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EFFECTS OF SOIL pH AND PHOSPHORUS ON IN VITRO POLLEN COMPETITIVE ABILITY
AND SPOROPHYTIC TRAITS IN CLONES OF VIOLA TRICOLOR

Åsa Lankinen1

Department of Theoretical Ecology, Ecology Building, Lund University, 223 62 Lund, Sweden

Greenhouse-grown clones of Viola tricolor were used to evaluate the importance of genetic effects on in
vitro pollen tube growth rate in relation to the influence of two environmental soil factors—pH and phosphorus
content. After 1 mo in different soil treatments, individual pollen tube growth rate was affected by a genotype
by phosphorus interaction, while it was unaffected by either main effects. Though individuals differed in their
response to phosphorus availability, the rank order of pollen donors remained consistent between treatments;
i.e., the pollen donors with the highest pollen tube growth rate were the same in all soil conditions. Sporophytic
traits were also affected by a genotype by phosphorus interaction. The response of pollen growth and spo-
rophytic traits to soil phosphorus content were correlated within individuals in the high pH treatments. These
results, in combination with a high value of clonal repeatability of pollen tube growth rate, indicate that pollen
competitive ability has a genetic basis in this species. One prerequisite for this trait to have evolutionary effects
on male fitness is thus fulfilled. Furthermore, if the response to phosphorus among pollen donors is more
pronounced under natural conditions, variation in this environmental factor within populations has the po-
tential to maintain some genetic variation in pollen tube growth rate even if this trait is constantly selected.

Keywords: gametophytic selection, genotype by environment interactions, male fitness, phenotypic plasticity,
pollen competition, pollen tube growth rate.

Introduction

In flowering plants, pollen competition can occur both
among pollen grains from one pollen donor and among pollen
donors that differ in average pollen competitive ability (Mul-
cahy 1979; Willson 1990; Delph and Havens 1998). Some
recent studies indicate that differences in pollen performance
among individuals can have effects on siring ability in com-
petitive situations (Marshall and Folsom 1992; Snow and Spira
1996; Marshall 1998; Pasonen et al. 1999). This variation in
pollen performance must have a genetic basis rather than a
strictly environmental one if it is to affect the evolution of
pollen traits (Walsh and Charlesworth 1992; Willson 1994).

Experiments involving cultivated species propose the exis-
tence of a genetic component of pollen competitive ability (Ot-
taviano et al. 1983, 1988; Schlichting et al. 1990; Sari-Gorla
et al. 1992; Quesada et al. 1996), while in wild species, the
few published studies report low heritability (Snow and Mazer
1988; Havens 1994). On the other hand, pollen performance
is often shown to be highly plastic. Many recent studies have
found that pollen performance can be affected by such envi-
ronmental factors as herbivory (e.g., Mutikainen and Delph
1995; Quesada et al. 1995), temperature (e.g., Delph et al.
1997; Johannsson and Stephenson 1998), and soil fertility
(e.g., Young and Stanton 1990; Lau and Stephenson 1993,
1994; but see Snow and Spira 1996). Since both genetic and
environmental causes have been shown to influence pollen

1 Telephone 46-46-222-37-70; fax 46-46-222-37-66; e-mail
Asa.Lankinen@teorekol.lu.se.

Manuscript received March 2000; revised manuscript received May 2000.

competitive ability, it is worth investigating whether environ-
mental conditions might differentially affect an individual’s
pollen competitive ability.

To investigate how selection acts on a plastic trait, it is cru-
cial to investigate how different individuals respond to envi-
ronmental factors rather than how the average trait in a pop-
ulation is affected (Stearns 1992; Delph et al. 1997; Schlichting
and Pigliucci 1998). For this reason, I have performed an ex-
periment in multiple environments with clones of different in-
dividuals originating from one population.

