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EFFECTS OF DIFFERENTIAL POLLEN-TUBE GROWTH ON HYBRIDIZATION IN THE

LOUISIANA IRISES

SHANNA E. CARNEY,! ScoTT A. HODGES,2 AND MICHAEL L. ARNOLD?
Department of Genetics, University of Georgia, Athens, Georgia 30602

Abstract.—To elucidate the importance of hybridization in evolution, it is necessary to understand the processes that
affect hybridization frequency in nature. Here we focus on postpollination, prefertilization isolating mechanisms using
two hybridizing species of Louisiana iris as a study system. We compared the effects of differential pollen-tube growth
on the frequency of F, hybrid formation in experimental crosses between Iris fulva and Iris hexagona. Analyses of
seed production in fruits from pure conspecific and heterospecific pollinations revealed that more seeds were produced
in the top half than the bottom half of fruits for all four crosses. Heterospecific pollen was applied to flowers of each
species at zero to 24 h prior to conspecific pollen, thereby giving a head start to the foreign pollen. Using diagnostic
isozyme markers, the frequency of hybrid progeny was examined at the level of the whole fruit and separately for
the top and bottom halves of fruits. In both species, the proportion of hybrid seeds per fruit increased significantly
with increasing head starts, suggesting that differences in pollen-tube growth rates affect the frequency of hybridization.
In I fulva fruits, the increase in hybrid seeds occurred in both halves of the fruits, but in 1. hexagona an increase was
only detected in the top half of fruits. These findings are consistent with a model that assumes attrition of pollen
tubes due to the greater length of I. hexagona styles. While pollen-tube growth rate appears to be the most important
factor affecting hybridization frequency in I. fulva, both pollen-tube growth rate and pollen-tube attrition appear to

be important in 1. hexagona.
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Hybridization is an important mechanism in the evolution
of both plants and animals (Anderson 1949; Stebbins 1959;
Lewontin and Birch 1966; Grant 1981; Arnold 1992; Grant
and Grant 1992; Dowling and DeMarais 1993; Rieseberg and
Wendel 1993; Masterson 1994) and can lead to a wide range
of outcomes. These include the merging of hybridizing taxa
(Grant 1963), hybrid speciation (Randolph 1966; Arnold et
al. 1990; Rieseberg et al. 1990; DeMarais et al. 1992), re-
inforcement of reproductive isolation (Dobzhansky 1970;
Howard 1986), genetic assimilation of one of the hybridizing
taxa (Heusmann 1974; Hinton 1975; Rieseberg 1991), main-
tenance of a stable hybrid zone (Barton and Hewitt 1985),
and the invasion and utilization of novel habitats by indi-
viduals with introgressed genotypes (Lewontin and Birch
1966; Harrison 1990, 1993; Cruzan and Arnold 1993).

Because hybridization is widespread in both plants (Steb-
bins 1959; Grant 1981; Ehrlich and Wilson 1991; Whitham
et al. 1991; Masterson 1994) ‘and some groups of animals
(e.g., Howard 1986; Szymura and Barton 1986; Rand and
Harrison 1989; DeMarais et al. 1992; Grant and Grant 1992,
1994), it is important to understand the processes that affect
hybridization frequency in nature. Many aspects of repro-
duction must coincide for hybridization to occur. In most
animals, potential heterospecific (or heterosubspecific) mates
must occur in the same habitat, have coincidental mating
times, recognize each other’s mating behavior or other at-
traction characteristics, have compatible genitalia, and have
gametes that are attracted to each other or are viable in in-
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dividuals of the other taxon (Dobzhansky 1970). If fertiliza-
tion occurs, the production of hybrid offspring may still be
prevented by postzygotic mechanisms (Dobzhansky 1970).
In plants, prepollination factors such as overlap in flowering
time and heterospecific visits by pollinators are necessary for
hybridization to occur (Levin 1978). Once heterospecific pol-
len has been transferred, it must be able to germinate, grow
the length of the style, and fertilize ovules. Furthermore,
postfertilization processes such as ovule abortion may affect
the extent of hybrid seed formation (Levin 1978).

