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ABSTRACT

A survey of biochemical polymorphism among glucose- and non-glucose-
metabolizing enzymes was carried out on the June 1973 collection from the
South Ambherst, Mass. Drosophila melanogaster natural population. Poly-
morphic levels are among the highest recorded for this species; polymorphism
among glucose-metabolizing enzymes did not differ significantly from that
among non-glucose-metabolizing enzymes. Two loci, G6Pd on the X and
Est-6 on the 3rd chromosome, displayed significant excesses of heterozygotes.
Adh on the 2nd and Idh, Odh and Ao on the 3rd chromosome showed signifi-
cant heterozygote deficiencies. Idh is ten map units to the left of Est-6, Odh
twelve map units to the right and Ao is seven units beyond Odk. Temperatures
in the two-week June period prior to collection were exceedingly variable.
Daily high/low ranged between 76°/40° and 97°/65°F. These results sup-
port the findings of FrypENBERG and SimonseN (1973) that in some popula-
tions glucose-metabolizing enzymes tend to be as polymorphic as non-glucose-
metabolizing ones. They also add to the evidence obtained from other plant
and animal populations that increased biochemical polymorphism is associated
with more variable and/or colder climates. The increase may in part be due to
increased polymorphism among glucose-metabolizing enzymes. Comparisons
utilizing published data on other D. melanogaster populations and on D. robusta
indicate a clinal increase in heterozygosity among glucose-metabolizing
enzymes as one moves northward.

HE South Ambherst, Mass. Drosophila melanogaster natural population is the

most continuously studied D. melanogaster natural population to date. Work
on lethals in this population was begun by Ives in 1938 (see Ives 1945) and
subsequent studies have demonstrated the adaptive role of these variants in main-
taining population adjustment both to short-term climatic fluctuations and
longer term climatic shifts (see Ives 1970; Baxp 1972a, b).

In recent years Bercer (1971) and CHARLEswORTH and CHARLESWORTH
(1973) have employed this population in biochemical investigations. To date,
however, no extensive survey of biochemical polymorphism in the population
has been made.

1 Work supported by AEC contract AT(04-3) to Dr. Frawcisco Avara,
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The purpose of this paper is to report a survey of 23 loci in the population, to
compare heterozygosity among glucose- and non-glucose-metabolizing enzymes
with estimates obtained for other D. melanogaster populations (Kosima, GILLEs-
pIE and ToBart 1970; Giriespie and LANGLEY 1974), other Drosophila species
(Kosima, Girrespie and ToBArr 1970; Avara and Powerr 1972; Prarkasa 1973)
and other animal populations (FrRypENBERG and SimoNsEN 1973; GILLESPIE and
Lancrey 1974). We also compare levels of polymorphisms among isozymes in
the June 1973 collection with estimates from past population studies (BErcEr
1971; CuarrEsworTH and CHARLESWORTH 1973).

MATERIALS AND METHODS

One hundred and fifty F, strains, each descended from a single wild-caught female in a
June 1973 collection made by Dr. P. T. Ives at the Markert site, provided the material for the
enzyme assay of the population. The assay was done in the laboratory of Dr. F. A. Avara at
the University of California, Davis. Work on many Drosophila species is done by Dr. Ayara’s
laboratory. Miss LorrAINE BaRrR, DR. AvaLa’s research associate, suggested that assay procedures
used for the D. willistoni group would give the most satisfactory results in D. melanogaster and
D. simulans species. A small sample of South American D. sirmulans from four localities that
had been maintained by Dr. MarTin Tracey provided practice material for most isozymes sur-
veyed prior to attempting the D. melanogaster work.

