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e Background and Aims Evolutionary change in response to natural selection will occur only if a trait confers a
selective advantage and there is heritable variation. Positive connections between pollen traits and fitness have
been found, but few studies of heritability have been conducted, and they have yielded conflicting results. To
understand better the evolutionary significance of pollen competition and its potential role in sexual selection,
the heritability of pollen tube-growth rate and the relationship between this trait and sporophytic offspring
fitness were investigated in Collinsia heterophylla.

e Methods Because the question being asked was if female function benefited from obtaining genetically superior
fathers by enhancing pollen competition, one-donor (per flower) crosses were used in order to exclude confound-
ing effects of post-fertilization competition/allocation caused by multiple paternity. Each recipient plant was
crossed with an average of five pollen donors. Pollen-tube growth rate and sporophytic traits were measured
in both generations.

e Key Results Pollen-tube growth rate in vitro differed among donors, and the differences were correlated with in
vivo growth rate averaged over two to four maternal plants. Pollen-tube growth rate showed significant narrow-
sense heritability and evolvability in a father—offspring regression. However, this pollen trait did not correlate
significantly with sporophytic-offspring fitness.

e Conclusions These results suggest that pollen-tube growth rate can respond to selection via male function. The
data presented here do not provide any support for the hypothesis that intense pollen competition enhances
maternal plant fitness through increased paternity by higher-quality sporophytic fathers, although this advantage
cannot be ruled out. These data are, however, consistent with the hypothesis that pollen competition is itself
selectively advantageous, through both male and female function, by reducing the genetic load among successful
gametophytic fathers (pollen), and reducing inbreeding depression associated with self—pollination in plants with
mix-mating systems.
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INTRODUCTION

Over 80 % of flowering plants are hermaphrodites, meaning
that both male and female reproductive functions may contrib-
ute to individual fitness (Richards, 1997). Despite this fact,
selection pressures on the two reproductive functions can
differ (Willson, 1979; Bell, 1985; Campbell, 1989; Maad
and Alexandersson, 2004; Maad and Nilsson, 2004), poten-
tially leading to sexual selection of floral traits (Skogsmyr
and Lankinen, 2002; Delph and Ashman, 2006). Divergent
selection pressures are likely to be particularly important
during pollen competition in the pistil, because pollen has
the opportunity to represent the sole ‘interests’ of male repro-
ductive function. Although pollen performance directly
reflects the male reproductive function, selection should
favour female (pistil) reproductive traits that promote pollen
competition, or otherwise screen pollen, since this may
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increase the fitness of her own offspring (Skogsmyr and
Lankinen, 2002; Bernasconi et al., 2004).

Several studies have indeed shown that high pollen competi-
tive ability, particularly pollen-tube growth rate, is associated
with high siring ability (e.g. Snow and Spira, 1991, 1996;
Marshall, 1998; Skogsmyr and Lankinen, 1999; Aronen et al.,
2002). This indicates that selection on this trait may have evol-
utionary effects on the male function, provided that there is heri-
table variation for this trait (Fisher, 1958; Charlesworth and
Charlesworth, 1992; Walsh and Charlesworth, 1992). Despite
the great importance of heritability, there is only limited infor-
mation available on levels of heritability of traits related to
pollen competitive ability, and this only for a handful of
species. Experiments with cultivated species suggest the pre-
sence of a genetic component of pollen competitive ability
(e.g. Ottaviano et al., 1988; Schlichting et al., 1990;
Sarkissian and Harder, 2001), but the few heritability studies
in wild species have yielded contradictory results (see Snow
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and Mazer, 1988; Havens, 1994; Skogsmyr and Lankinen,
2000; Lamborn et al., 2005).

Since Mulcahy (1979) first suggested that pollen compe-
tition may be an important way to enhance offspring fitness
by the screening of haploid pollen to eliminate malfunctioning
genomes, numerous studies have investigated if enhanced
pollen competition can improve offspring fitness. Assuming
overlapping gene expression in gametophytes and sporophytes
(Mulcahy et al., 1992, 1996; Walsh and Charlesworth, 1992;
Hormaza and Herrero, 1994), older studies often found
increased offspring fitness following higher levels of pollen
competition (e.g. Mulcahy and Mulcahy, 1975; Winsor
et al., 1987; Bertin, 1990; Quesada et al., 1993). These
studies have, however, been criticized for not separating out
the influences of male versus female reproductive functions
(Charlesworth et al., 1987; Snow, 1994). More recent research
has attempted to test mechanisms of how enhanced pollen
competition and/or larger pollen loads can lead to higher off-
spring quality. They include (a) ovules being fertilized by
highly competitive pollen produced by donors of superior
genetic quality, (cf. ‘good genes’ of sexual selection theory;
Zahavi, 1975; e.g. Skogsmyr and Lankinen, 2000; Pasonen
et al., 2001), (b) larger pollen loads leading to increased
sampling of superior, more-compatible, or genetically more
variable pollen (e.g. Paschke er al., 2002; Bernasconi et al.,
2003; Kron and Husband, 2006), and (c¢) maternal plants allo-
cating more resources to ovules fertilized first or to ovules in
pistils pollinated by more pollen (e.g. Delph et al., 1998).
Other mechanisms include reduction of inbreeding depression
by (d) self pollen performing worse than outcross pollen
(cryptic self-incompatibility; e.g. Bertin and Sullivan, 1988;
Kruszewski and Galloway, 2006) and (e) self pollen of low
quality being avoided (Armbruster and Rogers, 2004;
Lankinen and Armbruster, 2007).

