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ABSTRACT

Strains homozygous at the amylase locus were derived from a polymorphic
laboratory population of Drosophila melanogaster. The Amy4¢ strain has
higher enzyme activity than the Amy? strain.———Maltose has the same nutri-
tional value as starch.———The effect of starch in pure culture depends on the
yeast level. At low yeast level increasing starch increases survival, at high
yeast level increasing starch increases mean dry weight. The strains do not
differ in survival or mean dry weight in pure culture.——In mixed cultures
at 509% input of Amy4+° and Amy! as larvae the percentage Amy+ in adults
increases with increasing starch at low yeast levels, but equals input fre-
quency at high yeast levels. No increase in percentage Amy+6 in adults is
present with increasing maltose at low yeast levels in mixed culture. The
increase in percentage Amy+.¢ with increasing starch must be due to selection
on the amylase locus working by competition for food in the larval stage. The
single locus selection coefficient is determined by the environment and can
reach quite high values. Viability selection in the presence of starch is in
the direction indicated by the enzyme activities.

SINCE the first observations, by Harris (1966) and LeEwontin and Hussy

(1966) on the high proportion of enzyme loci that is polymorphic for electro-
phoretically distinguishable enzyme variants, the issue of selection or neutrality
of enzyme variation has been under constant discussion (e.g. Kimura and Onra
1974, Avara et al. 1974).

The evidence adduced is often open to two interpretations. Uniformity of gene
frequencies over many subpopulations, for instance, can be attributed to balanc-
ing selection (PraxasH, LEwonTiN and Hussy 1969) or to neutrality of alleles
and migration (Maruvama and Krmura 1974). A correlation between gene
frequencies and an environmental variable (KoEun 1969) while indicative of
selection is not necessarily caused by selection on the enzyme locus under con-
sideration: the selection could have acted on linked loci. The same considerations
apply to the work of LEwonTiN and KraxAUER (1973). The fundamental prob-
lem is to isolate the effect of the difference at a single gene locus from the effect of
variation at other loci. LEwonTIN (1974) supposes this problem to be unsolvable.

We think it can be solved in some cases by using changes in the environment
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that are relevant and specific to the action of the enzyme under observation. The
problem is essentially the problem of finding a suitable control. An enzyme
system in which such is possible should satisfy the following conditions:

1) the substrate of the enzyme is known

2) the substrate level can be varied experimentally

3) the product of the enzyme is known

4) the product level can be varied experimentally.

These requirements are met by the amylase genotypes in Drosophila melano-
gaster. Amylase occurs in a number of tissues and in the hemolymph, but is
present in high concentration in the posterior midgut of D. melanogaster larvae.
Function of amylase in the posterior midgut is probably digestion of nutritional
starch, but the function of the amylase in the hemolymph and the other tissues
is unknown (DoaNE 1969b). The amylase gene consists of two closely linked
loci (distance .008 cM) at II-77.3 (Baun~ 1968); these two loci have probably
originated as a duplication. At both loci together a number of electrophoretically
distinct isoenzymes were found (Doane 1967, 1969a), numbered 1 to 6 from
the anode to the origin. Because of the duplication either one or two isoenzymes
are present in the homozygotes. The amylase activity in homogenates of homo-
zygous flies differed in different isoenzyme genotypes.

The hypothesis to test is: a genotype with high amylase activity is better
adapted to food containing starch than one with low amylase activity, and this
will cause selection favouring the high activity genotype in competition for food.
Increasing the concentration of starch in the food would then cause an increase
in the fitness of the variant with high amylase activity relative to the variant
with low activity. It is not sufficient to compare variants with different amylase
activities at one level of starch. Such a comparison will always include effects of
the genetic background, which will inevitably differ between the strains used in
the comparison.

More specific information will be obtained by comparing the relative fitnesses
at a range of starch concentrations. But even then an increase of relative fitness
of the active amylase variant could be caused by aspecific effects, e.g. the total
amount of food available. In order to circumvent the effect of the genetic back-
ground, it is necessary to compare the fitnesses of variants with different amylase
activities on food in which the substrate is present and on food of the same
nutritional value in which the product maltose is substituted for the substrate
starch.

MATERIALS AND METHODS

The two variants used were Amy+4.6 and Amy! homozygotes. Ten Amy+6 and 10 Amy!
strains were derived by single-pair crosses from a Kaduna wild-type population kept on corn-
meal food (pE JonG et al. 1972). The ten strains of a type were left for several generations in
a population cage to interbreed; experimental stocks were derived from these pure variant cages.

