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SUmmary. Recent sequencing of over 2300 nu- 
eleotides containing the alcohol dehydrogenase (Adh) 
locus in each of  11 Drosophila melanogaster lines 
makes it possible to estimate the approximate age 
of the electrophoretic "fast-slow" polymorphism. 
Our estimates, based on various possible patterns 
of evolution, range from 610,000 to 3,500,000 years, 
With 1,000,000 years as a reasonable point estimate. 
Furthermore, comparison of these sequences with 
those of the homologous region of D. simulans and 
D. mauritiana allows us to infer the pattern of evo- 
lutionary change of the D. melanogaster sequences. 
The integrity of the Adh-f electrophoretic alleles as 
a single lineage is supported by both unweighted 
Pair-group method (UPGMA) and parsimony anal- 
yses. However, considerable divergence among the 
Adh-s lines seems to have preceded the origin of  the 
Adh-f allele. Comparisons of the sequences of D. 
rnelanogaster genes with those of D. simulans and 
D. mauritiana genes suggest that the split between 
the latter two species occurred more recently than 
the divergence of some of the present-day Adh-s 
genes in D. melanogaster. The phylogenetic analyses 
of the D. melanogaster sequences show that the fast- 
slow distinction is not perfect, and suggest that in- 
tragenic recombination or gene conversion occurred 
in the evolution of this locus. We extended conven- 
tional phylogenetic analyses by using a statistical 
technique for detecting and characterizing recom- 
bination events. We show that the pattern of dif- 
ferentiation of  DNA sequences in D. melanogaster 
is roughly compatible with the neutral theory of 
molecular evolution. 
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Introduction 

One of the best-studied polymorphisms in popu- 
lation genetics is the electrophoretic "fast" (f) and 
"slow" (s) variation at the alcohol dehydrogenase 
(Adh) locus of Drosophila melanogaster. This ap- 
parently worldwide polymorphism (Johnson and 
Schaffer 1973; Oakeshott et al. 1982) is caused by 
a single amino acid change (Thatcher 1980). In a 
recent study of DNA sequence variation at this lo- 
cus, Kreitman (1983) demonstrated extensive silent 
polymorphism within each electromorph. The Adh 
gene sequences of  the related species D. simulans 
and D. mauritiana were also studied recently (Bod- 
mer and Ashburner 1984; Cohn et al. 1984). These 
sequence data can be used for studying the evolu- 
tionary relationship ofpolymorphic genes belonging 
to the same species as well as to different species. 

The purpose of this paper is threefold: (1) to ana- 
lyze the possible phylogenetic relationships among 
the available DNA sequences, including the possi- 
bility of  gene conversion or intragenic recombina- 
tion; (2) to estimate the age of  the fast-slow elec- 
trophoretic polymorphism in D. melanogaster, and 
the times of splitting of D. melanogaster, D. simu- 
lans, and D. mauritiana; and (3) to examine whether 
these data are consistent with the neutral theory of  
molecular evolution. In the course of accomplishing 
these goals, we point out the pitfalls to which con- 
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Fig. 1. Physical distribution of all mutational events. The two arrows below D. mauritiana sequence indicate polymorphism in D. 
simulans, with fixation of the alternative nucleotides in each of  the other two species. Scale is identical to K.reitman's (1983). Several 
discrepancies in the studies of Bodmer and Ashburner (1984) and Cohn eta l .  (1984) are resolved: Positions -117 ,  -108 ,  45, 122, 
222, 533-544, and 672 of Cohn e ta l .  no longer show any differences (unresolved or otherwise) from corresponding sequences of 
Bodmer and Ashburner (V. Cohn, personal communication). A hypervariable region beginning at position 601 of Cohn eta l .  was 
realigned to reflect an insertion polymorphism in each of D. simulans and D. mauritiana, in addition to variability seen by Bodmer 
and Ashburner. Positions 161,294, 800, 1184, 1267, and 1348 (only D. mauritiana) of Bodmer and Ashburner no longer show any 
differences (unresolved or otherwise) from corresponding sequences of Cohn et at. or Kreitman (1983) (M. Ashburner, personal 
communication). Also, correcting Bodmer and Ashburner 's sequences, position 238 is G and position 284 is C in D. simulans sequence; 
consensus C at 1005 is really G, with variant C in D. simulans; A ~ G transition shown at 1436 in D. mauritiana probably belongs 
at 1435; position 1583 is A in D. mauritiana sequence; and variant A shown in D. rnauritiana at 1640 should be at 1643. Three 
pairs of insertion/deletion events, near Bodmer and Ashburner 's  positions 152, 178, and 225, were realigned to reflect six base 
substitutions 

ventional methods are subject in the presence of  
recombination, and suggest certain modifications. 

S t a t i s t i c a l  O v e r v i e w  

D. melanogaster 

Krei tman (1983) sequenced 11 genes cloned from 
various D. melanogaster lines derived from diverse 
geographic areas including Washington (Wa-s, Wa- 
0, Florida (Fl-ls, F1-2s, 171-0, France (Fr-s, Fr-t), 
Africa tAr-s, Af-f), and Japan (Ja-s, Ja-f) (Table 1). 
Each sequence was at least 2379 base pairs (bp) long, 
including the Adh coding region, introns, adult and 
larval m R N A  leader sequences, and both 5' and 3' 
flanking regions (Fig. 1). Forty-three segregating nu- 
cleotide sites and six DNA length polymorphisms 
were detected. None of  the variable nucleotide sites 
had more than one variant, although two of  the 
length variations involved homonucleot ide repeats 
(i.e., A A . . .  A and T T . . .  T). The physical distri- 
bution of  all polymorphisms is shown in Fig. 1, and 
the distribution of  the D. melanogaster variations 
among all lineages is shown in Table 1. Almost  half  
of  the segregating nucleotide sites in D. melanogas- 
ter are located within a stretch of  less than 600 bp 
centered on the polymorphic position responsible 

for the single amino acid change. This region ex- 
tends from the 3' end ofexon 3 to the 3' untranslated 
portion of  exon 4 (Fig. 1). 

The numbers ofnucleotide differences (nd) among 
the 11 D. melanogaster sequences, excluding inser- 
tions and deletions, are shown in Table 2 above the 
diagonal. This table also includes (below the diag- 
onal) the numbers of  nucleotide substitutions per 
site (d), estimated by 

d = -3/4 log~(1 - 4p/3) (1) 

(Jukes and Cantor 1969), where p = nd/n. Here, n 
is the number  of  nucleotides compared (in the pres- 
ent case, n = 2379). The variance o f d  is given by 

V(d) = p(1 - p)/n(1 - 4p/3) 2 (2) 

(Kimura and Ohta 1972). The d value varies con- 
siderably with sequence pair, the largest value being 
d = 0.0123 between Wa-s and Ja-f. The average val- 
ue o f  d is 0.0066 (Table 3). 