Sample preparation, gel preparation and buffer systems used followed procedures given in
Avara et al. (1972, 1974). In general, the 23 enzymes studied require 5 different starch, gel
buffer and bridge buffer combinations, as follows:

I I x v v
Starch Sigma Electro Sigma Electro Sigma + TPN
Gel bulfer Poulik Tris-boric Tris- Tris- Tris-boric
citric citric
+ EDTA + EDTA
Bridge Poulik Tris-boric Tris- Tris- Tris-boric
buffer citric citric + EDTA

+ EDTA + EDTA

Enzymes assayed in combination I are allowed to electrophorese for about 414 hours or
until the front has adavanced about 5 cm: others continue for 6 hours. Runs are at 50 mA but
not in excess of 200 volts (I), 400 volts (II, V) and 150 volts (III, IV). Staining procedures
are as given in Avara et al. (1972, 1974).

Enzymes assayed and starch, gel and bridge buffer combinations required are: acid phos-
photase (Acph), I; alcohol dehydrogenase (Adh), II; aldolase (Aldo), V; alkaline phosphotase
(Aph), I; aldehyde oxidase (Ao), II; esterase (Est), I; fumarase (Fum), V; glucose-6-phosphate
dehydrogenase (G6Pd), V; glutamate oxaloacetate transaminase (Got), V; hexokinase (HE),
IV; isocitrate dehydrogenase (Idh), IV; leucine aminopeptidase (Lap), I; malate dehydrogenase
(Mdh), 1; malic enzyme (Me), III; octonal dehydrogenase (Odh), II; phosphoglucomutase
(Pgm), 111, tetrazolium oxidase (7o), III; triose phosphate isomerase (T'pi), IV; xanthine dehy-
drogenase (Xdh),11.

The 19 enzyme assays yield information on the genetic variation at 23 gene loci; alpha-
glycerophosphate dehydrogenase (a-Gpd) is Tpi-1. Four slices can be obtained from each gel,
each stained for a different enzyme according to starch, gel buffer, and bridge buffer combination
used. Thus a single female from each F, line can be used for four enzyme assays. The split
technique was not employed, whereby a single female can be used for eight enzyme assays. Thus
the 19 enzyme assays required the use of up to five single females from each F, line.
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RESULTS

When several forms of the same enzyme exist, each coded by a different gene
locus, we have followed Ayara’s procedure of designating the isozyme with the
least anodal migration as 1, the next faster as 2, and so on (see Avara et al. 1972).
This presents no problem for Got-1, Got-2 and Tpi-2 not previously reported for
D. melanogaster. However, our designations of Hk-1, Hk-2 and HE-3 are the
reverse of Fox and MepaAvEN (1971) and Sing, BrRewer and TairtLe (1973).

In Table 1 we likewise designate the slowest allele as 1, the next faster as 2,
etc. Our results are thus presented comparably to those of Kosyima, GILLESPIE
and Tosari (1970) and of earlier workers rather than to the later methods of
Avara and LEwoNTIN, whereby alleles are measured against an arbitrary stan-

TABLE 1

Number of genes sampled, allelic frequencies and observed proportion of heterozygotes for
polymorphisms among glucose- and non-glucose-metabolizing enzymes in
an early summer population of South Amherst D. melanogaster

Frequency Observed
No. genes proportion
Enzyme sampled 1 2 3 4 heterozygotes

A. Glucose-metabolizing enzymes
a-Gpd 202 02774  0.7226 0.4315
Aldo 276 1.00 0
Fum 252 1.00 0
Gé6Pd 268 0.4813 0.5187 0.8731
Got-1* 172 09826 0.0174 0.0349
Got-2* 200 1.00 0
Hk-1 292 09726  0.0205 0
HEk-2 2992 0.95890  0.0411 0.0479
HE-3 240 1.00 0
Idh 252 0.0278 09405 0.0079 0.0238 0.0397
Mdh 280 1.00 0
Me 240 0.9917 0.0083 0.0167
Pgm 282 0.0319 09539 0.0142 0.0922
Tpi 292 0.6780  0.3219 0.4520

Mean = 0.1420 + 0.0697
B. Non-glucose-metabolizing enzymes

Acph 272 0.0515 0.9485 0.0735
Adh 292 0.3836 0.6164 0.3699
Aph 48 09583  0.0417 0.0833
Ao 250 0.8840 0.1160 0.1520
Est-6 252 05714 04127 0.7778
Lap-2 147 1.00 0

Odh 278 0.1619  0.8381 0.1223
To 250 1.00 V]

Xdh 206 0.0194 0.9806 0.0388

Mean = 0.1797 + 0.0836
Mean all = 0.1568 =+ 0.0522

* Got is traditionally placed with the glucose-metabolizing enzymes.
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dard, then the most common allele is designated as 100 and the slower or faster
alleles designated proportionately.