We have focused our efforts on postpollination, prefertil-
ization isolating mechanisms in plants, using the Louisiana
irises as a study system. In this species complex (series Hex-
agonae of Iris), initial F, hybrid formation is rare, despite
the presence of many hybrid populations (Arnold 1993a,b;
1994). Few F, seeds have been found in a population of Iris
fulva into which Iris hexagona plants were experimentally
introduced (Arnold et al. 1993; M. L. Arnold and J. L. Ham-
rick, unpubl. data). Furthermore, adult plants with F, hybrid
genotypes have never been found, though hundreds of in-
dividuals from several natural hybrid populations have been
examined (Nason et al. 1992; Arnold 1993a,b). This rarity
of F, hybrids suggests that barriers to initial heterospecific
reproduction exist between these Iris species.

Heterospecific pollen transfer between the flowers of L
fulva and I. hexagona is probably frequent because the flow-
ering times of the two species overlap broadly (Arnold et al.
1993; Cruzan et al. 1994) and the same pollinators (bees and
hummingbirds) visit both species, though pollinator prefer-
ence may still limit the frequency of heterospecific pollen
transfer (S. A. Hodges, S. E. Carney, and M. B. Cruzan,
unpubl. data). In addition to prepollination factors, pre- or
postfertilization processes may also act to reproductively iso-
late the two species. Indeed, in two previous studies, both
pre- and postfertilization processes (differential pollen-tube
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growth and ovule abortion) were implicated in limiting hy-
brid seed formation (Arnold et al. 1993; Carney et al. 1994).
While patterns of seed siring suggested that relative pollen-
tube growth rates affect hybridization frequency, pollen-tube
growth rates estimated from measurements of pollen-tube
length at a single time point did not predict the observed
patterns of hybrid seed formation (Carney et al. 1994). There-
fore, more accurate methods of inferring the effect of dif-
ferential pollen-tube growth on fertilization success are nec-
essary.

Three questions are addressed in this study: (1) What is
the spatial pattern of seed set following pure conspecific and
heterospecific pollinations? (2) When pollen from two spe-
cies competes, how do pollen-tube growth rates affect hy-
bridization frequency? and (3) What role does pollen-tube
attrition (or prefertilization growth failure; Cruzan 1989) play
in determining the frequency of hybridization? To address
these questions, we document spatial patterns of seed set from
pure conspecific and heterospecific pollinations in each spe-
cies. Next, we examine flowers of both species pollinated
with heterospecific pollen followed by conspecific pollen af-
ter time intervals of several lengths, thus giving hetero-
specific pollen various “head starts.” Relative growth rates
of conspecific and heterospecific pollen tubes can then be
inferred from the proportions of conspecific and hybrid prog-
eny produced. To test for attrition of pollen tubes, patterns
of hybrid seed formation were examined on the level of whole
fruits and independently in the top and bottom halves of
fruits. These position data provide information about the dis-
tance to which pollen tubes can grow in different stylar en-
vironments.

When heterospecific pollen is given a head start relative
to conspecific pollen, three patterns of resulting progeny are
possible. First, there may be an increase in the number of
hybrid seeds produced with longer intervals between polli-
nations. This would suggest that the growth rates of pollen
tubes are a limiting factor in determining the frequency of
hybridization. Providing heterospecific pollen with a head
start would compensate for slower tube growth, increasing
its chance of fertilization. Second, the proportion of hybrid
seeds may be constant across all interval treatments, indi-
cating heterospecific pollen-tube attrition, an inability to fer-
tilize ovules, or abortion of hybrid seeds. Despite a temporal
advantage, only a limited number of tubes would reach the
ovary and/or be able to fertilize ovules. Finally, there may
be a decrease in the number of hybrids as heterospecific pol-
len receives greater head starts. This would suggest that the
presence of conspecific pollen has a beneficial effect on the
growth and/or fertilization ability of heterospecific pollen
tubes (i.e., the mentor effect; Visser and Verhaegh 1980).
When conspecific pollen is not present (or when it arrives
much later), heterospecific pollen-tube growth would be in-
hibited or prevented.