D. simulans and D. mauritiana 

Much (1776 bp) o f  the region sequenced by Kreit- 
man (1983) was recently studied by Bodmer and 
Ashburner (1984) for D. simulans, D. mauritiana, 
and D. orena. Furthermore,  Cohn et al. (1984) stud- 
ied an 831-bp region of  the Adh gene from addi- 
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Table 1. Drosophila melanogaster Adh  nueleotide sequence polymorphisms,  and corresponding sequences o f  D. simulans and D. 
mauritiana 
. . . . . . . _  

Adh-s  A d h - f  

Posi- Con-  
Region tion sensus 1" 2 3 4 5 6 7 8 9 10 11 12 Parti t ion 

5' Flanking - 3  C T T T T 
- 2  C G G G G 
- 1  G C C C C C C C 

Intron 1 C A A A A A 
A G G G G G 
A G 
T G 
A G 
T A A A A A 

T 
C 

Larval leader A 

Exon 2 G G 

Intron 2 G G 
T T 

Exon 3 

Intron 3 

Exon 4 

(Lys ~ Thr) 

3' Untransla ted 

3' Flanking 

107 
113 
143 
169 
173 
175 
287 
293 
304 
448 
516 
551 
586 

713 

816 

896 
925 

1068 
1229 
1235 
1283 

1354 
1362 
1388 
1400 
1405 

1425 
1431 
1443 
1452 
1490 
1518 
1527 
1557 
1596 

1693 
1698 
1740 

1908 
1925 
1937 
2081 
2130 
2303 
2347 
2379 

A 
G T 
G 
G 
I b 

C 
2 
G 

C 

T 

A 
C 

C T 
C T 
C 
C A 

G C 
G A 
A 
A T 
T A 

C A 
T C 
C 
C 
A 
C 
T 
A 
G 

A 
3 1 
C 

A 
G 
C 
4 

C 

5 1 
T 
6 + 

T 
T 

A 

C 
A 

T 
A 

A 
C 

A A 

C 
1 1 0 4 

T 
A 

T 

1 2 1 1 
A 

+ ? - _ 

T T T 
C C C 

- + + -b + 

G G G 
- -  + + + - -  

T 

G G G G G 

A 

G 

G G G G G 
T T T T T 
C C C C C 
T T T T T 
C C C C C 
C C C C C 

C C C C C 
5 5 5 6 5 

G G G 

T 
1 I 1 1 1 0 

a 

a 

b 

C 

G c (c') 
d 
d 
d 

A e 
f 
g 
g 

- -  a 

h 
- h 

d 

i 

J 

k 
k 

1 

T 1(1') 
d 
1 

c 1 (l') 
1 

d 
T I (1') 

1 

1 

1 

m 

n 
m 
n 

C m (m') 
C n (n') 

O 

J 
i , j , p & q  
h 

P 
p 
r 

r 

s 

d & r  
r 

1 

Data from Krei tman (1983), Bodmer  and Ashburner  (1984), and Cohn et al. (1984). Posit ion 1490 is responsible for the fast-s low 
"polymorphism. Exon 1 was not variable. Intron 1 is also called the adult intron. Af-s was not  sequenced past  posi t ion 2347 

Labels 1, 2 , . . . ,  11 correspond to Wa-s, FI- Is, Af-s, Fr-s, Fl-2s, Ja-s, Fl-f, Fr-f, Wa-f, Af-f, and Ja-f, respectively, and 12 corresponds 
to the com m on  sequence o fD .  sirnulans and D. mauritiana 

b Labels 1, 2 . . . . .  6 in the consensus Adh-s  sequence refer to length polymorphisms.  Presence (+)  or  absence ( - )  o f  an insertion is 
indicated, except for homonucleot ide  repeats (3 and 5), for which the excess above the m i n i m u m  observed length is given 
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Table 2. Numbers of nueleotide differences (above diagonal) and estimates of the number of nucleotide differences per site (below 
diagonal) between 11 Drosophila melanogaster sequences 

Wa-s Fl-ls A~s Fr-s FI-2s Ja-s Fl-f Fr-f Wa-f A~f Ja-f 

Wa-s 3 14 16 19 19 20 27 27 27 29 
Fl-ls 0.0013 13 15 20 16 17 26 26 26 28 
Ags 0 . 0 0 5 9  0.0055 6 13 9 12 21 21 21 23 
Fr-s 0 . 0 0 6 8  0 .0063  0.0025 11 11 14 23 23 23 25 
F1-2s 0 .0080  0 .0085  0 . 0 0 5 5  0.0046 14 15 14 14 14 20 
Ja-s 0 . 0 0 8 0  0 .0068  0 . 0 0 3 8  0 . 0 0 4 6  0.0059 5 14 14 14 16 
Fl-f 0 . 0 0 8 5  0 .0 072  0 . 0 0 5 1  0.0059 0 . 0 0 6 3  0.0021 9 9 9 11 
Fr-f 0.0114 0.0110 0.0089 0 . 0 0 9 7  0 . 0 0 5 9  0 . 0 0 5 9  0.0038 0 0 10 
Wa-f 0 .0114  0 .0110  0 . 0 0 8 9  0 . 0 0 9 7  0.0059 0 . 0 0 5 9  0 . 0 0 3 8  0.000 0 10 
A~f 0 . 0 1 1 4  0 .0 110  0 . 0 0 8 9  0 . 0 0 9 7  0.0059 0 . 0 0 5 9  0 . 0 0 3 8  0.000 0.000 10 
Ja-f 0 . 0 1 2 3  0.0119 0 . 0 0 9 7  0.0106 0 . 0 0 8 5  0 . 0 0 6 8  0 . 0 0 4 6  0 . 0 0 4 2  0.0042 0.0042 

The number of nucleotide sites compared is 2379. Data from Kreitman (1983) 

t ional strains o fD.  simulans and D. mauritiana. The  
sequence f rom D. orena was not  used in the present  
study because o f  difficulty in aligning this sequence 
with others. Figure 1 shows all differences among  
the three species used. We note that  sites that  were 
segregating in the D. melanogaster sample  are all 
fixed in the four sequences sampled  f rom D. sim- 
ulans and D. mauritiana. Thus,  var ia t ion  within the 
D. simulans and D. mauritiana sample  and  var ia-  
t ion differentiating this sample  f rom D. melano- 
gaster exists at sites distinct f rom those tha t  vary  
within D. melanogaster. This  implies  that  short-  
t e rm evolut ion at the molecular  level is not  confined 
to a small  n u m b e r  o f  sites, as has been impl icated 
for satellite D N A  (Brown and Clegg 1983) and  mi-  
tochondria l  D N A  (Aquadro et al. 1984). 

