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ABSTRACT 

We have studied differenccs in the number of Drosophila pseudoobscura 
produced in a culture when the flies dif€er with respect to two alleles ( F  and 
S) at the Mdh-2 locus, which codes for a malate dehydrogenase enzyme. The 
studies were done at low and at high density in two- and three-genotype combi- 
nations (S/S, F / F  and S / F ) ,  with one-genotype cultures as controls.-- 
Density affects the fitness of the Mdh-2 genotypes. Different genotypes are 
differently affected, and the genotype of the competitors also makes a difference 
on the fitness of a given genotype. When three genotypes are present in a cul- 
ture, particularly at high density, intergenotypic competition is less intense 
than intragenotypic competition at several frequency combinations. That is, 
there is “overcompensation”: the three genotypes together exploit the environ- 
mental resources better than one genotype alone.---The fitness of the geno- 
types is frequency dependent in both two-genotype and three-genotype combi- 
nations. An inverse relationship between frequency and fitness is observed at 
high density. This may lead to a stable polymorphism, because the fitness of 
a genotype increases as its frequency decreases.-Forty independent strains, 
sampled from a natural population, were used in the experiments. This ensures 
that more than 95% of the variation present in the genome in the natural 
population is also present is the experimental cultures. I t  also ensures that the 
genetic background of the Mdh-2 alleles is randomized in the same way as it 
is in nature. However, the possibility remains that Mdh-2 alleles in nature are 
nonrandomly associated with alleles at closely linked loci. If linkage disequi- 
librium is present in the experiments because it exists in nature, then the ob- 
served effects (such as frequency-dependent selection) would affect the Mdh-2 
locus in nature as well. 

OPULATION genetics models of ten assume that the fitnesses of alterna- 
’tive genotypes are constant in a given environment, independent of such 
factors as population density and genotypic frequencies. This assumption is, of 
course, made for simplicity, and as a first approximation. In  recent years, increas- 
ing attention has been given to frequency dependence as one possible major 
mechanism for the maintenance of the extensive allozyme and other polymor- 
phisms observed in natural populations (KOJIMA 1971). One important attribute 
of frequency-dependent selection is that it eliminates, or largely reduces, the 
segregational genetic load required by overdominance for maintaining balanced 
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polymorphisms (LEWONTIN 1974). With frequency-dependent selection, all 
genotypes may have identical fitnesses at equilibrium frequencies. Moreover, 
when frequency-dependent selection is due to differential utilization of the en- 
vironmental resources, a polymorphic population exploits the resources better 
(maintains greater population size) than would a monomorphic population 
(AYALA 1972; Tog16 and AYALA 1980). 

MARINKOVI~ and AYALA (1975a) found differences in several fitness com- 
ponents fo r  alternative genotypes at the Mdh-2 locus in Drosophila pseudoob- 
scura. They also found that the rate of development of various genotypes was 
faster in polymorphic populations than in populations containing only one of the 
genotypes. This suggests that intergenotypic competition may be less intense than 
intragenotypic competition and, hence, that a population containing several geno- 
types would exploit limiting environmental resources better than would a uniform 
population. This prediction has been confirmed by Tog16 and AYALA (1980). 

If different genotypes differentially exploit the environmental resources, then 
the fitnesses of the genotypes will be related to the genotypic frequencies. As a 
genotype becomes more and more common, individuals carrying that genotype 
compete with more and more individuals of the same genotype, with which com- 
petition is more intense, than with individuals carrying other genotypes that can 
exploit alternative resources. 

The present experiments are designed to test directly whether the fitnesses of 
Mdh-2 genotypes in D. pseudoobscura are frequency dependent. Because the 
existence of frequency dependence is postulated in this case as a result of compe- 
tition for limited resources, the experiments are also designed to test whether the 
genotypic fitnesses are density dependent; i.e., affected by density. 

MATERIALS A N D  METHODS 

The experimental strains were derived from a sample of 1,140 wild DrosophiZa pseudoobscura 
females collected in September, 1976, in Redwood City, California. Sib-pair matings were made 
with the progenies of individual wild females for 4 generations. A total of 40 independent strains, 
20 of them homozygous for the Mdh-2100 (“slow”) allele, and another 20 strains homozygous for 
the Mdh-211s (“fast”) allele, were selected for the experiment. These strains were maintained 
in half-pint cultures with a standard agar-cornmeal-molasses medium by mass culture at a 
density of about 50 pairs per culture. These strains, as well as the experimental cultures described 
below, were kept at 25 ?E 0.5”, CQ. 70% relative humidity, and a 12-hr light-dark cycle (light, 
8 am to 8 pm). 

The experiments were conducted in vials (2 x 8 cm) with 10 ml of the standard culture 
medium. Ten newly emerged virgin females from one strain were kept in a vial for 5 days with 
10 newly emerged males from a different strain. After etherization and separation by sex, the 
females alone were placed in a new vial in the densities and frequencies described below. After 
24 hr, these females were transferred without etherization to a new vial, where they were allowed 
to lay eggs for 24 h r  and then discarded. (Vials in which any female had died were replaced.) 
Flies emerging from the experimental vials were collected from the 17th to the 34th day after 
oviposition, and their Mdh-2 genotypes (in the case of vials containing more than one genotype) 
were ascertained by starch gel electrophoresis, following the methods of AYALA et QZ. (1972); 
electrophoresis was done on a total of 23,839 flies. 

