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ABSTRACT 
Pairwise linkage disequilibrium values ( D )  were estimated for 14 allozyme loci in two natural 

populations of lodgepole pine (Pinus contorta ssp. Eat$olia). Maternal multilocus genotypes were 
inferred from samples of (haploid) megagametophytic seed-endosperms. Coupling/repulsion double 
heterozygotes were distinguished for closely linked pairs of loci. Assays of seven of the loci in seed 
embryos allowed estimates of D for these loci in the outcross pollen pool (estimates of outcrossing 
rates indicate no significant departures from random mating in either population). No disequilibrium 
was observed between unlinked loci in either maternal genotypes or outcross pollen. However, 
significant disequilibrium was observed within and between gametes for some allelic combinations of 
four tightly linked loci; the assumption of random association of gamete types within individuals is 
thus invalid for some loci in lodgepole pine. Possible causes of the observed D were examined using 
the noncentrality parameter of the general noncentral chi square distribution. We concluded, from 
estimates of population size, linkage and measurements of population substructure, that neither drift 
nor population subdivision was responsible for the significant values of D which were observed and 
that epistatic selection was the most likely cause of the disequilibrium observed. 

ENETICISTS have long been interested in the G evolutionary forces which shape genetic varia- 
tion in natural populations. The fitness of an individ- 
ual is affected by allelic state at many of the loci in its 
genotype and it is unlikely that natural selection acts 
independently on all loci. In theory it is possible to 
measure the magnitude of interlocus interactions by 
partitioning the genetic variance of quantitative traits 
into additive, dominance and interlocus interactive 
(epistatic) components (e.g., COCKERHAM 1954, CROW 
and KIMURA 1970); however, attempts to do so em- 
pirically have been unsuccessful, in part because of 
the very large sample sizes that are required. The 
responses of artificial populations to selection for pol- 
ygenic traits can also, in theory, uncover epistatic 
effects, but attempts to do so have likewise been 
unsuccessful ( e .g . ,  FRANKHAM, JONES and BARKER 
1968; BARKER 1979). 

Alternatively, evidence of epistasis can be gained by 
statistical analysis of multilocus genotypic frequencies 
(HARDING and ALLARD 1969). LEWONTIN (1974) sug- 
gested that the measurement of linkage disequilib- 
rium, or correlations between loci, in natural popula- 
tions may be a sensitive indicator of natural selection. 
Recent theoretical results, however, have shown that 
sample sizes must be large to detect levels of perma- 
nent disequilibrium which result from epistatic selec- 
tion (e .g . ,  BROWN 1975; KARLIN 19'75, 1979; HAS- 
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TINGS 198 1).  Furthermore, several other evolutionary 
forces can influence levels of disequilibrium in natural 
populations including: (1 )  close linkage between loci 
and/or small population size (e.g., HILL and ROBERT- 
SON 1968; OHTA and KIMURA 1969; SVED and FELD- 
MAN 1973); (2) nonrandom mating, in particular, self- 
fertilization (e.g. ,  ALLARD, JAIN and WORKMAN 1968; 
KARLIN 1969; WEIR, ALLARD and KAHLER 1972; 
WEIR and COCKERHAM 1973); (3) population subdivi- 
sion (e .g . ,  PROUT 1973; SLATKIN 1975); and (4) selec- 
tion at only one of the loci-the hitchhiking effect 
(e.g. ,  THOMSON 1977; ASMUSSEN and CLECG 1981). 
These evolutionary factors must be taken into account 
in determining the role of epistasis. 

Empirical studies of disequilibrium in animals have 
been reviewed in BARKER (1979), and those in plants 
by BROWN ( 1  979). Disequilibrium has frequently been 
found in self-fertilizing species (e.g., HARDINC and 
ALLARD 1969; ALLARD et a l .  1972; CLECC, ALLARD 
and KAHLER 1972; BROWN, NEVO and ZOHARY 1977), 
but not in outcrossers (BROWN 1979). Allozyme dise- 
quilibrium studies on outcrossing plants have not been 
extensive. They include an experimental population 
of Zea mays in which the only disequilibrium which 
arose appeared to have resulted from founder effects 
(BROWN and ALLARD 197 1). BAKER, MAYNARD-SMITH 
and STROBECK (1 975) found no disequilibrium be- 
tween four loci in Silene maritima. Although values of 
disequilibrium coefficients were large for several loci 
in Eucalyptus obliqua and E. paucajlora, they were not 
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statistically significant (BROWN, MATHESON and ELD- 
RIDGE 1975; PHILLIPS and BROWN 1977). Among 
allozyme studies in conifers, significant linkage dise- 
quilibrium was reported between seven of 30 locus- 
pair, site-location combinations in Pinus ponderosa by 
MITTON, STURGEON and DAVIS (1 980); however, the 
linkage relationships of these loci are unknown. 

The primary goals of the experiments reported in 
this paper were: (1) to collect multilocus data sufficient 
to measure precisely the amounts of linkage disequi- 
librium in natural populations of an outcrossing plant 
and (2) to exanline the influences of epistasis and 
other evolutionary factors on the multilocus genetic 
structure of these populations. Lodgepole pine was 
chosen as the experimental organism for three main 
reasons. First the formal genetics of a large number 
of enzyme loci which vary from unlinked to tightly 
linked have been worked out in this species. Second, 
these loci can be scored in seed megagametophytes 
which facilitates the collection of complete two-locus 
adult genotypic data for tightly linked loci; such data 
allow direct measurement of disequilibriunl thus cir- 
cumventing the necessity for assumptions that are 
required in estimating D from incomplete genotypic 
data sets. Third, lodgepole pine grows in very large, 
panmictic populations (EPPERSON and ALLARD 1984) 
and the effects of genetic drift are thus expected to 
be insignificantly small. 

MATERIALS AND METHODS 

Seeds were collected at  two sample sites (Scar Mountain 
and Indian Creek) located 7 miles from each other in the 
Colville National Forest in northeastern Washington. Both 
sites were located within very large (>640 acres), dense 
(approximately 1000 trees/acre) populations in which the 
forest canopy was continuous and composed of exclusively 
lodgepole pine. T h e  two populations were joined by a thin 
strand of lodgepole pine forest. Both sample sites appeared 
to be internally homogeneous and even aged (ring counts 
indicate all trees are about 50 years old). T h e  two sites differ 
ecologically in several respects. T h e  Indian Creek site is 
drier, more exposed, and located near the lower elevational 
limit, whereas the Scar Mountain site is located near the 
upper elevational limit for lodgepole pine in the Colville 
National Forest. Seeds were collected from 201 trees at the 
Scar Mountain site and 195 trees at  the Indian Creek site. 
Both sites were sampled on a grid to allow study of spatial 
distribution of genotypes, an4 population subdivision, 
within sites (EPPERSON 1983). 