MATERIALS AND METHODS

Pollinations

Flowering plants used in this study were located 7.3 km
west of Labadieville in Assumption Parish, Louisiana. This
is the same population of I. fulva and I. hexagona used for
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previous conspecific and heterospecific pollen-tube growth
experiments (Carney et al. 1994). Flowers of both species
were tagged upon opening from 25 March to 9 April 1994.
Anthers and sepals were removed to prevent self-pollination
and to inhibit legitimate visitation by pollinators. Bumble
bees and hummingbirds do not come in contact with the
stigma during visitation if sepals are removed (Mertzweiller
1988).

Pollinations were performed when the stigmas had become
receptive to pollination (the day after opening for I. hexagona
flowers and two days after opening for I. fulva; Carney et al.
1994). Pollen from newly dehisced anthers of several indi-
viduals was mixed for .each species. By pollinating with
mixtures, we prevented biasing our results due to (1) variation
in seed siring ability among different conspecific individuals;
and (2) interactions between specific pollen and style ge-
notypes. In addition, since pollen carry-over is common in
many species and is often high (Schaal 1980; Thomson and
Plowright 1980; Levin 1981; Price and Waser 1982; Waser
and Price 1984), it is likely that mixed pollen loads are de-
posited in natural pollinations. Therefore, pollen mixtures
may mimic the composition of natural pollen loads.

Pure conspecific and heterospecific pollinations were per-
formed on flowers of each species. In addition, separate flow-
ers were used for pollination interval (or head start) treat-
ments. Heterospecific pollen was applied with a piece of fish-
ing line to one stigmatic lobe on each of the three stigmas
in each flower. The second lobe of each stigma was pollinated
with conspecific pollen after an interval of 0, 1, 3, 6, or 24
h. Pollen tubes from the two lobes on a stigma grow down
opposite walls of the stylar canal for the majority of the way
to the ovary (at least to the point at which the stylar arms
fuse; S. E. Carney, pers. obs.). This made it possible to use
separate lobes for pollen from different sources to prevent
clogging of the stigma and style by pollen grains and tubes
from the first application (heterospecific).

Pollen loads contained as many as 6000+ pollen grains
per flower, far more grains than necessary to fertilize all
ovules (a mean of 78 ovules in I fulva, 114 in I. hexagona,
S. E. Carney, unpubl. data). Thus, the possibility of pollen
limitation was minimized.

Position-Specific Seed Formation

Fruits were collected at maturity. The locations of seeds
were recorded (counting from the stylar to the basal end) for
10 fruits from the pure conspecific and heterospecific polli-
nations. These data provide information about the distance
to which pollen tubes can grow in different stylar environ-
ments. Identification of ovule position is possible in Iris be-
cause unfertilized and aborted ovules are still visible in the
ovary. Iris fruits have three locules, each with two rows of
seeds, so there are six ovules in each numbered position.

Each fruit was divided into top (stylar) and bottom (pe-
duncular) halves by dividing in half the number of ovules in
the longest row. To test for an association between pollen
source (conspecific or heterospecific) and the proportion of
mature seeds in the top and bottom halves of fruits, the Coch-
ran-Mantel-Haenszel statistic of general association (CMH,;
FREQ procedure of SAS, SAS Institute 1988) was used. The
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Bonferroni, Holm 1979; Rice 1989).

CMH statistic is equivalent to a x2 or G-test, but it corrects
for the fact that data were pooled across plants. A posteriori
comparisons of the CMH statistics were performed using the
sequential Bonferroni test (Holm 1979; Rice 1989), which
protects significance levels for multiple tests. We also used
PROC CATMOD (SAS Institute 1988) to test the effect of
pollen type, position in fruit, and their interaction as sources
of variance in the number of mature seeds.

Pollen-Tube Growth Rate Effects

Five seeds from each of 20 fruits were selected randomly
for each of the five pollination interval treatments. Protein
electrophoresis of Pgi-3 (phosphoglucoisomerase; conditions
described in Carney et al. 1994) unequivocally identifies hy-
brid seeds due to fixed allelic differences between I fulva
and I. hexagona (Arnold et al. 1990).

