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POSTFERTILIZATION CAUSES OF
DIFFERENTIAL SUCCESS OF POLLEN DONORS IN
ERYTHRONIUM GRANDIFLORUM (LILIACEAE):
NONRANDOM OVULE ABORTION!

LisA P. RIGNEY?

Department of Ecology and Evolution, State University of New York at Stony Brook,
Stony Brook, New York 11794; and
Rocky Mountain Biological Laboratory, Crested Butte, Colorado 81224

Seed paternity in Erythronium grandiflorum does not fully reflect the proportion of pollen on the stigma. When two types
of pollen are simultaneously applied to the stigma, outbred seeds are produced over inbred, and seeds from more distant
donors are produced over seeds from donors nearby. I looked for postfertilization causes of these previously reported patterns
of differential success of pollen donors. I simultaneously pollinated stigmas with pollen from two donors and observed ovule
development through a window sliced in the ovary. Pollen donor pairs were self and cross, donors 1 and 100 m from the
recipient, and two donors each 100 m from the recipient. Since one donor was always the alternate homozygote from the
recipient at the malate dehydrogenase locus, I could determine the paternity of developing seeds. When it appeared that
ovules were aborting, I removed them and determined their paternity using starch gel electrophoresis. Ovules fertilized by
self pollen were more likely to abort than ovules fertilized by cross pollen, and ovules fertilized by nearby donors were more
likely to abort than ovules fertilized by distant donors. Ovules fertilized by donors 100 m from the recipient were equally
likely to abort. There was not a significant relationship between the proportion of ovules fertilized by a pollen donor and
the probability of those fertilized ovules developing into seeds. There was no relationship between ovule position within a
fruit and ovule abortion. I manipulated available resources by removing leaves and by permitting only one fruit to develop
per plant. Decreasing the amount of resources increased the proportion of aborted ovules. Abortion of ovules of lesser

quality appears to release resources that can then be used to develop other offspring.

Pollen donors may sire a lower percentage of seeds
within a fruit than expected based on the number of their
pollen grains on the stigma. Within a fruit, outbred seeds
are frequently produced in preference to inbred seeds
(Pfahler, 1965; Busbice, 1967; Glover and Barrett, 1986;
Bowman, 1987; Griffin, Moran, and Fripp, 1987; re-
viewed in Marshall and Folsom, 1991; Montalvo, 1992;
Rigney et al., 1993), and intermorph pollen donors may
sire more seeds than self or intramorph donors in het-
erostylous species (Weller and Ornduff, 1977; Casper,
Sayigh, and Lee, 1988; Cruzan and Barrett, 1993).

Greater success of one type of donor over another can
be caused by differences in growth rates of pollen tubes
(Darwin, 1876; Bateman, 1956; de Nettancourt, 1977,
Lewis, 1979). Another potential mechanism for differ-
ential donor success is nonrandom ovule abortion. Post-
fertilization sorting of embryos can be caused by several
mechanisms (Marshall and Folsom, 1991). First, embryos
of lower genetic quality may abort due to the expression
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of mutational load (Charlesworth and Charlesworth, 1987,
Wiens et al., 1987; Charlesworth, 1989). Second, embryos
may abort because of competition for limited maternal
resources (Kambal, 1969; Lloyd, 1980; Kress, 1981; Wes-
toby and Rice, 1982; Willson and Burley, 1983; Charles-
worth, 1989). Essential resources may not be equally
available throughout the fruit, and ovule abortion may
be affected by the position of the developing ovule within
the fruit (Horovitz, Meiri, and Beiles, 1976; Watson and
Casper, 1984; Lee and Bazzaz, 1986, Marshall and Ells-
trand, 1988; Nakamura, 1988; Rocha and Stephenson,
1990). Pollen donors may subsequently fertilize eggs at
different positions within the ovary (Cooper and Brink,
1940; Horovitz, Meiri, and Beiles, 1976; Marshall and
Ellstrand, 1988; Rocha and Stephenson, 1990). The sub-
sequent nonrandom abortion of ovules with respect to
position within the fruit may confound direct effects of
embryo genotype with genotype-by-position interactions
(Marshall and Ellstrand, 1988; Rocha and Stephenson,
1990). Variation in the time of fertilization within an
ovary might affect the ability of late-fertilized eggs to
garner resources and these eggs could be aborted if ma-
ternal resources are limiting (Kambal, 1969; reviewed in
Watson and Casper, 1984). In Cryptantha flava, a fixed
percentage of the developing ovules always abort, sug-
gesting that abortion may be an adaptation for dispersal
by wind (Casper and Wiens, 1981).

While experiments indirectly suggest that ovule abor-
tion is nonrandom with respect to embryo genotype or
quality (Stephenson and Winsor, 1986; Casper, 1988;
Marshall and Ellstrand, 1988; Rocha and Stephenson,
1991), the paternity of aborting ovules has never been
directly determined. To directly assess whether or not
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ovule abortion is random with respect to an embryo’s
male parent, the genotype of the aborting ovules needs
to be determined. Established techniques for assigning
seed paternity (e.g., Meagher, 1986; Devlin, Clegg, and
Ellstrand, 1992) cannot answer this question because
aborted ovules are, by definition, unavailable for analysis
of paternity.

