AAG CGC G / ~ ]  

~00 150 
CTG AAG | G T A A C T A T G C G A T G C C C A C A G G T T C C A T G G A G G G ~ A T [ ~ G A  
CTG AAG | G T A A C T A T G C G A T G C C C A C A G G T T C C A T G G A G G ~  IATGGA 
CTG AAG L G T A A C T A T G C G A T G C C C A C A G C ~ T C C A T G ~ ( ~ L ~ A T G G A  

160 167 
G G T T A A T C T C G T G T A T T C A A T C C T A ~  AAC CTG G' I '~  ATC CTC GAC 
G G T T A A T C T C [ ~ T G T A T T C ~ A T C C T A ~  AAC CTG GTG ATC CTC GAC 
G G T T A A T C T C G T G T A T T C A A T C C T A ~  AAC CTG GTG ATC CTC GAC 

197 
CGC ATT GAG AAC CCG GCT GCC ATT GCC GAG CTG AAG 
CGC ATT GAG AAC CC,~ GCT GCC ATT GCC GAG CTG FC1AG 
CGC ATT GAG AAC CCG GCT GCC ATT GCC GAG CTG AAG 

227 
G[~]A ATC AAT CCA AAG GTG ACC GTC ACC TTC TAC CCC 
GCA ATC AAT CCA AAG GTG ACC GTC ACC TTC TAC CCC 
GCA ATC AAT CCA AAG GTG ACC GTC ACC TTC TAC CCC 

257 287 
TAT GAT GTG ACC GTG CCC ATT GCC GAG ACC ACC AAG 
TAT GAT GTG ACC GTG CCC ATT GCC GAG ACC ACC AAG 
TAT CAT GTG ACC GTG CCC ATT GCC GAG ACC ACC AAG 

317 
CTG CTG AAG ACC ATC TTC GCC AAG CTG AAG ACC GTC 
CTG CTG AAG ACC ATC TTC GCC AAG CTG AAG ACC GTC 
CTG CTG AAG ACC ATC TTC GCC [ ~ G  CTG AAG ACC GTC 

347 
GAT GTC CTG ATC AAC GGA GCT GGT ATC CTG GAC CAT 
GAT GTC CTG ATC AAC GGA GCT GGT ATC CTG GAC GAT 
GAT GTC CTG ATC AAC GGA GCT GGT ATC CTG GAC GAT 

377 
CAC CAG ATC GAG CGC ACC ATT GCC GTC AAC TAC ACT 
CAC CAG ATC GAG CGC ACC ATT GCC GTC AAC TAC ACT 
CAC CAG ATC GAG CGC ACC ATT GCC GTC AAC TAC ACT 

4~  
GGC CTG GTC AAC ACC ACG ACG GCC ATT CTG GAC TTC 
GGC CTG GTC AAC ACC ACG ACG GCC ATT CTG GAC TTC 
GGC CTG GTC AAC ACC ACG ACG GCC ATT CTG GAC TTC 

437 467 
TGG GAC AAG CGC AAG GGT GGT CCC GGT GGT ATC ATC 
TGG GAC AAG CGC AAG GGT GGT CCC GGT GGT ATC ATC 
TGG GAC AAG CGC AAG GGFCJ GGT CCC GGT GGT ATC ATC 

497 
TGC AAC ATT GGA TCC GTC ACT GGT TTC AAT GCC ATC 
TGC AAC ATT GGA TCC GTC ACT GGT TTC AAT GCC ATC 
TGC AAC ATT GGA TCC GTC ACT GG[-A1 TTC AAT GCC ATC 

527 
TAC CAG GTG CCC GTC TAC TCC GGC AAC AAG GCC GCN 
TAC CAG GTG CCC GTC TAC TCC GGC 
TAC CAG GTG CCC GTC TAC TCC GGC ACC AAG GCC GCC 

557 ~72 
GTG GTC AAC TTC ACC AGC TCC CTG GCG | G T A A G T T C A T C  
GTG GTC AAC TTC ACC AGC TCC CTG GCG JGTAAGTTCATC 
GTG GTC AAC TTC ACC AGC TCC CTG GCG J G T A A G T ' I ~ T C  