Methods of seed extraction, storage and stratification 
were modified from Dr. M. THOMPSON CONKLE (personal 
communication) of the Pacific Southwest Forest and Range 
Experiment Station. Electrophoretic procedures were de- 
rived from P. D. HODGSKISS and M. T. CONKLE (unpublished 
laboratory manual) and O’MALLEY, WHEELER and CURIES 
(1 980). Fourteen isozyme loci were scored. Table 1 lists the 
loci, their Enzyme Commission Codes and numbers of al- 
leles. Loci had as many as eight alleles, most of which were 
present in very low frequency. Infrequent alleles were 
lumped to form a third and least frequent “synthetic” allele. 
However, in the case of PER-11, alleles that were very similar 

TABLE 1 

Enzyme systems, loci and number of alleles 
~ ~~~ ~ ~ 

Enzyme 
Locus ab- commis- No. of 

Stain system breviation sion code alleles 
~~ 

Glutamate oxalacetic transam- 
inase 

Aconitase 
Alcohol dehydrogenase 
Acid phosphatase 
6-Phosphogluconate dehydro- 

lsocitrate dehydrogenase 
Phosphoglucose isomerase 

Alanine-aminopeptidase 

genase 

Peroxidase 

COT-I 
GOT-I1 
A CO 
ADH 
ACPH 
6PGD-I 
6PGD-II 
IDH 
PGI-J 
PGI-II 
ALAP-I 
ALAPII 
PER-J 
PER-I1 

2.6.1.1 

4.2.1.3 
1.1.1.1 
3.1.3.2 
1. I .  1.44 

1.1.1.42 
5.3.1.9 

3.4. I I. 1 

1.1 1.1.7 

5 
3 
4 
4 
3 
3 

2 
3 

3 
2 
3 
8 

in migration were lumped; each of the three composite 
classes received one of three major alleles. An improvement 
in technique was made in the course of the study which 
allowed detection of a third allele at locus ALAP-I. This 
allele was scored in the sample from Scar Mountain; thus, 
allele 2 of ALAP-I of Indian Creek includes both alleles 2 
and 3 of Scar Mountain. 

All 14 loci were scored in megagametophytes (haploid 
endosperm tissue) but only seven loci GOT-I, ACO, ADH, 
ACPH, 6PGD-I and -II, and IDH were scored in embryo 
tissue (diploid). T h e  megagametophyte and the megaspores 
have the same genotype; consequently the haplotype of the 
pollen which fertilized the megaspore can be deduced in 
those cases where the genotypes of both the megagameto- 
phyte and the embryo was determined. Data obtained by 
scoring one embryo per tree for each of the seven loci listed 
above were used to estimate the mating system according to 
the mixed mating model (EPPERSON and ALLARD 1984). 
Estimates of outcrossing rates ( t )  did not differ significantly 
from 1 .O, which indicates that mating was at random in both 
the Indian Creek and Scar Mountain populations. Because 
mating was at random, the haploid megagametophyte-dip- 
loid embryo data permit the genotypic frequencies of suc- 
cessful outcross pollen to be estimated. 

The  genotype of the megagametophyte was determined 
for 14 allozyme loci in at  least seven seeds from each tree. 
When two different haploid genotypes were observed for a 
locus among the megagametophytes, the maternal tree was 
classified as a heterozygote for those two alleles, e .g . ,  if the 
array of seven megagametophytes was genotypically 
1 122 1 12 for a locus, this identified the maternal tree as a 
12 heterozygote for that locus. When only one haploid 
genotype was observed (e.g., either 1 11 11 11 or 2222222), 
the maternal tree was classified as a homozygote for that 
locus (1 1 or 22). Assuming no distortion of segregation, it 
is expected that only ~ ( Y z ) ~  = ’/64 of the heterozygotes would 
be misclassified as homozygotes for one or the other allele. 

T h e  megagametophyte progeny-array data also provide 
information concerning the inheritance of the isozymes (e.g., 
CURIES and LEDIC 1978). In no case were more than two 
phenotypes observed among megagametophytes from a sin- 
gle tree. Also, segregation ratios did not differ significantly 
from 1:1 for any of the loci. T h e  megagametophyte prog- 
eny-array data can also be used to determine linkage rela- 
tionships among loci. Maternal recombination rates, esti- 
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mated for the present data by a modification (O'MALLEY 
and CURIES 1981; and D. M. O'MALLEY, personal commu- 
nication) of incomplete ascertainment methods used in hu- 
man genetics studies (MORTON 1955; SMITH 1959), indicate 
that eight of the loci scored are located 30 or more map 
units from any of the other loci and that the six remaining 
loci are linked in two groups. The linked pairs of loci were 
analyzed further by scoring large numbers of additional 
megagametophytes from the known doubly heterozygous 
trees (EPPERSON 1983). The results indicated that four of 
the loci (GOT-I, PER-I, PER-II, PGI-II) are located in a very 
tight cluster in which GOT-I and PGI-II flank the two per- 
oxidase loci. Estimates of recombination rates (c) were 
(standard errors in parentheses): GOT-I-PER-I and PER-II, 
c = 0.007 (0.002); PGI-II-PER-I and PER-II, c = 0.013 
(0.003); GOT-I-PGI-II, c = 0.02 (0.004). No  recombinants 
were found in between the two peroxidase loci in 638 
megagametophytes examined, indicating that these two loci 
are very closely linked (c < 0.002). Loci ACPH and ALAP-I 
were found to be less tightly linked, c = 0.083 (0.008). 
When comparisons were possible, these linkage relationships 
were found to agree closely with those reported by CONKLE 
(1981) for a different subspecies of lodgepole pine, P. cun- 
torta ssp. murrayana. 

It should be noted that the megagametophyte progeny- 
array data allow coupling- us. repulsion-double heterozy- 
gotes to be distinguished for tightly linked loci: arrays of 
two-locus haploid genotypes in which all or nearly all indi- 
viduals are 11 or 22 indicate that the maternal tree is a 
coupling double heterozygote, whereas arrays in which all 
or nearly all are 12 or 21 indicate that the maternal tree is 
a repulsion double heterozygote. Thus all two-locus geno- 
types can be identified directly from materials collected 
from natural populations. These features of reproduction 
in gymnosperms are advantageous in studies of gametic 
disequilibrium and they were a major reason for selecting a 
gymnosperm as the experimental organism for this study. 