The experimental design ensured that all larvae developing in the experimental vials carried 
two independent chromosomes extracted from nature, because their father and mother came from 
two different strains. Thus, the experimental larvae all had the same average levels of hetero- 
zygosity throughout the genome as wild flies, except for  the Mdh-2 locus, which was controlled. 
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The parental strains were either both homozygous for Mdh-2100, both homozygous for Mdhll2, or 
one homozygous for Mdh"J0 and the other for Mdh11z. The Same number of parental strains were 
involved in each experimental vial; in  vials with 10 or more females, these were progenies of 
20 different strains, each represented an equal number of times. All 40 stock strains were 
equally represented throughout each part of the experiment. 

The experimental design maximized the likelihood that fitness differences between homo- 
zygous and heterozygous genotypes were due to differences in egg-to-adult viability among the 
genotypes, because the parents of the heterozygous larvae came from the same homozygous 
strains as the parents of the homozygotes, and thus there should have been no average fertility 
differences between them. In the case of comparisons between the two homozygous genotypes, 
the observed differences may be due to differences in egg-to-adult viability as well as in  fertility, 
since the parents used were different. In all cases (homozygous as well as heterozygous larvae), 
the mothers as well as the fathers came from the stock strains homozygous for the Mdh-2 locus. 

Three sets of populations were studied: (1) Two-genotype populations, which were of three 
kinds, (2) three-genotype populations, which included all three genotypes in each vial, and 
(3) one-genotype populations, which served as controls and allowed measuring the effects of 
intergenotypic competition. 

(1) Two-genotype populations: The three possible combinations of two genotypes were used: 
homozygotes 100/100 with homozygotes 112/112, homozygotes 100/100 with heterozygotes 
100/112, and homozygotes 112/112 with heterozygotes 100/112. For simplicity, we will hence- 
forward represent the three genotypes as S/S, F/F and S/F. Eleven frequencies were used for 
each two-genotype combination, as follows: 

Genotype Frequency (in %) 
A 100 90 80 70 60 50 40 30 20 10 0 
B 0 10 20 30 40 50 60 70 80 90 100 

( 2 )  Three-genotype populations: These contained in each culture all three genotypes, in ten 
different combinations in the following frequencies: 

Genotype Frequency (in %) 
s/s 100 80 40 40 33 20 10 10 0 0 
F / F  0 10 40 20 33 40 80 10 100 0 
S / P  0 10 20 40 33 40 10 80 0 100 

These frequencies were used because they cover the range of possible frequencies relatively 
evenly. The rationale was TO use the critical frequencies for each genotype. 100% represents the 
marginal frequencies involving only intragenotypic competition; 80-10-10% represents the 
numerical dominance of one genotype; 40-40-20% has two genotypes numerically equal and 
more common than the third; and the 33-33-33% frequencies represent no numerical advan- 
tage of any one genotype. [At the density of 10 females (see below), the 33:33:33 frequency was 
modified to 3:3:4, but the genotype represented by 4 females was rotated so that all three 
genotypes were equally represented on the average.] 

All frequencies of the two- and three-genotype combinations were studied at two densities: 10 
females per vial and 30 females per vial, the latter probably implying, of course, a n  increased 
degree of competition for food and any other limiting resources. The number of replicates was 
10 for each frequency, a t  each density, and for each combination of two, or three genotypes. 

(3) Single-genotype populations: In these populations, only one genotype was present in 
each vial. The numbers used were the same as in  the two- and three-genotype combinations. For 
example, a genotype having a 20% frequency at the high (30 females) density was represented 
by 6 females in that culture; hence, the corresponding single-genotype culture had 6 females 
of only that genotype. The number of females used in  each culture were: 

Low density: 1,2,3,4,5,6,7,8,9,10 
High density: 3, 6, 9, 12, 15, 18, 21,24,27,30 

Each of these cultures was also replicated 10 times. Because only one genotype was present in any 
given culture, there was no need to electrophorese the flies emerging from these cultures. 
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The experiments were conducted at two different times. The low-density studies were simul- 
taneously done first: whereas, the high-density experiments were also done simultaneously, but 
at  a later time. 

RESULTS 

The Mdh-2 gene codes for  cytoplasmic malate dehydrogenase (E.C. 1.1.1.37) ; 
in Drosophila pseudoobscura this locus is on chromosome 4 .  Natural populations 
are polymorphic at this locus, with heterozygosities around 10%. Allele 100 is 
the most common, with a frequency about 0.95, followed by allele 112, which has 
a frequency about 0.03; several other alleles are known, each usually with a 
frequency below 0.01. 

The basic results of the experiment are given in Tables I, 2 and 3 (low-density 
experiments) and Tables 4 ,5  and 6 (high-density experiments). In  addition, re- 
placement series diagrams and ratio diagrams (DE WITT 1960; see AYALA 1970) 
were also used. The replacement series diagrams, which show the effects of inter- 
genotypic competition, were used only for the two-genotype combinations (Fig- 
ures 1 and 3 )  ; the ratio diagrams, which manifest whether frequency dependence 
exists, were used for two-genotype (Figures 2 and 4),  as well as three-genotype 
(Figures 5 and 6) combinations. 