02 T TTT T GAAGGAAACGCAAAGTTII'~AAA~A,A~-~/~AAACTAATT G TA 
GAAGGAAACGCAAAGTT~ AI.~JA, A A ~ C ~  BAAACTAATTTGTTTTAT 
[~AGG AAAC GC AAAG TT T TLTJC A / ~  A AI_AIAAI~A l A ACT AATTT G[~l" TT AT 

652 
A A C A C C T T T A E  642 AAA CTG GCC CCC ATT ACC GGC GTG ACC 
AACACCTTTAG AAA CTG GCC CCC ATT ACC GGC GTG ACC 
A A C A C C T T T A G  AAA CTG GCC CCC ATT ACC GGC GTG ACC 

672 702 
GCT NAG ACC GTG AAC CCC -GGC ATC ACC CGC ACC ACC 
GCT NAC ACC GTG AAC CCC GGC ATC ACC CGC ACC ACC 
GCT TAC ACC GTG AAC CCC GGC ATC ACC CGC ACC ACC 

33 

Fig. 2. DNA sequences within 
and 5' to the Adh genes of D. 
simulans and D. mauritiana. 
The previously determined se- 
quence of D. melanogaster Adh 
(Benyajati et al. 1981 and un- 
published) is shown for compari- 
son, The position of introns is 
indicated by brackets. Nucleo- 
tide substitutions are boxed and 
deletions/insertions are indicated 
by circles. Codons that undergo 
nucleotide change leading to 
amino acid replacement are 
overlined. The gap at nucleotide 
533 indicates a region of twelve 
nucleotides that have not been 
determined in D. mauritiana. 
Sequence ambiguities (positions 
45, 544, and 672) have not been 
scored as nucleotide changes in 
Tables 1 and 2. Posit ion 1 is the 
A T G  start site o f  translation 

on the e s t i m a t e d  length o f  the 5' leader sequence o f  
Adh m R N A  of  adu l t  f l ies  (Benyajat i  et al. 1980). 
T h e  e ight  nucleotide AT-r ich region is f o l l o w e d  i m -  

m e d i a t e l y  by  e ight  n u c l e o t i d e s  of  GC. Intron 1 oc- 
curs at n u c l e o t i d e  100 (after a m i n o  acid 33) a n d  
in tron  2 at nucleotide 572 (after amino acid 168) in  
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Table 1. Percentage of DNA sequence divergence in and around the Adh gene of three drosophilids �9 

5 ~ 
Exons Introns flanking 

Species DNA 1 2 3 ~ 1 2 

En-  

tire 

All All se- 
exons introns quence 

D. simulans/D, melanogaster 3.1 3.0 
D. simulans/D, mauritiana 0.8 2.0 
D. mauritiana/D, melanogaster 2.4 3.0 

1.2 0 7.5 8.6 1.4 8.0 2.8 
1.0 0 6.0 5.7 1.1 5.8 1,8 
1.3 0 7.5 12.9 1.4 10.2 3.1 

�9 Dele t ions / inser t ions  are scored as single even t s  
b Calculated based  on the  first 63 nucleot ides  o f  exon 3 

0 -D, rnelanogaster D simulans D. m a u r i t i a n a  

o~ 
I1~ I - -  

uJ 

u. 2 -  
0 

z 3 -  
2 
-J 
~ 4 -  

5 -  

Fig. 3. Evolu t ionary  re la t ionship  a m o n g  three drosophi l ids  as 
deduced  f rom nucleot ide sequence  compar i son  o f  the  A d h  genes. 
The  indicated divergence t imes  are m a x i m a l  es t imates  

1 2 - -  

10- -  
LU  

z 8 laJ 
(D 

m 
GI 
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5' 
Untranslated 

Exon Exon Intron Exon 
1 2 2 3 
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J 

Fig. 4. Dis t r ibu t ion  o f  base  changes  in the  A d h  genes o f  three 
drosophi l ids .  The  open  bar  indicates D. melanogaster compared  
with D. simulans; the  ha tched  bar  indicates  D. mauritiana/D. 
simulans; and  the s t ippled bar  indicates  D. melanogaster/D. 
mauritiana. The  da ta  are taken  f rom Fig. 2 and  Table  1. There  
are no nucleot ide  changes  wi th in  the  63 sequenced  nucleot ides  
o f  exon  3 

all three species. Both introns conform to the con- 
sensus splicing rules suggested by Breathnach and 
Chambon  (1981). The  lengths o f  the introns vary  
slightly among the three species due to short  inser- 
t ions/deletions,  which are c o m m o n  in eucaryotic  
introns (Moore  1983). The  introns are more  AT  rich 

than is the structural gene; this is particularly true 
for intron 2, which is approximate ly  74% AT. 

