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POLLEN COMPETITION AMONG TWO SPECIES OF SENECIO (ASTERACEAE) THAT FORM A HYBRID ZONE MT. ETNA, SICILY1 MARK A. CHAPMAN,2 DAVID G. FORBES,
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Sir Harold Mitchell Building, School of Biology, University of St. Andrews, St. Andrews, Fife, KY16 9TH, UK Hybridization between interfertile, sympatric or parapatric, plant species can be reduced significantly by conspecific pollen advantage (CPA), whereby conspecific pollen has an advantage over heterospecific pollen in terms of ovule fertilization. We examined CPA in two interfertile species of Senecio, S. aethnensis, and S. chrysanthemifolius (Asteraceae), which form a hybrid zone on Mt. Etna, Sicily. Individuals of both species were pollinated with pollen mixtures containing 0, 25, 50, 75, or 100% heterospecific pollen, and offspring were genotyped to determine if they were products of conspecific or heterospecific pollen fertilizing the ovules. The mean proportion of hybrid offspring produced on S. aethnensis plants was not significantly different to that expected based on the proportion of heterospecific pollen applied to the flower head. However, S. chrysanthemifolius mother plants showed moderate CPA, with the proportion of hybrid offspring significantly less than expected. Seed set or seed germination was not reduced, hence the CPA found for S. chrysanthemifolius acts before ovule fertilization. The consequences of asymmetry in CPA on the reproductive isolation of S. aethnensis are briefly discussed, along with other mechanisms that may play a role in the maintenance of the hybrid zone on Mt. Etna. Key words:



Asteraceae; hybrid zone; introgression; Mt. Etna; pollen competition; reproductive isolation; Senecio.



Interfertile plant species found sympatrically or parapatrically in the wild may be reproductively isolated by the action of one or more isolating mechanisms (Grant, 1992; Ramsey et al., 2003). Pollination by another species may be prevented by species-specific pollinators (e.g., Grant, 1994; Wolf et al., 2001) or by differences in peak flowering periods (e.g., Gottlieb and Pilz, 1976; Cruzan and Arnold, 1994). However, for species that rely on generalist animal pollinators and/or wind pollination, the likelihood of receiving pollen loads comprising a mixture of conspecific (i.e., same species) and heterospecific (i.e., another species) pollen is expected to be high. In these species, the production of potentially unfit hybrid offspring can be greatly reduced if conspecific pollen fertilizes more ovules than expected based on its proportion in the mixed pollen load. This has been termed conspecific pollen advantage (CPA; Alarco´n and Campbell, 2000) and is believed to be a common isolating mechanism in the plant kingdom (Stace, 1989). CPA may result from heterospecific pollen with reduced germination on the stigma, retarded heterospecific pollen tube growth in the style, and decreased fertilization of ovules, when compared to conspecific pollen. Conspecific pollen advantage at any of these stages will result in fewer hybrid offspring than would be expected. Conspecific pollen advantage significantly reduces the frequency of hybrid seed formation following mixed pollinations in several interfertile species pairs (Arnold et al., 1993; Carney et al., 1994; Hauser et al., 1997; Klips, 1999). Strong CPA will decrease the potential for introgression, and if the strength of CPA is asymmetric (as is often the case: Kiang and Hamrick, 1978; Rieseberg et al., 1995; Emms et al., 1996; Carney and Arnold, 1997; Diaz and MacNair, 1999), introgression will