Figure 1 gives the results of the two-genotype populations, as well as of the 
corresponding single-genotype populations, at the low density (10 females per 
culture, ovipositing for 24 hrs; see Tables 1 and 3 ) .  The numbers of emerged flies 
are indicated in the ordinate: the numbers of each genotype are given in the 
lower diagrams; the numbers of both genotypes combined are given in the upper 
diagrams (in the case of single-genotype populations, the total includes the sum 
of flies emerged in two cultures). The numbers for cultures with both genotypes 
are connected by solid lines; the results for  cultures with one genotype are 
connected by dashed lines. 

Replacement series diagrams may be interpreted as follows. Consider first the 
results for each genotype. If, at a given point, the solid line (two genotypes to- 
gether) is equally as high as the broken line (one genotype alone), then the 
presence of the second genotype has no effect on the first; that is, the resources 
utilized by the second genotype are not reducing the resources available to the 
first genotype, nor are there any net effects due to interference and/or facilita- 
tion. However, if the solid line is below the dashed line, then individuals of the 
second genotype are limiting the resources of (i.e., competing with) the first, and/ 
or negatively interfering with it in other ways. Finally, if the solid line is above 
the dashed line, then the second genotype facilitates the exploitation of the 
available resources by the first genotype. 

Consider now the results for both genotypes together (upper diagrams). The 
dashed line represents the addition of the flies that emerged in two separate cul- 
tures. If the solid line coincides with the dashed line, then no intergenotypic com- 
petition exists (we will now include all possible negative effects under the term 
“competition”). A solid line below the dashed line indicates competition; above 
it indicates facilitation. The upper diagrams also include a dotted line connecting 
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TABLE 2 

Mean and standard error (based on 10 replicates) oj the number of flies emerged in the 
three-genotype cultures at low density 

Ratio of the three genotypes 
Genotypes 

S/S : F/F  : S/F 

8:l:l 
4:4:2 
4:2:4 
3:3:3 
2:4:4 
1:8:1 
1:1:8 

23.0k3.7 1.2t0.3 2.0k2.0 
13.1 FO.9 14.3f3.2 9.912.5 
6.711.1 5.9k1.4 14.45 1.7 
5.8a1.1 10.7 t 1.4 14.0 f 3.2 
3.3t0.9 5.2k1.2 7.551.8 
2.3 a0.8 21.612.3 1.6 f 0.5 
1.4t 0.3 2.1 a0.8 22.422.0 

Total 
.___- 

26.223.6 
37.3 f 3.7 
27.0f2.6 
30.5 k2.5 
16.0k2.1 
25.5 f3.1 
25.9k 1.9 

the outputs of the two maximum numbers of each genotype alone. Points along 
this line represent the proportional replacement of individuals of one genotype by 
the other. Hence, coincidence of the solid line with the dotted line would indicate 
that intergenotypic competition is equivalent to intragenotypic competition, 
taking into account that one genotype may utilize different amounts of resources 
per individual than the other genotype. A solid line below the dotted line indicates 
that intergenotypic competition is more intense than intragenotypic competition. 
A solid line above the dotted line indicates that there is “overcompensation” (see 
Tog16 and AYALA 1980) ; i.e., the two genotypes together exploit the resources 
better than one alone and, therefore, if the resources are limiting, the two 
genotypes utilize resources that are, at least in part, different. 

The statistical significance of the differences between the two-genotype and 
the single-genotype cultures was tested using pair conlparisons f.or each initial 
number of females, following the method described by KIRK (1968). Student-t 
values and their significance for each genotype separately and fo r  the totals of 
both are given in Table 7. 

TABLE 3 

Mean and standard error (based on 10 replicates) of the number of flies emerged in the 
singk-genotype cultures for the low-density experiment 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11.6’2.3 
8.9f1.9 
18.0k3.2 
24.6f2.4 
16.4t2.0 
21.1 f 1.8 
20.7 t 1.9 
21.9k2.4 
33.312.9 
46.214.6 

5.1 It 1.8 
12.0 k2.2 
16.7 t2.5 
20.9k 2.5 
20.1 f 1.9 
18.2 t 2.2 
19.3 1 1.6 
27.5 k2.6 
27.7 42.7 
41.7+2.8 

14.5 2 0.9 
15.1 41.6 
27.1 42.6 
41.843.6 
24.7k3.0 
35.712.9 
34.0k2.3 
44.1 44.7 
41.1 14.1 
46.2 1 4.6 
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TABLE 5 

Mean and standard error (based on 10 replicates) of the number of flies emerged in the 
three-genotype cultures at high density 