The  study by Cohn  et al. (1984) discloses 32 vari-  
able sites in the 831-bp region they sequenced. The 
study by B o d m e r  and Ashburner  (1984) corrobo-  
rates mos t  o f  these var iable  sites, a l though the two 
studies differ in ei ther sequence or a l ignment  at sev- 
eral nucleotide sites. Natural ly,  mos t  o f  the differ- 
ences between the studies are rat ional ized as intra-  
specific po lymorph i sms ,  a l though at one site D. 
simulans and D. mauritiana apparent ly  share the 
same po lymorph i sm,  and  at two other  sites D. mel- 
anogaster and  D. mauritiana are fixed for different 
nucleotides, with D. simulans segregating for these 
nucleotides at both  sites (arrows in Fig. 1). I f  D. 
simulans and D. mauritiana diverged relatively re- 
cently, it is reasonable that  these two species share 
po lymorph i sms  that  existed prior  to speciation. 
Several other  differences between the two publ ished 
versions have  been corrected by corresponding with 
the respective authors,  and  are detailed in the legend 
to Fig. 1. Both D. mauritiana and  D. simulans are 
apparent ly  fixed for the amino  acid corresponding 
to the D. melanogaster Adh-s  e lec t romorph.  D. 
mauritiana differs f rom D. melanogaster Adh-s  by 
five amino  acid replacements ,  and  f rom D. simulans 

by three replacements ,  whereas  D. simulans differs 
by two amino  acids f rom D. melanogaster Adh-S 
(Fig. 1). 

Est imates  o f  the n u m b e r  ofnuc leo t ide  differences 
per  site (d) within and  between D. melanogaster, D. 
sirnulans, and D. mauritiana are shown in Table  3. 
The  average n u m b e r  o f  nucleotide differences for 
all pairs o f  sequences within species is less than  1~ �9 
The  n u m b e r  o f  net nucleotide differences per  site 
between two species (Nei and Li 1979) was esti- 
m a t e d  by 

8 ---- dxy - (dx + dy)/2 (3) 

where dx and dy are the average number s  o f  nucleo- 
tide differences per  site in each species, and  dxy is 
that  between the two species. This  fo rmula  corrects 
for the effect o f  the intraspecific p o l y m o r p h i s m  ex- 
isting pr ior  to speciation. Pairwise interspecific dif- 
ferences between D. simulans and D. rnauritiana 
are less than those between these species and  D. 
melanogaster. It  should be no ted  that  the number  
o f  net nucleotide differences (8 = 0.0086) between 
D. simulans and D. mauritiana is abou t  the same 
as the average uncorrected n u m b e r  o f  nucleotide 
differences (dxy = 0,0085) between Adh-s  and  Adh- f  
(see also Zwiebel et al. 1982; Ashburner  et al. 1984; 
Bodmer  and  Ashburner  1984). D. simulans and/3 .  
mauritiana sequences differ f rom D. melanogaster 
Adh-s  sequences by an average o f  0.0264 (uncor- 
rected) subst i tut ions per  site and f rom D. melano- 
gaster A d h - f  sequences by  0.0278. 

Phylogenetic Analyses 

UPGMA Trees 

We first constructed a phylogenetic  tree for D. mel- 
anogaster sequences f rom the d values in Table  2 
by using U P G M A .  The  tree obta ined  is presented 
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Table 3. Estimates of the number of nucleotide differences per site within and between Drosophila melanogaster, D. simulans, and 
D. mauritiana 
. . . . , _ _  

Number of 
Mean _ SE" Source b nucleotides 

Nucleotide differences/site (dx) within: 
D. rnel. (total) 0.0066 _+ 0.0017 K 2379 

Adh-s 0.0056 + 0.0015 K 2379 
Adh-f 0.0028 + 0.0011 K 2379 
Adh-s vs. Adh-f 0.0085 + 0.0019 K 2379 

D. rnel. 0.0070 + 0.0041 K 822 
D. sire. 0.0073 + 0.0030 CTM, BA 822 
D. rnau. 0.0049 -+ 0.0024 CTM, BA 822 

UPGMA estimates of nucleotide differences between D. reel. and (D. sim. and D. mau.): 

Adh-s 0.0264 + 0.0048 K, CTM, BA 822 
Adh-f 0.0278 + 0.0053 K, CTM, BA 822 
Total 0.0270 + 0.0049 K, CTM, BA 822 

Interspecific comparisons (d~y): 
D. reel. vs. D. sim. 0.0245 _+ 0.0049 K, CTM, BA 822 
D. reel. vs. D. mau. 0.0296 +_ 0.0054 K, CTM, BA 822 
D. sim. vs. D. mau. 0.0147 + 0.0038 CTM, BA 822 

Estimates of net nucleotide difference (~): 
D. reel. vs. D. sim. 0.0173 +_ 0.0028 K, CTM, BA 822 
D. rneL vs. D. mau. 0.0236 -- 0.0024 K, CTM, BA 822 
D. sire. vs. D. mau. 0.0086 +_ 0.0022 CTM, BA 822 
D. reel. vs. (D. sire. and D. mau.) 0.0205 K, CTM, BA 822 

. . - - . _ .  

"The mean dx was calculated by averaging values obtained by Eq. (1). The standard error of this mean was calculated by using Eq. 
(2) and assuming that there were only two sequences. This value is expected to overestimate the true variance when dx is based on 
more than two sequences. UPGMA standard errors were calculated by the method of Nei et al. (1985). Standard errors of d~y and 

were estimated by Eqs. (26) and (25) of Nei and Tajima (1981) 
b K, Kreitman (1983); CTM, Cohn et al. (1984); BA, Bodmer and Ashburner (1984), restricted to the 822-bp region comparable to 

the CTM study 

in Fig.  2. Sequences  f r o m  F r a n c e ,  W a s h i n g t o n ,  a n d  
Af r ica  (all  Adh- t~  were  i d e n t i c a l  a t  the  43 p o l y m o r -  
Phic  n u c l e o t i d e  s i tes ,  a l t h o u g h  an  a d d i t i o n a l  ba se  in  
a h o m o n u c l e o t i d e  run  (si te 1698) d i s t i ngu i she s  A f - f  
f rom the  o t h e r  two.  N o n e t h e l e s s ,  t h e i r  c o m m o n  se- 
quence  was  u sed  as  t h r ee  d i s t i n c t  o p e r a t i o n a l  t a x o -  
n o m i c  uni ts .  

