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Abstract

Coyne, J. A., W. F. Eanes, ]. A. M. Ramshaw (Museum of Comparative Zoology, Harvard
University, Cambridge, Massachusetts 02138) and R. K. Koehn (Department of Ecology and
Evolution, State University of New York, Stony Brook, New York 11794). 1979. Electropho-
retic heterogeneity of a-glycerophosphate dehydrogenase among many species of Drosophila.
Syst. Zool. 28:164-175.—Electromorphic variation of a-glycerophosphate dehydrogenase in
71 species of Drosophila has been studied using sequential polyacrylamide gel electropho-
resis, sequential starch gel electrophoresis, and isoelectric focusing. Although this locus was
previously reported as nearly invariant among many species of the genus, this study shows
a substantial increase in variation between species which is concordant with the known
taxonomy of the genus. However, these methods revealed no additional variation within the
species themselves. Each of the three methods found variation not detectable by the other
two; thus, all are necessary for maximizing the observed variation between species. In com-
parison to previous electrophoretic studies of this enzyme in Drosophila, these new data
show a much increased concordance with reported immunological and kinetic differences
between this enzyme in different species. The implications of these results for electrophoretic
studies of speciation and taxonomy are discussed. [Drosophila spp.; a-glycerophosphate de-
hydrogenase; electrophoresis; heterogeneity.]

In recent years electrophoresis has
been extensively used to investigate
questions of general interest in evolu-
tionary biology and systematics (Ayala et
al., 1974; King and Wilson, 1975; Micke-
vich and Johnson, 1976; and many oth-
ers). Electrophoretic data is fairly simple
to gather, and it has a number of advan-
tages over more traditionally used taxo-
nomic characters (Avise, 1974). Because
it is assumed that electromorphs are only
a step removed from single genes, differ-
ences between them are readily translat-
ed into measures of “genetic distance.”
Inherent in these investigations are as-
sumptions about the nature of electro-
phoretic variation. It is often recognized
that some genetic differences may be
mistakenly described as genetic identi-
ties due to convergence of different vari-
ants to similar mobilities; but this prob-
lem is usually ignored, being considered
insignificant given the weight of a total
data set. Of course the generalities drawn
from such data can seriously depend on
the safety of these assumptions.

Evidence is now accumulating that
electrophoretic phenotypes are not nec-
essarily homogeneous molecular entities,
but are often heterogeneous classes
which will divide when subjected to a
series of electrophoretic conditions (e.g.,
Weitkamp et al., 1973; Bernstein et al.,
1973; Singh et al., 1976; Coyne and Fel-
ton, 1977). When used to investigate vari-
ation within species, this approach has
had a significant effect on the interpre-
tation of particular problems, such as
descriptions of geographic variation of
gene frequencies. So far these analyses
have not been extended to comparisons
between many species. However, the
implications of undetected variation at
this level may be even more profound
than within species. In this report we ex-
amine the apparent electrophoretic iden-
tity of a single enzyme a-glycerophos-
phate dehydrogenase (a-GPDH, L-
glycerol-3-phosphate oxidoreductase,
E.C. 1.1.1.8.) in many species of the ge-
nus Drosophila. Our study clearly dem-
onstrates that judgements of genetic
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identity depend considerably on the dis-
criminating ability of particular electro-
phoretic conditions.

Previous electrophoretic surveys of
a-GPDH have shown it to be remarkably
invariant not only within species of Dro-
sophila, but also between them. Using
starch gel electrophoresis in a single
buffer system, Lakovaara et al. (1977a)
reported only eleven electromorphs of
the enzyme among 159 species of Dro-
sophila. Six of these variants were found
in three or fewer species each. Of the 87
non-Hawaiian species investigated by
Lakovaara et al. (1977a), 16 were mono-
morphic for the 100 (slow) variant of
a-GPDH, 52 for the 104 variant, and 11
for the 108 (fast) variant. Only the two
species D. melanogaster and D. subarc-
tica were polymorphic for the enzyme.
In a later study (Lakovaara et al., 1977b),
these workers found five additional ther-
mostability variants in the genus, three
of which were within the species D.
subarctica.