Previous studies have shown that pollen tube growth rate
is a major factor determining siring ability in Viola tricolor
(Skogsmyr and Lankinen 1999). In this study, I investigate the
effects of two environmental soil factors—pH and phosphorus
content—on in vitro pollen tube growth rate in clones of V.
tricolor. Cloned plants of the same individual (genotype) were
allowed to grow under different soil conditions in order to
analyze the extent to which variation in this trait is due to
genetic or environmental causes. The influence of soil condition
was also studied on sporophytic traits to investigate if any
potential effects are correlated in both life cycles; i.e., whether
the general ability to withstand certain soil conditions has ef-
fects on both gametophytic and sporophytic traits. In addition,
clonal repeatability, a measure of broad-sense heritability, was
examined.

Material and Methods

Plant Material

Viola tricolor is an herbaceous annual present throughout
much of Europe and Asia (Lagerberg 1948; Mossberg et al.
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Table 1

Soil Treatments to Investigate the Effect of the Soil Factors pH and
Phosphorus Content (PO4) on Cloned Plants from

15 Individuals (Genotypes)

Soil factors A B C D E

pH ... . . . . . High High Intermediate Low Low
PO4 .. . . . . . Low High Intermediate Low High

Table 2

ANOVA for Pollen Tube Growth Rate In Vitro (mm/2h) When
Cloned Individuals (Genotypes) Have Grown in Soil with

Different pH and Phosphorus Content (PO4)

Source df Mean square F ratio

Genotype . . . . . . . . . . . . . . . 10 0.056 54.79∗∗∗

pH .. . . . . . . . . . . . . . . . . . . . . 1 0.001 0.690
PO4 .. . . . . . . . . . . . . . . . . . . . 1 0.002 0.630
Genotype # pH .. . . . . . — — —
Genotype # PO4 .. . . . . 10 0.003 2.61∗

pH # PO4 .. . . . . . . . . . . . — — —
Error . . . . . . . . . . . . . . . . . . . . 21 0.001 —

Note. The model was reinvestigated after the nonsignificant in-
teractions gradually had been excluded (—).

∗ .P ! 0.05
∗∗∗ .P ! 0.001

1992). The species is predominantly outcrossing (Lagerberg
1948; Skogsmyr and Lankinen 1999). The hermaphroditic
flowers show traits typical for insect-pollinated plants. When
fully covered with pollen, the stigma can hold around 500
grains, which is ca. eight to 16 times the number of ovules. A
theoretical comparison between pollen tube growth rate dif-
ferences and pistil length showed that fast-growing pollen
grains would have an advantage even if deposited a consid-
erable time after slow-growing ones (Skogsmyr and Lankinen
1999). This suggests that pollen competition may play an im-
portant role in this species.

Viola tricolor is found on dry hillsides, flat rocks, sand
dunes, and cultivated lime-deficient soil (Lagerberg 1948;
Mossberg et al. 1992). Major factors known to limit the field
distributions of such rock habitat plants are hydrogen and
aluminum ion toxicity in acid soils (pH-water ! 5.0) and low
phosphate (PO4) solubility in neutral–alkaline soils (Tyler
1996). Soil pH and phosphorus content thus seem to be of
particular relevance in investigating how plant performance is
affected by environmental variation within a population. The
plants used in this study originated from seeds collected in a
wild population in south Sweden in the summer of 1998.

Micropropagation of Plants

The cloning process took place at the Botanical Garden,
University of Oulu, Finland, during the winter of 1998/1999.
Seeds collected from the wild were softened in NaOCl for 10
min, rinsed in sterile distilled water for several hours, and then
germinated in medium (app. 1; Dirr and Heuser 1987). The
seeds started to germinate after ca. 1 mo. When the seedlings
were ca. 1 cm long, they were transferred to a cytokinin-rich
medium (app. 1; Dirr and Heuser 1987), which made them
grow shoots. During a 3-mo period, these plants were clonally
propagated by cutting off shoots. Root development was then
promoted by growing the shoots in a rooting medium (ap-
pendix; Dirr and Heuser 1987) containing auxins for ca. 2
mo.

