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Summary. The evolutionary and phylogenetic re- 
lationships of seven Drosophila species groups (rep- 
resented by D. melanogaster, D. mulleri, D. mer- 
catorum, D. robusta, D. virilis, D. immigrans, D. 
funebris, and D. melanica) were investigated by the 
use of two-dimensional electrophoresis. The result- 
ing phylogeny is congruent with the current views 
of  evolution among these groups based on morpho- 
logical characters and immunological distances. 
Previous studies indicated that the ability of  one- 
dimensional electrophoresis to resolve relationships 
between distantly related taxa extended to about the 
Miocene [25 million years (Myr) ago], but the pres- 
ent study demonstrates that two-dimensional elec- 
trophoresis is a useful indicator of  phylogeny even 
back to the Paleocene (65 Myr ago). In addition, 
two-dimensional electrophoresis is shown to be a 
useful technique for detecting slowly evolving struc- 
tural proteins such as actins and tropomyosins. 

Key words: Molecular evolution -- Two-dimen- 
sional electrophoresis -- Drosophila systematics -- 
Phylogenetic analysis -- Molecular clocks -- Actin 
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Introduction 

Electrophoresis has long been used as a tool for 
determining the evolutionary relationships of or- 
ganisms (Arise 1975; Buth 1984). However, its abil- 
ity to resolve the phylogenetic relationships of  dis- 
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tantly related taxa has been questioned (Avise 1975; 
Bush and Kitto 1978; Maxson and Maxson 1979; 
Matson 1984). The major reason for this uncertainty 
is that after the first mobility change in a protein, 
all subsequent substitutions reveal no further infor- 
mation regarding phylogenetic relationships (Max- 
son and Maxson 1979). However, this problem of 
"saturation" is greatly dependent on the rates of 
evolution of the proteins under study: proteins that 
evolve rapidly will only be useful in resolving recent 
events, but proteins with much slower rates of change 
can elucidate more distant relationships (Sarich 
1977). In this context, it is known that different 
classes of  proteins do evolve at different rates (Pow- 
ell 1975; Wilson et al. 1977). Hence, an electropho- 
retic technique that can examine a more slowly 
evolving set of proteins will be more useful for in- 
ferring phylogenies among distantly related taxa than 
is the traditional allozyme electrophoresis. 

Unlike traditional allozyme electrophoresis, the 
technique of two-dimensional electrophoresis sur- 
veys many classes of proteins in addition to those 
that have enzymatic activity (Klose and Feller 1981). 
The difference between one-dimensional and two- 
dimensional electrophoresis can best be shown in 
terms of the known correlation between the rate of 
change in a protein and its levels of polymorphism 
and heterozygosity (Skibinski and Ward 1981, 1982). 
Studies based on allozymic variation indicate that 
Drosophila have some of the highest polymorphism 
and heterozygosity levels in the animal kingdom 
(Nevo 1978). However, comparable studies using 
two-dimensional electrophoresis have given consid- 
erably lower estimates of polymorphism and het- 
erozygosity in Drosophila (Leigh Brown and Langley 
1979; Ohnishi et al. 1982; Coulthart 1986). Con- 
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sequent ly ,  t w o - d i m e n s i o n a l  e lec t rophores i s  o f  these  
less va r i ab le  a n d  m o r e  s lowly e v o l v i n g  p ro t e in s  
shou ld  resul t  in  an  inc reased  ab i l i ty  to reso lve  re- 
l a t ionsh ips  a m o n g  d i s t an t ly  re la ted  taxa  ( M a c l n t y r e  
and  Col l ie r  1986). 

As Bever ley  a n d  W i l s o n  (1982) m e n t i o n e d ,  ve ry  
few s tudies  have  used  b i o c h e m i c a l  t e c h n i q u e s  to 
resolve the h igher  r e l a t i onsh ips  w i t h i n  the genus  
Drosophi la .  Thi s  is u n f o r t u n a t e  because  the genus  
is one  o f  the  m o s t  widely  s tud ied  in  e v o l u t i o n a r y  
b io logy a n d  has  b e e n  e x a m i n e d  ex tens ive ly  at  the  
lower  t a x o n o m i c  levels.  H o w e v e r ,  to eva lua t e  the 
e v o l u t i o n  o f  the en t i re  genus  Drosophi la ,  it  is nec-  
essary to have  an  accura te  phy logeny  ( T h r o c k m o r -  
ton  1962; Fe l sens t e in  1985). Fo r  the  m o s t  part ,  the 
cu r ren t  phy logeny  o f  the D r o s o p h i l i d a e  is based  on  
the ex tens ive  m o r p h o l o g i c a l  s tudies  o f  T h r o c k m o r -  
ton  (1962,  1969, 1975). The  m a j o r  b i o c h e m i c a l  
s tudies  tha t  have  p r o v e n  m o s t  useful  i n  d e t e r m i n i n g  