The mechanism involving sexual selection (a above) in par-
ticular needs more research. For example, the relationship
between offspring fitness and pollen traits of donors has
been tested only in a few studies (see Mulcahy, 1971;
Skogsmyr and Lankinen, 2000; Pasonen et al., 2001). These
studies mainly used two-donor crosses, which indeed gives a
direct test of pollen competitive ability. On the other hand,
this approach may reduce the possibility of detecting paternal
genetic effects on offspring quality because other factors can
not be eliminated, such as the ‘sampling effect’ (Bernasconi
et al., 2003) or differential allocation of maternal resources
(Walsh and Charlesworth, 1992). When evaluating the
relationship between offspring fitness and pollen competitive
ability, it is also important to assess offspring fitness beyond
the earliest offspring traits (cf. discussion on animals; Kokko
et al., 2003). This is because traits expressed very early in
the life-cycle of plants are known often to be strongly influ-
enced by maternal effects (Roach and Wulff, 1987).

Previously it had been found that intense pollen competition
in the self-compatible annual Collinsia heterophylla can
reduce inbreeding depression following one-donor crosses of
unequal pollen load size (Lankinen and Armbruster, 2007),
suggesting a benefit of avoiding fertilization by self pollen
of low quality. In order to understand better the possible selec-
tive advantages accruing from pollen competition, examined
here are (a) the heritability and evolvability of pollen
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competitive ability, and (b) the relationship between pollen
competitive ability and sporophytic fitness of donors and off-
spring at different stages of the life-cycle. To achieve this
goal, one-donor crosses were performed on several recipients
per donor in the greenhouse, in order to control for sampling
effects and post-fertilization competition, as noted above.
Because the aim was to study sexual selection of pollen com-
petitive ability, rather than, for example, effects of genetic self-
incompatibility, the focus was on evaluating the average
performance of a donor across several recipients rather than
estimating donor-by-recipient interactions (cf. Marshall,
1998). Even when donor-by-recipient interactions influence
the success of pollen donors, selection will still favour a
donor that is on average more successful than others. To
assess pollen competitive ability, differences in pollen-tube
growth rate were examined among the donors used in the
crosses both in vitro (without any female influence) and in
vivo. Also the performance of outcross and self pollen (in
single pollinations) was compared in order to get an indirect
test of whether more intense pollen competition would be
advantageous as a means to avoid self-fertilization (cf.
cryptic incompatibility, e.g. Bertin and Sullivan, 1988). It
should be noted, however, that the test here is incomplete, as
such differences are often only expressed when self and out-
cross pollen are growing together in the pistil (Aizen et al.,
1990; Nemeth and Smith-Huerta, 2002; Kruszewski and
Galloway, 2006).

MATERIALS AND METHODS
Study species

Collinsia heterophylla (Plantaginaceae) is a self-compatible,
diploid annual endemic to the California Floristic Province
(Newsom, 1929; Neese, 1993). It is widely distributed and
grows in shady places and on dry slopes (<1000 m).
Flowering occurs between March and June depending on lati-
tude and elevation. A variety of native bees serve as pollinators
(Armbruster et al., 2002; W. S. Armbruster, unpubl. res.).
Estimates of mean population outcrossing rates range from
0-32 to 0-64, based on allozyme markers (Charlesworth and
Mayer, 1995), and up to 0-94 + 0-27 (s.d.) based on morpho-
logical markers (Weil and Allard, 1964). Flowers are arranged
in whorls on spikes. The zygomorphic flowers have five-lobed
corollas comprising one upper and one lower lip. Corolla
colour is generally white to pale purple on the upper lip and
dark purple on the lower lip, although some populations can
be pale purple or off-white on both lips. Flowers have four epi-
petalous stamens and one pistil. Newly opened flowers have
undehisced anthers and non-receptive stigmas. As flowers
develop, the anthers dehisce usually one at a time over the
course of 3—4d. During this period, the stigma becomes
receptive and the style elongates. This eventually places the
stigma in contact with the dehisced anthers, and self pollina-
tion can occur (for a more detailed description, see
Armbruster et al., 2002; see also Kalisz et al., 1999). Four
days after flower opening, the length of the style (including
the stigma) is 13-2 + 0-96 mm (£ s.d.; n = 19; A. Lankinen
and W. S. Armbruster, unpubl. res.). Pollen is binucleate
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(Schrock and Palser, 1967). Ovaries develop into dry, dehis-
cent seed capsules.

A rough estimation indicates that at least 50 pollen grains
can be in direct contact with the stigmatic surface at the
same time (A. Lankinen and W. S. Armbruster, unpubl. res),
and the stigma can hold more pollen in additional layers.
Because ovaries contain on average 11-2 ovules (max = 16
ovules; coastal populations; Armbruster et al., 2002; J. Maad
and W. S. Armbruster, unpubl. res.), it is probable that the
number of pollen grains on the stigma often greatly exceeds
the number of ovules, suggesting that pollen competition can
occur.

