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ABSTRACT 

Temporal variation in allozyme frequencies at  six loci was studied by making 
monthly collections over 4 yr in one  population of the cactophilic species Dro- 
sophila burratii. Ten sites were defined within the study locality, and  for all 
temporal samples, separate collections were made at  each of these sites. Popu- 
lation structure over microgeographic space and changes in population structure 
over time were analyzed using F-statistic estimators, and multivariate analyses of 
allele and genotype frequencies with environmental variables were carried out.- 
Allele frequencies showed significant variation over time, although there were 
no clear cyclical o r  seasonal patterns. A biplot analysis of allele frequencies over 
seasons within years and over years showed clear discrimination among years by 
alleles at  four loci. During the 4 yr. three alleles showed directional changes 
which were associated with directional changes in environmental variables. Sig- 
nificant associations with one or  more environmental variables were found for 
allele frequencies at  every locus and for both expected and observed heterozy- 
gosities (except those for Est-1 and Est-2). Thus, variation in allele frequencies 
over time cannot be attributed solely to drift. Significant linkage disequilibria 
were detected among three loci (Est-2, Hex and Aldox) ,  but there was no  evidence 
for spatial or  temporal patterns.-The F-statistic analyses showed significant 
differentiation among months within years for all loci, but the statistic used 
(coancestry) was heterogeneous among loci. Estimates of F (inbreeding) for all 
loci were significantly different from zero, with the loci in four groups, Adh-1 
(negative), Pgm (small positive), Est-2 and Hex (intermediate) and Est-1 and Aldox 
(high positive). T h e  correlation of genes within individuals within populations 
(f) for each locus in each month by site sample differed among loci, as did the 
patterns of change in f over time (seasons). Heterogeneity in the F-statistic esti- 
mates indicates that natural selection is directly or  indirectly affecting allele and 
genotype frequencies at  some loci. However, the F-statistic analyses showed es- 
sentially no microgeographic structure (i.e., among sites), although there was 
significant heterogeneity in allele frequencies among flies emerging from indi- 
vidual rots.-Thus, microspatial heterogeneity probably is most important at  the 
level of individual rots, and coupled with habitat selection, it could be a major 
factor promoting diversifying selection and the maintenance of polymorphism. 
Resolution of the nature of this selection and of the apparent inbreeding de- 
tected at  all loci except Adh- l  will require detailed study of the breeding struc- 
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ture  of  the population .at the microhabitat level (individual rots) and of gene 
flou within the population. 

NVIRONMENTAL heterogeneity in space or in time can maintain genetic E polymorphisms (reviewed by FELSENSTEIN 1976; HEDRICK, GINEVAN and 
EWINC 1976), and KARLIN (1982) showed that the existence of a protected 
polymorphism is more likely in more heterogeneous environments and that 
spatial variation is more effective than temporal in protecting a polymorphism. 

For enzyme loci in a variety of species, evidence supporting the hypothesis 
of environmental heterogeneity as a factor in maintaining polymorphism has 
been obtained in both laboratory studies and studies of natural populations. 
In laboratory populations of Drosophila, positive correlations between genetic 
and environmental variation have been demonstrated (POWELL 197 1 ; MC- 
DONALD and AYALA 1974; POWELL and WISTRAND 1978), although no corre- 
lation was detected by YAMAZAKI et al. (1983). In natural populations, corre- 
lations of allele or genotype frequencies with spatial or temporal variation in 
environmental factors provide presumptive evidence of selection, although they 
do not prove direct selection at the enzyme locus. LEWONTIN (1 974) suggested 
that correlations with temporal variation would provide more information than 
those with spatial variation, in that some estimate of the magnitude of selective 
differences could be made. 

Nevertheless, in natural populations of Drosophila there have not been many 
studies of temporal variation in allozyme frequencies, and only STEINER (1 979) 
has estimated correlations with environmental variables. T w o  detailed studies 
of temporal variation have been carried out. FRANKLIN (1 98 1) studied six loci 
in six winery populations of Drosophila melanogaster over 5 yr, with results 
suggesting seasonal variation in E s t 4  and Adh allele frequencies. For 12 poly- 
morphic loci in one population of D. melanogaster studied over 2 yr,  CAVENER 
and CLECC (1981) found little allele frequency variation either within or be- 
tween years. Seasonal changes in allele frequency also have been reported by 
BERCER (1 97 1) for a-Gpdh in D. melanogaster and by DOBZHANSKY and AYALA 
(1 973) for Pgm-1 in Drosophila pseudoobscura, although PRAKASH (1974) sug- 
gested that the latter case may have been due to seasonal changes in frequency 
of the sex-ratio gene arrangement. Most other reports have included too few 
allele frequency estimates to give definitive data on temporal variation. 

In contrast, there have been a number of reports of significant allele-fre- 
quency variation among spatially separate populations and significant correla- 
tions with environmental variables [e.g., see NEVO (1983) for a number of 
species in Israel]. To the extent that spatial environmental parameters relate 
to long-term averages (climatic variables), whereas temporal ones relate to 
short-term weather or seasonal differences, it might be expected that signifi- 
cant correlations would be found more readily in the former case. 

Significant genotype-environment associations for spatial variation have been 
reported for Drosophila buzzatii in Australia (MULLEY, JAMES and BARKER 
1979). In this paper, w e  present results of a 4-yr study of temporal variation 
in allozyme frequencies in one natural population of D. buzzatii, and of their 
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VARIATION IN ALLOZYME FREQUENCIES 579 

correlations with environmental variables. As D. buzzatii breeds and feeds in 
rotting cladodes and fruit of Opuntia species, and is specific to this cactus 
niche (BARKER and MULLEY 1976), these environmental variables included ones 
relating to individual rots. 

In  addition, spatial heterogeneity at the microgeographic level (i.e., within 
the habitat of a single population) could contribute to the maintenance of 
polymorphisms, particularly if coupled with habitat selection (SHORROCKS and 
NIGRO 1981). Thus, ten sites were defined within the study locality, and for 
all temporal samples, separate collections were made at each of these sites. 
The effects of microgeographic heterogeneity on population structure and 
changes in population structure over time were analyzed using the F-statistic 
estimators developed by WEIR and COCKERHAM (1984). 

MATERlALS AND METHODS 

The study was done at “Yarrawonga” (locality 5 of BARKER and MULLEY 1976), 
toward the southern end of the main Opuntia strictu and D. buzzatii distributions in 
Australia. At this lo.cality, 0. strictu grows in open sclerophyll woodland on a ridge with 
northeast to southwest orientation, surrounded on three sides by open grazing land 
with no 0. stricta. On the remaining side, the ridge runs into higher wooded hills with 
some 0. strictu. Hills on the other side of the valley (minimum of 1.2 km distant) also 
have 0. strictu and D. buzzatii populations. The  ten collection sites were defined within 
the area infested with 0. strictu, five in each of two approximately linear transects. The  
collection area at each site was within a circle of approximately 20 m radius from the 
designated and marked center of the site. Within transects, sites were approximately 
60-70 m apart, and the transects were approximately 100-120 m apart (Figure 1). The 
transects represent different microhabitats, with sites 1-5 (transect 1)  running along 
the southeastern slope of the ridge, and sites 6-10 (transect 2) running along the crest. 
Sites 1-5 were more shaded and cooler, with the average daily maximum temperature 
at site 2 being about 1 ”  less than that at site 8, and the average extreme maximum 
temperature recorded between collections being about 2 ”  less at site 2, but with no 
difference between these sites in average daily minimum or in average extreme minima. 
However, in the winter months (June, July, August), it was often not possible to collect 
flies at sites 1-4 and, to a lesser extent, at site 5. 

Collections were done once each month, starting in February 1974, for 4 yr (except 
August and November 1977) for a total of 46 samples. The  average time between 
collections was 31 days, with a range from 21 to 46 (excluding the intervals for the 
two missing collections). Variation among years has been considered in some of the 
analyses, with the 4 yr  defined as February 1974 to January 1975, February 1975 to 
January 1976, and so on. Seasons were defined as summer (December-February), au- 
tumn (March-May), winter (June-August), and spring (September-November). 