Ratio of the three genotypes 

Genotypes 
F/F : S/F Total 

24:3:3 
12: 12:6 
12: 6: 12 
IO: IO: 10 
6: 12: 12 
3:24:3 
3:3:24 

36.7 k 4.7 
24.6k3.9 
21.8 k4.1 
18.32 1.9 
11.849.1 
5.421.5 
8.841.3 

7.8f0.6 
22.6 k 5.2 

7.651.0 
17.5 k 1.9 
15.91 1.1 
38.3 k4.7 
1o.ot 1.4 

8.0k1.0 
7.8 t 1.4 

18.6t2.8 
30.8 2-4.5 
20.5 t 2 . 8  
7.42 1.3 

36.3t3.6 

52.5 k4.8 
55.0k5.6 
48.Ok4.2 
66.6+ 3.7 
48.2t3.9 
51.1 k4.1 
55.1 k3.3 

Figure 1 (lower diagrams) shows that the number of flies of a given genotype 
is generally greater when the genotype is alone than when additional flies of an- 
other genotype are present. This indicates that intergenotypic competition exists 
(although only the comparisons for total numbers permit assessing the magnitude 
of intergenotypic relative to intragenotypic competition). All the significant t 
values (Table 7, upper part) are for  cases in which the single-genotype cultures 
produce more flies than the two-genotype cultures. However, the details are note- 
worthy. The slow genotype, which is the most common in nature, generally is 
not affected by competition from the other genotype (either F / F  or S / F )  at  a 
number of frequencies, particularly when it has a frequency between 50 and 
80%. The F / F  genotype is not affected either by competition from the other 
genotype when it has intermediate or somewhat higher frequencies (50 to 70%). 
On the contrary, the heterozygous genotype is affected by competition from the 
other genotypes, although not when it has a 50% frequency. 

The upper diagrams of Figure 1 and the lower part of Table 7 permit assessment 
of the effects of competition when both genotypes are simultaneously consid- 
ered. Again, all significant t values are for cases in which the two genotypes 

