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The prevalence of nonrandom fertilization due to postpollination events has rarely been
studied in natural populations, despite important implications for outcrossing rates, mate choice,
and plant fitness. Nonrandom paternity within fruits can be caused by both unequal fertilization
and unequal embryo abortion. Using self-compatible Hibiscus moscheutos, we studied the
potential for nonrandom fertilization by comparing growth rates of pollen-tubes from different
donors. The branched style of Hibiscus allowed within-flower comparisons between pollen
donors. Relative pollen-tube growth rates were determined by applying pollen from pairs of
donors to different stigmas on adjacent stylar branches. We then measured the number ofcallose
plugs per tube in cross-sectional transects across the style after 3 hr. We demonstrate that rates
of callose plug formation can be used as a sensitive indicator of relative pollen-tube growth
rate. Differences between pollen donors were common and repeatable. Self-pollen-tubes grew
slower than outcross pollen-tubes in some crosses and faster in others. Allozyme variation in
glucose phosphate isomerase was used to show that individuals with fast-growing pollen-tubes
sired a disproportionate number of seeds following mixed pollinations (up to 72%). Since seed
abortion was negligible, we conclude that variation in pollen-tube growth rates leads to non­
random paternity within fruits.

The outcome ofpollen-tube competition can
have major genetic consequences for plant
populations. In self-compatible species, for ex­
ample, outcross pollen-tubes may reach the
ovules more quickly than self-tubes, thereby
contributing,to reduced selfing rates (Bateman,
1956; Barnes and Cleveland, 1963; Weller and
Ornduff, 1977, 1989; Casper, Sayigh, and Lee,
1988; Aizen, Searcy, and Mulcahy, 1990).
Nonrandom fertilization can also occur fol-
lowing simultaneous deposition ofpollen from
different outcross donors (Marshall and Ell­
strand, 1986; Snow and Mazer, 1988).

Random fertilization is the null model in
population genetics, but little is known about
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the validity of this model for natural popula­
tions (Clegg and Epperson, 1985). In addition
to possible effects on population genetic struc­
ture, pollen-tube competition could influence
the number of seeds a plant sires (Jones, 1922;
Marshall and Ellstrand, 1986; Bertin, 1990),
levels of inbreeding depression (Schemske,
1983; Schoen, 1983), and the fitness of seeds
sired by different outcross donors (Bertin, 1982;
Marshall and Ellstrand, 1986; Waser et aI.,
1987; but see Mazer, 1987). Onewaythatprog­
eny fitness may vary is through selection among
microgametophytes: in several cultivated spe­
cies, pollen-tube growth rates are positively
correlated with sporophytic growth rates (re­
viewed in Mulcahy and Bergamini Mulcahy,
1987; but see Snow, 1990).

Despite the potential significance of varia­
tion in pollen-tube growth rates, few investi­
gators have quantified differences among pol­
len donors, and fewer still have done so by
controlling for variation among flowers (but
see Aizen, Searcy, and Mulcahy, 1990; Cruzan,
1990). One problem is that the most widely
used technique for viewing pollen-tubes-
Martin's (1959) fluorescence method-is often
impractical for comparing their growth rates
because young tubes do not produce enough
callose to fluoresce when stained. Even mature
tubes can be difficult to see, although the callose
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plugs within them fluoresce brightly (e.g., Wel­
ler and OrndutI: 1989; A. Snow, personal ob­
servation). In many species, growing pollen­
tubes produce callose plugs at very regular in­
tervals behind the cytoplasm, which remains
near the tip of the tube (Cresti and van Went,
1976; Dumas and Knox, 1983; A. Snow, per­
sonal observation).

Here we show that the rate of callose plug
formation can be used as a measure of relative
pollen-tube growth rate, and that growth rates
differ among pollen donors. We also use elec­
trophoretic markers to demonstrate that when
pollen-tubes from different individuals com­
pete for ovules, differences in pollen-tube
growth rate are correlated with differences in
the proportion of seeds sired. Finally, we con­
clude that seed abortion is negligible following
self- and outcross pollinations.

