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Fitness of allozyme variants in Drosophila pseudoobscura

I1. Selection at the Est-5, Odh and Mdh-2 loci*

By DRAGOSLAV MARINKOVICt axp FRANCISCO J. AYALA
Department of Genetics, University of California, Davis, California 95616

(Received 8 March 1974)

SUMMARY

We have studied the effects on fitness of allelic variation at three gene
loci (Est-5, Odh, and Mdh-2) coding for enzymes in Drosophila pseudo-
obscura. Genotype has a significant effect on fitness for all six parameters
measured (female fecundity, male mating capacity, egg-to-adult survival
under near-optimal and under competitive conditions, and rate of
development under near-optimal and under competitive conditions). No
single genotype is best for all six fitness parameters; rather, genotypes
with superior performance during a certain stage of the life-cycle may
have low fitness at some other stage, or in different environmental con-
ditions. Heterozygotes are sometimes best when all fitness parameters are
considered. There are significant interactions between loci. The various
forms of balancing selection uncovered in our experiments may account
for the polymorphisms occurring in natural populations of D. pseudo-
obscura at the three loci studied.

1. INTRODUCTION

We have previously reported our studies in Drosophila pseudoobscura of the
effects of allozyme variants coded by alleles at two loci (Pgm-1 in the X chromo-
some and Me-2 in the second chromosome) on a variety of fitness components
(Marinkovié & Ayala, in the press). Of the six genotypic combinations tested, none
is the best for all fitness components. Rather, the relative fitnesses of genotypes are
often reversed when different parameters are considered, or when they are studied
in different conditions. The Pgm-1 and Me-2 loci are very polymorphic in natural
populations of D. pseudoobscura; moreover, the allelic frequencies oscillate cycli-
cally throughout the seasons (Dobzhansky & Ayala 1973). The kinds of balancing
selection found in the laboratory by Marinkovié and Ayala may account for the
persistence and fluctuations of the natural polymorphisms.

In the present experiments we have extended our study to three additional loci
coding for enzymes in D. pseudoobscura. One locus, esterase-5 (Est-5, X chromo-
some) is highly polymorphic in natural populations (more than 509, of the indi-
viduals are heterozygotes); while the other two, octanol dehydrogenase (Odh,
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second chromosome) and malate dehydrogenase-2 (Mdh-2, fourth chromosome)
are only moderately polymorphic (about 10 9, of the individuals are heterozygous
in natural populations). The effect of the genotype on six fitness components has
been studied in 11 different genotype combinations of alleles at the three loci.

2. MATERIAL AND METHODS

Eighty-three strains of D. pseudoobscura, homozygous for particular alleles at
the Est-5, Odh, and Mdh-2 loci, were obtained in our laboratory during the summer
of 1973, in one to three generations by a series of more than 3000 single-pair
matings. Each of the 83 strains originated from a different wild-type female,
collected in the spring of 1973 (a few strains descended from flies collected in the
fall of 1972 were also used) at McDonald Ranch, Napa County, California. The
flies were collected in a forest dominated by pine trees, using banana baits 10-20 m
apart, the total area covered having a diameter of 200 m. There were seven groups
of such strains, as follows:

A B c D E F G
Est-5 100/100  104/104  100/100  100/100  104/104  104/104  104/104
odh 100/100  100/100  104/104  100/100  104/104  100/100  104/104
Mdh-2 100/100  100/100  100/100  112/112  100/100  112/112  112/112
No. of strains 19 18 11 12 14 5 4

To randomize the genotypes, a series of crosses between the strains of each
group have been performed. First, we have obtained 20 combined strains in each
of the groups A, B, C, D, and E, 10 strains in group F, and 6 in group G - each
combined strain obtained by crossing a different pair of the original strains. In the
following generation, crosses have been made between pairs of such synthetic
strains within the same group (e.g. A; 4 X A, 4; 0r B; s x By 44; or G, 3 x Gy 4, etc.),
and also between females from group A and males from groups B, C, D, or G.
Consequently, four new genotypes have been produced (16 synthetic strains of
each), three of them heterozygous either at the Est-5 (A x B), the Odh (A x C), or
the Mdh-2 (A x D) locus, and one genotype heterozygous at all three loci (A x G).
The 11 genotypes with a total of 170 synthetic strains used in the experiment are

as follows: .