Amylase variants were electrophoretically assayed. Adult flies were homogenized in .025ml
0.1 M phosphate buffer, pH 7.5. Electrophoresis was for 3h on .99 agarose in 41 mM veronal
buffer, pHL 8.4, at 14 V/cm. Gels were incubated in a .29% boiled starch solution (Merck’s
soluble starch) in phosphate buffer, .025 M, pH 6.7, at 40° for 45 min. Staining was done in
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IKI solution (1M) for 15 minutes. Enzyme bands show up as transparent bands on a blue
background.

The starch splitting activity of the alloenzymes was assayed by the dimitrosalicylic acid
(DNSA) method of Noerting and Bernrerp (1948), as described by Doane (1967). This
method measures the number of reducing groups formed. Assay of enzyme activity was done
in a Tris-HCl buffer .01 M at pH 7.4, with 5% starch concentration and an enzyme dilution
or maltose were considered to represent equal numbers of molecular glucose units.

Viability and competition experiments were done according to the method of Baxker (1961).
In 2.5 by 8 cm vials 5ml 29 agar was pipetted to prevent desiccation of the food medium. On
top of this 5ml agar 2ml of 19, agar was pipetted containing the food. Food was given as:

1) killed yeast (dried bakers yeast, Engevita)

2) starch (Merck’s soluble starch, nr. 1252, pro analysi)

3) maltose (Merck’s nr. 5312, pro analysi).

Food media contained either yeast, (the pure yeast media), or yeast plus one of the two addi-
tional nutrients (starch and maltose media), in measured quantities. Equal weights of starch
of 14 fly per ml. The flies were 4-5 days old.

In density series a range of yeast levels per larva was chosen, both unsupplemented and
supplemented with starch or maltose in a weight proportion starch/maltose:yeast of 5:2.

In experiments on the properties of the amylase variants in pure culture the following levels
of nutrients were used:

yeast 1 2 4 8 mgperlarva

starch .25 5 1.0 2.0 mgperlarva.
Combination of the four levels of these two nutrients gives 16 starch media for experiments with
pure cultures. The density series runs diagonally through this 4 X 4 matrix of food media.

In experiments on the properties of the amylase variants in competition cultures the follow-
ing levels of nutrients were used:

yeast 1 2 4 8 mgperlarva

starch 25 5 1.0 2.0 mgperlarva

maltose .25 5 1.0 2.0 mgper larva.
This yields 16 starch media (as in the pure culture experiments); the combination of the two
lower yeast levels and the four maltose levels, and the combination of the highest yeast level and
.25 and 2.0 mg maltose per larva gave 10 maltose media.

Flies were allowed to lay eggs for 4 hours on a gel of commercial starch (GaLe 1964). Eggs
were transferred to petri dishes with 29 agar gell for hatching. The peak of larval emergence
is at 22 hours after egg-laying. Just after peak emergence, each experimental vial was stocked
with 40 newly hatched larvae. At this number of larvae all the food presented is used. In each
experiment all experimental vials were stocked within 214 hours. Experiments were performed
in a 25° climate room, 40-50% R.H.

EXPERIMENTS AND RESULTS

Enzyme activity

The enzymatic activity of amylase in adult Drosophila melanogaster differs
with the variant. The Amy*¢ experimental flies had an activity of 28.2 X 10~ =
1.6 X 10~® mg maltose/ & fly /minute, the Amy* experimental flies had an activity
of 8.6 X 102 = 1.6 X 102 mg maltose/ & fly /minute. Because of the higher enzyme
activity of Amy+? selection in favour of Amy*¢ can be expected in the presence
of starch,

Density series
The first question is whether it is really starch that is used as food and not a
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TABLE 1

Sterile density series : Percent viability

mg yeast per larva
40 .50

.16 .20 .32 .62 .80 1.60
‘Without starch 1 0 1 10 12 30 41 38
With starch 6 7 12 56 56 60 60 50

product of bacterial degradation. This was investigated by rearing larvae under
sterile conditions in a series of experimental vials with increasing amounts of
yeast per larva, both without starch and supplemented with starch in a weight
proportion starch:yeast of 5:2. The output of the starch vials as numbers of adults
was indeed higher than for the pure yeast vials over a considerable range of low
yeast levels (Table 1).

Secondly, it is shown that starch and maltose have a comparable nutritional
value. In density series both numbers of adults and mean dry weight of adults
are more similar when reared on food media supplemented with maltose or
starch than when either maltose or starch media are compared with pure yeast
media (Figure 1). For further work the levels of .1, .2, .4, .8 mg yeast per larva
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Freure 1.—Comparison of the effect of addition of starch and maltose on number and mean
dry weight of adults. Of both the Amy? and the Amy+4.6 strain 16 pure cultures were scored at
each food concentration. As no differences existed between the strains the results of the Amy?
and Amy#4.6 strains were combined before converting to number of adults and mean weight per
vial.
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were chosen on basis of the density series. At the two lower yeast levels larval
mortality is considerable, at the higher yeast level further addition of yeast does
not improve larval survival.