In Erythronium grandiflorum var. grandiflorum Pursh.
(Liliaceae), mating is nonrandom with respect to pollen
donor type. When plants are pollinated with a mixture
of self and cross pollen, seeds are sired predominantly by
cross pollen. Similarly, when pollen from donors 1 m
from recipients competes with pollen from donors 100 m
away, seeds are mainly sired by the distant donor (Rigney
et al., 1993). Some of the variation in success between
self and cross pollen is due to differences in the number
of pollen tubes that reach the base of the style. Following
pure self and cross pollinations, Cruzan (1989) found that
self pollen tubes were much less likely to reach the base
of the style than cross pollen tubes, when self and cross
pollen was applied to the stigma. However, variation in
the number of tubes at the base of the style accounted for
only a portion of the variation in seed set.

The goals of this study were to determine 1) whether
ovules fertilized by self pollen are more likely to be aborted
than ovules fertilized by cross donors, 2) whether ovules
fertilized by pollen from donors 1 m away are more likely
to be aborted than seeds fathered by donors at 100 m,
and 3) whether the amount of available maternal resources
and position within the fruit affects ovule abortion. My
experiments also reflect the use of a surgical technique
that allows for the determination of the genotype of abort-
ing ovules.

MATERIALS AND METHODS

Study organism —E. grandiflorum is a self-compatible
perennial herb common in open meadows and aspen
woodlands in the Rocky Mountains. Flower number can
vary from 0 to 14 with zero-, one-, two-, and three-flow-
ered plants the most common. Flowers are weakly pro-
tandrous; three or more of the six anthers have usually
dehisced by the time the stigmas are receptive (Cruzan,
1989). Self pollination may be autogamous or geitonog-
amous (in plants with two or more flowers). The ovary
is a capsule, somewhat triangular in cross-section, and
contains approximately 60 ovules in three locules.

Effect of interparent distance on ovule abortion—Ex-
periments were conducted at three sites in Gunnison
County, Colorado during three summers: 1) Washington
Gulch in 1989 (altitude 3,200 m); 2) Kebler Pass in 1990
(altitude 3,280 m); and 3) Lake Irwin in 1991 (altitude
3,280 m). Experiments were conducted in different years
at different sites because capricious spring frosts frequent-
ly eliminated all fruit set at some sites.

Ateach site, two-flowered plants were haphazardly cho-
sen in clusters 10 and 100 m apart and the genotype of
each was determined at the malate dehydrogenase (MDH)
locus. This enzyme is a neutral marker with each of the
two alleles present in equal proportions in the populations
studied (Rigney, unpublished data). Only homozygous
plants were used as recipients or donors in these exper-
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iments. Each recipient received pollen from two pollen
donors; one donor was always the alternate homozygote
to the recipient. Developing ovules fertilized by this donor
would be heterozygous for MDH, while ovules fertilized
by the other donor would be homozygous. I used only
the first of the two flowers as a recipient.

To prevent contamination of the stigmas by self or other
unwanted pollen, I covered the pistil with either a short
(2 cm) section of a plastic drinking straw or a grass stem.
This technique makes bagging unnecessary and allows self
pollen to remain available in the anthers.

I applied approximately equal amounts of pollen from
each of two donors to the points of a pair of fine watch-
maker’s forceps, and applied the mixed pollen load to
stigmas of the first flower of a plant. Pollen combinations
were: self and cross pollen from donors at various dis-
tances from the recipient; pollen from donors 1 and 100
m from the recipient; and pollen from two donors, each
100 m from the recipient. The second flower was removed
to increase the probability of fruit set in the first flower.

Ovary window technique — Approximately 4 weeks after
pollination, when fruits had almost achieved their max-
imallength (approximately 45 mm), I sliced a longitudinal
section in one locule wall, approximately 20 mm long by
5-8 mm wide, using a sharp razor blade. This “window”
allowed me to observe the developing ovules within one
locule. Surprisingly, the ovules within that locule, and
ovules in the locules with intact ovary walls, developed
normally without any additional protection. Fully mature
fruits contain the following three categories of ovules (in
descending order of size class): plump, fully developed
(green) seeds, brown, flattened and shriveled ovules, and
very small, white ovules (usually 1-2 mm long). Fully
developed seeds are 5-6 mm in length and 1-2 mm wide.
The brown, flattened ovules range in size from 3 mm to
6 mm. I interpret the brown and shriveled category as
ovules with fertilized eggs that started to develop and then
aborted, since they have increased in size over virgin
ovules. The small, white structures appear to be ovules
with eggs that were never fertilized (Motten, 1983) because
they are no larger than virgin ovules in unpollinated flow-
ers.

Seeds were fully matured about 8 weeks after pollina-
tion. Growth of ovules ceased as early as 22 days after
pollination with some ovules ceasing to expand within 1
week of complete fruit maturity. I inferred that these
ovules were aborting and that they would eventually shrivel
and turn brown. Beginning 6 weeks after pollination and
continuing almost to complete fruit maturation, I re-
moved the presumptively aborting ovules with fine for-
ceps from the locule with the window. The ovules were
placed immediately in 50 ul of extraction buffer containing
Tris-HCI, polyvinyl pyrrolidine (pH 8.0), and beta-mer-
captoethanol, placed on ice, and taken back to the lab
where they were immediately ground using a frozen mor-
tar and pestle. Genotypes at the MDH locus were deter-
mined by starch gel electrophoresis (Rigney et al., 1993).

In addition to determining the paternity of aborting
ovules, I determined the paternity of 15 mature seeds
from each of the fruits from which I had removed de-
veloping ovules. Electrophoresis of mature seeds was per-
formed in the same manner as described above, except
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that the seeds were soaked for 1 to 2 weeks in distilled
water prior to grinding in the extraction buffer.