The data were analyzed using ANOVA to determine wheth-
er the proportion of hybrid seeds per fruit varied among treat-
ments (pollination interval), flowering order within inflores-
cence, and date of flowering. All high order interaction terms
that were nonsignificant (P > 0.4 in all cases) were removed
from the model. A posteriori comparisons were made using
the Tukey’s Studentized range test. Analyses were performed
using PROC GLM of SAS (SAS Institute 1988).

Positional Analyses

To further investigate the effect of differential pollen-tube
growth on hybrid seed formation, another five fruits were
selected for all pollination interval treatments. This was pos-
sible in all treatments except the I. hexagona 24-h treatment

in which only one fruit remained and the I. fulva 6-h polli-
nation interval, in which three fruits remained. The 1. hex-
agona 24-h pollination interval treatment was removed from
all analyses due to a lack of replicate fruits.

For each fruit, the position of each seed within the ovary
was marked. Of these seeds, approximately 20 per fruit were
selected for analysis. In the majority of fruits, seeds were
selected from both the top and bottom halves, and they were
chosen to sample approximately equal numbers of seeds at
each position in the combined sample. Fruits were divided
into top and bottom halves as described above, and the same
statistical analyses and a posteriori tests were performed. In
addition, comparisons of the frequency of hybrids in the top
and bottom halves of fruits for each species and pollination
interval combination were protected for multiple compari-
sons using the sequential Bonferroni a posteriori test (Holm
1979; Rice 1989).

RESULTS
Position-Specific Seed Formation

In I. fulva, conspecific pollen sired significantly more seeds
than heterospecific pollen, but there was no difference in 1.
hexagona (Fig. 1, Table 1). In both species, significantly more
seeds were found in the top half of fruits than the bottom
(Fig. 1, Table 1). Seed set in the two halves of fruits differed
significantly between fruits from conspecific and hetero-
specific pollinations in both species (pollen type X position
interaction; Table 1). When fruits resulting from different
species X pollination-type combinations were examined sep-
arately and the sequential Bonferroni test was performed on
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TABLE 1. Maximum-likelihood ANOVA of seed frequency in I
fulva and I hexagona fruits produced from pure conspecific and
heterospecific pollinations (CATMOD procedure of SAS; SAS In-
stitute 1988).

S. E. CARNEY ET AL.

TABLE 2. ANOVA of the proportion of hybrid seeds in 1. fulva
and I. hexagona fruits after different pollination intervals. Fruit
refers to the order of pollination on each plant (first, second, third,
fourth, or fifth flower) and date is the date the flower opened.

Source df Chi-square P Source df  Type III SS F P>F
L fulva Species 1 161.1165 87.58 0.0001
Intercept 1 30.90 < 0.0001 Pollination interval 4 59.0342 8.02 0.0001
Pollen type 1 31.66 < 0.0001 Species X pollination interval 4 26.0148 3.54 0.0085
Position 1 23.71 < 0.0001 Fruit 4 47669 0.65 0.6292
Pollen type X position 1 4.06 0.0438 Date 17 46.5936 1.49 0.1034
Error 169 310.9107
L hexagona
Intercept 1 332.91 0.0001
Pollen type 1 0.04 0.8455 o ) L )
Position 1 60.60 0.0001 with increases in pollination interval, but there was no dif-
Pollen type X position 1 7.54 0.0060 ference across pollination interval treatments in the bottom

the resulting CMH statistics, there were significantly more
seeds in the top halves of fruits than the bottom for all but
L fulva flowers pollinated with heterospecific pollen (Fig. 1).

Pollen-Tube Growth Rate Effects

Hybrid seed formation increased with pollination interval
in I fulva and 1. hexagona, but the pattern of increase differed
significantly between the two species (Table 2; Fig. 2a,b). In
L fulva, the 0-, 1-, 3-, and 6-h pollination interval treatments
did not differ significantly in the proportion of hybrid seeds
formed, but each of these had significantly fewer hybrids than
the 24-h delay treatment. Many more hybrids were formed
in I. hexagona fruits. The proportion of hybrids formed with
simultaneous pollen applications (0-h interval treatment) was
significantly less than all other treatments, which were not
significantly different from each other.

