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ABSTRACT 
Overdominance is often invoked  to  account  for the extensive  polymorphisms  found in natural 

populations  of  organisms;  overcompensation,  however, may be  equally or more  important.  Overcom- 
pensation  occurs  when  limiting  resources are better  exploited by a genetically  mixed  than by a uniform 
population,  and is often causally related  to  frequency-dependent  selection. We  have  designed exper- 
iments  to  test  whether  overcompensation  occurs  in Drosophila  melanogaster, using the Sod locus as a 
marker.  Tests are made at each  of two densities  and  two temperatures  for  cultures with desired 
genetic  compositions.  Both temperature  and  density  have  statistically  significant  effects  on  the  per- 
female  productivity of the  cultures.  More  important, there are strong  effects  due to overcompensation. 
Cultures  that are more  polymorphic are also  more  productive  than less polymorphic  ones  even  when 
the level  of  individual  heterozygosity  is the same in all. There is also  overdominance  for  the Sod locus: 
the  heterozygotes are more  productive  than either homozygote at every temperature  and  density, 
and the differences are statistically  significant in several  cases. These  results  corroborate  previous 
studies  showing that overdominance may contribute  to  the  maintenance of the Sod polymorphisms. 
Moreover, our results  indicate  that  the  significance of overcompensation  as a mechanism to account 
for  polymorphism in natural  populations  deserves further investigation. 

G ENETIC polymorphisms are ubiquitous in natu- 
ral populations. Studies of enzyme polymor- 

phisms, in particular, have shown for a great variety 
of  organisms that two or more alleles are found  at 
nontrivial  frequencies (i.e., higher  than  0.01) in a 
substantial fraction of all loci (see, e.g., NEVO, BEILES 
and BEN-SHLOMO 1984).  What processes are respon- 
sible for these pervasive allozyme polymorphisms and, 
in particular, how important is natural selection, re- 
main controversial issues. Some authors  argue  that a 
majority of allozyme polymorphisms are adaptively 
neutral (review in KIMURA 1983).  Among  the selective 
processes that may be involved, overdominance is one 
most often  invoked and most extensively studied [e.g., 
MARINKOVIC and AYALA (1  975a,b); see also SVED and 
AYALA (1970) and TRACEY and AYALA (1974)], but 
frequency-dependent and  densitydependent selec- 
tion,  as well as a host of other selective agents may 
also be involved (MOYA, GONZALEZ-CANDELAS and 
MENSUA 1988; MUELLER and AYALA 1981a,b,c; SEA- 
TON and ANTONOVICS 1967; SLATKIN 1979; SMOUSE 
1976; SNYDER and AYALA 1979b; SOKAL and HUBER 
1963; SOKAL and KARTEN 1964; TOSIC and AYALA 
1981; WALLACE 1975). 

Frequency-dependent selection has  been  the subject 
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of numerous investigations (ANXOLABEHERE and PE- 
RIQUET 1981 ; AYALA and CAMPBELL 1974; CLARKE 
1979; KOJIMA and YARBROUGH 1967; KOJIMA and 
TOBARI 1969; MATHER and CALIGARI 198 1 ; MORGAN 
1976; MOYA, GONZALEZ-CANDELAS and AYALA 1986; 
NASSAR 1979; SNYDER and AYALA 1979a). But one 
selective mechanism that has received little attention 
and yet is potentially an  important  contributor  to  the 
maintenance of genetic  variation is “overcompensa- 
tion.” Overcompensation  occurs when limiting re- 
sources are most effectively exploited by a genetically 
polymorphic population than would be  expected  from 
the mean  performance of the  component  mono- 
morphic  genotypes (ANTONOVICS 1978; T O S I ~  and 
AYALA 1980).  Overcompensation is often causally re- 
lated to frequency-dependent selection (TOSI~ and 
AYALA 1980,  1981),  although  it may also come about 
by other processes (NUNNEY 1983). 

The superoxide dismutases are metalloenzymes that 
protect  aerobic  organisms against the toxicity of oxy- 
gen free-radicals (FRIDOVICH 1978). The locus coding 
for  the copper-zinc superoxide  dismutase (EC 
1.15.1.1 ; hereafter  referred to as SOD) is polymor- 
phic in many organisms. In Drosophila melanogaster 
the enzyme is a dimer. The  polypeptide is encoded by 
the Sod gene (111, 32.5); two alleles, SodF and SodS, are 
found with frequencies that vary  widely from locality 
to locality (SINGH, HXCKEY and DAVID 1982;  our un- 
published data). The two encoded  electromorphs (F 
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and S )  have  been purified and found to differ in 
properties such as isoelectric point, specific  activity, 
thermostability, and amino acid  composition (LEE, 
MISRA and AYALA 1981). It seems  likely that these 
differences might affect, at least under specific  con- 
ditions, the fitness of the organisms; and indeed, this 
has  been  shown to be the case  in laboratory popula- 
tions (PENG, MOYA and AYALA 1986). 

In  the present paper, we investigate  in D. melano- 
gaster whether overcompensation may  be associated 
with  increased  levels  of genetic polymorphism. We 
use Sod as a genetic marker that is particularly suitable 
because the two  common  allozymes are known to 
differ in their in vitro properties and because it is the 
subject  of  various other genetic and evolutionary in- 
vestigations  in our laboratory. Moreover, we are in- 
terested in ascertaining whether overdominance may 
be  involved in maintaining the Sod polymorphism. 
The two phenomena, overdominance and overcom- 
pensation, are investigated in four sets of environmen- 
ta l  conditions that are combinations of  two  variables, 
density and temperature. SOD is a scavenger of oxy- 
gen radicals and thus may  play a particularly signifi- 
cant role in stress conditions such  as  those created by 
intense competition for resources or by marginal tem- 
peratures. Moreover, the two SOD allozymes differ 
in their in vitro thermostability (LEE, MISRA and 
AYALA 1981). 