MATERIALS AND METHODS

The study species-Hibiscus moscheutos L.
(Malvaceae) is a self-compatible, herbaceous
perennial found in brackish and freshwater
marshes of the eastern United States (Brown
and Brown, 1984; Spira, 1989). Ollr study pop­
ulation is located at the Mill Swamp Study Area
of the Smithsonian Environmental Research
Center in Edgewater, Maryland. The major
reason for choosing this species is that natural
rates ofpollen deposition are very high, leading
to strong competition among pollen-tubes for
ovules (Spira, 1989; Spira et aI., unpublished
data). On the morning of anthesis, bees often
delivered six times more pollen than is needed
for maximum seed set (about 100 seeds per
fruit; Spira et aI., unpublished data).

The 6-cm-Iong style and large pollen grains
(150 J.tm diam) make this species attractive for
pollen-tube growth studies. The pistil has five
stylar branches (I-em long), so different pol-'
lination treatments can be applied to separate
stigmas of the same flower. This alleviates the
problem of among-flower variation in pollen­
tube growth rates (Aizen, Searcy, and Mulcahy,
1990).

Flowers open for a single day and are pol­
linated primarily by a specialist anthophorid
bee, Ptilothrix bombijormis, and also by bum­
blebees, Bombus pennsylvanicus (Rust, 1980;
Spira, 1989). Spatial separation ofanthers and
stigmas prevents autopollination, but bees can
transfer pollen within and among flowers on
the same plant (Spira, 1989). It is likely that
bees deposit mixtures of pollen from several
individuals, including some self-pollen. Seed
set following self- and outcross pollination does
not differ significantly (Spira, 1989; this study).

Timing of tube growth and callose plug for­
mation - Field experiment - To characterize
pollen-tube growth rates in the field, we pol­
linated newly opened flowers that had been
bagged in the bud with netting. Stigmas and
styles were collected 3, 6, or 9 hr after polli­
nation. For each interval, we applied pollen
from flowers of the same donor to five flowers
on each offive recipient plants (individual gen­
ets were easily distinguished). Pollinations were
performed on two consecutive sunny days in
August 1987. Stigmas were excised and saved
at the time ofcollection so that the number of
pollen grains could be counted under a dis­
secting microscope (pollen grains of H. mo­
scheutos falloff the stigma in solution). Pistils
were fixed in 70% ethyl alcohol and refrigerated
immediately to halt further pollen-tube growth.

At a later date, styles were cleared for flu­
orescence microscopy (Martin, 1959), and the
proportion of grains with pollen-tubes at the
base of the style was determined. The best flu­
orescence was achieved by clearing the styles
in 8 N NaOH for 90 min at 60 C. The styles
were then rinsed in tap water and stored in 1
M K3P04 with 0.0015% analine blue. After at
least 2 hr in stain, the styles were placed on a
microscope slide with a drop of gylcerol,
squashed, and viewed through a compound
epifluorescence microscope with appropriate
filters.

Laboratory experiment-A second experi­
ment was designed to determine whether cal­
lose plug formation could be used as an index
of relative pollen-tube growth rate in a given
style. Pollen-tubes were allowed to grow during
two time intervals, 3 and 5 hr, in adjacent stylar
branches on 30 picked flowers (bagged as buds).
Each recipient flower came from a different
individual, and its pedicel was placed in water
immediately after cutting. We pollinated one
stigma at 0900 hr and the other 2 hr later, using
pollen from a single unrelated donor. The two
stylar branches were labeled with permanent
ink for later identification under the micro­
scope. Flowers were then incubated in the lab­
oratory at 30 C. Three hours after the second
pollination, we excised the stigmas for pollen
counts and prepared the styles as described
above.

The numbers of tubes and plugs were count­
ed in a standardized cross-sectional area ofthe
style, where pollen-tubes from the two treat­
ments converged (about 2-3 em below the stig­
ma). The longitudinal width of this area (692
J.tm) was approximately equal to the average
distance between the plugs in any given tube
(A. Snow, personal observation). Therefore,
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TABLE 1. Relative pollen-tube growth rates for pairs ofpollen donorsa

Mean number of callose plugs per pollen-tube
Pollen donors

Recipient

2

3

4

5

6

7

8

9

10

11

12

Self> ys. A

0.51 vs. 0.53 NS
(11)

0.48 vs. 0.17***
(8)