If two types of pollen present on the stigma are equal
in their abundance, ability to germinate, grow pollen tubes,
fertilize ovules, and develop seeds, then the proportions
of aborted ovules should be equal. Although the hand-
pollination procedure did not assure exact equality of
pollen loads, it should not have introduced a directional
bias. G-tests of heterogeneity were used to determine
whether certain classes of pollen donors were more likely
to be aborted than others (Sokal and Rohlf, 1981). A
G-test (Sokal and Rohlf, 1981, pp. 744-747) was used to
test whether the status of an ovule (matured into a seed
or aborted) was independent of paternity type for pollen
combinations of self and cross pollen and for 1 and 100
m. I combined all of the aborted ovules and matured
seeds from all fruits in both pollen combinations for this
analysis. Since the assignment of donors in each pair of
100-m donors was arbitrary, I tested the independence
of ovule status by paternity type by analyzing 2 x 2 tables
on each fruit separately. I used Fisher’s Exact Test (Statxact,
1989) for the analysis of the 100-m crosses, because sam-
ple sizes of aborted ovules were low in some fruits (Sokal
and Rohlf, 1981).

The hypothesis that successful fertilization equals pa-
ternity was tested by examining the relationship between
the proportion of ovules fertilized by one donor in a fruit
(number of ovules fertilized by donor X/total number of
ovules per fruit) and the probability of those fertilized
ovules developing into seeds (number of seeds sired by
donor X/number of ovules fertilized by donor X). I used
the number of aborted ovules plus the number of mature
seeds from all of the above crosses combined as an es-
timate of the number of fertilized ovules.

To test whether the opening in the ovary wall affected
the number of ovules developed into seeds and/or abort-
ed, I applied cross pollen to the stigmas of 20 flowers,
one per plant, at Washington Gulch in 1990, cut windows
in one locule, and removed aborted ovules from one locule
as described above. When these fruits were mature, I
determined the percentage of ovules developed and abort-
ed in the locule with the ovary window (cut) and in the
unmanipulated (uncut) locule.

To test the hypothesis that there was a difference in the
percentages of aborted ovules between the cut and uncut
locules, I used the GLM procedure in SAS (SAS Institute,
Inc., 1985). Plant identity was designated a random factor,
and locule treatment (cut vs. uncut locule), a fixed factor,
was tested over the interaction (Sokal and Rohlf, 1981).
The percentages were transformed to achieve normality
using the arcsine-square transformation.

Time of expression of MDH —To determine whether a
homozygous embryo was inbred or outbred with only the
maternal allele being expressed, it was essential to deter-
mine the developmental stage when botk the maternal
and paternal alleles were expressed. I determined this by
applying outcross pollen from one donor to the stigmas
of 37 first flowers.” The second flower was removed, as
above. The donor and the recipient were reciprocal ho-
mozygotes at the MDH locus; therefore, all ovules were
heterozygous, but would appear to be homozygous until
the paternal allele was expressed. Twenty-two days after
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pollination, I cut the ovary windows and collected de-
veloping ovules every 3-5 days, until 47 days after pol-
lination. It is difficult to distinguish aborting ovules from
healthy ones until about 3 weeks after pollination. The
ovules were assayed and scored for MDH expression.

The hypothesis that the percentage of ovules that were
homozygous remained equal over time was tested using
Cochran’s Q (Sokal and Rohlf, 1981). Cochran’s test re-
quires two attributes; samples of two ovules that included
one or two heterozygotes were assigned a value of 1 and
samples without any heterozygotes were assigned a value
of 0. Most ovules electrophoresed after 29 days, and all
ovules after 47 days expressed both the maternal and
paternal genes (Cochran’s Q = 1070, P < 0.001, N = 21).
Because of this delay in expression of MDH, all results
presented in this paper concern only aborted ovules that
had been pollinated at least 47 days previously.

Effect of maternal resources on ovule abortion —In 1988,
24 groups of six two-flowered plants were chosen at Kebler
Pass. To determine whether limited resources affected
production of seeds, I manipulated resource levels by
removing leaves and by allowing only one fruit to develop
per plant. Leaves were kept trimmed as near to the ground
as possible throughout the summer. I used the GLM pro-
cedure in SAS (SAS Institute, Inc., 1985) to determine
whether there was an effect of these treatments on the
number of ovules fertilized and aborted, and the number
of mature seeds.

Effect of position within the fruit on ovule abortion—
To determine if position of an ovule in an ovary had an
effect on the abortion, I divided each exposed locule lat-
itudinally into four quarters and counted the total number
of ovules and aborted ovules in each quarter. I collected
fruits from eight plants that received natural pollination
and from 56 plants that were hand pollinated with equal
amounts of self and cross pollen and recorded the position
ofaborted ovules. I also determined the genotype of abort-
ed ovules from a subset of the hand-pollinated plants.

To test the null hypothesis that abortion was equal in
all four quarters of the fruit, I used a Goodness-of-Fit test
(Sokal and Rohlf, 1981). To determine whether abortion
in different regions of the fruit was independent of the
genotype of the embryo, I used Fisher’s Exact Test in a
2 X 2 table with genotype and region as the two factors
(Statxact, 1989).

RESULTS

Effect of interparent distance on ovule abortion —When
both self and cross pollen were present on the stigma,
inbred ovules aborted more frequently than outbred ovules
(Tables 1, 2). Following simultaneous application of pol-
len from donors 1 and 100 m from the recipient, ovules
fertilized by nearby pollen donors were significantly more
likely to abort than those fertilized by distant donors
(Table 2). There was no difference in ovule abortion when
both donors were 100 m from the recipient (Gieterogeneitys
Table 2).