Pure cultures on starch media

On each of the 16 starch media 10 replicate vials were run for each variant,
Amy*¢ and Amy!. The numbers and mean dry weights of emerging adults were
compared.

The numbers of adults emerged from a total of 400 larvae per starch medium
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Freure 2.—Number of adults emerged from pure culture of the Amy? (Q) and from pure
culture of the Amy+% (@) strain on food containing starch. Difference between the strains in
emergence exists only at the .8 mg yeast per larva level. The total number of adults increases
coelficients of number of adults on starch level are, per yeast
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TABLE 2

Analysis of variance. Number of adults emerged in pure culture

SS df MS F P
Yeast 137990.094 3 45996.698 472,282 P<.001
Starch 2598.594 3 866.198 8.894 001<P<L.005
Genotype 850.781 1 850.781 8.736 01<P<L.025
Yeast X Starch 8724.281 9 969.365 9.953 001 <P<.005
Yeast X Genotype 1722.844 3 574.281 5.897 01<P<L.02
Starch X Genotype 309.344 3 103.115 1.059 not significant
Within 876.531 9 97.392
Total 153072469 31

Note the high interaction Yeast X Starch.
The Yeast X Genotype interaction is solely due to .8 mg yeast per larva differing from the
other yeast concentrations, as is the genotype difference itself (see Table 3).

increased strongly with yeast level (Figure 2, Table 2). The starch X yeast
interaction in an analysis of variance on number was highly significant. An
ensuing analysis of covariance (Table 3) revealed that at the two lower yeast
levels, .1 and .2 mg yeast per larva, the number of adults emerged increased
significantly with the amount of starch present. At the two higher yeast levels
(.4 and .8 mg yeast per larva) no increase in the number of adults was present
(Figure 2). At .1, .2 and .4 mg yeast per larva no difference in emerging number
of adults exists between Amy*° and Amy’ in pure cultures. The significant
difference between genotypes and the significant yeast X genotypes interaction
in the analysis of variance are solely due to the higher emergence of Amy**¢ at
.8 mg yeast per larva. This difference is, however, the same for all starch con-
centrations. Therefore it cannot be attributed to digestive action of Amy*¢ in a
starch environment; it is an effect of the genetic background or an effect of the
amylase locus in a nondigestive function.

As males and females have different weights, mean dry weight of emerging
adults was determined separately for the two sexes. Between amylase variants
no significant differences in mean dry weight were found. At the two lower yeast
levels, .1 and .2 mg, mean dry weight was independent of starch level. At the
two higher yeast levels, .4 and .8 mg per larva, mean dry weight increased
significantly with starch level (Figure 3). At .4 mg yeast per larva the overall
mean dry weight was not significantly higher than at .1 and .2 mg yeast per
larva, but at .8 mg yeast per larva the overall mean dry weight is significantly
higher than at the three other yeast levels. In this respect no difference exists
between sexes.

It must be concluded that in pure culture no differences were found between
the strains with different amylase variants that could be attributed to the amylase
locus. But it is shown that the amount of starch is an environmental factor perti-
nent to Drosophila. The nutritional background determines what effect starch
will have. Depending on the amount of yeast that is used as background nutri-
tional level, the influence of an increasing amount of starch is in survival or in
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Ficure 3.—Mean dry weight of adults emerged from pure culture of the Amy! (O) and from
pure culture of the Amy+¢ (@) strain on food containing starch. No difference between the
strains exists in mean dry weight in either males or females. In both males and females mean dry
weight is significantly higher on .8 mg yeast per larva than on the other three yeast levels. The

regression coefficients of mean dry weight on starch level are, with increasing yeast levels, for
males:

—25 + 9.5 (ns), —5.2 = 9.0 (ns), 164 =55 (P ~.01), 17.6 = 41 (P < .001), and for
females:

3+ 107 (ns), —4.9 = 8.1 (ns), 26.0 = 6.3 (.001 < P < .01),29.5 + 3.5 (P < .001),

dry weight: at the lower yeast levels the number of adults increases with the
amount of starch presented to the larvae, at the higher yeast levels mean dry
weight increases with the amount of starch. As a consequence, biomass of adults
increases with the amount of starch presented to the larvae for all four yeast
levels (Figure 4).