the higher  level sys temat ic  re la t ionships  o f  this  group 
are those o f  Beverley a n d  W i l s o n  (1982, 1984, 1985), 
who used  m i c r o c o m p l e m e n t  f ixat ion o f  the  la rva l  
h e m o l y m p h  p ro t e in  to p roduce  a phy logeny  a n d  
m o l e c u l a r  c lock based  o n  i m m u n o l o g i c a l  d is tances .  
They  f o u n d  tha t  bo th  the phy logene t i c  r e l a t ionsh ips  
a n d  e v o l u t i o n a r y  dates  o f  d ive rgence  were con-  
g ruen t  wi th  those  in fe r red  f r o m  the morpho log ica l ,  
fossil, a n d  b iogeograph ic  ev idence .  Several  o the r  
m o l e c u l a r  s tudies,  in  which  b o t h  m i c r o c o m p l e m e n t  
f ixat ion (Duke  a n d  G l a s s m a n  1968; Col l ie r  a n d  
M a c I n t y r e  1977; M a c I n t y r e  et al. 1978) a n d  D N A -  
D N A  h y b r i d i z a t i o n  (En t ingh  1970) were used,  h a v e  
also tested these r e l a t i onsh ips  a n d  f o u n d  t h e m  to be 
largely c o n c o r d a n t  wi th  the  cu r r en t ly  accepted  phy-  
logeny o f  the genus .  

Th i s  s tudy  was u n d e r t a k e n  to e luc ida te  the  m o -  
lecular  e v o l u t i o n  a n d  phy logene t i c  r e l a t i onsh ips  

a m o n g  several  d i s t an t ly  re la ted  species groups  o f  
Drosophi la  [separated by  a b o u t  60 m i l l i o n  years  
(Myr)] by us ing  t w o - d i m e n s i o n a l  e lec t rophores is .  
A l t h o u g h  several  o the r  s tudies  have  also app l i ed  the 
t e chn ique  o f  t w o - d i m e n s i o n a l  e lec t rophores i s  to in -  
fer r e l a t ionsh ips  w i t h i n  the genus  Drosophi la ,  these 

o ther  s tudies  have  been  c o n c e r n e d  p r i m a r i l y  wi th  
the lower  t a x o n o m i c  levels  ( O h n i s h i  et al. 1983a,b;  
Spicer  1985; Lee a n d  Pak  1986). C o n s e q u e n t l y ,  it  

s eemed  adv i sab l e  to test  the l imi t s  o f  r e so lu t i on  o f  
this  t e c h n i q u e  for phy logene t i c  r e c o n s t r u c t i o n  a n d  
to eva lua te  the accuracy  of  the  da t a  to f u n c t i o n  as 
a mo lecu l a r  clock. 

Materials and Methods 

Drosophila Strains. Most of the stocks used in this study came 
from the laboratory of Dr. Lynn H. Throckmorton, University 
of Chicago. The flies were raised and maintained on either a 
banana (B) or cornmeal (C) medium. The stocks that were used 

and their corresponding National Drosophila Species Resource 
Center stock numbers are as follows: D. melanogaster, Mount 
Carmel, Illinois, 1970 (C); D. immigrans. East Lansing, Michi- 
gan, November 1982 (B); D. mulleri (15081 - 1371.8), Roy Farm, 
Austin, Texas (B); D. funebris (15120-1911.2), Minneapolis, 
Minnesota (B); D. mercatorum (S-sl v pm vl-Br 16), received from 
Dr. Alan R. Templeton (B); D. virilis (15010-1051), Pasadena, 
California (B); D. virilis, Whiteshell Provincial Park, Manitoba, 
Canada, August 2, 1974 (B); D. virilis, 16--Sapporo, Hokkaido, 
Japan, from Wheeler, 1971 (B); D. robusta (15020-1111.4), 
Jamestown, South Carolina (B); D. melanica (15030-1141.1), 
Cliff, New Mexico (B). 

Sample Preparation and Electrophoresis. The two-dimen- 
sional electrophoresis was performed as outlined by O'Farrell 
(1975), with the modifications of Anderson and Anderson 
(1978a,b). All solutions and procedures for use of the ISO-DALT 
system can be found in Tollaksen et al. (1984). 

Samples were prepared by homogenizing 12-60 (depending 
on the species) etherized adult male flies in a mixture containing 
9 M urea, 2% Nonidet P-40 detergent, 2% mercaptoethanol, and 
2% LKB ampholytes, pH 9-11. Each sample was prepared with 
a concentration of 0.2 mg wet weight of fly//A of urea mix. These 
samples were centrifuged for approximately 1.5 min at 10,000 
x g. The supernatants from these samples were then centrifuged 
at 435,000 x g (maximum) for 5 min in a Beckman TL-100 
ultracentrifuge. 

The gels used in the study measured 20 x 25 cm. Isoelectric 
focusing was performed in the first dimension with a 1 : 1 mixture 
ofampholytes, pH 3-10 Biolytes and pH 5-7 Biolytes. The amount 
of sample loaded onto each gel was 15 ~1, which resulted in a 
concentration of 3 mg wet fly weight/gel. The first dimension was 
run at 30,000 volt-hours for an overall run time of 11 hours. The 
second dimension was a 9-18% computer-poured gradient so- 
dium dodecyl sulfate (SDS) gel run at about 100-150 volts (0.6 
amperes) overnight. The gels were stained overnight in a solution 
of 0.125% Coomassie Brilliant Blue (Serva Blue R) and 2.5% 
phosphoric acid and destained several times in 20% ethanol and 
water. 