MATERIALS AND METHODS 

Stock strains: The experimental strains are derived from 
a natural population of D. melanogaster, "El Rio Vineyard," 
San Joaquin County, California. The frequencies of the S 
and F alleles  in this population are about  0.140  and 0.860, 
respectively, which frequencies remain approximately con- 
stant from year to year (e.g., SMIT-MCBRIDE, MOYA and 
AYALA 1988, for two  samples I-year apart). The standing 
adult population is large throughout  the year, so that nu- 
merous D. melanogaster flies can be collected on warm  days. 
The population becomes huge in late summer and early fall, 
when a single  swing  with a  net may produce  hundreds or 
thousands of  flies. 

About one thousand wild-collected females were individ- 
ually placed  in vials for ovipositing. Sib-pair matings were 
made in each of four consecutive generations with the 
progenies of each individual female. The Sod genotype of 
the mating pairs was ascertained by starch gel electropho- 
resis  in each generation and matings having the desired 
genotype were chosen to obtain the  parents of the following 
generation. In the  fourth generation we isolated 40 stock 
strains, each descended from a  different wild female, 20 of 
them homozygous for  the F allele (strains lF, 2F, . . . 20F) 
and 20 homozygous for  the S allele (strains lS, 2S, . . . 20s). 
These strains were maintained throughout  the  experiment 
by  mass culture in half-pint cultures with a  standard agar- 
cornmeal-molasses medium at a density of about  50 pairs 
per  culture  and kept at 25 f 0.5", ca. 70% relative humidity 
and  a cycle  of 12  hr  light/l2  hr darkness. 

Chromosomal inversions: Tests  for chromosomal inver- 
sion polymorphism were carried  out as follows  [see SMIT- 
MCBRIDE, MOYA and  AYALA ( 1  988) where these results have 

been reported]. From the same wild-collected  sample  used 
to isolate the stock strains, 274 males were separately crossed 
each to three CyO;TM6/Xa virgin  females.  F1 TM6 males 
from each of the crosses were in turn individually  crossed 
to Oregon-R females and 6-10 salivary gland squashes 
prepared with the larval progeny from each cross. One of 
the  third chromosomes in these larvae derives from the 
Oregon-R stock  (which  has the standard gene sequence), 
the homologous chromosome is either  the TM6 or a wild 
chromosome. The polytene chromosomes were examined 
under  a phase-contrast microscope for  the presence of the 
characteristic loops  of  inversion heterozygotes. None was 
found. 

From each F1 progeny of 500 of the wild-collected  females 
used to isolate the stock strains, 6-1 0 individuals were 
placed  in each of  two population cages that were maintained 
for  a  number of generations, each with a population size of 
about 4000-5000 adults on the average (and probably never 
fewer than 2000). After approximately 8 generations, 217 
males were sampled from one population and 201  males 
from the  other.  These males  were  crossed  as described in 
the previous paragraph and  their larval progenies examined 
for  the presence of chromosomal inversions. None was 
found. The two populations were again  sampled around 
generation 30. Two  hundred  and thirty-six  males were 
sampled from one population and 250 males from the  other. 
No chromosomal inversions  were observed. 

The natural population at El Rio Vineyard was sampled 
again 1 year later. Two  hundred  and twenty-four wild- 
collected  males were tested and  no chromosomal inversion 
was found among their larval progenies. Two population 
cages  were started as above with F1 progenies from the wild- 
collected  females. After about 10 generations, 258 males 
were sampled from one population and  2 15 males from the 
other. Again, no chromosomal inversions were found in 
their progenies. 

We, thus, conclude that  the El Rio Vineyard population 
is effectively free of third chromosome inversion  polymor- 
phism. The only third chromosome variant detected in all 
the samples just described was one small duplication/dele- 
tion [see  SMIT-MCBRIDE,  MOYA and AYALA (1 988) for  ad- 
ditional details]. 

Temperature: The experiments were performed  at  either 
20 f 0.5" or 28 +- 0.5". The lower temperature is within 
the optimal range of the species,  whereas 28" is suboptimal 
and near the upper limit for D. melanogaster. 

Density: The experiments were performed in 2 X 8 cm 
vials  with IO ml of standard medium at two  densities: 10 
egg-laying  females per vial (scant) or 30 females per vial 
(crowded). The females were  allowed to oviposit for 24 hr, 
after which time they were discarded. If a female died before 
the 24-hr ovipositing time was completed, the vial  was 
replaced. The flies emerging in these cultures were collected 
and scored between days 10  and 20 after egg laying at 28', 
and between days 17 and 32 at  20".  Three counts were 
usually made. 

Sod genotype. All three genotypes were studied: S/S, 
F / F  and S / F .  The 20 F strains were all  equally represented 
among  the F/F experimental progenies and  the 20 S strains 
among the S/S progenies. Only 10 F strains and 10 S strains 
were represented in the S / F  progenies of a given experi- 
mental block, but half  of  which were obtained by crossing 
F00 X Sd6 and  the  other half by crossing S$'? X Fdd. 

Levels of polymorphism: Two levels  of genetic polymor- 
phism were created in the experiments: low and high. 

In the low polymorphism populations, all the parental 
females  in a vial came from a single strain and all the males 
from a different strain. All 20 stock strains of a given 
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genotype were, however, equally represented in each exper- 
imental block. In the high polymorphism populations, 20 
different stock strains were represented in each vial. With 
respect to  the Sod genotype, the high-polymorphism popu- 
lations were of four kinds: (1) homozygous S/S, (2) homo- 
zygous F/F,  (3) heterozygous S/F,  (4) mixed, consisting of  all 
three genotypes combined. At the lower density, each mixed 
vial had the  three genotypes represented in the proportions 
3 S/S to 4 S / F  to 3 F / F .  At the higher density, the  propor- 
tions were 9 S/S to  12 S / F  to  9 F/F.  

Experimental crosses: Crosses were made among  the 
stock strains according to  the following  design so that  the 
developing larvae would not be inbred,  but  rather carry two 
genomes derived from two different wild-collected  flies and, 
hence, would have in this respect similar genetic makeup to 
larvae in nature. The experimental design also  minimizes 
the effects due  to fertility differences, mating preferences 
and  the like, so that  the genetic makeup of the developing 
larvae becomes the only relevant variable. 