Before the experiment was started, the micropropagated
plants (2–4 cm in length) were transferred to soil. Since the
plants do not develop functional roots when grown in the root-
promoting medium, they are very sensitive at this stage. For
this reason, all plants were planted in the same type of soil (a
mixture of peat, sand, and nutrients). During the first week,
they were also kept at high humidity. When the plants were
transplanted to the experimental soil treatments (after ca. 1
mo), seedling size was 13.9 cm (average among 15cm 5 5.08
individuals) and most individuals had started to flower
( flowers).
—
X p 2.9 5 1.80

Experimental Design

In the summer of 1999, a total of 15 individuals (genotypes)
consisting of 10–29 cloned plants per genotype were grown
in five soil treatments differing in pH and phosphorus content
in the greenhouse (table 1). After the maximum flowering peak
had been reached (after ca. 4 wk in the soil treatments), the
effect of soil condition on in vitro pollen tube growth rate and
sporophytic traits began to be recorded. Pollen tube growth
was estimated during a 2-wk period. The greenhouse temper-
ature was held at ca. 247C during this time. Measurements of
sporophytic traits were concluded when the plants stopped
flowering. At this stage, plants also terminate growth of shoots.

The soil used for the experimental treatments was collected
from the same population from which the plants originated.
Mixing this soil (dried for a few days at indoor temperature)
with peat, lime, and PO4 then produced the five soil treatments.
I chose the levels of pH and PO4 to be within the maximum
variation found in natural populations (based on unpublished
field data for 12 populations of V. tricolor, Tyler, G., Dept. of
Ecology, Lund University). PO4 content was modified by add-
ing 0.0437 g PO4/kg dried soil for the intermediate and

g PO4/kg dried soil for the high treatment. The2 # 0.0437
pH was altered by adding 3 g lime/L dried soil for the inter-
mediate (pH-wate ) and g lime/L dried soil for ther p 5 2 # 3
high effect (pH-wate ). To produce the low pH (pH-r p 6
wate ), low PO4 treatment, I mixed the dried soil withr p 4
unfertilized peat in the proportions 1 : 1. This should have
reduced the available PO4 to half that in the collected soil.
Throughout the experiment, plants in the different pH treat-
ments were given water of pH 4, 5, or 6. No additional nu-
trition was given.

Pollen Tube Growth Rate Measurement

Pollen tube growth rate was estimated in vitro. This elim-
inates maternal tissue effects seen with the in vivo method (Hill
and Lord 1986; Fenster and Sork 1988; Cruzan 1990; Hor-
maza and Herrero 1996a). The in vitro method has further
been shown to be a good indicator of siring ability in this
species (Skogsmyr and Lankinen 1999). The best in vivo
method for this species involves dyeing tubes with safranin O
and aniline blue (Dafni 1992), but this only allows reliable
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Fig. 1 Even though pollen tube growth rate in vitro was affected by a genotype by phosphorus (PO4) interaction, the genetic effect was too
strong for any large changes in rank order of pollen donors across soil treatments. The 11 individuals (genotypes) in the figure are arranged in
the same order in all treatments. Color of bars denote when the trend was decreasing (white), unaffected (grey), or increasing (black) pollen
tube growth rate for increasing soil phosphorus content. For low and high phosphorus content, an average of both pH treatments are shown
(error bars indicate standard error).

measures of one to four pollen tubes per sample. Since the
length of pollen tubes varies within samples, the measurement
error is probably large with this method.

To evaluate pollen tube growth rate, pollen from three flow-
ers per plant was allowed to germinate in Hoekstra medium
(Hoekstra and Bruinsma 1975) for 2 h in a chamber at a steady
temperature of 247C. As an indication of pollen tube growth
rate, I measured pollen tube length of the first eight pollen
tubes encountered in the microscope view. Pollen with tubes
shorter than 0.15 mm were considered to have failed germi-
nation. The average length of these eight pollen tubes was used
for statistical analysis. To determine individual pollen growth
within each of the soil treatments, measurements were repeated
as many times as possible, the average being 2.8 times/
individual.

Measurement of Sporophytic Traits

In order to assess the performance of the sporophytes, I
recorded lifetime production of flowers, size at the end of life
(length of all shoots), and seed production. In addition, I es-
timated seedling size (plant height) and number of flowers
before the plants were transferred to the soil treatments. Seed
production was estimated as number of seed capsules multi-
plied by the average number of seeds per capsule of three
capsules.