The number of genes sampled and allelic frequencies for the polymorphic
isozymes detected among the surveyed isozymes are shown in Table 1. Observed
proportions of heterozygotes are also given,

The observed frequencies of heterozygotes indicate that a significant excess is
present at two loci, G6Pd on the X and Est-6 on the 3rd chromosome. Heterozy-
gote deficiencies occur at four other loci, Adh on the 2nd and Idh, Odk and Ao on
the 3rd chromosome. The significance of these excesses and deficiencies is
explored in Table 2; mayp position for each locus is also given (see O’Brien and
MacIntyre 1971). Jounsonw and Scuarrer (1973) likewise found homozygote
excesses more prevelant than heterozygote excesses among the nine loci they
surveyed in East Coast D. melanogaster populations.

Four of the six loci in this survey showing homozygote or heterozygote
excesses lie along the 3rd chromosome, Idh, Est-6, Odh and Ao. Interestingly,
Idh and Odh are about equidistant on either side of Est-6; both show a greater
deficiency of heterozygotes and higher chi-square values than Ao, which lies 7.4
map units from Odh and 19.8 units from Esz-6.

Pgm, at 43.4 map units on the 3rd chromosome, lies between Est-6 and Odh.
The expected level of heterozygosity, 0.0889, is in good agreement with the
observed level, 0.922, as shown in Table 1. Three alleles are found in the popu-
lation (CmArRLEsworTH and CHarrLesworTH 1973). However, Pgm?® has a fre-
quency of 0.95 in this survey, in comparison with an average frequency of 0.75
in Fall 1969 and 1970 populations studied by the CuarRLEsworTHs (1973). In
other species of Drosophila Pgm alleles have been observed to undergo cyclic
variation (Doszransky and Avara 1973; Kogiva et al. 1972).

Xdh at 52 map units lies between Odh and Ao on the 3rd chromosome. Xdh*
has a frequency of 0.98 in this early summer population and there is good agree-
ment between the expected level of heterozygotes, 0.038, and the observed level,
0.039. The slow allele predominated in the Fall collections analyzed by CrarLEs-
wortH and CHARLESwORTH (1973).

Brreer (1971) investigated the seasonal shift in isozyme frequencies at the
a-Gph locus in the South Amherst D. melanogaster population. The frequency
of 28% for the «-Gph' allele in the June 1973 population is in good agreement
with his past observations on the early summer population in 1966. T'pi-2 has
not been previously investigated in this species. Whether or not isozyme frequen-
cies at this locus display a seasonal shift remains to be determined. At neither
locus is there a significant excess of heterozygotes. In fact, agreement is good
between expected levels, 409 for «-Gph heterozygotes and 44, for T'pi-2 hetero-
zygotes, and observed frequencies.

As shown in Table 1, average heterozygosity for glucose-metabolizing enzymes
1s 0.1420 for the 14 loci surveyed. Average heterozygosity for the non-glucose-
metabolizing enzymes is 0.1797 for the 9 loci surveyed. Both Est-6 and G6Pd
have been left in the computations since each contributes to a different group.
When the proportion of polymorphic loci in the two groups is computed, the
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TABLE 2

Comparison of observed and expected numbers of homozygotes and heterozygotes
for G6Pd, Adh, Idh, Est-6, Odh and Ao isozymes