Consider first, the S/S homozygotes (see Figure 1). Ten 
3-day-old  virgin females from a given  stock strain (say, 1s) 
are placed  in a vial with ten 3-day-old  males from a  different 
stock strain (say, 1  1s). Ten such  crosses are made: 91s X 
611S, 02s X 612S, . . . 910s X 620s (Figure 1, middle). 
After 24 hr,  the flies were anesthetized, the males discarded, 
and  the females  placed  in groups of 10 in a vial (30  for  the 
crowded vials). After another 24 hr, these females were 
transferred without anaesthesia to a fresh (“experimental”) 
vial,  allowed to oviposit for 24 hr  and then discarded. It is 
the flies emerging  from this experimental vial that were 
counted. In the low polymorphism vials (Figure 1,  top), all 
10 (30 at  the crowded density) females came from one stock 
strain (say, 1 S) mated to males from another particular stock 
strain (say, 11s).  In the high polymorphism vials, however, 
the  10 females came each from  one of ten different such 
crosses (Figure  1, bottom). In  other words, the high poly- 
morphism vials were made up with females derived from 
the same crosses between stock strains as the low polymor- 
phism  vials, but  ten females from ten  different crosses were 
combined rather than all ten being derived from one cross. 

The crowded-density cultures are set up in a similar way 
except that ten females from each of three replicate crosses 
(say,  all three  01s X 61  1s)  are combined in a single experi- 
mental vial to set up  the low polymorphism vials, whereas 
three females are collected from each of ten  different crosses 
to set up  the high polymorphism vials. 

Experimental vials for  the F / F  homozygotes were set up 
as for  the S/S homozygotes. The F / S  vials were set up again 
in a similar  fashion except that  the crosses were made 
between ten females from a given S/S stock strain (say, 1s) 
crossed to 10 males from  a given F / F  stock strain (say 1  1 F) 
or ten females from a given F / F  stock strain (say, 1 F) crossed 
to males from a given S/S stock strain (say, 1  1s); however, 
either females  only S/S or only F / F  were used in a particular 
experimental block. In  the mixed genotype (high polymor- 
phism)  vials, three females were from S/S x S/S crosses, 
four females were S/S X F / F  crosses, and  three females were 
from F / F  X F / F  crosses (in the high density vials the ratios 
were 9:  12:9 rather  than 3:4:3). 

Notice that  the average individual heterozygosity was the 
same  in the vials  with  low polymorphism as  in those with 
high polymorphism. The developing larvae had in  all  cases 
a  mother from one stock strain and  a  father from a  different 
stock strain (and thus the larvae had a  degree of heterozy- 
gosity comparable to wild larvae, since they carried two 
genomes independently sampled from a  natural population). 
What was different was the population polymorphism, since 
the genomes of  only  two stock strains were represented in 

low-polymorphism: 109 (all 1s) 109 (all 2s) . . . 109 (all 10s) 

t t t 

high-polymorphism: 19lS+lOZS+ . . . 1910s . . . i v ~ s + I P z s +  . . . i910s 

FIGURE 1.-Scheme showing how the low polymorphism and 
high polymorphism cultures are set up, using the low density S/S 
homozygotes as examplar. Crosses are first made between ten virgin 
females from one strain and ten males from  a  different strain 
(middle). The low polymorphism cultures are set up by transferring 
24 h. later all ten females (the males are discarded) from one such 
cross to a fresh culture ( top) .  The high polymorphism cultures are 
set-up by collecting one female from each of ten different crosses 
(bottom). See MATERIALS AND METHODS for additional details. 

each low polymorphism vial, whereas the genomes of 20 
different stock strains were represented in each high poly- 
morphism vial. 

Replication: The experiment was replicated 40 times; 
that is,  in the low polymorphism tests there  are  for each 
treatment ten different stock strain combinations, each rep 
licated four times, whereas in the high polymorphism there 
are 40 different replicates each started with  females from 
ten different crosses between stock strains (these were made 
up as ten separate sets  with four replicates each). 

RESULTS 

The experimental results are summarized in Table 
1. The mean productivity per female (and standard 
error) is given for  the 40 replicates of  each genotype 
for each treatment. Every one of the  four treatments 
has primafacie effects on  the number of  flies produced 
per female. Overcompensation: every one of the 12 
means  of the high polymorphism cultures is higher 
than the corresponding low polymorphism  mean. Het- 
erosis: cultures with S / F  heterozygotes are more pro- 
ductive in every  case than either  one of the two 
corresponding homozygotes;  in addition, the F / F  
homozygotes are more productive than  the S / S  homo- 
zygotes.  Density: the productivity per female parent 
is approximately two  times greater in the scant than 
in the corresponding crowded cultures. Temperature: 
the productivity is consistently higher at  20” than at 
the suboptimal temperature of  28 O . There is evidence 
of  overcompensation not only  with respect to  the 
overall genetic background, but also  with respect to 
the Sod locus region: the mixed-genotype cultures are 
more productive than every one of the single-geno- 
type cultures in  all but one comparison, and are more 
productive in  every  case than  the average of the  three 
single-genotype cultures (compare with  each other  the 
two  bottom rows of Table 1). 

The statistical  significance  of the effects mentioned 
is explored in the four-way factorial analysis  of  vari- 
ance shown  in Table 2. The mixed-genotype data are 
excluded from this analysis  because  they do not exist 
for the low polymorphism treatment. There is no 
significant effect attributable  to  the stock strains (see 
Table 3) and, hence, the  data for all 40 replicates 
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TABLE 1 

Mean  and  standard  error (based on 40 replicates) of the  productivity  per  female,  at two levels of polymorphism  (low  and high), 
two densities  (scant  and  crowded),  and two temperatures 

Sod 
Scant Crowded 

Polymorphism genotype 20" 28"  20" 28" 

Low SlS 6.09 f 0.10 5.42 f 0.1  1 3.22 f 0.04 2.65 f 0.03 
FIF 6.25 f 0.12 
FIS 

5.79 f 0.1 1 3.52 f 0.04 2.95 f 0.04 
6.74 f 0.1 1  6.13 f 0.11 3.62 f 0.04 3.20 f 0.05 

Mean 6.36 f 0.12 5.78 f 0.12 3.45 f 0.05  2.93 f 0.05 
High s/s 7.12 f 0.10 6.44 f 0.10 3.31 f 0.03 3.1 2 f 0.04 

