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SUMMARY

From each of two populations of Drosophila melanogaster, collected two months
previously, from Chateau Tahbilk, S. Australia and Groningen, The Netherlands,
duplicate populations were initiated in each of four environments which differed
in their degree of environmental heterogeneity. Differing combinations of three
food media based on oatmeal/treacle, potato or fig were used to simulate levels
of environmental heterogeneity within the populations. The polymorphic loci,
Adh, Est-6, G-6pdh, a-Gpdh, Pgm, Lap-D and Aph in both the Chateau Tahbilk
and Groningen derived populations and 6Pgdh, which was only polymorphic in
the populations which came from Chateau Tahbilk, were monitored in the
experiment. The populations maintained a size of about 2500 adults and were
sampled after 16 and 32 generations.

Large changes of phenotype frequency were shown by all loci. Despite a
frequent divergence of phenotype frequencies between duplicate cages, system-
atic effects of occasion and environment were present and allele frequencies at
many loci were shown to be changing at a faster rate than could be due to
random genetic drift.

Genetic heterozygosity differed between environments but was not positively
correlated with degree of environmental heterogeneity.

1. INTRODUCTION

An approach to the assessment of the effects of selection by different or
varied environments upon enzyme and other protein polymorphisms is to

study changes in genotype frequency in laboratory populations. This
approach has been used to study the effects of different types of environment
and also to obtain an estimate of the fraction of loci showing a selective
response to the imposed environmental regimes. Examples of this method
are provided by Powell (1971), McDonald and Ayala, (1974) and Minawa
and Birley (1975, 1978), Although such studies do not conclusively demon-
strate that the loci under observation are themselves the object of selection,
they still exemplify the short-term response to selection and may be
indicators of the extent of selection by variation in the natural environment.

An additional advantage of the study of laboratory populations in
artificial or modelled environments is that it permits the examination of
the maintenance of polymorphisms by, for example, either spatial or tem-
poral variation of the environment. Theoretical models of spatial variation
in which individuals mate at random and traverse the whole range of
environments show that conditions for gene frequency equilibrium are very

limited (Gillespie, 1974, Templeton and Rothman, 1974; Strobeck, 1975).
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The conditions become slightly less restrictive if individuals remain for a
significant part of their lifespan in one environmental niche but mating is
at random over all niches (Levene, 1953; Levins and MacArthur, 1966;
Maynard Smith, 1966). If individuals both mate and produce progeny in a
particular niche, the conditions under which genetic variation can be maint-
ained become much less stringent (Levins and MacArthur, 1966, Levins,
1968).

Cyclical variation in the environment is also capable of maintaining
genetical variation (Dempster, 1955; Haldane and Jayakar, 1963).
Recently, studies of the effects of random fluctuations in the environment
over time with particular reference to enzyme polymorphisms have shown
that these may maintain genetical variation (Gillespie and Langley, 1974;
Gillespie, 1976).

Previous studies with laboratory populations subject to environmental
variation have provided evidence for a positive association between environ-
mental heterogeneity and genetic heterozygosity. Powell (1971) has shown
that the rate of loss of heterozygosity at a number of allozyme loci in
Drosophila willistoni is retarded in more variable environments. A similar

study was reported by McDonald and Ayala (1974) with Drosophila
pseudoobscura.

In the present study a set of environments was created with a gradient
of spatial environmental heterogeneity such that the more heterogeneous
environments contained discrete environmental niches. Spatial environ-
mental variation was produced by way of differing food media, the only
temporal variation present in the design were aging effects of the food
media, population density variation and random environmental effects. Thus
the design provided a test of the effect of environmental heterogeneity upon
genic heterozygosity and additionally a test for effects of environmental
niches upon the enzyme polymorphism. Furthermore, two different recently
collected natural populations were studied in the same set of environments
in order to test for any generality of response, and the replication of large
populations in all major environments allowed a comprehensive assessment
of results.

2. MATERIALS AND METHODS

(i) The sampled populations

Two populations of Drosophila melanogaster were used in this experi-
ment. They were a) the "Groningen" population, collected in a fruit market
in The Netherlands by Dr W. Van Delden and b) the "Chateau Tahbilk"
population, collected from a vineyard in Southern Australia by Dr A.
MacKenzie. Both populations were collected as circa 100 isofemale lines
and were maintained for three generations in the laboratory before the
experiment commenced.