Collier (1977) studied o-GPDH in 105
species of Drosophila using cellulose
acetate electrophoresis. His results were
consistent with those of Lakovaara et al.
(1977a); only eight electromorphs were
found, four of which were unique to
single species. Four species contained
electromorph 1 (corresponding to 100 of
Lakovaara et al. [1977a]), 74 contained
electromorph 4 (104), and 23 contained
electromorph 7 (108). There were a few
differences between this study and that
of Lakovaara et al. (1977a) in the assign-
ment of variants to species, but in general
their findings were nearly identical.
The invariance of this protein among fly
species led Lakovaara et al. (1977a) to
conclude that it was evolving slowly and
was canalized to exist in only a few forms.

In contrast to these results, however,
are several other pieces of biochemical
evidence indicating a more extensive
heterogeneity of the enzyme among Dro-
sophila species. Collier and Maclntyre
(1977) used microcomplement fixation to
examine immunological differences be-
tween a-GPDH proteins of 31 species of

Drosophila. Their results demonstrate
apparent immunological differences be-
tween many of the electromorphs judged
identical in the electrophoretic studies
mentioned above. In another survey, Ala-

iotis et al. (1977) found some significant
differences in thermostability and Mi-
chaelis constants among «-GPDH from
six species of Drosophila, all of which
share the same electromorph according
to Lakovaara et al. (1977a, 1977b) and
Collier (1977).

In an attempt to resolve the discrep-
ancies between the results of electropho-
retic studies of a-GPDH and those of
studies using other biochemical charac-
terizations, we investigated the variabil-
ity of this enzyme within and among 71
species of Drosophila with a combina-
tion of electrophoretic methods. We have
used sequential polyacrylamide gel elec-
trophoresis (Singh et al., 1976), sequen-
tial starch gel electrophoresis, and iso-
electric focusing; we can thus compare
these various methods for their ability to
detect previously unknown variation.
The results show an enormous increase
in the number of known variants of a-
GPDH among Drosophila species and
demonstrate previously unrecorded elec-
trophoretic differences which are consis-
tent with the known taxonomy of the ge-
nus. We also find a substantial increase
in the concordance between electropho-
retic and other non-electrophoretic char-
acterizations of the enzyme in these
many species.

MATERIALS AND METHODS

Seventy-one species of Drosophila
were obtained from several sources; for
25 of these species we were able to ob-
tain at least one duplicate culture. Most
of the cultures were derived from isofe-
male lines, while others were mass cul-
tures of a species from a single locality.
In addition, we examined 29 lines of D.
pseudoobscura isogenic for the fourth
chromosome and 16 lines of D. melano-
gaster isogenic for the second chromo-
some (these chromosomes are known to
carry the a-GPDH locus in these species).
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All flies were maintained at 17°C on stan-
dard cornmeal food, but flies with more
rigid food requirements did not produce
progeny under these conditions. A full
list of the sources of the experimental

material may be obtained from the au-
thors.

Polyacrylamide Gel Electrophoresis

Electrophoresis in polyacrylamide slab
gels was performed as described by
Coyne and Felton (1977) with the follow-
ing modifications. Recrystallized acryl-
amide and bisacrylamide (Biorad) rather
than technical grade acrylamide (Cyano-
gum; E-C Apparatus Corp.) were used to
obtain the best resolution for this enzyme.
The acrylamide used to prepare each
gel consisted of 6 percent bisacrylamide
and 94 percent acrylamide. Fresh buffer
was used for each electrophoretic run.

Enzyme variation among species was
studied using sequential electrophoresis
as described in Singh et al. (1976) and
Coyne and Felton (1977). The following
sequence of four conditions was used:
condition 1, 4.5 percent gels at pH 8.9 in
0.1 M tris-borate-EDTA run for 4 hours;
condition 2, 7 percent gels at pH 8.9 in
0.1 M tris-borate-EDTA run for 6 hours;
condition 3, 4.5 percent gels at pH 7.1 in
0.1 M tris-borate-EDTA run for 7 hours;
condition 4, 11 percent gels at pH 8.9 in
0.1 M tris-borate-EDTA run for 12 hours.
Gels at conditions 1, 2, and 4 were run at
300 volts; gels at condition 3 were run at
200 volts. In addition, all species were
further examined in 4.5 percent gels at
pH 10.5 in 0.1 M tris-HCI, but no addi-
tional variation was found. The results of
the sequential analysis are presented as
a hierarchical classification of electro-
morphs (Coyne and Felton, 1977).