EXPERIMENTAL RESULTS 

Single locus: Allele frequencies and Wright's 
fixation ( k )  indices for each locus are listed in Table 
2. Values of fi were calculated by the method of 
BROWN (1970): fia = 1 - (H,/[2P,( 1 - P3]) ,  in which H, 
is the observed frequency of the genotypes heterozy- 
gous for the ith allele and p ,  is the observed frequency 
of the ith allele. Although most of the values of fi 
were near zero, as expected when the outcrossing rate 
is near 1.0 (EPPERSON and ALLARD 1984), 6/84 of the 
values of k,  which is slightly more than expected due 
to chance alone, were significantly larger than zero. 
The chi square tests based on rare alleles may, how- 
ever, be unreliable for alleles which are present in low 
frequency; hence, we also calculated the average value 
over alleles, = 1 - [(EH,)/( 1 - cpp2)]. This method 
is a large sample approximation of the methods of 
WEIR and COCKERHAM (1984). It appears that the 
only real excesses of homozygotes may be for PER-I 
in the Scar Mountain population. 

Chi square tests for the homogeneity of allele fre- 
quencies between the two samples were calculated for 
each locus, and for the two samples combined (WORK- 
MAN and NISWANDER 1970). The chi square statistics 

in Table 2 have one fewer degrees of freedom than 
the number of alleles. Although none of the differ- 
ences in allele frequencies was very large (less than 
0.07), some were statistically significant. 

Two loci: Coefficients of linkage disequilibrium 
were calculated, using the methods of both HILL 
(1 974) and WEIR (1 979), from maternal tree genotype 
data for the 238 combinations of pairs of loci and 
alleles in the two samples. Estimates of D and tests of 
the significance of D in the pollen pool were calculated 
from haploid genotypes by the methods of BROWN 
(1975). Although pairwise values of D for these seven 
unlinked loci are too numerous to report here, the 
results are easily summarized. There were only nine 
significant values of D among unlinked loci in the two 
data sets and these appear to represent chance sam- 
pling events. If the coefficients were independent, 
then 12 (=0.05 X 238) significant values would be 
expected due to chance alone at probability level 0.05; 
but in general the expected number depends on the 
correlations between the coefficients (B. S. WEIR and 
L. D. BROOKS, unpublished data). More important, 
the significant values of D were randomly distributed 
over pairs of multiallelic loci, and when D was signif- 
icant for a pair of loci in the maternal-genotype data 
set, values for the same locus pairs were in no case 
significant in the estimates made from the pollen data. 

The genotypic data for the closely linked loci (the 
quadruplet GOT-I-PER-I-PER-II-PGI-II), and the 
doublet ACPH-ALAP-I were examined in more detail 
because these data allow distinction between coupling 
and repulsion phase double heterozygotes. Overall, D 
values were generally smaller in the Indian Creek 
sample and there was little consistency between the 
two samples (Table 3).  Unfortunately, among these 
six loci, only GOT-I and ACPH could be assayed in 
embryos and hence in the sample of pollen genotypes; 
thus, because these two loci are unlinked, no useful 
comparisons could be made of disequilibrium in pol- 
len versus adults. GOT-I is in marked disequilibrium 
with the two peroxidase loci in the Scar Mountain 
sample. There are also some nearly significant values 
for PER-I-PER-II and PER-I-PGI-11 in the same sam- 
ple and one significant value for PER-I-PER-11 in the 
Indian Creek sample. In contrast, there are no indi- 
cations of disequilibrium for the less tightly linked (c 
= 0.08) ACPH-ALAP-I pair in either sample. 

Values of DV for the linked loci were partitioned 
into two estimable components; DV = Dj + DZ (Table 
4), one of which, DI, measures the disequilibrium 
between gametes, i . e . ,  excesses of diploid genotypes 
with allele i at one locus on one chromosome and 
allelej at the other locus on the second chromosome 
(WEIR and COCKERHAM 1977). Thus, if associations 
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TABLE 2 

Allele frequencies $, Wright's fixation indices Fi, and x 2  tests of homogeneity between the allele frequencies in the two samples 

Locus Allele 

COT-I 

COT-11 

A CO 

ADH 

ACPH 

6PGD-I 

6PGD-11 

IDH 

PGI-I 

PGI-11 

ALAP-I 

ALAP-II 

PER-I 

PER-II 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 
1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 