occur more readily from one species into the other. Asymmetric introgression has been documented in some hybridizing populations by analyzing the distribution of species-specific molecular markers through the hybrid zone (Paige et al., 1991; Hardig et al., 2000). Asymmetric CPA could play a role in the extinction of species that lack or have a weak CPA (Levin et al., 1996; Buerkle et al., 2003). Even in cases of strong CPA, as in Helianthus (Rieseberg et al., 1995) and Iris (Arnold et al., 1993; Carney et al., 1994; Carney and Arnold, 1997), some hybrid progeny may form in areas of sympatry/parapatry. Although the fitness of these hybrids may initially be lower than that of the parent species, their fitness may increase over generations, such that in certain circumstances, they may evolve into a stabilized introgressant (Rieseberg et al., 1990, 1991b; Arnold et al., 1991; Abbott, 1992) or a new hybrid species (Rieseberg, 1991; Abbott, 1992; Arnold, 1993; Rieseberg et al., 2003). In this study, we have examined whether CPA occurs in two interfertile species of Senecio, S. chrysanthemifolius Poiret, and S. aethnensis Jan. ex DC., that form a hybrid zone on Mt. Etna, Sicily. Senecio aethnensis is endemic to Mt. Etna, whereas S. chrysanthemifolius is found on Mt. Etna and its environs and in the southwest tip of mainland Italy. On Mt. Etna, S. chrysanthemifolius occurs at altitudes below 1000 m, whereas S. aethnensis is endemic to high-altitude sites (.1600 m). At intermediate sites, hybrid swarms are common (Crisp, 1972; James, 1999). The two species are morphologically distinguishable; S. aethnensis has relatively large flower heads (capitula) and entire, glaucous leaves, while S. chrysanthemifolius produces smaller capitula and highly dissected, nonglaucous leaves (Abbott et al., 2000). Hybrid material is generally intermediate for these characters (Abbott et al., 2000), although a wide range of hybrid and backcross phenotypes is evident in some hybrid swarms (R. Abbott, personal observation). Detailed surveys of allozyme, RAPD, and cpDNA variation have detected a number of species-specific markers, and broad clines in marker frequency are exhibited between the two species, indicating extensive hybridization and gene
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Locations on Mt. Etna, Sicily, of populations of Senecio chrysanthemifolius and S. aethnensis examined (from James, 1999).



Population



C0 C1 VBU BB
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Species



S. S. S. S.



chrysanthemifolius chrysanthemifolius aethnensis aethnensis



Location



Northern Catania Pedara Near Cisternazza Bocca Superiore



flow across the hybrid zone (James, 1999). The hybrid zone on Mt. Etna is believed to be the source of material that gave rise to the homoploid hybrid species Senecio squalidus L. in the British Isles. Support for this hypothesis has come from a recent comparative morphometric and allozyme analysis of all three Senecio species and material from the hybrid zone (Abbott et al., 2000, 2002). MATERIALS AND METHODS Plant growth conditions and genotyping according to allozyme phenotype—Seeds (achenes) were collected from two populations of each of S. aethnensis and S. chrysanthemifolius occurring on Mt. Etna, Sicily (Table 1). Approximately 25 seeds from each of 10 different mother plants per population were placed on damp filter paper in Petri dishes and placed in the dark at 48C for 1 wk. Dishes were then transferred to a growth cabinet with day/ night temperatures of 208C/128C and a 16-h daylength supplied by 40 W fluorescent tubes. Two days after germination, seedlings were transferred to pots of 3 : 1 compost to gravel and grown to maturity in the same cabinet. After approximately 3 wk, plants were genotyped at a locus (Acp-2) controlling acid phosphatase variation using starch gel electrophoresis (see Chapman, 2004, for details). Because S. aethnensis and S. chrysanthemifolius are fixed for different alleles at the Acp-2 locus (James, 1999; Abbott et al., 2000), parents of crosses were selected such that