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Summary. Arrays of open-pollinated seeds were as-
sayed for allozyme polymorphisms at ten loci (dar2,
Estl, G6pd, Idh, Mdh2, Mdh3, Pgm, Sod, 6Pgdl,
6Pgd2) to obtain estimates of the outcrossing rate and
assess multilocus association in a natural population of
coastal Douglas-fir, Pseudotsuga menziesii (Mirb.)
Franco. The allele frequencies in the samples of adult
trees and pollen-gamete pool were similar. Maximum-
likelihood estimators of the outcrossing rate for in-
dividual loci and two multilocus models were derived
using counting methods. The single-locus maximum
likelihood estimates (MLEs) of the outcrossing rate
were significantly heterogeneous; they varied over a
more than two-fold range from 0.404 to 0.935, with an
average MLE of 0.741. Both multilocus MLEs of the
outcrossing rate were 0.887. The sample of trees was in
random mating equilibrium when assessed on a pair-
wise-locus basis using Burrows’ composite measure of
gametic disequilibrium, with one exception (Mdh2 Sod)
that was attributable to a rare “gametic” class. In the
sample of pollen gametes, 5 of the 45 pairwise-locus
associations were nominally significant at the 0.05
level: Idh Estl, Mdh2 Sod, Aat2 Estl, Aat2 Mdh3, and
Est1 Mdh3. These apparent associations were attribut-
able in most cases to the relative excess of uncommon
or rare paternal gametes of discernibly outcrossed
embryos. An additional two-locus association was
identified for Mdh2 Pgm which was marginally signifi-
cant for the major partition of the contingency table
that excluded paternal gametes with the rare allele
Mdh2?2
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Introduction

Mating system studies in forest trees using allozyme
polymorphisms have provided knowledge pertaining to
the genetic structure of continuous populations, and to
the relative contributions to population differentiation
of selection, family structure and gene flow (for ex-
ample, as reviewed by Brown et al. 1985). A common
finding among studies of the mating system in forest
trees is the heterogeneity of single-locus estimates of
the outcrossing rate for the same set of embryos. Viola-
tions of the assumptions on which single-locus models
are based have been suggested as the causes of the
apparent heterogeneity (Shaw et al. 1981; Ellstrand and
Foster 1983; Brown et al. 1985; Schoen and Clegg 1986).

An estimate of the outcrossing rate based on the informa-
tion obtained by genotyping each embryo for several poly-
morphic isozyme loci, a multilocus estimator, will be more
robust than individual-locus estimates (Shaw et al. 1981). In
the first step of a two-step estimation procedure of mating
system parameters, the embryo and maternal genotypes are
compared in order to categorize each embryo as either dis-
cernibly outcrossed or ambiguous. Each additional poly-
morphic locus that is scored increases the likelihood that an
outcrossed embryo will be discerned. One assumption in
formulating the multilocus estimator is that no associations
exist between alleles at different loci; that is, it is assumed that
the pollen pool is in gametic phase equilibrium. (We use the
term “gametic disequilibrium” instead of “linkage dis-
equilibrium” in order to refer to associations between inde-
pendent as well as linked loci.) Since evidence of gametic dis-
equilibrium has most often been obtained in selfing plants,
either in natural populations or in field populations construct-
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ed from composite crosses (Brown and Allard 1970; Allard
et al. 1972; Clegg et al. 1972; Kahler et al. 1975), the prediction
for outcrossing plants such as forest trees has been that any
initial gametic disequilibrium will rapidly decay in the
absence of strong epistatic selection. This is a prediction, how-
ever, of long-term behavior. In the reestablishment of a forest
tree population after a fire, for example, there could initially
be gametic disequilibrium which will slowly decay for closely-
linked genes and if there is nonrandom mating. This con-
sideration is appropriate for coastal Douglas-fir, Pseudotsuga
menziesii [Mirb.] Franco, in British Columbia because its dis-
tribution has been associated with the recent history of fire
occurrence (Schmidt 1960).

In this paper, results are repofted of analyses of ten
polymorphic enzyme loci assayed by electrophoresis in
a population of coastal Douglas-fir naturally regenerat-
ed after fire during the year 1927. The reproductive
system in gymnosperms offers an unique opportunity
to study segregation, linkage, gametic disequilibrium
and outcrossing from the information provided by the
various components of seed. The female gametophyte
(megagametophyte) is haploid and all cells within the
seed coat including the egg-cell (ovule) have been
derived mitotically from a single megaspore. The
maternal and pollen contributions to an embryo can be
unambiguously determined, in principle, by genotyp-
ing the megagametophyte and the corresponding
embryo from a single seed. At the same time, the most
likely genotype of the tree can be assigned by inspec-
tion of the segregation patterns among its megagameto-
phytes from a small number of seeds (Morris and
Spieth 1978). This investigation includes single-locus
and multilocus estimates of the outcrossing rate using
the mixed mating model, tests for Hardy-Weinberg
and gametic disequilibrium in the adult trees, and
analyses of pairwise-locus associations in the pollen
gametes.