A B C D E F G
Est-6 100/100 104/104 100/100 100/100 104/104 104104 104/104
Odh 100/100  100/100  104/104  100/100  104/104  100/100 104104
Mdh-2 100/100 100/100 100/100 112/112 100/100 112/112 112112
No. of syn- 20 20 20 20 20 5 1

thetic strains
AxB AxC AxD AxG

Est-5 100/104  100/100  100/100  100/104
Odh 100/100  100/104  100/100  100/104
Mdh-2 100/100 100/100 100/112 100/112
No. of syn- 16 16 16 16

thetic strains
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Egg-to-adult survival and rate of development under near optimal conditions
(100 eggs in a half-pint culture), and under competitive conditions (200 eggs in an
11 mm-diameter vial) were measured in each of the 170 strains, all raised simul-
taneously. Fecundity was studied in females raised under optimal conditions, by
counting the number of eggs laid from the 6th to the 13th day after emergence by
groups of 3 females and 3 males of a given strain. Mating capacity of males was
studied in 3-day-old males raised under optimal conditions as follows. Each of 25
males of a given genotype was placed individually in a culture bottle with 8 virgin
females from a common pool of all strains; the number of females inseminated by
each male during 24 h was determined by inspecting the reproductive tracts of the
females for presence of sperm.

All cultures were kept in a constant temperature incubator at 25 + 0-5 °C and
c. 709, relative humidity, with light switched on between 7 a.m. and 7 p.m. As
food we have used standard agar-cornmeal-molasses Drosophila medium.

3. RESULTS

Table 1 gives the means and standard errors of the six fitness parameters studied
for each of the eleven genotypes. Each genotype has a specific combination of two
alleles at the Est-5, Odh and Mdh-2 loci. In seven groups (A, B, C, D, E, F and G),
flies are homozygous at all three loci, either for the most common allele in nature
(100), or for a less common allele (104 for Est-5 and Odh; 112 for Mdh-2). In three
groups (A x B, A x C and A x D) flies are heterozygous at one, and homozygous at
other two loci. In one group (A x ) flies are heterozygous at all three loci.

Statistical significance of the effect of genotype on each of the six fitness com-
ponents is tested by one-way analyses of variance. The differences among the
eleven genotypes are highly significant in all six fitness parameters: at the 0-025level
for egg-to-adult survival under near optimal conditions, and at the 0-001 level for
the other five components of fitness.

Table 2 compares the performance of flies which are homozygous at the three
loci with that of flies heterozygous at either one locus or at all three loci. Hetero-
zygotes are ostensibly superior in male mating capacity (4:63 + 0-17 versus 3-94 +
0-16 inseminated females per male, per 24 h; f,, = 2-96, P < 0-01) and in
developmental rate under competitive conditions (15-97 4+ 0-19 versus 16-66 + 0-14
days; tg = 2-92, P < 0-01). However, the homozygotes as a group are superior
in developmental rate under optimal conditions (13-54 + 0-03 versus 13-73 + 0-04
days; t;5; = 3-80, P < 0-001). The differences in female fecundity and in egg-to-
adult survival are not statistically significant.

Among the homozygotes (see Table 1), the carriers of the allele most common in
nature at all three loci (Est-5,19° Odh,%° and Mdh-2,1% group A) have high female
fecundity, male mating capacity, and egg-to-adult survival and rate of develop-
ment under near-optimal conditions. Under competitive conditions, however,
their survival and rate of development are not significantly different from the
average of all homozygotes. The homozygotes for all three rare alleles (Est-5,1%
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Odh-2,% and Mdh-212 group () have low male mating capacity and egg-to-adult
survival, both under optimal and competitive conditions, but in the other fitness
parameters they are not ostensibly different from the average of all studied homo-
zygotes. Heterozygotes for all three loci have average fitness for most parameters,
but their developmental rate under competitive conditions is the best among the
eleven genotypic groups.