1 
2 
3 

1 
2 
3 

I 
2 
3 

I 
2 
3 

1 
2 
3 

1 
2 
3 

1 5 8  

0.092 
0.209 
0.699 

0.020 
0.943 
0.037 

0.154 
0.632 
0.2 14 

0.607 
0.035 
0.358 
0.376 
0.189 
0.435 

0.938 
0.040 
0.022 

0.970 
0.015 
0.015 

0.005 
0.995 

0.005 
0.983 
0.012 

0.055 
0.933 
0.012 

0.107 
0.478 
0.415 

0.960 
0.008 
0.032 

0.117 
0.838 
0.045 

0.067 
0.674 
0.259 

Scar Mountain Indian Creek 

i, F 
-0.10 

0.01 
0.02 

-0.02 
-0.06 
-0.04 

0.05 
0.08 
0.1 1 

-0.001 
-0.04 

0.05 
0.03 

-0.07 
0.08 

0.10 
-0.04 
-0.02 

-0.03 
-0.02 
-0.02 

-0.01 
-0.01 

-0.005 
-0.02 
-0.02 

-0.06 
-0.07 
-0.0 1 

0.19* 
0.02 
0.01 

0.09 
-0.001 

0.032 

0.16* 
0.14* 
0.19* 

0.25* 
0.04 
0.07 

-0.01 

-0.05 

0.08 

0.02 

0.03 

0.03 

0.06 

-0.01 

-0.01 

-0.06 

0.04 

0.09 

0.15 

0.08 

0.064 
0.190 
0.746 

0.033 
0.9 10 
0.057 

0.123 
0.659 
0.218 

0.559 
0.031 
0.410 
0.354 
0.205 
0.441 

0.936 
0.054 
0.010 

0.992 
0.003 
0.005 

0.026 
0.974 

0.000 
0.990 
0.008 

0.018 
0.974 
0.008 

0.123 
0.877 

0.954 
0.023 
0.023 

0.084 
0.908 
0.008 

0.041 
0.723 
0.236 

e, 
-0.07 

0.10 
0.09 

-0.02 
0.03 
0.04 

-0.13 
0.08 

-0.0 1 

-0.08 
-0.03 
-0.12 

0.10 
-0.07 

0.02 

-0.07 
-0.06 
-0.006 

-0.008 
0.016 

-0.015 

-0.03 
-0.03 

-0.01 
-0.01 

0.27* 
0.18* 

-0.008 

0.05 
0.05 

0.000 
-0.02 
-0.02 

0.04 
0.08 

-0.008 

0.35* 
0.10 
0.09 

- 
F 

0.07 

0.02 

-0.0 1 

-0.10 

0.03 

-0.06 

-0.01 

-0.03 

-0.01 

0.18 

0.05 

-0.02 

0.06 

0.12 

x2 
12.0** 

3.5 

1.4 

2.3 

0.5 

2.6 

5.2 

5.7* 

2.1 

1.5 

0.5 

3.4 

13.4* 

3.6 

Sample sizes were 201 trees and 195 trees for the Scar Mountain and Indian Creek sites, respectively. 
*, ** Significant at the levels 0.05 and 0.01, respectively. 

of  gametes are  random (an assumption commonly 
made in disequilibrium studies), DY is expected to take 
the value zero. T h e  second component, Di, which 
measures disequilibrium within gametes (WEIR and 
COCKERHAM 1977), is identical to the usual Dq pro- 
vided Dj = 0. Approximate tests that the DY = 0 were 
carried out making use of an approximation of the 
variance formula for the equivalent quantity D'] given 
by WEIR (1 979) and appealing to the asyniptotic nor- 

mality of maximum likelihood estimates. T h e  statisti- 
cal significance of the O$ values was tested using an 
equivalent chi square test, namely that the two types 
of double heterozygotes have equal frequency (WEIR 
1979). Observed values of O$ and 07, given in Table 
4, were sometimes both large but opposite in sign, 
thus canceling each other. In other cases, DZ and 0 3  
contributed more or less equally to a large and signif- 
icant value of Dq and, in still other cases, one was large 
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and significant and the other was near zero so that D'1 

is not significant. Particularly striking examples of this 
last effect were found in the pairs ACPH-ALAP-I in 
the Scar Mountain sample, and PER-I-PER-11, and 
GOT-I-PER-I in the Indian Creek sample. In contrast, 
most of the disequilibrium between GOT-I-PER-I and 
GOT-I-PER-II in the Scar Mountain sample was within 
gametes. The above analysis shows that both D!! and 
D f  are important and that information can be lost in 
assuming random association of gametes, i .e . ,  Db = 0. 

DISCUSSION 

Forces responsible for observed disequilibrium: 
We now examine the statistically significant values of 
disequilibrium for evidence concerning the relative 
importance of the evolutionary forces acting on the 
loci of this study, including the effects of finite popu- 
lation size, the effects of loci in disequilibrium with 
the loci scored, and the effects of one- and two-locus 
selection on the marker loci themselves. Some of the 
significant values may have been due to random sam- 
pling effects (e.g., if the coefficients were independent, 
5.2 = 108 X 0.05 of the coefficients would be expected 
to be significant in the two samples combined). The 
significant values were, however, not randomly dis- 
tributed, but occurred primarily in the locus pairs 
GOT-I-PER-I, and GOT-I-PER-II in the Scar Moun- 
tain sample. Moreover, among the significant values 
observed three were significant at the level of a = 
0.05 and two were significant at the level of a = 
0.005. It therefore seems likely that most of the 
significant values were due to causes other than ran- 
dom sampling accidents. 

Comparisons of observed disequilibrium to that ex- 
pected from models which involve various evolution- 
ary forces or combinations of forces have usually been 
done in terms of the D coefficient because it is math- 
ematically convenient to do so. However, this would 
be unwieldy in the present study because the expected 
values of D differ for different pairs of loci; e.g., results 
for constant finite population size depend on allelic 
frequencies and recombination rates whereas in epi- 
static selection models the outcome may also depend 
on initial conditions. It would be misleading, on the 
other hand, to treat the coefficients of D as identically 
distributed measures. To facilitate comparisons be- 
tween the observed significant values of disequilib- 
rium, and the expected values for each model, we 
employ the power function of the chi square distri- 
bution. If an actual disequilibrium coefficient has the 
value D ,  then the chi square test statistic is approxi- 
mately distributed as a noncentral chi square 
(GUENTHER 1977), with noncentrality parameter 

in which p ,  q,  U and v are the appropriate allele 
frequencies in the population and n is the sample size 
(WEIR and COCKERHAM 1978). In the present case we 
wish to test the probability of drawing a sample which 
rejects the null hypothesis D'J = 0 when, in fact, De Z 
0. The statistical power p which tests the hypothesis 
that D = 0 is a monotonically increasing function of X 
(HAYNAM, GOVINDARAJULU and LEONE 1970). 

Effects of population size: Pinus contorta ssp. lati- 
folia typically grows in large, dense, even aged, and 
monospecific forests; also trees of this subspecies usu- 
ally have a high proportion of serotinous cones which 
remain closed until the death of the tree, or the 
intense heat of a fire causes the cones to release their 
seeds. Studies of genetic and morphological variation 
suggest that large populations of lodgepole have oc- 
cupied the region of the Colville National Forest at 
least since the last glaciation about 12,000 years ago 
(WHEELER and GURIES 1982a). Fossil pollen studies 
support this conclusion: MACDONALD and CWYNAR 
(1985) found that lodgepole pollen was present in 
large amounts at least 13,000 years ago at a location 
250 km from our study sites. According to CRITCH- 
FIELD (1980) stands of lodgepole pine in this region 
are short lived with maximum stand ages of 80-100 
years. In short, the extant populations of this study 
appear to be typical of fire-climax species and they 
may well represent the 200th or later generation of 
occupation of the study sites by lodgepole pine. 