The approx. 40 maternal families used in this study had
pale-purple flowers and originated from a population in
Sisar Canyon, Ventura County, California (Population 4 in
Armbruster et al., 2002). Plants were raised from seeds and
grown in an insect-free greenhouse in winter/spring in a green-
house at the Norwegian University of Science & Technology,
Trondheim, during two seasons (parental and offspring gener-
ation). Because seeds from the different maternal families
were not kept separate, the possibility cannot be excluded
that some of the plants may have been full or half siblings,
but this likely mimics roughly the structure of a field popu-
lation in this self-compatible, mixed-mating species.

Generation of offspring for estimates of heritability and
relationships between pollen tube growth rate and fitness

In order to evaluate heritability of pollen-tube growth rate
and the relationship between pollen-tube growth rate and off-
spring fitness, a series of one-donor crosses was conducted.
In total, 12 donors and 11 recipient plants were used. Some
individuals were utilized as both donors and recipients.
Pollen donors were combined in six pairs depending on their
pollen-tube growth rate in a germination medium (see next
section). Each pair consisted of one fast-growing and one
slow-growing donor (the fast donors differed significantly
from the slow ones, P < 0-0001). The reason for using this
design was that we wanted to maximize the difference in
pollen performance between the two donors crossed with
each recipient plant. Seven recipient plants received pollen
from two donor pairs, and four recipients received pollen
from four donor pairs. Each donor was crossed with four to
six recipients (mean = 5). All crossing combinations were
repeated once. The total sample size was: 6 donor pairs X
2 donors per donor pair x 5 recipients/donor x 2 crosses per
recipient = 120 crosses. Crosses involving the two donors in
a pair were performed on different flowers of the same recipi-
ent plant only a few minutes apart on the same day. Crossing
order of a donor pair in relation to other pairs was changed
between recipients so that crossing order was as random as
possible.

Crosses were performed on emasculated, fully receptive
flowers (4 d after flower opening). Pollen from two flowers
from the same donor plant was mixed on a microscopic
slide. Pollen was added to the stigma directly from the slide
until the stigma was completely covered with pollen. Crosses
were repeated if the cross failed. This happened in only
3-8 % of all crosses. A few days before seed capsules were
ripe, they were bagged to avoid losing any seeds.
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Collected seeds were counted, weighed and eventually
sown. Seeds from a cross were sown together (five seeds or
less per pot) in ordinary potting compost. The pots were
placed in a refrigerator (4 °C) for approx. 1 week to break
seed dormancy. Pots were then placed in the greenhouse.
Supplemental lights were on for 16 h a day. At the age of
4 weeks, six randomly chosen offspring per crossing combi-
nation (three per replicate cross) were repotted in one pot
each and saved for assessment of later fitness components.

Measurements of pollen-tube growth rate in germination medium
and in pistil

To investigate if pollen donors used in the crosses differed
in pollen tube growth rate and to compare this trait in
parents and their offspring, pollen was germinated in
Hoekstra medium (Hoekstra and Bruinsma, 1975) in a dark
chamber at a constant temperature of 20—21 °C. Pollen from
two flowers per individual was sprinkled sparsely onto a
drop of medium. In order to estimate in vitro pollen-tube
growth rate, pollen tubes were allowed to grow in the
medium for 1-5h and the lengths of ten pollen tubes per
sample measured under a light microscope (pollen tubes can
be seen clearly without stain). Tubes of recently germinated
pollen (shorter than 0-15 mm, i.e. less than approx. 25 % of
average length) were not measured in order to reduce the influ-
ence of germination time on the metric. The average of the ten
tubes was used in subsequent statistical analyses.

In vitro measurements can sometimes be unreliable, but an
advantage is that pollen performance can be evaluated without
influence of the maternal tissue. This is particularly important
in a species with delayed stigma receptivity, where other
options of assessing pollen performance excluding maternal
influence are more difficult (e.g. bud pollination, Cruzan,
1993; see also Lyons et al., 1989). Because pollen tubes that
were allowed to grow over night continued growing and
became longer than the length of the pistil (A. Lankinen and
W. S. Armbruster, pers. obs.), it is assumed that pollen of
C. heterophylla utilized both stored and exogenous resources
(comparable to uptake of nutrients from the pistil after initial
germination and growth; Herrero and Hormaza, 1996). To
evaluate further the accuracy of the in vitro measurements
using the parental generation, (a) repeatability was tested at
the same greenhouse temperature, and (b) in vitro growth com-
pared to pollen-tube growth rate in receptive pistils (see
below). In the parental generation, pollen from all donors
was germinated at the same time to control for temperature
differences (see below; conducted twice, the average of the
two measurements being used in correlation tests).

Simultaneous germination of pollen was not possible in the
offspring generation, however, because of the large number of
offspring analysed. Instead, pollen was germinated in 13
different batches, each consisting of 25 samples (representing
25 individual plants). Three of the 25 individuals per batch
were germinated in two additional germination batches.
Using the mean of the repeatedly germinated donors made it
possible to standardize values in order to make all 13
batches comparable to each other. This standardization
worked well because donors did not vary markedly in their
response to temperature (ANOVA interaction term not
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significant; performance at 25 °C versus approx. 20 °C was

0-505 versus 0-333mm 1-5h™', respectively; two-way
ANOVA (mixed model); temperature: Fy ;.7 =418,
P < 0:001; pollen donor (random factor): Fi76.55 = 5-08,

P = 0-021; interaction: F; ;6 = 1,00, P = 0-485; A. Lankinen
and W. S. Armbruster, unpubl. res.). Pollen germination in
the offspring generation was conducted over a period of 2
weeks. Individuals were assessed once in the order in which
they started flowering (approx. 1-2 weeks after they started
flowering).