Table 2. Means and standard errors for six fitness parameters in. homozygotes (strains
A, B,C, D, E, F and @) and in heterozygotes (A x B, A x C, A x D and A x G) at the
Est-5, Odh, andfor Mdh-2 loci

(The number of replications is given in parentheses.)

Heterozygotes* Homozygotes

Female fecundityt 294 + 9 (45) 285+ 5 (105)
% egg-to-adult survival:

Optimal conditions 81-142-3 (53) 77-4+1-6 (109)

Competitive conditions 39-741-7 (30) 39-141-5 (58)
Rate of development (in days):

Optimal conditions 13-73 + 04 (52) 13-54 4+ 0-03 (107)

Competitive conditions 15-97 +0-19 (30) 16-66 + 0-14 (58)
Mating capacity of males 4-63+0-17 (76) 3-9440-16 (169)

* Since Est-5 is a sex-linked locus, the heterozygosity relates only to autosomal Odh and
Mdh-2 loci.
T See footnote } in Table 1.

Table 3 gives the means and standard errors of the six fitness parameters for the
Est-5 genotypes. The experimental strains represent random combinations of 42
wild chromosomes carrying allele 100, and 41 wild chromosomes carrying allele
105. The F-test for overall differences among the three genotypes (Hst-5,100100
Est-5100100 and Est-5100104) jg statistically significant for five out of the six para-
meters. The only exception is egg-to-adult survival under competitive conditions.
In three parameters (egg-to-adult survival under both conditions and develop-
mental rate under competitive conditions), the heterozygotes have intermediate
fitness values. However, they have the best female fecundity and developmental
rate under near-optimal conditions. The homozygotes for the allele most common
in nature (Est-5190/100) are superior to the homozygotes for the rarer allele (Est-
51041102 in fecundity (£, = 2:65, P < 0-01), egg-to-adult survival under optimal
conditions (f;5, = 3-18, P < 0-01) and male mating capacity (f,,; = 511, P <
0-001); they are somewhat inferior in rate of development, both under near-
optimal and under competitive conditions, but these latter differences are not
statistically significant.

Table 4 gives the means and standard errors for the three Odh genotypes. Fifty-
four wild chromosomes carrying allele 100, and 29 carrying allele 104, were used
to establish the experimental strains. F-test values are statistically significant for
fecundity (P < 0-05) and for developmental rate under near-optimal and under
competitive conditions (P < 0-001). The heterozygotes are the best in fecundity,
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Table 3. Means and standard errors for siz fitness parameters in three genotypes

at the sex-linked Est-5 locus of Drosophila pseudoobscura

(The number of replications is given in parentheses.)

Genotypes
o A R}
100/100 100/104 104/104

Female fecundityt 297 + 7 (65) 307 + 10 (25) 268 + 8 (60)
% egg-to-adult survival:

Optimal conditions 83-2+ 1-4 (94) 76:8 +4-2 (29) 74-1 4 25 (49)

Competitive conditions 41-5+1-4 (42) 38-7+1-9(18) 36-9+2-5 (28)
Rate of development

(in days):

Optimal conditions 13:61+0:03 (84) 13-80+0-07 (28)  13-52+ 0-04 (47)

Competitive conditions 16-67+0-18 (42) 16-24+0-18 (18) 16-19+0-18 (28)
Mating capacity of males} 4-68 4+ 0-17 (149) t 3-34 4+ 0-20 (96)

** Statistically significant, P < 0-01; *** P < 0-001.

Degrees

of

freedom

2, 147

2, 159
2, 85

2, 156
2, 85

F
4-67%*
4.98**
1-29

9.71 %%
5-16%*

1,243 24.65%**

+ No males heterozygous for both alleles exist since Est-5 is a sex-linked locus.