S. aethnensis parents were homozygous for the Acp-2a allele and S. chrysanthemifolius parents were homozygous for the Acp-2b allele. After genotyping, plants were returned to the growth cabinet. Crossing design—From 10 plants per population, five were chosen randomly as pollen recipients and donors, and five as pollen donors only. Prior to anthesis, flower heads (capitula) were covered with small bags made from lens tissue, preventing stray pollen arriving on the stigmas. No attempt was made to remove all self-pollen from florets in a capitulum as both species are highly self-incompatible (M.A. Chapman and D.G. Forbes, unpublished data). However, in most cases, the majority of self-pollen was removed from a capitulum prior to pollination for use in other crosses. Pollen used in pollinations was collected and pooled from each population. This was done by gently tapping fully opened capitula from at least four plants over a piece of silver foil to release pollen, which was then mixed with a wooden toothpick. Five mother plants per population received the same pollination treatments. Five different ratios of conspecific to heterospecific pollen were applied to each mother plant using a small paintbrush. Each pollen ratio mixture was applied to one capitulum per plant, and one capitulum per mother was left unpollinated (and bagged) to measure the level of selfing. Pollen mixtures comprising the following pollen ratios by mass to the nearest 0.1 mg were produced using a Mettler-Toledo AB104-S balance: 100 : 0, 75 : 25, 50 : 50, 25 : 75, 0 : 100 conspecific : heterospecific pollen. The ratios containing 100 : 0 and 0 : 100 conspecific : heterospecific pollen are referred to hereafter as ‘‘pure conspecific’’ and ‘‘pure heterospecific’’ pollinations, respectively. The other three ratios are referred to as ‘‘mixed’’ pollinations. Following pollination, capitula were rebagged. To minimize the chance of donors and recipients sharing self-incompatibility (SI) alleles, conspecific pollen was taken from the other population of the same species. In addition, pollen mixtures were prepared using pollen from at least four individuals per species.
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Offspring analysis—Once seeds had matured, capitula were removed and the numbers of filled and unfilled seeds were counted to calculate seed set (proportion of filled seeds). All seeds were allowed to germinate (as previously described), and the proportion that germinated was recorded. All seedlings resulting from mixed pollinations were genotyped electrophoretically at the Acp-2 locus to identify the relative proportions of offspring that resulted from conspecific and heterospecific fertilization. In addition, offspring from the pure heterospecific pollinations were genotyped to determine if the presence of heterospecific pollen on stigmas had induced some selfing to occur through the mentor effect (Richards, 1986). In total, 3755 progeny were genotyped. Hybrids were easily identified by their heterozygote banding pattern at the Acp-2 locus. Statistical analysis—Data for proportion of seed set, proportion of seeds germinated, and proportion of hybrids were transformed following Carney et al. (1994) using the arcsine square root of the ratio (y 1 3/8) / (N 1 3/4), where y was the number of either seeds set, seeds germinated, or hybrid offspring recorded, and N was either the potential seed set (i.e., total number of filled and unfilled achenes), number of seeds set, or number of offspring genotyped, respectively. Transformed data were analyzed using the GLM option of SAS 8.2 (SAS Institute Inc., Cary, North Carolina, USA), with the main factors being pollen mixture, species, population (nested within species), and individual (nested within population). For proportion of hybrid offspring, the results of pure conspecific and pure heterospecific pollinations were omitted from analysis. x2 tests were also conducted to determine if the proportion of hybrid progeny differed significantly from that expected based on the ratio of pollen mixture applied.