Isoelectric Focusing

Isoelectric focusing was performed es-
sentially as described by Ramshaw and
Eanes (1978) with the following changes.
Gels contained 1.0 percent w/v pH 4-6
and 1.0 percent w/v pH 5-7 ampholytes
and 0.2 percent w/v Triton X-100. Dur-
ing electrophoresis the voltage was in-

creased to 500 volts over one hour at
which time the sample papers were re-
moved from the gel and the voltage in-
creased to 1,000 volts for a further 1-2
hours.

Starch Gel Electrophoresis

Horizontal starch gel electrophoresis
was performed as described by Koehn
and Rasmussen (1967) using a concentra-
tion of 14 percent Electrostarch. Sequen-
tial electrophoresis using two conditions
was carried out, first in a 0.1 M tris-bo-
rate-EDTA buffer of pH 8.9, and then in
0.15 M tris-citrate buffer of pH 7.0 (Shaw
and Prasad, 1970). Voltages were about
10 volts/cm and gels of each buffer were
run for 8 and 12 hours respectively.

Staining and Scoring Procedure

All gels were stained according to the
method of Hubby and Lewontin (1966)
except that KCN was omitted from the
stain in polyacrylamide and starch gels.

Differences between variants were
scored visually, and then were confirmed
by running the putative variants together
in alternate pairs of pockets on single
gels (e.g., Fig_2). We prefer this quali-
tative method to methods which distin-
guish variants by comparing measured
relative mobilities from gel to gel since
the former method eliminates sources of
error which could lead to spurious re-
sults. This scoring technique is especial-
ly useful in distinguishing variants with
only slight differences in mobility.

RESULTS

The three electrophoretic methods en-
abled us to resolve 19 distinct variants of
a-GPDH in the 71 fly species. Each dis-
tinguishable electromorph is designated
in Table 1 by a separate letter of the al-
phabet. Also shown in Table 1 are the
electromorph classes distinguishable in
each of the three independent studies
using sequential polyacrylamide gel, se-
quential starch gel, and isoelectric focus-
ing electrophoresis.

A total of 10 electrophoretic classes of
a-GPDH were found by starch gel elec-
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TABLE 1. CLASSIFICATION OF 19 ELECTROPHORETIC VARIANTS OF a-GLYCEROPHOSPHATE DEHYDRO-

GENASE BY COMBINING THE RESULTS OF 3 DIFFERENT ELECTROPHORETIC TECHNIQUES. THE 19 VARIANTS

ARE EACH INDICATED BY A SEPARATE LETTER AND THE RESULTS OF THE 3 ELECTROPHORETIC STUDIES

ARE SHOWN SEPARATELY. THE NUMBER OF DIFFERENT LINES EXAMINED BY POLYACRYLAMIDE GEL ELEC-

TROPHORESIS IS GIVEN IN PARENTHESES. FOR EACH ELECTROPHORETIC TECHNIQUE VARIANTS ARE

NUMBERED SEQUENTIALLY WITH THE SLOWEST MOVING OR MOST BASIC VARIANT BEING GIVEN THE
LOWEST NUMBER.