Lodgepole pine stands typically store 0.2 to 3.2 
million sound seed per acre in serotinous cones (Lo- 
TAN 1968). Various studies have shown that popula- 
tions regenerate densely following a fire (LOTAN 
1975; BROWN 1973; BEAUFAIT 1960; CRITCHFIELD 
1980). Stand densities of the study populations pres- 
ently exceed 1000 trees per acre and each population 
covers more than 1 square mile (640 acres) which 
suggests that population sizes with respect to drift 
historically exceeded 640,000 individuals. However, 
we cannot dismiss the possibility effective population 
size may sporadically have been smaller due to holo- 
caust fires or other reasons. If N were as small as 
10,000 (an average of only 16 trees per acre) for one 
generation every 20 generations, but 600,000 in other 
generations, the harmonic mean of N is 150,000. We 
adopt Ne = 150,000 as an estimate of effective popu- 
lation size. 

In a population of constant size N individuals, the 
expected disequilibrium between two diallelic loci is, 
for small c, E(r2) = E(D2/pquv) 1/(1 + ~ N c ) ,  where 
c equals the recombination rate (AVERY 1978; SVED 
and FELDMAN 1973; GOLDINC 1984; HUDSON 1985), 
and the E(r2) in a sample of size n is slightly greater, 
approximately plus l/n (WEIR and HILL 1980). Al- 
though the distribution of r 2  is unknown; it seems 
likely that much of the probability density will be 
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TABLE 3 

Coefficients of total linkage disequilibrium, D'j (above diagonal) with standard errors (below diagonal) for linked loci 

GOT-I 

Locus Allele 1 2 3 1 

PER-I PER-I1 

2 3 1 2 3 

SCAR M O U N T A I N  (n = 201 trees) 
GOT-I 1 

2 
3 

PER-I 1 0.0021 0.0068 
2 0.0027 0.0034 
3 0.0011 0.0034 

PER-I1 1 0.0033 0.0067 
2 0.0067 0.0098 
3 0.0064 0.0088 

PGI-I1 1 0.0033 0.0047 
2 0.0033 0.0049 
3 0.0005 0.0011 

ACPH 1 
2 
3 

ALAP 1 
2 
3 

INDIAN CREEK (n = 195 trees) 
GOT4 1 

2 
3 

PER4 1 0.0026 0.0060 
2 0.0026 0.0064 
3 0.0003 0.0022 

PER-I1 1 0.0024 0.0034 
2 0.0053 0.0088 
3 0.0050 0.0085 

PGI-II 1 0,0005 0.0013 
2 0.0004 0.0025 
3 0.0003 0.0022 

ACPH 1 
2 
3 

ALAP-I 1 
2 

0.0069 
0.0077 
0.0038 

0.0067 
0.0109 
0.0100 

0.0053 
0.0055 
0.0015 

0.0062 
0.0065 
0.0022 

0.0040 
0.0098 
0.0093 

0.001 7 
0.0028 
0.0022 

-0.0108** 
0.0030 
0.0078 

0.0027 
0.0071 
0.0068 

0.0048 
0.0053 
0.0023 

-0.0028 
0.0045 

-0.0012 

0.0033 
0.0062 
0.0058 

0.0006 
0.0025 
0.0004 

0.0149*** 
0.0015 

-0.016 1* 

0.0029 
0.008 I 
0.0078 

0.0052 
0.0056 
0.0020 

0.0034 
- 0.0 0 5 8 

0.0021 

0.0040 
0.0065 
0.0059 

0.0007 
0.0009 
0.0009 

-0.0041 
-0.0044 

0.0084* 

0.0009 
0.0047 
0.0046 

0.0024 
0.0025 
0.0003 

-0.0005 
0.001 1 

-0.0009 

0.0025 
0.0022 
0.0010 

0.0001 
0.0009 
0.000 1 

-0.0012 0.0002 0.001 1 
0.0159*** -0.0140 -0.0020 

-0.0145** 0.0140 0.0006 

-0.0053 0.0082 -0.0029 
0.0085 -0.0106 0.0022 

-0.0030 0.0020 0.0007 

0.0039 0.0055 0.0048 
0.0039 0.0059 0.0053 
0.0004 0.0022 0.0022 

0.0000 0.0024 -0.0023 
-0.0027 0.001 1 0.0014 

0.0027 -0.0035 0.0008 

0.0017 0.0008 -0.0018 
-0.0039 -0.0001 0.0037 

0.0023** -0.0007 -0.0019 

0.0003 0.0019 0.0016 
0.0004 0.0029 0.0026 
0.0002 0.0022 0.0021 

~- 
*, **, ***  Significantly different from zero at probability levels 0.10, 0.05, and 0.005, respectively. 

contained within values of r 2  = <Er2. Thus, we will 
examine the case where X = nEr2 = n/(l + 4Nc). In 
this study, each sample of gametes, n,  is approximately 
400 and c = 0.007 for GOT-I-PER-I and GOT-I-PER- 
II .  I f  Ne = 150,000, X = nEr' = 0.10 and f i  = 0.05. If 
E(r') in a saniple is used, this adds the value 1.0 to A, 
and about 0.10 to 6, for most values of f i  (EPPERSON 
1983). Thus, although approximate, this result indi- 
cates that significant disequilibrium for locus pairs 
GOT-I-PER-I and GOT-I-PER-II probably did not 
result from the effects of restricted population size. 
For loci PER-I and PER-II, c was estimated to lie 
between 0 and 0.002. If Ne = 150,000 and c = 0.002, 
X = 0.33 and /3 = 0.08; if c = 0.0002, X = 6.56 and p 

= 0.74. Thus, finite population size might be expected 
to produce significant values of D for this pair of 
tightly linked loci. However, observed D values be- 
tween most combinations of alleles at the two peroxi- 
dase loci are very small in both populations and this, 
in itself, suggests that small population size had little 
influence on the multilocus structure of the popula- 
tions of this study. 