1 See footnote I in Table 1.

Table 4. Means and standard errors for six fitness parameters in three genotypes
at the second chromosome Odh locus of Drosophila pseudoobscura

(The number of replications is given in parentheses.)

Genotypes
~— A Y
100/100 100/104 104/104

Female fecundityt 293 + 6 (80) 304 + 15 (25) 268 4- 7 (45)
9, egg-to-adult survival:

Optimal conditions 77-1 4 2-0 (94) 83-3+2:3 (27) 79-142-3 (41)

Competitive conditions 39-3+1-2 (48) 37-5+2:2 (19) 40-74 3-1 (21)
Rate of development

(in days):
Optimal conditions 13-614+0-03 (91) 13-80+0-05 (27) 13-49+0-05 (41)

Competitive conditions 16:56 +0-14 (48) 15-51+0-32 (19) 16-73+0-21 (21)
Mating capacity of malest 4-05+0-20 (125) 462+ 0-25 (50) 3-99+0-21 (70)

* Statistically significant, P < 0:05; *** P < 0-001.
1 See footnote } in Table 1.

Degrees

of

freedom

2, 147

2, 159
2, 85

2, 156
2, 85

2, 242

F

3-11*

1-06
1-09

14-18%%*
8-44%%%

1-51

survival under near-optimal conditions, male mating capacity, and significantly
go in developmental rate under competitive conditions; they have, however, the
lowest survival under competitive conditions, and significantly slower develop-
mental rate under near-optimal conditions than the other two genotypes. The
homozygotes for the allele most common in nature (Odk1%1%) are superior to the
homozygotes for the rarer allele (0dr1%1%) in fecundity (3 = 2-51, P < 0-02),
but are inferior to them in rate of development under near-optimal conditions

(tmo = 2'06, .P < 0'05).
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Table 5 gives the means and standard errors for the Mdh-2 genotypes. The
experimental strains have random combinations of 62 wild chromosomes carrying
allele 100, and 21 wild chromosomes carrying allele 112. F'-test values are statistic-
ally significant only for rate of development, both under near-optimal (P < 0-01)
and under competitive conditions (P < 0-001). Heterozygotes have intermediate
fitness values in four of the fitness parameters, but they are significantly superior
to the other two genotypes in rate of development under competitive conditions.

Table 5. Means and standard errors for six fitness parameters in three genotypes
at the fourth chromosome Mdh-2 locus of Drosophila pseudoobscura

(The number of replications is given in parentheses.)

Genotypes Degrees
I A Y Of
100/100 100/112 112112 freedom F

Female fecundity{ 282 + 7 (80) 287 + 12 (25) 280+ 9 (45) 147,2  1-91
% egg-to-adult survival:

Optimal conditions 80-6 + 2-0 (96) 79-3+2-5 (29) 74-8+24(37) 2,159 1-09

Competitive conditions 41-5+1-3 (50) 40-842-5 (17) 34-1+29(21) 2,85 1-72
Rate of development

(in days):
Optimal conditions 13-56 £0-03 (93) 13-64+0-06 (29) 13-71+0-04 (37) 2,156  5-20%*

Competitive conditions 16:72+0-18 (50) 15-30+0-17 (17) 16-55+0-15 (21) 2, 85 10-44%%*
Mating capacity of malest 4-33+0-19 (122) 4-244+0-31 (51) 376+ 0-22 (72) 2, 242 1-51

** Statistically significant, P < 0-10; *** P < 0-001.
T See footnote t in Table 1.

The homozygotes (Mdh-2100100 and Mdh-2'12112) are significantly different only in
developmental rate under near-optimal conditions: the carriers of the allele most
common in nature are again superior to the carriers of the rarer allele (£,,; = 3-00,
P < 0-01). ‘

To test for interaction between genotypes at the three loci, we have made two-
way analyses of variance. For each of three kinds of interaction (Estx Odh,
Est x Mdh and Mdh x Odh) four groups of genotypes have been used: homozygotes
at both loci for the common alleles (100), one locus homozygous for the common
and another for the rare allele and vice versa, and both loci homozygous for the
rare alleles (104 or 112). The results are presented in Table 6. Between the Est-5
and OdF loci the interaction is statistically significant only for the rate of develop-
ment under near-optimal conditions (¥, 1;3 = 9-92; P < 0-01). The overall variation
is significant for all six fitness components, but in four out of six components this is
due to variation at the Est-5 locus.