Nonrandom ovule abortion is most interesting if the
ratio of paternity among mature ovules (seeds) is different
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TaBLE 1. Numbers of aborted ovules removed from one locule per
fruit. Stigmas were simultaneously hand pollinated with two pollen
donors. Pollen donors were self and outcross, 1 and 100 m, and
two donors each 100 m from the recipient.

Self Outcross 1m 100 m 100 m 100 m
8 3 6 1
3 0 3 2
1 5 0 2
4 0 0 4
2 0 2 1
5 0 1 0
3 0 3 0
1 0 4 1

0 1
1 0

—
WWWENNWUVNOROWNEN=RAOOC —
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than the ratio of paternity in aborted ovules. For example,
if 80% of the aborted and developed ovules are from one
donor, then the ratio of paternity in the aborted ovules
only reflects a bias in fertilization (or unequal pollen
mixtures), not in ovule abortion. In this experiment, the
ratio of aborted to matured ovules depended on the pa-
ternity of the ovule in both the self/cross (G = 56.978, df
=1, P <0.001) and 1-m/100-m (G = 10.488, df =1, P
< 0.005) combinations. Twenty-seven selfed ovules were
developed and 66 were aborted, while 96 outbred ovules
were developed and 23 were aborted. For the 1-m/100-m
combination, donorsat 1 m developed and aborted almost
equal numbers of ovules (28 developed, 27 aborted), but
100-m donors matured many more ovules (36) than they
aborted (eight). There was no difference in the ratio of

TABLE 2. Ovule abortion following simultaneous pollinations with three
different combinations of pollen types. Pollen combinations were
self and cross, 1 and 100 m, and two donors that were each 100 m
from the recipient.

G values
Pollen
combinations . Total® Pooled® Heterogeneity®
Self/Cross 80.2%** 20. 1%+ 60.0%**
1 m/100 m 30.2%** 10.9%** 19.3**
100 m/100 m4 - - 2.0

2 G0l t€sts the probability of obtaining the entire set of patterns of
abortion for all the plants. The degrees of freedom equal the number
of plants.

® Gphooiea COMpares the observed ratios of abortion to 50:50 ignoring
individual plants. In this case, the degrees of freedom = 1 (comparing
two groups).

© Gheterogencity indicates differences among plants in their deviation from
equal abortion of each distance class. The degrees of freedom equal the
number of plants — 1.

4 1did not calculate Gpooieq OF oo fOT this pollen combination because
the assignment of a donor to be donor X is arbitrary and a different
arrangement of donors could give different G, and G,q0cq T€SUILS.

*=P < 0.05,** =P < 0.01, ** = P < 0.0001.
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TABLE 3. Average proportion of ovules fertilized, aborted, and ma-
tured into seeds following cutting the ovary window in E. gran-

diflorum.»

Intact ovary Ovary

Ovule wall window
status N=24 N=12
Fertilized 0.62b 0.63b
(0.053) (0.460)

Aborted 0.08b 0.02c
(0.021) (0.007)

Matured seed 0.54b 0.63b
(0.046) (0.059)

a Means followed by different lowercase letters differ significantly (P
< 0.05). Standard errors are in parentheses.

aborted to developed ovules when both donors were 100
m from the recipient.

For all of the pollination combinations combined, there
was not a significant relationship between the proportion
of ovules fertilized by a pollen donor and the probability
of those fertilized ovules developing into seeds (7, = 0.05,
P=0.7577, N = 37).

Cutting a window in the ovary and removing aborting
ovules from one locule did not significantly affect the
percentage of seeds per fruit (F'=1.48, df =1, P = 0.254),
but there was a small and significant decrease in the per-
centage of ovules that aborted (Table 3, F = 6.55, df =
1, P = 0.031) in other uncut locules.

Effect of maternal resources on ovule abortion—Clip-
ping leaves caused a significant drop in the percentage of
seeds per fruit (F = 7.35, P=0.01, Table 4), while allowing
only one fruit to develop per plant (style removal treat-
ment) caused the percentage of seeds per fruit to increase
(F = 10.7, P = 0.002, Table 4). These changes in the
amount of seeds produced per fruit were due to differences
in ovule abortion; fruits on plants with clipped leaves had
significantly more ovule abortion than fruits on plants
with intact leaves (F = 6.78, P = 0.01), and plants where
only one fruit was allowed to develop had significantly
less ovule abortion than plants with two developing fruits
(F = 8.38, P = 0.007, Table 4). Differences in the per-
centage of fertilized ovules between this experiment and
the experiment that determined whether there was an
effect of cutting the ovary window (above and Table 3)
may be due to differences in location of the experiments
and to differences in the weather in the different years the
experiments were conducted.

Effect of position within the fruit on ovule abortion —
An equal number of ovules was aborted in each quarter
of the fruit in both the naturally pollinated flowers (G =
0.727,df= 3, P> 0.05) and in the flowers hand pollinated
simultaneously with self and cross pollen (G = 2.504, df
= 3, P > 0.05). The frequency of ovule abortion in the
four quarters was independent of the genotype of the
aborting ovule (FI = 2.418, df = 3, P = 0.49) (Table 5).