Data Analysis. The outgroup examined in this study, to de- 
termine the polarity of the protein spots, was Drosophila mela- 
nogaster. The choice of this species was based on the studies of 
morphological characters by Throckmorton (1962, 1969, 1975) 
and immunological distances by Beverley and Wilson (1982). 
Both of these data sets indicate that all the members of the in- 
group are phylogenefically more closely related to each other than 
any one is to D. melanogaster. 

The presence-absence data were converted into a binary data 
matrix, so that a phylogenetic analysis could be performed by 
using the PAUP program of Swofford (1984). Two separate cla- 
distic analyses were performed on the data. The first is analogous 
to the locus-by-locus approach used by many workers (Throck- 
morton 1978; Wake et al. 1978; Baverstock et al. 1979; Arise et 
al. 1980; Honeycutt and Williams 1982; Arnold et al. 1983; Hillis 
et al. 1983; Patton and Arise 1983); however, none of the alleles 
were assigned polarity on the basis of ingroup commonality, as 
is done in some studies (Sites et al. 1981, 1984; Lanyon 1985). 
Any spot that was present in both the outgroup (D. melanogaster) 
and the ingroup was considered ancestral (plesiomorphic) and 
was eliminated from the analysis. These characters were not used 
in the phylogenetic analysis because plesiomorphic characters 
provide no information about branching sequences within the 
ingroup (Hennig 1966). Protein spots that were unique to D. 
melanogaster were retained in the analysis only to give an esti- 
mate of the branch length. A hypothetical ancestor containing 
only primitive characters was created, so that the absence of the 
unique characters possessed by D. melanogaster could not be 
considered as evidence of shared derived characters in the other 
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Fig. 1. Two-dimensional electrophoretic gel of Drosophila mulleri stained with Coomassie Brilliant Blue. The high-molecular-weight 
proteins are at the top of the gel, and the basic proteins are at the right. 

species. This procedure is comparable to Lundberg rooting 
(Lundberg 1972). 

The second analysis used the independent allele model, which 
considers the loss of an allele to be as important  as the acquisition 
of a new one (Mickevich and Johnson 1976; Mickevich and 
Mitter 1981 ; Miyamoto 1981 ; Hillis et al. 1983; Sites et al. 1984; 
Hillis 1985)�9 With this approach, all the characters are used and 
a most parsimonious tree is produced, in this case rooted with 
D. rnelanogaster. The data set was small enough so that an ex- 
haustive search of all possible trees was performed by using the 
alltrees command. This procedure examines all possible trees 
and t/zerefore guarantees that the most parsimonious tree(s) will 
be found. The CONTREE program of Swofford (1982) was used 
to produce both strict and Adams-2 consensus trees from the 
equally parsimonious trees that were found (Adams 1972; Rohlf  
1982). 

The binary data matrix was also analyzed phenetically under 
the assumption of a molecular clock (Wilson et al. 1977; Ayala 
1982; Thorpe 1982). Unfortunately, it is difficult to homologize 
loci between different species with two-dimensional electropho- 
resis. Therefore+ the generally used genetic distance methods are 
inappropriate for these data. As recommended by Sokal and 
Rohlf (1981), the most appropriate way to analyze binary data 

sets is to use the simple matching coefficient (Ss,,) (Sokal and 
Sneath 1963; Sheath and Sokal 1973). However, I have modified 
this metric so that it wili be appropriate under the assumption 
of a molecular clock by applying a logarithmic transformation 
to linearize the distance measure. This procedure results in a 
measure analogous to Nei's D (Nei 1972) with the same interval. 
The new distance measure is defined as the -log~S~,~. This dis- 
tance measure is then clustered using U P G M A  (Sokal and Sneath 
1963). The phenetic analyses were performed using the NT-SYS 
programs o f R o h l f e t  al. (1981). 

Results  

A b o u t  7 0  t w o - d i m e n s i o n a l  e l e c t r o p h o r e t i c  ge l s  w e r e  

r u n  as  p a r t  o f  t h i s  s t u d y .  A t  l e a s t  t w o  ge l s  w e r e  r u n  

p e r  s p e c i e s ,  a n d  m a n y  s a m p l e s  w e r e  c o e l e c t r o -  

p h o r e s e d  t o  e n s u r e  t h e  p r o p e r  m a t c h i n g  o f  t h e  p r o -  

t e i n  s p o t s .  A n  e x a m p l e  o f  a Coomass i e - s ta ined  gel ,  

i n  t h i s  c a s e  f o r  Drosophi la  rnulleri, is  p r e s e n t e d  i n  

Fig .  1. A d i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  t h i s  gel ,  
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F ig .  2. A d i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  t he  Drosophila mulleri t w o - d i m e n s i o n a l  e l e c t r o p h o r e t i c  gel in  Fig .  1. T h e  p r o t e i n  s p o t s  
that are ensquared were scored for this species. 

showing the protein spots that were scored for this 
species, is presented in Fig. 2. 