Positional Analyses

The pattern of hybrid seed formation within fruits across
treatments was similar in the two species. With only a small
pollination interval, the frequency of hybrid seeds in the bot-
tom and top half of fruits was similar. After longer pollination
intervals, the majority of hybrids was found in the top half
of fruits (Fig. 2¢,d). For I hexagona, after performing the
sequential Bonferroni test on the CMH statistics, significant
differences in the frequency of hybrid seeds in top and bottom
halves of fruits were found for the 3- and 6-h interval treat-
ments (P < 0.01 for both treatments; Fig. 2d). The frequency
of hybrids in the other pollination interval treatments did not
differ significantly between ovule positions at the 0.05 sig-
nificance level (Fig. 2c,d).

In I. hexagona, the proportion of hybrids in the two halves
of fruits differed significantly across treatments (pollination
interval X position interaction; Table 3). Because this inter-
action term was significant, we also examined the proportion
of hybrids for the top and bottom halves of fruits separately.
In I fulva, the proportion of hybrids differed significantly
among treatments in both the top and bottom halves of the
fruits (P < 0.0001 in both cases), increasing with longer
pollination intervals. In I. hexagona, there was a significant
difference in the fraction of hybrids in the top half of fruits
across treatments (P < 0.0001), with hybridization increasing

half (P > 0.05) (Fig. 2d).

DiscussioN

This study shows that relative pollen-tube growth rates can
be a major factor in determining the frequency of hybrids
produced between two species. In I. fulva and I. hexagona,
seeds are more likely to mature in the top half of fruits than
in the bottom half. This position-specific seed formation sug-
gests that either pollen competition for ovules is intense in
the top half but declines in the bottom half, perhaps due to
pollen-tube attrition, or that ovule abortion is greater in the
bottom half of fruits. Our data from sequential pollinations
suggest that pollen-tube growth rate and attrition are major
factors contributing to the pattern of seed maturation. Though
our data cannot directly address whether ovule abortion also
contributes to the pattern of seed maturation, there is the
potential for it to be an important factor. This possibility is
suggested because the number of seeds produced is always
much lower than the total number of ovules even when a
large excess of pollen is applied to the stigmas (S. E. Carney,
pers. obs.).

The increase in hybrid seed formation with longer polli-
nation intervals suggests that pollen-tube growth rate is an
important mechanism in determining the frequency of hy-
bridization between I. fulva and I. hexagona. When hetero-
specific pollen and conspecific pollen were applied simul-
taneously and in equal proportions to stigmas, the frequency
of hybrid seed formation was lower than the expected 50%
in both species (5% in I. fulva, 31% in I. hexagona; Fig. 2a,b;
Arnold et al. 1993; Carney et al. 1994). However, as the
length of the head start increased, the proportion of hybrid
seeds sired also increased (Fig. 2a,b). These results clearly
indicate that pollen-tube growth rate affects fertilization suc-
cess of heterospecific pollen when it is in competition with
conspecific pollen in these species. ‘

Heterospecific pollen competition may be a common iso-
lating mechanism between hybridizing taxa. For instance, in
section Isopappus of the genus Haplopappus, two species
were judged to be ‘“‘competitively equal”” when an interval
between heterospecific and conspecific pollination resulted
in the production of 50% hybrid seeds (Smith 1968, 1970).
Heterospecific pollen tubes grew more slowly than conspe-
cific pollen tubes in all of the pairs of crosses, with one
species pair failing to produce 50% hybrids after 100 min,
the maximum pollination interval used in the study.
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In contrast with the results for Iris described here and those
of Smith (1968, 1970), Rieseberg et al. (1995) did not find
an increase (from 0%) in hybrid seed formation when He-
lianthus annuus pollen was given a 15 or 30 min temporal
advantage over H. petiolaris pollen on H. petiolaris flowers.
However, pollinations with only heterospecific pollen led to
achene set that was not significantly different from that fol-
lowing conspecific pollinations (Rieseberg et al. 1995), and
therefore, longer pollination intervals than those used in their
experiment may be needed to provide H. annuus pollen tubes
with a growth advantage over H. petiolaris tubes.