To assess pollen performance in the pistil, pollen traits were
evaluated in fully receptive pistils (i.e. 4d after flower
opening) across 20 pollen donors in the parental generation
(including the 12 donors used in the crosses). Pistils were col-
lected after 1-5 and 2 h, respectively, because it takes about
1-1-5h or longer for pollen to germmate on the stigma
(A. Lankinen, pers. obs.). Because it is crucial to assess per-
formance averaged over several pistils to be able to tell if in
vitro measurements reflect performance in receptive pistils,
pollen from each of the 20 donors was placed on stigmas of
emasculated flowers on three (or more) of the 13 recipient
plants. To compare pollen-tube growth rate of self and outcross
pollen, self pollen was placed on one stigma of each pollen
donor. Crosses were distributed fairly evenly across the recipi-
ents receiving outcross pollen (between two and nine donors
per recipient). In a few cases the same crossing combination
was replicated, and the average was used. Minimum sample
size =20 pollen donors x 4 recipients per donor = 80
crosses for each of the two collection times. Some data were
missing for pollen-tube growth rate, as a result of excluding
data points when there was only one of the two measurements
of pollen tube length (after 1.5 and 2h) and when both
measurements were zero. Sample size for pollen tube growth
rate was reduced to 20 pollen donors x 3-35 recipients per
donor = 67 crosses.

Collected pistils were immediately stored in ethanol (70 %).
To stain pollen tubes, pistils were rinsed with distilled water
and tissues were softened in 1M NaOH for 2-3 h. Pistils
were then thoroughly rinsed under distilled water and stained
in a dye solution of aniline blue in aqueous K;PO, for at
least 3 h.

The length of the longest pollen tube was measured under
UV epifluorescence light. The maximum rather than the
mean pollen-tube length per sample was used in this exper-
iment, because it was only possible to distinguish tissue with
or without pollen tubes (though it was fairly easy to determine
the tip of the longest pollen tube). The in vivo value that was
compared with the in vitro measurement was thus the mean
value of the longest tube seen in each of several recipients.
Even though in vitro and in vivo measurements are slightly
different, a positive correlation between the two measurements
would still indicate that tube growth rate in the artificial
medium reflects how far down the style pollen-tubes will
have grown. Pollen-tube growth rate was estimated as the
difference in pollen tube length between 2 and 1-5 h.

Measurements of sporophytic traits

Sporophytic traits were measured in donors involved in one-
donor crosses and in the resulting offspring. For the parental
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generation, seedling height was measured at 9 weeks, day of
first flowering, and final plant height. In the offspring gener-
ation, seeds were counted and weighed to get an estimate of
mean seed weight of the seeds that became the offspring gen-
eration. Total germination percentage was recorded, and seed-
ling size measured at both 4 and 7 weeks. Early seedling size
was estimated by measuring the width of the entire seedling
(most seedlings only consisted of two pairs of leaves). Later
seedling size was measured as the plant height times the
total number of branches. In the year of the offspring gener-
ation, plant growth rate was much faster (probably because
plants were grown later in the spring, hence experienced
longer days). Seedling size at 9 weeks in the parents thus
equalled the size somewhere between week 4 and week 7 in
the offspring. The date of first flowering was noted. Number
of flowers in the first inflorescence (main shoot) was measured
as an indication of plant size. Seed production was investigated
by counting seeds in three capsules per individual. Even
though all seeds produced by an individual were not
counted, it is likely that the two traits assessed, number of
flowers on the main shoot and seeds per capsule, strongly
influence life-time seed production.

Statistics

When testing the relationship between in vitro and in vivo
pollen-tube growth rate, data were pooled from related and
unrelated pistils in order to get as large a sample size as poss-
ible (because of the large measurement error in the pistil). No
differences were found between pollen types; see Results.
Even though the distribution of in vivo pollen-tube growth
rate did not deviate from normal, the distribution of the error
terms did. However, because the distribution of error terms
was not skewed, this deviation should not be a serious
problem (Sokal and Rohlf, 1995). It was not possible to
improve the distribution by transformation, nor was an appro-
priate non-parametric test found.

Narrow-sense heritability (h%) of pollen-tube growth rate
was estimated in vitro in a father—offspring regression
(Falconer and McKay, 1996), using a hierarchical analysis [a
nested ANOVA that takes differences in sample size (of
paternal offspring groups) into account; Sokal and Rohlf,
1995]. The level of replication used to test the regression is
not different from that in a more ordinary test involving the
unweighted mean of each paternal offspring group. Because
heritability may be an inaccurate assessment of the ability of
a trait to evolve (for a detailed discussion see, for example,
Houle, 1992; Hansen et al., 2003), evolvability (I5) was also
estimated as the additive genetic variance (Vy) scaled by the
sguare of the trait mean (Z): I, =100 x VA/Z 100 x

X O'T/Z (Hansen et al., 2003), where 0'% represents the
total phenotypic variance.