X (63.0) * Glucose-6-phosphate dehydrogenase

Genotypes 1 2 1/2 T
Observed 6 11 117 134
Expected 31.03 36.05 66.92 134
Deviation —25.03 —25.05 50.08 X2, = 75.08***
II (50.1)* Alcohol dehydrogenase
Genotypes 1 2 1/2 T
Observed 20 63 54 146
Expected 21.48 55.47 69.95 146
Deviation 752 753 —15.05 X2, = 6.94**
IIT (27.1)* Isocitrate dehydrogenase
Genotypes 1 2 3 4 hets. T
Observed 3 118 — 2 3 126
Expected ot 112.52 0.01 0.07 1330 126
Deviation 2.9 5.48 —.01 193 —10.30 X2, = 146.54***
III (36.8) * Esterase-6
Genotypes 1 2 3 hets. T
Observed 23 5 0 98 126
Expected 41.14 21.46 —_ 6440 126
Deviation —18.14 —16.46 34.60 X2, = 39.51***
IIT (49 2)* Octonal dehydrogenase
Genotypes 1 2 1/2 T
Observed 14 108 17 139
Expected 3.64 97.63 37.73 139
Deviation 10.36 1037 —20.73 X2, = 41.98***
III (56.6)* Aldehyde Oxidase
Genotypes 1 2 1/2 T
Observed 101 5 19 125
Expected 97.63 1.68 25.64 1%5_
Deviation 3.32 332 —6.64 x2, = 8.39***
* Chromosome and map position.
**+ P00
*x PL0.001

proportion of glucose-metabolizing enzymes polymorphic is 649, ; the proportion
of non-glucose-metabolizing enzymes polymorphic is 789. The level of poly-
morphism among the glucose-metabolizing enzymes is not significantly different
from that for the non-glucose-metabolizing enzymes.

Got is technically not one of the glucose-metabolizing enzymes but has typi-
cally been placed in this enzyme set (see FrRYDENBERG and SiMonNseN 1973;
Gicrespie and LancrLey 1974). When the Got allozymes are transferred to the
non-glucose-metabolizing group, then results for the two sets of enzymes become
even more comparable. With Got excluded, average heterozygosity among the 12
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glucose-metabolizing enzymes is 0.1628 = 0.0580 and the proportion of poly-
morphic loci is 67%. With Got included among the now 11 non-glucose metabo-
lizing enzymes, average heterozygosity for the group becomes 0.1502 =+ 0.0704
and the proportion of polymorphic loci is 73%,. Clearly, in this population the
levels of polymorphism and of heterozygosity tend to be similar in the two groups
of enzymes.

DISCUSSION

Grirespie and Koosmva (1968) were the first to point out that both average
heterozygosity and the proportion of polymorphic loci were less for glucose-
metabolizing enzymes than for non-glucose-metabolizing ones. These studies on
D. ananassae were extended by Kosima, Giurespie and Tosar: (1970) to D.
simulans, D. affinis, D. athabasca as well as to D. melanogaster with similar
results. Additional D. melanogaster studies by GiLLEspie and LanerLey (1974)
have tended to agree with past work also, while Avyara and Powerr (1972)
obtained comparable results when the two groups of enzymes were compared in
D. willistoni, D. equinozalis and D. tropicalis, as did Ricamonp (1972) in D.
paulistorum, another sibling species of the D. willistoni group. Prarasu (1973)
found similar evidence in D. robusta but observed that marginal populations of
this species displayed both greater heterozygosity and higher levels of polymor-
phic loci among both groups of enzymes than did central populations.

At variance with the above results, FRypENBERG and SimonNsen (1973) found
that glucose-metabolizing enzymes in eel pout populations along the Danish coast
tended to be as polymorphic as non-glucose-metabolizing enzymes. They con-
cluded that the hypothesis of GiLLespie and Kosima (1968) may not be a general
one for animal species. Our findings for the South Ambherst D. melanogaster
population support the conclusions of FrYDENBERG and SimoNsEN (1973) and
indicate also that the hypothesis may not be entirely valid for Drosophila, the
species from which most previous supportive evidence has been obtained.

