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Summary. Douglas fir trees, Pseudotsuga menziesii, vary
greatly in their self-fertility, but little is known about the
relationship of self-fertility to outcrossing success. If low
self-fertility pollen donors have lethal recessive alleles
that are widespread, then in crosses with other trees they
should have poor paternal success competing with high
self-fertility donors that have few recessive lethals. We
compared Douglas fir trees with high and low self-fertil-
ity for differences in pollen grain size, pollen number per
milligram, and respiration rate. Pair-wise mixtures of
pollen from individuals with high and low self-fertility
were applied in controlled pollinations. Electrophoretic
markers identified seed paternity. The pollen donors did
differ in all three pollen traits but, as a class, the low
self-fertility donors had neither inferior pollen nor low
paternal success in outcrossing. Paternal success depend-
ed upon the identity of the competing pollen donors and
the seed parent. It was not related to pollen grain number
or respiration rate, but donors with the smaller pollen
grains in a mixture had greater success.
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Introduction

The mating system of many plant species combines self-
ing and outcrossing (Schemske and Lande 1985; Brown
1990). The reproductive success of an individual through
selfing relative to outcrossing will affect the evolution of
mating systems and sex allocation (Hedrick 1990). Upon
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self-pollination, individuals often experience high levels
of inbreeding depression (Charlesworth  and
Charlesworth 1987). In Douglas fir, Pseudotsuga men-
ziesii (Mirb.) Franco, the major cause of inbreeding de-
pression is embryo abortion, due to lethal recessive alle-
les rather than a loss of overall heterozygosity (Sorensen
1969, 1982; Mitchell-Olds and Guries 1986). Although
inbreeding depression upon selfing is severe, the degree
of self-fertility can vary widely among trees within a
region or natural population (Wheeler 1989). For exam-
ple, in a Douglas fir population at Santiam Pass Oregon,
Sorensen (1971) measured a more than 65-fold difference
among trees in relative seed production upon selfing.

Douglas fir trees have a mixed mating system that is
predominantly outcrossed (Shaw and Allard 1982;
Muona 1990), and pollen donors are known to have
nonrandom paternal success when competing in mixed,
outcross pollinations (Apsit et al. 1989). R.R. Nakamura
and N.C. Wheeler (unpublished manuscript) present ex-
perimental evidence to support the view that, in con-
trolled pollinations, differential embryo abortion is the
source of nonrandom paternal success through outcross-
ing. Variation in self-fertility among trees raises questions
about the relationship of self-fertility to paternal success
through outcrossing. Are pollen donors with low self-fer-
tility also poor competitors in outcrossing? Is their pollen
of different quality from that of high self-fertility plants?
These questions are of general interest because of the
widespread occurrence of self-fertility variation in tree
species with mixed mating systems (e.g., Franklin 1972;
Koski 1973; Park and Fowler 1984; Griffin and Lindgren
1985).

Here we present the results of a study of paternal
success in Douglas fir when pollen donors with high and
low self-fertility compete to sire seeds on the same seed
cones. If particular lethal recessive alleles are common,
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then trees with low self-fertility will do poorly in out-
crossing, because these pollen donors will likely share the
same lethal recessives with seed parents. On the other
hand, if particular lethal recessives are rare, then even
polien donors with low self-fertility should not suffer in
paternal success through outcrossing.

Materials and methods
Crossing design and pollination procedures

To study the effects of variation in self-fertility on paternal
success through outcrossing, we cross-pollinated Douglas fir
trees in April 1988 at the Weyerhaeuser Co. seed orchard in
Rochester/WA. The trees originated from natural populations in
western Washington and represented parents selected on the
basis of the growth traits of their progeny in genetic tests. The
pollen donors were divided into two self-fertility classes accord-
ing to the number of lethal equivalents. Three donors had high
self-fertility (lethal equivalents: 5.3 to 6.5), and three donors had
low self-fertility (lethal equivalents: 14.2 to 25). The two seed
parents were of intermediate self-fertility. The method of Mor-
ton et al. (1956), as illustrated by Sorensen (1969), was used to
estimate the number of lethal gene equivalents per zygote (2B)
for each tree, where 2B= —41n R and R is relative self-fertility
(percentage of filled seeds from selfing/percentage of filled seeds
from outcrossing).