FIF 7.34 f 0.10 
F/s 

6.81 f 0.11 3.83 f 0.04 3.45 f 0.04 
7.74 f 0.10 7.36 f 0.12 3.85 f 0.04 3.84 f 0.05 

Mean 7.40 f 0.1 1 6.87 f 0.12 3.66 & 0.06 3.47 f 0.06 

Mixed 8.79 f 0.15 7.23 f 0.1 1 4.12 f 0.03 3.92 f 0.04 

TABLE 2 

Four-way analysis of variance of the  productivity  per  female 

Source of variation Sum of squares d.f. Mean square F 

Density ( D )  2516.51 1 2516.51 8777.48*** 
Temperature ( T )  52.97 1 52.97 184.75*** 
Polymorphism ( P )  123.63 1 123.63 431.20*** 
Genotype ( C )  60.61 2 30.30 105.70*** 
D X T  1.68  1 1.68 5.84* 
D X P  28.67 1 28.67 100.00** 
T X P  2.10 1 2.10 7.32** 
D X C  3.83  2 1.91 6.67** 
T X C  0.71  2 0.35 1.23"$ 
P x G  0.63 2  0.32 1.10"' 
D X T X P  1.13 1  1.13 3.93* 
D X T X G  0.79  2  0.39 1.38"" 
D X P X C  0.09 2  0.05 0.16"' 
T X P X C  0.68 2  0.34 1.18"' 
D X T X P X C  0.16  2 0.08 0.28"' 
Error 268.35 936  0.29 
Total 3062.54 959 

* P < 0.05; ** P < 0.01; *** P < 0.001; "' not significant. 

TABLE 3 

F values  for  the  one-way  analyses of variance  that  test  whether 
there is a  significant effect attributable  to  variation  among  the 

ten  sets of experimental  strains 

Sod 
Scant Crowded 

Polymorphism genotype 20" 28" 20" 28" 

Low SIS 0.52 1.1 1  1.24  0.78 
FIF 0.72 1.17 0.23 2.19 
F P  0.79 0.96 1.24 0.85 

FIF 2.07 1.56 0.33 1.48 
F I S  0.80 2.08 0.63 0.94 

High SIS 1.68 1.04 0.82  1.08 

Mixed 0.71 0.60 0.49 1.60 

The degrees of freedom for each F value are 9,30. None of the 
corresponding P values  is smaller than 0.05. 

have  been  pooled for each treatment. Every one of 
the four treatments has  highly  significant  effects on 
the productivity per female. There  are a number of 
statistically  significant interactions, which  calls for cau- 

tion in the interpretation of the treatment effects. 
Interpretation is facilitated by the graphic analysis 
shown  in Figure 2. We  show the average productivity 
per female for each combination of  two treatments. 
The lines connecting the means do not cross in any 
case (and are very  nearly  parallel  in  most  cases). This 
corroborates the biological  reality  of the  treatment 
effects, in spite of the statistical  significance of  some 
interactions. 

Density is the  treatment with the most  conspicuous 
effects on productivity: the per female productivity is 
very  nearly double in the scant than in the crowded 
cultures (overall  means, 6.80 & 0.23 us. 3.47 & 0.1 1). 
Density is also the  treatment with larger interactions. 
Indeed, all three first-order interactions involving 
density are significant. The interaction is greatest 
between  density and polymorphism,  as is apparent in 
Table 2 ( F  = 100, P < 0.01) as  well  as  in Figure 2: 
the two  lines that  depart  the most from parallelism 
are S (scant) and C (crowded) connecting the points 
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7 t  1 

s/s F/F F/S 

between low and high polymorphism (middle panel 
on  top row). The biological interpretation of  this 
interaction is that  the increase  in productivity due  to 
the increase in genetic polymorphism (i .e. ,  overcom- 
pensation) is much greater at the scant  density (6.07 
us. 7.14) than in the crowded cultures (3.19 us. 3.56; 
see Table 1). The discrepancy is particularly notable 
at the optimal temperature. The same  discrepancy 
was observed in D. pseudoobscura by TOSIC and AYALA 
(1980) in experiments designed very  similarly to  the 
ones herein reported (and performed at  a near-opti- 
mal temperature). The mean per-female productivi- 
ties for low and high  polymorphism cultures were, 
respectively, 2.8'7 and 3.98 at the low density, but 
1.20 and 1.31 at high  density  (see TOSIC and AYALA, 
Table 1). 

This  interpretation concerning the various  effects 
attributable  to density is further explored by analyses 
of  variance separate for each density condition (Tables 
4 and 5). At low density, all three treatments (temper- 
ature, polymorphism, genotype) have  highly  signifi- 
cant effects and none of the interactions is  statistically 
significant (Table 4). At the higher density, the  three 
treatments also  have  highly  significant  effects (Table 
5). Moreover, there is a statistically  significant first 
order interaction between temperature  and polymor- 
phism,  which reflects the observation made  above- 
the effect attributable to the increase  in  polymorphism 
is larger at  the higher than at  the lower temperature 
(Figure 3, right panel). 

These experiments were designed in order to test 
two genetic hypotheses-overdominance and overcom- 
pensation-in a variety  of environmental conditions 

FIGURE 2.-Per-female mean  produc- 
tivities for pairs of factors,  displayed in 
order to evaluate  the  configuration of 

HP first-order  interactions  in the ANOVA of 
Table 2. D = density (S = scant, C = 
crowded); T = temperature (HT = high, 
LT = low); P = polymorphism  (LP = low, 

and S / F  stand for the  three genotypes). 