(ii) The experimental populations

For both the "Groningen" and "Chateau Tahbilk" populations four
hundred virgin flies (equal numbers of both sexes) were collected from each
isofemale line and placed into a population cage. The flies were allowed to
intermingle for 4 hours and then the populations were each divided to
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derive to sub-populations from each of the "Groningen" and "Chateau
Tahbilk" populations. Twenty vials each containing a standard oat-
meal/molassess medium (see below) were placed in every cage and the
populations left for 18 hours at 25°C. After this period all of the vials were
removed, discarded and replaced with fresh vials containing the same food
medium. By this time most of the female flies are gravid and hence potential
contributors to the next generation. After a further 24 hours at 25°C the
vials were removed from the cages and the food medium in the vials was
removed and quartered. Each quarter was then placed into a pint milk
bottle again containing the standard oatmeal/molasses (see later) food
medium. Each bottle received about 300 eggs and the food medium was
sufficient to support at least 500 larvae, without intense competition, at
25°C. The emergent adults were collected from all of the bottles and placed
in a population cage. After intermingling for 4 hours the flies were removed
and 2000 flies, equal numbers of both sexes, were placed into the experi-
mental cages. All cages were maintained at 25°C and originally contained
18 tubes of standard oatmeal/molasses food medium.

(iii) The experimental environments

Three types of food medium were used in different combinations with
each other. They were standard oatmeal/molasses medium (type A), fig
based (type B) and potato based (type C). Type A medium consisted of
72 g oatmeal (Mornflake, fully stabilized); 35 g molasses (Fowler's); 6 ml
Nipagin-M as a 1 per cent solution in 95 per cent ethanol; 6 gms agar
(Köbe) and 400 mls water. Type B was 100 g dried figs subsequently
rehydrated and homogenised in 500 ml water; 15 g dried flaked, killed
baker's yeast; 5 g agar (Köbe) and 5 mls Nipagin solution. Type C comprised
50 g dried potato; 500 ml water; 15 g dried flaked yeast; 5 g agar (Köbe)
and 5 ml Nipagin solution. Each vial of food medium contained 8 ml of one
of these media, medium type A was additionally topped with 1 ml of live
baker's yeast suspension. Four types of environment were established from
both the "Groningen" and "Chateau Tahbilk" derived populations. the
environments can be represented by three letters each representing one of
the three vials of food medium, with which the populations were supplied
for their maintenance. The four environments were: (1) AAA; (2) AAB;
(3) AAC; (4) ABC. Hence the ABC environments were supplied with one
vial of each of the three types of medium on each feeding occasion. Duplicate
cages of all environments were established there being 16 cage populations
in all. In addition, a series of populations was also established with the
environmental compositions, ABB, ACC, BBB, BBC, BCC and CCC. For
reasons of space, this series was unreplicated and only set up with flies from

the "Groningen" population.
The cages were maintained at 25°C. The cycle of media vial changes

was over two weeks, three vials being changed on Monday, Wednesday and
Friday of the first week and Tuesday and Thursday of the second week.
Each cage contained 18 vials of medium thus the mean time a vial spent
in a cage was 168 days. By this time all flies had emerged and the food
medium had been fully utilised.

The experimental size necessitated the use of two identical incubators.
In an attempt to compensate for the effect of any slight difference between
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the incubators, the population cages were randomly re-allocated to the
various positions within the incubators every time new food was supplied.
This procedure has the effect of distributing over cages any environmental
variance between different incubators and shelves within incubators.

(iv) Sampling the environments

All populations were sampled (see below) 11 and 22 months after their
establishment. Allowing a generation interval of 3 weeks for Drosophila

melanogaster populations with overlapping generations (Barker, 1962),
these periods represent generations 16 and 32 respectively and will be
referred to as sampling occasions one and two. Additionally, all environ-
ments containing only one type of medium or all three types of media were
sampled two months, i.e., three generations, after the initiation of the
experiment, this will be referred to as sampling occasion zero.

Three sub-samples of eggs were taken from every cage when it was
sampled, hence all the component types of medium were sampled from
each cage. The minimum number of individuals typed from each locus from
each of the three sub-samples within a population cage on each occasion
was approximately 30. There was no more variation between sub-samples
within cages than would be expected due to chance, thus the sub-samples
within a population cage were pooled for the purposes of analysis. The egg
samples were raised at low density at 250°C in culture bottles containing
medium of the same type as that upon which the eggs were sampled. Third
instar larvae were collected for typing with respect to the Adh locus and
late pupae for typing at the Lap-D locus. Emergent flies were aged for 4
days after collection and then typed with respect to the Adh, Est-6, G-6pdh,

Pgm and a-Gpdh loci in populations. 6-Pgdh was only polymorphic and
hence typed in the series of populations derived from "Chateau
Tahbilk". After collection all samples were stored at —20°C prior to gel
electrophoresis.