0.17 vs. 0.41**
(9)-

0.31 vs. 0.16*
(7)

0.31 vs. 0.33 NS
(7)

0.25 vs. 0.46*
(14)-

0.31 vs. 0.43***
(11)

0.24 vs. 0.63***
(6)-

0.42 vs. 0.50 NS
(14)

0.27 vs. 0.20 NS
(7)

0.33 vs. 0.60**
(6)

0.72 vs. 0.39***
(8)

Selfb ys. B

0.48 vs. 0.39*
-(14)
0.35 vs. 0.37 NS

(9)
0.34 vs. 0.56t

(6)-
0.37 vs. 0.41 NS

(8)

Ab yS• B

0.65 vs. 0.49*
-(15)
0.27 vs. 0.53*

(8)

0.47 vs. 0.32t
-(8)
0.37 vs. 0.60**

(7)

a Different outcross donors (A and/or B) were used on each recipient plant. Paired t-tests were conducted using the
number of callose plugs per pollen-tube for each donor in a pair (NS = not significant, t p < 0.10, * P < 0.05, **
P < 0.01, *** P < 0.001). Back-transformed means are shown with sample sizes in parentheses. The pollen donor with
faster-growing tubes is underlined when differences were significant.

b Listed first below.

for each tube with any plugs, only one plug
was counted on average within this area.

Paired measurements within flowers were
analyzed in paired t -tests to determine effects
ofincubation time (3 hr vs. 5 hr) on the number
ofplugs per pollen-tube. These and subsequent
statistical analyses were performed using SAS
(SAS Institute, Inc., 1985). All proportions in­
volving pollen germination and tube growth
were arcsin-transformed for statistical analy­
sis.

Comparisons of pollen from different do­
nors-We compared growth rates of pollen­
tubes from pairs of donors by applying pollen
to different stigmas ofthe same pistil. The pur­
pose of this experiment was to test for differ­
ences between donors and, when possible, to
test for consistent rankings among donors when
three donors were used on a given recipient
(Recipients 1 and 2, Table 1). We also tested
for differences between donors in the propor­
tion of pollen grains that germinated after 3
hr.

For each of 12 recipient plants in the field
population, we compared self-pollen with pol­
len from one or two outcross donors, using

different outcross donors on each recipient.
Each cross was replicated six to 15 times over
a period of several days, depending on avail­
ability of flowers. Four of the maternal plants
had many flowers, so on these we also com­
pared two outcross donors against each other.
Pollen donors were at least 10m away from
their recipient and each other. The amount of
pollen deposited ranged from 52 to 153 grains
per stigma. Within this range, the number of
grains per stigma was not correlated with per­
cent germination (r2 = 0.01, N = 82), contrary
to what some previous studies have shown (e.g.,
Brewbakerand Majumder, 1961; Schemske and
Fenster, 1983).

Picked flowers were pollinated in the labo­
ratory, incubated for 3 hr at 30 C, and pro­
cessed as above. For each donor, we deter­
mined the proportion ofgrains that germinated
and the number of callose plugs per tube. As
above, callose plugs were counted in cross-sec­
tional transects where tubes from the two do­
nors conv~rged, about 3 cm below the stigma.
The position ofeach transect varied somewhat
among flowers, depending on how far down
the style the pollen-tube paths remained dis­
tinguishable. By comparing pollen donors in
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TABLE 2. Comparisons between pollen-tube growth rate
and the proportion ofseeds sired by competing donorsa

resented by pairs of ramets, each in a separate
pot (34a and 34b, 36a and 36b; Table 2).

To quantify relative pollen-tube growth rates,
pollen from each donor was applied to adjacent
stigmas on each of ten to 15 pistils, as in the
experiment above. Measures ofpercent pollen
germination could not be obtained due to time
constraints, but differences in percent germi­
nation are uncommon (see below). Instead, we
relied on differences in pollen-tube growth rate
as an indicator of relative fertilization success.
Preserved styles were blind-coded to avoid un­
intentional bias.

Another five to ten flowers on each plant
received mixtures of pollen from the two do­
nors and were allowed to set fruit. Pollen from
each donor was used to cover two stigmas per
flower, so each flower received about 1,645 ±
192 grains (X ± 1 SD, N = 6). This is enough
pollen to foster strong competition for ovules
because only about 300 grains are needed for
full seed set (Spira et aI., unpublished data).