RESULTS Selfing—No seeds were produced in capitula that were bagged and left to self, thus confirming that the two species are strongly self-incompatible. However, a few nonhybrid progeny (8 of 895) were formed from pure heterospecific pollinations and were assumed to be products of selfing. Six of these were produced on S. chrysanthemifolius plants and two on S. aethnensis plants. Seed set—Seed set (i.e., the proportion of filled achenes) was significantly lower when S. aethnensis was the maternal plant [x¯ 5 0.494 6 0.028 (SE)] than when S. chrysanthemifolius was the maternal parent (x¯ 5 0.768 6 0.015; P , 0.0001; Table 2; Fig. 1). Seed set varied significantly within each population (P , 0.0001), but not among populations within a species. Pollen mixture did not affect seed set. Seed set of S. aethnensis mother plants tended to decrease as the proportion of heterospecific pollen in the pollen mixture increased (Fig. 1), but the pollen 3 species interaction was not significant (Table 2). Germination—The proportion of seeds to germinate remained high and was not significantly different across pollen mixture treatments (x¯ 5 0.935 6 0.005; range 0.711–1.000). Germination percentage did not differ significantly between
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species, populations within species, or individuals within populations (Table 2). Offspring genotype ratios—Applying an increased proportion of heterospecific pollen to capitula of both species caused a significant increase in the proportion of hybrid offspring produced (Fig. 2; Table 2). Senecio aethnensis produced a higher proportion of hybrid progeny than S. chrysanthemifolius at all three pollen mix ratios. The species 3 pollen mixture interaction was not significant, indicating that the trend of an increase in proportion of hybrid offspring in each species was correlated. No significant difference was observed in the proportion of hybrid offspring formed between populations within species or between individuals within populations (Table 2). When data were pooled over the three pollen mixtures within species, a x2 test showed that S. aethnensis mother plants did not produce significantly fewer hybrid offspring than expected (Table 3). The same was found for each population of S. aethnensis (BB and VBU) analyzed separately. Conversely, S. chrysanthemifolius mothers produced significantly less hybrid offspring than expected when populations were analyzed together or separately (Table 3). When x2 tests were carried out separately on each of the three different pollen mixtures, significant departures from expected proportions of hybrid offspring were revealed in five of the six S. chrysanthemifolius groups examined. The one exception was for population C0 treated with a 50 : 50 mixture of conspecific : heterospecific pollen (Fig. 2). The mean for this was 0.442 6 0.023 (SE), whereas the equivalent treatment of C1 plants produced a mean proportion of hybrid offspring of 0.260 6 0.043 (SE). Similar x2 tests of S. aethnensis data showed that both populations of S. aethnensis produced the expected proportions of hybrid offspring at each pollen treatment (0.191 # P # 0.978; Fig. 2). The magnitude of CPA exhibited by each population for each pollen mixture ratio can be estimated in terms of the percentage decrease in hybrid progeny relative to the proportion expected based on pollen load (Table 4). It is evident that CPA estimated in this way varies between 0.28 and 12.61 in S. aethnensis and between 11.56 and 48.07 in S. chrysanthemifolius, depending on the population and pollen mixture ratio examined. The results indicate that CPA reduces hybrid formation when mixed pollen loads arrive on S. chrysanthemifolius plants, but the same is not true for S. aethnensis, which produces hybrid progeny in directly proportion to the fraction of S. chrysanthemifolius pollen in the pollen mix.
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AMERICAN JOURNAL TABLE 2. Analysis of variance of seed set, seed germination, and proportion of hybrid progeny of Senecio chrysanthemifolius and S. aethnensis. Pollen mix refers to the ratio of conspecific : heterospecific pollen applied to the capitulum. For proportion of hybrid progeny, only the three pollen mixes containing both pollen types were analyzed (i.e., 25 : 75, 50 : 50 and 75 : 25). Error mean squares (MS) for testing significant differences are indicated in the table as subscripts of the F ratio. Type III sums of squares were used throughout.
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For most plant species, several mechanisms act in concert to prevent or reduce hybridization with other species (Grant, 1992; Ramsey et al., 2003). One such mechanism is conspecific pollen advantage (CPA), which refers to the advantage of conspecific over heterospecific pollen in fertilization and the production of offspring. In the present study of two interfertile species of Senecio that form a hybrid zone on Mt. Etna, Sicily, CPA is not exhibited by the high-altitude species, S. aethnensis, but a moderate level of CPA is exhibited by the low-altitude species, S. chrysanthemifolius. This is an example, therefore, of asymmetrical CPA between two species. Several other studies have measured CPA between interfertile species using a similar approach to ours. Often, the pro-
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Mean seed set (6SE) across pollen ratio treatments for S. aethnensis and S. chrysanthemifolius.