The distribution of large coefficients of D among 
linked loci in the Scar Mountain sample is also not in 
conformity with expectations, under the assumption 
of neutrality, that D values will be larger for the closely 
linked loci. Thus, the observed values of D for PER- 
I-PER-II (c < 0.002) are generally much smaller than 
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PGI-I1 ACPH ALAP-I 

1 2 3 1 2 3 1 2 3 

-0.0001 
0.0009 

-0.0012 

0.0060* 
-0.0063 

0.0001 

0.0038 
-0.0023 
-0.0019 

-0.0012 
-0.0034 

0.0046 

-0.0015 
0.0017 

-0.000 1 

-0.0007 
0.0050* 

-0.0043 

0.0013 
0.0015 

-0.0029 

-0.0072* 
0.0068 
0.0003 

-0.0028 
0.0006 
0.0022 

0.0018 
0.0021 

-0.0035 

0.0028 
-0.0023 

0.0001 

0.001 1 
-0.0042 

0.0034 

-0.001 1 
-0.0025 

0.0040 

0.001 1 
-0.0001 
-0.0005 

-0.0008 
0.0019 

-0.0006 

0.0021 0.0022 - 
-0.0003 -0.0008 
-0.0018 -0.0014 

0.0075 0.0060 0.0076 
0.0121 0.0098 0.0123 
0.01 19 0.0096 0.0122 

-0.0005 
0.001 1 

-0.0009 

-0.0007 
0.0004 

-0.000 1 

-0.0003 
-0.0007 

0.0007 

0.0026 -0.0026 
-0.0022 0.0022 
-0.0005 0.0005 

0.0078 0.0067 0.0082 
0.0078 0.0067 0.0082 

-0.0043 
0.0011 
0.0033 

for GOT-I-PER-I and GOT-I-PER-I1 ( c  = 0.007). Al- 
though this pattern might happen by chance sampling 
error, this seems unlikely in the present case because 
there are several coefficients for each pair of loci. It 
is worth noting that, among chi square tests of the 
hypothesis that all disequilibrium coefficients (i.e., for 
all pairs of alleles) for a pair of loci are zero (WEIR 
and COCKERHAM 1978), only two were significant, 
those for GOT-I-PER4 (x: = 9.49, P < 0.05) and 
GOT-1-PER-I1 (xf = 9.93, P < 0.05), in the Scar 
Mountain sample. In contrast, the value for PER-I- 
PER-I1 was xz = 3.88, P < 0.50, in the same sample. 

We note that HEDRICK and THOMSON (1986) com- 
pared the distribution of pairwise D values, combined 
for the two samples and for the three loci, GOT-I, 

PER-I and PER-11, to a theoretical joint distribution 
derived from neutral theory (apparently obtaining our 
data from the dissertation of B.K.E.). Their procedure 
was, however, inappropriate because their model as- 
sumes (among other things) that the expression 4Nc 
is the same for all pairs of loci. For PER-I-PER-11, c 
lies within the range 0 to 0.002 and for GOT-I-PER- 
I and GOT-I-PER-II, c = 0.007. Thus c for GOT-I- 
PER-I1 and GOT-I-PER-I1 is at least three to four 
times larger than for PER-I-PER-II and the assump- 
tion that 4Nc is the same for all pairs of loci in turn 
causes N to be at least three to four times larger for 
GOT-I-PER-I and GOT-I-PER-I1 than for PER-I-PER- 
11. Moreover, HEDRICK and THOMSON (1986) used 
values of N = 25,000 and N = 62,500, values which 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/115/2/341/5997293 by guest on 25 M

ay 2023



348 B. K. Epperson and R. W. Allard 

TABLE 4 

Coefficients of linkage disequilibrium between gametes D f  (above diagonal) and within gametes, DP (below diagonal) 

GOT4 

Locus Allele 1 2 

SCAR MOUNTAIN (n = 201 trees) 
GOT-I 1 

2 
3 

PER-I 1 -0.0050 -0.0025 

3 -0.0025 -0.0025 
2 0.0075* 0.0050 

PER-I1 1 0.0000 0.0175** 
2 -0.0100 -0.0125 
3 0.0100 -0.0050 

PGI-II 1 -0.0075 0.0075 
2 0.0075 -0.0025 
3 0,0000 -0.0050 

ACPH 1 
2 
3 

ALAP-I 1 
2 
3 

INDIAN CREEK (n = 195 trees) 
GOT-I 1 

2 
3 

P E R 4  1 0.0025 0.0128* 
2 -0.0025 -0.0128* 
3 0.0000 0.0000 

PER-II 1 0,0000 -0.0025 
2 0.0051 0.0025 
3 -0.0051 0.0000 

PGI-II 1 -0.0025 -0.0051 
2 0.0025 0.0025 
3 0,0000 0.0025 

ACPH 1 
2 
3 

ALAP-I 1 
2 

PER-I 

3 1 2 

-0.0058 0.0075 
0.0054 -0.0035 
0.0003 -0.0037 

0.0075 
-0.0 125 

0.0050 

-0.0175** 0.0000 0.0050 

____ 
3 1 

-0.0016 -0.0012 
-0.0019 -0.0016 

0.0033 0.0030 

-0.0053 
0.0036 
0.0020 

-0.0050 
0.0225 0.0149 -0.0146 0.0000 

-0.0050 -0.0149 0.0100 0.0050 

0.0000 0.0100* -0.0125* 0.0025 0.0025 
-0.0050 -0.0125" 0.0150** -0.0025 -0.0025 

0.0050 0.0025 -0.0025 0.0000 0.0000 

-0.0154* 
0.0154* 
0.0000 

0.0025 
-0.0077 

0.0051 

0.0077* 
-0.0051 
-0.0025 

-0.0054 0.0060* -0.0005 
-0.0083 0.0070 0.001 1 

0.0142** -0.0133** -0.0009 

-0.0025 0.0025 0.0000 
0.0179 -0.0179 0.0000 

-0.0154 0.0154 0.0000 

0.0000 0.0000 0.0000 
0.0025 -0.0025 0.0000 

-0.0025 0.0025 0.0000 

0.0000 
-0.0001 

0.0002 

0.0043 

0.0023** 
-0.0064** 

0.0000 
0.0000 
0.0000 

PER-II 

2 3 

0.0101 
-0.0016 
-0.0084 

-0.0068 
0.0049 
0.0020 

-0.0025 
-0.0025 

0.0050 

-0.0027 
-0.0015 

0.0042 

-0.01 76** 
0.0178** 

-0.0007 

0.0025 
0.0000 

-0.0025 

-0.0089 
0.0031 
0.0056 

0.0120* 
-0.0081 
-0.0042 

0.0000 
0.0050 

-0.0050 

0.0029 
0.0014 

-0.0043 

0.0135* 
-0.01 17* 
-0.00 18 

-0.0025 
0.0000 
0.0025 

*, **, *** Significantly different from zero at probability levels 0.10, 0.05, and 0.005, respectively. 

are an order of magnitude smaller than those reported 
by EPPERSON (1983), and they also misquoted esti- 
mates of c.  The analysis of HEDRICK and THOMSON 
(1 986) therefore does not substantiate their conclu- 
sion that our data are in agreement with expectations 
based on neutrality for these loci. 