(v) Gel electrophoresis

Gel-electrophoresis of individual fly homogenates was carried out in 12

per cent starch gels (Connaught Medical Laboratories, Toronto). Poulik's
(1957) discontinuous buffer system was used to type Lap-D, Adh, Est-6
and a-Gpdh. A Tris-citrate continuous buffer system pH 70 (Ayala, 1972),
was used to type G6Pdh, Pgm and 6Pgdh and a tris-broate-EDTA con-
tinuous buffer was used for Adh (Wallis and Fox, 1968).

(vi) Data

All polymorphic loci studied had two electromorphs apart from the
Est-6 and Pgm loci in the "Chateau Tahbilk" population which both had
two additional rare electromorphs. All electromorphs present in the
"Groningen" population were also present in the "Chateau Tahbilk" popu-
lation. The amount of data collected precludes its full inclusion here.
However, a summary of the data, in the form of the frequency of one allele
class from each locus in each population cage on each sampling occasion,
is given in table 1 for the "Chateau Tahbilk" populations and in table 2
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for the "Groningen" populations. The allele classes shown in Tables I and
2 are those which were commonest in the "Chateau Tahbilk" populations.

3. RESULTS

(a) Phenotypic frequencies

The variation in phenotypic frequencies at a locus was analysed in respect

of environments, sampling occasions and replicate populations using the
log-likelihood ratio statistic G2 or 21 (Kullback, 1959). The analysis permits
the total homogeneity of phenotypic frequency at a locus to be partitioned
in accordance with table 3. The partitions of the total homogeneity of
phenotype frequencies of any one locus represent:

(1) homogeneity of phenotypes over environments, irrespective of
sampling occasion and replicate population (environments).

(2) homogeneity of phenotypes over occasions, irrespective of environ-
ments (occasions).

(3) the homogeneity of phenotypes over environments conditional upon
occasions (environments x occasions).

(4) the homogeneity of phenotypes over replicates within environments
(replicates within environments).

(5) the homogeneity of replicates within environments conditional upon
occasions (replicates within environments X occasions).

The appropriate analyses for "Chateau Tahbilk" populations are shown in
table 4 and for "Groningen" populations, in Table 5. All loci, except Pgm
and Est-6 in "Chateau Tahbilk" were di-allelic (i.e., had two allele mobility
classes) and thus had three phenotypic classes. However, at the Adh,
G-6Pdh and Pgm loci in the "Groningen" population one homozygote was
quite rare and was pooled with the heterozygote for the purposes of analysis
in order to avoid having classes with expected numbers of less than 4.

Pgm and Est-6 are tetra-allelic in the "Chateau Tahbilk" population
with allele frequencies such as to give expected numbers some classes of
phenotype less than 4. Consequently the rarest phenotypic classes corres-
ponding to these loci were pooled to give classes with expected values
greater than 4. This pooling resulted in three phenotypic classes for Pgm
and four phenotypic classes for Est-6.

The G2 or 21 values from each of the five items in this analysis are
tested for significance by comparison with the x2-distribution for the
appropriate degrees of freedom. The analyses show a substantial change in

phenotype frequency due to divergence between replicate populations. This
is shown both in the item testing homogeneity between replicate populations
within environments (item 4), and the item testing the homogeneity of
replicate populations within environments and occasions (item 5), which
are often significant at least the 5 per cent level. A significant G2 value for
one of the main effects, that is the environments item (item 1), the occasions
item (item 2) on the environments x occasions item (item 3), can only be
interpreted as demonstrating an effect in the absence of a significant 2
value for the appropriate error item. Thus the effect of environments (item
1) was assessed relative to the variation between replicate cages within
environments (item 4) and the effects of occasions (item 2) and
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environments >< occasions (item 3) were assessed relative to item 5, replicate
cages within environments X occasions.