However, in agreement with the observation of Prakasu (1973) on D. robusta,
marginal populations of D. melanogaster may be more polymorphic than those
in more equable environments. From lethal-frequency climatic data studies,
Banp and Ives (1961) concluded that the environment had become more margi-
nal for the Amherst population; there was a further deterioration after 1961 (see
Banp 1972a, b). As shown in Table 3, polymorphic levels in the Amherst popu-
lation are higher than for North Carolina, Texas or Japanese populations of this
species on which past enzyme surveys have been done. All are in warmer, per-
haps more equable climates than the Amherst population.

It can be argued that the same sets of enzymes have not been analyzed in the
several D. melanogaster populations. Hence derived arguments that Massachu-
setts is a more marginal location for this species than North Carolina, Texas or
Japan may be inappropriate. Also lethal frequency studies in the S. Amherst
population in the early 1960’s came at a time of the Northeast drought, subse-
quently found to have had partial causation in a North Pacific disturbance
(Namars 1968, 1969). Furthermore, more recent studies have shown that margi-
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TABLE 3

Proportion of polymorphic loci among glucose-metabolizing (group 1) and non-glucose-
metabolizing (group 1) enzymes, average heterozygosity among group I and group 11
enzymes and their ratio are given for different populations of
Drosophila melanogaster and D. robusta

A. D. melanogaster*

Enzyme Place
Category group Mass. N. C. Japan Texas
9% polymorphic I 64 29 36 27
loci 11 78 57 50 70
average I 0.14 0.08 0.09 0.04
heterozygosity I 0.18 0.20 0.16 0.24
I/11 0.78 0.40 0.56 0.17
B. D robustat
Region and state
Enzyme North Central South
Category group Mass. N. J. Nebr. Mo. N. C. S. C. Fla,
Percent I 17 25 29 25 25 17 17
polymorphic 1T 44 50 60 56 50 56 62
average I 0.06 0.06 0.05 0.03 0.02 0.03 0.01
heterozygosity 1I 0.15 0.14 0.17 0.15 0.19 0.16 0.19
I/11 0.40 0.36 0.29 0.20 0.10 0.19 0.15

*Data on North Carolina and Japanese D. melanogaster populations are from Kogima,
GILLE)SPIE and Toeart (1970) ; the Texas D. melanogaster data are from GrirLespir and LANGLEY
(1974).

+ The D. robusta data are from Pragasu (1973), Table 11. Here the two Nebraska populations
have been combined.

nal and central populations of other species tend to possess at least comparable
levels of isozyme variability (Saura et al. 1973; TicerstepT 1973). While this
enhances the possibility that isozyme polymorphisms may play a positive role
in the maintenance of population-environmental adaptation, it also blurs the
distinction that can be made between marginal and central populations on the
basis of isozyme studies alone.

CuaRrLEs Darwin (1859) pointed out that it would be advantageous to a species
if populations did differ in constitution over their geographical range as a conse-
quence of climatic differences. In the D. melanogaster data shown in Table 3 we
note that average heterozygosity among glucose-metabolizing enzymes tends to
increase as one moves northward. We have retained Got among the glucose-
‘metabolizing enzymes, as did GiLLespiE and LANGLEY (1974), but included Xdh
among the group II enzymes, in keeping with Kosima, Girieseie and Tosart
(1970). As noted by GiLiLespie and Lancrey (1974), Xdh is also sometimes
placed in group L.

If the data of Pragasa (1973) on D. robusta are reconsidered on a geographical
basis and compared with D. melanogaster data, the same result emerges, as shown
in Table 3. Average heterozygosity among glucose-metabolizing enzymes is
higher in northern, lower in southern populations of the same species in the north
temperate zone. Such results can only be due to selection which can favor both
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clines and perhaps increased genetic polymorphism in northern localities which
are subject to more striking seasonal and temperature changes. Glucose-metab-
olizing enzymes are associated with energy production, and alleles at many of
these loci have been found to undergo seasonal or cyclic shifts (BErcEr 1971;
Doszransky and Avava 1973; Kosma et al. 1972).