Mature fruits were collected and progeny
were scored at the GPI locus to determine
whether nonrandom fertilization occurred. For
each cross, we scored enough seeds to detect a
10%difference from the null hypothesis of50%
sired by each donor (100 seeds for a homo­
zygous, unique father, and 300 seeds for a het­
erozygous one; P < 0.05, x2 test). In one cross
(Recipient 33), we scored additional seeds in
order to determine whether a 7% difference
from the null hypothesis was significant at P
< 0.05. To control for variation among fruits,
we used five to ten fruits per cross and scored
an equal number ofseeds from each fruit. Seeds
were nicked to induce germination, which av­
eraged 70°/0-90°/0. We assumed that ungermi­
nated seeds did not differ in paternity, but this
could not be confirmed.

Due to nonsynchronous flowering of partic­
ular GPI genotypes, only two of the maternal
plants received pollen from two outcross do­
nors. The rest received self- vs. outcross pollen.
Comparing self- and outcross pollen poses a
problem ifself-pollen is less likely to sire viable
seeds in the absence ofpollen-tube competition
(e.g., Schemske, 1983). In this case, nonran­
dom paternity could be due to weak self-in­
compatibility and/or abortion of selfed em­
bryos. The following experiment was conducted
to test this possibility.

Effects of self-pollen o.n seed set and abor­
tion-A separate group of 18 plants was pol­
linated in the.. greenhouse in 1990, and three
pollination treatments were used on each plant:
outcross pollen (one donor per recipient, four
stigmas covered with pollen), self-pollen (on

0.68*
(5)
0.66*

(9)
0.57*

(7)
0.72*

(9)
0.62*

(9)

0.51
(7)
0.56

(7)
0.53

(6)

0.54
(10)

0.55
(9)

0.14
(12)

0.11
(10)

0.04
(8)

0.01
(14)

0.01
(14)

0.30***
(11)

0.28***
(10)

0.24**
(15)

0.23*
(14)

0.18*
(15)

2 vs. self

2 vs. self

31 vs. 5

13 vs. self

13 vs. self

16

36a

32

35

Recipient Pollen donors

7 25 vs. 10

34a 23 vs. self

33 25 vs. self

36b 23 vs. self

34b 23 vs. self

a The pollen donor with faster-growing tubes is under­
lined when difference was significant (crosses above the
line); paired t-tests and significance levels as in Table 1.
Differences in seed set are based on sample sizes large
enough to detect at least a 10% difference at P < 0.05 (x2

test; see Materials and Methods). ID numbers consistent
with Table 1. .

Difference between Proportion of seeds
donors in number sired by faster
of plugs per tube pollen donor

(number of flowers) (number of fruits)

Pollen-tube growth rate and nonrandom fer­
tilization - Electrophoretic markers were used
to confirm that differences in pollen-tube
growth rates are associated with dispropor­
tionate seed set following pollen-tube com­
petition. Hibiscus moscheutos plants from the
Mill Swamp population have three Mendelian
alleles for GPI (glucose phosphate isomerase;
unpublished data; starch gel electrophoresis was
performed with Gottlieb's [1981] extraction
buffer and procedures described in Soltis et al.
[1983]). Plants with a variety ofGPI genotypes
were dug up in the fall of 1988, stored in a cold
room, and cultivated in a greenhouse the fol­
lowing spring.

Each maternal plant received pollen from
two donors whose progeny could be distin­
guished by electrophoresis. Fifteen crosses were
performed; we analyzed seeds from the only
five crosses that showed a difference in pollen­
tube growth rate, and the first five crosses that
did not. Two of the recipient genets were rep-

this way, we obtained a relative rather than an
absolute measure of pollen-tube growth rate.
Data were analyzed using paired t-tests, as de­
scribed above.
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four stigmas), and a mixture of self- and out­
cross pollen (two stigmas each). Each plant re­
ceived pollen from a different outcross donor.
On a given plant the treatments were alternated
until we obtained at least two fruits per treat­
ment; additional flowers were pollinated to test
for effects of pollen source on fruit abortion.
Seed set per fruit was scored 2 wk after pol­
lination, when unfertilized ovules were still
visible but young seeds had nearly attained
their final size. The vast majority ofseeds were
pearly white and about 3 mm long at 2 wk.
Seeds that were less than half the size of these
normal seeds were scored as "aborted," in­
cluding those that were about twice the size of
unfertilized ovules. Most of the seeds in this
category were deflated, brownish, and clearly
nonviable. Unfertilized ovules were uniformly
small « 1 mm long) and brown.