The only cases in which the main effects are significant and the appropri-
ate error terms are not significant are: in the "Chateau Tahbilk" populations;
the occasions and environments x occasions items for the Adh locus and
the occasions items for the Aph locus; and, in the "Groningen" populations;
the occasions and environments X occasions items for the Est-6 locus, the
environments item for the Pgm locus and the occasions item for the Lap-D
locus. As an approximate, and probably conservative, test for those main
effects which are significant as G2 values but which had significant error
terms, an F-ratio test following that described by Minawa and Birley (1978)
was performed. The F-ratio is constructed from the G2 value for the item
to be tested over its degrees of freedom divided by the appropriate error
term, also over its degrees of freedom. This test reveals a further two cases
in which the effect of occasions is significantly greater than its appropriate
error; for the G-6Pdh and a-Gpdh loci in the "Chateau Tahbilk" popula-
tion, and a further one case in which the effect of environments is significantly
greater than its appropriate error; for the Adh locus in the "Chateau
Tahbilk" population. Thus for every locus studied, other than 6-Pgdh, in
one or other of the two populations studied, there is evidence for systematic
changes in phenotype frequency indicative of the action of selection. For
all loci other than 6-Pgdh and Pgm in one or other of the populations there
is evidence for an effect of occasions. However, for only three loci (Adh
in "Chateau Tahbilk" and Est-6 and Pgm in "Groningen") does the
presence of a significant environments or environments X occasions item
demonstrate any differential effect of the experimental environments.

Inspection of tables 4 and 5 reveals little similarity between the "Gronin-
gen" and "Chateau Tahbilk" populations in the systematic responses of
individual loci. There are no instances where a locus produces a significant
occasions item in both populations, thus there is little evidence that pure
directional selection acting solely on the loci under observation. Addi-
tionally, it does not seem as though the two populations are converging on
common allele frequencies; inspection of tables 1 and 2 reveals that the
general trend of allele class frequencies for a locus in a population for which
there is a significant occasions item, is away from the prevailing allele class
frequency in the other population for all six loci with a significant occasions
item apart from Lap-D. Similarly, there is little concordance between the
responses to the experimental environments in the two populations. The
two loci which produced significant environments items were Adh (in
"Chateau Tahbilk") and Pgm (in "Groningen", although the F ratio in
"Chateau Tahbilk" is approaching significance: p =0056) the mean com-
mon allele class frequency for each of the four replicated environments in
each population on sampling occasion 2 for these loci are shown below:

Environment

Adh

Chateau
Tahbilk Groningen Environment

Pgm
Chateau
Tahbilk Groningen

AAA 0684 O881 AAA 0656 O8O9

AAB 0378 0905 AAB 0-923 0-831

AAC 0-784 0850 AAC 0-808 0-914
ABC 0-606 0908 ABC 0889 0-964
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As inspection of these figures reveals, there is no similarity between the
two populations for the Adh locus; the environments producing the two
lowest frequencies in "Chateau Tahbilk" produce the highest ones in
"Groningen". At the Pgm locus the AAA environment produces the lowest
frequency in both populations but there is little similarity between the other
environments.

In order to compare the overall degree of change in the two populations
the average value of G2 (i.e., the total value of G2 over the total degrees
of freedom) over all loci for each of the five items in the analysis were
calculated and are shown below:

Chate
d.f.

au Tahbilk

Average G2 d.f.
Groningen

Average G2

PhenotypesxEnvironments(E)
XOccasions(0)
xExO
XReplicates within E
XReplicates within EXO

51
17

51
68
68

1153
1282
310

1059
192

33
11
33

44
44

412
646
234
361
223

It can be seen from these figures that the first three averages are all
larger than their errors and that this is especially so for the two occasions
items. Also most items in the "Chateau Tahbilk" population are appreciably
larger than in the "Groningen" population. This is despite the fact that the
item measuring replicate divergence between sampling occasions 1 and 2
(phenotypesxreplicates within EXO) is approximately the same in both
populations. The large averages for phenotypes X replicates within environ-
ments compared with those for phenotypes x replicates within
environments x occasions indicates that most replicate divergence occurred
prior to sampling occasion 1.