Unfortunately,  as Avise (1983) mentions,  it can 
be difficult to homologize loci between different 
species when two-dimensional  electrophoresis  is 
used, because unlike the al lozyme systems that  stain 
for a specific enzyme,  two-dimensional  electropho- 
resis uses only general protein stains to detect the 
genetic products.  Consequently,  the homology  o f  
allelic products  is assigned by position and general 
appearance o f  the protein spots�9 This me thod  is very 
often inadequate  for different species because the 
spots have changed posit ion and shape to such an 
extent  that  the assignments become almost  arbi- 
trary. To minimize  this problem the spots were sim- 
ply scored as present or absent. Although this pro- 
cedure does not  take into account  the genetics 

involved,  it should not  change the basic results un- 
less many  loci are differentially expressed and there- 
fore excluded from the analysis. 

A total o f  135 protein spots were scored for this 
study. The presence-absence data set generated f rom 
the spot list is presented in Table I. Not  all spots 
on the gels were scored, because many  were incon- 
sistent f rom gel to gel. Hence,  only the most  reliably 
matched  spots were used for the analysis. O f  the 135 
spots, 17 were constant  among all the species and 
another  63 protein spots were unique to only one 
species. Another  23 proteins were shared between 
D. rnelanogaster and at least one other  species. No 
intraspecific variat ion was found for the proteins 
scored in the three strains o f  D. virilis. 

Six equally pars imonious  cladograms with total 
lengths o f  117 and a consistency index o f  0.812 were 
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Table 1. Matrix of the 135 protein spots (characters) scored for the eight Drosophila species as resolved by two-dimensional 
electrophoresis 

0111111110000000000001000100000001011001000101110010010001100001110001100100 
01000011100000010001111111111100000000000000000111111111111 

0100011101100000000000100100001111100010001011110001100000110001000011100010 
01001100000100000000000000001001000000000000011111111111111 

0111100100100000100001000000000001000010110001110100100010110000001100000110 
00000100010001000000000100001010000001110000000111111111111 

0100000101100010010000100000111001110100000001110100001001111100000000000100 
10110010000000001000000000000000100000000011000111111111111 

1000000101100100001000010001111001110100000011111000001010101110000000000100 
10110100000000000010000000000000110000000001100111111111111 

1000100101100000100010000010011111110100000111110100001001111100000001100100 
00000010000010000001000000000000011000000000000111111111111 

1000000001101001100100001000110001110100000011110100001100111100000001111101 
00100010001000100001001000000000000110000000000111111111111 

0100000101110000100010000000010001110100000011110100001001111100000000001101 
00000101000000000101000000000000000000001100000111111111111 

D. melanogaster 

D. immigrans 

D. funebris 

D. mercatorum 

1). multeri 

D. virilis 

D. melanica 

D. robusta 

tV  I 
D. melanogaster 

D. Immigmns 

D. funebris 

D. mercatorum 

D. mullefi 

D. melanica 

D. vifilis 

D, robusta 

Fig. 3. The tree with the lowest f-value (100), analyzed by using 
the locus-by-locus approach. Total length = 117; consistency 
index = 0.812. 

19. melanogaster 

D. immigrans 

D. funebris 

D. mercatorum 

- ~  D. mullefi 

13. melanica 

D. Wnlis 

12. robusta 

Fig. 4. The strict consensus tree produced from the 10 most  
parsimonious trees. This is considered the phylogeny as indicated 
by two-dimensional electrophoresis. 

found after analysis with an exhaust ive search al- 
gori thm that guarantees the shortest  tree(s) when 
the data are analyzed by the locus-by-locus ap- 
proach. The best tree, according to its low f -va lue  
o f  100 (Farris 1972), is presented in Fig. 3. The other  
trees had f -values  o f  112, 112, 134, 176, and 180. 
When all the characters were used to infer a tree 
with the independent  allele model,  four equally most  
parsimonious trees with total lengths o f  162 were 
resolved. These trees had a consistency index o f  
0.728 and f -values  o f  194, 212, 218, and 234. The  
strict and Adams-2 consensus tree produced f rom 
both  the locus-by-locus approach and the indepen- 
dent  allele model  is presented in Fig. 4. There  is no 
reason to suppose that  the tree with the lowest f -va l -  
ue is more  likely than the others, because they all 
invoke the same number  o f  evolut ionary steps. 
Therefore,  the strict consensus tree presented in Fig. 
4 is considered to represent the inferred phylogeny 
based  on t w o - d i m e n s i o n a l  e l ec t rophores i s .  Al- 
though consensus trees do not  take into account  
partial agreement  between trees (Rohlf  1982), they 
do summarize  the parts o f  the trees that are in agree- 

ment  and therefore can be considered to be the most  
conservat ive estimate o f  a phylogeny. 

The equally pars imonious trees had some parts 
in c o m m o n  that were not  expressed in the consensus 
tree presented as the phylogeny (Fig. 4). When ana- 
lyzed with the locus-by-locus approach,  D. funebris 
was never  considered as part o f  the virilis-repleta 
clade. This was not  the case, however,  in the in- 
dependent  allele analysis, because one o f  the four 
equal trees relates D. funebris more closely to the 
virilis-repleta group. Similarly, within the virilis- 
repleta radiation, D. robusta was never  part o f  the 
repleta species group clade (D. mulleri and D. mer- 
catorurn) in the locus-by-locus analysis, but  was part 
o f  this clade in the analysis with the independent  
allele approach.  