LP 

7 HP = high); G = Sod genotype (S/S, F / F  

6 

s/s F/F F/S 

TABLE 4 

Three-way analysis of variance of the per female productivity at 
low density 

Source of Sum of Mean 
variation squares d.f. square F 

Temperature ( T )  
Polymorphism ( P )  
Genotype ( G )  
T X P  
T X G  
P X G  
T X P X G  
Error 
Total 

37.74 1 36.74 79.41*** 
135.68 1 135.68 293.27*** 
42.90 2 21.45 46.36*** 

0.08 1 0.08 0.1 6"s 
0.91 2 0.45 O.98'ls 
0.20 2 0.10 0.22"s 
0.55 2 0.27 0.59"' 

216.52  468  0.46 
433.58  479 

*** P < 0.001; 'Is not significant. 

( i e . ,  combinations of two temperatures and two den- 
sities). The hypothesis of overdominance is tested in 
Table 6. The fitness of the heterozygotes, as measured 
by the productivity per female, is higher than the 
fitness  of the homozygotes in every  case; and it is 
statistically  significant  in 13 out of 18 contrasts. Table 
6 also  shows that  the fitness of the F / F  homozygotes, 
which are most' common in nature, is greater than 
that of the S/S homozygotes and is significant  in six 
of the eight comparisons. 

The hypothesis  of  overcompensation is tested in 
Table 7, which  gives the t-test  values for  the difference 
between the high  polymorphism and low polymor- 
phism cultures. The t values are positive  in  every  case 
and statistically  significant  in 15 out of 16 contrasts. 
The productivity per female is greater when the level 



386 T. X. Peng, A. h 

TABLE 5 

Three-way  analysis of variance of the per female  productivity  at 
high  density 

Source of 
variation squares d.f. square 

Sum of Mean 
F 

Temperature (T)  
Polymorphism (P) 
Genotype (G) 
T X P  
T X G  
P X C  
T X P X C  
Error 
Total 

17.90 
16.61 
21.53 

3.15 
0.59 
0.52 
0.29 

51.83 
1 12.42 

1 
1 
2 
1 
2 
2 
2 

468 
479 

17.90 161.63*** 
16.61 150.01*** 
10.77 97.22*** 
3.15  28.47*** 
0.29  2.66"s 
0.26  2.36ns 
0.15 1.31"" 
0.1 1 

Mixed populations are not  included. *** P < 0.001; "' not 
significant. 

L 
Q n 

5 

4 

3 

LP HP 

6 

5 t  

LP HP 

FIGURE 3.-Per-female mean productivities for pairs of factors, 
displayed in order to evaluate the configuration of first-order 
interactions in the ANOVAs of Tables 3 and 4. L T  and HT stand 
for low and  high temperature, LP and HP stand for low and  high 
polymorphism, respectively. 

of polymorphism is higher,  whatever the Sod genotype 
or  the conditions of temperature  and density. 

We designed the  experiments so that  the  phenom- 
enon of overcompensation  could  be  explored not only 
with respect to  the overall genome,  but also with 
respect to  the Sod region (ie., the Sod locus together 
with  loci that might  be closely associated with it in 
linkage disequilibrium). This can be accomplished by 
comparing the mixed- with the single-genotype cul- 
tures. The mixed-genotype  cultures  exist,  however, 
only in the high  polymorphism  cultures. This is be- 
cause at least four stock strains (two S and two F) are 
required in order to produce all three genotypes 
(S/S, F / F  and S / F )  according  to  the  experimental 
protocol.  Hence,  mixed-genotype  cultures  cannot  be 
produced  at  the low polymorphism level, since this 
involves only two stock strains  in  each  culture. Table 
8 gives the analysis of  variance for  the high  polymor- 
phism cultures,  including  those with mixed  genotypes. 
Density, temperature,  and  genotype have all highly 
significant effects, but so do the  interactions between 
them. The characteristics of these  interactions are 
graphically illustrated in Figure 4. The per-female 
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TABLE 6 

Values  and  statistical significance o f t  for  comparisons between 
cultures with different Sod genotype  (d.f. = 78 for  each  value; 

two-tailed  tests) 

Poly- 

LOW F/F-S/S  1.02"% 5.81***  2.47**  5.71*** 

20" 
Sod 

28" 
morphism genotype Scant Crowded Scant Crowded 

F/S-S/S  4.44*** 6.88***  4.74*** 9.62*** 
F / S - F / F  3.07** 1.78"s 2.25"' 4.10*** 

High F/F-S/S  1.5Ins  9.22***  2.61**  5.68*** 
F / S - S / S  4.26***  10.14***  6.01*** 11.30*** 
F / S - F / F  2.73** 0.33"s 3.45***  6.39*** 

** P < 0.01; *** P < 0.001; "' not significant. 

TABLE 7 

Values  and  statistical significance of t  for  the difference 
between cultures  with  high  and  low levels of polymorphism 

(two-tailed  tests) 

Scant 
Sod 

Crowded 

genotype  d.f. 20"  28"  20"  28" 

s/s 78 7.28*** 6.86*** 1.80"' 9.40*** 
F / F  78 6.98*** 6.56*** 5.48*** 8.84*** 
F / S  78 6.73*** 7.56*** 4.07*** 9.05*** 
Mean 238 6.39*** 6.42*** 2.69** 6.91*** 

** P < 0.01; *** P < 0.001; not significant. 

TABLE 8 

Three-way  analysis of variance of the  productivity  per  female 
in highly  polymorphic  cultures  with  mixed  cultures  included 

Source of Sum of Mean 
variation squares d.f. square F 

~ 

Density (D) 
Temperature (T) 
Genotype (C) 
D X T  
D X C  
T X C  
D X T X C  
Error 
Total 

1510.44 
190.75 
74.15 

128.88 
119.71 
257.90 
256.71 
161.67 

2700.21 

1 1510.44 5630.1*** 
1 190.75 736.3*** 
3  24.72 93.4*** 
1 128.88 497.5*** 
3  39.90 154.0*** 
3  85.97 331.8*** 
3  85.57 330.3*** 

624  0.26 
639 

*** P < 0.001. 

productivity  differences  between low and high  tem- 
perature  are  greater in the scant than in the  crowded 
cultures.  At the scant  density, the mixed-genotype 
cultures are  more productive than  the heterozygous 
at 20" but  not  at  28"; whereas in crowded  conditions, 
the mixed cultures are  more  productive  than any 
others. The statistical significance of the differences 
in productivity  between the mixed- and  the single- 
genotype  cultures are shown in Table 9. The mixed 
cultures are significantly more  productive  than the 
single-genotype cultures in 10 out  of 12 cases. The 
exceptions are  the two  comparisons with the hetero- 
zygotes at  the suboptimal temperature. The overcom- 
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S/S F/F S/F MIXED S/S F/F S/F MIXED 

FIGURE  4,"Per-female mean productivities in the high polymor- 
phism cultures, displayed in order  to evaluate the  first-order  inter- 
actions in the ANOVA of Table 7. L T  and H T  stand for low and 
high temperature. The genotypes are indicated along the abscissa. 

pensation attributable to the  mixture of Sod genotypes 
is also manifest by comparing  the  productivity of the 
mixed cultures with the weighted  average of the  three 
genotypes  (bottom row in Table 9). The difference is 
statistically significant in three  out of four cases. 