This phenomenon may be common among closely related
species, but additional studies are needed before any con-

clusions about its frequency can be made. However, of the
three studies that used pollination intervals to assess pollen-
tube growth as a barrier to hybridization, interspecific pollen
competition has been shown to be important among two
groups and is equivocal in the third (Smith 1968, 1970; Rie-
seberg et al. 1995; this study). In fact, Darwin suggested such
an isolating mechanism:

The simplest and best known case of prepotent action
in pollen ... is that of a plant’s own pollen over that
from a distinct species. If pollen from a distinct species
be placed on the stigma of a castrated flower, and then
after the interval of several hours, pollen from the same
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TABLE 3. Maximum-likelihood ANOVA of the frequency of hy-
brid seeds in 1. fulva and I hexagona fruits (CATMOD procedure
of SAS; SAS Institute 1988). The 24 h pollination interval treatment
of I. hexagona was removed from the analysis due to a lack of
replicate fruits.

Source df Chi-square P
L fulva
Intercept 1 123.33 < 0.0001
Pollination interval 4 64.91 < 0.0001
Position 1 2.17 0.1406
Pollination interval X position 4 8.08 0.0885
L. hexagona
Intercept 1 2.13 0.1442
Pollination interval 3 41.04 < 0.0001
Position 1 6.87 0.0088.
Pollination interval X position 3 22.52 0.0001

species be placed on the stigma, the effects of the former
are wholly obliterated, excepting in some rare cases
(Darwin 1876).

Two mechanisms could account for heterospecific pollen
competition. In Iris, it appears that differential pollen tube
growth rate is the major factor, but that pollen-tube attrition
contributes to the pattern when I. hexagona is the maternal
plant. Hybrid seed formation increased with pollination in-
terval in both halves of I fulva fruits (Table 3, Fig. 2c).
Pollen-tube growth rate appears to be the most important
factor determining hybridization frequency in this species.
Similarly, in the top half of I. hexagona fruits, the fraction
of seeds that are hybrids increased significantly with increas-
ing pollination intervals (Table 3, Fig. 2d). This trend sug-
gests that fertilization success in the top half of the fruit is
largely determined by pollen-tube growth rate. However, the
bottom half of fruits did not exhibit an increasing pattern of
hybrid seed formation with increased pollination interval,
suggesting that pollen-tube growth rate alone is not respon-
sible for determining the frequency of hybrid seed formation
there. It is likely that pollen-tube attrition, ovule abortion, or
some combination of the two affect the pattern of hybrid seed
formation in the bottom half of I. hexagona fruits.

Model Of Pollen-Tube Growth

The model we propose to explain the pattern of hybrid
seed formation in I. hexagona and I. fulva incorporates a
combination of differential pollen-tube growth rate and at-
trition. Pollen-pistil interactions cause conspecific pollen
tubes to grow faster than heterospecific tubes in both species.
Heterospecific tubes are able to sire more seeds when given
head starts relative to conspecific pollen. Iris hexagona flow-
ers have longer pistils than 1. fulva flowers (distance from
stigma to base of ovary is approximately 9.5 cm for 1. hex-
agona and 6.5 cm for I fulva), so pollen attrition reduces
competition in the bottom half of 1. hexagona ovaries. This
is because 1. fulva pollen is required to grow longer distances
when growing on I. hexagona flowers than it is accustomed
to growing (and presumably adapted to growing) on I. fulva
flowers. This results in more hybrid seeds in the top half of
the ovary than the bottom half. Attrition of I. hexagona pollen
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tubes does not occur in I. fulva pistils because of their shorter
length. Without the head start afforded to heterospecific pol-
len in this study, pollen competition limits the formation of
hybrid seeds.