The  six enzyme loci known to be polymorphic in this population (viz., Esterase-1, 
Esterase-2, Hexosaminidase [called Pyranosidase by BARKER and MULLEY (1  976); see BAR- 
KER 198 11, Phosphoglucomutase, Aldehyde oxidase and Alcohol dehydrogenase-I), were rou- 
tinely assayed, originally using the procedures of BARKER and MULLEY (1976). All loci 
are autosomal, and Est-1, Est-:! and Aldox have been located to chromosome ZZ, but the 
linkage distances are not known. Pgm is on chromosome ZV (A. FONTDEVILA personal 
communication), Adh-1 is on chromosome 1Zl (by homology with D. mojavensis, ZOUROS 
1976), and Hex is on either chromosome 1V or V .  For Adh-1, gene frequency data were 
obtained only from assays of larval progeny of wild-caught females for collections from 
February 1974 to November 1974 and from January 1975 to July 1975. In December 
1974, a large collection was made, and many of these flies were used in a first attempt 
to get Adh-1 phenotypes in adults using a modified assay. From August 1975, adults 
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580 J. S. F. BARKER, P. D. EAST AND B. S. WEIR 

FIGURE I.-Topographical map of the collection area, showing the location of the tell collection 
5ites. 

were scored routinely for all six loci, the assay procedures, where different from BARKER 
and MULLEY (1 976), being as follows: All enzymes were assayed by horizontal starch 
gel electrophoresis. The  esterase-], esterase-2, phosphoglucomutase and alcohol dehy- 
drogenase enzymes were run on a continuous Tris-borate-EDTA system (Buffer 111 of 
SHAW and PRASAD 1970), with the addition of 1 mg/ml Mg-CIr to the gel buffer. 
Hexosaminidase and aldehyde oxidase were assayed on a continuous Tris-citric acid 
system (Buffer I of SHAW and PRASAD 1970). Staining methods were as described in 
BARKER and MULLEY (1976), except that ADH was as follows: 4.5 ml 2-propanol, 50 
mg B-NAD, 30 mg MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro- 
mide), 3 mg PMS (phenazine methosulfate) in 100 ml Tris-HCI, pH 8.5, incubate, 
uncovered, at 37" for 1-2 h. 

A total of 15,313 flies were assayed for up to six loci. The actual numbers of adult 
flies assayed per locus and overall allele frequencies are given in Table 1.  For each 
locus, numbers assayed are less than the maximum possible, primarily because not all 
flies were assayed for all six loci in some of the larger collections. 

Collection methods: When abundant, flies were collected by net from fermenting 
banana bait. On cooler or windy days, when flies were not so active and would not f ly  
readily when disturbed, they were aspirated directly from the bait container. I n  the 
warmer months, D. buzzatii are active only in the early morning and late afternoon. As 
larger numbers usually are active in the afternoon, most collections were done at this 
time. However, for seven of the samples, collections were made on one afternoon and 
again the following morning. For two of these, there was significant heterogeneity in 
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TABLE I 

Numbers of adult flies assayed per locus and overall allele frequencies 

58 1 

Allele frequencies 
No. of 

Locus flies a b C d e 

Est- I 14,363 0.179 0.797 0.024 
Est-2 14,271 0.328 0.317 0.113 0.243 0.0004 
Hex 13,701 0.855 0.145 
pgm 12,175 0.022 0.973 0.005 
Aldox 1 1,069 0.980 0.020 
Adh-1 8,365 0.492 0.508 

Est-2 allele frequencies between the two times, but with different alleles contributing 
to the difference in each case. As there were no significant differences between morning 
and afternoon collections for other loci, we conclude that no bias was introduced when 
only afternoon collections were done. In winter months, when flies were in low abun- 
dance and quite inactive, they were collected by aspiration after disturbance from rots 
or from the underside of cladodes, and collections were done throughout the day for 
2 or 3 days. All Drosophila collected were classified to species, and the numbers of 
each species recorded. 

Collections from individual rots: During the study period, 80 rots collected in the 
field (55 from the study locality and 25 from another site 8 km distant-locality 60, 
Martindale) were returned to the laboratory, all emerging flies were collected and the 
D. buzzatii were assayed for the six polymorphic allozyme loci. 

Eighteen of these rots were collected at the study location during Collection 45 
(October 1977), and at collection, all had Drosophila larvae present. As each rot was 
found, pH and temperature within the rot and ambient temperature were recorded. In 
the laboratory on the day after collection, samples from each rot were taken for iden- 
tification of yeast species present [methods as described by BARKER et al. (1983)l. For 
these 18 rots, no flies emerged from one rot, D. buzzatii emerged from 17 (15 to 672 
flies) and D. aldrichi emerged from four (one to 31 flies). The data for these rots were 
used to test for genotype-environment associations. 

Weather records: Data for the 28 days preceding each collection were obtained from 
the nearest Bureau of Meteorology station (29 km distant from the study location) for 
daily maximum and minimum temperature, rainfall (28-day total and number of rain 
days) and 1500-hr relative humidity. From collection 13 on, extreme maximum and 
minimum temperatures since the preceding collection were recorded at the study lo- 
cation; before this, these extreme values were taken from the weather station records. 

Statistical analyses: As the number of flies collected in each month varied widely 
(from nine to 1648), standardized gene-frequency deviations (CHRISTIANSEN et al. 1976) 
were used in analysis of variance (ANOVA) of allele frequencies and in genotype- 
environment association analyses. For each locus in each month, these deviations were 
estimated as 

(p, - P o )  J2N21po(l - Po) 
where p, is the frequency of one allele in month i and (1 - p , )  is the frequency of the 
one or more other alleles, Po and (1 - p,) are the frequencies in the total of all the 
monthly samples and N, is the number of individuals assayed for the locus in month i. 

For genotype-environment association analyses, multivariate associations were tested 
by canonical correlation and multiple regression (MULLEY, JAMB and BARKER 1979), 
using the SPSS statistical package (NIE et al. 1975). For analyses of complete two-locus 
disequilibria, multi-allelic loci were treated as having two alleles (the most common 
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582 J. S. F. BARKER, P. D. EAST AND B. S. WEIR 

allele and other alleles pooled), in order to minimize problems due to very small num- 
bers in some genotypic classes. 

RESULTS 

Variation in allele frequencies: For data pooled over the ten sites in each 
month, the frequencies of each allele for Est-1 and Est-2, and for one allele at 
each of the other loci are shown in Figure 2. Although there are no obvious 
seasonal changes in allele frequencies, ANOVAs of standardized gene fre- 
quency deviations (Table 2) show significant variation over time for every allele 
(year X month interaction), as well as differences among years for Est-I", Est- 
2", E ~ t - 2 ~ ,  Hex" and Pgmb. For the last three, the changes are directional, with 
E ~ t - 2 ~  and Hex" decreasing and Pgm' increasing over time. Preliminary analyses 
of the gene frequencies (BARKER 1981) showed that Est-2 did not vary ran- 
domly over the 4 yr, but there was no strong evidence of nonrandomness for 
any of the other loci. 

Only two alleles show significant microgeographic variation, with Est-2' hav- 
ing a higher average frequency in transect 1 than in transect 2, and Hex" 
having a lower frequency at site 6 than at the other sites in transect 2. 

On average, there were no significant differences in gene frequency between 
the sexes, but for Aldox", there were significant interactions of sex with tran- 
sect, year and month. In addition, however, the lack of a significant sex effect 
for Adh- lb  may be a function of the data set. The activity of ADH is lower in 
males than in females, and a higher proportion of males showed gel patterns 
that were classed as unscorable. Thus, in some months where large collections 
were made, females only were assayed for Adh-I .  For the 24 collections where 
both males and females were assayed, the frequency of Adh- lb  in females was 
higher than in males in 17 months, was lower in 4 and was equal (difference 
< 0.01) in 3. However, if the gel scoring failures were primarily Adh-Zb homo- 
iygotes, the sex difference in gene frequency would be reduced. This does not 
seem likely, as heterozygotes are clearly identified by the heterodimer band, 
and there is no evidence for absence of the b band in heterozygote males. 
Nevertheless, to provide a conservative estimate of the apparent sex difference 
in gene frequency, we have used the data for 15 months where either all males 
were scored or the proportion of unscorable males was <lo%, and these un- 
scorable males were assumed to be Adh- lb  homozygotes. In these 15 months, 
the frequency of Adh-1' was higher in females than in males in 8 months, was 
lower in 3 and was equal in 4. All but 1 of the 8 months where the frequency 
was higher in females than in males were at times of low population numbers. 

A potentially useful approach to the analysis of allelic variation, which is 
multivariate and takes account of all loci simultaneously, is the biplot (GABRIEL 
197 1). The  biplot relates populations to variables, defines the relative variances 
of the variables and correlations among them and shows how various variables 
discriminate among the populations. As a biplot of all allele frequencies (vari- 
ables) and months (populations) did not permit simple interpretation, data were 
pooled to the 17 seasons of the study period, and Adh and the low frequency 
alleles (Es t -IC,  Est-2', Pgm" and Pgm') were omitted. 
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April Feb. Jan. Jan. Jan. Jan, April 
1978 1982 1972 1974 1975 1976 1977 

FIGURE' 'L.--Allele frequencies at each locus for the 46 collections. Frequencies in April, 1972 
arr fioin BARKER and MUILEY (1976), and in April, 1982 are from a collection of 1710 wild- 
caught flies. 
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FIGURE 3.-Biplot for allele frequencies and seasons. The sumnier point on the Est-2“ line not 
defined by year is for summer, 1974, i.e., the February 1974 collection. 