We made pollen mixtures for each pair of donors with high
and low self-fertilities, for a total of nine pollen mixtures. Each
mixture contained a 50:50 combination by mass of pollen from
a pollen donor with high self-fertility and a donor with low
self-fertility.

Pollination procedures followed standard protocols. Two to
three weeks before seed parents were receptive, we isolated seed
cone buds with paper breeding bags after removing pollen buds.
When pollen donors started to shed pollen, pollen cones were
picked and processed to extract pollen grains (for details of the
method used see Apsit et al. 1989). A mean of 8.4 seed cones in
cach breeding bag was brush pollinated at the peak of receptiv-
ity. We pollinated a total of 54 bags (nine pollen mixtures x
three replicates x two seed parents). Seeds were extracted from
the mature cones in October 1988.

Identification of paternity

Starch gel electrophoresis of embryos determined seed paternity.
In each pollen mixture the two pollen donors were distinguished
by different allozymes at one of four loci: glucose-6-P-dehydro-
genase, isocitrate dehydrogenase, malate dehydrogenase-3, and
phosphoglucomutase. The two seed parents were homozygous.
Electrophoretic and staining procedures followed Conkle et al.
(1982) and Jech and Wheeler (1984), except that the morpholine-
citrate buffer was pH 8.0. Allozymes of the loci in our study
exhibited Mendelian inheritance (El-Kassaby et al. 1982). For
each breeding bag the paternal success of a pollen donor was the
proportion of seeds it sired. On average, we identified the pater-
nal parent of 45.4 seeds from each bag with mature cones, 2,314
seeds in all.

Pollen traits of different donors

To investigate the relationship between self-fertility and pollen
quality, we measured three pollen traits and correlated them
with a pollen donor’s paternal success. An Elzone 180XY parti-
cle analysis system (Particle Data, Inc.; Elmhurst/IL) counted

the number of pollen grains per unit mass and measured modal
pollen grain size (um?®) for four subsamples from each pollen
donor (Young and Stanton 1990a). A YSI model 53 oxygen
monitor (Yellow Springs Instrument Co., Yellow Springs/OH)
measured pollen respiration rates (ul O,/min/g), an indicator of
pollen viability, for two subsamples from each pollen donor
(Binder and Ballantyne 1975).

Results
Pollen traits

As a class, the low self-fertility pollen donors did not
have a distinct type of pollen. The pollen traits we mea-
sured differed significantly among the pollen donors, but
the degree of self-fertility had no effect (Table 1). For the
pollen donors mean pollen grain size was 98.1 pm®
(range: 95.2 to 100.2), mean pollen grain number per
milligram was 4,960 (range: 4483 to 5840), and mean
respiration rate was 24.1 ul O,/min/g (range: 8.5 to 34.2).

Paternal success

Although paternal success significantly varied among the
pollen donors (Table 2), the self-fertility class of the pol-
len donor did not consistently predict paternal success in
the pollen mixtures. Pollen donors with low self-fertility
were not poor competitors against high self-fertility
donors. Rather, some of these donors did well in partic-
ular pollen mixtures but not in others (Table 3). For
instance, low self-fertility donor 1 sired 81% of the seeds
when competing against high self-fertility donor 4, but
only 30% against donor 6. Also, we detected pollen do-
nor by seed parent interaction effects (Table 2). The rela-
tive performance of a pollen donor depended upon the
identity of the seed parent.