The  tree produced when the data were analyzed 
with the distance measure values (Table 2) under  
the molecular  clock hypothesis  is presented in Fig. 
5. This tree is unlike those produced with either the 
locus-by-locus or the independent  allele approaches,  
although all of  its parts are present in some o f  the 
equally pars imonious trees. For  example,  D. im- 
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Table 2. The values above the diagonal are the distances derived from the simple matching coefficient, and values below the diagonal 
are the -log, of the simple matching coefficient. See Materials and Methods for explanation of this distance measure. 

mel imm fun  met  mul vir rob rnlc 

rnelanogaster -- 0.630 0.637 0.593 0.526 0.630 0.563 0.615 
irnmigrans 0.462 -- 0.696 0.681 0.644 0.704 0.622 0.689 
funebris 0.451 0.362 -- 0.674 0.637 0.667 0.615 0.711 
mercatorum 0.523 0.384 0.395 -- 0.830 0.800 0.763 0.815 
rnulleri 0.642 0.440 0.451 0.186 --  0.763 0.726 0.763 
virilis 0.462 0.351 0.405 0.223 0.271 -- 0.800 0.837 
robusta 0.574 0.475 0.486 0.271 0.320 0.223 -- 0.800 
rnelanica 0.486 0.376 0.341 0.205 0.271 0.178 0.223 -- 

70 60 50 40 30 20 10 
MILLIONS OF YEARS AGO 

D. melanogaster 
D. immigrans 

19. funebris 
" I D. mercatorum 

L ~  D. mulleri I 

D.  vir i l is 

D. melanica 

D. robusta 
i 

o 

Fig. 5. The tree produced by analysis under the assumpt ion  o f  
a molecular clock. The distance measure used is the -log~S,m 
(see text for details). Distances were clustered using U P G M A  
from the values in Table 2. Cophenetic correlation = 0.922. 

migrans and D. funebris are clustered together in 
the molecular  clock tree, and this relat ionship also 
occurs in several o f  the equally pars imonious  trees. 
In addition, the branching sequence seen in the viri- 
lis-repleta radiat ion also occurs in some o f  the par- 
s imonious trees, and the two repleta group species 
(D. mercatorum and D. mulleri) are clustered to- 
gether as they should be. Also, as has been indicated 
by other  studies, D. melanogaster is shown to be 
more  distantly related to the other  species in this 
study, which confirms its use as an outgroup. 

The molecular  clock tree (Fig. 5) was calibrated 
with the data o f  Beverley and Wilson (1984). This 
was accomplished by plotting their  divergence es- 
timates, based on immunological  distance, against 
the distances generated in the present study. Four  
divergence t imes that  were comparable  between 
studies were used for the calibration. The  first point  
is based on the assumption that  at zero t ime o f  
divergence there will be zero genetic distance (Fitch 
1976). In this study, the assumption is substantiated 
in that no intraspecific var ia t ion was found in D. 
virilis; consequently,  this can be considered an es- 
t imated point. The  other  three t imes correspond to 
speciation events c o m m o n  to both  trees. The  sep-  
aration o f  the robusta species group f rom the repleta 
group is considered to have occurred 35 Myr  ago 
by Beverley and Wilson (1984), who also set the 
divergence of  the imrnigrans-Hirtodrosophila ra- 
diation f rom the virilis-repleta radiat ion at about  
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Fig. 6. The regression of  divergence t imes from Beverley and 
Wilson (1984) on the distances obtained by two-dimensional  
electrophoresis. The slope is significantly different from zero (t = 
13.23, df  = 2, P = 0.0057). 

46 Myr  ago. Finally, Beverley and Wilson (1984) 
indicate that the subgenus Sophophora diverged from 
the subgenus Drosophila around  62 Myr  ago. The  
regression equat ion resulting f rom this compar i son  
(time -- 1.08 + 117. distance) has a significant slope 
(t = 13.23, d f  = 2, P = 0.0057, 95% confidence 
interval 78, 155) with an intercept  not  significantly 
different f rom zero (Fig. 6). This  es t imat ion sets the 
rate o f  divergence at one unit  o f  distance ( - l o g e  
Ssm ) = 118 Myr. The  slope is not  significant how- 
ever, when the zero-zero  point  is excluded f rom the 
analysis (t = 4.66, d f  = 1, P = 0.1345). The  diver-  
gence t imes presented here are entirely dependent  
on those given by Beverley and Wilson (1984). 
However ,  even i f  the absolute t imes are in error,  
there is a remarkable  correlat ion (r = 0.99) between 
the rates o f  molecular  evolut ion in this study and 
theirs. 

Discuss ion  

The phylogeny o f  these Drosophila species as in- 
dicated by two-dimensional  electrophoresis  is en- 
tirely congruent  with that produced by other  data 
sets. The  phylogeny proposed by T h r o c k m o r t o n  
(1975, 1982) on the basis o f  morphology  is identical 
to that presented in Fig. 4. T h r o c k m o r t o n  (1975) 
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identified four main groups within the flies exam- 
ined in this study. The outgroup in this study, D. 
melanogaster, is a member of  the sophophoran ra- 
diation that is considered the sister group to the 
members of the subgenus Drosophila, which in- 
eludes all the ingroup species studied here. The sub- 
genus Drosophila is represented by three separate 
lineages in this study: the virilis-repleta radiation, 
the immigrans-Hirtodrosophila radiation, and the 
funebris group. The relationships among the three 
species groups (robusta, virilis, repleta) within the 
virilis-repleta radiation are currently unresolved 
(Throckmorton 1982), but the two repleta group 
species are clustered together as they should be. All 
of these taxonomic levels are clearly resolved in Fig. 
4, which further substantiates Throckmor ton ' s  
(1975, 1982) proposed phylogeny for the genus Dro- 
sophila. 