RESULTS

Timing ofpollen tube growth andcalloseplug
formation-Field experiment-After 3 hr, a
mean of 53% of the grains had sent tubes to
the base of the style, while 57% had tubes at
the base of the style after 6 hr, and 62% after
9 hr. The only significant difference between
means was for the 3 vs. 9 hr treatments (Tukey
tests, P < 0.05, N = 25). Maternal plant ex­
plained 18% of the variance in the number of
tubes per style (P < 0.001, mixed model two­
way ANOVA). We saw no evidence ofpollen­
tube attrition (sensu Cruzan, 1989). In this ex­
periment and others, the number of tubes at
the base of the style closely approximated the
number at the top.

Laboratory experiment - Percent pollen ger­
mination was similar for 3-hr vs. 5-hr incu­
bations (62% vs. 61%, N = 30). This agrees
with other experiments in which most grains
germinated within 1 hr (A. Snow, personal ob­
servation), and is consistent with germination
rates on unpicked flowers (reported above).

Older pollen-tubes had callose plugs further
down the style than did younger tubes. Midway
down the style, the proportion of tubes with
plugs was 0.16 ± 0.02 (SE) after 3 hr, as op­
posed to 0.64 ± 0.05 after 5 hr (P < 0.001,
paired t-test). Thus" rates of callose plug for­
mation can be used as a measure of pollen­
tube development over time.

Comparisons of pollen from different do­
nors-Pairs ofpollen donors often differed with
respect to pollen-tube growth rate (Table 1),
but differences in percent germination were rare
(see below). Obvious and statistically signifi-

cant differences were seen in pollen-tube growth
rates, even when sample sizes were relatively
small (N = 6).

Different pairs of pollen donors were com­
pared for each recipient. Pollen-tube growth
rates were significantly different for three com­
parisons between outcross donors, and mar­
ginally significant for a fourth (Table 1). Self­
pollen differed from outcross pollen in nine out
of 16 comparisons, but self-pollen-tubes were
not always slower, as reported for some other
species (e.g., WellerandOrnduff, 1989). In four
crosses, self-pollen-tubes grew faster than out­
cross tubes.

These differences between donors could be
influenced by both the time needed for pollen
germination and by pollen-tube growth rates.
We also tested for differences between donors
in percent germination after 3 hr (germination
did not increase after 3 hr in the experiment
above). Significant differences were found in
only two of the 20 crosses shown in Table 1.
Both of these involved Recipient 3, for which
self-pollen had lower germination than Donor
A and Donor B (P < 0.05 and 0.01, respec­
tively). In both cases, self-pollen also grew more
slowly than pollen from either outcross donor
(P < 0.01 and 0.10, respectively, Table 1). In
general, then, differences between donors in
percent pollen germination were negligible.
When they did occur, they did not confound
major differences in pollen-tube growth rates.

The hierarchy of donor rankings was con­
sistent within recipients. For example, on Re­
cipient 1, tubes from both self-pollen and Do­
nor A grew more quickly than tubes from Donor
B, and no difference was seen between self­
pollen-tubes and those from Donor A. Like­
wise, on Recipient 2, both self-tubes and those
from Donor B were faster than those from Do­
nor A, but they did not differ from each other.
This consistency provides further evidence that
the callose plug method is a reliable one for
comparing pollen-tube growth rates.