(b) Allele frequencies

Analysis of phenotypic frequencies have demonstrated a good deal of
genetic change has occurred in the set of populations. A small proportion
of the response to selection can be attributed or related to the effect of
environments. A substantial response to selection has, however, occurred
between the two times of sampling, i.e., over 16 generations. It also appears
that some of the populations may be evolving uniquely and largely indepen-
dently of their environments. Therefore an analysis of the data is required
which examines changes of allele frequency in replicate populations making
allowance for the effects of random genetic drift. That is, we require to
separate the effects of natural selection and random genetic drift as causes
of the non-systematic changes seen in replicate populations. The experiment
spanned approximately 32 generations and the observed population sizes
(N) maintained in the cages were about 2500 to 3000 adults. In this case
allele frequency changes observed between sampling occasions must be
largely due to natural selection since the number of generations is much
less than the effective population size (Ne) provided that Ne/N for
Drosophila melanogaster is taken to be about 0•8 (Crow and Morton, 1955).
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A test for selection taking into account the effect of random genetic
drift is available from the method of Fisher and Ford (1947). These authors
define the sampling variance of the observed allele frequencies around the
population allele frequency as

V(p)=M
2n 2N1

where N1 is the total population size on sampling occasion i, n, is the sample
taken on occasion i and p and q are the allele frequencies on occasion i.

This relationship is for sampling from a finite population without replace-
ment. In the present experiment the population samples were taken as
samples from continuously produced egg-population rather than a popula-
tion of adult flies. Hence we can omit the quantity pq1/2N,. Fisher and
Ford (1947) demonstrated that following the angular transformation 0, =
sin .[, the sampling variance of 0 was independent of its magnitude and

V(01)=-- Var(p1)
41T pq1

8207

2n1

For a chosen reference generation (r) the variance of the observed allele
frequency about its actual value in the reference generation is 82O7/2nr.
The variance of the transformed observed allele frequency in any generation
(i) about its actual value in the referenced generation due to sampling and
random genetic drift then becomes 820. 7/2n, + x82O7/2N where x is the
number of generations separating the two samplings. A chi-square test for
selection is obtained as:

x2(J—1) T1O1—O T1

where j is the number of samples taken, T is a matrix obtained as the
product of 0, a column vector of the observed values of 0, and I the inverse
matrix of the expected variances of the estimates of 0, around its population
value in the reference year; these values are arrayed alonfi the leading
diagonal of the matrix. The maximum likelihood estimate 0 of 0 in the
•reference year is

e=
we of course assume random union of gametes.

Data was available from all population cages on sampling occasions 1
and 2 (approximately generations 16 and 32 respectively) and this was
supplemented with data from occasion 0 (generation 3) where available.
The Est-6 and Pgm loci in the "Chateau Tahbilk" population have four
alleles but as for all other loci, only changes in the commonest allele class
were included on the analysis. The results are presented in table 6 for the
"Chateau Tahbilk" populations and in table 7 for the "Groningen" popula-
tions. Given Ne is about 2000 all loci show significant x2 values. Hence the
allele frequency changes are much too rapid to be accounted for by random
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genetic drift alone. If only environments common to both sets of populations

are considered, the average x2 is greater in the "Chateau Tahbilk" (5.58)
than in the Groningen population (2 80). Inspection of the average x2 for
loci shows least evidence for selection (i.e. low average x2 values) at the
Lap-D, Est-6 and Pgm loci in "Chateau Tahbilk" and similarly at the Adh,
G6pdh and a-Gpdh loci in the "Groningen" populations.

As predicted from earlier results replicate populations can differ con-
siderably in behaviour. There are cases where a replicate population shows

several highly significant x2 values and its counterpart none. Also allele
frequencies can change in quite different directions; in the ABC environment
of the "Chateau Tahbilk" population one replicate shows the common
G-6Pdh allele to be at 081 1, 0822 and 0922 to be on the three respective
sampling dates in one replicate and 0 814, 0 708 and 0477 respectively in

the duplicate population.
This example is, however, unusual, for of the 35 out of 60 cases in which

there is a significant change in allele frequency in one or both duplicate
populations, in 26 cases (when 3 sampling dates were included for analysis)
the allele frequency changes in replicate cages were in the same direction.
Hence there is a great deal of evidence to support the action of natural
selection.

It might be argued that the effective size in experimental populations
is substantially lower than that which we have used, and that the progeny
of very few females contribute to the individual vial populations. However,
in this experiment we have not detected significance between sub-samples
within population cages implying that Ne is not small. Nonetheless we can
suitably amend the analysis of data using the "Fisher—Ford" method by
reducing Ne until the average x2 in the experiment is such as to give 5 per
cent of the cases statistically significant, i.e., by chance alone. This would
give an effective population size of approximately 150 in "Chateau Tahbilk"
and 240 in Groningen populations, giving a value of NE/N of about 006—0W 1
which seems highly unlikely given the size and vigour of the adult popula-
tions.