Over  the entire length o f  the de termined  se- 
quence, D. simulans and D. maurit iana are clearly 
more  similar to each other  than ei ther is to D. mel- 
anogaster. As shown in Table 1, D. s imulans and 
D. maurit iana differ f rom each other  in 1.8% of  the 
bases, whereas they differ f rom D. melanogaster by 
2.8% and 3.1% of  the bases, respectively. This se- 
quence compar ison  suggests the evolut ionary rela- 
t ionship among the three species outl ined in Fig. 3, 
which indicates that D. s imulans and D. maurit iana 
diverged f rom each other  after their  jo int  divergence 
f rom D. melanogaster. This  phylogeny agrees with 
others constructed on the basis of  both molecular  
and nonmolecular  characteristics (see Discussion). 

D N A  sequence divergences can be compared  in 
5' flanking DNA,  each exon, and each intron (see 
Table 1 and Fig. 4). The  introns diverge at least five 
t imes more  rapidly than do the coding regions of  
the gene. In t ron 2 may  diverge slightly more  rapidly 
than intron 1, and exon 1 m ay  diverge slightly more  
rapidly than exon 2, but  the differences are not  sta- 
tistically significant. Although there is little diver-  
gence in exon 3, the sequence has not  been deter- 
mined  completely; thus a full compar i son  cannot  
yet  be made.  The  5' flanking D N A  diverges signif- 
icantly less rapidly than does D N A  in introns,  which 
may  be the result o f  evolut ionary constraints on 
sequence divergence in this region. 

Sequence divergence can also be examined  with 
regard to placement o f  individual nucleotide changes, 
as shown in Table  2. Nucleot ide changes in the third 
posit ions o f  codons are somewhat  more  frequent 
than changes in posi t ion 1. Changes in posi t ion 1 
are four t imes as c o m m o n  as those in posit ion 2. 
Nucleot ide changes that  lead to amino  acid substi- 
tut ions are less frequent  than silent changes, but  this 
effect is not  as strong as might have been expected. 
When the three sequences are aligned, there are 12 
silent and 10 replacement  changes. The ratio o f  si- 
lent to replacement  changes increases significantly, 
however,  when the data  are corrected using the 
m e th o d  o f  Perler et al. (1980). Using this m e th od  
to correct  for the potential  n u m b e r  o f  silent and 



Table 2. Number of nucleotide differences among the Adh genes of three drosophilids 
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Change in 
codon position" Silent 

Species compared 1 2 3 changes" 

Amino 
acid 
replace- 
ment 
changes" 

Inser- 
tions 
or 
deletions b 

Transi- 
tions b 

Trans- 
v e r -  

s i o n s  ~ 

D. simulans/D, melanogaster 2 1 5 5 
D. simulans/D, rnauritiana 2 1 3 3 
D. mauritiana/D, melanogaster 4 0 4 4 

11 
6 

13 

"Based on comparison of coding DNA only; data from Fig. 2 
b Based on comparison ofintrons, exons, and 5' flanking DNA; data from Fig. 2 

replacement sites in each codon,  the ratio o f  silent 
to replacement  changes increases to 5.7 for D. sirn- 
ulans/D, melanogaster, 2.7 for D. simulans/D.  
mauritiana, and 3.4 for D. melanogaster/D, maur-  
itiana. There  does not  appear  to be any special bias 
toward transit ions rather  than transversions, such 
as has been reported for mi tochondr ia l  D N A s  (e.g., 
Brown et al. 1982). 

Insert ion or deletion events  in noncoding D N A  
have occurred often since the species diverged. It is 
difficult to distinguish conclusively between inser- 
tions and deletions. However ,  assuming that the 
phylogeny o f  Fig. 3 is correct  (see Discussion), those 
cases in which D. melanogaster shares a nucleo- 
tide(s) with one, but  not both, of  the other two species 
are probably the result o f  an event  that  took place 
in the species with the unique base(s). For  example,  
in the first intron, at nucleotide 134, there are two 
nucleotides that occur  in D. s imulans  but not  in D. 
melanogaster or D. mauritiana. It seems most  likely 
that an insert ion has occurred in D. s imulans  rather 
than two independent  deletions at the same location 
in D. melanogaster and D. mauritiana. In coding 
D N A there is no evidence o f  clustering o f  base 
changes, which would indicate "ho tspo ts"  o f  mu- 
tational events; there is no single position at which 
each species has a different base. In noncoding re- 
gions, base changes and insert ions/delet ions do ap- 
pear to be clustered. The  ratio o f  insertions/dele- 
tions to base changes in noncoding D N A  is 0.32; 
this is similar to the value o f  0.28 reported by Cann 
and Wilson (1983) for many  noncoding DNAs. 