The methodology rests on the singular value decomposition of the data 
matrix Y. In the present case, Y consists of the deviations of each allele fre- 
quency from the mean frequency over all seasons and, thus, has 17 rows for 
the 17 seasons and nine columns for the nine alleles. Column totals are zero. 

The  singular value decomposition of Y is 
9 

y = c xqtq,, 
:= 1 

where the vectors p and q are such that p$j = q:% = 6,, with 6, being 
Kronecker’s delta. For a two-dimensional representation of the data, we use 
only the first two terms of this sum. 

In particular, the variance-covariance matrix of allele frequencies is propor- 
tional to Y‘Y, and 

Y’Y = x:q*q: + x3qpq.z 

(Y’Wqz = xfq,. 

with 

We see then that h’ is the ith eigenvalue of Y’Y, and qt is the associated 
eigenvector. In the present case, the first two eigenvalues account for 76% of 
the variation in allele frequencies, so that the biplot in Figure 3 gives a good 
description of the data. If q l j  and q2, are the j th  elements of the vectors q1 
and q2, then the lines in the biplot, for the j th  allele, join the origins to the 
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point ( X l q l J ,  X 2 q z I ) .  Thus, the length of the line is proportional to the variance 
of the frequency for that allele, and the cosine of the angle between two lines 
represents the correlation between the frequencies of those two alleles (all in 
the space spanned by the first two principal components ql and 4 2 ) .  Thus, 
Aldox" and E ~ t - 2 ~  show little variation, while Hex" and E d - 2 d  show the most, 
and there are two groups of substantially correlated allelic frequencies, viz. 
E ~ t - 2 ~ ,  Hex", Pgm' and Est-2" and Est-I", Est-2' and Est- lb ,  with the two groups 
essentially uncorrelated. These generally confirm the correlations shown in 
Table 3 ,  except for Hex"-Est-2" within the first group and some significant 
correlations between the two groups (e.g. ,  Est-2"-Est-2'). 

We also see that 

(YY')p* = xpp, 

so that the pz are principal components for the variance-covariance matrix YY' 
for seasons. If p l J  and pzJ  are the j th  elements of the vectors pl and p2, then 
the points in the biplot representing the j th  seasons have coordinates (p $ f J ) ,  

and the distance between these points is the (appropriate) Mahalanobis multi- 
variate distance between the seasons based on all nine allele frequencies. The 
grouping of seasons in the biplot clearly shows that there is no consistency 
between seasons in different years but that the four seasons of each year are 
grouped. 

The great power of the biplot is that it relates populations and variables. If 
we set g ,  = pi and h, = X,q,, then we see that the data matrix is being approx- 
imated by 

Y = GH' = [gig21 h i  . 
[h i1  

Every element in the data matrix is therefore the inner product of the allele 
vector and the projection of the population point onto that vector. This enables 
us to say exactly how the various alleles are discriminating between the seasons. 
Thus, we see that there is clear discrimination among years by some alleles, 
viz. ,  Est-I", Es t - lb  and Est-2' distinguish year 2 from the other years, whereas 
E ~ t - 2 ~ ,  Hex", Pgm' and Est-2" distinguish between year 1 and years 3 and 4. 

Correlations among allele frequencies: For the data pooled over sites within 
each month ( i e . ,  46 observations, except for Ahd-1 with 29), correlations of 
allele frequencies were calculated (Table 3), excluding the low-frequency alleles 
Est-I' and Est-2" and including only the common allele for Hex, Pgm, Aldox 
and Adh-1. A number of correlation coefficients between alleles at different 
loci are significant, but none is very high. Aldox" is exceptional, however, in 
showing no significant correlations with alleles at other loci. For Est-2 alleles, 
Est-2" shows strong negative correlation with Est-2' and E ~ t - 2 ~ ,  but Est-2' ap- 
pears exceptional in showing little correlation with the other alleles at this 
locus. 

Genotype-environment associations: In order to determine if there were 
any significant associations between sets of genetic variables and sets of envi- 
ronmental variables (including both abiotic and biotic variables), canonical cor- 
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T A B L E  4 

Environmental variables defined for multivariate analyses 

cor.I.uN1T-Number of c o l l e c t i n g  u n i t s ,  h i g h e r  n u m b e r s  i n d i c a t i n g  more t i m e  and effort expended 

NoRuzz-Number of D. butratti c o l l e c t e d  
NoAr.D-Number of D. aldrichi c o l l e c t e d  
POPSI~E-NOBUZZ/COLLUNIT 
R ATIO-NOBUZZ/NOALD 

H - S h a n n o n - W e a v e r  s p e c i e s  d i v e r s i t y  i n d e x  
v A R H - V a r i a n c e  of H 

MAXI'EMP"-Mean d a i l y  m a x i m u m  temperature 
MINTEMP-Mean d a i l y  m i n i m u m  temperature 
RANGFTEMP-Mean d a i l y  temperature range 
r x T M A x - H i g h e s t  m a x i m u m  temperature 
FxTMIN-Lowest m i n i m u m  temperature 
EXTRANGE-(EXTMAX-EXTMIN) 

RAIN-Total  r a i n f a l l  
RAINDAY-Number of d a y s  on w h i c h  r a i n  f e l l  
RELHUM-Mean d a i l y  I500 h r e l a t i v e  h u m i d i t y  
R o T I N C - s u b j e c t i v e  s c o r i n g  of i n c i d e n c e  of rots i n  the  s t u d y  l o c a t i o n  ( c o d e d  1 ,  2, 3) 

and fewer f l i e s  i n  the  p o p u l a t i o n  

MAXSD, MINSD, RANGESD, RELHUMSD-standard d e v i a t i o n s  Of  d a i l y  MAXTEMP, MINTEMP, RANCE- 

MAXCV, MINCV, RANGECV, RELHUMCV-COeffiCientS Of  V a r i a t i o n  Of Same four v a r i a b l e s  
TEMP and RELHUM 

a All weather v a r i a b l e s  are for the 2 8 - d a y  p e r i o d  before each c o l l e c t i o n .  

relation analyses were done first. These analyses were for each of standardized 
gene-frequency deviations, expected (1 - 2 p ? )  and observed heterozygosities 
with each of the sets of environmental variables COLLUNIT to VARH, MAXTEMP 
to ROTINC, and standard deviations (SDs) and coefficients of variation (CVs) of 
MAXTEMP, MINTEMP, RANGETEMP and RELHUM (Table 4). 

For standardized gene-frequency deviations, the only significant correlation 
was that with COLLUNIT to VARH (R = 0.757, P = 0.013). However, the load- 
ings for RATIO, H and VARH were very small, and although that for POPSIZE 
was similar in magnitude to those of the other three variables, POPSIZE is a 
ratio of two of them and therefore may not have added significantly to the 
description of the association. Testing the significance of omitting variables 
(MARRIOTT 1974) showed that none of the variables POPSIZE to VARH contrib- 
uted significantly to the correlation, so that COLLUNIT, NOBUZZ and NOALD 
adequately describe the relationship (Table 5). 

Canonical correlation analyses of expected heterozygosities with the same 
sets of environmental variables gave consistent results. The correlation coeffi- 
cient with COLLUNIT to VARH was close to being significantly different from 
zero ( R  = 0.709, P = 0.082), but again the relationship was adequately de- 
scribed by COLLUNIT, NOBUZZ and NOALII (Table 5). In addition, the correlation 
coefficient with the SDs was close to being significantly different from zero 
(Table 5) ,  with high loadings for Aldox expected heterozygosity and for MINSD 
and RELHUMSD. Although the canonical correlation for standardized gene-fre- 
quency deviations with SDs was not significant, the loadings were high on these 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/112/3/577/5996898 by guest on 13 M

arch 2024



VARIATION IN ALLOZYME FREQUENCIES 589 

TABLE 5 

Canonical correlations (R) between sets of genetic and environmental variables, and 
coefficients for each variable 

Expected Observed 
Gene fre- heterozy- heterozy- 
quencies C.C. gosities C.C. gosities C.C. 

- 
Est-1" 
Est- I 

IW-T 
Est-2b 
Esl-2' 

Hex" 

Pgm" 
Pgm' 

Aldox" 

Adh- ib  

COLLUNIT 

NORUZZ 
NOALD 

MAXSD 
MINSD 

RANCESD 

RELHUMSD 

R 
P 

0.57 Est-I 
0.04 
- 

-0.42 Est-2 
-0.35 
-0.49 

0.81 Hex - 
0.37 P P  
1.07 - 

-0.32 Aldox 

0.09 Adh-1 

-0.76 
-0.47 

0.66 

- 

- 

0.695 
0.016 

0.34 -0.25 Est-I 

-0.24 -0.05 Est-2 

-0.61 0.06 Hex - 
-0.95 - -0.42 pgm 

0.90 Aldox - 0.58 - 
0.10 -0.03 Adh-I 

-1.10 

0.09 

- -0.52 

0.23 
-0.81 

0.29 
-0.60 

- 
- 

0.671 0.660 
0.007 0.076 

0.13 

-0.17 

0.12 

-0.85 - 

0.84 

-0.81 
- 
- 

0.23 
-0.2 1 

0.87 
-0.9 1 
- 
- 
0.720 
0.80 

<0.001 
to 

-0.01 

-0.18 

0.16 

-0.71 

0.8 1 

- 

- 

0.64 
-0.50 

0.22 
-0.51 

- 
- 
- 
0.645 
0.0 13 

C.C. = Canonical coefficients, canonical correlation (R) and its probability level (P). Coefficients 
> 0.5 are underlined to indicate those variables making major contributions to the correlation. 

same variables, and multiple regression analyses (see below) showed the same 
relationship. 