Competition for food between Amy**® and Amy* larvae

To test for differential survival of the amylase variants in larval competition,
each culture was stocked with 20 Amy*+¢ and 20 Amy? larvae. In addition to the
same 16 starch media as in the pure culture experiment, 10 maltose media were
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Ficure 4—Total dry weight of adults emerged from pure culture of the Amy! (O) and from
pure culture of the Amy+¢ (@) strain, on food containing starch. Only at .8 mg yeast per larva
no differences in total dry weight exist between the strains, due to the higher emergence of
Amy*.6 at that yeast level. The regression coefficients of total dry weight on starch level are:

.1 mgyeast per larva b == 22.35 = 2.74 P < .001

2 mg yeast per larva b = 25.65 = 5.22 .001 <P < .01

4 mg yeast per larva b — 43.80 £ 546 P < .001

.8 mg yeast per larva b= 32.50 = 4.26 .001 <P < .01

b, ¢= 2950 = 931 P~ .05

used, 4 at each of the two lower levels, and two (.8/.25 and .8/2.0) at the highest
yeast level. At the two lower levels 30 vials were run for each medium, at the
two higher yeast levels 20 vials were used for the starch and 16 for the two
maltose media.

In the maltose media the nutritional level is enhanced by adding the product
of the enzymatic degradation of starch. Any influence on amylase frequencies in
the adults by the addition of maltose to the larval food must be due to factors
other than the digestion of starch: it cannot be due to selection acting on the
amylase locus. In the maltose cultures the amylase variants are expected to be
selectively neutral with respect to starch digestion by the irrelevance of the
environment to the amylase locus under observation.
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Starch is a relevant environmental factor for Drosophila melanogaster larvae
in general, as shown in the pure culture experiments. Now, as Amy+¢ has a
higher enzyme activity than Amy?, the possibility of selection is present. Let us
see whether selection occurs.

The numbers of adults emerging from competition cultures at .1 and .2 mg
yeast per larva did not differ between starch and maltose media (Table 4). This
confirms the result obtained in the density series that the nutritional values of
starch and maltose are equal.

The proportion of Amy**® in adults depends on the food medium

In Table 4 the results for all starch and maltose media are given. The same
results, as percentage Amy** emerged (converted to degrees of arc) are shown in
Figure 5. The same picture emerges from G-tests (SoxarL and Romrr 1969)
on the original data and from an analysis of covariance on the transformed
percentages.

At .1 mg yeast per larva the slope of the regression line of the transformed
percentages Amy**® on starch level is positive and significantly different from
zero (Figure 5). For the maliose cultures at .1 mg yeast per larva the picture is
different: although the slope is nearly significantly different from zero, it is much
smaller. Between starch and maltose media at .1 mg yeast per larva significant
heterogeneity exists (.01 <P <.02) as well as a significant difference in the
slope of the regression of transformed percentage Amy** on the level of the added
nutrient (.01 < P < .05).

At .2 mg yeast per larva, the regression of transformed percentage Amy** on
starch level is not significant. Yet the positioning of the points (Figure 5) is
suggestive of a positive slope. In accordance with a positive slope, heterogeneity
between the starch media at .1 and .2 mg yeast per larva is low (.30 <P < .50);
nor are there any differences in slope (.50 <P < .75) or height (.10< P < .25)
In an analysis of covariance. For the maltose cultures at .2 mg yeast per larva
regression of percentage Amy*°® in adults on maltose level is not significantly
different from 0 (Figure 5). At .2 mg yeast per larva no significant difference
between starch and maltose exists. The fourth comparison, maltose media at .1
mg yeast per larva with maltose media at .2 mg yeast per larva, shows a signifi-
cant heterogeneity (.001 <P < .01) and a significant difference in height
(.001 <P <.01), but not in slope (.50 <P <.75), of the regression lines of
percentage Amy** on nutrient level.

At 4 and .8 mg yeast per larva, the gene frequencies in emerging adults are
not affected by the starch level (Table 4 and Figure 5) and equal the input fre-
quencies. This is also the case in the two maltose media at .2 mg yeast per larva.
While no heterogeneity exists between the numbers Amy*¢ and Amy’ emerged
in starch cultures of .1 and .2 mg yeast per larva (.30 < P < .50) nor between
the numbers Amy*¢ and Amy! emerged in starch cultures of .4 and .8 mg yeast
per larva (P = .50), a highly significant heterogeneity exists between .1 and .2
mg yeast per larva on the one hand, and .4 and .8 mg yeast per larva on the other
hand (P < .001). This is indeed the same division in reaction on nutrient level
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Figure 5.—Percentage Amy*-¢ emerging from competition with Amy?! at initial frequencies
of 50% Amy*6 and Amy!. Percentages are transformed into angles by the arc sine transforma-
tion.