Between the Est-6 and Mdh-2 loci the interaction is statistically significant for
egg-to-adult survival under competitive conditions (F; g = 19-55; P < 0-001).
The overall variation is statistically significant for five of the six fitness parameters.
The effect of variation at the Est-5 locus is significant for four parameters, and at
the Mdh-2 locus for the other two (developmental rate under near-optimal con-
ditions, and egg-to-adult survival under competitive conditions).

10 GRH 24

https://doi.org/10.1017/50016672300015172 Published online by Cambridge University Press


https://doi.org/10.1017/S0016672300015172

DrAGOSLAYV MARINKOVIGC AND FrRANCISCO J. AvALa

144

"T000 > J ##x $10-0 >  xx 90-0 > J 9UBOYIUTIS L|[BO1ISIS

(97 ‘1) (2971 ‘1) (L971 ‘1) (9971 ‘e) (36T ‘v) (z6T ‘1) (367 ‘1) (067 ‘¢) (867 ‘1) (g67 ‘1) (g61 ‘1) (167 ‘8)
*xL0OF $0-0 89-0 691 380 GE'€  #x+99:63 #x+98-07 2T 900 #xx08:03 #x46¢-L sorew jo Lgrosduo Sunsly
(9 ‘1) (39 ‘1) (39 °1) (09 ‘¢) (€9 ‘r) (g0 1) (g9‘m) (19°¢) (ro ‘1) (o ‘m (19 ‘1) (89 ‘¢)
$1-0 %00 ¢80 863 310 900  *x88-L 99-3 09T  GLO *+TL8 +89-¢ SUONIpUod sanrredmo)
(Lrr ‘1) (erv‘m) (Lrrcx) (err‘e)  (9rr ‘1) (91T “m) (9171 ‘1) (BUT‘¢) (8TT°‘1) (811 ‘7m) (81T ‘1) (9717 ‘¢)
931 TLT #4616 «13-€ $9-T  ++60-07 PO #236-F ++36°6 98¢ 80  xxILP suoIpuoo rewgdQ
:quowrdojessp Jo 098y
(39 ‘1) (39 °1) (39 ‘1) (09 ‘g) (eg ‘1) (e9°‘m) (g9°m) (19 ‘g (rg ‘1) (19 ‘1) (19 ‘1) (69 ‘g)
P61 101 18°¢ L3G  *x+99:61 #E1P L6 T #xx598 110 100 $0-0 +16-¢ suoipuco earedwo)
(0zT1 ‘1) (08T ‘1) (03T ‘1) (g *811) (8TT ‘T) (81T ‘Tm) (8¥7T ‘1) (9171 °8) (33T ‘1) (B3I ‘1) (33r ‘1) (8IY ‘¢)
$¢-0 86-0 ¥8-0 %1 681 TPT  axxT66  x4SLF gL'3  BLO «+P9-L %69 suoyIpuoo rewunndQ
[ealaans gmps-03-330 9
(grr ‘m) (gr1 ‘1) (1T ‘m) (¥yr‘g) (e¥1“m) (8rv‘1m) (evv‘r) (vvr<g) (gvr‘m (grr‘m (€rv ‘1) (11T ‘€)
*x+x8306T  x799 860 *x+068 190 L90 %088 *6L°3 %01 99§ +91-9 +£6°3 Aypunoey opswiey
ouarm“ .:,o’m” AEa.H nﬁH Hamrﬁ nuﬂr.H .:ﬂrvH urm” OumrvH avorﬁ onﬁrvH urm
— ~ J o J [ — J
YPO X §-YPIW SUPW X 9180 YpO X ¢-18F