The major biochemical phylogeny of Drosophila 
(Beverley and Wilson 1982), based on immunolog- 
ical distances of larval hemolymph protein, is dif- 
ficult to compare and evaluate with respect to this 
study. Of the five species in common to both studies 
(D. melanogaster, D. rnulleri, D. virilis, D. immi- 
grans, and D. sordidula), only two species were ex- 
amined by using reciprocal tests (D. melanogaster 
and D. mulleri), and one of these was considered 
the outgroup in the present study. (Although D. sor- 
didula was not examined in the present study, it is 
a member of  the robusta species group and therefore 
is closely related to D. robusta, which was examined 
in the present study.) The other three species were 
placed on the tree using a unidirectional method, 
which is much less reliable than are reciprocal tests. 
To make comparisons more difficult, two of these 
latter three species (D. immigrans and D. virilis) 
were assigned positions on the tree on the basis of 
the morphological phylogeny of Throckmorton 
(1975) and not on the basis of immunological dis- 
tances. Given these qualifications, the biochemical 
phylogeny of Beverley and Wilson (1982) is con- 
cordant with that based on morphology by Throck- 
morton (1975) and the phylogeny inferred by two- 
dimensional electrophoresis. 

Another important molecular data set is that of 
MacIntyre et al. (1978), who examined the evolu- 
tion of Drosophila by looking at the immunological 
distances deduced from microcomplement fixation 
tests of acid phosphatase- 1 by conducting reciprocal 
comparisons among 10 species. Their study further 
confirmed the phylogeny proposed by Throckmor- 
ton (1975), with two exceptions. In the phylogeny 
of MacIntyre et al. (1978), D. funebris is considered 
a member of the subgenus Sophophora instead of 
the subgenus Drosophila, and D. nebulosa is clus- 
tered in the sattans species group instead of  the wil- 
listoni species group. MacIntyre et al. (1978) explain 

the placement of D. funebris by the fact that the 
enzyme is extremely electronegative in this species, 
giving it some unusual immunological properties. 
They also state that the D. nebulosa placement seems 
to have resulted from a bias in the way immuno- 
logical comparisons were conducted. Nevertheless, 
their overall phylogeny is otherwise congruent with 
both the morphological and two-dimensional elec- 
trophoretic data sets. 

Several other biochemical studies have examined 
the higher relationships within the genus Drosoph- 
ila. These are worthy of  mention but do not really 
constitute tests of the phylogeny of  Drosophila, be- 
cause of various shortcomings in technique. The 
microcomplement fixation study of  Collier and 
MacIntyre (I 977) examined the evolution of  a-gly- 
cerophosphate dehydrogenase in 34 species of Dro- 
sophila. The purpose of  the study was not to produce 
a phylogeny, but simply to examine the evolutionary 
change in the enzyme. However, the resulting dis- 
tances are in line with the general phylogenetic 
framework of  the genus. Another immunological 
study is that of Duke and Glassman (1968) on xan- 
thine dehydrogenase. These workers performed mi- 
crocomplement fixation tests on 11 species of Dro- 
sophila, but performed no reciprocal tests and related 
all comparisons only to D. melanogaster. Still, the 
general relationships seem to substantiate the phy- 
logeny presented here. The same is true for the DNA- 
DNA hybridization study of  Entingh (1970). Al- 
though some of the comparisons were reciprocal, 
most were not, and consequently no phylogeny was 
reported. However, the distances presented are in 
accord with the currently accepted phylogeny of 
Drosophila. 

Two other studies have presented phylogenies 
based on biochemical techniques, but are not con- 
gruent with any previous work. The study of 
MacIntyre and Dean (1978) measured the quanti- 
tative subunit hybridization of  acid phosphatase-1 
among 11 species of  Drosophila. Although a den- 
drogram was produced from these data, the authors 
acknowledged that this should not be considered a 
useful technique for phylogeny reconstruct ion 
(MacIntyre and Dean 1978; MacIntyre and Collier 
1986). The other study, by Vilageliu and Gonzalez- 
Duarte (1984), proposed phylogenetic relationships 
among seven divergent species of Drosophila on the 
basis of  relative frequencies of  the amino acids in 
alcohol dehydrogenase. However, this phylogeny is 
not congruent with any proposed phylogenetic hy- 
pothesis of the genus; therefore, the technique should 
also be considered suspect. 

One criticism of  two-dimensional electrophoresis 
is that it may not adequately discriminate electro- 
morphs that  differ in their  pr imary structure 
(McLellan et al. 1983; McLellan and Inouye 1986). 



Some workers have suggested that an inability to 
separate different proteins may cause the production 
of incorrect phylogenies (Coyne et al. 1979; Ber- 
locher 1984) and may be responsible for much of  
the observed convergence on electrophoretic gels 
(Mickevich and Mitter 1981). However, the trees 
reported here both are congruent with other data 
sets (as mentioned above) and have a high consis- 
tency index for electrophoretic data sets (Mickevich 
1978; Mickevich and Mitter 1981; Sites et al. 1984). 
These factors indicate that, at least for this study, 
two-dimensional electrophoresis can adequately 
separate proteins for systematic studies. 