The regression coéfficients of transformed percentages 4my+¢ on the concentration of the
additional nutrient, starch or maltose, are:
for starch:

A mgyeastperlarva b= 225+ 42 (0 <P<.05)*

2mgyeastperlarva b== 187 x .89 (.10 <P < .20)

4 mg yeast per larva b= 02 120 ( P>09)

8mgyeastperlarva b—=— 12+ 25 (60 <P <.70)
for maltose:

1 mgyeastperlarva b=—  84*x 26 (.05<P<.10)

2mgyeastperlarva b= .60 £ 58 (40 <P < .50)

A significant difference in slope exists between starch and maltose cultures at .1 mg yeast per

larva (.01 < P < .05).

of yeast as was present in the number count and the mean dry weight count in
the pure culture experiment.

At those yeast levels (.1 and .2 mg per larva) at which starch has an influence
on survival of Drosophila melanogaster in pure culture, selection is favouring
the high enzyme activity gene Amy*® in a mixed culture of Amy** and Amy!.
This is attested to by the difference in slope of the Amy** percentage in emerging
adults on the starch level and on the maltose level in the larval environment.
Clearly a relation exists between the relevance of the environmental variable
starch level to survival and the occurrence of viability selection. It is to be noted
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that the different relative viability of the two variants in competition is not
reflected in pure cultures: the emergence in pure culture is the same for both
types. At the two higher yeast levels, .4 and .8 mg yeast per larva, starch has no
influence on survival of Drosophila melanogaster, but on mean dry weight. In
accordance with this lack of relevance to survival in pure culture, at these levels
no viability selection is found. At these yeast levels the amylase genotypes Amy*:
and Amy?! are selectively neutral in viability despite the difference in enzyme
activity.

DISCUSSION

The work on electrophoretic variability has shown enormous reservoirs of
genetic variability in populations. But the significance of this type of variability
for evolutionary change as we know it from the palaeontological record can only
be evaluated after it has become clear what part of it is directly subjected to
selection. At present we have almost no evidence that electrophoretic variation
has biological significance, i.e. that electrophoretic variation affects fitness by
way of morphology, physiology or behaviour.

It is conceivable that most of the variation relevant to evolutionary changes
does not reside in the structural part of the genome, but involves the regulatory
part. Therefore it is of the utmost importance to establish whether electrophoretic
variation is selected. '

In most studies that show effects of selection on enzyme loci (e.g. S1xG, BREWER
and TumTLE 1973) it is impossible to decide whether selection is on the genetic
background or on the locus itself. Selection on the locus itself seems the more
likely when some enzyme property as temperature stability can be correlated
with environmental temperatures (Koern 1969), although this does not logi-
cally exclude the possibility of selection working on a linked temperature-sensi-
tive locus. The same situation is found for alcohol dehydrogenase in Drosophila
melariogaster. The balance of the evidence (Viecue and Jomnson 1973; Davy,
Hivrier and Crarke 1974ab; Brorsma-MEeELEs and vaAN DeLpEn 1974) is in
favour of selection on the locus itself. The locus is probably kept polymorphic
by varying direction of selection in different environments, the fast allozyme
being more active, and the slow allozyme being more stable.

Single gene heterosis has been claimed for octanol dehydrogenase in D. pseudo-
obscura (WirLs and Nicuors 1971, 1972). This has been severely criticized
(Yamazakr 1972; KipwerrL 1974), since it only seemed to appear in highly
inbred lines and in part of the experiment. Moreover, as no enzyme activities of
octanol dehydrogenase allozymes were given, it is impossible to correlated geno-
type frequency change with enzyme characteristics.

In at least one case, esterase —5 in D. pseudoobsura, no selection could be
detected in extensive fitness experiments (Yamazakt 1971). In some cases gene
frequencies over many generations did not show any influence of selection
(examples in MacInTyre and WricuT 1966; Sine, BREwEeR and THIRTLE 1973;
Powery 1973).

The scarcity of observed and well documented selection on single enzyme loci
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induced us to investigate selection on the amylase locus in Drosophila melano-
gaster. After we found that in a number of laboratory populations the frequencies
of amylase variants were related to the presence of starch in the food, we decided
upon an ecological rather than a standard population genetics approach.

Firstly, it is shown that starch is a relevant environmental factor for Droso-
phila melanogaster. At low yeast levels addition of starch promotes survival of
the larvae. While at the low yeast levels starch has no influence on the weight
attained by the adults, at high yeast levels addition of starch furthers an increase
in the weight reached by the adults. At these high yeast levels starch has no
longer any influence on survival.

Secondly, the great difference in enzyme activity between homozygous amyl-
ase genotypes leads us to suppose that starch is digested at different rates by
larvae differing in their amylase genotype. Then the genotype with the higher
enzyme activity, Amy**, will gain an advantage over Amy. This advantage will
result in an increase in fitness for the Amy*¢ genotype. This fitness effect will
increase with increasing amounts of starch in the food medium. The fitness com-
ponent which will change will be determined by the general nutritional level.
At low yeast levels one will expect viability selection, because of the relevance
of starch to viability in pure culture. At high yeast levels there is scope for fer-
tility selection because of the relevance of starch to weight in pure culture.
Fertility is positively correlated with weight in Drosophila melanogaster (Ros-
ERTSON 1957).