Analyses of observed heterozygosities were complicated by the absence of 
data for Adh-1 genotypes in adults for collections 1-10 and 12-18. Preliminary 
analyses (BARKER 1982) showed the correlation coefficient between observed 
heterozygosities and SDs to be near to significantly different from zero (R = 
0.720, P = 0.080), but this test was conservative as the analysis used degrees 
of freedom dependent on the minimum number of cases, i.e., the number with 
complete data for all variables. Assuming the full number of cases gave P < 
0.00 1. The  true probability cannot be specified, but will be between these two 
values, and it seems reasonable to assume this correlation coefficient was sig- 
nificantly different from zero. To test this association further, the analysis was 
repeated omitting Adh-1 observed heterozygosity, and the correlation coeffi- 
cient then was 0.645 (P = 0.013, Table 5). When Adh-1 observed heterozy- 
gosity was included, canonical coefficients were highest for observed heterozy- 
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TABLE 6 

Multiple regression analyses of standardized gene-frequency deviations, expected and observed 
and SDs 

J. S. F. BARKER, P. D. EAST AND B. S. WEIR 

Genetic variable 

Est- I" 
Est-lb 
Est-/< 

fht-2" 
Lst-26 
Est-2" 
Est-2d 

Hex" 

Pgm" 
Pgm 
Pgm' 
..lldox" 

Adh-Ib 

F,xpected heterozygosity 
Est- I 
E s t 9  
Hex 

Aldox 
Adh-I 

pgm 

Observed heterozygosity 
Est- I 
Est-2 
Hex 

Aldox 
Adh-I 

P P  

R2 

0.10 
0.17* 
0.09 

0.02 
0.12 
0.04 
0.17* 

0.2.5** 

0.27** 
0.31** 
0.23* 

0.13 

0.04 

0.09 
0.03 
0.18" 
0.20* 
0.17" 
0.08 

0.10 
0.02 
0.16 
0.1 1 
0.10 
0.04 

Regression coefficients 

COLLUNIT NOBUZZ NOALD RZ 

-0.0022** 

-0.0019* 

0.0033** 

-0.0034** 0.0041** 

0.0066* * 0.0018** 
-0.01 16** -0.0029** 

0.01 29* 

0.0084* 

0.000082** 
0.0001 79** 

-0.0001 11  * 

0.000073* 

-0.000083* 

0.14 
0.11 
0.34 

0.15 
0.17 
0.12 
0.30 

0.41" 

0.28 
0.37 
0.35 

0.20 

0.29 

0.13 
0.10 
0.37 
0.31 
0.25 
0.21 

0.16 
0.17 
0.43' 
0.37 
0.28 
0.42 

Environmental variables with nonsignificant regression coefficients for all genetic variables are 

* P < 0.05: ** P < 0.01. 
omitted from the table. 

gosities of Pgm, Aldox and Adh-1 and RANGESD and RELHUMSD. The important 
environmental variables with Adh-I observed heterozygosity excluded still in- 
cluded RELHUMSD (although the magnitude of the canonical correlation was 
reduced), but also included MAXSD and MINSD, suggesting that RANGESD and 
RELHUMSD are particularly important for Adh-1 observed heterozygosity. 

Multiple regression analyses were done for standardized gene frequency de- 
viations and for observed and expected heterozygosities with each of the three 
sets of environmental variables (Table 6). Significant associations with one or 
more environmental variables were found for standardized gene frequency 
deviations at every locus and for expected and observed heterozygosities (ex- 
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VARIATION IN ALLOZYME FREQUENCIES 59 1 