(‘sesoyjuered ur ueald ors wopeady Jo seerdop oy

O dDT'TIXV L V) UPINXYPO puv (9 puv f ‘q ‘A ‘q0OXV ‘D V) TUPWN X G-15H ‘(D puww g ‘D
ARV TV suwys) ypO X §-9ST 100] usamgaq siappunand ssounf xis 1of 20untiva fo sasfippun fiom-omJ, '9 o[que],

https://doi.org/10.1017/50016672300015172 Published online by Cambridge University Press


https://doi.org/10.1017/S0016672300015172

Fitness of allozyme varionts in D. pseudoobscura 145

Between the Mdh-2 and Odhk loci there are two significant interactions: female
fecundity (F'; 1,3 = 19-22; P < 0-001) and male mating capacity (¥, 5, = 4-07; P <
0-05). The overall variation is significant only for fecundity and for developmental
rate under near-optimal conditions. For fecundity it is due to the effect of variation
at the Odh locus and to interaction between the two loci; for developmental rate it
is due to the Mdh-2 locus.

4. DISCUSSION

In a previous experiment (Marinkovié & Ayala, in the press), we have examined
electrophoretic variants at the Pgm-1 and Me-2 loci of D. pseudoobscura, and found
that genotype has a statistically significant effect in four of the seven fitness com-
ponents studied. The overall variation among the six genotypes studied was
statistically significant for female fecundity, hatchability of eggs, egg-to-adult
survival under optimal conditions, and male mating capacity. In the present
experiment we have extended our study to another group of eleven genotypes
consisting of combinations of two allelic variants at each of three loci (Est-5, Odh
and Mdh-2). Relative to the previous study, we have increased the number of
strains studied as well as the number of replications, and have found that the geno-
type has a statistically significant effect in every one of the six fitness parameters
studied. The fitness parameters are female fecundity, egg-to-adult survival under
optimal and under competitive conditions, rate of development under optimal and
under competitive conditions, and male mating capacity.

Our experiments show that the adaptive values of genotypes may depend on
many factors. We shall point out some of them. As we have suggested earlier
(Marinkovié & Ayala, in the press), some of these factors, alone or in combination,
may contribute to the maintenance of allozyme polymorphisms in natural popula-
tions.

1. Counteracting selective advantages of the genotypes at different stages of the life
cycle. Genotypes which are the best for a particular fitness component, often have
low values for some other fitness parameters. For instance (Table 1), flies homozyg-
ous for Est-5,104104 Ogp100100 and Mdh-2100100 (group B) have the highest female
fecundity among the eleven genotypes; but they are the worst for egg-to-adult
survival under near-optimal conditions, and for male mating. Flies from group
A x C (E'st-5,100100 Ogp, 100104 JfJp-21001100) have the best egg-to-adult survival and
male mating capacity under near optimal conditions, but their developmental rate
under the same conditions is the slowest one. Flies from group E (Est-57104104
Odh 100104 Ifdp-2100100) have very high egg-to-adult survival and one of the
fastest developmental rates; their female fecundity, however, is the lowest one —
about 40 9, lower than in groups A and B.

2. Marginal heterosis (Wallace, 1968): superiority of the heterozygotes when all
fitness components are considered. Often one of the homozygotes is as good as, or
better than the heterozygotes for a given fitness component; but alternative
homozygotes are superior for different fitness components resulting in net superi-
ority of the heterozygotes. This phenomenon was observed at the Pgm-1 and Me-2
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loci (Marinkovié & Ayala, in the press), and may also occur in the present experi-
ment, at least for some loci. From Tables 3-5 we can calculate the number of
adults emerging per egg laying female. This is simply done by multiplying the
number of eggs laid per female for 7 days by the survival rate from egg-to-adult.
The results are shown in Table 7. The heterozygous genotype is clearly superior for
the Odh locus under optimal conditions, and is about as good as the best homo-
zygotes in several other cases. Moreover at the Odh locus the heteroyzgous males
have greater mating capacity than males homozygous for either allele.