No difference exists between Amy* and Amy**¢ strains in survival or weight
in pure cultures. It had for other characteristics already clearly been shown that
pure culture viability and competitive performance are not related in Drosophila
melanogaster (BAKKER 1961, 1969; LEwonTiN 1955). BARKER gave an ecologi-
cal explanation of this phenomenon, a theoretical explanation is given in a model
by DE Jone (1976, and in preparation). However, a prediction as to the fitness
component affected by the process of competition can be based on the comparison
of a range of food media, and a prediction as to the direction of selection can be
based on the function difference of the enzymes.

A third very important point is where to start measuring selection from. The
zero-point of no selection for the amylase strains is obviously that frequencies
after competition equal input frequencies of the strains. But this is not the zero-
point for evaluating selection on the amylase-locus. Selection on the amylase
locus itself via digestive function can only be present if opportunity for differ-
ential digestive functioning of the enzymes Amy**® and Amy?! exists, that is in
the presence of starch. If maltose is present in the food, there is nothing for a
digestive amylase to work on. Of course, amylase might have other metabolic
functions than digestion in the gut, but when equivalent amounts of starch and
maltose were given, any possible further differences cannot be distinguished from
all other strain differences. Since the differences between the presence of the
enzyme substrate and the enzyme product is the enzyme action, and selection
on amylases should mean a consequence of the enzyme action, the zero-point to
start measuring selection on the amylase locus from is viability of the strains in



SELECTION AMONG AMYLASE VARIANTS 91

the maltose competition cultures. Selection on the amylase locus in the presence
of starch is the difference between maltose and starch competition cultures. The
actual values of the viabilities of the strains in maltose competition cultures are
determined by all other differences between the strains, including besides the
genetic background other functions of amylase. What these actual values are is
irrelevant to the method.

The outcome of the competition experiments agrees with the notions of envir-
onmental relevance and functional variation; the latter if our @ priori point is
taken regarding where to measure selection on the locus from.

We have shown that at high yeast levels no difference in viability in competi-
tion exists between the strains, while at low yeast levels, where total viability
in pure and mixed culture is influenced by adding starch to the yeast, a difference
exists between the strains in competition. The Amy?* strain is favoured in com-
petition at low yeast levels. The increase in viability of the Amy**¢ strain with
increasing levels of starch is in itself no proof of selection on the Amy locus. It
could be a consequence of improved general food condition, which makes total
viability higher, and therefore the scope for selection smaller. But if this is true,
we would expect that the same improvement in general food conditions as
obtained by adding equivalent amounts of maltose leads to the same result. That
is, we would expect the same regression of relative viability of the Amy** strain
on maltose as on starch. In fact, we found a small, not significant, regression that
might indicate some effect of total food level, but the main result is the significant
difference between the regressions of the relative viability of the Amy*? strain on
maltose and on starch. It is this difference in slope that can only be attributed to
a difference in efficiency of digestion of starch between our Amy’ and Amy**
strains. The difference in slope shows the importance of varying the intensity of
the putative selective agent, here starch, in order to determine whether selection
can be present.

The change in proportion Amy*¢ present in adults is very large at the level
of .1 mg yeast per larva. The relative viabilities of the Amy** strain change from
.54 to .90 with increased starch level. In comparing the highest maltose with the
highest starch level we find an increase in relative viability of the Army** strain
from .62 on maltose to .90 on starch. This difference of .28 in relative viability
is due to selection by the environmental factor starch at the amylase locus. Single-
locus selection coefficients need not at all be small.

In the debate whether genetic variation is maintained by balanced selection
or is the result of random drift, the proponents of drift assume the variation to
be selectively neutral (Kimura and Omra 1974) or even slightly deleterious
(Outa 1974). Selective neutrality can originate in different ways. Functional
neutrality is the absence of differences in the characteristics of the enzymes the
alleles code for. The proponents of selective neutrality mostly seem to have this
type of neutrality in mind. Amylase enzyme variants are not functionally
neutral, they differ in activity, yet this does not necessarily mean they are being
selected. We found three situations with respect to viability selection on the
amylase locus.



92 G. DE JONG AND W, SCHARLOO

1) At high yeast levels, i.e. yeast levels greater than the minimum of food
necessary for survival, no viability selection is present: input and output fre-
quencies are the same. This is the case both in the presence of starch and of
maltose. Amylase variants are selectively neutral with regard to viability selec-
tion at these high yeast levels, even in the presence of the substrate starch and
although they functionally differ. This is neutrality with respect to a fitness com-
ponent that is unvarying in the prevailing environment. In this type of situation,
genetic background, with the exception of mutants subject to “hard” selection,
is not important. Input frequencies will be output frequencies whatever the
genetic background, as the maximum number of larvae survives anyhow. Let us
call this general environmental neutrality.