h e t e r o z y g o s i t i e s  on the environmental variable sets COLLUNIT to NOALD, MAXTEMP to ROTINC 

~~~ ~ 

Regression Coefficients Regression coefficients 

M A X 1  EMP MINTEMP RANGETEMP EXTMIN RELHUM R9 MINSD RANCESD RELHUMSD 

4.57* 

0.09 
0.04 

-0.610* 0.07 

0.09 
0.14 -1.361* 
0.17 -1.304* 1.147* 

-0.204* 0.06 

-0.228* 0.09 

-0.108* 0.20 
0.183* 0.25" 

-0.806* 0.18 

0.23* 1.751** 

-0.099" 0.05 

0.06 
0.01 
0.11 
0.22* 
0.31** -0.020** 
0.03 

0.298* 

-0.004** 

0.02 
0.1 1 

-0.093* 0.017* 0.0054* 0.10 
0.23* 
0.26" -0.0028* 

0.153* -0.148* -0.127* 0.32* -0.06 1 * 

cept for Est-1 and Est-2).  These significant associations in general are consistent 
with the results of the canonical correlation analyses. Further, although the 
two analyses did not always both detect a particular association as significant, 
when an association was significant in one analysis, it was generally near to 
being so and in the same direction in the other analysis. 

Thus, gene trequencies and expected heterozygosities for Hex, Pgm and 
Aldox showed associations with the population number variables (COLLUNIT, 
NOBUZZ, and NOALD). Gene frequencies did not show strong associations with 
the weather variables, although there were significant regression coefficients 
for gene frequencies at all loci except Aldox, and RELHUM was the most im- 
portant weather variable. Est-2 and Aldox gene frequencies were associated 
with variability in temperature and relative humidity. Adh-1 gene frequency 
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592 J. S. F. BARKER, P. D. EAST AND B. S. WEIR 

TABLE 7 

Environmental variables defined for each rot for multivariate analyses of data from 
collection 45 

NoBuzz-Number of D. buztatti emerging 
Am-Presence (1) or absence (0) of D. aldrichz among emergences 
ROT1.EMP-Temperature in the rot 
TEMPDEV-(ROTTEMP-Ambient temperature)/Ambient temperature 
pH-pH of the rot 
ROTDLJR-subjective scale (0, I )  estimate of the length of time the particular cladode had been 

ROTAGE-subjective scale (0, 1 )  estimate of the age of that part of the cladode that was still rotting 
NO YsP-Number of yeast species isolated from the rot 
C.s.-Presence (1 )  or absence (0) of C. sonorensis 
P.c.-Presence (1) or absence (0) of P. cactophila 
CI.0-Presence (1) or absence (0) of Clavispora sp. 0 

rotting (rot duration) 

had very small coefficients in all canonical correlation analyses and had only 
one significant regression coefficient (with RELHUM). However, there were 
strong associations for Adh-Z observed heterozygosity with temperature varia- 
bles and their variability, indicating for this locus apparent effects on hetero- 
zygosity per se. 

Genotype-environment associations: individual rots (collection 45): Multi- 
variate analyses for genotype-environment associations in these data have been 
presented briefly by BARKER (1 982), using the environmental variables defined 
in Table 7. Seven yeast species were isolated from the 17 rots from which D. 
buzratii emerged, but these analyses used only the presence or absence of the 
three most common species (viz., Candida sonorensis, Pichia cactophila and Clav- 
ispora species 0). 

With only 17 cases, canonical correlation analysis could not be done for 
standardized gene-frequency deviations with all environmental variables. These 
analyses were done separately with NOBUZZ to ROTAGE (excluding ROTTEMP, 
which was highly correlated with TEMPDEV, r = 0.83, P < 0.001) and with NO 
YSP to C1.0, but only the former was significant (Table 8). Canonical correla- 
tion analyses of expected and observed heterozygosities with each of the above 
two sets of environmental variables and with all variables included gave a 
significant correlation only for expected heterozygosities with all environmental 
variables (Table 8). Multiple regression analyses of each genetic variable on 
the full set of environmental variables gave only six significant regression coef- 
ficients for individual environmental variables, but five of these associations 
also had high canonical coefficients. Other associations with high canonical 
coefficients all had regression coefficients that were consistent in sign. 

Thus, for these rots, allele frequencies at Est-Z, Est-2 and Adh-1 were asso- 
ciated with age and pH of the rot and the number of D. buzzatii emerging 
from it. The  expected heterozygosity for Hex increased with shorter rot du- 
ration and when Clavispora sp. 0 was present in the rot. 

Complete two-locus disequilibria: For each site in each month, genotypic 
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VARIATION IN ALLOZYME FREQUENCIES 593 

TABLE 8 

Canonical correlation (R) between sets of genetic and environmental 
variables, and coefficients for each variable, for the collection 45 rots 

Gene Expected 
frequencies C.C. heterozygosities C.C.  

Est- I" -0.14 Est-I -0.08 
Est- I' 0.67 

Est-2" -0.43 Est-2 0.36 
-1.06 Est-2b 

Est-2' 0.16 

Hex" -0.0 1 Hex 

- 

- 

0.80 - 
pgmb 0.11 pg" -0.46 

Aldox" 0.32 Aldox 0.04 

Adh- lb  - 0.62 Adh-1 0.24 

NORUZZ 0.60 
ALD 0.35 

0.80 

0.53 

- 

TEMPDEV -0.37 
PH ~ 

ROTDUR -0.04 
ROTACE - 
NO YSP 
C.S. 
P.C. 
c1.0 

R 
P 

0.99 
0.005 

-0.24 
0.14 

-0.06 
0.12 

-0.63 
-0.01 
- 

-0.49 
0.11 

-0.41 
0.66 

1 .oo 
0.000 

- 

C.C. = Canonical coefficients, canonical correlation ( R )  and its probability 
level (P). Coefficient 3 0.5 are underlined to indicate those variables making 
major contributions to the correlation. 

data were analyzed for evidence of associations between genes at every pair of 
loci, using the methods of B. S. WEIR and C. C. COCKERHAM (unpublished 
results). The collapsed two-allele genotypic data were used, giving nine geno- 
typic classes for each pair of loci, and the hypotheses tested were two for 
Hardy-Weinberg disequilibrium (one at each locus), one for linkage disequilib- 
rium, two for three-gene disequilibria and one for four-gene disequilibrium (as 
defined in WEIR 1979). 

In many samples, tests of the two-locus disequilibria were not possible, as 
either one or both loci were homozygous, or the sample size was too small. 
The  results are summarized in Table 9, which gives, for each locus pair, the 
number of disequilibria significantly different from zero (P < 0.05), the num- 
ber of possible tests and the proportion of tests that were significant. For 
linkage disequilibria, using the test on page 252 of WEIR (1979), only two 
pairs of loci (Est-2, Aldox and Hex, Aldox) show substantial increases in the 
proportion of tests that were significant over the expected 5 % .  The higher 
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594 J, S. F. BARKER, P. D. EAST AND B. S. WEIR 

T A B L E  9 

Two-locus disequilibria showing, for each pair of loci, the number of significant disequilibria 
as a fraction of the number of tests made and, in parentheses, the proportion of significant 

tests (linkage disequilibrium above the matrix diagonal, higher order disequilibria below) 

Est- 1 Est-2 Hex 

b.A- I I 71287 121196 
(0.059) (0.061) 

B S t - 2  411 12 211278 
(0.036) (0.0 76) 

Hex 3/36 241232 
(0.083) (0.103) 

(0.05 6) 
PP" 010 1/18 010 

i l ldox 010 4/17 o/ 1 
(0.2 3 5 )  

(0.026) (0.068) (0.08 1) 
Adh-1 2/78 201294 131161 

pgm Aldox Adh- I 

1/37 
(0.0 2 7) 

81128 
(0.063) 

3/46 
(0.065) 

015 

1/32 
(0.03 1) 

14/84 
(0.167) 

5/33 
(0.152) 

0/2 

012 

91160 
(0.056) 

171197 
(0,086) 

111162 
(0.068) 

2/60 
(0.0 3 3) 

2/43 
(0.047) 

TABLE 10 

Numbers of significant positive and negative cases for each locus 
pair showing substantial disequilibria (linkage disequilibrium above 

the diagonal, higher order disequilibria below) 

Est-2 Hex Aldox 

Est-2 

Hex 6+ 
18- 

0 3+ 
11- 

5+ 
0- 

Aldox 2+ 0 
2- 

order disequilibria also show two pairs of loci with substantial disequilibria, 
again involving the same three loci but in a different combination (Est-2, Hex 
and Est-2, Aldox) .  Esterase-2 and Aldox have both been located to chromosome 
ZZ. Both positive and negative significant disequilibria were found for each of 
these pairs of loci (Table lo), but with an excess of one type for all except 
Est-2, Aldox higher order disequilibria. 

G-statistic tests (SOKAL and ROHLF 1981) were done to test for heterogeneity 
over sites, years, months or seasons for the Est-2, Aldox (all disequilibria and 
negative ones only) and Hex, Aldox linkage disequilibria and for the Est-2, Hex 
higher order disequilibria (all and negative only). None was significant, so that 
there is no evidence for spatial or temporal patterns in the occurrence of 
significant disequilibria. 

Analyses of F-statistics: WEIR and COCKERHAM (1 984) present methods for 
the estimation of the parameters F ,  0 and f of population structure, as defined 
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VARIATION IN ALLOZYME FREQUENCIES 595 

TABLE 1 1  

Correlations estimated in the F-statistics analyses 

Symbol Interpretation 

Correlation between genes within individuals (“inbreeding”) FIT (WRIGHT 195 1). 

Correlation of genes between individuals within the the same isolate (“coancestry”) 

Correlation of genes between isolates in the same subpopulation. Here, subpopu- 

Correlation between genes within individuals within isolates F ,  (WRIGHT 195 1). 

= FST (WRIGHT 1951). Here, isolate = month or site. 

lation = year or transect. 

Correlation between genes of different individuals within isolates within subpopu- 
lations. 

Correlation between genes within individuals relative to genes between isolates 
within subpopulations. 

previously by COCKERHAM (1969, 1973), but extend the estimation to multiple 
alleles and loci. Two aspects of population subdivision were considered, viz., 
(1) over time: years and months within years and (2) over space: transects and 
sites within transects. The  different types of correlations estimated and their 
interpretation are given in Table 11, and results for the analyses over time 
and space are given in Tables 12 and 13, respectively. 

For the analysis over time, 01 is significantly different from zero for all loci, 
i .e. ,  significant differentiation between months within years, but  the magnitude 
of O1 differs among loci. The  differentiation between months is greatest for 
Hex and least for Pgm. There appear to be no significant differences among 
loci for 02, but for Est-2 and Adh-1, differentiation among years is significant. 
On the other hand, there is essentially no indication of microgeographic struc- 