Discussion 

The D N A  sequence o f  the Adh gene has been com- 
pared among three species o f  Drosophila. Although 
many genes have been compared  in related eucary- 
ores, very few have been compared  among drosoph-  
ilids. The  organizat ion o f  the genome as a whole, 

as well as o f  individual genes, in D. melanogaster 
is different from that of  most  other eucaryotes in 
impor tan t  features such as genome size, intersper- 
sion o f  repeats, intron size and number,  etc. (see 
Spradling and Rubin 1981 for a review). To  under- 
stand the unusual evolut ionary history of  drosoph- 
ilids, detailed interspecies comparisons at the D N A 
level will have to be made. 

Adh is an excellent gene with which to study 
evolut ion in drosophilids at the D N A  level. It is a 
small gene and occurs in all species examined.  More- 
over, an enormous  amoun t  o f  informat ion on it 
exists with which to put evolut ionary comparisons 
into context. Adh has been analyzed extensively with 
respect to protein chemistry,  genetics, cytology, de- 
velopment ,  geographical distribution o f  alleles, and, 
more  recently, the structure o f  the gene itself. In- 
terspecies compar ison may suggest what features o f  
gene structure are critical (thus evolutionari ly con- 
served) and may reveal the nature and rate o f  evo- 
lut ionary change. 

In this initial study, we have chosen to investigate 
three species known by several criteria (see below) 
to be closely related. The advantage in comparing 
closely related species is that observed differences 
probably reflect pr imary events unlikely to be ob- 
scured by secondary mutations.  Clearly it will also 
be impor tant  to extend this compar ison to more  
distantly related species. The  kinds o f  evolut ionary  
changes observed in the Drosophila Adh gene seem 
analogous to those ofgene evolution in other  species. 
For  example, the introns diverge more  rapidly than 
the exons; intron position is conserved,  but  intron 
length varies as the result o f  short insertions or dele- 
tions; introns are more  AT rich than the rest o f  the 
gene; and intron/exon borders conform to the con- 
sensus sequences seen in other  species. In t ron po- 
sition is conserved even in the case o f  an intron that  
does not fall between obvious domains  o f  the pro- 
tein. Conservat ion o f  an intron that interrupts  a 
domain  may be interpreted as an exception to Gil- 
bert 's (1978) suggestion o f in t ron  shuffling; however,  



36 

there may be domains of  the Adh protein of  which 
we are unaware. Intron/exon junctions have been 
shown to occur outside the hydrophobic core, on 
the surface of the corresponding protein (Craik et 
al. 1982). GO (1981) has proposed that introns fall 
between subdomains or "modules."  The first intron 
of  the Adh gene may separate such modules. Cer- 
tainly analysis of  more distantly related species of  
Drosophila will be important in this context. 

It is of  particular interest to compare the data 
presented here with those of  Kreitman (1983), who 
reported the sequences of  11 cloned Adh genes from 
five natural populations of  D. melanogaster. Kreit- 
man identified 14 polymorphic sites in coding DNA, 
only one of  which leads to an amino acid replace- 
ment. From the low number of  amino acid poly- 
morphisms he concluded that virtually all the amino 
acids of  the protein are under selection pressure. The 
interspecies comparisons reported here show a sig- 
nificantly greater number of  amino acid replace- 
ments, which suggests that these sibling species may 
be under somewhat different selective constraints. 
Ultimately, detailed comparison ofinterspecies and 
intraspecies divergence may enhance our under- 
standing of  the relationship between speciation and 
polymorphism. 