2) If not starch but maltose is present, amylase variants are selectively neutral
because of the absence of the substrate in the environment. But dependent on the
general nutritional level, viability can be the fitness component under environ-
mental control. If it is, genetic background effects will determine what happens
with the amylase genotypes, whether they are taken along with selected loci or
not. Let us call this specific environmental neutrality.

3) If starch is present and viability is under environmental control, viability
selection on the amylase locus itself is present and can be quite sirong.

The occurrence of these three selective situations has a number of implications
both for experiments and field work designed to detect selection. In experiments,
care should be taken to identify the environmental component the enzymes
functionally relate to, and to find the conditions in which the environmental
component works on fitness before starting to measure selection coefficients. In
the case of amylase, fitness experiments on normal culture food like cornmeal—
molasses might very well not detect any selection. As to nature, let us consider
an example in which we will use the selection coefficients of this experiment. Sup-
pose two large Drosophila melanogaster populations of similar gene frequencies
and similar genetic background but without migration. Both live on an ample
supply of sugars and yeast, i.e. we suppose specific environmental neutrality.
One generation both populations crash by lack of food. In the one population a
few larvae survive on sugar, and in the other a few larvae survive on starch food.
Viability selection is intense. Thereafter both populations enjoy their former
plenty. The populations differ now in their amylase frequencies but an investi-
gator would not be able to find any difference in ecology. Indeed, there would
be none. Chance events in the environment of very short duration may have a
definitive influence on the frequencies found at some later time. This is true even
if the populations are almost always large and the selection coefficients almost
always zero. HaLpane (1949) suggested the same situation for genes involved
in resistance against infectious diseases.

Chance fluctuations of selection coefficients might be more important in nature
than small selective coefficients. Karrin and LiesermaN (1974), in their com-
prehensive treatment of random selection coefficients, point out that varying
selection coefficients tend to preserve polymorphism. This is true even when se-
lection coefficients have a mean of zero, making the phenotypes on the average
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selectively neutral. Polymorphism is preserved if the variances of the selection
coefficients are large enough. This type of model might very well be applicable
to the amylase polymorphism and to the alcohol dehydrogenase polymorphism
in Drosophila melanogaster.

Two separate questions remain. The first is what proportion of the observed
variation can be selected. If we want to know this we have to disprove the three
types of neutrality mentioned for a random sample of the observed varying loci.
At each locus we have to look whether the electrophoretic variants are function-
ally different, whether they are related to an environmental constraint and
whether they have a relation to fitness. The second question is what distribution
selection coefficients have in nature in time and in space, and the relevance to
evolution of changes in this distribution of selection coefficients. Both questions
can only be answered in a thorough study of the ecology of the organism and its
functional relation to the environment.

We thank all people who helped in transferring larvae, without whose help these experiments
would not have been possible.

LITERATURE CITED

Avava, F. J., M. L. Tracey, L. G. Barg, J. F, McDonaLp and S. PErez Saras, 1974  Genetic
variation in natural populations of five Drosophila species and the hypothesis of the selective
neutrality of protein polymorphisms. Genetics 77: 343-384.

Baun, E., 1968 Crossing over in the chromosomal region determining amylase isoenzymes in
Drosophila melanogaster. Hereditas 58: 1-12.

BakgeER, K., 1961 An analysis of factors which determine success in competition for food among
larvae of Drosophila melanogaster. Arch. Néerl. Zool. 14: 200-281. ——, 1969 Selection
for rate of growth and its influence on competitive ability of larvae of Drosophila melano-
gaster. Neth. J. Zool. 19: 541-595.-

Bryrsma-MEELEs, E. and W. van DELDEN, 1974 Intra- and interpopulation selection concerning
the alcohol dehydrogenase locus in Drosophila melanogaster. Nature 2472 369-371.

Day, T. H.,, P. C. Hirrxer and B. Crarke, 1974a Properties of genetically polymorphic iso-
enzymes of alcohol dehydrogenase in Drosophila melanogaster. Biochem. Genet. 11: 141—
154. ——, 1974b The relative quantities and catalytic activities of enzymes produced
by alleles at the alcohol dehydrogenase locus in Drosophila melanogaster. Biochem. Genet.
11: 155-166.

Dk Jowne, G., 1976 A model of competition for food. I. Frequency dependent selection. Am. Nat.
(in press). .

Dz Jong, G., A. J. W. Hoorn, G. E. W. Taéric and W. ScaarLoo, 1972 FreQﬁencies of amylase
variants in Drosophila melanogaster. Nature 238 : 453-454.