Isoelectric

Acrylamide Starch focusing
Electromorph Class results results results
Subgenus Drosophila
repleta group
mulleri subgroup
aldrichi k 4100 (1) 7 2c
arizonensis k 4100 (3) 7 2¢
buzzatti k 4100 (1) * 2¢
+
meridiana meridiana at k i(l)gg ((11)) ; ;C
mohavensis k 4100 (3) 7 2c
mulleri k 4100 (2) 7 2c
navajoa k 4100 (1) * 2c
mercatorum subgroup
mercatorum k 4100 (1) 7 2¢
paranaensis k 4100 (1) 7 2¢
melanopalpa subgroup
fulvimacula k 4100 (1) * 2c
melanopalpa k 4100 (1) 7 2c
repleta k 4100 (1) 7 2c
hydei subgroup
bifurca k 4100 (1) 7 2
eohydei k 4100 (1) 7 2¢
hydei k 4100 (2) 7 2c
neohydei k 4100 (1) 7 2c
robusta group
2001+ (1) * *
robusta d+ P 5000 (1) 7 9%
melanica group
micromelanica k 4100 (1) 7 2c
cardini group
cardini k 4100 (1) * 2
polymorpha k 4100 (1) 7 2
immigrans group
immigrans n 4120 (1) 7 2
virilis group
americana americana 1 4100 (3) 7 2d
americana texana 1 4100 (2) 7 2d
ezoana 1 4100 (2) 7 a2d
littoralis 1 4100 (1) 7 2d
lummei 1 4100 (1) 7 2d
novamexicana 1 4100 (2) 7 2d
virilis 1 4100 (3) 7 2d
borealis i 3100 (1) 5 2¢
flavomontana i 3100 (2) 5 2¢
lacicola i 3100 (2) 5 *
montana montana i 3100 (2) 5 2¢
montana ovivororum i 3100 (2) 5 *
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TABLE 1. CONTINUED.

Isoelectric
Acrylamide Starch focusing
Electromorph Class results results results
nannoptera group
nannoptera P 5000 (1) 9 2¢
pachea p 5000 (1) 9 2c
quinaria group
kunzei b 1100 (1) * *
testacea group
testacea j 4000 (1) 7 2b
funebris group
funebris d 2001 (1) 3 lc
Subgenus Phalodoris
lebanonensis c 2000 (1) 2 1b
Subgenus Dorsilopha
busckii o 4130 (1) 7 2b
Subgenus Sophophora
willistoni group
capricorni f 3000 (1) 5 2a
equinoxialis g 3000 (1) 5 2b
fumipennis g 3000 (1) * 2
nebulosa g 3000 (1) 5 2b
paulistorum g 3000 (1) 5 2b
3000 (1) 6 2
pavlovskiana h rt 6010+ (1) 8 3a
tropicalis g 3000 (1) 5 2b
willistoni g 3000 (1) 5 2b
melanogaster group
montium subgroup
o 1000+ (1) * la
birchii at m 4110 (1) 7 2
serrata m 4110 (1) 7 2¢
melanogaster subgroup
erecta at m 1000* (1) . .
4110 (1) 7 2c
mauritiana s 7000 (1) 10 3b
4110 (7) 7 2c
melanogaster m s 7000 (3 + 9§) 10 3b
orena m 4110 (1) 7 2¢
simulans s 7000 (3) 10 3b
teissieri s 7000 (1) 10 3b
yakuba s 7000 (1) 10 3b
ananassae subgroup
ananassae s 7000 (1) 10 *
bipectinata s 7000 (1) 10 3b
obscura group
obscura subgroup
ambigua a 1000 (1) 1 la
guanche a 1000 (1) 1 la
miranda a 1000 (2) 1 la
persimilis a 1000 (5) 1 la
pseudoobscura a 1000 (12 + 298) 1 la
1000 (4) 1 la
subobscura a q 6000 (1) 8 "
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TABLE 1. CONTINUED.
Isoelectric
Acrylamide Starch focusing
Electromorph Class results results results
affinis subgroup
affinis e 3000 (3) 4 2a
algonquin e 3000 (1) 4 2a
athabasca e 3000 (3 ) 4 2a
azteca a 1000 (2) 1 la
narragansett a 1000 (2) * *
tolteca a 1000 (2) 1 la

* Not determined.

*+ Assumed rare electromorph (see text).
§ Isochromosomal lines.

|| 3 different semispecies were examined.

trophoresis and are listed in Table 1. All
of these mobility classes were observed
using the first criterion, a tris-borate-
EDTA buffer of pH 8.9. No additional
variability was found using the pH 7.0
tris-citrate system with which the data of
Lakovaara et al. (1977a) were collected.
The variant 8 observed in D. pavlov-
skiana was unique to the starch system,
and was not detected by the other meth-
ods.

The extensive variability observed at
pH 8.9 in starch gels (see Fig. 1) gener-
ally collapsed under the pH 7.0 system
into the electrophoretic classes described
by Lakovaara et al. (1977a) and Collier
(1977). It is noteworthy that the mobility
differences observed on polyacrylamide
gels using the tris-borate-EDTA pH 7.1
system (see below) were generally not
seen on starch gels using the tris-citrate
pH 7.0 system. Since tris-borate-EDTA
of pH 7.1 is not compatible with starch
gel electrophoresis, a suitable compari-
son with polyacrylamide gels in the neu-
tral pH range could not be carried out.