T h e  s t a n d a r d  e r ro r s  o f  b r a n c h i n g  p o i n t s  s h o w n  
in Figs.  2 a n d  3 were  o b t a i n e d  b y  the  m e t h o d  o f  
Ne i  et  al.  (1985).  F a c t o r s  such  as  i n t r agen i c  r e c o m -  
b i n a t i o n  a n d  gene c o n v e r s i o n  a re  n o t  c o n s i d e r e d  in  
the  m o d e l  u n d e r l y i n g  the  s t a n d a r d  e r ro r  ca lcu la -  
t ions .  S ince  U P G M A  is a m e t h o d  o f  p h e n e t i c  c lus-  
ter ing,  i .e.,  c lus t e r ing  b a s e d  o n  ove ra l l  s i m i l a r i t y ,  
n u c l e o t i d e  d i f fe rences  c a u s e d  b y  r e c o m b i n a t i o n  wil l  
inf la te  the  e s t i m a t e d  s t a n d a r d  e r ro r s  o f  l o w e r  c lus-  
ters.  C o n v e r s e l y ,  s t a n d a r d  e r ro r s  e s t i m a t e d  for  u p -  
pe r  b r a n c h i n g  p o i n t s  a re  gene ra l ly  u n d e r e s t i m a t e d  
because  o f  s i m i l a r i t i e s  ac ross  c lus te rs  d u e  to  r e c o m -  
b i n a t i o n .  

T h e  t ree  in  Fig.  2 s h o w s  a b a s i c  d i v i s i o n  o f  t he  
Sequences  c o r r e s p o n d i n g  to  the  f a s t - s l o w  d i c h o t o -  
my.  T h e  b r a n c h i n g  p o i n t  b e t w e e n  A d h - s  a n d  A d h - f  
sequences  is s ign i f i can t ly  o l d e r  ( the s t a n d a r d i z e d  
n o r m a l  d e v i a t e  t = 2 .42)  t h a n  the  o lde s t  b r a n c h i n g  
p o i n t  w i t h i n  the  A d h - f  c lus ter ,  e v e n  t h o u g h  the  F l - f  

s equence  is p l a c e d  d e e p  w i t h i n  the  A d h - s  c lus ter .  I t  
is a l so  a p p a r e n t  t ha t  t he re  a re  at  leas t  two  m a j o r  
g r o u p s  a m o n g  the  A d h - s  sequences ,  one  (SO) b e i n g  
r e p r e s e n t e d  b y  the  W a - s  a n d  FI-1 s sequences ,  a n d  
the  o t h e r  ($ I )  by  the  r e m a i n i n g  A d h - s  s equences  
p lus  Fl-f .  O u r  s t a t i s t i ca l  t e s t  (Ne i  e t  al. 1985) s h o w s  
tha t  the  n u c l e o t i d e  s equence  d i f fe rence  b e t w e e n  the  
Ja - s  a n d  F l - f  s equences  (d = 0 .0021)  is s ign i f i can t ly  
s m a l l e r  (t = 3.2) t h a n  the  a v e r a g e  d i f fe rence  (d = 
0 .0068)  b e t w e e n  SO a n d  S1. T h e s e  s ign i f icance  cal -  
c u l a t i o n s  a re  n o t  c o r r e c t e d  fo r  the  i n f e r r e d  r e c o m -  
b i n a t i o n  e v e n t s  d e s c r i b e d  la ter .  

I t  s h o u l d  be  n o t e d  t h a t  the  U P G M A  tree  c o n t a i n s  
s eve ra l  a m b i g u o u s  b r a n c h i n g  po in t s .  O n e  o f  t he se  
is t he  j o i n i n g  o f  t he  two  m a j o r  A d h - s  l ineages  (SO 
a n d  S 1) p r i o r  to  t he  f inal  a d d i t i o n  o f  the  A d h - f g r o u p  
to the  tree.  T h i s  is d u e  to  the  fact  t h a t  the  d i f fe rence  
(d = 0 .007138)  b e t w e e n  SO a n d  S 1 is  t r i v i a l l y  s m a l l -  
er  t h a n  t ha t  b e t w e e n  S 1 a n d  the  " f a s t "  g r o u p  (d = 
0 .007141) .  T h i s  a m b i g u i t y  is a d e q u a t e l y  re f lec ted  
b y  the  s t a n d a r d  e r ro r s  o f  the  u p p e r  b r a n c h i n g  po in t s ,  
w h i c h  s h o w  g r a p h i c a l l y  t ha t  we  h a v e  no  s t a t i s t i ca l  
c on f ide nc e  in  the  u p p e r  b r a n c h i n g  p o i n t s  a m o n g  
A d h - s  s equences  d e p i c t e d  in  Fig.  2. A n o t h e r  p o t e n -  
t i a l ly  m i s l e a d i n g  c lus t e r  is t ha t  o f F l - f w i t h  Ja-s .  T h e  
d i f fe rence  b e t w e e n  these  two  sequences  is o n l y  
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Fig. 2. U P G M A  tree o f  11 D. melanogaster sequences  based 
on 43 segregating nucleotide sites in 2379 sequenced bases. The  
hatched bar  for each branching  po in t  indicates  one  s t andard  error 
on each side o f  the branching point.  Scale is in n u m b e r  o f  nu-  
cleotide differences per site 

slightly smaller than the differences between Fl-fand 
the other Adh-f sequences (Table 2). Indeed, if we 
consider the coding region (765 bp) only, UPGMA 
gives an alternative tree in which all Adh-f se- 
quences make one cluster and SO clusters well out- 
side (Fig. 3). Especially noteworthy is that the coding 
region of the Fl-f sequence is identical with that of 
the majority of  Adh-f sequences. 

The phylogenetic relationship of  all 15 sequences 
(two each from D. simulans and D. mauritiana, plus 
the 11 D. melanogaster sequences) based on the 822 
bp common to all shows that the divergence between 
D. melanogaster sequences and the D. simulans-D. 
mauritiana sequences is significantly earlier than the 
divergence between D. simulans and D. mauritiana 
sequences (t = 4.77). It should be noted that a tree 
based on amino acid differences would be mislead- 
ing, because the number of  amino acid substitutions 
is very small. 