When analysing relationships between pollen-tube growth
rate of donors and quality of donors or offspring, we used
pollen-tube growth rate in vivo rather than in vitro. The
relationship between in vivo pollen-tube growth rate of
donors and sporophytic quality of their offspring was evalu-
ated using the same kind of hierarchical analysis as for the her-
itability estimates of pollen-tube growth rate (see above).
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Differences were analysed between self- and outcross-pollen
performance after 1-5 and 2 h with a mixed model, using pol-
lination type (self or outcross) as a fixed factor and pollen
donor and the interaction as random factors. Because the
error terms deviated significantly from normality, the differ-
ence between self- and outcross-pollen performance was also
tested with a non-parametric test (Wilcoxon signed rank
test). This test showed the same result as the parametric test
(P > 0-20 for both traits).

Most analyses were performed with SPSS (2004), specifi-
cally the GLM procedure for the ANOVAs. The GLM pro-
cedure uses weighted least squares to estimate model
parameters and can deal with an unbalanced design. The
Satterthwaite method was used to calculate the degrees of
freedom in the mixed models. Type-III sums of squares were
used in all ANOVAs.

RESULTS

Difference in pollen-donor performance in germination medium
and pistils

Pollen started germinating within 15 min in the germination
medium. Germination ability was generally high (>90 %).
Pollen donors differed in pollen-tube growth rate in the
medium (one-way ANOVA; Fy;,3 = 6-63, P =0-0014). The
donor with fastest growing pollen was on average 2-14 faster
than the slowest donor. The repeatability of pollen-tube
growth rate was high (strong correlation) in the same
greenhouse temperature (Pearson correlation; r= 0-853,
d.f.=9, P=0-008), suggesting high consistency of in vitro
measurements.

Pollen from all donors had initiated pollen-tube growth in a
majority of the pistils (79 %) after 1-5h [mean tube-length
2.2+ 0-86 (s.d.) mm]. At 2h the number of pistils with
pollen tubes present had not increased, but pollen tubes were
significantly longer [mean tube-length 2-8 + 1-6 (s.d.) mm,;
paired r-test; n =20, P =0-02]. Pollen-tube growth rate
(difference in tube-length between 2h and 1-5h) showed
large variation [mean 0-7 + 2-1 (s.d.) mm 0-5h™'], probably
partly as a consequence of a large measurement error caused
by the fact that different pistils were collected at 1-5h and
2 h and hence were independent. The difference in tube-length
between 2 h and 1-5 h ranged from negative to positive values,
which means that the mean value may be unreliable (probably
an underestimate). Growth rate of the fastest donor was
335 mm 0-5 h ™', but it was not possible to get a reliable esti-
mate of the absolute performance of the slowest donor as the
slowest donor could not have had a negative value. The
fastest pollen donor should grow to the base of the style
(13mm) in 3-3-5h (including 1-1-5h of germination),
assuming growth rate is constant through the style.
Preliminary data indicated that 46 % of pistils had pollen
tubes at the base of the style 3 h after pollination and 93 %
had pollen tubes at the base after 4h (A. Lankinen,
W. S. Armbruster, unpubl. res.). It is thus probable that tube
growth rate is slightly higher nearer the base of the style.

Despite the large variation in the in vivo estimates,
the pollen-tube growth rates in germination medium and
in pistils were correlated (Pearson correlation; r = 0-448,
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d.f. =18, P = 0-048), suggesting that growth rate in medium
reflects the average growth rate in the 3-35 recipient plants
per donor. This result also indicates probable in vivo differ-
ences among donors. There was an even stronger relationship
between pollen-tube growth rates of the fastest tube in the
medium and in vivo measurements (Pearson correlation; r =
0-575, d.f. =18, P =0-008), presumably reflecting that this
in vitro measurement was more similar to what was actually
measured in the pistil. In the medium, measurements of the
longest tube and the average of ten tubes were strongly corre-
lated (Pearson correlation; r = 0-931, d.f. = 18, P <<< 0-0001).
Pollen-tube growth rate was on average 3-37 times faster in
pistils than in medium (paired #-test; n = 20, P = 0-11).

Heritability and evolvability of pollen tube growth rate in vitro

The father—offspring regression coefficient for pollen-tube
growth rate in vitro was significant (Fig. 1). This indicates
that there is additive genetic variation for this trait (narrow-
sense K’ (+ s.e.)=0356+0-145; P=0-018;, n=12
fathers, 221 offspring).

Evolvability, I, of pollen-tube growth rate was calculated
to be 38% (In=100x Vo /Z*>=100 x h* x 047> =
100 x 0-356 x 0-0237%/0-471%). The regression between
mothers and offspring did not, however, have a significant
slope [hierarchical analysis; h>=2xb=0161 + 0234 (s.e.),
P= OSO, Mmaternal ~ offspring  groups — 11, Noffspring — 221],
suggesting maternal effects cancelled out or swamped additive
genetic effects.

Quality of donors and offspring in relation to pollen-tube growth
rate

No significant relationships between pollen-tube growth rate
in pistils and sporophytic traits were detected in pollen donors
of the parental generation (Table 1). Similarly, no significant
correlations were detected between pollen-tube growth rate
in vitro and sporophytic traits of individuals in the offspring
generation (Table 2).

Between generations, pollen-tube growth rate was signifi-
cantly correlated with only one offspring trait: there was a

£ h?=2b=0-356 + 0-145 (s.e.)