Materials and methods

Seed collection

Cones were collected in 1981 by rifle-fire from a pure coastal
Douglas-fir population located on Mt. Prevost near Duncan,
British Columbia, at 457 m elevation, latitude 48°52’N and
longitude 123°45’W. The stand is situated on a gentle slope
approximately 10 ha in area and composed of second growth
trees under 60 years old, the result of natural regrowth after
being burned in 1927. The site is reasonably uniform with
respect to climate, landform, soil, and vegetation. A plot
center was arbitrarily established and cone-bearing trees at a
minimum distance of 45 m apart were sampled around the
center, extending the plot to concentric circles until 60 trees
were included. The individuality of the cone lots and, sub-
sequently, seed lots were retained for the trees.

Electrophoretic procedures

The megagametophyte and embryo tissues were prepared for
electrophoresis following the methods of Yeh and O’Malley

(1980). Eight seeds per tree were picked at random from the
seed lot and analyzed for variation by horizontal starch gel
electrophoresis of the eight enzymes that could be reliably
detected in the embryo tissue: aspartate aminotransferase
(AAT, EC 2.6.1.1), esterase (EST, EC 3.1.1.1), glucose-6-phos-
phate dehydrogenase (G6PD, EC 1.1.1.49), isocitrate dehydro-
genase (IDH, EC1.1.1.42), malate dehydrogenase (MDH,
EC 1.1.1.37), phosphoglucomutase (PGM, EC 2.7.5.1), sorbitol
dehydrogenase (SOD, EC 1.15.1.1), and 6-phosphogluconic
dehydrogenase (6PGD, EC 1.1.1.44). Buffer systems and stain-
ing techniques were described by Yeh and O’Malley (1980).
Gels were prepared with electrostarch, lot 307 (Electrostarch
Co., Madison WI).

When interpreting the electrophoretic banding patterns we
followed the principles which have been outlined with special
reference to lodgepole pine, Pinus contorta spp. latifolia,
population data (Yeh and Layton 1979). The most common
allozyme at each locus was designated 700, with additional
allozymes being given numerical values according to their
migration relative to the /00 allozyme. When there was more
than one locus for an enzyme, the isozymes were numbered in
decreasing order of anodal mobility. The inheritance of the
allozymes and linkage of the enzyme loci in coastal Douglas-
fir have been reported by El-Kassaby et al. (1982a) and El-
Kassaby et al. (1982b), respectively. The Mt. Prevost popula-
tion is genetically different than the coastal Douglas-fir
population studied by El-Kassaby etal. (1982a,b) with the
result that the inventories of isozymes analyzed in the two
samples do not entirely overlap.

QOutcrossing rate

Maximume-likelihood estimates (MLEs) of the outcrossing rate
of the mixed mating model were obtained by counting
methods (Smith 1957) that use the EM algorithm (Dempster
et al. 1977). A single-locus estimator of the outcrossing rate, an
estimator of the average outcrossing rate of a set of indepen-
dent loci, and two multilocus estimators were used. It is
assumed that loci segregate independently in the formation of
gametes for self-fertilization. An embryo that carries a non-
maternal allele at any locus is categorized as discernibly out-
crossed (DOC), otherwise as ambiguous (Shaw et al. 1981).
An iterative procedure is used to estimate the posterior
probability of being outcrossed for each embryo in the
ambiguous class. This probability is a function of the out-
crossing rate, the frequency of the paternal genotype in the
outcross-pollen pool, and the expected segregation ratio of the
maternal tree. One multilocus estimator restricts the set of
possible multilocus genotypes of the pollen gametes to those
observed in the sample of embryos. We call this “restricted-
gametic” estimation. In the second multilocus estimator, the
expected frequency of the multilocus genotype of the paternal
gamete of an outcrossed embryo is the product of the appro-
priate allele frequency estimates of the outcross-pollen pool
(e.g., Shaw etal. 1981). We call this “product-frequency”
estimation. The restricted-gametic estimator is a straight-
forward extension of the single-locus estimator previously
published (Cheliak et al. 1983).