DISCUSSION 

The most obvious population-genetic mechanism 
for  the maintenance of polymorphism is single-locus 
overdominance with two alleles. Whenever the fitness 
of the heterozygotes is superior to that of the two 
corresponding homozygotes, a globally stable poly- 
morphic  equilibrium is predicted, with the  expected 
frequencies of the two alleles being simply related to 
the selective coefficients of the two homozygotes. 
Early examples of overdominance involved laboratory 
mutants  without likely relevance to  natural popula- 
tions, but  a  number of examples of overdominance 
are now known, some well documented.  Human in- 
stances include the sickle-cell hemoglobin polymor- 
phism [see CLARKE  (1975)  for  a  general discussion], 
and  the M N  blood group system (MORTON and CHUNC 
1959). 

Particularly interesting are cases  of overdominance 
involving allozyme polymorphisms, since these poly- 
morphisms are known to  be extensive in natural  pop- 
ulations. For this reason we have investigated in our 
laboratory,  over  a number of years, a variety of poly- 
morphic enzyme loci  in several species of Drosophila. 
The loci studied  include Est-5, Mdh-2,  Me-2,  Odh and 
Pgm-1 in D.  pseudoobscura (MARINKOVI~ and AYALA 
1975a,b;  SNYDER  and  AYALA  1979a,b; TOSI~ and 
AYALA  1980,  1981),  and Acph,  Adh and aGpdh in D. 
melanogaster (SERRADILLA and AYALA  1983a,b;  PENC, 
MOYA and AYALA  1986). The fitness components 
investigated include egg-hatchability, egg-to-adult and 
larva-to-adult viability, rate of development,  female 
fecundity and fertility, male mating capacity, and mat- 
ing-type fertility. The experiments  have  been  per- 
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TABLE 9 

Values  and  statistical significance oft for comparisons  between 
mixed  and single genotype cultures (two-tailed  tests) 

Sod genotype 
of the single 

Scant Crowded 

cultures d.f. 20" 28" 20" 28" 

SIS 78 9.26*** 5.31*** 19.09*** 14.14*** 
FIF 78 8.04*** 2.70** 5.80*** 8.31*** 
FIS 78 5.82***  -0.8Ons 5.40*** 1.24"s 
Mean" 158 7.02*** 1.54"s 6.16***  5.61*** 

** P < 0.01; *** P < 0.001; "'not significant. 
.' For the comparisons with the mean of the single-genotype 

cultures, the three genotypes have been weighted according to their 
proportions i n  the mixed cultures: 3:4:3 for F / F ,  F/S and S/S,  
respectively. 

formed  under diverse conditions of temperature,  den- 
sity, genetic background,  and so on. Overdominance 
is not just  the exception  but rather common in these 
studies. Often,  "marginal"  overdominance  (WALLACE 
1959) prevails: the heterozygote is consistently as fit 
as, but  not  better  than,  the  fitter  homozygote,  but 
which  of the two homozygotes is best varies from  one 
to  another environmental  condition, or with respect 
to one  or  another fitness component, so that on the 
average the heterozygote is superior to  either homo- 
zygote. 

The results herein  presented also exhibit  overdom- 
inance. Some features of these  experiments  deserve 
attention:  the  heterozygote has statistically significant 
superior fitness than  either  one of the homozygotes 
in a majority of  cases. The fitness component investi- 
gated is egg-to-adult survival in such a way that it 
cannot  be attributed  to  the genotype of the  mother 
(or of the  father) as such, given that  the  parents of 
the homozygotes are also parents of the heterozygotes 
and all stock strains are equally represented  among 
the homozygous and heterozygous  progenies; the 
background levels of heterozygosity are  the same for 
the Sod homozygotes as for  the  heterozygotes, since 
all are obtained as F1 progenies  from crosses between 
two strains independently  descended  from two differ- 
ent wild females (and  inbred  to  the same extent); 
overdominance  occurs in various conditions of density 
and  temperature. 

LEWONTIN,  GINZBURC and TULJAPURKAR (1 978; 
see  also KARLIN and FELDMAN 1981) have raised an 
important  reservation to  the notion that overdomi- 
nance may account  for the extensive polymorphisms 
prevailing in natural populations. Many enzyme poly- 
morphisms are multiallelic. Yet, when viability fitness 
values are randomly  generated, only a small fraction 
of the  arrays results in stable polymorphisms that 
incorporate all the alleles. For  example, when four 
alleles are considered and each heterozygote has 
greater fitness than  either  one of the two correspond- 
ing homozygotes, only 13% of the  randomly  gener- 
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ated fitness arrays yield  stable  polymorphisms  -that 
incorporate all four alleles; if the  number of  alleles is 
five, the fraction of  such arrays reduces to  1.2%. 

The model considered by LEWONTIN, GINZBURG 
and TULJAPURKAR (1 978) is, however, not relevant to 
natural populations. Populations are not confronted 
with particular arrays of  fitness for sets  of  alleles. 
Rather, mutant alleles  successively arise over time and 
those that yield  favorable  fitness arrays will be incor- 
porated in the population, with or without the elimi- 
nation of other alleles present in the population. SPEN- 
CER and MARKS (1 988) have considered models that 
meet these, more realistic, expectations and have  con- 
cluded that “viability  selection is easily able to main- 
tain  stable 6- or 7-allele  polymorphisms and that 
monomorphisms and diallelic  polymorphisms are un- 
common”  (p. 605). 