Doane, W. W, 1967 Quantitation of amylases in Drosophila melanogaster separated by acryla-

mide gel electrophoresis. J. Exp. Zool. 164: 363-378. ——, 1969a Amylase variants in
Drosophila melanogaster: linkage studies and characterization of enzyme extracts. J. Exp.

Zool. 171: 321-342. ——, 1969b Drosophila amylases and problems in cellular dif-
ferentiation. In: RNA in Development, edited by R. W, Hanly. .

Garg, J. S., 1964 Competition between three lines of Drosophila melanogaster. Heredity 19:
681-699,

Harpoang, J. B. S, 1949 Evolution and disease. Ricerca Scient., Suppl. 19: 68-76.



94 G. DE JONG AND W, SCHARLOO
Harris, H., 1966 Enzyme polymorphisms in man. Proceedings Royal Soc. Lond. Series B. 164:
298-310,

Karun, S. and U. LieBermAan, 1974 Random temporal variation in selection intensities: case
of large population size. Theor. Pop. Biol. 6: 355-382,

Kiowery, J. F./1974 Single-gene conditional heterosis? Am. Nat. 108: 883-886.

Kimura, M. and T. Oumra, 1974 On some principles governing molecular evolution. Proc. Nat.
Acad. Sc. 71: 2848-2852,

Koern, R., 1969 Esterase heterogeneity: dynamics of polymorphism. Science 162: 943-944.

LewontiN, R. C, 1955 The effects of population density and composition on viability in Droso-
phila melanogaster. Evolution 9: 27-41, , 1974 The Genetics of Evolutionary
Change. Golumbia University Press, New York and London.

Lewontin, R. C. and J. L. Hussy, 1966 A molecular approach to the study of genetic hetero-
zygosity in natural populations. II. Amounts of variation and degree of heterozygosity in
natural populations of Drosophila pseudoobscura. Genetics 54.: 595-609.

LewonTIN, R. C. and J. KraRAUER, 1973 Distribution of gene frequency as a test of the theory
of the selective neutrality of polymorphisms. Genetics 74: 175-195.

MacIntyRrE, R. J. and T. R. F. WricuTt, 1966 Responses of esterase-6 alleles of Drosophila

melanogaster and Drosophila simulans to selection in experimental populations. Genetics
53: 371-387.

Maruvama, T. and M. Kimura, 1974 Geographical uniformity of selectively neutral poly-
morphisms. Nature 249: 30-32.

NoeLting, G. and P. BERNFELD, 1948  Sur les enzymes amylolytiques. ITI. La B-amylase: dosage
d’activité et contrdle du I'absence d’amylase. Helv. chim. acta. 31: 286-290.

Oxnra, T., 1974 Mutational pressure as the main cause of molecular evolution and polymorph-
ism. Nature 252: 351-354.

Powerr, J. R., 1973 Apparent selection of enzyme alleles in laboratory populations of Droso-
phila. Genetics 75: 557-570.

PraxasH, S., R. C. LewoNTIN and J. L. Hussy, 1969 A molecular approach to the study of
genic heterozygosity in natural populations. IV. Patterns of genic variation in central, margi-
nal and isolated populations of Drosophila pseudoobscura. Genetics 61: 841-858.

Roserrson, F. W., 1957 Studies in quantitative inheritance. XI. Genetic and environmental
correlation between body size and egg production in Drosophila melanogaster. J. Genet. 55:
428-443.

Sing, C. T., G. J. BREwER and B. TairTLE, 1973 Inherited biochemical variation in Drosophila
melanogaster: Noise or Signal? I. Single-Locus analyses. Genetics 75: 381-404.

SnebECOR, G. W., 1956  Statistical methods, The Iowa State College Press, Ames, Iowa.
Soxar, R. R. and J. F. Rouvr, 1969 Biometry, W. H. Freeman and Company, San Francisco.

Vicug, C. L. and F. M. Jounson, 1973 Isoenzyme variability in species of the genus Drosophila.
VI. Frequency-property-environment relationships of allelic alcohol dehydrogenases in
Drosophila melanogaster. Biochem. Genet. 9: 213-220.

Wires, C. and L. Nicuors, 1971 Single gene heterosis in Drosophila revealed by inbreeding.
Nature 233: 123-125. ——, 1972 How genetic background masks single-gene heterosis
in Drosophila. Proc. Nat. Acad. Sc. 69: 323-325.

Yamazakr, T., 1971 Measurements of fitness at the esterase-5 locus in Drosophila pseudoobscura.
Genetics 67: 579-603. , 1972 Detection of single gene effect by inbreeding. Nature
NB 240: 53-54.

Corresponding editor: R. C. LEwoNTIN