Statistics

To evaluate the effect of soil treatment on plant traits, I used
a mixed-effect general linear model (SYSTAT, Wilkinson
1997). The factors included in the model were individual/ge-
notype (random factor), pH, PO4 (fixed factors), and all two-
way interactions. Nonsignificant interactions were gradually
excluded from the model, and the model was reinvestigated.
The average of two clones per treatment was used for all
individuals.

To assess if pollen tube growth rate and sporophytic traits
of individuals had a similar response to phosphorous content,
I calculated PO4 quotients for these traits. The PO4 quotients
were calculated both for high and low pH treatments as

trait valuehighPO4 . (1)
trait value 1 trait valuehighPO lowPO4 4

The quotient is thus an estimate of how plants respond to
variation in soil phosphorus. The quotients were arcsine trans-
formed. The slope of the functional relationship between quo-
tients of pollen tube growth rate and sporophytic traits was
calculated with the method of principal axes, since both var-
iables are considered as random (Sokal and Rohlf 1995). If
plants differ in their general ability to endure certain soil con-
ditions, this can result in a correlation between the response
of pollen tube growth rate and a sporophytic trait, since both
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Table 3

ANOVA for Flower Production, Final Plant Size, and Seed Production When Cloned Individuals (Genotypes) Have Grown in Soil with
Different pH and Phosphorus Content (PO4)

Source

Flower production
(15 individuals)

Final plant size
(cm) (15 individuals)

Seed production
(11 individuals)

df Mean square F ratio df Mean square F ratio df Mean square F ratio

Genotype . . . . . . . . . . . . . . . 14 1568 20.91∗∗∗ 14 16,340 11.13∗∗∗ 10 1,615,000 10.43∗∗∗

pH .. . . . . . . . . . . . . . . . . . . . . 1 2001 10.89∗∗∗ 1 17,850 12.16∗∗∗ 1 7,446,000 48.06∗∗∗

PO4 .. . . . . . . . . . . . . . . . . . . . 1 1071 4.613a 1 9460 6.447∗ 1 543,000 1.042
Genotype # pH .. . . . . . 14 183.8 2.452∗ — — — — — —
Genotype # PO4 .. . . . . 14 232.2 3.096∗∗ — — — 10 521,000 3.363∗

pH # PO4 .. . . . . . . . . . . . — — — — — — — — —
Error . . . . . . . . . . . . . . . . . . . . 15 74.98 43 1467 21 154,900

Note. The models were reinvestigated after the nonsignificant interactions gradually had been excluded (—).
a .P p 0.05
∗ .P ! 0.05
∗∗ .P ! 0.01
∗∗∗ .P ! 0.001

Table 4

Means (and Standard Errors) of Pollen Tube Growth Rate In Vitro and Sporophytic Traits for Cloned Plant Genotypes

Genotype
No. of flowers

at 4 wk
Seedling size
at 4 wk (cm)

No. of clones
(seedlings)

Pollen tube growth
rate (mm/2 h)

Flower
production

Final plant
size (cm)

No. of clones
(treatment C)