Parsimony Trees 

Because of the ambiguity of the UPGMA tree, it 
was desirable to use parsimony methods (Fitch 1977) 
to obtain additional phylogenetic inferences. An im- 
portant conceptual distinction should be mentioned 
at this point: For estimating expected branch lengths 
of a tree under the assumption of a molecular clock, 
UPGMA is the method of choice (Chakraborty 1977; 
Tateno et al. 1982; Nei et al. 1983). However, if the 
number of parallel and backward mutations is ex- 
pected to be small and one wants to identify par- 
ticular substitutions and in which branches they ac- 
tually occurred, parsimony methods are expected to 
be better than UPGMA. 

Figure 4 shows a parsimony tree obtained by 
Fitch's (1977) algorithm. This tree requires 63 mu- 
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Fig. 3. U P G M A  tree o f  11 D. melanogaster sequences  based 
on 14 segregating nucleotide sites in the  765 sequenced  bases  of  
the A d h  coding region. S tandard  errors and  scale as in Fig. 2 

tational changes (53 point mutations and 10 length 
mutations) within the D. melanogaster sequences. 
This number is larger than the observed number of 
mutational changes by 10, but smaller than the 
number required for the UPGMA tree by 9. 

For purposes of  parsimony analysis and statis- 
tical testing of nucleotide site associations, all 49 
polymorphic sites have been labeled (Table 1). The 
different labels correspond to specific partitionings 
of the sequences into two groups. For instance, three 
sites labeled m distinguish Adh-f from Adh-s. Each 
different partitioning is termed a phylogenetic par- 
tition (Stephens 1985). There are 1023 possible ways 
of partitioning the 11 D. melanogaster sequences, 
yet only 19 are realized. This is a strong indication 
that effects that would hinder phylogenetic analysis 
(e.g., parallel and backward mutations and recom- 
bination) are not prevalent. Furthermore, it is im- 
portant to note that if 49 variable sites create only 
19 different partitions, then most of the phylogenetic 
information (distribution among lineages) is redun- 
dant. 

In the case ofintraspecific sequence comparisons, 
the occurrence of  the same mutational change in 
distantly related lineages may be caused by intra- 
genie recombination or gene conversion. Hence, 
while parsimony methods minimize the total num- 
ber of  mutations, it may also be reasonable to as- 
cribe some of the parallel changes in nucleotide se- 
quences to these factors. We note that of the ten 
additional mutations required for the tree in Fig. 4, 
five are localized in intron I (c, e, and g in Table 
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Fig. 4. Parsimony tree based on 30 phyloge- 
netically informative (Fitch 1977) segregating 
nucleotide sites among the 43 determined by 
Kreitman (1983). Inferred phylogenetic 
changes at these sites (labeled a-s as in Table 
1) are shown along branches. Numbers along 
branches indicate the number of sites in- 
volved; asterisks indicate multiple phylogenet- 
ic changes at a site (i.e., through parallel or 
backward mutations, or through recombina- 
tion or gene conversion). Primes (') on c, 1, m, 
and n indicate additional partitions created by 
including D. sirnulans and D. mauritiana se- 
quences (see text). Intragenic recombination 
or gene conversion in the Fl-2s sequence, r = 
5(ceg)*, replaces five mutations of convention- 
al parsimony tree. See text for details 

1). I f  we assume that  there was no recombina t ion  
and no gene convers ion  and  that  F1-2s is legit imately 
within the Adh-s  lineage, as in Figs. 2 and  4, the F1- 
2s sequence o f  intron 1 can be explained only by 
five independent  mutat ions .  However ,  i f  we rec- 
ognize this sequence as a recombinant ,  say, o f  se- 
quences resembling Fr-s and  Fr-f, then these five 
" m u t a t i o n s "  can be considered to have  occurred by  
a single recombina t iona l  event.  Thus,  only five ad- 
dit ional muta t ions  and one recombina t iona l  event  
need to be invoked  for  the phylogenetic tree o f  all 
D. melanogaster sequences in Fig. 4. Four  addi-  
t ional nucleotide changes (c', e, m ' ,  n') are required 
for placing the D. simulans and D. mauritiana se- 
quences on this tree, whether  or not  we regard F1- 
2s as a recombinant .  

The  above  considerat ions suggest that  i f  the tree 
in Fig. 4 is correct, the F1-2s sequence was produced  
either by  intragenic r ecombina t ion  between a typical  
Adh-s  sequence and  a typical A d h - f  sequence or by 
gene convers ion  involving a region (198-447  bp) of  
intron 1. O f  course, it m a y  not  be that  F1-2s was 
"conver ted , "  but  instead that  the ancestral  se- 
quences ofJa - f ,  Af-f, Wa-f,  and  F r - fwe re  conver ted  
by FI-2s by two separate events  (first nucleotides 
labeled c and e, and  later those labeled g). This  
possibil i ty requires one addi t ional  recombina t iona l  
event  compa red  with the first interpretat ion,  but the 
total  n u m b e r  o f  muta t iona l  events  required is still 
smaller  than that  for the case o f  no r ecombina t ion  
or gene conversion.  

As seen f rom Table  1, all length var ia t ions  are 
well in accord with Fig. 4 and  require no extra mu-  
tat ional  events.  Especially notewor thy  is the indi- 
cat ion that  the length of  homonuc leo t ide  repeats  
may  change in a stepwise fashion. 

A statistical m e t h o d  o f  analyzing the associat ions 
a m o n g  nucleotide sites contr ibut ing to each part i-  
t ion (Stephens 1985) identifies at least six possible 
recombina t iona l  events.  In Fig. 5, we have  depicted 
the 11 sequences as combina t ions  o f  segments  o f  
D N A  that  seem to have  different evolu t ionary  his- 
tories. Perhaps  the m o s t  plausible r ecombina t ion  
involves  the F l - l s  sequence, which could, for in- 
stance, be a r ecombinan t  be tween sequences iden- 
tical to Wa-s  and  Fl-f. Al though Kre i tman  (1983) 
suggested the possible i nvo lvemen t  of  the 171-1 s se- 
quence in a recombina t iona l  event,  this would not  
be deduced by  s tandard  U P G M A  or pa r s imony  
t rea tment  o f  the data. Both o f  these me thods  treat  
the three nucleotide differences between Wa-s  and  
FI-1 s as three independent  evolu t ionary  events.  