Other studies have also demonstrated polymorphism-environmental relations
(Arrarp et al. 1972; BryanT 1974; GirLLesPIE and LANGLEY 1974; ScHAFFER and
Jounson 1974). Arrarp and his group, analyzing populations of Avena barbata
in California, found relations between levels of heterozygosity and geographical
location of the populations; populations were more heterozygous in more hetero-
geneous intermontane regions along the coastal strip. Bryant (1974) and
GiuiespiE and LancLey (1974) have presented evidence that populations in
more variable environments are likely to be more biochemically polymorphic.
Scuarrer and Jounson (1974) have shown that polymorphisms and geograph-
ical location in D. melanogaster cannot be exclusively attributed to migration and
genetic drift.

The finding of a geographical gradient of increasing levels of heterozygosity
among glucose-metabolizing enzymes as one moves northward would also seem
to argue against the importance of migration and drift in maintaining poly-
morphisms. However, the overall increased polymorphism in this population in
comparison to other D. melanogaster populations investigated may also be a
consequence of a more northern, cooler location and the sometimes highly
variable environments that are associated with more marginal habitats. In partic-
ular, the two-week period prior to collection was climatically very variable. Daily
minimum and maximum temperatures ranged between 40°/76°F and 65°/97°F,
a nearly 60°F spread between the lowest minimum, 40°, and the highest
maximum, 97°, before the flies appeared in large numbers after the second week
in June.

Thus it is doubtful if any single explanation can account for the numerous
heterozygote excesses and deficiencies observed at some loci in the population at
the time of population expansion. At two loci, G6Pd and Est-6, there is significant
excess heterozygosity while at others, Adh, Idk, Odh and Ao, significant hetero-
zygote deficiencies are detected. TicersTEDT (1973) reports that marginal popu-
lations of Norway spruce, Picea abies, tend to show excess esterase heterozygosity;
these are populations at the northern extremes of the distribution, 68°N. Much
work has been done on the G6Pd deficiency in man, although Est-6 in D. melano-
gaster is suspected of being maintained by frequency-dependent selection (see
TrianTapHYLLIDIS, CHRISTODOULOU and Brckman 1973; but also review
LewonTtin 1973). In the Greek D. melanogaster populations studied there was no
persistent evidence of excess heterozygosity at the Est-6 locus for either June or
September samples (see TrianTAPHYLLIDIS, CHRISTODOULOU and BECKMAN
1973).

Idh, Est-6, Odh and Ao are located on the 3rd chromosome. Examples of link-
age disequilibrium have been obtained in D. melanogaster for isozymes on this
autosome (CHARLESWORTH and CmAriLEsworTH 1973; LancrLeEy, ToBarI and
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Kosima 1974; Mukal, Waranase and Yamacucur 1974), Year to year differ-
ences were obtained in samples from the Amherst populations (CHARLESWORTH
and CaarLEsworTH 1973) and in 2nd chromosome isozyme pairs analyzed from
the Raleigh, N. C. population (Muxkai, WataNaBe and Yamacucur 1974). Our
results indicate that both types of observations may be likely events. For instance,
the CHARLEsSwORTHS observed significant linkage disequilibrium between alleles
at the Pgm and Xdh loci in 1969, but between alleles at the Est-6 and Xdh loci
in 1970; however, pairwise comparisons of alleles at the Esz-6, Pgm and Ao loci
revealed no evidence of linkage disequilibrium in either year. In our observations,
observed and expected numbers of genotypes are in good agreement at the Pgm
and Xdh loci; the order of the six loci along the 3rd chromosome is: Idh, Est-6,
Pgm, Odh, Xdh and Ao. Thus an understanding of which results are due to selec-
tion, which to selection plus linkage and which to linkage alone will probably
depend not only on continued observations of the natural population but also on
experiments in controlled variable environments in the laboratory.