TABLE 6 

Mean and standard error (based on 10 replicatesj of the number of flies emerged in the 
single-genotype cultures for the high-density experiment 

~~~~~~~~~~ ~ ~ 

Genotype 
Denhy s/s F/F S/F 

3 11.2k2.2 17.0+2.3 15.0 f 2 . 9  
6 18.5 f 2.7 20.91- 3.8 26.5 t 2 . 6  
9 20.93 3.3 20.8 t 2 . 3  31.2t2.5 

12 22.722.6 26.4 t 2.8 28.4t4.4 
15 29.0t3.4 28.9k2.8 34.024.3 
18 22.9t  3.4 28.8f2.8 33.513.4 
21 41.8k3.1 43.3 k 3.3 33.5f4.7 
24 40.5 k 3.5 50.0k5.1 54.1 k 4.9 
27 44.0% 3.6 43.5t4.1 50.3k4.9 
30 48.1 f 4 . 1  44.8 t 4 . 1  56.1 f 4 . 9  
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FIGURE 1 .-Replacement series diagrams for the two-genotype experiments a t  low density: 
(A) S/S and F / F  genotypes; (B) S/S and S /F  genotypes; (C) P/P  and S/F genotypes. Abscissa: 
input number of females; ordinate: number of flies produced. Solid lines and solid circles: t w ~ -  
genotype mixtures; dashed lines and open circles: single-genotype cultures. Below: productivity 
of each genotype; top: productivity of both genotypes together. 

together in one culture produce fewer flies than the corresponding numbers of 
females placed in two separate cultures. Table 7 shows that, at intermediate fre- 
quencies, there is little competition between the two homozygous genotypes. 
However, competition is generally significant between either homozygote and 
the heterozygotes, with the interesting exception of the case when the frequency 

I 

I N PUT 
FIGURE &.-Ratio diagrams for  the regression of the output ratio to  the input ratio in the 

two-genotype experiments at low density. The values plotted are the logarithms of the ratios. 
(A) ratio of S/S to F / F ;  (B) ratio of S/S to S /F;  (C) ratio of F / F  to S/F. 
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FIGURE 3.-Replacement series diagrams for the two-genotype experiments at high density: 
(A) S/S and F/F genotypes; (B) S/S and S / P  genotypes; (C) F/F and S/F genotypes. Abscissa: 
input number of females; ordinate: number of flies produced. Solid lines and solid circles: two- 
genotype mixtures; dashed lines and open circles: single-genotype cultures. Below: productivity 
of each genotype; top: productivity of both genotypes together. 

I I 
-I 0 I - I  0 I - I  0 I 
,- 

FF log - 
SF 

ss log- 
SF 

I N P U T  

ss log - 
FF 

FIGURE 4.-Ratio diagrams for the regression of the output ratio on the' input ratio in the 
two-genotype experiments at high density. The values plotted are the logarithms of the ratios. 
(A) ratio of S/S to F / F ;  (B) ratio of S/S to S / F ;  (C) ratio of F/F to S / F .  
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FIGURE 5.-Ratio diagrams for  the regression of the output ratio to the input ratio in  the 
three-genotype mixtures at low density. The values plotted are the logarithms of the ratios. (A) 
ratio of S/S to the sum of F / P  plus S / F ;  (B) ratio of F / F  to the sum of S/S  plus S/F;  (C) ratio 
of S/F to the sum of S/S plus F / F .  

of the heterozygote (as well as that of the homozygote) is 50%. The solid lines 
are always below the dotted line, indicating that intergenotypic competition is 
more intense than intragenotypic competition. 

Whether the competition at the low density is frequency-dependent is exam- 
ined by means of ratio diagrams. These diagrams use the ratios between the two 
genotypes and plot the logarithm of the output (number of flies emerged) ratios 
in the ordinate us. the logarithm of the input (number of females placed in the 
culture) ratios in the abscissa. Logarithms are used to obtain linearity. The plots 
and the regression lines are shown in Figure 2; the slopes OP the regression lines 
and their statistical significances are given in Table 8. The interpretation of these 
diagrams is as follows. A regression line with slope 1 indicates that the competi- 
tion is unaffected by frequency. A slope greater than 1 indicates positive fre- 

SF 
log - 

SS+FF 
FF 

log  - 
SS+SF 

INPUT 

ss 
FF+SF 

log- 

FIGURE 6.-Ratio diagrams for the regression of the output ratio to  the input ratio in the 
three-genotype experiments at high density. The values plotted are the logarithms of the ratios. 
(A) ratio of S/S to the sum of F / F  plus S/F;  (B) ratio of F / F  to the sum of S/S plus S / F ;  
(C) ratio of S/F to  the sum of S/S plus F / F .  
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TABLE 8 

Regression coefficient, b, with its standard error, of the log output to log input ratio 
in the two-genotype experiments at low density 

69 1 

Means Individual values 
Ratio of the genotypes b f S.E. d.f. t b S.E. d.f. t 

S/S: F / F  1.15 A 0.13 7 1.13 1.09 f 0.07 80 1.28 
S/S:  S / F  1.33 f 0.10 7 3.20* 1.30 C 0.08 75 5.02*** 
F / F : S / F  1.54 f 0.13 7 4.15** 1.25 t 0.08 82 3.17** 

t values are for the difference between unity and the regression coefficient. The regression 

Statistical significance: * P < 0.05; * *  P < 0.01; * * *  P < 0.001. 
analysis is done in two ways: using only means and using separately the individual values. 

quency dependence; i.e., that the greater the input frequency of a genotype, the 
higher its fitness. If a line with slope greater than 1 crosses the diagonal, this 
will give an equilibrium frequency, but the equilibrium will be unstable. Any 
departure from the equilibrium point would lead to the fixation of the geno- 
type with frequency higher than that of equilibrium. A slope smaller than 1, 
however, indicates negative frequency dependence. This gives a stable equi- 
librium at the point where the regression line crosses the diagonal: any departure 
from the equilibrium frequency will be counteracted by selection, because the 
genotype with the lower-than-equilibrium frequency has higher fitness than the 
other genotype. 

It is apparent in Figure 2 that all three regression lines have slopes greater 
than one; thus, the equilibrium frequencies are unstable. The significance of the 
regression slopes has been tested in two ways: first, by using only the mean 
number of flies emerged at each combination, and second, by using the individual 
observations (in this case, however, values where no flies of a given genotype 
emerged have not been used because the ratio is, then, zero or infinity; on the 
average. two out of the ten replicates having only one or two females of one geno- 
type produced no flies of that genotype). It can be seen in Table 8 that these two 
methods of analysis give similar results. The slope of the regression is not signifi- 
cantly different from unity when the two homozygous genotypes compete, but 
it is significantly greater than unity when the heterozygote competes with either 
homozygote. 

The results of the two-genotype competition at the higher density (30 females 
per vial ovipositing for 24 hr) are shown in Figure 3 by means of replacement 