The results of the sequential polyac-
rylamide gel electrophoresis are also giv-
en in Table 1, along with the number of
lines investigated in each species using
this system (most, but not all replicate
lines of every species were studied in
starch or isoelectric focusing gels). As in
previous studies (Singh et al. 1976;
Coyne and Felton, 1977), electromorph
classes are designated by a string of in-

tegers giving the mobility of the enzyme
under each condition relative to a stan-
dard mobility within each condition. The
relative mobilities corresponding to these
integers are given in Table 2.

The four different conditions of poly-
acrylamide electrophoresis distinguished
15 electromorphs among the 71 species
examined. Seven of these classes were
resolved with condition 1, 3 with condi-
tion 2, and 4 with condition 3. A single
difference, that between D. lebanonensis
(variant 2000) and D. funebris (variant

TABLE 2. MEASURED RELATIVE ELECTROPHO-
RETIC MOBILITIES IN SEQUENTIAL POLYACRYLAM-
IDE GEL ELECTROPHORESIS (SEE COYNE AND
FELTON [1977] FOR EXPLANATION OF THE

NOMENCLATURE),
Electromorph Mobility
1000 1.00/1.00/1.00/1.00
1100 1.00/1.02/1.00/1.00
2000 1.05/1.00/1.00/1.00
2001 1.05/1.00/1.00/1.08
3000 1.11/1.00/1.00/1.00
3100 1.11/1.03/1.00/1.00
4000 1.14/1.00/1.00/1.00
4100 1.14/1.02/1.00/1.00
4110 1.14/1.02/1.01/1.00
4120 1.14/1.02/1.03/1.00
4130 1.14/1.02/1.07/1.00
5000 1.15/1.00/1.00/1.00
6000 1.21/1.00/1.00/1.00
6010 1.21/1.00/1.02/1.00
7000 1.25/1.00/1.00/1.00
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F1G. 1.—Separation of 8 variants of a-GPDH on
starch gels of pH 8.9 in tris-borate-EDTA. Bands
are numbered from left to right. 1, 2: D. pseudoob-
scura; 3, 4: D. lebanonensis; 5, 6: D. funebris; 7,
8: D. affinis; 9, 10: D. borealis; 11, 12: D. virilis;
13, 14: D. nannoptera; 15, 16: D. melanogaster (fast
variant). Several of these variants were not resolved
from one another in previous electrophoretic stud-
ies. :

2001), was revealed by condition 4. This
latter system was the poorest at resolving
differences since it produced broader
bands and hence small changes in mo-
bility were less detectable.

Several of the differences found in
polyacrylamide gels were not found with
starch gel electrophoresis (e.g., see Fig.
2). Notable among these are the differ-
ence between the electromorphs of the
virilis group (4100) and the slow mela-
nogaster group (4110), and the difference
between the willistoni group variant
3000 and that of the slow virilis group
(montana subphylad of the montana
phylad) variant 3100.

In contrast to the increased variability
between species, polyacrylamide gel
electrophoresis shows that the individual
species themselves remain essentially
monomorphic. No differences were seen
in any of the replicate lines of 25 species,
including the 41 lines of D. pseudoob-
scura. We also investigated several lines
of each of the two common variants in the
polymorphic species D. melanogaster
(see Table 1), but no further heteroge-
neity was seen within either of these
electromorph classes. Milkman (1976)
and Bewley (1978) also found no addi-
tional variation in this species using ther-
mostability criteria. Six species (D. me-
ridiana, D. robusta, D. pavlovskiana, D.