Although random genetic drift must be invoked as at least the initiator
of replicate differences within environments, there is little doubt that natural
selection has been a major cause of the changes in allele frequencies seen
during the course of this experiment.

(c) Genic heterozygosity

The design of this experiment provides an ideal opportunity to examine
the relationship between environmental heterogeneity and genic heterozy-
gosity. If, as has been predicted by some authors, there is a positive
relationship between environmental heterogeneity and genic heterozygos-
ity, environments containing three types of food medium should be on
average more heterozygous than those containing two types of medium
which should in turn be more heterozygous than those containing a single
type of medium. In order to examine this hypothesis the average observed
heterozygosity for each level of environmental heterogeneity on each
occasion was calculated and is shown in table 8.

Inspection of Table 8 reveals no evidence for a simple positive relation-
ship between environmental heterogeneity and genic heterozygosity.
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TABLE 8

Average observed heterozygosity for each environmental type and level of heterogeneity for the
"Chateau Tahbilk and "Groningen" populations on sampling occasions I and 2

Level of

Heterogeneity Environment
"Chate

Occasion
au
1

Tahbilk"
Occasion 2

"Groni
Occasion 1

ngen"
Occasion 2

1 type of Medium AAA 03949 03682 02951 03163
2 types of Medium AAB

AAC
Average

03541
03207
03374

03878
03164
03521

03046
02693
02870

O2965
0•3159
03060

3 types of Medium ABC 04239 03960 03185 03212

However, there is some evidence that heterozygosity varies with environ-
mental heterogeneity as environments containing two types of food medium
have the lowest average heterozygosity. Thus the metric warrants further

investigation.
To facilitate analysis the average proportion of heterozygotes for every

locus at every cage at each sampling occasion was transformed using the
arcsine transformation. The analyses of variance of the transformed data
are shown in table 9 for each combination of population ("Chateau Tahbilk"
or "Groningen" derived) and sampling occasion. The variation between
environments was partitioned into three orthogonal comparisons designed
to locate the possible sources of any differences between the environments.
The coefficients corresponding to the three comparisons C1, C2 and C3 are
defined below:

Environment

Comparison

C1 C3 C3

AAA
AAB
AAC
ABC

+1
—1

+1
—1

+1
+1
-1
—1

+1
-1
-1
+1

If increased environmental heterogeneity leads to an increased level of
genic heterozygosity and this relationship is linear, then both C1 and C2
should be statistically significant and C3shouldnot. If only one food medium
affects the level of heterozygosity, for example, by maintaining larger
population sizes and thus higher levels of heterozygosity, than either C1or
C2 may be significant but C3will not. If differences in the level of heterozy-
gosity are associated with interactions between the types of food medium
then the C3 item may reach statistical significance.

In the analysis shows in table 9 it was never the case that both C1 and

C2 were significant, as would be the case if environmental heterogeneity
per se led to increased genic heterozygosity. The loci item is highly significant
in all analyses but this just indicates that there are differences in heterozygos-
ity between loci and is here of little interest. Additionally, the replicates
item is significant in all analyses when compared with the expected binomial
variance; this is hardly surprising in view of the extent of replicate divergence
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TABLE 9

Analysis of variance of angular transformed, proportion heterozygosity for the "Chateau
Tahbilk" and "Groningen" populations on sampling occasions 1 and 2.

"Chateau Tahbilk"
Occasion I Occasion 2

Item df. M.S. F p df. M.S. F p

Cl I 5272 0'73 0399 1 14791 136 0•282
C2 1 0•03 000 0999 1 20•59 050 0485
C3 1 31693 1075 0003 1 4365 106 0311
Loci 7 17889 607 <0001 7 144'Ol 349 0007
ClXLoci 7 7264 246 0•039 7 10905 264 0028
C2XLoci 7 813 028 0957 7 17•79 043 0876
C3xLoci 7 2810 095 0483 7 5211 126 0301
Replicates 32 248x2)= 101•60 <0001 32 41•28x2)= 148•09 <0001
Binomial

Variance — 928 — 892

Occasion 1
"Groningen"