series diagrams (see also Tables 4 and 6). Although the number of parents is 
three times higher than at the lower density, the number of flies emerged (com- 
pare Figure 3 with Figure 1 ) is only slightly greater, indicating that at the higher 
density competition is intense. With respect to the intensity of competition be- 
tween genotypes, the pattern that emerges is fundamentally similar to that ob- 
served at the lower density. When one genotype at a time is considered, it appears 
that the genotype least affected by competition is the homozygote that is more 
common in nature (S/S), particularly when it competes with the other homo- 
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zygote. Table 9 (upper part) shows that, at a fairly broad range of intermediate 
frequencies (from 30 to 80%) of the S/S genotype, there is no significant effect 
from the other homozygote; at a somewhat narrower range (40 to 60%) , the S/S 
genotype shows no significant competitive effects from the heterozygote. How- 
ever, the rarer homozygote and the heterozygote are affected by the presence of a 
second genotype at virtually every frequency. When both genotypes are taken 
into account (Table 9, lower part) , it is apparent that significant competition 
exists in virtually every combination; only 3 out of 27 comparisons are not sta- 
tistically significant. Comparison of the solid and dotted lines in the upper part 
of the diagrams in Figure 3 indicates that intergenotypic competition is more 
intense than intragenotypic competition. 

The possibility of frequency dependence at the higher density is investigated 
by ratio diagrams in Figure 4; the magnitude and statistical significance of the 
regression line slopes are given in Table 10. (At the higher density, all two- 
genotype cultures gave flies of both genotypes; thus, the data points, rather than 
the means, where used for the statistical tests). The slopes of the regressions are 
significant in all three cases. When the two homozygous genotypes are involved, 
the slope of the regression is greater than unity, which would yield an unstable 
equilibrium. However, when the heterozygous genotype competes with either of 
the homozygotes, the slope of the regression is less than unity, which would yield 
a stable equilibrium. It is worth noticing that the equilibrium frequency predicted 
by the ratio diagrams is higher for the homozygote that is more common in nature 
(S/S) than for the rare homozygote ( F / F ) .  

The results of the competition when all three genotypes are present are given 
in Tables 2 (low density) and 5 (high density). Comparison with the data for 
single-genotype results (Tables 3 and 6) makes possible the evaluation of the 
extent of intergenotype us. intragenotypic competition. The significance of the 
differences between the single-genotype and the three-genotype results at low 
density are tested in Table 11. The productivity from a given number of females 
is greater when they are alone than when females of the other two genotypes are 
present in addition. Most of the differences are statistically significant, although 
not all genotypes are equally affected. As in the two-genotype cultures, the 
heterozygotes are the most affected by competition with the other genotypes. 

The results for the three-genotype tests at high density are given in Table 12. 
The differences in productivity between the single-genotype cultures and the 
three-genotype cultures are smaller at the high density than they are at the low 
density. When we consider each genotype separately (top three rows of Table 
12) , we can see that the differences between the three-genotype and single geno- 
type cultures are often small or nonexistent if the number of females of a given 
genotype is high. In  such cases, it seems that competition in the single-genotype 
cultures is already intense, and the addition of a few females from the other 
genotypes does not reduce (at least not greatly) the productivity of that genotype. 
This, of course, suggests the possibility of “overcompen~ation~’ ( Tog16 and AYALA 
1980) , because the other genotypes may use resources at least partially different. 
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TABLE 10 

Regression cozffcient, b, with its standard error, of the log output to log input ratio in the 
two-genotype experiments at high density 

Ratio of the genotwes b f S.E. d.f. f 

S/S: F / F  
S/S: S/F 
F / F : S / F  

1.18 k 0.07 88 2.83* * 
0.69 zk 0.06 88 4.97** 
0.83 t 0.07 88 2.57* 

t values are for the difference between unity and the regression coefficients. 
Statistical significance: * P < 0.05; **  P < 0.01. 

TABLE 11 

Student-t values for the comparisons between the productivity of a given number of females 
in three-genotype mixtures and in single-genotype cultures at low density 

R d o  of the genotypes S/S:F/F:S/F in the mixtures 
Genotype 8: l : l  4:4:2 4:2:4 3.3:3.3:3.3 2:4:4 1:8:1 1:l:S 

S/S 0.25 4.47*** 6.73*** 3.60** 2.65* 3.86** 4.41*** 
F / F  2.16* 1.77 2.30* 2.13* 6.88*** 1.67 1.56 
S / F  5.73** 1.74 6.85*** 3.17** 8.53'** 6.32*** 4*.20** 
Total 3.13*** 4.11*** 8.52*** 5.22*** 14.15*** 5.42*** 5.69*** 

Top three rows: productivity of each genotype (d.f. = 18). Bottom row: total of the three 

Statistical significance: * P < 0.05; ** P < 0.01; *** P < 0.001. 
genotypes (d.f. = 54). 

TABLE 12 

Student-t values for the comparisons between the productivity of a given number of females 
in three-genotype mixtures and in single-genotype cultures at high density 

Ratio of the genotypei S/S:F/F:S/F in the mixtures 
Genotype 24:4:4 12:12:6 12:6:12 ~1O:lO:lO 6:12?2 3:24:3 3:3.24 

s/s 0.65 0.19 0.04 0.77 3.76** 2.15* 0.92 
F / F  3.90** 0.64 3.35** 1.12 3.42** 1.69 2.62* 
S / F  2.26* 6.25*** 1.88 0.08 1.51 2.38" 2.91** 
Total 3.11** 2.60* 3.10** 1.09 3.84*** 3.30** 3.85*** 

Top three rows: productivity of each genotype (d.f..= 18). Bottom row: total of the three 

Statistical significance: * P < 0.05; * *  P < 0.01; * * *  P < 0.001. 
genotypes (d.f. = 54). 

The total productivity of the three genotypes in one culture is not much less 
than the productivity of the same number of females distributed in three separate 
cultures. The existence of overcompensation is apparent from the fact that the 
three-genotype productivities are, in several cases, greater than the productivities 
of the single-genotype cultures that have the same total number (30) of females. 
This indicates that intergenotypic competition is less intense than intragenotypic 
competition, which suggests in turn that different genotypes may utilize somewhat 
different resources, a condition that makes a negative frequency dependence possi- 
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TABLE 13 