3 .. . . . . . . 3.8 (0.44) 15.3 (0.90) 25 0.928 (0.024)a 47.8 (13.1) 131.8 (44.39) 5
5 .. . . . . . . 2.1 (0.24) 12.8 (0.74) 18 0.623 (0.029) 62.5 (10.5) 216.0 (27.00) 2
6 .. . . . . . . 3.0 (0.39) 13.6 (1.22) 16 0.856 (0.020) … … 2
7 .. . . . . . . 1.4 (0.25) 10.8 (0.87) 19 … … … …
10 .. . . . . . 0.73 (0.27) 5.59 (0.61) 11 1.039 (0.018) … … 2
11 .. . . . . . 7.0 (0.40) 17.4 (0.78) 19 … 43.0 (15.0) 99.5 (25.50) 2
12 .. . . . . . 2.5 (0.35) 16.0 (1.21) 28 0.907 (0.031)b 33.2 (8.20) 76.3 (18.05) 6
13 .. . . . . . 2.5 (0.49) 9.77 (0.79) 24 0.952 (0.007)a 40.8 (1.83) 94.4 (4.31) 5
14 .. . . . . . 2.5 (0.49) 17.4 (1.13) 29 … 35.0 (5.92) 104 (17.76) 6
16 .. . . . . . 5.6 (0.37) 28.0 (7.35) 24 … 66.8 (5.29) 184.8 (13.89) 5
20 .. . . . . . 3.9 (0.45) 18.4 (1.06) 19 … … … …
21 .. . . . . . 0.80 (0.17) 10.4 (1.04) 20 0.989 (0.038) … … 2
22 .. . . . . . 3.0 (0.42) 23.9 (1.37) 20 … … … …
23 .. . . . . . 0.33 (0.21) 7.40 (1.02) 21 … … … …
25 .. . . . . . 4.1 (0.59) 9.68 (0.77) 25 0.924 (0.026)b 50.4 (5.20) 110.0 (18.05) 5

Note. Except for seedlings, only plants grown in the intermediate soil treatment (C) were used.
a Number of clone .s p 4
b Number of clone .s p 3

traits are dependent on a third factor, i.e., general fitness (cf.
condition dependent traits, Andersson 1986; Iwasa et al.
1991).

To test for differences among individuals, I used a hierar-
chical analysis, i.e., a nested ANOVA, where different sample
sizes (of individuals) are taken into account (Sokal and Rohlf
1995). I calculated clonal repeatability to get an indication of
broad sense heritability, giving the extent to which phenotypic
variance in a trait is explained by a genetic component,

(Falconer and Mackay 1996). The genetic com-2H p V /VG P

ponent in this case includes all genetic effects. Broad-sense
heritability can be considered the upper limit for narrow-sense
heritability. The phenotypic variance, VP, can be divided into
variance due to genetic variance and variance resulting from
random environmental effects, . The variance be-V p V 1 VP G E

tween vegetative clones (individuals) is regarded as a measure
of the genetic variance, VG, provided environmental effects are

random for all individuals. VG/VP is thus calculated as the
proportion of the total variance that is due to variance between
individuals. Since all cloned plants of an individual have a
common origin, some environmental effects may be included
in the measurement of VG (Falconer and Mackay 1996). For
both latter analyses, only the intermediate soil treatment (C)
was used. There were no differences in variation among soil
treatments.

Results

Effects of Soil Condition on In Vitro Pollen Tube Growth
Rate and Sporophytic Traits

After 4 wk in soil treatments differing in pH and phosphorus
content, in vitro pollen tube growth rate of the various indi-
viduals responded differently to phosphorus content, while
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Table 5

Variance in Pollen Tube Growth Rate In Vitro and Sporophytic Traits Compared within and between
Individuals and Estimates of Clonal Repeatability

VE VG

No. of
individuals

No. of
plants

F ratio
(nested ANOVA) VG/VP

No. of flowers (4 wk) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.504 3.140 15 317 19.9∗∗∗ 0.473
Seedling size (4 wk) (cm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111.3 32.81 15 317 7.20∗∗∗ 0.228
Plants grown in the intermediate soil treatment (C):

Pollen tube growth rate (mm/2 h) . . . . . . . . . . . . . . . . . 0.001632 0.01182 8 22 20.3∗∗∗ 0.879
Flower production .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297.6 108.8 8 36 2.60∗ 0.268
Final plant size (cm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2576 1547 8 36 3.63∗∗ 0.375

Variance within individual 13 compared with vari-
ance in all individuals:a

Seed production .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294,600 627,200 11 … … …

Note. VE refers to variance within individuals, and VG is variance between individuals.
a Five plants; intermediate soil treatment (C).
∗ .P ! 0.05
∗∗ .P ! 0.01
∗∗∗ .P ! 0.001

Table 6

Partial Correlation Analyses between Seedling Size and Pollen Tube Growth Rate In Vitro, Flower Production, Final Plant Size,
and Seed Production