;E 06 Npaternal offspring groups=12

g R ’ Noffspring=221

o< P=0-018

o W
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58 O O
3E

aQ

o~ 04 @

£

S

K]

(@] 0-3 1 1 1 1 1

0-3 0-4 05 0-6 0.7 0-8

Paternal parent pollen tube growth rate
(mm per 1-5 h)

Fi1G. 1. Father—offspring regression calculated with a hierarchical analysis
indicated narrow-sense heritability (k%) of in vitro pollen tube growth rate in
Collinsia heterophylla. b = regression coefficient.
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TaBLE 1. Correlations between pollen tube growth rate*
(mm 0-5h™") in vivo and sporophytic traits of pollen donors of
parental generation in Collinsia heterophylla

Correlated trait r d.f. P
Seedling height, 9 weeks (cm) 0-431 18 0-058
Day of first flowering —0-234 18 0-32
Final plant height (cm) —0-266 18 0-26
No. of seeds per capsule 0-378 9 0-25

* Estimated as the difference in pollen tube length between 2 and 1-5 h.

TABLE 2. Relationships between pollen-tube growth rate in vitro

and sporophytic traits in plants of offspring generation in

Collinsia heterophylla, calculated with partial correlations
controlling for relatedness of siblings

Nsibling groups

Correlated trait Tp (Moffspring) P
Mean seed weight (mg) 0-029 47 (47) 0-85
Proportion of seeds germinated* 0-105 47 (47) 0-48
Seedling size, 4 weeks (cm) —0-070 47 (219) 0-30
Seedling size, 7 weeks (cm) —0-104 47 (218) 0-125
Day of first flowering 0-129 47 (218) 0-057
No. of flowers (1st —0-090 47 (217) 0-19
inflorescence)

No. of seeds per capsule 0-0033 45 (121) 0-97

rp, = partial correlation coefficient.
* Arcsine transformed.

TaBLE 3. Sporophytic offspring traits regressed on pollen-tube
growth rate in vivo of their fathers calculated with hierarchical
analysis in Collinsia heterophylla

Pollen tube growth
rate (mm 0-5 h™1)*

Npaternal offspring

OffSpI'iIlg trait groups (noffspring) b P
Mean seed weight (mg) 12 (128) 0-00001  0-90
Proportion of seeds germinated” 12 (128) 0-038 0-44
Seedling size, 4 weeks (cm) 12 (292) —-221 0-0078
Seedling size, 7 weeks (cm) 12 (292) 3.82 0-25
Day of first flowering 12 (287) —0-076 0-90
No. of flowers (1st inflorescence) 12 (289) —-0-223 0-62
No. of seeds per capsule 12 (162) 0-305 036

Variation among paternal offspring groups was significant for all
investigated traits (test not shown). b = regression coefficient; significant
(P < 0-05) correlation coefficients are in bold (no significant P values were
found when correcting for multiple comparisons using Bonferroni).

* Estimated as the difference in pollen tube length between 2 and 1-5 h.

7 Arcsine transformed.

negative correlation with the earliest measurement of seedling
size (Table 3). This correlation was not significant, however,
after correcting for multiple comparisons.

Pollen performance of self and outcross pollen in vivo

Pollen tubes were present more often in pistils pollinated
with self pollen than pistils pollinated with outcross pollen
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TaBLE 4. Mixed model ANOVA for pollen-tube growth rate in

vivo (mm 0-5 h™1)* when pollen from a donor (random effect)

was used in crosses with itself or with up to three unrelated
plants (pollination type, fixed effect) in Collinsia heterophylla

Source of variation d.f. F P
Pollination type 1 0-007 0-94
Donor 16 0-635 0-81
Pollination type x donor 16 142 021
Error 25

* Estimated as the difference in pollen tube length between 2 h and 1.5 h.

(Wilcoxon signed ranks test: self, 25 out of 26; outcross, 99
out of 134; TT =46, n=10, P=0-032). Likewise, pollen
was better at germinating on pistils of the donor individual
(‘self pistils’) than on unrelated pistils (Wilcoxon signed
ranks test: self, 42 out of 46; outcross, 108 out of 144; T+ =
1155, n=17, P=0-010). Pollen-tube growth rate did not
differ significantly between pollination types (self vs. cross):
mean unrelated (+ s.d.) =078 (£ 1-7); mean self (+
s.d.) =0-72 (£ 2-0) mm (Table 4).

DISCUSSION

Pollen-tube growth rate in vitro differed among pollen donors
in Collinsia heterophylla. This gametophytic (pollen) trait also
correlated with average in vivo growth rates on the two to four
flowers receiving the pollen. Narrow-sense heritability and
evolvability of pollen-tube growth rate in vitro were signifi-
cant, as calculated by father—offspring regression. However,
no positive relationships between pollen-tube growth rate and
sporophytic fitness was found in either the parental or off-
spring generation.