Table 7. Number of adults emerging and mating capcity of males for
ntne different genotypes of Drosophila pseudoobscura

(The number of emerging adults is estimated by multiplying the number of eggs laid
by one female in 7 days by the survival rate from egg-to-adult.)

Number of emerging adults

— A - Mating

Optimal Competitive capacity

conditions conditions of males
Est-5100/100 2417 123 4-7
Fst-5100/104 236 119 *
Est-51047104 199 99 33
Odp1001100 226 115 4-1
Odhooed 253 114 4-6
Odp1osi104 212 109 4-0
Mdh-21001100 227 117 43
Mdh-2100112 228 117 4-2
Mdh-21znz 209 95 3-8

* No males heterozygous for both alleles exist at the Est-5 locus, since the locus is sex-

linked.

3. Fitness interactions between different loci. Statistically significant interactions
between genotypes at different loci exist for some fitness components between any
two of the three loci studied (Table 6). Significant interactions occur also between
the Pgm-1 and Me-2 loci (Marinkovié & Ayala, in the press). Est-5, Mdh-2 and Odh
are all in different chromosomes, but since genotypic interactions among genotypes
coding for allozymes appear to be the rule, it seems most likely that they will also
exist between loci in the same chromosome, and even between closely linked loci.
Linkage disequilibrium between allozyme loci has been demonstrated in natural
populations of several species of Drosophila (Prakash & Lewontin, 1968, 1971;
Roberts & Baker, 1973; Gonzalez-Duarte, Gonzalez Izquiero & Prevosti, 1973;
Zouros & Krimbas, 1973).

The reversals of relative fitnesses at various stages of the life-cycle (category 1
above) will not necessarily lead to balanced polymorphism. However, such rever-
sals may result in marginal heterosis (category 2), and thus lead to polymorphic
equilibria. Epistatic interactions (category 3) may contribute to the stability of
polymorphic equlibria, by mutual reinforcement of the balancing effects of
individual loci.

The selective effects just described could occur in a hypothetically uniform and
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stable environment. However, natural environments are heterogeneous at any one
time, and also vary through time. Some environmental variations, like those
associated with the seasons, are cyclical. Environmental heterogeneity is at the
basis of two other types of selective effects.

4. Counteracting selective advantages of the genotypes in different environmental
conditions. Homozygotes for the allele 700 at all three loci (group A, Table 1) have
under optimal conditions one of the fastest, and under competitive conditions one
of the slowest, rates of development. The opposite situation obtains for flies
heterozygous at all three loci (group A x G): they have the fastest rate of develop-
ment under competitive conditions, but one of the slowest under near-optimal
conditions. A similar situation can be seen when the three loci are considered
separately (Tables 3-5). At each locus, homozygotes for the most common allele
develop significantly faster under optimal conditions, but significantly more slowly
under competitive conditions, than heterozygotes. Dobzhansky & Ayala (1973)
observed cyclical changes in allozyme frequencies from season to season in natural
populations of D. pseudoobscura. The observations reported here might conceivably
contribute to the oscillations. Some genotypes may have a selective advantage in
the early spring when the density of the population is low, but be at a selective
disadvantage in the summer when the population density is high.

5. Frequency-dependent selection. The environmental resources are better utilized
when a mixture of genotypes is present in a limited environment, than when there
is only one genotype. It was found with the Pgm-1 and Me-2 loci that the total
number of flies produced with a fixed amount of food is much greater when there
is a mixture of several genotypes in equal proportions, than when only one geno-
type is present (Marinkovié & Ayala, in the press). The average proportion of
flies emerging from a given total number of eggs is 50-1 + 2:0 %, when the eggs are a
mixture of genotypes, and 41-3 + 2-3 %, when all eggs are of the same genotype.
Moreover, the rate of development is significantly faster for the mixture (16-49 +
0-27 days) than for the pure culture (21-64 + 0-43 days). Presumably the mixed
genotypes exploit better the environmental heterogeneity. This is likely to result
in an inverse relationship between the frequency of a genotype and its fitness
(Ayala & Campbell, 1974), and may lead to stable polymorphic equilibria.