DISCUSSION

This is the first study to demonstrate directly that vari-
ation in paternity within fruits is caused, in part, by non-
random ovule abortion. In addition, it corroborates pre-
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TaBLE 4. The effect of clipping leaves and of preventing fruit devel-
opment in the other fruit (by removing styles) of E. grandiflorum
on the mean proportion of ovules fertilized, aborted, and developed

into seeds.?
Treatments
Leaves clipped  Leaves intact Style intact Style removed

Ovule status N=68 N=12 N=56 N=33
Fertilized 0.91b 0.85b 0.88b 0.93b

(0.014) (0.040) (0.021) (0.013)
Aborted 0.35b 0.42c 0.41b 0.47c

(0.022) (0.031) (0.023) (0.028)
Developed 0.42b 0.56¢ 0.47b 0.64c

a Means followed by different lowercase letters are significantly dif-
ferent from each other (P < 0.05). Standard errors are given in paren-
theses.

vious evidence that cross and more distant donors are
more likely to sire seeds than self and near donors in
Erythronium grandiflorum (Cruzan, 1990; Rigney et al.,
1993). Following simultaneous deposition of pollen from
two types of donors, the proportion of paternity of aborted
ovules did not reflect the proportion of pollen applied to
the stigma. On most, but not all, of the plants, ovules
fertilized by self and near pollen donors were more likely
to abort than were ovules fertilized by cross and more
distant donors.

The pattern of nonrandom ovule abortion was not in-
fluenced by the position of the developing ovule within
the ovary. If certain donors are more likely to fertilize
ovules within sections of the ovary, and if abortion is
more likely in those sections, then patterns of nonrandom
abortion might be a result of the position of the ovule
within the ovary. In E. grandiflorum, abortion was not
more frequent in any quarter of the ovary, and inbred
ovules aborted with equal frequency in every quarter.

Pre- vs. postzygotic control of pollen donor success—
Pre- and postfertilization mechanisms have been sug-
gested to act in concert, creating a kind of “genetic sieve”
that could produce preferential development of certain
embryo genotypes (Bertin, 1982; Stephenson and Bertin,
1983). A combination of both pre- and postzygotic mech-
anisms could cause patterns of nonrandom ovule abortion
through variation in pollen tube growth (Mulcahy and
Mulcahy, 1973; Lee, 1984). Pollen tubes from certain
donors could grow more slowly and fertilize ovules later
(if faster tubes were insufficient in number to preempt all
ovules). These later fertilized ovules might be weaker sinks
for resources and subsequently might abort. In such cases,
ovule abortion may only be the result of variation in pollen
tube growth rates.

This scenario was suggested by the work of Cooper and
Brink on Medicago sativa. They examined both patterns
of pollen tube growth (Brink and Cooper, 1938) and abor-
tion of fertilized ovules (Cooper and Brink, 1940). The
slow pollen tube growth of self pollen combined with the
abortion of inbred ovules accounted for most of the dif-
ference in seed production following selfing and outcross-
ing.

If variation in pollen tube growth was foreshadowing
subsequent ovule abortion in E. grandiflorum, 1 would
expect a correlation between the number of ovules fer-
tilized by one pollen donor and the number of seeds sired

[Vol. 82

TABLE 5. Total number of aborted ovules in each quarter of all fruits
sampled following natural and hand self and cross pollinations.

Aborted ovules Number
Type of of
pollination 12 2 3 4 fruits
Natural 23 18 19 21 8
Selfed and crossed seeds 33 43 32 41 56
Selfed seeds only® 6 6 6 10 12
Crossed seeds only® 0 2 2 1 12

2 Quarter 1 is at the stylar end of the capsule.

b Subset of selfed and outbred category. This category includes only
selfed aborted seeds. .

¢ Subset of aborted selfed and outbred seeds. This category includes
only outbred aborted seeds.

by that donor. But success of pollen donors at these two
stages was not correlated in E. grandiflorum. 1 did not
find a significant relationship between the number of ovules
fertilized by a pollen donor and the number of mature
seeds. While my estimate of the proportion of ovules
fertilized by each donor may be an underestimate since
some ovules aborted before I could unambiguously de-
termine their paternity, the lack of a relationship between
these two stages of reproduction suggests that qualities
that favor fertilization may not be the same as qualities
that favor embryo development; different selective mech-
anisms may be operating at each stage of reproduction.
Since success at the pollen tube and fertilization stages
depends partly on the pollen genotype (de Nettancourt,
1977), and successfully developing into a seed is depen-
dent on the genome of the zygote (Queller, 1987), it is
not too surprising that different mechanisms may act at
these different stages.

Another piece of evidence that different selective mech-
anisms may be acting at various stages in reproduction
is the discrepancy between the pattern of ovule abortion
in the 1-m/100-m pollen combination found here and the
variation in pollen tube length between nearby and more
distant donors found by Cruzan (1990). Cruzan found
that pollen tubes from nearby donors, in this case pollen
from donors within 3 m, were more likely to reach the
base of the style than were pollen tubes from more distant
donors (30 m, 100 m, and 300 m) when both types of
pollen were simultaneously applied to the stigma. Nearby
donors may be more successful at growing pollen tubes
to the base of the style, and may subsequently affect more
fertilizations; however, the resulting ovules abort in great-
er frequency than do ovules fertilized by more distant
donors. The combined results of this study and Cruzan’s
work suggest that while both pre- and postfertilization
mechanisms are important in controlling patterns of ovule
development in E. grandiflorum, they may not be acting
to promote successful paternity of the same type of pollen
donor.