Muta t ions  specific to Af-s (part i t ion r) and  Fr-s 
(parti t ion p) are significantly clustered at the 3' ends 
of  these sequences. In  bo th  cases, it is possible tha t  
the sequence is a r ecombinan t  with some  unsampled  
relict sequence. The  two remain ing  differences be- 
tween Af-s and  Fr-s  both  correspond to par t i t ion k. 
These  two sites show that  the sequences o f  intron 2 
o f  Fr-s and  F1-2s are identical to each other,  but  
different f rom all other  sequences. We infer that  a 
recent ancestor  o f  Fr-s was c o n v e n e d  by a sequence 
s imilar  to F1-2s, since F1-2s has addi t ional  unique 
var ia t ion nearby  (part i t ion i). The  sequence o f  F1- 
2s m a y  also have  been conver ted  by  an A d h - f  se- 
quence, as was described above  (Fig. 4). 

The  five differences between Ja-s  and  F l - f  are all 
in the 3' ha l f  o f  the sequence. The  probabi l i ty  that  
five differences would span a distance as short  or 
shorter  than that  observed  is only 0.0162. We infer 
that,  since m a n y  o f  the sites 5' o f  this region are 
var iable  (Fig. 1), the clustering is due to one o f  the 
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Fig. 5. Representation of D. melanogaster sequences as combinations of DNA segments with different evolutionary histories. Similar 
shading indicates sequence identity, with differences indicated by asterisks, Open areas indicate lack of diagnostic sites for determining 
end points of recombination events. Scale is that used in Table 1 and Kreitman (1983) 

sequences being a recombinant ,  p robab ly  Fl - f  (Fig. 
5). 

The above  account  o f  the evolu t ionary  his tory o f  
the Adh  sequences calls for a total  o f  64 events  (53 
observed mutat ions ,  6 recombina t iona l  events,  and 
5 parallel or  backward  muta t ions ,  including 3 in- 
ferred parallel changes in the sibling species). The  
"phylogenet ic  t ree"  o f  the different sequences and  
segments  is presented in Fig. 6. No te  that  we treat  
the 3' ends of  the Af-s and Fr-s sequences as distinct, 
ancient  lineages, since they are highly diverged in 
an otherwise highly conserved  region. This  tree rep- 
resents our  inferences abou t  the evolu t ionary  his- 
tory of  the Adh  sequences and  sequence segments  
when we are al lowed to invoke recombina t ion  and 
gene convers ion  with the observed  statistical asso- 
ciations o f  nucleotide p o l y m o r p h i s m s  found by ap- 
plying Stephens 's  (1985) method.  Statistical asso- 
ciation ofnucleot ide  p o l y m o r p h i s m s  m a y  also occur 
when there are "ho t  spots"  of  r ecombina t ion  (see 
Kazazian  et al. 1983) and  biased nucleotide substi- 
tution such as a high frequency o f  transit ional  nu- 
cleotide substitution. Therefore,  it should be kept  
in mind  that  the tree in Fig. 6 m a y  not  necessarily 
be bet ter  than that  in Fig. 4. 

Comparisons with Sibling Species 

When informat ion  f rom D. simulans and D. mau- 
ritiana (Bodmer  and Ashburner  1984; Cohn  et al. 
1984) is included, four new part i t ions are created 
f rom part i t ions c, 1, m, and n. For  instance, the four 
sequences f rom D. simulans and D. mauritiana have  
the same nucleotide as the Adh-s  sequences at two 
sites (parti t ion m), but  they have  the same nucleo- 

tide as the A d h - f  sequences at a third site (1527), 
which creates the part i t ion labeled m' .  Similarly, 
par t i t ions c', 1', and  n '  reflect that  the re levant  nu- 
cleotides are not  those of  the consensus Adh-s  se- 
quence. 

Bodmer  and  Ashburner ' s  (1984) sequences sup- 
por t  the view that  K r e i t m a n ' s  (1983) consensus 
Adh-s  sequence is the ancestral  sequence at 29 of  
the 36 variable sites that  are over lapped  (Table 1). 
Four  (e and  1', Table  1) o f  the other  seven m a y  be 
ancestral  (Fig. 6), a l though the other  three (c', m' ,  
and  n') require addi t ional  mutat ions .  All seven poly- 
morph ic  sites at which D. simulans and D. mauri- 
tiana differ f rom the D. melanogaster consensus 
" s low"  sequence carry the var ian t  observed  by 
Kre i tman .  Kre i tman ' s  s tudy demons t r a t ed  seven 
more  po lymorph ic  sites in an addi t ional  978 bp 
immedia te ly  downs t ream o f  the coding region, but 
mos t  o f  these p o l y m o r p h i s m s  were unique, sug- 
gesting that  the consensus slow sequence is also the 
c o m m o n  ancestor  o f  this region. 

T i m e s  o f  D i v e r g e n c e  o f  D N A  S e q u e n c e s  a n d  S p e c i e s  

The  rate o f  nucleotide subst i tut ion in evolut ion 
seems to be approx imate ly  constant  (Kimura  1983; 
Li et al. 1985). Therefore,  we can es t imate  the t ime 
o f  divergence between D N A  sequences using the 
equat ion d = 2Xt, where X and t are the rate o f  nu- 
cleotide substi tut ion per site per  year  in one lineage 
and the t ime  measured  in years, respectively. We 
shall use two values o f  X, Xl = 3.0 x 10 -9 and  )t2 = 
5.0 x 10 -9, which are es t imates  o f  the rates for in- 
trons and  silent sites, respectively (Li and  Gojobor i  
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Fig. 6. An evolutionary history of the se- 
quences and segments in Fig. 5. Each labeled 
end point presumably reflects a different lin- 
eage, and it is the evolutionary relationship of 
these lineages that is being described. Nucleo- 
tide changes and embedded recombination 
events are shown as in Fig. 4, except asterisks 
no longer refer to recombination 

1984). These est imates are representative o f  the range 
of m a n y  es t imates  o f  subst i tut ion rates (Kimura  
1983; Li et al. 1985), including one for Drosophila 
(h = 3.3 x 10 -9) based on D N A - D N A  hybridiza-  
tion (Zwiebel et al. 1982). We apply  X~ and X2 to all 
sites, and treat  the small  fract ion o f n o n s y n o n y m o u s  
substi tutions observed as i f  they were silent. Krei t-  
man  (1983) identified 573 bp  of  the coding region 
as "non-si lent ,"  which means  that  i f  we include these 
sites, our  es t imates  o f  divergence t ime  will be under-  
estimates,  since nonsi lent  sites are known to be gen- 
erally quite conservat ive .  