Though ours is the first large-scale survey of this population, Bercer (1971)
reported on a seasomal survey of the 1966 population; the CHARLESWORTHS
utilized 1969 and 1970 fall populations. We have analyzed a collection from the
early season, June 1973, population. Where the same enzymes have been
included in the four biochemical analyses, sometimes allelic frequencies are in
agreement, sometimes not. Because of their observed year to year differences, the
CHARLEswoORTHS in fact concluded they were working with two different popula-
tions. Such conclusions are not surprising given the results of the continuing
lethal frequency analyses and climatic observations in the area (see Ives 1970;
Banp 1972a, b; Ives, personal communication). From a low of 16% lethal and
semilethal frequency in June 1966, the proportion of these recessive variants
progressed rapidly, on a year to year basis, back to 339 in 1969, to 709 in 1970.
Frequencies continue to vary, in contrast to the relatively more stable results of
the 1945-1961 interval,

Thus, it seems likely that continued simultaneous studies on lethal frequencies
and on biochemical polymorphisms in the population may give us important
clues to the adaptive role of enzyme polymorphisms. Biochemical polymorphism
surveys in other northern D. melanogaster populations and other species may
provide further evidence on the tendency of populations in this geographical
region to maintain higher levels of heterozygosity among glucose-metabolizing
enzymes.

Thanks are gratefully extended to Dr. Francisco Ayara for the opportunity to carry out
the isozyme survey in his laboratory. Misses LorraiNE Barr and CzrisTine Howe supplied
valuable instructions, advice and assistance. Dr. Ross MACINTYRE, also visiting in the Genetics
Dept., U.C., Davis, at that time, provided information on the reading of some gels. As usual,
the author is deeply indebted to Dx. P. T. Ives, Amherst College, Amherst, Mass. for supplying
the files and more information on Amherst weather, 1836-1974, than is herein indicated. A
reviewer very kindly pointed out that there were significant heterozygote deficiencies in Table 1
as well as the obvious heterozygote excesses; this has greatly improved the treatment of the
data and the revision of the paper.



770 H. T. BAND
LITERATURE CITED

Avrrarp, R. W., G. R. Basser, M. T. Crece and A. L. Kaureg, 1972 Evidence for coadaptation
in Avena barbata. Proc. Natl. Acad. Sci. U. S. 69: 3043-3048.

Avara, F. J. and J. R. PoweLL, 1972 FEnzyme variability in the Drosophila willistoni group.
VI. Levels of polymorphism and the physiological function of enzymes. Biochem. Genet.
7:331-345.

Avara, F. J., J. R. PoweLL, M. L. Tracey, C. A. Mourao and S. PErez-Saras, 1972. Enzyme
variability in the Drosophila willistoni group. IV. Genic variation in natural populations
of Drosophila willistoni. Genetics 70: 113-139.

Avara, F. J., M. L. Tracey, L. G. Bagg, J. F. McDon~aLp and S. Perez-Saras, 1974. Genic
variation in natural populations of five Drosophila species and the hypothesis of the selective
neutrality of protein polymorphisms. Genetics 77 : 343-384.

Banp, H. T., 1972a Minor climatic shifts and genetic changes in a natural population of
Drosophile melanogaster. Am. Naturalist 106: 102-115. , 1972b  Further evidence
of genetic and increased developmental homeostasis in a Drosophila melanogaster natural
population during a minor climatic shift. Evolution 26: 116-129.

Banp, H. T. and P. T. Ives, 1961 Correlated changes in environment and lethal frequency in
a natural population of Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. 47: 180-185.

Bercer, E. M., 1971 A temporal survey of allelic variation in natural and laboratory popula-
tions of Drosophila melanogaster. Genetics 67: 121-136,

BryanT, E. H, 1974 On the adaptive significance of enzyme polymorphism in relation to
environmental variability. Am. Naturalist 108: 1-19.

CuarcesworrH, B. and D. CrarLesworTy, 1973 A study of linkage disequilibrium in popula-
tions of Drosophila melanogaster. Genetics 73: 351-359.

Darwin, C., 1859 Origin of Species (facsimile first edition, 1964, Harvard University Press)

Doszuansky, TH. and F. J. Ayara, 1973 Temporal frequency changes of enzymes and chromo-
somal polymorphisms in natural populations of Drosophila. Proc. Natl. Acad. Sci. U. S. 70:
680683,

Fox, D.J. and K. MEDHAVEN, 1971 Report. Drosophila Inform. Serv. 46: 42.