Postfertilization causes of nonrandom abortion—Dif-
ferential abortion of ovules fertilized by pollen from self
and nearby donors could be partially due to inbreeding
depression. E. grandiflorum pollen and seed dispersal dis-
tances are short; average dispersal distances are approx-
imately 1.5 m for pollen (Thomson and Thomson, 1989)
and 33 cm for primary dispersal of seeds (Wieblen and
Thomson, unpublished data). As a result, plants growing
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nearby may be closely related and mating between such
plants may result in the expression of inbreeding depres-
sion. Inbreeding depression is expressed following pure
hand-pollinations of self and cross pollen. Fruits polli-
nated with self pollen generally contain fewer mature seeds
and have a greater proportion of aborted ovules (Rigney
and Thomson, unpublished data). However, after pure
pollinations of pollen from donors growing 1 and 100 m
from the recipient, there were no detectable differences
in the number of fruits or seeds matured. Differences in
seed viability alone will not explain the observed patterns
of nonrandom ovule abortion.

Developing embryos fertilized by nearby donors may
be somewhat weaker than embryos fertilized by more
distant donors, since seedlings grown from these seeds
develop smaller corms and have lower rates of survival
(Rigney and Thomson, unpublished data). Perhaps com-
petition within the ovary intensifies subtle viability dif-
ferences between ovules fertilized by 1- and 100-m donors
and results in increased abortion of ovules fertilized by
donors at 1 m.

A similar scenario was proposed by Westoby and Rice
(1982). In their model, less vigorous offspring abort when
maternal resources are limited. As an extension, Seavey
and Bawa (1986) suggested that the threshold for abortion
of an ovule is genetically determined and that inbred
offspring will always fall below the threshold and will
always be aborted. The abortion of E. grandiflorum ovules
fits this pattern, except that inbred offspring do not always
automatically fall below the threshold. Approximately
20% of'the plants in the self/cross pollination combination
had more outbred then inbred ovules abort, and approx-
imately 10% of the plants in the 1-m/100-m combination
had more abortion of ovules fertilized by distant donors
than fertilized by near donors.

There are several possible explanations for these anom-
alous patterns. First, I could not genotype all of the abort-
ing ovules because MDH was not detectable with starch
gel electrophoresis early in seed development. Some of
these early aborted ovules may have been fertilized by
self and near pollen. Second, because plants may have
different histories of inbreeding (Wright, 1977), the amount
of inbreeding depression resulting from different types of
crosses may vary among maternal plants and as a con-
sequence, the percentage of inbred seeds matured may
vary among plants. While not ruling out the first expla-
nation, there is evidence from other experiments on E.
grandiflorum that suggests there is variation in the amount
of inbreeding expressed. In an experiment designed to
measure inbreeding depression, some mothers developed
heavier inbred seeds and others heavier outbred seeds,
independent of seed number (Rigney and Thomson, un-
published data). There was also variation in the percentage
of inbred seeds matured following simultaneous appli-
cation of self and cross pollen (Rigney et al., 1993). While
most plants developed outbred seeds over inbred, about
20% of the fruits contained only seeds sired by self pollen.
Variation in the percentage of aborted inbred offspring
may be another manifestation of variation in maternal
inbreeding history.

Effect of nonrandom abortion on offspring quality —
Maternal plants may incur a cost by allowing pollen do-
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nors of lower quality to fertilize ovules and thus prohibit
the fertilization of these ovules by donors of better quality
(Lloyd, 1980; Waser and Price, 1991). Nonrandom abor-
tion of ovules could be a mechanism that might increase
the average quality of the remaining offspring of a plant,
in spite of the cost of an ovule (Darwin, 1876; Charnov,
1979; Lloyd, 1980; Westoby and Rice, 1982; Stephenson
and Bertin, 1983; Stearns, 1987). The average quality of
offspring can be increased in two ways: 1) removal of
lower quality offspring will increase the average genetic
quality of the remaining offspring; and 2) removal of some
offspring may free resources for investment in other off-
spring (Hamilton, 1966). The average quality of offspring
is increased in both of these ways in E. grandiflorum.
Abortion of ovules fertilized by self and near donors af-
fects the average quality of offspring by removing devel-
oping seeds that might be less fit. The cumulative prob-
ability of survival of selfed offspring (the probability of
fruit maturation X the probability of seed development
X the probability of emergence X the probability of sur-
vival for 3 years) is only 31% that of outcrossed offspring
(Rigney and Thomson, unpublished data).

Abortion of ovules fertilized by self and near donors
also frees resources for investing in other offspring. In
ovaries where aborting ovules were removed from one
locule, there was significantly less abortion in the un-
manipulated locules than in ovaries where no ovules were
removed. The abortion of ovules of lesser quality appears
to release resources that can then be used to develop other
offspring. Allowing pollen donors of lower quality to fer-
tilize ovules and thus prohibit the fertilization of these .
ovules by donors of better quality may cost plants an
ovule (Lloyd, 1980; Waser and Price, 1991), but if the
resources can be used by other embryos of higher quality,
then abortion of these lower quality seeds may result in
increased fitness of the maternal plant.

LITERATURE CITED

BATEMAN, A. J. 1956. Cryptic self-incompatibility in the wallflower:
Cherianthus cheiri L. Heredity 10: 257-261.

BErTIN, R. I. 1982. Paternity and fruit production in trumpet creeper
(Campsis radicans). American Naturalist 119: 694-709.

BowmMmaN, R. N. 1987. Cryptic self-incompatibility and the breeding
system of Clarkia unguiculata (Onagraceae). American Journal of
Botany 74: 471-476.

BRINK, R. A, AND D. C. Cooper. 1938. Partial self-incompatibility
in Medicago sativa. Proceedings of the National Academy of Sci-
ences, USA 24: 497-499.

Bussicg, T. H. 1968. Effects of inbreeding on fertility in Medicago
sativa. Crop Science 8: 231-234.