Differences among pollen donors in pollen competitive ability

Pollen traits can vary among pollen donors, and such vari-
ation can generate differences in siring success (e.g. Snow
and Spira, 1996; Skogsmyr and Lankinen, 1999). In some
species, however, recipient plants influence pollen competitive
ability so that the rank order of donors is inconsistent across
recipients (sire—dam interaction); this is often connected to
self-incompatibility, inbreeding-depression or outbreeding
depression (e.g. Fenster and Sork, 1988; Cruzan, 1990;
Johnston, 1993; but see Marshall, 1998). A pollen trait can,
however, be selected for even when there is female influence,
provided the trait confers a high average pollen competitive
ability. In this study of C. heterophylla, measurement error
of pollen-tube growth rate in the pistil was large. This was pre-
sumably at least partly caused by the large variation in pollen-
germination time in the pistil in combination with the use of
two different pistils (collected at two time intervals) to
assess pollen tube growth rate. Nevertheless, in vitro pollen-
tube growth rate of donors correlated with average in vivo
growth rate across multiple recipients. This suggests that the
variation in pollen tube growth rate among donors was on
average consistent across maternal plants.
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Finding large variation in pollen-germination time may indi-
cate that the ability to germinate fast may be more important
for siring success than inherent differences in pollen tube
growth rate. A numerical comparison of the average length
of fully receptive stigmas and styles with the maximum differ-
ence in pollen tube growth rate between donors in
C. heterophylla (fast/slow = 2-14, provided the in vitro ratio
was similar to the in vivo ratio), indicated that the fastest
donor will reach the base of the style 2-2 h sooner than the
slowest donor [2h (fast)—4-2 h (slow)]. Thus the variation
among donors in when pollen tubes reach ovules should be
considerably greater than the variation in germination time
(maximum is approx. 0-5h). It should thus be possible for
fast-growing donors to overtake slow-growing ones, at least
when donors are forced to start germinating on the stigma at
a similar time. Because stigma receptivity is delayed in
C. heterophylla and an unreceptive stigma can collect pollen
for several days (Armbruster er al., 2002; Lankinen et al.,
2007), it is likely that arrival time of pollen has little effect
on reproductive success.

Heritability and evolvability of pollen tube growth rate

Heritable variation of pollen performance was not detected
in Raphanus raphanistrum (Snow and Mazer, 1988). Similarly
in Oenothera organensis, only a small portion (9 %) of the
variation in pollen tube growth rate was explained by the
genetic component (Havens, 1994). More recent studies
have, however, detected higher heritabilities of pollen traits
likely associated with performance: pollen-tube growth rate
(49 % in Viola tricolor; Skogsmyr and Lankinen, 2000),
pollen-grain size (19-40% across three populations of
Mimulus guttatus; Lamborn et al., 2005), and (probably)
pollen-germination rate (36 % in intra- and inter-population
crosses across six populations of Silene latifolia; Jolivet and
Bernasconi, 2007). It is, of course, not certain that the last
two traits are related to pollen competitive ability. The
present estimate in C. heterophylla indicates that narrow-sense
heritability of pollen tube growth rate was approx. 36 %, a
value within the above range. The present estimate of evolva-
bility indicates that the trait will change 3-8 % per generation
in response to a standardized selection gradient of 1 (i.e. selec-
tion as strong as selection on fitness itself; see Hansen et al.,
2003). In comparison, evolvabilities ranged between 0-01 %
and 171 % for 24 floral traits in Dalechampia (Hansen
et al., 2003) and between 0-16 % and 2-24 % for 11 floral char-
acters in  Campanula  rotundifolia (J. Maad and
W. S. Armbruster, unpubl. res.). The present value was surpris-
ingly high, given that pollen-tube growth rate has been
expected to have little evolutionary potential (e.g.
Charlesworth and Charlesworth, 1992), in comparison to
floral morphological traits.

Because temperature affects pollen-tube growth rate in
C. heterophylla, and because only one (standard) temperature
was considered in the present study, the estimate of heritability
might be higher (or lower) than under field conditions. It
seems unlikely, however, that the evolvability is overestimated
for this reason, because this estimate of evolvability is
expected to be largely unaffected by environmental variance
(Houle, 1992; Hansen et al., 2003). In future studies, it will
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be important to confirm that measurements of pollen-tube
growth rate are related to siring ability in this species, as in
some others (e.g. Snow and Spira, 1991, 1996; Marshall,
1998; Skogsmyr and Lankinen, 1999; Aronen et al., 2002),
because selection only acts on a heritable trait if it confers
higher survival or reproductive success.

Potential benefits of more intense pollen competition: reduced
inbreeding depression or higher-quality fathers?