F1G. 2.—Polyacrylamide gels which show varia-
tion not detected by the other electrophoretic meth-
ods used in this study. Pockets are numbered from
left to right. Gel A. 4.5 percent gel, pH 8.9. 1, 2, 5,
6,9, 10: D. immigrans; 3, 4, 7, 8: D. virilis; 13, 14,
21, 22: D. affinis; 15, 16, 19, 20, 23, 24: D. borealis;
17, 18: D. willistoni. Gel B. 4.5 percent gel, pH 7.1.
Order of species same as in Gel A.

erecta, D. subobscura, and D. birchii)
showed more than a single allele segre-
gating in some of the lines we examined.
In these cases one variant always pos-
sessed the same electromorph as closely
related species, and from the assumption
of continuing near-monomorphism in
these species we designated the other
variant “rare” in Table 1. Three of these
“rare”” variants (in D. meridiana, D.
birchii, and D. erecta) appear identical
in mobility, falling into the 1000 class.

Isoelectric focusing distinguished many
of the classes of a-GPDH variants. The
use of this technique separates the spe-
cies into three general pl groups (Fig. 3).
In species with more than a single variant
(e.g., D. pavlovskiana, D. melanogaster),
segregating variants are always found in
adjacent groups. This suggests that these
separate groups represent classes of vari-
ants which are a single unit charge apart
(Ramshaw and Eanes, 1978). There is
also smaller charge variation within each
group. This variation may represent en-
zymes with the same absolute number of
acidic and basic residues, but possessing
slightly different net charges depending
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Group 1

a b c abc d ab
Basic |l |

1 | 1 | 1

5.7 5.5 5.3 5.1

Group 2 Group 3

Acidic

pl

F1G. 3.—Relative positions of the charge groups
observed by isoelectric focusing. The nomenclature
of the various subgroups which were observed is
indicated.

on the in situ pK’s of the individual ami-
no acids.

A total of nine classes were clearly dis-
tinguished by isoelectric focusing (Table
1). For most species it was possible to
unambiguously assign membership to
one of these classes. In certain cases,
however, assignment to a class was dif-
ficult, although assignment to one of the
three charge groups was never a prob-
lem. The principal difficulties encoun-
tered were poorly focused bands and
bands with low activity, presumably
caused by insolubility or instability of the
enzyme near its isoelectric point. For
some of the species we occasionally ob-
served two bands of enzyme activity. The
spacing between the two bands was,
however, very small, being less than the
smallest differences between classes.
This rules out modification by a major
charge change, such as deamidation, as
the cause of this phenomenon. As it was
not reproducible and only intermittently
observed, its nature remains unknown.
The assignments given in Table 1 are
based only on reproducible single bands.

When compared with the resolution
obtained with starch and polyacrylamide
gels, isoelectric focusing distinguished
fewer classes of variants. Nevertheless,
several unique differences were detected
by this method (Fig. 4). D. capricorni
(variant 2a) is separated from the other
members of the willistoni group (variant
2b), and a clear difference is found be-
tween the main allele of the virilis group
(variant 2d) and that of the repleta group
(variant 2c¢). In addition, focusing has
separated three members of the affinis

FIG. 4.—Sections from isoelectric focusing gels
which show variation not detected by the other
electrophoretic methods used in this study. Gel sec-
tion 1 (L-R): D. hydei, D. texana, D. hydei, D. vir-
ilis, D. hydei. Gel section 2 (L-R): D. equinoxialis,
D. affinis, D. tropicalis, D. capricorni.

subgroup (2a) from the main variant in
the willistoni group (2b), a distinction
which was also observed by Collier
(1977) using cellulose acetate electropho-
resis.

DISCUSSION

The three methods of analysis used in
this study have revealed a total of 19 vari-
ants of a-GPDH in 71 species of Dro-
sophila (Table 1). This represents a sub-
stantial increase in the number of known
variants at this locus when our work is
compared with previous studies of the
same group of species. Fifty-six of our 71
species were investigated by Lakovaara
et al. (1977a), and they report seven elec-
tromorphs in this group. Three more vari-
ants were added to this total by their
later (1977b) thermostability studies. We
find fourteen electromorphs in this same
group of species. Thirty-nine of our sev-
enty-one species were also studied by
Collier (1977). He resolved six variants in
this group, while we have found 14. It is
obvious that electrophoresis using a va-
riety of methods is capable of revealing
considerably more differentiation at this
locus than studies which use only one
electrophoretic condition.