Trait correlated with seedling size
Partial correlation

coefficient, rp

No. of
individuals

No. of
plants

Plants grown in the intermediate soil treatment (C):
Pollen tube growth rate (mm/2 h) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20.0574 8 22
Flower production .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.439∗∗ 8 36
Final plant size (cm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.409∗ 8 36

Plants of individual 13 grown in all five soil treatments (A–E):
Seed production .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.572∗∗ 24
∗ .P ! 0.05
∗∗ .P ! 0.01

there were no main effects of either phosphorus or pH (table
2). Average performance of pollen donors in the high and the
low phosphorus treatments were, however, strongly correlated
(Pearson correlation: , , ). Thus,r p 0.958 n p 11 P ! 0.0001
despite the genotype by phosphorus interaction, there was only
a slight change in the rank order of individual pollen donors
for different phosphorus treatments (fig. 1). During the 2 wk,
pollen growth was recorded, and no effects of time could be
detected.

An interaction between individual and phosphorus content
was also found for flower and seed production (table 3). Con-
trary to pollen tube growth, all sporophytic traits were affected
by pH. Low pH generally had a negative effect (flower pro-
duction, 18% decrease; final plant size, 18% decrease; seed
production, 33% decrease). However, flower production of the
individuals was also dependent on an interaction between in-
dividual and pH (table 3).

The response to soil phosphorus content was both positive
and negative among individuals. Pollen tube growth and all
sporophytic traits of individuals showed a correlated response
when pH was high but not when pH was low (fig. 2). There
was a significant effect for flower production and plant size
but not for seed production.

Clonal Repeatability

The individuals differed in number of flowers at 4 wk, seed-
ling size at 4 wk, pollen tube growth rate, flower production,
and final plant size (tables 4, 5). Clonal repeatability (VG/VP)
of sporophytic traits ranged between 0.228 and 0.473. For
pollen tube growth rate, clonal repeatability was high with a
genetic component explaining 88% of the variance. Seed-pro-
duction variance was only measured for individual 13. The
variance between clones (VG) was higher than that detected
within clones (VE) (table 5). If the variance in this individual
equals that in other individuals, this could indicate that seed
production

All sporophytic traits were affected by seedling size, while
no such effect was detected for pollen tube growth rate (table
6). Compared to pollen tube growth rate, sporophytic traits
appear to be more affected by environmental effects early in
life.

Discussion

In this study in vitro pollen tube growth rate of Viola tricolor
was affected by an interaction between genotype and soil phos-



890 INTERNATIONAL JOURNAL OF PLANT SCIENCES

Fig. 2 The plastic response to phosphorus content (PO4) is cor-
related within individuals for pollen tube growth rate and sporophytic
traits when pH is high (d–f ), but not when pH is low (a–c). The
quotients refer to the proportion of trait values that results from high
phosphorus content (see methods). Since the quotients are arcsine
transformed, an individual with the same response to high and low
phosphorus is 0.524 (indicated with arrows). Higher values indicate
a positive response to phosphorus and lower values indicate a negative
response. Number of individuals (genotypes . The slope of the) p 11
functional relationship between variables is calculated with the method
of principal axes (d: ; e:Y p 22.322 1 5.466Y Y p 21.539 11 2 1

; f: ).3.995Y Y p 23.920 1 8.513Y2 1 2

phorus content, while there were no main effects of either soil
phosphorus or pH. The genetic influence on pollen tube
growth rate was, however, the strongest. A genotype by phos-
phorus interaction was also detected for two sporophytic
traits, and the effect of soil phosphorous within individuals
was correlated in both stages of the life cycle when pH was
high. Furthermore, clonal repeatability of pollen tube growth
rate was found to be 88%. The combination of these results
suggests that there is a genetic basis to pollen competitive abil-
ity in violets.