The proposed model is diagrammed in Figure 3. In 1. hex-
agona flowers, following simultaneous pollinations conspe-
cific pollen tubes reach the ovary and begin fertilization prior
to heterospecific pollen tubes. Pollen-tube attrition occurs
toward the base of the ovary, and fertilization is no longer
competitive in this region (Fig. 3a). When heterospecific pol-
len is given a 24-h head start, its pollen tubes reach the ovary
and fertilize ovules prior to conspecific pollen (Fig. 3b). Be-
cause pollen-tube attrition affects seed siring in the basal end
of I. hexagona ovaries, a similar proportion of hybrid seeds
is seen in the bottom of these fruits regardless of the polli-
nation interval (Fig. 3a,b). In I. fulva, conspecific pollen tubes
reach the ovary first and sire the majority of seeds following
simultaneous pollinations (Fig. 3c). In contrast, after a 24-h
head start, heterospecific pollen tubes reach the ovary and
begin fertilization, followed by conspecific tubes (Fig. 3d).
Attrition of pollen tubes does not occur in 1. fulva, so the
frequency of hybrids in both the bottom and top half of fruits
increases from the simultaneous pollinations to the 24-h pol-
lination interval (Fig. 3c,d).

A similar model of pollen-tube growth was proposed to
explain differences in the location of hybrid seeds in the
ovaries of domesticated and free-living varieties of Cucurbita
pepo ssp. ovifera following mixed pollinations (Wilson and
Payne 1994). In the domesticated zucchini, which has pistils
approximately four times as long as the free-living texana
variety, more hybrids were found in the stylar end of fruits
than in the peduncular end. In the smaller, free-living variety,
the reverse was seen. The authors suggest that the spatial
pattern of hybrids results from a combination of relative pol-
len-tube growth rates and adaptation of pollen tubes to growth
in styles of specific lengths (Wilson and Payne 1994).

The results of this study suggest that differential pollen-
tube growth acts as a strong prezygotic barrier to hetero-
specific reproduction when mixed pollen loads are deposited
on the stigmas of Iris flowers. The magnitude of the repro-
ductive barrier produced by differential pollen-tube growth
can be determined by examining the proportion of hybrid
seeds resulting from pure heterospecific versus simultaneous
(0-h treatment) pollinations. The frequency of hybrid seeds
resulting from competitive pollinations was approximately
70% less than from pure pollinations in I. hexagona and 95%
less in I. fulva.

These findings also suggest a directionality to hybridiza-
tion, favoring I. hexagona as the seed parent. While I. hex-
agona exhibited a significant increase in the frequency of
hybrid seeds with a pollination interval of only 1 h, L. fulva
required a 24-h pollination interval before the frequency of
hybrid seeds increased significantly from the simultaneous
pollination treatment (Fig. 2a,b). This trend is also suggested
by patterns of pollen-tube growth and hybrid seed formation
resulting from previous experimental and natural pollinations
(Arnold et al. 1993; Carney et al. 1994; M. L. Arnold and J.
L. Hamrick, unpubl. data). Evidence of the restrictive nature
of I fulva in forming hybrids is also found in its reproductive
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A model of pollen tube growth and fertilization in Iris fulva and Iris hexagona flowers. Circles represent ovules: open =

unfertilized; stippled = conspecific; black = hybrid. Vertical lines represent pollen tubes: dashed = conspecific; solid = heterospecific.
Line width is indicative of the number of pollen tubes reaching a given section of the ovary (i.e., a narrow line signifies that attrition
has occurred). A horizontal line through each ovary divides it into top and bottom halves. For each panel, the diagram on the left is an
intermediate point between pollination and completion of fertilization, and the diagram on the right is after fertilization has been completed.

interactions with a third species in the Louisiana iris species
complex, I. brevicaulis (Cruzan and Arnold 1994).

It is apparent from the results presented here that differ-
ential pollen-tube growth affects the rate of hybridization in
the Louisiana irises in nature. Because of broadly overlapping
flowering phenologies (Arnold et al. 1993; Cruzan et al.
1994), and the fact that heterospecific visits by bees and
hummingbirds are seen in nature (S. A. Hodges, S. E. Carney,
and M. B. Cruzan, unpubl. data), it is likely that pollen is
deposited on stigmas by pollinators that have visited flowers
of both species in succession. In addition, it is likely that a
large amount of pollen is deposited with each pollinator visit.
This suggests that conspecific and heterospecific pollen
grains probably compete for the ability to fertilize ovules in
natural mixed populations of Iris. Thus, the effect of differ-
ential pollen-tube growth on hybridization frequency that we
have demonstrated with controlled crosses has the opportu-
nity to act as a heterospecific isolating mechanism in nature.
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