Regression coefficient, b, with its standard error, of the log output to log input ratio in the 
three-genotype experiments at low density 

695 

Means Individual values 
Ratio of the genotypes b f S.E. d.f. t b i S.E. d.f. t -____--- __ 

1.17 0.24 5 0.73 

1.20 f 0.23 5 0.87 

1.24 f 0.28 5 0.87 

0.97 f 0.11 53 0.27 

1.03 zk 0.13 53 0.20 

1.07 zk 0.13 53 0.56 

t values are for the difference between unity and the regression coefficient. The regression is 
done in two ways: using only means and using separately the individual values. 

ble because the fitness of a genotype may then increase as its frequency decreases 
(see To316 and AYALA 1980). 

Frequency dependence is examined by modified frequency ratio diagrams in 
Figures 5 and 6. The frequency ratios used are in this case obtained by dividing 
one genotype by the sum of the other two. At the low density (Figure 5 and 
Table 13) the slopes of the regression are not significantly different from unity, 
indicating that no frequency dependence exists. (The statistical analysis at low 
density is made first by using the means and then by using the individual points, 
after deleting the replicates in which no flies emerged from a given genotype- 
about 2 for each combination involving only one female of a given genotype. The 
results of both analyses are qualitatively identical). The situation is, however, 
different at high density (Figure 6 and Table 14). Here, negative frequency de- 
pendence exists, and this is statistically significant in two of the three combina- 
tions. This kind of frequency dependence would lead to a stable polymorphic 
equilibrium at the points defined by the intersect between the regression line and 
the diagonal of slope 1. 

TABLE 14 

Regression coefficient, b, with its standard error, of the log oulput to log input ratio in the 
three-genotype experiments at high density 

Ratio of the genotypes b 2 S.E. d.f. t 

0.85 +- 0.09 68 1.73 

0.80 k 0.07 68 2.71** 

0.77 rt 0.08 68 3.00* * 

t values are for the difference between unity and the regression coefficient. 
* *  Statistically significant, P < 0.01. 
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The effects of density on productivity in the single-genotype cultures were ex- 
amined by one-way analyses of variance of the productivity per female at low 
density (1-10 females/vial) and at high density (3-30 females/vial) . The data 
for the two densities were analyzed separately (Table 15), because the two sets 
of experiments were done at different times. Density has a significant effect on 
productivity for each one of the three genotypes in both sets of experiments. 
Figure 7 shows that the number of flies per female decreases as density increases. 
Under the experimental conditions, competition among larvae already exists 
when the number of egg-laying females is two or greater. 

DISCUSSION 

The strains of Drosophila pseudoobscura used in the present experiment were 
derived from a large sample of flies collected in nature. A total of 40 independent 
strains, all subject to four generations of brother-sister matings, were selected: 
20 strains homozygous for the Mdh-2Io0 (S) allele and the other 20 homozygous 
for the Mdh-211z ( F )  allele. The individuals on which the experimental observa- 
tions were made were F, progenies of crossing two different strains. The crosses 
were made so that 20 strains (of the same or different Mdh-2 genotype) were 
equally represented in each culture. The presence of 20 different wild chromo- 
somes insured that more than 95 % of the genetic variation present in the natural 
population was also present in the experimental cultures ( N e 1  et al. 1975). More- 
over, it makes it likely that the genetic background of the Mdh-2 alleles is random- 
ized in the same way as it is in nature. This may be shown as follows. WEIR and 
HILL (in LAURIE-AHLBERG and WEIR 1979, p. 1309) have derived the approxi- 
mate sampling variance of Dii, the measure of linkage disequilibrium between 
loci i and i, as 

1 
(l-cij)',+ Ctj  

N f- N 2Necij(2--cii) 2nii ' 
where N ,  is the effective size of the natural population, cii is the recombination 
fraction between loci i and i, and nii is the number of individuals sampled. In a 

TABLE 15 

One-way analysis of variance of the productivity per female in pure cultures as a 
function of density 

Low density High density 
Genotype ss F ss F 

s/s 623.80/750.22 8.31 *** 178.46/101.43 17.59';' 
F / F  122.81/553.42 2.22; 143.95/114.53 12.57** * 
S / F  930.65/424.64 21.91*** 105.13/171.54 6.13'' * 

The analysis is done separately for two experiments (low density and high density). SS = 
Sum of squares (Treatment/Error). The degrees of freedom are 9 for the numerator and 90 
for the denominator in every case. 

Statistical significance: * P < 0.05; *** P < 0.001. 
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FIGURE 7.-Number of flies produced per female in pure cultures at various densities. The 

data at left are for the low-density experiments; at right, for the high-density experiments. 
Top: S/S genotype; middle: F / F  genotype; bottom: S / F  genotype. 

large natural population, the first term on the right-hand side of the equation goes 
to zero, and only the second term contributes to the sampling variance. In  the 
present experiment, nij 40 (the total number of strains used); hence, the 
sampling variance of D is small, approximately 1/80. 

The fact that the genetic variance present in the population is also present in 
the cultures and that it is present in the same linkage disequilibrium associations 
as it may have in nature does not, however, guarantee that the effects observed in 
the experiments are due to the Mdh-2 locus alone. If alleles at the Mdh-2 locus in 
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nature are associated in linkage disequilibrium with alleles at other closely linked 
loci, then the genetic effects observed might be due to such linked loci, as well as 
to the Mdh-2 locus. It is, however, worth noticing that, if linkage disequilibrium 
exists in the experiments because it exists in nature, the observed effects (such as 
negative frequency-dependent selection) would affect the Mdh-2 locus in nature 
as well and, therefore, be responsible for  the maintenance of the natural poly- 
morphism. I n  what follows, we will for simplicity refer to the Mdh-2 locus alone, 
but it should be understood that the effects observed might be due to closely linked 
loci as well, if such loci are associated in nature in linkage disequilibrium with the 
Mdh-2 locus. 

The experiments were designed to determine whether the fitness of the Mdh-2 
genotypes is affected by density and/or frequency. The main fitness component 
examined was egg-to-adult viability. Other fitness components, such as female 