ture in the population, with only a suggestion of differentiation among sites 
within transects for Est-2 and Hex. For these two loci, G-statistic tests of vari- 
ation in allele numbers among sites within months were done; ten of the 46 
tests were significant for Est-2 and five of 46 for Hex. F-statistic analyses done 
over sites, but ignoring transects, showed significant differentiation among sites 
for Aldox, Pgm and Hex, with site 10 different for the first two loci and sites 
8 and 9 different for Hex. 

Although there is no strong evidence for microgeographic structure at the 
level of sites and transects, there could be microspatial heterogeneity among 
individual rots, and assays of flies emerging from individual rots allowed this 
possibility to be tested. For those collections where two or more rots were 
available, G-statistic tests of heterogeneity among rots were done for each locus 
(Table 14). Significant heterogeneity was detected for Est-2 in most collections, 
for Est-1 in about one-half and for a number of the loci in some collections. 

The estimates of F in the analyses over space and over time (Tables 12 and 
13) are very similar, as expected, and that for each locus is significantly dif- 
ferent from zero. There are, however, clear differences among the estimates 
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598 J. S. F.  BARKER, P. D. EAST AND B. S. WEIR 

TABLE 14 

Tests of heterogeneity in allele frequencies for each locus among flies emerging from rots 
collected at the same time 

Month of 
collection 

Imcality 5 
March, 1974 
July, 1974 
Feb., 1975 
March, 1975 
Sept., 1975 
Aug., 1976 
Sept., 1976 
Oct., 1976 
May, 1977 
Sept., 1977 
Oct., 1977 

Locality 60 
Nov., 1976 
Feb., 1977 
Mar., 1977 
June, 1977 
July, 1977 
Aug., 1977 
Sept., 1977 

Locus 
No. of 

rots Est- 1 Est-2 Hex Pgm Aldox Adh-1 

4 
4 
2 
3 
4 
2 
4 
3 
3 
5 

17 

2 
3 
5 
5 
3 
2 
5 

** 

*** 
* 

***  *** 
** * 
*** *** 

***  
0 

*** 
***  *** 

**  ** 
*** *** 
*** *** 

* *** 
*** *** 

NO TEST 
* 

*** * 

* 
*** *** 
*** NO TEST 

HOMO ** 
** * 

HOMO 

HOMO 

HOMO 

HOMO 

HOMO 

*** 

*** 
** 

0 
0 
0 
0 

*** 
* 
** 

* 
**  

*** 

*** 
*** 

0 = no assay; HOMO = all flies homozygous for common allele; NO TEST = test not possible 

* Significant heterogeneity, P < 0.05; ** P < 0.01; *** P < 0,001. 
because of expected numbers < 1 .O. 

for each locus, with the loci in four groups in terms of inbreeding, viz., Adh- 
1 (negative), Pgm (small positive), Est-2 and Hex (intermediate) and Est-1 and 
Aldox (highest inbreeding). 

One of the F-statistics, f, the correlation of genes within individuals within 
populations, can be estimated from allele frequency data for a single popula- 
tion: 

2n 
2n-1 

H - h  

h 
H - -  

2n- 1 2n- 1 
f =  2n 

where H = 1 - 
of heterozygotes: 

ing terms in l / n2 ,  is 

p : ;  p ,  = frequency of allele U ;  and h = observed frequency 

Under the null hypothesis of interest, that f is zero, the variance off, ignor- 
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VARIATION IN ALLOZYME FREQUENCIES 

TABLE 15 

Numbers of tests for each locus off = 0, and the numbers 
that were significant, with f > 0 or f < 0 

599 

No. significant 
No. of 

Locus tests f ' 0  f < O  
Est- I 35 1 57 0 
Est-2 366 76 3 
Hex 332 48 3 
Pgm 214 19 0 
Aldox 151 23 0 
Adh-1 219 3 19 

- 2 c P :  I / ( I  - C P : )  

We now invoke the large sample (maximum likelihood) result that the square 
of an estimate divided by its (estimated) variance is distributed as chi-square 
to give the multiple-allele single-degree-of-freedom chi-square off  = 0: 

For each I O C U S , ~ ,  var(f) and x2 were estimated from the data for each month 
by site sample, and the results are summarized in Table 15. Adh-1 clearly 
differs from the other five loci, with 19 of 22 significant tests having a negative 
f (observed excess of heterozygotes). For Est-1 and Est-2, all or most significant 
tests were for samples with positive f (overall observed deficiency of hetero- 
zygotes), but with multiple alleles, some heterozygote genotypes could be in 
excess and contributing to the significant departure from f = 0. 

Although not presented here, each locus was tested for deviation from 
Hardy-Weinberg equilibrium for the sample collected at each site in each 
month, using the standard goodness-of-fit x2 statistic on genotypic frequencies. 
In calculating the x2, if any genotype had an expected number <1, it was 
pooled with the genotype of next smallest expected number, and where nec- 
essary, this pooling was continued so that the test statistic was calculated only 
for genotypes (or pooled genotypes) all with expected numbers >l .  Thus, for 
small samples, valid tests often were not possible, but the number of valid tests 
for Est-I and Est-2 were 176 and 302, respectively. The  significant tests aniong 
these for Est-1 and Est-2 (47 and 7 2 ,  respectively) were investigated in more 
detail by comparing the observed and expected numbers, excluding cases 
where the difference was sl, and counting the number of cases of observed 
> expected (0 > E )  and observed < expected (0 < E ) .  For Est-1 homozygotes, 
there were 98 0 > E and zero 0 < E .  The common heterozygote (Est-I a / b )  
showed only 0 < E ,  but for the other two heterozygotes (Est-1 a/c  and Est-1 
b/c) ,  0 > E was almost the same frequency as 0 < E (13 us. 20, respectively). 
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Homozygotes for Est-2 commonly showed an observed excess (only nine of 
199 comparisons were 0 < E ) .  For the six heterozygous genotypes, only 57 of 
287 comparisons showed an observed excess, but the frequency differed among 
genotypes. The  three heterozygous genotypes including Est-2' had 31 of 113 
comparisons with an observed excess (0.274), whereas the other three geno- 
types had a significantly lower (G(l) = 6.52, P < 0.05) frequency of 26 of 174 
(0.149). The distributions over months and seasons for these cases of observed 
excess heterozygotes for each genotype showed no discernible pattern for 
either Est-1 or Est-2. 

The f estimates for each locus in each month by site sample were subjected 
to ANOVA to assess variation in time and space of heterozygosity (Table 16). 
All loci except Adh-l showed a significant effect for months within year 2, and 
there were significant effects for months within other years for Hex, Pgm and 
Adh-1. Weighted average f for Est-1, Est-2 and Hex (the three most polymorphic 
loci), for all loci except Adh-l and for all six loci also were estimated, but 
ANOVA of these showed significant effects only for months within year 2. 

Year 2 had the largest average f (all six loci) of all years, with a least-squares 
mean of 0.145, as compared with 0.119, 0.066 and 0.075 for years 1, 3 and 
4. Average POPSIZE (defined in Table 4) was smallest in year 2, uiz., 1.33 k 
0.59, as compared with 3.07 zk 1.07, 4.27 k 1.64 and 4.73 zk 1.88 for years 
1, 3 and 4, respectively, but with the highest coefficient of variation of all 
years. 

Given this negative relationship between average f and average POPSIZE 
across years and the expectation that the probability of mating between rela- 
tives would be higher at small population sizes, correlation coefficients were 
calculated for POPSIZE with f for each of the 46 months and with Af (change 
from one month to the next). These correlation analyses were done for f and 
Af for each locus separately (omitting f estimates based on S 20 flies) with 
POPSIZE for the same month, the previous month, the average of these 2 
months and the average of the previous 2 months. None of these correlation 
coefficients was significantly different from zero. 

Values o f f  for each locus in each month fluctuated quite widely, and, as 
expected from the ANOVA (Table 16), no clear patterns of a seasonal or 
cyclical nature were obvious. T o  test for randomness in the patterns, analyses 
of numbers of turning points and of phase length distributions were done 
(KENDALL and STUART 1966). Significant deviations from randomness were 
found only for Pgm. 

Although much of the variation from month to month will be due to sam- 
pling error, the patterns of change in f over time appeared to differ among 
loci. Two analyses were done to assess further this apparent variation over 
time. First, correlation analyses between all pairs of loci were done, usingffor 
each month, but omitting f estimates based on < 20 flies. Only two correlation 
coefficients were significantly different from zero-between Est-2 and Aldox 
( r ( : ~ )  = 0.358, P < 0.05) and between Est-2 and Pgm ( ~ ( 3 9 )  = 0.516, P < 0.001). 
In  similar analyses among Af estimates, two correlation coefficients were sig- 
nificantly different from zero-between Est-1 and Pgm ( r (3s)  = 0.349, P < 
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TABLE 17 

Estimates off for each locus, with standard deviation in parentheses, for each season pooled 
over years 

Season 

1.0c11s A Ut 1111111 W i titer Spring Summer 

Adh-1 -0.0257 -0.0478 -0.1088*** -0.0949* * * 
(0.0324) (0.0850) (0.0372) (0.0303) 

(0.0605) (0.3270) (0.0497) (0.0538) 

(0.02 5 2) (0.0513) (0.025 8) (0.0258) 

Aldox 0.2981*** -0.4624 0.1344* 0.0827 

b.3- I 0.1186** 0.2076** 0.1838*** 0.1655*** 

Est-2 0.1405*** 0.1045 0.0997 * * 0.1529*** 

I l e x  0.1696** * -0.0079 0.1275* 0.1200** 
(0.0305) (0.07 84) (0.03 14) (0.0266) 

pg" 0.0137 0.1730 0.0303 0.1104 
(0.0426) (0.1 146) (0.0 7 8 6) (0.0627) 

(0.0162) (0.0351) (0.0 183) (0.01 77) 

*fsignificantly different from zero, P < 0.05; ** P < 0.01; * **  P < 0.001. 

0.05) and between Est-2 and Pgm (r(33) = 0.554, P < 0.001), and that between 
Est-2 and Aldox approached significance (r(27) = 0.358, P = 0.056). Second, as 
there were no significant effects of years (except for Pgm) in the ANOVAs 
(Table 16), estimates o f f  were obtained for each season, pooled over years 
(Table 17). There are clear differences among loci, with f for Est-I significantly 
different from zero in all seasons and for Pgm not different from zero in any 
season, but with both these loci showing no differences among seasons. For 
Aldox, f is significantly higher in autumn than in other seasons, whereas for 
Hex, it is significantly less in winter than in other seasons. Est-2 shows highest 
values in summer and autumn, whereas Adh-I shows significant deviations from 
zero in spring and summer. 

DISCUSSION 

The main results of this study are (1) that allele frequencies show significant 