Occasion 2

Item df. M.S. F p df. M.S. F p

Cl 1 6354 441 0•045 1 990 0•38 0543
C2 1 744 0•51 0481 1 6'28 0•06 0815
C3 1 3173 2•20 0148 1 279 011 0743
Loci 6 97883 6788 <0001 6 64685 2457 <0.001
ClxLoci 6 1016 070 0652 6 1774 068 0667
C2xLoci 6 2394 166 0'168 6 11406 435 0003
C3xLoci 6 1241 086 0536 6 2379 091 05O2

Replicates 28 1442. X28) =4431 0026 28 2622 X8) =7427 <0001
Binomial

Variance — 911 — 879

observed in previous analyses. The C1 comparison is significant at the 5

per cent level in the "Groningen" populations on occasion 1, indicating a
difference in the level of heterozygosity between those environments which
contained fig medium and those which did not. Table 8 shows that those
environments which contained fig media support a higher level of heterozy-
gosity. This effect is transitory; on occasion 2 the only between environment
item significant is the C2X Loci item (at the 1 per cent level). This indicates
a difference in heterozygosity between environments containing potato
medium and those which do not which is not consistent for all loci. In the
"Chateau Tahbilk" series of populations, C3 is highly significant on sampling
occasion 1, a consequence of the reduced genic heterozygosity in environ-
ments with two types of food medium compared with environments with
only one type or with three types. Again this effect is transitory, not being
found on occasion 2, but the C1 X loci item is significant at the 5 per cent
level on both sampling occasions, indicating a difference between those
environments which contain fig medium and those which do not, which is
not consistent over all loci. Thus these data provide little evidence for a
general and sustained effect of environmental heterogeneity on genic
heterozygosity at the loci under observatioti; the effects observed were
either not consistent over occasions or over all loci.
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4. DIscussioN

Despite the large amount of effort expended in the study of elec-
trophoretically detectable polymorphisms there is as yet no consensus as
to the extent to which they are influenced by selection. However, this is
unsurprising in view of the large proportion of work concentrated upon
surveys of the extent and distribution of electophoretic variation in natural
populations. The lack of information on the ecology and dynamics of the
surveyed populations has meant sets of data so derived are usually compat-
ible with either extreme neutralist or selectionist viewpoints. Thus a more

fruitful approach to the problem is provided by the laboratory investigation
of electrophoretic polymorphisms.

Laboratory investigation of electrophoretic polymorphism are of two
main types. Firstly, for individual, amenable loci, the in vitro properties,
such as catalytic efficiency and thermostability, are determined. It may then
be possible to relate these properties to the fitness of individual genotypes
under selective conditions in the laboratory, or to the distribution of
genotypes in the natural environment. This approach has met with some
success in demonstrating that genotypic properties vary in ways which can
be realistically related to environmental variation (de Jong and Scharloo,
1976; Hickey, 1977; van Delden, Boerema and Kamping, 1978; Kamping
and van Delden, 1978). However, there has been less success in demonstrat-
ing that these polymorphisms are balanced in the natural environment.

In the long term, single locus studies will have to extend their scope to
consider interactions between the locus under direct ovservation and associ-
ated loci (e.g., loci controlling expression), and between these loci and the
rest of the genome and the environment. In the short term, it is necessary
to broadly determine the limits of the response of genetic variation to
natural selection. This need has led to the adoption of a second approach
to the laboratory investigation of electrophoretic polymorphism which is
to study the behaviour of several loci simultaneously in experimental popula-
tions. This approach, which is the one adopted in this study, has the
additional advantage tha't it allows the investigation of general models of

polymorphism maintenance, particularly those predicting associations
between environmental heterogeneity and genic heterozygosity. The disad-
vantage of this approach is that it is not possible to ascribe selectively
mediated changes at the loci under observation to selection acting directly
on those loci. This disadvantage is outweighed, however, by the generality
of the method, the observation of selection at a number of loci demonstrates
that selection is of importance in effecting allele frequency changes over a
large fraction of the genome.

The design of the experiment described here incorporates several
advances over earlier studies. The main features of the study are:

(i) The only environmental variation included in the design was spatial,
and the range of environments encompassed three levels of spatial
heterogeneity. The more heterogeneous environments contained
discrete niches.

(ii) In the main body of the experiment all environments were fully
replicated, this facilitates comprehensive analysis of the data.