Raphanus raphanistrum, Cucurbita pepo, and tomato pol-
len produced under low soil nutrient conditions sired fewer
seeds in competition with pollen produced under better soil
condition (Young and Stanton 1990; Lau and Stephenson

1993, 1994; Stephenson et al. 1998). In Hibiscus moscheutos,
however, neither salinity stress nor soil nutrients had effects
on the relative siring ability of pollen donors when compared
to a standard donor (Snow and Spira 1996). The genotype by
phosphorous interaction affecting pollen tube growth rate in
violets was not strong enough to have any large effects on the
rank order of pollen donors. Even though the variation in soil
factors was chosen to be within the range of that found in
natural violet populations, the plants were, due to experimen-
tal design, not allowed to grow in the different soil treatments
during their entire life span. Consequently, it cannot be ex-
cluded that the effect on pollen tube growth rate of phosphorus
is higher under natural conditions since an environmental re-
sponse is likely to be stronger after longer exposure. It seems
unlikely, however, that there is an undiscovered effect of soil
pH on pollen tube growth rate, as variation in soil pH was
high enough to result in large effects on all sporophytic traits.

The response of pollen growth and sporophytic traits to soil
phosphorus within violet individuals was correlated in the high
pH treatments. An overlap in the genetic expression between
the gametophytic and sporophytic phases of the plant life cycle
is generally found for 60%–80% of the genes exposed in the
sporophyte (Mulcahy et al. 1992; Walsh and Charlesworth
1992; Hormaza and Herrero 1994, 1996b). While the cor-
relation could indicate that the effect of phosphorus to some
degree results from genetic differences among individuals, a
genetic overlap in the two stages of the life cycle need not only
involve genes that determine the ability to grow. It could also
incorporate a more general ability to endure certain soil con-
ditions (cf. condition-dependent traits, Andersson 1986; Iwasa
et al. 1991). Because the phosphorus response of pollen tube
growth was not only associated with plant size but also with
other sporophytic traits, the ability to withstand certain soil
conditions may differ among individuals. The lack of connec-
tion between pollen tube growth rate and sporophytic traits
when pH was low could be a consequence of ion poisoning.
Tyler (1996) found that plants from rocky habitats are limited
by hydrogen and aluminum ion poisoning rather than the abil-
ity to acquire phosphorus when pH is low.

Heritability of pollen performance has been found to be low
in the few wild species where it has been investigated (Snow
and Mazer 1988; Havens 1994). For example, in 16 clones of
Oenothera organensis clonal repeatability measured in the
greenhouse showed that ca. 9% of the variation in pollen tube
growth rate could be explained by a genetic component (Ha-
vens 1994). In this study clonal repeatability of pollen tube
growth rate was extremely high with a genetic component
explaining more than 80% of the variance. This can be com-
pared with only ca. 25%–45% for the sporophytic traits. Pol-
len tube growth rate was, however, analyzed in very constant
environments. For example, temperature, which can have pro-
found effects on pollen tube growth rate in violets (Å. Lan-
kinen, unpublished data), was nearly constant during the entire
measurement period. Although the clonal repeatability esti-
mated for pollen tube growth rate here is very high, this result
only shows that this trait has a genetic basis but does not show
how large the heritability would be under natural conditions.
In the wild, the higher influence of environmental factors (in-
cluding temperature) is likely to hide additive genetic variance,
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and measurements of heritability will be lower than under
artificial conditions (Houle 1992).

The occurrence of genetic variation in pollen competitive
ability is puzzling, assuming such traits are of importance for
male fitness (Marshall and Folsom 1992; Snow and Spira
1996; Marshall 1998; Pasonen et al. 1999; Skogsmyr and Lan-
kinen 1999). Variation of a trait with a high impact on fitness
should theoretically decrease as selection favors the optimal
genotype (Fisher 1958). Several mechanisms that could coun-
teract the loss of variance in pollen performance have been
proposed, including recombination and mutations (Schlichting
et al. 1990; Charlesworth and Charlesworth 1992; Walsh and
Charlesworth 1992; Mulcahy et al. 1996), negative genetic
correlations between sporophytic viability and pollen com-
petitive ability (Walsh and Charlesworth 1992; Delph et al.
1997), and genotype by environment interactions (Delph et al.
1997). Genotype by environment interactions have previously
been found in studies using cultivated species (Zamir et al.
1981; Elgersma et al. 1989; Johannsson and Stephenson 1998).
For example, pollen competitive ability of wild and cultivated
C. pepo responded differently to cold or warm temperature
during development (Johannsson and Stephenson 1998). This
difference also had significant effects on siring ability and gen-
eral viability of the resulting sporophytic generation. In a re-
cent study on pollen performance in Betula pendula, Pasonen
et al. (2000) found evidence for genotype by temperature in-
teractions in a wild population. The results found in this study
further indicate that such interactions might exist in natural
populations.