CASPER, B. B. 1988. Evidence for selective embryo abortion in Cryp-
tantha flava. American Naturalist 132: 318-326.

, L. S. SAYIGH, AND S. S. LEe. 1988. Demonstration of cryptic

incompatibility in distylous Amsinckia douglsiana. Evolution 42:

248-253.

, AND D. Wiens. 1981. Fixed rates of random ovule abortion
in Cryptantha flava and its possible relation to seed dispersal. Ecol-
ogy 62: 866-869.

CHARLESWORTH, D. 1989. Why do plants produce so many more ovules
than seeds? Trends in Ecology and Evolution 10: 289-292.

, AND B. CHARLESWORTH. 1987. Inbreeding depression and its
evolutionary consequences. Annual Review of Ecology and System-
atics 18: 237-268.

CHARNOV, E. L. 1979. Simultaneous hermaphroditism and sexual se-
lection. Proceedings of the National Academy of Sciences, USA 76:
2480-2484.

This content downloaded from
130.15.244.167 on Wed, 01 May 2024 12:31:51 +00:00
All use subject to https://about.jstor.org/terms



584

COOPER, D. C., AND R. A. BRINK. 1940. Partial self-incompatibility
and the collapse of fertile ovules as factors affecting seed formation
in alfalfa. Journal of Agricultural Resources 60: 453—472.

CRrUZAN, M. B. 1989. Pollen tube attrition in Erythronium grandiflo-
rum. American Journal of Botany 76: 562-570.

. 1990. Pollen-pollen and pollen-style interactions during pollen

tube growth in Erythronium grandiflorum (Liliaceae). American

Journal of Botany 77: 116-122.

, AND S. C. H. BARRETT. 1993. Contribution of cryptic incom-
patibility to the mating system of Eichornia paniculata (Pontideria-
ceae). Evolution 47: 925-934.

DARwIN, C. 1876. The effects of cross- and self-fertilization in the
vegetable kingdom. Appleton, New York, NY.

DE NETTANCOURT, D. 1977. Incompatibility in angiosperms. Springer-
Verlag, New York, NY.

DEVLIN, B., J. CLEGG, AND N. C. ELLSTRAND. 1992. The effect of flower
production on male reproductive success in wild radish populations.
Evolution 46: 1030-1042.

GLOVER, D. E,, AND S. C. H. BARRETT. 1986. Variation in the mating
system of Eichornia paniculata. Evolution 40: 1122-1131.

GRIFFIN, A. R., G. F. MorAN, AND Y. J. Fripp. 1987. Preferential
outcrossing in Eucalyptus regnans F. Muell. Australian Journal of
Botany 35: 465-475.

HaMILTON, W. D. 1966. The moulding of senescence by natural se-
lection. Journal of Theoretical Biology 12: 12-45.

Horovrrz, A., L. MEIRI, AND A. BEILES. 1976. Effects of ovule positions
in fabaceous flowers on seed set and outcrossing rates. Botanical
Gazette 137: 250-254.

KamsaL, A. E. 1969. Flower drop and fruit set in field beans, Vicia
faba L. Journal of the Agricultural Society of Cambridge 72: 131-
138.

KrEess, W. J. 1981. Sibling competition and evolution of pollen unit,
ovule number and pollen vector in angiosperms. Systematic Botany
6: 101-112.

Leg, T. D. 1984. Patterns of fruit maturation: a gametophytic com-
petition hypothesis. American Naturalist 123: 427-432.

, AND F. A. BAzzAaz. 1986. Maternal regulation of fecundity:
non-random ovule abortion in Cassia fasciculata Michx. Oecologia
(Berlin) 68: 459-465.

Lewss, D. 1979. Sexual incompatibility in plants. Arnold, London.

Lroyp, D. G. 1980. Sexual strategies in plants. I. An hypothesis on
serial adjustment of maternal investment during one reproductive
session. New Phytologist 86: 69-79.

MARSHALL, D. L., AND N. C. ELLSTRAND. 1988. Effective mate choice
in wild radish: evidence for selective seed abortion and its mech-
anism. American Naturalist 131: 739-756.

,AND M. W.FoLsoM. 1991. Mate choicein plants: an anatomical
to population perspective. Annual Review of Ecology and System-
atics 22: 37-63.

MEAGHER, T. R. 1986. Analysis of paternity within a natural popu-
lation of Chamaelirium luteum. 1. Identification of most-likely male
parents. American Naturalist 128: 199-215.

MOoONTALVO, A. M. 1992. Relative success of self and outcross pollen
comparing mixed- and single-donor pollinations in Aquilegia ca-
erula. Evolution 46: 1181-1198.

Mortten, A. F. 1983. Reproduction of Erythronium umbilicatum (Lil-
iaceae): pollination success and pollinator effectiveness. Oecologia
59: 351-359.

AMERICAN JOURNAL OF BOTANY

[Vol. 82

MuLcany, D. L., AND G. B. Murcany. 1975. The influence of ga-
metophytic competition in Dianthus chinensis. Theoretical and Ap-
plied Genetics 46: 277-280.

NAKAMURA, R. R. 1988. Seed abortion and seed size variation within
fruits of Phaseolus vulgaris: pollen donor and resource limitation
effects. American Journal of Botany 75: 1003-1010.

PFAHLER, P. L. 1965. Fertilization ability of maize pollen grains. I.
Pollen source. Genetics 52: 513-520.

QUELLER, D. C. 1987. Sexual selection in flowering plants. In J. W.
Bradbury and M. B. Andersson [eds.], Sexual selection: testing the
alternatives, 165-179. John Wiley and Sons, New York, NY.