We first es t imate  the coalescence t ime  of  all se- 
quences sampled f rom D. melanogaster, i.e., the t ime 
at which all sampled  sequences trace back to a com-  
m o n  ancestral  sequence. I f  we use the U P G M A  tree 
in Fig. 2, this t ime  is 820,000 _+ 145,000 years when 
~2 is used, and  1,360,000 -+ 240,000 years when XL 
is used. However ,  i f  we use the tree in Fig. 3, it 
becomes  1.3-2.0 mil l ion years (Myr). This  indicates 
that the po lymorph ic  sequences at the Adh  locus 
are very old. Ant iqui ty  o f  po lymorph ic  alleles is 
expected under  the neutral  mu ta t i on  theory,  as will 
be discussed later. In fact, the above  calculations 
may  be underest imates .  While reciprocal  intragenic 
recombina t ion  has no effect on the expected n u m b e r  
of  nucleotide differences between two r andomly  
chosen sequences, the var iance is expected to de- 
crease (Kimura  1969; Wat terson  1975; Hudson  
1983). Hence  the m a x i m u m  difference a m o n g  all 
pairs o f  sequences m a y  be smaller  than  in the case 
of  no recombinat ion.  

The  age o f  the fas t -s low electrophoret ic  poly- 
m o r p h i s m  is o f  special interest,  because this poly-  
m o r p h i s m  has been studied extensively.  Obviously ,  
this p o l y m o r p h i s m  mus t  have  arisen between the 
splitting t ime between the A d h - f  and  Adh-s  se- 
quences and the splitting t ime o f  the two mos t  di- 
vergent A d h - f  sequences. We will use the splitting 

t ime  between the A d h - f  and  Adh-s  sequences as an 
upper  bound  for the age o f  the electrophoret ic  poly- 
morph i sm.  I f  we use the phylogenetic  tree in Fig. 2, 
which treats F l - f  as an Adh-s  sequence, the t ime  o f  
the fas t -s low split is identical  with the coalescence 
t ime  for all sequences, which we es t imated  above  
as 820,000-1 ,360,000 years. This  es t imate  changes 
only slightly i f  we use the phylogenetic tree in Fig. 
3: In this case the es t imate  o f  the t ime  o f  the fas t -  
slow split is 880,000-1 ,470,000 years. In the above  
two computa t ions ,  nonsi lent  sites in the coding re- 
gion were treated as though they were silent. I f  we 
exclude these nonsilent  sites f rom the computa t ions ,  
our  es t imates  o f  the fas t -s low splitting t ime  b e c o m e  
30% greater  for the tree in Fig. 2 and quadruple  for 
the tree in Fig. 3. (In this case we u s e  X 2 only.) 
Kre i tman  (1983) noted  a statistical difference in the 
level o f  silent po lymorph i sm:  Tha t  o f  the coding 
region was higher than  that  in the introns.  Easteal 
and  Oakeshot t  (1985) have  recently reanalyzed Bod- 
mer  and Ashburner ' s  data  (including those for D. 
orena) and concluded that  the highly conserved  re- 
gions, ra ther  than  the rapidly evolving regions, are 
atypical,  which would seem to indicate that  the m o r e  
ancient  splitting t imes obta ined  by excluding non-  
silent sites are more  reasonable.  

Another  es t imate  o f  the age o f  the fas t -s low poly- 
m o r p h i s m  is ob ta ined  by using Ja-s, which is the 
Adh-s  sequence mos t  closely related to the A d h - f  
sequences (Fig. 4). The  average d value between this 
sequence and A d h - f  sequences is 0.0061, if  we ex- 
clude Fl - f  because o f  the possibil i ty o f  r ecombina -  
tion. Therefore,  the t ime o f  the fas t -s low split is 
es t imated to be 610 ,000-1 ,000 ,000  years ago. I f  we 
exclude nonsilent  sites in this case, the es t imates  
again increase by 30%. Our  es t imates  o f  the age o f  
the fas t -s low p o l y m o r p h i s m  cover  a wide range, 
f rom 610,000 years to 3.5 Myr.  We feel that  1 Myr  
is perhaps  the best rough es t imate  available.  In any  



298 

case the polymorphism would seem to be at least a 
few hundred thousand years old, and potentially 
much older. 

The intraspecific nucleotide differences in D. sim- 
ulans and D. mauritiana are 0.0073 and 0.0049, 
respectively (Table 3), corresponding to divergence 
times of 730,000-1,200,000 and 490,000-800,000 
years, respectively. Correction for nonsilent sites and 
substitutions almost triples the estimate for D. sim- 
ulans, but only slightly increases that for D, mau- 
ritiana. 

Cohn et al. (1984), Bodmer and A shburner (1984), 
and Ashburner et al. (1984) estimated the times of 
species divergence for pairs of  D. melanogaster, D. 
simulans, and D. mauritiana. Their estimates, based 
on X values essentially the same as ours, range from 
2.7 to 4.7 Myr. However, they did not correct for 
polymorphism within species, as each of their stud- 
ies was based on single sequences from each species. 
To correct for this effect, we use the number (6) of 
net nucleotide differences. If  we use the 6 values 
given in Table 3, the estimates of the time of di- 
vergence between D. simulans and D. rnauritiana 
become 0.86-1.45 Myr ago, whereas the estimate 
for divergence between D. melanogaster and these 
two species is 2.0-3.5 Myr ago. These estimates are 
considerably smaller than the estimates obtained by 
the previous authors. Furthermore, the study by 
Easteal and Oakeshott (1985) excluded three ap- 
parently conserved regions, which inflated their es- 
timates to 7.7 and 9.4 Myr, respectively. In the pres- 
ent case it is clearly important to consider the effect 
of polymorphism. 

Discussion 

Kreitman's finding that Adh-f sequences from di- 
verse geographic localities are more similar to each 
other than to Adh-s sequences from sympatric flies 
is consistent with the theory that Adh-f is a more 
recent allele, of single origin. That three variable 
nucleotide sites (m, Table 1) are diagnostic for the 
fast-slow difference would seem to establish a single 
origin for the worldwide majority of  Adh-f se- 
que~xces. Furthermore, Ashburner et al. (1984) have 
shown that most of  the nucleotide substitutions 
common in the Adh-fsequences (including the ami- 
no acid variant) do not appear in the sibling species, 
and appear only sporadically in Adh-s, suggesting 
that Adh-f is recently derived. 

We have seen that in the evolution of polymor- 
phic sequences of the Adh locus intragenic recom- 
bination or gene conversion apparently played a sig- 
nificant role. Although this possibility was previously 
indicated by Kreitman, our phylogenetic analysis 
gives a clearer picture of the role of these evolu- 
tionary mechanisms. In the present paper we con- 

sidered only those cases involving several poly- 
morphic nucleotide sites. Clearly, if the breakpoints 
of recombination are close together, such events will 
be indistinguishable from parallel mutations. 