Other findings also suggest that differences
between donors are robust. One of the 1988
crosses using field-grown plants was repeated
in the greenhouse in 1989. The results were
remarkably similar. On Recipient 2, self-pollen
was faster than pollen from Donor A at P <
0.0006 in 1988 (N= 8; Table 1) andP < 0.006
in 1989 (N = 15, paired t-test, data not shown).
Also, comparisons between two other pairs of
donors grown in pots outdoors gave the same
results in 1989 and 1990 (Snow and Spira,
unpublished data). Finally, similar results were
also obtained from two ramets ofRecipient 34
in the present study (Table 2). These prelim­
inary results suggest that different years and
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OUTCROSS

DIFFERENCE IN NUMBER OF CALLOSE
PLUGS PER POLLEN TUBE

Fig. 1. Correlation between differences in pollen-tube
growth rates and differences in the proportion of seeds
sired by pairs of pollen donors. The latter represents the
sum of the difference above and below an expectation of
0.50 for random fertilization. Same data as in Table 2 (r2

= 0.60, F = 11.84, P < 0.01, N = 10; regression line
shown).

environments did not alter the relative success
of two donors on a given recipient.

Pollen-tube growth rate and nonrandom fer­
tilization - Pollen-tube groWth rate was a good
indicator ofa pollen donor's ability to sire seed
under competitive conditions. In all of the re­
cipient plants, a significant difference in pollen­
tube growth rates was associated with nonran­
dom paternity in the expected fashion (Table
2; Fig. 1). In no case did a donor with fast
pollen-tubes sire fewer seeds than its compet­
itor, nor did a donor with slow pollen-tubes
sire more seeds. In four crosses, the donor with
faster pollen-tubes sired 62°/0-72°/0 ofall seeds.
In one cross, however, a strong difference in
pollen-tube growth rates was associated with
a relatively weak difference in the number of
seeds sired (57% by the faster donor). There­
fore, the correlation between these two vari­
ables is not a tight one (r2 = 0.60, P < 0.01;
Fig. 1). Some of the variation in siring ability
ofdonors might be due to differences in percent
pollen germination, which was not quantified
in this experiment. This is unlikely, however,
because a previous experiment showed that
donors rarely differed in percent germination
after 3 hr (see above).

Self-pollen grew more slowly than outcross
pollen in four out of eight crosses, but in the
previous experiment self-pollen was some­
times faster than outcross. The ranking of self­
vs. outcross pollen seems to depend on the
particular outcross donor involved, as shown
in Recipients 1-4 (Table 1) and the two ramets
of Recipient 36 (36a, 36b; Table 2).

Fig. 2. Percent seed set following self-, mixed, and
outcross pollination. Mean ± 1 SE; N = 14 (each obser­
vation is the average from two fruits per plant). The mean
percent of embryos that aborted was very low: 0.6 (self),
0.7 (mixed), and 1.3 (outcross).

Seed set and abortion from self- and outcross
pollen-Pollen source had no effect on fruit or
seed production. Every pollinated flower ini­
tiated a fruit, and the proportions offruits that
aborted were 0.13, 0.16, and 0.17 for self-,
mixed, and outcross pollinations, respectively
(N = 80, 73, and 76 initiated fruits; data pooled
from all plants). Thus, self-pollinations pro­
duced slightly more fruits, but differences be­
tween treatments were not significant (G tests).

Seed set per fruit was uniformly high across
treatments, and very few embryos aborted (Fig.
2). The mean number of ovules was 126 ± 4
(1 SE, N = 42; pooled data from all treatments).
On average, 87% ofthe ovules produced viable
seeds, and only one percent of the seeds ap­
parently aborted (N = 42 fruits). Even with
saturating pollen loads, then, a portion of the
ovules appeared to remain unfertilized. This
phenomenon has been reported in many other
species as well (see Snow, 1986).

DISCUSSION

The rate of callose plug development was a
sensitive indicator of pollen-tube growth rate.
By comparing pairs of pollen donors in the
same stylar environment, significant differ­
ences could be detected with relatively small
sample sizes (N < 10). Aizen, Searcy, and Mul­
cahy (1990) used a similar approach to dem­
onstrate slower growth of self-pollen as com­
pared to outcross pollen in Dianthus chinensis.
They noted that much of the variation in pol­
len-tube growth rates was due to among-flower
variation, and that within-flower comparisons
may be needed to detect cryptic self-incom­
patibility. Such comparisons are possible in
many species with lobed or branched stigmas
(e.g., Cruzan, 1990). Within-flower compari-
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sons are also more meaningful biologically,
since pollen competition occurs at the level of
single flowers. A further reason for using this
approach is that pollen-tube growth rates can
be influenced by interactions between donors
(Sari-Gorla, Ottaviano, and Faini, 1975; Cru­
zan, 1990). Ideally, one should examine mixed
pollen loads on the same stigma, but this makes
it extremely difficult to identify pollen-tubes
from different donors.