There is one additional important consideration 
relevant to the maintenance of natural polymorphisms 
by selection;  namely, that various forms of  balancing 
selection contribute to  the preservation of  such  poly- 
morphisms. Frequency-dependent selection is the 
most frequently invoked, in addition to overdomi- 
nance.  FISHER (1930, 1958) already pointed out  that 
adaptive values  might be inversely related to genotype 
frequencies, which might lead  in certain situations to 
stable  polymorphism. Experimental evidence indicat- 
ing that the fitness  of a genotype may  be related to its 
relative frequency was highlighted by WRIGHT and 
DOBZHANSKY (1 946) and suggested  as  possibly a gen- 
eral phenomenon by LEVENE, PAVLOVSKY and DOB- 
ZHANSKY (1954, p. 335), who  raised the question, 
“Whether  the adaptive value  of a [genotype] may 
depend upon the genetic composition  of the popula- 
tion  itself.” Numerous instances  of frequency depend- 
ence accumulated in the years  immediately  following 
the suggestion  of  Levene and his colleagues  (review 
in AYALA and CAMPBELL 1974). 

The agent responsible for frequency-dependent se- 
lection is,  in  Fisher’s example of  mimicry, a different 
species,  namely, the predator(s). Frequency-depend- 
ent selection dependent upon mate preference was 
first discovered by PETIT (195 1) in D.  melanogaster 
and has  been  extensively studied in Drosophila  (e.g., 
PETIT and EHRMAN 1969) as  well  as  in other organisms 
(SOKAL and KARTEN 1964; BATESON 1983;  GRANT 
1986). The type  of frequency-dependent selection 
that particularly concerns us here concerns viability. 
An inverse correlation between the frequency of gen- 
otypes and their fitness  with  respect to viability  can be 
accounted for if it is the case that alternative genotypes 
exploit different limiting resources, or exploit the 
same resources with different efficiency. It would then 
be the case that as one genotype becomes more com- 
mon the resources which it exploits  only or best will 
become exhausted. Carriers of that genotype will 

therefore become  increasingly dependent on re- 
sources that are better exploited by the alternative 
genotypes. The fitness  of a genotype will thereby 
decrease as it becomes more common, whereas the 
fitness  of the alternative genotypes will increase  as 
they  become rare  and compete for those resources on 
which they are most  efficient. 

The explanation just advanced implies that  the lim- 
iting heterogeneous resources might be better ex- 
ploited by a combination of genotypes (particularly 
when  these occur near  the equilibrium frequencies, as 
determined by the relative abundance of the  hetero- 
geneous resources) than by a single genotype. Other 
interactions, besides competition for limiting re- 
sources, occur among genotypes (e.g., those due  to 
toxic  waste products) and,  therefore, differences in 
resource preference need not always result in over- 
compensation  (CASE, GILPIN and DIAMOND 1979; 
NUNNEY 1980) nor is it the case that overcompensa- 
tion  can  only arise as a consequence of differences in 
resource preference (NUNNEY 1983). Nevertheless, it 
seems  likely that frequency-dependent selection due 
to competition for environmental resources will be 
associated  with overcompensation, ie., a  better ex- 
ploitation  of the limiting resources by a genotypic mix 
than by a single genotype (LEVINS 1965; TO& and 
AYALA 1980). This likely consequence of  viability 
frequency-dependent selection  has rarely been tested 
in spite of the increasing  evidence for frequency- 
dependent selection  [see, however, HARPER (1 967) 
and ALLARD and ADAMS (1 969) for plants; and  AYALA 
(1965) and TOSI~ and  AYALA (1980) for Drosophila 
examples;  see  also  HAJ-AHMAD and HICKEY (1982)l. 

It is this phenomenon of  overcompensation that we 
have sought to test  with our experimental design. The 
test is performed at two  levels: (1) the genome as a 
whole (the Sod locus and closely  linked  loci excluded) 
and (2) the small chromosome region including the 
Sod locus. The results are positive at both levels. (1) 
Cultures with  high  levels  of  polymorphism  invariably 
yield larger numbers of adult flies than those with low 
levels  (see Table 1) and  the differences are statistically 
significant in  most  comparisons  (1 5  out of 16; see 
Table 7). It deserves  emphasizing that  the increased 
yield  of the high  polymorphism cultures cannot be 
attributed to overdominance, or heterotic, effects. 
The flies  in both the high and  the low polymorphism 
cultures are derived from exactly the same parents 
and the same  crosses. The difference is that only  flies 
from one two-strain  cross are introduced in  each low 
polymorphism culture, so that descendants from dif- 
ferent interstrain crosses are segregated in different 
cultures, whereas the progenies from different inter- 
strain crosses are intermingled in the high  polymor- 
phism cultures. (2) The cultures with  mixed Sod gen- 
otypes  yield more adult flies than those with  only one 
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Sod genotype, even though the  degree of polymor- 
phism  with  respect to  the rest of the genotype is kept 
at the same  level  in both cases  (see Table  1). The 
differences are statistically  significant in most  cases,  as 
shown  in Table  9. The relevant tests  in  this table are 
those in the bottom row,  which compare the yield  in 
mixed cultures with the mean  of the  three single- 
genotype cultures (weighted in the proportions 3:4:3, 
for F/F,  F / S  and S/S, in  which  they are present in the 
mixed cultures). The mixed cultures are more pro- 
ductive in  all conditions of temperature  and density; 
and  the differences are statistically  highly  significant 
in three of four comparisons. 