For a test of the hypothesis that a single-locus estimate of
the outcrossing rate is equal to 1 and a test for heterogeneity
of outcrossing rates for independent loci, we used the
Neyman-Pearson likelihood-ratio criterion A4 (Rao 1973). For
the test of heterogeneity of outcrossing rates, we calculated the
likelihood-ratio test statistic

= 2loged.=2[Y I(f) — [ ()]



where /; is the single-locus MLE of the outcrossing rate for the
ith locus; > /(#) is the sum of the corresponding log-likeli-
hoods of the independent loci; ¢ is the MLE of the average
outcrossing rate, and /(7) is the corresponding log-likelihood.
The likelihood-ratio test statistic is asymptotically distributed
as y° and for the heterogeneity test has degrees of freedom
equal to the number of loci minus one. For the test of the
hypothesis that the estimated outcrossing rate is 1 =1, we cal-
culated the likelihood-ratio test statistic

—2logeAg=2[/(f) — I(D)].

Assignment of diploid genotype, and multilocus associations

The genotype at each locus for a tree was assigned by inspec-
tion of the segregation pattern of the eight haploid mega-
gametophytes. If the segregation ratio for a heterozygous
locus is binomially distributed with an expected value of 1/2,
the likelihood of not detecting a heterozygote by chance is
(1/2)" or less than 0.01. Allele frequencies in the diploid,
parental sample of 60 trees were estimated from the assigned
genotypes by gene counting. A goodness-of-fit test of the com-
posite hypothesis of Hardy-Weinberg and gametic equilib-
rium in the parental sample was carried out for each pair of
loci; the test is based on Burrows’ composite measure of
gametic disequilibrium (Weir 1979). Alternatively, for a
sample of diploid genotypes drawn from a population in
random mating equilibrium, the multilocus gamete frequen-
cies were estimated by a counting method, and the association
between alleles at different loci was assessed by log-likelihood
ratio test statistics (Hill 1975).

Associations of allele frequencies at different loci in the
sample of pollen gametes were assessed by contingency table
analysis of pairs of loci. We used pairwise tests of association
because of the sparseness of the tables of observed numbers of
multilocus genotypes. Both the likelihood-ratio test statistic
G? and the Pearson chi-square statistic X2 were inspected for
evidence of pairwise association. If the value of either statistic
was greater than the value of X at P=0.05, we considered the
association nominally significant. In addition, the standardized
cell residuals, z and 2z (Bishop et al. 1975), were computed
for all two-locus tables. These have the following forms

Standardized cell deviate, component of X2:

zh0= (xi—mi)/Vn?

Freeman-Tukey deviate:

O = Yr+ Y1 - VEmF1

where x; and m; are, respectively, the observed and expected
numbers for the ith cell. An excess (or deficiency) of a gamete
was judged to be significantly large if [z(V|>1.96 and
23| > 1.96 /d.f./no. cells in a two-locus test (for the second
criterion, see comments of Sokal and Rohif 1981, p 762). The
contribution of a particular genotype to the lack of fit can be
assessed formally by comparing the reduction in G? after
fitting the structurally incomplete contingency table with a
fixed-zero cell (Fienberg 1980). Finally, sample randomization
tests were carried out by Monte Carlo simulation to augment

some of the large-sample tests of significance (e.g., Sokal and
Rohlf 1981, pp 787-795).

Results

A total of 13 loci were assayed. Two of these, 4at! and
Mdh4, were monomorphic. For Mdhil, 55 of 60 trees

801

were homozygous for the 100 allele; only nine pollen
gametes out of 475 were other than Mdhi-100. The
remaining ten loci, Aat2, Estl, G6pd, I1dh, Mdh2, Mdh3,
Pgm, Sod, 6Pgdl, and 6Pgd2, were polymorphic in the
sample and analyzed in detail. Occasionally the geno-
type of an embryo at a particular locus should not be
unambiguously determined from the allozymes; the
deduced genotype of the paternal gamete was scored as
if “missing”. We report the results of analyses of the
pollen gametes using all available genetic information
and often for a subset of 375 pollen gametes from
embryos which could be genotyped for all of the ten
polymorphic loci.

There were 56 distinct multilocus genotypes among
the 60 trees. Among the 375 completely-scored pollen
gametes, there are 149 distinct multilocus genotypes;
the two most common genotypes, [1111111111]
and [211111111 1], were observed 34 and 37 times,
respectively. (The left-to-right order of loci in a multi-
locus genotype follows the order of the loci in Table 1,
and the allele designations are the ordinal numbers of
the allozymes.) Estimates of allele frequencies in the
tree sample and pollen pool are given in Table 1. For
each locus the alleles are homogeneously distributed
between the two samples, as determined by contin-
gency table analysis (P > 0.05).