In contrast to this differentiation be-
tween species is the apparent lack of ad-
ditional variation within species. This is
true for the 41 lines of D. pseudoobscura
and the replicate cultures of 24 other
species. The monomorphism of this locus
within almost every species is obviously
a real phenomenon, since the newly dis-
covered differences between species
show that our methods are not insensitive
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to finding variation. This continuing
monomorphism of a locus previously
judged monomorphic reinforces the pat-
tern of a lack of hidden variation within
loci possessing few alleles and low het-
erozygosity (Coyne et al., 1978). It also
supports the finding of Koehn and Eanes
(1977) that small subunit enzymes such
as a-GPDH (subunit m.w. about 32,000
according to Bewley et al., 1974) are in
general the least variable.

Of particular interest is the absence
of extra variation of -GPDH in D. mel-
anogaster, a species known to be poly-
morphic for two alleles. If there is
additional intraspecific variation for this
enzyme, it is not likely to be as extensive
as that seen for enzyme loci such as xan-
thine dehydrogenase and esterase-5, at
which the high heterozygosity is the con-
sequence of many variants (Singh et al.,
1976; Coyne et al., 1978).

Six of our species showed an addition-
al allele segregating within a line, and
by comparison with other members of
their taxonomic group and the previous
demonstration of near-monomorphism in
these species it is possible to infer which
of these alleles is most likely to be rare
within natural populations (Table 1). It is
notable that three of the species (D. birch-
ii, D. erecta, and D. meridiana) ap-
pear to share the same rare electromorph
although they are not closely related.
This may represent independent muta-
tions to the same allele or, more proba-
bly, different mutations which converge
in appearance to the same electromorph
class.

The interspecific distribution of the
new variants revealed in this study is

consistent with the known taxonomy of .

the genus Drosophila (Throckmorton,
1974). Notable among these is the split
between the common alleles within the
subgenus Drosophila (variants k and [ in
Table 1) and those of the subgenus So-
phophora (variants e, g, and m). Within
the subgenus Drosophila, the repleta
and virilis groups have different electro-
morphs (k in the former and i and [ in
the latter); and within the virilis group

itself we find a previously undetected
difference between the montana sub-
phylad of the montana phylad (variant i)
and the virilis phylad together with the
littoralis subphylad of the montana phy-
lad (variant ). In the subgenus Sopho-
phora, the most notable differences are
the distinction between the variants of
the willistoni group (f, g, and h), the af-
finis subgroup (e), and the slow melano-
gaster group variant (m). In addition,
species which are seemingly well sepa-
rated from the main radiations of the ge-
nus (e.g., D. lebanonensis, D. immigrans,
D. funebris, D. busckii, and D. testacea)
are now seen to have unique electro-
morphs.

Of the three methods used to distin-
guish variants, sequential polyacrylam-
ide gel electrophoresis was the most suc-
cessful; but under the single condition
pH 8.9, starch gels proved to have the
most resolving power. It should be em-
phasized, however, that each of the three
methods used showed variation not re-
vealed by the other two. The difference
between the virilis/repleta variants k
and [ and the melanogaster group variant
m was seen only in polyacrylamide gels,
the unique D. pavlovskiana variant h
was seen only on starch gels, and the dif-
ference between the repleta group vari-
ant k and the virilis group variant [ was
seen only with isoelectric focusing. Thus,
a combination of all three methods is
necessary to detect the maximum amount
of variation. In another comparison of
polymorphism in the human enzyme
phosphoglucomutase-1, Kuhnl et al.
(1977) found that isoelectric focusing was
most powerful in detecting variation. It
seems likely that the optimal combina-
tion of electrophoretic methods for max-
imum resolution must be determined
separately for each protein.