variation within and between the 4 yr, but with no clear cyclical or seasonal 
pattern; (2) that there is very little microgeographic structure, although there 
is significant heterogeneity in allele frequencies among flies emerging from 
individual rots collected in the field; and (3) that there is substantial inbreeding, 
but that the level of inbreeding varies among loci. 

Significant variation in time was found for all alleles (Table 2), but the 
patterns of change over the 46 months were significantly different from ran- 
dom only for Est-2" and Est-2' (BARKER 1981). Although the standard errors 
of the allele frequency estimates in some months were large, so that imprecise 
estimates of frequency could contribute to the apparent randomness, the var- 
iation in allele frequencies at loci other than Est-2 could be due to drift. 
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However, the weather variables also were tested for randomness in their pat- 
terns over the 46 months, and RANGETEMP, RAIN, RELHUM, MAXCV, MINSD, 
RANGESD and RELHUMCV all showed no significant deviation from randomness. 
As all of these variables except for RAIN, MAXCV and RELHUMCV were important 
in the significant genotype-environment associations, it would seem unlikely 
that the variation in allele frequencies among months could be attributed solely 
to drift. 

In addition, differences among years in allele frequencies were detected in 
ANOVA (Table 2) and in the biplot (Figure 3), with E ~ t - 2 ~  and Hex" decreasing 
over the 4 yr and with Pgmb increasing. Such changes could be due to direc- 
tional changes in the environment or in the ecological parameters of the study 
population. In the biplot, all three alleles discriminate between year 1 and 
years 3 and 4, whereas in the multivariate regression analyses (Table 6), the 
regression coefficients for E ~ t - 2 ~  and Hex" on NOALD were significant and pos- 
itive and those on RELHUM were significant and negative. Pgmb had significant 
regression coefficients of opposite sign. Although the differences among means 
for each year for these two environmental variables are not significant, the 
means for NOALD decreased over the 4 yr  (294, 145, 23 and 72), whereas 
those for RELHUM were lower in years 1 and 2 than in years 3 and 4 (44.9, 
43.8,  48.0 and 50.6). The directional changes in these variables, or in other 
unidentified but correlated factors, could be sufficient to account for the di- 
rectional changes in allele frequencies. 

Even if allele frequencies were closely associated with weather variables, the 
lack of a seasonal cycle in these frequencies would not be surprising, as the 
weather patterns were quite different in the 4 yr. Nevertheless, significant 
associations were detected between genetic and environmental variables in the 
multivariate analyses, although these do not necessarily indicate causal rela- 
tionships. Those between allele frequencies and the population number varia- 
bles may indicate density-dependent effects (COLLUNIT, NOBUZZ) or effects of 
interspecific interactions (NOALD), but they could be due to other environmen- 
tal variables that affect allele frequencies and are closely correlated with 
changes in the population size of D. buzzatii or D. aldrichi. 

There is one further factor that may affect temporal variation in some of 
the allozyme frequencies, i.e., D. buzzatii is polymorphic for inversions on chro- 
mosomes ZZ and IV (FONTDEVILA et al. 1981, 1982; BARKER et al. 1985). As 
inversion frequencies may show temporal changes (ARNOLD 1982; INOUE, WA-  
TANABE and WATANABE 1984), linkage disequilibrium between allozyme loci 
and inversions may contribute to temporal changes in the former. Est-1, Est-2 
and Aldox have been located to chromosome ZZ and Pgm to chromosome ZV, 
but the relationships of the enzyme loci to the inversions are not yet known. 
Inversion frequencies were not obtained during this study, so that their possible 
influence cannot be assessed. However, the chromosome ZV inversion is at very 
low frequencies in Australian populations of D. buzratii, and a further temporal 
study is in progress, with analysis of chromosome ZZ inversion and Est-1 and 
Est-2 allozyme frequencies (W. R. KNIBB, personal communication). 

The majority of the rots utilized by these Drosophila develop from microbial 
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infections in cladodes attacked by larvae of Cactoblastis cactorum. C .  cactorum 
is bivoltine, with adult moths emerging in September-November and January- 
March and their larval progeny starting to hatch 4-5 wk later (MANN 1970; 
MURRAY 1982). Depending on seasonal conditions (temperature and rainfall), 
rot development follows rapidly on the larval attack. Thus, D. buzzatii popu- 
lation numbers peak twice each year, once in late spring-early summer (Octo- 
ber-November) and once in early to mid autumn (March-April), in each case 
within a month of the time of most active rot development. Population num- 
bers are low during the winter and into early spring (June-September), and 
also crash dramatically but briefly in summer to a minimum in either Decem- 
ber, January or February, depending on seasonal conditions (an apparent com- 
bination of maximum temperatures and rainfall). On the other hand, D. ald- 
richi shows only one peak in population numbers, in March-April, which co- 
incides with that for D. buzzatii at this time. 

Most of the rots developing in late spring and late summer are in younger, 
aerial cladodes and are quite ephemeral, drying out in 6-8 wk and 11 wk on 
average, respectively (BARKER et al. 1983). At other times of the year, the flies 
are primarily dependent on rots in basal cladodes (lying on the ground, gen- 
erally rooted and old and often partly protected by leaf litter and other cla- 
dodes) and basal stems (in the lower part of the main stem of the plant, where 
the rot may extend from above ground to 10 cm or more below ground), 
which may remain as suitable feeding and breeding sites for some months. 
Thus, there are clear differences in the types of rot utilized at the times of 
peak D. buzzatii numbers and at other times of the year. Further, there are 
significant differences among rot types and seasons in the relative frequencies 
of the ten most common yeast species (BARKER et al. 1983), and these yeasts 
are differentially attractive to D. buzzatii and differ in their nutritional suffi- 
ciency for larval development (BARKER et al. 1981a,b; VACEK 1982; VACEK et 
al. 1985). Thus, the observed associations of gene frequencies with the popu- 
lation number variables could be mediated through effects of the microbial 
flora in the rots. 

Nevertheless, direct density-dependent selective effects cannot be excluded, 
Although the peaks in D. buzzatii population size follow the times of major C .  
cactorum larval activity and, therefore, of absolute rot abundance, higher larval 
density per rot could be expected at these times. This should be particularly 
so for the autumn peak, when rots last longer and may support two or three 
generations of D. buzzatii. As this is also the time of the normal single D. 
aldrichi peak, associations with NOALD could be indicators of density effects. 
Associations with the number of D. buzzatii emerging per rot thus would be 
predicted, and were found for Est-I, Est-2 and Adh-1 in the analyses of collec- 
tions from individual rots. 

In similar multivariate analyses of D. buzzatii, using genetic data from a 
number of natural populations (spatial or geographic variation) and climatic 
environmental variables, MULLEY, JAMES and BARKER (1 979) found significant 
associations for Est-2 gene frequencies with means and variabilities of the cli- 
matic factors and for Pgm and Adh-I gene frequencies with their variabilities. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/112/3/577/5996898 by guest on 13 M

arch 2024



VARIATION IN ALLOZYME FREQUENCIES 605 

Such associations could represent long-term adaptations to the different cli- 
mates to which the different populations have been exposed, and need not be 
reflected in short-term temporal tracking of seasonal weather variation. How- 
ever, Est-2 gene frequencies do show associations with measures of temperature 
variability in both the geographic and temporal analyses. In addition, Adh-1 
shows a significant negative regression coefficient with relative humidity in 
both analyses. This latter association is intriguing, although no causal expla- 
nation is obvious, as OAKESHOTT et al. (1982) found significant associations 
between A d h  gene frequencies for D. melanogaster and rainfall that accounted 
for a large proportion of the clinal variation in A d h  gene frequencies on each 
of three continents. 

Observed heterozygosity for Adh-1 also showed significant associations with 
environmental variables, particularly variation in relative humidity and tem- 
perature variables and their variability, which could indicate selective effects 
on heterozygosity per se. However, Adh-1 is different from the other loci in 
that it shows a generally consistent observed excess of heterozygotes. Such an 
excess may indicate selection favoring the heterozygotes, but not necessarily 
(WALLACE 1958; LEWONTIN and COCKERHAM 1959). Other factors which could 
contribute to an observed heterozygote excess include allele frequency differ- 
ences between male and female parents (ROBERTSON 1965), selection acting 
before the allele frequencies are determined in the offspring (LEWONTIN and 
COCKERHAM 1959), certain types of differential fertility among the parents 
(PURSER 1966), a sample comprising groups of siblings (RASMUSSEN 1979), sex- 
dependent migration between populations (PROUT 198 1) and assortative mat- 
ing. Of these, we have evidence indicating allele frequency differences between 
the sexes. First, in the adults emerging from 56 rots for which Adh-1  allele 
frequencies were estimated for both sexes, and defining a sex difference in 
A d h - l b  frequency d 0.01 as equal, the frequency of A d h - l b  was higher in 
females than in males for 36 (significantly so for six), equal for three, and less 
for 17 (sign test significant, P < 0.01). However, there was no evidence for a 
nonrandom seasonal distribution of the sex difference. Second, our most con- 
servative estimate of 8 of 15 months where tests were possible showed a higher 
frequency of A d h - l b  in females. All but one of these 8 months were at times 