Individuals ofH. moscheutos from a natural
population often differed with respect to pol­
len-tube growth rates. These differences were
repeatable in different seasons and growing
conditions (field, field garden, greenhouse). Be­
cause differences in pollen competitive ability
are maintained in a variety of environments,
we infer that this trait is not controlled solely
by microsite conditions in the field. Subse­
quent studies showed that differences between
outcross donors were maintained across ma­
ternal genotypes (Snow and Spira, in press).
Likewise, we found consistent differences be­
tween self- and a variety of outcross donors,
but the competitive ability ofself-pollen varied
among individuals (Snow and Spira, unpub­
lished data). Further experiments to determine
genetic and environmental influences on pol­
len-tube growth rates are in progress.

The genetic consequences ofdifferential pol­
len-tube growth rates depend on whether faster
growing pollen sires a disproportionate num­
ber ofseeds under competitive conditions. Here
we show that relative pollen-tube growth rate
was a good predictor ofwhether seed paternity
within fruits was nonrandom. This is not sur­
prising, given that seed abortion is uncommon
and selfing does not depress seed set (Spira,
1989; this study).

The magnitude of differences in seed pater­
nity is comparable to previous demonstrations
of nonrandom paternity in other wild species
(Marshall and Ellstrand, 1986; Snow and Ma­
zer, 1988; Bertin, 1990), and is clearly asso­
ciated with differential pollen-tube growth rates.
For the ten crosses in Table 2, the magnitude
of the difference in pollen-tube growth rates
was roughly correlated with differences in seed
set (r2 = 0.60, P < 0.01, Fig. 1). We did not
expect to find such a close correlation because
our measure of differences in pollen-tube
growth rates is a relative one, and the recipient
plant influences average growth rates irrespec­
tive of donor.

We conclude that pollen-tube growth rates
can be used in lieu of electrophoretic markers
to estimate the frequency of nonrandom fer­
tilization in populations ofH. moscheutos. This
approach allows comparisons between indi-

viduals lacking unique electrophoretic markers
(a common problem) and is far less time-con­
suming than electrophoresis. Ultimately, how­
ever, both approaches should be used in con­
cert to understand the magnitude of unequal
fertilization rates.

LITERATURE CITED

AIZEN, M. A., K. B. SEARCY, AND D. L. MULCAHY. 1990.
Among- and within-flower comparisons ofpollen-tube
growth following self- and cross-pollinations in Di­
anthus chinensis (Cryophyllaceae). American Journal
ofBotany 77: 671-676.

BARNES, D. K., AND R. W. CLEVELAND. 1963. Genetic
evidence for nonrandom fertilization in alfalfa as in­
fluenced by differential pollen-tube growth. Crop Sci­
ence 3: 295-297.

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

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

--. 1990. Patterns ofnonrandom paternity in Camp­
sis radicans. American Midland Naturalist 124: 153­
163.

BREWBAKER, J. L., AND S. K. MAJUMDER. 1961. Cultural
studies of the pollen population effect and the self­
incompatibility inhibition. American Journal ofBot­
any 48: 457-464.

BROWN, M. L., AND R. G. BROWN. 1984. Herbaceous
plants of Maryland. Port City Press, Baltimore.

CASPER, B. B., L. S. SAYIGH, AND S. S. LEE. 1988. Dem­
onstration of cryptic self-incompatibility in distylous
Amsinckia douglasiana. Evolution 42: 248-253.

CLEGG, M. T., AND B. K. EpPERSON. 1985. Recent de­
velopments in population genetics. Advances in Ge­
netics 23: 235-269.

CRESTI, M., AND J. L. VAN WENT. 1976. Callose depo­
sition and plug formation in Petunia pollen-tubes in
situ. Planta 133: 35-40.

CRUZAN, M. 1989. Pollen-tube attrition in Erythronium
grandiflorum. American Journal ofBotany 74: 471­
476.