Single-locus and multilocus estimates
of the outcrossing rate

The occurrence of a non-maternal allele identified an
embryo as DOC. There were 261 DOC among the 375
completely-scored embryos: 132 embryos were DOC
for only one locus, 103 for two loci, 19 for three loci,
and 7 embryos were DOC for four loci. The proportion
of DOC embryos, average 0.696, had a standard devia-
tion of 0.236 among trees; the number of DOC
embryos per tree ranged from 1 to 8. Of the 149
distinct pollen genotypes, 143 were present among the
DOC embryos. The proportion of DOC embryos
ranged from 0.026 for 6Pgd2 to 0.301 for G6pd (see
Table 2). The single-locus estimates of the outcrossing
rate varied over a 2.5-fold range from 0.404 for Estzi to
0.935 for Mdh2 (Table 2); the average single-locus esti-
mate of the outcrossing rate was 0.741. The estimates
of the outcrossing rate for all but two loci, Mdh2 and
Sod, were significantly less than ¢=1 (Table?2).
Re-estimation of the outcrossing rate for the 375
embryos with complete allozyme data resulted in small
changes, the average of the estimates increased to
0.758, a proportional increase of about 2%. Both multi-
locus MLEs of the outcrossing rate were 0.887 and
significantly less than 7 =1 (likelihood-ratio test statis-
tics: 39.41 and 56.86 for the restricted-gametic and
product-frequency estimators, respectively). This is a
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Table 1. Allele frequencies for ten polymorphic enzyme loci

Locus Allozyme Maternal alleles Pollen gametes

(N = 60 trees) (N = 480 embryos)

No. Frequency No. Frequency
1. G6pd 100 51 0.425 208 0.447
90 63 0.525 232 0.499
80 6 0.050 25 0.054
2. Idh 100 92 0.767 374 0.803
122 16 0.133 56 0.120
90 2 0.017 17 0.036
65 10 0.083 19 0.041
3. Mdh2 100 103 0.858 416 0.881
110 3 0.025 2 0.004
90 14 0.117 54 0.114
4. Pgm 100 103 0.858 394 0.828
105 6 0.050 19 0.040
94 11 0.092 63 0.132
5. Sod 100 114 0.950 451 0.949
68 6 0.050 24 0.051
6. 6Pgdl 100 108 0.900 434 0.935
107 3 0.025 14 0.030
85 9 0.075 16 0.034
7. 6Pgd2 100 110 0.917 441 0.955
122 10 0.083 21 0.045
8. Aat2 100 105 0.875 387 0.852
112 8 0.067 39 0.086
82 7 0.058 28 0.062
9. Estl 100 A 0.592 245 0.554
110 29 0.242 88 0.199
95 20 0.167 109 0.247
10. Mdh3*? 100 109 0.908 427 0.910
130 0 0.0 1 0.002
84 10 0.083 39 0.083
100r 1 0.008 2 0.004

4 100r allozyme of the Mdh3 locus has reduced staining activity

17% relative increase over the average outcrossing rate
for the same set of 375 embryos.

The heterogeneity of single-locus estimates of the
outcrossing rate is evident from the results in Table 2.
Two groups of loci differed with respect to their aver-
age outcrossing rates (Table 3): loci {8,9}, Aar2 and
Estl, had a low average rate of 0.425, and the re-
maining eight loci {1,2,3,4,5,6,7,10} had a high
average rate of 0.849. '

Pairwise-locus associations

There is little evidence for genotypic disequilibrium
within loci or between pairs of loci in the tree sample.
All but one of the 45 pairwise-locus comparisons had
adequate fit to the composite hypothesis of gametic

equilibrium based on Burrows’ measure. The one
exception was the locus-pair Mdh2 Sod (X*=11.62,
G*=17.64 with 2 d.f.). There was an apparent relative
excess of the gametic class Mdh22Sod? (2 observed,
0.3 expected) which was the contribution of two
double-heterozygotes in the SW quadrant of the
sampling plot. A rare Mdh2?Sod? pollen gamete was
also ascertained (see below).