Effects of epistatic selection: HASTINGS (1 98 1) 
gave a bound on the magnitude of D for any array of 
fitnesses for a two-locus, two-allele system: at equilib- 
rium 1 cD I < s/10. We have calculated more precise 
bounds on the absolute value of D for given c/s values 
and for specific allelic frequencies using linear inter- 
polation for the values listed in figures 1 and 2 of 
HASTINGS (1981). These bounds, as well as bounds 

for the statistical power B, are given in Table 5 from 
which it can be seen that p is nearly independent of pi 

and uj for the parameters in this study and that, if 
disequilibrium is to develop, selection intensity, s, 
must be approximately equal to the recombination 
coefficient, c. I t  is therefore apparent that disequilib- 
rium is unlikely to develop between unlinked loci, 
even if selection is very strong and, in fact, the ob- 
served numbers of significant values of D for unlinked 
loci in our two samples were no larger than expected 
by chance alone. However, disequilibrium might be 
expected to develop between linked loci, such as 
ALAP-I-ACPH ( c  = 0.08), with moderate selection 
(say s = 0.05) but  it is unlikely to develop if selection 
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PGI-I1 ACPH ALAP-I 

1 2 3 1 2 3 1 2 3 

0.0073** 
-0.0065 
-0.0012 

-0.0040 
0.0061 

-0.0025 

0.0013 
0.0002 

-0.00 18 

0.0015 
0.0017 

-0.003 1 

-0.001 5 
0.001 7 

-0.0001 

-0.0007 
0.0024 

-0.0017 

-0.0062* 
0.0040 
0.0020 

0.0052 
-0.0083* 

0.0028 

-0.0003 
0.0030 

-0.0028 

-0.0008 
-0.0005 

0.001 6 

-0.0004 
0.0003 
0.0002 

-0.001 1 
-0.0042 

0.0034 

-0.001 1 
0.0025 

-0.0010 

-0.0024 
0.0023 

-0.0005 

-0.0008 
-0.003 1 

0.0044* 

-0.0029 -0.0227* 0.0256** 

-0.0018 0.01 10 -0.0092 
0.0047 0.01 17 -0.0164* 

0.0050 -0.0050 0.0000 
0.0249 -0.0125 -0.0125 

-0.0299* 0.0175 0.0125 

-0.0005 
-0.0015 

0.00 17 

0.0019 
-0.0021* 
-0.0001 

-0.0003 
0.0019 

-0.0018 

-0.0025 0.0025 
-0.0022 0.0022 

0.0047 -0.0047 

0.0051 0.0000 -0.0051 
-0.0051 0.0000 0.0051 

is weak (say s = 0.0 1). None of the De (total disequilib- 
rium) values was significant for these two loci in our 
two samples (Table 3) but one of the values of Df and 
three of the D? values were significant (Table 4). 
These sporadically significant values suggest that these 
two loci may be under weak to moderate epistatic 
selection. It is likewise apparent from Table 5 that 
even weak selection can produce disequilibrium be- 
tween very tightly linked loci and we emphasize once 
more that most of the significant values of D observed 
in the present study occurred among loci of the very 
tightly linked GOT-I, PER-I, PER-11 and PGI-II quad- 
ruplet of loci (0 5 c 5 0.02). In fact, the observed 
values of D for GOT-I-PER-I and GOT-I-PER-11 (c = 
0.007) fall in the range expected with weak selection 

(s = 0.02). It should be noted that, although these 
results are in terms of maximum equilibrium values 
of D (and hence p) for different parameter values, 
that the proportion of D values which are at or near 
their maximum values are unknown (HASTINGS 1981). 

Effects of linkage and selection: THOMSON (1 977) 
showed numerically that selection operating over a 
large number of generations at one locus (A,a) can 
substantially increase the disequilibrium between that 
locus and a closely linked neutral locus (B,b) .  This 
increase is expected only if the selection intensity, s, 
is greater than c (ASMUSSEN and CLECG 1981). In the 
“hitchhiking” model fitnesses are aa = 1 + s, Aa = 1 
and AA = 1 - s. We now consider the case that leads 
to maximal “hitchhiking” effect on disequilibrium, i . e . ,  
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TABLE 5 

Upper limit to the absolute value of D, and the statistical power, 
P, under the generalized epistatic model (c, s, pi uj are defined 

in the text) 

c / s  = 0.2 c j s =  1 c j s  = 5 
- _ _ ~ -  

PE U, I),,, P om, $ n,,, P 

0.1 0.1 0.07 1.00 0.02 0.99 0.002 0.07 
0.1 0.2 0.07 1.00 0.02 0.92 0.004 0.10 
0.1 0.3 0.05 1.00 0.02 0.81 0.004 0.09 
0.2 0.2 0.13 1.00 0.05 1.00 0.008 0.17 
0.2 0.3 0.11 1.00 0.05 1.00 0.010 0.20 
0.3 0.3 0.18 1.00 0.08 1.00 0.015 0.29 

when a new selectively favored allele, a ,  initially pres- 
ent in low frequency, spreads through a population 
(ASMUSSEN and CLEGG 198 I) .  The level of D obtained 
in the deterministic hitchhiking model varies greatly 
with the initial values of D and initial allele frequen- 
cies. Further, if the initial p a  is small relative to N ,  p a  
remains small for more generations with the deter- 
ministic model than with the more realistic stochastic 
model (EWENS 1969). This increases the number of 
opportunities for recombination which, in turn, can 
lead to misleadingly small values of D at time t (THOM- 
SON 1977). However, the deterministic one-locus se- 
lection model is nearly equivalent to the stochastic 
version when p ,  > %Ns (EWENS 1969), and for N,  = 
150,000 and s = 0.01, the deterministic model is 
nearly equivalent to the stochastic model when p ,  > 
0.001. Therefore, in the following discussion, we take 
p ,  = 0.001 as the initial value, and test a range of 
initial values of D. We must also specify allelic fre- 
quencies for the neutral locus. The effect of hitchhik- 
ing is greater when the allele at the neutral locus 
(allele b) ,  which is in positive disequilibrium with a ,  is 
initially in sonie frequency, p h  (THOMSON 1977). In 
lodgepole pine, the initial value of p b  is likely to be 
fairly large (see below); hence, in the calculations 
below, we will set initial p b  equal to 0.10. 