Another problem concerning electrophoresis is 
its ability to resolve phylogenetic relationships 
among distantly related organisms. Maxson and 
Maxson (1979) have suggested that traditional one- 
dimensional electrophoresis can be used only to 
about the Miocene (25 Myr ago), and Bush and Kitto 
(1978) suggested that its usefulness is only to the 
late Pliocene (10-15 Myr ago). The results presented 
here indicate that two-dimensional electrophoresis 
can be applied to taxa separated by much more time 
than can standard allozyme electrophoresis. Con- 
sidering the fossil and biogeographic evidence pre- 
sented for the separation of the subgenera of  Dro- 
sophila (Throckmorton 1975, 1982; Beverley and 
Wilson 1984, 1985) and the corresponding dates of 
divergence based on the molecular clocks (corrected 
estimates of 61-65 Myr ago; Collier and MacIntyre 
1977; Beverley and Wilson 1984, 1985; MacIntyre 
and Collier 1986), two-dimensional electrophoresis 
seems to be a useful indicator of phylogeny even 
back to the Paleocene (65 Myr ago). 

The existence of molecular clocks has been much 
disputed (Goodman 1981; Ayala 1986), although 
the presence of some kind of  clock seems undeniable 
(Fitch 1976; Thorpe 1982). However, virtually all 
the empirical data substantiating molecular clocks 
are based on either amino acid or nucleotide se- 
quences. Electrophoretic clocks have been consid- 
ered much more questionable because a 20-fold range 
of differences between calibrations has been ob- 
served (Avise and Aquadro 1982). Hence, a single 
electrophoretic clock seems unlikely, but it is well 
known that different proteins evolve at different rates 
(Dickerson 1971; Wilson et al. 1977) and even that 
the same protein can change at different rates in 
different lineages (Goodman 1976, 1981). Conse- 
quently, a large variance in electrophoretic clocks is 
not unexpected, particularly for studies that exam- 
ine different proteins and survey comparatively few 
loci. 

In this latter problem, two-dimensional electro- 
Phoresis potentially has a distinct advantage over 
traditional one-dimensional electrophoresis. It is 
known that the more independent molecular data 
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available, the better the estimate of divergence time 
will be (Fitch 1976; Takahata and Nei 1985; Wat- 
terson 1985). Although this study examined only 
about 50 loci, it is possible to survey several hundred 
loci with two-dimensional electrophoresis (Klose and 
Feller 1981; Klose 1982; Jungblut and Klose 1985; 
Neel et al. 1985; Spicer 1985; Coulthart 1986). Even 
with so few loci examined, the correlation (Fig. 6) 
between this study and the results of Beverley and 
Wilson (I 984) is remarkable. 

However, the absolute times of divergence are of 
the greatest interest, and here a great deal of  am- 
biguity still exists. With such a poor fossil record 
(only two fossils of Drosophila have been reported), 
the only alternative is to use biogeographical infor- 
mation combined with the phylogeny and present- 
day distributions of the species to reconstruct past 
events (Wilson et al. 1977; Throckmorton 1982; 
Cracraft 1983). Unfortunately, this approach gives 
only very rough estimates of  divergence times, and 
therefore no firm dates for calibrating a molecular 
evolutionary clock. Beverley and Wilson (1984, 
1985) have addressed this problem by examining 
the molecular evolution of larval hemolymph pro- 
tein over a long expanse of geological time, enabling 
them to standardize a clock on the basis of several 
bound and unbound dates. They concluded that the 
subgenera Sophophora and Drosophila diverged ap- 
proximately 62 Myr ago. Comparing the Beverley 
and Wilson (1984) divergence times with the two- 
dimensional electrophoretic data (Fig. 6) gives the 
time of divergence as 61 Myr ago. 

Two other divergence times based on molecular 
studies have been reported. The study of  Collier and 
MacIntyre (1977) based on a-glycerophosphate de- 
hydrogenase gives the divergence date as 52 Myr 
ago, and another based on arginine kinase gives the 
date as 59 Myr ago (Maclntyre and Collier 1986; 
G. Collier, personal communication). However, 
these two dates were calibrated by taking the di- 
vergence of the virilis-repleta radiation from the im- 
migrans-Hirtodrosophila radiation as 36 Myr ago, 
a date chosen because Throckmorton (1975) had 
inferred that the virilis-repleta radiation developed 
during the Oligocene and Miocene. Subsequently, 
Throckmorton (1982) indicated that this radiation 
had occurred about 30 Myr ago, and that "there is 
no ground to even speculate on how much before 
then they appeared." Consequently, these diver- 
gence dates should be considered minimum un- 
bounded estimates. 

To bring these estimates in line with the others, 
I used the regression procedure described above. To 
compare the studies of  Collier and MacIntyre (1977) 
and MacIntyre and Collier (1986) with that of  Bev- 
erley and Wilson (1984), I used the regression pro- 
cedure described in the Methods section. The regres- 
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sion for the a -g lycerophospha te  dehydrogenase  data  
is significant ( t= 16.87, d f  = 1, P = 0.0377), but  
that  for the arginine kinase da ta  is not  (t = 6.79, 
d f  = 1, P = 0.0931). These  recal ibrat ions corre- 
spondingly change the dates o f  52 and  59 M y r  ago 
to 63 and 65 Myr  ago, respectively.  