In addition to demonstrating nucleotide poly- 
morphisms, Kreitman's analysis revealed differ- 
ences in length (i.e., deletions/insertions) among the 
alleles. Most of these involved homonucleotide runs. 
We observed similar mutations among the three 
species studied here at, for example, positions 134, 
601, and 612. K_reitman reported, as we do, that 
introns diverge more rapidly than exons and that 
flanking DNA diverges more slowly than introns. 
Langley et al. (1982) and Kxeitman both reported 
that DNA flanking the Adh gene is as highly con- 
served as that of  the structural gene itself, and con- 
cluded that large regions of  the genome near the 
Adh gene may be under selective constraints. Com- 
parison of  our data with those of  Zwiebel et al. 
(1982) reveals that the entire single-copy component 
of  the genome diverges only slightly faster than does 
the Adh structural gene, but more than four times 
more slowly than do the introns. Taken together, 
these data suggest that much of  the DNA of  the 
Drosophila genome may be under sequence-specific 
selection pressure. Grula et al. (1982), using a very 
different approach, compared two sea urchin ge- 
nomes and came to a similar conclusion. 

The phylogenetic relationships shown in Fig. 3 
have been established on the basis of  several criteria, 
including the pattern of polytene chromosome in- 
versions; protein allelomorphs; interspecies sterili- 
ties; mating songs; and molecular similarity in heat- 
shock genes, mitochondrial DNA, ribosomal RNA, 
serum proteins, and histone genes (reviewed by 

Table 3. Estimated divergence times of three drosophilids based 
on sequence divergence of  the Adh gene 

Species compared 

Estimated 
time of 

Divergence divergence 
of  Adh (mill ions of  
gene (%)a years ago) b 

D. simulans/D, melanogaster 2.8 4.2 
D. simulans/D, mauritiana 1.8 2.7 
D. mauritiana/D, melanogaster 3.1 4.7 

a Total divergence including exons, introns, and 127 nucleotides 
5' to the gene; from Table l 
b Obtained by division of  the percentage divergence of  the Adh 
gene by the minimum rate of divergence of total single-copy DNA 
in drosophilids (0.66% per million years) calculated by Zwiebel 
et al. (1982). These are maximal estimates as described in the 
text 

Dover et al. 1982). Conclusions from DNA se- 
quence comparisons of  the Adh gene reported here 
are entirely consistent with those of  these other stud- 
ies. This fact is interesting not in that it corroborates 
previous measurements, but rather because it sup- 
ports the idea that in at least some cases reliable 
phylogenies can be constructed on the basis of  the 
DNA sequence of  a single gene. 

Although the phylogeny of  Fig. 3 is well estab- 
lished, it is much more difficult to determine the 
times at which the species diverged. In a previous 
study we measured the extent of  divergence of  total 
single-copy DNA in a number ofdrosophilids using 
DNA hybridization and thermal elution from hy- 
droxylapatite (Zwiebel et al. 1982). Based on the 
single-copy divergence rate and on divergence times 
estimated from several unrelated criteria, we esti- 
mated the nucleotide substitution rate of  drosoph- 
ilids to be at least 0.66% of  bases per million years. 
This rate can be applied to the extent of  divergence 
of  the Adh gene reported here to yield an estimate 
of  the divergence times of  these species. Dividing 
the degree of  divergence of  the Adh gene by the rate 
of  nucleotide substitution yields estimates of  4.2, 
2.7, and 4.7 million years since the separations of 
D. simulans/D, melanogaster, D. simulans/D. 
mauritiana, and D. mauritiana/D, rnelanogaster, 
respectively (Table 3). Since the nucleotide substi- 
tution estimate is a minimal approximation, these 
times probably represent a maximal estimate. 

These estimates of divergence time are highly 
speculative and based on at least two assumptions. 
The first is that the Adh gene is diverging at ap- 
proximately the same rate as total single-copy DNA. 
This appears to be the case, because the extent of  
single-copy divergence of  D. melanogaster with re- 
spect to D. simulans or D. mauritiana was measured 
to be about 2.2% (Zwiebel et al. 1982), which is 
similar to the overall degree of  divergence of  the 
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A d h  gene (Tab le  3). T h e  s e c o n d  a s s u m p t i o n  is tha t  

s ing le -copy  D N A  d i v e r g e n c e  o f  d r o s o p h i l i d s  is ap-  

p r o x i m a t e l y  l inea r  w i th  t ime .  A d d i t i o n a l  research  

will be r e q u i r e d  to  test  the  v a l i d i t y  o f  th is  concept .  
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