Table 1. Nested analyses of variance for pollen traits. The ran-
dom effect pollen donor was nested within the fixed effect self-
fertility class

Source df SS F P

Pollen number (grains/mg):

Self-fertility class 0.00507 0.01 NS

Pollen donor within class 4 0.20749 5.72  0.0037
Error 18 0.16317
Model R*=56.6%

Pollen size (um®):
Self-fertility class 1 0.00004 0.02 NS
Pollen donor 4 0.00977 6.41 0.0022
Error 18 0.01667

Model R*=58.9%

Pollen respiration (ul O,/min/g):
Self-fertility class
Pollen donor
Error ] 6
Model R?=94.3%

0.06260  0.08 NS
3.08222  24.51 0.0007
0.18860




Table 2. Analysis of variance of paternal success of low self-fer-
tility pollen donors in pollen mixtures with high self-fertility
donors

Source df SS F P
Low self-fertility donor 2 0.3289 144 0.0001
High self-fertility donor 2 2.5157 1102 0.0001
Low donor x high donor 4 0.0406 0.9 NS
Seed parent 1 0.3656 32.0 0.0001
Seed parent x low donor 2 0.1392 64  0.0056
Seed parent x high donor 2 0.3313 145 0.0001
Three-way interaction 4 0.1344 3.0 0.0347
Error 33 0.3766

Model R*=91.4%

Table 3. Mean paternal success per seed parent of low self-fertil-
ity pollen donors competing against high self-fertily donors.
Paternal success is the proportion of seeds sired by the low
self-fertility donor. SF =self-fertility

Low SF donor High SF donor Mean paternal

success
1 4 0.808
1 5 0.478
1 6 0.301
2 4 0.911
2 5 0.734
2 6 0.512
3 4 0.867
3 5 0.632
3 6 0.447

Paternal success of the low self-fertility donors was
related to pollen size but not to the other pollen traits.
For each of the nine pollen mixtures, we calculated the
difference between the two donors in their pollen traits
(value of the low donor minus the value of the high
donor). Thus, a positive correlation with paternal success
would mean that the larger the value pollen of the low
self-fertility donor with respect to its competitor, the
greater the low donor’s paternal success would be. In-
stead, the mean paternal success of the low self-fertility
donor was negatively correlated with the difference in
pollen size (Spearman r= —0.90, P=0.0009, N=9). A
low self-fertility donor sired a greater proportion of the
seeds the relatively smaller its pollen grains were com-
pared to those of the high self-fertility donor. Paternal
success of the low self-fertility donor was not correlated
with differences between donors in pollen number
(r=0.00, P=1.00, N=9) or respiration rate (r=0.12,
P=0.76, N=9).

Discussion

Self-fertility variation in Douglas fir trees did not accu-
rately predict paternal success through outcrossing. Pol-
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len donors with low self-fertility were not generally poor
competitors with high self-fertility donors. Rather, pater-
nal success depended upon the particular pollen donors
in a pollen mixture and the identity of the seed parent (see
also Apsit et al. 1989). These results indicate that individ-
val lethal recessive alleles may exist at only low frequen-
cies among Douglas fir trees. Otherwise, the low self-fer-
tility trees with larger numbers of recessive lethals would
have had poorer paternal success in outcrossed pollina-
tions than donors with fewer recessive lethals. Future
crossing designs with a much larger number of pollen
donors and seed parents are needed to further test our
conclusions.

The degree of self-fertility was unrelated to variation
in pollen traits. Evidently, the number of recessive lethal
equivalents per donor did not affect pollen number, pol-
len grain size, or respiration rate. Orr-Ewing (1957)
found that under selfing, the expression of lethality in
Douglas fir came at the embryo stage rather than during
pollen growth. No other published study has compared
the pollen characteristics of conifers from different self-
fertility classes.

Only a few recent studies have addressed the relation-
ship between pollen size and success in siring seeds. The
results so far have been equivocal. In our study, pollen
grain size was the only pollen trait correlated with pater-
nal success in the mixed outcrossed pollinations. Al-
though this correlation was negative, R.R. Nakamura
and N.C. Wheeler (unpublished manuscript) reported a
positive size correlation in other outcrossed pollinations
with Douglas fir. Cruzan (1990) did see a positive rela-
tionship between pollen size and paternal success in
glacier lily, but Young and Stanton (1990b) found no
relationship in wild radish.
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