The pattern of new electromorphs re-
vealed in our study leads to a much great-
er taxonomic concordance with the re-
sults of other, non-electrophoretic studies.
Alahiotis et al. (1977) found differences
in Michaelis constants and thermostabil-
ities of a-GPDH enzymes among the
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species D. willistoni, D. equinoxialis,
D. arizonensis, D. virilis, D. americana,
and the D. melanogaster slow allele, al-
though previous studies had indicated
that all 6 species shared the same elec-
tromorph. In reality, however, we find
that these six species have at least four
electrophoretically distinct variants of
a-GPDH (Table 1). Similarly, Collier and
MaclIntyre (1977) demonstrated immu-
nological differences among a-GPDH
enzymes of different species which at the
time appeared to share the same electro-
morph. It is now apparent that many of
these a-GPDH enzymes do indeed be-
long to different electromorph classes
(Table 1). This increase in concordance
with the detected immunological differ-
ences can be examined further. There are
17 species examined in common be-
tween the present study and those of
Maclntyre and Collier (1977), Lakovaara
et al. (1977a, 1977b), and Collier (1977).
Therefore, 136 distinct comparisons can
be made between pairs of species to
judge whether their a-GPDH proteins
are different. MacIntyre and Collier (1977)
suggested that an immunological dis-
tance of five or more units from the D.
melanogaster A/A (variant s) antiserum
results from one or more amino acid sub-
stitutions. Thus, if the proteins of two
species differ in their distance from the
D. melanogaster standard by five or more
units, we judged them as having “differ-
ent” a-GPDH proteins. (Of course, this
comparison is imperfect since two pro-
teins with the same immunological dis-
tance from a given standard may still dif-
fer from one another.) The pairwise
immunological comparisons were then
inspected for concordance with pairwise
electromorph comparisons from the oth-
er four studies.

A comparison of the estimate of im-
munological differences with the electro-
phoretic and thermostability differences
found by Lakovaara et al. (1977a, 1977b)
shows 29 cases in which immunological
differences of a-GPDH between species
were not detected electrophoretically.
However, 27 of these 29 discrepancies

were resolved in our study as we con-
firmed the immunological differences
electrophoretically. Similarly, the com-
parison of the immunological data with
the electrophoretic data of Collier (1977)
shows 20 cases of immunological differ-
ences which are not electrophoretically
distinguishable. Of these 20 cases, 17 are
now resolved by us as electrophoretically
different. In neither of these two sets of
comparisons is there any case of an in-
terspecific difference found by both im-
munology and a previous electrophoretic
study which is also not found by us as a
difference.

Several points must be considered
when interpreting our data. Since we
were unable to cross species possessing
different variants, we are unable to say
with certainty that our different electro-
morphs represent changes coded by the
structural locus for a-GPDH. For exam-
ple, it appears that the larval isozyme of
a-GPDH in D. melanogaster may be pro-
duced by the same structural locus as the
adult isozyme but that it differs from it
by an epigenetic modification (Bewley
and Lucchesi, 1977). However, the taxo-
nomic consistency of our results suggests
that even if the variation is not due to
differences at the structural locus, it is
differentially fixed between species and
can be used as a taxonomic marker. The
possibility of epigenetic modification of
enzymes represents a problem for all
studies showing electrophoretic differ-
ences between non-crossable species,
and it can only be resolved by determi-
nation of the amino acid sequences of the
proteins.

It is now clear that there is significant
molecular heterogeneity which remains
undetected by any single electrophoretic
condition. The work to date suggests that
the amount of undetected genetic varia-
tion is proportional to that observed un-
der any one condition (Coyne et al., 1978)
and that the average heterozygosity of an
individual may not change substantially
with a more complete analysis of the
level of genic variation. Average hetero-
zygosity is, however, only one statistic of
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population genetic interest; and many
others may be significantly affected by
the failure to detect much variation.
These include the profile of allele fre-
quencies within populations, geographic
differences in allele frequencies (Singh
etal., 1976; Coyne and Felton, 1977), and
measures of gene frequency difference
between species (Coyne, 1976; Cobbs
and Prakash, 1977).

The latter measures are, as the pres-
ent study shows, particularly sensitive to
a failure to discriminate differences in
electromorphs among species. If one fails
to detect alternate fixations at a locus be-
tween two species, for example, a com-
plete genetic non-identity may be mis-
takenly described as complete genetic
identity. This would have drastic effects
on measures of interspecific distances. It
is obvious, then, that one must exercise
great caution when using electrophoretic
data to make inferences about taxonomic
relationships and rates of genetic change
during speciation. The “evolution” of
electromorph variation may be confined
to a limited set of phenotypic classes un-
der any single electrophoretic condition,
and apparent convergence of different
alleles to similar electromorphs could be
a likely phenomenon. This appears to
have happened repeatedly in the case of
a-GPDH in Drosophila.
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