portion of hybrid offspring produced from mixed pollinations is considerably less than the proportion of heterospecific pollen in the pollen mixture (Arnold et al., 1993; Carney et al., 1994; Rieseberg et al., 1995; Klips, 1999). We know of only one study, involving two species of Ipomopsis, in which CPA was absent (Alarco´n and Campbell, 2000). However, Campbell et al. (2003) later demonstrated that conspecific pollen of the same two species had an advantage over F1 pollen in number of seeds sired. Thus, CPA can sometimes prevent the formation of backcross progeny without affecting the formation of F1 hybrids. Asymmetrical CPA has been demonstrated between several species (Kiang and Hamrick, 1978; Rieseberg et al., 1995; Emms et al., 1996; Carney and Arnold, 1997; Diaz and MacNair, 1999) and could be an important cause of asymmetrical gene flow (Rieseberg et al., 1991a; Dorado et al., 1992). Absence of CPA in S. aethnensis suggests that nuclear introgression would be more likely to occur from S. chrysan-



themifolius into S. aethnensis than in the opposite direction, all other factors being equal. The CPA exhibited by S. chrysanthemifolius is likely to result from reduced germination of S. aethnensis pollen relative to S. chrysanthemifolius pollen on S. chrysanthemifolius stigmas and/or retarded growth of S. aethnensis pollen tubes in the S. chrysanthemifolius style. Selective abortion of hybrid ovules in S. chrysanthemifolius is unlikely to be a cause of CPA because seed set did not decrease as the ratio of heterospecific pollen was increased in a pollination treatment. Additionally, pollen mix had no effect on seed germination, so the possibility that hybrid seeds have reduced germination relative to seeds sired by conspecific pollen can be excluded as a cause of the CPA in S. chrysanthemifolius. In several studies of CPA, the growth of conspecific and heterospecific pollen tubes has been compared in the styles of both parent species (e.g., Carney et al., 1994; Rieseberg et al., 1995; Emms et al., 1996; Carney and Arnold, 1997; Diaz and



Fig. 2. Mean proportion of hybrid offspring (6SE) obtained from mixed pollinations. Data points are staggered horizontally for clarity. Those values that differ significantly (x2 analysis) from expected values based on pollen ratio applied (dashed line) are indicated * P , 0.05, ** P , 0.01, and *** P , 0.001.
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TABLE 3. x2 and P values for comparisons of observed and expected numbers of hybrid progeny of Senecio chrysanthemifolius and S. aethnensis obtained in the pollen mix treatments. Data for pure conspecific and pure heterospecific pollen loads were omitted from the analysis. Population codes are given in Table 1. Population/Species
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BB VBU S. aethnensis C0 C1 S. chrysanthemifolius



3.944 8.375 12.318 35.842 53.804 89.646



14 14 28 14 14 28



0.996 0.869 0.997 0.001 ,0.001 ,0.001



MacNair, 1999). However, pollen tube growth has been shown to be a poor predictor of CPA in Helianthus and Iris, in terms of the proportion of hybrid progeny produced (Rieseberg et al., 1995; Emms et al., 1996), possibly because pollen tube growth is a dynamic process and varies in different parts of the style (Walsh and Charlesworth, 1992). Consequently, no attempt was made to relate CPA to pollen tube growth in the present study. The finding that CPA is absent in S. aethnensis and of only moderate strength in S. chrysanthemifolius raises the question, What are the major factors that maintain the taxonomic identity of these two species on Mt. Etna? Both species have similar flower heads, although capitula of S. aethnensis are larger than those of S. chrysanthemifolius (Abbott et al., 2000), so pollinators are likely to be generalists and not specific to a particular species (Proctor, 1978; Schmitt, 1980; Comes and Kadereit, 1990). Senecio chrysanthemifolius flowers early in the year, and most plants begin to die by mid-June. In contrast, S. aethnensis flowers later with peak flowering period occurring toward the end of August (M. Chapman, personal observation). However, a series of hybrid populations connect the two species and flower at intermediate times, thus allowing gene flow between the species across the hybrid zone. It is feasible that the hybrid zone on Mt. Etna is a tension zone (Barton and Hewitt, 1985, 1989) and that endogenous selection against hybrids limits gene flow between the two species. However, although hybrid fitness has not been quantified in the wild, we found that the hybrid seeds we produced germinated as well as those of intraspecific crosses. In addition, we have observed hybrids to be vigorous and fertile both in the wild and when cultivated in a greenhouse. The most likely factor that maintains the taxonomic identity of S. aethnensis and S. chrysanthemifolius as distinct species on Mt. Etna, despite their interfertility, is environmentally dependent selection. Growing at altitudes greater than 1600 m, S. aethnensis will be subject to a higher level of ultraviolet-B (UV-B) irradiation (Caldwell and Robberecht, 1980) and reduced partial pressure of CO2 (ppCO2) and mean temperature (Fitter and Hay, 1987) relative to S. chrysanthemifolius. Therefore, the two species probably are adapted to environmental conditions at the extremes of the altitudinal gradient on Mt. Etna, and this adaptation to different environments maintains their identity as different species in the face of interspecific gene flow. This hypothesis needs to be tested, as does the possibility that hybrids have higher fitness than parent species at intermediate sites along the gradient.
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TABLE 4. Magnitude of conspecific pollen advantage (CPA) shown by each population of each species across different pollen-mixture ratios. Magnitude of CPA is defined as the percentage reduction in proportion of hybrid offspring from that expected based on the pollen ratio applied. Population codes are given in Table 1. Population/ species
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