For the pollen gametes, 5 of the 45 pairwise-locus
comparisons were nominally significant at the 0.05
level as judged by either of the goodness-of-fit statis-
tics, X? or G The gametes judged to be in relative
excess (or in relative deficiency in the case of Aat2 Estl)
on the basis of large values of the deviates, z(I and z®,
are given in Table4. An additional pair of loci,
Mdh2 Pgm, is included by this criterion and had a
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Table 2. Single-locus and multilocus estimates of the outcrossing rate and allele frequencies of the
outcross-pollen pool

Locus No. scorable embryos ? Allele frequencies of outcross-  Out-
pollen pool Cross-
Outcross status ing
rate®, 7
DOC Ambiguous Total
1. Gopd 140 325 465 0.451 0.496 0.054 0.905
2. Idh 76 390 466 0.809 0.123 0.031 0.037 0.874
3. Mdh2 38 434 472 0.883 0.005 0.113 0.935
4. Pgm 58 418 476 0.815 0.047 0.138 0.751
5. Sod 20 455 475 0.949 0.051 0.927
6. 6Pgdl 21 443 464 0.942 0.035 0.022 0.850
7. 6Pgd2 12 450 462 0.962 0.038 0.819
8. Aar2 36 418 454 0.825 0.079 0.096 0.511
9. Estl 76 366 442 0.501 0.129 0.370 0.404
10. Mdh3 24 445 469 0.912 0.003 0.085 0.0 0.685
Average single-locus outcrossing rate 0.741°
0.758¢

Muitilocus outcrossing rate:
261 114 375 0.887

2 The total number of seeds analyzed was 480 DOC is discernibly outcrossed

b Convergence criterion for estimate of number of outcross pollen gametes was 107
¢ Results obtained with embryos scored for each locus independently

4 Results for the subset of 375 embryos with complete allozyme data

Table 3. Heterogeneity of single-locus estimates of outcrossing rates for independent loci

Locus No. Out- Log-likelihood minus Likelihood-ratio test
embryos  crossing constant of hypothesis: 7 =1
rate,
f t="f =1 G*(1d.f) P

1. Gopd 465 0.905 - 399.70 —401.72 4.05 < 0.05

2. Idh 466 0.874 —311.96 —317.99 12.06 < 0.001

3. Mdh2 472 0.935 — 180.06 — 180.54 0.95 > 0.30

4. Pgm 476 0.751 —254.57 —263.09 17.04 < 0.0001

S. Sod 475 0.927 —94.51 —95.03 1.03 > 0.30

6. 6Pgdl 464 0.850 - 126.82 —131.90 10.15 < 0.01

7. 6Pgd2 462 0.819 — 80.92 —85.43 9.02 < 0.01

8. Aat2 454 0.511 —208.94 —235.53 53.17 < 1076

9. Estl 442 0.404 —364.48 —439.19 149.42 < 107°
10. Mdh3 469 0.685 —138.85 —154.12 30.55 < 107¢

Sum - - —2160.81 - -
Components Average outcrossing rates
Rate Log-likelihood Likelihood-ratio test
minus constant of heterogeneity
{ G? df. P

Total, Loci {1, ..., 10} 0.741 —2,204.42 87.22 9 < 107°
Loci{l,2,3,4,5,6,7, 10} 0.849 -1,592.43 10.08 7 > 0.15
Loci {8, 9} 0.425 —573.98 1.13 1 > 0.25
Between sets of loci - —2,166.41 76.01 1 < 1076
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Table 4. Nominally significant two-locus associations in pollen gametes *

Locus pair N v ab Gamete  Obs.  Exp. Standardized
cell residuals ®
e 2
Casel. Idh Est] 430 6 12 [4;2] 8 3.8 1.80 2.15
2. Mhd2 Pgm 468 4 9 [3;3] 13 7.3 1.86 2.13
3. Mdh2 Sod 468 2 6 [2;2] 1 0.1 1.23 2.80
4. Aat2 Estl 419 4 9 [2;1] 9 199 -281 —244
[2; 3] 17 8.5 2.44 2.91
5. Aat2 Mdh3 444 6 12 [2: 4] 2 0.2 1.85 4.42
6. Est] Mdh3 432 6 12 [2; 4] 2 0.4 1.54 2.56

2 N is sample size, v degrees of freedom, and ab the number of cells in the two-way table
b Criteria for large deviates: the standardized cell residuals were |z | > 1.96 and | 2| > 1.96 }v/a b

in a two-locus test

marginally significant X2 for the major partition of the
contingency table that excludes the gametes with the
rare allele Mdh2? (two Mdh2? Pgm' were observed).