In conclusion, this study showed that pollen tube growth
rate in V. tricolor mainly is genetically based when individuals

grow in different soil treatments, that the detected response to
soil phosphorus is correlated in both life cycles, and that there
is high clonal repeatability of pollen tube growth rate. A sub-
stantial part of the variation in pollen tube growth rate found
within a wild population of violets is thus likely to have a
genetic basis. Since this trait previously has been found to
covary with male reproductive success (Skogsmyr and Lan-
kinen 1999), the current results suggest that in this species one
of the conditions for pollen tube growth rate to be of evolu-
tionary significance for male fitness is fulfilled. Furthermore,
it was possible to detect genotype by phosphorus interactions
for both pollen tube growth rate and sporophytic traits when
variation in phosphorus content equals that in natural con-
ditions; this indicates that there is variation in the plastic re-
sponse to phosphorus content in violets. If the response among
pollen donors is stronger under natural conditions and there
exists a balance between gene flow and environmental heter-
ogeneity of this factor within populations, this might maintain
some genetic variation in pollen tube growth rate.
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Appendix

Media Used during Micropropagation of Viola tricolor

Germination Medium, Based on Murashige-Skoog (MS)
Media (Dirr and Heuser 1987), pH 5.8 (1 L)

MS A macroelements .......................................50 mL
MS B Fe ..................................................... 100 mL
MS C microelements ........................................ 5 mL
MS D vitamins 1 amino acids ........................... 5 mL
6-benzylaminopurine (BAP) (0.1 mg/L) ................. 1 mL
Naphthaleneacetic acid (NAA) (0.05 mg/L) ......... 0.5 mL
Myo-inositol ................................................ 100 mL
Sucrose ............................................................30 g
Agar pH Eur. ...................................................6.5 g

Shoot Medium, Based on Murashige-Skoog (MS) Media (Dirr
and Heuser 1987), pH 5.5–5.6 (1 L)

MS A macroelements ..................................... 100 mL
MS B Fe ..................................................... 100 mL
MS C microelements .......................................10 mL
MS D vitamins 1 amino acids ..........................10 mL

BAP (0.5 mg/L) ............................................... 5 mL
Indole-3-butyric acid (IBA) (0.25 mg/L) .............. 2.5 mL
Adenine sulphate ............................................ 20 mg
Myo-inositol ................................................ 100 mL
Glucose ...........................................................20 g
Agar pH Eur. ...................................................6.5 g

Root Medium, Based on Woody Plant Media (WPM) (Dirr
and Heuser 1987), pH 5.5–5.6 (1 L)

WPM A macroelements ...................................50 mL
WPM B macroelements ....................................50 mL
WPM D microelements ....................................10 mL
WPM E microelements ....................................10 mL
WPM V3 vitamins 1 amino acids ......................10 mL
IBA (0.1 mg/L) ................................................ 1 mL
Myo-inositol ................................................ 100 mL
Glucose ...........................................................15 g
Agar pH Eur. ...................................................6.0 g
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Sari-Gorla M, ME Pé, DL Mulcahy, E Ottaviano 1992 Genetic dis-
section of pollen competitive ability in maize. Heredity 69:423–430.

Schlichting CAD, M Pigliucci 1998 Phenotypic evolution: a reaction
norm perspective. Sinauer, Sunderland, Mass.

Schlichting CD, AG Stephenson, LE Small, JA Winsor 1990 Pollen
loads and progeny vigour in Cucurbita pepo: the next generation.
Evolution 44:1358–1372.
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