RIGNEY, L. P., J. D. THOMSON, M. B. CRUZAN, AND J. BRUNET. 1993.
Differential success of pollen donors in a self-compatible lily. Evo-
lution 47: 915-924.

RoCHA, O. J.,, AND A. G. STEPHENSON. 1990. Effect of ovule position
on seed production, seed weight, and progeny performance in Pha-
seolus coccineus. American Journal of Botany 77: 1320-1329.

, AND 1991. Effects of nonrandom seed abortion on
progeny performance in Phaseolus coccineus L. Evolution 45: 1198—
1208.

SAS INsTITUTE, INC. 1985. SAS user’s guide: statistics. Version 6.0.
SAS Institute, Inc., Cary, NC.

SEAVEY, S. R., AND K. S. BAwA. 1986. Late-acting self-incompatibility
in angiosperms. The Botanical Review 52: 195-219.

SokAL,R.R.,ANDF.J. RoHLF. 1981. Biometry, 2d ed. W.H. Freeman,
San Francisco, CA.

StAaTXACT. 1989. Version 1.0. Cytel Software, Cambridge, MA.

STEARNS, S. C. 1987. The selection-arena hypothesis. In S. C. Stearns
[ed.], The evolution of sex and its consequences, 337-349. Birk-
hauser Verlag, Basel.

STEPHENSON, A. G., AND R. I. BERTIN. 1983. Male competition, female
choice and sexual selection in plants. /n L. Real [ed.], Pollination
biology, 109-149. Academic Press, Orlando, FL.

, AND J. A. WINSOR. 1986. Lotus corniculatus regulates offspring
quality through selective abortion. Evolution 40: 453—458.

THOMSON, J. D., AND B. T. THOMsON. 1989. Dispersal of Erythronium
grandiflorum pollen by bumblebees: implications for gene flow and
reproductive success. Evolution 43: 657-661.

WAaSER, N. M., AND M. V. PriceE. 1991. Reproductive costs of self-
pollination in Ipomopsis aggregata (Polemoniaceae): are ovules
usurped? American Journal of Botany 78: 1036-1043.

WATSON, M. A., AND B. B. Casper. 1984. Morphogenetic constraints
on patterns of carbon distribution in plants. Arnnual Review of Ecol-
ogy and Systematics 15: 233-258.

WELLER, S. G., AND R. OrRNDUFF. 1977. Cryptic self-incompatibility
in Amsinckia grandiflora. Evolution 31: 47-51.

WESTOBY, M., AND B. Rice. 1982. Evolution of the seed plants and
inclusive fitness of plant tissues. Evolution 36: 713-724.

WIENS, D., C. L. CALVIN, C. A. WiLSON, C. I. DAVERN, D. FRANK, AND
S. R. SEAVEY. 1987. Reproductive success, spontaneous embryo
abortion, and genetic load in flowering plants. Oecologia 71: 501—
509.

WILLSON, M. F., AND N. BURLEY. 1983. Mate choice in plants; tactics,
mechanisms and consequences. Princeton University Press, Prince-
ton, NJ.

WRIGHT, S. 1977. Evolution and genetics of populations, vol. 3. Ex-
perimental results and evolutionary deductions. University of Chi-
cago Press, Chicago, IL.

This content downloaded from
130.15.244.167 on Wed, 01 May 2024 12:31:51 +00:00
All use subject to https://about.jstor.org/terms



	Contents
	p. 578
	p. 579
	p. 580
	p. 581
	p. 582
	p. 583
	p. 584

	Issue Table of Contents
	American Journal of Botany, Vol. 82, No. 5 (May, 1995) pp. 565-697
	Front Matter [pp. ]
	Structure and Development
	Two Foliar Idioblasts of Taxonomic Significance in Cercidium and Parkinsonia (Leguminosae: Caesalpinioideae) [pp. 565-570]
	Suppressor of Sessile spikelets 1 (Sos1): A Dominant Mutant Affecting Inflorescence Development in Maize [pp. 571-577]

	Reproductive Biology
	Postfertilization Causes of Differential Success of Pollen Donors in Erythronium grandiflorum (Liliaceae): Nonrandom Ovule Abortion [pp. 578-584]
	Pollen and Ovule Development in Arabidopsis thaliana Under Spaceflight Conditions [pp. 585-595]
	Dioecy and Its Correlates in the Flowering Plants [pp. 596-606]
	Constraints on Flowering Phenology in a Phryganic (East Mediterranean Shrub) Community [pp. 607-620]

	Ecology and Phytogeography
	Life History Trade-Offs in Amphibromus scabrivalvis (Poaceae): Allocation to Clonal Growth, Storage, and Cleistogamous Reproduction [pp. 621-629]
	Effect of Canopy Gap Light Environment on Evaporative Load and Stomatal Conductance in the Temperate Forest Understory Herb Aster macrophyllus (Asteraceae) [pp. 630-637]
	Spatial and Temporal Growth Dynamics of Barrier Island Shrub Thickets [pp. 638-645]

	Systematics and Evolution
	Karyotypic Study of Some Species of Serjania and Urvillea (Sapindaceae; Tribe Paullinieae) [pp. 646-654]
	Patterns of Ontogenetic Evolution in Perianth Diversification of Besseya (Scrophulariaceae) [pp. 655-680]
	Floral Ontogeny of Zippelia begoniaefolia and its Familial Affinity: Saururaceae or Piperaceae? [pp. 681-689]

	Invited Special Paper
	Plant Responses to Carbon Dioxide [pp. 690-697]

	Back Matter [pp. ]