(iii) The experiment was further replicated over two recently collected
populations, which provides information on the generality of the
results.
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The outcome of this study was unexpected in some of its aspects. The
results have re-affirmed that changes in allele frequency at electrophoreti-
cally detected loci may be mediated by selective forces, as it has been
possible to demonstrate, for most loci under study, that systematic changes
are found which can only have been caused by selection. However, rapid
changes in allele frequency have occurred which are not shared by replicates,
and, with the population size maintained in the experimental environments
during the course of the study, these changes are unlikely to be due to
random genetic drift. Nonetheless, random processes may play an important
role in the initiation of such differences. The replicate divergence could
come about through an accumulation of random environmental differences
between replicates which initiate small genetic differences which are then

magnified by selection. Alternatively, genetic differences between replicates
for rare, but selectively important, alleles could have been created at the
initiation of the populations. However, this seems unlikely to be the cause
of much divergence as the rare alleles (either cryptic alleles, within an
electrophoretic mobility class, at the loci under observation, or, alleles at
a locus closely linked to the loci under observation) would have to be under
intense selection to produce replicate differences. A more interesting possi-
bility is that the loci under observation are part of a small segment of
chromosome on which alleles at several loci are being selected in concert.
Individual combinations of alleles will all be relatively rare, and the combina-
tion or combinations of alleles of selective significance may have been
sampled initially or created de novo by recombination in one but not the
other replicates. Another interesting possibility is that small genetic founder
differences between replicates or small initial environmental differences
between replicates placed the replicates at different positions on the fitness
surface, this resulting in the replicates diverging to different selective peaks,
or taking different routes to the same peak. Any of these mechanisms
suggests a surprising subtlety in the response of genetic variability to natural
selection.

In the systematic effects of selection demonstrated by the analyses of
phenotype frequency (table 2) the effect of occasions was more common
then the effects of experimental environments. The manipulated experi-
mental environments produce some phenotypic differentiation, although
there is no evidence for a positive relationship between environmental
heterogeneity and genic heterozygosity, but the overall laboratory environ-
ment has had a greater effect. In the natural environment mortality can be
caused by many different factors such as temperature, humidity, predation
and competition; the laboratory environment, however, places a large
emphasis on just one component of mortality, competition. The majority
of mortality in the population cages is due to larval competition for resources
and it is perhaps this which causes the strong selection obviously imposed
by the laboratory environment. The effect of occasions is thus perhaps
particularly prominent because the initial populations had only recently
been collected. Indeed, it may be the particular vigour of the selective forces
imposed by the laboratory environment which has resulted in substantial

genomic rearrangement and thus replicate divergence initiated by rare
recombinational events.

There is no general similarity between the responses of individual loci
in the "Chateau Tahbilk" and "Groningen" populations. Those loci which



RESPONSE TO VARIED ENVIRONMENTS 605

respond to the manipulated experimental environments in one population
do not do so in the other, and in no case is there evidence for a similar
directional selection in the two populations. The difference in response may
arise because there are cryptic genetic differences (one electromorph rep-
resenting different alleles in the two populations), or differences in the
background genotype or different linkage relationships in the two popula-
tions. It is not so easy to suggest why there is a difference in the overall
amount of change, as demonstrated by the phenotype analyses (tables 4
and 5) and the analyses of allele frequency (tables 6 and 7) between the
two populations, the "Chateau Tahbilk" derived population showing a
greater amount of change than the "Groningen" derived population. This
differences cannot be due to population size differences, or to differences
in the amount of linkage disequilibrium created at the initiation of the
experiment. Thus, the extent of the response in the two populations must
reflect genomic differences between the initial two populations, and may
be some measure of the difference between the environment of the natural
population and that of the laboratory population.

Selection has been demonstrated to affect a number of the loci under
observation, but its action may be transmitted to those loci in a number of
ways. The effects may result from selection solely at the loci under observa-
tion (albeit mediated by the background genotype) from selection on the
locus under observation as part of a group of associated linked loci, or from
selection on a linked locus or loci in linkage disequilibrium with the locus
under observation. In this latter case, as the initial population samples were
fairly large, this linkage disequilibrium will have been sampled from the
original populations. This raises the question of why linkage disequilibrium
is present in the original population (a survey of the "Chateau Tahbilk"
population shows that inversions are not a complication, at least in this
population, those that were present at the end of this study were small and
rare: Middleton, pers. comm.). Furthermore, in this case, the observed
selection is a fair reflection of what might have happened in the natural
population bad it been exposed to a novel environment. Thus, even if the
alleles under observation are themselves neutral, it may not be possible to
describe their behaviour in the natural population by application of the
neutral theory.
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