Frypeneere, O. and V. SiMonseN, 1973  Genetics of Zoarces populations. V. Amount of protein
polymorphism and degree of genic heterozygosity. Hereditas 75: 221-232,

Grvreseix, J. H. and K-1. Kosima, 1968 The degree of polymorphisms in enzymes involved in

energy production compared to that in non-specific enzymes in two Drosophila ananassae
populations. Proc, Natl. Acad. Sci. U. S. 61: 582-585.

Gureseie, J. H. and G. H. LancLEy, 1974 A general model to account for enzyme variation
in natural populations. Genetics 76: 837-848.

Ives, P. T, 1945 Genetical structure of American populations of Drosophila melanogaster.
Genetics 30: 167-196. , 1970 Further genetic studies of the South Amherst Dro-
sophila melanogaster population. Evolution 24: 507-518.

Jonnson, F. M. and H. E. ScuAFFER, 1973 Isozyme variability in species of the genus Dro-
sophila. VII. Genotype-environment relationships in populations of D. melanogaster from
the eastern U, S. Biochem. Genet. 10: 149-163,

Kosma, K-I, J. Girrespie and Y. M. Tosarr, 1970 A profile of Drosophila species’ enzymes
assayed by electrophoresis. . Number of alleles, heterozygosities, and linkage disequilibrium
in glucose-metabolizing systems and some other enzymes. Biochem. Genet. 4: 627—-637.

Kosmma, K-I., P. Smousk, S. Yane, S. Nair and D. Beweic, 1972  Isozyme frequency patterns
in Drosophila pavani associated with geographic and seasonal variables. Genetics 72: 721—
731.



ISOZYME POLYMORPHISM SURVEY 771

Lawcrey, C. H,, Y. N. Tosart and K-I. Kosrma, 1974 Linkage disequilibrium in natural popu-
lations of Drosophila melanogaster. Genetics 78: 921-936.

Lewontin, R. C, 1973 Population genetics. Ann. Rev. Genet. 7: 1-17.

Mugkar, T., T. K. Waranwage and O. YamacucHi, 1974 The genetic structure of natural popu-
lations of Drosophila melanogaster. X1I. Linkage disequilibrium in a large local population.
Genetics 77: 771-793.

Namars, J., 1968 Factors associated with the persistence and termination of the recent North-
east drought. Proc. 4th Water Resources Conf. pp. 582-594. , 1969 Seasonal interac-
tions between the North Pacific Ocean and the atmosphere in the 1960’s. Month. Weather
Rev. 97: 173-192.

O’Brien, S. J. and R. J. MacinNTYRE, 1971 A biochemical genetic map of D. melanogaster,
Drosophila Inform. Serv. 46: 89-93.

PrakasH, S., 1973 Patterns of gene variation in central and marginal populations of Drosophila
robusta. Genetics 75: 347-369.

Ricamono, R. C., 1972 Enzyme variability in the Drosophila willistoni group. III. Amounts
of variability in the superspecies D. paulistorum Genetics 70: 87-112.

Saura, A., S. Lakovaara, J. Loggr and P. LaNKINEN, 1973 Genic variation in central and
marginal populations of Drosophila subobscura. Hereditas 75: 33-46.

Scuarrer, H. E. and F. M. Jounson, 1974 Isozyme allelic frequencies related to selection and
gene-flow hypotheses. Genetics 77: 163-168.

Sing, C. F., G. J. Brewen and B. THirTLE, 1973 Inherited biochemical variations in Drosophila
melanogaster: noise or signal? Single locus analysis. Genetics 75: 381-404.

TrcersTepT, P. M. A, 1973 Studies on isozyme variations in marginal and central populations
of Picea abies. Hereditas 75: 47-60.

TriantapayLLinis, C. D., C. CHristopouLou and 1. Beckman, 1973 Polymorphism at two
esterase loci in Drosophila melanogaster from mnorthern Greece. Hereditas 74: 25-30.

Corresponding editor: R. W. ALLARD