--. 1990. Pollen-pollen and pollen-style interactions
during pollen-tube growth in Erythronium grandiflo­
rum (Liliaceae). American Journal ofBotany 77: 116­
122.

DUMAS, C., AND R. B. KNox. 1983. Callose and deter­
mination of pistil viability and incompatibility. The­
oretical and Applied Genetics 67: 1-10.

GOTTLIEB, L. D. 1981. Gene number in species of As­
teraceae that have different chromosome numbers.
Proceedings of the National Academy of Sciences of
the United States ofAmerica 78: 3726-3729.

JONES, D. F. 1922. Selective fertilization and the rate of
pollen tube growth. Biological Bulletin 43: 167-174.

MARSHALL, D. L., AND N. C. ELLSTRAND. 1986. Sexual
selection in Raphanus sativus: experimental data on
nonrandom fertilization, maternal choice, and con­
sequences of multiple paternity. American Naturalist
127: 446-461.

MARTIN, F·. M. 1959. Staining and observing pollen­
tubes by means of fluorescence. Stain Technology 34:
436-437.

MAZER, S. J. 1987. Parental effects on seed development



1426 AMERICAN JOURNAL OF BOTANY [Vol. 78

and seed yield in Raphanus raphanistrum: implica­
tions for natural and sexual selection. Evolution 41:
355-371.

MULCAHY, D. L., AND G. BERGAMINI MULCAHY. 1987.
The effects of pollen competition. American Scientist
75: 44-50.

RUST, R. W. 1980. The biology ofPtilothrix bombiformis
(Hymenoptera: Anthophoridae). Journal ofthe Kan­
sas Entomological Society 53: 427-436.

SARI-GORLA, M., E. OTTAVIANO, AND D. FAINI. 1975.
Genetic variability of gametophytic growth rate in
maize. Theoretical and Applied Genetics 57: 37-41.

SAS INSTITUTE, INC. 1985. SAS user's guide: statistics.
SAS Institute, Cary, NC.

SCHEMSKE, D. W. 1983. Breeding system and habitat
effects on fitness components ofthree neotropical Cos­
tus (Zingiberaceae). Evolution 37: 523-539.

---, AND C. FENSTER. 1983. Pollen grain interactions
in a neotropical Costus: effects ofclump size and com­
petitors. In D. L. Mulcahy and E. Ottaviano [eds.l,
Pollen: biology and implications for plant breeding,
404-410. Elsevier, New York.

SCHOEN, D. J. 1983. Relative fitness of selfed and out­
crossed progeny of Gilia achilleafolia (Polemoni­
aceae). Evolution 37: 292-301.

SNOW, A. A. 1986. Pollination dynamics in Epilobium
canum (Onagraceae): consequences for gametophytic
selection. American Journal ofBotany 73: 139-151.

---. 1990. Effects of pollen load size and number of

donors on sporophyte fitness in wild radish (Raphanus
raphanistrum). American Naturalist 136: 742-758.

---, AND S. J. MAZER. 1988. Gametophytic selection
in Raphanus raphanistrum: a test for heritable vari­
ation in pollen competitive ability. Evolution 42: 1065­
1075.

---, AND T. P. SPIRA. In press. Pollen vigor and the
potential for sexual selection in plants. Nature.

SOLTIS, D. E., C. H. HAUFLER, D. C. DARROW, AND G. J.
GASTONY. 1983. Starch gel electrophoresis offems:
a compilation of grinding buffers, gel and electrode
buffers, and staining schedules. American Fern Jour­
na173: 9-27.

SPIRA, T. 1989. Reproductive biology of Hibiscus mos­
cheutos (Malvaceae). In J. H. Bock and Y. B. Linhart
[eds.l, The evolutionary ecology of plants, 247-256.
Westview Press, Boulder, CO.

WASER, N. M., M. V. PRICE, A. M. MONTALVO, AND R.
N. GRAY. 1987. Female mate choice in a perennial
wildflower, Delphinium nelsonii. Evolutionary Trends
in Plants 1: 29-33.

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

---,AND---. 1989. IncompatibilityinAmsinckia
grandiflora (Boraginaceae): distribution ofcallose plugs
and pollen-tubes following inter- and intramorph
crosses. American Journal ofBotany 76: 277-282.