The maximum value of D (Dn ,J ,  was found by 
iterating the recurrence equations given by ASMUSSEN 
and CLECC (1 98 1). The resulting values of P for D,,,,, 
are given in Table 6 for three different values of Do 
(Do’, % Do’ ,  ‘19 Do’) where Do’ = p ,  (1 - p b )  for a range 
of values for s and c. The maximum values reached 
by X (and hence by p) were also found in the iterations 
and, in most cases, they were equal to h in value at 
a,,;,,. 

It  can be seen from Table 6 that D,,,, increases . as c 
decreases or s increases and that the value of f l  for 
D,,,:,, depends in large part on the value of Do. For c = 
0.005 or 0.01, selection must be strong (s = 0.05), 
and Do must be large (Do’ = 1 or Do’ = Y2) for 
disequilibrium to develop. It is therefore unlikely, 
considering the large size of the study populations, 
that disequilibrium values MX” have approached 

TABLE 6 

The statistical power, b, associated with the maximum value of 
D for the additive hitchhiking model for three specific cases: 1, 

D, = p. (I-ppb); 2, Do = 1/2 pa (l+& 3, Do = 1/9 P a  (1-Pb)‘‘ 

c 

S Case 0.001 0.005 0.01 

0.01 1 
2 
3 

0.02 1 
2 
3 

0.05 1 
2 
3 

1 .oo 
1 .oo 
0.34 

1.00 
1 .00 
0.57 

1 .OO 
1 .OO 
1 .00 

0.25 
0.10 
0.05 

0.99 0.28 
0.7 1 0.1 1 
0.10 0.05 

1 .00 1.00 
1 .OO 0.90 
0.34 0.15 

~ 

* In each case the initial p .  = 0.00 1 and p b  = 0.1; s is the selection 
coefficient and c is the recombination rate. 

maximum possible values (D’) by the time a had 
increased to frequency 0.001. In contrast, even weak 
selection might produce significant disequilibrium be- 
tween the two very tightly linked peroxidase loci ( c  5 
0.002). We note that, in all cases, the values of p ,  and 
p b  in the generation where D,,,.,, was reached (not 
shown) fell within the wide range of observed allele 
frequencies in lodgepole pine. 

Other models of one-locus selection (dominance, 
overdominance, and so forth) generate smaller 
amounts of linkage disequilibrium. Hitchhiking causes 
even less disequilibrium between two neutral loci 
linked to a selected locus (THOMSON 1977; ASMUSSEN 
and CLEGG 1981). 

CONCLUSIONS 

One of the main observations of this study is that 
the number of significant cases of disequilibrium be- 
tween pairs of unlinked loci was no larger than the 
number expected on the basis of chance alone. This 
result is expected because the study populations were 
very large and demonstrably panmictic (EPPERSON 
1983; EPPERSON and ALLARD, 1984). Very little if any 
disequilibrium within gametes is also expected be- 
tween loci ACPH and ALAP-I (c = 0.08) under any of 
the models considered. Significant values of D (total 
disequilibrium) were, in fact, not observed for this 
pair of loci. 

However, disequilibrium between gametes, Db, was 
observed for several of the combinations of loci for 
which it was measured. It is interesting that significant 
excesses of homozygotes were observed for a few loci. 
Although the observed significant values of both Db 
and > might have resulted from nonrandom mating, 
this seems unlikely because empirical estimates indi- 
cate that little if any selfing or other form of nonran- 
dom mating occurred in these populations (most of 
the single-locus fixation indices were near 7er0, Table 
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2). Hence the observed significant values of Db, if not 
due to sampling events, are most likely due to selec- 
tion. 

Considerable (total) disequilibrium was observed 
between some of the tightly linked loci (GOT-I-PER- 
I :  GOT-I-PER-11) in the Scar Mountain sample. Our 
analysis suggests that genetic drift is unlikely to have 
been responsible for the significant values. We also 
note that, although the two populations are nearly 
disjunct and located 7 miles apart at different eleva- 
tions, they did not differ greatly in allelic frequencies. 
Further, spatial autocorrelation statistics (EPPERSON 
1983) establish that single-locus genotypes are distrib- 
uted essentially at random within the populations. It 
therefore also seems unlikely that the observed dise- 
quilibrium was generated through admixture among 
subpopulations which differ greatly in allelic frequen- 
cies (PROUT 1973). 

Our analyses indicated further that the observed 
disequilibrium is greater in some cases than the max- 
imum that can be generated by selection acting on 
single loci. Possible exceptions might arise when D is 
near D’ in value throughout the early phase of the 
spread of favored alleles. Although it is unlikely that 
this situation would occur with new mutants in popu- 
lations as large as the study populations, it might 
develop if large-scale admixtures were to occur be- 
tween genetically different subpopulations. However, 
as noted above, there is presently very little subdivi- 
sion within the study population. In addition, 
WHEELER and GURIES (1 982b) have reported that 
more than 90% of the electrophoretic diversity in 
lodgepole pine occurs within populations covering the 
vast range of the species. This pattern suggests that 
new selectively favored alleles have been introduced 
into populations of lodgepole pine infrequently dur- 
ing the past 12,000 years, which suggests in turn that 
optimal initial conditions for hitchhiking occur rarely 
at most in this species. In contrast, only weak selection 
is required to produce significant permanent disequi- 
librium under epistatic selection. Moreover, the ef- 
fects of hitchhiking are ephemeral and D decreases 
rapidly to zero as equilibrium is approached (ASMUS- 
SEN and CLECG 1981). In this connection, evidence 
was cited above that the study populations have oc- 
cupied their present sites for 200 or more generations, 
and thus that they may be near equilibrium. We note 
that neither the absence of disequilibrium between 
some pairs of loci, nor lack of consistency between 
samples, necessarily weaken hypotheses concerning 
single-locus or epistatic multilocus selection; this is in 
part because D depends on initial conditions and on 
exact linkage distances in theoretical models (e.g., 
HASTINGS 1985). We conclude that epistatic selection 
is the only evolutionary force which is likely to have 
caused the disequilibrium observed for locus pairs 

GOT-I-PER-I and GOT-I-PER-II and note that ob- 
served values of D for these loci approach the maxi- 
mum values predicted by the epistatic model, even if 
only moderate selection is assumed. Although un- 
linked loci may also be under epistatic selection, de- 
tectable disequilibrium is unlikely to develop with 
biologically reasonable intensities of selection (e.g., s 
5 0.50), because the disequilibrium is broken up  each 
generation by recombination. 
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