It is informative to investigate the contribution of
particular genotypes to the two-locus associations. For
cases 3, 5 and 6 in Table 4, in presence of one or two
pollen gametes that were expected to be rare was the
reason for the lack of fit. Cases 5 and 6 involve
the same pair of gametes, {1111111224] and
[2111111224], of DOC embryos from one tree in
the NW quadrant of the sample plot. For case 1, geno-
type Idh® Est]? was in excess. It was not, however, a
rare genotype and did not account for the majority of
the lack of fit. Case 4, Aat2 Estl, was perhaps the most
statistically reliable test in that the table was not
sparse. Primarily Aat2? Estl', which was in relative
deficiency, contributed significantly to the lack of fit.
With this cell fixed in the table, the reduction in the
likelihood-ratio test statistic was 15.19. Fixing both this
gamete and Aat2? Est13, which was in relative excess,
resulted in a reduction of G? of 16.21. The MLEs of the
gamete frequencies in the pollen pool were (N =419)

0.516 0.150 0.191, 0.021 0.021 0.041, 0.031 0.017 0.012.

There was no significant association between these two
loci in the sample of adult trees. The MLEs of the
Aat2 Est] gametes in the sample of adult trees were

0.520 0.212 0.143, 0.016 0.028 0.023, 0.056 0.002 0.0.

Discussion

The single-locus and multilocus estimates of the outcrossing
rate in the present study are similar to those obtained by Shaw
and Allard (1982) for coastal Douglas-fir. They analyzed
eleven isozyme loci in megagametophytes and embryos of

open-pollinated seeds from eight natural populations from
Oregon and Washington, and a seed orchard in Oregon.
Although we do not know if the Estl locus analyzed in the
present study is homologous to the one analyzed by Shaw and
Allard, and the estimation procedures are somewhat different,
in both studies the single-locus estimates of the outcrossing
rate for Est] are among the lowest, as low as 0.40 in the Mt.
Prevost population and 0.33 in Shaw and Allard (1982). The
cause of high selfing at the Est] locus in coastal Douglas-fir is
unknown at this time. Roberds and Conkle (1984), however,
hypothesized that selection might have been the contributing
factor in loblolly pine, Pinus taeda L., by acting either directly
on the Est locus or at correlated loci. Excluding Est, the
minimum outcrossing rate was 0.67 in the Oregon and
Washington stands of coastal Douglas-fir, and the means of
the single-locus estimates ranged from 0.88 to 0.93 with a
grand mean of 0.91 (Shaw and Allard 1982). Single-locus esti-
mates are clearly quite variable in both studies. Heterogeneity
of single-locus estimates of the outcrossing rate is common
among forest trees and has been reported for radiata pine,
Pinus radiata Don. (Moran et al. 1980), ponderosa pine, Pinus
ponderosa Laws. (Mitton et al. 1981), lodgepole pine, Pinus
contorta var. ‘latifolia’ (Epperson and Allard 1984), and
several Eucalyptus species (Brown etal. 1975; Phillips and
Brown 1977; Moran and Brown 1980; Yeh et al. 1983).

The estimates of mating system parameters for each
of the ten loci were made from a common set of
embryos. Therefore, the actual proportions of out-
crossed and selfed embryos are expected to be the
same for every locus. The heterogeneity of single-locus
estimates must be due to variation in information
among loci to detect outcrossing events and estimate
the rate, and/or violations in the assumptions of the
population genetic model of the estimation procedure.
Such violations include spatial heterogeneity of the
pollen gamete pool, segregation distortion, assortative
mating, and differential survival of inbred progeny due
to recessive deleterious genes which are closely-linked
to the enzyme loci, among other factors.

The average of single-locus estimates of the out-
crossing rate (0.741) is expected to be lower than the
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Table 5. Sample randomization tests of genotypic heterogeneity of progeny sets among homozygous

maternal trees

Locus and tree No. embryos (8 per progeny set)

Sample randomization tests

genotype
Approximate signifi- No.
cance levels® random
- - samples
No. Not Hetero- Homo- All Excluding  per
trees scored zygous zygous embryos  unscored test
1. Gépd 100/100 13 4 52 48 0.298 0.249 1,000
90/90 17 5 57 74 0.153 0.186 1,000
2. Idh  100/100 34 6 52 214 0.113 0.089 1,000
3. Mdh2 100/100 43 5 35 304 0.068 0.057 1,000
4. Pgm 100/100 44 3 46 303 0.008 0.016 1,000
5. Sod  100/100 54 5 20 407 0.004 0.0079 10,000
6. 6Pgdl 100/100 48 13 21 350 0.031 0.151 1,000
7. 6Pgd2 100/100 50 12 12 376 < 0.0001 < 0.0001 10,000
8. Aat2 100/100 45 13 32 315 < 0.0001 < 0.0001 10,000
9. Est1  100/100 22 14 35 127 0.0009 0.0092 10,000
110/110 4 0 15 17 0.186°¢ - 2,000
95/95 2 0 4 12 0.2144 — 2,000
10. Mdh3 100/100 49 9 24 359 0.379 0.254 1,000