of low population numbers, either during winter or at the time of the summer 
crash in population size, when selective differences could be magnified. Thus, 
for flies homozygous for Adh-1  b ,  females may have lower mortality rates than 
males during winter, and also be less susceptible to heat and dessication during 
the summer crash. 

Evidence for a possible interaction between Aldox, Adh-1 and sex was noted 
by BARKER (1981) in the data for flies emerging from the rots, in that flies 
heterozygous for Aldox had an excess of Adh-1 b ,  and this excess was higher in 
females than in males. A similar tendency is apparent in the data for all 
monthly collections, although the differences were not significant. 

In contrast to the significant temporal variation in the genetic structure of 
the population, evidence for microspatial variation was limited to Est-2' and 
Hexa frequencies (Table 2 )  and to possible differentiation among sites within 
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transects for these same two loci in the F-statistic analysis (Table 13). RICH- 
MOND ( 1  978) reviewed evidence for microspatial genetic heterogeneity in Dro- 
sophila species, concluding that it may be the rule rather than the exception 
and suggesting that behavioral habitat selection may be important in maintain- 
ing the heterogeneity. However, for most of the species considered by RICH- 
MOND, the breeding sites and, hence, the basis for any habitat selection are 
unknown. Thus, environmental heterogeneity to which the populations may 
be exposed is described in broad ecological terms, such as moist woods, open 
woods or  meadows. At our study site, the habitat would appear to be relatively 
uniform, apart from the slightly lower average temperature and greater shad- 
ing at the sites in transect 1 than in transect 2. However, one other difference 
could account for the higher average frequency of Est-2' in transect 1. In this 
transect (particularly in sites 1-4), there were very few large, old 0. strictu 
plants throughout the study period, although such plants were common in sites 
6-10. As noted previously, rots in younger cladodes dry out more quickly so 
that, on average, the rot process proceeds more rapidly in transect 1. Thus, 
the strong negative association between E ~ t - 2 ~  frequency and ROTAGE found 
for the collections from individual rots (Table 8), if generally true throughout 
the study period, would contribute to the higher frequency of Est-2' in transect 
1 .  

BARKER (1 982) has summarized our more extensive data for collections from 
individual rots and has emphasized the potential importance of microenviron- 
mental variation ( i . e . ,  between rots) affecting allele and genotype frequencies 
in D. buzzatii. Microspatial heterogeneity at the level of individual rots may be 
a major factor promoting diversifying selection and the maintenance of poly- 
morphism, particularly if coupled with differential habitat selection by different 
genotypes. For one microenvironmental factor (viz.,  yeast species) there is sig- 
nificant heterogeneity among rots (BARKER et al. 1983), and the potential for 
habitat selection. Laboratory and field experiments have shown that larval and 
adult D. buzzatii can discriminate among yeast species (VACEK 1982; VACEK et 
al. 1985), and the field experiments indicated that Est-2 genotypes are differ- 
entially attracted to yeast species (BARKER et al. 1981b). The significant het- 
erogeneity among rots in allele frequencies (Table 14) is inadequate to impli- 
cate habitat selection, as such heterogeneity also could be due to a founder 
effect (if the flies collected from a rot were the progeny of one or a few 
females) or to a nonrandom sample of the flies developing in a rot being 
collected (e .g . ,  if flies from eggs first laid in the rot had already emerged in 
the field). Unless there is significant spatial heterogeneity in types of rot (as 
perceived by different genotypes), dispersal of flies eclosing in a rot, or dis- 
persal as rots dry out and become unsuitable as breeding sites, will prevent 
spatial population structuring at the microgeographic level. Nevertheless, the 
heterogeneity among rots emphasizes the possible importance of effects of 
microhabitat variation on population structure and maintenance of polymor- 
phism and the need for more detailed field studies at this level, 

Estimates of F for all loci except Adh-I were positive and significantly dif- 
ferent from zero. Although there was little evidence for spatial genetic struc- 
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ture (among sites), the heterogeneity among rots in allele frequencies could 
contribute to a Wahlund effect causing observed deficiencies of heterozygotes. 
However, BARKER (1981) compared the number of cases of observed hetero- 
zygote deficiency and observed heterozygote excess for the 80 rots collected 
during the study period and showed that there is an overall excess of observed 
heterozygote deficiency even in emergences from the individual rots. Sign tests 
were significant for Est-2 ( P  < 0.01) and Hex ( P  < 0.05) and were near to 
significance for Est-I ( P  < 0.10). As the emergences from a single rot will 
comprise groups of siblings, which would lead to an observed excess of het- 
erozygotes (RASMUSSEN 1979), the observed heterozygote deficiencies for in- 
dividual rots argue strongly against attributing the significant positive estimates 
of F for all loci (except Adh- I )  to a Wahlund effect. It should be noted that, 
in these rot emergences, Adh-I again contrasted strongly with the other loci, 
with an excess of cases ( P  < 0.10) where observed numbers of heterozygotes 
were greater than expected. 

Other possible factors that might account for the positive estimates of F 
include selection against heterozygotes, positive assortative mating (both un- 
likely for five loci), the existence of null alleles or inbreeding. BARKER and 
MULLEY (1976) first drew attention to the general observed hetrozygote defi- 
ciency at these five loci. At that time, there was no information on null allele 
frequencies, and they argued in favor of inbreeding, suggesting that flies eclos- 
ing in a particular rot may tend to remain there as long as it remains a suitable 
breeding site. 

Null alleles appear to be rare in natural populations, e.g., for 20 autosomal 
loci in D. melanogaster, a mean frequency of 0.0024 in two populations (LANG- 
LEY et al. 1981). Definitive estimates are not available for D. burzatii, but 
preliminary data suggest higher null frequencies for Est-1 and Est-2 than the 
average for D. melanogaster. Of 40 lines made isogenic for Est-2, but with no 
consideration of alleles at Est-I which also is on chromosome ZZ, two were 
homozygous for an Est-1 null allele, i.e., a frequency of 0.05. Maximum esti- 
mates of null frequencies from a study of linkage disequilibrium between Est- 
I, Est-2 and chromosome ZI inversions (W. R .  KNIBB, unpublished results) were 
0.034 for Est-I and 0.0 17 for Est-2. Assuming Hardy-Weinberg equilibrium, 
and if null heterozygotes are scored as homozygotes and null homozygotes are 
inviable or classed as unscorable and excluded from the data, then F = 2p/( 1 
+ p ) ,  where p is the null allele frequency. Predicted estimates of p ,  using the 
F values in Table 12, are 0.095 for Aldox, 0.087 for Est-I, 0.069 for Hex, 
0.067 for Est-2 and 0.036 for Pgm. Clearly, the estimated null frequencies for 
Est-I and Est-2 cannot account for all the apparent inbreeding. However, null 
alleles at Est-I and Est-2 also could account for the observations on deviations 
from Hardy-Weinberg equilibrium frquencies for each genotype at these loci. 
As would be expected with null alleles segregating, we found a greater pro- 
portion of observed heterozygote deficiencies for the common heterozygotes 
(Est-I a l b  and Est-2 alb, ald and b l d )  than for the other heterozygous geno- 
types. Nevertheless, at least until more precise estimates of null allele frequen- 
cies are obtained, we must conclude that there is inbreeding in this population 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/112/3/577/5996898 by guest on 13 M

arch 2024



608 J. S. F. BARKER, P. D. EAST AND B. S. WEIR 

additional to that which would accumulate in a random mating population of 
finite size. 

However, the average level of inbreeding and the changes in inbreeding 
over time vary among loci. Further, in the F-statistic analysis over time, 81 (E 
F.sT) is heterogeneous among loci. Since all loci have been subjected to the 
same breeding structure, this heterogeneity in inbreeding indicates some form 
of selection affecting gene and genotype frequencies at some of the loci, al- 
though no inference as to the type of selection can be made (NICHOLAS and 
ROBERTSON 1976). 

Assuming selection is affecting some of the loci, the changes in inbreeding 
over time (summarized for seasonal effects on f in Table 17) should be related 
to changes in the effective size of the population, and differences among loci 
in these inbreeding changes then would be indicative of the time and possible 
nature of the selection. However, the variable POPSIZE showed no relationship 
with f for any locus, although it is only a crude measure of population size 
and possibly not really relevant in attempting to monitor changes in f. For 
example, consider a locus where heterozygotes survive better during the win- 
ter. At this time, POPSIZE is small, but the flies are either not breeding or are 
only breeding to a limited extent. Thus, during the winter months, f would 
decrease, even though POPSIZE is small. When breeding commences after win- 
ter, f might increase in the first one or two generations, but would then 
decrease as flies disperse to newly formed rots, even though POPSIZE was still 
quite small. 

The results of this large study suggest that selection is affecting gene and 
genotype frequencies at some enzyme coding loci, but the lack of any evidence 
for spatial structure in this population implies that the selection is probably 
based at the micro-environmental level. 

Resolution of the nature of the selection affecting these loci, and of the 
implications of the selection-inbreeding interaction, will depend on more pre- 
cise knowledge of the breeding structure of the population at the microhabitat 
level ( i . e . ,  individual rots) and of gene flow within the population. 
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