Delayed stigma receptivity may enhance pollen competition
in C. heterophylla (Armbruster et al., 2002; Lankinen et al.,
2007; see Galen et al., 1986). This raises the question of
what potential benefits may accrue from more intense pollen
competition. A previous study showed that a possible advan-
tage of pollen competition in this self-compatible species is
reduced inbreeding depression (Lankinen and Armbruster,
2007; see also Armbruster and Rogers, 2004). The current
study was designed to test the potential benefit of higher off-
spring fitness when fertilization is by pollen from sporophytes
with more competitive pollen (see Mulcahy, 1979). If it is
advantageous to be fertilized by pollen that is more competi-
tive, relationships between pollen competitive ability and
vigour, both within and between generations, would be
expected (cf. good-genes hypothesis; Zahavi, 1975; see
reviews by Andersson, 1994; Skogsmyr and Lankinen,
2002). In inbred lines of Zea mays, Mulcahy (1971) found a
positive correlation between relative pollen-tube growth rate
of two competitors and relative seed weight in the next gener-
ation. Because one-donor crosses did not result in the same
correlation and because seed weight is not usually influenced
by paternal genotype, competitive interactions between devel-
oping seeds probably caused the positive correlation. Such
effects may or may not be connected with higher offspring
fitness. Following one-donor crosses in Betula pendula,
donors with higher pollen-tube growth rate sired offspring
with heavier seeds, but not larger seedlings (Pasonen et al.,
2001). In Viola tricolor, on the other hand, more competitive
pollen gave rise to offspring that themselves produced more
seeds (Skogsmyr and Lankinen, 2000). No support was
found in C. heterophylla for the predictions that donors with
faster-growing pollen have greater sporophytic vigour or that
their sporophytic offspring show higher fitness in any part of
the life-cycle. The power (sample size) could, however, have
been too low to detect real relationships, or it is possible that
differences in offspring quality were not expressed in green-
house conditions (see Kalla and Ashman, 2002). Maternal
effects (Roach and Wulff, 1987) or effects of maternal con-
dition could also have masked relationships between gener-
ations. In Raphanus sativus, for example, pollen donors with
relatively higher pollen-competitive ability on young maternal
plants produced earlier-maturing offspring, but this relation-
ship was not seen on older maternal plants (Marshall et al.,
2007).

The only apparent benefit of being fathered by donors with
high pollen-tube growth rates detected in C. heterophylla is
that the offspring themselves also have high pollen-tube
growth rates. It is worth noting, as has been pointed out
recently, that a negative correlation between reproductive
success and viability may result if ‘male attractiveness’ is
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increased at the expense of viability (Kokko, 2001). In this
case a negative correlation between reproductive success and
viability may still be connected to higher total offspring
fitness (including offspring fitness through male reproductive
success). Interestingly, in another study on C. heterophylla,
pollen donor identity affected how early during floral develop-
ment seeds could be sired (Lankinen and Kiboi, 2007). Pollen
donors that were able to fertilize seeds early had higher germi-
nation speed, possibly indicating that competitive ability of
donors differ depending on how receptive the stigma is. In
addition to investigating how pollen traits are related to
siring success on fully receptive pistils, in the future it
would also be interesting to study what determines pollen
competitive ability at earlier stages of floral development.

A further partial test of an additional potential benefit of
enhanced pollen competition was made: cryptic self-
incompatibility, leading to a higher proportion of out-crossed
offspring (see Bertin and Sullivan, 1988). However, the
present results suggested that cross-pollen does not perform
better than self-pollen in the pistil. (Indeed self-pollen can
sometimes perform better than outcross pollen, based on ger-
mination percentage on fully receptive stigmas.) On the
other hand, the limitations of the present in vivo measurements
(it was only possible to measure the longest pollen tube) made
it hard to compare average pollen tube lengths of the two
pollen types. It is also important to note that only the
outcome for the two pollen types in separate pistils was inves-
tigated. It remains a distinct possibility that outcross pollen
performs better only when both pollen types are growing
together in the pistil (Aizen er al., 1990; Nemeth and
Smith-Huerta, 2002; Kruszewski and Galloway, 2006).
Because C. heterophylla has a delayed selfing mechanism
(Armbruster et al., 2002), it is possible that selfing mostly
occurs when pollinators failed to visit, i.e. selfing will
mainly be beneficial in terms of reproductive assurance. This
could potentially lead to weak selection for pistil mechanisms
that reduce the performance of self pollen.

Concluding remarks

Provided that pollen-tube growth rate influences pollen com-
petitive ability in Collinsia heterophylla as in other plants, the
degree of phenotypic and heritable variation reported here
indicates that this trait can respond to sexual selection on
the male reproductive function. The present data do not,
however, suggest an advantage for the female reproductive
function of favouring sporophytic fathers with fast-growing
tubes, apart from the gametophytic benefit in the next gener-
ation (i.e. offspring that themselves produce pollen with faster-
growing tubes). The present data, though incomplete, suggest
an absence of cryptic self-incompatibility in this species and
that the benefit of promoting pollen competition is unrelated
to the ability to favour outcross pollen over self pollen.
However, studies comparing self and outcross pollen growing
simultaneously in the same pistils are necessary before this
possible benefit can be ruled out. It is important to note that
the present results do not exclude the possibility that pollen
competition generates an advantage to female function in
terms of higher offspring quality. If the pollen load is small,
ovules are likely to be fertilized by lower-quality pollen
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(independent of pollen donor quality). Thus features that
increase the size of the pollen load should increase female
reproductive fitness, as has been shown in numerous previous
studies (e.g. Johannsson and Stephenson, 1997; Quesada et al.,
2001; Davis, 2004). The fitness advantage of larger pollen
loads may be even stronger when the pollen load only consists
of self pollen (Armbruster and Rogers, 2004). Indeed, the only
detected advantage of enhanced pollen competition in
C. heterophylla thus far, is the ability to reduce inbreeding
depression (by increasing the relative quality of selfed off-
spring), as revealed by varying the size and composition of
the pollen load (Lankinen and Armbruster, 2007). In future
studies, it will be important to assess whether the main advan-
tage of large pollen loads is a larger sample of superior donors
and/or genetically more diverse pollen (Bernasconi et al.,
2003; Kron and Husband, 2006) rather than more intense
pollen competition per se (but see Armbruster and Rogers,
2004).
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