@ Sample randomization tests of the homogeneity of proportions of progeny types among trees were

carried out by Monte Carlo simulation

b The results tabulated are the proportion of random samples with log-likelihood less than or equal
to the log-likelihood of the observed sample assuming completely independent loci

Large-sample likelihood-ratio tests of heterogeneity:
¢ G?=457(P=021),d.f.=3
4 G?=1.38 (P=0.24),d.f.=1

Table 6. Segregation analysis of megagametophyte sets of size
8 for a specified locus®

Locus 1:7 2:6 3:5 No.
or or or progeny
7:1 6:2 5:3  4:4  sets®
1. Gopd 2 6 10 6 24
2, Idh 0 6 9 3 18
3. Mdh2 0 2 5 7 14
4. Pgm 0 3 7 4 14
5. Sod 1 1 1 3 6
6. 6Pgdl 0 3 4 2 9
7. 6Pgd2 2 1 2 1 6
8. Aar2 1 1 5 2 9
9. Estl 0 4 8 4 16
10. Mdh3 0 4 3 2 9
Totals© 6 31 54 34 125

2 The heterozygous genotype of a maternal tree was assigned
by inspection of the segregation of the 8 megagametophytes
(see text)

Chi-squared test of heterogeneity of segregation classes among
loci using Smith’s (1986) test when expected values are small:
X2=5.34, m=5.17, v=046, and the standardized normal
variate z, = 0.25

b Data pooled over trees for each locus

¢ Data pooled over loci and over trees

Test of goodness-of-fit to the expected ratio of 8:28:56:35,
X?=0904 with 3 d.1.

multilocus estimate (0.887) when cross-pollination
occurs among family members (Ritland and Jain 1981;
Shaw et al. 1981). It is likely that the genotypic identity
among uncommon and, especially, rare pollen gametes
is identity by descent; thus genetic differentiation of
the population, that is, population structure, and in-
breeding in addition to self-fertilization contribute to
the apparent selfing rates. We assessed the combined
effects of variability in individual selfing rates and
heterogeneity of the pollen pool by analyzing the
distribution of heterozygous progeny among homo-
zygous adult trees (Brown etal. 1975). There is evi-
dence for significant effects of population structure in
the results of the sample randomization tests (Table 5).
There is in addition a potential bias in the estima-
tion of apparent outcrossing rates that will tend to in-
crease the multilocus estimate more so than the aver-
age single-locus estimate in the absence of gametic dis-
equilibrium. This results when there is an appreciable
likelihood of not detecting a true heterozygote because
of segregation distortion, a relatively common phenom-
enon in forest tree species (Lundkvist 1974; Rudin
1977, O’Malley etal. 1979; Adams and Joly 1980;
Eckert etal. 1981; El-Kassaby etal. 1982a; Cheliak
et al. 1984; Strauss and Conkle 1986). We analyzed the
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segregation of allozymes among the megagametophytes
of heterozygous trees (Table 6). The analysis was
restricted to those progeny sets which were complete
for a given locus, that is, all 8 megagametophytes were
scored for allozymes at the particular locus. Clearly,
because of the method of genotype assignment (see
“Materials and methods™) there are no heterozygous
trees identified with 8:0 (or 0: 8) segregation. The data
were pooled over trees for the test of heterogeneity of
segregation classes among loci, and there was no
significant heterogeneity. Similarly, there was very
good fit to the expected ratio of segregation classes for
the data pooled over loci and trees (Table 6). There-
fore, the likelihood of not detecting a heterozygote is
small, i.e., as expected for unbiased segregation in the
megagametophytes. It is not increased by segregation
distortion in these data.

The single-locus estimates of the outcrossing rate
are not independent (Table4). In the presence of
gametic disequilibrium, the multilocus estimate of the
outcrossing rate can depart downward in direction
from the maximume-likelihood estimate of the average,
which is computed on the assumption of independent
loci. One way to minimize the effect of gametic dis-
equilibrium in the outcrossing analysis would be to use
the data of only one locus from any correlated pair
(Brown et al. 1985).