These  suggested dates are still in accord  with the 
biogeographic  data  as current ly interpreted.  Throek-  
m o r t o n  (1975) considered the subgenus Drosophila 
to have  been in existence by the Oligocene (36 Myr  
ago), but nothing can be conjectured about  how much  
earlier it existed. Beverley and  Wilson (1984) con- 
cluded on the basis o f  the biogeographic  consider-  
a t ion o f  cont inental  drift, that  the Drosophi l idae  did 
not  exist earlier than  abou t  80 Myr  ago. N e w  Zea-  
land, which is thought  to have  split f rom Austral ia  
at abou t  that  t ime,  has no ancient  nat ive  Drosophila 
fauna, while Austral ia  has an extensive one. There-  
fore, the Drosophi l idae  mus t  have  originated some-  
t ime  after the split o f  these two land masses  (80 Myr  
ago). I f  the initial cal ibrat ion of  Beverley and  Wilson 
(1984) is reliable, the subgenera mus t  have  diverged 
somet ime  between 61 and  65 Myr  ago. 

Previous  studies investigating protein structure 
and funct ion have  revealed m u c h  abou t  soluble pro-  
teins such as enzymes,  but very little has been learned 
about  the insoluble structural prote ins  (O'Brien and  
Mac ln ty re  1978). This  discrepancy is par t ly  due to 
the difficulty o f  effectively screening for structural 
protein mutan t s  (Fyrberg 1984). Two-d imens iona l  
e l e c t r o p h o r e s i s  p r o v i d e s  a s i m p l e  m e t h o d  for  
screening for the insoluble proteins  and  examin ing  
the relative rates o f  protein evolut ion.  By using this 
me thod  it is now possible to identify the slowly 
evolving proteins.  

Interestingly, even after roughly 60 M y r  o f  di- 
vergence, the electrophoret ic  mobil i t ies  o f  some 
proteins have  remained  unchanged.  O f  the 12 pro-  
teins whose electrophoret ic  mobi l i t ies  have  not  
changed, 5 can be identified f rom previous  studies 
on Drosophila. Four  o f  these are the actins I - I I I  
(Storti et al. 1978), and the o ther  is muscle  t ropo-  
myos in  II  (Bautch et al. 1982; M o g a m i  et al. 1982; 
Bautch and Storti  1983). Al though six actin genes 
in Drosophila (Fyrberg et al. 1980; Tob in  et al. 1980) 
are known to produce  at least five different proteins  
(Fyrberg 1984), only three forms  have  previously  
been separated by electrophoresis  (Storti et  al. 1978; 
Fyrberg et al. 1983). The  fourth fo rm resolved here 
seems to be related to actin IL In addit ion,  it seems 
that  actin I I I  is probably  also resolved into two forms 
as well. However ,  more  s tudy is needed to de te rmine  
these relat ionships with certainty. 

The  proteins identified here as evolving slowly 
are structural proteins.  Both actin and  t r opomyos in  
are known to be highly conserved over  evolu t ionary  
t ime (Fine and Blitz 1975; Firtel 1981; High tower  

and Meagher  1986). However ,  all the t ropomyos ins  
are not  equally conserved.  The  Drosophila t ropo-  
myos ins  are encoded by three tightly l inked genes 
and consist  o f  two muscle  fo rms  that  are differen- 
tially regulated and  a nonmusc le  cy toplasmic  fo rm 
(Bautch et al. 1982). Only one o f  the muscle  forms  
is apparent ly  highly conserved,  while the o ther  two 
genes are much  more  variable.  G iven  the functional-  
constraint  hypothesis  (Wilson et al. 1977; K i m u r a  
1983), this difference in conserva t ion  p robab ly  in- 
dicates that  t r opomyos in  II  is selectively much  more  
constra ined than is ei ther  t r opomyos in  I or  the non-  
muscle  cy toplasmic  form. 

This  study seems to indicate that  two-d imen-  
sional electrophoresis  is useful bo th  as a tool for 
phylogenetic  reconstruct ion and  as a molecu la r  evo-  
lut ionary clock. Even though only a few loci were 
surveyed (about  50) and  a long expanse o f  geological 
t ime  separated some o f  the taxa (roughly 60 Myr), 
this technique accurately reconstructed the higher- 
level relat ionships within the genus Drosophila. N o  
other  b iochemica l  study, except  for this one, is fully 
congruent  with the phylogeny o f  Drosophila as it is 
now unders tood.  Fur thermore ,  the molecular  evo-  
lut ionary clock der ived  f rom this s tudy seems to 
work  as well as those based on immunolog ica l  data  
sets. In  addit ion,  two-d imens iona l  e lectrophoresis  
m a y  well be a useful tool for examining  the molec-  
ular evolut ion o f  insoluble proteins.  Consequent ly ,  
a l though it is technically a difficult procedure,  two- 
d imens ional  electrophoresis  should p rove  to be an 
effective technique for addressing p rob lems  in evo-  
lut ionary biology. 
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