The hypothesis has been suggested that much allelic variation, particularly in
genes coding for enzymes and other soluble proteins may be adaptively neutral
(Kimura, 1968; King & Jukes, 1969 ; Kimura & Ohta, 1971). On the contrary, much
evidence exists, derived from the study of natural populations as well as from
laboratory experiments, suggesting that protein variation is subject to natural
selection (see, for example, Prakash & Lewontin, 1968; Allard ef al., 1972; Ayala,
1972; Ayala et al. 1974). The results reported here support also the hypothesis that
protein variation is adaptive. Yet, in a way, our results bring forth an embarrass-
ment of riches. All six fitness components studied are affected by the genetic com-
position at the three loci taken jointly (Table 1). Genotypic differences at any one
of the three loci have significant effects on two or more components (Tables 3-5).
Present knowledge of the physiological and developmental role of the three
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enzymes studied (as, indeed, of most enzymes) is insufficient to ascertain whether
allozyme variation is likely to affect the performance of the flies with respect to a
given fitness component. But it would seem a priori unlikely that a majority of
fitness parameters would be directly affected to a substantial degree by allelic
variation at most enzyme loci.

The effects on fitness of the loci studied might conceivably be due not to the loci
themselves, or at least not to them alone, but the loci could be associated in
linkage disequilibrium with other loci affecting fitness. This possibility deserves
consideration. First, allelic variation might be nonrandomly associated with
chromosomal inversions. However, the strains used in our experiment had no
chromosomal polymorphisms in any of the chromosomes X, II, and IV, where the
three loci are located. The natural population of D. pseudoobscura from which the
experimental flies were descended is polymorphic for inversions only in the IIT and
in the X chromosomes. But the sole inversion in the X chromosome is SR (Sex
Ratio) which was not present in any of our experimental strains.

It might be possible that alleles at the loci studied might accidentally have
become nonrandomly associated with allelic variation at other loci having fitness
effects. For example, a wild II chromosome carrying allele 100 at the Odh locus
could by chance have also carried a high fitness allele at some other locus, while a
IT chromosome carrying allele Odhl® could carry a low fitness allele at that other
locus. It must be pointed out, however, that at least 21 (and on the average 41-5)
different wild chromosomes were extracted carrying each of the allelic variants
used in our experiment. Given the large number of strains used in the experiment,
accidental associations between the loci studied and other loci must have been
largely randomized.

Non-random associations between the loci studied and other loci may have been
present in our strains if such non-random associations exist in the natural popu-
lation from which the experimental flies were obtained. Linkage disequilibrium of
enzyme loci with each other, as well as with other loci or with chromosomal inver-
sions has been demonstrated in natural populations of Drosophila as well as of
other organisms (Prakash & Lewontin, 1968, 1971; Gonzalez-Duarte ef al. 1973,
Roberts & Baker, 1973; Zouros & Krimbas, 1973; Allard et al. 1972; Webster,
1973). Genetic coadaptation, i.e. adaptive interactions among loci, is indeed a
pervasive, and perhaps universal phenomenon (Dobzhansky, 1951, 1970; Mayr,
1970; Ford, 1971). It seems possible, and indeed likely, that the fitness effects
found in our experiment may not be due, at least not only, to the enzyme loci
themselves, but also to other loci with which the enzyme loci are associated in
linkage disequilibrium. The fitness effects observed may, then, be due to blocks
of genes for which the allozymes in our study serve as markers. It should be
pointed out, however, that linkage disequilibrium will rapidly decay unless
selective interactions exist among the loci involved. Therefore, it seems likely that
variation at the enzyme loci studied has effects on adaptation, at least in the form
of selective interactions with other loci with which they may be associated in
linkage disequilibrium.
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