The results on gametic disequilibrium presented in this
report are similar to the results of a study on yellow polar,
Liriodendron tulipifera L. (Roberds and Brotchol 1985).
Gametic disequilibria were found mainly in the seedling
populations, whereas in the adult trees only weak evidence for
disequilibria was detected. The two-locus associations in the
present study (Table 4) are not likely to be due to linkage dis-
equilibrium between closely-linked allozyme loci. The ten poly-
morphic loci are apparently unliked. For a genetically dif-
ferent population of coastal Douglas-fir, El-Kassaby et al.
(1982b) provided some information for 8 of the 10 loci of the
present study. Unfortunately, Mdh2 was monomorphic in the
sample of trees that was previously studied, and the only close
linkage detected was between 4at2 and Pgi2 at 2% recombina-
tion. The latter locus could not be studied in the sample of
embryos from the Mt. Prevost population. We analyzed the
joint segregation of Mdh2 and Pgm in megagametophytes
from 6 doubly heterozygous trees (data not shown). There was
no significant departure from a 1:1:1:1 ratio for either the
group of 4 progeny sets of size 8 or the group of 2 progeny sets
of size 7 (results not shown). While the data are too few to
detect loose linkage, we can conclude that these two loci are
not closely linked.

Even without close linkage, there may be an association of
alleles at different loci in the gametophytes because of biased
representation of parental genotypes in the sampled polien
pool. The male and female gametophyte pools that contribut-
ed to the seeds that were sampled may have been genetically
different. An example of this is the gametic disequilibrium
created initially in a hybrid population as a result of the
admixture of genetically different populations (Cavalli-Sforza
and Bodmer 1971; Nei and Li 1973). Microdifferentiation in
forest trees (Mitton et al. 1977; Linhart et al. 1981), probably
due to selection and family structuring, would retard the

decay of the initial disequilibrium. In addition, sampling
embryos that are more closely related than maternal haif-sibs
could contribute to the apparent associations of gene fre-
quencies at several loci. This results when the effective sample
size is smaller than that given in Table 4 because successive
pollination events are not independent (a tendency for fewer
pollen parents than expected under open-pollination).

The large difference in outcrossing between the two
groups of loci (Table 3) suggest other processes such as
zygotic selection against selfed genotypes might have
contributed to the disequilibria observed. Natural
populations of coastal Douglas-fir have a large
embryonic-lethal genetic load, the mean number of
lethal equivalents is nine to ten per zygote (Sorensen
1969). The majority of this load is expressed in early
embryonic development, particularly upon self-fertii-
ization. Thus, there could have been many more
zygotes initially produced from the fertilization events
than survived as components of viable seeds. An ex-
planation for the apparent gametic disequilibria,
especially that of Aat2 Estl, would be either linkage
disequilibrium of the isozyme markers with a recessive
embryonic lethal or a deleterious effect of the isozymes
themselves. Since all possible homozygous progeny at
loci in gametic disequilibria (Table4) were not
observed in embryos and adult trees, the linkage dis-
equilibrium could be complete or the deleterious effect
would be that of a recessive lethal.

A marked reduction in viable seeds because of
limitation of fertilization or loss of zygotes could give
rise to the heterogeneity of single-locus estimates of the
outcrossing rate in two ways. First, an allozyme locus
that is in linkage disequilibrium with self-incom-
patibility alleles will have a high, estimated outcrossing
rate. Second, there might be cross-incompatibility
genes. Where an allozyme locus is in linkage dis-
equilibrium with self-compatibility alleles then there
would result a lower, estimated outcrossing rate.

We hypothesize that differential selection is pri-
marily responsible for the variability of outcrossing
rates among loci, especially between the two groups of
loci (Table 3). The group of eight loci imply complete
outcrossing, while the remaining pair of loci indicate a
selfing rate of approximately 0.50. In the study of other
natural populations of coastal Douglas-fir by Shaw and
Allard (1982) and seed orchards by Ritland and
El-Kassaby (1985), similar results were reported. Thus,
there may be variation among regions of the genome of
this conifer for closely-linked recessive deleterious
genes. On this hypothesis and the evidence of signifi-
cant viability depression due to selfing in coastal
Douglas-fir (Sorensen 1969, 1982), the higher estimate
of selfing in this study may be closer to the “true” rate
in this effectively, outcrossing species. Controlled
crosses will have to be used to evaluate the hypothesis
that variability in selection among loci in linkage dis-



equilibrium with the isozyme markers is a major
source of variability in effective outcrossing.
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