In the presence of these mechanisms, the recon- 
struction of phylogenetic trees becomes quite com- 
plicated. If  the frequency of occurrence of recom- 
binations were extremely high, it would be almost 
impossible to reconstruct a phylogenetic tree of 
polymorphic sequences from the same species. In 
the present case, however, the frequency does not 
seem to be so high as to make phylogenetic recon- 
struction useless, since in our analysis the fast-slow 
allelic dichotomy has been clearly observed, and 
only two parallel mutations are needed for the D. 
melanogaster sequences in the tree of Fig. 6. When 
one is interested in constructing a phylogenetic tree 
of genes sampled from distantly related species, this 
problem is not serious unless the gene under inves- 
tigation belongs to a multigene family. 

We note that in the tree in Fig. 4 the total number 
of  mutational events from the ancestor P varies con- 
siderably with DNA sequence, the average number 
for the Adh-f sequences being about 3 times higher 
than that for the Adh-s sequences. This seems to 
suggest that the Adh-f sequences have changed much 
faster than the Adh-s sequences. However, this is 
partly due to properties of the parsimony method 
used. In general, parsimony methods tend to assign 
more mutations to short internodes than to long 
"legs" of the tree. This is because two independent 
parallel mutations occurring in two different legs can 
always be explained by a single mutation occurring 
in an internode immediately ancestral to the two 
legs. The probability of having undetectable back- 
ward and parallel mutations is also higher in long 
legs than in short internodes or short legs. In Fig. 
4, however, the major factor contributing to the 
difference between Adh-f and Adh-s alleles could be 
improper or incomplete assignment of intragenic 
Yecombination or gene conversion. As mentioned 
earlier, in the tree in Fig. 4, F1-2s could be a donor 
rather than a recipient of the "converted" gene seg- 
ment. If  this type of gene conversion or intragenic 
recombination occurred several times in the past, 
the difference in the rate of accumulation of mu- 
tational changes between the Adh-f and Adh-s al- 
leles would be reduced substantially. 

Nevertheless, the Adh-f sequences seem to have 
accumulated mutations somewhat faster than the 
Adh-s sequences. This is seen by comparing the 
Adh-f sequences (A) and the Adh-s sequences (B) 
with the D. simulans and D. mauritiana sequences 
(C). The uncorrected average numbers ofnucleotide 
differences among these three groups of  sequences 
are dab = 0.0085, dhc = 0.0278, and dBc = 0.0264, 
where subscripts A, B, and C refer to the groups 
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Concerned (Table 3). Following Fitch and Margo- 
liash (1967), we can estimate the average distance 
(a) between P in Fig. 4 and the Adh-fsequences  and 
the average distance (b) between P and the Adh-s  
sequences using dAB, dAc, and dBc. The values are 
a = 0.0050 and b = 0.0036. Thus, a is about  50% 
larger than b. However ,  this difference is not statis- 
tically significant when a and b are assumed to be 
Poisson variables. Therefore, the difference could 
be due to stochastic errors. 

The stochastic variance o f  the number  o fnuc leo-  
tide differences is known to be very large. I f  we use 
the infinite-site model  o f  neutral mutations,  this 
variance, including the sampling variance, can be 
evaluated by using formulae developed by Taj ima 
(1983) and Takahata  and Nei (1985). For  example, 
we previously estimated the average number  o f  nu- 
cleotide differences per site 0r) for the 11 D. mel- 
anogaster sequences to be 0.0066. I f  we use Taj ima 's  
formula (30), the expected standard error o f  this 
estimate under the infinite-site model  becomes 
0.0036, which is roughly half  as large as the estimate 
itself. The estimated number  of  net nucleotide dif- 
ferences (6) also usually has a large standard error 
when ~ is small (Takahata and Nei 1985). For  ex- 
ample, in the case ofD.  simulans and D. mauritiana 
we obtained 6 = 0.0086, but the expected standard 
error is 0.0075. This large standard error is due 
partially to the use of  only two sequences from each 
species, but even if  a large sample size is used, the 
standard error remains appreciably high. In the case 
o f  D. melanogaster vs D. simulans the mean  and 
s t anda rd  e r ror  b e c o m e  ~ = 0 .0173  +__ 0 .0090 ,  
whereas the corresponding values for the case o f  D. 
rnelanogaster vs D. mauritiana are 0.0236 +__ 
0.0086. In these cases the expected standard error 
is about one half  the estimate. Note that in the above 
evaluation o f  the variance o f  7r or 6 the effects o f  
recombinat ion and gene conversion are ignored. 

Kre i tman 's  data present a unique opportuni ty  to 
check the consistency o f  several aspects o f  the neu- 
tral theory. Under  the neutral theory, the average 
nucleotide difference per site (~r) in an equilibrium 
populat ion should be equal to 4Ne#, where # is the 
muta t ion  rate per site per generation and Ne is the 
effective populat ion size. Thus, if we assume that 
there are six generations in a year in Drosophila and 
the mutat ion rate is equal to the substitution rate, 
we have ~r = 4N~2/6 = 0.0066 from Table 3. This 
gives Ne = 2 x 106, a value roughly similar to Kreit- 
man ' s  estimate (3.3 • 10 6) based on silent sites o f  
the coding region alone. The expected time of  co- 
alescence of  r sequences (Tr), i.e., the expected time 
of  divergence o f r  sequences from a c o m m o n  ances- 
tor, is 4N~(1 - l/r) generations (Kingman 1982; 
Taj ima 1983). I f  we use N~ = 2 x 106 and r = 11, 
Tr becomes 7.3 x 106 generations. Again assuming 

six generations per year, the age of  the oldest poly- 
morph i sm in the sample is thus est imated to be 
1.2 x 106 years old, which is very close to the es- 
t imate from the number  o f  nucleotide differences 
(Table 2). Note  that our  estimate o f  the true age o f  
the oldest po lymorph ism depends on our  choice o f  
X, but the ratio of  Tr to the oldest split t ime does 
not. Note also that the theory used above depends 
on the assumption of  no recombinat ion  and no gene 
conversion. In the present case, however,  the effects 
o f  these factors seem to be rather small, since the 
phylogenetic trees in Figs. 2, 4, and 6 are all in rough 
agreement with each other. Thus, the agreement be- 
tween the two estimates o f  coalescence t ime indi- 
cates that the data on nucleotide po lymorph ism and 
evolut ionary divergence in D. melanogaster are 
consistent with the predictions from the neutral the- 
ory. Of  course, this set o f  data may  be explained by 
some other hypotheses invoking selection as well. 
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