It should be noticed that, as pointed out,  the levels 
of individual  heterozygosity are  the same  in the low 
as  in the high  polymorphism cultures; indeed,  the 
females are identical and identically mated in both 
kinds of culture. The difference consists  of whether 
all  females  in a  culture derive from only one strain 
pair (low polymorphism) or are combinations from 
ten strain pairs (high polymorphism). Thus,  the dif- 
ference in performance between the two  kinds of 
culture should be attributable to the level  of  polymor- 
phism  in the  culture ( i e . ,  the  degree of genetic varia- 
tion among all  females in the culture). An alternative 
possible explanation, however, is that  the  greater pro- 
ductivity  of the high  polymorphism cultures could be 
attributed to particular strains with  high productivity. 
Assume that one of the ten strain pairs is very pro- 
ductive. This strain pair contributes only one  tenth of 
the mean  value of the low polymorphism cultures; but 
in the high  polymorphism cultures it could dispropor- 
tionately contribute to every culture, since it is present 
in every one of them (FOWLER and PARTRIDGE 1986; 
CHARLESWORTH, SCHEMSKE and SORK 1987). This 
explanation, however,  would  seem  unlikely in our 
experiments for two reasons. First  because there is no 
significant strain effect for any  of the experimental 
treatments. Second, because the productivity of the 
strain pair with the highest average in the low poly- 
morphism cultures is lower than  the productivity of 
the high  polymorphism cultures in ten of the 12  (two 
temperatures X two  densities X three genotypes) com- 
parisons. The two exceptions give  statistically  insignif- 
icant differences, namely the S/S genotype at  20"  and 
crowded density, for which the average of the  four 
replicates  of the highest producing strain pair is 3.35 
-+- 0.22 vs .  3.31 f 0.03 for the high polymorphism 
average; and  the F/S  also at 20 O and crowded density, 
for which the values are 3.87 f 0.13 us. 3.85 & 0.04. 

The results of these experiments are consistent with 
those of TOSIC? and AYALA (1 980) who demonstrated 
overcompensation with respect to the overall genome 
as  well  as  with respect to  the Mdh-2 locus  of D. 
melanogaster. The study of overcompensation at the 
Mdh-2 locus was motivated by the discovery  of fre- 

quency-dependent selection at that locus (TOSI~ and 
AYALA 198 1). 

Our interest in the Sod locus derives from the 
particular attributes of this gene, which in various 
studied species  including humans (HARRIS  and HOP- 
KINSON 1972) exhibits considerable range of  variation 
from one to another local population in the amount 
of polymorphism.  In D. melanogaster, for example, the 
average heterozygosity is  less than 0.01 in  many  pop- 
ulations, but in others it is higher than 0.10 (SINGH, 
HICKEY and DAVID 1982  and our unpublished data). 
The degree of Sod interpopulation diversity is also 
very  high in other Drosophila species,  such  as those in 
the D. willistoni group  that have been extensively 
sampled  over  wide territories (RICHMOND 1972; 
AYALA, POWELL and TRACEY 1972; AYALA, POWELL 
and DOBZHANSKY 1971; and AYALA et al. 1972). The 
geographic heterogeneity exhibits on occasion  in- 
triguing patterns. For example, in D. willistoni the 
frequency of the Sod allele 86 is 50.01 over hundreds 
of thousands of square kilometers in mainland Vene- 
zuela, but in the nearby Lesser  Antilles, it increases 
sharply in a northerly direction, going from 0.05 in 
Grenada, to 0.21 in Carriacou, 0.54 in  Bequia, and 
0.56 in St. Vincent, which is just some 200 km north 
of Grenada. Further  north it decreases to  0.14 in St. 
Lucia and 0.19 in Martinique (AYALA, POWELL and 
DOBZHANSKY 197 1). 

What  processes account for these wide  oscillations 
in polymorphism  levels and allele frequencies? Genetic 
drift is, of course, a possibility.  But  two  distinctive 
peculiarities  must be accounted for.  One is that in a 
given  species,  say D. willistoni, the Sod allele frequen- 
cies change from one locality to another whereas at 
other loci the allele frequencies remain roughly con- 
stant. The second  peculiarity is that these seemingly 
wanton interpopulational oscillations occur at the Sod 
locus in various  species. The hypothesis needs, there- 
fore, to be entertained that Sod alleles are selectively 
responding to particular environmental characteris- 
tics.  We have, therefore, undertaken a program of 
investigation of the in  vitro and in  vivo properties of 
the Sod alleles. As part of  this program, LEE, AYALA 
and MISRA (1 98 1) purified the two  allozymes, F and 
S, found in natural populations of D. melanogaster and 
discovered that they differ in properties, such  as  spe- 
cific  activity and thermostability, that may  be respon- 
sive to variable environmental conditions (see  also 
GRAF  and AYALA 1986). Moreover, PENG, MOYA and 
AYALA (1 986) have  shown that  the two  alleles are 
subject to natural selection  in experimental laboratory 
populations and that  the allele  with higher enzymatic 
activity (S) has greater adaptive value  in irradiated 
than in control populations, and yields a higher lethal- 
dose-50 than the F allele. The S allele  also  provides 
greater tolerance than the F against the herbicide 
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paraquat (TSAKAS et al. 1989) [see  also HERNANDEZ et 
al. (1 988) and PHILLIPS et al. (1 9 8 9 ) ~  Irradiation and 
paraquat exposure increase the production of oxygen 
free-radicals,  which are scavenged by SOD. 

Evidence that particular alleles at loci coding for 
enzymes are selectively responding to specific char- 
acteristics of the environment, or otherwise respond- 
ing to natural selection, now exists for a number of 
species and continues to accumulate (review  in 
KOEHN, ZERA and HALL 1983; HOCHACHKA and So- 
MER0 1984; WATT 1985). Instances include responses 
of lactate dehydrogenase to different ocean depths in 
the teleost  fish Fundulus heteroclitus (PLACE and Pow- 
ERS 1979); loci regulating rates of  lipid os. protein 
synthesis  in Drosophila (CAVENER and CLEGG 1981); 
differential survival and flight activity conditioned by 
alpha-glycerolphosphate dehydrogenase in butterflies 
(WATT, CASSIN and SWAN 1983); osmoregulation in 
the blue mussel Mytilus edulzs (KOEHN, ZERA and HALL 
1983); as  well  as  sickle  cell  hemoglobin (CLARKE 1975) 
and  a number of other human examples  (see, e.g., 
HUGHES and NEI 1988). Whether these are excep- 
tional  cases or, rather, a majority of enzyme  polymor- 
phisms are responding to natural selection is at present 
a moot question. 

We are indebted to ANANIAS ESCALANTE for some numerical 
calculations; and to D. CHARLESWORTH and an anonymous reviewer 
for suggesting that we explore the possibility that strain pairs with 
high productivity might contribute disproportionately to  the pro- 
ductivity of the high polymorphism cultures. 
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