fertility, for example, may be involved, but these should have little or no effect on 
the comparisons between the heterozygotes and the homozygotes, because the 
parents of the experimental heterozygotes come from the same strains as the par- 
ents of the experimental homozygotes. Fertility differences may, however, be 
involved in the fitness differences between the two homozygous genotypes. 

Density affects the fitness of the Mdh-2 genotypes. Competition for limited 
resources exists at the low (10 ovipositing females) and at the high (30 females) 
density, in combinations of two genotypes, as well as in combinations of three 
genotypes. Different genotypes are, however, differently affected by density; the 
genotype of the competitors also makes a difference on the fitness of a given 
genotype. 

In the two-genotype combinations, intergenotypic competition is generally 
more intense than intragenotypic competition. However, in the three-genotype 
combinations, which more nearly approach the natural situation, this is not al- 
ways the case. For several frequency combinations, particularly at the high den- 
sity, intergenotypic competition is less than intragenotypic competition. Tog16 and 
AYALA (1980) also observed “~vercompensation’~ at the Mdh-2 locus in three- 
genotype combinations at high density. The increase in productivity observed in 
intergenotypic competition may be due to either “facilitation” (LEWONTIN 1955; 
LEWONTIN and MATSUO 1963) between the genotypes or to differential utilization 
of resources (AYALA 1972). Facilitation, probably due to one strain’s metabolic 
products having a favorable effect on a different strain, has been observed in Dro- 
sophila, but it does not seem to be either a common phenomenon or one having a 
great effect ( WEISBROT 1966; DAWOOD and STRICKBERGER 1969), Overcompen- 
sation due to differential resource utilization may lead to frequency-dependent 
selection and stable polymorphism, because the fitness of a genotype increases as 
its frequency decreases (see below). 

FISHER (1930) may have been the first to suggest that fitness values may be 
inversely related to genotypic frequencies, and that this might lead to stable 
equilibrium when selection favors the rarer alleles. Models of frequency- 
dependent selection have been extensively studied by WRIGHT (1969) as weli as 
by other authors (e.g. ,  CLARKE and O’DONALD 1964; HEDRICK 1972). An im- 
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portant property of frequency-dependent selection is that it can solve the problem 
of segregational load in the maintenance of polymorphism, because at equi- 
librium the fitnesses of the various genotypes may be identical (LEWONTIN 
1974). 

Frequency-dependent selection associated with nonrandom mating appears to 
be a common phenomenon. In  plants, it occurs in species with self-incompati- 
bility: pollen bearing a rare allele will on the average fertilize more plants than 
pollen carrying a more common allele ( MATHER 1973). Frequency-dependent 
sexual selection has been demonstrated in a number of animals, such as the moth 
Panaxia dominula ( SHEPPARD and COOK 1962) and particularly in Drosophila 
(e.g., PETIT 1951; EHRMAN 1966; SPIES and SPIES 1969; PETIT and EHRMAN 
1969). 

Frequency-dependent selection may be due to differential utilization of re- 
sources (AYALA 1972). If resources are limited and different genotypes exploit 
either different resources or the same set of resources with different efficiencies, 
then competition is greater among individuals having the same genotype than 
among individuals having different genotypes. If intragenotypic competition is 
more intense, the fitness of a genotype may be inversely related to its frequency, 
because as its frequency decreases the genotype encounters fewer competitors of 
its own kind. Consequently, as pointed out above, genotypically mixed popula- 
tions may exploit the resources better than genetically uniform populations, a 
phenomenon observed repeatedly ( LEWONTIN and MATSUO 1963; MARSHALL and 
JAIN 1969; Tog16 and AYALA 1980). 

Frequency-dependent changes in fitness in competitive situations have been 
observed in Drosophila (e.g., LEVENE, PAVLOVSKY and DOBZHANSKY 1954; 
LEWONTIN 1955; SPIES 1957; etc.) as well as in other organisms (e.g., HARDING, 
ALLARD and SMELTZER 1966; SOKAL, BRYANT and WOOL 1970; PHUNG and RAT- 
JEN 1976). In  recent years, it has been suggested that frequency-dependent 
selection may be involved in the maintenance of the extensive allozyme poly- 
morphisms found in nature. In D. melanogaster, evidence of frequency depend- 
ence has been observed at various loci, such as Est-& (YARBROUGH and KOJIMA 
1967; KOJIMA and HUANG 1972); Adh (KOJIMA and TOBARI 1969), and Lap 
(NASSAR 1979). MUKAI, WATANABE and YAMAGUCHI (1974) failed, however, to 
observe frequency dependent selection at three loci; Adh, aGpdh and Est-&. In D. 
pseudoobscura, frequency-dependent selection has been demonstrated at the 
Pgm-1 locus (SNYDER and AYALA 1979) and supported by indirect evidence at the 
Est-5, Odh, Me-2 and Mdh-2 loci (MARINKOVI~ and AYALA 1975a, b; To616 and 
AYALA 1980). 

The experiments reported in the present paper provide direct evidence of 
frequency-dependent selection at the Mdh-2 locus in D. pseudoobscura. The di- 
rection of the relationship between frequency and fitness is, however, different at 
the low and at the high density. Positive frequency dependence is observed at low 
density (Tables 8 and 13). At the high density, at which competition is more 
intense, negative frequency dependence occurs (Tables 10 and 14). Negative fre- 
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quency depndence is, of course, of greater relevance becauze it can account for 
the maintenance of stable polymorphisms. 

DE BENEDICTIS (1977) has pointed out that frequency dependence may be 
questionable in cases when interactions between frequency and density are 
present. Frequency and density both have significant ef€ects in our experiments 
and, hence, one might speak of frequency-and-density-dependent selection. This 
may: however, be a largely semantic question, because in our experiments, 
frequency-dependent selection is based on competition for limited resources and 
competition, of course, depends on density. Moreover, the frequency of a type 
cannot be changed without also changing its density or the total density. There- 
fore, the term frequency-dependent selection already connotes that the selection 
is affected by density. 

This work was supported by grants from the Public Health Service and the Department of 
Energy. The authors are greatly indebted to T. P. SNYDER, who provided the strains homozygous 
for the Mdh-2 alleles, and to two anonymous reviewers for valuable comments; one of these 
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